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Abstract

CRISPR/Cas has emerged as a game-changing technology for genome editing
with widespread applications ranging from human therapeutics to engineering
bacterial genomes for beneficial purposes to editing plant genomes for agricul-
tural purposes. Successful genome editing through CRISPR/Cas relies on two
components: an appropriate Cas endonuclease and a 20-base-pair (bp), single-
guide RNA (sgRNA). CRISPR/Cas is currently favored as a genome editing
technique due to its simple design rules and efficient editing capabilities that do
not necessarily involve adding any foreign DNA at the target site. Cas
endonucleases can be programmed to target any site in the genome by changing
the gRNA sequence, highlighting the importance of gRNA design for increased
specificity and efficiency, and reduced off-targeting in CRISPR/Cas genome
editing. The rapid rise in CRISPR/Cas genome editing and associated
applications has led to the development of numerous computational tools for
effective sgRNA design. In this chapter, we discuss the essentials of gRNA
design and provide an overview of the design process. In addition to summarizing
factors which affect gRNA specificity and CRISPR cleavage efficiency, we
discuss predictions of target efficiency and off-target detection algorithms.
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Finally, we describe the application-specific (knockout, activation, repression,
base editing, and RNA editing) requirements of gRNA design and different tools
to facilitate gRNA design.

Keywords

CRISPR/Cas · Design tools · On-targeting efficiency · Off-targeting ·
Bioinformatic tools · Specificity of CRISPR/Cas

Abbreviations

ABE Adenine base editor
BLESS Breaks labeling, enrichment on streptavidin
BWA Burrows-Wheeler aligner
CBE Cytosine base editor
CFD Cutting frequency determination
ChIP Chromatin immunoprecipitation
Cmr Cas module-RAMP
Cpf1 CRISPR from Prevotella and Francisella 1
CRISPR/Cas Clustered regularly interspaced short palindromic repeats/CRISPR

associated protein
CRISPRa CRISPR activation
CRISPRi CRISPR interference
CRISTA CRISPR target assessment
crRNA CRISPR RNA
DHS DNase I hypersensitivity
DSB Double-stranded break
GFP Green fluorescent protein
gRNA Guide RNA
HDR Homology-directed repair
HEK293 Human embryonic kidney 293 cells
IDLV Integrase-deficient lentiviral vectors
KI Knock-in
KO Knockout
KRAB Krüppel-associated box
LSD1 Lysine-specific demethylase 1
MMEJ Microhomology-mediated end joining
nCas9 Cas9 nickase
NGS Next-generation sequencing
NHEJ Non-homologous end joining
PAM Protospacer adjacent motif
RAMP Repeat-associated mysterious proteins
RNP Ribonucleoprotein
sgRNA Single-guide RNA
SHERLOCK Specific high-sensitivity enzymatic reporter unlocking
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TET1 Ten-eleven translocation gene protein 1
TSS Transcription start site
WGE Wellcome Sanger Institute genome editing

3.1 Introduction

CRISPR/Cas is an adaptive immune system of archaea and bacteria, providing a
defense against invading plasmids and viruses (Garneau et al. 2010). Natural
CRISPR/Cas systems consist of three core components:

• An array of repeats encompassing unique sequences called spacers
• A promoter sequence upstream of CRISPR arrays
• An operon encoding a set of effector Cas proteins, essential for processing

information coded within arrays

Native CRISPR/Cas defense systems consist of three stages: adaptation or acqui-
sition, expression or biogenesis, and interference. During acquisition, a foreign
genetic element (a “protospacer”) is cleaved and incorporated into the CRISPR
locus as a new spacer. In biogenesis, these arrays are expressed as precursor CRISPR
RNA (pre-crRNA) and subsequently processed into mature crRNA. Finally, in the
interference stage, Cas endonucleases cleave the invading double-stranded DNA
using crRNA as a guide sequence (Brazelton et al. 2015). Multiple studies have
confirmed that the adoption and interference stages also require a protospacer
adjacent motif (PAM) in the immediate vicinity of the protospacer (Fig. 3.1).

Based on effector Cas protein organization and non-coding RNA species archi-
tecture, CRISPR/Cas systems have been classified into two main classes and six
types (Lino et al. 2018). Class 1 systems are defined as multi-Cas proteins acting in a
cascade manner or Cas module-RAMP (repeat-associated mysterious proteins), i.e.,
Cmr complexes. In contrast, class 2 systems are compact and utilize a single effector
Cas protein. For detailed classification of CRISPR/Cas systems, see Chap. 2. Due to
their compact architecture and single effector Cas protein, class 2 systems have been
adopted for genome editing applications in eukaryotes (Jinek et al. 2013; Makarova
and Koonin 2015; Mali et al. 2013). Cas9 from Streptococcus pyogenes (SpCas9)
requires a non-coding RNA known as transactivating crRNA (tracrRNA) in addition
to crRNA. In today’s genome editing applications, these two non-coding RNAs are
synthetically fused into one sgRNA (Alkhnbashi et al. 2020). So, an sgRNA in an
engineered CRISPR/Cas9 system consists of a permanent part and a programmable
part. The programmable part can be tailored to target Cas9 anywhere in the genome.
The target site in DNA consists of a 20-nucleotide (nt)-long region complementary
to sgRNA plus a PAM sequence (NGG for SpCas9 and TTTV for Cpf1) (Table 3.1).
If there is no PAM adjacent to the target site, Cas endonuclease will not cleave the
target site. If the sgRNA pairs with the DNA target sequence followed by PAM, it
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could create a double-stranded break (DSB) in the target site. The DSB will be
repaired by either non-homologous end joining (NHEJ) or homology-directed repair
(HDR) (Tian et al. 2017) (Fig. 3.2). The sgRNAs are not selected randomly; they
must be associated with a PAM that is present in the target DNA but not included in
the sgRNA. Bacteria use PAM to differentiate between self and non-self, thereby
protecting their own DNA from cleavage because PAMs are only present in phage
DNA (Fig. 3.3). With this simple and straightforward design, CRISPR/Cas can be
programmed to any sequence in the genome. However, this simple, two-component
(sgRNA and PAM) process also has disadvantages, as exactly similar or closely
similar sgRNA sequences may occur at multiple locations and some of them could
be tolerated by Cas endonuclease, leading to so-called off-targets (Cui et al. 2018).
Cas endonuclease may also tolerate specific sequence changes in PAM. For exam-
ple, while spCas9 specifically recognizes NGG (where N is any nucleotide base; G is
guanine), it may also recognize NAG (where N is any nucleotide base; A is adenine;
G is guanine), albeit less efficiently (Thomas et al. 2019). It is critical to reduce the
number of potential off-target sites for improved CRISPR/Cas specificity, especially
in human therapeutic applications, germline modifications, and genome editing for
important agricultural purposes.

The rapid rise in CRISPR/Cas applications has prompted researchers to devise
bioinformatic tools using different algorithms and design rules for effective sgRNA
design, specific targeted modification, and low off-targets. Such tools facilitate
gRNA design with maximum on-target efficiency in available genomes with

Fig. 3.1 Mechanism of a natural CRISPR/Cas9 system: (a) acquisition; (b) expression; and (c)
interference
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Fig. 3.2 Repair mechanisms for CRISPR/Cas-induced DSB. NHEJ and HDR are the two main
DSB repair mechanisms

Fig. 3.3 CRISPR/Cas9 components. Seed region (consist of 12 nt region proximal to PAM, which
is sensitive to mismatches) of sgRNA and PAM sequence for Cas9
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user-defined PAM sequence and Cas endonuclease (Cui et al. 2018). Many design
tools exist, but all have their own individual strengths and limitations. Most vary in
terms of design parameters, specifications, available genomes, on-target efficiency
score, off-target predictions, and so on. For example, design tools such as CRISPR-P
(Li and Durbin 2009), E-CRISPR (Heigwer et al. 2014), CasOT (Xiao et al. 2014),
and Cas-OFFinder (Bae et al. 2014) were mainly developed to predict off-targets in
CRISPR/Cas experiments. However, in CRISPR/Cas applications such as CRISPR
screening, cleavage efficiency is also important (Ma et al. 2016). Therefore, design
tools such as sgRNA Designer, CRISPR-ERA (Liu et al. 2015), and Benchling
predict on-targets as well as off-targets. Other genomic features such as sgRNA
guanine-cytosine (GC) content, PAM flanking sequences, chromatin structure,
methylation status, regulatory potential, and evolutionary conservation are also
important in sgRNA design (Shi et al. 2015). Another critical factor in designing
an efficient sgRNA is the application-specific (knockout (KO), knock-in (KI),
CRISPR interference (CRISPRi), CRISPR activation (CRISPRa), and base editing)
location of sgRNA in the genome. “WeReview: CRISPR Tools” is an online, live
repository which helps researchers choose the best and latest tools for CRISPR/Cas
applications (Torres-Perez et al. 2019). The current chapter aims to help researchers
select the most useful tools for sgRNA design with maximum specificity and limited
off-targets. This chapter also seeks to help users who are designing sgRNA with
application-specific parameters in CRISPR/Cas.

3.2 Fundamentals of CRISPR/Cas Experiment and sgRNA
Design

Engineered CRISPR/Cas system relies on sgRNA and PAM for genome modifica-
tion in the target site of the genome. The prerequisites for designing an efficient
sgRNA are:

1. Target gene and target region
2. Specific Cas endonuclease (e.g., Cas9, Cas9 nickase (nCas9), nuclease-dead Cas9

(dCas9), Cpf1) and an appropriate PAM for the Cas endonuclease
3. Promoter selection for in vivo or in vitro expression of sgRNA
4. Cloning strategy for sgRNA, e.g., sgRNA cloned in expression vector or used as

template for RNA production
5. For multiple gRNA, whether expressed from a single promoter or individual

promoters

Also important for sgRNA design are application-specific parameters (e.g., for
KO, KI, CRISPRi, CRISPRa, and base editing) coupled with the intended DSB
repair system. For example, in KO applications, off-targets on other chromosomes
may be cleared by backcrossing. Moreover, the sgRNA position for CRISPRi and
CRISPRa applications would be different to that for KO and KI applications. In
addition, two or more sgRNAs are required in some applications, such as two
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sgRNAs with nCas9, a pair of sgRNAs in CRISPRa, and a pair of distal sgRNAs in
KI applications (Mohr et al. 2016). Here we summarize the essentials of an effective
sgRNA for different CRISPR/Cas systems.

3.2.1 Good Gene Annotation: An Essential Requirement

From a genome editing perspective, good gene annotation is a prerequisite for
designing an appropriate sgRNA. Online databases and tools are available to help
designers view sgRNA in a relevant genome browser, as successful editing in most
CRISPR/Cas applications depends upon gRNA positioning relative to specific
features of the gene. For example, in CRISPRa, the sgRNA must be located within
50–500 bp of the transcription start site (TSS), but in CRISPRi, the gRNA should be
near TSS. For KO applications using NHEJ, appropriate target regions may include a
common coding exon, while in KI, a specific coding exon, intron, or a region coding
for a protein domain could be appropriate (Gilbert et al. 2014; Shalem et al. 2014;
Wang et al. 2014; Shi et al. 2015). High-quality genome databases with regularly
updated gene annotations based on experimental data are available for models such
as drosophila, zebrafish, mouse, rat, and Arabidopsis. These databases assist in
formed design of gRNA relative to the position of gene features. However, in
non-model species, the lack of genome databases with appropriate gene annotations
is a limiting factor on the design of specific gRNA (Mohr et al. 2016).

3.2.2 Different Guidelines for Different Applications

With rapid development in CRISPR/Cas systems has come the development of
bioinformatic tools and algorithms to predict on-target efficiency, as well as
off-targets. Off-target tools mostly focus on sequence similarity with on-target
sites and use a defined cut-off for possible number of mismatches that can be
tolerated. However, even for off-target sites with mismatches, creating a bulge or
gap sometimes leads to a valid target site for a DSB. Although several tools can
predict off-targets, it is not feasible to apply those rules for every gRNA and every
application. Some rules for gRNA effectiveness are not relevant to all CRISPR/Cas
applications or even the same application in different species (Mohr et al. 2016). For
example, a CRISPRi application in Escherichia coli showed that gRNA must target
the non-template strand (also called the coding strand or sense strand) (Qi et al.
2013), but similar studies in eukaryotes showed that gRNA binding to either strand
is effective. Moreover, as compared with KO applications, off-target effects will be
of less concern in CRISPRi and CRISPRa applications, because binding may not be
within effective range of the promoter sequence (Mohr et al. 2016). A recent study
showed that sgRNA effectiveness parameters for cleavage efficiency in CRISPRi
were not valid for CRISPRa applications (Doench et al. 2016). This suggests that
different applications require different design principles. However, it is not yet clear
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to what extent general design rules are relevant to various applications or to what
extent optional parameters will be required for a particular species, tissue, or cell.

