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METHODOLOGY

A ribonucleoprotein transfection strategy 
for CRISPR/Cas9‐mediated gene editing 
and single cell cloning in rainbow trout cells
Marina Zoppo1* , Nicole Okoniewski1, Stanislav Pantelyushin2 , Johannes vom Berg2  and 
Kristin Schirmer1,3,4  

Abstract 

Background: The advent of the Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR)/Cas9 technol-
ogy marked the beginning of a new era in the field of molecular biology, allowing the efficient and precise creation 
of targeted mutations in the genome of every living cell. Since its discovery, different gene editing approaches based 
on the CRISPR/Cas9 technology have been widely established in mammalian cell lines, while limited knowledge is 
available on genetic manipulation in fish cell lines. In this work, we developed a strategy to CRISPR/Cas9 gene edit 
rainbow trout (Oncorhynchus mykiss) cell lines and to generate single cell clone-derived knock-out cell lines, focusing 
on the phase I biotransformation enzyme encoding gene, cyp1a1, and on the intestinal cell line, RTgutGC, as example.

Results: Ribonucleoprotein (RNP) complexes, consisting of the Cas9 protein and a fluorescently labeled crRNA/
tracrRNA duplex targeting the cyp1a1 gene, were delivered via electroporation. A T7 endonuclease I (T7EI) assay was 
performed on flow cytometry enriched transfected cells in order to detect CRISPR-mediated targeted mutations in 
the cyp1a1 locus, revealing an overall gene editing efficiency of 39%. Sanger sequencing coupled with bioinformatic 
analysis led to the detection of multiple insertions and deletions of variable lengths in the cyp1a1 region directed by 
CRISPR/Cas9 machinery. Clonal isolation based on the use of cloning cylinders was applied, allowing to overcome the 
genetic heterogeneity created by the CRISPR/Cas9 gene editing. Using this method, two monoclonal CRISPR edited 
rainbow trout cell lines were established for the first time. Sequencing analysis of the mutant clones confirmed the 
disruption of the cyp1a1 gene open reading frame through the insertion of 101 or 1 base pair, respectively.

Conclusions: The designed RNP-based CRISPR/Cas9 approach, starting from overcoming limitations of transfection 
to achieving a clonal cell line, sets the stage for exploiting permanent gene editing in rainbow trout, and potentially 
other fish cells, for unprecedented exploration of gene function.

Keywords: Rainbow trout (Oncorhynchus mykiss), CRISPR/Cas9, Ribonucleoprotein (RNP) complex, RTgutGC, 
Cytochrome P450
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Background
The discovery of the Clustered Regularly Interspaced 
Short Palindromic Repeats (CRISPR)/Cas as part of an 
adaptive immune system in Bacteria and Archaea [1–3], 
and their subsequent adaptation for gene editing in 
human cells and other eukaryotes, has revolutionized the 
field of molecular biology [4–6]. In comparison to other 
gene editing techniques, such as zinc finger nucleases 
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(ZFNs) and transcription activator-like effector nucle-
ases (TALENS) [7], which necessitate the design and 
generation of new proteinaceous DNA binding domains 
for every new genomic target, the type II CRISPR/Cas9 
system requires as little as two components: the Strep-
tococcus pyogenes CRISPR-associated protein 9 (Cas9) 
and a guide RNA (gRNA). This simplicity makes the 
CRISPR/Cas9 system a more convenient, cost-effective 
and flexible tool for gene editing. The gRNA comprises 
96 nucleotides, of which twenty at the 5′ end direct Cas9 
to a complementary sequence of the target genomic 
locus via Watson–Crick base pairing. The perfect com-
plementarity and the presence of a protospacer adja-
cent motif (PAM) site immediately downstream of the 
target sequence (5′-NGG-3′), allows Cas9 to induce a 
double strand break (DSB) three nucleotides before the 
PAM sequence. The DSB acts as a trigger for the activa-
tion of endogenous repair systems, which in eukaryotes 
can lead to the activation of two main mechanisms: the 
non-homologous end joining (NHEJ) and homology 
directed (HDR) repair pathways. In NHEJ, DNA strands 
are re-ligated in such a way that they include nucleotide 
insertions or deletions (indels), leading to frameshift 
mutations that commonly result in the premature termi-
nation of the encoded protein [8]. On the contrary, HDR 
uses a homologous repair template in order to introduce 
precise insertions in the gene of interest [9]. Despite its 
versatility, HDR has proven to be less efficient compared 
to the NHEJ pathway. For example, it may be necessary 
to temporarily or permanently inhibit key enzymes of the 
NHEJ pathway in order to promote the correct incorpo-
ration of the repair template at the DSB [10].

In fish aquaculture species, numerous examples of 
in vivo CRISPR/Cas9 gene editing applications exist, tar-
geting traits such as growth, sterility and disease resist-
ance. Such applications of CRISPR/Cas9 were reported in 
Oncorhynchus mykiss (rainbow trout) [11], Salmo salar 
(Atlantic salmon) [12–15], Ictalurus punctatus (chan-
nel catfish) [16–18], Labeo rohita (rohu carp) [19] and 
Cyprinus carpio (common carp) [20] (reviewed in [21]). 
In these instances, the delivery of the CRISPR/Cas9 com-
ponents was accomplished through microinjection of the 
mRNA encoding for Cas9 and a gRNA targeting the gene 
of interest into the fertilized egg.

In contrast, CRISPR/Cas9 editing in  vitro, using fish 
cell cultures, is much less explored. The overall work-
flow for CRISPR genome editing includes several steps, 
such as the design of the gRNA for targeting the gene of 
interest, cell transfection, determination of the gene edit-
ing efficiency, establishment of single-cell clones, and, 
finally, characterization of the mutant cell line(s). For 
each of these steps, there are hurdles to overcome, espe-
cially for fish cell lines, which are notorious for their low 

transfection efficiencies [22, 23]. The cell membrane, 
which constitutes one of the main barriers to gene deliv-
ery, shows unique feature in fish cells. In fact, the lower 
temperatures of incubation and the increased saturation 
of the phospholipids in the cellular membrane compared 
to mammalian cells, make the fish phospholipid bilayer 
more rigid and therefore, highly refractory to DNA entry 
[24].

