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Abstract: Domestication of teleost fish is a recent development, and in most cases started less than
50 years ago. Shedding light on the genomic changes in key economic traits during the domestica-
tion process can provide crucial insights into the evolutionary processes involved and help inform
selective breeding programmes. Here we report on the recent domestication of a native marine tel-
eost species in New Zealand, the Australasian snapper (Chrysophrys auratus). Specifically, we use
genome-wide data from a three-generation pedigree of this species to uncover genetic signatures of
domestication selection for growth. Genotyping-By-Sequencing (GBS) was used to generate ge-
nome-wide SNP data from a three-generation pedigree to calculate generation-wide averages of Fsr
between every generation pair. The level of differentiation between generations was further inves-
tigated using ADMIXTURE analysis and Principal Component Analysis (PCA). After that, genome
scans using Bayescan, LFMM and XP-EHH were applied to identify SNP variants under putative
selection following selection for growth. Finally, genes near candidate SNP variants were annotated
to gain functional insights. Analysis showed that between generations Fsr values slightly increased
as generational time increased. The extent of these changes was small, and both ADMIXTURE anal-
ysis and PCA were unable to form clear clusters. Genome scans revealed a number of SNP outliers,
indicative of selection, of which a small number overlapped across analyses methods and popula-
tions. Genes of interest within proximity of putative selective SNPs were related to biological func-
tions, and revealed an association with growth, immunity, neural development and behaviour, and
tumour repression. Even though few genes overlapped between outlier SNP methods, gene func-
tionalities showed greater overlap between methods. While the genetic changes observed were
small in most cases, a number of outlier SNPs could be identified, of which some were found by
more than one method. Multiple outlier SNPs appeared to be predominately linked to gene func-
tionalities that modulate growth and survival. Ultimately, the results help to shed light on the ge-
nomic changes occurring during the early stages of domestication selection in teleost fish species
such as snapper, and will provide useful candidates for the ongoing selective breeding in the future
of this and related species.
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1. Introduction

The breeding of plants and animals is one of the major transitions in history and its
study can shed light into the genomic changes involved in the domestication process [1].
Changes to the genetic composition of a captive population can be introduced in a number
of different ways. The first of these is through the relaxation of natural selection in the
artificial environment [2]. Living in a controlled environment means species no longer
face natural predators, have easy access to food and can be treated for diseases. Genotypes
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which are disadvantaged in nature may therefore be able to survive better in a more con-
trolled environment that is devoid of food limitation and predators [3,4]. The second way
is through the intentional human selection of economically important traits, as well as the
introduction of unintentional novel natural selection caused by the new domestic envi-
ronment [3,4]. Detecting the genetic signatures of neutral and selective processes in do-
mestic populations provides information on the molecular processes that shape the ge-
nome following human-induced selection, as well as providing information for improv-
ing selective breeding programmes more generally.

Intentional selection for beneficial traits is expected to cause selective sweeps, in-
creasing the frequency of the selected beneficial variants in that region of the genome [5].
A distinction is made between hard selective sweeps, where a beneficial variant sweeps
through the population and becomes fixed, and soft selective sweeps, where multiple in-
dependent variants in the same locus sweep through the population simultaneously [6,7].
Revealing these variants and how they are involved with traits that are being selected for
can give insight into the effectiveness of the breeding programme. A decade ago, the high
acquisition cost of population-wide genomic data for a breeding populations was com-
monly prohibitive in performing population genomics studies for new aquaculture spe-
cies. In recent years, however, the development of techniques such as reduced represen-
tation libraries (e.g., GBS, RAD) and genome-wide SNP arrays has allowed large amounts
of genomic data to be gathered at an ever decreasing cost [8]. This has allowed for a range
of increasingly accurate methods scanning the genome for signs of selection to be applied
on a wider range of species than was previously possible [9].

Aquaculture in New Zealand is a rapidly expanding industry, with an annual reve-
nue of about $NZ650 million in 2020. While New Zealand has long coastlines and one of
the largest EEZs in the world, only three species are commercially farmed: Greenshell
mussels (Perna canaliculus), Chinook salmon (Oncorhynchus tschawytscha) and Pacific oys-
ter (Magallana gigas, formerly known as Crassostrea) [10]. To diversify the New Zealand
aquaculture sector, the domestication of new aquaculture species is an important factor
for economic growth and to ensure future resilience. The Australasian snapper Chrys-
ophrys auratus, referred to as tamure by the indigenous people of New Zealand (Maori),
are a marine teleost of the family Sparidae, which can be found in the coastal waters of
Australia, including Tasmania, and New Zealand. Snapper are of significant commercial,
recreational and cultural importance, and a selective breeding programme was started in
New Zealand in 2016 [11-13]. The aim of the current study is to uncover the genomic
footprints of domestication selection in snapper following selection for increased growth
performance and survival on a land-based facility. Three complementary genome scan
methods were applied to a genome-wide SNP data derived through GBS of a three gen-
eration snapper pedigree: The Fsr outlier test Bayescan, the environmental association
analysis LFMM and extended haplotype homozygosity analysis as applied in XP-EHH.
We will present the findings from each analysis and annotate genes close to the regions of
putative outlier SNPs. We then discuss our findings in light of domestication selection in
this and other species. The new insights from this study will complement the ongoing
research of the breeding success in this species, provide information on the early stages
and targets of domestication, as well as provide target candidate genes for future research
on economically important traits in this and related species.

2. Materials and Methods
2.1. Study Populations: Pedigree Structure and Information

The snapper populations in this study were obtained as part of a finfish breeding
programme at the Nelson Finfish Facility of Plant and Food Research in New Zealand and
consisted of a wild-caught Fo generation, with an F1 and F2 generation spawned in captiv-
ity. The Fo generation consisted of two cohorts of 25 individuals. The first cohort was
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caught from several sites around the Tasman Bay, New Zealand in 1996. The second co-
hort was caught from a single site within the Tasman Bay, New Zealand in 2006. Previous
genetic studies [14] as well as a recent genomic investigation of wild snapper populations
[15] (Wellenreuther unpublished data) show that genetic diversity of wild snapper is very
homogenous across New Zealand, and similar to what has been found in other fish with
large population sizes including Atlantic cod (Gadus morhua) [16], blue whiting (Mi-
cromesistius australis) [17], and herring (Clupea harengus L.) [18], indicating that these sam-
ples have captured the genetic diversity of snapper in the Tasman bay area, and can be
also seen as a roughly representative of the expected amount of genetic diversity of snap-
per stocks in New Zealand.

Over time, an F1 generation of individuals was produced from subsequent spawning
events of individuals derived from the 1996 and 2006 cohorts of the Fo generation. Indi-
viduals of the F1 generation were eventually combined into a single F1 broodstock and
used to produce an F2 generation [12,13]. Spawning of broodstock fish was achieved using
mass spawning, which is the typical method for most bream species, with equal sex ratios
and all individuals able to mate freely with other individuals in the population. Prior to
the spawning broodstock fish were fed a specialized diet containing fresh fish and oil
supplements. Fertilized eggs were collected from the tank outlet during over consecutive
days. All cohorts were subjected to domestication selection for improved growth and sur-
vival. Growth in snapper has been assessed in detail as part of this selective breeding pro-
gramme [11-13,19,20], and the work has shown that growth traits (e.g,. length or weight)
have a strong positive allometric relationships and can this be used as good proxies for
one another. The growth selection applies an image based method using the software
package Morphometric Software™ (https://www.plantandfood.co.nz/page/morphomet-
ric-software-home/, accessed on 14 September 2021). The software extracts the outline of
each individual fish from images, locates the XY coordinates of morphometric features on
the outline (e.g., upper lip and narrowest cross section of the tail) and then uses those
coordinates to make measurements. The measurements were converted from pixels to
mm using the length of rulers also present in the images. Breeding selection for growth
has been based on a combination of length and weight traits.

2.2. Sampling and Generation of Molecular Data

Sampling and generation of SNP data were performed in an earlier study [12,13]. In
short, samples of finclip tissues were collected for all fish, which included part of the sec-
ond cohort of the Fo generation as well as the full F1 and F2 generations. The first cohort of
the Fo generation had by this time already died and no samples could be taken.

