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ABSTRACT

Characterization and Application of CRISPR/Cas Systems for Virus
Interference and Diagnostics
Ahmed Mahas

The development of molecular tools that enable precise manipulation and control of
biological systems would allow for a broader understanding of cellular functions and
applications in biotechnology, synthetic biology, and therapeutic research. The discovery
of CRISPR/Cas systems and the understanding and repurposing of their mechanisms have
revolutionized the field of molecular biology. Here, I identified and characterized novel
CRISPR/Cas systems and applied them for different in vivo and in vitro applications.
In this work, I interrogated various Cas13 effector proteins and identified the most efficient
Cas13 effector (CasRx) for in planta applications. I adapted CasRx to engineer plant
immunity against different plant RNA viruses. CasRx showed robust activity and
specificity against RNA viruses, demonstrating its suitability for studying key questions
relating to virus biology. To expand the Cas13 toolbox and enable new applications, I
performed a homology search of Cas13 enzymes in prokaryotic genomes and
metagenomes, and identified previously uncharacterized, novel CRISPR/Cas13 effector
proteins. I first identified and functionally characterized a small size, miniature Cas13
effector (named here as mCas13) and combined it with isothermal amplification to develop
a simple and sensitive CRISPR-based SARS-CoV-2 diagnostic platform. In addition, I
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discovered and biochemically characterized the first known thermostable Cas13 proteins
and showed that these thermostable proteins are phylogenetically related. I harnessed the
unique features of these thermostable enzymes to develop the first one-pot, RT-LAMP
coupled Cas13-based nucleic acid detection assay, which was utilized for highly sensitive,
specific, and easily programmable detection of SARS-CoV-2 and other viruses.
Lastly, I utilized CRISPR/Cas12a to develop a detection assay of plant ssDNA
geminiviruses with easy-to-interpret visual readouts, making it suitable for point-of-use
applications. In addition, I leveraged the self vs. non-self-discrimination and pre-crRNA
processing capabilities of CRISPR/Cas12a, with the allosteric transcription factors (aTFs)regulated expression of CRISPR array to engineer a field-deployable small molecule
detection platform. I demonstrated the ability of the developed platform to detect different
tetracycline antibiotics with high sensitivity and specificity.
In conclusion, my work demonstrates that the discovery and characterization of
programmable nucleic acid targeting systems could enable their utility for biotechnological
innovations, including technologies for inhibition of viral replication and diagnostics.
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Chapter 1

Introduction
1.1 Genome engineering and targeted DNA modification
Precise genetic manipulation of living cells via the introduction of controlled, targeted
alterations in specific genomic sequences is an important goal with implications for fields
ranging from functional biology to biotechnology and medicine [1, 2]. Genome editing has
enabled broad advances and novel approaches in studies of gene function and structure. In
plants, targeted genome editing has enormous potential for facilitating the analysis of gene
function and uncovering and developing novel traits for crop improvement and sustainable
agriculture [3]. A great advance in the field of plant genome engineering was made by the
discovery that Agrobacterium tumefaciens is a natural genetic engineer that introduces a
piece of its own DNA into the plant genome. This bacterium causes crown gall disease and
contains a Ti-plasmid that it injects into the plant cell, where it gets integrated into the plant
genome. Engineering of Ti- plasmid-derived “binary vectors” that can replicate in E. coli
and Agrobacteria, and integrate into plant genomes, provided the basis for plant genome
engineering and biotechnology.

Precise genome modification relies on the induction of DNA double-strand breaks (DSBs)
at a targeted genomic locus and the subsequent repair mechanism, which is mediated by
the two major repair pathways, the error-prone non-homologous end joining mechanism
and the precise homology-directed repair mechanism, both of which can be harnessed to
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achieve the desired genome engineering outcome [4]. Significant progress has been made
in developing genome-engineering technologies that can efficiently produce DNA
modifications that were previously believed to be beyond the reach of technology. The use
of various programmable, site-specific nucleases, including zinc finger (ZF) nucleases and
transcription activator-like effector nucleases (TALENs), capable of precisely generating
DNA DSBs has accelerated targeted genome engineering in a wide range of cell types and
organisms, including plants [5]. However, as ZFs and TALEs recognize specific DNA
sequences through protein–DNA interactions, each new target requires arduous protein
design and construction, which has proven to be challenging and resource intensive [1].
The requirement for protein engineering for every single gene target and the inability to
simultaneously target multiple genes have been major limitations in the usefulness and
application of ZFs and TALEs.

1.2 Importance of Transcriptional and post-transcriptional regulation:
Given that RNA is involved in nearly all cellular processes, in vivo manipulation of
endogenous RNAs would allow for a broader understanding of cellular functions and
applications in biotechnology, synthetic biology, and therapeutic research. Gene
expression and its regulation is critical for many essential cellular processes, ranging from
genome replication and repair, to cell division, developmental processes, cell fate
decisions, and cell death. The ability to manipulate gene expression in a specific and
precise manner has important implications for many areas of therapeutics and research. In
addition, DNA editing leads to permanent modifications within the genome; therefore,
controlling gene expression at the transcriptional and post-transcriptional level represents
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an attractive and potentially safer alternative, especially for clinical and therapeutic
applications. Despite the significant progress that has been made in developing genomeengineering technologies that can efficiently produce DNA modifications, precise
manipulation of transcription and post-transcriptional processes has remained challenging.
Developing precise, efficient molecular tools to alter the transcriptome holds great promise
for biotechnology and synthetic biology applications.

1.3 Transcriptional regulation at the DNA level:
To manipulate transcription, research efforts have focused on developing synthetic
transcription factors that can be engineered to precisely alter the level of specific
transcripts. Naturally existing transcription factors typically consist of DNA-binding
domains and transcriptional activation or repression domains that can turn the expression
of target genes on or off, respectively. DNA binding domains of diverse natural
transcriptional repressors, such as the TetR family, the Lac operator repressor, and LexA
proteins, have been used to regulate eukaryotic genes [6-8]. However, an alternative and
elegant strategy has emerged that relies on engineering DNA binding domains to bind to
any user-defined DNA sequence. Two classes of proteins have been shown to be amenable
for engineering customizable DNA-binding proteins: zinc finger arrays (ZFs) and
transcription activator-like effectors (TALEs) [9-14]. Conceptually, engineering a
transcription factor to bind to a specific DNA sequence was the key to developing synthetic
and programmable transcriptional regulators. Fusions of transcriptional regulatory
domains (e.g. transcriptional activators or repressors) to the DNA-binding domains of ZFs
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and TALEs made it feasible to generate synthetic programmable transcriptional regulators
for targeted gene regulation [15-20].

1.4 Post-transcriptional regulation at the RNA level, targeting the RNA message:
The aforementioned technologies represent robust methods for regulating gene expression
at the level of DNA transcription. DNA-based transcriptional regulation, however, must
overcome several hurdles to achieve the desired outcome. For example, the compact
structure of eukaryotic genomes and the presence of DNA-bound proteins may inhibit
programmable transcriptional regulators of binding to the targeted gene. Furthermore,
since alternative splicing is crucial for the diversity of the eukaryotic transcriptome and
proteome, repressing gene expression at the DNA level leads to the elimination of all
possible splicing isoforms, thus hampering efforts to probe the functions of certain splice
variants and causing unpredicted phenotypic consequences. Given the widespread
functions of RNA in different cellular processes, it is increasingly important to manipulate
endogenous RNAs in a specific and precise manner. Several effective technologies for
targeting and controlling the activity of cellular transcripts at the post-transcriptional level
have been developed, including RNA interference (RNAi) and RNA-binding proteins.
Each technique, however, has unique limitations.

1.5 RNA interference:
RNAi is an innate mechanism that protects against endogenous and exogenous parasitic
genetic elements and regulates the expression of endogenous genes [21]. The silencing
relies on small RNAs to guide cellular machinery to homologous sequences for
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degradation. These small interfering RNAs (siRNAs) originate from long precursor
dsRNAs that can be derived from endogenously encoded sequences (e.g.: microRNAs), or
from exogenous sources such as viruses or experimentally introduced nucleic acids [2124]. In the cytoplasm, dsRNAs associate with the RNA-induced silencing complex (RISC)
where the two strands are separated and one strand directs the complex to homologous
regions in target messenger RNAs, leading to the degradation or inhibition of mRNA
translation and specific gene silencing (Figure 1.1) [25]. The discovery of RNAi opened
up a new frontier in RNA regulation and has been exploited as an invaluable technology
for gene silencing in various fields and applications [22, 26]. The substantial advantage of
RNAi technology lies in its specificity, which is due to Watson-Crick base pairing
interactions between the experimentally introduced dsRNA and the target RNA. This
specificity can be controlled and reprogrammed, making the technology both simple to use
and effective against an almost unlimited choice of targets. Although RNAi has long been
used as a powerful tool for specific gene silencing, concerns about its stability, efficiency,
specificity, and reproducibility have limited its use in many biological systems and
downstream applications [27, 28]. Moreover, the RNAi machinery must be conserved in
the biological system of interest.
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Figure 1.1: The mechanism of RNA interference. The mechanism of RNA interference
and strategies for generating siRNAs. The RNA silencing mechanism relies on small
interfering RNAs (siRNAs) to guide cellular machinery to homologous sequences, leading
to their degradation and silencing. siRNAs originate from long dsRNA precursors that can
be derived from endogenous or exogenous sources. Endogenous micro-RNAs (miRNAs)
are initially transcribed as primary miRNAs (not shown) that are processed in the nucleus
into pre-miRNAs, and subsequently exported to the cytoplasm, where they are processed
by the Dicer enzyme (yellow) into 21–23 nt double-stranded siRNAs. Alternatively,
siRNAs can be supplied exogenously as short (~ 21-mer) dsRNAs or long dsRNAs via
experimental manipulation or viral RNA. Similar to the pre-miRNAs, long dsRNAs are
processed in the cytoplasm by Dicer, generating siRNAs. siRNAs are incorporated into the
multicomponent RNA-induced silencing complex (RISC) (blue), where the siRNA duplex
is unwound and the guide (anti-sense) RNA strand assembles into the RISC complex. The
guide siRNA directs RISC to bind to and degrade complementary mRNA targets through
the activity of Argonaute 2 (AGO2) proteins (pink), leading to specific silencing of the
target gene. Adapted from Mahas et al. 2018 [29].
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1.6 Sequence-specific RNA-binding proteins:
In cells, RNAs are usually associated with diverse, yet specific, RNA-binding proteins
(RBPs), forming ribonucleoproteins. These proteins are important for various RNA
processes within cells, such as pre-mRNA processing, RNA stability, biogenesis, transport,
function, cellular localization, and catalytic activities [30]. RBPs bind RNA with different
affinities and specificities by RNA-binding domains (RBDs), including K homology
domains (KH), RNA recognition motif domains (RRM), pentatricopeptide repeats (PPR),
cold shock domains (CSDs), zinc-finger domains (ZnF), and Pumilio/FBF repeats (PUF)
[31]. Elucidation of the mechanisms that dictate the binding specificity of RBPs to their
RNA substrates has prompted research efforts towards the development of programmable
RNA regulators for sequence-specific RNA manipulation. These efforts have been based
on engineering the specificity of the RNA-binding domains to generate modular RBPs with
customized sequence specificity [32].
Similar to the utilization of ZFs and TALEs as programmable DNA-binding scaffolds,
engineered RNA binding domains can be harnessed as programmable RNA-binding
scaffolds to recruit effector domains for the targeted manipulation of endogenous RNAs.
Designer RBPs, such as PUF proteins, have been fused to various effector domains
generating chimeric artificial RBPs with a broad range of activities, including modulation
of alternative splicing [33, 34], site-specific RNA cleavage (site-specific RNA
endonucleases) [35], targeted translational regulation [36], and RNA imaging [37].

Although the development of designer RBPs has provided new insight into functional RNA
biology for the manipulation and study of RNA, several complications have constrained
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and limited the utility of these RBPs. RNA-binding domains commonly recognize only
short sequences, enabling them to target a wide spectrum of endogenous RNA targets and
limiting their specificity [38]. This limit the ability of RNA-binding domains to target
unique RNAs within the transcriptome. Because the specificity of the RBDs is based on
protein–RNA interactions, analogous to the interaction of ZFs and TALEs with DNA, it is
both challenging and laborious to engineer RBDs that bind to specific, user-defined RNA
sequences. Therefore, it remains difficult to design and synthesize large protein libraries
with varying sequence specificities for new targets. Additionally, the challenges associated
with assembling modular RNA-binding proteins prohibits their use in the multiplex
targeting of multiple RNA targets for large-scale screens and gene and/or protein network
interrogation. Thus, there is still an enormous need for the development of synthetic RNA
regulators that are easy to program and versatile enough for both single and multiplexed
targeting of RNAs.

1.7 CRISPR/Cas systems:
The continuous arms race between bacteria and their viral parasites led to the evolution of
natural defense mechanisms whose discovery has revolutionized molecular biology.
Among these mechanisms are the CRISPR-Cas genes that are used by most archaea and
many bacteria as adaptive immune systems to protect against invading phages and
conjugative plasmids [39-41]. The CRISPR/Cas adaptive immunity mechanism involves
three main phases. The first phase is the acquisition of the molecular record, or memory,
from the invading plasmid or virus. The sequences of these molecular records are first
inserted into the CRISPR array (acquisition phase). The second phase is the transcription
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of the CRISPR array and maturation of the guide RNA molecules (transcription and
maturation phase). In the final phase, the mature crRNAs guide an endonuclease or
ribonuclease to bind the complementary sequence in the target nucleic acids, and
subsequently cleave or degrade the DNA or RNA, respectively (interference phase) (Figure
1.2) [42, 43]. Although the establishment of adaptive immunity among CRISPR/Cas
systems follows these distinct steps, there is extensive variability in the nature of crRNA
maturation and effector molecules [44].
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Figure 1.2: The natural antiviral activity of CRISPR/SpCas9 and Cas13 systems
against DNA and RNA viruses in bacteria. On the left side, the DNA-targeting SpCas9
antiviral mechanism is shown. Upon DNA virus entry into the host cell, spacer sequences
are captured and integrated into the first position of the CRISPR array via different
accessory Cas proteins, including Cas1 and Cas2 effectors. Spacers are transcribed and
processed into small CRISPR RNAs (crRNAs) with help of various factors, including
Cas9, trans-activating CRISPR RNA (tracrRNA) and a host encoded RNAse III. The
processed RNAs act as antisense guides for the SpCas RNA-guided nucleases to locate and
cleave the target DNA viral genome, leading to its silencing and inactivation.
On the right side, the mechanism of the RNA-targeting CRISPR/Cas13 is shown. The
CRISPR/Cas13a system was evolved in in bacteria and Archaea to provide adaptive
immunity against invading RNA elements, such as RNA viruses, by mediating the
detection of invading RNAs and their subsequent destruction. The mechanism of
interference starts with acquiring protospacers from the genome of the invading viruses
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and subsequent integration into the CRISPR array by an unknown mechanism. The
CRISPR array is transcribed into precursor CRISPR RNA transcripts (pre-crRNA), which
is then processed to generate mature cr-RNAs. Unlike CRISPR/Cas9 and other systems
that require accessory factors for processing the pre-crRNA, Cas13 can process its own
pre-crRNA transcripts, generating mature crRNAs that contain a transcribed spacer and
part of the repeat sequence that associates with Cas13a to form Cas13-crRNA complex.
The mature crRNA guides the Cas13 ribonuclease to bind to a complementary sequence
within the viral genome. Binding of Cas13 to the target sequence leads to the activation of
its innate, non-specific RNase activity, resulting in targeted cleavage of the viral RNA
genome and non-target RNAs in the cell. This promiscuous cleavage of host endogenous
RNAs suggests a natural mechanism to sense invasive viral RNAs, and induce programmed
cell death (PCD) or host cell dormancy, preventing the spread of the viral infection.
Adapted from Mahas et al. 2018 [45].

