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Abstract Genome editing using the CRISPR/
Cas system offers the potential to enhance current 
breeding programs and introduce desirable genetic 
traits, including disease resistance, in salmon aqua-
culture. Several nucleases are available using this 
system, displaying differences regarding structure, 
cleavage, and PAM requirement. Cas9 is well estab-
lished in Atlantic salmon, but Cas12a has yet to be 
tested in vivo in this species. In the present work, we 
microinjected salmon embryos with LbCas12a ribo-
nucleoprotein complexes targeting the pigmentation 
gene solute carrier family 45 member 2 (slc45a2). 
Using CRISPR/LbCas12a, we were able to knock-
out slc45a2 and knock-in a FLAG sequence element 
by providing single-stranded DNA templates. High-
throughput sequencing revealed perfect HDR rates 
up to 34.3% and 54.9% in individual larvae using 
either target or non-target strand template design, 
respectively. In this work, we demonstrate the in vivo 
application of CRISPR/LbCas12a in Atlantic salmon, 
expanding the toolbox for editing the genome of this 
important aquaculture species.
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Introduction

Norway is the world’s largest producer of farmed 
Atlantic salmon (Salmo salar) and exported over 
1 million tons of fish in 2022. The salmon indus-
try has steadily increased over the years, but fur-
ther expansion is currently hindered due to several 
sustainability issues. One of the problems is infec-
tious diseases attributable to viruses, bacteria, or 
parasites (Sommerset et  al. 2023). To combat this 
problem, breeding programs have been applied to 
develop fish with more robust performance in the 
sea pens (Thodesen and Gjedrem 2006; Kjøglum 
et  al. 2008). However, selective breeding is time-
consuming, especially in species with a long gen-
eration time like the Atlantic salmon. New breed-
ing technologies such as genome editing (GE) using 
the CRISPR/Cas (Clustered Regularly Interspaced 
Short  Palindromic Repeats/CRISPR-associated) 
system may facilitate current breeding programs 
and further introduce favorable genetic traits includ-
ing disease resistance (Gratacap et al. 2019) without 
the need for breeding the fish for many generations.

CRISPR/Cas9 was first utilized as a tool for GE 
in 2012 by Jennifer Doudna and Emmanuelle Char-
pentier (Jinek et al. 2012). Since then, it has become 
widely used owing to its efficiency and versatility. The 
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system consists of two components, the Cas nuclease 
and a single guide (sg) RNA molecule, together form-
ing the nuclease effector complex. The sgRNA mol-
ecule is comprised of both a crisprRNA (crRNA) and 
a trans-activating crRNA (tracrRNA). The tracrRNA-
part enables the recruitment of the nuclease, while the 
crRNA is programmable and can be designed to target 
a specific region within the genome. In this manner, 
the nuclease effector complex is guided to the target 
site of interest by the pre-programmed crRNA. Prior 
to binding the DNA, the nuclease effector complex 
requires the recognition of a short sequence termed 
the protospacer adjacent motif (PAM). Once bound, 
the nuclease initiates a double-strand break (DSB) to 
the DNA, and the endogenous repair mechanisms that 
follow are exploited to do GE. Repair usually occurs 
by two main mechanisms: non-homologous end join-
ing (NHEJ) or homology-directed repair (HDR). Dur-
ing NHEJ, the cut ends are trimmed, nucleotides are 
recruited, and the strands are re-ligated. However, this 
process often results in erroneous repair with random 
insertions and deletions (indels), and may lead to a 
gene knock-out (KO) if produced in a coding exon. 
This approach allows us to study KO phenotypes and 
has previously been applied in salmon (Wargelius 
et  al. 2016; Datsomor et  al. 2019) as well as other 
aquaculture species such as common carp (Cypri-
nus carpio) (Zhong et  al. 2016), Nile tilapia (Oreo-
chromis niloticus) (Jiang et  al. 2017), and rainbow 
trout (Oncorhynchus mykiss) (Cleveland et al. 2018). 
On the other hand, the HDR mechanism can be uti-
lized to knock-in (KI) genetic material by providing 
a donor template together with the nuclease effector 
complex. KI by HDR has been done in salmon using 
oligodeoxynucleotides (ODNs) to perform single 
nucleotide replacement or insert FLAG sequence ele-
ments (Straume et  al. 2020, 2021). Inserting larger 
genetic material remains challenging but has been 
achieved in other aquaculture species such as chan-
nel catfish (Ictalurus punctatus) (Simora et al. 2020; 
Xing et al. 2022).

Cas9 derived from Streptococcus pyogenes was 
among the first nucleases to be established for GE 
and is still widely used today. However, the restric-
tion for a particular PAM site narrows down the 
scope of target sites available for GE. More recently, 
novel nucleases derived from other bacterial species, 
e.g., Cas12a (previously Cpf1) from Acidaminococ-
cus sp. (AsCas12a) or Lachnospiraceae bacterium 

(LbCas12a), have also been shown effective for GE 
(Zetsche et al. 2015). The nucleases Cas9 and Cas12a 
represent different types of Cas enzymes, type II and 
V, respectively. The two types differ in characteristics 
such as structure, cleavage, and importantly, PAM 
requirement. Cas9 forms a complex with the sgRNA, 
recognizes PAM 5′-NGG-3′ downstream of the proto-
spacer, and usually produces a blunt-end cleavage 
3 bases upstream of the PAM (Jinek et al. 2012). In 
contrast, Cas12a forms a complex with the crRNA 
only, recognizes PAM 5′-TTTV-3′ (V represents A, C, 
or G) upstream of the protospacer, and cleaves about 
18  bp downstream of the PAM on the non-target 
strand, and 23  bp downstream on the target strand, 
producing staggered ends (Zetsche et al. 2015).

