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Abstract 

Recently engineered CRISPR base editors have opened unique avenues for scar-free 

genome-wide mutagenesis. Here, we describe a comprehensive computational 

workflow called beditor that can be broadly adapted for designing guide RNA libraries to 

be used for CRISPR base editing. The computational framework allows users to assess 

editing possibilities using a range of CRISPR base editors, PAM recognition sequences 

and the genome of any species. Additionally, potential editing efficiencies of the 

designed guides are evaluated in terms of an a priori estimates, through a specifically 

designed beditor scoring system.  
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Background 

CRISPR base editing is emerging as being a highly efficient method for targeted 

sequence modification without the need for double-stranded DNA break followed by 

homology-directed repair (1–3). Base editors (BEs) are engineered by fusing a DNA 

modifying protein with a nuclease-defective Cas9 (dCas9) protein. Currently, two major 

types of BEs have been developed – Cytosine base editors that catalyze the conversion 

of Cytosine to Thymine, Adenine or Guanine (1,4–6) and Adenine base editors that 

catalyze the conversion of Adenine to Guanine (2,7,8). BEs that are currently in use, for 

example Target-AID (C•G to T•A) (1) and ABE (A•T to G•C) (2), enable many codon 

and amino acid substitutions (Fig S1). With the enormous potential for new discoveries 

and developments, this editing capability could increase with new DNA modifying 

enzymes and engineered Cas9 with expanded spectra of PAM recognition sites (9).  

Although CRISPR base editing has opened new avenues for large-scale genome-wide 

mutagenesis, there is still no computational platform that allows systematic and flexible 

assessment of base editing possibilities for any set of genomic mutations, making the 

design of guide RNA (gRNA) libraries and the estimation of potential off-target effects 

difficult. Currently available computational tools that deal with CRISPR base editing are 

either  focused on non-sense mutations (10) or only allow a limited set of BEs and 

Protospacer Adjacent Motifs (PAM) recognition sequences (11). To utilize the full 

potential of base editing technologies, there is a need for a comprehensive and 

customizable computational workflow that streamlines the design of gRNA libraries on 

large scale. 

When considering potential applications of base editing technologies in genome-wide 

mutagenesis screens, essential characteristics for a good gRNA designing tool emerge. 

First, the ability to fetch and manipulate a wide range of genomes is a foremost 

requirement. Second, some flexibility regarding the scale of the gRNA libraries and 

genetic screens would be crucial. Third, customizability to adapt to the continuously 

evolving base editing technologies is imperative, i.e. it is necessary that the tool can 

accommodate novel and custom BEs with customizable PAMs. Fourth, a priori 

assessment of efficiency of a gRNA and its target site in terms of editability by a given 

BE and potential off-target effects would help users in improving the quality of base 

editing experiments and enhance throughput because higher mutagenesis rates allow 

for detection of smaller fitness or functional effects (12). 

In order to address these needs, we present here a comprehensive computational 

workflow called beditor (Fig. 1a) that is directly compatible with more than 100 genomes 

hosted in the Ensembl genome database (13). Built-in parallel processing allows users 

to easily scale up the design of gRNA libraries with minimal computational resource 

requirements. beditor allows full customizability in terms of editing properties of BEs (eg. 
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range of nucleotides where maximum catalytic activity of BE occurs, henceforth simply 

referred to as ‘activity window’) and PAM recognition sequence. Prospective efficiencies 

of gRNAs are determined through a scoring system that accounts for the number and 

types of off-target alignments across the genome and editing properties of BEs (Fig. 

1b). Overall, the beditor workflow has broad applicability for the genome editing 

community and its open source implementation allows for continuous enhancements in 

the future. 
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Fig. 1 The computational workflow of beditor allows for the flexible design of 

gRNA libraries to be used in CRISPR base editing and offers a priori evaluation of 

editing efficiencies. 

a Information on the type and location of desired mutations are supplied to the beditor 
workflow as a tab separated file. gRNAs are designed according to the user provided 
sets of BEs and PAM recognition sequences. Nucleotide windows for maximum 
activity are considered while designing the gRNAs. Finally, potential off-target effects 
are assessed.  

b A scoring system specifically designed for a priori evaluation of gRNA editing 
efficiencies. Penalties are assigned based on (1) the total number of off-target 
alignments of gRNAs to the reference genome, (2) positions of the mismatches in the 
off-target alignments relative to the PAM and (3) genomic locations of off-target 
alignments and lastly, (4) whether the editable base lies inside the activity window of 
the BE. Using all of the above penalties, a final score is calculated for each gRNA 
sequence – the beditor score.  

