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Abstract

Potato is an important part of the traditional Norwegian diet, and the crop faces several challenges with respect to pests
and diseases, as well as the increasingly challenging changes in climate. Genome editing may provide tools to improve
the resilience of Norwegian potato cultivars to new climate challenges. We have altered the skin colour of two potato
cultivars, ‘Desirée’ and ‘Nansen’ from red to yellow, as a proof-of-concept for the use of CRISPR/Cas9 in a Norwegian
cultivar. Our method has involved the use of protoplasts and we have grown the regenerants for three successive clonal
tuber generations to evaluate the stability of the edited plants over time and under varying temperature conditions in
contained rooms in a greenhouse. We found that the protoplast method is well suited to achieving CRISPR/Cas9 appli-
cations. The results show that the yellow skin is consistent over the three generations of tuber propagation. We found
some suspected somaclonal variation in the protoplast regenerants. Some of the variation which we observed under high
temperatures (up to nearly 40°C) during the second growth cycle, disappeared when cultivated under lower temperatures
in the third cultivation cycle.

Key message

Protoplast derived potato obtained RNA knock-outs by CRISPR of F3H in a ribonucleoprotein complex to interrupt with
the anthocyanin biosynthesis. The analysis of phenotypes revealed knock-outs in 1-4 alleles. We followed three succes-
sive tuber generations, and revealed change of skin colour and how temperature influenced the tuber appearances, as well
as some somaclonal variation. Without trials in three tuber generations, we would not have picked up on the influence of
temperature on the tubers.
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Communicated by Joyce Van Eck. Introduction

< Trine Hvoslef-Eide

trine. hvoslef-eide@nmbu.no Potato (Solanum tuberosum L.) is one of the most important

clonally propagated crops, being the third most important
food crop globally. Global production is estimated to be
470 million metric tons for 2022 (FAOSTAT 2023). Pota-
toes are relatively easy to cultivate, adaptable to various cli-
mates, and can yield a significant amount of food per unit
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of land. They are a good source of carbohydrates, vitamins,
and minerals, making them a valuable staple in many diets
around the world (Devaux et al. 2014; Flaten and Hisano
2007). Establishing sustainable, global food security is
increasingly important with the effects of climate change
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become more apparent. The world experiences extreme
heat, cold spells at unexpected times of the year, drought,
and flooding, as have previously been predicted (Misra
2014; Wheeler and Von Braun 2013). Altered environmen-
tal factors may also cause pathogens to evolve and spread to
new areas (Singh et al. 2023).

These challenges require swift adaptations in crops and
for farmers. This is especially challenging for clonally prop-
agated, polyploid crops, such as potato (Gemenet and Khan
2017). Potato breeding can be very challenging since the
cultivated potato is highly heterozygous and also tetraploid.
Using conventional crosses will result in rearrangements of
the four alleles and end up far from the desired genotype.
The improved genotypes may become popular varieties,
once obtained, and can last for more than a century. ‘Rus-
set Burbank’, the world’s foremost French fry processing
cultivar, originates from a mutation of ‘Burbank’ in 1902
(Bethke et al. 2014). Since potatoes are clonally propagated
and preferences vary around the world, there are more than
4000 potato cultivars in the world, and more than 500 on
the list in the UK alone (Ghimire 2022). This goes to show
that once a variety has caught on, breeding a new one to
replace it is hard. To further make breeding complicated,
the tetraploidy and the heterozygosity often results in a high
likelihood of inbreeding depression (Slater et al. 2014).
Twelve to twenty years is the minimum time required for
the development and release of a new potato variety (Boni-
erbale et al. 2020). The tetraploid nature of most cultivated
potatoes makes it difficult to breed for traits where all four
alleles need to be of the optimal version of the gene(s), such
as resistance to diseases. Once a cross has been made, all
traits are in play and will be recombined to create novel
potato types, but not necessarily with the combination of
desired traits. To create an improved variety, a plant breeder
must consider many traits simultaneously to create a valu-
able variety, such as disease resistance, yield, early harvest,
starch content and other quality traits (Jansky and Spooner
2018). An increase in the number of breeding goals will
exponentially increase the breeding complexity, which usu-
ally also increases the time to reach the desired combination
of traits. The complexity of breeding combined with a need
for quicker adaptation to alter biotic and abiotic aspects are
the main factors driving the necessity of innovation, and
faster, more precise, or novel alternatives to traditional plant
breeding approaches.

Precision breeding such as CRISPR/Cas can be used
to accelerate breeding and directly improve specific traits
by editing single genes, without altering other parts of the
genome. However, most gene technology methods, includ-
ing CRISPR, utilize genotype specific cell- and tissue cul-
ture to make changes to the plant cell. As a result, most
research is carried out on model genotypes amenable to
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cell- and tissue culture regeneration, rather than genotypes
of commercial value. Hence, there is still a need for adapt-
ing novel breeding technologies (NBT) to commercially
interesting varieties.

