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To the Editor: 

 

Recent progress in genome editing technologies, in particular the CRISPR-Cas9 nuclease system, has provided new 
opportunities to investigate the biological functions of genomic sequences by targeted mutagenesis [1-4]. Briefly, Cas9 
may be directed by a chimeric single guide RNA (sgRNA) to a target genomic sequence upstream of a protospacer 
adjacent motif (PAM) for cleavage. Double strand breaks (DSBs) resulting from site-specific Cas9 cleavage can be 
resolved by endogenous DNA repair pathways such as non-homologous end joining (NHEJ) or homology-directed repair 
(HDR). These repair mechanisms result in a spectrum of diverse outcomes including insertions, deletions, nucleotide 
substitutions, and, in the case of HDR, recombination of extrachromosomal donor sequences [1-3, 5,6]. Deep sequencing 
of amplified genomic regions or whole genome sequencing (WGS) allows for quantitative and sensitive detection of 
targeted mutations. However, to date no standard analytic tool has been developed to systematically enumerate and 
visualize these events, resulting in inconsistencies between different experiments and across laboratories. Challenging 
issues for the interpretation of CRISPR-Cas9 edited sequences include amplification or sequencing errors, experimental 
variation in sequence quality, ambiguous alignment of variable length indels, deconvoluting mixed HDR/NHEJ outcomes, 
analyzing large datasets from WGS experiments and analyzing pooled experiments where many different target sites are 
present in a single sequencing library. To solve these issues with an aim to standardize data analysis, we developed 
CRISPResso as a robust and easy-to-use computational pipeline (Supplementary Note 1 and Supplementary Fig. 1). 
CRISPResso enables accurate quantification and visualization of CRISPR-Cas9 outcomes, as well as comprehensive 
evaluation of effects on coding sequences, noncoding elements and selected off-target sites. 
  
CRISPResso is a suite of computational tools that provides an integrated, user-friendly interface that can be operated by 
biologists and bioinformaticians alike (Supplementary Fig. 2). Compared to existing tools [7], CRISPResso offers several 
novel features, including: batch sample analysis via command line interface, integration with other pipelines, tunable 
parameters of sequence quality and alignment fidelity, discrete measurement of insertions, deletions, and nucleotide 
substitutions (ignored by other methods), tunable windows around the cleavage site to minimize false positive 
classification, quantification of frameshift versus in-frame coding mutations, and distinction between NHEJ, HDR, and 
mixed mutation events. In addition, CRISPResso accommodates single or pooled amplicon deep sequencing and WGS 
datasets. CRISPResso automates the following steps: 1. filtering low quality reads, 2. trimming adapters, 3. aligning the 
reads to a reference amplicon, 4. quantifying the proportion of HDR and NHEJ outcomes, and 5. determining the 
proportion of frameshift and in-frame mutations as well as detecting potential splice site mutations. A graphical report is 
generated to visualize mutagenesis profiles (Fig. 1, Supplementary Figs. 3-5), and plain text output files are also 
produced for further integrative analyses (Supplementary Note 2). This pipeline can be used for assessment of on-target 
editing efficacy as well as of off-target editing at selected loci [8, 9].   
    
CRISPResso qualitatively and quantitatively evaluates the outcomes of genome editing experiments in which target loci 
are subject to deep sequencing. We initially assessed the performance and limitations of CRISPResso, performing 
simulations with various genome editing outcomes with and without sequencing errors included (Supplementary Note 3, 
Supplementary Figs. 6-8). We found that CRISPResso, even in the presence of sequencing errors, robustly and 
accurately recovers editing events with a negligible false positive rate (<0.2%). Then we applied CRISPResso to actual 
paired end deep sequencing data from cells expressing Cas9 and sgRNA-1 targeted to a coding sequence with the intent 
to create gene knockout by frameshift mutations (experiment 1) or cells expressing Cas9, an extrachromosomal 
homologous donor template, and sgRNA-2 (experiment 2) or sgRNA-1 (experiment 3) with the intent of targeted 
introduction of four nucleotide substitutions (Supplementary Note 4 and Supplementary Figs. 9, 3-5). For experiment 1, 
CRISPResso provides a quantification of the proportion of NHEJ occurrences, mutated allele size distribution and precise 
mutation localization with respect to the reference amplicon (Fig. 1a-c). When coding sequences are provided as an 
optional input, the software quantifies frameshift and in-frame mutations as well as predicts splice site mutations (Fig. 1d, 
Supplementary Fig. 10). When an expected HDR amplicon sequence is provided (experiments 2 and 3), CRISPResso is 
able to deconvolve and characterize unmodified, NHEJ-modified, and HDR-modified alleles as distinct outcomes (Fig. 1e, 
f, Supplementary Note 1, and Supplementary Figs. 3-5). In addition, it identifies mixed alleles that may result from 
sequential cleavages initially resulting in HDR and later NHEJ repair (Fig. 1f). In a case when the donor sequence 
disrupts the guide RNA seed sequence or PAM, the relative fraction of mixed events appears substantially reduced, 
consistent with the effect of these HDR alleles on resisting subsequent cleavage (Supplementary Fig. 11,12). By 
specifying the sequence identity required to classify an event as HDR, the user can control the specificity of HDR and 
sensitivity of mixed HDR-NHEJ allele detection (Supplementary Fig. 8,9). CRISPResso can be run either as a stand-
alone command line utility (http://github.com/lucapinello/CRISPResso) or web application (www.crispresso.rocks, 
Supplementary Note 2). 
 
The CRISPResso suite provides two additional utilities: (1) CRISPREssoPooled, a tool for the analysis of pooled amplicon 
experiments, that first preprocesses the input data to highlight and remove PCR amplification or trimming artifacts. In this 
mode, sequences may be first aligned to a reference genome and then those mapping to unexpected genomic locations 
removed, which may help resolve alignment artifacts (such as amplification of pseudogenes). Alternatively, all the regions 
discovered in the alignment to the reference genome can be considered. Then a separate CRISPResso report is created 
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for each target region, with detailed mapping statistics (Supplementary Note 5, Supplementary Fig 13. and 
Supplementary Table 1-2). (2) CRISPRessoWGS, a tool for the analysis of WGS data, that provides detailed 
CRISPResso reports for any set of sites throughout the genome (for example, potential off-target sites)  and separate 
.bam files (for discrete visualization in a genome browser) (Supplementary Note 6 and Supplementary Fig. 14).  The 
CRISPResso suite offers flexible and powerful tools to evaluate and quantitate genome editing outcomes from 
sequencing experiments, and for standardizing and streamlining analyses that currently require development of custom 
in-house algorithms.  
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Figure Legends 

 

Figure 1: Quantification and visualization of NHEJ and HDR mutagenesis profiles. a-d, An example of NHEJ-

mediated disruption of a coding sequence by CRISPR-Cas9 (experiment 1). a, Quantification of editing frequency as 

determined by the percentage and number of sequence reads showing unmodified and modified alleles. When no donor 

sequence is provided, CRISPResso classifies any mutation as an NHEJ event. b, Frequency distribution of alleles with 

indels (shown in blue) and without indels (in red). Length-conserving substitutions are not classified as indels in this plot. 

In this example, the indels are dominated by small deletions, consistent with the anticipated CRISPR-Cas9 

effect. c, NHEJ reads with insertions (red), deletions (purple), and substitutions (green) mapped to reference amplicon. 

For insertions, the positions immediately adjacent to the insertion are indicated. In this example, the mutations cluster 

around the predicted cleavage position, consistent with the anticipated CRISPR-Cas9 effect. A low level of substitutions 

apparent throughout the amplicon suggests low-level technical error. d, Frameshift analysis of coding sequence reads 

affected by modifications. Frameshift and in-frame mutations include any mutations that partially or fully overlap coding 

sequences as input by the user, with any non-overlapping mutations classified as noncoding (see also Supplementary 

Fig. 6). e-f, An example of HDR-mediated recombination of an extrachromosomal donor sequence resulting in four 

substitutions relative to the reference amplicon (experiment 2). e, When an expected HDR amplicon  is provided, 

CRISPResso classifies sequence reads as HDR if they preferentially align to the expected HDR amplicon sequence and 

NHEJ (or unmodified) if they preferentially align to the reference amplicon. An alignment threshold may be provided to 

distinguish HDR alleles from those showing evidence of mixed HDR-NHEJ repair. f, Mapping of mutation position to 

reference amplicon of reads classified as NHEJ (left), HDR (center), and mixed HDR-NHEJ (right). In this example with 

the alignment threshold set to 100% sequence identity, the HDR alleles show only the four expected substitutions (see 

Supplementary Fig. 3) while the mixed HDR-NHEJ alleles show additional indels at the predicted cleavage position, 

consistent with sequential cleavages initially repaired by HDR and subsequently by NHEJ. 
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Supplementary Material 
 

Figure Legends 
 
Supplementary Figure 1: Overview of the CRISPResso pipeline. 
 