Genome-wide SNP data were generated through the Genotyping-By-Sequencing
(GBS) method [21]. GBS makes use of restriction enzymes to cut the DNA at conserved
regions across the genome and then sequencing the associated DNA at that region,
thereby reducing the overall representation of genomic data. The resulting fragments are
then sequenced using next-generation sequencing (typically using an Illumina machine,
San Diego, CA, USA) [21]. Libraries were double digested using the restriction enzymes
Pstl and Mspl and barcode adapters were annealed to distinguish reads belonging to dif-
ferent individuals for downstream analyses. The libraries were amplified separately be-
fore being prepared in parallel plates. Duplicate or triplicate samples were prepared for
the Fo and F1 generation, as well as two individuals of the F2. The plates were pooled and
then sequenced using Illumina HiSeq 2500 platform in single-end (SE) mode, with a read
length of 100 bases. This resulted in eight FASTQ files being produced, one for each se-
quencing lane. Also generated from earlier research were a snapper reference genome and
associated GFF3 gene annotation file [15].



Genes 2021, 12, 1737

4 of 19

2.3. Raw Reads, Mapping, Variant Calling, and Filtering of the Data

An overview of the data processing pipeline is given in Supplementary Figure S1.
Raw GBS FASTQ files were demultiplexed using the process_radtags module which is
part of the STACKS v2.2 pipeline [22,23]. During demultiplexing, sequence data were col-
lectively gathered in a single FASTQ file which was then split into sample-specific FASTQ
files using DNA barcodes. From demultiplexing, eight barcode files were generated, one
for each sequencing lane. After demultiplexing, duplicate and triplicate sample FASTQ
files were concatenated. Adapters were clipped and raw reads were trimmed using cu-
tadept v1.15 [24]. A PHRED quality score cut-off of 33 was used, to ensure only high-
quality SNPs would be used in subsequent analyses. A minimum read length of 50 was
specified, to ensure reads could be reliably mapped. The adapter sequence provided to
cutadept consisted of only the first 13 nucleotides of the full adapter. This was done be-
cause the full adapter sequence is unlikely to be found within the read. The trimmed
FASTQ files were aligned to the reference genome using BWA-MEM v0.7.17 [25]. Before
starting a run of BWA, an Index database of the reference was generated using bwa index.
Sorted BAM files were generated from BWA output using the view and sort commands
from Samtools v1.9 [26]. Variant calling was performed in two steps using the gstacks and
populations modules from STACKS v2.2; settings included a population file with -M and
--write_single_snp. This resulted in four VCF files being generated. One for each pair of
generations and one that included all generations. In order to remove variants that were
either uninformative or likely to cause false positives in downstream analyses, all VCF
files were filtered using VCFTools v0.1.14 [27]. Variants with a low read depth across in-
dividuals run might not include all alleles, which can lead to inaccurate estimations of
allele frequency. This can then result in inaccurate estimation of the Fst, as well as causing
false positives/false negatives in Fsr outlier tests [28]. Thus, sites with an average depth of
less than 10 across individuals were removed using the min-meanDP flag. In addition,
variants that are only captured in few individuals cannot be used in most analysis without
requiring imputation. Because of this, variants that were genotyped in less than 90 percent
of individuals were removed using the max-missing flag. Variants with a minor allele
frequency of 0.05 or less were removed using the max flag. These rare variants are gener-
ally considered to lack the sensitivity required to show signatures of drift and hitchhiking,
making them uninformative in genome scan methods that rely on allele frequencies and
should be removed before performing such analyses [29]. Finally, the data were filtered
to only contain biallelic SNPs using the min-alleles and max-alleles flags.

2.4. Analysis of Genetic Differentiation between Generations

The expected and observed heterozygosity He and Ho were calculated using diveR-
sity [30], as well as Fis and associated 95% confidence intervals. The number of bootstrap
replicates was set to 100. To investigate the level of genetic differentiation between co-
horts, Weir and Cockerham’s Fsr [31] estimate was calculated with 95% confidence inter-
vals for all possible generation pairs using diveRsity. The number of bootstrap replicates
used when calculating confidence intervals was set to 100 and bootstrapping was carried
out over individuals within samples.

2.5. ADMIXTURE Analysis

Genetic ancestry was estimated through ADMIXTURE v1.3 [32]. Input files were gen-
erated using Plink [30]. The program uses an unsupervised approach to calculate a matrix
of ancestry coefficients, which are proportions of an individual genome estimated to be-
long to different ancestral populations. Admixture requires the user to supply the ex-
pected number of ancestral populations K. Runs were performed using values of K be-
tween 1 and 3.
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2.6. Principal Component Analysis

Adegenet v2.1.3 was used to perform PCA on matrices of allele frequency [33]. PGD-
Spider v2.1.1.5 was used with a population file to transform the VCF file containing all
individuals to the genepop format [34]. In the SPID settings file, the population definition
file parser question was set to yes, while all other VCF parser questions were left at default
values. For the genepop writer questions, the datatype was set to SNP data, while other
writer questions were left at the default values. The genepop file was then stripped of
headers and transformed into a genind object using the read.table and df2genind func-
tions. PCA was performed using the dudi.pca function.

2.7. Identifying SNP Variants Associated with Selective Sweeps

Bayescan v2.1 is an Fsr outlier method based around the multinomial-Dirichlet dis-
tribution [35]. This software works by first decomposing locus-population Fsr coefficients
into a locus-specific component and a population-specific component. It then creates two
different models for every locus, one of which includes the locus specific component and
one that does not. The posterior probabilities for both models are then calculated using a
reversible-jump MCMC approach. The use of posterior probabilities combined with set-
ting prior odds for the model without selection allows direct control of the FDR. This al-
lows for the defining of g-values which can in turn be used to make decisions on outlier
loci [35]. PGDSpider v2.1.1.5 was used to reformat VCF files for each comparison to the
Bayescan format. VCF parser settings were left at their defaults, while the datatype for the
GESTE/Bayescan writer questions was set to SNP data. Bayescan was then run for all com-
parisons using the default settings.

LFMM is an EAA method used to detect SNP variants that were potentially being
affected by positive selection as a result of domestication while accounting for background
population structure [36]. LEMM attempts find correlations between allele frequency and
an environmental factor using linear associations, which in our case was based on differ-
ent comparisons between the Fo, the F1 and the F2 cohorts. Latent factors are used to correct
for background population structure. The significance of the correlation is shown through
a p-value for each SNP variant [37,38]. LFMM has been implemented as part of the lea R
package v2.8.0, along with SNMEF, a tool for inference of ancestry coefficients, as well as
various other utility functions [39]. Environment files for each VCF file were generated,
and individuals from different cohorts were separated by environmental value. Individ-
uals from the Fo cohort were given the value of 0, those of the Fi cohort received the value
of 0.5 and those of the F2 cohort received the value of 1.The “lIfmm.R” script was then used
to run SNMF impute missing values and run LFMM. SNMF was set to run for 5 repeti-
tions, entropy turned on and was set to override previous results. The best SNMF result
was then used to impute the LFMM input data. LFMM was then run with 10,000 iterations
and 5000 burn-in iterations. To determine the correct number of latent factors for use with
SNMF and LFMMV, runs were completed using K=1 and K = 2. The histograms of p-values
were then compared for different values of K. Finally, output p-values were adjusted for
multiple testing using the method as implemented in the R package qvalue [40].

XP-EHH analysis was performed using the R package rehh [41,42]. Rehh was devel-
oped to enable application of EHH on large genome-wide datasets to uncover footprints
of selection. XP-EHH attempts to find variants under selection by looking for those vari-
ants with extended haplotypes where drift has not deteriorated the frequency of variants
linked to the variant under selection. It does this by comparing the integrated EHH pro-
files for the same Variant between two different populations. Significance for this com-
parison is shown through a p-value for each SNP variant. The program accepts haplotype
VCF input directly and can efficiently calculate a wide variety of EHH statistics [42]. Three
VCF files containing individuals of the Fo, F1 and F2 respectively were first sorted by chro-
mosome and position using bash and then phased and imputed using BEAGLE v5.1 in
order to produce haplotypes required for rehh. The haplotype VCF files were then loaded
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into R using the data data2haplohh function. Polarization was set to “False” to indicate
that no outgroup genome was used to set alleles as derived or ancestral. Next the iES
statistic, the site specific integrated EHH, was calculated for every site in each population
using the scan_hh function. Polarization was once more set to “False” Finally, XP-EHH
was calculated for each pair of populations using the ies2xpehh function. Derived p-val-
ues were corrected using the method of Benjamini and Hochberg implemented in the
ies2xpehh function [43].