3.2.3 Best Design Linked with Availability of More Data

Improvements in CRISPR/Cas design require more data to be available. When
designing sgRNA, researchers must be aware of the design tool’s criteria for
maximizing specificity and limiting off-targets. Researchers must also know the
background of the design criteria: the study, species, delivery method, and specific
applications from which a particular parameter was derived (Mohr et al. 2016).
Sharing results and data from good designs and poor ones, along with species
information and specific applications, will help researchers to continue improving
the design and efficiency of CRISPR/Cas systems. In addition, information and data
sharing will help researchers better understand the universal and application-specific
factors that influence the effective design of sgRNA.

3.3 sgRNA Design Process: An Overview

The key aspect of sgRNA design is to define the target site in the genome. This can
easily be done by locating the PAM sequence (NGG for spCas9 and TTTV for Cpf1)
in the target region or gene. All PAM sequences recognized by different Cas
endonucleases are listed in Table 3.1. Theoretically, if 50-20 nt of the sgRNA pairs
with a complementary target site in the genome, the sgRNA/Cas9 complex will
create a DSB. However, several practical studies have suggested that cleavage
efficiency varies significantly among different gRNAs. So, predictive models and
algorithms are essential for selecting the best high-efficiency gRNA with limited
off-targets. An additional challenge in CRISPR applications is off-target activity
caused by both sgRNA and Cas9. Several studies have confirmed that CRISPR/Cas9
can tolerate several mismatches and cleave the DNA at sites other than the intended
site of modification (target site) leading to off-target mutations. Although spCas9
systems recognize 50-NGG-30 as PAM, spCas9 can also recognize 50-NAG-30 and
50-NGA-30 albeit with low efficiency. Many models and computational tools are
available to help researchers design an effective gRNA with high efficiency and
specificity (Cui et al. 2018). In the following section, we present an overview of the
design process in CRISPR/Cas applications.

3.3.1 Selection of Desired Genetic Modification

The first step in the design process is to define the desired genetic modification, e.g.,
KO, point mutation, transcriptional control, or KI. Because different modifications
require different CRISPR/Cas reagents, a clear understanding of the desired genetic
manipulation will narrow down the selection of appropriate CRISPR/Cas
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components (Thomas et al. 2019). However, although a broad range of CRISPR
reagents and components exist, it is better to customize these components if perfect
reagents do not exist for the chosen application.

3.3.2 Choice of Appropriate Expression System

To achieve the desired objective in a CRISPR/Cas experiment, Cas9 and gRNA
must be expressed in the target cells or organism. Factors that can affect the desired
modification, off-target numbers, and efficiency include the selected expression
system (transient or stable), promoter choice (constitutive or tissue specific),
reagents (plasmid, mRNA or RNPs), and delivery systems (viral, non-viral, or
physical) (Graham and Root 2015). Standard protocols and reagents may suffice
for CRISPR/Cas applications in easy-to-transfect cell lines, e.g., HEK293 (Banan
2020).

3.3.3 Selection of Appropriate Cas Endonuclease

Of the two classes of CRISPR/Cas systems described above, Class 1 systems use
multiple Cas proteins, while Class 2 use a single effector Cas protein to create DSB
in the target DNA. Choosing the right Cas endonuclease is essential. Cas9 and Cpf1
(Cas12a), the two most widely used Cas endonucleases, are both Class 2 CRISPR/
Cas systems. Cas9 is a type II endonuclease that recognizes NGG as PAM sequence
and creates DSB with blunt ends, three bp upstream of PAM site. Multiple
engineered Cas9 variants have been generated, for example, nCas9, which produces
single-stranded breaks (SSB), while dCas9 is used for site-specific binding of DNA.
In contrast, Cpf1 is a type V endonuclease that recognizes the TTTN PAM sequence.
Cpf1 cleaves 18–23 bp away from PAM and produces staggered ends with 50

overhangs. Because it is smaller than spCas9, it is easy to pack into viral vectors
for delivery. So, selection of expression system depends upon the desired
modifications (Luo 2019).

3.3.4 Selection of Gene or Genetic Element

To manipulate a gene with a particular CRISPR application, a researcher must first
identify the target gene’s genomic sequence. Selection of target region (promoter,
exons, or introns) in the gene will depend upon the desired genetic modification. For
example, for KO applications, 50 constitutive expressed exon is the best target.
Alternatively, gRNA can be targeted to an exon that codes an essential protein
domain. For HDR applications, the target sequence should be in close proximity
(within 10 bp) to the desired edit site.
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3.3.5 Searching of Target Site for Intended Gene Modification

Most CRISPR/Cas design tools search target regions using either a sequence-based
or a genome-based approach. In sequence-based searching, the user must input the
sequence to define the target site for gRNA design. The CRISPOR design tool
searches on sequence and requires an input of <2000 nt for gRNA design and
display. In a genome-based approach, the user must provide a gene name, ID, or
similar input to display gRNA relative to the gene features. For example, the WGE
(Wellcome Sanger Institute genome editing) tool requires a gene symbol in order to
display sgRNA relative to the gene features (Thomas et al. 2019).

3.3.6 Sequencing of Target Site and Design of sgRNA

Once the desired manipulation, expression system, Cas endonuclease, and CRISPR
reagents are decided, the next step is to confirm the site and design sgRNA. SgRNA
design is a prime concern in CRISPR applications. Because features in the target
DNA site affect the sgRNA efficiency, therefore, it is better to sequence the target
region before designing gRNA, because variations in the target region and gRNA
may occur and this can reduce cleavage efficiency. Most CRISPR/Cas applications
require an efficient and specific sgRNA, but this task is quite challenging because
there are many criteria to obey. So, to identify the most suitable gRNA with
maximum efficiency, design criteria are very important. Various sequence features
influence the efficiency of gRNA. For example, the presence of guanine (G) at 50 end
of sgRNA (GX19NGG) was crucial for expression from U6 promoter. G was also
required on the first or second position adjacent to PAM, probably for loading of
Cas9. The presence of cytosine (C) at this position was not favored. Thymine (T) at
the fourth position closest to PAM is undesirable too, because the presence of
multiple uracil (U) decreases sgRNA expression. Adenine (A) is suitable in the
middle region of gRNA; G is preferred in the distal region of sgRNA. Overall, A and
G make sgRNA more stable and more efficient. In addition to gRNA sequence
features, novel features in PAM affect sgRNA reproducibility. For example, in the
variable nucleotide N of NGG for spCas9, C is preferred, while T is not favored.
Moreover, Cas9 preferences for particular sgRNA sequence features are quite
different from those in a dCas9-mediated application. A 19-nucleotide sgRNA in
dCas9-mediated CRISPRi and CRISPRa showed the highest efficiency compared
with 20 nt or 17–18 nt truncated sgRNA for Cas9. Moreover, the seed region of
sgRNA is of key importance in CRISPR/Cas9, while all sgRNA nucleotides con-
tribute to gRNA efficiency in CRISPR/dCas9.

3.3.7 Selection of Suitable gRNA

A given target sequence or gene may have many potential gRNAs. It is important to
select the most suitable gRNA with the highest efficiency for the intended
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modification. Suitability is assessed in terms of position relative to target site, high
on-target activity, and low off-target activity. This can be achieved with tools such as
WGE and CRISPOR using custom filters. Filtering for gRNAs with low off-targets
will identify candidates with minimum off-targets. However, a gRNA with high
on-target activity may have significantly low specificity leading to high off-targets.
A gRNA with a high on-target score and high specificity would be an ideal sgRNA
candidate for the desired CRISPR application (Thomas et al. 2019).

3.3.8 Design Criteria for Genome-Wide CRISPR Libraries

In contrast to individual gRNA design, CRISPR libraries are designed to screen
mutations (or desired modifications) in many genes or across an entire genome. As a
result, sgRNA design for genome-wide CRISPR libraries is entirely computer-based
because it is impossible to evaluate each gRNA. Instead, multiple sgRNAs are
designed for each gene in the genome at different locations. Users can design their
own custom libraries or use libraries according to their chosen application (Thomas
et al. 2019). Selected libraries and their applications are listed in Table 3.2.

3.4 Specificity in CRISPR/Cas

After selecting PAM and potential target sites, the next step is to identify the site
most likely to result in efficient genome editing. In addition to choosing an sgRNA to
match the target site, researchers try to select one with no additional binding sites in
the genome. While the ideal sgRNAwould have no homologous sites in the genome,
in practice an sgRNA will have partial homology to many additional sites in the
genome, i.e., off-targets (Duan et al. 2014). Off-target sites with mismatches near
PAM will not be cleaved efficiently; such sgRNA would have lower off-targets
effects and will be associated with the highest specificity as compared to those
sgRNA in which mismatches are away from PAM in off-target sites. Off-target
sites may be effectively minimized by predicting CRISPR/Cas specificity and
designing a specific and optimal sgRNA. The two main approaches for predicting
sgRNA specificity are based on either (1) alignment or (2) scoring. In the first
method, sgRNA sequences are aligned to a given genome using conventional or
specialized tools to discover all off-targets, and only frequency of the mismatches in
the gRNA sequence is considered. In a scoring-based approach, sgRNA are scored
and ranked after the initial alignment in order to select the most specific sgRNA for a
given experiment. In this scoring-based approach, in addition to frequency of
mismatches, positional weighing of each mismatch is calculated. Two scoring-
based approaches are commonly used: (1) a learning-based method and (2) a
hypothesis-driven method. Below we discuss alignment- and scoring-based methods
in detail (Liu et al. 2020).
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3.4.1 Alignment-Based Approach to Predict Specificity

Alignment-based methods for assessing sgRNA sequences involve aligning the
sgRNA with a reference genome and identifying potential off-targets based on
sequence homology. Bowtie (Langmead et al. 2009) and Burrows-Wheeler aligner
(BWA) mapping tools are used to predict off-targets, but neither identify small PAM
sequences. Because these tools allow a limited number of mismatches in the sgRNA
seed region, they cannot identify all off-targets. CHOPCHOP and CCTOP design
tools use Bowtie to find off-targets for a candidate sgRNA, while CRISPOR uses
BWA. Alignment-based Cas-OFFinder and Cas-OT also predict off-targets (Liu

Table 3.2 Selected CRISPR libraries and their purposes

Library Purpose Reference

Activity-optimized genome-
wide library

• Optimized for cleavage activity in order
to maximize the likelihood of gene
knockout

Wang et al. (2015)

Bassik Human CRISPR
Knockout Library

• Lentiviral genome-scale CRISPR library
targeting all ~20,500 protein-coding genes
in the human genome

Morgens et al.
(2017)

• Includes safe-targeting controls, i.e.,
gRNAs that target the genome but are not
expected to disrupt gene function

Mouse CRISPR Knockout
Pooled Library (Brie)

• Uses optimized metrics that combine
improved on-target activity predictions
with an off-target score

Doench et al.
(2016)

Human CRISPR Activation
Pooled Library (Calabrese
p65-HSF)

• Activates over 18,000 human genes and
is used for genome-wide activation
screening

Sanson et al.
(2018)

pC004—CRISPR Cas13a/
C2c2 PFS Library

• Library of protospacer flanking sites
(PFS) inserted at the 50 end of the
β-lactamase gene for screening PFS
preference for Cas13a/C2c2

Abudayyeh et al.
(2016)

Zhang E. coli Genome-wide
Inhibition Library

•Genome-scale CRISPR inhibition library
that targets ~4000 E. coli genes with ~15
gRNAs per gene

Wang et al. (2018)

•Divided into five sub-libraries defined by
biological categories, including a negative
control (NC) library and an additional
custom test library targeting 86 genes

Human Genome-wide
CRISPRa-v2 Libraries

• For activation of gene transcription Ho et al. (2016)

Human CRISPR Knockout
Pooled Library (GeCKO
v2)

• Targets early consecutive exons for
genome editing

Sanjana et al.
(2014)

• Oxford Drosophila
Genome-wide Knockout
CRISPR Library

• 40,279 guides (three guides/gene)
targeting 13,501 genes (98.8% of the
Drosophila genome)

Bassett et al.
(2013)

Yeo Lab RBP CRISPR
Knockout Library

• Targets RNA-binding proteins with ten
guide RNAs per target

Wheeler et al.
(2020)
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et al. 2020). Cas-OFFinder is popular for finding off-targets with no mismatch
limitations and can even predict off-targets with a 1-bp insertion or deletion (Thomas
et al. 2019). Cas-OT can identify off-targets with 6-bp mismatches in the seed region
and predict off-targets in coding exons of genes. Alignment-based CRISFlash and
FlashFry use tree-based algorithms and user-defined data to optimize sgRNA. As
well as off-target predictions, FlashFry provides additional information such as GC
content and on-target score for sgRNA (Liu et al. 2020).

