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ARTICLE INFO ABSTRACT

Keywords: Aquaculture is the fastest growing animal production sector in New Zealand but low species diversity is a barrier
Aquaculture to long-term growth. Snapper (Chrysophrys auratus) has been identified as a promising candidate for aquaculture
Inbreeding development and an initial population has been established at the New Zealand Institute for Plant & Food
P'edigree Research Limited. The aim of the present study was to combine high-throughput Genotyping by Sequencing
:::pper (GBS) and trait data from this population to reconstruct the pedigree, measure the degree of inbreeding across
Marine generations, and determine the heritability of 11 traits of interest within the breeding programme, in particular
Genetic growth-related traits. Likelihood of parentage values showed that the pedigree consisted of a complex mixture of
Heritability full- and half-sib individuals, with skewed contributions across parents. Average inbreeding did not change

significantly between generations, but dramatic inbreeding differences were detected between F, descendants
from the two independent starting (F,) cohorts and between F, offspring from either full-sib, half-sib, or un-
related F; parents. Trait heritability ranged from 0.03 to 0.63, with growth related traits being situated around
0.27 and 0.10 in the first and third year, respectively. These results suggest that selection for higher growth
could result in 4.6-15.7% and 1.4-4.9% improvement per generation, in the first and third years, respectively.

1. Introduction

Aquaculture has a fundamental role in meeting current and future
global food needs (Bernatchez et al., 2017). In contrast to agricultural
animals, many aquaculture species are not domesticated and have not
been genetically enhanced through selective breeding programmes.
Consequently, selective breeding programmes have the potential to
yield significant gains (e.g. faster growth, greater disease resistance) in
aquaculture. This is particularly relevant for marine finfish, because
there are a large number of novel species being explored for commercial
aquaculture, which have no history of captive rearing. The develop-
ment of marine fish species, which are suitable for aquaculture, is a
strong focus in the South Pacific area around Australia and New
Zealand. This is primarily because of the presence of large coastal areas,
but a limited number of marine species that have been domesticated for
marine aquaculture (Camara and Symonds, 2014; Gentry et al., 2017).

Breeding programmes can benefit greatly from the insights provided
by genetic information. Genetic approaches can be used to reconstruct
pedigrees, determine the contributions of individual parents, measure
inbreeding and genetic diversity of a population, and identify traits
with a suitable genetic basis for enhancement through selective
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breeding. Until fairly recently, the high cost of genetic methods has
limited the application of these tools beyond well-established species,
such as salmon (Gjedrem et al., 2012). However, the recent develop-
ment of high throughput sequencing is beginning to remove this lim-
itation. Large volumes of genetic data can now be generated for species
with no or limited prior information at much lower costs than were
previously possible (e.g. Genotyping by Sequencing) (Elshire et al.,
2011). This is opening the opportunity for these genetic tools that were
previously limited to well-established species to be applied to a wide
array of new species (Ellegren, 2014).

For long-term breeding programmes it is important to understand
the pedigree structure of the population and the effects this has on
genetic diversity. Loss of genetic diversity can lead to inbreeding, which
can adversely affect important phenotypic traits and the long-term
suitability of the population (Wang et al., 2002). Three key components
to review in aquaculture populations are the number of individuals in
the population, relatedness among individuals, and the contribution of
each individual to subsequent generations (Falconer and Mackay,
1996). Contribution distortion is especially important to monitor in
species that participate in group or otherwise undocumented breeding
behaviours, as it can increase the rate at which genetic diversity is lost.
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It is also important to note that all genetic variation enters a breeding
programme through the founding individuals. Once this variation is lost
it can only be replaced by the introduction of new founding individuals,
which significantly reduces the effectiveness of selective breeding
programs.

Understanding the heritability of commercially relevant phenotypic
traits is another important application of genetic tools to breeding
programmes (Wan et al., 2017). Heritability can include either broad-
sense heritability (phenotypic variation due to all genetic variation) or
narrow-sense heritability (phenotypic variation due to additive genetic
variation). In the case of selective breeding programmes, narrow sense
heritability is the most important because selection response depends
on this (Wray and Visscher, 2008). Traits with a higher narrow sense
heritability are better candidates for enhancement through selective
breeding, while those with lower heritability are more suitable for en-
hancement via other factors (e.g. environment, feed, or other manip-
ulations). While heritability estimates are population specific (Wray
and Visscher, 2008), the heritability of many traits is often consistent
across populations (Visscher et al., 2008).

In this study, we applied genetic tools to a newly formed population
of the marine finfish snapper (Chrysophrys auratus also Pagrus auratus)
that is being developed for aquaculture. Snapper is a valuable com-
mercial and recreational fish species located around the coasts of
Australia, New Zealand, and several Pacific Islands. It is closely related
to Pagrus major, a major aquaculture species in Japan (Murata et al.,
1996). Despite snapper's recreational and commercial importance in
New Zealand, genetic investigations on this species have been relatively
scarce. Most of what is known comes from relatively low-powered
studies carried out in the wild populations (Adcock et al., 2000; Hauser
et al., 2002; Le Port et al., 2017; Smith et al., 1978), but almost no
genetic work has been conducted so far on the captive population (prior
to more recent research e.g. Ashton et al., 2018; Wellenreuther et al.,
2019). The specific goals of this study were to 1) reconstruct the ped-
igree for the population using genomic markers, 2) investigate the ge-
netic diversity and inbreeding rates of each generation, and 3) finally,
estimate the heritability for a number of target traits, to determine their
potential for enhancement through a selective breeding programme.