The first evidence of CRISPR/Cas9 gene editing in a 
Chinook salmon (Oncorhynchus tshawytscha) cell line 
was presented in 2016 [25]. In this study, the embryonic 
cell line, CHSE-EC, which was derived from CHSE-214, 
was stably transfected to express both the enhanced 
green fluorescent protein (EGFP) and Cas9. Expres-
sion of a gRNA targeting the EGFP gene resulted in a 
gene targeting efficiency of 34.6%. The above-mentioned 
approach was employed later by the same group in a fol-
low-up study aimed at dissecting the type I and II inter-
feron signaling through stat2 gene inactivation [26]. A 
similar gene editing strategy was adopted more recently 
by Escobar-Aguirre and colleagues with the develop-
ment of an all-in-one vector for the transient expression 
of the CRISPR/Cas9 elements, again in the CHSE-214 
cell line [27]. As mentioned by the authors, only 10% of 
transfected CHSE-214 cells received the CRISPR vector, 
due to the intrinsic lower transfection efficiency of fish 
cells and most probably also because of the large size of 
the plasmid (14 Kb). Several reports on a plasmid-based 
CRISPR/Cas9 system are available in Cyprinidae fish cell 
lines, focusing on the potential application of gene edit-
ing techniques against common aquaculture viral infec-
tions, such as the cyprinid herpesvirus-3 (CyHV-3) in 
the common carp caudal fin (KF-1) cell line [28] and the 
grass carp reovirus (GCRV) in the grass carp (Ctenophar-
yngodon idella) kidney (CIK) cell line [29]. Similarly, the 
CRISPR/Cas9 technology can be employed for cost-effec-
tive production of fish vaccines. A first step towards this 
goal was achieved by Kim and colleagues with the gen-
eration of a gene edited Epithelioma Papulosum Cyprini 
(EPC) cell line able to produce high titers of viral hemor-
rhagic septicemia virus (VHSV) [30].

A valid alternative to plasmid delivery is represented 
by viruses whose natural ability to deliver nucleic acids 
inside the cells can be harnessed to introduce the gRNA 
and/or Cas9 into the cells. Adeno-associated virus (AAV), 
adenovirus (AV) and lentivirus (LV) are commonly used 
as CRISPR/Cas9 delivery tools for mammalian cell lines 
and for in vivo gene editing [31]. To date, the only exam-
ple of CRISPR/Cas9 delivery using viral vectors in fish 
cell lines is represented by the work of Gratacap and col-
leagues, where a lentivirus-based method for CRISPR/
Cas9 mediated gene editing in the CHSE-214 cell line was 
optimized, achieving a gene editing efficiency of 90% [32].
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However, despite the high transfection efficiency, sev-
eral concerns related to the usage of viral vectors have 
been raised in the last decade. Prolonged expression of 
the CRISPR/Cas9 elements leads to an increased prob-
ability of off-target effects and insertional mutagenesis 
events due to the integration of the viral DNA into the 
host genome are main drawbacks of this strategy [33]. 
By contrast, transfection of a ribonucleoprotein (RNP) 
complex consisting of the Cas9 protein combined with 
the desired gRNA avoids most of the hurdles encoun-
tered with plasmid or viral delivery. The direct delivery 
of RNPs, on the one side, accelerates the gene editing 
kinetics [34] and, on the other side, mitigates the off-tar-
get effects due to the rapid degradation of Cas9 [34–36]. 
Moreover, owing to the DNA-free nature of the RNP 
approach, potential transgene insertions are avoided. 
RNP transfection has been successfully applied for the 
first time in medaka (Oryzias latipes) fish cells with a 
reported mutation efficiency of 61.5% [37]. Moreover, a 
CRISPR/Cas9 approach based on RNP transfection has 
recently been developed for different salmonid cell lines 
of Atlantic salmon (SHK-1 and ASK), Rainbow trout 
(RTG-2) and Chinook salmon (CHSE-214) with gene 
editing efficiencies of over 90% [22]. Due to the slow 
growth nature of salmonid cells and intrinsic difficul-
ties in isolating clonal fish cell lines [23], clonal expan-
sion of mutated SHK-1 cells was unsuccessful, and single 
cell cloning of the remaining cell lines used in the study, 
rainbow trout included, was not performed [22]. How-
ever, for later phenotypic analysis, the establishment of 
a clonal cell population is a prerequisite, especially when 
dealing with low gene editing efficiencies.

Several methods are available for the generation of 
monoclonal cell lines. One cost-effective yet labor-inten-
sive technique, which has been used for decades for the 
production of hybridomas [38], is represented by the lim-
iting dilution method. This method relies on the dilution 
of the heterogeneous population and the statistical prob-
ability of depositing a single cell per well. An alternative 
and commonly used method to achieve single cell cloning 
is by using fluorescence-activated cell sorting (FACS) [39] 
or, less frequently, more sophisticated technologies such 
as Laser Capture Microdissection (LCM) [40], microflu-
idic devices [41, 42] and Magnetic-Activated Cell Sorting 
(MACS) [43]. Before the advent of automated single cell 
isolation methods, the use of cloning cylinders, together 
with the limiting dilution method, represented one of the 
most important approaches for the production of clonal 
cell lines [44–47].This approach has been recently used 
for the establishment of human multipotent progenitor 
cells [48] and the isolation CRISPR edited mammalian 
cell lines [49]. However, single clone isolation by means 
of cloning cylinders in fish cells has not yet been reported.

FACS and limiting dilution methods have been suc-
cessfully used to generate single cell clones following 
CRISPR-mediated gene editing experiments in carp [30], 
grass carp [29], medaka [37] and chinook salmon [26] 
fish cell lines. When clonal isolation was not performed, 
gene editing was validated by amplification of the gene 
of interest by polymerase chain reaction (PCR), insertion 
into a cloning vector and Sanger sequencing of the result-
ing recombinant plasmids [25, 28, 37]. Clonal isolation 
of gene edited rainbow trout cells has not been reported 
so far, with the exception of luciferase gene transfected 
clones of the rainbow trout gonad cell line RTG-2 by the 
limiting dilution method [50].