Supplementary Figure 2: The front page of the CRISPResso web application user interface. Required input files include 
a FASTQ file (or two FASTQ files for paired end reads) containing the raw reads and the reference amplicon sequence. 
Additional information may be provided as optional input to customize the analysis (details are described in 
Supplementary Note 3 and on the online manual available at: www.crispresso.rocks/help). 
 
Supplementary Figure 3: Screenshot of the graphic report obtained from the web version of CRISPResso for experiment 
1. Here the intent is to create gene knockout by frameshift mutations. The targeted locus was amplified and the amplicon 
subjected to paired end deep sequencing. CRISPResso was run with default parameters, except for the average bp 
quality filter parameter that was set to 30 on the Phred33 scale. 
 
Supplementary Figure 4: Screenshot of the graphic report obtained from the web version of CRISPResso for experiment 
2. Here the intent is to induce four substitutions to the target locus by HDR, introducing an extrachromosomal homologous 
donor sequence to the cells. The targeted locus was amplified and the amplicon subjected to paired end deep 
sequencing. CRISPResso was run with default parameters, except for the average bp quality filter parameter that was set 
to 30 on the Phred33 scale. Note that the frameshift analysis includes all modified alleles so the rate of in-frame alleles 
will appear high in experiments such as this one in which the rate of HDR is high and the HDR allele remains in-frame. 
 
Supplementary Figure 5: Screenshot of the graphic report obtained from the web version of CRISPResso for experiment 
3. The targeted locus was amplified and the amplicon subjected to paired end deep sequencing. CRISPResso was run 
with default parameters, except for the average bp quality filter parameter that was set to 30 on the Phred33 scale. In this 
case, mixed HDR-NHEJ alleles appear to be reduced relative to HDR alleles consistent with the HDR donor being 
relatively resistant to recognition by sgRNA-1.  
 
Supplementary Figure 6: Evaluation of CRISPResso pipeline on synthetic datasets.  a, Quantification of editing 
efficiency for unmodified and modified reads without error. b, Same experiment with sequencing errors simulated from the 
Illumina Miseq platform. c, Same experiment with sequencing errors simulated from the Illumina Miseq platform with a 
filtering window of 10 bp around the cleavage site (5 bp on each side).  
 
Supplementary Figure 7: Evaluation of CRISPResso pipeline on synthetic datasets. Same experiments as in 
Supplementary Figure 3. a-c, Location and frequency of insertions, deletions and substitutions on the reference amplicon.  
 
Supplementary Figure 8: Evaluation of CRISPResso pipeline on synthetic datasets. Same experiments as in 
Supplementary Figure 3. a-c, Position and average length of insertions and deletions. 
 
Supplementary Figure 9: Schematic of HBB locus (for which modifications are depicted in Fig. 1), with positions of 
sgRNAs, genomic cleavage, primers, exons, and substitutions in HDR donor sequence indicated. a, Reference amplicon 
sequence (positions 1-158) with sites of sequence complementarity (lines) and anticipated cleavage sites (arrowheads) 
for sgRNAs indicated. sgRNA-2 (red line) results in cleavage in HBB 5’UTR whereas sgRNA-1 (green line) results in 
cleavage of exon 1 coding sequence. Primers for amplification in blue. b, Zoom showing the genomic sequence of the 
cells used in this experiment (corresponding to hg19 chr11:5248206-5248248, minus strand) with the cleavage site of 
sgRNA-1 indicated by arrowhead and sites of substitution within the HDR donor sequence indicated by larger font. c, 
Schematic of expected HDR amplicon sequence. d, Zoom showing the four substitutions (larger font in red) relative to the 
genomic sequence. Positions listed are relative to the reference amplicon input to CRISPResso. 
 
Supplementary Figure 10: Frameshift analysis for experiment 1. a, Reads with frameshift and in-frame mutations are 
classified based on any mutation that partially or fully overlaps coding sequence, with mutations that do not overlap 
coding sequences classified as noncoding. Mutations affecting coding sequence are classified as in-frame or frameshift 
according to how they alter the final coding sequence length.  b, Frameshift and in-frame mutagenesis profiles indicating 
position affected by modification. c, Reads with insertions (red), deletions (purple), and substitutions (green) mapped to 
reference amplicon position exclusively in noncoding region/s (that is, without mutations affecting coding sequences). The 
predicted Cas9 cleavage site is indicated by a vertical dashed line. Only sequence positions directly adjacent to insertions 
or directly affected by deletions or substitutions are plotted. In an experiment in which Cas9 cleavage is directed to coding 
sequence, noncoding mutations would be expected to be infrequent and these may reflect amplification or sequencing 
errors rather than true mutations. This plot directly illustrates the position of these mutations which could help identify any 
recurrent mutations. One approach to minimize the impact of sequencing errors would be to adjust the CRISPResso 
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parameters for read quality or to utilize a window to search for mutations surrounding the cleavage site. Another, highly 
recommended, approach would be to empirically estimate the rate of sequence errors by preparing a library with a non-
edited control sample sequenced in parallel. 
 
Supplementary Figure 11: Effect of variation of the HDR sequence identity parameter on experiment 2. A read that 
better aligns to the expected HDR amplicon as compared to the reference amplicon is classified as either an HDR or 
mixed HDR-NHEJ allele. If the read has identity to the expected HDR amplicon sequence exceeding the HDR identity 
parameter, it is classified as an HDR allele; if the identity is below the HDR identity parameter, it is classified as a mixed 
HDR-NHEJ allele. Increasing the sequence identity value reduces tolerance of mismatches, with increased numbers of 
reads quantified as mixed HDR-NHEJ and a reduction in the number of reads quantified as HDR. Tuning the sequence 
identity parameter has no effect on NHEJ quantification. The default value for this parameter is 98%. Setting the HDR 
identity parameter to 98% results in a substantial number of reads classified as HDR showing small indels precisely at the 
cleavage site, consistent with sequential cleavages with HDR followed by NHEJ repair. Increasing the HDR identity 
parameter to 100% increases the specificity of HDR allele classification and sensitivity of mixed HDR-NHEJ allele 
classification. The tool allows the user to easily visualize results as the parameter is adjusted. 
 
Supplementary Figure 12: Effect of variation of the HDR sequence identity parameter on experiment 3. Setting the 
identity parameter to 98% results in classification of most alleles as HDR with only a small fraction of mixed HDR-NHEJ 
alleles. By increasing the identity parameter to 100%, the rate of false-positive mixed HDR-NHEJ alleles and false 
negative HDR alleles might increase due to technical errors of sequencing. The tool allows the user to easily visualize 
results as the parameter is adjusted. 
 
Supplementary Figure 13: Results from CRISPRessoPooled using data from ref [8], using the Mixed mode (Amplicons + 
Genome). Quantification and localization of insertion, deletion and substitution on a set of 11 unique amplicons from a 
pooled amplicon experiment. 
 
Supplementary Figure 14:  Results from CRISPRessoWGS using data from ref [11]. Analysis of a region of interest from 
WGS data. a, Mutation position distribution (left panel) and average length of insertion and deletion (center and right 
panel) for a control experiment in which Cas9/sgRNA were not delivered to the cells. In this experiment the cells are 
known to have a pre-existing homozygous 1 bp deletion relative to the reference genome. The vertical dotted line 
represents the predicted cleavage site. b, Mutation position distribution (left panel) and average length of insertion and 
deletion (center and right panel) for a companion experiment in which Cas9/sgRNA were utilized. 50% of the alleles show 
one 1 bp insertion and 50% of the alleles show a different 1 bp insertion consistent with an edited clone that has 
compound heterozygous NHEJ repaired alleles. The vertical dotted line represents the predicted cleavage site. c. IGV 
genome browser screenshot of the reads extracted by CRISPRessoWGS for the analysis and aligned to the mm9 
reference genome.  
  
 

Supplementary note 1 - Details of the CRISPResso pipeline 
 
Quality filtering 
In order to reliably quantify mutation events and avoid false positives due to sequencing errors, it may be important to take 
into account read quality. A common standard for quality is the Phred 33 scale that represents scores proportional to the 
base-calling error probabilities [1]. CRISPResso allows filtering the reads based on the average quality score, defined as 
the average score of each single bp quality score. Additionally, it is possible to filter reads excluding any read for which a 
single bp is below a predefined threshold. Suggested values for these parameters, on the Phred33 scale, are: 30 for the 
average read quality and 20 for the single bp quality. If not explicitly specified by the user, the reads are not filtered. 
 
Trimming 
Although some sequencing facilities provide sequence reads already trimmed of adapter sequences, this is not always the 
case. Since the trimming step is a prerequisite to reliably quantify modifications, CRISPResso provides the option to trim 
sequences if the user provides the adapter sequences used (common ones for Illumina sequencing machines are Nextera 
and TrueSeq 2/3). Internally, the reads are trimmed using Trimmomatic [2]. A custom adapter for particular experimental 
designs can also be provided. 
 