Its unique characteristics make Cas12a a promis-
ing tool for GE for several reasons. Firstly, the T-rich 
PAM requirement enables GE in AT-rich regions not 
accessible to Cas9. Secondly, the shorter crRNA uti-
lized by Cas12a is easier and cheaper to synthesize 
compared to the crRNA and tracrRNA molecules 
needed by Cas9 (Zetsche et al. 2015). Finally, Cas12a 
has been shown to induce higher HDR efficiency than 
Cas9 in zebrafish (Moreno-Mateos et al. 2017). While 
Cas12a has been established in model organisms such 
as zebrafish (Meshalkina et al. 2020; Fernandez et al. 
2018; Han et  al. 2022) and silkworm (Dong et  al. 
2020), as well as salmonid cell lines (Gratacap et al. 
2020), the in vivo application has yet to be reported in 
any aquaculture species. Therefore, this study aimed 
to investigate if the CRISPR/Cas12a system could 
be established as a GE tool in Atlantic salmon. To 
address this question, we targeted the pigmentation 
gene solute carrier family 45 member 2 (slc45a2) and 
microinjected salmon embryos with LbCas12a ribo-
nucleoprotein complexes (RNPs). We also injected 
RNPs in combination with a ODN FLAG template to 
assess the HDR efficiency of LbCas12a versus Cas9. 
We performed high-throughput sequencing (HTS) 
of individual larvae to determine the efficiency and 
accuracy of the integrations. To our knowledge, this 
is the first report of GE using the CRISPR/LbCas12a 
system in vivo Atlantic salmon. By implementing the 
use of LbCas12a, we expand the toolbox for editing 
the genome of this important aquaculture species.
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Materials and methods

Target site selection

Target site selection for Cas9 GE of slc45a2 is 
described in previous work (Edvardsen et  al. 2014). 
Target site selection for LbCas12a GE was done as 
follows: the gene sequence of slc45a2 was obtained 
from the Atlantic salmon reference genome assembly 
v2 on the National Center for Biotechnology Informa-
tion (NCBI) website. (GenBank: GCF_000233375.1, 
NCBI) (https:// www. ncbi. nlm. nih. gov/ gene/ 10656 
3596/: NC_027300.1 (117874712..117899795, com-
plement)). Target sites containing the PAM site 
5′-TTTV-3′ for CRISPR/Cas12a cleavage were iden-
tified using Geneious Prime software (v. 11.0.12). 
Candidate target sites were selected from the first 
exons and BLASTN (Altschul et al. 1990), available 
on the NCBI website, was used to screen for crRNA 
sequences with limited chance for off-target cleav-
age in the Atlantic salmon genome (ICSASG_v2, 
GCF_000233375.1).

crRNA and sgRNA preparation

Alt-R L.b. Cas12a crRNAs targeting slc45a2 exon 1 
and exon 2 were ordered from Integrated DNA Tech-
nologies (IDT) (Coralville, USA). Cas9 sgRNA tar-
geting slc45a2 exon 6 was synthesized as described 
in Gagnon et al. (2014) with the following exceptions: 
the QIAquick PCR Purification Kit (Qiagen) was 
used to purify the sgDNA templates, the HiScribe T7 
Quick High Yield RNA synthesis kit (NEB) was used 
for in  vitro transcription, and the RNeasy Mini Kit 
(Qiagen) was used to purify the synthesized sgRNA. 
An overview of crRNA and sgRNA sequences can be 
found in Supplementary File 1.

ODN design

ODN templates for KI using LbCas12a were designed 
based on previous studies (Straume et  al. 2021; 
Moreno-Mateos et al. 2017; Richardson et al. 2016). 
One target and one non-target strand template were 
designed asymmetrically by copying 90/36 nt from 
each side of the cut sites, with a 27–29 nt insert com-
prised of the (CG-)FLAG-TAA sequence. The CG 
addition was included when needed to keep the open 
reading frame of FLAG, whereas the stop codon TAA 

was included to ensure an albino phenotype. Finally, 
the PAM sites were mutated to avoid repeated cutting. 
ODN design for KI using Cas9 is described previ-
ously (Straume et al. 2021). ODN template sequences 
can be found in Supplementary File 1. ODNs were 
ordered from IDT (Coralville, USA).
Cas nucleases

Alt-R L.b. Cas12a (Cpf1) Ultra and Alt-R S.p. 
Cas9 Nuclease V3 were ordered from IDT (Leuven, 
Belgium).

Fertilization

Salmon eggs and sperm were obtained from Mowi 
(Askøy, Norway). The eggs were fertilized in 0.5 mM 
reduced glutathione (Sigma-Aldrich) solution (pH 
10) to prevent chorion hardening. The embryos were 
incubated for 3 + hours at 6–8 ℃ until the first cell 
was visible.

Ribonucleoprotein complex assembly

Ribonucleoprotein (RNP) complexes were assembled 
by mixing the appropriate Cas nuclease with crRNA 
or sgRNA to a final concentration of 100  ng/µL of 
both components. The RNP complexes were incu-
bated at room temperature for 20 min.