In this study, the CRISPR/Cas9 system is used to knock
out flavanone 3-hydroxylase (F3H), a key enzyme in the
anthocyanin pathway, in two different potato cultivars:
‘Nansen’, a Norwegian cultivar from 2018 (Potet 2021),
and the “model” potato cultivar ‘Desirée’. We hypothesise
that knocking out this gene will prevent the formation of the
anthocyanidins (pelargonidin, cyanidin and delphinidin in
Fig. 1) responsible for red and blue/purple colours in potato
(Mishra et al. 2020). As a result, it is likely that both flower
and tuber skin colour will change from pink and red to white
and yellow, providing a trait which is easy to observe and
evaluate in cultivation. This will be a proof-of-concept for
using CRISPR for potato research and breeding. In addi-
tion, the food industry preparing various potato products
for consumption, regards the red skinned varieties of lesser
value than yellow skin, since the red skin remain in residues
around the yes when peeled. This makes the products less
appealing.

Methods
Plant material

Solanum tuberosum ‘Nansen’ in vitro plants were a gift
from the Norwegian Institute of Bioeconomy Research
(NIBIO), As, Norway. Solanum tuberosum ‘Desirée’ origi-
nated from the Swedish University of Agricultural Sciences
(SLU)’s collection in Alnarp, Sweden. Both cultivars were
maintained in vitro according to Andersson et al. (2018).

Design of guide RNAs/knockout (KO)

The Solanum tuberosum F3H gene was investigated in
Ensembl plants (Cunningham et al. 2021), where a single
transcript of the gene was described. This sequence was run
through BLASTX and nucleotide BLAST (Altschul et al.
1990) to investigate if the nucleotide sequence is conserved
across different potato cultivars. In addition, the first exon
of the gene was amplified and sequenced in the Norwegian
potato cultivar ‘Nansen’. Genomic DNA was extracted
using Qiagen DNeasy plant mini kit (Qiagen, Hilden, Ger-
many) following the manufacturer’s instructions before
PCR amplifying a 486 bp region (primers StF3Hfl and
StF3Hrl (Supplementary material 1). The PCR product
was purified using QIAquick PCR Purification Kit (Qiagen,
Hilden, Germany) and Sanger sequenced (GATC Biotech,
Konstanz, Germany) using StF3Hf1 primer.
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Fig. 1 Overview of the anthocyanin biosynthesis pathway. The
enzyme flavanone 3-hydroxylase (F3H) is essential for formation of
the pigments pelargonidin, cyanidin and delphinidin. We hypothesise

Four preliminary guide RNAs (gRNAs, G1-G4) targeting
the first exon of F3H were manually selected. The selected
guide sequences were subsequently studied in genome
sequence data from ‘Desirée’ previously generated (Zhao
et al. 2021), to confirm that no regions with allelic variation
were selected for the gene editing experiments to ensure
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that knocking out F3H will prevent formation of red and blue colour
in the potato tuber.
Modified from Holton and Tanaka (1994)

that all four alleles were targeted, and to try to avoid similar
sequences elsewhere in the genome. Three of the four stud-
ied target regions were also conserved in ‘Desirée’, and two
of them, G2 and G4, were selected for further experiments,
G2 5>-TGAAGAAGAACGTCCAAAAG-3" and G4 5°-AT
GTCTGGTGGCAAGAAAGG-3’.
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The guide sequences and the structure of the gene with
all exons and the target position in exon 1 is shown in Sup-
plementary Material 2.

Protoplast ribonucleoprotein transfections

Mutations were induced in ‘Nansen’ and ‘Desirée’ at two
target sites in F3H, G2 and G4 respectively, by ribonu-
cleoprotein (RNP) transfection of protoplasts. Protoplast
isolation and regeneration was performed as previously
described, and a detailed protocol can be found in Nicolia
etal. 2021 and in (Andersson et al. 2018). Transfection was
made using freshly prepared RNPs. For each experiment,
5 pg Cas9 (Thermo Fisher Scientific, Waltham, MA, USA)
was preassembled with 0.1 nmol of sgRNA (Synthego, Red-
wood City, CA, USA) in a total volume of 10 ul, following a
15 min incubation at room temperature. 100.000 protoplasts
in 100 ul were added to the preassembled RNPs together
with 110 ul of 25% PEG for transfection of ‘Nansen’ and
40% PEG for transfection of ‘Desirée’. The RNP-‘Nansen’
protoplast solution was incubated for 3 min while the RNP-
‘Desirée’ protoplast solution was incubated for 30 min, to
obtain optimal transfections for the two individual varieties,
where 40% PEG for 30 min is a standard protocol for ‘Desi-
rée’ while more gentle conditions with 25% PEG and 3 min
incubation was used for the previously untested variety
‘Nansen’. Care was taken to only select one shoot from each
callus. Screening of regenerated shoots were made using
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high-resolution fragment analysis (HRFA), which includes
PCR amplification of leaf tissue from 2 to 4 weeks shoots
using primers flanking the target regions (see Supplementary
Material 3), and indels detected on a 3500 Genetic analyser
(Thermo Fisher Scientific, Waltham, USA). Detailed pro-
tocols of the HRFA method are described in Andersson et
al. 2017 The results from the HRFA screening were used to
divide the lines into categories based on the observed muta-
tions; Full KO, where all four alleles were mutated, partial
KO, where 1-3 alleles were mutated, and unedited lines,
where no mutations were observed in any of the alleles.

