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Abstract—CRISPR/Cas technology of genome editing is a powerful tool for making targeted changes in the
DNA of various organisms, including plants. The choice of the precise nucleotide sequence (protospacer) in
the gene to be edited is important in the design of guide RNA, which can be carried out by specialized soft-
ware. We review and compare all the known on-line and off-line resources for guide RNA design, with special
attention paid to tools capable of searching for off-target edits sites in plant genomes. The use of Cas12a may
be preferable to Cas9. Techniques allowing C—T and G—A base editing without DNA cleavage are discussed
along with the basic requirements for the design of effective and highly specific guide RNAs. Ways for
improving guide RNA design software are presented. We also discuss the lesser risks of off-target editing in
plant genomes as opposed to animal genomes. Examples of edited plant genomes including those that do not
lead to the creation of transgenic plants are reviewed.
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INTRODUCTION

The CRISPR/Cas-genome editing technology is a
powerful tool for the introduction of targeted modifi-
cations into the DNA of different organisms, includ-
ing plants. This technology consists of several stages,
each of which determines to a certain degree the suc-
cess of the final result. An important part of plant
genome editing is CRISPR/Cas-component delivery
to the place of editing, which the genetic (gene modi-
fied) status of the plant obtained also depends on [1].
The selection of targets, i.e. specific nucleotide
sequences (protospacers) within the genes aimed for
editing, is also a key point of this approach. This stage
is associated with the design of guide RNAs (gRNAs),
using computer programs. At presently, a number of
these programs are developed, which are considered in
the present review.

Programs for gRNA design are discussed in sev-
eral reviews [2—9]. We also published a review on
this topic, where we considered not only the pro-
grams for gRNA design, but also databases for these

Abbreviations: gRNA, guide RNA; Cas9, CRISPR associated
protein 9; Cpfl, CRISPR from Prevotella and Francisella 1,
CRISPR, Clustered Regularly Interspaced Short Palindromic
Repeats; PAM, Protospacer Adjacent Motif.
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CRISPR/Cas-editing components, as well as pro-
grams aimed at the analyses of the genomes edited
[10]. However, because of the fast development of
gene engineering and bioinformatics techniques, these
reviews already do not fully describe modern
approaches to the design of gRNA. Some of the earlier
developed programs have been recently updated, and
a lot of new resources exist. Therefore, it has become
necessary to pay attention again to this drastically
important stage of genome editing. In contrast with
other reviews, we consider almost all the existing pro-
grams that are aimed specifically at editing plant
genomes in the design of gRNA. As this article is first
of all addressed to the final users of this software, the
algorithms used by different designers for the develop-
ment of such programs are discussed very briefly. Pro-
grams for genome editing data analysis will also not be
discussed, as this is a topic for a separate article.

As for the programs for the design of gRNA aimed
at the editing genomes of organisms other than plants,
it should be noted that most of them are suitable for
the design of gRNAs of any nucleotide sequences
regardless of the forms of life they belong to. However,
these programs do not allow assessment of the pres-
ence of off-target sites in the genomes of individual
plants. For example, the CRISPR-Cas9 guide RNA
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Table 1. The CRISPR-Cas nucleases that are most often used in genome editing
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Nuclease full name (origin) Abbreviation

CRISPR-associated protein 9 (Streptococcus pyogenes M1) Cas9

Wild type Cas9 (Streptococcus pyogenes M1) wtSpCas9

Modified variation VRER Cas9 (Streptococcus pyogenes) VRER SpCas9

Modified variation VQR Cas9 (Streptococcus pyogenes) VQR SpCas9

One of the smallest orthologues of Cas9 (Campylobacter jejuni) CjCas9

One of the smallest orthologues of Cas9 (Neisseria meningitidis) NmCas9

Cas9-nuclease with a codon modified for rice (Strepfococcus pyogenes M1) MmCas9

CRISPR-associated protein 9 (Streptococcus thermophilus) StCas9

CRISPR-associated protein 9 (Staphylococcus aureus) SaCas9

CRISPR protein from the Casl2a family (Prevotella and Francisella 1) Cpfl (also known as
Casl12a)

As—the Cpfl family member AsCpfl

Lb—the Cpfl family member LbCpfl

Fn—the Cpfl family member FnCpfl

The Cas12b nuclease family (Bacillus hisashii) BhCas12b

The CRISPR-Cas two-domain artificial protein of class 2 with unique properties C2c2 (Casl3a)

The recombinant protein designed on the basis of the FokI nuclease domain and inactive Cas9 | FokI-dCas9

Recombinant proteins designed on the basis of cytidine- and adenine deaminases and mutant For example: cytidine

forms of Cas9 for single nucleotide substitutions in DNA without double-strand breaks deaminase-Cas9

design checker (https://eu.idtdna.com/site/order/
designtool/index/crispr_sequence), from the well
known company “Integrated DNA Technologies”,
allows gRNAs to be designed and checked for their
efficacy with respect to the absence of off-target sites
in the human genome and in the genomes of mice, rats,
zebrafish and nematodes. For other species, the “Other
species” option may be used by indicating in brackets
“no off-target analysis”. In this case, the researcher
may either check for both full and non-full matching of
the spacer sequences of gRNAs which were chosen with
this, or with an alternative program from the GenBank
database, using the Nucleotide BLAST service
(https://blast.ncbi.nlm.nih.gov/Blast.cgi). It is also
noteworthy that to date not many plant genomes have
been analyzed, and most of them refer to either model
species or industrial agricultural species. When editing
a genome, which has not yet been sequenced, any pro-
grams may be used to design gRNAs (the list and
URLs are given below), including those, which are not
aimed at identifying off-target sites in the known
genomes of plants.

Before we start discussing the main topic of the
article, attention must be paid to designations of the
Cas-nucleases used in genome editing, as well as their
mutant forms, which were obtained by gene engineer-
ing approaches and sometimes designated by 2-3-let-
ter abbreviations that originate from the Latin names
of bacterial strains (Table 1). In this article, we desig-
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nate them in the same manner as the developers of the
programs discussed. It should be noted that the designa-
tion Cas9 implies a specific enzyme (by default it is the
wild type nuclease wtSpCas9 obtained from Streptococ-
cus pyogenes) even if the origination is not specified.

THE CAS9/12A NUCLEASES USED
IN GENOME EDITING

Detailed discussion of the CRISPR/Cas-technol-
ogy of genome editing, including the detailed mecha-
nisms of the activities of nucleases used, as well as a
variety of achievements in the improvement of agricul-
turally valuable traits of plants, is far beyond the scope
of this article, and a number of reviews on these points
are available [11-22]. However, we should dwell
briefly on the issue of the Cas9 and Casl2a (Cpfl)
nucleases. As one may see from Fig. 1, the main differ-
ences between them are in the location of the first
sequence recognized, which is adjacent to the proto-
spacer (Protospacer Adjacent Motif, PAM) as well as
in the sites of DNA cleavage and structural organiza-
tion of the gRNA basis: CRISPR RNA (crRNA) and
trans-activated CRISPR RNA (tracrRNA), which
form the corresponding ribonucleoprotein (RNP)
with a specific apoenzyme.

The classical variation of the Cas9 nuclease recog-
nizes the NNG-3' PAM-sequence, whereas the Cpfl
nuclease recognizes the AT-rich 5'-TTTN PAM-
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Fig. 1. Scheme of the interactions of ribonucleoprotein complexes consisting of full-size RNA guides and the Cas9 (a) or Casl2a
(b) nucleases with edited DNA (see explanations in the text). The scissors show the sites of cleavage by nucleases.

sequence, which is located on the opposite end of the
protospacer. Spacer sequences of gRNAs of these
nucleases are 20 nt and 23 nt long respectively. The
most important for the protospacer recognition part of
the spacer sequence, which is adjacent to the PAM-
region, is called the “seed sequence”. For nucleases of
the Cas9 family, its length is 8—12 nt, whereas in
Casl2a nucleases it is shorter—5—6 nt. The Cpfl
nuclease makes a double-strand break with 4—5 nt
projected on the 5'-end at some distance from the
PAM-region, in contrast to Cas9, which forms breaks
with blunt ends in the seed sequence near the PAM-
sequence. The Cpfl nuclease has a single catalytic
domain, RuvC, which introduces breaks into both
strands of DNA, whereas the Cas9 nuclease, which
cleaves complementary DNA chains, has two catalytic
domains, RuvC and HNH, single mutations in which
(H840A in the RuvC or D10A in the HNH) transform
the Cas9-nuclease into the corresponding nCas9 nick-
ases, as the domain, which remains unchanged, can
cleave only one of the DNA chains. If both catalytic
domains become modified, the Cas9 nuclease, which,
in this case, is called the dCas9 nuclease, loses its abil-
ity to cleave DNA. However, if this dCas9 nuclease is
linked with the FoklI restiction endonuclease mono-
mer, the FokI-dCas9 nuclease is made, which may
also be called fCas9. When these chimeric enzymes
with different recognition sites are bound to the edited
DNA, the FokI dimer is formed, which possesses cat-
alytic activity. FokI-dCas9, alongside with the nCas9-
nickases, is also used in genome editing and theoreti-

cally decreases the number of off-target editing sites,
due to a decrease in the probability of recognition of
two long sequences of different protospacers, which
are located close to each other.