3.4.2 Specificity Prediction Through Scoring-Based Tools

3.4.2.1 Hypothesis-Driven Methods
Alignment-based methods can reliably predict off-targets. However, not all nucleo-
tide positions with mismatches in sgRNA are equally effective in terms of off-target
cleavage. In addition, alignment-based predictions for off-targets are sometimes
false positives. One study found that only a few of the off-targets predicted by
Cas-OFFinder and CC-Top were valid, and the tools also failed to predict some valid
off-targets. So, there was a need to limit the features that contribute to the
non-specific off-targets in CRISPR/Cas (Liu et al. 2020). These issues can be
addressed in CRISPR/Cas systems by using the MIT specificity score (named after
the institution) to evaluate off-targets (Hsu et al. 2013). Hsu et al. studied more than
700 sgRNAs and evaluated sgRNA/Cas9 sequence features such as contribution of
position and numbers of mismatched nucleotide in the target site (Hsu et al. 2013).
The MIT score is adopted to predict off-targets in design tools such as CHOPCHOP
and CRISPOR (Haeussler et al. 2016; Labun et al. 2016). Cutting frequency
determination (CFD) score is also popular for evaluating off-targets in CRISPR/
Cas (Liu et al. 2020). In addition to recognizing NGG PAM, Cas9 recognizes
non-canonical PAM sites such as NAG, NGA, and NCG, thus leading to
off-targets. Doench et al. (2016) used PAM sequence features in their scoring matrix
to predict off-targets. CFD score is considered a better performer better than MIT
score and has been adopted by many design tools, such as GuideScan (Perez et al.
2017) and CRISPRscan (Moreno-Mateos et al. 2015). Other design tools use
sgRNA/Cas9 structural features to predict off-targets. For example, CRISPR-OFF
(Alkan et al. 2018) and uCRISPR (Zhang et al. 2019) use structural features because
their off-target prediction accuracy is better than sequence features.

3.4.2.2 Learning-Based Methods
Compared to empirical algorithms, learning methods use multiple features (includ-
ing PAM, GC contents, methylation state, and chromatic structure) to improve their
off-target predictions. Most recent tools use machine learning with multiple features
for predicting CRISPR/Cas system specificity and off-targets. For example, CRISPR
target assessment (CRISTA), which uses machine learning to predict efficiency, was
found to perform better than other tools (Liu et al. 2020). The computer platform
DeepCRISPR, which incorporates sgRNA on-targets and off-targets into a single
framework, has been found to perform better than other tools for predicting effi-
ciency and off-targets (Chuai et al. 2018).
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3.5 Factors Affecting Specificity

Numerous studies have revealed different factors that may affect CRISPR/Cas
specificity. These factors can be classified into two categories: (a) an intrinsic
specificity of Cas9 which recognize the importance of position of every sgRNA
nucleotide to create DSB and (b) relative abundance of sgRNA/Cas9 for effective
target cleavage. Factors that may contribute to CRISPR/Cas system specificity are
discussed below.

3.5.1 Importance of PAM in CRISPR/Cas Specificity

To be recognized by an individual Cas9 domain, PAM must be next to the 30 end of
the genome target sequence (Wu et al. 2014b). Because PAM sequences vary across
Cas endonucleases, users can select a different Cas endonuclease if a particular PAM
(e.g., NGG for Cas9) does not exist in the target sequence. The most commonly used
Cas endonuclease, Cas9, recognizes NGG for cleavage but can also recognize the
canonical PAM sites NGA and NAG, thus increasing the number of off-targets.
Some of these Cas proteins require a longer PAM sequence such as SaCas9 protein,
derived from Staphylococcus aureus, which has “NNGRRT” PAM requirement. It is
assumed that such Cas9 proteins which recognize a longer PAM will have less
targetable sites in the genome and, therefore, will have fewer off-target sites in a
given target DNA. PAM sequences with appropriate Cas endonucleases are listed in
Table 3.1.

3.5.2 Seed Sequence of sgRNA

Recruiting Cas9 to the genome target site requires sgRNA. In vitro studies have
shown that Cas9 can tolerate mismatches in the first seven nucleotides in the region
distal to PAM. However, studies with bacteria and mammals have confirmed that
mismatches in 10–12 bp PAM proximal region (also called seed region) of the
gRNA will result in reduced cleavage or complete abolishment. Other studies
suggest there is no clearly defined seed region, but have confirmed that mismatches
in the PAM proximal region stop Cas9 cleavage of DNA (Cong et al. 2013). In
contrast, genome-wide binding datasets have shown a clearly defined seed region,
limited to five nucleotides proximal to PAM (Wu et al. 2014b). The differences in
seed region might arise from factors such as concentration and time required for
Cas9 binding and cleavage.

3.5.3 Effective Concentration of Cas9/sgRNA Complex

The effective concentration of Cas9/sgRNA influences the specificity of CRISPR/
Cas systems. Studies have confirmed that cleavage becomes less specific at higher
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effective concentrations of Cas9/sgRNA. For example, an in vitro study found that
higher concentrations of Cas9/sgRNA complex resulted in greater tolerance of
mismatches, leading to cleavage of non-specific sites. Hsu and co-authors suggested
that decreasing the amount of plasmid in transfected cells led to increasedCas9
specificity (Wu et al. 2014b; Hsu et al. 2013). Another study showed that a 2.6-
fold increase in Cas9 concentration led to a similar increase in off-targets. When
Cas9 level remained constant, the amount of sgRNA influenced off-target number
(Wu et al. 2014a).

3.5.4 Importance of sgRNA Sequence

SgRNA sequence is the key to Cas9 specificity because it contributes to Cas9
loading and Cas9/sgRNA binding to the target site. Differences in sgRNA sequence
influence Cas9 tolerance of mismatches at every position in 20 nucleotides. A
possible underlying mechanism for this change in specificity is that different
sgRNA sequences may influence effective concentration of sgRNA. For example,
it has been reported that seed sequence mutations in sgRNA increase its transcription
by U6 promoter. Changes in sgRNA sequence may also contribute to chromatin
state, off-targets, and thermodynamic stability of sgRNA-DNA duplex (Wu et al.
2014b). We describe these effects in detail below.

3.5.4.1 Chromatin Accessibility and Epigenetic Features Affecting
Binding of Cas

Chromatin state, i.e., whether packed or open, may influence Cas9’s ability to access
the target site. DNase I hypersensitivity (DHS) is a strong predictor of chromatin
accessibility. DHS peaks for a number of accessible seed sequences and PAM have
been found to accurately predict the number of chromatin immunoprecipitation
(ChIP) peaks in vivo. Wu and colleagues have suggested that chromatin accessibility
does not impact significantly on-target activity of sgRNA as compared to off-target
binding (Wu et al. 2014a, b).

Methylation of CpG sites (where cytosine and guanine are adjacent, with guanine
closer to 30) is an epigenetic mechanism that has been found to be linked with
chromatin silencing. A study confirmed that CpG methylation of target sites may
restrict Cas9 binding to the target site. Target site methylation showed strong
correlation with ChIP signal, and less binding was observed in highly methylated
sites (Wu et al. 2014a, b). Hsu et al. showed that Cas9 can mutate highly methylated
promoters in vivo. However, an in vitro study found that CpG methylation had no
significant effect on Cas9 cleavage (Hsu et al. 2013). Taking these studies together
suggests that CpG methylation may affect only off-target sites.

3.5.4.2 Numbers of Seed Sequence in the Genome
Depending on sgRNA seed sequence length (5–12 nt), a mammalian genome may
contain hundreds of thousands of seed match sites followed by PAM. However,
nucleotide preference in the seed regions may mean that specific seed match
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sequences could be dramatically low. For example, for Cas9, a mouse genome
contains about one million AAGGA + NGG seed sites but less than 10,000
CGTCG + NGG sites (Wu et al. 2014a, b). The relative abundance of seed sites is
an important factor in designing specific sgRNA, especially in dCas9 applications.

3.5.4.3 Length of Target Sequence Influences Specificity
Length of sgRNA is important for Cas9 specificity. A 20-bp gRNA is optimal for
guiding Cas9 to a target site. Although one might speculate that specificity may
increase with sgRNA length, Ran et al. found that when sgRNA length was
increased by extending the 50-end, the extended sequence at the 50-end was degraded
in vivo (Ran et al. 2013). In contrast, truncated sgRNA with 17–18 nt of length
increased Cas9 specificity. While the underlying mechanism is not clear, it may be
that the first two nucleotides do not contribute to Cas9 stability, but instead contrib-
ute to off-targets (Fu et al. 2014).

3.5.5 sgRNA Scaffold

The impact of modifications in the sgRNA scaffold region has not been studied in
detail. However, it is known that truncation or extension at the 30 end may contribute
to Cas9 stability and specificity by changing sgRNA expression, in similar fashion to
50-end modifications in sgRNA. Increasing the length of the hairpin bound by Cas9
has been found to increase sgRNA efficiency for imaging and transcriptional
regulation, probably due to efficient loading of sgRNA, but the exact mechanism
remains unclear (Hsu et al. 2013; Wu et al. 2014b).

3.5.6 Repair Outcomes of DSBs

In addition to the above factors, DNA repair outcomes and sequence variations are
likely to influence the selection of specific sgRNA. Several studies have identified a
bias in repair outcomes for KO applications. These studies have shown that nucleo-
tide comparison of target site adjacent to the cleavage site is important for single-
nucleotide insertion or deletion in NHEJ repair pathway (Mao et al. 2013). The
presence of thymine (T) adjacent to the cleavage site was associated with precise
insertion of a single homologous nucleotide at the cleavage site (T to TT). However,
having a dinucleotide repeat adjacent to the cleavage site led to single-nucleotide
deletion with removal of homologous base (CC to C). Moreover, microhomologies
in sequences flanking the cleavage site resulted in deletion of 30 nucleotides through
microhomology-mediated end joining (MMEJ) repair. These findings highlight a
bias in repair outcomes linked to the presence of specific sequences in target sites
and the competing roles of NHEJ and MMEJ. Based on these studies, computational
tools such as Favored Outcomes of Repair Events at Cas9 Targets (FORECasT) and
inDelphi have been developed to predict the most likely mutational outcomes of
CRISPR/Cas experiments.
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3.6 Efficiency of sgRNA

Initially it was believed that CRISPR/Cas9 could target any genome sequence that
was followed by PAM (NGG). As a result, most of the early bioinformatic tools were
constructed based on simple methods to locate target site and PAM to design
sgRNAs. Some of these tools predicted sgRNA position relative to gene features.
However, several later studies demonstrated that Cas9 cleavage efficiency varies
significantly between different sites, i.e., not all sites are cleaved with the same
efficiency (Cong et al. 2013; Jinek et al. 2012; Mali et al. 2013; Wang et al. 2014).
For example, two sgRNAs can have 100% homology with their target sites but
different cleavage efficiency, indicating that cleavage efficiency may also be affected
by specific nucleotides and nucleotide composition. Subsequent studies identified
additional factors such as sequence features (GC contents, specific nucleotide
positions, and sequence composition), genetic and epigenetic factors (methylation
and chromatin arrangement), and thermodynamic properties (sgRNA secondary
structure, melting temperature (Tm), and free energy) that influence on-target cleav-
age efficiency.

Nucleotide position and composition in the target sequence is critical for
CRISPR/Cas on-target efficiency (Wilson et al. 2018; Wong et al. 2015). CRISPR/
Cas-based screening in mammals has shown that G is highly preferred at positions
1 and 2 upstream to PAM, while T is not favored at position 4 in close proximity to
PAM. The GC content of positions 4–13 proximal to PAM is also important for Cas9
cleavage efficiency. Using sequence features such as GC content, preferred nucleo-
tide position, and sgRNA position relative to gene features, predictive models have
been developed to design efficient sgRNA for CRISPR/Cas applications. Several
laboratories have used these models to develop individual design platforms such as
E-CRISP, CHOPCHOP, CRISPR-FOCUS, and CCTOP for predicting sgRNA
efficiency (Table 3.3).