2. Materials and methods
2.1. Snapper pedigree information and holding conditions

The pedigree investigated in this study was a new population of the
snapper that is being developed as part of a finfish breeding programme
at the Maitai Seafood Research Facility in Nelson, New Zealand
(41°25744.96”S, 173°28’11.46”E). The Seafood Research Facility is lo-
cated on the seaward side of Port Nelson and seawater is pumped into
the facility from an underground bore. The water flowing to the early
life stage section of the hatchery is further filtered using mesh filters
and UV treatment.

The original population was founded from wild sourced F, in-
dividuals (n = 50), the wild F, individuals were originally captured in
two cohorts: the first cohort in 1994 and 1995 (n = 25) and the second
in 2006 (n = 25). The first cohort of Fy individuals (wl) were caught
from several sites around the Tasman Bay, New Zealand (41°03’33.3”S,
173°15’01.3”E). The second cohort of F, individuals (w2) were caught
from a single site within the Tasman Bay, New Zealand (41°03’33.3"S,
173°15’01.3”E). At the time of this study only the Fy individuals from
the second 2006 cohort were alive and available for sampling. An F,
generation was produced over multiple years from either the wild Fq
individuals caught in 1996 (F; year classes: 2004) or the wild-caught
individuals caught in 2006 (F; year classes: 2006, 2008, 2009, and
2010). F; individuals (n = 70) were combined into a single population
in 2013 and subsequently produced an F, generation (n = 577).

All breeding events were tank-based spawning, with equal sex ratios
and all individuals able to mate freely with other individuals in the
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population. Prior to the spawning season parents were fed a specialized
diet containing fresh fish and oil supplements. Fertilized eggs were
collected from the tank outlet during the first two weeks of November.
Individuals were observed to be spawning during the evenings and eggs
were collected early in the morning and placed in hatchery tanks. Eggs
from a single day were used for each F; year class, but fertilized eggs
from five consecutive days were used for the F, generation.

Eggs from the five days were placed into four tanks with identical
lighting, oxygen, water flow, and tank setups. The larvae were fed a
combination of rotifers and Artemia salina. At 1 month old, the juveniles
from all four tanks were combined into a single tank. The juveniles
were then fed a combination of Artemia, dry crumb, and wet diet
(minced fresh fish). At 1year old, the juveniles were split into four
tanks with identical lighting, oxygen, water flow, and tanks setups.
After 6 months of age, all fish were fed a combination of dry pellets and
wet diet (fish mince or chunks of fresh fish). All research carried out in
this study was approved by the Animal Ethics Committee of Victoria
University of Wellington: Application number 2014R19.

2.2. Generation of molecular data from the pedigree

Samples of fin tissue were collected from each individual at the
beginning of the study (sample sizes; Fo = 25, F; = 70, and F, = 577).
Each sample was directly placed into chilled 96% ethanol, heated to
80 °C for 5min within 1 h of collection, and then stored at -20 °C until
needed. DNA was isolated using a modified salt extraction method
(Aljanabi and Martinez, 1997). Quantification of DNA was carried out
using Hoescht 33,258 fluorescent dye. Fragmentation of the extracted
DNA was checked by gel electrophoresis. Samples with moderate
(~25%) amounts of fragments below 10 kbp were re-extracted and if
needed fresh samples were recollected.

Genotyping libraries were prepared for each sample following
modified Genotyping By Sequencing (GBS) protocol (Elshire et al.,
2011). To build one library, one microgram of genomic DNA was
double digested with the restriction enzymes Pstl and MspI. The adaptor
ligation step was done after digestion, without drying out the DNA/
adaptor mixture. The barcoded adaptors designed by Deena Bioinfor-
matics (van-Gurp, 2011) were associated with the Pstl cut sites. Adap-
tors were annealed according to the method of Ko et al. (2003). A high
fidelity enzyme was used for amplifications (AccuPrime Taq DNA
polymerase High Fidelity, Life Technologies). Each library was ampli-
fied separately and its efficiency assessed by capillary electrophoresis
(Fragment Analyzer, Advanced Analytical). The GBS libraries were
prepared in parallel in plates. Duplicate or triplicate samples were
prepared for each of the parent and grandparents and single samples for
each of the offspring (except three individuals with poorer DNA quality,
for which duplicate samples were prepared). Each plate containing 96
individual libraries were pooled, cleaned up, quantified and sent to the
Australian Genome Research Facility (AGRF) in Melbourne, Australia,
for sequencing. Each pool was sequenced on a single lane from the Il-
lumina HiSeq 2500 platform in single end (SE) mode, with read length
of 100 bases. In total, eight pools of libraries were sequenced in eight
lanes.

