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A B S T R A C T

Even before genome sequencing, genetic resources have supported species management and breeding programs. 
Current technologies, such as long-read sequencing, resolve complex genomic regions, like those rich in repeats 
or high in GC content. Improved genome contiguity enhances accuracy in identifying structural variants (SVs) 
and transposable elements (TEs). We present an improved genome assembly and SV catalogue for the Austral-
asian snapper (Chrysophrys auratus). The new assembly is more contiguous, allowing for putative identification of 
14 centromeres and transfer of 26,115 gene annotations from yellowfin seabream. Compared to the previous 
assembly, 35,000 additional SVs, including larger and more complex rearrangements, were annotated. SVs and 
TEs exhibit a distribution pattern skewed towards chromosome ends, likely influenced by recombination. Some 
SVs overlap with growth-related genes, underscoring their significance. This upgraded genome serves as a 
foundation for studying natural and artificial selection, offers a reference for related species, and sheds light on 
genome dynamics shaped by evolution.

1. Introduction

Species management, conservation, and breeding programme out-
comes can be greatly enhanced with the consideration of genomic data 
[52,71]. Prior to the routine and widespread availability of DNA 
sequencing, genetic insights into wild populations and breeding pro-
grammes were gained through allozyme studies, eventually moving on 
to higher resolution markers (e.g. microsatellites and single-nucleotide 
polymorphisms), and most recently to whole genomes. Each of these 
technologies has provided some level of knowledge about genetic di-
versity in populations, how it segregates and is inherited, and this has 
been fundamental to many conservation, management, and breeding 
programmes [12]. Most genome-wide data available to date has been 
produced via high-throughput, short-read sequencing, which often leads 
to fragmented assemblies especially around GC-rich and repeat-rich 
regions (e.g. [20]). The increased accessibility and accuracy of long- 
read sequencing technologies has lead to an increase in genome qual-
ity allowing researchers to explore more complex variants in these 
difficult regions [52].

Single-nucleotide polymorphisms (SNPs) are commonly the main or 
only type of variant that have thus far been included in population and 
functional genomic studies, however, it is becoming increasingly clear 
that structural variants (SVs) can provide additional insights into 
genomic function [70,71]. Where SVs and SNPs have both been included 
in a single study, SVs have typically been found to impact a greater 
portion of the genome than SNPs [14,76,77], and impact phenotypes 
[53]. However, given that SVs are more complex than SNPs, techno-
logical limitations often preclude their detection, especially when SVs 
are larger than and cannot be spanned by short sequencing reads [40]. 
Additionally, SVs are often enriched in conjunction with more repetitive 
regions of the genome, such as satellite repeats, centromeres and 
transposable elements (TEs) [8]. Biologically, this can be due to the 
activity of TEs and the errors that small regions of homology in the 
genome can cause during the process of DNA repair or recombination 
[48]. Technologically, the repetitive nature of some of these regions can 
also increase mis-mapping of (short) sequencing reads, introducing a 
potential source of error in variant calling [40]. The use of long-read 
sequencing in producing genome assemblies, and even in population 
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resequencing, can reduce these errors, and increase confidence in SV 
calls. The routine generation of highly contiguous reference genomes (e. 
g., [20,52,65]) now allows researchers to go beyond genomic analyses 
based on SNPs and create large catalogues of SVs within and between 
species, even in less studied taxa.

Within the teleost family Sparidae (seabreams), there are currently 
genome sequences available for seven of around 130 seabream species 
(~5 % of Sparidae species) on NCBI, and only two of these are chro-
mosome level assemblies (Sparus aurata (NCBI accession 
GCA_900880675.2) and Acanthopagrus latus, [39]). Moreover, neither of 
the chromosome assemblies include reported locations of centromeres, 
despite previous publication of centromeric satellite sequence from 
S. aurata [25]. Of the available genomes, even those for commercially 
important species, such as Pagrus major are still highly fragmented [59] 
and no genome assemblies are available for the six species in this family 
listed as endangered or critically endangered [32].

The Australasian snapper (Chrysophrys auratus, hereafter referred to 
as snapper) is an ecologically [47], and culturally [58] important species 
of the family Sparidae that supports significant recreational and com-
mercial fisheries [21] in New Zealand and Australia. Both historical and 
present-day climate change and anthropogenic activities, such as 
extractive fisheries, have put pressures on this species [5,30,51,58,66]. 
These pressures have led to recent declines in several stocks across the 
species range and have become the focus of fisheries management plans 
and recovery efforts [18,23]. There is some evidence of fisheries induced 
size-selection on wild snapper stocks [30]. In addition to changes in 
species abundance, changes in species range have been recorded, 
possibly related to fluctuations in temperature [51]. Management of 
snapper populations in Australia and New Zealand must consider all 
these factors, but current methods employed to assess fisheries are not 
only labour and cost intensive but also have an inherent degree of un-
certainty [7,10,11,46]. In addition, snapper has been identified as a 
promising candidate to diversify the aquaculture sector and has been 
bred in New Zealand in captivity since 1994, with genomic selection for 
improved growth being integrated into the breeding since 2016 
[2,3,14,53–55]. Knowledge of the population structure and the extent of 
genetic diversity that is segregating and underpinning economically and 
ecologically important traits provides fundamental information to sup-
port breeding decisions in snapper. This knowledge, however, relies 
heavily on having a high-quality genome assembly for this species. With 
recent advances in sequencing technologies and associated downstream 
analyses, we can now obtain whole genome datasets that include more 
comprehensive catalogues of SVs and TEs.