The intestine-derived rainbow trout cell line RTgutGC 
[51] represents the only thus far characterized intesti-
nal epithelial cell line from fish, and as a result, is widely 
used in both toxicological [52, 53] and aquaculture 
research studies [54, 55]. In the present work, a geneti-
cally engineered in  vitro model  based  on the RTgutGC 
cell line, was developed using the CRISPR/Cas9 tech-
nology. CRISPR/Cas9 editing by electroporation of RNP 
complexes allowed generating homogeneous and long-
term knock-out cell cultures that can be preserved and 
expanded for later use.  The cyp1a1 gene, encoding for 
the cytochrome P450, family 1, subfamily A, polypep-
tide 1, was chosen as first target for the generation of 
RTgutGC mutated cells. Finally, a method to isolate gene 
edited single cell clones of rainbow trout cells by means 
of cloning cylinders was developed for the first time.

Results
Electroporation of RTgutGC cells and enrichment 
of transfected cells
CRISPR/Cas9 gene editing of the cyp1a1 gene was 
accomplished in rainbow trout RTgutGC cells via elec-
troporation with RNP complexes constituted by the 
Cas9 protein and crRNA:tracrRNA-ATTO™550 duplex. 
Figure  1a shows a schematic representation of the RNP 
preparation. Among all the candidates generated by the 
web tool CHOPCHOP [56], as listed in Additional file 1: 
Table S1, the crRNA selected for this study had the high-
est efficiency score among the sequences located in the 
first exon of the cyp1a1 gene and the lowest self-comple-
mentarity score. The analysis of the selected crRNA indi-
cated a putative off-target site in cyp1a3, a gene belonging 
to the CYP1A subfamily and sharing 96% nucleotide 
identity with cyp1a1. Nevertheless, the presence of a sin-
gle base pair mismatch in the PAM-proximal region sug-
gested that the off-target cleavage might be abolished. 
Following 48 h of recovery post electroporation, enrich-
ment of transfected cells was performed through FACS, 
sorting the ATTO™ 550 positive cells in a 96-well plate. 
Cells subjected to RNPs but without electroporation 



Page 4 of 15Zoppo et al. Cell Biosci          (2021) 11:103 

were used as background controls and were analyzed 
first. A high background of ATTO™ 550 positive cells 
was detected, suggesting an unspecific binding of either 
the RNPs or the fluorophore to the RTgutGC cell surface 
(Additional file  1: Fig. S1). The analysis of this control 
allowed to appropriately set the gates for the isolation of 
bona fide transfected cells. As a direct consequence, only 
2.2% of strongly positive transfected cells were selected 
during FACS. Despite numerous attempts, clonal expan-
sion of RTgutGC cells after FACS failed. According to a 
purposefully performed titration experiment (Additional 
file  1: Fig. S2), a minimum amount of 2000 transfected 
cells per well was required to be sorted in a flat bottom 
96-well plate, to yield a confluent monolayer following 

three weeks of incubation. Transfected cells were pas-
saged sequentially to increasingly bigger cell-culture well 
plates and the genomic DNA was extracted for genotyp-
ing. An overview of the gene editing approach is depicted 
in Fig. 1b.

Evaluation of the gene editing efficiency of cyp1a1
To detect mutations induced by the CRISPR/Cas9 sys-
tem in the cyp1a1 gene, a T7E1 assay was performed. 
A schematic representation of the T7E1 assay workflow 
is illustrated in Fig.  2a. Genomic DNA of RNP trans-
fected and untransfected RTgutGC cells was extracted 
and the cyp1a1 locus amplified by PCR. If NHEJ repair 
events occurred following Cas9 DSB, denaturation and 

Fig. 1 Ribonucleoprotein (RNP) complex transfection in RTgutGC cells. a Overview of the ribonucleoprotein (RNP) complex preparation. 
Alt-R®crRNA and Alt-R®tracrRNA-ATTO™ 550 are combined at equimolar concentration. Once the duplex crRNA and tracrRNA is formed, 
Streptococcus pyogenes Cas9 protein is added in order to form the RNP complex. b Overview of the CRISPR/Cas9 gene editing strategy workflow. 
Briefly, RNP complexes targeting rainbow trout cyp1a1 were transfected in RTgutGC cells via electroporation using the NEPA21 electroporator. 
Following 48 h of recovery, transfected RTgutGC cells were sorted via FACS using the ATTO™ 550 signal and incubated in a 96 well plate. T7 
endonuclease assay and ICE analysis were performed in order to evaluate the overall gene editing efficiency and the nature of the CRISPR/
Cas9-induced mutations, respectively. Finally, clonal cell isolation was obtained through low cell density seeding and colony isolation using cloning 
cylinders. Created with https:// biore nder. com

https://biorender.com/
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re-annealing of the PCR products will lead to the for-
mation of wild type and heteroduplex PCR amplicons. 
T7 endonuclease I recognizes and cleaves non-perfectly 
matched DNA sequences contained in heteroduplexes. 
As shown in Fig.  2a, low molecular weight DNA bands 
of the correct size, corresponding to the heteroduplex 
digestion products, were detected when cyp1a1 ampli-
cons from RTgutGC transfected cells were analyzed. 
Evaluation of the intensity of the DNA bands revealed 
a gene editing efficiency of the cyp1a1 locus of around 
39%. As expected, cyp1a1 amplicons derived from 
untransfected cells produced one DNA band correspond-
ing to the uncut wild type product. No cleavage products 
were detected when the closely related gene, cyp1a3, 
was amplified from RNP transfected and untransfected 
RTgutGC cells. Overall, the T7E1 assay results clearly 
suggested that gene editing occurred in the cyp1a1 locus 
when RNP complexes were transfected in RTgutGC 
cells. Moreover, the absence of digestion products of the 
cyp1a3 amplicon confirmed the specificity of the crRNA 
selected for the RNP strategy.

Sanger sequencing and Inference of CRISPR Edits
The cyp1a1 DNA region targeted by the RNP com-
plexes was amplified from transfected and untrans-
fected RTgutGC cells and subjected to Sanger 
sequencing. Sequencing results further confirmed editing 
of the cyp1a1 gene. More specifically, the analysis of the 
electropherograms produced from the sequencing of the 
RNP transfected cells indicated overlapping peaks in the 
region targeted by the crRNA. This finding suggests that 
multiple indels occurred at the Cas9 cutting site (Fig. 2b). 
On the contrary, sequencing of the untransfected cells 
yielded clean and evenly spaced peaks. In order to assess 
the nature and frequency of the different types of edits 
present in a population of mixed wild type and mutated 
cells compared to the wild type cells, the free bioinfor-
matics tool Inference of CRISPR Edits (ICE) was used. As 
shown in Fig. 2c, analysis of the Sanger sequencing data 
obtained from RTgutGC transfected cells indicated the 
presence of indels of variable lengths (from − 5 nucleo-
tides to + 1 nucleotides) detected at the Cas9 cutting site 

and therefore compatible with the NHEJ repair pathway. 
The overall percentage of editing detected by the ICE 
tool was 34%. An  R2 value of 0.98 indicated a good cor-
relation between the Sanger sequence data and the indel 
distribution proposed by the ICE tool.

