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Rapid alkalinization factors (RALFs) are ubiquitous cysteine-rich peptides present in plants. They exert diverse
functions as hormonal signals in various processes, including cell growth, root elongation, and fertilization.
RALF peptides can also act as negative regulators of the plant immune response, inhibiting the formation of
the signal receptor complex for immune activation. In Fragaria x ananassa, silencing of FaRALF33 gene
plays a key role in the defense against the fungal pathogen Colletotrichum acutatum. In this study, single-guide
RNA (sgRNAs) were designed in silico for clustered regularly interspaced short palindromic repeats/CRISPR-
associated (CRISPR/Cas) 9-mediated FaRALF33 gene mutagenesis in F. x ananassa for the reduction of
C. acutatum infection. FaRALF33 was compared with homologous RALF33 sequences from other plant species,
showing that the amino acid sequence of FaRALF33 presents typical sequences of known RALF peptides in
RRILA proteolytic site, in addition to tight clustering presented by FaRALF33 with FYvRALF33. The online tool
CHOPCHORP provided 73 hits for FaRALF33 gene, selecting two sgRNA sequences for mutagenesis, sgRNA
1 (5’-CGACTCTCCCATCTCTTGGACT-3") and sgRNA 2 (5-GCAAGCAACGGCAGCGATCA-3’). The
predicted secondary structures of the selected sgRNAs presented efficient structures in targeted mutagenesis. The
pCas9-TPC-GFP-2XsgRNA vector for CRISPR/Cas9-mediated FaRALF33 gene mutagenesis was designed in
silico with two sgRNA sequences (with Arabidopsis thaliana U6-26 promoters) and a green fluorescent protein
marker.

1. INTRODUCTION

peptides has been identified, which are the Rapid alkalinization factors
(RALFs), which also encode ubiquitous small peptides that stimulate

The cultivated strawberry (Fragaria X ananassa Duch.) is one of the
most popular species of the Rosaceae family, due to its nutritional
importance, aroma, and flavor; these qualities make strawberries
one of the most economically important crops [1,2]. However, the
crop suffers from various fungal diseases, such as Colletotrichum
acutatum, which causes serious economic losses to strawberry
production as a result of the damage caused both on immature fruit
before harvest and on ripe fruit at harvest or in the post-harvest
storage stage [3].

In the search for genes related to resistance and susceptibility to
fungal diseases such as those caused by C. acutatum, a small family of
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apoplastic alkalinization through interaction with the receptor kinase
and act as negative regulators of the plant’s immune response [4].
Likewise, Rapid alkalinization factor 33 (RALF33) was found to play
a key role in the regulation of plant defense and development [4,5].
This was demonstrated by silencing the FaRALF33 gene in red fruits
inoculated with C. acutatum, reducing pathogen infection in the
fruit, while overexpression of the gene decreased fruit resistance to
the fungus [5].

Gene inactivation is currently being developed by precision
gene editing in the genome through the clustered regularly
interspaced short palindromic repeats/CRISPR-associated (CRISPR/
Cas) system [6]. This system features two main components: Cas9
endonuclease to introduce double-strand breaks (DSBs) at a specific
genomic site, and single guide RNA (sgRNA), which is a sequence
complementary to the target DNA sequence [7,8]. DSBs caused
by the sgRNA/Cas9 complex are repaired by the endogenous non-
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homologous end joining (NHEJ) mechanism [9], which is error-
prone and often generates small deletions or insertions [10,11].
These null alleles or coding regions of the genome that arose by
NHEIJ repair mechanism trigger premature stop codons (frameshift
mutation), resulting in loss of function or knockout [12]. Due to its
simplicity, versatility and efficiency, CRISPR/Cas technology has
successfully edited the genome of globally agronomically important
species [13].