One more type of chimeric Cas nuclease, which
lacks catalytic activity, is dCas or nCas-nickase, which
carry linked cytidine- or adenine deaminases, as well
as some other enzymes, which allow genome editing of
individual nitrogenous bases by the C—T and A—>G
transitions without formation of double-strand breaks
in DNA. It is noteworthy that editing individual
nitrogenous bases allows knockout of genes via the
transformation of glutamine (CAA and CAG), argi-
nine (CGA) and tryptophan (TGG) codons into ter-
minal codons (TTA, TAG, TGA). Conversely, the
recovery of codons encoding these amino acids from
termination codons is also possible and is important
for genome editing via removal of mutations.

Several bacterial species have been shown to pos-
sess the Cas9/12a-nucleases, which recognize differ-
ent PAM-sequences. A number of such genetically
modified Cas-nucleases, which recognize different
PAM-motives, have also been obtained. This, on one
hand, increases the possibilities to screen genomes for
appropriate protospacers, and, on the other hand,
decreases the risk of the off-target site occurrence when
nucleotides that recognize longer PAM-sequences, the
level of which is lower in edited genomes.

A significant difference of the Cpfl nuclease from
the Cas9 is that its function does not require tra-
MOLECULAR BIOLOGY  Vol. 54
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crRNA, as the length of crRNA that is sufficient for
the formation of the active complex with the Cpfl-
apoenzyme, is limited to 42—44 nt, in contrast to the
full-size gRNA of about 100 nt, which includes
crRNA, tracrRNA and artificial tetranucleotide loop
GAAA, and is commonly used for the Cas9-nuclease.
Because of the shortened size of the gRNA basis for
Cpfl, this RNP component is easier to synthesize
chemically [23]. This is however applicable to Cas9 as
well [24]. This significantly simplifies the problem of
genome editing, taking into account that ready-to-use
enzymes are provided by several companies. It was
found that chemically synthesized gRNA works better
than enzymatically synthesized gRNA, as use of the
latter for genome editing with Cpfl-containing RNPs
led to unexplainable insertions of DNA fragments
[25]. It was also shown that the Casl2a-nuclease
demonstrated higher specificity in comparison to
Cas9 [26]. Therefore, it is preferable to use Casl2a for
genome editing, even though Cas9 has much more
widespread use. One may suggest that the high speci-
ficity of Casl2a is due to the fact that it cleaves DNA
far from the PAM-region. Thus, the process of DNA
“melting”, and the progress of a so called R-loop,
which are sensitive to mismatch and proceed steadily,
may, at a certain point, stuck because of the presence
of uncomplementary nucleotides. This results in a break
of the RNP-complex with the DNA motive, because of
the non-fitting off-target site. The Cas9-nucleases cleave
both chains of DNA near the PAM-motive, and, theo-
retically, this cleavage may take place earlier than the for-
mation of the full-mature R-loop in the off-target site.

THE MAIN REQUIREMENTS
FOR THE DESIGN OF GUIDE RNA

For successful genome editing, in order to prevent
off-target mutations and effectively produce target
mutations, good gRNA must be designed. To achieve
this, full-genome analysis of the organism is required
(if its sequence is known) in order to reveal the pres-
ence of nucleotide sequences similar to the motive to
be edited. As mismatch of individual nucleotides and
even the presence of small insertions/deletions
(indels, which may occur in both DNA and RNA
chains) may theoretically not to be obstacles for off-
target editing, one should take into account a not only
100% match of gRNA nucleotide sequences to the
potential protospacers. Therefore, the gRNAs chosen
should not contain motives fully matching the off-tar-
get sites in the genome edited, and the presence of par-
tially homologous gRNAs should be minimized. Spe-
cial attention should be paid to the seed region, in
which nucleotide substitutions are most crucial. The
location of potential off-target sites in coding regions,
introns, promoters and intergenic spacers is also
important, because it affects the risk of undesirable
editing. To provide more effective knockout of specific
genes, it is preferable to choose a region located in the
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first exon (if there is one) at a 150—500 bp distance
from the starting codon. For small proteins this diapa-
zone varies from 100 bp to 300 bp. When striving to
exclude the possibility of functional but C-terminal
truncated proteins, and to position the edited place
closer to the NH,-terminal, one should not forget
about possible leader peptides, distortions in which
will not affect the protein itself, but will change its
compartmentalization.

In 2013, the analysis of more that 700 gRNAs
allowed researchers to choose several recommenda-
tions for gRNA selection so as to decrease the proba-
bility of the off-target editing and to develop the first
programs for the design of gRNA [27]. The main require-
ment was to exclude the location of the PAM-sequence
near off-target regions homologous to the targeted
region, because the PAM-sequence is where place
the nuclease is first guided to. Furthermore, for the
PAM-sequence regions, exclusion of areas fully
homologous to off-target sites and admission no more
than three nucleotide substitutions of which two are
located in the area adjacent to the PAM-sequence. It
was hoped that such mismatches would be character-
ized by neighboring nucleotides or separated from
each other by no more than 4 positions. Analysis of
1841 variations of gRNA by Doench et al. [28]
revealed the best localization of nitrogenous bases in
the spacer regions. This allowed the authors to com-
pose a predicative model of their activity and develop
rules, which were later called Rule Set 1. For example,
it was found that the Cas9-nuclease prefers that the
variable nucleotide in the PAM-sequence is cytosine.
However, this was shown to be extremely undesirable
in the neighboring region of DNA, which interacts
with gRNA. It the latter region the preferable variable
nucleotide was guanine. Further studies of target and
off-target gRNA editing by Doench et al. [29] resulted
in the development of the improved Rule Set 2, which
became the basis for the development of several pro-
grams for the design of gRNA. Further improvements
of the programs for the design of gRNA actively used
algorithms that were based on deep machine learning,
which allowed improved screening of the unique pro-
tospacers with a decreased probability of occurrence
of off-target sites of editing [30—36].

It will be shown in the article that programs for the
design of gRNAs, aimed at plant genome editing, are
significantly different from each other, though they
share several features. These include the length of
gRNA spacer regions, which varies in the design in
diapason from 15 nt to 25 nt, but is characterized by
lengths of 20 nt and 23 nt pre-installed by default in
many programs for the Cas9 and Casl2a (Cpfl) nucle-
ases respectively. It is believed that the use of gRNAs
with shortened spacers slightly decreases nonspecific
editing, though excessive shortening may lead to total
loss of catalytic activity of the Cas-nucleases. The
nucleotide composition of protospacers is also
important. Choosing protospacers with either high or
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low levels of GC-pairs is not recommended. It is pref-
erable to choose regions that contain about 40—60%
GC-pairs, though 20—80% is considered to be accept-
able. Homopolymeric motives that consist of four or
more similar nucleotides must be excluded. The pres-
ence of four (or even three) thymine residues one after
the other should be avoided when obtaining gRNA by
transcription, as this sequence terminates the process.
One should also take into account expression systems
that are used to obtain gRNAs and require the pres-
ence of two guanine residues at the 5'-end, when using
RNA polymerase under the control of the T7-pro-
moter, or a single guanine if using the U6-promoter, in
order to increase the transcription efficiency. The
nucleotide sequence of the region of choice should not
induce the occurrence of the wrong spatial structure of
the whole gRNA molecule. When choosing protospac-
ers, prior to the sequencing of this part of genome, pre-
diction of the presence of recognition sites of restriction
endonucleases in the place of the double-stranded break
and following repair, which after the cleavage of ampli-
cons obtained by PCR with flanking primers serve as the
control for genome editing, is recommended. In knock-
in experiments with CRISPR/Cas-editing, the donor
DNA, taking into account a small number of substitu-
tions, should be absent from the protospacers chosen.

