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ARTICLE INFO ABSTRACT

Keywords: The Atlantic salmon (Salmo salar) is important to many ecosystems and local economies and has therefore
Salmo salar become the focus of a broad range of research questions that have benefited from the availability of high-quality
vgll3

genomic resources. Albeit gene expression studies have been extensive for this species, the transcriptome in-
formation for Atlantic salmon whole blood has been lacking. A transcriptome of Atlantic salmon blood would be
a valuable resource for future studies, especially those wishing to take non-lethal samples. Here, we report a
whole blood transcriptome for Atlantic salmon constructed from twelve 8-month old salmon parr using RNA-seq.
We identify transcriptomic proxies for the genotype at the major maturation timing locus vestigial-like 3 (vgil3).
Differentially expressed genes between the early and late maturing genotypes showed overrepresented Gene
Ontology (GO) terms with the strongest result linked to 13 ribosomal subunit genes. To assess how the whole
blood gene expression profile relates to other tissues, we compare the blood transcriptome to the reference
transcriptome of fourteen other tissue types using both a common PCA method and a novel method. The novel
method compares transcriptomes when gene expression is visualised as a layer using thin-plate spline smoothers.
Both methods found similar patterns with the blood transcriptome being quite unique compared to the tran-
scription profiles of other tissues.

Transcriptome comparison
Gene expression
Maturation

blood. The RNA transcripts present in the whole blood can be used to
quantify physiological responses non-lethally (Liew et al., 2006), and as

1. Introduction

The Atlantic salmon (Salmo salar) is a key species in marine and
freshwater ecosystems and has a high economic value to ecotourism and
fisheries. The species economic importance as well as other factors have
led to it becoming a model species for a number of biological questions.
Major research focuses include the process of genome rediploidization
after a whole genome duplication (Lien et al., 2016; Warren et al., 2014)
and the regulation of maturation timing (Barson et al., 2015; Czorlich
et al., 2018). Recent research on the Atlantic salmon has benefited from
the availability of a wide range of genomic resources including SNP
arrays (Barson et al., 2015; Bourret et al., 2013) reference tran-
scriptomes (Mohamed et al., 2018) and a reference genome (Lien et al.,
2016; Macqueen et al., 2017).

Despite the wide range of genomic resources available for the
Atlantic salmon there is still no reference transcriptome available for the
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potential proxies for life history phenotypes such as age at maturity.
Although cell-type specific transcriptomes can provide more detail,
whole tissue (or in this case, whole blood) transcriptomes can be
important first steps for understanding tissue specific processes and may
be the only viable option when sampling in field conditions. The most
abundant group of transcripts in the blood are the haemoglobin alpha
and beta subunits that influence the properties of oxygen transport
(Quinn et al., 2010). The third whole genome duplication in the com-
mon ancestor of teleost fish led to two haemoglobin gene clusters. In
salmonids haemoglobin cluster two was lost before the salmonid-
specific fourth genome duplication that resulted in a duplication of
haemoglobin cluster one (Quinn et al., 2010). Haemoglobin diversity
could allow salmon to adapt to changing metabolic demands and O,
availability throughout the Atlantic salmon life cycle, through
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regulating the expression of different paralogs (Opazo et al., 2013).
Consistently, Quinn et al., (2010) found that alpha and beta subunit
diversity was highest in the Atlantic salmon when compared to four
other teleostean species without a fourth genome duplication. However,
the expression profiles of haemoglobin subunit paralogs have not been
explored.

Here we present the blood transcriptomes from twelve 8-month old
parr. To illustrate the utility of the blood transcriptome as a proxy for
life-history phenotypes, we identified Differentially Expressed Genes
(DEGs) in the blood transcriptome for fish carrying either the early, or
the late vgll3 transcription cofactor maturation allele associated with the
sexual maturation (Ayllon et al., 2015; Barson et al., 2015). We aim to
compare these two genotypes at this early stage before maturation. The
presented transcriptomes will also be a publicly available genomic
resource for identifying genes that are likely to be expressed in the
blood, to design targeted gene expression assays. Aside from providing
these detailed data we will present two methods for visualising overall
similarity between the whole blood transcriptome presented here and
transcriptomes previously published for fourteen other Atlantic salmon
tissue types.