Merging paired end reads 
When paired end reads are provided, it is possible to “merge” the reads since usually the amplicon sequence provided is 
shorter than twice the read length. This step is performed in order to increase the confidence of the region sequenced in 
the overlapping region. Internally CRISPResso uses the FLASH method [3]. 
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Alignment 
To align the filtered reads to the reference amplicon CRISPResso uses needle from the EMBOSS suite [4], an optimal 
global sequence aligner that can easily account for gaps. The main advantage of this aligner is that it is a strict 
implementation of the Needleman-Wunsch algorithm instead of simple heuristics, providing predictable and accurate 
results. In addition, its rich output can be easily parsed and integrated in other pipelines. 
 
Quantification of mutation 
After alignment to quantify mutation occurrences, the sequence identity scores of both the reference amplicon and the 
expected HDR amplicon (in case a donor sequence was used in the experiment) are considered. If the read aligns better 
to the HDR expected amplicon, the read is classified either as HDR or mixed HDR-NHEJ. If the sequence identity is 100% 
(or above a user-defined threshold, default 98%) the read is classified as HDR; if sub-threshold alignment, the read is 
classified as mixed HDR-NHEJ.  The reads that align better to the reference amplicon than the expected HDR amplicon 
are considered unmodified if they have 100% sequence identity with it, otherwise the reads are classified as NHEJ. 
Mutation spectra of each (total, HDR, mixed HDR-NHEJ, and NHEJ) are then plotted along with expected cleavage 
position to help the user interpret allelic outcomes. To make the process efficient, some pre-compiled regular expressions 
are built on the special characters obtained from the alignment step (for insertion, deletion or nucleotide substitution) with 
respect to the reference amplicon. Subsequently, for a fast localization of each event in the reference amplicon, a lookup 
table for the positions is used. This allows an efficient quantification of the occurrences with a low memory footprint. To 
build the average profiles, occurrences for all the reads are summed and then divided by the total number of reads 
mapped. In the case of the combined profile, for each position any of the possible mutation types (insertion, deletion or 
nucleotide substitution) are counted. 
 
Frameshift quantification 
To quantify frameshift and in-frame occurrences, CRISPResso determines if reads with mutations inside the coding 
sequences alter the total coding sequence length. Alterations that conserve the length or change the length by a multiple 
of three are considered as in-frame while the rest are considered frameshift. Mutations that are only outside the coding 
sequence but leave coding sequence intact are reported as noncoding mutations. If an sgRNA is designed to direct Cas9 
cleavage within coding sequences, the proportion of noncoding sequence mutations would be expected to be very low. 
CRISPResso generates a plot specifically to show the position and distribution of noncoding mutations as well as the indel 
size distribution of frameshift and in-frame mutations. An example is shown in Supplementary Fig. 10.  
 
Potential splice site quantification 
To quantify potential splice sites, CRISPResso determines for each read the presence of mutations at either of the two 
intronic positions adjacent to the exon boundary. This analysis is performed on all the reads, and is independent of the 
frameshift quantification step. 
 
Web application 

The web application was built using several open source projects. The server component is written in Flask 
(http://flask.pocoo.org/link), a Python framework library for the rapid prototyping of web applications and served using the 
Apache webserver (http://httpd.apache.org). In order to make the machine scalable for many users, requests and data 
from users are asynchronously processed by a messaging queue system (RabbitMQ, https://www.rabbitmq.com/link)) that 
calls the CRISPResso command line utility. The front end component was built using HTML5, Javascript and the Twitter 
Bootstrap framework library (http://getbootstrap.com/ink) for the user interface elements.  
 
Code availability 

CRISPResso source code is freely available at: https://github.com/lucapinello/CRISPResso/ and is released under the 
GNU Affero General Public License v3. 
 
 

Supplementary Note 2 - Installation and usage of CRISPResso 
 

Installation 

 

To use the web version of CRISPResso, no installation is required. Please open the website: http://crispresso.rocks/. The 
documentation of the website is available online here: http://crispresso.rocks/help. 
 

To install the command line version of CRISPResso, some dependencies need to be installed before running the setup: 
 

1. Python 2.7 Anaconda: http://continuum.io/downloads 
2. Java: http://java.com/download 
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3. C compiler / make. For Mac with OSX 10.7 or greater, open the terminal app and type and execute the command 

make, which will trigger the installation of OSX developer tools. Windows systems are not officially supported, 

although CRISPResso may work with Cygwin (https://www.cygwin.com/). 
 

After checking that the all required software is installed, install CRISPResso from the official Python repository following 
these steps: 
 

1. Open a terminal window 
2. Type the command: 

 

pip install CRISPResso --verbose 

 

3. Close the terminal window and open a new one (this is important in order to setup correctly the PATH variable in 

the system). 
 
Alternatively, to install the package without the Python pip utility: 
 

1. Download the setup file: https://github.com/lucapinello/CRISPResso/archive/master.zip and decompress it  
2. Open a terminal window and go to the folder where the zip file has been decompressed  

3. Type the command: python setup.py install 

4. Close the terminal window and open a new one (this is important in order to setup correctly the PATH variable in 

the system). 
 

The setup will try to install the following software: 
 

1. Trimmomatic (tested with v0.33): http://www.usadellab.org/cms/?page=trimmomatic 
2. Flash (tested with v1.2.11): http://ccb.jhu.edu/software/FLASH/ 
3. Needle from the EMBOSS suite (tested with 6.6.0): ftp://emboss.open-bio.org/pub/EMBOSS/ 

 

If this setup fails, may need to install the above software manually following the instructions for your specific machine and 
include these utilities/binary files in the path following the instructions provided in their documentation. 
 

To check that the installation worked, open a terminal window and execute: 
 
 CRISPResso –help 
 

A help page should appear. 
 

NOTE: The setup will create automatically a folder in the home folder called CRISPresso_dependencies. Do not delete 

this folder  or CRISPResso will stop working. To put the folder in a different location, set the environment variable:  
 

CRISPRESSO_DEPENDENCIES_FOLDER 

 

For example to put the folder in /home/lpinello/other_stuff write in the terminal BEFORE the installation: 

 

export CRISPRESSO_DEPENDENCIES_FOLDER=/home/lpinello/other_stuff 

Usage 

CRISPResso requires two inputs: (1) paired-end reads (two files) or single-end reads (single file) in .fastq format (fastq.gz 
files are also accepted) from a deep sequencing experiment and (2) a reference amplicon sequence to assess and 
quantify the efficiency of the targeted mutagenesis. The amplicon sequence expected after HDR can be provided as an 
optional input to assess HDR frequency. One or more sgRNA sequences (without PAM sequences) can be provided to 
compare the predicted cleavage position/s to the position of the observed mutations. Coding sequence/s may be provided 
to quantify frameshift and potential splice site mutations. 
 

  

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which wasthis version posted November 10, 2015. ; https://doi.org/10.1101/031203doi: bioRxiv preprint 

https://github.com/lucapinello/CRISPResso/archive/master.zip
http://www.usadellab.org/cms/?page=trimmomatic
http://ccb.jhu.edu/software/FLASH/
ftp://emboss.open-bio.org/pub/EMBOSS/
https://doi.org/10.1101/031203


NHEJ quantification 

The required inputs are: 

 Two files for paired-end reads or a single file for single-end reads in fastq format (fastq.gz files are also 
accepted). The reads are assumed to be already trimmed for adapters. If reads are not trimmed, please 
use the --trim_sequences option and the --trimmomatic_options_string if using an adapter different than 
Nextera. 

 The reference amplicon sequence must also be provided. 
 

Example: 
 
CRISPResso -r1 reads1.fastq.gz -r2 reads2.fastq.gz -a 

GCTTACACTTGCTTCTGACACAACTGTGTTCACGAGCAACCTCAAACAGACACCATGGTGCATCTGACTCCTGAGGAGAAGAATGCCGTCACC

ACCCTGTGGGGCAAGGTGAACGTGGATGAAGTTGGTGGTGAGGCCCTGGGCAGGTTGGTATCAAGGTTACAAGA  

 

HDR quantification 

The required inputs are: 

 Two files for paired-end reads or a single file for single-end reads in fastq format (fastq.gz files are also 
accepted). The reads are assumed to be already trimmed for adapters. 

 The amplicon sequence expected after HDR must also be provided. 
 