Genetic and epigenetic features also contribute to target-site cleavage efficiency.
Studies have shown that nucleosomes (sections of chromatin) may reduce Cas9
cleavage efficiency, and DNase I hypersensitivity (DHS) and epigenetic signatures
may influence on-target efficiency. Predict-SGRNA is an R package (R is a free
software environment) that uses epigenetic features to predict sgRNA cleavage
efficiency (Liu et al. 2020). CRISPRpred and uCRISPR predict sgRNA efficiency
using the energy properties of sgRNA, DNA, and Cas9 complex and sgRNA

Table 3.3 Bioinformatic tools for sgRNA activity

Tool name gRNA activity prediction Reference

CCTOP Yes Stemmer et al. (2015)

CRISPOR Yes Haeussler et al. (2016)

CRISPRscan Yes Naito et al. (2015)

GuideScan Yes Perez et al. (2017)

CHIOCHOP No Montague et al. (2014)

Cas-OFFinder No Bae et al. (2014)
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secondary structure. Because not all sgRNAs are effective, even when using the best
design tools, multiple sgRNAs are used for each target gene. Multiple sgRNAs are
also required to distinguish on-target perturbation from any off-target effect of an
individual sgRNA.

3.7 Off-Targeting in CRISPR/Cas

Off-targets are a major challenge for the CRISPR/Cas community because Cas9 can
bind and create DSBs even when there is only partial complementarity between
sgRNA and target site. Numerous studies have reported that CRISPR/Cas may
produce substantial numbers of off-targets. For example, a study in human beings
found that Cas9 can tolerate up to five mismatches between sgRNA and target site,
leading to DNA cleavage frequencies even higher than the intended target site
(Carroll 2013; Hsu et al. 2013; Xie et al. 2014). Off-targets are not random changes
but are induced by the PAM and target site. Natural off-targets in a bacterial defense
system may degrade hypervariable nucleic acids (i.e., those vary much more than
their counterparts in other similar regions) or plasmids beneficial for archaea and
bacteria. However, from a genome editing perspective, off-targets may lead to
undesirable changes at random sites in the genome, thus compromising the benefits
of genome modifications. Predicting and minimizing off-targets in advance is
essential for safe use of CRISPR/Cas, especially in therapeutic applications and
translational research. It is also important to identify all off-targets and confirm that a
desired phenotype has arisen from on-target modification instead of off-targets.

Several sgRNA design tools have a special focus on limiting off-targets in
CRISPR/Cas (Table 3.4). Most of these produce sgRNA with minimal off-targets
and show predicted off-targets for a given sgRNA. Different tools use different

Table 3.4 Tools for evaluating off-targets in CRISPR/Cas system

Tool name Off-target prediction Reference

ZiFit (Zinc
Finger
Targeter)

Identifies potential off-target sites, their positions, and
number of times each off-target site can occur

Uniyal et al. (2019)

Cas-OFFinder Searches potential off-target sites Bae et al. (2014)

CRISPR
design

Identifies possible off-target sites Uniyal et al. (2019),
Hsu et al. (2013)

Cas-Designer Identifies off-target sites in DNA and RNA bulges Uniyal et al. (2019)

CHOPCHOP Searches for off-targets using Bowtie Uniyal et al. (2019)

E-CRISP Searches for off-targets using Bowtie2 Uniyal et al. (2019)

sgRNAcas9 Identifies potential off-target sites in targeted genome Uniyal et al. (2019)

Off-Spotter Identifies potential off-targets Uniyal et al. (2019),
Pliatsika and
Rigoutsos (2015)

CRISPR
MultiTargeter

Uses Cas-OFFinder to predict off-targets Uniyal et al. (2019)

3 Bioinformatic Tools in CRISPR/Cas Platform 73



scoring methods to predict off-targets. Most of these tools score off-targets either by
using data from systematic mutation studies or by having user-provided input
penalties such as mismatch number and positions. Others use binary criteria, e.g.,
defined proximal or distal region, or sites with less than a defined number of
mismatches. SgRNA candidates are then ranked by off-target number or the
weighted sum of all off-target scores (Wu et al. 2014b). Some tools give option of
using alternate PAM site to predict off-targets, e.g., NAG or NGA for Cas9.

As with on-target prediction tools, most design tools for off-target prediction
initially focused on Cas9 and predicted off-targets through alignment-based methods
using seed sequence followed by NGG. However, the discovery that Cas9 also binds
NAG or NGA PAM made it apparent that many off-targets were being missed. The
early tools were superseded by tools that used sequence similarity or dCas9-
mediated binding to confirm off-target sites, but these later approaches were biased
and not comprehensive. Unbiased approaches were then developed based on high-
throughput, next-generation sequencing (NGS). For example, DSBCapture used
integrase-deficient lentiviral vectors (IDLV) and sequencing, while Digenome-seq,
ChIP-NGS (whole genome binding), and direct in situ breaks labeling, enrichment
on streptavidin, and next-generation sequencing (BLESS) were developed to detect
off-targets in CRISPR/Cas applications. However, these approaches also had
advantages and disadvantages. IDLV and BLESS could detect genome-wide
off-targets, but they were less efficient because most off-target sites are transient.
In addition, both approaches could generate false-positive off-targets because DSBs
may arise from endogenous processes. Although whole genome sequencing is ideal
and unbiased, it can miss perfectly repaired off-targets and binding sites without
cleavage. Moreover, ChIP-NGS could be biased towards open chromatin and highly
expressed genes. Guide-seq has good efficiency but does not work for DNA nicks
(single-stranded cuts). Digested genome sequencing (Digenome-seq) does not con-
sider other factors that affect cleavage. All things considered, the above approaches
are all useful but need refinement because in vitro results can differ from in vivo
(Peng et al. 2016).

Over the last few years, considerable effort has gone into limiting off-targets and
improving specificity. Approaches have included lowering GC content, employing
paired nickase enzymes, and using truncated sgRNA (17–18 bp). Lower GC content
may reduce off-targets because higher GC content improves RNA/DNA duplex
stability, thereby increasing the chance of tolerated mismatches. SgRNA and target
site mismatches that produce bulges at the 50 end, the 30 end, or 7–12 nucleotides
proximal to PAM must be avoided. The combined use of paired nickases and paired
sgRNAs will generate two closely associated single-stranded breaks and eventually
make a DSB.
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3.8 Application-Specific Design of sgRNA

Although all CRISPR/Cas applications rely on sgRNA to guide Cas9 to the target
sequence, DSBs are not always required. KO and KI applications always require
DSB creation to delete or insert DNA at a precise location respectively. Large-scale
deletions and insertions require more than one DSB. In KO applications, the NHEJ
repair pathway will introduce a small indel into the coding framework, leading to a
frameshift mutation and thus disruption of protein formation. However, for repair
templates with suitable homology arms, DSBs will be repaired by HDR pathway,
consequently leading to site-specific insertion of the repair template. Because NHEJ
is the preferred pathway in cells, HDR efficiency must be improved for KI
applications. In contrast to KO and KI applications, CRISPRi and CRISPRa use
dCas9, which does not create a DSB, but instead recruits a transcriptional activator
(VP64) or repressor (Krüppel-associated box (KRAB) domain proteins) to the
promoter region of a gene (Graham and Root 2015). Similarly, sgRNA position in
CRISPRi and CRISPRa varies significantly between KO and KI applications.
However, despite differences in sgRNA position relative to gene features, the
same basic principle underlies sgRNA design in all applications. Here we summarize
application-specific sgRNA design in CRISPR/Cas.

3.8.1 sgRNA for KO Applications

Being able to KO an individual gene is a powerful tool for functional genomics.
Knockout (KO) of single and multiple genes is often studied to evaluate phenotypic
changes in cells, tissue, or organisms and by subsequently characterizing those genes
for their potential roles in different functions. CRISPR/Cas has become the gold
standard for producing KO models for functional characterization of genes (Graham
and Root 2015). The KO of a gene or genetic element may be achieved by creating a
DSB that is repaired through the NHEJ pathway. Exon size and relative position are
important for generating KO alleles. For example, larger exons would have multiple
choices of sgRNA, making it easier to select an efficient sgRNA. However, small
exons are easy to delete with two DSBs. In addition, sgRNA position relative to the
gene features may affect the outcomes of KO applications. Targeting sgRNA too
close to a translation initiation codon ATGmay reinitiate translation at a downstream
ATG, leading to N-terminal truncated protein. Similarly, targeting sgRNA close to
the 30-end of a gene may result in insufficient disruption of protein functions. With
sgRNA design for KO applications, selecting an optimal target such as a functional
domain, active site, or the transmembrane helical domain of a protein (Fig. 3.4) can
increase the likelihood of completely disrupting protein functions (Thomas et al.
2019). Using multiple sgRNAs can help ensure that the curated phenotype in a KO
experiment has resulted from disrupting the respective gene instead of off-targets.
For large-scale design, multiple sgRNAs per gene are also recommended for
increased screen efficiency. In addition to generating KO for a single gene, multiplex
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genomes using CRISPR/Cas can be used to simultaneously disrupt multiple genes in
order to study their interactions and discover pathways.

3.8.2 Position of sgRNA for KI Applications

While the NHEJ pathway may lead to disruption of a gene, KI approaches using
repair templates can use the HDR pathway to precisely insert a single nucleotide
change or add a large template such as green fluorescent protein (GFP) (Wu et al.
2018), a tag (Chen et al. 2018), or a fluorophore. For the HDR-based repair pathway,
the desired repair template must be introduced along with sgRNA and Cas9 or
nCas9. The length and nature of the repair template depend on the size of the
intended modification. For example, for a single-base replacement, ssDNA repair
template with 50 bp homology arms on both sides of DSB could work efficiently.
However, for larger insertions such as a GFP, tag, or fluorophore, a repair template
with long homology arms (400–1000 bp) is desirable (Fig. 3.4). It is also advisable to
exclude PAM site in the repair template. Moreover, mutating PAM site and sgRNA
binding site with silent mutations would prevent subsequent binding and cleavage of
target site after insertion of the repair template. These silent mutations may also
assist genotyping following insertion of the desired repair template (Graham and
Root 2015).

Fig. 3.4 Application-specific positioning of sgRNA in CRISPR/Cas systems
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3.8.3 Designing sgRNA for CRISPRi and CRISPRa

In contrast to KO and KI applications that use Cas9 or nCas9, respectively, tran-
scriptional regulation through CRISPR/Cas relies on dCas9, which does not create
DSB but simply binds at a precise location in the genome. Binding dCas9 with an
appropriate activator or repressor to a gene’s promoter region may subsequently
activate or repress the gene by blocking binding of RNA polymerase or transcrip-
tional factors. SgRNA position relative to the transcription start site (TSS) may affect
the efficiency of activation or repression. Accurate TSS identification is highly
desirable for transcriptional regulation through CRISPR/Cas. Generally, the target
site for sgRNA design in CRISPRi should be downstream (within a 300 bp window)
of TSS, while for CRISPRa it should be upstream (within a 400 bp window)
(Fig. 3.4). Designing multiple sgRNAs for a target region should assist in achieving
the best results (Davis et al. 2018; Noguchi et al. 2017; Thomas et al. 2019).

3.8.4 SgRNA in Epigenetic Regulation

dCas9 can be used to alter gene expression by recruiting epigenetic modifiers such as
lysine-specific demethylase 1 (LSD1), ten-eleven translocation gene protein
1 (TET1), DNA methyltransferase MQ1, and histone acetyltransferase p300 to
modify the methylation state of cytosine in the promoter region by inducing demeth-
ylation or histone acetylation (Brocken et al. 2017). Epigenetic modifiers sometimes
work better than CRISPRi or CRISPRa.

3.8.5 Design Criteria for Base Editing

In CRISPR/Cas system, base editing was initially achieved by providing a repair
template using the HDR pathway, which has low efficiency. To overcome the low
efficiency, researchers developed two CRISPR-mediated base editing platforms for
DNA (cytosine base editor (CBE) and adenine base editor (ABE)) and an RNA base-
editing platform. CBE and ABE were developed by fusing either cytosine deaminase
or adenine deaminase with an appropriate Cas protein (dCas9 or nCas9) (Liang and
Huang 2019). The RNA base editor was developed by fusing type VI CRISPR/Cas
effector (dCas13b) with hyper-activated adenosine deaminase 2 that acts on RNA
(ADAR2) to create a programmable RNA base editor known as REPAIR (RNA
editing for programmable A to I (G) replacement). In base editing, sgRNA position
depends on the targeted nucleotide’s location in the protospacer region. The targeted
nucleotide must be present within the active base editing window on the
non-targeted strand, thus deciding the position and orientation of the sgRNA. The
size of the active base window (usually four to eight nucleotides) depends on which
base editor is used (Thomas et al. 2019). Base-editing efficiency can sometimes be
very low at certain positions because these are inaccessible due to nucleosomes.
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3.8.6 Designing sgRNA for RNA Editing

An alternative CRISPR/Cas system for regulation at transcriptional level uses
CRISPR/Cas13, which specifically targets single-stranded RNA (ssRNA).
CRISPR/Cas13 uses CRISPR RNA (crRNA) to recognize and cleave ssRNA (Freije
et al. 2019). In bacteria, non-specific cleavage of RNA has been observed after initial
cleavage with Cas13. Cas13 is used in a very sensitive diagnostic platform known as
the specific high-sensitivity enzymatic reporter unlocking (SHERLOCK) assay for
differentiating Zika virus strains (Kellner et al. 2019), genotyping human beings, and
RNA imaging (Yang et al. 2019). SHERLOCK could also be useful for detecting
SARS-CoV-2, the RNA virus that causes coronavirus disease 2019 (COVID-19)
(Joung et al. 2020).