Recent analysis of a number of ineffective gRNAs
showed that the majority of them contain the TT and
GCC motives in the four nucleotides adjacent to the
PAM-region in the proximal part of spacer sequences
[37]. Earlier, the developers of the WU-CRISPR pro-
gram for the design of gRNA reported that if the four
nucleotides of the spacer sequence, adjacent to the
PAM -region, are rich with pyrimidines, the efficiency
of genome editing with such gRNAs decreases drasti-
cally, because these nucleotides may anneal with some
nucleotides of the gRNA, increasing the length of one
of its loop structures and excluding an important part
of the seed sequence from interaction with the site of
editing.

SPECIFICITIES OF PLANT
GENOME EDITING

When editing plant genomes (in knockout varia-
tion), the occurrence of edited sites other than the tar-
geted ones is not as drastic as it is for animals due to the
large size of many plant genomes. They contain a con-
siderable level of non-coding regions, and may often
demonstrate polyploidy, including so called paleop-
olyploids (now considered as diploid forms). Many
genes in these genomes are represented by many cop-
ies, and individual cells and tissues may be character-
ized by endopolyploidy due to endoreduplication. One
more reason for the decreased risk of off-target editing
in plant genomes is the possibility of relatively easy
segregation of undesirable traits for many species over
several generations, and the ability to carry out satu-
rating crossings and backcrossings. Finally, the conse-

quences of spontaneous mutagenesis, which occur
under the influence of radiation and chemical agents
and leads to a number of mutations in unpredictable
places of the genome, are well known for plants. In
these cases, some plants not only survive, but may also
acquire advantageous traits.

In fact, off-target CRISPR/Cas genome editing,
although not very random, may be considered to be
similar to chemical or radiation mutagenesis. Theoret-
ically, it may be considered as the introduction of mul-
tiple mutations into different positions of the plant
genome, using, for example, some degenerated
gRNAs (similarly to degenerated primers that anneal
at different places [39]), which can edit the same mul-
titude of protospacers in plant DNA. This would allow
plants to be obtained with improved agriculturally
important traits. “Mild” editing of individual nitroge-
nous bases by deaminases linked to inactive Cas-nucle-
ases is probably more suitable for this purpose instead of
common Cas-nucleases that lead to indel formation.
Theoretically, these plants should not be referred to as
genetically modified organisms, because of the off-target
influence, similarly to mutagenesis induced by chemicals
or radiation. However, the laboriousness, duration and
cost of this approach for such multiple and almost ran-
dom editing costs more than treatment of seeds with
known mutagens. Therefore, this approach is considered
to be uneconomic for obtaining mutant plants with
improved characteristics.

The title of a published article “CRISPR/Cas pre-
cision: do we need to worry about off-targeting in
plants?” is demonstrative. In this article [40] Hahn &
Nekrasov asked a direct question: do we need to worry
at all about the off-target CRISPR/Cas-editing in
plant genomes? They provide references to large-scale
studies from other authors, in which no mass muta-
tions were found after genome editing [41]. For exam-
ple, full-genome sequencing was performed for 69 rice
plants, 34 of which were edited with the Cas9, 15 with
Cpfl, and 20 were used as the control [41]. It was found
out that almost all mutations (from 102 to 148 single
nucleotide substitutions and from 32 to 83 indels per
plant) occurred naturally, and only one mutation
occurred as a result of off-target editing with Cas9, for
which 12 gRNAs were used. Moreover, three gRNAs
were aimed at Cpfl, which did not cause the off-target
editing. This may be considered as evidence of good
selection of gRNAs, as well as of the fact that off-target
editing of plant genomes occurs less frequently than
natural mutations. For example, in Arabidopsis, these
are mostly transitions and small indels, which occur
with an average frequency of 10~° per site in one gen-
eration [42]. Wolt et al. [43] analyzed data obtained for
several plant species and concluded that in most cases
editing with the CRISPR/Cas-system, which worked
either transiently or after being introduced into the
plant genomes, was targeted. Wong et al. [38] also
showed that off-target editing occurs more rarely than
suggested previously for different organisms.
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It is noteworthy that efficacy (completeness) and
specificity (influence either preferably or solely on the
targeted sites) of genome editing in fact conflict with
each other. For example, editing targeted regions of
the genome will be more effective the longer the RNP
is active in the cell with a specific Cas-nuclease and
gRNA, but the probability of off-target editing also
increases. The duration of RNP activity depends on
the delivery method chosen, which, in plants, may
either provide introduction of all or only part of the
CRISPR/Cas-components (constant exposure), lead
to transient expression (prolonged exposure), or pro-
vide only a short-term influence, when a ready-to-use
RNP-complex is directly delivered. In the last case,
non-plasmid delivery takes place, an additional
advantage of which, apart from the speed of the editing
procedure, is the prevention of introduction of alien
DNA (for knockout editing) into the genome of the
plant, which, in this case, cannot become transgenic.
These approaches have been developed quickly in
recent years [44—47].

Taking into account the increase in the number of
copies of individual genes, variations in the nucleotide
sequences, and polyploidy in many plant species, it is
important to choose several gRNAs for every gene for
more effective knockout editing, so that if one gRNA
is not involved in editing in different copies of the gene
then the other will be.

COMPUTER PROGRAMS
AND WEB-RESOURCES FOR THE DESIGN
OF GUIDE RNA

For design of gRNA for the CRISPR/Cas genome
editing it is important to predict the presence of off-
target sites. To meet this requirement, programs aimed
at designing gRNAs should have access to the corre-
sponding genome sequences. Table 2 provides brief
information on several programs for the design of
gRNA, as well as data about the genomes of the plants
used for analysis. It should be noted that the develop-
ers of individual programs may introduce additional
genomes upon the request of users.

Table 3 summarizes the main features (more than 30)
of the programs for gRNA design described below.
The programs are grouped in blocks (shown in differ-
ent colors), which refer to the Cas-nucleases (A—F),
protospacers (G—K), input variations aimed at edit-
ing DNA/RNA sequences (L—N), features of the
outcome data (O—W) and producing additional infor-
mation (X—Z). Apart from this information, Table 3
represents data about the ability of some programs to
work off-line and provide validation of previously
designed gRNAs, including those designed with other
programs. Some programs provide even more varia-
tions of analysis of the gRNAs designed than shown in
Table 3, and we discuss them in more details.
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The algorithm of gRNA design is, on the whole,
common for the majority of programs. In some pro-
grams, protospacer search allows the choice of certain
Cas-nucleases and indication of the features of the
spacer region of gRNA (length, mismatch, indels,
GC-content, etc.). The potential protospacers should
be found in the genome sequence aimed for editing,
which is then taken for analysis by different methods:
input of the nucleotide sequence through the clip-
board in either the FASTA- or text format; file down-
load; indication of genes using an identifier (gene
name, accession number); or using the genome coor-
dinates. Several programs allow introduction of multi-
ple sequences for gRNA design, which are suitable for
editing similar conservative motives of genomes of dif-
ferent (evolutionarily related) species. When the
sequence for editing is input, the Cas-nucleases and
other parameters, including optional ones, are cho-
sen, and the search should be run. When the search is
finished, the program shows the potential protospac-
ers, both ranked and non-ranked with respect to their
suitability, as well as other information.

Some of the columns in the Table 3, which provide
similar or interconnected information, repeat each
other. For example, the GC-content of protospacers is
shown in two columns (K and V), because in some
programs it is settled at the stage of the search param-
eters, while in the others it just follows the selected
sequences of protospacers. Therefore, these data refer
to different blocks and it would be illogical to combine
(even in double-columns) them in the same column.
We decided not to overload the table with data on the
length of nucleotide sequences that may be searched
for protospacers using different programs. However,
taking into account the importance of this parameter,
we provided these data out of the table. For example,
scatter of the lengths of these DNA regions varies
widely for different programs and is and is listed here
by increasing number of nucleotides: CCTop—500;
E-CRISP—500; CRISPR RGEN Tools—1000;
CRISPOR—2000; CRISPR-P 2.0—5000;
CRISPR-GE—10000; CRISPRdirect—10000;
DESKGEN—10000; CHOPCHOP—20000;
Breaking Cas—20000; CRISPR-PLANT—30000;
CRISPR MultiTargeter—50000; PhytoCRISP-Ex—
2000000. Unfortunately, this information is unavail-
able for some programs (Benchling, CGAT, GT-Scan,
CRISTA, CT-Finder/CRISPR-DT/CRISPR-RT).
It should be noted that analysis of 2000 and even
1000 nucleotides may be enough in most cases of tar-
geted knockout editing of a gene in order to choose a spe-
cific place (protospacer), whereas analysis of 500 nt may
not be enough, because of the possible absence of the
most effective gRNA-binding sites in this fragment of
the gene. In this case, a second analysis of one more
region of the same length is required.

