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ARTICLE INFO ABSTRACT

Article history:

CRISPR-dependent base editors enable direct nucleotide conversion without the introduction of double-
strand DNA break or donor DNA template, thus expanding the CRISPR toolbox for genetic manipulation.
However, designing guide RNAs (gRNAs) for base editors to enable gene correction or inactivation is more
complicated than using the CRISPR system for gene disruption. Here, we present a user-friendly web tool
named BEtarget dedicated to the design of gRNA for base editing. It is currently supported by 46 plant
reference genomes and 5 genomes of non-plant model organisms. BEtarget supports the design of
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IéeRJl’;‘;;{dS: gRNAs with different types of protospacer adjacent motifs (PAM) and integrates various functions,
Base editing including automatic identification of open reading frame, prediction of potential off-target sites, annota-
¢RNA design tion of codon change, and assessment of gRNA quality. Moreover, the program provides an interactive

Genome editing

interface for users to selectively display information about the desired target sites. In brief, we have
developed a flexible and versatile web-based tool to simplify complications associated with the design
of base editing technology. BEtarget is freely accessible at https://skl.scau.edu.cn/betarget/.

© 2022 The Author(s). Published by Elsevier B.V. on behalf of Research Network of Computational and

Structural Biotechnology. This is an open access article under the CC BY-NC-ND license (http://creative-

commons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Clustered regularly interspaced short palindromic repeats asso-
ciated protein (CRISPR/Cas) systems are adaptive defense systems
that protect bacteria and archaea from invading viruses or plas-
mids [1-3]. They act through at least three general steps, which
are as follows. In the adaptive stage, organisms respond to viral
or plasmid challenges by integrating short fragments of foreign
sequence into the CRISPR locus. In the expression and interference
stages, the CRISPR array is transcribed and processed into short
crRNAs, which guide Cas proteins to cleave the invading foreign
sequence [4]. Currently, CRISPR/Cas systems are engineered into
versatile tools for genome editing [5-7]. Cas endonuclease targets
a specific sequence through base pairing with the help of a guide
RNA (gRNA) and creates a double-strand break (DSB) at the cleav-
age site [8]. In most eukaryotes, DSB is predominantly repaired by

the error-prone non-homologous end joining (NHE]) pathway, gen-
erally resulting in random nucleotide insertion or deletion muta-
tions [9,10]. Although the NHE]J-dependent gene disruption is
efficient, it is frequently hard to achieve the expected accuracy in
gene correction [11-13]. In the presence of a donor template, the
homology-directed repair (HDR) pathway at the DSB site enables
a symmetric sequence correction or insertion at the target site
[5]. However, the low efficiency of HDR in plant cells and the lack
of an efficient donor DNA delivery method limit its application in
plants [14,15].

Wild-type Cas9 contains two conversed nuclease domains
(RuvC and HNH-like domains) in which each cleaves one strand
of the double-helix DNA. By mutating one of the two critical
residues (D10A or H840A) in the nuclease domains, nickase Cas9
(nCas9) can be generated which cuts only one strand of the target
sites [16,17]; if two nuclease domains are mutated, the
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catalytically dead Cas9 (dCas9) shows inactive nuclease activity
while retaining its ability to bind DNA [18]. Engineering of Cas9
variants with different deaminases has generated diverse base
editing tools, including cytosine base editor (CBE) and adenine
base editor (ABE) [19-21]. The most commonly used base editors
are nCas9 or dCas9, which are fused with cytidine deaminase
(CBE) or adenosine deaminase (ABE) to simulate cellular mismatch
repair and subsequent suitable base substitution [22,23]. Guided
by sgRNA, fused protein complexes are enabled to produce site-
specific C-to-T or A-to-G substitutions without producing DSBs or
introducing donor DNA templates [22,23].

Owing to the unique capability of fine-tuned mutagenesis, base
editors are widely applied to both model and non-model organ-
isms for genetic manipulation [24-27]. For example, base substitu-
tions in the codons of an open reading frame (ORF) potentially
enable amino acid substitutions (missense mutation) or cause gene
inactivation by introducing premature STOP codons (nonsense
mutation) [11,12,28-31]. Moreover, multiple base substitutions
can occur in the editing window, thus ensuring the role of base edi-
tors in large-scale saturation mutation, regulatory element editing,
therapeutic gene correction, and crop improvement [32-36]. How-
ever, the design of gRNAs for base editors is complicated, and sev-
eral specific criteria are carefully considered [24], including the
preferred editing window, bystander effect, potential codon
change, and off-target effect. Thus a convenient tool for the rapid
design of gRNAs for base editors is required and currently, there
are a few programs available [37].