Clonal cell isolation of gene‑edited RTgutGC cells 
via colony isolation
Despite numerous attempts, clonal cell isolation of 
RTgutGC cells via FACS or through a serial dilution 
method failed (data not shown). To overcome this obsta-
cle and isolate pure CRISPR-edited clones of cyp1a1, 
we proceeded with low density seeding of ATTO™ 550 
enriched cells (600–1200 cells/well) in 6-well plates fol-
lowed by colony isolation using cloning cylinders.

Micrographs taken after 5, 14 and 21  days were 
acquired to detect single, isolated colonies (Fig.  3a). 
Once these colonies were large enough (300–400 cells), 
they were carefully isolated with the cloning rings and 
placed in wells of 96-well plates. Cells were allowed to 
recover in these 96-well plates for 3 weeks and were then 
propagated step-by-step into bigger well plates. Sanger 
sequencing of 15 randomly selected colonies led to the 
identification of two mutant clones, named cyp1a1_
mutA and cyp1a1_mutB, respectively, bearing mutations 
in the cyp1a1 locus. Sequencing results of the remaining 
colonies indicated 5 clones bearing the wild type cyp1a1 
gene and 8 colonies yielding mixed electropherogram 
signals in the cyp1a1 region targeted by the RNP com-
plexes. As shown in Fig. 3b, a 1 bp and 101 bp insertion, 
respectively, were identified three nucleotides before the 
PAM sequence. Both insertions in cyp1a1_mutA and 
cyp1a1_mutB mutants caused a frameshift of the cyp1a1 
open reading frame (ORF), resulting in the generation 
of several premature stop codons. The first premature 
stop codons were located 768 and 642 nucleotides after 
the ATG, in cyp1a1_mutA and cyp1a1_mutB, respec-
tively. Interestingly, analysis of the 101  bp insertion in 
cyp1a1_mutB revealed two homology regions of respec-
tively 44 bp and 39 bp, in the closely related cyp1a3 gene 
(Fig. 3c). Sequencing of the only predicted off-target site 

(See figure on next page.)
Fig. 2 T7 endonuclease I (T7E1) assay and ICE analysis of RTgutGC transfected cells. a Left panel shows a schematic representation of the T7E1 
assay. Right panel shows the results of the T7E1 assay visualized on an Agilent Bioanalyzer DNA High Sensitivity chip. 1: cyp1a1 from RNP transfected 
RTgutGC cells; 2: cyp1a1 from untransfected RTgutGC cells; 3: cyp1a3 from transfected RTgutGC cells; 4: cyp1a3 from untransfected RTgutGC cells; 5: 
T7E1 assay positive control. Uncut and cleaved fragments, corresponding to the cyp1a1 wild type sequence and indels, respectively, are indicated 
with dashed lines. Gene editing efficiency is reported above each lane as percentage (%). b Sanger sequencing results of wild type (upper panel) 
and transfected (lower panel) RTgutGC cells. gRNA and PAM position are indicated by the purple and pink boxes, respectively. Cas9 cutting sites 
are indicated by vertical red lines. c Output of ICE analysis of the RNP transfected cells. The type of insertions and deletions (indels) detected in the 
analyzed sample and their respective frequencies are indicated on the left side. On the right side, the cyp1a1 wild-type and edited sequences are 
aligned. Dashed line indicates the Cas9 cutting site. Created with https:// biore nder. com

https://biorender.com/
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in the cyp1a3 gene did not show any differences between 
cyp1a1_mutA and cyp1a1_mutB mutants and wild type 
RTgutGC cells.

Clonality assessment of cyp1a1 gene‑edited cells
To confirm clonality of both cyp1a1_mutA and cyp1a1_
mutB cell lines, the DNA region targeted by the crRNA 
was amplified using primers containing engineered 
SmaI restriction sites. The purified PCR products and 
pBluescript vector were digested with SmaI, ligated and 
transformed in competent E. coli cells. Screening of the 
ampicillin resistant colonies was performed via colony 
PCR and plasmid DNA (pDNA) extracted from the posi-
tive colonies. The sequencing results from 16 recombi-
nant E. coli colonies, obtained for each cyp1a1_mutA and 
cyp1a1_mutB mutant cell line, indicated 1 bp and 101 bp 
insertion respectively, confirming the clonality of both 
the mutant cell lines and the robustness of the cloning 
cylinder isolation method (Fig. 4).

Discussion
In this work we developed a CRISPR/Cas9 approach 
for gene editing of a rainbow trout cell line, RTgutGC, 
together with a method for clonal cell isolation of CRISPR 
edited rainbow trout cells. First, the most suitable param-
eters for the electroporation of RTgutGC cells were iden-
tified through an optimization experiment, in which 
voltage and duration of pulses were assessed. According 
to the results obtained, 150 V and 5 ms long pulses were 
the most suited parameters and therefore were selected 
for the transfection of RTgutGC cells. ATTO™ 550 
labeled RNP complexes targeting a specific 20 nucleo-
tide region located in the first exon of the cyp1a1 gene 
were transfected via electroporation in the RTgutGC cell 
line. The choice of using a dual crRNA/tracrRNA format 
over the chimeric gRNA does not affect the gene edit-
ing performance, as already reported by studies aimed 
at comparing CRISPR/Cas9 efficiency using the two for-
mats [57, 58]. FACS analysis of the background control, 
represented by untransfected RTgutGC cells incubated 
with fluorescently labeled RNP complexes, revealed a 
high percentage of cells displaying an ATTO™ 550 sig-
nal, indicating an unspecific interaction of either the RNP 
complexes or the dye with the surface of RTgutGC. This 
control allowed us to distinguish between untransfected 
and transfected cells. As reported by Liu and colleagues, 

electroporation of ATTO™ 550-labeled RNP complexes 
in medaka fish cell lines resulted in more than 90% trans-
fected cells [37], however, the lack of a background con-
trol included in their experimental settings prevented 
the comparison with our results. The T7 endonucle-
ase (T7E1) assay performed on the cyp1a1 gene ampli-
fied from transfected cells indicated that gene editing 
occurred in the region of the DSB induced by Cas9. Anal-
ysis of the DNA band intensities revealed a gene editing 
efficiency of 39%. Due to the high degree of similarity 
between the selected crRNA and a region of the cyp1a3 
gene, the T7E1 assay was performed also on this gene. No 
additional DNA bands were observed when the cyp1a3 
gene was amplified from transfected cells, indicating that 
no off-target events occurred.