2.3. Processing of pedigree genotyping data

FastQC was used to conduct an initial check of the sequencing data
quality. Sequences were then de-multiplexed and cleaned. Adapters and
primers were removed and the sequencing data were cleaned using
Fastg-mcf in the ea-utils package (Aronesty, 2011). Genotyping was
carried out on the cleaned datasets using the STACKs pipeline (Catchen
et al., 2013). The samples were demultiplexed from the eight sequen-
cing libraries using the process_radtags module. Sequencing reads for
the duplicate or triplicate samples were concatenated into a single file,
after which the reads were trimmed using Fastq-mcf (minimum se-
quence length = 50, quality threshold causing base removal = 33).
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Bowtie 1.0 was used to align the GBS data to an initial Snapper genome
assembly being developed at Plant & Food Research (allowed mis-
matches = 3, reported alignments = 10). The pstacks module was then
run (minimum coverage = 7 X ), followed by cstacks and sstacks; pre-
set parameters were used for all these modules. The population module
was used to output the data to a Genepop file (minimum minor allele
frequency = 0.05, allowed missing data = 0.25, additional com-
mands = —write_random_snp).

2.4. Molecular pedigree reconstruction

The parents for each individual were identified using Cervus
(Kalinowski et al., 2007) and a subset of SNPs (n = 2174) that were
present in > 98% of individuals. The parents for each individual were
selected by Cervus as the two closest matches, which passed the 95%
confidence of assignment using simulation testing. The mother and
father were designated based on known sex information about the
parents. A network displaying the pedigree structure was constructed
based on these relatedness scores using custom code in the R statistical
environment (version: 3.2.3) (R Core Team, 2013).

2.5. Calculation of inbreeding value for the pedigree

A subset of SNP markers (n = 6441) that had been successfully
placed on a linkage map (unpublished data) and were present in > 80%
of the individuals were used to calculate a method-of-moments F
coefficient (Fy) for inbreeding for each individual. This statistics is
calculated as (observed homozygotes — expected homozygotes) / (total
observations — expected homozygotes) (Kardos et al., 2015) and is equal
to Nei's Fyg statistic, but is calculated using a different formula. In-
breeding (Fy) was calculated for each individual which had contributed
offspring or was part of the final generation using the software package
PLINK 1.9 (Purcell et al., 2007). The distribution of inbreeding values
was then visualized using ggplot2 library in the R statistical environ-
ment (version: 3.2.3) (R Core Team, 2013; Wickham, 2009). Welch
two-sample t-tests was used to compare the mean inbreeding values
between the three generations and between groups within the F; off-
spring from the first and second F, cohort lineages. The F, individuals
were grouped by grandparent type (wl-wl, wl-w2, and w2-w2) and
parent type (full-sib, half-sib, and unrelated).

2.6. Phenotyping and trait correlations

A total of 11 phenotypic traits were measured for the F5 individuals
including fork length, peduncle length, weight, relative height at 0.25,
0.50, and 0.75 along the peduncle length from the nose (after correcting
for length), number of nostrils, sex, survival from one to three years old,
number of external blue spots, and external skin darkness (Fig. 1).
Images were taken for each individual in the F, generation at year one
(464-467 days old) and year three (1045-1048 days old), respectively.
Due to time constraints during these short measurement intervals we
were only able to capture weight for around half of the fish. All phe-
notypes, except sex and weight, were extracted from these images ei-
ther manually or using the image analysis library OpenCV 2.0 through
custom Python 3.0 scripts. Lighting variability in some of the images
that were taken precluded us from measuring colour with high certainty
in all individuals measured, and this trait was thus unable to be
quantified for all.

Survival from year one and year three was determined by the pre-
sence or absence of an individual in the first and second set of images.
The sex of each fish was determined by checking if it was producing
milt or eggs during the middle of the breeding season
(January-February) after the individuals had reached three years of age
in 2016. Individuals that were not obviously producing milt or eggs
were assumed to be female, because stripping eggs from females is more
difficult. Weight was measured by placing individuals on scales. The
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correlations between individual traits was measured using a Pearson's
correlation matrix which was constructed using all phenotypic mea-
surements (year one and three) in Python 2.7 using the Numpy library
(McKinney, 2010).

2.7. Genetic correlations, trait heritability, and selection potential

Variance and covariance components were estimated using linear
mixed animal models and restricted maximum likelihood methods with
ASREML (Gilmour et al., 2009) in the R statistical environment (ver-
sion: 3.2.3) (R Core Team, 2013). The narrow sense heritability for each
trait was estimated in a univariate analysis, while genetic (co)variances
were estimated in a series of bivariate analyses. Appropriate (co)var-
iances for the trait combinations were then used to estimate genetic
correlations and their standard error. Two different heritability models
were used, including a model for continuous traits and a model for
binomial traits. For each model the target trait was predicted using a
fixed intercept effect and the tank and pedigree as random effects. The
binomial traits were tested using the logit link function, however a
higher log likelihood was attained in the model when fitting these traits
as continuous. Sex and origin of the F, populations were tested as fixed
effects, but did not have a significant effect on the results. The herit-
ability models were run for data in year one and year three, while the
genetic (co)variances were run only for data in year one.

