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The silver-lipped pearl oyster, Pinctada maxima, is an important aquaculture species extensively farmed in
tropical Australia and Southeast Asia to produce “South Sea” pearls. The pearling industry in Australia is in the
process of implementing breeding programs targeting improved disease resistance, growth and pearl quality, and
as a result genetic tools that can be readily implemented into breeding programs have been developed. However,
to date there is no routine single nucleotide polymorphism (SNP) pedigree reconstruction tool publicly available.
In this study, we isolated and assessed a panel of 934 genome-wide DArTcap™ SNPs for their utility and
discriminatory power in resolving pedigree relationships in P. maxima. The panel was assessed for its power to
assign parentage through in silico simulations of 1,000 progeny in a mass-spawning scenario, based on genotypes
of 100 broodstock (1:1 sex ratio) and allowing for random missing genotypes in individuals (0-40%). Assignment
success was then assessed across various pedigree panel sizes (25-934 SNPs ranked from the highest minor allele
frequency). Simulations showed that a SNP panel comprising 50 or more SNPs had high pedigree resolution and
the power to correctly assign progeny to a parent-progeny trio with 95 % confidence. In the simulation exam-
ining the effect of missing genotypes on assignment success, even where 40 % of alleles were missing in in-
dividuals only 150 SNPs were required in the panel to accurately assign parentage. Progeny from a commercial
hatchery mass spawn involving 184 candidate parents were also assigned to their parents using the SNP panel
and identified 79 full-sib families and genetic contributions from 33 sires and 11 dams. A highly skewed rep-
resentation of family distributions in the cohort was observed which highlights the challenge of using a mass-
spawning approach to the capture and identification of genetic diversity in P. maxima breeding programs.

1. Introduction et al., 2019, or Oyster Oedema disease (OOD); Goncalves et al., 2017).

As a result, the Australian pearling industry has been in decline over the

The Australian South Sea pearl, produced by the silver-lipped pearl
oyster (Pinctada maxima) (Jameson, 1901), is a highly coveted luxury
item due to its large size (>15 mm), high quality and silver-white col-
ouration. While once Australia’s most valuable aquaculture export
sector, the South Sea pearling industry has been in decline over the last
decade due to both economic and disease impacts. The worldwide de-
mand for pearls dropped dramatically during the Global Financial Crisis
(GFC) in 2008 and has struggled to regain its popularity since (DPIRD,
2016). Additionally, the Australian industry has been exposed to peri-
odic and severe mass-mortality events caused by an unknown agent
which has the potential to extirpate entire cohorts of juvenile oysters
(such as juvenile pearl oyster mortality syndrome (JPOMS); Massault
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last decade with its farm-gate value dropping from ~$122 million in
2006-2007, to $70 million in 2017-2018 (ABARES, 2018).

To increase productivity and lower the risk of disease, several com-
panies within the Australian pearling industry have turned to imple-
mentation of selective breeding programs targeting tolerance to JPOMS,
improved pearl quality and increased oyster growth. While in many
cases these breeding programs are nascent, they offer the industry the
potential to transition from relying on unimproved stocks to oysters with
better commercial characteristics for farming and that align the pearl to
market trends. Consequently, in recent years, there have been several
studies conducted on P. maxima to understand the genetics behind pearl
production. These included the development of microsatellite DNA
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markers for parentage determination and population genetic analyses
(Evans et al., 2006; Lind et al., 2007, 2009), investigations of family by
environment and genotype by environment interactions for growth
(Kvingedal et al., 2008, 2010), use of xenografts to understand tran-
scriptomic control of biomineralisation and pearl colour (McGinty et al.,
2010, 2011, 2012), heritability of growth and pearl quality traits (Jerry
et al., 2012; Kvingedal et al., 2010), and using dense single nucleotide
polymorphisms (SNPs) to construct genetic linkage maps, quantitative
trait loci (QTL) mapping and genome wide association studies (GWAS;
Jones et al., 2013a, 2013b, 2014a, 2014b).