Comparison between the selected crRNA for cyp1a1 
mutagenesis and the potential off-target sequence in 
the cyp1a3 gene indicated a single mismatch located six 
nucleotides before the PAM sequence. It is known that 
mismatches within the so-called “seed region” of the 
protospacer comprising 10 nucleotides proximal to the 
PAM site, are more likely to abolish target cleavage [59]. 
Therefore, it is tempting to hypothesize that the single 
mismatch in the cyp1a3 region targeted by our crRNA 
was not tolerated by the CRISPR/Cas9 system and did 
not result in a Cas9 mediated cleavage in this gene.

Transfected RTgutGC cells were further investigated 
through Sanger sequencing of the cyp1a1 locus. Mixed 
sequencing chromatograms were detected surrounding 
the DSB site, usually resulting from the superposition 
of different mutation profiles. In the absence of a donor 
template homologous to the sequence surrounding the 
cleavage, the DSB created by Cas9 is usually repaired 
using the NHEJ pathway, which seals the DNA break 
by randomly introducing indels [4, 60, 61]. Because of 
the unpredictability of the NHEJ pathway, and since 
this pathway repairs the DNA gap in a different way in 
each cell, the analysis of the sequencing results could 
not reveal any information regarding the genotype of 
the transfected cells. A quick approach to quantitatively 
assess the nature of the CRISPR edits when dealing with 
mixed cell populations utilizes gene editing analysis tools 
such as TIDE (Tracking of Indels by Decomposition) [62, 
63] or ICE [64]. Using Sanger sequencing data, the ICE 
algorithm estimates the overall gene editing efficiency, as 
well as listing the profiles of the CRISPR edits and their 

Fig. 3 Isolation of RTgutGC clonal cell lines and sequencing results CRISPR/Cas9-gene edited cells. a Micrographs of RTgutGC colonies taken after 5, 
14 and 21 days post low density seeding. b cyp1a1 sequencing results of cyp1a1_mutA (upper panel) and cyp1a1_mutB (lower panel) gene-edited 
clones indicating 1 bp and 101 insertions, respectively. The gRNA position within cyp1a1 gene sequence is schematically indicated below each 
sequencing result. c Schematic representation of the homology between the 101 bp insertion (blue rectangle) found in the targeted region of 
cyp1a1 in the cyp1a1_mutB mutant cell line and the closely related gene cyp1a3 (dashed blue rectangles)

(See figure on next page.)
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relative abundance. Deconvolution analysis using the 
ICE tool indicated an overall gene editing efficiency of 
34%, mostly constituted by 1  bp insertions. Nucleotide 
deletions ranging from -1 to -5 were also detected even 
though with lower frequency. Despite the fact that these 
values do not denote a high gene editing efficiency, in 
our experience the CRISPR/Cas9 gene editing approach 
developed in this study allows for higher gene editing 
efficiencies, close to 100%, when the target locus was 
changed (unpublished data). Further optimization of the 
crRNA can be achieved by combining different predic-
tion programs or by performing in vitro gRNA validation 
[65]. In addition to the crRNA specificity, other factors, 
such as the target location in the genome and the epige-
netic accessibility, can influence Cas9 cleavage perfor-
mance. For example, nucleosomes, which constitute the 
basic structural units of the chromatin, are known to 
represent an impediment for Cas9 activity both in vitro 
and in vivo [66]. Moreover, CRISPR/Cas9 gene editing is 
significantly hampered if the target sequence is located in 
a heterochromatic region of the genome, highly packed 
and transcriptionally inactive [67]. It is possible that all of 
these factors, together with the selected crRNA, may have 
influenced the outcome of the cyp1a1 gene targeting.

Because of the randomness of indels caused by the 
NHEJ pathway, different mutations in each cell can 
arise following the CRISPR/Cas9-mediated cleavage 
of the gene of interest. Moreover, indels can occur in-
frame, resulting in a still partially functional protein. 

The coexistence of mutant and wild type cells express-
ing semi-functional or functional proteins, respec-
tively, can represent an obstacle to the phenotypical 
characterization of the mutant cell lines, preventing 
the full understanding of the biological role of the pro-
tein. Finally, for any given target of interest it is not 
always possible to reach high gene editing efficiencies. 
For the above-mentioned reasons, it is imperative to 
derive clonal cell lines from the mixed transfected cell 
population.

Isolation of clonal RTgutGC cell lines via limiting dilu-
tion method or FACS failed despite numerous attempts. 
This is not the first example of failed clonal cell isolation 
in a fish cell line. In a recent study published by Grata-
cap and colleagues, describing CRISPR/Cas9 gene edit-
ing in multiple salmonid cell lines, single cell isolation 
of the head kidney Atlantic salmon cell line (SHK-1) was 
unsuccessful [22]. Several factors may be responsible for 
this behavior. These include the slow growth of the cell 
line and the need of growth factors released by other 
cells in culture, which is impossible to achieve when 
performing single cell cloning. A cost-effective method 
to avoid the latter obstacle is to seed the heterogeneous 
CRISPR-edited cell population at low density and isolate 
the colonies using cloning cylinders. Using this method, 
we achieved the isolation of two clonal RTgutGC cell 
lines bearing mutations in the cyp1a1 gene. This is the 
first report of a clonal CRISPR edited cell line in rainbow 
trout and it sets the stage for future clonal isolation of 

Fig. 4 cyp1a1_mutA and cyp1a1_mutB clonality assessment. Upper and lower panels show the sequencing results obtained from 16 colonies 
following cloning of the cyp1a1 gene from cyp1a1_mutA and cyp1a1_mutB, respectively, into pBluescript KS+. The 20 nucleotide sequences 
targeted by the crRNA is highlighted in grey, PAM sequence is highlighted in black, inserted sequences are highlighted in pink. All sequenced 
plasmids showed the expected genetic mutation in the cyp1a1 region targeted by the crRNA
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gene edited rainbow trout and potentially other fish cell 
lines.

