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  18 
Abstract 19 
 20 
With declining wild fish populations, farmed Atlantic salmon (Salmo salar) has gained 21 
popularity as a source for healthy long-chain highly unsaturated fatty acids (LC-HUFA) 22 
including 20:5n-3 and 22:6n-3. However, the introduction of plant-based oil in fish diets has 23 
reduced the content of these beneficial LC-HUFA. The capability of biosynthesis of 24 
LC-HUFAs depends on fatty acids supplied in diets and the genetic potential residing in the 25 
fish. Key proteins involved in LC-HUFA synthesis in salmon include fatty acid desaturases 2 26 
(Fads2). In a recent study we used CRISPR/Cas9 to generate two F0 mutant strains of salmon, 27 
1) Δ6abc/5Mt with mutations in Δ5fads2, Δ6fads2-a, Δ6fads2-b and Δ6fads2-c genes, and 2) 28 
Δ6bcMt with mutations in Δ6fads2-b and Δ6fads2-c genes. The CRISPR mutated salmon 29 
(crispants) had reduced levels of LC-HUFA and expression of targeted fads2 genes. In present 30 
study we apply whole transcriptome analysis on these fads2 crispants. Our purpose is to 31 
evaluate the genetic mosaicism in fads2 crispants and the effect these mutations had on other 32 
lipid metabolism pathways in fish. Both Δ6abc/5Mt and Δ6bcMt crispants demonstrated high 33 
percentage of indels within all intended target genes, though different indel types and 34 
percentage were observed between individuals. Skipping of a CRISPR-targeted exon was 35 
observed in Δ6fads2-a gene of Δ6abc/5Mt salmon. The Δ6abc/5Mt fish also displayed several 36 
disruptive indels which resulted in over 100 differentially expressed genes (DEGs) enriched in 37 
lipid metabolism pathways in liver. This includes up-regulation of srebp1 genes as well as 38 
genes involved in fatty acid de-novo synthesis, fatty acid β-oxidation and lipogenesis. Both 39 
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elovl5 and elovl2 genes were not changed, suggesting that the genes were not targeted by 40 
Srebp1. The mutation of Δ6bcMt surprisingly resulted in over 3000 DEGs which were enriched 41 
in factors encoding genes involved in mRNA regulation and stability.  42 
 43 
1. Introduction 44 
 45 
Atlantic salmon (Salmo salar L.) is one of the most beneficial fish species for human 46 
consumption since it contains high amounts of long-chain highly unsaturated fatty acids 47 
(LC-HUFA) such as docosahexaenoic acid (22:6n-3, DHA), eicosapentaenoic acid (20:5n-3, 48 
EPA) and arachidonic acid (20:4n-6, ARA). The high LC-HUFA content in farmed salmon 49 
originates mainly from dietary inclusions of marine fish oil and fish meal. However, traditional 50 
marine fisheries are exploited to its maximal level and with increasing volume of salmon 51 
production, dietary marine oil and meal sources have been gradually diluted over the past 52 
decades. Plant oil are used to substitute marine oils in diet, with an increasing levels from 0% 53 
of total lipids in 1990 to 19.2% in 2013 [1]. This has resulted in a reduction of LC-PUFA levels 54 
in salmon flesh since plant oil do not contain LC-PUFA [2]. 55 
 56 
Salmon are capable of synthesizing LC-HUFA through elongation and desaturation of 57 
α-linolenic (18:3n-3) and linoleic (18:2n-6) acids, and the synthesis is often increased when the 58 
fish are given plant oil diet with low LC-HUFA [3]. This explains the fact that salmon can 59 
tolerate partially substitution of fish oil with plant oil without negative impact on growth rate, 60 
feed conversion or any histopathological lesions [4]. However, the synthesized LC-HUFA in 61 
salmon is still not enough to compensate for the reduced LC-HUFA level caused by inclusion 62 
of plant oil in diet [2]. This has reduced the nutritional value of salmon for human 63 
consumption. One way to solve this is to improve the capacity of LC-HUFA synthesis in 64 
salmon to produce higher amounts of LC-HUFA when fed a normal plant oil diet. This 65 
however, requires a better understanding of the regulation of genes involved in LC-HUFA 66 
synthesis.  67 
 68 
The pathways of LC-HUFA synthesis in salmon involves 4 elongases encoded by elovl2, 69 
elovl4, elovl5a and elvol5b and 4 desaturases encoded by Δ5fads2, Δ6fads2-a, Δ6fads2-b and 70 
Δ6fads2-c. All 8 genes have been cloned and functionally characterised through heterologous 71 
expression in yeast (Saccharomyces cerevisiae) [5, 6]. Both elovl5a and elovl5b are mainly 72 
involved in elongating C18 and C20 fatty acids, while elovl2 and elovl4 are involved in 73 
elongating C20 and C22 [7, 8, 6]. All four fads genes in salmon are homologs to the human 74 
FADS2 gene. In salmon they have separate functions where double bonds are introduced at C5 75 
(Δ5fads2) or C6 (Δ6fads2-a, Δ6fads2-b and Δ6fads2-c) from the carboxyl end [8, 9]. Feeding 76 
of plant oil often leads to up-regulation of both elovl and fads2 genes in salmon, which is likely 77 
due to the low LC-HUFA content in the diet [10–13].  78 
 79 
In addition to the LC-HUFA synthesis genes, many other genes involved in fatty acid de-novo 80 
synthesis, fatty acid oxidation and cholesterol biosynthesis are also differentially expressed 81 
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after feeding plant oil [10–13]. It is difficult to conclude the reason for the differential 82 
expression of lipid metabolism genes since plant oils are devoid of cholesterol and LC-HUFA 83 
and contains high amount of C18 PUFA precursors and phytosterols compared to fish oil 84 
[14–16]. In a recent study we disrupted LC-HUFA synthesis pathway in salmon by mutating 85 
elovl2 gene using CRISPR/Cas9 technology [17]. In addition to the decreased DHA content in 86 
mutant fish, we have identified up-regulation of fads2 genes as well as several genes involved 87 
in fatty acid biosynthesis and lipogenesis [17]. This suggests a systemic change of lipid 88 
metabolism regulation in response to the disruption of LC-HUFA synthesis in salmon.  89 
 90 
CRISPR/Cas9 technology has recently been used in salmon to edit genes and generate mutants 91 
[17–20]. Both guide RNA (gRNA) and Cas9 mRNA are injected to one-cell stage salmon 92 
embryos to induce a targeted double-strand break, followed by non-homologous end joining 93 
(NHEJ) which generates random insertions and deletions (indels) at the target sites that can 94 
leads to a truncated protein. In salmonids, the application. The studies of CRISPR/Cas9 edited 95 
salmon have so far been done on the F0 generation because the fish has a long maturation 96 
period of 2-4 years. As a mosaic pattern of mutations forms in F0 crispant salmon, which 97 
translates into multiple alleles in the fish [17].  98 
 99 
We have recently used CRISPR/Cas9 to mutate fads2 genes in salmon which resulted in 100 
down-regulation of targeted genes and lower DHA and EPA contents in tissues [21]. In present 101 
study we aimed to further characterize transcriptional regulation of lipid metabolism in 102 
fads2-mutated salmon by comparing its transcriptomes to wildtype fish. Our study also seeks 103 
to provide detailed insights on the effect and distribution of genetic mosaicism in salmon 104 
individuals after mutation of fads2 genes.  105 
  106 
2. Methods 107 