While some of the genetic tools are now available to implement se-
lective breeding in the species, one very important tool that has not yet
been refined is a routine, cost-effective and industrial-scale relevant SNP
panel for parentage assignment. The traditional silver-lipped pearl
oyster mode of reproduction is mass-spawning, necessitating a group of
males and females to be put into the one tank to ensure many families
are produced (Southgate and Lucas, 2008; Lind et al., 2009). While this
mass-spawn approach yields commercial numbers of larvae for stocking
it results in larvae not being able to be traced to their individual parents
without DNA parentage analysis. Single-pair spawning has been ach-
ieved and also practiced (Jones et al., 2014a, 2014b) in an effort to try to
retain pedigree of larvae; however, it is inherently unreliable and thus
the use of traditional mass-spawning is still the main reproductive
strategy used in the industry to create commercial seedstock. Addi-
tionally, due to infrastructure constraints, oysters from different spawns,
or family cohorts, are often pooled for ease of culture, or their pedigree
lost due to shuffling oysters on long-lines during cleaning for biofouling
control or reallocating to empty panel nets. This results at the time of
recording traits and subsequent spawning in uncertainties of the pedi-
gree of individual oysters. Knowing the parentage of measured in-
dividuals is necessary information to perform estimation of genetic
parameters of important economical traits, such as growth or pearl
quality, and in the calculation of estimated breeding values (EBVs), two
important steps in breeding programs.

A common practice in aquaculture to obtain parentage information
(pedigree) is to use molecular markers such as SNPs. The advantage of
SNPs is the availability of large number of markers scattered throughout
the genome and the relatively low number required to perform reliable
parentage assignment (Yue and Xia, 2014). SNPs have been used suc-
cessfully for pedigree reconstruction in a number of bivalves: Pacific
oysters (Jin et al., 2014), eastern oysters (Thonga et al. 2018), European
abalone (Harney et al., 2018) and blue mussel (Nguyen et al., 2014). In
this study, we developed a robust SNP marker panel using DArTcap™
genotype-by-sequencing (GBS) for the purpose of routine pedigree
assignment in the context of selective breeding programs for P. maxima.
The panel was designed using a refined set of SNPs developed from a
prior DArTseq™ genotype-by-sequencing effort using P. maxima origi-
nating from Indonesian populations (unpublished data). This set of SNPs
was validated as useful for Australian P. maxima and its power to assign
pedigree validated using the parentage analysis software program
CERVUS 3.0 (Kalinowski et al., 2007).

2. Materials and methods

2.1. SNP discovery through DArTseq™ and DArTcap™ genotype by
sequencing

The initial discovery of genome-wide SNPs was undertaken using
156 wild adult individuals collected from three locations across
Indonesia [Aru (N = 63; 6.43'S, 134.63'E); Bali (N = 59; 8.32'S,
114.92'E); and West Papua (N = 34; 1.13'N, 130.54'E], as well as 756 F1
broodstock sourced from the same locations within Indonesia (as
described in Jerry et al., 2012 and Jones et al., 2014a). Mantle or foot
tissue was collected from individuals and stored in 70 % ethanol until
DNA was extracted using a modified CTAB-chloroform DNA extraction
protocol. DNA was standardised to 50 ng/pl and visualised on a 0.8 %
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agarose gel to ensure it was of sufficient quality. All 912 DNA samples
were submitted for DArTseq™ genotyping through Diversity Arrays
Technologies, Canberra, following procedures outlined in Sansaloni
et al. (2011). Briefly, DArTseq™ employed two enzymes (Pstl and Sphl
for P. maxima) in a restriction digest complexity reduction approach
before libraries were pooled, sequenced, de-multiplexed and genotypes
were called within KDCompute™ (Kilian et al., 2012). This resulted in
the identification of 16,205 novel SNPs.

As an extension of the DArTseq™ GBS platform, DArTcap™ allows
capture of specific SNPs using baits probes (e.g. MYbaits®) from DNA
samples that have been through DArTseq™ complexity reduction steps
(unpublished modifications to Sansaloni et al., 2011), resulting in a
more targeted and cost-effective GBS method (Guppy et al., 2020). To
develop a DArTcap™ SNP panel for P. maxima, a total of 3,300
high-quality and genome-wide SNPs were selected from the 16,205
DArTseq™ SNPs using a custom filtering script (https://github.com/es
teinig/dartqc). Selection was based on the following filtering parame-
ters (Table 1.A): individual genotype read count of > 5, minor allele
frequency (MAF) of > 0.02, average repeatability of > 0.9, SNP call rate
of > 0.8, and finally, CD-HIT clustering (Fu et al., 2012) of clone se-
quences were conducted to select only one SNP per sequence cluster
based on highest MAF.

