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ABSTRACT

Genomic studies have largely been accelerated by the advances of next generation sequencing
technologies since the beginning of the millennium. This, in turn, has motivated the generation of
more reference genome assemblies not only in model organisms but also in species of scientific in-
terest. In the present study, we employed a comparison study between the two different reference
genome assemblies available for the same species, Salmo trutta, in GenBank. The results indicated
an overall 90% similarity index between the two assemblies. Furthermore, the inversion regions of
which assembly needs corrections were detected. Taking into account the whole genome duplication
origin of the Salmonidae family, both assemblies were of good quality. However, the updated version
of the Wellcome Sanger Institute assembly (fSalTru_1.2) outperformed the Norwegian assembly and
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was detected as the best available reference genome assembly in Salmo trutta.
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INTRODUCTION

In the early 2000s, the world experienced one
of the most important breakthrough events in
genomic science. (Liu, 2011; Goodwin et al,,
2016; Whibley et al., 2021). The development
of Next Generation Sequencing (NGS) tech-
nologies was motivated by the Human Ge-
nome (HG) project. Although the consortium
announced that the first draft would be ready
in 2005, advances in NGS technologies accel-
erated the process to a speed that could not
have been previously estimated and the first
draft of the HG project was made available
two years ahead of delivery time, in 2003
(Roushan et al., 2014; Wu et al., 2016). Since
then, researchers have been motivated to
generate more sequence data in a short peri-
od of time and in a cost-effective manner,
while a significant effort has been made to not
compromise accuracy (Jian & Schneeberger,
2017; Enguita & Leitéao, 2022).

As predicted almost two decades ago by
Mardis (2006), accessing personalised genome
assemblies is becoming a reality for humans in
100 minutes at 99.9% accuracy and 30x high
coverage (Chin & Khalak, 2019). Furthermore,
the cost of sequencing is estimated to become
even more affordable for personalised medi-
cine in the near future. A review by Wu et al.
(2016) highlights the collaborative efforts in hu-
man genomics that have significantly led the
way towards impactful achievements in clinical
and practical medical applications.

Over the past two decades, advances in se-
guencing platforms enabled reference genome
assemblies to be generated not only in model
organisms but also in non-model organisms, in-
cluding economically important fish species,
e.g., Atlantic salmon (Lien et al., 2016), brown
trout (Hansen et al., 2021), rainbow trout
(Berthelot et al., 2014), European seabass (Tine
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et al., 2014), common carp (Xu et al., 2014) and zebrafish (Howe
etal., 2013). The previously announced consortium Genome 10K
aimed to sequence 10,000 vertebrate species’ genomes corre-
sponding almost one species for each genus (Koepfli et al.,
2015). In addition, since 2017, the Vertebrate Genome Project
(VGP) has aimed to sequence the whole genome of 71,657 verte-
brate species, including agnatha, cartilaginous fishes, abmphib-
ia, osteichthyes and reptilia (Rhie et al., 2021).

Genome assemblies serve as a starting point from which a cata-
logue of reference DNA sequence is provided in species of inter-
est (Kersey, 2019). These are of particular interest for exploring
genome-wide variations and evolutionary histories as well as un-
derstanding species biology, biodiversity and conservation
(Whibley et al., 2021).

The present study was motivated by the availability of two differ-
ent reference genome assemblies on the public server, which is
uncommon and can be confusing for most researchers. Working
as a part of the international research community on genetics, it
is of critical importance to detect the best available version of
the reference genomes in any species of interest. By doing so, in-
tra- and interpopulation variation can be better captured from a
better-quality catalogue sequence due to increased alignment
rate. Therefore, taken all together, the aim of the present study
was (i) to decide the best available version of the reference ge-
nome for Salmo trutta that will be of use for alignment of multi-
ple NGS data generated by Illlumina technologies and (i) serve
as a pilot study for researchers to detect the best available refer-
ence genomes in any species of interest.

MATERIALS AND METHODS

The National Center for Biotechnology Information (NCBI) was
used to download the available reference genome assembly for
brown trout (URL — 1). There were two available versions of the
reference genome for species of interest. These were generated
by (i) the Wellcome Sanger Institute and (ii) the Norwegian Uni-
versity of Life Science (see Table 1 for the details of the assem-
blies). Both reference genome assembly metrics were initially
compared based on quality so as to decide the best available
version; both assemblies were assessed by visualising similarities
and flag ups.

Comparison of two reference genomes

Downloaded and zipped sequence FASTA files were uploaded
to the online server (https://dgenies.toulouse.inra.fr/run) of
D-genies version 1.4 (Cabanettes & Klopp, 2018). From the new
alignment tool, the following parameters were chosen: (i) Target:
GCA_901001165.2_fSalTru1.2_genomic and (i) Query:
GCA_931346615.1_Ssal_ARUN_Salmo_trutta_v1.0_genomic.
Aligner and repeat options were kept as default for the analysis,
and the task was submitted. The analysis time depends on the
size of assemblies and it was completed in a day.