Example: 
 
CRISPResso -r1 reads1.fastq.gz -r2 reads2.fastq.gz -a 

GCTTACACTTGCTTCTGACACAACTGTGTTCACGAGCAACCTCAAACAGACACCATGGTGCATCTGACTCCTGAGGAGAAGAATGCCGTCACC

ACCCTGTGGGGCAAGGTGAACGTGGATGAAGTTGGTGGTGAGGCCCTGGGCAGGTTGGTATCAAGGTTACAAGA -e 

GCTTACACTTGCTTCTGACACAACTGTGTTCACGAGCAACCTCAAACAGACACCATGGTGCATCTGACTCCTGTGGAAAAAAACGCCGTCACG

ACGTTATGGGGCAAGGTGAACGTGGATGAAGTTGGTGGTGAGGCCCTGGGCAGGTTGGTATCAAGGTTACAAGA 

 
IMPORTANT: You must input the entire reference amplicon sequence (’Expected HDR Amplicon sequence’ is the 

reference for the sequenced amplicon, not simply the donor sequence). If only the donor sequence is provided, an error 

will result. 

 

Troubleshooting 

 

 It is important to check if reads are trimmed or not. CRISPResso assumes that the reads are already trimmed. If 

reads are not trimmed, use the option --trim_sequences (or mark the correct option in the webpage). The 

default adapter file used is the Nextera. To specify a custom adapter use the option --

trimmomatic_options_string. 

 It is possible to use CRISPResso with single end reads. In this case, omit the option -r2 for specifying the second 
fastq file. 

 The command line CRISPResso tool requires OS 10.7 or greater on Mac computers. It also requires that 
command line tools are installed on the machine. After the installation of Anaconda, open the Terminal app and 

type make, this should prompt to install command line tools (requires internet connection). Once installed, simply 

typing CRISPResso into any new terminal should load CRISPResso (the CRISPResso cup image will appear) 

 Paired end sequencing files requires overlapping sequence from the paired sequencing data (at least 1 bp).  

 The CRISPResso default setting is to output analysis files into the directory, otherwise the --output parameter 
may be used. 

 
Output format 
 
Examples of the website reports are shown in Supplementary Figures 3-5. Full reports, with the complete output, are 
provided as supplementary files (Supplementary Files 1-3). 

 
Inside the report it is possible to find .pdf and .png files for all the figures. In addition, the execution log and all the 
processed raw data used to generate the figures are produced. 
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 CRISPResso_RUNNING_LOG.txt: the log of the external utilities called; 

 Mapping_statistics.txt: this file contains number of: reads in input, reads after preprocessing (merging or quality 
filtering) and reads properly aligned. 

 Quantification_of_editing_frequency.txt: quantification of editing frequency (number of reads aligned, reads with 
NHEJ, reads with HDR, and reads with mixed HDR-NHEJ); 

 Frameshift_analysis.txt: number of modified reads with frameshift, in-frame and noncoding mutations; 

 Splice_sites_analysis.txt: number of reads corresponding to potential affected splicing sites; 

 effect_vector_combined.txt: location of mutations (including deletions, insertions, and substitutions) with respect 
to the reference amplicon; 

 effect_vector_deletion.txt : location of deletions; 

 effect_vector_insertion.txt: location of insertions; 

 effect_vector_substitution.txt: location of substitutions.  

 position_dependent_vector_avg_insertion_size.txt: average length of the insertions for each position. 

 position_dependent_vector_avg_deletion_size.txt: average length of the deletions for each position. 
 

 

Understanding the parameters of CRISPResso 
 

Required parameters 

To run CRISPResso, only 2 parameters are required for single end reads, or 3 for paired end reads: 

 

-r1 or --fastq_r1  

 This parameter allows for the specification of the first fastq file. 

  

-r2 or  --fastq_r2 FASTQ_R2 

 This parameter allows for the specification of the second fastq file for paired end reads. 

 

-a or --amplicon_seq  

This parameter allows the user to enter the amplicon sequence used for the experiment. 

 

Optional parameters 

In addition to the required parameters explained in the previous section, several optional parameters can be adjusted to 

tweak your analysis, and to ensure CRISPResso analyzes your data in the best possible way. 

 

-g  or --guide_seq  

This parameter allows for the specification of the sgRNA sequence. If more than one sequence are included, please 

separate by comma/s. If the guide RNA sequence is entered, then the position of the guide RNA and the cleavage site 

will be indicated on the output analysis plots. Note that the sgRNA needs to be input as the guide RNA sequence (usually 

20 nt) immediately 5' of the PAM sequence (usually NGG for SpCas9). If the PAM is found on the opposite strand with 

respect to the Amplicon Sequence, ensure the sgRNA sequence is also found on the opposite strand. The CRISPResso 

convention is to depict the expected cleavage position using the value of the parameter cleavage_offset nt 3' from the 

end of the guide. In addition, the use of alternate nucleases to SpCas9 is supported. For example, if using the Cpf1 

system, enter the sequence (usually 20 nt) immediately 3' of the PAM sequence and explicitly set the cleavage_offset 

parameter to 1, since the default setting of -3 is suitable only for SpCas9. (default:None) 

 

-e or --expected_hdr_amplicon_seq 

This parameter allows for the specification of the amplicon sequence expected after HDR. If the data to be analyzed 

were derived from an experiment using a donor repair template for homology-directed repair (HDR for short), then you 

have the option to input the sequence of the expected HDR amplicon. This sequence is necessary for CRISPResso to be 

able to identify successful HDR events within the sequencing data. 
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--hdr_perfect_alignment_threshold  

Sequence homology percentage for an HDR occurrence (default: 98.0). This parameter allows for the user to set a 

threshold for sequence homology for CRISPResso to count instances of successful HDR. This is useful to improve the 

analysis allowing some tolerance for technical artifacts present in the sequencing data such as sequencing errors or 

single nucleotide polymorphisms (SNPs) in the cells used in the experiment. Therefore, if you have a read that exhibits 

successful HDR but has a SNP or sequencing error within the amplicon, you can lower the sequence homology in order 

allow CRISPResso to count the read as a successful HDR event. If the data are completely free of sequencing errors or 

polymorphisms, then consider to set parameter to 100. 

 

-d or -donor_seq  

This parameter allows the user to highlight the critical subsequence of the expected HDR amplicon in plots. This 

parameter does not have any effect on the quantification of HDR events. 

 

-c, --coding_seq  

This parameter allows for the specification of the subsequence/s of the amplicon sequence covering one or more coding 

sequences for the frameshift analysis. If more than one (for example, split by intron/s), please separate by comma. 

(default: None) 

 

-q, or --min_average_read_quality  

This parameter allows for the specification of the minimum average quality score (phred33) to include a read for the 

analysis.(default: 0, minimum: 0, maximum: 40). This parameter is helpful to filter out low quality reads. If filtering based 

on average base quality is desired, a reasonable value for this parameter is greater than 30. 

 

-s or --min_single_bp_quality 

This parameter allows for the specification of the minimum single bp score (phred33) to include a read  for the analysis 

(default: 0, minimum: 0, maximum: 40). This parameter is helpful to filter out low quality reads. This filtering is more 

aggressive, since any read with a single bp below the threshold will be discarded. If you want to filter your reads based 

on single base quality to have very high quality reads, a reasonable value for this parameter is greater than 20. 

 

--min_identity_score  

This parameter allows for the specification of the min identity score for the alignment (default: 60.0). In order for a read 

to be considered properly aligned, it should pass this threshold. We suggest to lower this threshold only if really large 

insertions or deletions are expected in the experiment (>40% of the amplicon length). 

 

-n or --name  

This parameter allows for the specification of the output name of the report (default: the names is obtained from the 

filename of the fastq file/s used in input). 

 

-o or --output_folder 

This parameter allows for the specification of the output folder to use for the analysis (default: current folder). 

  

--trim_sequences       

This parameter enables the trimming of Illumina adapters with Trimmomatic (default: False) 

 

--trimmomatic_options_string 
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This parameter allows the user the ability to override options for Trimmomatic (default: 

ILLUMINACLIP:/Users/luca/anaconda/lib/python2.7/site-packages/CRISPResso-0.8.0-

py2.7.egg/CRISPResso/data/NexteraPE-PE.fa:0:90:10:0:true). This parameter is useful to specify different adaptor 

sequences used in the experiment if you need to trim them. 

 

 --min_paired_end_reads_overlap  

This parameter allows for the specification of the minimum required overlap length between two reads to provide a 

confident overlap during the merging step. (default: 4, minimum: 1, max: read length) 

   

-w ,--window_around_sgrna  

This parameter allows for the specification of a window(s) in bp around each sgRNA to quantify the indels. The window 

is centered on the predicted cleavage site specified by each sgRNA. Any indels not overlapping this window are 

excluded. A value of -1 will disable this filter. (default: -1). This parameter is important since sequencing artifacts and/or 

SNPs can lead to false positives or false negatives in the quantification of indels and HDR occurrences. Therefore, the 

user can choose to create a window around the predicted double strand break site of the nuclease used in the 

experiment. This can help limit sequencing or amplication errors or non-editing polymorphisms from being 

inappropriately quantified in CRISPResso analysis. Note: any indels that fully or partially overlap the window will be 

quantified. 