Microinjection

Glass capillaries (O.D 1.0 mm, I.D 0.50 mm, 10 cm) 
(Sutter Instrument) were pulled using a PC-100 nee-
dle puller (Narishige, Japan). Fertilized eggs were 
injected using a FemtoJet® 4i injector (Eppendorf). 
The injection mix contained the pre-formed RNP 
complex (100 ng/µL), and for the KI experiments, the 
appropriate ODN template (1.5 µM). Following injec-
tion, the eggs were incubated at 6 ℃ until sampling.

Sampling

The larvae were killed with an overdose of buffered 
MS-222: Tricaine Methane Sulfonate and sampled 
after 600–700  day-degrees. Individuals showing 
albino and mosaic pigmentation phenotypes were 
selected. A non-injected control was included. DNA 
was isolated from fin clips using the Agencourt 

https://www.ncbi.nlm.nih.gov/gene/106563596/
https://www.ncbi.nlm.nih.gov/gene/106563596/
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DNAdvance Kit (Beckman Coulter) according to the 
manufacturer’s instructions.

Library preparation

Libraries were prepared for Illumina sequencing 
using a two-step PCR protocol based on Gagnon et al. 
(2014) to assess mutation rates, and HDR efficiency 
and accuracy. The first PCR was performed using Q5 
High-Fidelity DNA Polymerase (NEB) on genomic 
DNA to amplify a fragment that covered the tar-
geted mutagenesis site. Successful amplification was 
verified by 1% agarose gel. The PCR products were 
diluted 1:4 and used as templates for a second PCR to 
barcode individual samples using primers containing 
adapters with indexes. Primers used for amplification 
of the target sites can be found in Supplementary File 
1. Equal volumes of barcoded fragments were pooled 
to form a library, which was subsequently purified 
using  the QiaQuick Gel Extraction Kit (Qiagen) 
according to the manufacturer’s instructions. The 
library was sequenced on the MiSeq platform (Illu-
mina) using MiSeq Kit v.3 with 300 bp paired-end 
reads.

Mutation analysis

Preprocessing of the sequence data was done as previ-
ously described (Straume et al. 2021). Reads retained 
after filtering were mapped to the respective refer-
ence amplicon sequences using Muscle (v. 3.8.1551) 
(Edgar 2004). The processed sequence data was ana-
lyzed with custom Python scripts and visualized with 
Geneious Prime software (v. 11.0.12). Only variants 
with more than 100 reads were included. For dele-
tion size analysis, only variants ≥ 1% were included. 
Total read counts and wild-type (WT) read counts 
were calculated for all samples. The WT counts were 
subtracted from the total read counts to find the total 
number of reads containing mutations. The numbers 
of different mutation-containing reads were subse-
quently used for calculating the integration rates.

Statistics

The D’Agostino & Pearson Normality test was used to 
assess Gaussian distribution of the data. Since some 
groups did not follow a normal distribution, non-par-
ametric tests were used. For the comparison between 

groups, we used the non-parametric Mann–Whitney 
or Wilcoxon paired tests. The tests were carried out 
using GraphPad Prism (v. 9.5.1).

Results and discussion

CRISPR/LbCas12a knock-out of slc45a2

Atlantic salmon incubate at low temperatures and 
we therefore chose to use the LbCas12a nuclease 
due to AsCas12a showing less activity at 25 ℃ com-
pared to LbCas12a in zebrafish (Moreno-Mateos 
et al. 2017), and no activity in rice (Hu et al. 2017). 
To test LbCas12a activity, we designed three differ-
ent crRNAs, one targeting exon 1 and two targeting 
exon 2 of slc45a2. Two of the crRNAs (slc45a2-ex1 
and slc45a2-ex2) were multiplexed, and one (slc45a2-
ex2-2) was injected singly. In the group injected with 
a single RNP complex, no individuals exhibited an 
albino or mosaic pigmentation phenotype at the time 
of sampling, and we concluded that crRNA slc45a2-
ex2-2 had no or very low efficiency. From the group 
injected with two RNP complexes, we sampled 19 
larvae showing albino or mosaic pigmentation phe-
notypes (Fig. 1A; Supplementary File 2, Fig. S1). A 
non-injected control was included. Experimental data 
regarding the number of individuals injected, sam-
pled, and exhibiting albino or mosaic pigmentation 
phenotypes can be found in Supplementary File 1.

HTS was used to assess the mutation rates in the 
individual samples and revealed varying efficiency 
of the two crRNAs (Fig.  1B; Supplementary File 3, 
Table  S1). crRNA slc45a2-ex1 generated an aver-
age mutation rate of 77.3% (48.3–99.1%) whereas 
slc45a2-ex2 resulted in an average mutation rate of 
16.8% (2.0–48.1%). In comparison, previous experi-
ments using Cas9 mRNA and sgRNA produced simi-
lar mutation rates to the crRNA slc45a2-ex1 (Straume 
et al. 2020, 2021). However, editing efficiencies vary 
greatly between Cas9-experiments, also when using 
the same sgRNA. Various factors such as the Cas9 
mRNA and sgRNA quality can affect the outcome. 
Furthermore, the egg quality, including survivability, 
and microinjection procedure may contribute to cre-
ating variation between experiments. The microinjec-
tion procedure involves aiming directly at the devel-
oping cell, which can be difficult due to the opaque 
nature of the eggs. The injection volume will also 
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differ between individual embryos due to the open-
ing of the needle. Taken together, our results show 
that LbCas12a is applicable as a tool for gene KO 
in Atlantic salmon, although with varying efficiency 
depending on the crRNA sequence, both within 
the same gene and even the same exon. Therefore, 
designing several crRNAs is recommended to ensure 
a high mutation rate and KO effect. This is especially 
important for salmon, where crossing out to F1 gen-
eration is impractical due to the long generation time.