Greenhouse cultivation and screening

We chose to do the screening of the various mutants and
controls in a greenhouse under Contained Use facilities in
the Centre for Plant Research in Controlled Climate (SKP)
in NMBU. The temperatures and humidity of the three trials
are given in Fig. 2.

A total of 81 regenerated lines were selected for green-
house cultivation, to investigate observable differences in
phenotype based on the number of KO alleles.

In vitro plants were transplanted into commercial potting
mix (Tjerbo Gartnerjord, peat: sand: clay, 8§6:10:4, vol%) in
plug trays, one pot for each plant (line) (10-12/05/2021).
The plants were acclimatised under a plastic tent in the
greenhouse, transferred to 12 cm pots after five weeks
(18/6/2021), when a good root system had developed, and
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Fig. 2 Temperature and relative humidity in the Contained use greenhouse chambers for the growth trials over three successive cultivations of

putatively gene edited S. tuberosum plants
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further to 12 L potato pots four weeks later (14/7/2021). The
plants were grown for 23 weeks in total, before harvesting
the tubers. The foliage was removed a couple of weeks
before harvest to promote tuber growth and ripening. Upon
harvesting, the lines were photographed, and the number of
red/yellow tubers was registered for each line.

A second greenhouse clonal tuber generation was per-
formed with the tubers from the first round for all full KO
‘Nansen’ lines (mutation in all four alleles) which gave a
yellow phenotype in year one (three lines for G2 and five
lines for G4), in addition to three lines for ‘Desirée’ for each
guide RNA used. One putatively unedited plant with red
skin colour in year 1 was used as a non-edited individual
for comparison.

For the second-year cultivation, three tubers were placed
directly into peat in 12 L potato pots. Three pots were used
for each line (biological replicates), to investigate potential
phenotypic differences between clones. The plants were
grown for 19 weeks prior to harvesting.

The T; mutants from protoplast edited potato tubers
(originating from the second clonal tuber generation) were
planted directly into 12 L potato pots, one tuber in each
pot to distinguish between the individual potatoes. This
trial was performed from January-April when temperatures
fluctuated between 15-25°C, compared to 1540 °C in the
greenhouses in summer (Fig. 2).

The duration of the tuber producing clonal tuber genera-
tions in contained greenhouse compartments were as fol-
lows: first clonal tuber generation (T,) in 2021 23 weeks,
second clonal tuber generation (T,) in 2022 19 weeks and
the third clonal tuber generation (T3) in 2023 was only 11
weeks, since we considered the colour and phenotype of the
tubers to be more important than the yield.

Genotyping putatively edited lines

Genomic DNA was extracted from leaf tissue of selected
in vitro lines using Qiagen DNeasy plant mini kit, follow-
ing the manufacturer’s instructions (Qiagen, Hilden, Ger-
many). The first exon of F3H was amplified using 0.5 pl
of genomic DNA, 0.25 uM of each primer (StF3HF1 and
StF3HR1, Supplementary material 1) and Phusion poly-
merase (Thermo Fisher Scientific, Waltham, MA, USA)

Table 1 Efficiency of the protoplast transfections in potato, for ‘Nan-
sen’ and ‘Desirée’, based on preliminary HRFA screening

Target Variety Number of Frequency at  Frequency
regener- least 1 allele  four
ated shoots edited (%) alleles
analysed edited (%)

G2 Nansen 176 44 7

G4 Nansen 125 61 16

G2 Desirée 62 90 55

G4 Desirée 77 74 47

according to the manufacturer’s instructions. The annealing
temperature was set to 60 °C. The PCR product was cloned
into CloneJet ™ pJET 1.2/Blunt and transformed into E. coli
DHI10B. Twelve colonies were randomly selected for each
line and Sanger sequenced by Eurofins Genomics using the
pJet 1.2 forward primer (Supplementary Material 4).

Results

The StF3H gene (ID PGSC0003DMG400009715) in the
anthocyanin pathway (Fig. 1) was selected as a candidate
to visually investigate the efficiency of CRISPR/Cas9 medi-
ated KO in two red skin potato cultivars, the Norwegian
‘Nansen’ and the Dutch ‘Desirée’, to obtain yellow tubers.
We also wanted to investigate if there is an observable, addi-
tive effect of knocking out all four alleles compared to par-
tial KOs. The analysed F3H region was highly conserved
among different cultivars and therefore considered suitable
for CRISPR mediated KO.