 108 
2.1 Generation of CRISPR/Cas9-mediated mutated salmon and feeding experiment 109 
 110 
The generation of CRISPR/Cas9-mediated mutated salmon eggs and the corresponding 111 
feeding trial was previously published in [21]. In brief, two types of fads2 mutants were 112 
generated with CRISPR/Cas9. Both times a single CRISPR guide RNA (gRNA) was used to 113 
target different combinations of fads2 genes simultaneously: A Δ6abc/5-mutated (Δ6abc/5Mt) 114 
salmon strain was generated using a gRNA targeting Δ6fads2-a (NCBI Gene ID 100136441), 115 
Δ6fads2-b (100329172), Δ6fads2-c (106584797) and Δ5fads2 (100136383). A Δ6bc-mutated 116 
(Δ6bcMt) salmon strain was generated targeting Δ6fads2-b and Δ6fads2-c. Both strains were 117 
co-injected with a gRNA targeting the slc45a2 gene, involved in melanin synthesis [18]. Target 118 
sequences of gRNAs were published in Datsomor et.al, 2019. 119 
 120 
The feeding trial was performed on Atlantic salmon parr of approximate 85 ± 25 g for 121 
Δ6abc/5Mt salmon, 104 ± 25 g for Δ6bcMt salmon, and 176 ± 34 g for wildtype controls (WT) at 122 
the Institute of Marine Research (Matre, Norway). Fish were initially fed a standard 123 
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commercial diet until start of the experiment. A total of six experimental tanks were used with 124 
a common-garden approach, each containing 18 fish consisting of 6 Pit-tagged fish of the 125 
Δ6abc/5Mt, Δ6bcMt and WT. Three tanks were then fed a plant oil diet containing 5% 126 
LC-HUFA of total fatty acids in diet, while the remaining three tanks were fed a fish oil diet 127 
with 20% LC-HUFA. The fatty acids composition of the diets was shown in detail in [21]. 128 
After 54 days of feeding, fish under plant oil diet reached 203 ± 51g for Δ6abc/5Mt salmon, 281 129 
± 52g for Δ6bcMt salmon and 250 ± 62 for WT, while the fish under fish oil diet reached 171 ± 130 
36g, 191 ± 69g and 241 ± 47g for the three groups respectively. Liver and muscle tissues from 131 
6 fish per treatment were then sampled and tissues were flash frozen on dry ice and 132 
subsequently stored at -80 oC.      133 
 134 

2.2 AmpliSeq 135 
 136 
To confirm CRISPR/Cas9-induced mutations, AmpliSeq was conducted according to the 137 
Illumina protocol (16S Metagenomic Sequencing Library Preparation # 15044223 Rev. B). 138 
DNA was isolated from selected individuals from both liver and muscle using DNeasy blood 139 
and tissue kits (Qiagen, Hilden, Germany). Primers were designed to specifically amplify the 140 
regions around the CRISPR gRNA target sites (Table 1). For each sample the amplicons were 141 
generated in singleplex reactions, pooled and then purified using AMPure beads before 142 
running index-PCR using the Nextera XT Index Kit (Illumina, San Diego, CA, USA). 143 
AmpliSeq libraries were subsequently normalized before sequencing the libraries as 300bp 144 
paired-end reads on Illumina MiSeq (Illumina, San Diego, CA, USA) at Centre of Integrative 145 
Genetics (CIGENE, Ås, Norway). Raw .fastq reads were quality trimmed using cutdapt [22] 146 
before aligning them to the salmon genome ICSASG_v2 147 
(https://www.ncbi.nlm.nih.gov/assembly/GCF_000233375.1/) using bwa mem [23] and saving 148 
files in .bam format. For each sample the proportion of indels for each base in a 25bp window 149 
around the target sites was determined using the python3 coverage.py 150 
(https://gitlab.com/fabian.grammes/crispr-indel). Additionally we predicted the effect of each 151 
indel on the main transcript/protein using SnpEff [24]. 152 
 153 
Table 1: CRISPR gRNA target sequences and AmpliSeq primer sequences. 154 
CRISPR gRNA Target Gene CRISPR targets (5'->3')‡ AmpliSeq primer sequences 