It is important to note that to develop knockouts using the CRISPR/Cas9
system, for example, in plant susceptibility genes, the design of
more than one sgRNA is necessary to increase the success rate and
previously this is developed in silico [14,15]. There are numerous
online bioinformatics tools accessible to design of these sgRNAs,
such as CHOPCHOP, CRISPRInc, CRISPR RGEN tools, and sgRNA
scorer 2.0 [16,17]. All these tools and in silico designs allow efficient
design of sgRNAs. This is of great importance as a starting point and
fundamental in any gene editing process.

The present study aims to design in silico sgRNAs for
CRISPR/Cas9-mediated RALF33 gene mutagenesis in strawberry
(F. x ananassa Duch.), which would lead to a decrease in the infection
process of C. acutatum.

2. MATERIALS AND METHODS

2.1. FaRALF33 Peptide Sequence Identification and Alignment

For the identification of the FaRALF33 gene sequence, the
NCBI database (https://www.ncbi.nlm.nih.gov/) was searched
for the RALF33 gene in Fragaria vesca. The RALF33 gene
(gene ID: 101302223) with location NC_020493.1 (20956047-
20959174/LG2) and accession code XM _011460413.1 was selected.
From the FVRALF33 sequence, the sequence prediction of FaRALF33
was started by aligning the first sequence with the genome of
F. x ananassa cv. Wongyo 3115 (GCA_019022445.1) using BLAST
(https://blast.ncbi.nlm.nih.gov/Blast.cgi). The homologous sequence
in accession CMO032302 and region 18337124-18337860 was
selected. In addition, the RALF33 gene was selected from other plant
species [Table 1] for the multiple alignments of amino acid sequences
in Clustal Omega (https://www.ebi.ac.uk/Tools/msa/clustalo/). From
these sequences, the phylogenetic tree was constructed by neighbor-
joining using the MEGA X software (https:/www.megasoftware.
net/), with a fixed value in 1000 bootstrap.

2.2. In silico Design of sgRNAs for FaRALF33 using a CRISPR/
Cas9 Approach

The design of the sgRNAs for the target region of the FaRALF33 gene
was performed using the online tool CHOPCHOP (https://chopchop.
cbu.uib.no/) on the F. x ananassa (FaRR1) genome. In this process, the
CRISPR/Cas9 function for knock-out was used to perform recognition
and frameshift mutation in the on-target sequence. Suitable sequences
were selected and evaluated according to the criteria of GC content
between 35% and 65% [18], efficiency >40, and self-complementarity
<I. Suitable sgRNA sequences were discriminated by Mismatches
(MM) from 0 to 3, with the aim of not obtaining or reducing off-target
sequences.

2.3. In silico Prediction of sgRNA Structure for FaRALF33

For the prediction of the structures of the selected gRNAs,
the RNA scaffold sequence (5’-GUUUUUUAGAGA
GCUAGAAAAAUAGCAAGCAAGUUAAAAUAAGG

Table 1: RALF33 gene accessions from plant species selected for multiple
amino acid sequence alignment for the FaRALF33 gene.

S.No. Accesion Specie Gene Percent
identity
1. XP 011458715.1  Fragaria vesca FvRALF33 100.00
subspp. vesca
2. XP 050363374.1 Potentilla anserina ~ PaRALF33 96.49
3. XP_024165362.1 Rosa chinensis RchRALF33  96.49
4. XP _007199089.2  Prunus persica PpRALF33 76.07
5. XP_002531878.1  Ricinus communis RcRALF33 72.65
6. XP 016709980.2  Gossypium hirsutum GhRALF33 76.15
7. XP_006444286.1  Citrus clementina CcRALF33 74.07
8. XP_008386646.2 Malus domestica MARALF33 68.83
9. XP _007050868.2  Theobroma cacao TcRALF33 72.73
10. XP _039012113.1  Hibiscus syriacus HsRALF33 68.70
11. NP_567476.1 Arabidopsis thaliana ~ AtRALF33 64.91

CUAGUCCGUUAUCAACUUGAAAAAGUGGCACCGAGUCG
GUGCUUUUUU-3") was added, and the secondary structure was
obtained using the online tool RNA fold webserver belonging to The
Vienna RNA Web Services (http://rna.tbi.univie.ac.at/#webservices).
For the discrimination of the selected sgRNAs, their secondary
structure was evaluated, and the formation of one to two hairpins at
the upper end, at the lower end (stem) the presence of 2—3 loops within
the structure was established.