The selection potential for each continuous trait was calculated
based on the heritability and trait distribution - using the selection
response formula (R = h2S). In this formula h? is narrow sense herit-
ability and S is the trait difference between the average parent and the
average of the selected parents. The trait distributions from the F, in-
dividuals in year one were used for all calculations and the top 10% of
individuals for a given trait were assumed to be the parents. The se-
lection differential was calculated as the upper 95% confidence interval
for each trait (mid-point of the upper 10%) minus the mean of the trait
for the population. The response to selection was converted to a per-
centage by dividing by the mean of the population.

3. Results
3.1. Sequencing data quality and quantity

A total of 1.6 billion reads were generated from the eight sequen-
cing lanes with approximately two, four, or six million reads generated
for each single, duplicate, or triplicate library, respectively
(Supplementary Fig. 1). Coverage of reads was consistent across all
samples, with few having noticeable lower or higher coverage. All
samples were included in further analysis. FastQC results indicated that
the read quality was very high throughout the entire read (Illumina
quality scores above 30 throughout reads) (Supplementary Fig. 2).
From the STACKS pipeline a total of 249,468 SNPs were identified
among 672 samples with > 7 X sequence coverage; of which 20,311
were present in 75% of individuals in the population and had a minor
allele frequency (MAF) > 0.05.

3.2. Pedigree reconstruction based on genomic markers

Parents were identified for 93% of the individuals in the F; and F,
generations. The remaining 7% were mainly located in the F; genera-
tion and belonged to the year classes produced from the missing wild Fy
cohort. The top two potential parents assigned for each individual using
CERVUS relatedness scores were shown to be consistently male-female.
Visualization of the pedigree showed that a large number of individuals
had contributed from the Fy to F; generation and from the F; to F,
generation, but that the contributions were highly skewed, with some
individuals contributing many more offspring than others (Fig. 2). A
closer look at these contributions in the F; parents showed that the
highest producing female and male produced 39% and 16% of the
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Fig. 1. The 11 phenotypic traits measured in the
Australasian snapper (Chrysophrys auratus). Nostrils,
sex, and weight were measured manually and all the
others were measured using custom image analysis
scripts. The ruler in picture was used to convert all
the length measurements to mm. Height measure-
ments were measured relative to length. Skin dark-
ness was measured by comparing the average pixel
values along the edge of the fish in comparison with
the background.

Other traits:

- Sex

- Weight

- Skin darkness

mu"‘ih.w\“‘w\H"}}iwH\H;HW‘J:‘}M'“‘iiw‘“}; H”"\Ht‘H““HM”H\Mw“km‘l.;nw \
90 100 110 120¢ 130 140 150

‘ | | il
s e T e MMMMMMm.mmm\\‘lLh.uwmm“\‘mw

offspring, respectively. The F; and F, generations contained a complex
mixture of full and half siblings sharing either their mother, father, or
both parents.

3.3. Inbreeding in the pedigree

The inbreeding F statistic (Fy) was calculated for 611 individuals in
the dataset, which were either parents or offspring with known parents.
The values ranged from a minimum of —0.57 to a maximum of 0.55
with a median of 0.02. Variation in the inbreeding values was lowest in
the wild-caught F, generation, but this group also contained the fewest
individuals (Fig. 3A). In the F; generation the variation in inbreeding
values increased dramatically (—0.57 to 0.25) over those in the wild-
caught F, individuals, but the median did not change significantly (p-
value = .7410, Fig. 3a, Supplementary Table 1A). In the F, generation,
the variation decreased from that observed in the F; generation, but
was still higher than in the original wild-caught F, individuals (Fig. 3A).
In the F, generation there was also a skewed distribution towards
higher inbreeding values (Fig. 3A). Subdividing the F, offspring into
those that were the product of the first wild broodstock (w1), second
wild broodstock (w2), or a combination (wl-w2) it was found that all
groups were significantly different from each other (p-value < .001,
Fig. 3B, Supplementary Table 1B). Further subdividing F, individuals
from the W2 group into offspring resulting from full-sib, half-sib, and
unrelated crossing events showed a clear relationship between the de-
gree of parental relatedness and the coefficient of inbreeding (p-
value < .05, Fig. 3C, Supplementary Table 1C). Offspring from full
sibling crosses were the most inbred, followed by half-sibling crosses,
and the offspring of unrelated individuals had the lowest coefficient of
inbreeding.