Compared to the parental heterogeneous population 
from which they originated, Sanger sequencing of the 
two CRISPR edited colonies, called cyp1a1_mutA and 
cyp1a1_mutB, yielded clean electropherogram peaks 
indicating 1 bp and 101 bp insertions, respectively. Inter-
estingly, insertions of 1 bp were primarily recovered via 
ICE analysis in heterogeneous populations of rainbow 
trout gonad cell line (RTG-2) following electropora-
tion of RNP complexes [22]. By contrast, repair of Cas9 
induced DSB in cyp1a1_mutB led to a 101 bp sequence 
insertion with high degree homology with a similar 
region in cyp1a3. This repair pattern denotes the inter-
vention of a repair mechanism different from the NHEJ 
and is compatible with the synthesis-dependent strand 
annealing (SDSA) pathway, a type of homologous recom-
bination which occurs when one of the 3′ overhang of 
the DSB anneal and invade a complementary sequence 
which serves as template [68]. The SDSA pathway is 
also known for the ability of “capturing” and duplicating 
DNA sequences during the DSB repair [68]. The copied 
DNA can belong to extra chromosomal regions, such 
as plasmid or mitochondrial DNA [69], chromosome 
regions close to the breaking point [70] or, like in the 
case of cyp1a3, to regions located on another chromo-
some [70]. The sequence of cyp1a3 identified as potential 
off target site during crRNA selection was sequenced in 
both cyp1a1_mutA and cyp1a1_mutB mutant cell lines. 
Sequencing results did not show any difference between 
the cyp1a1 mutants and wild type RTgutGC cell line, 
further confirming the specificity of our RNP approach. 
Finally, in order to confirm the clonal isolation from a 
single progenitor cell, the cyp1a1 gene was amplified 
from both CRISPR mutant cell lines and subcloned into 
the pBluescript SK+ plasmid. Transformation of the 
resulting vector into competent E. coli cells and sequenc-
ing of recombinant colonies confirmed the clonality of 
the obtained cell lines and the robustness of the colony 
isolation method.

Conclusions
We developed a gene editing approach based on the 
CRISPR/Cas9 system in the intestinal rainbow trout 
(Oncorhynchus mykiss) cell line, RTgutGC. RNP com-
plexes consisting of Cas9 and crRNA:tracrRNA duplex 
and targeting the cyp1a1 gene were delivered via elec-
troporation. Moreover, a method for clonal cell isolation 
based on cloning cylinders was used for the first time for 
rainbow trout cells. By applying this strategy, we success-
fully overcame the hurdles related with single cell cloning 
and identified two cyp1a1 mutant clones. These clones 
have been preserved in liquid nitrogen from which they 

could be recovered for continued culture. Overall, the 
clonal cyp1a1 mutant cell lines obtained in this study 
provide an excellent model to CRISPR/Cas9 gene edit 
and characterize the function of genes in rainbow trout. 
The establishment of a CRISPR/Cas9 platform for the 
precise editing of single genes also represents the first 
essential step required for the upgrade of a gene editing 
technology towards high-throughput studies, such as 
pooled and arrayed CRISPR screenings, which are cur-
rently revolutionizing diverse fields of biological sciences 
but have not yet been adapted in fish cell lines [71, 72].

Material and methods
Cell culture and media
The rainbow trout intestinal cell line, RTgutGC, origi-
nates from the distal intestine of a female rainbow trout 
(Oncorhynchus mykiss) [51]. Cells were routinely grown 
in 75   cm2 or 150   cm2 flasks (TPP, Trasadingen, Switzer-
land) in complete medium consisting of Leibovitz’s L-15 
without phenol red (Invitrogen, Basel, Switzerland), sup-
plemented with 5% fetal calf serum (FCS, Eurobio, Les 
Ulis, France) without the addition of antibiotics. The 
RTgutGC cells were cultured at 19 ± 1  °C in ambient 
atmosphere in the dark and sub-cultured every 7–10 days 
by washing the cells twice with Versene (Invitrogen, 
Basel, Switzerland) followed by trypsinization (Biowest, 
Nuaillé, France).

Design of crisprRNA (crRNA) and preparation 
of ribonucleoprotein (RNP) complexes
The rainbow trout gene, cyp1a1, encoding for the 
Cytochrome P450, family 1, subfamily A, polypeptide 
1, was selected as target for establishing the CRISPR/
Cas9 gene editing strategy. A two-part gRNA version, 
comprised of a variable CRISPR RNA (crRNA), comple-
mentary at the 5’ end to the 20-nt-long genomic target 
sequence, in combination with a constant trans-activat-
ing CRISPR RNA molecule (tracrRNA), was utilized for 
cyp1a1 targeting. crRNA design was performed using 
the CHOPCHOP online tool (https:// chopc hop. cbu. uib. 
no/), giving the priority to those targeting the first half 
of the coding sequence and with the highest on-target 
score. Other factors taken into considerations were the 
presence of potential off targets in the rainbow trout 
genome, the GC content, which should be between 40 
and 70% [73, 74], and the self-complementarity of the 
selected crRNA sequence with the tracrRNA that might 
hinder the targeting of the gene of interest. The selected 
sequence for cyp1a1 targeting (5′-CCG CCA TAT TGT 
CGT ATC GG-3′) was purchased from IDT as crRNA 
in its proprietary Alt-R format (IDT, Coralville, IA, 
USA). ATTO™ 550-labeled transactivating RNAs (Alt-
R®tracrRNA-ATTO™ 550, catalog number: 1072532) 

https://chopchop.cbu.uib.no/
https://chopchop.cbu.uib.no/
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was likewise purchased from IDT. The dual crRNA/trac-
rRNA system was chosen over the single gRNA in order 
to benefit from a fluorescently-labeled tracrRNA which 
will allow, in the following steps, FACS based enrich-
ment of the transfected cells. To generate the complete 
gRNA, Alt-R®crRNA and Alt-R®tracrRNA were recon-
stituted in nuclease-free duplex buffer (IDT) to a final 
concentration of 200 µM (Fig. 1a). Oligos were mixed at 
equimolar concentration (3 µl of Alt-R®crRNA and 3 µl 
of Alt-R®tracrRNA-ATTO™ 550) in a sterile PCR tube 
and incubated at 95 °C for 5 min followed by a cool down 
phase to room temperature (RT) for 20  min. In a PCR 
tube, 4  μl of crRNA:tracrRNA duplex were combined 
with 5  μl of Alt-R® Streptococcus pyogenes Cas9 Nucle-
ase V3 (IDT, Cat. No. 1081058) and incubated at RT for 
20 min to allow the formation of RNP complexes. Finally, 
9 μl of RNP complexes (1.2 μM crRNA:tracrRNA, 1 μM 
Cas9 nuclease) were mixed with 6  μl of electroporation 
enhancer (IDT, Coralville, IA, USA) and added to the 
RTgutGC cells prepared as described below.