2.4. In silico Design of a Vector for CRISPR/Cas9-Mediated
Mutagenesis of the FaRALF33 Gene

For the in silico design of the FaRALF33 gene mutagenesis vector,
the free software A plasmid Editor was used, using the pCas9-TPC
vector (https://www.addgene.org/61478/) as a base. The vector was
modified by inserting the plant marker green fluorescent protein (GFP)
and sgRNAs into the multiple cloning site, GFP was inserted into the
Smal restriction site, while the sgRNAs together with the Arabidopsis
thaliana U6-26 promoter (AtU6-26) were inserted into the Mlul and
Pacl restriction sites for sgRNA 1, while sgRNA 2 was inserted into
the Spel and Xbal restriction sites.

3. RESULTS AND DISCUSSION

3.1. FaRALF33 Peptide Sequence Identification and Alignment

The predicted sequence of the FuRALF33 gene has a length of 737 bp,
while the coding sequence (CDS) has a length of 345 bp coding for a
peptide of 114 amino acids [Figure 1], with a coding length of 100%
similarity to the RALF33 gene in F vesca [Table 1], compared to the
length of the FYRALF33 gene (735), it has two gaps at position 140 of its
sequence [5]. Multiple alignment of homologous RALF33 sequences
from other plant species showed that the amino acid sequence of
FaRALF33 features typical sequences of known RALF peptides, as
is the RRILA proteolytic cleavage site for propeptide processing by
subtilisin-like protease and release of the mature peptide [Figure 2a].
The FaRALF33 sequence by presenting the YISY, YYNC, and RCRR/
RCRS motifs in its mature form, complies with the characteristics of
the RALF peptide clade I subfamily [19]. Within the RALF33 homolog
sequence cluster, the close grouping of FaRALF33 with FvRALF33,
followed by RcRALF33 and PaRALF33 can be evidenced, indicating
that RALF33 in strawberries shares a close relationship with those of
roses and silverweed, whereas, with cotton, cocoa, clementine, and
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A. thaliana it presents a distant relationship, the latter species being the
most distant [Figure 2b]. This distance could be related to the function
of AtRALF33, which has been determined as a peptide that regulates
seedling growth and has a greater effect on root growth inhibition due
to severe compression of the meristematic and elongation zones [20].

3.2. In silico Design of sgRNA for FaRALF33

In the in silico design of the sgRNAs, a total of 73 candidate sgRNA
sequences were found from which 19 top hits were selected and
categorized as pre-selected sequences [Table 2]. To determine the pre-
selected sequences, GC content was considered, selecting sequences
that presented ranges of 35 to 65 GC%, genomic editing efficiency
>40 and self-complementarity <1, ranges established for the selection
of sgRNA top hits by Pratami ez al. [18], in relation to the decrease
of large number of candidate sequences. The sgRNA efficiency
was calculated by “G20,” which is used by default in CHOPCHOP
platform, which ranges from 0 to 100, where 100 is indicative of a
successful knockout. The “G20” efficiency prioritizes guanine at
position 20, just after PAM [21].