2.2. DArTcap™ genotyping of Australian broodstock

The objective of this study was to develop a SNP panel for the silver-
lipped pearl oyster, P. maxima, that can be routinely applied to assign
pedigree in breeding programs within Australia. To validate the DArT-
cap™ SNPs within Australian populations, 1,185 individual Australian
adult oysters were genotyped on the developed DArTcap™ array to
ensure suitability of SNPs for parentage assignment (source of samples
were 231 wild oysters originally collected for pearl implantation from
Eighty Mile Beach, Western Australia (-19. 05 S, 121.52 E 134.63'E); 876
1% generation hatchery-bred; and 78 oysters with either farmed or wild,
but with unknown heritage) using extracted DNA from foot tissue stored
in 100 % ethanol. By utilising the DArTcap™ array, a total of 5,874 SNPs
were successfully genotyped across samples. This included 2,304 SNPs
(69.8 %) from the 3,300 SNPs submitted for the design of the DArTcap™
array, plus an additional 3,570 non-target SNPs within the captured
sequence which were detected due to the nature of the DArTcap™
technology and probe-based capture techniques (Guppy et al., 2020).

To ensure the high-quality and repeatability of the SNPs selected for
the parentage panel in Australian P. maxima, SNP data were again
filtered based on their read counts, number of individuals successfully
genotyped for a SNP, clustering (retaining only one SNP per 72 bp
sequence fragment), minor allele frequency (MAF) and average
repeatability (removing SNPs that are not identical between replicated
samples in at least 99 % of the replicated samples (327 (28 %) of the
1185 individuals were genotyped twice to ensure high data integrity)
(see Table 1.B for description of filtering metrics of DArTcap™). To
select the most high-valued SNPs, we excluded SNPs that did not
conform to HWE (p value <0.001). The selected SNPs would therefore
be unlikely to be under putative selection. Finally, remaining SNPs were
ranked by MAF from highest to lowest.

2.3. Spawning and larvae sampling

In March 2018, a commercial mass-spawning was conducted on farm
(Elizabeth Bay - 11.90 °S, 136.55 °E) based on a pool of 87 male and 97
female broodstock which were allowed to spawn naturally together in a
single spawning tank. Larvae from the mass-spawn were reared in the
hatchery via standard industry practices and allowed to settle on frames
as spat, before deployment in the ocean at approximately 1.5 months of
age. At the time of ocean deployment, 923 spat were collected, pre-
served in 100 % ethanol and then sent to Diversity Arrays Technologies
to be genotyped using the DArTcap™ platform as described above. Foot
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Table 1
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Quality control process used A - to filter DartSeqTM SNPs from 16,205 SNPs to 3,300 high quality SNPs and B- to filter 5,874 SNPs derived from DArTcap™to obtain

934 high-quality SNPs suitable for parentage assignment.

A

Step 1 2 3 4 5 6

Filter Read count’ > 5 MAF* > 0.02 Replication average” > 0.9 SNP call rate” > 0.8 Cluster CD HIT Top ranked MAF
# SNP remaining 16,205 16,205 14,216 14,210 8,285 5,543 3,300

B

Step 1 2 4 5 6

Filter Read count’ > 7 SNP call rate” > 0.7 Cluster® MAF’ > 0.01 Replication average” > 0.99 HWE® > 0.0001
# SNP remaining 5,874 5,874 3,597 2,247 2,020 2,004 934

Only retain 72 bp sequence.

1
2
3
4 Retain SNP with MAF > 0.02 for DartSeqTM and 0.01 for DartCapTM.
5

in DartCapTM.

6 Retain SNP that have a Hardy Weinberg equilibrium test p-value over 0.0001.

muscle tissue was also excised from each potential broodstock oyster
involved in the mass spawn, preserved in 80 % ethanol, and also sent to
Diversity Arrays Technologies for DArTcap™ genotyping. Due to un-
certainties on which parents had actually spawned all possible parents
were genotyped and included in the parentage analysis. Prior to
parentage assignment, quality control on the progeny SNP’s was per-
formed as outlined in 2.2 above.