Significance cut-offs for each method were applied as follows. For Bayescan, we re-
tained outlier SNPs with a g-value < 0.05 (leading to a FDR of <0.05). The g-value is the
false discovery rate (FDR) analog of a p-value; it is the minimum FDR at which a locus
may become significant. A g-value of 0.05 means that 5% of outliers (i.e., those having a g-
value <0.05) are expected to be falsely positive. A 5% threshold for g-values is much more
stringent than a 5% threshold for p-values in classical statistics. For LEMM, a g-value
threshold of 0.05 was used. Finally, a g-value threshold of 0.05 was also used for XP-EHH.
Venn diagrams showing overlapping outliers were made using the R package eulerr
v6.1.0 [44]. Three VCEF files were created, which contained the putative loci detected by all
methods for each comparison of generations using positional data on each variant with
VCFtools —positions [27].

2.8. Annotation of Genes near Putative Variants

Three VCF files were created, which contained the putative loci detected by all meth-
ods for the comparisons of each generation pair using positional data on each variant with
VCFtools —positions. The VCF files were then transformed to the BED and a bedtools ge-
nome file, containing the sizes of each chromosome, was generated from the reference
genome’s index file [45,46]. Bedtools slop was then used to increase the feature size of the
variant data by 10 kb in both directions. This essentially decreases the starting position by
10 kb and increases the end position by 10 kb. After that, bedtools intersect was used to
find features on the gff3 annotation file which overlapped with the extended variant fea-
tures. The —wb flag was used to output only the entries from the GFF3 file that overlapped
with the variant features. A new GFE3 file was then created from the output. Finally,
bedtools —getfasta was used to generate a fasta file which contains every feature on the
gff3 file that intersected with one of the putative variants. Bedtools —getfasta takes a file
in the GFF3 format, along with a FASTA genome as input. It uses the positional data in
the GFF3 file to extract sequences from the FASTA genome and creates a new FASTA file
with one line in the FASTA output for every line in the input file. To our knowledge, no
high-quality protein database exists for snapper as of writing, so the zebrafish (Danio rerio)
protein database from ensemble was used instead. The blast protein database was then
constructed using the makeblastdb command, with dbtype set to “prot”. The blastx com-
mand was used to find regions of similarity between translated nucleotide sequences from
features on the GFF3 file and the zebrafish protein database. The blast search was limited
to only show one result for each feature. An e-value threshold of 1 x 10 was maintained.
The ensemble versioned protein identifiers of proteins that were linked to features of in-
terest were used in a biomart query to find the associated ensemble gene name.

3. Results
3.1. Genotyping and Quality Control

The provided starting data consisted of one reference genome, along with
6,515,701,876 reads for 662 individuals. After applying filters to remove low-quality reads
5,545,018,856 reads remained for further analysis. Using the cleaned reads, one set of SNPs
was generated for each of the three comparisons. The subset containing individuals from
Fo and the F1 populations produced 226,618 SNPs, the subset containing individuals from
the F1 and the F2 populations produced 254,342 SNPs and the subset containing individu-
als from the Fo and the F» populations produced 254,299 SNPs. Filters for average read
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depth, genotype call rate, minor allele frequency and biallelic alleles were applied to every
subset. After filtering, the final subsets for Fo and F1 contained 33,264 SNPs, the subset for
F1 and F2 contained 17,262 SNPs and the subset for Fo and F2 contained 14,629 SNPs.

3.2. Analysis of Genetic Differentiation between Generations

Based on the filtered set of SNPs, the populations were compared to gain insights
into the extent of genetic differentiation (Table 1A).Values of the expected heterozygosity
(He), the observed heterozygosity (Ho) and the inbreeding coefficient were largely similar,
but also showed an overall small increase in differentiation as domestication time in-
creased (confidence intervals did not overlap between Fo and the F2 populations, indicat-
ing significance at p < 0.05, see Table 1). This was also reflected in the Fsr values between
population pairs. Table 1B shows the Fsr values for the different pairs of populations, with
a higher Fsr showing a larger proportion of the total genetic variation between populations
compared to within populations. The results show the Fsr between the Fo and the Fi1 gen-
eration is smaller than the Fsr between the F1 and the F2 generation (significant compari-
sons at p < 0.05 are depicted in bold, for all comparisons). The greatest level of differenti-
ation is found between the Fo and the F2 populations, again indicating a slight increase in
genetic differentiation as time of since domestication increases.

Table 1. (A) Overview of population statistics. These include the number of individuals in the population (N), the ex-
pected heterozygosity (He), the observed heterozygosity (Ho) and the inbreeding coefficient (Fis) and the 95% confidence
intervals (in brackets, with upper and lower confidence intervals being separated by a slash). (B) Overview of the aver-
age Fst between pairs of populations (and the 95% confidence intervals in brackets, with upper and lower confidence
intervals being separated by a slash). Fsrvalues in bold are significant.

A B
N He Ho Fis (95% CI) Fst (95% CI)
Fo 22 0.31 0.31 -0.024 (0.04/0.012) Fo-F1 0.0085 (0.0021/0.0211)
F1 65 0.32 0.33 -0.049 (0.062/0.035) Fi-F2 0.0214 (0.0201/0.0231)
F2 575 0.32 0.34 -0.064 (0.071/0.058) Fo-F2 0.0367 (0.0359/0.0376)

3.3. ADMIXTURE Analysis

ADMIXTURE analyses was used infer the origins based on genetic ancestry (Figure
1). The matrix of ancestry coefficients generated by ADMIXTURE was plotted for K =2
and K=3 (Figure 1B). The ADMIXTURE results do not show strong population differences
as seen by the lack of clear distinct groupings, although a change in the assigned popula-
tions is visible between the Fo/F1 and the F2 generations. This can be seen by the increase
in the blue ancestry coefficient colour. Analysis of the cross-validation error for different
values of K is shown in Figure 1D and reveals that K =3 produces the lowest cross-valida-
tion error, indicating that the likely number of genetic clusters is 3.
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Figure 1. (A) PCA plot generated from Adegenet analysis. The principal components represent different sources of genetic
variance, and points on the graph represent individuals, while colours and shapes of each point represent different gen-
erations. If distinct groups exist within the sampled individuals, then they will form different clusters. (B) Barplot of AD-
MIXTURE analysis results for K =2 and K = 3. ADMIXTURE analysis calculates ancestry coefficients, which is the propor-
tion of an individual genome that belongs to a certain ancestral population. The x-axis contains all individuals, grouped
by generation from Fo to F2. The y-axis shows, in different colours, the proportions of the individuals” genome belonging
to different ancestral populations. K is the number of ancestral populations used in the analysis. (C) Scree plot showing
the percentage of variance explained by the first three principal components from Adegenet PCA. (D) Cross-validation
error for different values of K generated by ADMIXTURE.