Delta6abc/5 Δ6fads2-a GGCACCGACAGAGCCCAGCCAGG* 

Forward (5'->3'): TTTGTAGGACGCATTTGTCGC 

Reverse (5'->3'): AGATGACACACTACTTTTCTAGGAG 

Delta6abc/5 Δ6fads2-b GGCACCGACAGAGCCCAGCCAGG* 

Forward (5'->3'): CCCGGGTCCCTACCTAAACCTA 

Reverse (5'->3'): CTCCTCCCCTTCATCAGGTGAC 

Delta6abc/5 Δ6fads2-c GGCACCGACAGAGCCCAGCCAGG* 

Forward (5'->3'): GAGACGCTCTAGGCTTCACA 

Reverse (5'->3'): TCCCAGCGGTTTGGATCATTC 

Delta6bc Δ6fads2-b *CCAAGGGTGGCGTGGTTGGGCCC 

Forward (5'->3'): TGATCCAAACCGCTGGGAAAT 

Reverse (5'->3'): ACGGTGTGAGTGGAGCAGAG 

Delta6bc Δ6fads2-c *CCAAGGGTGGCGTGGTTGGGCCC 

Forward (5'->3'): AGAGTCCATTCCCAGGACGAA 

Reverse (5'->3'): ACAGACTGGACAGAGCGTAG 
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Slc45a2 slc45a2 GGGGAACAGGCCGATAAGACTGG* 

Forward (5'->3'): TGTATGAGCTACAGACAGGTGG 

Reverse (5'->3'): AGGGGCTCTACTTCGTAGGAT 

Forward overhang: 5’TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG�[sequence] 155 
Reverse overhang: 5’ GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG�[sequence] 156 

* Underlined trinucleotides are the CRISPR protospacer adjacent motif (PAM) sites 157 
‡ The CRISPR target sites was published in Datsomor et.al, 2019 158 

 159 
2.3 RNA extraction and library preparation 160 
 161 
Total RNA was extracted from liver of individual fish by using RNeasy Plus Universal Mini kit 162 
(Qiagen), according to manufacturer’s instruction. RNA concentration and quality were 163 
assessed by Nanodrop 8000 (Thermo Scientific, Wilmington, USA) and Agilent 2100 164 
Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA). All samples had RIN values >8.5. 165 
RNA-seq libraries were prepared using TruSeq Stranded mRNA Library Prep Kit (Illumina). 166 
The libraries were subsequently sequenced using 100bp single-end high-throughput mRNA 167 
sequencing (RNA-seq) on an Illumina Hiseq 2500 (Illumina) at Norwegian Sequencing Centre 168 
(Oslo, Norway).  169 
 170 
2.4 Data analysis and statistics 171 
  172 
Read sequences were processed using the bcbio-nextgen pipeline 173 
(https://github.com/bcbio/bcbio-nextgen). In brief reads were aligned to the salmon genome 174 
(ICSASG_v2) using STAR [25]. The resulting .bam files were subsequently used to generate i) 175 
raw gene counts using featureCounts (v1.4.4) [26] using the NCBI salmon genome annotation 176 
(available for download at http://salmobase.org/Downloads/Salmo_salar-annotation.gff3). ii) 177 
exon counts using DEXSeq (dexseq_count.py) [27]. In addition reads were mapped directly to 178 
the transcriptome using Salmon (v0.10.2) [28]. Raw fastq files and raw gene counts table are 179 
publicly available under the accession: E-MTAB-8319 at the ArrayExpress Archive 180 
(https://www.ebi.ac.uk/arrayexpress/). 181 
 182 
Expression analysis of the genes was performed using R (v3.4.1). Only genes with a minimum 183 
counts level of at least 1 count per million (CPM) in 75% of the samples were kept for further 184 
differential expression analysis (DEA). DEA was performed between samples from two 185 
factors (genotype and diet), using generalized linear model (GLM) method in R package edgeR 186 
[29]. The present study focus on three contrasts, Δ6abc/5-mutated salmon versus WT fed plant 187 
oil diet, Δ6abc/5-mutated salmon versus WT fed fish oil diet, and WT salmon fed plant oil 188 
versus fish oil diet. Genes with a false discovery rate (FDR), an adjusted p value (q) <0.05 and 189 
absolute log2 fold change (|Log2FC|) >0.5 were considered to be differentially expressed genes 190 
(DEGs) between the two test conditions. Subsequently, a KEGG ontology enrichment analysis 191 
(KOEA) was conducted using same package edgeR. Hypergeometric test was applied based on 192 
number of DEGs compared to total genes annotated to each KEGG pathway, and differences 193 
were considered significant when p <0.005. The R code which used to generate DEA and 194 
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KOEA was publicly available at Fairdomhub (https://fairdomhub.org/investigations/242). All 195 
figures were made by using R package ggplot2 [30].  196 
 197 
3. Result and discussion 198 
 199 

3.1 CRISPR/Cas9 induced mutations 200 

 201 

The two strains of Atlantic salmon carrying CRISPR/Cas9-mediated mutations were generated 202 
as described earlier [21]. In both strains CRISPR/Cas9 mediated mutations were induced using 203 
a single CRISPR gRNA targeting multiple genes (Figure 1A). The gRNA of Δ6abc/5Mt salmon 204 
targeted Δ6fads2-a, Δ6fads2-b, Δ6fads2-c and Δ5fads2 genes, while the gRNA of Δ6bcMt 205 
targeted Δ6fad2s-b and Δ6fads2-c. Both Δ6abc/5 and Δ6bc mutant salmon were co-injected 206 
with a CRISPR gRNA targeting slc45a2 which induces an albino phenotype and served as 207 
visual control in our experiment.  208 