3.9 Design Tools for sgRNA

Design tools available to the CRISPR/Cas community have been developed by both
academic and commercial institutes. Although the basic objective of these tools is to
design and select an optimal sgRNA and provide information about the target site,
each tool has its own particular features and benefits. Similarly, these tools all aim to
provide sgRNA with minimal off-targets in the genome, but they employ various
methods to score these off-targets. For example, off-target scoring in CHOPCHOP is
based on empirical data from multiple studies, while Cas-Finder and E-CRISP
evaluate off-targets using user-defined values for mismatch number and position.

Some design tools are application- or species-specific. For example, CRISPR-
ERA and BE-Designer specifically design sgRNA for transcriptional regulation
(CRISPRi/CRISPRa) and base editing, respectively. FlyCRISPR and CRISPR-
PLANT are specialized for sgRNA design in Drosophila and plants, respectively
(Liu et al. 2020). Some sgRNA design tools provide users with additional options for
selecting alternative PAM sites, as well as Cas effector. Some useful sgRNA design
tools are listed in Table 3.5, after which we discuss some of these potential tools.

3.9.1 CHOPCHOP

More than 200 genomes are available on the CHOPCHOP website; users can input
gene name or target sequence. This tool supports gRNA design for multiple
applications (KO, KI, CRISPRi, and CRISPRa); users can choose
application-specific Cas effector endonuclease. CHOPCHOP ranks potential
sgRNAs on position, GC contents, mismatch number, and efficiency scores (Liu
et al. 2020).
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3.9.2 Base Editing (BE)-Analyzer and BE-Designer

These are publicly available design tools for base editing. Both tools help researchers
select sgRNA for desired region and analyze outcomes of base editing from NGS
data. BE-Designer also lists all potential sgRNAs for a given DNA sequence and
provides off-targets for a given sgRNA against a large number of species (Hwang
et al. 2018).

3.9.3 CRISPOR

One of the best tools for designing efficient sgRNA, CRISPOR contains 19 different
PAMs and 417 different genomes. It can accept genome coordinates or user-
provided sequences. Each sgRNA will be ranked for off-targets, specificity, and
efficiency. Outcome predictions, GC contents, and poly T will also be given for each
sgRNA (Liu et al. 2020).

3.9.4 CRISFlash

Like CHOPCHOP, CRISFlash can use sequenced genome or genome sequence to
design sgRNA. In addition, it accepts user-defined values to optimize sgRNA and
off-targets. CRISFlash is considered a faster tool for sgRNA design and scoring
off-targets (Jacquin et al. 2019).

3.10 Prospects

CRISPR/Cas technology is a revolutionary tool for functional genomic human
therapeutics and agricultural advances. Because sgRNA plays an indispensable
role in CRISPR/Cas-mediated genome editing, numerous tools have been developed
for designing efficient and specific sgRNA with minimal off-targets. However,
off-targets continue to represent a major challenge for CRISPR/Cas-mediated
genome manipulation. Systematic studies show that predictive models for efficient
sgRNA design are not always effective for all applications and all species. This
makes it imperative that scientists know the weaknesses and strengths of each model
for sgRNA design. As new knowledge about CRISPR continues to emerge, it is clear
that sgRNA and PAM are not the only influences on CRISPR/Cas cleavage, with
additional such factors now including GC contents and chromatin accessibility. The
ongoing discovery of new and novel features that contribute to CRISPR/Cas speci-
ficity and efficiency will also help minimize off-targets. Moreover, it has become
clear that CRISPR/Cas outcomes are specific rather than random. Such findings will
facilitate more precise editing with CRISPR/Cas.

In summary, recent advances in our understanding of CRISPR mechanisms and
factors affecting specificity and efficiency, combined with the further development
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of bioinformatics tools, will enable more precision in achieving desired on-target
modifications without potential off-targets. Directed evolution using EvolvR may
also help scientists to engineer new Cas proteins with improved specificity.

Appendix 1: List of Useful Bioinformatics Tools and Databases
for Gene Modification Research

Tool Description Link

AlleleID “AlleleID® is a comprehensive
desktop tool designed to address
the challenges of bacterial
identification, pathogen detection
or species identification”

http://premierbiosoft.com/
bacterial-identification/index.
html

Array Designer 2 It is an Oligo and cDNA
Microarray Design Software. “It
designs probes for SNP detection,
microarray gene expression and
gene expression profiling. In
addition, comprehensive support
for tiling arrays and resequencing
arrays is available”

https://array-designer.software.
informer.com/4.3/

AutoPrime Autoprime is a very useful
software for designing Reverse
Transcription Real Time PCR
(Q-RT-PCR) primers that are
specific to the exon-intron
boundaries

http://www.autoprime.de/

Beacon Designer “Beacon Designer™ automates
the design of real time primers and
probes”

http://www.premierbiosoft.com/
qOligo/Oligo.jsp?PID¼1

Biocomputing
Tutorials

The site harbors a number of
biocomputational online tools
(Cleaner, Translator, NetPlasmit,
Aligner, PatSearch, etc. for
nucleotide and protein sequences)
and half a dozen of software

http://datascience.unm.edu/intro-
to-biocomputing/

BioEdit “BioEdit is a biological sequence
alignment editor written for
Windows 95/98/NT/2000/XP/7.”
One can download and then work
with the molecular sequences for
alignment, restriction mapping,
RNA analysis, translation,

https://bioedit.software.informer.
com/

(continued)
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graphical viewing of
electropherogram, etc.

BLAST Basic local alignment search tool,
provided by NCBI

https://blast.ncbi.nlm.nih.gov/

Cas-Database Cas-Database is a genome-wide
gRNA library design tool for Cas9
nucleases from Streptococcus
pyogenes (SpCas9)

http://www.rgenome.net/cas-
database/

Cas-Designer A bulge-allowed quick guide-
RNA designer for CRISPR/Cas-
derived RGENs

http://www.rgenome.net/cas-
designer/

CINEMA 2.1 CINEMA stands for Color
INteractive Editor for Multiple
Alignments. It is a free software
for sequence alignment with color
editor

https://cinemahdapkapp.com/
download/

Click2Drug “Click2Drug contains a
comprehensive list of computer-
aided drug design (CADD)
software, databases and web
services. These tools are classified
according to their application
field, trying to cover the whole
drug design pipeline”

http://www.click2drug.org/

Clustal Omega The latest form of Clustal
alignment program. It is online
and command-line based. The
distinguishing feature of Clustal-
omega is its scalability, as several
thousands of medium to large-
sized sequences can be aligned
simultaneously. It will also make
use of multiple processors, where
present. In addition, the quality of
alignments is superior to the
previous versions. The algorithm
uses seeded guide trees and HMM
profile-profile progressive
alignments

https://www.ebi.ac.uk/Tools/
msa/clustalo/

Clustal W A very popular site for pairwise
and multiple sequence alignment.
It runs on Windows, Linux/Unix,
and Mac operating systems

https://www.genome.jp/tools/
clustalw/

CLUSTAL X Latest version of ClustalX 2.0 is
provided by “Plate-Forme
Bio-Informatique de
Strasbourge,” along with detailed
instructions (help) for operating
ClustalX. Besides, this site also
provides online tools (viz. Actin-

http://www.clustal.org/clustal2/
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Related Proteins Annotation
server, EMBOSS, Gene Ontology
Annotation, SAGE experiment
parameters, GPAT, etc,) and
database (SRS, BAliBase,
InPACT), Documentation
(tutorials to elucidate the
parameters of Clustal, GCG,
EMBOSS, Bioinformatics
protocols, etc.)

CODEHOP “The COnsensus-DEgenerate
Hybrid Oligonucleotide Primers
(CODEHOP) program is hosted
by the Fred Hutchinson Cancer
Research Center in Seattle,
Washington and designs PCR
(Polymerase Chain Reaction)
primers from protein multiple-
sequence alignments”

https://4virology.net/virology-ca-
tools/j-codehop/

Comparative RNA
Website and Project

The Comparative RNA Web
(CRW) Site disseminates
information about RNA structure
and evolution that has been
determined using comparative
sequence analysis

http://www.rna.icmb.utexas.edu/

Computational
Biology at ORNL

The Computational Biology and
Bioinformatics Group of the
Biosciences Division of Oak
Ridge National Laboratory
provides data and bioinformatics
tools for prokaryotic and some
eukaryotic genome and related
analysis. The tools are “Gene
Channel,” “Generation Microbial
Gene Prediction System,”
“Microbial Gene Prediction
System Internet Linked,”
“Genome Analysis Pipeline,” etc.

https://www.ornl.gov/group/cbb

Computational
Resources for Drug
Discovery

“CRDD (Computational
Resources for Drug Discovery) is
an important module of the in
silico module of OSDD. The
CRDD web portal provides
computer resources related to drug
discovery on a single platform.
Following are major features of
CRDD”

http://crdd.osdd.net/

Compute pl/Mw The tool “compute pI/Mw is a tool
which allows the computation of
the theoretical pI (isoelectric
point) and Mw (molecular weight)

https://web.expasy.org/compute_
pi/
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for a list of UniProt
Knowledgebase (Swiss-Prot or
TrEMBL) entries or for user
entered sequences”

COSMID A Web-based tool for identifying
and validating CRISPR/Cas
Off-target sites

https://crispr.bme.gatech.edu/

CPHModels 3.
2 Server

“CPHmodels 3.2 is a protein
homology modeling server. The
template recognition is based on
profile-profile alignment guided
by secondary structure and
exposure predictions”

http://www.cbs.dtu.dk/services/
CPHmodels/

CRISPR gRNA
Design tool

CRISPR gRNA Design tool lets
you design gRNA(s) to efficiently
engineer your target and minimize
off-target effects using ATUM
Scoring Algorithms

https://www.dna20.com/
eCommerce/cas9/input

CRISPR
multitargeter

CRISPR MultiTargeter is a
web-based tool for automatic
searches of CRISPR guide RNA
targets

http://www.multicrispr.net/

CRISPRdb It enables the easy detection of
CRISPR in locally produced data
and consultation of CRISPRs
present in the data base

http://crispr.u-psud.fr/crispr

CrisprGE CrisprGE is a central hub of
CRISPR-based genome editing

http://crdd.osdd.net/servers/
crisprge/

CSIR Informatics
Portal

This page is maintained by CSIR
and harbors the software/tools
developed for bioinformatics
analysis

http://crdd.osdd.net/info/

DAVID v. 6.7 The Database for Annotation,
Visualization and Integrated
Discovery (DAVID) v6.7
“provides a comprehensive set of
functional annotation tools for
investigators to understand
biological meaning behind large
list of genes”

https://david.ncifcrf.gov/

DeepView: SWISS
PDBViewer v. 4.1

“Swiss-PdbViewer (aka
DeepView) is an application that
provides a user friendly interface
allowing to analyze several
proteins at the same time. The
proteins can be superimposed in
order to deduce structural
alignments and compare their
active sites or any other relevant
parts. Amino acid mutations,

https://spdbv.vital-it.ch/
download_prerelease.html
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H-bonds, angles and distances
between atoms are easy to obtain
thanks to the intuitive graphic and
menu interface”

DNA/RNA GC
Content Calculator

One can calculate the GC content
of a nucleotide sequence

http://www.endmemo.com/bio/
gc.php

Dotlet Dotlet is a free online software
used as a tool for diagonal plotting
of sequences

https://myhits.sib.swiss/cgi-bin/
dotlet

Dotplot(+) Dot-plot(+) software is used to
identify the overlapping portions
of two sequences and to identify
the repeats and inverted repeats of
a particular sequence

http://bip.weizmann.ac.il/
education/materials/gcg/dotplot.
html

Dotter Dotter is a graphical dotplot
program for detailed comparison
of two sequences. It runs on MAC,
Linux, Sun solaris, and Windows
OS

https://sonnhammer.sbc.su.se/
Dotter.html

DRUG DESIGN
APPS FOR SMART
PHONE

A wonderful site that harbors a
number of drug designing
applications for smart mobiles

http://click2drug.org/directory_
Mobile.php

Drug Designing This webpage maintains several
entries to drug designing. One can
learn and make use of these
software/links

https://www.hsls.pitt.edu/obrc/
index.php?page¼drugs_medical

Emboss Align The European Molecular Biology
Open Software Suite (EMBOSS)
“is a free Open Source software
analysis package specially
developed for the needs of the
molecular biology (e.g. EMBnet)
user community.” Some of the
applications are prophet (Gapped
alignment for profiles), infoseq
(Displays some simple
information about sequences),
water (Smith-Waterman local
alignment), pepstats (Protein
statistics), etc.