3.4. Trait values and phenotypic correlations

Phenotype data were recorded for 11 traits in the F, generation and
a full list of means, standard deviations, and measurement counts for
each trait are shown in Table 1. The number of measurements per in-
dividual and year differed depending on the availability of the in-
dividuals and access to the individuals within the tanks. A drop in
sample size (568 to 314 individuals) occurred between year one and
year three as a result of natural mortality. High variation was observed
in growth-specific traits including fork length (year one: 160.1 mm =+
15.0, year three: 257.8mm =# 20.1), peduncle length (year one:
132.1mm =+ 12.3, year three: 214.5mm =+ 17.0), and weight (year
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one: 89.8g = 23.9, year three: 361.9g *+ 82.3). Relative to fish
length, the weight and height increased disproportionately over the two
years between measurements. Skin darkness of the fish also increased
from year one to year three. Sex ratios measured during year three
identified a slightly skewed sex ratio based on the ability to strip milt or
not (female: 245, male: 182), assuming those without milt were female.
The number of external blue spots was highly varied, but remained
consistent between year one and year three (year one: 43 + 9.6, year
three: 43.7 + 8.5).

Based on Pearson's correlation coefficients (Table 2), strong phe-
notypic correlations were observed between all the growth traits
(> 0.93 for fork length, peduncle length, and weight). Moderate cor-
relations (0.44-0.80) were found between the three relative height
traits. None or weak correlations were found between sex and other
traits (< 0.15). Weak correlations (< 0.23) were found between the
remaining traits in the dataset.

3.5. Genetic correlations, trait heritability, and selection potential

Genetic correlations were estimated between all of the traits in year
one (Table 2). Strong genetic correlations were found between the three
growth traits (> 0.96). Moderate to strong genetic correlations were
found between the three measures of relative height (0.71-0.99). In-
terestingly, sex was found to be moderately to highly correlated with
two of the relative height  measurements (relative
height 50 = —0.84 + 0.33 and relative height 75 = 0.99 = 0.24),
skin darkness (—0.99 * 0.16), and number of blue spots
(0.83 = 0.23). Relative height 25 was also found to be highly corre-
lated with the number of blue spots (0.99 * 0.08). Moderate correla-
tions were found for many of the remaining traits, but also coincided
with large standard errors (greater than or close to the correlation va-
lues).

Narrow sense heritability was estimated for all phenotypic traits in
both year one and year three using a model for either continuous or
binomial traits (Table 3). The trait heritability varied widely depending
on the trait and year it was measured (0.09-0.63). Growth traits all had
similar heritability, averaging 0.27 in year one and 0.10 in year three.
The heritability for relative height increased as the measure moved
from the front of the fish towards the tail (Fig. 1, Table 3). Skin dark-
ness was not heritable in year one (0.03 = 0.03), but had moderate
heritability in year three (0.22 = 0.18). Number of blue spots was the
most heritable trait in the data set and had a higher heritability in year
three (year one = 0.45 = 0.13 and year three = 0.63 * 0.18). The
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Parent individuals

Fig. 2. Panel A shows the pedigree structure of the study population of Chrysophrys auratus. In the pedigree, each individual is represented either as male (blue
triangle), female (red circle), or as unknown gender (grey square). Individuals are placed into rows based on the year hatched, and are connected to their respective
parents by lines. The generations F, F;, and F, are displayed. Panel B shows the number of offspring produced by each parent in the F; generation divided into
females (dark grey) and males (light grey). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

three binomial traits were only recorded once. Nostrils, sex, and sur-
vival all had low to moderate heritability (0.34 = 0.12, 0.16 = 0.09,
and 0.08 = 0.06, respectively).

Percentage gains per year based on heritability and trait distribution
were calculated in both year one and year three (Table 3). The per-
centage gains for growth rate traits (lengths and weight) ranged from
4.6 to 12.2 in year one and 1.4 to 4.9 in year three. The number of blue
spots had the highest predicted percentage gains per year (year one:
18.8, year three: 23.8). The remaining traits had percentage gains
ranging from 0.7 to 3.3 for years one and year three.

4. Discussion

In this study we applied genetic tools to a newly formed snapper
population. These tools were used to reconstruct the pedigree, in-
vestigate the genetic diversity and inbreeding rates in each generation,
and calculate the heritability of important phenotypic traits. The results
of this study will help the development of this new population by
providing information about what has occurred during the initial
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generations and informing future controlled breeding work.

Pedigree reconstruction based on the genomic markers indicated
that many of the individuals in the Fy and F; generations contributed to
offspring in the next generation (Fig. 2A); however, the contributions
were highly skewed (Fig. 2B). Skewed contributions have been ob-
served in a wide range of captive fish populations including Asian
seabass (Lates calcarifer) (Liu et al., 2012), gilthead seabream (Sparus
aurata) (Chavanne et al., 2014), and flounder (Paralichthys olivaceus)
(Sekino et al., 2003). Contribution distortion can be problematic in a
long-term breeding programmes because of the negative effects that it
has on genetic diversity. Because this study was carried out on post-
juvenile fish, two main explanations could account for the skewed
distribution. Firstly, the parents may have contributed unevenly to
breeding events. Secondly, the parents may have contributed evenly,
but their progeny had different survival rates. Further work is needed to
clarify what is occurring during this stage of the snapper production
cycle.