 209 

CRISPR/Cas9-induced structural mutations at the fads2 as well as the slc45a2 genes of fish 210 
from both Δ6abc/5Mt and Δ6bcMt strains were confirmed by using AmpliSeq. All fish injected 211 
with CRISPR/Cas9 carried structural variants at the respective gRNA target sites (Figure 1 B). 212 
For all individuals from both CRISPR strains we observed a high degree of mosaicism at each 213 
of the respective gRNA target sites (Figure 1B). This suggests that Cas9-induced editing 214 
continues after one-cell stage of the embryos. In order to better understand the consequences of 215 
the different structural variants on a phenotypic level, we predicted variant effects using 216 
SnpEff and summarised the results according to the impact category (Figure 1C). The majority 217 
of structural variants across all individuals were predicted to have “high” impact, meaning to 218 
have a likely disruptive effect on the protein function. Nevertheless, our analysis also showed 219 
that many of the individuals from the two CRISPR strains still carried a considerable amount of 220 
the WT genotype (non-CRISPR mutated). Therefore, we believe it is more correct to consider 221 
the two resulting CRISPR strains as fads2 knock-downs rather than knockouts. The Δ6abc/5Mt 222 
gRNA targeted sequence right after the cytochrome b5-like domain of fads2 genes, while 223 
Δ6bcMt gRNA targeted sequences on exon 1 before all protein domains. Therefore, the 224 
out-of-frame mutations in Δ6abc/5Mt and Δ6bcMt were expected to disrupt characteristic 225 
domains identified in fatty acyl desaturases, though our CRISPR-target sites did not 226 
specifically fall within protein domains. These out-of-frame mutations identified by Ampliseq 227 
could explain the nonsense-mediated decay (NMD) of the mutant mRNA and impaired 228 
biosynthesis of LC-PUFA in Δ6abc/5Mt fish [21]. 229 
 230 

3.2 CRISPR/Cas9-induced indels cause Δ6fads2-a exon skipping events 231 

 232 
Interestingly, we found that CRISPR/Cas9 induced mutations of Δ6abc/5Mt gRNA in the 233 
Δ6fads2-a gene were affecting splicing of exonic part 6 (harbouring the CRISPR target site; 234 
exonic part 6 corresponds to exon 4 in transcript: XM_014170212.1; exon 3 in 235 
XM_014170213.1). Analysis of exonic-part 6 retention in Δ6abc/5-mutated salmon using 236 
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RNA-seq data revealed mis-splicing of the Δ6fads2-a transcript resulting in the skipping of 237 
exonic part 6 (Figure 2). Exon skipping caused by CRISPR/Cas9-generated mutations was 238 
observed previously in both cell lines [31, 32] and genetically modified organisms including 239 
zebrafish [33] and salmon [17]. CRISPR induced mis-splicing is mostly caused by one of two 240 
mechanisms: i) indels generated by CRISPR-mutation affects the exon-intron boundaries or ii) 241 
indels promote exon skipping by disrupting an exon splicing enhancer or introducing an exon 242 
splicing silencer within the targeted exon [34]. However, neither mechanism fits to our study. 243 
This was because other Δ6abc/5Mt gRNA target sites on Δ5fads2, Δ6fads2-b and Δ6fads2-c 244 
gene contained identical sequences and showed the same distance to exon-intron boundary but 245 
did not affect splicing. Nonetheless, the skipping of exon 6 in Δ6fads2-a transcripts will result 246 
in the production of truncated proteins that lack 37 amino acids, which suggests deleterious 247 
effects on protein structure and functions. 248 
 249 
3.3 CRISPR-targeted fads2 genes are down-regulated in Δ6abc/5 but not in Δ6bc salmon 250 