Based on the extensive analysis of genome-wide base editing
outcomes in mammalian cells, several machine learning models
with corresponding design programs, including BE-Hive, BE-DICT,
DeepBaseEditor, and FORECasT-BE, were developed to predict the
editing efficiency and the bystander effect [38-41]. In other organ-
isms, a few gRNA design tools were developed to assist researchers
in the rapid choosing of appropriate target sites [42-46]. Due to the
difficulties faced while performing a large-scale genetic transfor-
mation method, especially in plants, these tools majorly focus on
the function of searching all possible target sites in the target gene
and the annotation of the codon changes in the editing window.
For example, CRISPR-BETS and CRISPR-CBEI focus on designing
gRNAs for CBE-mediated nonsense mutation [42,43], CRISPyweb
2.0 is a tool developed only for Streptomyces coelicolor [44], beditor
is a specialized tool used to design genome-wide gRNA libraries in
cell lines [45], and BE-Designer provides a comprehensive analysis
of all possible candidate target sites with useful information,
including potential off-target sites for base editors in various
organisms [46].

Considering the wide and prospective applications of base edi-
tors in plants, we have developed a dedicated web-based tool
named BEtarget to aid researchers in the design of gRNAs for genes
of interest by visiting directly at http://skl.scau.edu.cn/betarget/, or
from our previous CRISPR-GE website [47] (http://skl.scau.edu.cn/
). The program provides a user-friendly submission interface by
supporting fully customizable settings of input parameters and tar-
get genes. BEtarget lists all possible target sites in the ORF of a
given gene as an interactive table and a graph along with compre-
hensive information, including amino acid change, potential off-
target sites, and quality assessment.

2. Workflow and implementation
2.1. Workflow of BEtarget
BEtarget is a web-based application in a “browser-server”

mode. Its front web pages are implemented with HTML5, Java-
Script, and Bootstrap, and the backend is constructed using the
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Django framework. Programs for processing the uploaded data
and analyzing sequences are written with Python 3. The workflow
of BEtarget is shown in Fig. 1. Overall, it is designed with three
major steps: (i) the input page accepts user-defined parameters
and a target sequence or a gene locus identity (ID) number; (ii)
the backend processes the uploaded data, including automatic
detection of the ORF, identification of all possible target sites in
the ORF, and prediction of potential off-target sites; (iii) the output
page retrieves the resulting data in the JSON format and displays
results in an interactive table with useful information.

2.2. Sequence input and setting of parameters

The submission interface consists of two parts, namely a panel
for parameter settings, including the setting of a protospacer adja-
cent motif (PAM), editing type (CBE or ABE), editing window and a
reference genome selection, and another panel for target sequence
(or gene locus) input (Fig. 2). BEtarget presently supports the
searching of targets sites with commonly used PAM (including
NGG, NG, TTN, and TTTN) or any specific PAM defined by users.
Based on the type and efficiency of the base editor used (either
CBE or ABE), users can manually define the editing window accord-
ingly. Currently, 46 plant reference genomes and 5 genomes of
non-plant model organisms are provided as references to evaluate
potential off-target sites. Users can also select “None” if no target
reference genome is available for which the program will not pre-
dict potential off-target sites. Alternatively, users can request the
developer to add more desired reference genome(s). In the
sequence input panel, three types are supported as input: (i) the
genomic sequence with the corresponding intact coding sequence
(CDS) of a target gene; (ii) a partial sequence of the target gene; (iii)
a gene locus ID of the selected reference genome. When a partial
sequence of the target gene as input which can either be a genomic
sequence or CDS, BEtarget will automatically extract the corre-
sponding genomic sequence and CDS of the gene by invoking a
subprogram called GeneCat for gRNA design. The GeneCat tool

can also be accessed independently from the website (http://skl.

scau.edu.cn/) to extract the genomic sequence and corresponding
CDS of a gene (Supplementary Fig. 1). Below the “Submit” button,
users can select to check for gene structure (default is not
selected).