RESULTS AND DISCUSSION

The D plot generated has shown relatively high similarity be-
tween the two different genome assemblies being compared
(Table 1). The alignment match was supported over 75% identity,

indicated with continuous green dots (Fig 1). First, the noise was
masked to visualise the higher percentage similarities. Overall,
the summary identity resulted in over 36.36% similarity support-
ed for >75%, followed by 54.37% for <75% similarity, 3.65% for
<50% similarity, 0.45% for <25% similarity and 5.17% for no match
at all between the two assemblies (Fig 2) in which, overall, the
analysis supported statistically significant similarity over 90% (in-
dicated as shades of green bars in Fig 2). When compared from
the dropdown menu for each chromosomal region belonging to
the target and query assemblies, respectively, this analysis also
has resulted in high association supported with >75% identity in-
dex (Fig 3). There were flag ups indicating which regions of the
assemblies need polishing using higher depth of coverage and
longer sequencing for better quality. Furthermore, there were
cases of inversions, structural rearrangement in the form of dele-
tions, repeats and/or translocations, which were highlighted with
opposite direction lines (see in details Fig 1 for such regions).
These were end results of the same sequence but were repre-
sented in a different order. Similarly, these regions indicated a
need for polishing to achieve a better-quality reference genome
assembly for the available versions. The shaded grey bars on the
upper right of the graph indicate sequences that are being
merged in the form of a contig representing less than 0.2 % of
the total assembly length. These regions signal that unassigned
parts of the genome need to be assigned to the right positions
in the genome.
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Figure 1. The D plot was generated indicating the similarity
index of two reference genome assemblies
compared for S.trutta. The bottom and left sides of
the graph demonstrate the size of the sequence in
nucleotide position while the right and upper sides
of the graph indicate the comparison assemblies of
query and target, respectively.
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Figure 2. Similarity summary graph between the two reference
genome assemblies.

Individual comparison between the target and query assemblies
along the chromosome and matching contigs accordingly re-
vealed high correspondence, thus a set of best matching D plot
graphs are demonstrated in Fig 3. As the same colour code pan-
el was applied to this analysis, the majority of these D plot graphs
were supported over 75% similarity, indicated as dark green con-
tinuous lines, and in some cases, noise was detected, indicating
assembly similarity less than 50% between the two assemblies,
which appears as orange dots in the detailed graphs.

Reference genome assemblies have significantly improved the
understanding of biological pathways and associations. Howev-
er, genome assembly workload is an ongoing process which aims
to serve the high-quality sequence archive for species of interest
with gapless alignment (Whibley et al., 2021). While advances in
next generation sequencing technologies multiply the capacities
and the quantities of the high throughput data being generated
in a short period of time, in parallel, the evolving era of bioinfor-
matic analysis offers new tools to analyse such a large volume of
data in an efficient manner (Jung et al., 2020). In the present
study, we utilised an online tool developed for the comparison of
two genomes available in GeneBank for Salmo trutta.

Salmo trutta is of scientific and economic interest as well as be-
ing popular among anglers. Thus, the species has been intro-
duced to several countries (references therein Lobdn-Cervid,
2018). The phylogeny of Salmo has long been the subject of in-
ternational debate due to the lack of understanding of the inter-
action between genotypic and phenotypic variation, and to its
being regarded as a complex species, as opposed to designa-
tion of a single species (Ferguson 2004; Kottelat & Freyhof 2007).
However, a recent opinion paper by Guinand, Oral and Thou-
gard (2021) suggested a multiple species direction for the genus.
The Salmonidae family has been though an additional round of
whole genome duplication, which have caused one of the most
complex genomes in vertebrates (Danzmann et al., 2008; Allen-
dorfetal.,, 2015; Ohno et al., 1967). As indicated from the 2.37 Gb
genome size and 41 chromosomes, Salmo trutta has a larger ge-
nome compared to most diploid fish species (Hansen et al.,
2021). In the present study, D-genies enabled us to compare the
similarity between the two large reference genomes of Salmo
trutta. Both assemblies are of good quality, which is indicated
with the quality metrics listed in Table 1 and a green line of cor-
respondence demonstrating over 75% similarity in the colour
coded identity panel (see Fig.1). The D-genies software utilises

N

Figure 3. The best matching chromosome/contig graphs
between the assemblies. The bottom and left sides
of the graph demonstrate the size of the sequence
in nucleotide position while the right and upper
sides of the graph indicate the comparison
assemblies of query and target, respectively.

a Blast-similar identity approach by applying the formula of
[=M/N, in which | refers to Identity matrix, M indicates the quan-
tity of matching nucleotides in the reference genome and N indi-
cates the quantity of nucleotides, including gaps. Additionally,
there were cases of inversions indicated as small chunks of oppo-
site direction diagonal lines on the graph (Fig.1). These sequenc-
es exist in both assemblies, yet not in the same order. These are
potential flag ups for reordering assemblies to improve quality.
Fig 3 represents the best matching chromosomes/contigs be-
tween the assemblies, as follows: LR584441.1 versus CAK-

NUZ010005362.1, LR584445.1 versus CAKNUZ010000945.1,
LR584416.1 versus CAKNUZ010002016.1, LR584413.1 versus
CAKNUZ010001737.1 and LR584434.1 versus CAK-

NUZ010001821.1 in the Sanger Institute assembly versus the
Norwegian assembly, respectively. Overall, taking into account
the multisequence approach and high coverage of the Sanger
Institute assembly (Table 1) as well as the chromosome level
stage as opposed to the contig level unit in the Arun assembly,
SalTru_1.2. generated by the Sanger Institute was selected for
the downstream bioinformatic analysis of Salmo trutta se-
quenced via the lllumina platform.