In this study, we present an improved genome assembly from a 
species within the teleost family, Sparidae by using long-read data. We 
then use this enhanced assembly to 1) improve genome annotation, 
focusing on genes, TEs and centromeres; 2) analyse whole-genome data 
from wild snapper and map the intraspecific diversity of structural 
genomic variation across the genome; and 3) examine the interaction 
between SVs, TEs and evolutionary forces which may impact their dis-
tribution in the genome. This new assembly provides an important 
general molecular resource for Sparidae and a specific one for snapper in 
Australia and New Zealand, where it is both an emerging candidate for 
aquaculture, and a species of fisheries and indigenous importance. Our 
study exemplifies an approach to discover novel genetic variants that 
might underpin phenotypic traits and fitness in fisheries resources and is 
therefore of relevance to fisheries management efforts and to studies of 
genomic evolution.

2. Methods

2.1. Sample collection and sequencing

To obtain long-read data, we collected high molecular weight DNA 
from liver tissue from a female snapper kept in captivity at The New 
Zealand Institute for Plant and Food Research Limited (PFR) finfish 

facility in Nelson. This tissue was first stored in RNALater and then 
digested in G2 digestion buffer with proteinase K at 50 ◦C for 80 min 
prior to DNA extraction. DNA was extracted using a chloroform:isoamyl 
alcohol extraction followed by sodium acetate/isopropanol precipita-
tion. Following this, DNA was suspended in Tris-EDTA buffer. DNA was 
sequenced on a PacBio (Sequel II) at the McDonnell Genome Institute at 
Washington University, USA, and produced 38.9 Gbp of continuous long 
reads (3,978,058 reads). This amounts to approximately 48× coverage 
of the genome (Fig. 1A).

2.2. Genome assembly and assessment

Long-read PacBio sequencing reads were overlapped using mini-
map2 v2.22 with -ava-pb flag and then assembled using miniasm v0.2 
[37] under default settings. This assembly was then polished using 
Racon v1.4.7 [67]. Additionally, the reads were assembled using flye 
v2.8.3 [35] under default settings. This assembly was then processed 
with purge_dups v1.1.2 [28] with a low coverage cutoff of 3, mid 
coverage cutoff of 40 and a high coverage cutoff of 85. Following this, 
previously reported Bionano sequencing, which was NLRS data from a 
different individual fish, (Fig. 1C, [14]) was used to further improve the 
new genome assembly. This was done by performing de novo assembly 
and hybrid scaffolding within the Bionano Access software suite. The 
resulting genome assembly was then screened for contaminants using 
blobtoolkit v4.1.4 [15], and any contigs that had no blast hits and met at 
least one of the following additional criteria were removed- shorter than 
5000 bp, GC content inconsistent with the rest of the assembly, or 
coverage inconsistent with the rest of the assembly. Mitochondrial DNA 
was searched for by BLAST, but none was identified, likely due to pre-
vious steps focusing on coverage.

The genome assembly was assessed initially via QUAST v4.2 [29] 
and BUSCO v5.2.2 [41] using the BUSCO Actinopterigii gene set (3640 
genes). To enable comparison to the genome assembly reported in [14] 
(Fig. 1B), RagTag v2.1.0 scaffold [1] with default settings was used to 
place the contigs and scaffolds from this study onto the linkage groups 
reported there. For further analyses, we proceeded with this scaffolded 
version of the genome assembly. The genome assembly reported here 
will be referred to as chrAur2_scaffold, while the previously published 
version will be referred to as chrAur1.

To assess synteny between this newly produced genome assembly, 
and that of another species in the same family (Sparidae), we compared 
the new assembly with the one from the closely related yellowfin 
seabream (Acanthopagrus latus). To achieve this, the two genomes were 
aligned using MUMMER [42] under default settings and visualised using 
the circlize [27] package in R [50]. Based on this synteny, existing 
linkage group names were updated to be consistent with chromosome 
numbering of other published Sparidae genomes.

2.3. Genome annotation

The programme LiftOff v1.6.3 [60] was used to lift gene annotations 
from chrAur1 [14] and A. latus [39] to chrAur2_scaffold using default 
settings. Transposable elements were identified and classified using 
RepeatModeller2 [22] within the dfam te-tools container v1.4 and the 
ltr option. The resulting library was then used to mask each assembly 
with RepeatMasker [61] within the dfam te-tools container v1.4. A total 
of 137 SNPs that have been previously identified as contributing to 
growth in snapper [3,53,55] were located in the new genome assembly 
using SNPlift v1.0.4 [43].