The upper lines of Table 3 are occupied by the most
functional programs, which provide users with more
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Table 3. The main features of some programs for the design of gRNA for the CRISPR/Cas-editing of plant genomes*

A|B|C|D|E |F|G|\H|I |J|K|L|\M|N|O|P|Q|R|S | T|U|V W X|Y|Z
1 +/+] + +/— + |+/+ + /= + |+ |+ |+ +/+ +/+ +
2 |4/ | + + + +/— /- + | + + |+ [+ + == ]+
3 4+/+| + + | + + | + +/+ H/— + | + +/+ +/— +
4 +/+| + + +/— +/— |—/+ + |+ |+ + |+ +/+ +
5 /4] + +/—| + | + + |4/t [+ + | + + |+/— +
6 [+/+] + +/+ + + + |—/+ + + +/+ | + |+/—
T |+/+| + + |[+/+| + + |+/+ + |+ | + +/+ 4
8 [+/+ + /4t +/—| + + |+/= |/ + + |+/+ +/—|+/-
9 [+/+| + + + + +/+ + | + +/+| + +
10 [+/— +/— + + + ==+ |+ [+ |+ |+ —/+| + +
1 |+/=| + | + +/+ + + | + +/— +/— +/— +
12 [+/— + |[+/— + |[+/- +/+ [+/—] + + +/—
13 [+/— + + |4/ [+ + +/— +/—
14 |+/— +/+ [ +/+ + + |+/—| + |[+/—
15 [+/— +/+ + | + +/+ “F
16 |+/— F e +/— + | + | + +/— “F
17 |+/— = = + | + +/— + |+ | +
18 |+/— )= 4 +/+ + + |+/— +

* Notations: 1, CRISPR-P 2.0\CRISPR Local; 2, CRISPR-GE; 3, CRISPR RGEN Tools; 4, CRISPOR; 5, Benchling; 6, DESKGEN;
7, CCTop; 8, CHOPCHOP; 9, Breaking Cas; 10, E-CRISP; 11, CT-Finder\CRISPR-DT\CRISPR-RT; 12, CRISPR MultiTargeter;
13, CGAT; 14, CRISPRdirect; 15, CRISPR-PLANT; 16, GT-Scan; 17, CRISTA; 18, PhytoCRISP-Ex. 4, wtSpCas9 nuclease/ortho-
logues and Cas9 mutants; B, Cpfl (Casl2a); C—C2c2 (Casl3a); D, Custom PAM; E, nickases/FokI-Cas9; F, nuclease-deaminase;
G, (proto)spacer length; H, 5'-end of gRNA/in vivo transcription promoter; /, mismatch; J, indels in spacers and protospacers; K, GC-content
in protospacers; L, input of DNA through the clipboard/as a file; M, input of individual genomes using an identificator (gene name,
Accession Number)/input of DNA using the genome coordinates; N, multiple sequences; O, ranked gRNAs; P, off-target sites;
0, microhomology; R, flanking regions; .5, restriction sites; 7, both DNA strands/edited region (exon, intron, intergenic spacek);
U, presence of the TTT(T) sequence; V, GC-content in protospacers/secondary gRNA structure (constant and variable parts); W, oli-
gonucleotides and primers for cloning/PCR detection; X, gRNA validation; Y, demo version; Z, off-line.

information for improved gRNA design. They will be
considered in more detail in this sequence.

The CRISPR-P Web-resource was the first spe-
cialized program for the design of gRNA for plant
genome editing [60]. Later, this program was updated
as CRISPR-P 2.0, which retained the former interface
[61]. The assessment of targeted and off-target sites is
performed on the basis of the latest ideas on their
interactions with SpCas9 and other Cas-nucleases,
the number of which has increased significantly. The
CRISPR-P 2.0 program implies the selection of pro-
tospacers for cleavage with the following enzymes
(see Table 1 for the full names), apart from SpCas9
(NGG and NRG): StCas9 (NNAGAAW), MmCas9
(NNNNGMTT), and SaCas9 (NNGRRT), as well as
with the nucleases Casl2a: AsCpfl (TTTV), LbCpfl
(TTTV), FnCpfl (TTN) and others. This widens the
possibilities for searching of optimal targets in the
plant genome. This program gives the screening data
as a linear plot for both strands of DNA, for the places
of interaction of spacers with complementary chains
of protospacers in three different colors in accordance
with their relevance. Besides of the protospacer
sequence, the data table includes information about
the GC-content, and the position and characteristics
of gRNAs selected for the target sites that may be
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ranked by any of these parameters. For example, it is
possible to choose variations by indication of the first
nucleotide on the 5'-end (G or A). Pointing the mouse
cursor on a protospacer, the operator can obtain infor-
mation about the number of off-target sites in the
genome in the left part of the table. The off-target sites
will be ranked in accordance with their specificities
(the first 20 are shown), and the mismatched nucleo-
tides will be shown in red. It is possible to get more
information about protospacers in the form of data on
the microhomology of the regions adjacent to the site
of DNA cleavage with the Cas-nuclease. In an individ-
ual window, one can see an image of the supposed sec-
ondary structure of the gRNA. This allows consider-
ing the CRISPR-P 2.0 program, which provides wide
possibilities for users, as one of the most promising.
One of the improvements of the CRISPR-P 2.0 pro-
gram is the development of the autonomous version
CRISPR-Local [62], in which the assortment of
nucleases has been decreased, and, simultaneously, the
reference genome database has been increased to 71. All
possible gRNAs for editing with Cas9 (NGG) and
Cpfl (TTTV and TTV) nucleases are already selected
and available for download as an archive.

The CRISPR-GE (Genome Editing) [57] consists
of the following instruments: targetDesign, offTarget,
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primerDesign-V, primerDesign-A, etc. Design of
gRNA with the targetDesign program begins with the
choice of nuclease, among which are the SpCas9
(NGG), FnCpfl (TTN) and AsCpfl (TTTN), and
the corresponding PAM-sequence. Other types of
PAM-region maybe chosen. Then, the length of the
protospacer should be estimated and a genome chosen
from the list. It is also possible not to indicate any
genome, choosing the option “None”. The program
returns the results of the screening in the form of a data
table with the possibility to show restriction sites.
However, this information may be hidden as it takes up
a lot of space. Boxes in the first column of the table
may be marked, and the set of primers for the con-
struction of the required DNA sequence and its clon-
ing in the corresponding vector will be selected for
those gRNAs. In the other columns unsuccessful
gRNAs are reported, which are indicated with differ-
ent numbers of exclamation marks. The probability of
the off-target editing may be assessed with the offTar-
get tool. To design primers the primerDesign pro-
gram, and two of its subprograms, primerDesign-V
and primerDesign-A, can be used. The first one
responsible for the design of oligonucleotides for clon-
ing, while the other is responsible for amplification of
the target region in order to confirm editing. However,
this is another step in genome editing, which is beyond
the scope of this article. The offTarget program can be
used independently from the targetDesign program
and can analyze previously input gRNA sequences for
suitability for off-target genome editing. To perform
such an analysis, the type of nuclease and a genome
must be chosen and the spacer sequence of gRNA
input, using the “Insert” option for the gRNAs.

Aspecialized portal, CRISPR RGEN Tools, which
contains a set of applied programs, has also been
developed. This portal includes several programs,
which are used for CRISPR/Cas-editing, including
the Cas-OFFinder [65], Microhomology-Predictor [66],
Cas-Designer [67] and BE-Designer [69] programs,
as well as some other programs that can be used for the
post-editing analysis, and, thus, are not considered
here. Moreover, this web-portal contains two data-
bases: Cas-Database [67] and Cpfl-Database [70],
which contain information on several tens of thou-
sands of gRNAs for five plant species (Arabidopsis
thaliana, Musa acuminata, Vitis vinifera, Solanum lyco-
persicum, Glycine max).

The Cas-Designer program finds all possible pro-
tospacers in the sequence analyzed. It proposes a wide
spectrum of nucleases, including mutant forms with dif-
ferent PAM-sequences: SpCas9 (NGG for the target sites
and NRG for the off-target sites), StCas9 (NNAGAAW),
NmCas9 (NNNNGMTT), SaCas9 (NNGRRT),
CjCas9 (NNNVRYAC), CjCas9 (NNNNRYACQ),
wtSpCas9 (NNGTGA), VRER SpCas9 (NGCG),
VQR SpCas9 (NGA), AsCpfl (TTTN), AsCpfl (TTTV),
FnCpfl (TTN), FnCpfl (KYTV), BhCas12b (TTN), etc.
In the search of protospacers one may indicate if it is

necessary to allow the probability of single nucleotide
indels. In this case there is a notification about the
increase in the search time. However, the search
results return quickly if this option is not used. Other
parameters are selected by default. To run the search a
genome must be chosen from the list, which is divided
into groups and includes the group “Plant”. It is pos-
sible to change additional options in the Cas-Designer
program after installing it on the computer.