 251 

Many of the CRISPR induced structural variants introduce premature termination codons 252 
likely to trigger mRNA degradation by nonsense-mediated decay (NMD) [35]. Indeed, we 253 
found that CRISPR-targeted Δ5fads2, Δ6fads2-a and Δ6fads2-b genes were strongly 254 
down-regulated (q<0.05) in Δ6abc/5Mt salmon compared to WT regardless of the dietary 255 
treatment (Figure 3). In Δ6bcMt salmon, the CRISPR-targeted Δ6fads2-b gene was 256 
down-regulated compared to WT, but the levels of down-regulation were less clear than in 257 
Δ6abc/5Mt salmon. Surprisingly, the expression Δ5fads2 and Δ6fads2-a genes was also 258 
down-regulated in Δ6bcMt salmon, though both genes were not targeted by Δ6bcMt gRNAs. The 259 
expression of Δ6fads2-c gene was generally very low and was not likely play a major role in 260 
salmon liver. This low level expression may also explain that Δ6fads2-c was not affected by 261 
CRISPR mutation (Figure 3). The expression of other genes in LC-HUFA synthesis pathways, 262 
elovl2, elovl5-a and elovl5-b genes was stable between Δ6abc/5Mt, Δ6bcMt and WT salmon. 263 
 264 
The NMD-mediated mRNA degradation, absence of exon 6 in Δ6fads2-a transcripts, and other 265 
CRISPR-induced mutations such as out-of-frame mutations are expected to produce 266 
non-functional enzyme proteins that would ultimately disrupt LC-HUFA biosynthesis in the 267 
fish. Indeed, analysis of tissue composition of LC-HUFA coupled with assay of desaturation 268 
and elongation activities in liver showed clear impacts of the CRISPR-mutations. The mutation 269 
of Δ6abc/5 genes in salmon resulted in significant reduction of DHA and EPA compared to 270 
WT [21]. On the other hand, we observed effects of background wildtype alleles in the 271 
Δ6abc/5Mt salmon (Figure 1B and C) accounting for limited but measurable desaturation 272 
activities [21].  273 
 274 
Low levels of LC-HUFA levels often induce hepatic expression of Δ5fads2 and Δ6fads2-a 275 
genes as was shown in our previous elovl2-mutated salmon [17]. On the other hand, reduced 276 
DHA level has little effect on the expression of elovl5 and elovl2 genes as was shown in present 277 
Δ6abc/5Mt salmon (Figure 3). Higher expression of elovl2 and elovl5 genes that often observed 278 
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in fish fed plant oil compared to fish oil diet (Figure 3) [36, 37], which was more likely caused 279 
by other differences between the two diets, such as cholesterol levels.   280 
 281 
3.3 Transcriptional changes in liver after mutating fads2 genes 282 
 283 
An average of 29 million reads were mapped on to the salmon genome ICSASG_v2. From a 284 
total of 55304 annotated genes, 23114 genes had at least 1 count per million (CPM) in 25% of 285 
the samples, and were considered for subsequent analysis. By applying principle component 286 
analysis (PCA) on Log2 CPM of the top 1000 most variant genes, we identified a clear 287 
separation of plant oil and fish oil samples between PC1 (explaining 34.8% of the observed 288 
variation) and PC2 (8.3%) as well as a separation of WT and Δ6abc/5Mt samples between PC2 289 
and PC3 (6.8%) (Figure 4). Although not as strong we also found a clear tendency for 290 
separation of WT and Δ6bcMt samples between PC2 and PC3. Plant oil diet and 291 
CRISPR-mutation seemed to have different impact on gene transcription in salmon liver, 292 
though both the diet and mutation have generated low levels of LC-HUFA in the fish body.  293 
 294 
Differential expression analysis (DEA) was done by contrasting crispat and WT salmon 295 
separately under plant oil and fish oil diets. This resulted in 121 differentially expressed genes 296 
(DEGs, q<0.05 & |log2FC| >0.5) in Δ6abc/5Mt salmon compared to WT when fed fish oil diet, 297 
while 104 DEGs were found between crispat and WT salmon under plant oil diet (Figure 5 A). 298 
Surprisingly, more DEGs were found in Δ6bcMt salmon compared to WT. This includes 1665 299 
genes identified in crispat salmon when fed fish oil diet and 2041 DEGs identified in salmon 300 
fed plant oil diet. A total number of 3863 DEGs was found in WT salmon fed plant oil diet 301 
compared to fish oil.  302 
 303 
To further understand the functions of DEGs between crispat and WT salmon, we conducted a 304 
KEGG enrichment analysis by comparing the number of DEGs to the total number of genes in 305 
each KEGG pathway (Figure 5 B). The DEGs of Δ6abc/5Mt salmon were not only enriched in 306 
fatty acid metabolism pathway, but also peroxisome proliferator-activated receptors (PPAR) 307 
signalling pathway which is involved in many metabolic pathways including fatty acid 308 
synthesis and catabolism [38]. This suggests PPAR to be key transcription regulators for fatty 309 
acid metabolism in salmon. Their differential regulation was likely caused by the decreased 310 
EPA and DHA and consequential accumulation of 18:3n-3 and 18:2n-6 after disruption of 311 
LC-HUFA synthesis pathway [21]. Accumulated 18:3n-3 and 18:2n-6 could not be synthesised 312 
further to DHA and EPA after disruption of fads2 genes, but were alternatively consumed in 313 
β-oxidation which was mostly likely activated by PPAR transcription factor [38]. Similar 314 
enrichment of fatty acids metabolism and PPAR signalling pathways was also found in the 315 
DEGs between WT salmon fed plant oil and fish oil (Figure 5 B). Additionally, sterol 316 
biosynthesis pathway was enriched for DEGs between WT salmon fed plant oil and fish oil but 317 
was not enriched for the DEGs between fads2 mutants versus WT fish (Figure 5 B). Indicating 318 
that the LC-HUFA level and PPAR has little effect on cholesterol biosynthesis in salmon, 319 
which should be more likely regulated by other biochemical signals such as low cholesterol 320 
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level and other transcription factors including sterol regulatory binding protein 2 (SREBP2) 321 
[11, 12, 14]. More detailed discussion on PPAR and SREBP regulations will be shown later in 322 
this paper. Many other pathways were also enriched for the DEGs of WT fed plant oil versus 323 
fish oil, such as amino acid biosynthesis and RNA transport. This suggests that dietary 324 
inclusion of plant oil has more complex impact on salmon than just reducing LC-HUFA and 325 
cholesterol levels in the fish body. Our study has successfully separated the effect of low 326 
LC-HUFA level from other effects of plant oil inclusion, however more research is required to 327 
understand the complete regulatory network in response to the change of plant oil in diet. 328 
Surprisingly, no lipid metabolism pathways were enriched in Δ6bcMt salmon compared to WT, 329 
regardless of dietary LC-HUFA level. This was in accordance to the fatty acid composition in 330 
liver, where no significant difference was found between Δ6bcMt salmon and WT [21]. The 331 
DEGs were likely more enriched in mRNA regulation pathways, including mRNA 332 
surveillance and spliceosome pathways. One possible explanation could be the mutation of 333 
ncRNA which has function on transcription regulation or immune system [39]. Nevertheless, 334 
the reason for the high number of DEGs in Δ6bcMt salmon and their enriched pathways needs to 335 
be further investigated. 336 
 337 
3.4 Expression of lipid metabolism genes in response to Δ6abc/5 mutation.  338 
 339 
Due to many unexpected and lipid metabolism unrelated DEGs found in Δ6bcMt salmon, only 340 
Δ6abc/5Mt fish were included for further transcriptomic analysis to understand the 341 
transcriptional regulation of lipid metabolism after disrupting LC-HUFA synthesis genes. Here 342 
we discussed DEGs of lipid metabolism pathways that enriched in Δ6abc/5Mt versus WT 343 
salmon, aiming to understand the regulatory network of lipid metabolism genes in response to 344 
Δ6abc/5Mt. The Δ6abc/5 mutant showed 14 (13.4%) differentially expressed lipid metabolism 345 
genes when fed plant oil diet, while less (7 genes, 5.8%) lipid DEGs were identified in salmon 346 
fed fish oil diet (Supplementary Table 1). The higher numbers of DEGs in Δ6abc/5Mt salmon 347 
fed the plant oil diet suggest a compensatory response to the combined effects of impaired 348 
endogenous LC-HUFA biosynthesis and reduced dietary LC-HUFA levels. On the other hand, 349 
the reduced number of lipid DEGs in Δ6abc/5Mt salmon fed fish oil diet suggests an impact of 350 
dietary LC-HUFA levels on gene transcription, most likely an end-product-mediated 351 
inhibition. Nevertheless, 4 lipid DEGs were identified in Δ6abc/5Mt fish fed both plant oil and 352 
fish oil experimental diets including Δ5fad, Δ6fad-a, abcd1 and acc2. Besides the two 353 
CRISPR-targeted genes, the down-regulation of acc2 and up-regulation of abcd1 suggests an 354 
increase of fatty acid β-oxidation pathway for energy expenditure after CRISPR-mutation [40].  355 
 356 
Sterol regulatory element binding proteins (SREBPs) are suggested to be involved in 357 
regulating lipid metabolism in both mammals and fish [41, 42]. Atlantic salmon has four 358 
srebp1 paralogous genes, srebp1a, srebp1b, srebp1c and srebp1d which are all orthologs of the 359 
zebrafish srebp1 gene (Supplementary Table 1). Both Δ6abc/5Mt and low LC-HUFA diet 360 
resulted in increased transcription of all four srebp1 genes in salmon (Figure 6 and 361 