2.4. Centromere annotation

Putative centromeres were identified using two approaches. First, we 
used the RepeatObserver [19] package to predict centromere position 
using DNA walks to detect repeats in the genome and produce repeat 
diversity measures. These DNA walks are transformed into measures of 
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repeat diversity, including Shannon Diversity, across each chromosome 
of the assembly presented in this study. Long stretches of Ns appeared to 
produce artefacts in the Shannon Diversity index along the chromosome, 
therefore we reduced long stretches of Ns to 10 consecutive Ns for this 
analysis. In the RepeatObserver output, the summarised centromere 
positions did not always agree with the Shannon diversity plots. 
Depending on the genomic context, different measures from Repea-
tObserver give a more reliable centromere prediction (C. Elphinstone, 
pers. comm.). So here, centromere positions were predicted from the 
windows output by the multiple Shannon diversity approaches. A pu-
tative centromere was identified where all centromere predictions based 
on Shannon diversity windows, excluding outliers, were within 5 kbp of 
each other.

Second, we used CentroMiner from the quarTeT toolkit [38] to 
identify putative centromeres based on identification of repetitive 
element types. CentroMiner was run on the chromosomes of the as-
sembly using default settings. We visually summarised the results of 
RepeatObserver and CentroMiner and added information about the gene 
and TE density across each chromosome in 1 Mbp windows to provide 
additional support for putative centromeres.

2.5. Resequencing, read mapping and variant calling

For the SVs detection, short-read resequencing of 120 fish sampled 
from 15 locations across Australia (Fig. 1C) was performed. The samples 
were obtained from commercial and recreational fisheries and are a 
subset of the samples used on a ddRAD reduced genome representation 
study [9–11]. DNA was extracted using a modified salting-out protocol 
[62], and libraries were prepared by Novogene (Hong Kong) using a 
NEBNext DNA Library Prep Kit (350 bp). Whole genome sequencing was 
done on NovaSeq X with PE 150 bp runs resulting in an average coverage 
of 5× per individual. The sequences were trimmed, and quality filtered 
using AdapterRemoval v2.3.1 [57]. The sequencing reads which passed 
quality control were mapped to both chrAur1 [14] and chrAur2_scaffold 
using SNAP [75], and individual BAM files were used to detect SVs 
(Fig. 1A and B).

We employed Manta v1.6 [17], Pindel v2.0.5 [72], and Gridss 
v2.13.2 [13] algorithms, each utilising different information from PE 
short reads. These methods were chosen to provide more confidence in 
SV detection. The results from each algorithm were merged using the 
Survivor package v1.0.7 [33]. In each individual sample, SVs larger than 
30 bp, and called by two or more algorithms were selected. Although 50 
bp is a conventional cutoff for SVs detection, we selected 30 bp since, at 
this size, SVs were still consistently detected by 2 or more algorithms, 
and short SVs may be as biologically relevant as those >50 bp. These SVs 
were then filtered based on a minor allele frequency (MAF) greater than 
0.015, or presence in at least 2 individuals. This resulted in a catalogue 
of filtered SVs.

The detected SVs were functionally annotated using assembly 
annotation and bedtools v2.30.0 [49]. We applied three different gene 
overlap thresholds: any overlap (1 or more bp), 20 % of the gene 
overlap, and the entire gene contained within the SV. The annotation 
was broadly classified into annotated genes, unclassified transcripts, and 
non-coding RNA. The same overlap thresholds were used to classify SV 
overlap with TEs, and TE categories taken into consideration were DNA 
transposons, Long Interspersed Nuclear Elements (LINEs), Long Termi-
nal Repeats (LTRs), Rolling Circles (RCs), Short Interspersed Nuclear 
Elements (SINEs), and Unknown. To compare these overlaps to those 
expected by random chance, genomic features were randomly shuffled 
and compared to SVs using bedtools shuffle and bedtools overlap 1000 
times and averages compared to observed values.

We used ANGSD v.0938 [36] to detect and filter genome-wide SNPs, 
and then to estimate the genotype likelihood of each sample. These 
genotype likelihoods were used to calculate linkage with ngsLD v1.1.1 
[24]. The average D2 per sliding window of 1 Mbp was calculated using 
an in-house script available at https://github.com/Yuma248/ 
MELFUwgrs. A model selection was run to determine which variable- 
LD, position on chromosome, or mapping quality- had the most 
explanatory power for number of SVs per window.

In order to analyse how many additional SVs could be annotated due 
to genome assembly improvements from gap filling, we first found N- 
gaps over 100 bp in chrAur1 [14], extended their coordinates by 1000 

Fig. 1. An overview of the DNA sequencing and assembly methods used to detect structural variants (SVs). A) The assembly strategy for the new genome; B) The 
assembly strategy for the previously published genome [14] used for comparison; C) The sampling strategy to obtain snapper from around Australia, resequence 
them, and call SVs.
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bp to each side using bedtools slop. This enabled lifting these windows 
over to chrAur2_scaffold using LiftOff [60]. Then, SVs were counted 
using bedtools intersect using default values.