From the 19 pre-selected sequences, an additional filtration was
performed, adding unwanted targets in the genome, establishing
as discriminant the presence of off-targets maximum 3 for the
MMO target site, and <2 for the MM1 and MM2 targets. Four
sgRNA sequences were selected from the filtration: the sequences
sgRNA 1 (5-CGACTCTCCCATCTCTTGGACT-3"), sgRNA
2 (5-GCAAGCAACGGCAACGGCAGCGATCA-3’), sgRNA
3 (5-TTTTTTGGCAAATAGAGAGGAATG-3") and sgRNA 4
(5’-TGAATAAGCTAACCTCTGAC-3’), The sequences were also
the main sequences recommended by the CHOPCHOP online tool, as
well as the statistics of the repair profile predictions [Table 3] and the
specific primers [Table 4].

In the final filtering, the sequences that will present O for the MM1 and
MM2 targets were considered, discarding the sgRNA 3 and sgRNA 4
sequences, additionally, this last sequence contains poly-T and can act

as a termination signal for RNA polymerase III, so it is recommended
that this poly-T be avoided in the design. Thus, sgRNA 1 and sgRNA
2, with 55% and 60% GC content, respectively, comply with one of the
recommendations established for sgRNA design, being within the most
effective range established by [15,22], who determine that the greatest
effectiveness that a sgRNA can present is related to the GC content in
ranges of 40—70% because these contents in the sgRNA sequence allow a
greater interaction with Cas9 endonuclease, which leads to better activity
and efficiency. The most important point of sgRNA 1 and sgRNA 2 is their
target location, located firstly in the coding region and secondly located
close to the N-terminal end; this is because the activity and efficiency
of sgRNAs are negatively affected when they have targets close to the
C-terminal end, because the mutation that can be performed at that site
has a very low probability of changing the reading frame, i.e., there would
be no interruption of protein expression or inactivation of the gene of
interest, in addition to the fact that sgRNAs targeting non-coding regions
are inefficient in the search for gene inactivation mutations [21,23].

3.3. In silico Prediction of sgRNA Secondary Structure for
FaRALF33

The secondary structure of the four sgRNAs was predicted in
conjunction with RNA scaffold sequence; the criteria considered
were the formation of two hairpins at the upper end and an extended
stem-loop (stem-loop RAR) at the lower end [23,24] [Figure 3]. These
secondary structures are important in many biological processes since
they can determine the accessibility of nucleotides and the resulting
interactions at each locus, and they are also necessary to know since
they allow the discrimination of sgRNA sequences that may present
alterations and variations in their secondary structure that lead to
the inefficiency of the recognition and editing process of the target
region, as well as the interaction with the Cas9 protein [23]. Of the
total sgRNAs selected, only three (sgRNA 1, sgRNA 2, and sgRNA 4)
presented favorable structures, being sgRNA 1 and sgRNA 2 the most
favored, due to the lower presence of paired seed regions; on the other
hand, the presence of the first stem-loop is not necessary because 82%

GTGATCCCAGA GCTTTCACTTTA

GGCTGCAGTGCCATCACTCGCTGCCGTAGTTGA

QRGASYYNCKPGAQANPYNRGCSAITRCRS*

>PREDICTED: Genomic sequence FARALF33 [Fragaria x ananassa cultivar Wongyo]

AATGAGAAATGAGAGCTTCCAATTCCCTTAGAAAATGTTTTGTCCTGTCAGAGGTTAGCTTATTCACTTAACCCTATTAT
TAAAGACCAAGTCCAAGATGGGAGAGTCGACTACTTTAAAACAAGGTTTGCCAACCCACATTCCTCTATTTGCCAAAA
GAGAAAAACAACAAGGCATACCAGAAGCAAATGGCAAAGTCCTCTTCCATTATTCTCTTCTTGGCCTTCTGCTTGTTCT
TCACAGCCGTGATCATCGATGCAAGCAACGGCAGCGATCACGGGTTGAGCTTTGTTCCGGCCAAGTCCCGTTGCCAG
GGTTCCATTGCAGAGTGCATGGCTGAGGATGAGTTTGACATGGACTCTGAGATCAACAGGCGTATCTTGGCCACCACA
AAGTACATCAGCTATGGAGCTCTACAGAGGAACACTGTGCCATGCTCGCAAAGGGGTGCTTCCTACTACAACTGCAAG
CCCGGGGCACAGGCTAACCCCTACAACCGTGGCTGCAGTGCCATCACTCGCTGCCGTAGTTGATGAATGTAAAATGTT
ACACAGATGTGAGATGTTCATGCCTTAGATCATGTGTGAATTCTCAGTTCTGGTGTTCATAGTGTTTTTATGTTCTATCTAT
ATCCCAAATACAGATTCATATACTTTACATGAATGAAAATATGCAGGTGGTTTACCTTTGAAATGTTCGAAATAAGGGGG