 

 --cleavage_offset  

This parameter allows for the specification of the cleavage offset to use with respect to the provided sgRNA sequence. 

Remember that the sgRNA sequence must be entered without the PAM. The default is -3 and is suitable for the SpCas9 

system. For alternate nucleases, other cleavage offsets may be appropriate, for example, if using Cpf1 set this parameter 

to 1. (default: -3, minimum:1, max: reference amplicon length).  

 

--exclude_bp_from_left  

Exclude bp from the left side of the amplicon sequence for the quantification of the indels (default: 5). This parameter is 

helpful to avoid artifacts due to imperfect trimming of the reads. 

 

 --exclude_bp_from_right   

Exclude bp from the right side of the amplicon sequence for the quantification of the indels (default: 5). This parameter 

is helpful to avoid artifacts due to imperfect trimming of the reads. 

 

 --needle_options_string  

This parameter allows the user to override options for the Needle aligner (default: -gapopen=10 -gapextend=0.5 -

awidth3=5000). More information on the meaning of these parameters can be found in the needle documentation 

(http://embossgui.sourceforge.net/demo/manual/needle.html). We suggest that only experienced users modify these 

values. 

 

 --keep_intermediate 

This parameter allows the user to keep all the intermediate files (default: False). We suggest keeping this parameter 

disabled for most applications, since the intermediate files (processed reads and alignments) can be really large. 

 

  --dump                 

This parameter allows to dump numpy arrays and pandas dataframes to file for debugging purposes (default: False).  
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  --save_also_png        

This  parameter allows the user to  also save.png images when creating the report., in addition to .pdf files. 

Supplementary Note 3 - Assessment of CRISPResso performance and limitations using simulated 

sequencing dataset 

 

To assess the performance and limitations of CRISPResso, we generated several simulated datasets with predefined 

editing efficiency and mutagenesis profiles. These datasets were designed to simulate paired-end reads (150 bp). For 

simplicity, we first assumed the sequencing step to have 100% accuracy. The datasets are: 

1. 1000 unmodified reads 

2. 1000 unmodified reads, 1000 reads with 1 substitution  

3. 1000 unmodified reads, 1000 reads with 2 substitutions  

4. 1000 unmodified reads, 1000 reads with 3 substitutions  

5. 1000 unmodified reads, 1000 reads with an insertion of 5 bp 

6. 1000 unmodified reads, 1000 reads with an insertion of 10 bp 

7. 1000 unmodified reads, 1000 reads with an insertion of 50 bp  

8. 1000 unmodified reads, 1000 reads with a deletion of 5 bp 

9. 1000 unmodified reads, 1000 reads with a deletion of 10 bp 

10. 1000 unmodified reads, 1000 reads with a deletion of 50 bp  

 

As expected, CRISPResso detected no mutation for Dataset 1, while identifying an equal number of mutated and 

unmodified reads for all other datasets (Supplementary Fig. 6a). Closer examination indicates that CRISPResso perfectly 

recovered the correct indel size and number of substitutions (Supplementary Fig. 7a and Supplementary Fig. 8a).  

 

Next, we modified each dataset by further taking into account possible sequencing errors. To this end, we applied ART 

[6], a widely-used software for simulating sequencing errors in different sequencing platforms. We selected the Illumina 

Miseq profile for analysis, since it is one of the most commonly used platforms for amplicon sequencing and assessment 

of genome editing modifications [6-8]. We find that the sequencing errors can generate up to 13% false positives in the 

quantification of mutations (Supplementary Fig.6b), including 6-7% for each end of a read. This is likely to be an 

overestimate, since the model does not reflect the latest technical improvements by Illumina in terms of chemistry and 

sequencing. In comparison, the impact of sequencing errors on the estimation of mutation locations and average sizes is 

significantly lower (Supplementary Fig.7b and Supplementary Fig.8b).  

 

Our above analysis suggests the importance of including unedited controls in experiment design. Such controls are 

extremely useful for sequencing quality evaluation, as a safeguard for false positive errors. However, if such controls are 

unavailable and a single cleavage is expected, an alternative strategy is to count only events overlapping a small window 

around the cleavage site, where mutations are expected. We implemented this strategy on CRISPResso and repeated 

our experiment with a window of 10 bp around the cleavage site (5 bp on either side). This strategy greatly improves the 

quantification accuracy (Supplementary Figs. 6-8c), although a small number of false positive calls were still observed. 

We note the window size may be adjusted by the user (minimum 2 bp window with 1 bp on either side of the cleavage 

site). Taken together, these results strongly indicate that CRISPResso can recover the location and frequency of 

mutations with high accuracy even in presence of sequencing errors.  

 

The reports, data files and code (IPython Notebook) used for this simulation are saved in Supplementary File 4 and 

accessible to the general public. 

 
 

Supplementary Note 4 - Production of sequencing libraries  
 
A subclone of K562 cells with genotype rs713040-A/A and rs334-A/A (i.e. modified to possess the sickle cell anemia 
mutation) were grown in RPMI (Cellgro) with 10% fetal bovine serum (Gemini Bio-Products) and 1x 
penicillin/streptomycin/L-glutamine (Gemini Bio-Products). CRISPR guides targeting the HBB locus were designed using 
the Optimized CRISPR Design Tool [9]. Oligonucleotides for the guide strands were annealed and ligated into the pX330 
plasmid (Addgene) as described [5]. A homologous donor template containing about 1 kb of the HBB locus was cloned as 
described [10] into a TOPO vector (Invitrogen). Site directed mutagenesis was completed to introduce four specific 
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changes: a G in the location of the sickle-associated SNP rs713040, a silent mutation two bases upstream of the sickle 
mutation to introduce an MspI restriction fragment length polymorphism (RFLP) site, the sickle cell mutation correction, 
and a silent mutation 22 bases downstream of the sickle mutation to introduce a HhaI RFLP site. The expected HDR 
reference amplicon included each of these four substitutions. 
 
The CRISPR-Cas9 plasmid and donor template plasmid were delivered to K562 cells by nucleofection using the Amaxa 
4D Nucleofector (Lonza) as per the manufacturer’s instructions. Briefly, 2 x 10

5
 K562 subclone cells per sample were 

spun at 90g for 10 min before being resuspended in 20 mcl of SF solution per sample. 20 mcl of cells was mixed with 500 
ng of Cas9-sgRNA encoding plasmid and 1500 ng of donor template plasmid before being added to the cuvette and 
pulsed with the FF-120 program as described by the manufacturer. Cells were rested at room temperature for 10 min after 
which 80 mcl of RPMI supplemented with 10% FBS and penicillin/streptomycin/L-glutamine was added to each cuvette 
before being transferred to a 24 well plate containing 400 mcl of medium. Three days following nucleofection, cells were 
harvested and genomic DNA was extracted for downstream analyses. 
 
For library preparation, an initial PCR was completed outside of the donor template region using primers as described [6]. 
An inner PCR was completed using primers HBB Fwd 5’ – 
ACACGACGCTCTTCCGATCTNNNNGGCAGAGCCATCTATTGCTT – 3’ and HBB Rev 5’ – 
GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTGGTCTCCTTAAACCTGTCTTG – 3’ to amplify the specific 198 bp 
region of HBB surrounding the sickle mutation along with primers to add Illumina adapters and indexes (Supplementary 
Figure 9). Samples were quantified, pooled, purified, and the final library was quantified and run on an Illumina HiSeq 
machine as paired end 150. The amplicon corresponds to the region hg19 chr11:5,248,322-5,248,123 inclusive of the 
primers described above. The K562 cells contained the hg19 reference genotype with the exception of the rs334-A/A per 
above. Primer sequences were trimmed before being run in CRISPResso such that the reference amplicon begins at 
position 1 immediately following the primer (Supplementary Figure 9).  
 

 

Supplementary Note 5 - Installation and usage of CRISPRessoPooled 

 

CRISPRessoPooled is a utility to analyze and quantify targeted sequencing CRISPR/Cas9 experiments involving 

sequencing libraries with pooled amplicons. One common experimental strategy is to pool multiple amplicons (e.g. a 

single on-target site plus a set of potential off-target sites) into a single deep sequencing reaction. (Briefly, genomic DNA 

samples for pooled applications can be prepared by first amplifying the target regions for each gene/target of interest with 

typical amplicons of ~150-400 bp. In a second round of PCR, with minimized cycle numbers, barcode and adaptors are 

added. With optimization, these two rounds of PCR can be merged into a single reaction. These reactions are then 

quantified, normalized, pooled, and undergo quality control before being sequenced.) CRISPRessoPooled demultiplexes 

reads from multiple amplicons and runs the CRISPResso utility with appropriate reads for each amplicon separately. 