https://www.ebi.ac.uk/Tools/psa/
emboss_needle/

Ensembl Genome
Browser

“The Ensembl project produces
genome databases for vertebrates
and other eukaryotic species, and
makes this information freely
available online”

https://www.ensembl.org/

Ensembl Variant
Effect Predictor

“This tool takes a list of variant
positions and alleles, and predicts
the effects of each of these on
overlapping transcripts and
regulatory regions annotated in

https://www.ensembl.org/vep
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Ensembl. The tool accepts
substitutions, insertions and
deletions as input”

E-RNAi RNAi construct designer http://e-rnai.org/

EsyPred3D “ESyPred3D is an automated
homology modeling program. The
method gets the benefit of the
increased alignment performances
of an alignment strategy that uses
neural networks”

https://www.unamur.be/sciences/
biologie/urbm/bioinfo/esypred/

ExPASY Resource
Portal

A resource portal supported by
Expert Protein Analysis System
and Swiss Institute of
Bioinformatics for analyzing
bioinformatics data

https://www.expasy.org/

Expasy-Translate
tool

It is an online tool that “allows the
translation of a nucleotide
(DNA/RNA) sequence to a
protein sequence”

https://web.expasy.org/translate/

Expert Protein
Analysis System

“ExPASy is the SIB
Bioinformatics Resource Portal
which provides access to scientific
databases and software tools (i.e.,
resources) in different areas of life
sciences including proteomics,
genomics, phylogeny, systems
biology, population genetics,
transcriptomics etc.”

https://www.expasy.org/

FASTA This server is hosted by the
University of Virginia, USA. It
harbors a multiple online software
for sequence (nucleic acid and
amino acid) comparison, local and
global alignment, hydropathy
plotting, and protein secondary
structure prediction

https://www.ebi.ac.uk/Tools/sss/
fasta/

FastPCR “FastPCR is an integrated tool for
PCR primers or probe design, in
silico PCR, oligonucleotide
assembly and analyses, alignment
and repeat searching.” This
program can be downloaded and
run on PCs

https://primerdigital.com/fastpcr.
html

Galaxy Platform “Galaxy is an open, web-based
platform for data intensive
biomedical research. Whether on
the free public server or your own
instance, you can perform,
reproduce, and share complete
analyses”

https://usegalaxy.org/
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GAS GAS is UNIX or DOS-based
downloadable, command-line
oriented “integrated computer
program designed to automate and
accelerate the acquisition and
analysis of genomic data”

https://
bioinformaticssoftwareandtools.
co.in/bio_tools.php

Gel Compar II (Paid
multimodule, stand-
alone software)

It is a commercial product.
“GelCompar II consists of the
Basic Software and five modules:
Cluster analysis, Identification &
Libraries, Comparative
Quantification and Polymorphism
Analysis, Dimensioning
techniques & Statistics, and
Database Sharing Tools”

https://www.applied-maths.com/
modules-and-features-
gelcompar-ii

Gelcompar II V. 7.1 For analyzing 1D Gel https://www.applied-maths.com/
download/software

Gel-Quant software The “Gel-Quant” software is used
to analyze one-dimensional gel
images. The gel image is saved in
“bitmap” format, following
electrophoresis and scanning the
gel

http://biochemlabsolutions.com/
GelQuantNET.html

GeneFisher “GeneFisher is an interactive
web-based program for designing
degenerate primers.” The
underlying assumption is
“assumption that genes with
related function from different
organisms show high sequence
similarity, degenerate primers can
be designed from sequences of
homologues genes.” This
assumption “leads to isolation of
genes in a target organism using
multiple alignments of related
genes from different organisms”

https://bio.tools/genefisher

GeneCopoeia GeneCopoeia offers
comprehensive tools for
microRNA (miRNA) functional
analysis so researchers can detect,
express, validate, or knockdown
microRNA of interest confidently.
All known human, mouse, and rat
microRNA in miRBase covered

https://www.genecopoeia.com/

geneid “geneid is a program to predict
genes in anonymous genomic
sequences designed with a
hierarchical structure”

https://genome.crg.cat/geneid.
html
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geneinfinity This site contains description and
links to various sites pertaining to
Protein Secondary Structure. It is a
hub for getting a quick look at
several servers and metaservers
that harbor databases and/or tools
for prediction of protein secondary
structures

http://www.geneinfinity.org/

GeneMark GeneMark is a “family of gene
prediction programs developed at
Georgia Institute of Technology,
Atlanta, Georgia, USA”

http://exon.gatech.edu/

Genome
Bioinformatics
Research Lab

The site harbors “geneid” program
which is used to “predict genes,
exons, splice sites and other
signals along a DNA sequence.”
This site is also hyperlinked with
“Gene prediction on whole
genome” which is a “precomputed
whole genome prediction data
sets”

https://corelabs.ku.edu/genomics-
and-bioinformatics-core

Genome Tools “The GenomeTools genome
analysis system is a free collection
of bioinformatics tools (in the
realm of genome informatics)
combined into a single binary
named gt. It is based on a C library
named “libgenometools” which
consists of several modules”

http://genometools.org/

GenomePRIDE 1.0 “GenomePRIDE is primer design
program that designs PCR primers
or long oligos on an annotated
sequence”

http://pride.molgen.mpg.de/
genomepride.html

GENSCAN GENSCAN is a freely available
software used for “identification
of complete gene structures in
genomic DNA.” Genscan can be
used “for predicting the locations
and exon-intron structures of
genes in genomic sequences from
a variety of organisms”

http://hollywood.mit.edu/
GENSCAN.html

Glimmer Glimmer (Gene Locator and
Interpolated Markov ModelER) is
a system for finding genes in
microbial DNA, especially the
genomes of bacteria, archaea, and
viruses. Glimmer uses
interpolated Markov models
(IMMs) to identify the coding
regions and distinguish them from
noncoding DNA

http://www.cbcb.umd.edu/
software/glimmer/glimmer2.
jun01.shtml
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GreenGenes
(16srRNA sequence
Alignment)

The greengenes web application
provides access to the current and
comprehensive 16S rRNA gene
sequence alignment for browsing,
blasting, probing, and
downloading. The data and tools
presented by greengenes can assist
the researcher in choosing
phylogenetically specific probes,
interpreting microarray results,
and aligning/annotating novel
sequences

https://www.ccg.unam.mx/
~vinuesa/Using_the_
GreenGenes_and_RDPII_
servers.html

HHpred Homology detection and structure
prediction by HMM-HMM: used
for sequence database searching
and structure prediction. It is fast
enough and more sensitive in
finding remote homologs. HHpred
performs pairwise comparison of
profile hidden Markov models
(HMMs). It can produce pairwise
query-template sequence
alignments, merged query-
template multiple alignments and
3D structural models calculated by
the MODELLER software from
HHpred alignments

https://toolkit.tuebingen.mpg.de/
tools/hhpred

HMMgene 1.1 web
server

“HMMgene is a program for
prediction of genes in anonymous
DNA.” “The program predicts
whole genes, so the predicted
exons always splice correctly. It
can predict several whole or
partial genes in one sequence, so it
can be used on whole cosmids or
even longer sequences”

http://www.cbs.dtu.dk/services/
HMMgene/hmmgene1_1.php

IDT Antisense
Design

To synthesize antisense oligos for
a specific target sequence of
interest

https://www.idtdna.com/pages/
products/functional-genomics/
antisense-oligos

I-TASSER Online I-TASSER is an online
bioinformatics platform for
predicting protein structure
vis-à-vis function. It has been
developed by Zhang Lab
(University of Michigan). It has
topped in the CASP ranking of
structure prediction during the
years 2007–2010

https://zhanglab.ccmb.med.
umich.edu/I-TASSER/

JALVIEW It is a “multiple alignment editor
written in Java.” It is used in EBI
Clustalw, Pfam protein domain

https://www.jalview.org/
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database; however, it is “available
as a general purpose alignment
editor and analysis workbench”

LALIGN Online free tool for finding local
alignment between two sequences
(provided in stipulated input
format, viz. plain text without
header line, Swiss-Prot ID,
TrEMBL ID, EMBL ID, EST ID,
etc.)

https://embnet.vital-it.ch/
software/LALIGN_form.html

LAMP Designer “LAMP Designer designs efficient
primers for Loop-Mediated
Isothermal Amplification assays,
that amplify DNA and RNA
sequences at isothermal
conditions, eliminating the
necessity of a PCR setup”

https://primerexplorer.jp/e/

MACAW This link enables you to download
Multiple Alignment Construction
and Analysis Workbench
(MACAW) software. This
program is used for “locating,
analyzing, and editing blocks of
localized sequence similarity
among multiple sequences and
linking them into a multiple
alignment”

http://en.bio-soft.net/format/
MACAW.html

MAFFT version 6 “MAFFT is a multiple sequence
alignment program for unix-like
operating systems. It offers a
range of multiple alignment
methods, L-INS-i (accurate; for
alignment of <~200 sequences),
FFT-NS-2 (fast; for alignment of
<~10,000 sequences)”

https://mafft.cbrc.jp/alignment/
software/

Mapper Java platform-based online
software to map the RE sites on a
target sequence

http://www.restrictionmapper.
org/

Meth Primer “MethPrimer is a program for
designing bisulfite-conversion-
based Methylation PCR Primers”

https://www.urogene.org/
methprimer/

MethPrimer It is a very useful site for
designing primers for methylation
PCR (Denatured, single-stranded
DNA (ssDNA) is modified with
sodium bisulfite “followed by
PCR amplification using two pairs
of primers, with one pair specific
for methylated DNA; the other
unmethylated DNA”)

https://www.urogene.org/
methprimer/
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mgene “mGene is a computational tool
for the genome-wide prediction of
protein coding genes from
eukaryotic DNA sequences”

http://mgene.org/

miRNa Body map
(Human)

The microRNA body map is a
repository of RT-qPCR miRNA
expression data and functional
miRNA annotation in normal and
diseased human tissues

https://sites.google.com/site/
mirnatools/mirna-databases

miRNA Target Gene
Prediction

This website provides access to
2003 and 2005 miRNA-Target
predictions for Drosophila
miRNAs

http://www.mirbase.org/help/
targets.shtml

miRNA Targets and
Expression db

Predicted microRNA targets and
target downregulation scores.
Experimentally observed
expression patterns

http://mirdb.org/

miRNAMap miRNAMap 2.0 is a collection of
“experimental verified
microRNAs and experimental
verified miRNA target genes in
human, mouse, rat, and other
metazoan genomes”

http://mirnamap.mbc.nctu.edu.
tw/

Mobyle 1.5 This site maintains a number of
online bioinformatics programs
(assembly, database, display,
hmm, phylogeny, protein,
sequence, structure, etc.),
workflows (alignment, db,
phylogeny), and tutorial

http://www.mybiosoftware.com/
mobyle-1-0-4-integration-
bioinformatics-software-
databanks.html

Modbase It is a database for “comparative
protein structure models.” The
pipeline used is ModPipe

https://modbase.compbio.ucsf.
edu/

MODELLER The homology modeling of
Protein 3D structures can be done
using downloadable software
“MODELLER.” It can also be
used for the following protein
structure-based applications:
databases search for amino acid
sequences, sequence and
structural alignments clustering,
de novo modeling of structural
loops, model-optimization against
user-defined objective function,
and so on

https://salilab.org/modeller/

Mol. Modelling
Database (MMDB)

It harbors “experimentally
resolved structures of proteins,
RNA, and DNA, derived from the
Protein Data Bank (PDB), with

https://www.ncbi.nlm.nih.gov/
Structure/MMDB/mmdb.shtml
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value-added features such as
explicit chemical graphs,
computationally identified 3D
domains (compact substructures)
that are used to identify similar 3D
structures, as well as links to
literature, similar sequences,
information about chemicals
bound to the structures”

Molecular Evolution
Genetics Analysis (v.
5.1 beta)