CRISPR/LbCas12a-mediated HDR knock-in of 
FLAG

We used the slc45a2-ex1 crRNA in combination with 
a target or non-target strand FLAG ODN template 
(Fig.  2A) to investigate the possibilities of HDR-
mediated KI using the LbCas12a nuclease. We sam-
pled 27 individuals from the group injected with the 
target strand template and 20 individuals from the 
group injected with the non-target strand template 
(Supplementary File 2, Fig. S2 and S3).

The rate of perfect HDR occurring in individual 
larvae was assessed using amplicon sequencing data 
(Fig.  2B; Supplementary File 3, Table  S2). Perfect 
HDR was defined as the perfect integration of the 
FLAG sequence, without indels in the insert itself, 
nor up- or downstream of the insert. When calculat-
ing the perfect HDR rate in each larva, we removed 
WT reads from the total reads obtained, ending up 

with the mutated reads. This allowed us to look at 
the amount of HDR events out of the total CRISPR 
events and removed potential variation between the 
two groups due to crRNA efficiency. Individual dif-
ferences were observed; 9 out of 27 individuals in 
the group injected with the target strand template (T), 
and 14 out of 20 individuals in the non-target strand 
template (NT) group had sequence reads showing 
perfect HDR. Within these fish, the average percent-
age of perfect HDR was 9.4% (SEM 4.4%) for the 
T group and 9.7% (SEM 4.0%) for the NT group. 
Three fish from the T group and four fish from the NT 
group had perfect HDR above 10%: 17.4, 26.6, and 
34.3% for T, and 12.7, 14.7, 27.8, and 54.9% for NT. 
Taken together, we achieved perfect HDR efficiencies 
similar to what we have previously seen with Cas9 
mRNA in Atlantic salmon (Straume et al. 2021). We 
achieved high rates of perfect HDR using both target 
and non-target strand designs of the FLAG template. 
This contrasts with Moreno-Mateos et al. (2017) who 
observed almost no HDR using a target strand-ori-
ented template, although with a small number of sam-
ples (Moreno-Mateos et al. 2017). On the other hand, 
and in agreement with Moreno-Mateos et al. (2017), 
our NT group gave significantly more perfect HDR 
than the T group.

For some sequence reads, the FLAG element had 
been correctly inserted but with indels up- or down-
stream of the insert (Fig. 2B; Supplementary File 3, 
Table S2). This occurred in 6 out of 27, and 11 out 
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Fig. 1  slc45a2 knock-out using LbCas12a nuclease. A Albino 
(alb), mosaic, and wild-type (WT) phenotypes in salmon lar-
vae injected with a LbCas12a RNP complex targeting the pig-
mentation gene slc45a2. B The degree of mutation in larvae 

was assessed using amplicon sequencing (MiSeq). The per-
centage (%) of reads supporting mutations is reported for crR-
NAs slc45a2-ex1 (n = 18) and slc45a2-ex2 (n = 17). Error bars 
indicate SEM
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of 20 individuals in the T and NT group, respec-
tively. The average percentage of reads displaying 
perfect FLAG + indels was 2.7% (SEM 1.2%) in the 
T group, and 3.4% (SEM 1.7%) in the NT group. We 
have previously demonstrated that template polarity 
determines the location of indels when doing KI with 
Cas9 and symmetrical ODNs in salmon (Straume 
et  al. 2020). Later, we found that the indel location 
was determined by template polarity also when using 
asymmetrical ODNs for the dnd gene, but not for 
slc45a2 (Straume et al. 2021). In the current study, we 
had few samples displaying perfect FLAG + indels, 
but observed a trend in ODN polarity-driven indel 
positioning also for LbCas12a (Supplementary File 3, 
Table S2).

Furthermore, we observed sequence reads where 
HDR had occurred with several errors, such as par-
tially inserted FLAG or FLAG containing substitu-
tions and insertions. Imperfect HDR reads were found 
in 19 out of 27 individuals in the T group, and in 15 
out of 20 individuals in the NT group. The average of 

imperfect HDR reads in these fish were 2.9% (SEM 
0.9%) and 6.0% (SEM 1.5%) in the T and NT group, 
respectively (Supplementary File 3, Table S2).

Combining LbCas12a and Cas9

The possibility of using Cas12a and Cas9 at the 
same time could be practical both for KO and KI 
approaches. We microinjected salmon embryos with 
LbCas12a/slc45a2-ex1 RNP and non-target strand 
FLAG template in combination with Cas9/slc45a2-
ex6 RNP and target strand FLAG template. The 
FLAG sequences were in the same orientation to pre-
vent hybridization between the two different ODNs. 
A total of 29 individuals were sampled (Supplemen-
tary File 2, Fig. S4).