3.4. Principal Component Analysis

The principal components 1 and 2 derived by Adegenet PCA were plotted in order
to explore genetic clusters in the data. The results are shown in Figure 1A. As the principal
components represent different sources of genetic variance, individuals should form clus-
ters if genetically distinct groups are present. Like the ADMIXTURE analysis however,
the PCA did not reveal genetic clusters associated with specific snapper breeding popu-
lations. However, while the PC1 capture the vast majority of variation of the data, some
individuals from the F2 population were spread along the PC2 axis. This spread of F2 in-
dividuals indicates that genetically different variance in this cohort is the greatest, sug-
gestive of stronger and sustained selection in this generation.
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3.5. Identifying SNP Variants Associated with Selective Sweeps

Bayescan was used to detect SNP variants potentially affected by positive selection
as a result of domestication. Figure 2A shows the Manhattan plot containing the —log10 g-
values for every SNP variant between every pair of cohorts, as well as the linkage group
it is located in. Variants were considered to be significant for g-values < 0.05. Bayescan
revealed 2 significant SNP variants between the Fo and the F1 cohorts, 9 between the F:
and the F2 cohorts and 12 between the Fo and the F2 cohorts. LFMM implemented in the R
package lea was used to detect SNP variants that were potentially being affected by posi-
tive selection as a result of domestication. Supplementary Figure S2 shows the histograms
of p-values generated for each comparison between cohorts with the number of latent fac-
tors K set to 1 and 2 (Figure 2B). Variants were considered to be significant for g-values <
0.05. LFMM revealed 5 significant SNP variants between the Fo and the F1 cohorts, 18 be-
tween the Fi and the F2 cohorts and 1 between the Fo and the F2 cohorts. XP-EHH imple-
mented in the R package rehh was used to detect SNP variants that were potentially being
affected by positive selection as a result of domestication (Figure 2C). Variants were con-
sidered to be significant for g-values < 0.05. XP-EHH revealed 9 significant SNP variants
between the Fo and the F1 cohorts, 37 between the F1 and the F2 cohorts and 8 between the
Fo and the F2 cohorts. Figure 3 shows a Venn diagram of all of the overlapping putative
variants between the three methods: Bayescan, LFMM and XP-EHH.
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Figure 2. (A) Manhattan plot of Bayescan analysis for every locus for every pair of populations. The x-axis displays the
linkage group a locus is located. Position on the x-axis indicates the variants’ position in the linkage group. The y-axis
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shows the —1og10 g-value attached to the locus. The dashed line indicates the significance threshold. (B) Manhattan plot of
LFMM analysis for every locus for every pair of populations. The x-axis displays the linkage group a locus is located.
Position on the x-axis indicates the locus” position in the linkage group. The y axis shows the -log10 g-value attached to
the locus. The dashed line indicates the significance threshold. (C) Manhattan plot of XP-EHH analysis for every locus for
every pair of populations. The x-axis displays the linkage group a locus is located. Position on the x-axis indicates the
locus’ position in the linkage group. The y axis shows the —log10 g-value attached to the locus. The dashed line indicates

the significance threshold.

Fo—F1

F—F,

Fo—F>

Figure 3. Venn diagrams showing overlapping loci considered significant between different methods for every pair of
populations.

3.6. Annotation of Genes near Putative Variants

BLAST revealed 17 unique protein-coding genes in proximity to SNP variants found
to be putative between the Fo and F1 cohorts, 96 between the F1 and F2 and 24 between the
Fo and F2 cohorts (Table 2). These genes, along with the SNP variant position on the chro-
mosome and the methods that identified the SNP variant as putative, can be found in
Supplementary Tables S1-S3. Of these genes there were only 10 that overlapped between
comparisons and all of these overlapped between the comparison between the F1 and the
F2 and the comparison between the Fo and the F. In addition, all of the overlapping genes
were found near SNPs discovered by XP-EHH analysis. Overlapping genes are listed in

bold in Supplementary Tables S1-S3.

Table 2. Overview of the genes along with the function they are associated with, as well as the

populations used in the comparison.

Gene Name Comparison Associated Function
wars1 Fo-F1 growth/body shape/body size
thx15 Fo—F1 growth/body shape/body size
spry2 Fo-F1 growth/body shape/body size

cast Fi-F2 growth/body shape/body size
mef2b Fi-F2 growth/body shape/body size
dockl Fi-F2 growth/body shape/body size
dockb Fi-F2 growth/body shape/body size
rupc3 Fo-F2 growth/body shape/body size
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cntnap3 Fo-F1 behaviour/nervous system
epha6 Fi-F2 behaviour/nervous system
fmnl Fi-F2 behaviour/nervous system
dyrklab Fi-F2 behaviour/nervous system
p2ryl Fi-F2 behaviour/nervous system
zmz1 Fi-F2 behaviour/nervous system
mdgal Fo-F2 behaviour/nervous system
ephb2a Fi-F2 immune response
ftr67 Fi-F immune response
irf2bp1 Fi-F2 immune response
arl16 Fi-F immune response
Ixnl Fi-F2 tumour suppression
emilin2 Fi-F2 tumour suppression
Map2kda F1-F2, Fo-F2 tumour suppression
Map2k4b Fi-F2, Fo-F2 tumour suppression
extla Fo-F2 tumour suppression
ext1b Fo-F2 tumour suppression

4. Discussion

Investigating genetic changes over time in domesticated populations can provide in-
sights into the regions of the genome under selection [47]. In this study, the genetic signa-
tures of selection in a three-generation pedigree of the Australian snapper (C. auratus),
selected for improved growth and increased survival, were investigated. The results
showed that overall, genetic differentiation between generations was weak yet very
slightly increasing over generational time. Furthermore, we were able to identify for the
first time putative genes involved in the domestication selection of this new species for
aquaculture. We compare our results to other studies and highlight wider implications
and next steps.

The large SNP dataset for the three-generation snapper pedigree was first used to
explore the genomic characteristics of the three generations in more detail with the aim to
provide some context about the genetic make-up of the populations. We achieved this by
calculating the pairwise Fsr values between all three cohorts (Fo versus Fi, Fo vs. F2 and F1
versus F2) and found that all pairwise Fsr values were low yet significant between both
the Fo vs. F2 and F1 versus Fo. It should be noted that even though these significant differ-
ences were very weak, we detected that the level of differentiation increased subtly with
generational time, as indicated by the increased Fsr between the Fo and F: cohorts com-
pared to the values between all other cohorts (Table 1). This indicates that genetic differ-
entiation slightly increased over time, consistent with ongoing domestication selection.
These results were consistent with the findings of the ADMIXTURE analysis and the PCA,
which both again detected an overall low level of differentiation that was most pro-
nounced in the latest F2generation, consistent with sustained and ongoing selection in this
species.

We then investigated the genome SNP dataset to identify regions that are under pu-
tative domestication selection. For this, we applied three different genome scan methods
because we are aware that each method has its own limitations and strengths and we
wanted to explore if we can identify SNPs or genes that are found by more than one
method [48]. Our a priori expectation is also that selection signatures would be very weak
at this stage, as this study details only the very first changes of genome evolution follow-
ing selective breeding, which is the main point of interest and novelty of this study. Gain-
ing insights into what may allow one species to survive and become adapted to a new
artificial environment (e.g., a land based finfish facility), and in addition, perform well
with regards to growth and survival, has the potential to uncover important insights into
what makes species resilient and amendable to domestication.
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We found that SNP outlier overlap between the three methods was low (Figure 3),
and the only genes of interest overlapping between different comparisons were map2k4a
and map2k4b (Supplementary Table S2 and S3).