ATGGCAAAGTCCTCTTCCATTATTCTCTTCTTGGCCTTCTGCTTGTTCTTCACAGCCGTGATCATCGATGCAAGCAACGG
CAGCGATCACGGGTTGAGCTTTGTTCCGGCCAAGTCCCGTTGCCAGGGTTCCATTGCAGAGTGCATGGCTGAGGATG
AGTTTGACATGGACTCTGAGATCAACAGGCGTATCTTGGCCACCACAAAGTACATCAGCTATGGAGCTCTACAGAGGA
ACACTGTGCCATGCTCGCAAAGGGGTGCTTCCTACTACAACTGCAAGCCCGGGGCACAGGCTAACCCCTACAACCGT

>PREDICTED: Peptide sequence FaRALF33 [Fragaria x ananassa cultivar Wongyo]
MAKSSSIILFLAFCLFFTAVIIDASNGSDHGLSFVPAKSRCQGSIAECMAEDEFDMDSEINRRILATTKYISYGALQRNTVPCS

Figure 1: Rapid alkalinization factors 33 sequence of Fragaria x ananassa (FaRALF33) cultivar Wongyo, gene sequence (yellow), CDS sequence (green) and

peptide sequence (turquoise).
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AtRALF33 MRGLSTKPVAIIIAILTVHFLFA------ AVTSQSSGDFVPIESKCNGTIAECSLSTAEE 54
TcRALF33 MVNSSGFLL--AVPLVLVTFIFAL-LSVDANGEHHL -SWIPTESSCKGSMAEC-MA--ED 53
GhRALF33 MANPSCFLL--PVSLIFVALIIAL-STVDTSAEHHL-SWSPNKSGCQGSMAEC-MA--ED 53
HsRALF33 MSNPSGFLL--AVSLVLTTLIISL-STVEAGGDHHLINWVPTKAGCQGSMAEC-IT--ND 54
CcRALF33 MAKTLAFLL--CVYLFLAALMMDSSTVVDAGVDQRL -SWVPAKARCQGSMAEC-MA--DE 54
RcRALF33 MAKHSSIFL-FTFYLLLSSLIIS-TSTVEATIDHKL-NWVPKTSRCQGTLADC-MQ--ED 54
MdRALF33 MANSSAIIFSLA---FVAALIIS- - --VDASGGHGA- SWVPVRPRCEGSVAEC-MDDHDD 51
PpRALF33 MANSSSIFL-FAFYMFTATLIIS- TWTVHAGSDHGL - SWWPGRTRCQGSIAEC-MA--DD 54
RchRALF33 MAKSSSIILFFTFCLFFTAVIID- - --ASNGSDHGL-SFVPAKARCQGSIAEC-MA--ED 52
FaRALF33 MAKSSSIILFLAFCLFFTAVIID----ASNGSDHGL-SFVPAKSRCQGSIAEC-MA--ED 52
FVRALF33 MAKSSSIILFLAFCLFFTAVIID----ASNGSDHGL-SFVPAKSRCQGSIAEC-MA--ED 52
PaRALF33 MARSSSIILFLAFCLFFTAVIID----ASNGSDHGL-SFVPGKARCQGSIAEC-MA--E 52