2.4. Simulated power analysis and parentage assignment

To evaluate the power of the DArTcap™ SNPs to assign parentage a
three-step validation process was undertaken; i) progeny genotypes
were simulated against increasing numbers of SNPs derived from the
DArTcap™ panel to evaluate parentage assignment power of the marker
suite based on the number of SNP’s used when true parent-progeny re-
lationships are known - this simulation was undertaken to explore the
potential to design a smaller, direct-targeted SNP panel for parentage
determination and what would be the minimum numbers of SNPs
required to ensure successful assignment; ii) GBS approaches such as
DArTcap™often result in missing SNP genotypes among runs due to
quality of DNA, filtering processes and/or sequencing technical impli-
cations; thus the simulated impacts of various proportions of missing
genotypes on parentage assignment success were evaluated, and; iii) a
combined simulation was conducted involving; a) in silico generated
progeny with known broodstock parents and b) field genotyping of pearl
oyster spat based on a hatchery cohort produced from a commercial
mass-spawn where actual true parent-progeny relationships were un-
known. In this last component a pool of progeny based on the same
broodstock genotypes as involved in the spawn were created in silico as a
benchmark to determine if parentage assignments of the commercially
hatchery bred spat were likely correct. The methodologies for each of
these components were as indicated below;

i Simulated power of parentage assignment based on an increasing number
of SNPs in each panel. A pool of 1,000 simulated offspring were
created by mating 50 randomly chosen sire and dam parents (sex
ratio 1:1) in silico based on parental genotypes (Section 2.3). Each
sire was mated to a single dam and produced a family of 20 progeny,
each progeny with a recorded pedigree. There were no missing ge-
notypes in this scenario. Parentage assignment was undertaken for
various SNP panel sizes ranging from 25 to 934 SNPs (25, 50, 75,
100, 150, 200, 300, 400, 500 and 934 SNPs, ranked from highest
MAF to lowest as panel size increased). To ensure results were not
driven by a single simulation, creation of in silico offspring genotypes
and subsequent parentage assignment was replicated five times for
each panel size. To assess the power of parentage assignment for each

Retain individuals genotype calls if more than 5 (DartSeqTM) and more than 7 (DartCapTM).
Retain SNP if proportion of individuals successfully genotyped for that SNP is larger than 0.8 for DartSeqTM and 0.7 for DartCapTM.

Retain SNP that have the same genotype for duplicated individuals in at least 90 % of duplicated individuals in DartSeqTM and at least 99 % duplicated individuals

panel size, the percentage of offspring that were assigned by software
(CERVUS 3.0; Kalinowski et al., 2007) to candidate parents with 95
% confidence (described below) and for which the assigned parents
corresponded to the actual parents in the in silico generated pedigree
were considered as being a correct parentage assignment.

i Simulated power of parentage assignment dependent on missing genotype
proportion. To assess the impact of missing genotypes on parentage
assignment, given that GBS genotype data often involves analyses
with missing SNP calls, a second parentage assignment simulation
was undertaken where the progeny were simulated in the same way
as step (i), but the offspring were divided into five groups, equally
represented within each family (four progeny of each group per
family), with different levels of missing genotypes (0%, 10 %, 20 %,
30 % and 40 % randomly missing genotypes among individuals).
Parentage assignment involving missing data was conducted for the
various panel sizes from 25 to 934 SNPs (same as in step (i)). The
minimum number of SNPs that were necessary to correctly assign at
least 95 % of progeny to a parent-progeny trio, sire and/or dam
correctly for each missing genotype category was recorded.

iii Assignment of hatchery produced progeny - To ascertain how the
parentage panel may perform to assign offspring originating from a
real mass-spawning event, parentage assignment was conducted for
the 923 spat produced from the commercial mass-spawning
described in Section 2.3. After quality-control filtering of the DArT-
cap™ data, 648 SNPs passed quality control filtering and were
polymorphic in the spat genotyped in this batch of progeny; there-
fore 648 SNPs (not 924 SNPs as above) were used as the maximum
panel size for parentage assignment in this third analysis. As the true
parents to any of the mass-spawned hatchery spat were unknown,
250 in silico generated offspring from randomly chosen broodstock
involved in the mass spawn were added to the offspring analysis pool
as a quality assurance step to evaluate the confidence that brood-
stock assigned to the spat were correctly assigned (i.e., simulated
offspring were included in the parentage analysis to serve as internal
controls to evaluate correct assignment success of progeny to
broodstock at a level of 95 % confidence). Parentage analysis was
performed based on a step-wise process whereby in each analysis the
number of SNPs used increased from a panel size of 25-648 SNPs
(ranked highest MAF to lowest). Success of parentage assignment of
spat was determined solely based on the 95 % confidence level given
by Cervus 3.0, as pedigree for individual spat was not recorded.