Supplementary Table 1). The transcription of the srebp1 genes was negatively (p <0.05) 362 
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correlated to the DHA level in phospholipid. On the other hand, transcription of srebp2 genes 363 
were not up-regulated in mutated versus WT salmon, and are not correlated to DHA level 364 
(Figure 6 B). The different regulation of srebp1 and srebp2 transcription is consistent with 365 
previous studies on mammals, suggesting that srebp1 transcription is regulated by DHA levels 366 
in salmon, while srebp2 transcription is more likely to be induced by low cholesterol level in 367 
the plant oil diet [41].  368 
 369 
By comparing salmon gene promoter sequences to 6 transcription factor binding sites 370 
databases (CISBP, HUMAN.H10MO.B, HT-SELEX2, HumanTF, JASPAR, TRANSFAC), 371 
we identified 235 lipid metabolism genes, with potentiall sterol regulatory elements (SRE), the 372 
Srebp binding sites, between -1000bp to 200bp from transcription starting sites 373 
(Supplementary Table 2). This includes Δ5fad, Δ6fad-a, elovl5a, elovl5b and elovl2 which are 374 
the major genes in LC-HUFA synthesis pathway. Recent study showed that 375 
CRISPR/Cas9-mediated editing of elovl2 in salmon has increased transcription of srebp1, 376 
Δ6fad and Δ5fad genes together with decreased LC-HUFA content, supporting the regualtion 377 
of fads2 genes by Srebp-1 transcription regulator [17]. However, salmon Srebp-1 is unlikely to 378 
induce elovl5 and elovl2 since their expression were stable while srebp1 expression was 379 
up-regulated in Δ6abc/5Mt compared to WT salmon fed plant oil. The elovl5 genes were also 380 
stable in elovl2-mutated salmon [17]. One possible reason is that the SRE in promoter regions 381 
of elovl5 and elovl2 genes may be more efficient for binding Srebp-2 rather than Srebp-1 [43], 382 
or other that transcription factors such as liver X receptor (LXR) are responsible stimulation of 383 
elovl genes in salmon under plant oil diet. On the other hand, mammlian SREBP-1 can target 384 
both fatty acid desaturase (FADS2) and elongase (ELVOL5) genes and regulate LC-HUFA 385 
synthesis [44, 45]. 386 
 387 
To further investigate the relationship between those key transcription factors and lipid 388 
metabolism genes, we compared the expression changes of the 230 lipid metabolism genes 389 
except LC-HUFA synthesis genes, either between mutated and WT salmon fed plant oil, or 390 
between mutated and WT salmon fed fish oil, or between WT salmon fed plant oil and fish oil 391 
(Figure 6A). Several agpat3 and acsbg genes were significantly (q<0.05 & |log2FC| >0.5) 392 
up-regulated in plant oil mutated salmon together with up-regulated srebp1. The function of 393 
Srebp-1 transcription factor in salmon is likely similar to its function in mammals, which works 394 
as a key transcription factor for hepatic lipogenesis, and agpat3 and acsbg genes are likely the 395 
key target genes of salmon Srebp-1. Same acsbg, agpat3 and srebp1 genes were also 396 
up-regulated when the elovl2 gene was CRISPR-mutated in salmon, confirming an increase of 397 
fatty acid acylation and lipogenesis in response to decreased tissue DHA content [17]. Other 398 
typical mammlian SREBP-1 targets, fasn, acc1 and elovl6 genes of fatty acid synthesis and 399 
elogation pathways were also up-regualted, but not significant (q>0.05) in mutated salmon 400 
compared to WT under plant oil diet (Figure 6). However, the transcriptional increase of these 401 
genes were much higher and significant (q<0.05) in WT salmon fed plant oil diet compared to 402 
fish oil. This means that the genes of fatty acids synthesis and elongation in salmon were not 403 
merely targeted by Srebp-1, but by other transcription factors likely Srebp-2 [41] or Ppar-γ 404 
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[46]. Genes of cholesterol metabolism including hmgcrab, mvd-a and sqlea-a were only highly 405 
up-regualted in WT fed plant oil diet versus fish oil, while no transcription change was 406 
observed in Δ6abc/5Mt versus WT salmon. Several studies have found up-regualtion of 407 
choleserol biosyntheis and srebp2 genes in salmon fed plant oils [11, 12, 14]. The present study 408 
has supported that the relationship between srebp2 and cholesterol biosynthesis genes is quite 409 
conserved as in salmon as in mammals, and suggests that the SREBP binding sites of 410 
cholesterol biosynthesis genes were srebp2-specific [41].    411 
 412 
CRISPR/Cas9-mediated mutation of fads2 genes in Δ6abc/5 also affected the fatty acid 413 
β-oxidation pathway in salmon. This was indicated by a strong down-regulation of acc2 gene 414 
following Δ6abc/5Mt (Figure 5). Unlike the ACC1 gene which is mostly involved in de-novo 415 
fatty acid synthesis in cytosol, the ACC2 gene in mammals produce mitochondria-associated 416 
malonyl-CoA which is a negative regulator of CPT1 and inhibits mitochondria β-oxidation [47, 417 
48]. Therefore, the down-regualtion of acc2 in Δ6abc/5Mt salmon could suggest an increased 418 
fatty acid β-oxidation after disrutpion of LC-HUFA sythetic pathway. This could be regulated 419 
by PPAR which is key regualtor of fatty acid catabolism [38]. Similar to srebp1, we also found 420 
negative correlation between DHA level and two ppara-a genes, though its expression was not 421 
changed after Δ6abc/5 mutation. As PUFA and their derivatives are known natural ligands of 422 
PPAR, the activation of PPAR and their target genes including fatty acid β-oxidation may not 423 
rely on increased transcirption of PPAR genes [49]. The increased β-oxidation was probably 424 
due to accumulation of 18:3n-3, 18:2n-6, and other intermediate fatty acids in LC-HUFA 425 
synthesis pathway which cannot be synthesised further to DHA and EPA after disruption of 426 
fads2 genes but were alternatively consumed in β-oxidation [21]. Feeding of plant oil diet also 427 
induced cpt1a and abcd1, which are key genes involved in import of fatty acid into 428 
mitochondria and peroxisome for catabolism. However, a paralog gene cpt1b were 429 
down-regulated both after fads2-mutation and feeding plant oil diet. The reason for the 430 
down-regualtion is unclear and whether it would affect fatty acid β-oxidation needs to be 431 
further investigated. One possible explanation is that malonyl-CoA produced by acc1 or acc2 432 
is less organelle-specific in salmon, and that cpt1b gene could be inhibited by malonyl-CoA 433 
produced by acc1 in de-novo fatty acid synthesis.  434 
 435 
4. Conclusions 436 
 437 
CRISPR-Cas9 can be employed efficiently to mutate the multiple fads2 genes, simultaneously, 438 
in salmon. However, mosaic effects are common, embodied by different indels among tissues 439 
and individuals. The exon skipping, found in the Δ6fads2-a gene during transcription, was 440 
predicted to result in the production of truncated proteins and strengthen the CRISPR-induced 441 
disruption of LC-HUFA synthesis in Δ6abc/5Mt salmon. Down-regulation of the targeted 442 
Δ5fad, Δ6fad-a and Δ6fad-b genes were found in liver, which likely cause a decrease of 443 
LC-HUFA synthesis. On the other hand, the transcription of elovl5a, elovl5b and elovl2 genes 444 
in LC-HUFA synthesis pathway was not affected. Since srebp1 genes were up-regulated in 445 
Δ6abc/5-mutated salmon the elovl genes were not likely regulated by this transcriptional 446 
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factor. Increased de-novo fatty acid synthesis and lipogenesis was observed after Δ6abc/5Mt 447 
and could also be regulated by SREBP1. In addition, the level of transcriptional changes of 448 
fasn and acc1 genes involved in fatty acid synthesis were much higher when the fish was fed 449 
plant oil diet as compared to fish oil. This suggests that these genes were regulated by one or 450 
more transcriptional factors in addition to SREBP1. PPAR or SREBP2 are likely candidates. 451 
Increased fatty acid β-oxidation was also observed after Δ6abc/5Mt and was likely regulated by 452 
PPAR. The CRISPR-mutation of Δ6bcMt genes surprisingly revealed over 3000 DEGs in liver 453 
of salmon, and the DEGs were not enriched in any lipid metabolism pathways. The reason for 454 
the high number of DEGs in Δ6bcMt salmon was unclear and needs to be further investigated.  455 
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Figure 1 A: Circos plot showing the different target sites of the CRISPR gRNAs. Gene ∆5fads2, ∆6fads2-a and 636 
∆6fads2-c have multiple transcripts while yellow boxes indicate exons of each transcript. B: Boxplot showing the 637 
maximum proportion of insertions/deletions (indels) within the CRISPR gRNA target site as identified by 638 
AmpliSeq. Different color indicates liver (L) or white muscle (WM) tissues from WT, ∆6abc/5 mutant or ∆6bc 639 
mutant salmon. Each dot indicates L or WM tissue of an individual fish. C: Bar plots showing the (SnpEff) 640 
predicted impact of the indel on the respective main transcript by individual. Impacts are classified as: HIGH=The 641 
variant is assumed to have high (disruptive) impact in the protein; MODERATE=A non-disruptive variant that 642 
might change protein effectiveness; LOW=The variant is assumed to be mostly harmless; WT=Wild type/no 643 
indel. Each bar of the figure represents data of an individual fish.  644 