£ .. . 3 K.K..¥X.% . ..
AtRALF33 EFEMDSEINRRILATTKYISY[GALRRNTVPCSRRGASYYNCRRGAQANPYSRGCSAITRC 114
TCcRALF33 EFEMDSGINRRILQTTQYISY[GALQRNTVPCSRRGASYYNCQPGAQANPYNRGCSAITRC 113
GhRALF33 EFDMDSEINRRILQTTQYISY[GALQRNTVPCSQRGASYYNCQPGAQANPYNRGCSAITRC 113
HsRALF33 EFDMDSEINRRILATTQYISY[GALQRNTVPCSLRGASYYNCQPGAQANPYSRGCSAITRC 114
CcRALF33 EFGMDSEINRRILATTKYISYIGALQRDSVPCSQRGASYYNCHAGAQANPYSRGCSAITRC 114
RcRALF33 EFDMDSEINRRILATTNYISYIGALQRNTIPCSQRGASYYNCQPGAEANPYSRGCSAITRC 114
MdRALF33 VFGMDSEISRRILATSQYISYGALQRNTVPCSQRGASYYNCKPGVQSNPYNRGCSAIARC o b
PpRALF33 EFDMDSQINRRILATSQYISYGALQRNTVPCSRRGASYYNCKPGAESNPYNRGCSAIARC 114
RchRALF33 EFEMDSEINRRILATTKYISYGALQRNTVPCSQRGASYYNCKPGAQANPYNRGCSAITRC 112
FaRALF33 EFDMDSEINRRILATTKYISYGALQRNTVPCSQRGASYYNCKPGAQANPYNRGCSAITRC 112
FvRALF33 EFDMDSEINRRILATTKYISYGALQRNTVPCSQRGASYYNCKPGAQANPYNRGCSAITRC 112
PaRALF33 EFDMDSEINRRILATTKYISYGALQRNTVPCSQRGASYYNCQPGAQANPYNRGCSAITRC 112
¥ OKXX K KKEX K. . KEKREEREKX. *: s s REX ORKKEKKEKEK. XK .o KKK KEKEKEKK. KX
AtRALF33 RR 116
TcRALF33 RG 115
GhRALF33 RS 115
HsRALF33 RS 116
CcRALF33 RS 116
RCRALF33 RS 116
MdRALF33 RS 113
PpPRALF33 RS 116
RchRALF33 RS 114
FaRALF33 RS 114
FVRALF33 RS 114
PaRALF33 RS 114
x
a
%, FVRALF33
50
100 - FaRALF33
RchRALF33
58
PaRALF33
27 ~ PpPRALF33
N o0 —— MdJRALF33
RcRALF33
HsSRALF33
. GhRALF33
29— TCRALF33
CcRALF33
b] AtRALF33

Figure 2: Sequence of rapid alkalinization factor 33 (RALF33) peptide from Fragaria x ananassa compared with RALF33 peptide sequence from other plant

species. (a) Multiple sequence alignment of RALF33 peptide sequences and their typical sequences of known RALF peptides: the proteolytic cleavage site
(RRILA) is enclosed in a light blue box, the YISY motif is enclosed in a green box, the YYNC motif is enclosed in a yellow box, and the RCRR/RCRS motif is
enclosed in a red box. (b) Phylogenetic tree analysis of FaRALF33 and RALF33 peptide sequences from other selected species.

of sgRNAs lose in plants and it is not related to editing efficiency [24].
In the secondary structure of sgRNA 3 lacks the essential structures
such as the required RAR stem-loop, second stem-loop, and third
stem-loop, which gives key structural properties for processing and
binding to Cas9 protein [25].

On the other hand, it is considered that the variation of some nucleotides
determines the efficiency of sgRNAs, being significant in comparison
with inefficient sgRNAs, but within these possible variations it has
been established that a conserved motif is present in the sgRNA,
which determines the formation of stable hairpin structures in
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Table 2: Top hit sgRNA sequences for genomic editing in the FaRALF33 gene region.