2. Data description
2.1. Sample collection

Blood samples were taken from immature 8-month old Atlantic
salmon juveniles that were being destructively sampled for tissue
collection for other purposes (Table 1). The fish were reared at the
University of Helsinki, Finland as part of a larger study where the vgli3
genotype of each fish was known from controlled fertilisations (Debes
et al., 2020). Animal ethics approval for this experiment was given by
the national authorities (permit number ESAV1/2778/2018). For sample
collection fish were euthanised with an overdose of MS222 (250 mg/L),
after which an incision behind the gills was made and 50-100 pL of
blood was drawn from the ventral aorta with a 200 pL pipette tip. The
blood samples were immediately snap frozen in liquid nitrogen before
being stored at —80 °C.

2.2. RNA extraction and sequencing

RNA extractions were done within a week of sample preservation
using the TRIzol Reagent (ThermoFisher Scientific) according to the

Table 1
Sequencing information (MIxS) for Atlantic salmon blood transcriptome.
Item Description
Classification Animalia; Chordata; Salmoniformes; Salmonidae; Salmo
salar
Investigation type Eukaryote

Project name
Geographic location
(latitude and
longitude)
Geographic location
(country and/or sea,
region)
Collected by
Collection date
Environment (biome)
Environment (feature)
Environment (material)
Environmental package Water
Sequencing method Illumina NextSeq 500, paired-end
Estimated Size 3-7¢g
BioProject number PRINA626461
SRA accession numbers SRR11570046, SRR11570047, SRR11570048,
SRR11570049, SRR11570050, SRR11570051,
SRR11570052, SRR11570053, SRR11570054,
SRR11570055, SRR11570056, SRR11570057

Atlantic salmon blood transcriptome
64°58'56.4"N 25°36'15.4"E

Oulujoki, Finland

Samuel C. Andrew, Jukka-Pekka Verta
2018-08-08

aquarium (ENV0:00002196)

fresh water aquarium (ENV0:00002198)
fresh water (ENVO:00002011)
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manufacturer’s instructions (using 1 mL of TRIzol per sample). Whole
RNA quality and quantity was assessed on a Bioanalyzer 2100 with the
RNA 6000 Nano kit (Agilent Technologies).

Library preparation were done using the Illumina TruSeq Stranded
mRNA kit and indexes (Illumina, San Diego, CA) following the standard
protocol with the alteration that RNA fragmentation was done for 4 (not
8) minutes at 94 °C to yield the fragment length required for sequencing.
All libraries were run on the same flow cell of an Illumina NextSeq 500
(pair-end 2 x 75 bp reads) at the Institute of Biotechnology at the
University of Helsinki. All 12 sequenced individuals were homozygous
at the vglI3 locus: six for the early allele and six for the late allele.

2.3. Aligning reads and novel transcript identification

Quality assessment and filtering of reads was done with fastp using
default settings (base phred quality > Q15 is qualified and reads with
greater than 40% unqualified bases are removed, Chen et al., 2018). The
number of reads returned per library varied between 10 and 58 million
paired-end reads (mean + s.d. = 28 + 15 million). With 4 to 11% of
reads filtered due to low quality (mean =+ s.d. = 6.44 + 2.25%) by fastp.
The filtered reads were then aligned to the Atlantic salmon reference
genome using STAR (Dobin et al., 2013). To make the genome index files
for STAR, the reference genome (.fna) and annotation (.gff) files used
were from assembly version GCF_000233375.1 downloaded from NCBI.
The annotation “.gff” file was converted to “.gtf” format using the cuf-
flinks function gffread (Trapnell et al., 2012). In the annotation file
about 500 exons did not have a gene id and they were given a gene_id by
using the transcript ID, a large number of reads mapped to these exons
and these reads would have been excluded from further analysis without
a gene_id. For the STAR alignment we used mostly default options
(including: -outSAMtype BAM SortedByCoordinate —quantMode Gene-
Counts —twopassMode Basic —outWigType —alignEndsProtrude 10 Con-
cordantPair —outFilterIntronMotifs RemoveNoncanonicalUnannotated
—chimSegmentMin 1 -limitOutSJcollapsed 5,000,000).