 645 
Figure 2 Detection of exon skipping in Δ6fads2-a in relation to CRISPR. A: Exon structure for the three 646 
transcripts encoded by Δ6fads2-a. The targeting site (s1) for the Δ6abc/5Mt gRNA is enlarged and highlighted in 647 
red. B: Schematic drawing on how aligned RNA-seq reads were used to calculate the percentage of exon retention 648 
(PER) for a sample. C: Exon skipping was confirmed by using the aligned RNA-seq reads to calculate the PER for 649 
each sample (represented as point).  650 

 651 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted March 13, 2020. ; https://doi.org/10.1101/2020.03.12.988873doi: bioRxiv preprint 

https://doi.org/10.1101/2020.03.12.988873
http://creativecommons.org/licenses/by-nc-nd/4.0/


  
 

  
 

Figure 3 Expression of LC-HUFA synthesis genes in wildtype (WT), Δ6abc/5Mt and Δ6bcMt salmon fed with 652 
either plant oil or fish oil diet. Gene expression are shown in transcript per million (TPM) value which is raw 653 
counts normalised by both library size and mRNA length. Different letter indicates genes which were 654 
differentially expressed (q<0.05 & |log2FC|>0.5).  655 

 656 
Figure 4 Principle component analysis (PCA) on Log2 count per million (CPM) of the top 1000 most variant 657 
genes between all liver samples. Different colors represents genetic groups of WT, Δ6abc/5-mutated and 658 
Δ6bc-mutated salmon, while the color intensity represents different dietary treatments of either plant oil (low 659 
HUFA) diet or fish oil diet (high HUFA). 660 