2.3. Data processing

After submitting a task, BEtarget first preprocesses the
uploaded target sequence or gene locus. It is important to exactly
define ORF in the given genomic sequence to identify the locations
of target sites. After uploading the genomic sequence and intact
CDS, the program aligns CDS to the genomic sequence and auto-
matically detects the boundaries of each exon. If gene locus ID is
used as input, the program fetches the genomic coordinates of all
transcripts of the input gene from the reference genome database.
If users choose to check gene structure at the submission page,
detailed coordinate information and sequence are returned to the
front check page for the users to confirm the exon/intron structure
or select a preferred transcript from possible multiple alternative
transcripts (Fig. 3). Minor modifications in the exon positions are
allowed when necessary, in case the position offset happens in
the program. Otherwise, in general, the program uses genomic
coordinates judged by the program. Once the coordinates of ORF
or the transcript are confirmed, all possible target sites are
extracted, and only those located in or overlapping with the coding
regions are kept for further analysis. Potential off-target sites and
their scores are then predicted by invoking the offTarget program
in the CRISPR-GE toolkit [41]. Possible secondary structures of
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Fig. 1. Overall workflow chart of BEtarget. The program searches all possible target sites in a target gene based on the user’s defined parameters and performs a
comprehensive analysis of the target sites, including their basic features, potential off-target sites, and changes in codons and amino acids within the editing widows.
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Sequence submission

Input type:

O Full genomic sequence with corresponding intact CDS of the target gene.

@® A partial sequence of the target gene, either genomic or coding sequence.

O Gene locus ID of the selected reference genome.

Full sequence

Fragment sequence Gene locus

Please enter a fragment sequence (genomic or CDS, >100bp) of your target gene. See example.

CTTGTGTTGCTCTGTGCGAACGAAACTTTAAACTGGAACAGGTTGAGGAGCTGGCTTCACTCATCAAGGACAACCTCTACAGCAAGCACCTCGTCCTCT
CTACTGAGGAAACCCTCGTCGGGATCCTACAGAACCAGTACCACAACTCTGACGATGACGAGGATGAGGACGATATAGTGGCAGCATACCGCGGGACA
AATAGGAATATCCTAGAGCTCCAACCTGCCAGCTCCTATCAACGTCTTCTTTTGCATCGCCTTGCCGACATCTACGGGTGCTCTTTCCAATTCCATTCGAC
CTGCTTCACCTACCCTCTTCTCAAATACTAACTTAACTGGATAGAGTAATATTTGCAACTACTAATGTCTTGCTTTTGTGTCGCTGCTAGGTTTGTTCATGAA
TCTGTTGGTGAAGGTGAAGATCGACACTTAGTTCTCCAGCGCTGCCCTGAAACTGCCATGTATGATACCAAAAGTGACCACACATCTCTTTGTTATTGAG
TGTCGTCTTATGTCTCCCTATGCCCTCATTTCGCTGTTTCTTATACTACAAACATGTACAGTTTAATTTCCACCTGCATCATTCTTCAATGCAAT

Z

Submit

L (J Check the gene structure (if selected, the program will jump to check page for checking the position coordinations of the target gene)

>
Fig. 2. Submission page of BEtarget. (A) Settings panel for PAM type, editing type, editing window, and reference genome. (B) Input panel for target sequence (or gene). Three

types are supported as input: (i) the genomic sequence with the corresponding CDS of a target gene; (ii) a partial sequence of target gene; (iii) a gene locus ID of the selected
reference genome.
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gTTCTTGTGTTGCTCTGTGCGAACGAAACT TTAAACTGGAACAGGTTGAGGAGCTGGCTTCACTCATCAAGGACAACCTCTACAGCAAGCACCTCGTCCTCTCTACTGAGGAAACCCTCGTCGGGATCCTACAGAACCAGTACCAC
AACTCTGACGATGACH GAGGA AGT AGCATACCGCGGGACAAATAGGAATATCCTAGAGCTCCAACCTGCCAGCTCCTATCAACGTCTTCTTTTGCATCGCCTTGCCGACATCTACGGgTgctctttccaatt
ccattcgacctgcettcacctaccctcttctcaaatactaacttaactggatagagtaatatttgcaactactaatgtettgettttgtgtegetgetagGrTIGTTCATGAATCTGTTGGTGAAGGTGAAGATCGACACTTAGTTC
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Fig. 3. Proofreading of CDS and transcript selection of the target gene. (A) When the genomic sequence with corresponding CDS is used as input, the program automatically
detects the coordinates of CDS on the genomic sequence. If users select to check the gene structure at the submission page, BEtarget jumps to the check page, which displays
the exon/intron structure of the target gene sequence in which the exons are highlighted in yellow. Coordinates can be modified by clicking the “Adjust CDS” button. (B)
When gene locus is used as input, BEtarget displays all possible alternative transcripts of the target gene, and users can select the preferred transcript for target design. The
yellow boxes indicate ORFs of the transcript. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