The lack of overlap between outliers produced by different methods is likely caused
by the differences in the underlying mechanisms behind each method. Because of these
differences, it is logical for each method to possibly return a different group of outliers, all
of which can still be considered as valid putative outliers. In short, Bayescan is an Fsr out-
lier detection method which is mostly going to detect strong signatures of selection asso-
ciated with fixated variants. Fsr outlier detection methods are prone to detect many false
positives if the population history is different from that which is assumed in their null
models. One of these assumptions is that both populations evolved independently from a
common ancestor. Since this is not the case for the populations in this study, this leaves
potential for further false positives [49]. A final source of false positives might come from
the use of a fairly lenient posterior odds value of 10, indicating the neutral model is 10
times more likely to occur than the selection model. While this value can be considered
low for the number of loci, this value has been used in other publications with similarly
sized datasets [50]. LFMM is an EAA method based around linear associations, which is
better at detecting more subtle signatures of selection associated with soft sweeps. In ad-
dition, LFMM can better account for complex population history and correct for neutral
population structure. In the case of this study, the F1 and F2 cohorts were formed from two
separate Fo cohorts, which lead to the chosen number of latent factors used being 2. There
is some level of uncertainty involved with this, as the two ancestral populations were
caught from the same site and genomic work suggest significant genetic homogeneity of
snapper from Tasman Bay, and little generational time had passed between the two
catches. This could mean the populations are not genetically distinct enough for K to be 2,
rather that would mean K could be 1. Comparing the histograms for runs using K =1 and
K =2 reveals the histograms are extremely similar, supporting the claim that FO cohorts
are genetically identical. The histograms of a properly calibrated LFMM run are expected
to mostly be flat, with a peak near minimal p-values [39]. Because of this, it is unlikely that
this difference would cause a dramatic shift in results, but significance values could shift
slightly as a result. XP-EHH is a method based on the comparison of haplotypes, which
means it will be mostly detect recent signs of selection. This because is extended haplo-
types inevitably fade over time due to genetic drift reducing the frequency of variants that
were closely linked to a variant under selection and only increased in frequency due to
the effect of hitchhiking. It is limited by the accuracy of the haplotypes supplied to it.
When producing haplotypes using BEAGLE, there was no access to a plink map file which
caused BEAGLE to assume a constant recombination rate of 10 cM per Mb. This may have
led to some inaccuracies when calling haplotypes, causing false positives in the analysis.
XP-EHH was the only method to find outliers that overlapped between comparisons of
cohorts. In addition to differences in the methods, differences in cohort sizes could also
have had various effects on the results of each method. In Fsr outlier detection tests, the
power to reject neutrality is maximized when sample sizes of the groups in the compari-
son are close to being even. In environmental association tests, power is maximized when
samples are spread out over a large geographic area and not clustered into groups. These
properties can cause uneven sampling designs to have reduced power [51]. The impact of
varying cohort sizes also goes beyond uneven sampling. It should be noted that the com-
parison with the highest number of individuals, the comparison between the Fi cohort
and the F2 cohort also featured the most putative variants. It is therefore likely that a larger
population size is beneficial when performing genome scans and that the small size of the
Fo generation limits the power of genome scan methods. Finally, the small number of gen-
erations could have caused polygenic traits affected by selection to leave traces too subtle
to reach the significance threshold of genome scan tests [52]. While genome scans have
been used previously to discover signatures of domestication in Atlantic salmon by com-
paring wild with domesticated populations, it should be noted that the populations used
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in those studies were not direct offspring of one another and are therefore far easier to
distinguish genetically [50,53].

Despite the general low overlap between methods, we found that once we annotated
the genes to identify biological functions that the identified putatively selected genes in
each comparison tended to impact similar biological functions. These functions were pre-
dominately confined to the categories: Growth, immunity, neural development and be-
haviour, and tumour repression (Table 2, Figures 2 and 3). A recent study comparing sig-
natures of domestication in two Atlantic salmon (Salmon salar) populations with different
geographical origins reported similar results, with genes under selection theorized to have
comparable and similar effects on growth, immune response and behaviour [54]. Below
we detail the genes that were implicated to be under selection for each comparison, and
briefly discuss what is known about their supposed function.

When comparing the Fo and the F1 cohorts, we identified five genes in close proximity
to putative variants linked to potential domestication traits, i.e., traits associated with
growth (Table 2). The wars1 gene has been linked to body fat distribution in humans (Homo
sapiens) and the thx15 gene has been linked to body size in goats (Capra hircus) and studies
have found that it is essential to skeletal development [55,56]. We also identified the spry2
gene as another candidate genes involved in domestication selection in snapper, which
works as a feedback inhibitor to epidermal and fibroblast growth factors to stimulate cell
growth in humans [57]. The two remaining genes that we identified were found to be
related to neural development. The first of these is the cnfnap3 gene, which has a crucial
role in the synaptic development and social behaviour in house mice (Mus musculus) [58].
The second is the actr10 gene, which has a role in nervous system development and dis-
ease, and has been implemented in the domestication of red fox (Vulpes vulpes) popula-
tions with markedly different behavioural phenotypes [59]. Signatures of selection near
these genes could be signs of behavioural changes, but further work on this would be
needed to verify this.

The comparison between the F1 and the F2 cohorts showed 16 different genes of in-
terest near putative SNP variants, the highest number of genes across all comparisons. Of
these, four were found to be related to muscle growth. The first of these was the cast gene,
which serves as an inhibitor of muscle protein degradation and is associated with muscle
growth in Bali cattle (Bos domesticus) [60]. The second one is the mef2b gene which has been
linked to regulation of muscle growth in sheep (Ouvis aries) and is hence associated with
general body growth and weight [61]. The final two are the dockl and dock5 genes, which
are both required for myoblast fusion during muscle development in zebrafish [62]. The
next set of four genes was found to be related to neurodevelopment and behaviour. The
first of these is the epha6 gene which was found to be associated with temperament in
Guzerat (Bos indicus), a Brazilian breed of domestic cattle [63]. The second one of these is
the fmnl gen which appears to be associated with energy and trainability in dogs (Canis
familiaris) [64]. Another one was the dyrklab gene, where knockout studies in zebrafish
found it to be associated with traits related to social deficiencies relevant to autism [65].
Finally, the p2ry1 gene, which may be connected to the eating habits of Chinese domestic
pigs (Sus domesticus) [66]. As in the comparison between the Fo and the F, this set of genes
could present an early sign that behavioural changes are occurring as a result of domesti-
cation selection, for example, due to relaxed selection in the artificial farm environment.
There were also a number of genes related to immune response. The first gene was ephb2a,
which has been linked to immune and stress response in channel catfish (Channel catfish)
[67] and the gene ftr67, which has been implicated to play an important role in the innate
immune system of zebrafish [67]. Similarly, studies on the irf2bp1 gene show that this gene
has an important role in the immune system through macrophage regulation and lym-
phocyte activation in varied species [68] and likewise, the arl16 gene has also been discov-
ered to serve a function in the immune system in diverse species, including mammals [69].
Frequency changes in these genes could occur as a result of new diseases occurring and
transmitting rapidly between individuals in the novel captive environment. Finally, there
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were several genes which had functions related to tumour suppression. For example,
studies have shown that the Ixn1 gene is significantly downregulated in humans suffering
from gastric carcinomas, marking it as a potential tumour suppression gene [70]. Other
studies have shown that the emilin2 gene causes apoptosis in a number of human tumour
cells and also enhances tumour neo-angiogenesis [71]. Lastly, the map2k4a and map2k4b
were implicated to be likely candidates for tumour suppression after missense mutations
were associated with multiple carcinomas in humans [72].

The comparison between the Fo and the F2 cohorts yielded a further five candidate
genes of interest. One of these genes, rnpc3, was found to be related to body size. The gene
is part of a pathway which also include igf1 and igfr1, both which have been shown to be
related in body size in dogs [72]. As in the comparison between the Fo and the Fi, this set
of genes is likely to be under direct selection for growth. Four genes were related to tu-
mour suppression: these included the map2k4a and map2k4b genes that were also detected
in the F1 and the F2 cohort comparison, as well as the ext1a and ext1b genes, the latter which
have also been revealed as putative tumour suppressors [72,73]. The final two genes have
been found to be involved in neural development and disorders. Several variants of the
first gene zmz1, were linked to intellectual disability and development delay in humans
[74]. The second gene mdgal, was connected to schizophrenia in humans through associ-
ation analysis and put forth as a new susceptibility gene [75]. As in earlier comparisons,
this is in line with these genes having a neurodevelopmental role and being linked to be-
havioural changes as a result of domestication.

Taken together, our findings indicate that snapper is showing signs of increasing dif-
ferentiation with ongoing and sustained selection in response to a new environment and
selection for enhanced growth. Our study identified a first set of possible tentative candi-
date genes that are under selection as part of this process. Many of our identified genes
point towards functions that appear to be related to growth, immunity and survival, but
these links should only be seen as suggestive at this stage, as direct investigations of these
genes in the study species, or even closely related teleost fish species, are absent to date.
Future work on this and related species is needed to investigate the presence of a general
pattern across species, and to verify or reject a role of the identified genes in the domesti-
cation process.