Target sequence Genomic  Strand  GC content  Self-complementarity Mismatch Efficiency
oo () MM0 MM1  MM2

TTTTGGCAAATAGAGGAATGTGG 136 - 35 0 1 0 1 57.77

GCAAGCAACGGCAGCGATCACGG 258 + 60 1 2 0 0 43.75

ACTGTGCCATGCTCGCAAAGGGG 426 + 55 0 1 0 3 72.81

ACACTGTGCCATGCTCGCAAAGG 424 + 55 0 1 0 3 51.28

CACTGTGCCATGCTCGCAAAGGG 425 + 55 0 1 0 3 44.64

TGAATAAGCTAACCTCTGACAGG 44 - 40 1 1 1 2 52.41

CGACTCTCCCATCTTGGACTTGG 87 - 55 0 3 0 0 45.08

TGCAATGGAACCCTGGCAACGGG 304 - 55 0 3 0 0 40.16

TCAGCTATGGAGCTCTACAGAGG 400 + 50 1 1 3 0 66.13

GAAGCACCCCTTTGCGAGCATGG 432 - 60 0 1 3 0 52.09

GTAGGGGTTAGCCTGTGCCCCGG 472 - 65 1 2 2 0 47.52

GGAACCCTGGCAACGGGACTTGG 298 - 65 0 3 1 0 41.61

GTTGCTTGCATCGATGATCACGG 244 - 45 0 4 0 0 61.2

CATTGCAGAGTGCATGGCTGAGG 320 + 55 1 4 0 0 55.65

TGCACTCTGCAATGGAACCCTGG 311 - 55 0 4 0 0 53.43

CAAGCAACGGCAGCGATCACGGG 259 + 60 1 4 0 0 51.94

GAGAATTCACACATGATCTAAGG 571 - 35 0 4 0 0 49.95

CTACTACAACTGCAAGCCCGGGG 455 + 55 1 3 1 3 69.82

TCCTACTACAACTGCAAGCCCGG 453 + 50 0 3 4 0 44.92

MM: Mismatches, sgRNA: Single guide RNA. Sequences and values in bold correspond to the final two sgRNAs selected

Table 3: Statistics of repair profile predictions of sgRNA 1 and sgRNA 2

sequences for FaRALF33 gene editing. 2 d 3 d

Repair profile prediction Target sequence Ta rget-s peCfl C nysr
sgRNA 1 sgRNA 2 stem

Frameshift frequency 18.15 52.08 | 00 p

Precision score 0.74 0.48

Frame+0 frequency 81.85 47.92

Frame+1 frequency 9.54 25.33

Frame+2 frequency 8.61 26.75

1-bp ins frequency 2.86 11.83

Highest deletion frequency 72.03 20.62

Highest insertion frequency 1.30 6.16

Highest outcome frequency 72.03 20.62

. . Double-stem
Microhomology deletion frequency 88.23 68.78
Microhomology-less deletion frequency 8.91 19.39 IOOp

sgRNA: Single guide RNA

established positions [26], allowing to obtain results in the structures
of the sgRNAs selected in this work, which are in accordance with the
efficient secondary structures. The prediction of secondary structures
is essential to determine certain interactions resulting in various
biological processes, being recognized as an important feature in the
design of sgRNAs [27-29].

3.4. In silico Design of a Vector for CRISPR/Cas9-Mediated
Mutagenesis of the FaRALF33 Gene

For the design of the FaRALF33 gene mutagenesis vector, the
sgRNA 1 and sgRNA 2 sequences were inserted, each with their

Figure 3: Predicted secondary structure of the predicted single-guide RNA
binding to the RNA scaffold sequence for mutagenesis of the FaRALF33 gene.

respective SRNA scaffold and driven by the AtU6-26 promoter, and
additionally, the GFP marker (inserted with a 35S promoter and
terminator) was added, obtaining the pCas9-TPC-GFP-2XsgRNA
vector [Figure 4].