3. Results

3.1. A more contiguous snapper genome assembly

The data and pipeline used here have resulted in a more contiguous 
genome assembly than chrAur1 (Supplementary Fig. 1 A, Supplemen-
tary Table 1). The genome assembly produced by flye was more 
contiguous than that produced by miniasm and resulted in 1023 contigs 
totalling 757.78 Mbp which were able to be placed onto 364 scaffolds 
(N50: 33.1 Mbp), including 24 linkage groups, based on chrAur1. After 
scaffolding, the orphan linkage group (LG25) reported chrAur1 has 
largely been eliminated in chrAur2_scaffold. In chrAur1, LG25 repre-
sented 3.82 Mbp of the genome, and in chrAur2_scaffold it represents 33 
kpb of the genome. chrAur2_scaffold was 97.6 % complete when 
Benchmarking Universal Single-Copy Orthologs (BUSCO) genes were 
considered. Of these complete BUSCO genes, 30 (0.8 %) were dupli-
cated, and an additional 32 BUSCO genes (0.9 %) were found in frag-
mented copies (Supplementary Table 1). This genome assembly also led 
to a reduction in N-gaps, where these represented ~8 % of chrAur1, but 
only 2 % of chrAur2_scaffold. In chrAur1, there were 14,609 N-gaps over 
100 bp in length, while in chrAur2_scaffold there were 1370.

3.2. Synteny analyses

Overall, chrAur2_scaffold displays high synteny to chrAur1 [14] 
(Supplementary Fig. 2B), with each chrAur1 linkage group having an 
average of 97.8 % and a minimum of 92.2 % coverage with chrAur2_-
scaffold chromosomes. However, some chromosomes showed structural 
differences between the two genome assembly versions (e.g., chromo-
some 4). Additionally, there is remarkable broad scale synteny between 
the snapper and the three other high quality Sparidae genome assem-
blies (Supplementary Fig. 1B and 2). Because of this high synteny, we 
have used the A. latus genome, as a reference for gene lift over and to 
name the chromosomes, which are different to the linkage group 
numbers reported in chrAur1. On average, 93.3 % of the base pairs per 
chromosome of the chrAur2_scaffold genome aligned to the A. latus 
genome assembly. In almost all chrAur2_scaffold chromosomes, at least 
90 % of base pairs aligned to those in the A. latus genome, with only 
chromosome 14 aligning slightly less than 90 % (88.9 %).

3.3. Genome annotation

Of the 30,057 features classed as genes in the A. latus genome 
annotation, 26,115 were able to be lifted over to the ChrAur2_scaffold 
assembly. Of these, 22,054 were protein coding and 4002 were lncRNAs 
(Supplementary Table 2, Fig. 2). Other small RNAs (e.g., tRNA, snoRNA, 
etc.) were lifted over, though not as completely as genes (Supplementary 
Table 2). Of the 36,397 annotation genes in ChrAur1, 35,282 were lifted 
over to ChrAur2_scaffold. Originally, 33,863 were placed on LGs [14], 
and in ChrAur2_scaffold, 34,928 annotations were placed on chromo-
some scaffolds. However, since none of these include functional anno-
tations or protein evidence, the annotations lifted over from A. latus 
were used in subsequent analyses. In the ChrAur2_scaffold assembly, 54 
BUSCO genes (49 complete, 2 duplicate, 3 fragmented) could not be 
found in the annotation lift over set. Overall, this represents a fairly 
complete gene annotation set, though there are annotations that could 
not be transferred from the A. latus genome annotation and a small 
number of BUSCO genes found in the assembly that do not overlap with 
any lifted over gene annotations.

Improving the genome assembly saw marginal increases in trans-
poson annotation, with approximately 3 % more of the genome being 
covered by TEs than in the previously published genome assembly [14]. 

These increases were across all TE types, including those unclassified. 
The largest relative increase was in the LTRs, which accounted for 0.74 
% of the previous genome assembly, but now represent 1.45 % of the 
genome assembly, nearly double the proportion (Supplementary 
Table 3, Fig. 2). TEs seemed largely evenly distributed across chromo-
somes, with a few hotspots (e.g. a small peak on chromosome 2). There 
also seemed to be a trend for TEs to increase gradually in density to-
wards the chromosome ends.

Of the 137 SNPs implicated in growth in previous work (Ashton 
et al., 2019; [53,55]) 125 SNPs were lifted over from old to new as-
semblies, 54 of which were on chromosome 13 (Fig. 2). Chromosome 13 
corresponds to the linkage group 16 in chrAur1, and this linkage group 
has been strongly implicated in growth by the previous work (Ashton 
et al., 2019; [53,55]).