One of the biggest limitations of the reference genome assem-
blies is the accuracy of the genomes and their annotations (Rhie
et al., 2021). This is particularly the case in eukaryotic genomes,
which contain high repeat content and duplication level (Elliot &
Gregory, 2015). Regardless of the quantities of the reference ge-
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Table 1.

General metrics of both reference genome assemblies of brown trout

Source: Wellcome Sanger Institute fSalTru

Source: Norwegian University of LifeScience

Previous version_1.1

Current version_1.2

Ssal_ARUN_Salmo_trutta_v1.0

Accession number GCA_901001165.1
Contig
Female (spleen)
Doubled Haploid

2.371.880,186

Assembly level
Sample (tissue)
Sample diploidy
Total seq. length

GCA_901001165.2

2.371.880,186

GCA_931346615.1

Chromosome Contig
Female (spleen) Male (n/a)
Doubled Haploid n/a

2.510.277,823

Total ungapped length 2.298.279,497 2.298.279,497 2.510.277,823
Genome coverage 68x 68x 32x
Number of scaffolds 1.441 1.441 n/a*
Scaffold N50 52.209,666 52.209,666 n/a*
Scaffold L50 18 18 n/a*
*Contig count n/a n/a 5,616
*Contig N50 n/a n/a 31.004,729
*Contig L50 n/a n/a 29
Number of contigs 5.378 5.378 5.616
Total number of n/a 41 n/a
chromosomes and plasmids

Number of component 1.441 1.441 5.616
sequences (WGS or clone)

Registration date 02.06.2019 24.04.2021 19.02.2022

n/a: data is not available

nomes being available on public servers (1,348,815 genomes as
of September 2022) the main focus should be directed towards
improving the quality of the available reference genomes, in-
cluding closing gaps with high coverage, as well as moving for-
ward primary contig or scaffold level assemblies to the chromo-
some levels. To do so, hybrid sequencing approaches are ap-
plied by taking into consideration the advantages and disadvan-
tages of the sequencing platforms. The Sanger Institute has ap-
plied the combination of the PacBio and 10X Genomics
Chromium platform as well as BioNano and Hi-C data, achieving
higher coverage, while the Norwegian assembly involved Pro-
methlON data from Oxford Nanopore technology combined
with the lllumina platform. Given the quality metrics of both as-
semblies, the hybrid sequencing approach resulted in better
quality assemblies as well as helping to close gaps while dealing
with such an extended heterogenous genome.

The second most challenging task during reference genome as-
sembly workload is dealing with the heterozygosity of the specimen
being sequenced. In order to eliminate these cases, most assem-
blies utilise doubled haploid (DH) individuals, as these are theoreti-
cally 100% homozygotes thus helping eliminate the complications
of duplicated genomes due to high heterozygosity (Whibley et al,
2021). Typically, eggs (n) of diploid female are fertilised using an irra-
diated sperm (n) from a diploid male. Although the genetic content
of the sperm is inactive, the irradiated sperm is still motile and capa-
ble of initiating fertilisation. As there will be no genetic contribution
from the sire, shock (chemical, physical or heat treatment) needs to
be applied so as to ensure viability (2n) during the first mitosis. The
resultant mitotic gynogenetics are produced by fully maternal ge-

nome transmission (Arai, 2001; Komen & Thorgaard, 2007; Oral,
2016; Manan et al., 2022). DH genomes offer the possibility of gen-
erating a more straightforward workflow, as fully a homozygous ge-
nome increases the chances of detecting any artefacts and/or se-
quencing errors in the form of variation. Therefore, DH individuals
are preferred and have been utilised widely for reference genome
assembly procedures in several aquatic species (Howe et al., 2013;
Brawand et al., 2014; Berthelot et al., 2014; Xu et al., 2014; Lien et al.,
2016; Hansen 2021). In the present study, the Sanger Institute’s as-
sembly was based on a DH female (Hansen et al., 2021) while no fur-
ther information was provided in the Norwegian Arun assembly oth-
er than the sequencing of a male brown trout specimen (Table 1).

CONCLUSION

In an effort to determine the best reference genome assembly for
Salmo trutta for downstream data analysis, we compared the two
available genomes. Overall, the recent version from the Wellcome
Sanger Institute (fSalTru_1.2) was determined to be the highest
quality reference available for Salmo trutta in terms of the multis-
equence approach applied and coverage achieved, as well as
consisting the fact that it contains the chromosome level assembly
as opposed to the contig level in the Norwegian Arun assembly.
Taken all together, fSalTru_1.2 will be utilised for the upcoming
downstream genomic analysis of Salmo trutta, which involves a
short sequencing approach applied using lllumina technologies.
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