Gene counts were taken from the “_ STARReadsPerGene.out.tab” files
that are generated by the option “~quantMode GeneCounts”. The fourth
column of the output file was used because these are the counts for
stranded RNA-seq. STAR successfully aligned 77.78 + 1.70% (mean =+ s.
d.) of reads with the remainder of reads being mapped to multiple loci
(17.06 + 1.59%), or were too short to map (2.92 + 0.94%), and the rest
were unmapped reads (1.52 + 0.85%).

Cufflinks tools (Trapnell et al., 2012) were used to identify novel
transcripts that are not included in the reference transcriptome previ-
ously published (version GCF_000233375.1). Using the default settings,
the cufflinks function was used to quantify the mapped reads from STAR.
Then the cuffmerge function was used to combine the transcripts from
all 12 individuals and then the cuffcompare function was used to
compare the merged transcriptome to the reference transcriptome. The
merged blood transcriptome had 132,921 complete matches (“=" code)
to the reference and 17,837 novel splice junctions (“j” code, 11.8% of
total transcripts in merged transcriptome) and no other unannotated
transcripts or classifications.

The haemoglobin subunit genes made up a large proportion of all
expressed transcripts (mean + s.e. = 35.0 + 1.6%). Interestingly, the
expression of the paralogs of the alpha and beta haemoglobin subunits
was highly variable (Fig. S1), while the ratio of alpha to beta subunits
was balanced and close to unity (mean + s.e. = 1.06 + 0.004).

2.4. Differentially expressed genes and links with life-history phenotype
proxies

To test for DEGs between the two groups of individuals with alter-
native homozygote vgll3 genotypes, two common methods were used to
compare result. The first method DESeq2 (Love et al., 2014) was per-
formed using the default settings. For the second method limma + voom
(Law et al., 2014), the analysis was performed on all genes with more
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than 0.5 counts per million in two or more libraries and t-statistics were
calculated with the eBayes function. The DESeq2 analysis found 179
DEGs out of 20,494 genes, which were tested. The limma + voom analysis
found no significantly DEGs out of 25,699 genes, which were tested after
filtering (Table S2). Although there is no overlap in the DEGs for the two
methods the relationship between the t-values for the two methods was
very strong (Fig. S2, linear model: Estimate = 0.998, t20492 = 626.2, R?
= 0.95), suggesting that the difference between the methods is due to
general sensitivity in detecting small but significant expression
differences.

To test for overrepresented GO terms from the list of DEGs the topGO
R package (Alexa and Rahnenfuhrer, 2019) was used. The topGO anal-
ysis used only genes included in DESeq2 analysis and had Atlantic
salmon GO terms from the AnnotationHub package (Morgan, 2019). All
DEG and GO analyses were performed in R version 3.6.1 (Core R team,
2017, supplementary data and R code files in Appendix A and B). The
179 DEGs from the DESeq2 analysis yielded overrepresented GO terms
(Table S1). The most overrepresented GO term was “structural constit-
uent of ribosome” (G0:0003735) encompassing 13 differentially
expressed genes, all of which were ribosomal proteins and most were
40S and 60S ribosomal subunits. Of these 13 genes 12 were up regulated
in the late genotype fish. It has been observed previously that Atlantic
salmon going through the parr-smolt transformation have an upregu-
lation of ribosomal subunit genes in the liver, gill, and olfactory rosette
(Robertson and McCormick, 2012). We might expect a similar up
regulation of ribosomal subunit genes in salmon going through other
critical phases of development. These ribosomal subunit genes would
then be potential candidates for a time-series analysis of the maturation
process using a targeted gene-expression assay method.

Out of the top 10 over represented GO terms there were five GO
terms related to transcription, RNA and DNA binding: (“telomeric DNA
binding [GO:0042162]”, “DNA binding [GO:0003677]”, “DNA-binding
transcription ~ factor  activity, RNA  polymerase II-specific
[GO:0000981]”, “rRNA binding [GO:0019843]”). Out of these five
related GO terms, 22 out of 27 contributing genes were upregulated in
the late genotype fish. Average age at maturation differs among Atlantic
salmon genotypes. Therefore, extrapolating physiological differences
between stages of maturation from gene expression profiles could be
used to understand variation for maturation rates in wild populations
across years and variable environmental conditions.