In addition to testing LbCas12a RNP for the first 
time in Atlantic salmon, this is also the first time 
we report using Cas9 RNP. Because the two RNPs 
were combined, we assume equivalent amounts of 
the RNPs were injected in each embryo, removing 
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Fig. 2  slc45a2 FLAG knock-in using LbCas12a nuclease. A 
Asymmetrical ODNs containing 90/36 nt from each side of 
the LbCas12a cut sites, with a 27–29 nt insert comprised of 
the FLAG sequence followed by a stop codon (TAA). Addi-
tional nucleotides (CG) were added to keep the open reading 
frame for FLAG in the non-target strand ODN. PAM sites were 
mutated to avoid repeated cutting. B Salmon embryos injected 

with a LbCas12a RNP complex and either target (T, n = 27) or 
non-target (NT, n = 20) strand ODN template design. Integra-
tion rates were assessed by amplicon sequencing (MiSeq). Per-
fect HDR: sequence reads with perfect match to the template 
sequence. Perfect FLAG + indels: reads showing integration of 
FLAG but with indels on either side of the insert. Error bars 
indicate SEM. *indicate P < 0.05, **indicate P < 0.01
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uncertainty regarding the delivery. When compar-
ing LbCas12a and Cas9, we saw that the two nucle-
ases produced similar mutation rates for the crRNA 
and sgRNA tested in this study, with an average of 
55.1% for LbCas12a/slc45a2-ex1, and 58.1% for 
Cas9/slc45a2-ex6 (Fig.  3A; Supplementary File 3, 
Table  S3). Resembling mutation efficiencies agrees 
with what has been reported previously in zebrafish 
(Meshalkina et  al. 2020). Furthermore, the num-
ber of indel variants generated by the nucleases was 
also found to be similar (Supplementary File 2, Fig. 
S5). GE is commonly used to generate KO animals 
in order to study gene function. Here, achieving a 
large deletion is preferred as it increases the chance 
of loss-of-function even if the indels lead to in-frame 
mutations. Previous studies in rice and zebrafish 
have reported that LbCas12a generates larger dele-
tions compared to Cas9 (Hu et al. 2017; Meshalkina 
et  al. 2020). As the target sites for our crRNA and 
sgRNA are located in different exons of slc45a2, we 
cannot compare the two nucleases directly. However, 
in our data we observed that an average of 63.4% of 
the LbCas12a/slc45a2-ex1-generated deletions were 
10  bp or more, whereas an average of 29.4% of the 
Cas9/slc45a2-ex6-induced deletions were 10  bp or 
more (Supplementary File 3, Table S4). Nevertheless, 
as we have only acquired deletion size data from one 
target site for LbCas12a and one for Cas9, we cannot 

conclude whether this outcome is attributed to the 
editing features of LbCas12a, or other factors such 
as the specific target sites or initiation of the micro-
homology-mediated end joining repair pathway. It is 
also worth noting that since the RNPs were multi-
plexed, they might influence each other. For example, 
we observed complete removal of the region between 
the cut sites of the two nucleases. To examine the 
extent of this large deletion, we performed PCR using 
primers targeting upstream of the LbCas12a cut site 
and downstream of the Cas9 cut site. In 8 out of 28 
samples, we observed a gel band indicating that the 
entire region of 30 kb was removed for an unknown 
proportion of the CRISPR events (Supplementary 
File 2, Fig. S6). While certain GE approaches sup-
port the generation of large deletions, the target sites 
should be carefully considered when multiplexing 
crRNAs and sgRNAs.

As for the HDR events in the co-injected individu-
als, the sequencing revealed that perfect integration 
of FLAG (regardless of indels up- or downstream 
of the insert) occurred significantly more often at 
the LbCas12a cut site compared to the Cas9 cut site 
(Fig.  3B; Supplementary File 3, Table  S3). At the 
LbCas12a cut site, 22 out of 28 samples had perfect 
FLAG integration. Within these samples, the average 
was 8.3% (SEM 3.0%) and the highest individual dis-
played 54.4% perfect FLAG. In contrast, we observed 
perfect FLAG integration in 11 out of 29 samples 
at the Cas9 cut site, with an average of 5.6% (SEM 
3.1%) and the highest individual having 33.3% perfect 
FLAG reads. Higher HDR efficiency using LbCas12a 
compared to Cas9 has previously been demonstrated 
in zebrafish, where LbCas12a in combination with 
the optimal DNA donor was found to improve HDR 
in two of four loci tested when compared to SpCas9 
(Moreno-Mateos et  al. 2017). However, our data 
includes FLAG integration only at a single locus 
using crRNA and sgRNA targeting different exons. 
Further studies are necessary to corroborate whether 
LbCas12a exhibits improved HDR efficiency com-
pared to Cas9 in Atlantic salmon.

Surprisingly, exon 1 fragments were found at the 
cut site of Cas9 in exon 6, and vice versa, exon 6 frag-
ments at the cut site of LbCas12a in exon 1. Exon 
1 fragments, likely originating from the homology 
arms of the LbCas12a-associated template, had been 
inserted into the Cas9 cut site to a greater extent than 
the other way around. In 20 out of 29 fish, an average 
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Fig. 3  slc45a2 knock-out (A) and FLAG knock-in (B) using 
LbCas12a and Cas9 nucleases. Salmon embryos were co-
injected with LbCas12a and Cas9 RNPstargeting exons 1 and 
6 of the pigment gene slc45a2, respectively, and FLAG tem-
plates. A The mutation rates were assessed by sequencing of 
the target sites. The percentage (%) of reads supporting muta-
tions is reported for LbCas12a (n = 27) and Cas9 (n = 29) 
nucleases. B The rates of perfect FLAG integration (%) calcu-
lated by dividing the perfect FLAG reads by the total number 
of mutated reads. Error bars indicate SEM. **indicate P < 0.01
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of 4.7% (SEM 1.5%) of the reads showed that exon 
1 fragments had been inserted into the Cas9 cut site. 
On the other hand, in 3 out of 27 fish, an average of 
2.3% (SEM 1.0%) of the reads showed exon 6 frag-
ments at the LbCas12a cut site (Supplementary File 
3, Table S5).