Some interesting patterns of inbreeding were observed which
stemmed originally from the two F, wild cohorts. The F, grandparents
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Fig. 3. Shown are the F statistics (Fy) for Chrysophrys auratus individuals grouped based on A) generation, B) grandparent types (F; only), or C) parent types (w2-w2
only). Visualized are the 1st, 2nd (median), and 3rd quartile and whiskers extending 1.5 times the interquartile range from the median (~95% confidence interval).
Comparison between groups indicated that significant differences (p < .01) were found between the mean value of w2-w2 and the other two grandparental types.
Significant differences (p < .05) were found between the mean values for all of the different parent types. See supplementary Table 1 for significance results.

Table 1

Shown are the mean, standard deviation (Stdv), and count for each continuous
trait for year one and year three, and the mean and count for a subsample of
these measurements from the highest 10% in year three. The number of mea-
surements does not always reflect the number of individuals because for some
traits an individual may have been measured more than once (e.g. multiple
images).

Year Trait Mean Stdv Samples
One Fork length (mm) 160.1 15.0 568
One Peduncle length (mm) 132.1 12.3 568
One Weight (g) 89.8 23.9 280
One Height_0.25 (pixels) 377.2 20.4 568
One Height 0.5 (pixels) 460.9 19.2 568
One Height 0.75 (pixels) 388.4 20.2 568
One Skin darkness 89.6 10.0 503
One Spots 44.7 9.5 568
Three Fork length (mm) 257.8 20.1 314
Three Peduncle length (mm) 214.5 17.0 314
Three Weight (g) 361.9 82.3 247
Three Height_0.25 (pixels) 381.9 14.2 314
Three Height 0.5 (pixels) 460.9 19.6 314
Three Height 0.75 (pixels) 384.2 21.4 314
Three Skin darkness 111.3 8.4 122
Three Spots 43.5 8.4 314

were sourced from the wild and as such represent a baseline for other
inbreeding statistics. Unfortunately, genetic samples were available
only for the second F, wild cohort. However, we can gain some idea
about the absent Fy cohort through their progeny in the F; and F,
generations. The average inbreeding (Fy) for the second F, wild cohort
(0.055) was within ranges observed for other marine fish from wild
populations, including orange clown fish (Amphiprion percula, 0.018)
(Salles et al., 2016), brook trout (Salvelinus fontinalis, 0.098) (Pilgrim
et al, 2012), winter flounder (Pseudopleuronectes americanus,
0.169-0.283) (O'Leary et al., 2013), and gilthead seabream (Sparus
aurata, 0.00-0.319) (Zeinab et al., 2014). It is worth noting that the
above study in winter flounder was reporting severe inbreeding for a
wild population (O'Leary et al., 2013). While the average inbreeding
rates in the current study did not change significantly between gen-
erations, the distribution of inbreeding values was noticeable different
(Fig. 3). Some of the changes to the variation could be explained by
differences in sample size between the generation (15 vs 54 vs 542);
however, further analysis indicated that F; individuals with low values
(outbred) were primarily located in the offspring of the first Fo cohort
(W1) and those with high values (inbred) where located in the offspring

of the second F, cohort (W2). These results suggest that some structure
may be present in the source population and that while the second F,
cohort was sourced from a single population, the first set were sourced
from multiple populations, which have subsequently produced outbred
offspring. These results are particularly interesting because most pre-
vious studies have suggested that minimal structure is present in the
wild snapper population around New Zealand (Bernal-Ramirez et al.,
2003; Paul and Tarring, 1980; Smith et al., 1978) and none would be
expected over the range from which these two F, wild cohorts were
sourced. The differences in inbreeding continued into the F, generation
with individuals that were the product of solely the first Fy cohort (W1-
W1, Fig. 3b) being significantly (p-value < .001) less inbred than those
produced solely from the second Fy cohort (W2 — W2, Fig. 3B). F, in-
dividuals that were the product of crossing between the two F, wild
cohorts (W1 — W2) had the lowest average inbreeding values for any
group. As expected, further subdivision based on parent type indicated
that F, individuals that were from unrelated individuals had sig-
nificantly lower inbreeding values than those from half-sib or full-sib
parents (Fig. 3C).

Trait values and heritability differed largely across the 11 traits
investigated (Tables 1 and 2). Growth traits (e.g. weight and length) are
some of the most commonly reviewed traits for aquaculture selective
breeding programmes. This is because they directly affect production
rates and are often moderately heritable; for example, heritability of
growth traits (weight or length) was 0.2 to 0.4 in mirror carp (Cyprinus
carpio) (Hu et al., 2017), 0.4 in gilthead seabream (Sparus aurata)
(Fernandes et al., 2016), 0.21 to 0.362 in half-smooth tongue sole
(Cynoglossus semilaevis) (Liu et al., 2016), and 0.31 to 0.34 in Atlantic
cod (Gadus morhua) (Kristjansson and Arnason, 2016). In the current
study, growth traits had a heritability of ~0.27 in year one and ~0.10
in year three. Additionally, because the three growth traits (fork length,
peduncle length, and weight) were all highly correlated (pheno-
typic > 0.97, genetic > 0.95), selection for one should also affect the
others. This could prove useful in a breeding programme because length
can often be more easily measured using high-throughput methodolo-
gies than weight.