Primary screening of mutated plants

Regenerated potato lines were screened using high-resolu-
tion fragment analysis (HRFA) to investigate the number
of mutated alleles (Supplementary Material 5). The lines
were labelled according to the preliminary HRFA screen-
ing as lines without observed mutations in the target region,
with partial KO (one, two or three alleles mutated) or with
full KO (all four alleles mutated). The full KO lines were
divided into two subcategories, as described for rice by
Wu et al. (2020): (1) out of frame mutations in all alleles,
where the mutations would lead to a disruption of the read-
ing frame, and (2) in-frame mutations where at least one of
the alleles had a mutation that would not disrupt the reading
frame (e.g. deletion of 3, 6 or 9 base pairs).

Of the ‘Nansen’ lines edited with G2 and G4, around
7% and 16% respectively, exhibited mutations in all four
alleles, whereas 44% (G2) and 61% (G4) of the ‘Nansen’
lines contained at least one mutant allele. For ‘Desirée’ the
percentage of lines with mutations in at least one allele were
90% (G2) and 74% (G4), while a mutation in all four alleles
was observed in 55% and 47%, respectively, of the lines
for both guide RNAs (Table 1). Examples from our HRFA
chromatograms are available in Supplementary Material 6).

Lines producing yellow skinned tubers and with a puta-
tive full KO based on the HRFA screening, as well as two
putatively non-edited lines (one for each of ‘“Nansen’ and
‘Desirée’) producing red skinned tubers, were further
sequenced for confirmation of induced mutations (Fig. 3).
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Fig. 3 Genotyping of full KO Allele 57- TTTTATTAGGGATGAAGAAGAACGTCCAAARAGTGGCTTACAATAAATTTAGTGAC -3’ +1
‘F‘ tuberosum tl)mes I\V/‘ilth yel- Allele 3 5'- TTTTATTAGGGATGAAGAAGAACGT----AAGTGGCTTACAATAAATTTAGTGAC "
ow potato tubers. Mutations
as shown in individual alleles Allele 57~ TTTTATTAGGGATGAAGAAGAACA----—- AAGTGGCTTACAATAAATTTAGTGAC -37 -6
aligned to a corresponding wild- WT 57~ TTTTATTAGGGATGAAGAAGAACGTCCAAAAGTGGCTTACAATARATTTAGTGAC -3/
type (WT) fragment, determined Guide 2 PAM S
by Sanger sequencing. Deleted py Allele 5'- GAAAAGCTTCGGTTTGACATGTCTGGTGGCAAG-AAGGTGGCTTTATTGTCTCAAGCCAT — -3 -1
nucleotides are shown with blue
hyphens and inserted nucleotides Allele 5’-  GAACAGCTTCGGTTTGACATGTCTGGTGGCAAGAAAAGGCGGCTTTATTGTCTCACGCCAT -3 +1
\% u
are shown in bold red. (a) ‘Nan- Allele 5/-  GAACAGCTTCGGTTTGACATGTCTGGTGGCAAGAAAAGGCGGCTTTATTGTCTCACGCCAT -3/ +1
sen’ line 177 17 mutated using Allele 5/~  GAAAAGCTTCGGTTTGACATGTCTGGTGGC----AAGGCGGCTTTATTGTCTCAAGCCAT — —37 -4
G2. (b) ‘Nansen’ line 178 49
d usine G4 ‘Desirée’ WT 57~ GAAAAGCTTCGGTTTGACATGTCTGGTGGCAAGAAAGGCGGCTTTATTGTCTCAAGCCAT — ~37
mutated using G4. (©) Desirée Guide A peemen
line 179 16 mutated using G2. Tndels
(d) ‘Desirée’ line 180 19 mutated c) Allele 5/~ TTTTATTAGGGATGAAGAAGAACGTCC-AAAGTGGCTTACAATAAATTTAGTGAC 3 «1
using G4 Allele 2 5'- TTTTATTAGGGATGAAGAAGAACGT----AAGTGGCTTACAATAAATTTAGTGAC -37 -4
allele 5/~ TTTTATTAGGGATGAAGAAGAACGT----AAGTGGCTTACAATARATTTAGTGAC -3 -4
Allele 57~ TTTTATTAGGGATGAAGAAGAACGT----AAGTGGCTTACAATARATTTAGTGAC -37 -4
WT 57~ TTTTATTAGGGATGAAGAAGAACGTCCAAAAGTGGCTTACAATAAATTTAGTGAC -37
Guide 2 PAM
Indels
4y Allele 5/~ GAAAAGCTTCGGTTTGACATGTCTGGTGGCAAG--AGGCGGCTTTATTGTCTCAAGCCAT — —37 -2
Allele 5/-  GAAAAGCTTCGGTTTGACATGTCTGGTGGC----AAGGCGGCTTTATTGTCTCAAGCCAT — -3’ -4