RTgutGC transfection through electroporation
RTgutGC cells were transfected via electroporation using 
a NEPA21 electroporator (Sonidel limited, Ireland). 
The optimal electroporation conditions were identified 
through an optimization experiment in which RTgutGC 
cells were transfected with the plasmid pEGFP-C1-Flag 
(Addgene Plasmid #46956), a 4,7  Kb vector expressing 
the reporter gene EGFP. Voltage and duration of pulses 
were varied according to the conditions listed in Addi-
tional file 1: Table S2. Transfection efficiencies were cal-
culated using the cell image analysis software CellProfiler 
[75] and are listed in Additional file 1: Table S3. For RNP 
transfection, RTgutGC cells were seeded at a density of 
2 ×  104  cells/cm2 in 150  cm2 flasks (TPP, Transadingen, 
Switzerland) and incubated for 3 days at 19 ± 1 °C. Next, 
cells were harvested by trypsinization and washed twice 
with 5  ml of Opti-MEM™ (Invitrogen, Basel, Switzer-
land) in order to remove any residual serum. RTgutGC 
cells were then resuspended in 300  µl of Opti-MEM™ 
and mixed with the RNP complexes and electroporation 
enhancer prepared as described in the previous section. 
Finally, 100  µl of the cells-RNPs mixture was dispensed 
in three cuvettes with 2 mm gap (EC-002S, Sonidel lim-
ited, Ireland). A background, a negative and a positive 
control were prepared for each electroporation experi-
ment. More specifically, in order to take into account any 
possible unspecific ATTO™ 550 signal resulting from the 
unspecific binding of the RNP-fluorophore complex to 
the cell surface, a background control was included by 
adding the same amount of RNP complexes to untrans-
fected RTgutGC cells. A negative control, represented by 
untransfected cells, and a positive control represented by 

RTgutGC cells electroporated with mRFP-C1 (Addgene 
plasmid #54,764), were added, respectively. The elec-
troporation system was set with the following param-
eters: (i) poring pulse: 150  V, 5  ms pulse length, 50  ms 
pulse interval, 2 pulses, 20% D. rate, + polarity; (ii) trans-
fer pulse: 20 V, 50 ms pulse lenght, 50 ms pulse interval, 
5 pulses, 40% D. rate, ± polarity. Immediately after elec-
troporation, 200  µl of L-15 medium supplemented with 
10% FCS were added to the electroporation cuvette. The 
cell suspension was then transferred into a 12 well plate 
(Greiner Bio-One, Kremsmünster, Austria) containing 
500 µl of L-15 medium supplemented with 10% FCS and 
incubated for 48  h at the conditions described for cell 
culture above for recovery.

Fluorescence‑activated cell sorting
Following 48  h of recovery, transfected cells were 
enriched via FACS using ATTO™ 550 signal. More spe-
cifically, cells were washed twice with 1  ml of Versene 
and then detached with 150  µl of trypsin. Following 
3 min of incubation, trypsin was inhibited by adding 1 ml 
of complete L-15 medium. Cells were collected in a tube, 
centrifuged at 500g for 5 min and washed twice with 1 ml 
of Versene. The cell suspension was finally resuspended 
in 300 µl of L-15 complete medium and filtered through a 
35 μm cell strainer cap (Falcon, USA) in order to remove 
cell clumps. FACS was performed on BD FACSAria III 
(BD) using 130  μm nozzle. Sorted cells were recovered 
in a 96 well plate (Greiner Bio-One, Kremsmünster, Aus-
tria) containing 200  µl of L-15 medium supplemented 
with 10% FCS and conditioned medium in order to facili-
tate RTgutGC cell attachment and survival following 
FACS. Conditioned medium was prepared on the day 
of sorting by harvesting spent complete medium from 
RTgutGC cells grown for 3  days. The medium was fil-
tered with 0.2-micron syringe filter (Minisart-Plus, Sigma 
Aldrich, Germany) in order to remove dead cells or 
debris and added to the 96 well plate at a final concentra-
tion of 5%. Sorted cells were incubated at the conditions 
described for cell culture for 3 weeks and then passaged 
gradually into plates with larger well sizes.

T7 Endonuclease I (T7E1) assay
In order to evaluate the overall gene editing efficiency, a 
T7 endonuclease (T7E1) assay was performed. Genomic 
DNA was extracted from transfected and untransfected 
RTgutGC cells using DirectPCR® Lysis Reagent-cell (Via-
gen Biotech, California, USA) following manufacturer’s 
instructions. The cyp1a1 region targeted by the crRNA 
was amplified using GoTaq DNA polymerase (Promega 
AG, Switzerland) with primers CYP1A1_EF/CYP1A1_ER 
(Additional file  1: Table  S4), yielding a DNA fragment of 
1086 bp. The PCR product was purified using the MinElute 
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PCR Purification Kit (Qiagen, Hilden, Germany) and quan-
tified using a Nanodrop Spectrophotometer (NanoDrop®, 
ND-1000, ThermoFischer, USA).

Because of the similarity between the selected crRNA and 
a region of the cyp1a3 coding gene, T7E1 assay was per-
formed also on this gene. More specifically, amplification 
of cyp1a3 gene from untransfected and transfected cells 
was performed using primers CYP1A3_EF/CYP1A3_ER, 
yielding a PCR product of 892 bp. Purification and quan-
tification of the PCR product was performed as described 
above for cyp1a1. Finally, as positive control for the T7E1 
assay, a mixed PCR amplicon obtained by combining a wild 
type template with the equivalent amplicon from a known 
mutant template was included. For the T7E1 assay, 200 ng 
of PCR product was first heated, then cooled down to room 
temperature to allow heteroduplex formation as follows: 
95  °C for 5  min, from 95° to 85  °C at − 2  °C per second, 
from 85° to 25 °C at − 0.1 °C per second. Then, 10 units of 
T7E1 enzyme (New England Biolabs, Massachusetts, USA) 
were added and the sample incubated at 37 °C for 15 min. 
At the end of the incubation period, the enzymatic reac-
tion was stopped by adding 1.5 µl of 0.25 M EDTA. Prod-
ucts from the mismatch assay were examined using the 
2100 BioAnalyzer on a High Sensitivity DNA Chip (Agilent 
Technologies, California, USA). Gel preparation and frag-
ments analyses were performed following manufacturer’s 
instructions. The estimated percentage of gene editing was 
calculated according to the following formula:

More specifically the fraction cleaved was defined as 
(concentration of digested products) / (concentration of 
digested products + undigested parental band).