To date, all of the known CRISPR/Cas systems are classified into two main classes that
are further subdivided into different types and subtypes based on the organization of their
loci and signature proteins [46]. Class I CRISPR/Cas systems (encompassing type I, III,
and IV) are the most abundant CRISPR/Cas systems found in bacteria and Archaea, and
employ multi-subunit effector complexes [46]. Class II CRISPR/Cas systems (including
type II, V, and VI) are less common and found mostly in bacteria, although they were
recently found in Archaea [47]. These systems use a single, RNA-guided, multi-domain
Cas protein to recognize and cleave target sequences. Due to the simplicity of
reprogramming them to target any user-defined sequence, Class II CRISPR systems have
attracted enormous interest as genome editing tools (Figure 1.3) [48, 49].
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Figure 1.3: Structural representation of CRISPR/Cas effectors and their catalytic
activities. Graphic comparison of different DNA- and RNA-targeting CRISPR/Cas
systems. A schematic representation of the domain structure and organization of the
different Cas proteins is shown on the left. In addition, CRISPR/Cas effectors in complex
with their gRNA/crRNAs are shown on their target DNA or RNA. Cut sites are noted as
red triangles and notable features regarding their mechanism are provided to the right.
Adapted from Mahas et al. 2018 [45].

1.8 CRISPR/Cas9:
Key research efforts on the type II CRISPR/Cas9 components of Streptococcus pyogenes
and Streptococcus thermophilus and their underlying molecular mechanisms established
CRISPR/Cas9 as a powerful genome engineering platform [48, 50]. Cas9 is an
endonuclease that is guided by two small RNA molecules, CRISPR RNA (crRNA) and the
trans-activating crRNA (tracrRNA), to generate a double-stranded break at a specific site
in the target DNA. Cas9 has two nuclease domains, HNH and RuvC, which it uses to cleave
and degrade invading genetic elements. Cas9 can be reprogrammed to target and cleave
any DNA sequence of interest through the simple engineering of the 20-nucleotide
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targeting sequence that guides Cas9 via Watson-Crick base pairing to the targeted locus of
interest, which must be immediately followed by a 5¢-NGG-3¢ protospacer-adjacent motif
(PAM) that is essential for SpCas9 activity. Fusion of the crRNA to the tracrRNA led to
the generation of a single, functional guide RNA (sgRNA) harboring the 20-nucleotide
targeting sequence (spacer) at the 5¢ end [1, 51]. The engineering of the sgRNA
significantly simplified the system to a minimal set of two components; the Cas9 protein
and the sgRNA, creating a very simple, efficient genome engineering tool. Notably,
because the targeting specificity of this system depends on RNA:DNA base pairing
complementarity between the engineered sgRNA and the target DNA, the ease of
engineering the sgRNA overcame the inherent difficulty of protein engineering required
for ZFs and TALENs [52, 53]. For this reason, development of the CRISPR/Cas9 system
dramatically simplified, and thereby revolutionized, the field of genome engineering across
prokaryotic and eukaryotic species. Subsequently, the CRISPR/Cas9 system has been
adopted as a superior tool to efficiently edit the genomes of mammals (including humans),
fungi, and plants, for a variety of applications.

1.9 CRISPR/Cas-based RNA targeting:
Due to the ability of CRISPR/Cas systems to rely on Watson-Crick base pairing for target
recognition, they have overcome the significant drawbacks of purely protein-based genome
editing tools, democratizing the field of genome engineering [1]. Similarly, programmable
RNA targeting proteins based on nucleic acid complementarity can abolish the need to
redesign and synthesize libraries of RNA-binding proteins. Thus, harnessing CRISPR/Cas
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systems to target RNA in a sequence-specific manner will enable the regulation of specific
genes and precise transcriptome engineering.
Different naturally occurring CRISPR/Cas systems have been shown to target RNA or
RNA/DNA substrates. Natural RNA-targeting CRISPR/Cas systems include type III
CRISPR/Cas systems found, for example, in Pyrococcus furiosus and Thermus
thermophiles, which have been shown to target RNA in vitro [54, 55]. However, unlike
Class II CRISPR/Cas systems that rely on a single multi-domain effector protein to mediate
the interference, type III CRISPR/Cas systems rely on complexes of multiple Cas proteins
[46, 54]. These multicomponent complexes would be cumbersome to reconstitute in vivo
and harness as synthetic programmable RNA targeting platforms.
In addition, Cas9 from Francisella novicida (FnCas9) [56] have been found to be able to
recognize and target RNA substrates. Besides the crRNA and tracrRNA, the F. novicida
CRISPR/Cas9 system also contains a small RNA termed small CRISPR/Cas associated
RNA (scaRNA), which can base pair with the tracrRNA to form a heteroduplex RNA. In
contrast

to

the

crRNA:tracrRNA-dependent

DNA

cleavage

by

FnCas9,

the

scaRNA:tracrRNA duplex promotes RNA targeting when associated with FnCas9 [57].
This novel activity of FnCas9 led to it being used to target viral RNA in eukaryotic cells
[58]. However, the mechanism by which FnCas9 targets and cleaves RNAs remains largely
unknown [56, 57]. For instance, although wild-type FnCas9 was used for viral RNA
targeting, the inhibition of HCV was presumably caused by the binding of FnCas9 to the
viral RNA genome and blocking viral translation and replication machineries, rather than
degradation of the HCV genome, as endonuclease-inactive FnCas9 produced a similar
inhibitory effect [58]. Thus, further investigations are needed to elucidate the FnCas9
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RNA-targeting activity. Moreover, the ability of FnCas9 to target and cleave endogenous
genomic DNA will restrict its utility for the manipulation of RNA in nuclei.
Besides the naturally RNA-targeting CRISPR/Cas systems, other efforts have focused on
repurposing DNA-targeting CRISPR systems for RNA targeting and manipulation. In
2014, work by O’Connell et al. demonstrated that SpCas9 can bind and cleave ssRNA in
vitro (RCas9 system) [59]. An essential requirement for SpCas9 recognition and cleavage
activity is the presence of the 5¢-NGG-3¢ PAM juxtaposed with the DNA target sequence
on the non-target strand [48, 60, 61]. When the PAM sequence was exogenously provided
in specially designed ssDNA oligonucleotides (named PAMmers) complementary to the
sequence adjacent to the target sequence in the ssRNA target, SpCas9 in association with
its cognate targeting crRNA was successfully reprogrammed to bind and cleave specific
target RNAs with high affinity and specificity [59]. Intriguingly, the system exclusively
targeted RNA, avoiding the corresponding DNA in vitro. Although promising, few
concerns could impede the utilization of the RCas9 system for RNA biology-related
applications in living organisms, including the need to exogenously providing PAMmers
to each targeted cell, and the potential non-intended DNA cleavage of the host genome.

1.10 CRISPR/Cas13 systems:
The development of synthetic programmable RNA targeting modules with a high degree
of modularity, binding affinity, and specificity, as well as straightforward and predictable
targeting will potentially facilitate many new applications in fields such as synthetic
biology and genomic medicine, from endogenous RNA detection and trafficking, to
manipulation and analysis. The significant potential of such synthetic programmable RNA
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targeting regulators has recently attracted much interest in developing customizable RNAtargeting modules. Recently, investigation of the CRISPR world has revealed an entirely
new class of Cas proteins that have RNase but not DNase domains, and which can be
harnessed for robust RNA detection and degradation.
The great potential offered by the efficiency and simplicity of the CRISPR/Cas system as
a genome engineering tool has inspired researchers to improve the existing CRISPR/Cas
tools, and to develop new methodologies that enable them to delve deeper into the
microbial world and find other undiscovered CRISPR/Cas variants that can be harnessed
and added to the genome-engineering toolbox [46, 47]. In a search for previously
unexplored Class II CRISPR/Cas systems using microbial genome data mining, along with
computational and bioinformatic prediction approaches, Shmakov et al. discovered novel
Class II CRISPR systems, including C2c1, C2c2, and C2c3 [46]. C2c1 and C2c3 contain
RuvC-like endonucleases similar to Cpf1, and were therefore classified as Class II type V
CRISPR/Cas systems [46], (now V-B Cas12b and V-C Cas12c, respectively) [49]. By
contrast, the Class II candidate 2 (C2c2) exhibited unique features not present in any known
CRISPR protein, leading to it being classified as a new Class II subtype, Class II type VI
[46] (now VI-A Cas13a) [49]. Type VI CRISPR/Cas13 systems can be divided into four
subtypes (A-D) based on the phylogeny of their effector complexes. All type VI systems
harbor a single effector protein, named as Cas13, which when assembled with its cognate
crRNA forms the crRNA:Cas13 RNA-interference complex. All Cas13 proteins studied to
date possess dual enzymatically ribonuclease activities that are critical for optimal RNA
interference [62-65]. One RNase activity is responsible for pre-crRNA processing that
generate mature crRNAs capable of guiding Cas13 protein to its target, while the other
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activity, provided by the two Higher Eukaryotic and Prokaryotic Nucleotide-binding
(HEPN) domains, is required for the cleavage and degradation of the target RNA [66]
(Figure 1.4).

Figure 1.4: CRISPR/Cas13a System. A: Schematic representation of the domain
structure and organization of the LshCas13a protein. The two HEPN nuclease domains are
shown with the positions of the domain mutations for generation of dead Cas13a (dCas13a)
indicated with the red stars. In addition, the position of the catalytic site for pre-crRNA
processing is highlighted with the blue star. B: Expression of Cas13a and its cognate
gRNA. Engineering an expression system for in eukaryotic expression of a species-specific
codon optimized Cas13a protein and its guide RNA. Expression of Cas13a protein is driven
by a constitutive promoter and can be either fused to nuclear localization signals (NLS)
that enable its import into the nucleus for in nucleus activity, or without NLS to be utilized
for in cytoplasm activity. Whereas the guide RNA is engineered to comprise (in case of
LshCas13a homologue) 28 nt complementary region (spacer) for specific RNA binding
(brown) and the gRNA hairpin or scaffold (blue) and is driven by a Pol III promoter such
as U3 or U6 promoters to be used for in the nucleus. However, in case CRISPR/Cas13a is
intended to be used in the cytoplasm, a Pol II promoter can be used to drive the expression
of the pre-crRNA transcript for subsequent processing in the cytoplasm by Cas13a to
generate mature crRNAs. C: CRISPR/Cas13a effector on the target RNA. Cas13a
ribonuclease forms the effector complex with the gRNA, which then seeks for RNA
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sequence complementarity to the 28 nt spacer sequence in the gRNA. Cas13a activity
requires the presence of a protospacer flanking site (PFS) of H, which H can be any
nucleotide except G, downstream of the target sequence on the RNA. Upon recognition
and binding of Cas13a to the target RNA sequence, Cas13a cleaves the target RNA nonspecifically, leading to target RNA degradation. Adapted from Mahas et al. 2018 [29].

1.11 Cas13a
Analysis of the Cas13a protein sequence revealed the presence of two HEPN Domains,
which are exclusively associated with RNase activity [67]. These distinct characteristics of
Cas13a raised the enticing possibility that Cas13a might work as a single effector RNAguided RNA-targeting protein. A pioneering study characterizing the functionality of
Cas13a showed that the single effector Cas13a protein is, indeed, a programmable RNAguided ssRNA ribonuclease [68]. In this study, the RNA targeting and interference activity
of Leptotrichia shahii Cas13a (LshCas13a) was first explored by performing a
bacteriophage interference screen, which demonstrated the ability of the Cas13a protein
and phage-genome specific 28-nt spacer sequences to defend E. coli against infection by
the ssRNA phage MS2. Besides identifying the sequences of the gRNAs that interfered
with the ssRNA phage genome most efficiently, the phage interference screen results
hinted at the presence of an H (non-G) protospacer flanking site (PFS) immediately
following the targeted protospacers (Figure 1.4C) [68]. The non-G PFS has turned out to
be crucial for maintaining the interaction between the Cas13a protein and its cognate
crRNA [69]. Further characterization of the RNA cleavage activity of Cas13a using
purified Cas13a protein for in vitro cleavage assays showed that Cas13a is specific for
ssRNA targets. Moreover, Cas13a tends to preferentially cleave uracil residues at multiple
sites in exposed regions of the secondary structure formed by the ssRNA. Additionally,
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mutating the putative histidine and arginine catalytic residues within the two HEPN
domains abolished the cleavage activity of the protein, indicating that the HEPN domains
are responsible for the RNA cleavage activity and resulting in the generation of a
catalytically inactive version of the Cas13a enzyme (dCas13a) (Figure 1.4A). However,
like dCas9, dCas13a retains its ability to specifically bind to the target RNA, resulting in
an RNA-guided RNA-binding protein. Cas13a can tolerate single- but not double-base
mismatches in the middle of the spacer-protospacer base pairing, pointing to the presence
of a seed sequence. Importantly, experiments that successfully knocked down the
expression of the RFP protein demonstrated the ability of this system to be reprogrammed
to target specific, non-phage RNAs in vivo [68]. The fundamental findings of this study
have raised the possibility that Cas13a is the long-awaited programmable, RNA-guided
ssRNA targeting CRISPR system. A subsequent study investigating the biochemical
features of LshCas13a and other Cas13a homologs, such as LbuCas13a (from Leptotrichia
buccalis) and LseCas13a (from Listeria seeligri), has revealed another enzymatic activity,
adding to the novelty of Cas13a [66]. This study found that Cas13a possesses a
ribonuclease activity that is responsible for the processing of precursor crRNA (precrRNA) to generate its cognate mature crRNA, demonstrating that Cas13a is a dual
ribonuclease [66]. The crystal structural of LshCas13a revealed that the two RNase
activities, the pre-crRNA processing and crRNA-guided RNA cleavage activity, are
executed by two distinct and physically separated catalytic sites. A group of positively
charged residues located in the N-terminal helical-1 domain within the REC lobe are
responsible for the pre-crRNA biogenesis activity. By contrast, the RNA-guided target
RNA cleavage takes place in a catalytic site formed between the two conserved HEPN
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domains [69]. A recent study by East-Seletsky et al. [65] found that the pre-crRNA
processing activity is highly conserved among diverse type VI-A CRISPR/Cas13a family
proteins. However, it appears that while the pre-crRNA processing activity of Cas13a
improves ssRNA targeting, it is not essential [65]. In addition, functional and biochemical
characterization of various Cas13a proteins has shown that Cas13a proteins can be
classified into two functional subfamilies that can recognize distinct crRNAs, resulting in
differing substrate preferences. These findings expand the potential utility of Cas13a
proteins for a wide range of RNA manipulations [65]. Intriguingly, upon activation of the
Cas13a enzyme by binding to a crRNA-complementary ssRNA target, non-specific transssRNA cleavage was observed; the collateral degradation of other ssRNAs [66, 68].
Analysis of the crystal structure of LbuCas13a revealed that binding of the target RNA to
the Cas13–crRNA complex, and formation of the crRNA–target RNA duplex, induces a
significant conformational change in the Cas13a protein, leading to the activation of the
HEPN catalytic site [70]. The induced conformational change results in the formation of a
guide–target RNA duplex binding channel with the Cas13a protein. The resulting binding
channel is located far from the HEPN catalytic site, suggesting that short target RNAs
cannot be cleaved by the HEPN catalytic site in cis. Importantly, the structural analysis
also showed that the HEPN catalytic site of the activated Cas13 protein is exposed to the
surface, making it available to RNAs in solution, and thus explaining the non-specific
cleavage of collateral RNAs in trans observed upon target RNA binding [70]. This
phenomenon suggests a natural mechanism to sense invasive viral RNAs and induce
programmed cell death (PCD) or dormancy of the host cell, thus preventing the spread of
the viral infection. The East-Seletsky et al. study [65] demonstrated that the collateral
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cleavage activity of Cas13a could be used to sense and detect the presence of specific
transcripts. Building on this idea, a study by Gootenberg and colleagues exploited the
promiscuous RNAse activity of Cas13a upon target recognition to develop a diagnostic
tool for the in vitro detection of DNA and RNA with a single-base mismatch specificity
and attomolar sensitivity, demonstrating a wide range of potential utility in diagnostic and
basic research applications [71].