 661 
Figure 5 Differential expression analysis in liver between wildtype (WT) and mutated salmon. A) Number 662 
of up-regulated and down-regulated differential expressed genes (DEGs, q<0.05 & |log2FC| >0.5) either between 663 
WT and Δ6abc/5-mutated salmon, or between WT and Δ6bc-mutated salmon, or between WT salmon fed plant oil 664 
and fish oil. B) Significantly (p<0.005) enriched KEGG pathways of the DEGs. Hypergeometric test was applied 665 
based on the number of DEGs versus total genes annotated to each KEGG pathway.  666 

 667 
Figure 6 Expression change of liver genes involved in lipid metabolism after CRISPR mutation. A) 668 
Expression changes of genes in Log2 fold change between mutated and wildtype salmon. Differentially expressed 669 
genes (DEGs, q<0.05 & |log2FC|>0.5) are labelled, except three genes with asterix (*) which had high log2 fold 670 
change but not significant (q>0.05) B) Correlation between gene expression and DHA content in phospholipid. 671 
Data of DHA measurement was aquired from Datsomor et.al, 2019. 672 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted March 13, 2020. ; https://doi.org/10.1101/2020.03.12.988873doi: bioRxiv preprint 

https://doi.org/10.1101/2020.03.12.988873
http://creativecommons.org/licenses/by-nc-nd/4.0/


Low            High Low            High Low            High

Low            High

WT plant oil

WT fish oil

∆6abc/5-mutant plant oil

∆6abc/5-mutant fish oil

∆6bc-mutant plant oil

∆6bc-mutant fish oil

.
C

C
-B

Y
-N

C
-N

D
 4.0 International license

available under a
(w

hich w
as not certified by peer review

) is the author/funder, w
ho has granted bioR

xiv a license to display the preprint in perpetuity. It is m
ade 

T
he copyright holder for this preprint

this version posted M
arch 13, 2020. 

; 
https://doi.org/10.1101/2020.03.12.988873

doi: 
bioR

xiv preprint 

https://doi.org/10.1101/2020.03.12.988873
http://creativecommons.org/licenses/by-nc-nd/4.0/


WT plant oil
WT fish oil

∆6abc/5-mutant plant oil
∆6abc/5-mutant fish oil

∆6bc-mutant plant oil
∆6bc-mutant fish oil

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted March 13, 2020. ; https://doi.org/10.1101/2020.03.12.988873doi: bioRxiv preprint 

https://doi.org/10.1101/2020.03.12.988873
http://creativecommons.org/licenses/by-nc-nd/4.0/


.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted March 13, 2020. ; https://doi.org/10.1101/2020.03.12.988873doi: bioRxiv preprint 

https://doi.org/10.1101/2020.03.12.988873
http://creativecommons.org/licenses/by-nc-nd/4.0/


.
C

C
-B

Y
-N

C
-N

D
 4.0 International license

available under a
(w

hich w
as not certified by peer review

) is the author/funder, w
ho has granted bioR

xiv a license to display the preprint in perpetuity. It is m
ade 

T
he copyright holder for this preprint

this version posted M
arch 13, 2020. 

; 
https://doi.org/10.1101/2020.03.12.988873

doi: 
bioR

xiv preprint 

https://doi.org/10.1101/2020.03.12.988873
http://creativecommons.org/licenses/by-nc-nd/4.0/


0%

25%

50%

75%

100%

Δ6abc/5_s1      Δ6abc/5_s2     Δ6abc/5_s3       Δ6bc_s1          Δ6bc_s2

M
ax

 p
ro

po
rti

on
 o

f i
nd

el
s 

in
 C

R
IS

PR
 ta

rg
et

 re
gi

on

WT_L

WT_WM

Δ6abc/5_mutant_L

Δ6abc/5_mutant_WM

Δ6bc_mutant_L

Δ6bc_mutant_WM
A B

C
slc45a2

Δ6abc/5 
Δ6bc

slc45a2

]695365601[2a54cls]144631001[
  a_

daf
6d

]2
71

92
30

01
[

c_
d a

f 6
d

Δ5fad [100136383]

Δ6fad_  b [106584797]

   WT (L)      WT(WM) Δ6abc/5_mutant (L) Δ6abc/5_mutant (WM) Δ6bc_mutant (L) Δ6bc_mutant (WM)

Δ6abc/5_s1     Δ6abc/5_s2
Δ6abc/5_s3

Δ6bc_s1
Δ6bc_s2

slc45a2

0%
25%
50%
75%

100%

0%
25%
50%
75%

100%

0%
25%
50%
75%

100%

0%
25%
50%
75%

100%

0%
25%
50%
75%

100%

0%
25%
50%
75%

100%
Sn

pE
ff 

pr
ed

ict
ed

 in
de

l e
ffe

cts
 b

y C
RI

SP
R 

ta
rg

et
 re

gio
n

HIGH MODERATE LOW MODIFIER WT

s1

s2
s1

s4
s3
s3

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted March 13, 2020. ; https://doi.org/10.1101/2020.03.12.988873doi: bioRxiv preprint 

https://doi.org/10.1101/2020.03.12.988873
http://creativecommons.org/licenses/by-nc-nd/4.0/


Gene
Regio

nTrac
k

0%

25%

50%

75%

100%

C
on

tro
l

∆6
ab
c/
5-

m
ut

an
t 

PE
Rs1

E5 E6 E7

A

B

C

exon skipping reads (ESR)

PER = 100 x 

exon inclusion 
reads left (EIR-L) exon inclusion 

reads right (EIR-R)

 (ESR + avg(EIR-L, EIR-R))

avg(EIR-L, EIR-R)

∆6
bc

-m
ut

an
t 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted March 13, 2020. ; https://doi.org/10.1101/2020.03.12.988873doi: bioRxiv preprint 

https://doi.org/10.1101/2020.03.12.988873
http://creativecommons.org/licenses/by-nc-nd/4.0/