Sequencing of cyp1a1 gene and Interference of CRISPR 
Edits analysis
The cyp1a1 region targeted by the crRNA was ampli-
fied through PCR and purified as described above. Wild 
type and transfected cyp1a1 PCR products were Sanger 
sequenced (Microsynth, Balgach, Switzerland) using prim-
ers CYP1A1_EF/CYP1A1_ER. In order to assess the nature 
and frequency of the CRISPR-mediated edits, Sanger 
sequencing data were analyzed using the online tool ICE 
(Synthego, ICE Analysis; https:// ice. synth ego. com).

Clonal cell isolation of RTgutGC cells and Sanger 
sequencing
In order to clonally isolate cyp1a1 mutant cell lines, 
transfected RTgutGC cells were seeded at a low den-
sity of 600–1200 cells/well in a 6-well plate (Greiner 
Bio-One, Kremsmünster, Austria) with L-15 medium 

%gene editing efficiency = 100× (1−
√

1− fraction cleaved)

supplemented with 10% FCS. Following incubation 
under regular cell culture conditions for one week, each 
well was examined for the presence of healthy and iso-
lated colonies. The plate was incubated for approxi-
mately 3  weeks with a medium change once a week. 
Small or branched colonies with irregular shapes were 
avoided as they might not be clonal or have growth 
defects. Once the colony of interest reached the size of 
approximately 300–400 cells, it was isolated as follows. 
The growth medium from each well was discarded and 
cells washed twice with 1 ml of Versene. Bel-Art™ Clon-
ing Cylinders (Fisher Scientific, Hampton, USA) with a 
diameter of 4.7 mm were picked using sterile forceps and 
gently pressed in autoclave-sterile Dow Corning®976  V 
silicone high vacuum grease (Corning, New York, USA). 
The cylinder was gently placed over the colony of inter-
est and pressed using the forceps in order to create a seal 
between the plate and the cylinder. About 10 μl of trypsin 
were added to the cylinder and incubated for a maximum 
of 3 min. Following incubation, a few drops of complete 
growth medium were added to the cylinder in order to 
stop the enzymatic digestion. The cell suspension was 
gently aspirated and transferred in a well of a 96-well 
plate (Greiner Bio-One, Kremsmünster, Austria) con-
taining L-15 medium supplemented with 10% FCS. The 
cylinder was rinsed with additional medium in order to 
collect any remaining cells. The 96-well plate was incu-
bated at regular culture conditions and half the medium 

changed once a week. Cells were gradually sub-cultured 
into bigger well plates until reaching the 6-well plate 
stage. Genomic DNA extraction and subsequent ampli-
fication of the cyp1a1 gene via PCR was performed for 
each isolated colony as previously described. Detection 
of mutation in the cyp1a1 gene was performed via PCR 
amplification using primers CYP1A1_EF/CYP1A1_ER 
and Sanger sequencing. For each mutant clone, the DNA 
region of cyp1a3 identified as potential off-target site 
was amplified through PCR using primers CYP1A3_EF/
CYP1A3_ER (Additional file 1: Table S4) and submitted 
to Sanger sequencing.

Assessment of the clonality of the cyp1a1 mutant cell lines
Once rainbow trout cyp1a1 mutant clones were identi-
fied, their clonality was investigated. The cyp1a1 region 
surrounding the CRISPR-targeted area was amplified 
from the identified gene edited cell lines using prim-
ers CYP1A1EF_SmaI/ CYP1A1ER_SmaI (Additional 
file 1: Table S4), containing engineered SmaI restriction 
sites. PCR products were purified using MinElute PCR 

https://ice.synthego.com
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Purification Kit (Qiagen, Hilden, Germany) and quan-
tified using the Nanodrop Spectrophotometer (Nan-
oDrop®, ND-1000, ThermoFischer, USA). The purified 
cyp1a1 PCR product from each mutant cell line and 
the cloning vector pBluescript KS + were digested with 
SmaI (New England Biolabs, Ipswich, MA, USA). Fol-
lowing linearization, pBluescript KS + was treated with 
Alkaline Phosphatase (CIP) (New England Biolabs, 
Ipswich, MA, USA) in order to prevent its re-ligation. 
Approximately 50  ng of vector were ligated overnight 
with cyp1a1 digested products using 40 units of T4 
ligase (New England Biolabs, Ipswich, MA, USA). A 
final molar ratio of 1:6 (plasmid:insert) was used for 
the ligation reaction. Half of the ligation reaction was 
transformed into NEB 5-alpha Competent Escherichia 
coli (High Efficiency) (New England Biolabs, Ipswich, 
MA, USA) following manufacturer’s instructions. 
Transformed E. coli suspension was seeded in Luria–
Bertani (LB) (Sigma Aldrich, Germany) plates sup-
plemented with 100  µg/ml of Ampicillin. Ampicillin 
resistant colonies were screened via colony PCR using 
KS/SK primers (Additional file  1: Table  S4) annealing 
in the multiple cloning site of pBluescript and able to 
amplify a fragment of 1125 bp only if the cyp1a1 insert 
was correctly cloned. For the colony PCR, E. coli colo-
nies were passaged in new LB-agar plates supplemented 
with ampicillin and then resuspended in 10 µl of  H20. A 
1 µl aliquot of the cell suspension was added to the PCR 
reaction. PCR products were run on a 1% agarose gel 
in Tris Acetate EDTA buffer (TAE), allowing the iden-
tification of positive E. coli clones. Plasmid DNA was 
extracted from the positive colonies using PureYield™ 
Plasmid Miniprep System (Promega AG, Switzerland) 
and Sanger sequenced (Microsynth, Balgach, Switzer-
land) using primers KS/SK.
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