A handy package for analyzing
sequence data for pair-wise and
multiple sequence alignment,
phylogenetic tree (include
neighbor-joining, maximum
parsimony, UPGMA, maximum
likelihood and minimum
evolution based) construction, and
estimation of evolutionary
parameters

https://www.ncbi.nlm.nih.gov/
pmc/articles/PMC3203626/

MS Utils Maintains links to several
platforms, pipelines, libraries,
software for visualization as well
as software for proteomic data
analysis

https://ms-utils.org/

NEB Cutter This software is RE site mapper,
hosted by New England Biolabs

http://nc2.neb.com/NEBcutter2/

NetPrimer It is an efficient primer analysis
software that can be used for
determining the features of the
secondary structures of the
generated primer sequences

http://www.premierbiosoft.com/
netprimer/

NRSP-
8 Bioinformatics
Online Tools

Explores and utilizes several
bioinformatics tools

https://www.animalgenome.org/

Oligo Analyzer
Version 3.1 (IDT)

The secondary structures
produced by the primer(s) can be
checked, and the Gibbs free
energy required to produce these
structures can be calculated using
online Oligo Analyzer Version 3.1
(of IDT)

https://www.idtdna.com/pages/
tools/oligoanalyzer

Oligo Tm
Determination

Calculates the melting
temperature of the oligos

https://worldwide.promega.com/
resources/tools/biomath/tm-
calculator/

Oligo.Net “OLIGO Primer Analysis
Software is the essential tool for
designing and analyzing
sequencing and PCR primers,
synthetic genes, and various kinds
of probes including siRNA and

https://www.oligo.net/
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molecular beacons. Based on the
most up-to-date nearest neighbor
thermodynamic data, Oligo’s
search algorithms find optimal
primers for PCR, including
TaqMan, highly multiplexed,
consensus or degenerate primers.
Multiple file batch processing is
possible. It is also an invaluable
tool for site directed mutagenesis”

Oligonucleotide
Properties Calculator

Calculates base-count,
thermodynamic properties (ΔS
and ΔH ), Tm, and GC% values of
a given oligo

http://biotools.nubic.
northwestern.edu/

Oligos 6.2 “The program helps to design
primer combinations given one
fixed primer”

https://www.oligo.net/

ORF Finder “The ORF Finder (Open Reading
Frame Finder) is a graphical
analysis tool which finds all open
reading frames of a selectable
minimum size in a user’s sequence
or in a sequence already in the
database”

https://www.ncbi.nlm.nih.gov/
orffinder/

PCR PRIMER
DESIGN AND
REACTION
OPTIMISATION

It is a very useful site to learn
about the pros and cons of factors
affecting PCR

http://www.mcb.uct.ac.za/mcb/
resources/pcr/primer

PEDANT “The pedant genome database
provides exhaustive automatic
analysis of genomic sequences by
a large variety of bioinformatics
tools”

http://pedant.gsf.de/

Peptide Mass This online tool of ExPASy
“PeptideMass cleaves a protein
sequence from the UniProt
Knowledgebase (Swiss-Prot and
TrEMBL) or a user-entered
protein sequence with a chosen
enzyme, and computes the masses
of the generated peptides. The tool
also returns theoretical isoelectric
point and mass values for the
protein of interest”

https://web.expasy.org/peptide_
mass/

Phylogeny Inference
Package

“PHYLIP is a free package of
programs for inferring
phylogenies. It is distributed as
source code, documentation files,
and a number of different types of
executables”

https://evolution.genetics.
washington.edu/phylip.html
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PHYRE2 Protein Homology/AnalogY
Recognition Engine (PHYRE) is a
non-commercial, very popular
online protein structure prediction
(homology modeling) server. The
user friendly GUI is very helpful
for the novice in the field of
protein structure prediction

http://www.sbg.bio.ic.ac.uk/
phyre2

Prediction of miRNA
Targets (Mammals)

The tool “searches for predicted
microRNA targets in mammals”

http://www.targetscan.org/

Primer Premier Primer Premier is one of the “most
comprehensive software to design
and analyze PCR primers.”
Primers can be designed for
standard PCR, SNP genotyping
assays, multiplexing assays, along
with checking the secondary
structures of the designed primers

http://www.premierbiosoft.com/
primerdesign/

Primer3 (version 0.
4.0)

It is a freely available online
software for designing primers
and probe from a DNA sequence.
It is a very popular software due to
availability of several parameters
to design primers with high
specificity and accuracy

http://bioinfo.ut.ee/primer3-0.4.0/

PrimerBLAST Extensively used for designing
primer and checking the
specificity of a given primer

https://www.ncbi.nlm.nih.gov/
tools/primer-blast/index.cgi

PrimerQuest Online primer designing tool
provided by IDT

https://www.idtdna.com/
primerquest/home/index

Primo Degenerate3.4 “Primo Degenerate 3.4 designs
PCR primers based on a single
peptide sequence or multiple
alignments of proteins or
nucleotides. For degenerate
primers, the probability of binding
to the target is proportional to the
effective concentration of the
specific primer”

http://www.changbioscience.
com/primo/primo.html

Primo Pro 3.2 It is another online primer
designing software. Its notable
feature is that it can reduce
background noise by exercising
check on mispriming on
non-target DNA sequence. It also
“introduces a batch mode option
for high throughput PCR primer
design”

http://www.changbioscience.
com/primo/dihowto.html

Primo Pro 3.4 A java-enabled online primer
designing tool

http://www.changbioscience.
com/primo/primo.html
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Promoter 2.
0 Prediction Server

Promoter2.0 predicts transcription
start sites of vertebrate PolII
promoters in DNA sequences. It
has been developed as an
evolution of simulated
transcription factors that interact
with sequences in promoter
regions. It builds on principles that
are common to neural networks
and genetic algorithms

http://www.cbs.dtu.dk/services/
Promoter/

PROMOTERS &
TERMINATORS

This site maintains links for
different software and tools (viz.
PromScan, SCOPE, Promoser,
Arnold, WebGesTer) for
scanning, predicting promoters
and transcription terminators in
Eukaryotes and Prokaryotes

https://molbiol-tools.ca/
Promoters.htm

Protein Data Bank PDB is an “information portal to
biological macromolecular
structure.” “The PDB archive
contains information about
experimentally-determined
structures of proteins, nucleic
acids, and complex assemblies”

https://www.rcsb.org/

Protein Tertiary
Structure

This site contains links to several
software for “calculating and
displaying the 3-D structure of
oligosaccharides and proteins.
With the two protein analysis sites
the query protein is compared with
existing protein structures as
revealed through homology
analysis”

https://molbiol-tools.ca/Protein_
tertiary_structure.htm

ProtParam “ProtParam is a tool which allows
the computation of various
physical and chemical parameters
for a given protein stored in
Swiss-Prot or TrEMBL or for a
user entered sequence. The
computed parameters include the
molecular weight, theoretical pI,
amino acid composition, atomic
composition, extinction
coefficient, estimated half-life,
instability index, aliphatic index
and grand average of
hydropathicity (GRAVY)”

https://web.expasy.org/
protparam/

Protscale “ProtScale allows you to compute
and represent the profile produced
by any amino acid scale on a
selected protein”

https://web.expasy.org/protscale/

(continued)

96 A. Ahmad et al.

http://bioinformaticssoftwareandtools.co.in/click_me.php?id=105
http://bioinformaticssoftwareandtools.co.in/click_me.php?id=105
http://www.cbs.dtu.dk/services/Promoter/
http://www.cbs.dtu.dk/services/Promoter/
http://bioinformaticssoftwareandtools.co.in/click_me.php?id=140
http://bioinformaticssoftwareandtools.co.in/click_me.php?id=140
https://molbiol-tools.ca/Promoters.htm
https://molbiol-tools.ca/Promoters.htm
http://bioinformaticssoftwareandtools.co.in/click_me.php?id=103
https://www.rcsb.org/
http://bioinformaticssoftwareandtools.co.in/click_me.php?id=326
http://bioinformaticssoftwareandtools.co.in/click_me.php?id=326
https://molbiol-tools.ca/Protein_tertiary_structure.htm
https://molbiol-tools.ca/Protein_tertiary_structure.htm
http://bioinformaticssoftwareandtools.co.in/click_me.php?id=449
https://web.expasy.org/protparam/
https://web.expasy.org/protparam/
http://bioinformaticssoftwareandtools.co.in/click_me.php?id=438
https://web.expasy.org/protscale/


Tool Description Link

QUARK Online It is online software that applies
QUARK algorithm for ab initio
protein folding vis-à-vis structure
prediction. It is another eminent
online tool of Zhang lab that has
secured esteemed ranking in
CASP

https://zhanglab.ccmb.med.
umich.edu/QUARK/

RaptorX Another efficient protein structure
prediction server that predicts the
secondary and 3D protein
structure. Besides, it also predicts
solvent accessibility and
disordered regions, and assigns
the following confidence scores to
indicate the quality of a predicted
3D model. It has been developed
by Xu Group of Toyota
Technological Institute at
Chicago. RaptorX-Binding,
another tool available in the
homepage of RaptorX, is used for
model-assisted protein binding
site prediction

http://raptorx.uchicago.edu/

RASMOL RasMol is a molecular
visualization tool for protein in
3-dimension

http://www.openrasmol.org/

RASMOL Home
page

“This site is provided for the
convenience of users of RasMol
and developers of open source
versions of RasMol”

http://www.openrasmol.org/

RE specific primer
designing

“PCR Designer for Restriction
Analysis of Sequence Mutations”

ReadSeq-Sequence
Format Conversion
Tool

Online tool for conversion of
sequence format

https://www.ebi.ac.uk/Tools/sfc/
readseq/

RestrictionMapper Online, freely available tool for
mapping restriction endonuclease
sites on a DNA sequence

http://www.restrictionmapper.
org/

RNAfold The RNAfold web server will
predict secondary structures of
single-stranded RNA or DNA
sequences. Current limits are
7500 nt for partition function
calculations and 10,000 nt for
minimum free energy only
predictions

http://rna.tbi.univie.ac.at/cgi-bin/
RNAWebSuite/RNAfold.cgi

RNAhybrid RNAhybrid is a tool for finding
the minimum free energy
hybridization of a long and a short
RNA

https://bibiserv.cebitec.uni-
bielefeld.de/rnahybrid/
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RNAi Atlas RNAiAtlas provides a siRNA
oligonucleotide data from
different sources and companies
like Dharmacon (ThermoFisher),
Qiagen, and Ambion, esiRNA for
humans, and visualizes
interactions between siRNA oligo
and predicted off-target

https://www.hsls.pitt.edu/obrc/
index.php?page¼rna_
interference

RNAi Explorer-
GeneLink-siRNA

A designing tool for siRNA https://www.genelink.com/sirna/
RNAicustomorder.asp

Robetta Robetta (Beta Version) of Baker
Lab, Washington, USA, is a full-
chain protein structure prediction
tool. It can be used both for ab
initio and comparative approaches
for protein structure prediction

https://robetta.bakerlab.org/

SANBI Tools An array of online tools (dPORE-
miRNA, TcoF, PROMEX, etc.)
are available which are maintained
by South African National
Bioinformatics Institute

https://www.sanbi.org/resources/
infobases/some-tools-developed-
in-sanbi-for-use-in-biodiversity-
research/

SDSC Biology
Workbench

“The Biology WorkBench is a
web-based tool for biologists. The
WorkBench allows biologists to
search many popular protein and
nucleic acid sequence databases.
Database searching is integrated
with access to a wide variety of
analysis and modeling tools, all
within a point and click interface
that eliminates file format
compatibility problems”

http://workbench.sdsc.edu/

Secondary Structure
Prediction Tools

“These are a collection of protein
secondary structure analysis and
information sites”

http://www.compbio.dundee.ac.
uk/jpred/

Sequence
Manipulation Suite-2

A suite available for almost all
possible manipulation work that
can be done with a given DNA or
amino acid sequence, viz. Format
change, Sequence splitting, CpG
island detection, ORF finding,
Pair-wise alignment,
RE-Digestion, in silico mutation,
etc.

https://www.bioinformatics.org/
sms2/

sgRNA Designer This tool ranks and picks
candidate CRISPRko sgRNA
sequences for the targets provided,
while attempting to maximize
on-target activity and minimizing
off-target activity

http://www.broadinstitute.org/
rnai/public/analysis-tools/sgrna-
design
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Tool Description Link

sgRNAcas9 The BiooTools (Biological Online
Tools) website is devoted to
provide services to assist
researchers design specific and
efficient CRISPR sgRNA, primer
pairs for detecting small ncRNA
expression, such as miRNA,
piRNA, and siRNA

http://www.biootools.com/

SIDDbase 1.0a.ws1 “SIDDbase-WS is a SOAP based
Web Service” that “provides
interoperable access to the SIDD
software, and access to the
repository of stored results from
calculations previously performed
on complete bacterial genomes”

https://
bioinformaticssoftwareandtools.
co.in/bio_tools.php

siDesign-Thermo
Scientific

The siDESIGN Center is an
advanced, user-friendly siRNA
design tool, which significantly
improves the likelihood of
identifying functional siRNA.
One-of-a-kind options are
available to enhance target
specificity and adapt siRNA
designs for more sophisticated
experimental design

http://www.thermofisher.com/
order/genome-database/browse/
sirna/keyword/siDESIGN+center