-
=

CERVUS 3.0 (Kalinowski et al., 2007) (referred hereon as CERVUS)
was used to perform all parentage analyses. CERVUS calculates the
pairwise parentage likelihood of each offspring with each possible dam,
sire and parent-pair trio at each SNP and gives an overall log order
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difference (LOD) score against these three parental types. It then assigns
the sire, dam and parent-progeny trio with the highest LOD score to the
offspring. CERVUS also provides a level of statistical confidence for each
assignment (i.e. 95 % confidence, 80 % confidence, most likely parents,
or no label) by simulating parent-progeny relationships and determining
LOD scores between the two most likely parents to determine confidence
level of assignment (Kalinowski et al., 2007). For analyses in the current
study, progeny were only considered correctly assigned to broodstock
parents when the confidence of assignment was 95 %, or greater. For all
simulations, it was expected that all parents that have contributed to the
offspring were genotyped and included in parentage assignment. As
reconstructed pedigrees obtained with 1% and 5% genotyping error
were practically the same (unpublished data), the more conservative 1%
genotyping error rate was applied to all analyses. Additionally, a
simulation of parentage assignment using the 87 sires and 97 dams and
10,000 offspring was conducted in CERVUS to determine the acceptable
threshold for statistical confidence of LOD scores. Finally, SNPs with
genotype data for less than 70 % of the offspring were removed, along
with individuals with less than 50 % of SNPs genotyped.

2.5. Utility of SNPs

To evaluate if the SNPs chosen for the parentage assignment panel
were also suitable to elucidate fine-scale family-level population genetic
structure, pairwise genetic distance between all hatchery-bred spat were
calculated. The NetView framework described by Neuditschko et al.
(2012), first implemented in Python (Steinig et al., 2016) and now
available in R (https://github.com/esteinig/netview) was then used to
construct a relationship network using the k-nearest neighbour (knn)
algorithm. Using a specified knn, Netview displays the connectivity
between individuals by clustering them according to their genetic sim-
ilarity in genotype and helps visualise fine-scale relationships among
pairs of individuals.

3. Results
3.1. DArTseq™ and DArTcap™ SNP filtering

The number of SNPs remaining after each quality control filtering
step for both DArTseq™ and DArTcap™ are provided in Fig. 1. Briefly,
for the DArTseq™ dataset, filtering for low read counts less than five
removed 2,583,670 (17.26 %) of genotype calls. A series of filters were
applied to ensure the resulting SNPs were of higher quality. A total of
5,543 SNPs were identified with MAF > 0.02, replication average > 0.9,
call rates > 0.8 and did not originate from sequences that clustered
together (Table 1.A). As stated in the methods, the top ranked 3,300
SNPs were put forward for DArTcap design.

For the DArTcap™ dataset consisting of 5,874 SNPs (2,304 of the
3,300 submitted SNPs detected, as well as an additional 3,570 non-
target SNPs), filtering for low read counts less than seven removed

250
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. I K
0 0.1 0.2 0.3 04 05

u MAF

o
=3
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Fig. 1. Distribution of minor allele frequency (MAF) of 934 SNPs after quality
control filtering and removal if not in Hardy Weinberg equilibrium.
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745,746 genotype calls (1.7 %). Table 1.B described the filtering steps
and the remaining step after each filtering procedure: 3597 SNPs
remained after removing SNPs with call rate below 0.7. With the next
step, keeping only one SNP within a 72 kb sequence, a further 1350 SNPs
were removed. Then, only SNPs with MAF > 0.01 were kept — 2020
SNPs. Sixteen more SNPs were removed when applying the replication
average filter (step 5). Therefore a total of 3,870 SNPs were removed, as
they did not pass the quality control in steps 2-5, with 2,004 SNPs
remaining. Exclusion of SNPs that deviated significantly from HWE (step
6) returned a total of 934 high-quality SNPs present in genotyped oys-
ters. MAF was calculated for all the 934 SNPs, which were ordered from
highest to lowest (Fig. 1). No evidence of linkage disequilibrium was
observed between the 934 retained SNPs (test linkage disequilibrium
between 2 loci with p-value > 0.05 for all pairs, proposed by Weir
(1996)).