 

Installation 

 

CRISPRessoPooled is installed automatically during the installation of CRISPResso, but to use it two additional programs 

must be installed: 

 samtools: http://samtools.sourceforge.net/ 

 bowtie2: http://bowtie-bio.sourceforge.net/bowtie2 

 

To install these tools please refer to their documentation. 

 

Usage 

 

This tool can run in 3 different modes: 

 

Amplicons mode: Given a set of amplicon sequences, in this mode the tool demultiplexes the reads, aligning each read 

to the amplicon with best alignment, and creates separate compressed FASTQ files, one for each amplicon. Reads that 

do not align to any amplicon are discarded. After this preprocessing, CRISPResso is run for each FASTQ file, and 

separated reports are generated, one for each amplicon. 

  

To run the tool in this mode the user must provide: 

1. Paired-end reads (two files) or single-end reads (single file) in FASTQ format (fastq.gz files are also accepted)  
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2. A description file containing the amplicon sequences used to enrich regions in the genome and some additional 

information. In particular, this file, is a tab delimited text file with up to 5 columns (first 2 columns required): 

- AMPLICON_NAME:  an identifier for the amplicon (must be unique). 

- AMPLICON_SEQUENCE:  amplicon sequence used in the design of the experiment. 

- sgRNA_SEQUENCE (OPTIONAL):  sgRNA sequence used for this amplicon without the PAM sequence. 

If not available, enter NA. 

- EXPECTED_AMPLICON_AFTER_HDR (OPTIONAL): expected amplicon sequence in case of HDR. If 

more than one, separate by commas and not spaces. If not available, enter NA. 

- CODING_SEQUENCE (OPTIONAL): Subsequence(s) of the amplicon corresponding to coding 

sequences. If more than one, separate by commas and not spaces. If not available, enter NA. 

 

A file in the right format should look like this:  

 

Site1 CACACTGTGGCCCCTGTGCCCAGCCCTGGGCTCTCTGTACATGAAGCAAC CCCTGTGCCCAGCCC

 NA NA  

Site2 GTCCTGGTTTTTGGTTTGGGAAATATAGTCATC NA

 GTCCTGGTTTTTGGTTTAAAAAAATATAGTCATC NA   

Site 3 TTTCTGGTTTTTGGTTTGGGAAATATAGTCATC NA NA GGAAATATA  

 

Note: no column titles should be entered. Also the colors here are used only for illustrative purposes and in a plain 

text file will be not be present and saved. 

 

The user can easily create this file with any text editor or with spreadsheet software like Excel (Microsoft), Numbers 

(Apple) or Sheets (Google Docs) and then save it as tab delimited file. 

 

Example: 

 

CRISPRessoPooled -r1 SRR1046762_1.fastq.gz -r2 SRR1046762_2.fastq.gz -f AMPLICONS_FILE.txt --name 

ONLY_AMPLICONS_SRR1046762 --gene_annotations gencode_v19.gz 

 

The output of CRISPRessoPooled Amplicons mode consists of: 

1. REPORT_READS_ALIGNED_TO_AMPLICONS.txt: this file contains the same information provided in the input 

description file, plus some additional columns: 

a. Demultiplexed_fastq.gz_filename: name of the files containing the raw reads for each amplicon.  

b. n_reads: number of reads recovered for each amplicon. 

2. A set of fastq.gz files, one for each amplicon. 

3. A set of folders, one for each amplicon, containing a full CRISPResso report. 

4. CRISPRessoPooled_RUNNING_LOG.txt:  execution log and messages for the external utilities called. 

 

Genome mode: In this mode the tool aligns each read to the best location in the genome. Then potential amplicons are 

discovered looking for regions with enough reads (the default setting is to have at least 1000 reads, but the parameter can 

be adjusted with the option --min_reads_to_use_region). If a gene annotation file from UCSC is provided, the tool also 

reports the overlapping gene/s to the region. In this way it is possible to check if the amplified regions map to expected 

genomic locations and/or also to pseudogenes or other problematic regions.  Finally CRISPResso is run in each region 

discovered.  

 

To run the tool in this mode the user must provide: 

1. Paired-end reads (two files) or single-end reads (single file) in FASTQ format (fastq.gz files are also accepted)  

2. The full path of the reference genome in bowtie2 format (e.g. /homes/luca/genomes/human_hg19/hg19). 

Instructions on how to build a custom index or precomputed index for human and mouse genome assembly can 

be downloaded from the bowtie2 website: http://bowtie-bio.sourceforge.net/bowtie2/index.shtml. 

3. Optionally the full path of a gene annotations file from UCSC.  The user can download this file from the UCSC 

Genome Browser ( http://genome.ucsc.edu/cgi-bin/hgTables?command=start ) selecting as  table "knowGene", 
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as output format "all fields from selected table" and as file returned "gzip compressed". (e.g. like: 

homes/luca/genomes/human_hg19/gencode_v19.gz) 

 

Example: 

 

CRISPRessoPooled -r1 SRR1046762_1.fastq.gz -r2 SRR1046762_2.fastq.gz -x  

/gcdata/gcproj/Luca/GENOMES/hg19/hg19 --name ONLY_GENOME_SRR1046762 --gene_annotations gencode_v19.gz 

 

The output of CRISPRessoPooled Genome mode consists of: 

1. REPORT_READS_ALIGNED_TO_GENOME_ONLY.txt:  this file contains the list of all the regions discovered, 

one per line with the following information: 

- chr_id: chromosome of the region in the reference genome. 

- bpstart: start coordinate of the region in the reference genome. 

- bpend: end coordinate of the region in the reference genome. 

- fastq_file: location of the fastq.gz file containing the reads mapped to the region. 

- n_reads: number of reads mapped to the region. 

- sequence: the sequence, on the reference genome for the region. 

2. MAPPED_REGIONS (folder): this folder contains all the fastq.gz files for the discovered regions. 

3. A set of folders with the CRISPResso report on the regions with enough reads. 

4. CRISPRessoPooled_RUNNING_LOG.txt:  execution log and messages for the external utilities called. 

 

This running mode is particular useful to check if there are mapping artifacts or contaminations in the library. In an optimal 

experiment, the list of the regions discovered should contain only the regions for which amplicons were designed.   

 

Mixed mode (Amplicons + Genome): in this mode, the tool first aligns reads to the genome and, as in the Genome 

mode, discovers aligning regions with reads exceeding a tunable threshold. Next it will align the amplicon sequences to 

the reference genome and will use only the reads that match both the amplicon locations and the discovered genomic 

locations, excluding spurious reads coming from other regions, or reads not properly trimmed. Finally CRISPResso is run 

using each of the surviving regions.  

 

To run the tool in this mode the user must provide: 

- Paired-end reads (two files) or single-end reads (single file) in FASTQ format (fastq.gz files are also accepted)  

- A description file containing the amplicon sequences used to enrich regions in the genome and some additional 

information (as described in the Amplicons mode section). 

- The reference genome in bowtie2 format (as described in Genome mode section). 

- Optionally the gene annotations from UCSC (as described in Genome mode section). 

 

Example: 

 

CRISPRessoPooled -r1 SRR1046762_1.fastq.gz -r2 SRR1046762_2.fastq.gz  -f AMPLICONS_FILE.txt  -x  

/gcdata/gcproj/Luca/GENOMES/hg19/hg19 --name AMPLICONS_AND_GENOME_SRR1046762 --gene_annotations 

gencode_v19.gz 

 

The output of CRISPRessoPooled Mixed Amplicons + Genome mode consists of these files: 

1. REPORT_READS_ALIGNED_TO_GENOME_AND_AMPLICONS.txt: this file contains the same information 

provided in the input description file, plus some additional columns: 

a. Amplicon_Specific_fastq.gz_filename: name of the file containing the raw reads recovered for the 

amplicon.  

b. n_reads: number of reads recovered for the amplicon. 

c. Gene_overlapping: gene/s overlapping the amplicon region. 

d. chr_id: chromosome of the amplicon in the reference genome. 

e. bpstart:  start coordinate of the amplicon in the reference genome. 

f. bpend: end coordinate of the amplicon in the reference genome. 

g. Reference_Sequence: sequence in the reference genome for the region mapped for the amplicon. 
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2. MAPPED_REGIONS (folder): this folder contains all the fastq.gz files for the discovered regions. 

3. A set of folders with the CRISPResso report on the amplicons with enough reads. 

4. CRISPRessoPooled_RUNNING_LOG.txt:   execution log and messages for the external utilities called.  

 

The Mixed mode combines the benefits of the two previous running modes. In this mode it is possible to recover in an 

unbiased way all the genomic regions contained in the library, and hence discover contaminations or mapping artifacts. In 

addition, by knowing the location of the amplicon with respect to the reference genome, reads not properly trimmed or 

mapped to pseudogenes or other problematic regions will be automatically discarded, providing the cleanest set of reads 

to quantify the mutations in the target regions with CRISPResso. 