Conclusion

In the present work, we successfully applied the 
LbCas12a nuclease to KO the slc45a2 gene in Atlan-
tic salmon. Application of this nuclease brings impor-
tant advantages such as additional target opportuni-
ties, especially in AT-rich regions of the genome, 
owing to the 5′-TTTV-3′ PAM requirement. Further-
more, the deletions created by LbCas12a were larger 
than the Cas9-mediated deletions for the crRNA and 
sgRNA tested in this study, which is likely to be an 
advantage for gene KO studies. We also performed 
KI of a FLAG sequence element by using ODN 
templates together with the LbCas12a RNP, achiev-
ing perfect HDR rates of up to 54.8% in individual 
larva. Finally, when comparing larvae injected simul-
taneously with both LbCas12a and Cas9 RNPs, we 
observed similar mutation rates, but more FLAG inte-
gration at the LbCas12a cut site, suggesting improved 
KI using the LbCas12a nuclease. However, as we 
only targeted a single gene using one crRNA and 
one sgRNA, further studies are necessary to gener-
ate more data on the KI possibilities of LbCas12a in 
salmon. Establishing the use of CRISPR/LbCas12a 
expands the toolbox for GE in salmon and may also 
inspire the use of this nuclease in other non-model 
species.

Acknowledgements We would like to thank Lise Dyrhovden, 
Christine Sørfonn, and Ann-Kathrin Kroken for their assistance 
in rearing, Hanne Sannæs and Ida Kristin Mellerud for operat-
ing the MiSeq instrument, and Mowi for providing eggs and 
sperm. This study was funded by the Norwegian Research 
Council project TUNESAL (301602).

Author contributions RBE and MR designed the study. 
MR designed the crRNAs and ODNs for LbCas12a GE. AHS 
designed the ODN and prepared the gRNA for Cas9 KI. MR, 
RBE, MB, and SB performed the microinjections. MR, SB, 
and RBE collected the tissue samples. MR purified the DNA 
and prepared the Illumina MiSeq libraries. EKS performed the 
bioinformatic analysis of the sequence data. MR and RBE ana-
lyzed the results and wrote the paper. All authors have read and 
approved the final manuscript.

Funding Open access funding provided by Institute Of 
Marine Research.

Data availability All data used for calculating the different 
rates can be found in Supplementary File 3.

Declarations 

Competing interests The authors declare no competing inter-
ests.

Conflict of interest The authors declare no conflict of inter-
est.

Ethical approval All animal experiments within the study 
were conducted in accordance with the Norwegian Animal 
Welfare Act.

Open Access This article is licensed under a Creative Com-
mons Attribution 4.0 International License, which permits 
use, sharing, adaptation, distribution and reproduction in any 
medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Crea-
tive Commons licence, and indicate if changes were made. The 
images or other third party material in this article are included 
in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not 
included in the article’s Creative Commons licence and your 
intended use is not permitted by statutory regulation or exceeds 
the permitted use, you will need to obtain permission directly 
from the copyright holder. To view a copy of this licence, visit 
http://creativecommons.org/licenses/by/4.0/.

References

Altschul SF, Gish W, Miller W, Myers EW, Lipman DJ (1990) 
Basic local alignment search tool. J Mol Biol 215:403–
410. https:// doi. org/ 10. 1016/ S0022- 2836(05) 80360-2

Cleveland BM, Yamaguchi G, Radler LM, Shimizu M 
(2018) Editing the duplicated insulin-like growth fac-
tor binding protein-2b gene in rainbow trout (Oncorhyn-
chus mykiss). Sci Rep 8:1–13. https:// doi. org/ 10. 1038/ 
s41598- 018- 34326-6

Datsomor AK, Zic N, Li K, Olsen RE, Jin Y, Vik JO, Edvard-
sen RB, Grammes F, Wargelius A, Winge P (2019) 
CRISPR/Cas9-mediated ablation of elovl2 in Atlantic 
salmon (Salmo salar L.) inhibits elongation of poly-
unsaturated fatty acids and induces Srebp-1 and target 
genes. Sci Rep 9:7533–7633. https:// doi. org/ 10. 1038/ 
s41598- 019- 43862-8

Dong Z, Qin Q, Hu Z, Zhang X, Miao J, Huang L, Chen P, Lu 
C, Pan M (2020) CRISPR/Cas12a mediated genome edit-
ing enhances Bombyx mori resistance to BmNPV. Front 
Bioeng Biotechnol 8:841. https:// doi. org/ 10. 3389/ fbioe. 
2020. 00841

Edgar RC (2004) MUSCLE: multiple sequence alignment with 
high accuracy and high throughput. Nucleic Acids Res 
32:1792–1797. https:// doi. org/ 10. 1093/ nar/ gkh340

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/S0022-2836(05)80360-2
https://doi.org/10.1038/s41598-018-34326-6
https://doi.org/10.1038/s41598-018-34326-6
https://doi.org/10.1038/s41598-019-43862-8
https://doi.org/10.1038/s41598-019-43862-8
https://doi.org/10.3389/fbioe.2020.00841
https://doi.org/10.3389/fbioe.2020.00841
https://doi.org/10.1093/nar/gkh340