3.2. Power of assignment with simulated offspring without and with
missing genotypes

Assignment of in silico offspring to their parent-progeny trio, sire and
dam, according to the number of SNPs used in the panel SNPs (25, 50,
75, 100, 150, 200, 300, 400, 500 and 934), is shown in Fig. 2. Simula-
tions indicate that use of less than 50 of the DArTcap™ SNPs with
highest MAF results in a high error rate of assignment (based on analyses
looking at parent-progeny trios). When 25 SNPs are used a mean of 39.3
% of offspring were correctly assigned to their known parents, with wide
ranges of assignment success evident among replicate analyses. When 50
SNPs were evaluated, assignment success increased to a mean of 95.6 %
of progeny correctly assigned. As the number of SNPs used in the panel
further increased, assignment success for parent-progeny trios only
marginally increased from that based on 50 SNPs to achieve a mean
maximum of 98 % (% 0.9-1.5% SE) of offspring correctly assigned (from
100 SNPs and greater). Compared to the power of assigning offspring to
the correct parent-progeny trio, when assigning offspring to only sire or
dam a larger number of SNPs were initially required, with SNP panels of
>75 SNPs required to assign 95 % of offspring to their correct paternal
or maternal parent with high confidence (Fig. 2).

Missing SNP genotypes can influence the power of parentage
assignment. To test the effect of missing genotypes we simulated how
varying numbers of randomly missing genotypes in offspring influenced
assignment success. Fig. 3 indicates the minimum number of SNPs
required in the panel in order to assign parent-progeny trio, sire and dam
correctly with 95 % confidence to at least 95 % of offspring as a function
of the proportion of the missing genotypes. The number of SNPs required
increases as the proportion of missing genotypes in the progeny in-
creases as expected; however, the number of SNPs required did not in-
crease in the same way for parent-progeny trio, sire and dam. For
instance, a panel of 50 SNPs are required to accurately assign parent-
progeny trio for at least 95 % of the offspring with 0 and 10 %
missing genotypes, and at least 75 SNPs for 20 %, 30 % and 40 % missing
genotypes. However, a minimum of 75 SNPs were required to assign
progeny to sire and dam for 0-20 % missing genotypes, and a panel size
of 100-150 SNPs for 30-40 % missing SNPs, respectively.

3.3. Spat parentage assignment

From the 923 spat genotyped, three spat had more than 50 % missing
SNP calls and were excluded from subsequent parentage analysis; Fig. 4
shows the mean percentage of assignment for the spat and the 250
simulated offspring for parent-progeny trio, sire and dam assignments
over the five replicates from using 25 to 934 SNPs. When considering
parent-progeny trio assignment, simulated progeny showed that a panel
size of >100 SNPs provided 100 % correct parental assignment. How-
ever, interestingly assignment of the hatchery-bred spat at 95 % confi-
dence was only 66 %. Increasing the number of SNPs used in the panel
from 100 to 300 SNPs increased progeny assignment from 66 % to 80 %;
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Fig. 2. Percentage of successful assignments (correct parent with 95 % confidence) of 1,000 simulated offspring for parent-progeny trio (A), sire (B) and dam (C), as a
function of the number of SNPs used in the panel. Bolded continuous represent the mean assignment success of progeny to their respective correct parents over five
replicated simulations for parent-progeny trio (A), sire (B) and dam (C). Grey shading represents the standard deviation around this mean.
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Fig. 3. Minimum number of SNPs required to assign 95 % or more individuals
correctly (95 % confidence) for simulated offspring as a function of the per-
centage of randomly missing genotypes.

however, there was little improvement in assigning the remaining
unassigned progeny when using larger SNP panels (i.e. only 83 % of
correct progeny assignment was achieved with the panel of 648 SNPs).