Allele
Allele

WT

57
it

Bt

GAAAAGCTTCGGITTGACATGTCTIGGTGGC-——-AAGGCGGCTTTATTGTCTCAAGCCAT =3 -4
GAAAAGCTTCGGTTTGACATGTCTGGTGGCAAG-AAGGCGGCTTTATTGTCTCAAGCCAT =3 =1
=37

GAAAAGCTTCGGTTTGACATGTCTGGTGGCAAGAAAGGCGGCTTTATTGTCTCAAGCCAT

Guide 4 PAM

Greenhouse growth and investigation of phenotype

Due to the necessity to apply for field trials for gene edited
plants in Norway, we expected this to be a lengthy process,
and probably would have been asked to conduct a step-by-
step approach with greenhouse trials prior to field trials any
way. Hence, we opted for contained greenhouse trials. How-
ever, this had some implications with regards to temperature
during summer trials (Fig. 2), whereby we chose to perform
the third clonal tuber generation period from January to
April.

From protoplast transfection to harvest-ready plants in
the greenhouse, via callus, shoot regeneration and trans-
planting, the timeline was 12 months (Fig. 4).

Out of the 81 initial events (lines) transferred to pots, 77
survived the first summer trials and produced tubers. The
foliage observed throughout the growing season appeared
uniform, and typical for each cultivar, with no visual dif-
ferences between the lines within a cultivar. However, we
observed both white and light pink (WT) flower colour in
the different lines, where the light pink flowers were also
observed in partial KO lines (e.g., line 180 057 ‘Desirée’
G4), while the full KO lines (e.g., 179 054 ‘Desirée’ G2)
had completely white flowers (Fig. Sbro.
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Edited plants were obtained using both guide RNAs.
These edited lines gave either full or partial KOs in both
cultivars and yellow skinned tubers from both guide RNAs
in both cultivars. Table 2 also displays that a majority of
the full KO gave yellow skinned tubers, while the majority
of the putatively non-edited lines gave red skinned tubers.
It was also observed that even a KO of just 3 out of the 4
alleles resulted in a red skinned phenotype (e.g., ‘Desirée’
line 180,057) (Fig. 5). We also observe one mixed and one
yellow line from G2 edits in ‘Nansen’ and one mixed line
from G4 edits in ‘Desirée’ from Table 2.

. Figure 6 illustrates typical red, mixed and yellow
skinned lines of ‘Nansen’.

The second greenhouse clonal tuber generation was
performed to investigate phenotype stability for yellow
skin colour after gene editing. The yellow phenotype was
retained for all full KO lines, while a red phenotype was
retained for the unedited lines. Several lines showed an
altered phenotype for other traits, such as elongation of the
tuber and/or formation of knots on the main tuber (Fig. 7).
This was not observed in the tubers in the first-year trials.

A third greenhouse clonal tuber generation investigated
the effect of growing tubers with unusual phenotypes (knots
on tubers) under more optimal potato growth conditions
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Fig. 4 Development of putatively edited potato plants, from proto-
plasts to harvest-ready plants in the greenhouse. (a) Freshly isolated
protoplasts visualized under light microscope. (b) 2-month old calli
from individual protoplasts of ‘Nansen’. (¢) regenerated shoots from

: p 180057

4-month old calli of ‘Desirée’. (d) regenerated shoot from one indi-
vidual callus of ‘Nansen’ (e) Shoots transferred from in vitro to soil in
greenhouse, kept in a plastic tent for acclimatization (f) Fully grown
plants as watering was stopped and readied for harvest

Fig. 5 First clonal tuber generation of gene edited S. tuberosum, line ‘Desirée’ 180,057 with red skinned tubers like the wild type (left) and cor-
responding pink flowers, compared to the gene edited line ‘Desirée’ 179,054 with white flowers and yellow skinned tubers (right)

(lower temperatures). The third clonal tuber generation was
under winter/spring conditions, rather than full summer, in
contrast to the previous two years. When cultivated under
lower temperatures from January-April, a clear reversal
to first-clonal tuber generation phenotype was observed
(Fig. 7) in all the lines.