The Microhomology-Predictor analyzes microho-
mology of nucleotide sequences in the sites of double-
stand breaks, facilitating the prediction of the type of
nonhomologous end-joining (NHEJ), and microho-
mology-mediated end-joining (MMEJ). The data are
returned in the form of a data table, which contains
different information, which can be narrowed by
changing several parameters.

The Cas-OFFinder program is aimed at finding
possible off-target sites in the genomes studied. This
program may work independently to screen the off-
target sites in the genomes of different organisms for
previously selected gRNAs and provide the researcher
with more possibilities for this analysis. To perform
the analysis, it is necessary to insert the sequences of
selected gRNAs, specify the acceptable number of
mismatched nucleotides, the number of indels (both
in DNA and RNA) and select the genome to be ana-
lyzed from the list, similarly Cas-Designer.

The BE-Designer program allows gRNAs for edit-
ing individual nitrogenous bases to be designed. This
program works similarly to Cas-Designer, though
there are some differences. For example, the selection
of the PAM-regions and the corresponding nucleases
is slightly narrowed, and the “window” size must be
selected in order to search the sites of editing and the
desired substitution of nucleotides (C—T or A—QG).
The results of the search are shown in a table, in which
the nucleotide substituted is highlighted with a color.

The CRISPOR program [54, 55] is also a user
friendly product, which contains a detailed user man-
ual. The updated version CRISPOR V4.7 has been
available since January 2019. This version allows the
researcher to select optimal protospacers in three
steps. In the first step, the sequence to be analyzed is
inputted. In the second step, the researcher must
choose a genome, which will be screened for off-target
sites. Genomes may be omitted in this step by choos-
ing the “No Genome” option. In the third step, the
Cas9 nuclease is chosen out of 17 variants that include
not only the standard SpCas9 type, but also its mutant
forms with modified PAMs, as well as other ortholo-
gous nucleases of this type and their mutant forms. In
addition, one may choose the Cas12a—AsCpf1 nucle-
ase with two variations of PAM. The results of the
search are represented in both graphic and table for-
mats. The sequence analyzed is shown with the poten-
tially edited sites indicated below and highlighted with
different colors, corresponding for high, medium and

MOLECULAR BIOLOGY Vol. 54 No.1 2020



DESIGN OF GUIDE RNA FOR CRISPR/CAS PLANT GENOME EDITING 33

low specificity. The resulting table contains informa-
tion about the sequences of protospacers, their posi-
tions with DNA chains indicated, and reference to the
“Cloning/PCR primers”, which allows the researcher
to see the information about cloning and expression of
a specific gRNA, and primers for detection. The pro-
posed gRNAs are ranked by specificity, and their effi-
ciency is assessed by two different algorithms. Special
attention is payed to microhomology. The off-target
sites are listed in accordance with the number of mis-
matches. It is noteworthy that the reference for the
search results may be sent to colleagues, and the devel-
opers promise to keep the data of all the analyses per-
formed for at least one year.

The Benchling cloud service is provided to academic
organizations for free (https://benchling.com/academic),
though registration is required. This resource contains
a series of bioinformatics programs, one of which
allows planning experiments for the CRISPR/Cas-
editing of genomes, as well as designing gRNAs for a
relatively wide spectrum of Cas9 and Casl2a nucle-
ases, which recognize the following PAM-regions:
NGG, NAG, NNNNGATT, NNAGAAW, NAAAAC,
NNGRR, NNGRRT and TTTN. The researcher
needs to choose the type of editing: simple single Cas-
nuclease, nickases or editing individual nitrogenous
bases without double-stranded breaks, or using the
inactive Cas-nuclease linked to the corresponding
deaminase. There are also several additional options,
among which there are parameters for demonstration
of the target and off-target sites and the nucleotide
composition of gRNA. The search results are repre-
sented in graphic format, which show the whole
nucleotide sequence analyzed with the restriction sites
indicated for each endonuclease. Data on each proto-
spacer is also provided in a table to show the localiza-
tion, DNA chains and assessment of efficacy and
specificity of the target and off-target editing. A spe-
cial feature of the information provided for editing of
individual nitrogenous bases is the assessment of effi-
cacy of this process, and indication of nucleotide sub-
stitutions in protospacers by color.

The DESKGEN cloud service, from “Desktop
Genetics”, is available for free for noncommercial
organizations. However, registration is required, after
which the use of programs such as Knockout,
Knockin, Guide Picker [73] and Genome Editor
becomes possible. At present, 26 genomes, including
6 plant genomes, are available for analysis. However,
the Guide Picker program works with human and
mouse genomes only. Operation is quite simple: first,
the operator should choose the reference genome,
then choose the gene, type of nuclease and the length
of variable region of gRNA. It is not recommended to
analyze DNA with a length of more than 10000 bp,
because it slows the program down. It is possible to
design gRNAs to form ribonucleoprotein complexes
with 10 different nucleases, including three from the
Cpfl group, as well as the catalytically inactive Spd-
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Cas9-FokI nuclease, though this program is designed
so as to use the classical Cas9-nuclease, and the results
provided for other enzymes may be not fully correct.
In contrast with some other programs, the DESKGEN
service indicates sequences of three (not four) thy-
mines (TTT) as undesirable.

The CCTop (CRISPR/Cas9 Target online predictor)
program [49] allows gRNAs to be designed and then
screened for target and off-target sites. The program pro-
vides a wide spectrum of Cas-9 nucleases from different
bacterial strains (Streptococcus pyogenes, Staphylococcus
aureus, Neisseria meningitidis, Streptococcus thermophi-
lus, Treponema denticola, Campylobacter jejuni), includ-
ing mutant forms, as well as Cpfl from Acadaminoc-
cus/Lachnospiraceae and Francisella novicida. The
special feature of this program is the possibility to add
nucleotides to the spacer region in the form of one or
two guanines at the 5'-end in order to improve in vitro
transcription. It is also possible to indicate two desir-
able nucleotides adjacent to the PAM-region, to avoid
them being with the gRNA. The data of gRNA design
are represented in both graphic and table format
ranked by the CRISPRater prognosis algorithm [32].
gRNAs in exons, introns and intergenic spacers are
indicated in different colors.

The CHOPCHOP Web-resource [51, 52] is aimed
at the screening of gRNAs, which work in complex
with Cas9-nuclease, its nickase variations and with the
Cpfl nuclease. It is possible to run the search either in
a specified coding region only or in all exons, splicing
sites, 5'- or 3'-non-coding regions and in the promoter
sequence, the length of which may be specified indi-
vidually in a wide range of values. It is also possible to
screen the restriction sites in the edited region. To do
this, the corresponding enzymes may be found
through indication of the manufacturer’s name (sev-
eral companies are represented). When the search is
finished, an adjustable color image and an interactive
table with a ranked sequence of gRNA targets, includ-
ing the GC-composition, DNA chains and some
other information, is given.

The Breaking Cas Web-server [48], along with
some other programs for gRNA design, allows screen-
ing of the off-target sites in all the to date known
eukaryotic genomes available in the Ensembl database
(http://ensemblgenomes.org), which contained 1335
genomes in January 2019. Design of gRNA with the
Breaking Cas web-server begins with the choice of
genome from a drop down alphabetic list. Otherwise,
one may type the first letters of the organism’s com-
mon name or its Latin name in the input line, it is not
important whether they are from the genus or species. It
is necessary to indicate the type of nuclease of the four
variations of the Cas9 and three variations of the Cpfl
with pre-set spacer lengths and the number of mis-
matches. The choice of a “Custom” nuclease, which is
followed by input of the corresponding PAM-sequences,
lengths of the spacer sequence of gRNA, and the
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choice of acceptable number of mismatches, is also
possible. This provides wide possibilities for the tar-
geted editing of the specified sites in the chosen
genome. It allows the significance of each mismatch to
be changed depending on the distance it is located
from the PAM-region for the ranking of gRNAs pro-
posed.