1.12 Cas13b
Another recently discovered and characterized RNA-targeting CRISPR/Cas system is
Cas13b, a member of the Class II subtype VI-B CRISPR/Cas systems [64]. Although the
Cas13b effector protein was found to have a novel protein sequence that differs
significantly from Cas13a, the sequence showed two predicted HEPN domains, suggesting
that the protein targets and cleaves RNA, similar to subtype VI-A (Cas13a). Functional
characterization of Cas13b by Smargon et al. revealed a sequence-specific single-stranded
RNA targeting of Cas13b in vitro and in vivo. The RNA targeting of Cas13b is similar to
the activity of Cas13a in many ways, including the ability to target and cleave ssRNA but
not dsRNA, to process its own pre-crRNA to generate mature crRNAs, and to cause nonspecific collateral RNA damage of non-target RNAs upon activation by binding to target
RNA. In addition, a nuclease-deficient variant of Cas13b, dCas13b, can bind specifically
to a target sequence. However, unlike Cas13a, the RNA targeting of Cas13b requires a
double-sided PFS on both ends of the protospacer target sequence, which differ in their
nucleotide sequence from the PFS of Cas13a, thus expanding the sequence targeting
constraints of these RNA-targeted CRISPR/Cas systems. Another interesting finding was
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the ability of Cas13b to interact with two small and novel proteins, Csx27 and Csx28,
where in vivo investigation of these small proteins showed that Csx27 represses the RNA
targeting and cleavage of Cas13b and Csx28 enhances it [64]. In addition, different variants
of Cas13b have been identified, including PspCas13b (from Prevotella sp. P5-125), which
have been shown to mediate more efficient RNA knockdown in comparison with the other
discovered and Cas13 variants, including LshCas13a and LwaCas13a [72].

1.13 Cas13d
The most recent addition to the Cas13 RNA-targeting systems is CRISPR/Cas13d. Several
orthologues of Cas13d have been found [62, 63]. Although this subtype is most similar to
Cas13a, minimal sequence identity is shared with Cas13a and is much smaller than all
previously discovered Cas13 proteins (~300 aa smaller than other Cas13s). Interestingly,
similar to Cas13b, the majority of subtype VI-D systems were shown to have associated
accessory proteins that all contain WYL domains. Experimental investigations of Cas13d
activity have shown that the protein behaves in most ways similar to other previously
studied Cas13s, including the ability to process poly-crRNAs to generate mature crRNAs,
and the dependency on HEPN domains for target degradation.

1.14 Advantages and potential applications of Cas13 systems for post-transcriptional
regulation
Collectively, the findings of these studies suggest that Cas13 is a flexible, RNA-guided,
RNA targeting CRISPR systems that hold great potential for precise, robust, and scalable
RNA-guided transcriptional regulation applications. The significance of modulating
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transcriptional regulation led to the emergence of various approaches for transcriptional
and post-transcriptional regulation [73, 74]. However, the development of Cas13 as the
first RNA-specific CRISPR technology might provide the long sought-after tool for
versatile and efficient RNA targeting that will open a new realm in the field of posttranscriptional regulation and offer new strategies for diverse RNA manipulations. The
CRISPR/Cas13 systems demonstrate many unprecedented advantages that render the
systems superior to other previously developed RNA targeting strategies. They consist of
only two components, the Cas13 protein and the crRNA that guides Cas13 to its target
RNA sequence [68], facilitating its delivery and assembly in most organisms. The targeting
specificity of the system relies on the spacer sequence in the guide crRNA, thereby offering
the versatility and scalability of RNAi technology alongside with the modularity of the
RNA-binding proteins. In addition, the capability of Cas13 to process its own crRNA from
precursor crRNA transcripts could be utilized to facilitate its employment for important
cytoplasmic RNA manipulations, such as mRNA imaging, localization, and translational
regulation. For example, the utilization of polymerase II promoters for guide RNA
expression will allow the transport of pre-crRNA with the desired targeting spacers into
the cytoplasm where they can be processed by Cas13 to generate mature crRNAs,
sidestepping the limitations of using the small nuclear RNA (snoRNA) promoters, such as
U6 or U3, for applications in the nucleus. Additionally, the fact that Cas13 can process its
own crRNA will facilitate the design and expression of multiple gRNAs for targeting and
modulating multiple transcripts [66, 75] (Table1).
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Adapted from Mahas et al. 2018 [29].

An obvious application of Cas13 is to use its innate endoribonuclease activity to knock
down gene expression by cleaving specific transcripts [75]. Unlike RNAi, Cas13 gene
knockdown is independent of the host’s RNAi machinery, enabling precise gene
knockdown in organisms or cellular compartments where RNAi machinery is not present.
The simple engineering of the guide (crRNA) RNA will also allow the generation of large
gRNA libraries to down regulate expression of multiple genes simultaneously, facilitating
large-scale screens and the interrogation of gene networks. Additionally, Cas13 will be
valuable for targeting and degrading specific splicing isoforms, leading to isoform-specific
gene silencing. Previous studies have developed restriction enzyme-like site-specific RNA
endonucleases by combining RNA cleavage domains with site specific RNA binding
domains in attempts to generate ribonucleases to specifically silence endogenous genes
[35]. Such artificial ribonucleases have proven to be efficient in silencing specific
pathogenic mRNAs in human cells [76]. The simplicity and single-base mismatch

39
specificity of Cas13 [71] can now allow for the precise targeting of certain aberrant or
pathogenic mRNAs and specific splicing isoforms in plants and animals without affecting
the wild-type transcripts. Nevertheless, the usefulness of Cas13 would be severely limited
if collateral RNA cleavage is also elicited in eukaryotic cells. Surprisingly, the recent
Cas13a study [75] did not find evidence of Cas13a-induced collateral activity, neither the
growth of mammalian cells expressing the active LwaCas13a was affected, suggesting that
the Cas13a promiscuous activity might be absent or negligible in eukaryotic cells. The
structural studies of Cas13 may provide insights into engineering better versions of Cas13
with more specificity and non-promiscuous cleavage activity. In addition, ongoing research
may lead to the identification of different Cas13 variants with controlled and robust
catalytic activity, as other Cas13 homologs, such as LwaCas13a and PspCas13b, were
shown to have greater RNase activity than LshCas13a [71, 72, 75].

Beyond the RNA cleavage activity of this system, the catalytically inactive Cas13 (dCas13)
represents an attractive programmable, sequence-specific RNA binding platform that can
be tethered to various functional effectors for a wide range of important molecular
manipulations. Intracellular RNA visualization and tracking in living cells can provide
valuable information on the dynamics of endogenous RNAs. Several RNA imaging
approaches have been developed based on the fusion of florescent proteins to sequence
specific RNA binding domains, such as the MS2 coat protein (MCP) approach [77],
Pumilio homology domains (PUM-HD) [78, 79], and recently, the RCas9 system [80].
However, fusion of dCas13 to a fluorescent protein will generate a platform that is both
highly versatile and easier to program for visualizing the localization and trafficking of
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specific RNAs in living cells. In fact, the recent study of Abudayyeh et al. has harnessed
the programmable binding ability of dCas13 to engineer a visualizing platform capable of
tracking the translocation of endogenous transcripts from the nucleus to the cytoplasm,
providing an efficient programmable platform for live transcript imaging and tracking in
mammalian cells [75]. Another aspect of post-transcriptional RNA modulation and spatial
control of gene expression is RNA localization, which is involved in various important
developmental and cellular physiological processes [81, 82]. By tethering a trafficking
agent to dCas13, CRISPR/dCas13 can be engineered to transport targeted RNAs to a
desired cellular location. Another way of controlling gene expression at the posttranscriptional level is through the regulation of RNA translation and stability.
Translational activators, such as GLD2 and eIF4E, and repressors, such as CAF1, have
previously been combined with designer RNA binding proteins, PUF proteins for instance,
to specifically recognize and regulate the translation of targeted RNAs [36, 83, 84].
Therefore, dCas13 could be combined with translational regulators to boost or repress gene
expression without affecting the abundance of the endogenous transcript. Another elegant,
potential application of the CRISPR/dCas13 system would be to identify RNA binding
proteins by targeting and pulling down their RNA substrates, RNA immunoprecipitation
sequencing (RIP-seq), using tagged-dCas13. Such studies would aid in defining and
understanding the function of many RNA regulators.

The composition of endogenous RNAs can also be edited at the pre-mRNA level. For
example, alternative splicing of precursor mRNA is one of the critical steps in posttranslational gene regulation in eukaryotic cells, and RNA mis-splicing can lead to severe
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consequences in both humans and plants [85, 86]. Thus, the ability to precisely manipulate
alternative splicing of pre-mRNAs would be valuable for many therapeutic and
biotechnological applications. Targeting splicing factors to certain sequences in the premRNA has been demonstrated to alter the splicing pattern of specific mRNAs. For
example, splicing activators, such as Arginine/Serine (RS)-rich domains, or suppressors,
such as the Glycine (Gly)-rich domain of hnRNP, have been fused to designer RNA
proteins like PUF and MS2 for targeted splicing alteration [33, 87]. The ease of
reprogramming Cas13 along with the ability to perform multiplex targeting will facilitate
guiding different splicing factors fused to dCas13 to exonic or intronic sequences of interest
in different pre-mRNAs simultaneously, reversing the splicing defect associated with premRNA mis-splicing. In addition, similar to the newly-developed CRISPR/Cas9-based base
editors comprising dCas9 or Cas9 nickase fused to cytidine deaminase for targeted single
nucleotide change in the DNA [88-93], targeted RNA editing such as adenosine-to-inosine
(A-to-I) and cytosine-to-uracil (C-to-U) modification of mature mRNAs could be
achievable by engineering dCas13-adenosine deaminase or dCas13-cytidine deaminase
fusions guided by crRNAs to the ssRNA targets, leading to targeted mutagenesis at the
RNA level without permanent modification of the genome [94]. This has been recently
accomplished by fusing the catalytic deamination domain of the adenosine deaminase
acting on RNA (ADARDD) protein to catalytically inactive PspCas13b to generate
dCas13b-ADARDD fusion capable of programmable RNA targeting and editing [72]. The
newly engineered system, named REPAIR (RNA Editing for Programmable A to I
Replacement), has demonstrated a precise and efficient A to I edits on endogenous
transcripts as well as pathogenic mutations, demonstrating the promise of programmable
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RNA editing as a new therapeutic platform. The successful engineering of the REPAIR
system represents an insightful example of the tremendously exciting future of developing
versatile Cas13-based RNA manipulation technologies. With the ability of dCas13 to
specifically bind to any sequence of interest and by fusing the appropriate functional
domains to dCas13, diverse tools capable of sequence-specific RNA manipulation can be
developed to modulate RNA function at multiple steps of the RNA life cycle. This will
enable a broad range of potential applications in basic research, biotechnology, and
therapeutics.

1.15 Engineering plant immunity against pathogenic viruses
Agriculture worldwide is threatened by biotic stresses, including insect pests, fungi,
bacteria, viruses, and others. Plant diseases are mainly caused by infection with one or
more of the main categories of plant pathogens: i.e., viruses, bacteria, and fungi. Among
these stresses, phytopathogenic viruses cause an estimated 10–15% reduction in annual
global crop yields [95]. Therefore, improving host plant immunity against plant viruses can
help mitigating these losses by protecting a significant proportion of food crops.
The mechanisms of virus infection and transmission in host plants allow many potential
targets and opportunities to control and combat viruses in crop plants. However, the rapid
evolution of viruses and their diversity make these approaches difficult [96]. Most plant
viruses are transmitted between plants by a vector that feeds on the plant and transmits the
virus from one plant to another [97]. Most vectors of plant viruses are insects (whiteflies,
hoppers, thrips, beetles, etc.), mites, nematodes, and plasmodiophorids. Plants infected
with viruses show a range of symptoms depending on the pathogen; such as leaf yellowing,
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leaf distortion, and leaf curling. In addition, other growth distortions like stunting of the
whole plant and abnormalities in flower or fruit formation are also common viruses. [98].
Based on their genomes, plant viruses are classified into six major groups: double-stranded
DNA (dsDNA) viruses, single-stranded DNA (ssDNA) viruses, reverse-transcribing
viruses, double-stranded RNA (dsRNA) viruses, negative sense single-stranded RNA
(ssRNA-) viruses, and positive sense single-stranded RNA (ssRNA+) viruses [99, 100].
Conventional virus control strategies rely mostly on vector management using various
approaches, including pesticides, activating natural predators, or the use of physical
barriers like reflective mulches and UV-absorbing sheets [101]. In addition, Other culture
practices have also been adopted for disease control, such as early sowing, weed
management, crop-free periods, virus-free planting material, and the removal of infected
plants. However, the complication of epidemiological factors associated with virus disease
outbreaks, including vector migration dynamics, virus evolution, and unpredictable virus
host-range expansions, have rendered the development of effective long-term disease
management strategies very difficult [102].
Developing genetically resistant plants, by engineering and boosting the plant cellular
immunity against viruses, is one of the most effective strategies to combat viruses, since
above mentioned conventional strategies suffer from different drawbacks, including cost,
labor intensive, and often ineffective, specifically in case of viral diseases [103]. An
effective way of achieving this goal will likely be the development of engineered plant that
are resistant/immune to the virus. Development of such plants, in combination with other
control measures, would provide an effective way to control viruses. Therefore, great
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efforts have been done to understand the plant cellular mechanisms for virus and virus
vector resistance [104].