521Transgenic Res (2023) 32:513–521 

1 3
Vol.: (0123456789)

Edvardsen RB, Leininger S, Kleppe L, Skaftnesmo KO, 
Wargelius A (2014) Targeted mutagenesis in Atlantic 
salmon (Salmo salar L.) using the CRISPR/Cas9 system 
induces complete knockout individuals in the F0 genera-
tion. PLoS ONE 9:e108622. https:// doi. org/ 10. 1371/ journ 
al. pone. 01086 22

Fernandez JP, Vejnar CE, Giraldez AJ, Rouet R, Moreno-
Mateos MA (2018) Optimized CRISPR-Cpf1 system for 
genome editing in zebrafish. Methods 150:11–18. https:// 
doi. org/ 10. 1016/j. ymeth. 2018. 06. 014

Gagnon JA, Valen E, Thyme SB, Huang P, Ahkmetova L, Pauli 
A, Montague TG, Zimmerman S, Richter C, Schier AF 
(2014) Efficient mutagenesis by Cas9 protein-mediated 
oligonucleotide insertion and large-scale assessment of 
single-guide RNAs. PLoS ONE 9:e98186. https:// doi. org/ 
10. 1371/ journ al. pone. 00981 86

Gratacap RL, Wargelius A, Edvardsen RB, Houston RD (2019) 
Potential of genome editing to improve aquaculture breed-
ing and production. Trends Genet 35:672–684. https:// doi. 
org/ 10. 1016/j. tig. 2019. 06. 006

Gratacap RL, Jin YH, Mantsopoulou M, Houston RD (2020) 
Efficient genome editing in multiple salmonid cell lines 
using ribonucleoprotein complexes. Mar Biotechnol (NY) 
22:717–724. https:// doi. org/ 10. 1007/ s10126- 020- 09995-y

Han BZ, Zhang YG, Zhou Y, Zhang BA, Krueger CJ, Bi XT, 
Zhu ZY, Tong XJ, Zhang B (2022) ErCas12a and T5exo-
ErCas12a mediate simple and efficient genome editing 
in zebrafish. Biol Basel 11. https:// doi. org/ 10. 3390/ biolo 
gy110 30411

Hu X, Wang C, Liu Q, Yaping Fu, Wang K (2017) Targeted 
mutagenesis in rice using CRISPR-Cpf1 system. J Genet 
Genom 44:71–73. https:// doi. org/ 10. 1016/j. jgg. 2016. 12. 
001

Jiang D, Chen J, Fan Z, Tan D, Zhao J, Shi H, Liu Z, Tao W, Li 
M, Wang D (2017) CRISPR/Cas9-induced disruption of 
wt1a and wt1b reveals their different roles in kidney and 
gonad development in Nile tilapia. Dev Biol 428:63–73. 
https:// doi. org/ 10. 1016/j. ydbio. 2017. 05. 017

Jinek M, Chylinski K, Fonfara I, Hauer M, Doudna JA, Char-
pentier E (2012) A programmable dual-RNA-guided 
DNA endonuclease in adaptive bacterial immunity. Sci-
ence 337:816–821. https:// doi. org/ 10. 1126/ scien ce. 12258 
29

Kjøglum S, Henryon M, Aasmundstad T, Korsgaard I (2008) 
Selective breeding can increase resistance of Atlantic 
salmon to furunculosis, infectious salmon anaemia and 
infectious pancreatic necrosis. Aquac Res 39:498–505. 
https:// doi. org/ 10. 1111/j. 1365- 2109. 2008. 01904.x

Meshalkina DA, Glushchenko AS, Kysil EV, Mizgirev IV, 
Frolov A (2020) SpCas9- and LbCas12a-mediated DNA 
editing produce different gene knockout outcomes in 
zebrafish embryos. Genes (Basel) 11. https:// doi. org/ 10. 
3390/ genes 11070 740

Moreno-Mateos MA, Fernandez JP, Rouet R, Vejnar CE, Lane 
MA, Mis E, Khokha MK, Doudna JA, Giraldez AJ (2017) 
CRISPR-Cpf1 mediates efficient homology-directed repair 
and temperature-controlled genome editing. Nat Commun 
8:2024. https:// doi. org/ 10. 1038/ s41467- 017- 01836-2

Richardson CD, Ray GJ, DeWitt MA, Curie GL, Corn JE 
(2016) Enhancing homology-directed genome editing 

by catalytically active and inactive CRISPR-Cas9 using 
asymmetric donor DNA. Nat Biotechnol 34:339–344. 
https:// doi. org/ 10. 1038/ nbt. 3481

Simora RM, Xing D, Bangs MR, Wang W, Ma X, Su B, Khan 
MG, Qin Z, Lu C, Alston V, Hettiarachchi D, Johnson 
A, Li S, Coogan M, Gurbatow J, Terhune JS, Wang X, 
Dunham RA (2020) CRISPR/Cas9-mediated knock-in of 
alligator cathelicidin gene in a non-coding region of chan-
nel catfish genome. Sci Rep 10:22271. https:// doi. org/ 10. 
1038/ s41598- 020- 79409-5

Sommerset I, Wiik-Nielsen J, de Oliveira VHS, Moldal T, 
Bornø G, Haukaas A, Brun E (2023) Norwegian fish 
Health Report 2022. In: Sommerset I, Wiik-Nielsen J, de 
Oliveira VHS, Moldal T, Bornø G, Haukaas A, Brun E 
(eds), 218. Online: the Norwegian Veterinary Institute