 

 

.CC-BY-NC-ND 4.0 International licenseunder a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available 

The copyright holder for this preprint (which wasthis version posted September 25, 2018. ; https://doi.org/10.1101/426973doi: bioRxiv preprint 

https://doi.org/10.1101/426973
http://creativecommons.org/licenses/by-nc-nd/4.0/


6 
 

Results  

In the general workflow of beditor (Fig. 1a), the user provides information about the 

desired set of mutations as an input and a library of gRNAs is generated with 

corresponding a priori efficiency estimates for each gRNA. beditor can also be used to 

execute only a subset of the analysis steps by changing the input parameters or 

providing inputs for intermediate steps. The standard input of beditor depends on the 

format of mutations i.e. nucleotide or amino acid. For carrying out nucleotide level 

mutations, the users need to provide genome coordinates and the wanted mutated 

nucleotides. For carrying out amino acid level mutations, the users provide Ensembl 

stable transcript ids, the position of the targeted residues and the corresponding 

mutated residue. The users can also provide inputs to limit the amino acid substitutions 

to a custom substitution matrix and specify whether only non-synonymous or 

synonymous substitutions should be carried out. In addition to creating mutations on a 

wild-type background ('create’ mode), the beditor workflow also provides an option to 

design guides that would remove alternative SNPs and to mutate to the reference or 

wild-type alleles (‘remove’ mode).  

The beditor workflow utilizes a PyEnsembl python API (14) to fetch and work with the 

genomes of over 125 species and their various assemblies from the Ensembl genome 

database(13,15), providing a broad utility for researchers across a wide spectrum of 

fields. beditor is also compatible with any customly annotated genome. The ability to 

carry out parallel processing allows for the design of large gRNA sequence libraries 

using minimal computational resources. Users can incorporate BEs with varied editing 

properties and even novel BEs as per requirements. Similarly, users can incorporate 

any custom PAM sequences in addition to the 16 different PAMs already incorporated in 

beditor (Table S1). Lastly, an a priori statistics of efficiency of gRNAs allows the users to 

select the best set of gRNAs for mutagenesis experiments.  

The beditor workflow also integrates the Cutting Frequency Determination (CFD) 

scoring system based on empirical data from genetic screens (16). However, it is only 

applicable to gRNAs with NGG PAM. Therefore, informed from empirical data from 

genetic screens (16), we defined a priori scoring system to evaluate editing efficiencies 

of gRNAs. It additionally utilizes features of the alignments of the gRNAs to the 

reference genome and editing preferences of the BEs. Penalties are assigned to guides 

based on (1) the total number of off-target alignments, (2) the location of mismatch 

within gRNA sequences relative to PAMs and (3) whether the gRNA aligns to genic or 

intergenic regions. Compatibility with the editing preferences of BEs is captured using 

(4) a penalty that is assigned if the editable base lies outside of the activity window of 

BE (Fig. 1b, see Methods). The former two penalties account for potential off-target 

effects while the later ones pertain to increasing editing efficiencies. The third penalty 

may reduce noise that may occur due to unwanted mutations at off-target sites located 
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in functional genic regions. Optimal gRNA sequences have a beditor score of 1, while 

lower beditor score indicates probable lower editing efficiency. Multiplication of the 

penalties insures that gRNA sequences that carry penalty in any of the criteria carries a 

lower beditor score.  

To demonstrate the utility of our computational workflow, we designed a library of 

gRNAs against a set of clinically associated SNPs in the human genome composed of 

61083 nucleotide level and 81819 amino acid level mutations (see Methods). This 

analysis was carried out with two different BEs: Target-AID and ABE, and two PAM 

sequences: NGG (17,18) and NG (19,20) and in ‘create’ and ‘reverse’ mode. The output 

libraries of gRNA sequences (Additional file 1) targets ~25% of the total mutations 

provided as input (Table S2). On average, ~1.6 guides were designed for each 

mutation. Among the visualizations produced by beditor, the percentage of substitutions 

that can be edited with the designed guides (% editability) is represented as substitution 

maps (Fig 1a and b for ‘create’ mode and Figure S2 for ‘remove’ mode). Strategy-wise 

number of gRNAs designed (Fig 2c and d), nucleotide composition of the library of 

gRNAs (Figure S3) and alignments of gRNAs with the target sequence (Figure S4) are 

visualized to aid users in assessing the overall composition of the designed library guide 

RNAs .  