1.16 Genome Engineering Strategies to Confer virus disease Resistance
Initial studies to engineer disease resistance in plants focused on using early-developed
genome engineering technologies, such as ZFNs and TALENs. To engineer plant
resistance against viruses, for example, ZFNs were developed for iterons of Beet severe
curly top virus (BSCTV) or Tomato yellow leaf curl virus (TYLCV) effectively targeted
both BSCTV and TYLCV, respectively. [105, 106]. Another example is the development
of transgenic Arabidopsis thaliana plants to target iteron of BSCTV, which demonstrated
complete resistance [105]. However, this work supported the idea of using ZFN to
efficiently target BSCTV and TYLCV, but argued that such virus sequence specific
strategy may not be as effective in fields, where mixed virus infections are common.
Besides ZFNs, TALENs have also been used as platform for developing broad-spectrum
resistance to begomoviruses, including two begomoviruses alone, i.e., TbCSV and Tomato
leaf curl Yunnan virus (TLCYnV); and one begomovirus with associated betasatellite, i.e.,
TYLCCNV with its cognate Tomato yellow leaf curl China betasatellite (TYLCCNB) in
transgenic tobacco plants, demonstrating partial resistance by developing delayed
symptoms and reduced viral DNA accumulation [107].
However, as mentioned above, although ZFNs and TALENs are effective genome
engineering technologies, the cumbersome protein engineering of these technologies is a
major limitation. The limitations of ZFN and TALEN technologies were considerably
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reduced in the past few years due to the advent, development, and subsequent technological
advancements of the CRISPR/Cas system [108].

1.17 Approaches to design disease-resistant plants with CRISPR technologies
CRISPR technology and its variants have been used for applications in plant science
ranging from the study of gene function and protein localization to the introduction of
desired traits such as drought tolerance and increased grain size and number. Recent
advances in CRISPR technology have enabled the development of a broad range of
CRISPR variants with different applications in engineering disease-resistance in various
organisms, including plants. CRISPR technology has been used to engineer resistance
against all these major plant pathogen classes. These technologies were utilized in various
creative ways to engineer plant resistance, including the utilization of DNA-targeting
CRISPR systems, such as Cas9, to manipulate plant host genome to confer resistance
against plant pathogens, such as Gene disruption via indels in coding sequences, Gene
disruption via indels in promoter regions, Gene deletion via multiplex sgRNAs, Gene
insertion via homology-directed repair, Biomimicking via promoter, allele, or gene
replacement and others. In addition, CRISPR systems were utilized to engineer plant
resistance by directly targeting pathogen DNA or RNA genomes. We have intensively
discussed and summarized these technologies in our recent review (ref [109]) and the
technologies are also summarized in (Figure 1.5).
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Figure 1.5 Application of CRISPR/Cas-based technologies for engineering diseaseresistant plants. CRISPR technology, most widely with the Cas9, can be applied to
achieve precise genome editing of the plant genome to develop resistance against various
pathogens. CRISPR/Cas9 can be used to disrupt plant susceptibility (S) genes by targeting
coding regions to knock out these genes, or to alter sequences of promoter regions (for
example, pathogen promoter’s effector-binding site), precluding pathogen effector binding
to the promoter and thus disrupting plant susceptibility. In addition, the ability of
performing Cas9- mediated multiplex targeting can facilitate the chromosomal deletion of
S gene clusters, generating long- term resistance to the target pathogen. Homology-directed
repair (HDR) mediated by Cas9 can be used to introduce resistance (R) genes against
pathogens in cases where the plant-pathogen interaction (and S genes) is not well studied.
To develop pathogen resistance without disrupting or replacing whole genes, base-editors
or Cas9 technology (via synthetic directed evolution under the biotic selective pressure)
can be applied to achieve specific mutations (biomimicking) or evolution of genes resistant
to pathogens of interest. Apart from utilizing CRISPR technologies for plant genome
engineering to develop disease- resistant plants, the native function of CRISPR can be
mimicked to directly target and interfere with the genomes of pathogens of interest without
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affecting plant genome. For example, CRISPR can interfere with DNA genomes of
pathogens, such as DNA viruses, through DNA-targeting CRISPR systems, including
Cas9. CRISPR systems can also be used to target and disrupt pathogen’s RNA genomes
(or RNA transcript of pathogens with DNA genomes) through RNA-targeting CRISPR
systems, such as Cas13 and FnCas9. (Adapted from Zaidi, Mahas et al., 2020 [109])

1.18 CRISPR-based Strategies to Confer Virus Resistance in plants
Among all plant pathogens, plant viruses represent a major threat for crop plants and food
security around the world. Most studies of CRISPR-mediated pathogen resistance in plants
have involved engineering resistance to viruses. These studies have harnessed two main
ways to engineer virus resistance: (1) directly targeting virus genome and (2) targeting
important host plant genes crucial for the development of the viral disease, such as S genes
(Figure. 1.5). Work related to the latter approach (targeting host plant genome) is discussed
in our recent review [109]. The earliest work on engineered virus resistance in plants
utilized the first approach of directly targeting the virus genome inside plant cells.
Recently, we and others showed that CRISPR/Cas9 can confer resistance against infection
by single and multiple DNA virus in plants [110, 111]. We engineered CRISPR/Cas9 in
Nicotiana benthamiana to confer resistance to coding and non-coding sequences of the
Tomato yellow leaf curl virus (TYLCV), a devastating virus causing yellow leaf curl
disease in crops including tomato (Solanum lycopersicum) [112]. Interestingly, the
CRISPR/Cas9 system interfered with the virus resulting in a significant reduction in viral
titers in systemic leaves and reduced viral symptoms. CRISPR/Cas9 targeted the viral
dsDNA for cleavage, resulting in modification of the virus genome via the error-prone nonhomologous end joining repair (NHEJ). An sgRNA targeting a conserved region in
multiple geminiviruses mediated interference against multiple viruses, thereby pointing to
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the feasibility of combating multiple viruses with one system [110]. Intriguingly, a detailed
analysis of virus evasion from the CRISPR/Cas machinery showed that targeting the noncoding regions of the virus limits virus escapes and leads to robust interference [113].
Therefore, targeting the non-coding regions of the virus would be superior in engineering
plant immunity for virus resistance.

1.19 CRISPR–Cas systems against RNA viruses in eukaryotic organisms
Despite the promising results of using CRISPR/Cas9 to engineer plant immunity against
viruses, most of plant viruses possess RNA genomes without any DNA intermediates in
their life cycles. Hence, they cannot be targeted by the classical DNA-targeting
CRISPR/SpCas9 system. The discovery and characterization of Cas13 has enabled
scientist to efficiently utilize this RNA-targeting system to manipulate RNA at multiple
levels. As CRISPR/Cas13 systems are used with remarkable efficiency and simplicity to
confer immunity against RNA viruses in bacteria [68], this system constituted the next
generation of RNA antiviral strategies in eukaryotic systems. Combining transient or stable
expression of Cas13 along with rational design of crRNAs targeting conserved regions in
viral RNA genomes could lead to immunity against eukaryotic RNA viruses. Additionally,
the CRISPR/Cas13 system can also be used to confer resistance to DNA viruses that have
an RNA stage in their life cycle. Similar to the natural function of CRISPR/Cas13 in
prokaryotes, it is possible that multiplexing crRNAs in transgenic plants or animals could
enable resistance to multiple pathogenic viruses simultaneously. In fact, recent efforts have
shown the utility of CRISPR/Cas13 systems as a promising antiviral strategy to combat
human viruses [114-116]. CRISPR-Cas13-based strategy, PAC-MAN (prophylactic
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antiviral CRISPR in human cells), was developed for viral inhibition that can effectively
degrade RNA from SARS-CoV-2 sequences as well as live influenza A virus (IAV) in
human lung epithelial cells [117]. In addition, a recent study harnessed a newly identified
family of compact Cas13 effectors to engineer antiviral activity against SARS-CoV-2 and
H1N1 viruses mammalian cells [118].

In chapter 2 and chapter 3, I discuss our work on utilizing and establishing CRISPR/Cas13
systems as efficient tool for interference against RNA viruses in plants.

1.20 Utilizing CRISPR/Cas systems to develop bio-sensing technologies
Globally, Infectious diseases account for roughly quarter of the human deaths [119] and
when considering the distribution of mortality rates in low-and low-middle income
countries, this proportion is rather significantly higher. Rapid, accurate, cost-effective
detection and identification of pathogens, or pathogen markers, is key for the control and
management of infectious diseases[120]. Therefore, innovations are needed to develop
affordable point-of-care detection methods that can reach populations in under-resourced
areas lacking healthcare infrastructure. Diagnostics that require processing of samples in a
well-equipped centralized laboratories complicate diagnosis in resource-limited settings,
where a lack of infrastructure and skilled personnel preclude effective diagnosis. Therefore,
the development of reliable and rapid diagnostics that can be performed outside the clinical
laboratory is vital for effective disease management.
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Accurate identification of the causal pathogen requires pathogen-specific biomarkers,
including antigens or nucleic acid sequences. Therefore, current diagnostics rely on
culturing, biomarker analysis via polymerase chain reaction (PCR) and antibody-based
methods, or even genome sequencing [121-126] . However, these methods require
sophisticated equipment and infrastructure as well as skilled personnel; thus limiting their
deployment in developing countries and in disease outbreaks [127]. Moreover, another
disadvantage encountered during the development of many assays, particularly antigenbased assays, is the long lead time required for generation of antibodies; complicating the
development of these assays for emerging or rapidly evolving pathogens. Development of
innovative diagnostics platforms that can help to overcome these limitations will offer
cheap, fast, sensitive, specific, and simple diagnostics [128]. The World Health
Organization has developed the ASSURED criteria (Affordable, Sensitive, Specific, User
friendly, Rapid and Robust, Equipment-free and Deliverable to end users) to ensure that
the developed diagnostic products can work in under-resourced areas or where disease
outbreaks occur [129, 130].

CRISPR systems can be employed for sensitive and specific detection of pathogen-specific
nucleic acids, thereby unlocking the potential for diverse in-field diagnostic and
genotyping applications. For example, CRISPR-based biosensing platforms on paper
substrates are poised to revolutionize diagnosis of pathogens. Other CRISPR-Cas systems
have been developed for detection of nucleic acids and biomarkers from pathogens,
promising the development of low-cost, sensitive, specific diagnostics for infectious
diseases [131]. different Cas enzymes have different activities that can be advantageous
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CRISPR/Cas13 targets single-stranded RNA (ssRNA), and CRISPR/Cas14 targets singlestranded DNA (ssDNA)[68, 132, 133]. Interestingly, following recognition and cleavage
of the specific target, Cas12a, Cas13, and Cas14 exhibit collateral, non-specific activities
against ssDNA or ssRNA (in the case of Cas13) [68, 132, 134, 135]; these activities can be
utilized for nucleic acid detection applications. For example, a ssRNA or ssDNA reporter
can be cleaved by Cas13, Cas12a, or Cas14 resulting in a fluorescent signal as a readout,
produced by activation of molecular sensors (Figure 1.6) [132, 136, 137].

52
Figure 1.6. Overview of CRISPR-Cas enzymes activities and their catalytic
mechanisms for nucleic acid detection. A: Cas12, Cas13, and Cas14 enzymes are single
effector proteins that can be guided by a single guide RNA (gRNA) to bind its targeted
sequence. Cas12 and Cas14 target dsDNA and ssDNA, respectively, and Cas13 targets
solely ssRNA substrates. B: A common characteristic of these enzymes is the activation of
nonspecific, collateral activity, upon target recognition. C: The high specificity and
collateral activity of these enzymes can be harnessed as CRISPR-based molecular sensors.
Reporter molecules composed of a nucleic acid sequence that is a substrate for the in trans
collateral activity of Cas enzymes and labeled with a fluorophore at one end and a quencher
at the other end are used as sensing molecules. D: When these Cas enzymes recognize and
bind to their target nucleic acid, their collateral activities are triggered, leading to the
degradation of the reporter sequence and thus the emission of the fluorescent molecule.
Such molecular sensors can be developed as ultrasensitive methods for detection of nucleic
acids of interest. Adapted from Aman, Mahas, and Mahfouz. 2018 [138].

In next chapters, including chapter 4, 5, 6, and 7, I discuss our work on developing nucleic
acid detection platforms for diagnostics of plant and human pathogens as well as the
development of cell-free biosensors for the detection of small molecules, including
antibiotics.
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Chapter 2

Establishment of virus RNA interference in plants using CRISPR/Cas13

This chapter is adapted from the following article:

Aman, R., Ali, Z., Butt, H. Mahas, A., Aljedaani, F., Khan, M. Z., Ding, S., Mahfouz.
M., RNA virus interference via CRISPR/Cas13a system in plants. Genome Biol 19, 1
(2018). https://doi.org/10.1186/s13059-017-1381-1
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analyzed data; Ahmed Mahas, Zahir Ali, and Magdy Mahfouz wrote the paper
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2.1 Abstract:
CRISPR/Cas systems confer immunity against invading nucleic acids, phages, and
conjugative plasmids in bacteria and archaea. CRISPR/Cas13a (known previously as
C2c2) is a class 2 type VI-A ribonuclease target and cleave single stranded RNA (ssRNA)
molecules of the phage genome. In this study, we employed CRISPR/Cas13a to engineer
interference against an RNA virus, Turnip Mosaic Virus (TuMV), in plants.
CRISPR/Cas13a enabled efficiant interference against the green fluorescent protein (GFP)expressing TuMV in transient assays as well as stable overexpression lines of Nicotiana
benthamiana. crRNAs targeting the HC-Pro and GFP sequences exhibited better
interference than those targeting other regions of the viral genome, such as coat protein
(CP) sequence. Cas13a can also process pre-crRNAs to produce functional crRNAs. This
data indicated that CRISPR/Cas13a can be used to engineer interference against RNA
viruses, providing a potential novel mechanism for RNA-guided immunity against RNA
viruses, and for potentially other RNA manipulations in plants.

2.2 Introduction:
CRISPR/Cas adaptive immunity systems provide resistance to invading phages and
conjugative plasmids in bacteria and archaea [39-41]. CRISPR/Cas-mediated immunity
involves three steps: adaptation (during which spacers are acquired from the invader
genome and integrated into bacterial genome), biogenesis of crRNAs form expressed
CRISPR arrays, and molecular interference against the invading genome or nucleic acid
[42, 43]. All known CRISPR/Cas systems are classified into two main classes: class I, in
which multi-effector protein complexes mediate the interference, and class II, which
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employs single, multi-domain effector proteins to mediate the interference. These two
classes are further subdivided into 6 types and 33 subtypes based on the genomic
architecture of the CRISPR array as well as the signature interference effector. For
example, class I CRISPR/Cas systems includes type I, III, and IV and class II includes type
II, V, and VI [46]. Notably, CRISPR/Cas systems of type I, II, and V target DNA genomes
of invading phages or conjugative plasmids, but type III and VI target mostly the singlestranded RNA of invading phages, resulting in molecular immunity against invading
nucleic acids [68, 133, 139, 140].