Discussion

This paper shows a proof-of-concept for CRIPSR/Cas9
editing of potato using two different gRNAs independently
preassembled with Cas9 and transfected to isolated proto-
plasts. We have a long-term goal to use these positive results
to edit other vital traits, such as disease resistance, in potato.
Disease resistance has previously been demonstrated using
conventional GMO technologies with three stacked genes
for late blight in potato (Jones et al. 2014). We show here that
the two gRNAs were independently successfully applied to
two red skinned potato varieties, producing several lines

@ Springer
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Table 2 Overview of the number of lines of the observed phenotypes in gene edited S. tuberosum lines after the first year’s greenhouse cultivation.
The grouping is based on preliminary HRFA screening, where the group for comparison were lines without detected mutations, partial KO were
lines with 1-3 alleles mutated and full KO had mutation in all four alleles. For the mixed phenotype, both yellow and red skinned tubers were

observed in the same line

Cultivar Guide RNA Phenotype Putatively non-edited for comparison Partial KO Full KO Full KO
in-frame out-of-frame
Nansen G2 Red 6 3
Mix 1 2 1
Yellow 1 5 3
G4 Red 3
Mix 4 2 1
Yellow 5
Desirée G2 Red 3
Mix 1
Yellow 6 7
G4 Red 5 7 3
Mix
Yellow 5

Fig. 6 Edited lines of S. tuberosum with induced mutations in the tar-
get sequence G2 in ‘Nansen’. To the left line 177,071, producing red
skinned tubers, middle is line 177,017 with a typical mixed pot with

with the expected yellow skinned tubers. We edited two
different potato varieties, ‘Desirée’ which is a common
variety to use in cell- and tissue culture work because it is
responsive to regeneration from protoplast (Gonzalez et al.
2020). ‘Nansen’ which is a new (2018) Norwegian variety,
which is relatively well protected from late blight infection
(https://graminor.no/sort/nansen/). However, ‘Nansen’ has
not been subjected to protoplast regeneration previously.
Both cultivars responded well to protoplast regeneration
combined with gene editing, resulting in yellow skinned
tubers.both cultivars. The breeding company, Graminor, has
thus obtained a more desired skin colour in one of their own
potato varieties.

The phenotypic screening revealed a colour change from
red to yellow in the majority of the full KO plants, with
yellow colouration in either all tubers or a mix of red and
yellow tubers (Fig. 7). The exception was for G4 in ‘Desi-
rée’, where tubers from three lines with in-frame mutations
still appeared red, like the wild type tubers. It can be specu-
lated that the in-frame mutations at G4 in ‘Desirée’ have no

@ Springer

both red and yellow skinned potatoes from one pot. To the right line
177,019, where yellow skin is obtained from original red ‘Nansen’
after editing. All lines are 1st clonal tuber generation trials in 2021

or only minor effect on the resulting protein structure and
functionality. For the lines with partial KO (1-3 alleles), the
tubers were either red, or a mix of red and yellow tubers.
There was no visual difference between red tubers with
partial KO and red tubers from control plants without edit-
ing observed in any allele. It is evident from Table 2 that to
achieve a yellow skinned line, there must be a KO of all four
alleles. This indicates that the presence of a single functional
allele is enough for sufficient anthocyanin production with
F3H, without clear additive effects of having several intact
alleles. These findings are comparable to RNAi silencing
of HMA4 homeologs in tobacco, where one functional
HMA4 allele was sufficient to maintain wild-type levels of
cadmium in the leaves (Liedschulte et al. 2017). For puta-
tively non-edited individual plants for comparison, one line
appeared yellow, while two lines had a mixed phenotype.
This could be due to the selection of putatively non-edited
plants based on the preliminary HRFA screening, where
e.g., base substitutions leading to premature stop codons
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Fig. 7 Edited lines S. tuberosum with induced mutations in the target
sequence G2 in ‘Nansen’ (177) and ‘Desirée’ (179). Putatively non-
edited individuals for comparison retained a red phenotype in all three
clonal tuber generations, while the edited lines retained the altered,
yellow phenotype in the tubers. Note unusual phenotype in 2022,

will appear similar to unedited lines, but which could have
been edited all the same.

In this study, we hypothesized that CRISPR gene editing
could be used for disruption of F3H in the anthocyanin bio-
synthesis (Fig. 1), which proved to be an efficient method
for altering skin colour in red skinned potato tubers. Two
primary phenotypes were observed, namely wild-type red
or edited yellow. Several of the edited lines (20%) produced
tubers with a mix of these phenotypes from a single proto-
plast-derived plant (Table 1). This also occurred in two of
the lines in the “control” group. ‘Nansen’ was more prone
to this mixture of genotypes, and this was found in 11 lines,
compared to ‘Desirée’ where it was found in only two lines.
There are at least two possible explanations for this mix-
ture of skin colour derived from protoplast regeneration in
our experiments. Despite protoplasts being the preferred
method to ensure that plants originate in most cases from
a single cell, in some cases (Reed and Bargmann 2021)
the plants may have originated from more than one cell,

especially for the edited ‘Desirée’ line 179 14. Lower yields in the
third clonal tuber generation (2023) is due to a shorter growth period
(11 weeks), compared to the first two clonal tuber generations (23
weeks and 19 weeks). The numbering lacks one zero, e.g., clone 177
71=177,017