Body shape measurements are another commonly measured group
of traits; for example, heritability for shape traits ranged from 0.18 to
0.289 in Nile tilapia (Oreochromis niloticus) (de Oliveira et al., 2016),
0.24 to 0.58 in gilthead seabream (Sparus aurata) (Boulton et al., 2011),
and 0.34 in common sole (Solea solea) (Blonk et al., 2010). By com-
parison heritability for relative height traits in the current study ranged
from 0.14 to 0.30 for both years measured. However, it should be noted
that shape measurements are often more specific to an individual
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Table 2

Shown are the Pearson's (above diagonal) and genetic (below diagonal) correlations between all traits in year one. Included are the mean and standard error. “Failed” indicates genetic correlations for which the (co)

darkness, SP = spot number, NOS = nostrils, SEX = sex,

75, DRK =

, H75 = height

t 50

25, H50 = heigh

= weight, H25 = height _

peduncle length, WGT

variance models failed to converge. FL = fork length, PL

SUR = survival.

SUR

SEX

NOS

SP

DRK

H75

H50

H25

WGT

PL

FL

—0.16 = 0.00
—0.16 = 0.00
—0.12 = 0.00

0.04 = 0.00

0.01

—0.04 = 0.00
—0.05 = 0.00
—0.01 = 0.00
—0.02 = 0.00

0.02 = 0.00
0.03 = 0.00
0.03 = 0.00
0.14 = 0.00

—0.06 = 0.00
—0.06 = 0.00
—0.08 = 0.00

0.00 + 0.00

0.22 = 0.03
0.23 = 0.03
0.20 = 0.02
0.00 = 0.02
0.06 = 0.02
0.04 = 0.02

—0.14 = 0.03
-0.16 = 0.04
—-0.14 = 0.03
—0.10 = 0.02
—0.02 = 0.03

0.01 = 0.02

—0.08 = 0.06
—0.09 = 0.07

0.10 = 0.06
0.44 = 0.04
0.80 = 0.03

—0.05 = 0.05
—-0.07 = 0.07

0.14 = 0.05
0.53 = 0.03

—0.07 = 0.06
—0.07 = 0.07

0.94 = 0.03
0.04 = 0.06

0.94 = 0.03

0.99 = 0.00

FL

0.99 + 0.00
0.96 = 0.01
0.30 + 0.34
0.35 = 0.30
0.28 + 0.31

PL

0.97 = 0.02
0.30 = 0.34
0.35 = 0.29
0.30 = 0.30

WGT
H25
H50
H75
DRK
SP

0.33 = 0.35
0.51 = 0.27
0.50 = 0.27

+ 0.00

—0.08 = 0.00
—0.10 = 0.00

0.02 = 0.00

0.77 = 0.18
0.71 = 0.22

Failed

0.01 = 0.00
0.08 = 00

0.99 = 0.02
0.85 = 0.60
0.31 = 0.28

—0.07 = 0.04

0.48 = 0.63
0.36 = 0.28

—0.63 = 0.62
-0.18 = 0.31
—0.11 = 0.63
—0.63 = 0.62

0.08 = 0.45

—0.10 = 0.56
—-0.15 = 0.27

0.33 = 0.28

—0.01 = 0.56
—-0.15 = 0.27

0.30 = 0.28

—-0.12 = 0.00
0.04 = 0.04

-0.17 = 0.00

0.56 = 0.76

Failed

0.99 = 0.08

—0.10 = 0.06

0.17 = 0.40
0.83 = 0.23

—0.00 = 0.42

0.99 = 0.24
0.29 = 0.37

-0.21 = 0.41
—0.84 + 0.33

0.14 = 0.41

-0.41 = 0.27

Failed

NOS
SEX
SUR

Failed

—0.99 + 0.16
—0.88 = 0.50

—0.30 + 0.46
—-0.29 = 0.37

—0.35 = 0.49
—-0.35 = 0.36

0.25 = 0.39

—0.05 = 0.37

—0.28 = 0.44
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Table 3

Shown is the heritability of each trait at year one and year three in the current
study and the potential selection gains (as a percent) based on a selective
breeding programme in which only the top 10% of individuals were used. The
three binomial traits were only measured once for each individual.

Trait Heritability Selection gains %
Category Name Year one Year three Year one Year
three
Continuous  Fork length 0.25 = 0.10 0.10 = 0.08 4.6 1.5
Continuous  Peduncle length 0.25 = 0.10 0.09 = 0.08 4.6 1.4
Continuous  Weight 0.30 = 0.14 0.11 = 0.10 15.7 4.9
Continuous  Height_0.25 0.15 + 0.09 0.14 + 0.09 1.6 1.0
Continuous  Height_0.50 0.25 = 0.11 0.20 = 0.12 2.0 1.7
Continuous  Height 0.75 0.26 = 0.11 0.30 = 0.14 2.7 3.3
Continuous  Skin darkness 0.03 = 0.03 0.22 = 0.18 0.7 3.3
Continuous  Spots 0.45 = 0.13 0.63 = 0.18 18.8 23.8
Binomial Nostrils 0.34 = 0.12 - -
Binomial Sex 0.16 = 0.09 - -
Binomial Survival 0.08 + 0.06 - -

species than growth traits. As might be expected, moderate correlation
(phenotypic > 0.44, genetic > 0.71) was found between the three re-
lative height measurements.