Microbial genome data mining efforts and computational prediction approaches to search
for previously unexplored class II CRISPR Cas systems has led to the discovery of different
novel Class II CRISPR systems, including C2c1, C2c2, and C2c3 [46]. C2c1 and C2c3
were found to contain RuvC-like endonucleases similar to Cpf1, and were therefore
classified as Class II type V CRISPR/Cas systems, known as type V-B Cas12b and type
V-C Cas12c, respectively [49]. In contrast to these other Cas nucleases, Class II candidate
2 (C2c2), designated as Cas13a, was found to possess unique features not present in any
other known Cas proteins. Analysis of the Cas13a protein sequence revealed the presence
of two Higher Eukaryotes and Prokaryotes Nucleotide-binding Domains (HEPN), which
are known to be associated with RNase activity [67]. These distinct characteristics of the
Cas13a protein raised the enticing possibility that CRISPR/Cas13a works as a single RNAguided RNA targeting effector.

A recent work characterizing the functionality of CRISPR/Cas13a from Leptotrichia shahii
(LshCas13a) has shown that the single effector Cas13a protein is indeed a programmable
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RNA-guided single-stranded RNA (ssRNA) ribonuclease [68]. Cas13a was shown to
provide immunity against bacteriophages in Escherichia coli by interfering with the MS2
lytic ssRNA phage. Cas13a guided by a crRNA containing a 28-nt spacer sequence
mediated cleavage of target ssRNAs in vitro and in vivo with protospacer flanking
sequence (PFS) of A, U, or C. The catalytic activity of Cas13a was shown to be affected
by secondary structures of the target sequence, where Cas13a tends to preferentially cleave
at uracil residues of multiple sites within secondary structures formed in the ssRNA
substrates. In addition, the two HEPN domains were shown to be responsible for the RNase
activity of Cas13a, and mutation of putative catalytic arginine residues within both domains
abolished the RNA cleavage activity, resulting in a catalytically inactive version of the
Cas13a enzyme (dCas13a). However, similar to dCas9, dCas13a retains its ability to bind
specifically to the target RNA, and therefore can be repurposed as an RNA-guided RNAbinding protein [68, 141]. Cas13a can also tolerate single-base mismatches but not double
mismatches in the middle of the crRNA spacer sequence–protospacer base paring,
indicating the presence of a central seed sequence. Importantly, the system demonstrated
its ability to be reprogrammed to specifically target non-phage RNAs in vivo by knocking
down the expression of the RFP protein in E. coli. Interestingly, E. coli cells expressing
RFP and active CRISPR/Cas13a machinery targeting RFP transcript exhibited reduced
growth, which was found to be due to a Cas13-based collateral RNA degradation activity.
The collateral Cas13a RNA degradation activities required the specific and successful
targeting of the target sequence and the activation of the Cas13a protein. Such collateral
targeting could provide a means for different useful tools for various biotechnological
applications [68].
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East-Seletsky et al. (2016) [66] have shown that Cas13a exhibits dual, distinct functions in
processing and biogenesis of the pre-crRNA, and degradation of ssRNA targets. These
Cas13a activities would facilitate the design and expression of multiple crRNAs under the
control of a single promoter for targeting multiple transcripts. Similar to LshCas13a,
LbuCas13a from Leptotrichia buccalis is guided by crRNAs to target a specific ssRNA
sequence, leding also to collateral non-specific activities [66]. The study also showed that
the collateral cleavage activity of Cas13a could be advantageous to detect and sense the
presence of specific RNA transcripts. Building on this idea, a recent study exploited the
collateral effect of the promiscuous RNAse activity of Cas13a upon target recognition to
develop a diagnostic tool for in vitro detection of nucleic acids, with a single-base
mismatch specificity and attomolar sensitivity, demonstrating a wide-range of potential
utility in diagnostic and basic research applications [71]. These studies suggest that Cas13a
holds great potential for precise, robust and scalable RNA-guided RNA-targeting
applications [29].

Plant RNA viruses are responsible for a significant proportion of important plant diseases,
infecting a wide range of plant species, and resulting in severe losses in quality and quantity
in various key crops [142, 143]. Different transgenic strategies, based on the pathogenderived resistance concept, have been utilized to engineer virus resistance in many plant
species [144]. For example, transgenic plants expressing viral genes (e.g. genes encoding
viral coat proteins) or RNA sequences of virus origin (to induce RNA interferencemediated resistance) have been shown to confer immunity against viruses from which these
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genes as well as RNA sequences were derived [145-147]. Furthermore, introduction of
plant antiviral genes, R genes, into plants has gained prominence as an effective approach
to engineer transgenic plants resistant to virus infection [148-151]. Although promising,
many drawbacks have limited the applications of these transgenic approaches in agriculture
[23, 24, 103].

Potyviruses are plant pathogenic viruses that belong to the Potyvirus genus, one of the
largest groups of plant viruses besides the Begomoviruses. Potyviruses represent an
economically important group of pathogens capable of causing a serious damage to a wide
range of plants. Members of the Potyviruses, such as Turnip mosaic virus (TuMV), have
long, filamentous particles that are 700–750 nm long, harboring a positive-stranded RNA
genome of about 10,000 nucleotides. The ssRNA genome of these viruses encodes a single
long open reading frame (ORF) flanked by terminal untranslated regions. The RNA
genome is translated into a single large polyprotein, which is subsequently processed and
cleaved by virus-encoded proteinases to yield at least 10 functional proteins [152].

In this work, we sought to study the possibility of adopting the CRISPR/Cas13a system for
engineering interference against RNA viruses in plants. To this end, we engineered the
CRISPR/Cas13a RNA interference system for in planta applications. Our study revealed
that CRISPR/Cas13a catalytic activities resulted in interference against GFP-tagged TuMV
RNA virus in transient assays and stable overexpression lines of Nicotiana benthamiana;
and that Cas13a can process pre-crRNA transcripts into functional crRNAs, resulting in
TuMV interference. Therefore, our study demonstrated that the CRISPR/Cas13a system is
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portable to plant species for RNA virus interference, thereby opening myriad possibilities
for research and applied uses in plants and other eukaryotic species.

2.3 Results:
2.3.1 Engineering CRISPR/Cas13a machinery for in planta expression
CRISPR/Cas13a defends bacterial cells against invading RNA viruses. Therefore, we
attempted to test the feasibility and portability of the CRISPR/Cas13a system to provide
molecular immunity against RNA viruses in plants. We selected the potyvirus Turnip
mosaic virus (TuMV), of the family Potyviridae, as a target for CRISPR/Cas13a. A
recombinant TuMV (TuMV-GFP) tagged with GFP was used to provide an easy-tomonitor system for virus infection, replication, and spread, thereby facilitating the
assessment of the interference activity of CRISPR/Cas13a system against the TuMV virus.
To engineer plants expressing the CRISPR/Cas13a machinery, we plant codon-optimized
the Leptotrichia shahii Cas13a (LshCas13a, WP_018451595.1) nucleotide sequence for
expression in plants, and custom synthesized four overlapping fragments to assemble the
construct, which we dubbed plant-codon optimized Cas13a (pCas13a). The four
overlapping fragments of pCas13a were assembled to generate a full-length clone flanked
by attL1 and attL2 recombination sites, a nuclear localization signal fused to the Cterminus of the protein, as well as a 3x-HA tag fusion at the N-terminus to facilitate protein
detection. The pCas13a was then subcloned into the pK2GW7 destination binary vector
via Gateway recombination reaction to generate pK2GW7:pCas13a over-expression clones
driven by the Cauliflower mosaic virus (CaMV) 35S promoter (Figure 2.1A and Figure
S1A). Subsequently, Agrobacterium tumefaciens was transformed with the binary
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pCas13a clone via electroporation. Next, Agrobacterium GV3101 cultures harboring the
35S::pCas13a binary clone were used for transient expression in N. benthamiana leaves
via agro-infection or for generation of transgenic plants overexpressing the pCas13a
effector protein (pCas13a-OE). We confirmed the expression of pCas13a in transient
assays in N. benthamina leaves and in permanent lines over-expressing pCas13a. Our
Western blotting data with anti-HA tag antibody demonstrated that the pCas13a protein
was expressed in plants and the correct protein size was detected (Figure 2.1B and Figure
S1B).
Next, to target the TuMV-GFP virus, we designed and constructed different crRNAs
targeting four different regions of TuMV-GFP genome, including two targets in GFP
(GFP1 and GFP2), and the helper component proteinase silencing suppressor (HC-Pro)
and coat protein (CP) sequences (Figure 2.1C). We engineered the RNA2 genome of
tobacco rattle virus (TRV) to transiently and systemically express and produce crRNAs
under the Pea early browning virus (PEBV) promoter in tobacco plants, as previously
described (Figure 2.1D) [153]. These crRNAs can be used to test the functionality of
CRISPR/pCas13a in transient as well as stable assays.
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Figure 2.1: Reconstitution of the CRISPR/Cas13a machinery in plants. A: Schematic
assembly of the plant codon-optimized Cas13a (pCas13a). pCas13a was custom
synthesized as four fragments. The F1 (with attL1 and 3x-HA), F2, F3, and F4 (with nls
and attL2) fragments were assembled in the cloning vector using a restriction-ligation
system. The respective restriction enzymes sites are represented on the top. By LR reaction,
pCas13a was moved into the Gateway-compatible binary vector pK2GW7 to make
pK2GW7-pCas13a. HA human influenza hemagglutinin epitope tag, nls nuclear
localization signal, attL1 and attL2, Gateway cloning recombination sites. B: Confirmation
of pCas13a expression in transgenic lines. Total protein was extracted from three
independent lines of N. benthamiana transformed with pK2GW7-pCas13a. Anti-HA
antibody was used to detect HA-tagged pCas13a. The arrow indicates the presence of
pCas13a. Wild type (WT) was used as a negative control. C: The TuMV-GFP genome with
selected targets. The arrowheads indicate the four selected sites. The lower panel represents
the target RNA sequences paired with their respective crRNAs. PFS protospacer flanking
site. D: Expression of the crRNA from the TRV system. The repeat-guide DNA sequences
were cloned under the PEBV promoter in RNA2 of TRV for constitutive and systemic
expression. E: Diagrammatic representation of the pCas13–crRNA–target complex. The
targeting complex pCas13a–crRNA (repeat sequence-n28, guide RNA-n28) bound to the
RNA target n28 for interference (Adapted from Aman et al., Genome Biology, 2018 [154]).
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2.3.2 CRISPR/pCas13a interferes with TuMV-GFP in planta
To investigate whether the CRISPR/pCas13a could target and interfere with TuMV-GFP,
we first performed transient assays in N. benthamiana leaves. Successful interference with
the TuMV-GFP genome should result in attenuated replication and spread of the virus.
This attenuation in virus replication can be measured by monitoring the level and spread
of the virus-mediated GFP expression to systemic leaves during the course of the infection.
Agrobacterium cultures carrying the binary pK2GW7:pCas13a clones, TRV RNA1, and
the engineered TRV RNA2 genome harboring crRNAs against one of the four different
TuMV-GFP genome targets (HC-Pro, coat protein (CP), GFP target 1 (GFP1), GFP target
2 (GFP2)), as well as TuMV-GFP infectious clones were co-delivered into N. benthamiana
leaves via agro-infection. In addition, a non-specific crRNA (ns-crRNA) with no
complementarity to the TuMV-GFP genome was used as a control. The interference
activity of the CRISPR/pCas13a system against the TuMV-GFP virus was assessed at 7
days post-infiltration (dpi) by monitoring and visualizing the GFP signal in the plant
systemic leaves under UV light. A reduction of ~50% in the level of GFP signal in the
systemic leaves of plants with crRNAs targeting the HC-Pro and GFP2 sequences was
observed. In addition, a low, but detectable reduction in the GFP signal was observed with
the CP and GFP1 crRNAs compared to the control, while no difference in the GFP signal
was observed in the N. benthamiana plants co-infiltrated with the TRV expressing nscrRNAs, targeted crRNAs and TuMV-GFP but not pK2GW7:pCas13a clones (Figure S2A,
B). These results indicated the functionality and the ability of the CRISPR/pCas13a to
interfere with the TuMV-GFP virus in planta.
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Next, we assessed the interference activity of CRISPR/Cas13a against the TuMV-GFP in
transgenic N. benthamiana plants constitutively overexpressing pCas13a protein
(pCas13a-OE) under the control of CaMV35S promoter. These pCas13a-overexpressing
plants were generated via Agrobacterium-mediated transformation of pK2GW7:pCas13a
clones into wild-type N. benthamiana plants, and the pCas13a protein expression was
confirmed by Western blotting (Figure 2.1B). The crRNAs targeting the HC-Pro, CP,
GFP1, or GFP2 sequences were delivered into pCas13a-OE plants via the TRV system as
described above. In addition, the pCas13-OE plants were co-infiltrated with TuMV-GFP
clones via agro-infection. The virus-expressed GFP signals were monitored in systemic
leaves of the infected pCas13a-OE plants at 7 dpi. We observed a substantial reduction, up
to 50%, in the GFP intensity with crRNAs targeting the HC-Pro and GFP2 targets.
However, crRNAs targeting the CP and GFP1 sequences exhibited only a moderate
reduction in the GFP intensity compared with the ns-crRNA or the empty vector control,
consistent with transient assay (Figure 2.2A, Figure S3).

We also performed western blotting to assess the virus levels in systemic leaves. We found
that plants with crRNAs targeting HC-Pro or GFP2 sequences exhibited the largest
reduction of GFP levels compared to crRNAs targeting CP or GFP1 target sequences or
the controls, further confirming the results obtained from the GFP signals analysis (Figure
2.2B).
To further validate the CRISPR/pCas13a-mediated interference with the RNA genome of
TuMV-GFP, northern blotting was performed to assess the accumulation of the TuMV
genome. Consistent with the level of the GFP protein, the northern blots showed a
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substantial reduction in the accumulation of the TuMV-GFP RNA genome using the
crRNAs targeting HC-Pro or GFP2 (Figure 2.2C), indicating the targeted degradation of
the TuMV-GFP genomic RNA via CRISPR/pCas13a. Importantly, the ns-crRNA showed
no interference activity, therefore, validating the specificity and programmability of
CRISPR/pCas13a for specific RNA targeting in plants.