 

If the focus of the analysis is to obtain the best quantification of editing efficiency for a set of amplicons, we suggest 

running the tool in the Mixed mode. The Genome mode is instead suggested to check problematic libraries, since a report 

is generated for each region discovered, even if the region is not mappable to any amplicon (however, this may be time 

consuming). Finally the Amplicon mode is the fastest, although the least reliable in terms of quantification accuracy. 

 

As an illustrative example we reanalyzed data from a recent paper comparing the on-target and off-target efficiency of 

Cas9 [8]. We downloaded the raw data (SRX380876 from the SRA archive) from one of the pooled experiments 

containing two target sites for the VEGFA gene, one target site for EMX1 and several off-target sites. Using 

CRISPRessoPooled we were able to automatically recover reads for the different amplicons pooled and to generate 

CRISPResso reports and mapping statistics for the amplicon with adequate reads and for which the amplifying primers 

were reported (Supplementary Figure 13 and Supplementary Table 1-2). The full CRISPREssoPooled reports for this 

experiment can be downloaded as Supplementary File 5. 

 

List of all the command line parameters 
 
  -r1 FASTQ_R1, --fastq_r1 FASTQ_R1 

                        First fastq file (default: Fastq filename) 

  -r2 FASTQ_R2, --fastq_r2 FASTQ_R2 

                        Second fastq file for paired end reads (default: ) 

  -f AMPLICONS_FILE, --amplicons_file AMPLICONS_FILE 

                        Amplicons description file. In particular, this file, 

                        is a tab delimited text file with up to 5 columns (2 

                        required): AMPLICON_NAME: an identifier for the 

                        amplicon (must be unique) AMPLICON_SEQUENCE: amplicon 

                        sequence used in the design of the experiment 

                        sgRNA_SEQUENCE (OPTIONAL): sgRNA sequence used for 

                        this amplicon without the PAM sequence. If more than 

                        one separate them by commas and not spaces. If not 

                        available enter NA. EXPECTED_AMPLICON_AFTER_HDR 

                        (OPTIONAL): expected amplicon sequence in case of HDR. 

                        If not available enter NA. CODING_SEQUENCE (OPTIONAL): 

                        Subsequence(s) of the amplicon corresponding to coding 

                        sequences. If more than one separate them by commas 

                        and not spaces. If not available enter NA. (default: ) 

  -x BOWTIE2_INDEX, --bowtie2_index BOWTIE2_INDEX 

                        Basename of Bowtie2 index for the reference genome 

                        (default: ) 

  --gene_annotations GENE_ANNOTATIONS 

                        Gene Annotation Table from UCSC Genome Browser Tables 

                        (http://genome.ucsc.edu/cgi- 

                        bin/hgTables?command=start), please select as table 

                        "knowGene", as output format "all fields from selected 

                        table" and as file returned "gzip compressed" 

                        (default: ) 

  -p N_PROCESSES, --n_processes N_PROCESSES 

                        Number of processes to use for the bowtie2 alignment 

                        (default: 8) 
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  --botwie2_options_string BOTWIE2_OPTIONS_STRING 

                        Override options for the Bowtie2 alignment command 

                        (default: -k 1 --end-to-end -N 0 --np 0 ) 

  --min_reads_to_use_region MIN_READS_TO_USE_REGION 

                        Minimum number of reads that align to a region to 

                        perform the CRISPResso analysis (default: 1000) 

  -q MIN_AVERAGE_READ_QUALITY, --min_average_read_quality MIN_AVERAGE_READ_QUALITY 

                        Minimum average quality score (phred33) to keep a read 

                        (default: 0) 

  -s MIN_SINGLE_BP_QUALITY, --min_single_bp_quality MIN_SINGLE_BP_QUALITY 

                        Minimum single bp score (phred33) to keep a read 

                        (default: 0) 

  --min_identity_score MIN_IDENTITY_SCORE 

                        Min identity score for the alignment (default: 60.0) 

  -n NAME, --name NAME  Output name (default: ) 

  -o OUTPUT_FOLDER, --output_folder OUTPUT_FOLDER 

  --trim_sequences      Enable the trimming of Illumina adapters with 

                        Trimmomatic (default: False) 

  --trimmomatic_options_string TRIMMOMATIC_OPTIONS_STRING 

                        Override options for Trimmomatic (default: ILLUMINACLI 

                        P:/Users/luca/Projects/CRISPResso/CRISPResso/data 

                        /NexteraPE-PE.fa:0:90:10:0:true MINLEN:40) 

  --min_paired_end_reads_overlap MIN_PAIRED_END_READS_OVERLAP 

                        Minimum required overlap length between two reads to 

                        provide a confident overlap. (default: 4) 

  --max_paired_end_reads_overlap MAX_PAIRED_END_READS_OVERLAP 

                        parameter for the flash merging step, this parameter 

                        is the maximum overlap length expected in 

                        approximately 90% of read pairs. Please see the flash 

                        manual for more information. (default: 80) 

  -w WINDOW_AROUND_SGRNA, --window_around_sgrna WINDOW_AROUND_SGRNA 

                        Window(s) in bp around each sgRNA to quantify the 

                        indels. Any indels outside this window is excluded. A 

                        value of -1 disable this filter. (default: -1) 

  --cleavage_offset CLEAVAGE_OFFSET 

                        Cleavage offset to use within respect to the provided 

                        sgRNA sequence. Remember that the sgRNA sequence must 

                        be entered without the PAM. The default is -3 and is 

                        suitable for the SpCas9 system. For alternate 

                        nucleases, other cleavage offsets may be appropriate, 

                        for example, if using Cpf1 set this parameter to 1. 

                        (default: -3) 

  --exclude_bp_from_left EXCLUDE_BP_FROM_LEFT 

                        Exclude bp from the left side of the amplicon sequence 

                        for the quantification of the indels (default: 5) 

  --exclude_bp_from_right EXCLUDE_BP_FROM_RIGHT 

                        Exclude bp from the right side of the amplicon 

                        sequence for the quantification of the indels 

                        (default: 5) 

  --hdr_perfect_alignment_threshold HDR_PERFECT_ALIGNMENT_THRESHOLD 

                        Sequence homology % for an HDR occurrence (default: 

                        98.0) 

  --needle_options_string NEEDLE_OPTIONS_STRING 

                        Override options for the Needle aligner (default: 

                        -gapopen=10 -gapextend=0.5 -awidth3=5000) 

  --keep_intermediate   Keep all the intermediate files (default: False) 

  --dump                Dump numpy arrays and pandas dataframes to file for 

                        debugging purposes (default: False) 

  --save_also_png       Save also .png images additionally to .pdf files 

                        (default: False) 
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Supplementary Note 6 - Installation and usage of CRISPRessoWGS 
 

CRISPRessoWGS is a utility for the analysis of genome editing experiment from whole genome sequencing (WGS) data. 

CRISPRessoWGS allows exploring any region of the genome to quantify targeted editing or potentially off-target effects. 

 

Installation 

 

CRISPRessoWGS is installed automatically during the installation of CRISPResso, but to use it two additional programs 

must be installed: 

 samtools: http://samtools.sourceforge.net/ 

 bowtie2: http://bowtie-bio.sourceforge.net/bowtie2 

 

To install these tools please refer to their documentation. 

 

 

To run CRISPRessoWGS you must provide: 

1. A genome aligned BAM file. To align reads from a WGS experiment to the genome there are many options 

available, we suggest using either Bowtie2 (http://bowtie-bio.sourceforge.net/bowtie2/) or BWA (http://bio-

bwa.sourceforge.net/). 

2. A FASTA file containing the reference sequence used to align the reads and create the BAM file (the reference 

files for the most common organism can be download from UCSC:  

http://hgdownload.soe.ucsc.edu/downloads.html.  Download and uncompress only the file ending with .fa.gz, for 

example for the last version of the human genome download and uncompress the file hg38.fa.gz) 

3. Descriptions file containing the coordinates of the regions to analyze and some additional information. In 

particular, this file is a tab delimited text file with up to 7 columns (4 required): 

- chr_id: chromosome of the region in the reference genome. 

- bpstart: start coordinate of the region in the reference genome. 

- bpend: end coordinate of the region in the reference genome. 

- REGION_NAME:  an identifier for the region (must be unique). 

- sgRNA_SEQUENCE (OPTIONAL):  sgRNA sequence used for this genomic segment without the PAM 

sequence. If not available, enter NA. 

- EXPECTED_SEGMENT_AFTER_HDR (OPTIONAL): expected genomic segment sequence in case of 

HDR. If more than one, separate by commas and not spaces. If not available, enter NA. 

- CODING_SEQUENCE (OPTIONAL): Subsequence(s) of the genomic segment corresponding to coding 

sequences. If more than one, separate by commas and not spaces. If not available, enter NA. 