3.4. Family distribution (with the 648 SNP-sized panel)

To investigate the distribution of families within the hatchery-
spawned cohort of progeny, we used a reconstructed pedigree with
only offspring that were assigned parents with 95 % confidence using
the 648 SNP panel. The pedigree reconstructed from the parentage
assignment from CERVUS, resulted in 768 offspring assigned (83 % of
the offspring). The pedigree reconstruction detected 79 full-sib families
with 35 families with more than one offspring (Fig. 5A), 11 maternal
half-sib families with 8 families with more than one offspring (Fig. 5B)
and 33 paternal half-sib families with 20 families with more than one
offspring (Fig. 5C). The family size ranged from 1 to 134 offspring per
full-sib family, from 1 to 300 offspring for maternal half-sib families and
from 1 to 242 offspring for paternal half-sib families. As expected, par-
ents contributed differentially to the progeny cohort resulting in a
largely skewed full-sib and half-sib family distribution, with a few large
families (two full-sib families with more than 100 offspring each ac-
counts for 33 % of assigned offspring) and many smaller families. Four
females out of 11 (80992DD, 80990DF, 8099208 and 8061821)
contributed to 87 % of the offspring (39 %, 21 %, 16 % and 11 %
respectively), while three males out of 33 (80617FC, 8061815 and
8061808) contributed to 81 % of the offspring (31 %, 30 % and 19 %,
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Fig. 4. Percentage of offspring assigned to parents with 95 % confidence using the software CERVUS 3.0 (Kalinowski et al., 2007) for both parents-progeny trio (A),
sire (B) and dam (C), for the 920 hatchery-produced spat (blue line) and the 250 simulated offspring (black line). The grey shaded area around the lines corresponds

to standard errors over 5 replicates.

respectively).

3.5. Utility of SNP to elucidate fine-scale family population structure

To further assess the utility of the SNPs to address questions related
to fine-scale family genetic structure, a genetic distance network was
produced and compared to the reconstructed pedigree. The nearest
neighbour algorithm identified knn = 15 as optimal for the dataset.
NetView analysis produced clusters of progeny that closely corre-
sponded with the known pedigree and was able to resolve full-sib and
maternal/paternal half-sib relationships among spat. Fig. 6 shows that
most large full-sib families form independent clusters and validate the
results found in parentage assignment. One cluster seems to be formed
from small full-sib families (grey dots, top right cluster), but it is a
distinct family with an identified dam but likely a non-sampled sire. This
indicates that even in the absence of pedigree data, the SNP markers can
aid in the delineation of family groupings.

4. Discussion
4.1. Comparison of parentage assignment with other molluscs

SNP-based panels have been recently developed for other molluscs
and found to be powerful in resolving pedigree relationships. For

instance, in the Pacific oyster (Crassostrea gigas) a panel of 40 SNPs was
deemed adequate for parentage determination (Jin et al., 2014), while

in Eastern oysters (Crassostrea virginica) and European abalone (Haliotis
tuberculate) a panel of ~60 SNPs adequately resolved pedigree (Harney
et al.,, 2018; Thongda et al., 2018). In the blue mussel (Mytilus gallo-
provincialis), a larger number of 179 SNPs were required to assign par-
ents correctly in 92-100 % of assignment tests (Nguyen et al., 2014). The
results from simulations conducted in the current study for P. maxima
suggest that panels based on >50 SNPs are able to assign parent-progeny
trios with 95 % confidence and that the full panel of 934 high quality
SNPs will resolve parentage and/or elucidate fine-scale family re-
lationships based on estimates of genetic relatedness, even in the case
where there are a large number of possible candidate parents (i.e. >
150). However, based on the correct assignment of the in silico generated
controls, the lower than expected assignment success of the hatchery
bred progeny suggests that not all broodstock involved in the
mass-spawn were actually tissue sampled and genotyped and thus the
analysis was unable to assign parents-progeny trios from these pairings.
This assumption that unassigned progeny result from a pairing where a
broodstock was not genotyped is supported by the fact that the full-size
panel of 648 SNPs was only able to assign progeny to a sire and dam in
91.8 % and 92.8 % of cases, respectively.

4.2. The use of SNPs versus microsatellites in parentage assignment
success in Pinctada maxima

This study showed that 83 % of individuals had both parents
assigned, 92 % of individuals had a sire assigned and 92 % of individuals
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Fig. 5. Family distribution using the reconstructed pedigree of 768 offspring for full-sib (A), paternal half-sib (B) and maternal half-sib (C) families. Families

identified with only one progeny have been omitted from the figure for clarity.