The pCas9-TPC-GFP-2XsgRNA vector was designed from the
pCas9-TPC base vector that harbors the Cas9 sequence driven by
Petroselinum crispum ubiquitin promoter because this promoter
presents high activity and durability with the ability to maintain these
characteristics in different explants under in vitro conditions [30]
Thus, Poudel [31] developed the construction of the pCas9-TPC
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Table 4: Sequence-specific primers sgRNA 1 and sgRNA 2 for gene editing of FaRALF33.

Characteristics of

Target sequence

primers sgRNA 1

Left primer (5°-3”)
Left primer coordinates
Left primer Tm 60.4
Right primer (5’-3”)
Right primer coordinates
60.0

184

Right primer Tm
Product size (bp)

AAATGAGAGCTTCCAATTCCCT
Sequence: 7-29

ATTTGCTTCTGGTATGCCTTGT
Sequence: 169-191

sgRNA 2
TATTCTCTTCTTGGCCTTCTGC
Sequence: 209-231
60.0
CAGTTGTAGTAGGAAGCACCCC
Sequence: 445-467
60.1
258

Tm: Melting temperature, sgRNA: single guide RNA

LB

Cas9 Endonuclease

PcUbi pro

Pea3a term

AtU6-26 pro

35S pro 35S term

BlpR

sgRNA 2

®

1 P ﬂ

1/

AtU6-26 pro

SRNA scaffold AtU6-26 term

SRNA scaffold AtU6-26 term

Figure 4: T-DNA region of the pCas9-TPC-GFP-2XsgRNA vector for FaRALF33 gene mutagenesis, with two single-guide RNAs inserted into the multiple
cloning site. RB and LB indicate the right border and left border of the T-DNA of the pCas9-TPC-GFP-2XsgRNA vector.

vector::F vesca Cell Death Inducer Protein 1 (FvCDIP1) 2XgRNA,
presenting as a base the same vector as presented in this work, the vector
they developed resulted successful because the designed sgRNAs and
the Ca9 endonuclease achieved the established objectives with the
gene knockout of the FvCDIPI gene. Likewise, demonstrating that
the pCas9-TPC vector can be modified for the insertion of two sgRNA
sequences because the vector was originally designed and worked with
a single sgRNA [32].

The choice of the AtU6-26 promoter was made despite the
recommendation in the use of native promoters, with which it is
possible to obtain greater mutation efficiency in the target region [33],
as was also demonstrated in strawberry, through the use of the
F. vesca UGIII (FvUGIII) native promoter, which was more effective
in obtaining mutants in F vesca cv. Hawaii 4, in an experimental
comparison of relative mutation efficiency with the 4. thaliana U6-26
promoter; but in the same experiment executed in F. X ananassa cv.
Calypso they obtained higher mutation efficiency with the 4rU6-26
promoter than with the FvUG6III promoter [34].

4. CONCLUSION

Two sgRNAs were designed in silico for CRISPR/Cas9-mediated
mutagenesis of the FaRALF33 gene, with the prospect of reducing
the infection process of C. acutatum. The sequence of FaRALF33

was analyzed and compared with other plant species and presented
the main features of RALF peptide, presenting the YISY, YYNC,
and RCRR/RCRS motifs. The predicted secondary structures of
the selected sgRNAs present efficient sgRNA structures in targeted
mutagenesis. Likewise, the vector pCas9-TPC-GFP-2XsgRNA,
a vector with the two designed sgRNA sequences driven by the
AtU6-26 promoter, was designed. This targeted mutagenesis
vector was designed using in silico computational tools, as were
the sgRNA and secondary structure predictions. These tools are
important in predicting the accuracy and success of target target
mutation, through this approach allows molecular studies and
genetic engineering to leverage bioinformatics and computational
techniques to practically design and predict DNA molecules or
proteins.
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