3.4. Identification of putative centromeres

By combining the results from RepeatObserver and CentroMiner we 
were able to putatively identify centromeres in a number of chromo-
somes with varying levels of confidence. Overall, the estimated centro-
mere positions were smaller with CentroMiner (mean: 0.14 Mbp) than 
RepeatObserver (mean: 1.98 Mbp). On four chromosomes (chromo-
somes 2, 14, 16, and 21), the midpoints of the putative centromeres from 
both methods were within 5 Mbp of each other (Supplementary Table 4, 
red asterisk on Supplementary Fig. 3). However, the expected pattern of 
decreased gene density and increased TE density at putative centromere 
sites does not occur at any of these four sites. For nine chromosomes 
(chromosomes 3, 5, 11, 12, 17, 18, 19, 22, 24- blue asterisk on Sup-
plementary Fig. 3), one centromere detection method predicted a 
centromere at a chromosomal location where the gene density 
decreased, and TE density increased. However, on four of these chro-
mosomes (chromosomes 5, 11, 12, 24), there was a centromere pre-
diction from either RepeatObserver or CentroMiner which was further 
than 5 Mbp from the other prediction and also did not align with a 

Fig. 2. A circos plot of the gene density, transposable element (TE) density, and 
structural variant (SV) density across the Chrysophrys auratus genome assembly 
as well as markers for quantitative trait loci (QTLs) and single-nucleotide 
polymorphisms (SNPs) previously found to be implicated in growth.
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pattern of increased gene density and decreased TE density. On chro-
mosome 9, the predicted centromere locations from CentroMiner and 
RepeatObserver are 25.2 Mbps apart, but both correspond with the gene 
and TE density patterns expected around centromeres. Two chromo-
somes (chromosomes 1 and 4) did not produce any predicted centro-
meres from either two software, but each have a location on the 
chromosome displaying the TE/gene density pattern that may occur 
around centromeres. A further 8 chromosomes (chromosomes 6, 7, 8, 
10, 13, 15, 20, and 23) had only one predicted centromere location and 
this location did not display the expected pattern of TE and gene density. 
However, in some cases (e.g. chromosome 7), the density of both fea-
tures dropped at the putative centromere. For the 13 chromosomes 
where putative centromeres could be identified with some confidence, 
six could be said to be acrocentric, five metacentric, and a further two 
submetacentric based on these putative centromere locations.

The output of CentroMiner also includes satellite sequences identi-
fied at putative centromeres. When these were compared to previously 
reported S. aurata centromeric satellite reported [25] via pairwise 
alignments, the maximum sequence identity was 37 % and the mean 26 
%.

3.5. Improved variant discovery

The number of detected SVs ranged from over 160,000 by Manta to 
just over 2 million in Gridss. After merging and filtering for high-quality 
SVs, the catalogue contained 96,890 SVs. Among these, there were 
31,946 deletions (DEL), 1591 duplications (DUP), 22,260 inversions 
(INV), 7041 insertions (INS), and 34,052 translocations (TRA). While 
most of these SVs were smaller than 500 bp, a substantial number of 
them exceeded 1 Mb. In total, they covered approximately 23.5 Mb, 

which represents around 3.1 % of the genome.
In comparison with running the same variant detection pipeline on 

the previous assembly, we detected around 35,000 more SVs (Fig. 3A, 
Table 1). Of these ~35,000 SVs, 6568 were in or near an N-gap that was 
lifted over from chrAur1. This represents around 18 % of the additional 
SVs. While the number of indels remained similar, we observed more 
than double the number of duplications, inversions, and translocations 
(Fig. 3A, Table 1). Additionally, the new assembly allowed for an 
improved detection of large structural variants, with more than double 
the number of SVs larger than 1 Mb (Fig. 3B, Supplementary Table 5). 
This is reflected by the fact that the increase in the number of structural 
variants was only 57.5 %, while there was a 2.3-fold increment in 
genome coverage.

Fig. 3. A) The number of structural variants (SVs) called in the new versus old Chrysophrys auratus genome assemblies, shown as a total and by SV type. B) The 
number of SVs called in the new versus old C. auratus genome assemblies by SV size. C) The distribution of SVs across the C. auratus genome, both overall and split by 
SV type.

Table 1 
Number of structural variants (SVs) detected in each version of the snapper 
genome assembly.

chrAur1 chrAur2_scaffold

Deletions 30,908 31,946
Duplications 664 1591
Inversions 9311 7041
Insertions 7534 22,260
Translocations 13,116 34,052
Total SV 61,533 96,890
# bp covered by SVs 7,138,750 23,558,660
% of genome covered by SVs 0.9502 3.1359
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3.6. Structural variant distribution and overlap with other genomic 
features

The SVs were evenly distributed across the 24 chromosomes (Fig. 3C, 
4, Supplementary Table 6). However, within chromosomes, SV numbers 
(but not bp occupied; Supplementary Fig. 4) increased towards chro-
mosome ends (Fig. 4). This pattern was consistent across all types of SVs, 
but not all sizes. The increase in SV number towards chromosome ends 
was only observed in smaller (under 100 bp) SVs (Supplementary 
Fig. 5).