5. Conclusions

Domestication has left subtle but noticeable signatures of selection throughout the
genome of the snapper populations studied in this work. This species has been selected
as a new candidate species for aquaculture in New Zealand, and is of significant cultural,
recreational and commercial value in this country. Genome scan methods have been used
to designate a number of key genes associated with a set of putatively important biological
functions of interest such as growth, immunity, neural development and behaviour, and
tumour repression as likely targets of selection as a result of domestication. These findings
serve as a first step to shedding light on the impact of domestication on the genome and
serve as a stepping stone for future studies which seek to investigate in detail the impact
of domestication on individual genes.

Supplementary Materials: The following are available online at www.mdpi.com/arti-
cle/10.3390/genes12111737/s1. Table S1: This table contains SNP variants detected as outliers in the
comparison between the Fo and F1 cohorts that had genes in proximity. Table S2: This table contains
SNP variants detected as outliers in the comparison between the F1 and F2 cohorts that had genes in
proximity. Table S3: This table contains SNP variants detected as outliers in the comparison between
the F1 and F2 cohorts that had genes in proximity. Figure S1: This Figure shows an overview of the
methods used to achieve the project goals. Figure S2: This figure shows histograms of p-values for
runs of LFMM between different comparisons of populations and different values of K.

Author Contributions: Conceptualization, M.W., methodology, J.-P.B.; software, ].-P.B.; validation,
J.-P.B.; formal analysis, ].-P.B.; investigation, M.W. and J.-P.B.; resources, M.W.; data curation, M.W.



Genes 2021, 12, 1737 16 of 19

and J.-P.B.; writing—original draft preparation J.-P.B.; writing—review and editing, M.W_; visuali-
zation J.-P.B., supervision, M.W.; project administration, M.W.; funding acquisition, M.W. All au-
thors have read and agreed to the published version of the manuscript.

Funding: This research was funded through the MBIE Endeavour Programme “Accelerated breed-
ing for enhanced seafood production” (#C11X1603) to MW.

Institutional Review Board Statement: All research carried out in this study was approved by the
Animal Ethics Committee of Victoria University of Wellington: Application number 2014R19.

Informed Consent Statement: Not applicable.

Data Availability Statement: As the genomic data of this species are from a taonga and thus cul-
turally important species in Aotearoa New Zealand, the data have been deposited in a managed
repository that controls access. Raw and analyzed data are available through the Genomics Aotea-
roa data repository at https://repo.data.nesi.org.nz/, (accessed on accessed on 14 September 2021).
This was done to recognise Maori as important partners in science and innovation and as inter-
generational guardians of significant natural resources and indigenous knowledge.

Acknowledgments: We would like to acknowledge the PFR staff that assisted with the breeding
and husbandry operation for the snapper populations.

Conflicts of Interest: The author have no conflict of interest.

References

1. Zeder, M.A. Core questions in domestication research. Proc. Natl. Acad. Sci. USA 2015, 112, 3191-3198.

2. Hutchings, J.A,; Fraser, D.J. The nature of fisheries-and farming-induced evolution. Mol. Ecol. 2008, 17, 294-313.

3. Gjedrem, T.; Robinson, N. Advances by Selective Breeding for Aquatic Species: A Review. Agric. Sci. 2014, 05, 1152-1158,
https://doi.org/10.4236/as.2014.512125.

4. Gjedrem, T.; Robinson, N.; Rye, M. The importance of selective breeding in aquaculture to meet future demands for animal
protein: A review. Aquaculture 2012, 350-353, 117-129, https://doi.org/10.1016/j.aquaculture.2012.04.008.

5. Stephan, W. Signatures of positive selection: From selective sweeps at individual loci to subtle allele frequency changes in
polygenic adaptation. Mol. Ecol. 2015, 25, 79-88, https://doi.org/10.1111/mec.13288.

6.  Pritchard, ].K,; di Rienzo, A. Adaptation—Not by sweeps alone. Nat. Rev. Genet. 2010, 11, 665-667.

7.  Ferrer-Admetlla, A.; Liang, M.; Korneliussen, T.S.; Nielsen, R. On Detecting Incomplete Soft or Hard Selective Sweeps Using
Haplotype Structure. Mol. Biol. Evol. 2014, 31, 1275-1291, https://doi.org/10.1093/molbev/msu077.

8.  Ellegren, H. Genome sequencing and population genomics in non-model organisms. Trends Ecol. Evol. 2014, 29, 51-63,
https://doi.org/10.1016/j.tree.2013.09.008.

9. Haasl, R].; Payseur, B.A. Fifteen years of genomewide scans for selection: Trends, lessons and unaddressed genetic sources of
complication. Mol. Ecol. 2016, 25, 5-23.

10. Symonds, J.E.; King, N.; Camara, M.D.; Ragg, N.L.C.; Hilton, Z.; Walker, S.P.; Roberts, R.; Malpot, E.; Preece, M.; Amer, P.R.; et
al. New Zealand aquaculture selective breeding: From theory to industry application for three flagship species. In Proceedings
of the World Congress on Genetics Applied to Livestock Production, Lincoln, NE, USA, 16-22 July 1986.

11.  Wellenreuther, M.; Le Luyer, J.; Cook, D.; Ritchie, P.A.; Bernatchez, L. Domestication and Temperature Modulate Gene Expres-
sion Signatures and Growth in the Australasian Snapper Chrysophrys auratus. G3: Genes| Genomes| Genetics 2019, 9, 105-116,
https://doi.org/10.1534/g3.118.200647.

12.  Ashton, D.T.; Ritchie, P.A.; Wellenreuther, M. High-density linkage map and QTLs for growth in snapper (Chrysophrys au-
ratus). G3 Genes Genomes Genet. 2019, 9, 1027-1035.

13.  Ashton, D.T.; Hilario, P.; Jaksons, P.A.; Wellenreuther, R.M. Genetic diversity and heritability of economically important traits
in the Australasian snapper (Chrysophrys auratus). Aquaculture 2019, 505, 190-198.

14.  Smith, P.J; Francis, R.I.C.C.; Paul, L.J. Genetic variation and population structure in the New Zealand snapper. N. Z. . Mar.
Freshw. Res. 1978, 12, 343-350, https://doi.org/10.1080/00288330.1978.9515761.

15. Catanach, A.; Crowhurst, R.; Deng, C.; David, C.; Bernatchez, L.; Wellenreuther, M. The genomic pool of standing structural
variation outnumbers single nucleotide polymorphism by threefold in the marine teleost Chrysophrys auratus. Mol. Ecol. 2019,
28, 1210-1223, https://doi.org/10.1111/mec.15051.

16. Knutsen, H.; Olsen, EMM.; Jorde, P.E.; Espeland, S.H.; Andre, C.; Stenseth, N.C. Are low but statistically significant levels of
genetic differentiation in marine fishes ‘biologically meaningful’? A case study of coastal Atlantic cod. Mol. Ecol. 2010, 20, 768—
783, https://doi.org/10.1111/j.1365-294x.2010.04979.x.

17.  McKeown, N J.; Arkhipkin, A.L; Shaw, P.W. Regional genetic population structure and fine scale genetic cohesion in the South-
ern blue whiting Micromesistius australis. Fish. Res. 2017, 185, 176-184, https://doi.org/10.1016/j.fishres.2016.09.006.

18. Jergensen, H.B.; Hansen, M.M.; Bekkevold, D.; Ruzzante, D.E.; Loeschcke, V. Marine landscapes and population genetic struc-

ture of herring (Clupea harengus L.) in the Baltic Sea. Mol. Ecol. 2005, 14, 3219-3234.



Genes 2021, 12, 1737 17 of 19

19.

20.

21.

22.

23.

24.

25.
26.

27.

28.

29.

30.

31.

32.

33.
34.

35.

36.

37.

38.

39.

40.

41.

42.

43.
44.

45.
46.

47.

48.

49.

Sandoval, J.; Beheregaray, L.; Wellenreuther, M. Genomic prediction of growth in a commercially, recreationally, and culturally
important marine resource, the Australian snapper (Chrysophrys auratus). G3 Genes Genomes Genet. 2021, jkab361,
doi:10.1093/g3journal/jkab361.