From the demonstrative analysis, beditor scores were evaluated for each gRNA 

sequence in the library. From the distribution of scores (Figure S5), the users may 

assign a threshold to filter out low efficiency gRNAs. Collectively, by definition, the 

beditor scores are negatively correlated (ρ=-0.94) with the number of off-target 

alignments (Fig 2e) and penalty assigned for each alignment based on distance of 

mismatches from the PAM sequence is positively correlated (ρ=0.65) with the distance 

(Fig 2f). Note that the rank correlation is not perfect because of cases in which there 

were two mutations in the aligned sequence. Also, purely informed from sequence 

alignments of gRNAs and the requirements of BEs, the beditor score captures the 

possible empirical efficiencies of gRNAs as apparent from its strong positive correlation 

(ρ=0.95) with the CFD score (Fig 2g).  

The beditor workflow is implemented as an open-source python 3.6 package hosted at 

https://pypi.org/project/beditor. The source code of beditor can be accessed at 

https://www.github.com/rraadd88/beditor. 
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Fig. 2 Demonstrative analysis of clinically associated human SNPs. gRNA libraries 

were designed to create nucleotide and amino acid level mutations from clinically 

associated SNPs in the reference human genome. For this analysis, 2 base-editors 

(Target-AID and ABE) and 2 PAM sequences (NGG and NG) were used.  

Percentage of substitutions that can be edited by gRNA library designed (% editability) 
in the demonstrative analysis of nucleotide (a) and amino acid mutation (b) data (see 
Methods). Left and right brackets indicate that the substitution is carried out by ABE 
and Target-AID respectively. +, - and ± indicate substitutions for which guide RNA is 
designed on +, - and both strands respectively. Shown in gray are substitutions that 
are absent in the input data. * indicates non-sense mutation. 

Number of gRNAs designed by each strategy in case of demonstrative analysis of 
nucleotide (c) and amino acid mutation (d) data. 

e Relationship between the number of genome-wide off-target alignments and beditor 
score per gRNA. The color of hexbins are scaled according to the number of gRNAs 
per bin. 
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f Relationship between the distance of a mutation in off-target alignments and 
corresponding penalty assigned (Pa). The color of hexbins are scaled according to the 
number of off-target alignments per bin. 

g Relationship between the CFD score and beditor score for all the gRNAs carrying 
NGG PAM sequence. The color of hexbins are scaled according to the number of 
gRNAs per bin. 

ρ is Spearman’s correlation coefficient. 
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Discussion 

CRISPR base editing carries an immense potential for scar-free genome-wide removal 

of non-desired mutations or to study the effect of specific mutations. Therefore, the 

major application of beditor lies in (but is not limited to) designing gRNA libraries for 

large-scale genetic screens. The modular design of the workflow allows users to 

customize the computational platform for specific experimental designs. Additionally, its 

compatibility with the Ensembl database and custom genomes allows broader 

applications of this resource in the scientific community. With the analysis of clinically 

important SNPs, we demonstrate that beditor is efficient in designing large guide RNA 

libraries. 

Conclusions 

The beditor workflow is ideally suited for designing library of gRNA sequences for 

genome-wide mutagenesis screenings using CRISPR base editing. Compatibility with 

any genome and customizability with respect to the editing make this tool broadly 

accessible to users from a wide range of disciplines. beditor is an open source software 

and is available at https://github.com/rraadd88/beditor.  
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Methods 

beditor scoring system 

Alignment of the designed gRNAs (with PAM sequence) with the provided reference 

genome is carried out using BWA (21), allowing for a maximum of two mismatches per 

alignment. The beditor score is evaluated based on features of off-target alignments as 

follows. 