A total of 78,649 SVs overlapped with genes. Considering any type of 
overlap, 19,077 unique genes were affected by one or more SVs. This 
number reduced to 904 genes that were entirely covered by an SV. These 
figures respectively represent approximately 57.8 % and 2.7 % of the 
total genes identified in the snapper genome (Fig. 5A; Supplementary 
Table 7). When considering any overlap, the random permutations 
showed more overlaps than observed, but when considering 20 % 
overlap or 100 % overlap, the random permutations showed signifi-
cantly fewer overlaps than what was observed. The observed overlaps 
fell outside of the ranges produced in the random permutations. While 
some of these genes are transcripts with unknown functions, the ma-
jority are well-characterised genes.

Furthermore, of the filtered SVs, 32 were found within 1000 bp of 
SNPs identified as important growth quantitative trait loci (QTLs) in 
previous studies (Fig. 5B). Excluding translocations, for which sizes were 
not reported, these SVs had an average size of 804 bp, a median of 104 
bp, minimum of 51 bp and a maximum of 5431 bp. Twelve were de-
letions, 3 duplications, 2 insertions, 6 inversions, and 9 translocations.

Considering TEs and SVs, both showed a distribution pattern where 
their density increased towards the chromosome ends. Surprisingly, the 
overlaps between SVs and TEs were lower or comparable to SV overlaps 
with genes. Overall, 6.21 % of TEs had any overlap with SVs (Fig. 5A; 
Supplementary Table 8), but when considering 20 % or 100 % overlap, 
the proportion of TEs was comparable to the proportion of genes with 
this same overlap (4.07 % and 2.80 % respectively; Fig. 5A; Supple-
mentary Table 8). In all cases (any overlap, 20 % overlap, 100 % over-
lap), the random permutations showed significantly more overlaps than 
what was observed, with the observed overlaps falling outside of the 
ranges produced in the random permutations. SV number and TE 
number were significantly correlated with each other (p < 0.05; Fig. 5C). 
To determine if recombination was a common causal factor for the SV 
and TE distribution patterns, we considered the explanatory power of 
linkage disequilibrium (LD), distance from the chromosome end, and 
mapping quality on SV number. LD had the strongest explanatory power 
with chromosome position and mapping quality making small 

contributions to explanatory power (Supplementary Table 9).

4. Discussion

In this study, we focused on improving the genome assembly and 
annotation of a teleost from the family Sparidae, the Australasian 
snapper (C. auratus), using long-read sequencing data and analysing 
whole-genome data from wild snapper to map the diversity of structural 
genomic variation. This work resulted in significant improvements in 
the genome assembly, which provided valuable insights into non-genic 
genome annotations and the structural variants (SVs) present in the 
snapper genome, with wider relevance to the family Sparidae. Not only 
is the genome assembly presented here more contiguous, but the scaf-
folds have fewer N-filled gaps, and we saw an improvement in the as-
sembly of repetitive regions, while quality and completeness of genic 
regions stayed high. Additionally, we putatively identified the location 
of 14 centromeres and noted that SVs and TEs were distributed across 
chromosomes in a similar manner and that this pattern is likely 
distributed by the evolutionary effects of recombination.

4.1. The improved genome assembly increases the known catalogues of 
genetic variation fourfold

The genome assembly presented here represents a substantial 
improvement over the snapper genome version 1 [14], resulting in 
increased contiguity and completeness. The quality of this genome as-
sembly is comparable to the current best available assemblies for the 
Sparidae family [39]. The more contiguous genome assembly provides a 
better reference for future studies and facilitates the identification of 
structural variants and genes relevant to snapper biology. The low 
percentage of duplicated and fragmented BUSCO genes suggests a high 
level of completeness in the gene annotation, providing a basis for 
enhancing the understanding of the genetic basis of snapper traits and 
functions.

The high synteny observed between the chrAur2_scaffold genome 
assembly and the previous version (chrAur1) supports the reliability and 
accuracy of the new assembly. The reduction in the percentage of Ns in 
chrAur2_scaffold, and the near complete resolution of a formerly un-
placed orphan linkage group (LG25) represent significant improvements 
in genome assembly completeness and have lead to an increase in TE 
discovery and SV annotation, as well as identification of putative 
centromere locations. However, further data is required to understand if 
the structural differences identified between chrAur2_scaffold and 
chrAur1 suggest either assembly errors or biological differences between 
the individuals used to produce these two genome assemblies. The high 
nucleotide-level synteny between the Australasian snapper and A. latus 
provides confidence in the overall genome assembly and structural ar-
rangements. Given the evolutionary distance between these species 
[56], the high synteny is notable and has enabled the lift over of a high 
proportion of genes (both protein-coding and lncRNAs). The total gene 
number is consistent with previous snapper gene annotation work [69]. 
Neither the BUSCO gene annotation or the gene lift over from A. latus 
suggest that there are any major gene duplications or losses. Future work 
should focus on functional annotation of the C. auratus genome to a 
similar standard as A. latus incorporating transcriptome and proteome 
data [39].