Irving, K.; Wellenreuther, M.; Ritchie, P.A. Description of the growth hormone gene of the Australasian snapper, Chrysophrys
auratus, and associated intra-and interspecific genetic variation. J. Fish Biol. 2021, 99, 1060-1070.

Elshire, R.; Glaubitz, J.C.; Sun, Q.; Poland, J.; Kawamoto, K.; Buckler, E.; Mitchell, S.E. A Robust, Simple Genotyping-by-Se-
quencing (GBS) Approach for High Diversity Species. PLoS ONE 2011, 6, €19379, https://doi.org/10.1371/journal.pone.0019379.
Catchen, J.; Hohenlohe, P.A.; Bassham, S.; Amores, A.; Cresko, W.A. Stacks: An analysis tool set for population genomics. Mol.
Ecol. 2013, 22, 3124-3140.

Catchen, J.M.; Amores, A.; Hohenlohe, P.; Cresko, W.; Postlethwait, J.H. Stacks: Building and genotyping loci de novo from
short-read sequences. G3 Genes Genomes Genet. 2011, 1, 171-182.

Martin, M. Cutadapt removes adapter sequences from high-throughput sequencing reads. EMBnet. ]. 2011, 17, 10-12,
https://doi.org/10.14806/ej.17.1.200 pp.

Li, H. Aligning sequence reads, clone sequences and assembly contigs with BWA-MEM. arXiv preprint 2013, arXiv:1303.3997.
Li, H.; Handsaker, B.; Wysoker, A.; Fennell, T.; Ruan, J.; Homer, N.; Marth, G.; Abecasis, G.; Durbin, R. The Sequence Align-
ment/Map format and SAMtools. Bioinformatics 2009, 25, 2078-2079, https://doi.org/10.1093/bioinformatics/btp352.

Danecek, P.; Auton, A.; Abecasis, G.; Albers, C.A.; Banks, E.; DePristo, M.A.; Handsaker, R.; Lunter, G.; Marth, G.T.; Sherry,
S.T.; etal. The variant call format and VCFtools. Bioinformatics 2011, 27, 2156-2158, https://doi.org/10.1093/bioinformatics/btr330.
O’Leary, S.J.; Puritz, ].B.; Willis, S.C.; Hollenbeck, C.M.; Portnoy, D.S. These Aren’t the Loci You re Looking for: Principles of Effective
SNP Filtering for Molecular Ecologists; Wiley Online Library: Hoboken, NJ, USA, 2018.

Roesti, M.; Salzburger, W.; Berner, D. Uninformative polymorphisms bias genome scans for signatures of selection. BMIC Evol.
Biol. 2012, 12, 94-94, https://doi.org/10.1186/1471-2148-12-94.

Keenan, K., McGinnity, P., Cross, T.F., Crozier, W.W. and Proddhl], P.A. diveRsity: An R package for the estimation and explo-
ration of population genetics parameters and their associated errors. Methods Ecol. Evol. 2013, 4, 782-788.
https://doi.org/10.1111/2041-210X.12067.

Weir, B.S.; Cockerham, C.C. Estimating F-statistics for the analysis of population structure. Evolution 1984, 38, 1358-1370.
Alexander, D.H.; Novembre, J.; Lange, K. Fast model-based estimation of ancestry in unrelated individuals. Genome Res. 2009,
19, 1655-1664, https://doi.org/10.1101/gr.094052.109.

Jombart, T.; Ahmed, I. Adegenet 1.3-1: New tools for the analysis of genome-wide SNA data. Bioinformatics 2011, 27, 3070-3071.
Lischer, H.E.L.; Excoffier, L. PGDSpider: An automated data conversion tool for connecting population genetics and genomics
programs. Bioinformatics 2011, 28, 298-299, https://doi.org/10.1093/bioinformatics/btr642.

Foll, M.; Gaggiotti, O. A genome-scan method to identify selected loci appropriate for both dominant and codominant markers:
A Bayesian perspective. Genet 2008, 180, 977-993.

Caye, K.; Jumentier, B.; Lepeule, J.; Francois, O. LFMM 2: Fast and accurate inference of gene-environment associations in ge-
nome-wide studies. Mol. Biol. Evol. 2019, 36, 852-860.

Frichot E, Schoville SD, Bouchard G, Frangois O. Testing for associations between loci and environmental gradients using latent
factor mixed models. Mol. Biol. Evol. 2013, 30, 1687-1699, d0i:10.1093/molbev/mst063.

Rellstab, C.; Gugerli, F.; Eckert, A.J.; Hancock, A.; Holderegger, R. A practical guide to environmental association analysis in
landscape genomics. Mol. Ecol. 2015, 24, 4348-4370, https://doi.org/10.1111/mec.13322.

Frichot, E.; Frangois, O. LEA: An R package for landscape and ecological association studies. Methods Ecol. Evol. 2015, 6, 925—
929, https://doi.org/10.1111/2041-210x.12382.

Dabney, A,; Storey, ].D.; Warnes, G. Qualue: Q-Value Estimation for False Discovery Rate Control; R Package Version; R Foundation
for Statistical Computing: Vienna, Austria, 2010; Volume 1.

Gautier, M.; Klassmann, A.; Vitalis, R. Rehh 2.0: A reimplementation of the R package rehh to detect positive selection from
haplotype structure. Mol. Ecol. Res. 2017, 17, 78-90.

Gautier, M.; Vitalis, R. Rehh: An R package to detect footprints of selection in genome-wide SNP data from haplotype structure.
Bioinformatics 2012, 28, 1176-1177.

Gautier, M.; Klassmann, A.; Vitalis, R. Package ‘Rehh’; R Foundation for Statistical Computing: Vienna, Austria, 2020.

Larsson, J. 2019 Eulerr: Area-Proportional Euler and Venn diagrams with ellipses. R Package Version 6.1. 0. CRAN —Package
Eulerr. Available online: r-project.org (accessed on 15 November 2020).

Quinlan, A.R. BEDTools: The Swiss— Army tool for genome feature analysis. Curr. Protoc. Bioinform. 2014, 47, 11.12.1-11.12.34.
Quinlan, A.R.; Hall, LM. BEDTools: A flexible suite of utilities for comparing genomic features. Bioinformatics 2010, 26, 841-842,
https://doi.org/10.1093/bioinformatics/btq033.

Lopez Dinamarca, M.E.; Neira, R.; Yafiez, ]. M. Applications in the search for genomic selection signatures in fish. Front. Genet.
2015, 5, 458.

Ahrens, CW.; Rymer, P.D.; Stow, A.; Bragg, J.; Dillon, S.; Umbers, K.D.L.; Dudaniec, R.Y. The search for loci under selection:
Trends, biases and progress. Mol. Ecol. 2018, 27, 1342-1356.

Lotterhos, K.E.; Whitlock, M.C. Evaluation of demographic history and neutral parameterization on the performance of FST
outlier tests. Mol. Ecol. 2014, 23, 2178-2192.



Genes 2021, 12, 1737 18 of 19

50.

51.

52.
53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

Lopez, M.E.; Benestan, L.; Moore, ].S.; Perrier, C.; Gilbey, J.; di Genova, A.; Maass, A.; Diaz, D.; Lhorente, J.P.; Correa, K. Com-
paring genomic signatures of domestication in two Atlantic salmon (Salmo salar L.) populations with different geographical
origins. Evol. Appl. 2019, 12, 137-156.

Frangois, O.; Martins, H.; Caye, K.; Schoville, S. Controlling false discoveries in genome scans for selection. Mol. Ecol. 2016, 25,
454-469, https://doi.org/10.1111/mec.13513.

Wellenreuther, M.; Hansson, B. Detecting polygenic evolution: Problems, pitfalls, and promises. Trends Genet. 2016, 32, 155-164.
Gutierrez, A.; Yafiez, J.; Davidson, W. Evidence of recent signatures of selection during domestication in an Atlantic salmon
population. Mar. Genom. 2016, 26, 41-50, https://doi.org/10.1016/j.margen.2015.12.007.