resulting in putative chimeras. These chimeras could sepa-
rate in the next clonal tuber generation and may be the rea-
son for such mixture of skin colours from one single potato
plant (Broertjes and Van Harten 1988). Another explanation
could be somaclonal variation. We base this hypothesis on
the fact that “Nansen’ reveals mixtures of tuber phenotypes
independent of gRNA used, even though the lines are out-
of-frame full KO, based on preliminary HRFA screening.
The obtained mixtures of phenotype from these plants may
be explained by changes occurring in the gene after the
HRFA screening. These plants were cultivated in vitro and,
especially for potato, we can expect somaclonal variants
(Adly et al. 2023). It is noteworthy that no intermediate skin
colour (e.g. lighter red) was observed in the lines with a par-
tial knock-out. This indicates that F'3H acts as a dominant
gene with regards to skin colour in potato tubers.

The second and third clonal tuber generation trials gave
us very valuable results. We wanted to ensure that the edited
yellow skin colour was stable in the subsequent clonal tuber

@ Springer
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generations. Indeed, we found that the yellow tuber pheno-
type observed in the first clonal tuber generation greenhouse
trial was retained for the second and third clonal tuber gen-
eration. This indicates stability of the altered phenotype,
making gene editing a viable additional tool in the toolbox
for future precision plant breeding in ‘Nansen’ when the
goal is to change one or a few traits, while keeping most, or
all, of the cultivar’s other traits intact. We have not recorded
yields in these experiments in buckets in the greenhouse.
The yield needs to be performed in a field trial, which we
have not applied for, due to time constraints. Buckets yield
is not representative compared to field trials and greenhouse
conditions can be very different from field conditions with
regards to both temperature and humidity.

When evaluating the results from the second clonal tuber
generation of edited tubers, several lines showed signs of
abnormal growth, such as tuber elongation and knots on the
tubers. This was particularly prevalent in ‘Desirée’. One
possibility is that this was the result of protoplast regen-
eration, which may induce widespread genome instability
(Fossi et al. 2019). However, the mutated plants appeared
to be of the expected phenotype in the first trials. Another
possible explanation for the altered tuber phenotype could
be due to the growth conditions in the greenhouse, with tem-
peratures reaching 40 °C (Fig. 2). High temperatures have
previously been seen to inhibit starch formation in potato
tubers (Mohabir and John 1988), and any temperature stress
could lead to excessive sugar accumulation (Kumar et al.
2004). The third clonal tuber generation in the greenhouse
was therefore performed at a time of year (January-April)
when it is easier to maintain optimal temperatures for potato
inside a greenhouse (contained use according to Norwegian
law). When given a more optimal growth temperature, the
third clonal tuber generation reverted to the normal pheno-
type. This was true also when we selected to cultivate the
strangest looking tubers as the seed potatoes. This indicates
that greenhouse condition was a plausible cause for the sec-
ond clonal tuber generation phenotypes (Fig. 7) and not an
off-target effect showing up in the second trial. This demon-
strates, however, the importance of successive generation
trials after gene editing, just as one would do in a traditional
plant breeding programme for potato.

The most common way to induce targeted gene mutations
in potato is through protoplast editing. However, protoplasts
are vulnerable cells without a cell wall, and have a com-
plicated dedifferentiation and differentiation cycle before
regeneration into novel shoots. There they may be more
prone to spontaneous somaclonal variations than other types
of plant material. According to Eeckhaut et al., protoplasts
may be the ideal targets for CRISPR/Cas-mediated genome
editing (Eeckhaut et al. 2020). They claim that this is par-
ticularly true when combined with DNA-free approaches
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including RNP, as was also mentioned earlier by (Woo et al.
2015). These may, for instance, result in variations among
and between regenerants from a given genotype and a single
regeneration experiment that are not issued from genome
editing, but rather from somaclonal variation. Potato is
known to be more vulnerable than most crops through all
types of adventitious shoot regeneration, and cell- and tissue
culture is frequently used as a method of creating variation
in a breeding program (Larkin and Scowcroft 1981). Adly
et al. (2023) recently reported use of somaclonal variation
to produce potato clones with an altered starch accumula-
tion. Therefore, we were cautious of the abnormal looking
potatoes obtained in the second clonal tuber generation.
However, as mentioned, the third-clonal tuber generation
trials under a more favourable time of year for potato in
greenhouses, revealed that the most likely cause of the
frequent knots on (particularly) the ‘Desirée’ potato, was
due to elevated temperatures in critical phases of the tuber
development in our experiments. Still, from Table 2, we can
observe a certain degree of variation in the putatively non-
edited plants, for G2 in ‘Nansen’ and G4 in ‘Desirée’. We
can not exclude that this is due to somaclonal variation in
our experiments.