The overall increase in TE annotation in this assembly suggests that 
the repetitive and difficult to assemble regions of the genome showed 
the greatest improvements with this application of long read 
sequencing, though quantifying this improvement with the LTR index 
[45] was still not possible due to the low number of LTRs. Transposon 
annotation found a marked increase in LTRs, but it is still notable that 
less than 2 % of the snapper genome appears to consist of LTRs. That 
most of the classified transposons were DNA transposons is consistent 
with other fish species and recent work [46]. Future work should focus 
on TE evolution across Sparidae, the low number of LTRs in these 

Fig. 4. The distribution of structural variant (SV) numbers across each chro-
mosome, shown with all chromosomes scaled to the same size and window sizes 
set to 1 % of chromosome.
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genomes, the interactions between TEs and other genomic features and 
variants, and the contribution of TEs to important traits like sex and 
growth.

While we could not confidently identify putative centromeres on all 
chromosomes, to our knowledge, this is the first report of putative 
centromere annotation in a sea bream genome assembly. While 
centromere satellite sequence has been reported in S. aurata [25], this 
has not been linked to locations in genome assemblies. We were able to 
predict centromere location with some degree of confidence for 14 
chromosomes, and identify some centromere associated satellite se-
quences. There were ten chromosomes which either had no centromere 
predictions or had minimal support for the predictions. Considering the 
challenges of assembling and predicting centromeres only from DNA 
sequence, this is not unexpected. Of note, one chromosome (chromo-
some 9) had centromere predictions at two locations with approximately 
equal support. This potentially suggests that this chromosome may be an 
example of formation of a neocentromere or evolutionarily new 
centromere (ENC) on this chromosome. There are robust examples of 
neocentromere and ENC formation in other species [26,34]. While cy-
togenetic and epigenetic data are essential for confirming centromere 
location, many of the predictions presented here are supported by the 
identification of satellite DNA at the putative centromere locations. 
Since centromeres are epigenetically determined, further data that 
would support centromere identification would rely on karyotypic and 
ChIP-seq approaches targeted towards a species-specific centromere- 
specific histone H3 variant centromere protein A [63].

Centromeres are structurally complex regions of chromosomes, often 
containing repetitive sequences that pose challenges for genome as-
sembly, making them particularly difficult to sequence and analyse 
accurately [63]. Identifying centromeres helps to pinpoint regions in the 
genome that play a crucial role in cell division, as they are responsible 
for ensuring proper chromosome segregation during mitosis and 
meiosis. Understanding the structure and organization of centromeres is 
hence essential for unravelling the mechanisms underlying chromosome 
inheritance and stability [6,31]. Considering the synteny across seab-
ream genomes but the relatively low sequence identity between satellite 
centromeres reported in S. aurata and those found here, this would be an 

interesting avenue for future research. As in other taxa with conserved 
genomes, centromere changes may play a role in speciation of sea 
breams [6,34,68].

The detection and characterisation of more structural variants pro-
vides insights into the genetic diversity and potential adaptive functions 
within snapper. In the present work, SVs calling was compared across 
the improved and original assemblies, and the current assembly allowed 
for the identification of a greater number of SVs, especially large 
structural variants larger than 1 Mb. Nearly 20 % of the additional SVs 
called in chrAur2_scaffold were found in or near a location which had 
been a gap in chrAur1. Since locations of gaps in chrAur1 were deter-
mined by aligning the flanking regions of N-gaps, SVs were also counted 
if they fell within the windows that included these flanks. This likely 
overestimates the number of SVs in filled gaps. However, because our SV 
calling relies on mapping read pairs, some of the counted SVs had a read 
in the flanking region of the filled gap. These SVs would also have been 
missed in chrAur1, so the over-estimate may not be so drastic. This in-
dicates that the enhanced genome quality and contiguity have enabled a 
more accurate and comprehensive assessment of genomic variation in 
the snapper genome.

Structural variants are increasingly found to be associated with 
complex traits, and form part of the polygenic architecture of traits such 
as those related to growth. Increasingly, this is being recognised and 
incorporated into breeding programmes [53,77], and conservation 
planning [71]. Previous work has identified SVs as a major source of 
genetic diversity in snapper compared with SNPs [14], and that SVs can 
play important roles in complex traits [53]. SV calls in this study were 
based on consensus calls across different algorithms to ensure that our 
relatively low-coverage resequencing per sample did not lead to false 
calls. This approach will also be applicable to other studies where re-
sources must be carefully allocated, such as those in conservation 
biology or animal breeding programmes [71]. Here, we identified SV 
associations with genetic variants that are associated with growth in 
snapper, namely, three growth SNPs which overlapped directly with 
SVs, and a further 32 which were within 1000 bp of SVs, suggesting 
some combined contribution of these variants to growth. These new 
discoveries were enabled by access to previous QTL studies on snapper 

Fig. 5. A) The numbers of genes and transposable elements (TEs) that overlap with structural variants (SVs) at all, by more than 20 % or by 100 %. B) The number of 
growth single-nucleotide polymorphisms (SNPs) which are within 1000 bp of an SV, further broken down by SV type. C) A linear regression between the number of 
SVs and TEs per window shown in Fig. 4.
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and showcase how studies can be combined to reveal new putative 
candidate associations for complex growth traits. Considering the rela-
tively small number of growth SNPs included in this study, it is difficult 
to form conclusions regarding enrichment of SVs around growth SNPs 
and how this might interact with gene function, but future studies that 
combine SNP and SV associations could consider if the interaction of 
different types of variants is enriched in complex traits.