Loépez, MLE.; Linderoth, T.; Norris, A.; Lhorente, J.P.; Neira, R.; Yafiez, ] M. Multiple Selection Signatures in Farmed Atlantic
Salmon  Adapted to Different Environments Across Hemispheres.  Front.  Genmet. 2019, 10, 901,
https://doi.org/10.3389/fgene.2019.00901.

Wang, X,; Liu, J.; Zhou, G.; Guo, J.; Yan, H.; Niu, Y,; Li, Y.; Yuan, C,; Geng, R,; Lan, X; et al. Whole-genome sequencing of eight
goat populations for the detection of selection signatures underlying production and adaptive traits. Sci. Rep. 2016, 6, 38932,
https://doi.org/10.1038/srep38932.

Schleinitz, D.; K16ting, N.; Lindgren, C.; Breitfeld, J.; Dietrich, A.; Schon, M.R.; Lohmann, T.; Drefller, M.; Stumvoll, M.; McCar-
thy, M.; et al. Fat depot-specific mRNA expression of novel loci associated with waist-hip ratio. Int. ]. Obes. 2013, 38, 120-125,
https://doi.org/10.1038/ijo.2013.56.

Fritzsche, S.; Kenzelmann, M.; Hoffmann, M.].; Muiller, M.; Engers, R.; Grone, H.-J.; Schulz, W. Concomitant down-regulation
of SPRY1 and SPRY?2 in prostate carcinoma. Endocrine-Related Cancer 2006, 13, 839-849, https://doi.org/10.1677/erc.1.01190.
Tong, D.-L.; Chen, R.-G.; Lu, Y.-L,; Li, W.-K,; Zhang, Y.-F.; Lin, ].-K.; He, L.-].; Dang, T.; Shan, S.-F.; Xu, X.-H.; et al. The critical
role of ASD-related gene CNTNAP3 in regulating synaptic development and social behavior in mice. Neurobiol. Dis. 2019, 130,
104486.

Kukekova, A.V.; Johnson, J.L.; Xiang, X.; Feng, S.; Liu, S.; Rando, H.M.; Kharlamova, A.V.; Herbeck, Y.; Serdyukova, N.A.; Xiong,
Z.; et al. Red fox genome assembly identifies genomic regions associated with tame and aggressive behaviours. Nat. Ecol. Evol.
2018, 2, 1479-1491.

Putri, R.; Priyanto, R.; Gunawan, A. Association of Calpastatin (CAST) gene with growth traits and carcass characteristics in
Bali cattle. Media Peternak. 2015, 38, 145-149.

Gebreselassie, G.; Berihulay, H.; Jiang, L.; Ma, Y. Review on Genomic Regions and Candidate Genes Associated with Econom-
ically Important Production and Reproduction Traits in Sheep (Ovies aries). Animals 2019, 10, 33,
https://doi.org/10.3390/ani10010033.

Moore, C.A.; Parkin, C.A.; Bidet, Y.; Ingham, P.W. A role for the Myoblast city homologues Dock1 and Dock5 and the adaptor
proteins Crk and Crk-like in zebrafish myoblast fusion. Development 2007, 134, 3145-3153, https://doi.org/10.1242/dev.001214.
Dos Santos, E.C.; Peixoto, M.G.C.D.; Fonseca, P.A.D.S.; Pires, M.D.F..; Ventura, R.V.; Rosse, 1.D.C.; Bruneli, F.A.T.; Machado,
M.A.; Carvalho, M.R.S. Identification of Candidate Genes for Reactivity in Guzerat (Bos indicus) Cattle: A Genome-Wide As-
sociation Study. PLoS ONE 2017, 12, e0169163, https://doi.org/10.1371/journal.pone.0169163.

Boccardo, A.; Marelli, S.P.; Pravettoni, D.; Bagnato, A.; Busca, G.A; Strillacci, M.G. The German Shorthair Pointer Dog Breed
(Canis lupus familiaris): Genomic Inbreeding and Variability. Animals 2020, 10, 498, https://doi.org/10.3390/ani10030498.

Kim, O.-H.; Cho, H.-].; Han, E.; Hong, T.L; Ariyasiri, K,; Choi, J.-H.; Hwang, K.-S.; Jeong, Y.-M.; Yang, S.-Y.; Yu, K; et al.
Zebrafish knockout of Down syndrome gene, DYRK1A, shows social impairments relevant to autism. Mol. Autism 2017, 8, 50.
Zhu, Y.; Li, W,; Yang, B.; Zhang, Z.; Ai, H; Ren, J.; Huang, L. Signatures of Selection and Interspecies Introgression in the
Genome of Chinese Domestic Pigs. Genome Biol. Evol. 2017, 9, 2592-2603, https://doi.org/10.1093/gbe/evx186.

Tian, Y.; Yao, J.; Liu, S.; Jiang, C.; Zhang, J.; Li, Y.; Feng, J.; Liu, Z. Identification and expression analysis of 26 oncogenes of the
receptor tyrosine kinase family in channel catfish after bacterial infection and hypoxic stress. Comp. Biochem. Physiol. Part D
Genom. Proteom. 2015, 14, 16-25, https://doi.org/10.1016/j.cbd.2015.02.001.

Ramalho-Oliveira, R.; Oliveira-Vieira, B.; Viola, ].P. IRF2BP2: A new player in the regulation of cell homeostasis. J. Leukoc. Biol.
2019, 106, 717-723, https://doi.org/10.1002/jlb.mr1218-507r.

Yang, Y.-K,; Qu, H.; Gao, D.; Di, W.; Chen, H.-W_; Guo, X.; Zhai, Z.-H.; Chen, D.-Y. ARF-like Protein 16 (ARL16) Inhibits RIG-I
by Binding with Its C-terminal Domain in a GTP-dependent Manner. ]. Biol. Chem. 2011, 286, 10568-10580,
https://doi.org/10.1074/jbc.m110.206896.

Li, Y.; Basang, Z.; Ding, H.; Lu, Z.; Ning, T.; Wei, H.; Cai, H.; Ke, Y. Latexin expression is downregulated in human gastric
carcinomas and exhibits tumor suppressor potential. BMC Cancer 2011, 11, 121-121, https://doi.org/10.1186/1471-2407-11-121.
Marastoni, S.; Andreuzzi, E.; Paulitti, A.; Colladel, R.; Pellicani, R.; Todaro, F.; Schiavinato, A.; Bonaldo, P.; Colombatti, A.;
Mongiat, M. EMILIN2 down-modulates the Wnt signalling pathway and suppresses breast cancer cell growth and migration.
J. Pathol. 2013, 232, 391-404, https://doi.org/10.1002/path.4316.

Su, G.; Hilgers, W.; Shekher, M.C.; Tang, D.J.; Yeo, C.J.; Hruban, R.H.; E Kern, S. Alterations in pancreatic, biliary, and breast
carcinomas support MKK4 as a genetically targeted tumor suppressor gene. Cancer Res. 1998, 58, 2339-2342.

McCormick, C.; Duncan, G.; Goutsos, K.T.; Tufaro, F. The putative tumor suppressors EXT1 and EXT2 form a stable complex
that accumulates in the Golgi apparatus and catalyzes the synthesis of heparan sulfate. Proc. Natl. Acad. Sci. USA 2000, 97, 668—
673, https://doi.org/10.1073/pnas.97.2.668.



Genes 2021, 12, 1737 19 of 19

74. Carapito, R.; Ivanova, E.L.; Morlon, A.; Meng, L.; Molitor, A.; Erdmann, E.; Kieffer, B.; Pichot, A.; Naegely, L.; Kolmer, A,; et al.
ZMIZ1 variants cause a syndromic neurodevelopmental disorder. Am. J. Hum. Genet. 2019, 104, 319-330.

75. Kahler, A.K,; Djurovic, S.; Kulle, B.; Jonsson, E.G.; Agartz, I.; Hall, H.; Opjordsmoen, S.; Jakobsen, K.D.; Hansen, T.; Melle, I; et
al. Association analysis of schizophrenia on 18 genes involved in neuronal migration: MDGA1 as a new susceptibility gene. Am.
J. Med Genet. Part B 2008, 147, 1089-1100.