the targets that pair with the gRNA scaffold sequence are also ana-
lyzed. Finally, possible base substitutions within the editing win-
dows are subjected to the annotation of codon change and
corresponding amino acid change. The resulting data, including
the target sites and their correlated information, are returned to
the results page in the JSON format.

3. Output and result visualization

BEtarget produces an interactive graph and table for displaying
the results (Fig. 4). The graph shows the structure of a target gene
in which the exons are indicated as yellow-colored boxes
(Fig. 4A). When the mouse pointer is moved on an exon, the table
lists only candidate target sites in the exon, and when clicked on
“show all target”, it displays all candidate target sites in the gene.
The initial results table lists all candidate target sites and their
positions, strands, GC content, potential off-target sites, and cor-
responding codon changes (Fig. 4B). Possible base substitutions

4012

and corresponding amino acid changes, including stop codon
mutations within the editing windows are highlighted in red.
Users can select to display target sites with the expected muta-
tion type, either as all candidate sites or only those with stop
codon mutations (nonsense mutations). By clicking the ‘“see
detail” link, users can examine detailed potential off-target sites
with their scores.

Although there is a lack of large-scale analysis of base editing
outcomes for predicting the efficiency because of the low-
efficiency of delivery method in plants, it is possible to anticipate
low-efficiency target sites, including those with very low or high
GC content (<25 % or > 80 %), poly-T site(s), contiguous base-
pairing with the sgRNA sequence, or potential off-target sites of
high score value (>0.7). These candidate low-quality target sites
are marked with warning indicators (!, !!, or !!!). Finally, users
can select target site(s) (on the left-most side) and click on “Show
target(s) in the gene sequence” or “Primer design” (below the can-
didate targets) for the purposes indicated.
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Fig. 4. Visualization of the results. (A) The graph shows the structure of a target gene. When the mouse pointer is moved on an exon, the results table lists the target sites
present in the exon. When the “Show all target” is clicked on, it displays all candidate target sites in the gene. Users can selectively display target sites with the expected
mutation type, either as all candidate sites or only those with stop codon mutations. (B) The table lists candidate target sites and their useful information, including basic
features, predicted amino acid changes, potential off-target sites, and scores. Users can select target site(s) (on the left-most side) and click “Show target(s) in the gene

sequence” or “Primer design” for these purposes.

4. Conclusion

BEtarget is a user-friendly tool to select optimal gRNAs in a
given gene for base editing. The program extracts comprehensive
information of all candidate target sites in the coding regions,
including their basic features, predicted codon changes, potential
off-target sites, and annotations. The results are displayed using
an interactive graph and table. In this study, BEtarget was carefully
compared with other similar design tools that foucus on the func-
tion of searching target sites for base editing, including CRISPR-
BETS [42], CRISPR-CBEI [43], PnB Designer [48], and BE-Designer
[46], as summarized in Supplementary Table 1. The comparison
showed that BEtarget has the following advantages. Firstly, BEtar-
get supports gRNA design for current base editors, including ABE
and CBE, with no limitation of PAM variants. By modifying the
parameters of the PAM setting, users can define their PAM type.
Secondly, BEtarget is flexible for sequence input, which allows
users input a partial sequence of target gene, and the program
can automatically fetch the genomic sequence and corresponding
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CDS. Thirdly, BEtarget provides an interactive and customized visu-
alization interface to display information about target sites. In
summary, BEtarget is an innovative tool for researchers to rapidly
choose appropriate target sites for base editing.
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