The E-CRISP program, which was developed in
2014, has been improved significantly, with an
increase in the number of genomes from 12 to 55,
more than ten of which belong to plants. In the Design
module, the search level must be indicated. Three
regimes are available: relaxed, medium and strict. In
all three cases, introns, CpG-isles and 5'-non-trans-
lated sequences may either be taken into consideration
or not. It is necessary to specify whether a single
gRNA or its paired variations are required to use nick-
ases or to run knockin-experiments. To make the
search more specific, it is possible to choose from a
large number of options. The MultiCRISP module
suggests alignment of several related sequences. The
Evaluation module allows revision of previously
selected gRNAs for the presence of their off-target
sites in the same genomes. It is also possible to set the
acceptable number of mismatches and their localiza-
tion. The E-CRISP program allows gRNAs for varia-
tions of the CRISPR/Cas-technology in the form of
repression and activation of the genes—CRISPRIi
(CRISPR interference) and CRISPRa (CRISPR acti-
vation) respectively, to be designed. This possibility is
also realized in the CLD [53] and CRISPR-ERA pro-
grams (http://crispr-era.stanford.edu) [77], though
the latter does not work with plant genomes.

The CT-Finder (CRISPR Target Finder) Web-
resource [71] allows screening of gRNAs for genome
editing with three enzymes: Cas9-nuclease, nCas9-
nickase and the RFN-system (RNA-guided Fokl
Nuclease) in the form of the fCas9-nuclease. For the
Cas9-nuclease, the program finds single gRNAs.
When using the nCas9 (D10A) nickase or the fCas9-
nuclease, paired gRNAs will be proposed in the search
results, and, in the latter case, the distances between
them will be given. The number of DNA strains ana-
lyzed, one or two, is also shown, and several other
options may be chosen.

Zhu and Liang [36] improved the CT-Finder pro-
gram, which contains descriptions of the gRNA design
using the CRISPR-DT (DNA Targeting) program, the
first aimed at designing gRNA using the Cpfl-nuclease.
For this, the authors first analyzed a large number of
gRNAs, classifying the data by the reference vectors in
order to provide maximal efficacy and specificity of
the design of gRNAs using the CRISPR-DT program.

However, this is only for seven species, of which
three are plants: Arabidopsis, rice and soybean.
Researchers are provided with two possibilities: to
design gRNA de novo or to verify the efficacy of edit-
ing of previously selected gRNAs. By default, the

TTTV PAM-sequence in used to design gRNA,
whereas the TTTN PAM region is used for screening
off-target editing sites. The de novo design consists of
several steps, the first of which is input of the nucleo-
tide sequence for editing. Then, the organism from the
same list as in the CT-Finder program, which shares
all other procedures, should be specified. The search
sensitivity must be chosen out of four options: low,
medium, high and very high. The results of the search
are represented in a table. The GC-composition for
the protospacers selected is provided for both the
whole sequence and individually for the six nucleo-
tides that are adjacent to the PAM-sequence.

The CRISPR-RT (RNA Targeting) program,
which was developed by the same group [72] is the first
program for the design of gRNA, which uses the C2c2
(Casl3a) nuclease. After inputting the sequence to be
analyzed, the operator should choose one out of ten
pre-loaded transcriptomes, three of which belong to
plants: Oryza sativa, Zea mays and Arabidopsis thaliana.
For the last species, two transcriptomes from different
databases are available. There are several options that
can be used to narrow the dispersion of the data
obtained.

The CRISPR MultiTargeter program [58, 59] is
also interesting, because apart from gRNA design for
single sequences it allows users to perform multiple
alignments of homologous sequences for the selection
of similar sites as protospacers. The PAM-sequence
may be input either by the experimenter or may be
NGG, and only in the latter case, will the associated
programs perform a search of off-target sites in the
selected genome.

Work with the CRISPR Genome Analysis Tool—
CGAT program [50] consists of two stages. In the first
stage, a gene or a nucleotide sequence should be
selected for editing with Cas9. These should be input
through the clipboard. Several parameters must be set:
gRNA length, the required GC-composition (40—60%)
and the acceptable number of repeated nucleotides in
homopolymeric regions. Then the search starts and
the results are returned in a table with gRNAs ranked
by their applicability for effective genome editing.
Optionally, one may estimate the potential sites for the
off-target editing of genomes selected from the same
plant species.

The CRISPRdirect program_[56] is a simple and
user-friendly web-resource for designing gRNAs for
the Cas9 nuclease. To choose the protospacers in the
sequence analyzed, it is necessary to indicate the
PAM, though the choice is not very large: NGG (by
default), NRG or NAG. It contains quite a wide
choice of genomes, among which 98 plants, including
agricultural species, model objects, and wild plant
species. It is possible to input previously selected
gRNAs for analysis instead of searching for new ones.
The results are returned in both graphic and table for-
mats, which provide the positions of protospacers with
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indication of DNA chains, the sequence itself with the
PAM, the GC-composition and melting temperature
(without the PAM), the presence of restriction sites
and TTTT-sequences, and the number of off-target
sites for the gRNAs selected for the 20-, 12- and §-mer
sequences of the spacers individually. By putting a tick
into the corresponding window, one may limit the
result to highly specific variations only.

The CRISPR-PLANT Web-resource is aimed at
the designing gRNA and finding of the off-target sites
in eight plant genomes [35, 63]. A new algorithm for
screening of the off-target sites has been developed for
the new v2 version of the program. This algorithm sig-
nificantly increases the confidence of the analysis in
order to increase the efficacy of genome editing with
the Cas9 nuclease. Only NGG sequences are repre-
sented as PAM, because the NAG variations are more
predisposed to off-target editing. The results of the
protospacer search are returned in table format sepa-
rately for 0.0 and 1.0 classes of gRNA. 0.0 denotes the
absence of off-target sites in the genomes of plant spe-
cies that undergo editing, and 1.0 denotes the presence
of sites those which contain four or more mismatches
in the whole target or three mismatches in the region
adjacent to the PAM. The first group is represented by
good gRNAs with minimal possibility of off-target
pairing, whereas the second group is represented by
worse gRNAs, which are better not to use. Informa-
tion about the DNA such as the characteristics of the
editing sites are also provided.

The GT-Scan program [75] allows researchers to
search for gRNAs for the Cas9 nuclease with two vari-
ations of the PAM. The specificity level varies from 0
to 3. The results are returned in a table format, as well
as in the form of a list of suitable protospacer
sequences. The seed squence and the remaining
region are highlighted with in colour. The program
provides information about the localization of these
sequences, which DNA strand they belong to and the
number of potential off-target sites, depending on the
specificity of the screening. More detailed information
about the off-target site patterns in the genome can be
obtained for each sequence. This website contains also
other programs, among which the CUNE (Computa-
tional Universal Nucleotide Editor) program should
be mentioned. Although the CUNE program is for
working with the mouse genome only, it is one of the
few programs, which allows the planning selective
editing of nitrogenous bases [78]. On the whole, the
CUNE program is similar to the BE-Designer pro-
gram from the CRISPR RGEN package. The differ-
ence is that only one Cas9-nuclease with canonic the
PAM-sequence NGG is used to design gRNA.

The CRISTA (CRISPR Target Assessment) Web-
resource [30] provides analysis of previously selected
gRNAs, as well as their ranking, in order to edit
genomes and identify off-target sites. To design
gRNA, the RANK TARGETS IN GENE program
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must be run, which is searching the protospacers rec-
ognizing by Cas9 (NGG) in the sequence inputted
through the clipboard. The program does not have any
additional parameters and options. When the search is
finished, a table with gRNAs ranked by editing effi-
cacy will be formed. For these gRNAs the off-target
editing sites in one of the genomes available on the
CRISTA Website may be identified using the con-
nected FIND OFF-TARGETS program. It is note-
worthy that the FIND OFF-TARGETS program may
be used directly for the specificity analysis of previ-
ously selected gRNAs. The sgRNA:DNA SCORE
program is also capable of analyzing the efficacy of
previously selected gRNAs.

The PhytoCRISP-Ex program allows gRNAs for
editing the genomes of 13 phytoplankton species using
the Cas9 nuclease to be designed [76]. It uses two
types of filters, which work in parallel and cut off dif-
ferent variations of gRNA, that carry the potentially
off-target sites in the. When the search is finished, the
program returns information about the presence of the
restriction sites in the protospacers selected in for con-
firmation of editing by PCR-RFLP (PCR-Restriction
Fragment Length Polymorphism) with flanking prim-
ers. The capacities of the PhytoCRISP-Ex program
are increased by installing it on a personal computer.