Skin pigmentation traits (skin darkness and spots) were found to be
weakly to highly heritable across the two years (0.03 and 0.63, re-
spectively). Because external skin colour is an important consumer re-
quirement for snapper, the moderate heritability for some of these this
skin pigment traits indicates they could be a potential target for se-
lective breeding. However, the low heritability for some traits, such as
skin darkness in year one, suggests other non-genetic factors should also
be investigated. The number of nostrils was found to be moderately
heritable (0.34 + 0.12). However, previous research at PFR (un-
published) has indicated that this trait may be affected by tank-specific
conditions within the first few months of life. Interestingly, it was no-
table that while skin darkness exhibited a lack of heritability in year 1, a
positive heritability and a correlation with sex was found in year 3,
indicating that skin colouration may be a secondary sex trait linked to
male or female maturation. Indeed, we have observed that sexually
reproductively active snapper exhibit a darkened skin and body colour
whereas females stay more or less the same colour year-round.

The final two of the 11 traits that we investigated in this study, sex
and survival, both had low heritability (0.16 = 0.09 and 0.08 + 0.06,
respectively, Table 3). If sex in snapper was chromosomally determined
then the pedigree information should predict none of the trait variation
(i.e. H2 = 0) and the genomic information of the offspring should
predict all of the variation of the trait (H2 = 1). In the current study the
heritability was slightly different than zero which could indicate a
multifactorial basis to sex determination. However, the low heritability
value and the possible error rate when phenotyping for sex could in-
dicate that this none zero heritability value is random. More data on sex
determination at different ages and work to identify a chromosomal sex
determining region could help resolve this. In fish, survival for specific
viral and bacterial diseases often has moderate to high heritability (e.g.
0.12 to 0.52, Antonello et al.,, 2009; Flores-Mara et al., 2017;
Shoemaker et al., 2017), but survival for non-specific or highly multi-
factorial diseases and events often have low heritability (see introduc-
tion by Vehvildinen et al., 2008). In this study mortalities occurred for a
variety of reasons over the course of the study rather than being related
to a specific disease event, which may explain our low heritability es-
timates for survival (0.08, Table 3). Interestingly, despite sex not being
significantly phenotypically correlated with other traits in the dataset it
was moderately to strongly correlated with the relative height and
colour traits in the dataset (> 0.84, Table 2).

The percentage gains per generation for a selective breeding pro-
gramme can be calculated using the selection response formula
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(R = h?S). The degree of change in this formula is affected by both the
heritability of the trait and the difference in mean value between the
selected and non-selected parents, which is in turn affected by the de-
gree of selection pressure applied and the distribution of the trait.
Results from this study suggested that gains for weight in year one
would be around 15.7% per generation if the top 10% of individuals
were used. This is comparable to that suggested rate in sea bream
(Sparus aurata, 15.6%) (Thorland et al., 2006) and near the average of
13% suggested across a wide range of fish species (Gjedrem and Rye,
2016). However, the gains at three years of age were much lower, at
around 4.9% per generation. The reason for this drop in gains at year
three is unknown and needs further investigation. Probably, another
non-genetic factor is increasingly becoming the driver of growth as the
fish age. One possibility could be size-based tank effects. One final note
on these calculations is that although weight and length had similar
heritability (year one: ~0.26, year three: ~0.11, Table 3), gains for
length were less than half of those expected for weight. This is because
length had a much narrower trait distribution than weight:
257.7 = 21.0vs 363.1 = 85.0 for fork length and weight, respectively
(Table 1). Gains for the remaining traits were all low (3.3 or less), ex-
cept for spots, which had the highest gains of any trait in the study (year
one: 18.8%, year three: 23.8%).

4.1. Future directions

This study represents the most in-depth genetic investigation of this
new snapper population to date. The resources developed will be useful
for a wide range of future investigations and applications to support the
selective breeding of this species. Specifically, we were able to de-
monstrate the likely effects of selective breeding and the operational
use of the latest genomic tools to investigate pedigrees and inbreeding.
Importantly, our study indicated that snapper show potential for ge-
netic improvement of economically important growth traits. As part of
future development of this population, the genome-wide markers de-
veloped in the present study will allow estimation of genomic breeding
values (BVs). These breeding values can then be used in conjunction
with traditional selection to increase the rate of genetic improvement
(Van Eenennaam et al., 2014). Overall, these genomic resources will
facilitate further domestication of snapper in a way that enhances
economically important traits while maintaining genetic variation and
reducing any potentially negative effects of inbreeding.
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