Fig. 6. NetView visualization of full-sib family distribution using SNPs with
knn = 15 of Blue and pink dots represent the sires and dams, while other col-
ours represent clusters of individuals indicative of full-sib families (The light
grey dots represent spat from small families (less than 10 offspring) and the
black dots represents the individuals with no parents assigned.

had a dam assigned using a panel of 648 SNPs. There are published
microsatellite panels for the silver-lipped pearl oyster reported useful for
DNA pedigree determination (Evans et al., 2005, 2006, Smith et al.,

2003); however, while the microsatellite markers reported had good
discrimination power when a low number of families were present in a
cohort (i.e. < 10), their overall power to discriminate parentage accu-
rately in the situation where there were potentially many candidate
parents was only moderate. Evans et al. (2005) simulated the assign-
ment power of a panel comprising eight microsatellites and showed that
for a pearl oyster cohort comprising 50 full-sib families, only ~60 % of
the offspring were able to be assigned with 95 % confidence using
microsatellites to a parent-pair trio and ~80 % of offspring were
assigned only to a single dam or sire. Therefore, the SNP panel and
simulations reported in the present study shows a much higher level of
pedigree resolving potential than the microsatellite panel of Evans et al.
(2006), whereby 83 % of progeny from a potential 184 candidate par-
ents had correct parent-progeny trio assignment, an improvement of
~20 % in overall assignment power.

4.3. Family distribution and implementation for breeding programs

DNA studies involving mass-spawning aquaculture species have
highlighted the presence of skewed family distributions which can
hinder the long-term capture and maintenance of genetic diversity in
breeding programs (Blonk et al., 2010; Brown et al., 2005; Domingos
et al., 2014; Foote et al., 2019; Frost et al., 2006) and specifically in
oysters (i.e. flat oysters O. edulis, Lallias et al., 2010; P. maxima, Lind
et al,, 2009). Without an ability to resolve pedigree relationships
through DNA parentage it is difficult to therefore identify and retain
individuals from the lower represented families and/or to avoid
consanguineous matings among progeny from the larger families that if
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not avoided dramatically increase inbreeding levels. Previous research
that has examined family distribution in hatchery-bred P. maxima are
consistent with that seen for other mass-spawning species, where
parentage assessment indicates that the progeny cohort was dominated
by only 1-2 large full-sib families despite numerous broodstock poten-
tially spawning (Lind et al., 2009). Our study supports the results of Lind
et al. (2009) and even though the number of candidate broodstock
potentially participating in the mass-spawn (n = 184) and full-sib
families detected (n = 79) was the greatest yet reported in the litera-
ture for pearl oysters, family distribution was still observed to be highly
skewed with three dams and sires contributing to ~70 % of the progeny.
Massault et al. (2019) simulated a pearl oyster breeding program with a
focus on selecting for JPOMS and suggested that ~200 half-sib families
would be the optimum number of families to produce each generation to
achieve a high genetic response and maximise control of inbreeding. In a
mass spawning approach similar to the cohort we evaluated in this
manuscript, it may be possible to generate this number of families within
2-3 mass spawning events; however, due to the differential contribution
to the progeny by candidate parents, the results of our dataset suggest an
increase in genotyping effort would be required to find sufficient in-
dividuals from the lower represented families and include them in the
next round of spawning. Alternatively, hatchery spawning methodolo-
gies can be implemented resulting in more equal representation of
families (i.e. single-pair spawning, strip-spawning, multiple mass-spawn
involved only a few broodstock in each spawning tank, etc.).

Finally, although we did not simulate outcomes of parentage
assignment under different incidences of family skewing, the power of
assignment is not expected to decrease significantly, as CERVUS uses a
likelihood approach to independently assign each progeny to a set of
putative set of genotyped parents. As evidence of the power of the SNP
panel to work in a real commercial situation, we were able to assign 83
% of progeny to parents with high confidence where there were 79
families present and two families dominated 33 % of the progeny cohort;
this was even in the situation of where there were missing parents not
genotyped that contributed to the progeny. Thus the markers perform
adequately for parentage assignment under real-world commercial
scenarios and will be applicable for use in selective breeding programs.
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