The WheatCrispr program is aimed at designing
gRNA:s, for editing the genome of bread wheat ( 7riticum
aestivum) only. To search the protospacers, a specific
gene to edit must be chosen from the IWGSC RefSeq
assembly v1.0 (https://wheat-urgi.versailles.inra.fr/
Seq-Repository/Assemblies) database, which was
developed by the International Wheat Genome
Sequencing Consortium or input the sequence
through the clipboard. The length of the sequence is
not limited, but we succeeded in designing gRNA of
1 815 nucleotides to find 350 potential protospacers.
The results are ranked by efficacy of editing, taking
into account possible off-target sites. Bearing in mind
that wheat is a hexaploid, one may search for proto-
spacers in the homologous sequences of all three
subgenomes (B, A and D), choosing the correspond-
ing option. One more option of this program allows
selection of the editing sites, either coding regions or
promoters.

Besides the web-resources that allow on-line
gRNAs design, there are similar off-line programs,
some of which may be used for genome editing in
plants. One of them is the above mentioned the CLD
(CRISPR Library Designer) program [53], which was
developed by the same authors that developed the
E-CRISPR program [74]. This explains why some of the
options coincide in these programs. To design gRNA
with the CLD program, one needs to choose a genome
from the Ensembl database in order to screen it for off-
target editing sites, a list of genes is formed the param-
eters are set for the protospacer search for the Cas9
nuclease (length, GC-composition, number of mis-
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matches in the seed sequence and the remained parts).
The acceptable gRNAs binding sites are annotated,
which is followed by information about the DNA
chain, restriction sites and oligonucleotides recom-
mended for cloning. The special feature of the CLD
program its ability to design gRINA for variations of the
CRISPR/Cas-technology in the form of CRISPRIi
and CRISPRa.

Another off-line program aimed at editing in plants
is CRISPR Primer Designer [64]. Search of the proto-
spacers for the Cas9 is performed in a DNA sequence
input via the clipboard (Iength may exceed 5000 nt)
after setting several parameters: seed sequence length,
GC-composition, indication of the 5'-nucleotide in
the form of “G”, etc. The off-target sites may be
traced with the CRISPR Primer Designer program for
rice and Arabidopsis only. To do this, the program
refers to the BLAST web-resource to generate ranked
protospacers for the design of gRNA. The second
working regime of this program is aimed at designing
gRNAs for marking (visualization) of chromosomal
regions in vivo. For this purpose, special search
parameters are provided. No other program for the
design of gRNA provides this possibility.

Recently, the GRIBCG (Guide RNA Identifier for
Balancer Chromosome Generation) program has
been developed [79]. This program is aimed at search-
ing for gRNAs that flank a specific chromosomal
region within one chromosome, in order to inverse it
after the formation of double-strand breaks in DNA by
the SpCas9-nuclease. This program works off-line and
is available at https://sourceforge.net/projects/gribcg/.
Searches, including screening of the off-target editing
sites, can be performed on the chromosomes of six spe-
cies, two of which are plants (4rabidopsis and rice).

In recent years, web-resources have been released,
which allows experimenters to not only design gRNA,
but also, for a specified price, order either chemical syn-
thesis of the corresponding gRNASs or gene engineering
constructions ready for CRISPR/Cas-editing of con-
crete genes. These programs are discussed below.

The Dharmacon CRISPR Design Tool web-
resource, from “Dharmacon, Inc.” allows design of
gRNAs, using 10 thousand nucleotide long DNA
sequences, which may be input through the clipboard
or via the ID of a specific gene. Then, the organism
must be chosen from the small list provided, which
contains five plants (maize, soybean, rice, apple tree
and cotton). The results of the search are represented
in both graphic and table formats, which provide dif-
ferent information about the protospacer sequences
proposed, including their specificity, localization and
the possibility of screening the surrounding regions of
DNA. At the next stage, when a specific sequence is
chosen, one may order chemical synthesis of the cor-
responding gRNA also indicating its scale. The
CRISPR Specificity Analysis Tool allows identifica-
tion of off-target sites in the same genomes. To do this,

the protospacer sequence must be input and search
parameters chosen. The search parameters are: one of
the two variations of the PAM (NGG or NAG), seed
sequence length and the number of mismatches and
indels with indication of the strand type (DNA and/or
RNA).

Another similar web-resource is the Synthego
CRISPR Design Tool, which was developed by “Syn-
tego” and allows design of gRINA for knockout editing
with the SpCas9 nuclease, including those of plants,
available in the Ensembl database, taking into account
the presence of off-target sites. The name of the
organism or the genome ID must be input, next, the
name of the gene or its ID is input and the search is
run. The result will return the recommended gRNA
sequences, the chemical synthesis of which can be
ordered for a specified price, for genome editing using
ribonucleoprotein compexes.

The CRISPR gRNA Design tool developed by
“Atum” provides the possibility of designing gRNA for
genome editing using the wild-type Cas9 nuclease or
nickases based on it. Choosing the option “I have my
own gRNA” one can carry out the analysis of previ-
ously designed gRNAs for the presence of the off-tar-
get sites in the genomes of five species, one of which is
a plant (Arabidopsis thaliana). To do this, the DNA
fragment must be input. This may be done by indica-
tion of the name of the gene or its coordinates in the
genome, or by inputting a nucleotide sequence of no
more than 10 thousand nucleotides through the clip-
board. The data is represented in both graphic and text
format, and the sequences are ranked by suitability for
genome editing. At the end of the search procedure a
vector for the commercial cloning of gRNAs can be
selected.

The wide spectrum of products for the CRISPR/
Cas9-technology can be seen on the “Sigma-Aldrich”
Web-site on the MISSION CRISPR/Cas9 Products
and Service page (https://www.sigmaaldrich.com/
catalog/product/sigma/crispr). On this site, research-
ers can fill in a form to order gRNAs to use them with
SpCas9-nuclease or with nCas9 (D10A) nickases in
order to perform editing in the knockout or other
modes of almost any genome, of which the full nucle-
otide sequence is known.

PROGRAMS, WHICH ARE NOT AIMED
AT THE EDITION OF PLANT GENOMES
AND WEB-RESOURCES FOR THE DESIGN
OF GUIDE RNA

Apart from the programs described above, which
are fully or partially aimed at editing plant genomes,
there are several programs for the design of gRNA,
which can be used to edit plant genomes when there is
no possibility to reveal off-target sites or if the pres-
ence of these sites is not crucial. Below we provide a
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list of these programs divided into on-line and off-line
ones.

On-line programs for the design of gRNA (/isted
alphabetically): CasBLASTR (http://www.casblastr.org);
CasOT  (http://casot.cbi.pku.edu.cn); COSMID
(https://crispr.bme.gatech.edu); CREATE Designer
(http://www.thebioverse.org); CRISPcut
(http://web.iitd.ac.in/crispcut/webserver/index.html);
CRISPETa (http://crispeta.crg.eu); CRISPR4P
(http://bahlerweb.cs.ucl.ac.uk/cgi-bin/crisprdp/
webapp.py); CRISPR-Cas9 guide RNA design
checker (https://eu.idtdna.com/site/order/designtool/
index/crispr_sequence); CRISPR-DO (http://cistrome.
org/crispr/); CRISPR Efficiency Predictor
(http://www.flyrnai.org/evaluateCrispr/); CRISPR-
ERA (http://crispr-era.stanford.edu); CRISPR-FOCUS
(http://cistrome.org/crispr-focus/); CrispRGold
(http://crisprgold.mdc-berlin.de); CRISPR Mapper
(http://crdd.osdd.net/servers/crisprge/mapper.php);
CRISPR.ML (https://crispr.ml); CRISPRoff
(https://rth.dk/resources/crispr/crisproft/); CRISPR
Optimal Target Finder (http://targetfinder.flycrispr.
neuro.brown.edu); CRISPR-PN (http://www.crispr-
pn.net); CRISPRScan (http://www.crisprscan.org);
CRISPR sgRNA Design Tool (http://www.gen-
script.com/gRNA-design-tool.html); CRISPR-SKIP
(http://song.igb.illinois.edu/crispr-skip); CRISPy
CHO  (http://staff.biosustain.dtu.dk/laeb/crispy);
CRISPys (http://multicrispr.tau.ac.il); CRISPy-web
(https://crispy.secondarymetabolites.org); CROP-IT
(http://www.adlilab.org/CROP-IT/cas9tool.html);
DeepCRISPR (http://www.deepcrispr.net); EuPaGDT
(http://grna.ctegd.uga.edu); FORECasT (https://partslab.
sanger.ac.uk/FORECasT); GB CRISPR Tools (https://
gbcloning.upv.es/tools/crisprs); ge-CRISPR (http://
bioinfo.imtech.res.in/manojk/gecrispr/index.php);
GPP Web Portal (https://portals.broadinstitute.org/
gpp/public); Green Listed (http://greenlisted.cmm.Ki.se);
grlD (http://crispr.technology); Guide RNA Genera-
tor (http://penchovsky.atwebpages.com/applications.
php?page=48); GUIDES (http://guides.sanjanalab.
org/#/); GuideScan (http://guidescan.com); inDelphi
(https://www.crisprindelphi.design/about); Mojo
Hand (http://www.talendesign.org); Off-Spotter
(https://cm.jefferson.edu/Off-Spotter/); PAVOOC
(https://pavooc.me); sgRNA Designer (CRISPRko)
(https://portals.broadinstitute.org/gpp/public/analysis-
tools/sgrna-design); Stupar Lab’s CRISPR Design
(http://stuparcrispr.cfans.umn.edu/CRISPR/); and
ZiFiT (http://zifit.partners.org/ZiFiT).