Figure 2.2: The pCas13a–crRNA complex interferes with TuMV-GFP in planta. A:
pCas13a mediates interference with the GFP-expressing TuMV virus in plants. N.
benthamiana plants expressing pCas13a were infiltrated with TRV expressing crRNAs and
TuMV-GFP. At 7 dpi, plants were imaged under UV light for GFP. The GFP signal of the
plants having target crRNAs were compared to plants having no crRNA or a ns-crRNA. B:
GFP protein detection was used to validate the TuMV-GFP interference. Protein blots from
(A) were developed with anti-GFP antibody. The arrow indicates the size of the GFP band.
C: Northern blot confirms that Hc-crRNA and GFP2-crRNA give better interference with
TuMV. RNA blots from (A) were probed with a DIG-labeled TuMV complementary (250nt) RNA fragment and detected with anti-DIG antibody. The arrow indicates the
accumulation of the TuMV RNA genome. In (B) and (C), the lower panels were used as
loading controls (Adapted from Aman et al., Genome Biology, 2018 [154]).
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2.3.3 pCas13a processes poly-crRNA into functional crRNAs
It was recently reported that Cas13a processes its own pre-crRNA [66]; therefore, we
attempted to test whether pCas13a could process pre-crRNAs in plants. This is of great
importance since such ability would enable the generation of multiple functional crRNAs
that can allow multiplexed targeting of the same virus, or for simultaneous targeting of
multiple RNA and/or DNA viruses in plants. To this end, we designed CRISPR arrays
consisting of 28-nt targeting the HC-Pro, GFP1, and GFP2 sequences of the TuMV-GFP
RNA genome flanked by 28-nt direct repeats (poly-crRNA) (Figure 2.3A). In addition, we
designed CRISPR arrays harboring non-specific targeting sequences (ns-poly-crRNA) to
be used as controls. These CRISPR arrays were delivered either into wild-type plants or
pCas13a-OE plants via the TRV system to be systematically expressed as long pre-crRNA
transcripts, mimicking the endogenous expression of pre-crRNAs in prokaryotes. To
analyze the processing activity of pCas13a, we performed northern blotting using probes
against the direct repeat regions within the pre-crRNA, with the ultimate goal of detecting
the presence of the mature (processed) crRNAs that would indicate the successful
generation of mature crRNAs. We found a considerable accumulation of small RNA
products in both specific and non-specific poly-crRNAs, consistent with the expected size
of the mature crRNAs as compared with the size of the synthetic versions (s-crRNA) of
the mature crRNA product (Figure 2.3B).
Considering the possibility that the processed “mature” crRNAs would assemble with
pCas13a to form active pCas13a–crRNA complexes, we next investigated whether the
generated mature crRNAs are functional, and therefore, would allow efficient targeting of
the TuMV-GFP RNA genome via pCas13a. The pCas13-OE plants were agro-infiltrated
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with TRV expressing either the poly-crRNA or the ns-poly-crRNAs. These agro-infiltrated
plants were subsequently challenged with the TuMV-GFP virus and the viral GFP signal
was determined in systemic leaves at 7 dpi. Strikingly, we detected a significant reduction
in the intensity and spread of the viral-mediated GFP signal in plants with the targeting
poly-crRNA in comparison to the ns-poly-crRNA to other controls (Figure 2.3C). A
quantitative evaluation of the GFP signal revealed an average reduction in the GFP signals
of about 50% with the targeting poly-crRNA, while no significant reduction was detected
with the ns-poly-crRNA (Figure 2.3D). Furthermore, northern blotting data showed a clear
reduction in the TuMV-GFP RNA genome level in the case of the targeting poly-crRNA,
compared to the undetectable reduction of the TuMV-GFP with the ns-poly-crRNA (Figure
2.3E). To further validate these results, western blotting data demonstrated a reduction in
the protein level of the virus-expressed GFP in plants with the targeting poly-crRNA
compared with ns-poly-crRNA, consistent with the results of the GFP signal intensity
measurement and northern blot (Figure 2.3F). Together, these results indicated the ability
of pCas13a to process pre-crRNA transcripts and generate functional crRNAs capable of
guiding pCas13a to recognize and interfere with the target RNA virus in plants.
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Figure 2.3: pCas13a-processed poly-crRNA mediates interference with TuMV-GFP.
A: Schematic of the cleavage of poly-crRNA by pCas13a. Rectangles denote the spacer
sequences and solid lines denote repeat elements. The predicted cleavage sites are depicted.
B: Northern blot for pCas13a-mediated cleavage of poly-crRNA. RNA blot from two
independent transgenic lines of pCas13a (L-9 and L-6) infiltrated with TRV RNA1 and
RNA2 expressing specific poly-crRNA and a ns-poly-crRNA and TuMV-GFP. The RNA
blot was probed and detected with a DIG-labeled 28-nt RNA fragment against the repeat
sequence. The arrow indicates the processed crRNA (56 nt) in L-9 from both ns-polycrRNA and poly-crRNA compared to WT N. benthamiana. In L-6, the processed crRNA
level from poly-crRNA remained under the detection level. The synthetic crRNA (56 nt)
was used as an experimental control. C: GFP signal data demonstrating the poly-crRNAmediated interference against TuMV-GFP. pCas13a transgenic N. benthamiana plants
infiltrated with TRV expressing poly-crRNA (three crRNAs) and TuMV-GFP were
imaged under UV light for GFP at 7 dpi. The GFP signal of the plants expressing polycrRNAs were compared to plants expressing ns-poly-crRNA or empty vector control. D:
GFP quantification of poly-crRNA-mediated viral interference. The GFP signal (n = 5)
data were used for the generation of a percentile graph. The GFP signal of the plants
inoculated with TuMV-GFP and empty vector control were used as a reference. E:
Northern blot showing the poly-crRNA-based interference against TuMV-GFP. RNA blots
were probed with the DIG-labeled RNA fragment and developed with anti-DIG antibody.
The arrow indicates the accumulation of the TuMV RNA genome. F: Western blot to
confirm the TuMV-GFP interference by poly-crRNA. Protein blots from the poly-crRNA
and ns-poly-crRNA were detected for GFP with anti-GFP antibody. ns-poly-crRNA and
plants inoculated with only TuMV-GFP were used as control. In (E) and (F), the lower
panels were used as loading controls (Adapted from Aman et al., Genome Biology, 2018
[154]).
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2.4 Discussion:
CRISPR/Cas systems provide bacteria and archaea with immunity to fend off invading
nucleic acids, providing synthetic bioengineers with rich resources to develop systems to
edit and regulate the genome and epigenome, and to modulate, modify, and monitor the
transcriptome. Therefore, CRISPR/Cas systems can be harnessed for applications in
functional biology, biotechnology and genetic medicine. Here, we harnessed
CRISPR/Cas13a to engineer plant immunity against TuMV RNA virus. Our data
demonstrated that CRISPR/Cas13a can mediate molecular interference against a plant
RNA virus. Targeting different viral genomic regions for interference resulted in reduced
levels of GFP as well as a reduction in the accumulation of the TuMV-GFP RNA genome
in systemic leaves. These findings indicated the attenuation of the TuMV-GFP virus
replication and spread, corroborating the effectiveness of CRISPR/pCas13a in targeting
and interfering with the TuMV RNA viruses in plants.

In this work, we observed that virus interference was most efficient with crRNAs targeting
sequences within the HC-Pro and GFP2 sequences. On the other hand, crRNAs targeting
the CP or GFP1 target sequences were less effective, suggesting that, among other
unexplored factors, secondary structures within the target TuMV-GFP RNA or the
presence of RNA binding proteins might influence the activity of the pCas13a on the target
RNA. This observation is consistent with other studies that have suggested that the activity
of Cas13 is highly governed by RNA target accessibility. For example, Abudayyeh et al.
have characterized the LshCas13a activity in its native environment and have shown that
the most effective crRNAs were found to be clustered within regions of strong interference,
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indicating that target RNA accessibility, indeed, impact the Cas13a activity [68]. Similar
conclusions were also drawn with other Cas13 variants, including LwaCas13a [75] and
BzCas13b [64] CRISPR systems. These findings suggest that careful selection of crRNA
targets as well as exploration of various crRNAs efficiency might be essential to maximize
Cas13a activity and to the success of the Cas13-mediated RNA interference. In addition,
we cannot exclude that there might be other mechanisms at play controlling the targeting
accessibility and efficiency of CRISPR/Cas13 systems, which require further studies. It is
worth noting that different approaches may be attempted to improve the targeting and
interference activities of CRISPR/Cas13a system against RNA viruses, including 1)
multiplex targeting of different targets of the virus ssRNA genome, 2) the use of other
Cas13 effectors with robust and more efficiant RNA-guided ribonuclease activity, and 3)
the use of certain protein stability fusions such as msfGFP, which have been shown to
enhance their stability and catalytic activity [75].

It has been previously shown that using ≤ 54-nt complementary sequence in viral delivery
vectors, such as TRV system, does not activate the post transcriptional gene silencing in
plants [155]. However, to exclude the possibility that the TRV-delivered 28-nt (spacer
sequence of crRNA) could activate the RNAi for the observed TuMV-GFP interference,
TuMV-GFP and TRV with crRNAs were co-infiltrated to the wild type N. benthamiana
plants. Our results (Figure S2A, lower panel) clearly showed that the expression of only
28-nt spacers did not lead to any silencing of TuMV-GFP in wild type N. benthamiana,
confirming that the observed interference is pCas13a-dependent.
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Catalytically active Cas13a processes pre-crRNAs in vitro and in vivo. Importantly in
planta, the absence of the processed mature crRNA product in the wild-type plants, in
contrast to pCas13a-OE plants, provides corroborating evidence that the processing of poly
crRNA and generation of the mature crRNA is attributed to the presence of pCas13a,
consistent with the known role of Cas13a in processing pre-crRNA transcripts [66]. Mature
crRNAs detection is lower in the presence of their targets than the ns-poly-crRNAs,
probably due to the differential crRNA stability after targeting. Different strategies (tRNA
and ribozymes) were previously adopted for multiplex targeting and interference of DNA
virus [156, 157]. However, the ability of pCas13a to process the poly-crRNA into
individual functional crRNAs permit us to use the pCas13a native activity to produce multicrRNA from a single poly-crRNA for viral interference. Subsequently, the results obtained
from the targeting of TuMV-GFP RNA with a single crRNAs (Figure 2.2) and poly-crRNA
(Figure 2.3 C–F) showed analogous patterns of GFP signal, suggesting that the processed
crRNAs are functional and pCas13a-crRNA complexes can interfer with the TuMV-GFP
genome. The observed recovery from virus symptoms in this study showed that the
CRISPR/pCas13a system has promise for engineering plants for resistance against plant
RNA viruses.

Several questions relating to the mechanisms of RNA recognition and subsequent
activation of the ribonuclease activities on target and non-target ssRNAs remain to be
answered. Liu et al. reported that upon target RNA binding and subsequent activation of
the ribonuclease activity, Cas13a exhibits indiscriminate degradation of non-target RNAs,
leading to promiscuous , non-specific, activity [70]. Surprisingly, Cas13a overexpression
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plants appear similar to the wild-type plants, and introduction of crRNAs with virus target
did not lead to detectable cell death. Because collateral RNA-degradation activities may
cause cellular toxicity and lead to cell death, our study reveals that such robust promiscuous
activity is lacking or too low to be detected in plant cells or probably in eukaryotes in
general. While preparing this manuscript, another study about the utility of Cas13a
variants, namely LwaCas13a, to target mRNA in human cells and plant protoplast was
published by Abudayyeh et al. (2017) [75] observing no promiscuous activity of Cas13a
in eukaryotic cells. Therefore, further studies are needed using different Cas13a variants
and exhaustive crRNAs against viral and endogenous RNA targets.
Future work would focus on the identification of Cas13a variants that exhibit robust
ribonuclease activity relative to the currently used Cas13a variant. In addition, the specific
RNA targeting and binding activity of Cas13 proteins, as well as dCas13 variants, could
be used for selective degradation of targets through the use of other robust ribonuclease
domains fused to the Cas13a backbone.

2.5 Conclusions:
Our findings show that Cas13a is an RNA-guided ribonuclease that can be programmed
and utilized to target and degrade viral RNA genomes in plants, thereby providing a
promising and an effective tool for a variety of RNA manipulations and specifically
interference against RNA viruses in plants, and in eukaryotic cells in general.

2.6 Material and Methods
2.6.1 Design and construction of CRISPR/Cas13 machinery for in planta expression
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We designed a pCas13a protein including 3x-HA, NLS, attL1, and attL2 sites. The
nucleotide sequence of pCas13 (Sequence S1, S2) was designed as four overlapping
fragments with unique restriction enzymes to facilitate sequential cloning and assembly
into a single fragment. These four fragments were custom synthesized into the pUC19(MCS) plasmid by Blue Heron Biotech gene synthesis services (Blue Heron Biotech,
Bothell, WA, USA). The first fragment (fragment 1) is preceded by the attL1 sequence and
the last fragment (F4) ends with the attL2 sequence for subsequent LR Gateway
recombination reaction. To assemble the four fragments into a single fragment, fragments
1 and 2 were assembled by restriction digestion with Xba1 and PpuM1 enzymes and
fragment 3 and 4 were assembled with pPuM1 and Not1 to generate pUC19- (F1+F2) and
pUC19-(F3+F4), respectively. Subsequently, the pUC19-F3+F4 clone was sub-cloned into
pUC19-F1+F2 using Avr2 and NotI enzymes to generate a single clone with the complete
and in-frame sequence of pCas13a. The pUC19-pCas13a construct was confirmed by
Sanger sequencing using overlapping primers. Next, we sub-cloned pCas13a into the
pK2GW7 binary vector using LR Gateway recombination cloning to generate pK2GW7pCas13a for expression in plants under the control of the 35S promoter.
The crRNAs were designed as primer dimers (Table S2) with overhang and were cloned
under PEBV promoter in TRV RNA2 by XbaI and BamHI (Sequence S4 – 7). The polycrRNA and ns-poly-crRNA were custom synthesized in pUC19 with unique sites (BamHI
and SacI). Both the poly-crRNA and the ns-poly-crRNAs were cloned to the TRV, RNA2
by BamHI and SacI.

73
2.6.2 Plant Material
N. benthamiana plants expressing Cas13a were regenerated using the previously developed
protocol [153]. The pK2GW7-pCas13a construct was used to generate plants (N.
benthamiana or resistant) for programming resistance to TuMV (Table S1, Sequence S3,
and Map S2). All plants were selected on 50 mg kanamycin in ½ Murashige-Skoog agar
media.

2.6.3 Agro-infiltration of N. benthamiana leaves and GFP imaging.
Constructs, harboring the TuMV-GFP infectious clone, TRV RNA2 empty or containing
crRNA under PEBV promoter, TRV RNA1, were individually electroporated into
Agrobacterium tumefaciens strain GV3101. Overnight-grown single colonies in selective
medium were centrifuge and suspended, in infiltration medium (10 mM MES [pH 5.7], 10 mM
CaCl2, and 200 µM acetosyringone), and incubated at ambient temperature for 2 h. For
infiltration into Cas13a-OE plants, cultures were mixed at an OD600 ratio of 0.05:1:1 (TuMVGFP, TRV RNA2, TRV RNA1) and infiltrated into 3- to 4-week-old leaves of N. benthamiana
Cas13a-OE plants with a 1-mL needleless syringe. GFP expression was observed at 3, 7, and
10 dpi using a hand-held UV light. Photos were taken with a Nikon camera both in normal
light and under UV light. GFP signal quantifications were done using ImageJ software. Leaves
samples were collected at 7 and 15 dpi for molecular analyses.