  

𝑃𝑖 = {
𝑃𝑚𝑖𝑛 𝑖𝑓 mismatch is near PAM

: : 
𝑃𝑚𝑎𝑥 𝑖𝑓 mismatch distant from PAM

 

 

.. (1) 

𝑃𝑎 = ∏ 𝑃𝑖

𝑀𝑚𝑎𝑥

𝑖=1

 .. (2) 

𝐺𝑎 = {
 𝐺𝑔   𝑖𝑓 𝑔𝑒𝑛𝑖𝑐

𝐺𝑖𝑔 𝑖𝑓 𝑖𝑛𝑡𝑒𝑟𝑔𝑒𝑛𝑖𝑐
 

 

.. (3) 

𝐵 = (∏ 𝑃𝑎 ∗ 𝐺𝑎

𝑛

𝑎=1

) ∗ 𝐴 .. (4) 

For an alignment between a gRNA sequence and the genome, Pi is a penalty assigned 

to a nucleotide in the gRNA sequence based on the position of a mismatch in the 

aligned sequence relative to the PAM. If the mismatch is near the PAM sequence, a 

minimal penalty Pmin is assigned. Conversely, if the mismatch is far from the PAM, a 

maximum penalty Pmax is assigned. The relative values of such penalties were 

determined by fitting a third degree polynomial equation to the mismatch tolerance data 

from (16). This way, penalties increase non-linearly from Pmin to Pmax, as the distance of 

nucleotide (i) from PAM sequence increases. Individual penalties assigned for all the 

nucleotides in a gRNA are then multiplied to estimate a penalty score for a given 

alignment called Pa (equation 2). Ga is a penalty defined by whether the off-target 

alignment lies within a genic or an intergenic region (equation 3). A is a penalty based 

on whether the editable base lies within the activity window of BE (equation 4). Note 

that the a priori penalties are assigned in the current version of beditor will be informed 

by empirical data in the future. The overall beditor score B for a gRNA is determined by 

multiplying penalties assigned per alignment (Pa and Ga) for all alignments (n) with a 

penalty assigned to the gRNA (A) (equation 4). Multiplication of individual penalties 

insures that if any of the criteria is suboptimal, the beditor score decreases.  

Demonstrative analysis using a set of human mutations 
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For the demonstrative analysis, a set of clinically associated human mutations were 

obtained from the Ensembl database in GVF format (ftp://ftp.ensembl.org/pub/release-

93/variation/gvf/homo_sapiens/homo_sapiens_clinically_associated.gvf.gz, Date 

modified: 08/06/2018, 16:13:00). From genomic co-ordinates of SNPs, residue index 

and types were identified using PyEnsembl (14). Ensembl stable transcript ids, amino 

acid position, reference residue and mutated residue were used as input to the beditor 

workflow as a tab-separated file. The command "beditor --cfg params.yml" was 

executed. Here, params.yml contains input parameters of the analysis (Table S3) in a 

user-friendly YAML format. Output visualizations from this analysis are presented in Fig 

2, Figure S3, S4 and S5.   

Open-source dependencies 

The beditor workflow depends on other open source softwares such as PyEnsembl 

(14), BEDTools(22), BWA(21) and SAMtools(23) at various steps of the analysis. User 

provided mutation information is first checked for validity with PyEnsembl (14). Genomic 

sequences flanking the mutation sites are fetched using BEDTools (22). The designed 

gRNAs are aligned back to the reference genome using BWA (21) and alignments are 

processed using SAMtools (23) for evaluation of off-target effects using the beditor 

scoring system. Visualization of alignments of guide RNAs with genomic DNA are 

created using DnaFeaturesViewer package (https://github.com/Edinburgh-Genome-

Foundry/DnaFeaturesViewer). 
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List of abbreviations 

CRISPR: Clustered Regularly Interspaced Short Palindromic Repeats 

gRNA: guide RNA 

BE: base editor 

PAM: Protospacer adjacent motif  

CFD: Cutting Frequency Determination 

SNP: Single-Nucleotide Polymorphism 
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Supporting figures 

 

FIg S1 : Editable substitutions by ABE and Target-AID.  

a Nucleotide level substitutions. 
b Codon level substitutions. 
b Amino acid level substitutions.  
Mapped on the heatmaps are cumulative number of substitutions that can be edited with 

ABE or Target-AID. Left and right brackets indicate that the substitution is carried out 
by ABE and Target-AID respectively. +, - and ± indicate substitutions for which guide 
RNA is designed on +, - and both the strands respectively. Shown in gray are 
substitutions that are absent in the input data. * is a non-sense mutation. 
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FIg S2: Percentage editability for demonstrative analysis in ‘remove’ mode.  