Straume AH, Kjærner-Semb E, Ove Skaftnesmo K, Güralp 
H, Kleppe L, Wargelius A, Edvardsen RB (2020) Indel 
locations are determined by template polarity in highly 
efficient in  vivo CRISPR/Cas9-mediated HDR in Atlan-
tic salmon. Sci Rep 10:409. https:// doi. org/ 10. 1038/ 
s41598- 019- 57295-w

Straume AH, Kjærner-Semb E, Skaftnesmo KO, Güralp H, 
Lillico S, Wargelius A, Edvardsen RB (2021) Single 
nucleotide replacement in the Atlantic salmon genome 
using CRISPR/Cas9 and asymmetrical oligonucleotide 
donors. BMC Genomics 22:563. https:// doi. org/ 10. 1186/ 
s12864- 021- 07823-8

Thodesen J, Gjedrem T (2006) Breeding programs on Atlantic 
salmon in Norway: lessons learned

Wargelius A, Leininger S, Skaftnesmo KO, Kleppe L, Anders-
son E, Taranger GL, Schulz RW, Edvardsen RB (2016) 
Dnd knockout ablates germ cells and demonstrates germ 
cell independent sex differentiation in Atlantic salmon. 
Sci Rep 6:21284. https:// doi. org/ 10. 1038/ srep2 1284

Xing D, Su B, Li S, Bangs M, Creamer D, Coogan M, Wang 
J, Simora R, Ma X, Hettiarachchi D, Alston V, Wang 
W, Johnson A, Lu C, Hasin T, Qin Z, Dunham R (2022) 
CRISPR/Cas9-mediated transgenesis of the Masu salmon 
(Oncorhynchus masou) elovl2 gene Improves n-3 fatty 
acid content in channel catfish (Ictalurus punctatus). 
Mar Biotechnol 24:513–523. https:// doi. org/ 10. 1007/ 
s10126- 022- 10110-6

Zetsche B, Gootenberg JS, Abudayyeh OO, Slaymaker IM, 
Makarova KS, Essletzbichler P, Volz SE, Joung J, van der 
Oost J, Regev A, Koonin EV, Zhang F (2015) Cpf1 Is a 
single RNA-guided endonuclease of a class 2 CRISPR-
Cas system. Cell 163:759–771. https:// doi. org/ 10. 1016/j. 
cell. 2015. 09. 038

Zhong Z, Niu P, Wang M, Huang G, Xu S, Sun Y, Xu X, Hou 
Y, Sun X, Yan Y, Wang H (2016) Targeted disruption of 
sp7 and myostatin with CRISPR-Cas9 results in severe 
bone defects and more muscular cells in common carp. 
Sci Rep 6:22953. https:// doi. org/ 10. 1038/ srep2 2953

Publisher’s Note Springer Nature remains neutral with regard 
to jurisdictional claims in published maps and institutional 
affiliations.

https://doi.org/10.1371/journal.pone.0108622
https://doi.org/10.1371/journal.pone.0108622
https://doi.org/10.1016/j.ymeth.2018.06.014
https://doi.org/10.1016/j.ymeth.2018.06.014
https://doi.org/10.1371/journal.pone.0098186
https://doi.org/10.1371/journal.pone.0098186
https://doi.org/10.1016/j.tig.2019.06.006
https://doi.org/10.1016/j.tig.2019.06.006
https://doi.org/10.1007/s10126-020-09995-y
https://doi.org/10.3390/biology11030411
https://doi.org/10.3390/biology11030411
https://doi.org/10.1016/j.jgg.2016.12.001
https://doi.org/10.1016/j.jgg.2016.12.001
https://doi.org/10.1016/j.ydbio.2017.05.017
https://doi.org/10.1126/science.1225829
https://doi.org/10.1126/science.1225829
https://doi.org/10.1111/j.1365-2109.2008.01904.x
https://doi.org/10.3390/genes11070740
https://doi.org/10.3390/genes11070740
https://doi.org/10.1038/s41467-017-01836-2
https://doi.org/10.1038/nbt.3481
https://doi.org/10.1038/s41598-020-79409-5
https://doi.org/10.1038/s41598-020-79409-5
https://doi.org/10.1038/s41598-019-57295-w
https://doi.org/10.1038/s41598-019-57295-w
https://doi.org/10.1186/s12864-021-07823-8
https://doi.org/10.1186/s12864-021-07823-8
https://doi.org/10.1038/srep21284
https://doi.org/10.1007/s10126-022-10110-6
https://doi.org/10.1007/s10126-022-10110-6
https://doi.org/10.1016/j.cell.2015.09.038
https://doi.org/10.1016/j.cell.2015.09.038
https://doi.org/10.1038/srep22953

	In vivo CRISPRLbCas12a-mediated knock-in and knock-out in Atlantic salmon (Salmo salar L.)
	Abstract 
	Introduction
	Materials and methods
	Target site selection
	crRNA and sgRNA preparation
	ODN design
	Cas nucleases
	Fertilization
	Ribonucleoprotein complex assembly
	Microinjection
	Sampling
	Library preparation
	Mutation analysis
	Statistics

	Results and discussion
	CRISPRLbCas12a knock-out of slc45a2
	CRISPRLbCas12a-mediated HDR knock-in of FLAG
	Combining LbCas12a and Cas9

	Conclusion
	Acknowledgements 
	Anchor 22
	References