SIM4 A stand-alone program designed
to run on Unix-based system. It is
used for aligning an expressed
DNA sequence with a genomic
sequence, allowing for introns

http://nebc.nox.ac.uk/
bioinformatics/docs/sim4.html

SIMPA96 Secondary
Structure Prediction

An online tool to predict
secondary structure of protein

https://npsa-prabi.ibcp.fr/NPSA/
npsa_simpa96.html

SimVector It is “an exceptional tool for
drawing publication and vector
catalog quality plasmid maps,
carrying out restriction analysis
and designing cloning
experiments”

https://simvector.net/

siRNA Design: How
to

A short introduction to siRNA
Designing Steps

https://www.rnaiweb.com/RNAi/
siRNA_Design/

siRNA Designing-
BOCK-iT RNAi
Designer

Online siRNA designing tool from
Invitrogen

https://rnaidesigner.thermofisher.
com/

siRNA Wizard v. 3.1 InvivoGen’s siRNAWizard™ is a
software designed to help you
select siRNA/shRNA sequences
targeting your gene(s) of interest.
This program selects siRNA/
shRNA sequences that match
criteria suggested by studies of

https://www.invivogen.com/
sirnawizard/
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RNA interference and which will
have the best expression rate in
psiRNA vectors

SOPMA It is an online protein Secondary
structure prediction tool

https://npsa-prabi.ibcp.fr/NPSA/
npsa_sopma.html

Splice Predictors A method to identify potential
splice sites in (plant) pre-mRNA
by sequence inspection using
Bayesian statistical models

http://www.phenosystems.com/
www/index.php/links-to-various-
tools-and-information/splice-
prediction-tools

Statistical Analysis of
Protein Sequences
(SAPS)

It performs several statistical
analysis of the physiochemical
properties and other features of the
protein sequence, viz.
compositional analysis, charge
distributional analysis,
distribution of other amino acid
types, repetitive structures,
multiplets, periodicity analysis

https://www.ebi.ac.uk/Tools/
seqstats/saps/

Structural
Bioinformatics
Group

This is the structural
bioinformatics-related page
maintained by Imperial College
London. This site can be used for
several purposes, viz. “analysis of
protein structure and function with
the aim of deriving evolutionary
insights, modelling and
comparison of biology networks
to provide insights into Systems
Biology, modelling of the activity
and toxicity of small molecules as
an aid to the design of novel
drugs”

http://bioinformatics.charite.de/

Structural Biology
Software Database

Harbors links to several software
for docking

https://www.ks.uiuc.edu/
Development/biosoftdb/

Swiss Institute of
Bioinformatics

“The SIB Swiss Institute of
Bioinformatics is an academic,
non-profit foundation recognised
of public utility.” SIB “provides
high quality bioinformatics
services to the national and
international research
community”

https://www.sib.swiss/

T-coffee Tree-based Consistency Objective
Function For alignment
Evaluation (T-Coffee) is another
popular multiple sequence
alignment program, developed by
Cedric Notredame, CRG Centro
de Regulacio Genomica
(Barcelona). It allows combining

https://www.ebi.ac.uk/Tools/
msa/tcoffee/
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results obtained from several
alignment methods. The URL is
http://www.ebi.ac.uk/Tools/msa/
tcoffee/. The default output format
is Clustal, while it accepts
sequences in PIR and FASTA
format

The PCR Suite It is an online primer designing
software, hosted by UCSC, that
allows users to design primers
specific to various types of
templates, viz. overlapping
amplicons on a template, primers
around SNP (in a GenBank),
primers flanking exons and cDNA

http://pcrsuite.cse.ucsc.edu/

Translate a DNA
Sequence

It is a Java-based free online
software, to translate a given input
DNA sequences and display one
(at a time) of the six possible
reading frames according to the
selection made by the user. It also
displays the graphical output for
all the six reading frames together

https://web.expasy.org/translate/

UCSC Human
Genome Browser

It is an interactive genome
browser dedicated to human
genome sequence

https://genome.ucsc.edu/

UnaFold The likelihood of secondary
structure formation by the single-
stranded target is checked by
UnaFold software of IDT (freely
available online)

http://unafold.rna.albany.edu/

Uniprime2 It is a website for universal primer
designing

https://bio.tools/uniprime2

User:Jarle Pahr/:
Bioinformatics

This page harbors several “links
and notes regarding
bioinformatics.” This is a very
useful link since a user can get link
to almost all aspects of
bioinformatics resources

https://openwetware.org/wiki/
User:Jarle_Pahr/Bioinformatics

VBI resources This site of Virginia
Bioinformatics Institute maintains
several tools for bioinformatics
analysis, viz. “Analysis of
Dynamic Algebraic Models,”
“Complex Pathway Simulator,”
“Genome Reverse Compiler,” etc.

https://www.thevillagefamily.
org/content/vbi-resources

VLS3D This page maintains a “list of in
silico drug design online services,
standalone and related databases.
It is maintained by

https://www.vls3d.com/
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Dr. B. Villoutreix, research
director at the French National
Medical Research Institute
(Inserm)”

Web Primer A simple tool for primer designing
for PCR or sequencing

http://www.candidagenome.org/
cgi-bin/compute/web-primer

Webcutter 2.0 Another RE site detection
software (online, free) for linear
and circular DNA

https://www.hsls.pitt.edu/obrc/
index.php?
page¼URL1043859576

Webgene This site maintains several online
“tools for prediction and analysis
of protein-coding gene structure”

https://www.itb.cnr.it/webgene/

WGE A website that provides tools to
aid with genome editing of human
and mouse genomes

http://www.sanger.ac.uk/htgt/
wge/

WHAT IF What If “is a versatile molecular
modelling package that is
specialized on working with
proteins and the molecules in their
environment like water, ligands,
nucleic acids, etc.” The web
interface provides a number of
tools, viz. Structure validation,
Residue analysis, Protein analysis,
2-D graphics, 3-D graphics,
Hydrogen (bonds), Rotamer
related, Docking, Crystal
symmetry, mutation prediction,
etc.

https://swift.cmbi.umcn.nl/
whatif/WIF1_4.html

YASARA Yet Another Scientific Artificial
Reality Application (YASARA) is
used for predicting the rotamers
(protein side chain conformations)
starting with single point
mutations to complete homology
models of proteins

http://www.yasara.org/
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Appendix 2: List of Commercial and Non-profit Sources
of CRISPR/Cas Reagents

Resource Description Link

Addgene CRISPR plasmids A collection of CRISPR
plasmids and reagents

http://www.
addgene.org/
CRISPR/

Beam Therapeutics: Upleveling
CRISPR’s Precision by Targeting
Specific Bases

Beam Therapeutics, a company
co-founded recently by leading
CRISPR researchers Feng
Zhang, David Liu, and J. Keith
Young, is developing more
precise versions of the CRISPR
technology which can
effectively swap one base for
another in the genome without
cutting the DNA or RNA

https://beamtx.com/

Caribou Biosciences: Using
CRISPR to Impact Several
Industries

Caribou Biosciences
(@CaribouBio) is one of the
companies using CRISPR
technology developing tools that
provide transformative
capabilities to therapeutics,
biological research, agricultural
biotechnology, and industrial
biotechnology

https://cariboubio.
com/

CRISPR Kits Synthego’s CRISPR kits offer
economical access to fully
synthetic RNA for high fidelity
editing and increased precision
in genome engineering

https://www.
synthego.com/
products/crispr-kits

CRISPRflydesign (Bullock Lab) Offers Cas9 transgenic stocks http://www.
crisprflydesign.org/

Editas Medicine: Using CRISPR to
Target Point Mutations in Serious
Genetic Disorders

Editas Medicine (@editasmed)
is targeting mutations that cause
serious genetic diseases and
hopes to modify and fix these
gene mutations using CRISPR

https://
editasmedicine.com/

eGenesis: Using CRISPR to
Improve Organ Transplants

eGenesis (@eGenesisBio) is
pioneering an especially
interesting application of
CRISPR-Cas9 technology in the
field of human therapeutics. This
company is reviving the idea of
xenotransplantation, i.e.,
animal-to-human organ
transplants

https://www.
egenesisbio.com/

FlyCas9 (Ueda Lab) Provides reagents, protocols,
and online tools for genome
engineering by the designer
nuclease Cas9 in Drosophila

http://www.shigen.
nig.ac.jp/fly/nigfly/
cas9/index.jsp
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flyCRISPR (O’Connor-Giles Lab,
Wildonger Lab, and Harrison Lab)

Fly CRISPR resources http://flycrispr.
molbio.wisc.edu/

Goldstein Lab CRISPR A genome engineering resource
for the Caenorhabditis elegans
research community

http://wormcas9hr.
weebly.com/

Inari Agriculture: Using CRISPR to
Develop “Customized Seeds”

Inari Agriculture is an agro-
biotechnology company that is
revolutionizing the agricultural
industry through
transformational plant breeding
technology. Inari uses CRISPR
technology to develop seeds
with traits optimized to grow
best in local conditions

https://www.inari.
com/

Inscripta: Increasing CRISPR’s
Reach

Inscripta (@InscriptaInc) is a
Colorado-based CRISPR
biotech company that is
revolutionizing commercially
available CRISPR-associated
nucleases. Inscripta’s next-
generation CRISPR nucleases
include natural and synthesized
versions of “MADzymes,” a
nomenclature inspired by the
biodiversity found on the island
of Madagascar

https://www.
inscripta.com/

Intellia Therapeutics: Using
Genome Editing for Personalized
Disease Treatment

Intellia Therapeutics
(@intelliatweets) aims to
produce a new class of
therapeutic products using a
simplified manufacturing
process. The company develops
CRISPR-based solutions for
personalized and curative
treatments, and its current
in vivo studies are focused on
the use of Lipid Nanoparticles
(LNPs) for delivery of the
CRISPR/Cas9 complex to the
liver

https://www.
intelliatx.com/

Joung Lab CRISPR A genome engineering resource
for zebrafish research
community

http://www.crispr-
cas.org/

Ligandal: Establishing the CRISPR
Delivery System

Ligandal (@ligandal), one of the
companies using CRISPR based
in San Francisco, has developed
new technology which
streamlines the in vivo delivery
mechanisms for CRISPR, RNA,
and other genetic tools. Ligandal
has developed next-generation,

https://www.
ligandal.com/
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non-viral protein-based
biomaterials to effectively
deliver gene therapy materials

Mammoth Biosciences: Using
CRISPR to Advance Clinical
Diagnostic

Mammoth Biosciences
(@mammothbiosci) has
capitalized on CRISPR’s unique
ability to accurately find and
bind to specific sequences of
DNA. This company has created
the first CRISPR-mediated
platform for human disease
detection. Their innovative point
of care test allows for easy and
affordable multiplexed detection
of RNA/DNA sequences
associated with disease

https://mammoth.
bio/

NTrans: Helping CRISPR Edit All
Cell Types

NTrans Technologies
(@NtransTech), a CRISPR
technology company based in
the Netherlands, is working to
ensure genome engineering can
be performed in all cell types.
NTrans pioneered a cellular
uptake mechanism which
circumvents the problems with
delivery of CRISPR components
for therapeutic purposes

https://www.
ntranstechnologies.
com/

OxfCRISPR (Liu Lab) Oxford Fly CRISPR Resources http://www.
oxfcrispr.org/

Pairwise Plants: Using CRISPR to
Grow New Varieties of Crops

Pairwise Plants (@PairwisePL)
intends to create new crops and
modify existing ones using gene
editing technology such as
CRISPR. The goal is to also
assist farmers by providing them
with new varieties of crops that
require less resources to grow

https://pairwise.com/

Plantedit: Increasing the Worldwide
Food Supply using CRISPR

Plantedit (@plantedit) is an
Ireland-based CRISPR startup
company aiming to produce
“DNA-free” non-transgenic
sustainable plant products in an
attempt to introduce genome
editing to food supply
enhancement in a regulatory-
free manner. The company
focuses on creating modified
plants that do not contain any
foreign genetic material with a
goal to meet the ever-increasing
demand for “designer” crops

http://plantedit.com/
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