a Nucleotide level substitutions. 
b Amino acid level substitutions.  
Mapped on the heatmaps is a ratio between number of mutations that can be edited with 

the designed gRNAs and the number of mutations present in the input data (% 
editability). Left and right brackets indicate that the substitution is carried out by ABE 
and Target-AID respectively. +, - and ± indicate substitutions for which guide RNA is 
designed on +, - and both the strands respectively. Shown in gray are substitutions that 
are absent in the input data. * is a non-sense mutation. 
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Fig S3: Nucleotide composition of the gRNA library designed for the demonstrative 

analysis of nucleotide mutations. 

gRNA nucleotide composition of the library is represented for Target-AID (top) and ABE 
(bottom). The gRNAs are subdivided by the types of PAM sequence (shown in columns) 
and by the position of the editable nucleotides within the activity window of a BE (shown 
in the rows). 
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Fig S4: Representative visualizations of alignment between a gRNA and target 

genomic sequence. 

A gRNA is shown in purple and its identity (indicating base editor, strand of mutagenesis, 
distance from PAM sequence, PAM sequence, reference codon, mutated codon, wild-
type amino acid and mutated amino acid) is shown on the guide RNA. The target site is 
indicated in red color. Reading frames and genomic coordinates of the target DNA are 
shown below. 
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Fig S5: Distribution of beditor scores for the gRNA library designed for the 

demonstrative analysis of nucleotide mutations.  
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Supporting tables 

Table S1: PAM recognition sequences supported by beditor. 

PAM Description position length of 
guide 
sequence 

Reference 

NG xCas9 3' 20 [1] 

NGA SpCas9 mutant 3' 20 [2] 

NGCG SpCas9 mutant 3' 20 [2] 

NGG SpCas9 3' 20 [3,4] 

NGGNG Cas9 S. Thermophilus 3' 20 [5,6] 

NGK xCas9 3' 20 [1] 

NGN xCas9 3' 20 [1] 

NNAGAA Cas9 S. Thermophilus 3' 20 [5,6] 

NNGRRT SaCas9 3' 21 [7] 

NNNNACA CjCas9 3' 20 [8] 

NNNNGMTT Cas9 N. Meningitidis 3' 20 [9] 

NNNRRT KKH SaCas9 3' 21 [2,7] 

TATV AsCpf1 mutant 5' 23 [10] 

TTN Cpf1 F. Novicida 5' 23 [11] 

TTTN Cpf1 Acidaminococcus / 
Lachnospiraceae  

5' 23 [11] 

TYCV TYCV AsCpf1 mutant 5' 23 [10] 
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Table S2: Summary statistics of demonstrative analysis. 

Mutation format nucleotide amino 
acid 

nucleotide amino 
acid 

Remove/create mutation remove remove create create 

Total number of mutations in the 
input data 

61083 81819 61083 81819 

Total number of mutations edited 13709 19996 13867 20420 

Total number of guides designed 23432 35390 22587 33311 

% editability 22.44 24.43 22.70 24.95 
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Table S3: Input parameters used for the demonstrative analysis of clinically 

associated human variants 

Variable Input Description 

host  homo_sapiens Name of host organism 

genomerelease 93 Ensembl genome release  

genomeassembly  GRCh38 Genome assembly version 

dinp  din.tsv File path of input tab-separated file 

mutation_format 
[aminoacid, 
nucleotide] 

Whether the input data consists of amino acid or 
nucleotide mutations. 

reverse_mutations [FALSE, TRUE] 
FALSE if design guide RNAs to ‘create’ mutations, 
TRUE to ‘remove’ mutations. 

mutations  mutations 
Information about mutated amino acid is taken from the 
input file 

mutation_type  N 
Type of mutations to process, N: non-synonymous, S: 
synonymous, else: both 

keep_mutation_nonsense FALSE Whether to process non-sense mutations 

pams  [NGG, NG] List of PAMs to use 

BEs  [Target-AID, ABE] List of Base Editors to use 

max_subs_per_codon 1 
Maximum number of nucleotides that can be edited in 
the target codon. 

mismatches_max 2 
Maximum number of mismatches allowed in the 
alignment gRNAs against reference genome. 

cores 5 Number of processors to use for parallel processing 

chunksize 200 Number of mutations to process per processor 
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