The successful edit of skin colour in ‘“Nansen’ and ‘Desi-
rée’ provided a change in an easily observable phenotype,
while also providing protocols suitable for ‘Nansen’. This
could form the basis for continued research to improve
more complex traits such as disease resistance. Of these,
the most obvious candidate for editing is late blight resis-
tance, one of the most devastating diseases in potato and the
cause of the Irish potato famine in the 1840s (Mizubuti and
Fry 2006). One possible approach is to adapt KO of puta-
tive susceptibility genes, which has shown promise in both
Arabidopsis (Karmakar et al. 2022) and potato (Kieu et al.
2021; Sun et al. 2016) when using either CRISPR/Cas9 or
RNAI technology.

A common regulatory obstacle of gene technology is
the introduction of foreign DNA into the genome. This is
prevented by combining protoplasts with ribonucleoprotein
complexes, which has been shown to efficiently produce
transgene-free edits in various species through DNA-free
gene editing (Andersson et al. 2018; Cho et al. 2013; Kim
et al. 2014; Liang et al. 2017; Woo et al. 2015). If com-
mon transformation approaches are used, such as Agrobac-
terium-mediated transformation of vectors for expression
of the CRISPR tools, it will usually incorporate foreign
DNA into the plant genome. The edited plants will then
be considered traditional GMOs in the regulatory sense,
unless foreign DNA can be removed by backcrossing or
other approaches (Parisi and Rodriguez-Cerezo 2021). To
attempt this in potato, would be contradictory to the purpose
of using CRISPR to alter single traits in potato, as severe
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inbreeding depression makes backcrossing challenging.
Also, the crossing of genotypes would result in a recom-
bination of the genes, thereby altering the next clonal tuber
generation also in many of their desirable traits. The advan-
tage of using modern technology would then be reduced to
simply introducing the novel traits into the gene pool, in the
same way as it is used in seed propagated crops. The advan-
tage of vegetatively propagated crops; once the desired
phenotype/genotype is selected, is that the genotype can be
preserved as a clonal cultivar. Editing an existing cultivar, or
a selected clone from a breeding program, and altering the
one (or few) traits which need improvement, is therefore an
appealing idea.

Furthermore, transgene-free GE plants are either unregu-
lated or less strictly regulated than traditional GMOs in
many parts of the world, such as the United States of Amer-
ica, Canada, Australia, Japan and several South American
countries (Schmidt et al. 2020). Additionally, there is an
ongoing discussion both in Norway and the EU on regula-
tion of crops developed through gene technology. One of
the proposals was to have a tier-based regulation, where
transgenic plants are regulated as in the current system,
while transgene-free, gene-edited crops are regulated less
strictly and closer to traditional plant breeding (Bratlie et
al. 2019). The Norwegian government has recently (June
6th 2023) received an Official Norwegian Report (NOU
2023:18, 2023) where the Committee majority suggested
that changes in the regulatory process could deal with preci-
sion breeding and cis-genesis in the future. Similarly, EU
has proposed (Comission, 2023) that plants developed using
new genomic techniques, where plants that cannot be eas-
ily distinguished from those of conventionally bred plant
varieties, could be regulated as conventionally bred variet-
ies. On the other hand, the Commission proposes that plants
with more than 20 modified nucleotides should be regulated
like “conventional” GM plants. This proposal currently has
been subjected to a public hearing, and the last word has not
been said. Being able to produce GE plants that are unregu-
lated or less strictly regulated than current GMOs can be
crucial for local adaptation, as the cost of approving GM
food or feed in the EU has been estimated to somewhere
between €11 and €16.7 million (EuropaBio 2019). As such,
a transgene-free approach might be the only way for pub-
licly funded universities or small and medium sized enter-
prises to bring valuable gene edited crops to the market. Our
findings with potato demonstrate successful adaptation of
existing protocols of transgene free CRISPR/Cas editing to
a commercially interesting Norwegian cultivar.

Conclusions

By growing the edited potato lines over several regenerated
cycles, we demonstrated that unexpected phenotypes might
arise in one clonal tuber generation, while the previous and
subsequent clonal tuber generations appear as expected.
This is an important result to bear in mind for two reasons:
(1) when phenotyping putative gene edited plants, every
care should be taken to ensure optimal growing conditions
for the species in question, and (2) when testing gene edited
plants, more than one clonal tuber generation should be
grown, to determine the stability of the editions.

This demonstrates that multiple events, multiple climatic
conditions and careful selection for the superior genotype is
equally valid subsequent to using gene edited methods, as it
has been for the past century for traditional plant breeding.

This publication forms the basis for tools for precision
breeding in Norwegian potato cultivars with the aim of pro-
viding Norwegian farmers with a notably increased resis-
tance towards our largest disease for potatoes in the world;
late blight (Phytophthora infestans), costing the Norwegian
farmers more than 122 million NOK annually (Forbes et
al. 2023). With this goal in mind, forthcoming studies will
focus on the identification of the putatively best genes to be
edited to achieve a sustainable production with a minimum
use of chemicals.
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