 

A file in the right format should look like this:  

 

chr1 65118211 65118261 R1 CTACAGAGCCCCAGTCCTGG NA NA 

chr6 51002798 51002820 R2 NA NA NA 

 

Note: no column titles should be entered. As you may have noticed this file is just a BED file with extra 

columns. For this reason a normal BED file with 4 columns, is also accepted by this utility. 

 

4. Optionally the full path of a gene annotations file from UCSC.  You can download the this file from the UCSC 

Genome Browser (http://genome.ucsc.edu/cgi-bin/hgTables?command=start) selecting as  table "knowGene", as 

output format "all fields from selected table" and as file returned "gzip compressed". (something like: 

homes/luca/genomes/human_hg19/gencode_v19.gz) 

 

Example: 

 

CRISPRessoWGS -b WGS/50/50_sorted_rmdup_fixed_groups.bam -f WGS_TEST.txt -r 

/gcdata/gcproj/Luca/GENOMES/mm9/mm9.fa --gene_annotations ensemble_mm9.txt.gz  --name 

CRISPR_WGS_SRR1542350 
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The output from these files will consist of: 

1. REPORT_READS_ALIGNED_TO_SELECTED_REGIONS_WGS.txt: this file contains the same information 

provided in the input description file, plus some additional columns: 

a. sequence: sequence in the reference genome for the region specified. 

b. gene_overlapping: gene/s overlapping the region specified. 

c. n_reads: number of reads recovered for the region. 

d. bam_file_with_reads_in_region: file containing only the subset of the reads that overlap, also partially, 

with the region. This file is indexed and can be easily loaded for example on IGV for visualization of single 

reads or for the comparison of two conditions. For example, in the figure below (fig X) we show reads 

mapped to a region inside the coding sequence of the gene Crygc subjected to NHEJ 

(CRISPR_WGS_SRR1542350) vs reads from a control experiment  (CONTROL_WGS_SRR1542349). 

e. fastq.gz_file_trimmed_reads_in_region: file containing only the subset of reads fully covering the 

specified regions, and trimmed to match the sequence in that region. These reads are used for the 

subsequent analysis with CRISPResso. 

2. ANALYZED_REGIONS (folder): this folder contains all the BAM and FASTQ files, one for each region analyzed. 

3. A set of folders with the CRISPResso report on the regions provided in input with enough reads (the default 

setting is to have at least 10 reads, but the parameter can be adjusted with the option  

--min_reads_to_use_region). 

4. CRISPRessoPooled_RUNNING_LOG.txt:   execution log and messages for the external utilities called.  

 

This utility is particular useful to investigate and quantify mutation frequency in a list of potential target or off-target sites, 

coming for example from prediction tools, or from other orthogonal assays.  

 

As an illustrative example we reanalyzed data from a recent study that uses WGS data for gene correction by 

CRISPR/Cas9 in mouse spermatogonial stem cells [11]. In this study, the investigators first created mutant mouse stem 

cells with a biallelic disease-causing deletion of 1 bp in the coding sequence of the gene Crygc 

(CONTROL_SRR15423349). Subsequently, they tried to repair this gene by HDR in mutant stem cells, and isolated 

various clones with HDR-mediated bialleleic correction, biallelic NHEJ indel events, and compound heterozygous HDR 

and NHEJ alleles. They subjected to WGS one clone which had compound heterozygous NHEJ alleles (one with a 1 bp 

insertion 6 bp from the disease causing deletion and the other with a 1 bp insertion 7 bp from the disease-causing 

deletion; CRISPR_SRR1542350). After downloading and realigning the raw data (we used bowtie2 and mm9 reference 

genome from UCSC) to create a .bam file we run CRISPRessoWGS in the Crygc region to see if we can recapitulate the 

two events: the 1 bp deletion in the control cells, and each of the additional 1 bp insertions in the edited clone. As shown 

in Supplementary Fig. 14 (a,b), CRISPRessoWGS correctly recovers these events and demonstrates their frequency. In 

addition, the reads fully mapped to this region are extracted and a .bam file is created for a more detailed visualization for 

example with IGV (Supplementary Figure 14 c). The full CRISPREssoWGS reports for this experiment can be 

downloaded as Supplementary File  6. (This report includes also a control genomic region, named R2, that as expected, 

does not show any mutations in either sample.) 

 

List of all the command line parameters 
 

  -b BAM_FILE, --bam_file BAM_FILE 

                        WGS aligned bam file (default: bam filename) 

  -f REGION_FILE, --region_file REGION_FILE 

                        Regions description file. A BED format file containing 

                        the regions to analyze, one per line. The REQUIRED 

                        columns are: chr_id(chromosome name), bpstart(start 

                        position), bpend(end position), the optional columns 

                        are:name (an unique indentifier for the region), 

                        guide_seq, expected_hdr_amplicon_seq,coding_seq, see 

                        CRISPResso help for more details on these last 3 

                        parameters) (default: ) 

  -r REFERENCE_FILE, --reference_file REFERENCE_FILE 

                        A FASTA format reference file (for example hg19.fa for 

                        the human genome) (default: ) 

  --min_reads_to_use_region MIN_READS_TO_USE_REGION 

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which wasthis version posted November 10, 2015. ; https://doi.org/10.1101/031203doi: bioRxiv preprint 

https://doi.org/10.1101/031203


                        Minimum number of reads that align to a region to 

                        perform the CRISPResso analysis (default: 10) 

  --gene_annotations GENE_ANNOTATIONS 

                        Gene Annotation Table from UCSC Genome Browser Tables 

                        (http://genome.ucsc.edu/cgi- 

                        bin/hgTables?command=start), please select as table 

                        "knowGene", as output format "all fields from selected 

                        table" and as file returned "gzip compressed" 

                        (default: ) 

  -q MIN_AVERAGE_READ_QUALITY, --min_average_read_quality MIN_AVERAGE_READ_QUALITY 

                        Minimum average quality score (phred33) to keep a read 

                        (default: 0) 

  -s MIN_SINGLE_BP_QUALITY, --min_single_bp_quality MIN_SINGLE_BP_QUALITY 

                        Minimum single bp score (phred33) to keep a read 

                        (default: 0) 

  --min_identity_score MIN_IDENTITY_SCORE 

                        Min identity score for the alignment (default: 60.0) 

  -n NAME, --name NAME  Output name (default: ) 

  -o OUTPUT_FOLDER, --output_folder OUTPUT_FOLDER 

  --trim_sequences      Enable the trimming of Illumina adapters with 

                        Trimmomatic (default: False) 

  --trimmomatic_options_string TRIMMOMATIC_OPTIONS_STRING 

                        Override options for Trimmomatic (default: 

                        ILLUMINACLIP:/Users/luca/anaconda/lib/python2.7/site- 

                        packages/CRISPResso-0.8.2-py2.7.egg/CRISPResso/data 

                        /NexteraPE-PE.fa:0:90:10:0:true MINLEN:40) 

  --min_paired_end_reads_overlap MIN_PAIRED_END_READS_OVERLAP 

                        Minimum required overlap length between two reads to 

                        provide a confident overlap. (default: 4) 

  -w _AROUND_SGRNA, --window_around_sgrna WINDOW_AROUND_SGRNA 

                        Window(s) in bp around the cleavage position (half on 

                        on each side) as determined by the provide guide RNA 

                        sequence to quantify the indels. Any indels outside 

                        this window are excluded. A value of -1 disables this 

                        filter. (default: -1) 

  --cleavage_offset CLEAVAGE_OFFSET 

                        Cleavage offset to use within respect to the 3' end of 

                        the provided sgRNA sequence. Remember that the sgRNA 

                        sequence must be entered without the PAM. The default 

                        is -3 and is suitable for the SpCas9 system. For 

                        alternate nucleases, other cleavage offsets may be 

                        appropriate, for example, if using Cpf1 this parameter 

                        would be set to 1. (default: -3) 

  --exclude_bp_from_left EXCLUDE_BP_FROM_LEFT 

                        Exclude bp from the left side of the amplicon sequence 

                        for the quantification of the indels (default: 5) 

  --exclude_bp_from_right EXCLUDE_BP_FROM_RIGHT 

                        Exclude bp from the right side of the amplicon 

                        sequence for the quantification of the indels 

                        (default: 5) 

  --hdr_perfect_alignment_threshold HDR_PERFECT_ALIGNMENT_THRESHOLD 

                        Sequence homology % for an HDR occurrence (default: 

                        98.0) 

  --needle_options_string NEEDLE_OPTIONS_STRING 

                        Override options for the Needle aligner (default: 

                        -gapopen=10 -gapextend=0.5 -awidth3=5000) 

  --keep_intermediate   Keep all the intermediate files (default: False) 

  --dump                Dump numpy arrays and pandas dataframes to file for 

                        debugging purposes (default: False) 

  --save_also_png       Save also .png images additionally to .pdf files (default: False) 
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Supplementary Figure 2
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Supplementary Figure 3
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Supplementary Figure 4
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Supplementary Figure 5
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