2.6.4 Immunoblot Analysis.
Total proteins were extracted from 100 mg of sample using extraction buffer (100 mM
Tris-Cl pH8, 150 mM NaCl, 0.6% IGEPAL, 1 mM EDTA, 3 mM DTT with protease
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inhibitors, PMSF, leupeptin, aprotinin, pepstatin, antipain, chymostatin, Na2VO3, NaF,
MG132, and MG115. Proteins were separated on a 10% polyacrylamide gel. Immunoblot
analysis was carried out using mouse α-GFP (1:2000; Invitrogen) for TuMV GFP and rat
α-HA (1:500) antibody for pCas13a. The antigens were detected by chemiluminescence
using an ECL-detecting reagent (Thermo Scientific)

2.6.5 RNA isolation and northern blot analysis.
Total RNA was extracted from virus-infected plants using the Direct-zol RNA MiniPrep
Plus (Zymo Research) according to the manufacturer’s recommendations. For each sample,
10–15 μg of RNA was separated on a denaturing 2% agarose gel, blotted on a HybondN+ (GE Healthcare) membrane and hybridized with a DIG-labelled probe. For virus
expression analysis, a DIG-labelled RNA probe was synthesized using DIG Northern
Starter Kit (Roche) and manufacturer’s instructions were followed. For crRNA detection,
5´-end DIG-labelled oligonucleotide (IDT) was used. DIG application manual (Roche) was
followed for capillary transfer, hybridization and detection. Northern blots were repeated
in three independent experiments with the same results.
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Chapter 3

CRISPR-Cas13d mediates robust RNA virus interference in plants

This chapter is adapted from the following article:

Mahas, A., Aman, R. & Mahfouz, M. CRISPR-Cas13d mediates robust RNA virus
interference in plants. Genome Biol 20, 263 (2019). https://doi.org/10.1186/s13059-0191881-2

All related supplementary information can be found in the online version

3.1 Abstract
CRISPR-Cas systems endow bacterial and archaeal species with adaptive immunity
mechanisms to fend off invading phages and foreign genetic elements. CRISPR-Cas9 has
been harnessed to confer virus interference against DNA viruses in eukaryotes, including
plants. In addition, CRISPR-Cas13 systems have been used to target RNA viruses and the
transcriptome in mammalian and plant cells. Recently, CRISPR-Cas13a has been shown
to confer modest interference against RNA viruses. Here, we characterized a set of different
Cas13 variants to identify those with the most efficient, robust, and specific interference
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activities against RNA viruses in planta using Nicotiana benthamiana. Our data show that
LwaCas13a, PspCas13b, and CasRx variants mediate high interference activities against
RNA viruses in transient assays. Moreover, CasRx mediated robust interference in both
transient and stable overexpression assays when compared to the other variants tested.
CasRx targets either one virus alone or two RNA viruses simultaneously, with robust
interference efficiencies. In addition, CasRx exhibits strong specificity against the target
virus and does not exhibit collateral activity in planta. Our data establish CasRx as the
most robust Cas13 variant for RNA virus interference applications in planta and
demonstrate its suitability for studying key questions relating to virus biology.

3.2 Introduction
Plant viruses are obligate parasites that rely mostly on host cells to complete their life
(infection) cycle. They infect many economically important crops, leading to a significant
decrease in crop yields worldwide. It is estimated that plant diseases cause 10 to 15%
reduction in global crop yields each year, and 47% of this loss is caused by viruses [95,
158, 159]. Therefore, plant viruses threaten world agriculture and the food security of the
rapidly growing world population. Most viruses infecting plants are RNA viruses, which
comprise diverse groups and subgroups that are classified based on phylogenetic
relationships determined by sequence homologies among the conserved virus genes, such
as RNA-dependent RNA polymerase (RdRp), coat protein (CP), and movement protein
(MP) [160]. Viruses with positive-sense, single-stranded RNA genomes represent most of
these viruses. Therefore, we urgently need to develop effective antiviral agents to preserve
crop yields from such viruses [161]. Various strategies, based on genome and genetic
engineering approaches, have been developed to combat viruses, including directly
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inhibiting virus replication or targeting host factors required by viruses to replicate and
persist [162]. RNA interference (RNAi), for example, is an innate antiviral immunity
mechanism that has been successfully used to combat various plant viruses [163, 164].
Nevertheless, the availability of such antiviral strategies is still limited to specific virus
groups, and many viruses, through evolution, mutate readily and have developed various
counter-defense mechanisms, leading to rapid emergence of new viruses and nullifying the
available antiviral approaches.

Bacterial and archaeal species employ CRISPR-Cas systems to fend off foreign genetic
elements from invading phages and nucleic acids [39]. CRISPR-Cas adaptive immunity
involves three main stages: (1) adaptation and spacer acquisition, where a piece of the
invader genome is incorporated into the CRISPR array proximal to the 5′ leader sequence;
(2) biogenesis of the CRISPR array into pre-CRISPR RNA (crRNA) to provide targeting
speciﬁcity and processing into mature crRNA; and (3) interference, where the crRNA binds
and guides the effector protein to the invader’s genome for cleavage or degradation [43].
These systems are divided into two classes: class I systems, which rely on multiple Cas
proteins that mediate the target interference; and class II systems, which are represented by
single, multidomain effector proteins. The class II CRISPR/Cas systems include types II,
V, and VI. Types II and V comprise endonucleases that operate at the DNA level. On the
other hand, type VI CRISPR/Cas systems are distinct in that they exclusively target RNA
molecules [43, 46].
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Because class II CRISPR-Cas systems are composed of a single effector to mediate the
interference and immunity against the invader’s genomes, their engineering is simple;
therefore, they are widely adopted in genome and transcriptome engineering. In recent
years, class II CRISPR/Cas systems have been extensively developed to provide powerful
and versatile tools for various genome engineering purposes [165-167]. Several studies
have interrogated genomic and metagenomic sequencing data through the use of signature
proteins to identify novel RNA-guided DNA and RNA endonucleases [46, 49]. Class II
type II CRISPR-Cas9 targets DNA and has been used for genome engineering across
eukaryotic species [168]. The impressive success of the DNA-targeting CRISPR/Cas
systems in engineering and specifically editing the genome of different eukaryotic cells has
led to the exploitation of this technology as a programmable antiviral defense strategy to
confer resistance to many eukaryotic viruses, including human viruses [45, 169, 170]. In
plants, CRISPR/Cas9 efficiently confers viral resistance to host plants. We and others have
shown that CRISPR/Cas9 mediates strong interference against various DNA viruses. We
have also shown that a single guide RNA targeting a conserved intergenic region in
multiple Geminiviruses guides Cas9 to target different viruses simultaneously, providing
interference against these DNA viruses [110, 111, 113, 171]. These studies demonstrate
the enormous potential of CRISPR/Cas9 as a promising strategy against plant DNA viruses
[45]. Nevertheless, such DNA-targeting CRISPR modalities cannot target RNA molecules
and therefore limit their applicability for targeted interference against RNA viruses.

Class II type VI CRISPR-Cas systems are RNA-guided and RNA-targeting machineries
that provide prokaryotes with immunity against RNA [68] and DNA phages [172]. All type
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VI CRISPR-Cas systems have a single effector protein known as the Cas13 effector,
formerly the C2c2 CRISPR-Cas system [68]. Cas13 effectors possess two distinct catalytic
activities; one is RNase activity provided by the two higher eukaryotic and prokaryotic
nucleotide binding domains (HEPN), which is required for target RNA degradation, and
the other is RNase activity that catalyzes the processing and maturation of the pre-crRNA
into mature crRNA [66, 69]. Intriguingly, these systems, once activated through the
specific binding of the target RNA, confer collateral “promiscuous” activity and
nonspecifically degrade the RNA transcripts in the cell [68]. This collateral activity was
harnessed to develop highly sensitive pathogen detection methods [136, 173-175].

CRISPR/LshCas13a from Leptotrichia shahii was the first Cas13 orthologue to be
harnessed for programmable RNA targeting activities [68]. We previously developed
LshCas13a to engineer immunity against the tobacco turnip mosaic RNA virus (TuMV) in
different plant species, including Nicotiana benthamiana and Arabidopsis thaliana [154,
176]. We demonstrated that LshCas13a mediates specific RNA virus targeting in plants,
albeit with moderate efficiency. In addition, we demonstrated that LshCas13a can process
pre-crRNA to generate mature and functional crRNAs that guide LshCas13a to degrade
the targeted virus. Subsequently, LshCas13a has become the prominent Cas13 orthologue
in engineering immunity against different RNA viruses in different plant species, including
monocot and dicot plants [177, 178]. Since the first report of LshCas13a, several studies
have identified more variants of Cas13 proteins belonging to different Cas13 families,
which have been classified into four type VI subtypes (A-D) [63, 75, 179]. These other
variants have shown more robust catalytic activity and specificity compared to LshCas13a
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and have been harnessed for different RNA targeting and manipulations [62, 63, 72, 75,
173]. In addition, these studies have shown that these Cas13 variants exhibit variable
efficiencies for transcriptome targeting and engineering. LwaCas13a, for example, has
been reported to mediate more robust RNA targeting activity than the LshCas13 system
but requires a stabilizer fusion, for example, msfGFP for efficient interference activity [75].
Subsequent studies have identified PspCas13b to be more efficient for RNA targeting in
mammalian cells compared to the LwaCas13a protein, and PspCas13b does not require a
stabilizer protein for its activity [72]. Recently, a new and additional Cas13 subtype has
been identified, type VI-D, which shows minimal sequence identity with previous Cas13
effectors. Interestingly, Cas13d effector proteins are much smaller than all previously
reported subtypes (median size ~300 amino acids, 26% smaller than other Cas13 proteins)
[62, 63] and similar to type VI-B; the majority of the type VI-D orthologs contain
associated accessory proteins harboring WYL domains [63]. Notably, experimental
characterization of the Cas13d activity of the Ruminococcus flavefaciens (CasRx)
orthologue has shown consistently robust activity and specificity in mammalian cells
compared to the previously characterized Cas13 proteins, namely, LwaCas13a and
PspCas13b [62]. These enzymes will enable diverse RNA manipulations for different
purposes.

Because most viruses infecting plants possess RNA genomes, and, reasoning that other
uncharacterized Cas13 proteins might exhibit more robust activity in plants against RNA
viruses, we sought to identify a more robust RNA-targeting CRISPR/Cas13 system by
characterizing a set of Cas13 family members to assess their virus RNA-targeting activity
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in planta. Here, we investigated nine different Cas13 variants for robust virus interference
to establish the use of this adaptive immunity mechanism for engineering plant immunity
against single and multiple RNA viruses. We identified CasRx as the most effective Cas13
orthologue for RNA virus targeting in N. benthamiana. CasRx confers robust RNA virus
interference compared to other variants in transient assays targeting a highly replicating
RNA virus. In addition, transgenic plants overexpressing CasRx exhibited efficient
interference against TuMV RNA compared to plants overexpressing other Cas13 variants,
including LwaCas13a and PspCas13b, using cognate, position-matched crRNAs.
Importantly, the catalytically deactivated (dCasRx) version could not mediate any virus
targeting and, thus, inhibition, indicating that the HEPN-dependent catalytic activity of
CasRx is required for virus RNA degradation. Finally, using synchronous coinfection of
two noncompeting RNA viruses, we show that CasRx RNA virus targeting is highly
specific to the targeted virus and lacks collateral activities in planta. In addition, CasRx
mediated efficient multiplexed virus interference by targeting two different RNA viruses
simultaneously.

This work establishes the use of CasRx for efficient RNA virus

interference applications in plants.

3.3 Results
3.3.1 Construction of different CRISPR-Cas13 variants for expression in planta
Different CRISPR-Cas13 variants have been identified through computational pipelines
searching for effector proteins possessing two HEPN domains. Cas13a, Cas13b, and
Cas13d have been identified and tested for RNA manipulation in vitro and in vivo [62, 63,
75, 179-181]. Here, we investigated different Cas13 orthologues to assess their catalytic
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activities for RNA virus interference in plants. To this end, we generated binary vectors for
in planta expression of multiple Cas13 proteins of three different Cas13 subtypes,
including subtypes A, B, and D (Figure 3.1A). In addition to the LshCas13a that we
previously employed [154, 176], we selected one orthologue of Cas13a from Leptotrichia
wadei (LwaCas13a), two orthologs of Cas13b from Bergeyella zoohelcum (BzCas13b) and
from Prevotella sp. P5-125 (PspCas13b), and one orthologue of Cas13d from
Ruminococcus flavefaciens XPD3002 (CasRx). The selection of these different Cas13
orthologues was based on several reports showing improved RNA targeting activity of
these variants in comparison to LshCas13a protein in vitro and in mammalian cells [62, 75,
179, 181]. Different fusions were made to these Cas13 variants to improve their stability
or control their subcellular localization for optimum activity against the target transcripts.
The different Cas13 protein open reading frames (ORFs) were fused to either a nuclear
localization signal (NLS) or a nuclear export signal (NES), or not fused to any localization
signal. In addition, all proteins were fused with an HA tag to facilitate protein detection
(Figure 3.1B). The different Cas13 orthologues were cloned into the pK2GW7 binary
vector, and their expression was driven by the 35S cauliflower mosaic virus promoter.
Because the PspCas13b orthologue has been previously shown to be most active for RNA
interference with the NES signal [72], we proceeded with the PspCas13b-NES module
without considering an NLS variant. For expression of Cas13’s cognate crRNAs conferring
specificity against the green fluorescent protein (GFP) reporter gene in the target virus or
against a virus protein-coding sequence, we employed our tobacco rattle virus (TRV)based system to transiently and systemically express the crRNAs in plants [153], where the
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corresponding crRNAs were cloned under the pea early browning virus promoter, pPEBV,
in the TRV-RNA2 genome.

3.3.2 Screening of Cas13 variants for efficient RNA virus interference in transient
assays
To assess the CRISPR/Cas13 activity in planta, generation of transgenic plants
overexpressing the CRISPR/Cas13 machinery is normally needed. However, such an
approach is time-consuming and challenging when multiple and different CRISPR/Cas13
variants need to be evaluated, especially when considering the evaluation of multiple and
different crRNAs for each variant. Therefore, the development of a transient assay that
allows the assessment of different Cas13 variants and crRNAs simultaneously and
systemically prior to the generation of transgenic plants would be valuable. We adopted a
tobacco mosaic virus (TMV)-RNA-based overexpression (TRBO-G) system expressing
the GFP gene to serve as a reporter construct to measure Cas13 interference activity in
transient assays in plants. TRBO-G is a positive-sense, single-stranded RNA plantinfecting virus that has been engineered to replace the CP-encoding sequence with a GFPencoding sequence, rendering the virus unable to move systemically in the infected plants,
but retaining its ability to highly and efficiently replicate and express GFP protein in the
infected (infiltrated) leaves (Figure S1) [182]. This reporter system was employed to
provide a unique and easy-to-monitor system for virus infection and replication, thereby
facilitating the assessment and comparison of the interference activity of the different
CRISPR/Cas13 systems against RNA viruses in plants (Figure 3.1C).
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Figure 3.1: CRISPR/Cas13 orthologs for RNA virus interference
A: Schematic representation of CRISPR/Cas13 variants and their respective crRNA
structures. Structural representation of different Cas13 subtypes with its corresponding
crRNAs structures are shown with the estimated average size of the Cas13 protein under
each subtype. HEPN: High Eukaryotic and Prokaryotic Nucleotide binding domains; aa:
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B: Schematic of different Cas13 protein variants used in this study. The different Cas13
variants are shown with their different fusions. NLS: nuclear localization signal; NES:
nuclear export signal; GFP: green fluorescent protein.
C: Schematic of TRBO-based Cas13 mediated RNA virus interference. The highly
replicating plant TRBO RNA virus expressing GFP protein was used as a reporter system
to screen for efficient Cas13 activity in transient assays via crRNA delivered through TRV
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system, targeting two different regions within the GFP sequence of the virus RNA genome.
35S: CaMV 35S promoter; pPEBV: pea early browning virus promoter; RNA1/RNA2:
genomes of the tobacco rattle virus (TRV).