2.5. Multi-tissue comparison

We present two methods for comparing the similarity between
transcriptomes from different Atlantic salmon tissue types. Tran-
scriptomes for 14 Atlantic salmon tissues were downloaded from NCBI
Sequence Read Archive (SRA) from the Salmo salar Genome (BioProject:
PRJINA72713; Lien et al., 2016), these 14 tissues were from the same
juvenile male except for the ovary tissue. The first method used a
common PCA ordination method to visualise variation between the
transcriptomes in multidimensional space with the first two dimensions
explaining 39% of the variance (Fig. 1a).

The second method for visualising similarity between transcriptomes
aimed to convert gene expression data into a two-dimensional layer that
can be used in a GAM model to fit a thin-plate spine smoother using the
interaction between the two axes (Wood, 2017). For this method genes
were grouped by GO terms and the GO terms were arranged in principle
component space using GO term similarity values from the GOSim
package (Lerman and Shakhnovich, 2007) to run PCA (Fig. S3).
Furthermore, we conducted pairwise comparisons between tissues by
including two tissues in a model that fits separate thin-plate spline
smoothers for each tissue to test how much the model is improved by
fitting independent relationships for the two tissue layers. This factor for
the comparison between tissues can be interpreted by a high F-value and
significant P-value, meaning a significant improvement to the fit of the
model due to differences between the layers (Fig. 1b). The individual
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Fig. 1. Comparison of salmon transcriptomes. a) PCA plot with all tissue types
and individual blood transcriptomes. The mean blood transcriptome is plotted
as an orange triangle and the individual transcriptomes as small points (early =
EE and late = LL in legend). The individual blood transcriptomes were projected
after the PCA was fitted with all the individual tissue types. b) Pair-wise matrix
of tissue comparisons using GAM method. Higher F-values mean a stronger
difference in the fit between tissues (All F-values greater than 3 have significant
P-values). These comparisons use the individual tissue layers from Fig. 2, in
these layers individual gene expression values are grouped by GO terms that
have been arranged by similarity.

tissue layers from the GAM approach (Fig. 2) provide a visualisation of
more subtle functional differences between the transcriptomes as well as
the statistical comparisons between transcriptomes unlike the PCA vis-
ualisation. The full GAM model analysis is presented in the supple-
mentary R code file (Appendix B).

One way to test the effectiveness of the GAM method for comparing
transcriptomes is to compare the F-values for pair-wise comparisons to
distances between points in the PCA ordination. The relationship be-
tween the methods were moderate with Pearson correlation coefficients
of 0.64 and 0.6 for 2D and 3D PCA distance respectively (Fig. S4).

The supplementary results file (Appendix C) also includes interactive
heatmaps of gene expression levels for different biological process GO
terms for all tissue types. For each tissue the mean expression of each GO
term is divided by the median of all tissues to help visualise GO terms
that have higher or lower than average gene expression levels. For most
tissues the more highly expressed GO terms are close to the expression
levels of the median of all tissues (values between 0.8 and 1.2) with
some tissue specific GO terms being up regulated. One exception to this
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Fig. 2. Gene expression layers when genes
are ordered by GO terms. These GAM models
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pattern is the liver with many GO terms having expression that is higher
than the median. Interestingly, the blood transcriptome had one of the
lowest ranges of expression levels for its heatmap. The PCA and GAM
comparisons also show the blood transcriptome to be quite unique to
other reference transcriptomes from other tissue types, but many tran-
scripts are still present in Atlantic salmon whole blood. The differenti-
ation in the blood transcriptome profile could also be partly explained
by the blood transcriptome being produced independently in this study,
and the comparison reference transcriptomes coming from a different
study (BioProject: PRINA72713; Lien et al., 2016). It is unlikely that the

confounding factors of different experimental individuals and study
batch effects can be disentangled here, but we expect effects to be largest
among tissue types. Hopefully our comparison to other reference tran-
scriptomes can inspire future experimental work.

3. Data deposition
The raw RNA-seq data have been deposited in the NCBI Sequence

Read Archive under BioProject number PRJNA626461, accession
numbers available in Table 1 for MIxS data.
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