4.2. Chromosomal ends show accumulation of variants

The number of SVs increases in concert with TE density, increasing 
towards the ends of the chromosomes. Since LD seems to be a major 
explanatory variable in this SV distribution pattern, recombination is 
likely involved in SV formation in snapper, as reported in other species 
[8,48]. Correlations between SVs and TEs have been reported in other 
species (e.g. [16,39,78]), and can be explained by the tendency of TEs to 
cause SVs either directly by their movements around the genome, or 
indirectly through errors in recombination or DNA repair based on ho-
mology [48]. The interaction between TEs and SVs is complex and the 
role of recombination in this interaction may explain the pattern of TE 
and SV distribution observed here, where both increase towards the 
chromosome ends. Since mapping quality did not seem to offer much 
explanatory power for the distribution of SVs in this genome, it seems 
unlikely that the shared pattern of SV and TE distribution is a technical 
artefact caused by mis-mapping in repetitive regions. Other small SV 
and TE hotspots may be related to genomic features such as centromeres, 
the location of which remains to be confirmed with additional data. 
Various approaches can help untangle the impacts of recombination 
across the genome, while considering TEs (which can both be removed 
by recombination and also increase recombination rate locally), SVs 
(which can be caused by recombination or locally decrease recombi-
nation by reducing homology between chromosome pairs), and other 
factors such as centromeres, telomeres, and chromatin state. Various 
studies have leveraged high-quality, long read sequencing to investigate 
some of these interactions in the sub-telomeric regions especially, via 
population long-read sequencing (e.g. [4,73,74]) and pangenome maps 
(e.g. [44]). In addition to the population genomic based inferences here, 
linkage maps from breeding programmes (e.g. [14]), pangenome map-
ping, and gamete-based approaches such as those proposed in [48], can 
disentangle these interactions. These approaches linked to the resources 
available in snapper make this a promising area for future research.

4.3. Implications for fisheries management and breeding

Snapper has long been an important food source for the indigenous 
peoples of New Zealand and has been more recently targeted by com-
mercial fisheries [21,47,58]. Additionally, this species is a promising 
future candidate for aquaculture, and has thus been captively bred in 
New Zealand under a selective breeding programme [2,3,14,54]. The 
wild populations in New Zealand and Australia have been under pres-
sure from extractive fisheries, especially in modern times, and together 
with global climate change, populations are in decline and likely to 
change their geographic ranges [5,18,23,30,66].

Understanding the genomic landscape of wild populations provides 
insights into the genetic substrate available for adaptive evolution in this 
species [71]. Future work should seek to identify adaptive SVs to assess 
population health, estimate genetic diversity, and monitor the impact of 
environmental stressors on fisheries. We have added to the number of 
high-quality genome assemblies available for seabreams and provided a 
catalogue of SVs that can help guide genomics research across the 
Sparidae family more generally. These resources may be especially 
relevant for improving the fragmented P. major [59] genome assembly 
and assisting in population genomics of endangered related species [32].

Moreover, the information obtained from the improved genome as-
sembly and variant analyses will be instrumental in enhancing the 
ongoing breeding programme for snapper aquaculture. Identifying 

genomic regions associated with important traits, such as sex, growth, 
disease resistance, and stress tolerance, will facilitate targeted breeding 
efforts to produce more resilient and economically valuable snapper 
stocks.

5. Conclusion

Uncovering the full extent of genomic variation that segregates in 
species provides fundamental insight into the genetic architecture un-
derpinning phenotypic traits related to fitness, and crucial information 
to inform fisheries management. This discovery has long been hampered 
by technological limitations, but recent advances in sequencing tech-
nologies now allow this information to be garnered even in non-model 
species. This study represents a significant improvement in the 
genome assembly of the ecologically and culturally important species, 
snapper, which provides a greater understanding of the genomic vari-
ation and structural variants for this fishery and aquaculture species. 
This improved genome assembly, annotation, centromere identification 
on over half of the chromosomes, and comprehensive variant analyses 
provide valuable insights into the genetic diversity within this ecologi-
cally, economically, and culturally important species. The findings have 
important implications for fisheries management, conservation efforts, 
and aquaculture breeding programmes, enabling more informed de-
cisions to sustainably manage this valuable resource in the face of 
ongoing environmental and anthropogenic pressures. Additionally, we 
have made note of and investigated the interaction between TEs, SVs, 
and recombination, which is often speculated about or overlooked in 
genomic studies. While the experiments required to further tease apart 
these relations are technically challenging, the resources (i.e. a breeding 
programme with pedigree and access to gametes for direct sequencing) 
are available for snapper and this represents a great opportunity to 
further dissect the basis of this relationship to offer greater insight into 
the evolution of recombination. As sequencing technologies continue to 
advance, further research will undoubtedly refine our understanding of 
the genomic intricacies of the Australasian snapper and other marine 
species.
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