Off-line programs for the design of gRNA (listed
alphabetically): Azimuth (https://github.com/Micro-
softResearch/Azimuth); CasFinder (http://arep.med.
harvard.edu/CasFinder); CASPER (https://github.com/
trinhlab/casper); Crisflash (https://github.com/cris-
flash/crisflash); CRISPR-Analyser (https://github.com/
htgt/CRISPR-Analyser); CRISPRer (http://jstacs.de/
index.php/CRISPRer); CRISPRO (https://gitlab.com/
bauerlab/crispro); CRISPR-offinder (https://source-
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forge.net/projects/crispr-offinder-vl-2/); CRISSPRpred
(https://github.com/khaled-rahman/CRISPRpred);
CRISPRseck (http://bioconductor.org/packages/
release/bioc/html/CRISPRseek.html);  DeepCas9
(https://github.com/lje00006/DeepCas9); FlashFry
(https://github.com/aaronmck/FlashFry); GRIBCG
(https://sourceforge.net/projects/gribcg/); MENTHU
(http://genesculpt.org/menthu); pgRNAFinder
(https://github.com/xiexiaowei/pgRNAFinder); pre-
dictSGRNA (http://www.ams.sunysb.edu/~pfkuan/
softwares.html#predictsgrn); sgRNAcas9 (https://
sourceforge.net/projects/sgrnacas9); and WU-CRISPR
(http://crispr.wustl.edu).

These lists includes both simple tools with limited
capacities and programs with a wide spectrum of
capacities, using a number of different nucleases, dif-
ferent options, and providing improved design of
gRNAs, predicting the off-target sites in the genomes
in these programs that belong to different groups of
organisms. Some of these programs were developed
rather long ago and are already well acknowledged.
Others however, have been recently developed, but
still have good potential.

It is noteworthy that sometimes it is reasonable to
design gRNA for editing plant genomes, using one of
these “non-plant” programs, which allow them to be
designed without the indication of a specific genome
(options “None”, “No Genome”, etc.). The search of
the off-target sites of editing should be performed with
several programs, such as CRISPR RGEN Tools,
CRISPR-GE, E-CRISP, CRISTA and CRISPR
gRNA Design tool, which provide validation of the
designed gRNAs via the analysis of specific plant
genomes (if they are present in these programs).

Programs aimed at the design of gRNAs not only
with the classical variation of the Cas9 nuclease, but
also with its orthologues, as well as with the Casl2a
(Cpfl) nucleases, which are characterized by AT-rich
PAMSs, may be of special interest for scientists working
on genome editing. These programs also provide far
more possibilities in choosing the sites of editing in
plant genomes. Moreover, this enzyme is character-
ized by increased specificity. As an example, the
CRISPRScan web-resource [80], apart from the clas-
sical variation of the Cas9, allows Casl12a nucleases to
be used: LbCpfl (TTTV), AsCpfl (TTTV), LbCpfl
(TTTN) and AsCpfl (TTTN). This resource is aimed
at searching for off-target sites in 14 animal and yeast
genomes. However, it is possible to choose the “No
search” option in order to design gRNAs for other
types of organisms, including plants, and obtain pro-
tospacer sequences.

CONCLUSION

In the present review, we have discussed about
100 programs, either in detail or briefly, which are
aimed at designing gRNA for CRISPR/Cas genome
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editing. To date, this is the most complete collection of
such tools. About a quarter of them provide screening
of both target and off-target sites in plant genomes.
Although one may not be too afraid of the occurrence
of off-target mutations when editing plant genomes, it
goes without saying that a researcher should do his
best to avoid off-target editing. Therefore, if the full
sequences of the genomes are known, increased atten-
tion should be paid to the design of gRNAs. Thus, it is
not surprising that a number programs for the design
of gRNAs for genome editing, including plants, have
been developed. However, these programs do not fully
follow the development of the genome editing tech-
nologies, which use the CRISPR/Cas-system. For
example, only a few programs allow gRNAs for
Casl2a-nucleases to be designed. The majority of do
not have complete ranking and search of off-target
sites for this nuclease. Taking into account the avail-
ability of plant genome editing with Cas12a (Cpfl), it
is desirable to develop special algorithms for it to
screen editing sites and analyze gRNAs, including off-
target sites. This process is already in progress [36].
Nowadays, RNP genome editing using chemically
synthesized gRNAs is used more often. Therefore, it
also seems important, at the very beginning, when
screening potential protospacers, to propose the
researcher an alternative choice of variations of
genome editing, using either enzymatically or chemi-
cally synthesized RNA, and, respectively, to adjust the
requirements of the protospacer screening.

It also seems promising to edit individual nitrogenous
bases, because the chimeric nucleases used in this meth-
odology, can perform knockout editing without introduc-
tion of double-strand breaks and indels. Unfortunately, to
date, there are few programs for the design of gRNA that
can provide such an opportunity. However, it is expected
that the number will increase. This process is also in prog-
ress. In fact, a paper, which reports such a program called
the beditor (https://github.com/rraadd88/beditor),
which allows design of gRNA for editing individual
nitrogenous bases and the off-target site screening in
125 genomes, including plants, has been published after
almost complete ending of writing this review [81].

There is one more point, which special attention
has recently been paid to. This is the localization of the
edited sites in nucleosomes in the eu- and heterochro-
matin. It was shown to affect the efficacy of editing
[82—85]. However, there is another information. For
example, no differences in the efficacy of editing of
genomic DNA located either in euchromatin or heter-
ochromatin, have been observed in maize [86]. At pres-
ent there is only one the CROP-IT (CRISPR/Cas9 Off-
target Prediction and Identification Tool) web resource
[87] (http://www.adlilab.org/CROP-IT /casStool.html),
which is aimed at designing gRNA and identification
of the potentially off-target editing sites, taking into
account the chromatin state. However, the program
operates with the human and mouse genome only. It is
stated on the Web site of the program that the number

of genomes available will increase, but only for the
Cas9 nuclease with two variations of the PAM-
sequence. It is expected that the development of new
programs for the design of gRNA, as well as the
improvements to the existing ones, including those
aimed at editing plant genomes, will take into account
the chromatin conditions as much as possible. This is
expected to increase the efficacy of the CRISPR/Cas-
technology. A recently published paper from Zhang S.
et al. [88] discusses the synergetic effect of prediction
of the editing sites when taking into account the chro-
matin state.

The thermodynamics of the interaction of the Cas-
nucleases with DINA-targets must also be taken into
account, in order to predict the efficacy of target site edit-
ing and activity with respect to off-target sites. This was
shown by Zhang D. et al. [89] for the Cas9-nuclease, to
which the “closest neighbors” model was applied, in
order to calculate the free energy of intercrossed dinu-
cleotides. The uCRISPR model (http://rna.physics.
missouri.edu/uCRISPR/index.html), which was
developed by these authors, improved the prediction
of sites off-target editing .

We intentionally decided not to show which pro-
grams are more suited for beginners, and which for
advanced users, because this point is more or less sub-
jective and different goals or different users determine
the choice of tools. Therefore, the main goal of this
review was to compose a list of programs and briefly
describe them. It should be noted that new features
and nuances of the Cas-nucleases are continuously
found, and the effects of specific nucleotide sequences
in target and off-target sites on their interactions are
revealed. Program algorithms for the design of gRNA
are continuously being improved. Thus, for better
results in genome editing, it iS necessary to continu-
ously follow their updates. Nevertheless, on the basis
of our own experience, we recommend using several
programs for the design of gRNA within the scope of
one experiment, and to compare the results obtained.
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