To assay for the interference activity of the different Cas13 variants, we co-delivered each
of the Cas13 variant with the position-matched Cas13’s cognate crRNAs targeting GFP
coding sequence within the TRBO-G genome, and the TRBO-G-expressing construct into
leaves of wild type N. benthamiana plants via Agro-infiltration. We used a nonspecific
crRNA with no complementarity to the TRBO-G genome as a negative control. We tested
two position-matched crRNAs (GFP-T1 and GFP-T2) with each of the Cas13 variants, and
measured the virus-expressed GFP signal 3 days post-infiltration. Notably, we observed a
broad range in the interference levels between the different Cas13 variants. Our data show
that both CasRx variants (CasRx-NLS and CasRx-NES) exhibited the highest level of
interference against TRBO-GFP using GFP-T1 and GFP-T2 crRNAs compared to the other
Cas13 orthologues. In addition, other variants including LwaCas13a-NLS, LwaCas13aNES, and PspCas13p-NES exhibited an efficient interference against TRBO-GFP using
also the two GFP -targeting crRNAs (Figure 3.2A). In addition, as another control, we
conducted one set of experiments in which we delivered the crRNAs and the target virus
(TRBO-GFP) in the inoculated leaves, but without the Cas13 protein variants. We did not
observe any virus interference, indicating that the virus interference observed in Figure 2A
is exclusively Cas13-crRNA dependent (Figure S2). We repeated these transient assays in
at least three independent experiments using the GFP signal as an indicator of RNA virus
interference, and our data showed that CasRx is highly efficient compared to other Cas13
variants and NS-crRNA controls (Figure 3.2B).
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Next, we conducted molecular analyses to assess the RNA virus interference via
immunoblotting of the GFP protein of TRBO-GFP virus to validate the observed reduction
in the GFP signal. Our immunoblotting data corroborated our phenotypic data (GFP signal
in inoculated leaves) and showed that LwaCas13a-NLS, LwaCas13a-NES, and
PspCas13b-NES mediated strong interference against the RNA virus. Intriguingly, CasRx
mediated the highest and most efficient interference when compared to these or other
Cas13 variants, as indicated with the low GFP protein level of the targeted virus (Figure
3.2C, D).

Because the CRISPR-Cas13 machinery targets the RNA transcripts of the virus for
degradation, we wanted to assess the interference at the RNA level. Therefore, we
conducted reverse transcription-quantitative PCR (RT-qPCR) to assess the interference
activities of different Cas13 variants. Consistent with the level of GFP signal, the RT-qPCR
data showed that CasRx mediated robust and highly efficient RNA interference when
compared to other Cas13 variants (Figure 3.2E). These data corroborated our phenotypic
and immunoblotting data and identified CasRx as the most efficient Cas13 variant for RNA
interference applications.
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Figure 3.2: TRBO-GFP based screening of different Cas13 orthologs for efficient
virus interference.
A: GFP monitoring to assess the Cas13-mediated virus interference activities in Agroinfiltrated wild type N. benthamiana leaves in transient assays. Images were taken 3 days
post infiltration. NS: non-specific crRNA.
B: Relative fluorescence intensity quantification of leave images. For each Cas13 variant,
GFP signal intensity of each targeting crRNA (GFP-T1 and GFP-T2) are shown relative to
the non- targeting (NS) crRNA. Values shown as mean ± s.e.m. (n=3).
C: Western blot analysis of the abundance of the virus expressed GFP protein to confirm
the Cas13-mediated TRBO-GFP virus interference. Protein blots were developed with antiGFP antibody. 𝛼-GFP: Anti-GFP antibody. Ponceau staining served as loading control.
D: Quantification of the western blot data. For each Cas13 variant, the abundance of the
GFP protein with the targeting crRNAs (GFP-T1 and GFP-T2) are shown relative to the
non-targeting (NS) crRNA. Error bars indicate s.e.m. (n=3).

88
E: RT-qPCR analysis of TRBO-GFP knockdown with different Cas13 variants using the
two position-matched crRNAs. For each Cas13 variant, knockdown efficiency of each
targeting crRNA (GFP-T1 and GFP-T2) are shown relative to the non-targeting (NS)
crRNA. Values shown as mean ± s.e.m. (n=3).

3.3.3. CasRx outperforms LwaCas13a and PspCas13b variants in targeting the virus
replicase for RNA interference
In our previous interference experiments using crRNA against the GFP sequence of the
virus genome, we identified three Cas13 orthologues with the highest level of interference
activity against the TRBO-GFP RNA genome, namely, LwaCas13a, PspCas13b, and
CasRx. However, CasRx mediated the highest interference efficiency among these
variants. Next, we wanted to test whether this interference activity and efficiency are
applicable to other virus sequences and whether targeting other (conserved) virus
sequences would result in similar interference efficiencies. Therefore, we designed three
crRNAs targeting the replicase gene of the virus (Rep-T1, Rep-T2, and Rep-T3) and tested
the activity of LwaCas13a, PspCas13b, and CasRx variants for RNA virus interference.
Our data showed that CasRx mediated the highest level of interference activity, followed
by LwaCas13a proteins (Figure 3.3A). Interestingly, and despite its strong interference
activity against the GFP sequence of the virus, PspCas13b did not mediate an efficient
interference against the replicase transcripts using the three crRNAs (Figure 3.3A). We
also found that different crRNAs targeting different regions of the replicase transcripts
exhibited variable interference efficiencies, where Rep-T3 crRNA mediated better
interference relative to the other crRNAs (Figure 3.3A), probably due to different factors
affecting target accessibility [68]. Strikingly, CasRx mediated strong interference with all
crRNAs used to target the replicase transcripts, with CasRx-NES mediating better
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interference compared to the CasRx-NLS variant (Figure 3.3A). Independent repetition of
these experiments against the virus replicase transcripts showed similar and consistent
results, and confirmed that CasRx mediated robust RNA virus interference efficiencies
when compared to other Cas13 variants (Figure 3.3B).

Subsequently, we conducted molecular analyses using immunoblotting to assess the virus
interference activities of these Cas13 variants. The immunoblotting data showed that
targeting the Rep-T3 region within the virus replicase sequence provided strong
interference with both LwaCas13a variants relative to the other two crRNAs, with
improved efficiency with the cytoplasmic variant of LwaCas13a (LwaCas13a-NES) as
evident with the Rep-T2 crRNA (Figure 3.3C). Consistent with the phenotypic results of
the GFP signal, no reduction in the GFP protein level was detected with the PspCas13bNES protein in comparison to the NS control, with exception of the Rep-T1 crRNA that
was better than other crRNAs (Figure 3.3C). Analyzing the interference activities of CasRx
showed that CasRx mediated highly efficient RNA interference using the three crRNAs
targeting the replicase sequences. CasRx-NLS was efficient with the three crRNAs, but the
highest efficiency was observed when Rep-T3 crRNA was used (Figure 3.3C). Notably,
CasRx-NES was efficient in conferring RNA virus interference against the RNA virus
using all three crRNAs (Figure 3.3C). Of note, although the protein levels of CasRx-NES
were much lower compared to CasRx-NLS, the interference efficiencies of CasRx-NES
were much stronger and more robust, indicating the importance of the localization of the
Cas13 variant for virus interference activities (Figure 3.3C). We repeated these
experiments three times with similar results, and our combined data showed that CasRx

90
mediated robust RNA virus interference using three crRNAs against the replicase
transcripts (Figure 3.3D).

To further validate these observations, RT-qPCR was performed to detect the accumulation
of the TRBO-GFP genome. Consistent with the phenotypic and immunoblotting data, RTqPCR results showed a significant reduction in the accumulation of the TRBO-GFP
genomic RNA with Rep-T3 crRNA of both LwaCas13a and CasRx variants. Notably,
CasRx was able to mediate efficient virus targeting with all three crRNAs in comparison
with LwaCas13a or PspCas13b variants, with increased efficiency observed with the
CasRx-NES variant (Figure 3.3E). These data indicate that CasRx is capable of mediating
robust and consistent efficiency in targeting different genomic sequences of the virus
genome.
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Figure 3.3: Characterization of LwaCas13a, PspCas13b and CasRx activity against
essential and conserved genomic region of RNA viruses
A: GFP monitoring to assess the Cas13-mediated virus interference activities in Agroinfiltrated wild type N. benthamiana leaves in transient assays. Images were taken 3 days
post infiltration. NS: non-specific crRNA; Rep: Replicase.
B: Relative fluorescence intensity quantification of leave images. For each Cas13 variant,
GFP signal intensity of each targeting crRNA (Rep-T1, Rep-T2, and Rep-T3) are shown
relative to the non-targeting (NS) crRNA. Values shown as mean ± s.e.m. (n=3).
C: Western blot analysis of the abundance of the virus expressed GFP protein to confirm
the Cas13-mediated TRBO-GFP virus interference. Protein blots were developed with antiGFP and anti-HA antibodies. 𝛼-GFP: Anti-GFP antibody, 𝛼-HA: Anti-HA antibody.
Ponceau staining served as loading control.
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D: Quantification of the western blot data. For each Cas13 variant, the abundance of the
GFP protein with the targeting crRNAs (Rep-T1, Rep-T2, and Rep-T3) are shown relative
to the non-targeting (NS) crRNA. Error bars indicate s.e.m. (n=3).
E: RT-qPCR analysis of TRBO-GFP knockdown with different Cas13 variants using the
three position-matched crRNAs. Transcript levels are shown relative to leaves inoculated
with only TRBO-GFP vector. Values shown as mean ± s.e.m. (n=3).

3.3.4 CasRx confers highly efficient interference against TuMV
Next, we tested whether the interference activities of the Cas13 variants conducted in
transient assays in inoculated leaves were similar when using a different virus capable of
systemic spread throughout the plant. To this end, we conducted a set of transient assays
in wild-type N. benthamiana plants using the TuMV-GFP virus as our target. We codelivered the Cas13 variants (LwaCas13a-NLS, LwasCas13a-NES, PspCas13b-NES,
CasRx-NLS, and CasRx-NES) identified from our previous experiments to confer strong
RNA virus interference activities, with their cognate crRNAs targeting different genomic
sequences of virus genome, and TuMV-GFP as a target. Cas13-mediated interference
against the TuMV-GFP genome would result in attenuated replication and, thus, spread of
the virus, which can be measured by monitoring the spread of the virus-expressed GFP to
systemic leaves [154]. Our data showed that LwaCas13a-NES mediated strong interference
against TuMV-GFP by limiting its systemic spread when HC-Pro and GFP-T2 crRNAs
were used (Figure S3). In addition, LwaCas13a-NLS mediated interference activities with
the same crRNAs, but to a lower efficiency when compared to the LwaCas13a-NES
variant. Moreover, PspCas13b-NES mediated modest interference when compared to
LwaCas13a-NES with these position-matched crRNAs (Figure S3). The interference
activities were variable based on the crRNA that was used, with HC-Pro and GFP-T2

93
crRNAs providing the highest activity in conferring virus interference. Relative to the other
tested Cas13 variants, CasRx exhibited the strongest and most efficient interference
activities with CasRx-NLS and CasRx-NES using all crRNAs (Figure S3). However, CP
crRNA was the least efficient when compared to other crRNAs, and CasRx-NES was better
than CasRx-NLS with all crRNAs tested, corroborating our previous data and indicating
that CasRx was the most efficient Cas13 variant for RNA virus interference (Figure S3).

Next, we tested whether these interference activities would be observed in plants stably
expressing Cas13 variants, compared to the transient expression experiments performed
above. To this end, we generated stable expression lines of N. benthamiana plants
expressing Cas13 variants, including LwaCas13a-NLS, LwaCas13a-NES, PspCas13bNES, and CasRx-NLS, using Agrobacterium tumefaciens-mediated transformation to
assess the interference efficiencies of these Cas13 variants. We confirmed the expression
of Cas13 proteins in the generated permanent lines, and our western blotting analysis show
that the different Cas13 proteins were expressed efficiently in N. benthamiana plants, and
the correct proteins sizes were detected (Figure S4). Using Cas13 overexpressing lines with
relatively similar level of protein expression, we conducted our RNA interference
experiments using TuMV-GFP as the target virus and delivered different crRNAs (GFPT1, GFP-T2, HC-Pro, and CP, as well as NS-crRNA) via the TRV system. All these Cas13
variants exhibited RNA virus interference, but with different efficiencies among the
different crRNAs (Figure 3.4A). Consistent with our previous data, LwaCas13a-NES was
better with all crRNA tested than LwaCas13a-NLS, and both of these variants exhibited
better virus interference than PspCas13b-NES (Figure 3.4A). Most importantly, we found
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that the CasRx variant resulted in the highest level of virus interference using different
crRNAs compared to other Cas13 variants (Figure 3.4A).

We next investigated the virus interference activities of these Cas13 variants at the
molecular level. Therefore, we conducted RT-qPCR assays to quantify the RNA message
of the virus in the systemic leaves of the infected plants of different Cas13 variants and
crRNAs. Consistent with the TuMV-GFP signal observed in the phenotypic data, our RTqPCR results showed that CasRx mediated the highest interference efficiency in conferring
RNA virus interference across all crRNAs used compared to other variants, with
comparable knockdown efficiency of GFP-T1 crRNA between LwaCas13a-NES and
CasRx-NLS variants (Figure 3.4B). Therefore, we concluded that CasRx conferred much
higher efficiency interference compared to other Cas13 variants.
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Figure 3.4: CasRx mediate efficient interference against TuMV-GFP virus by
preventing its systemic spread.
A: Cas13-mediated interference against the GFP-expressing TuMV virus in plants. N.
benthamiana plants expressing LwaCas13a, PspCas13b, and CasRx proteins were coinfiltrated with TRV (expressing crRNAs targeting the TuMV-GFP virus and NS crRNA)
and TuMV-GFP. At 7 dpi, plants were imaged under UV light for GFP signal monitoring.
B: RT-qPCR analysis of TuMV-GFP knockdown with different Cas13 variants using the
different position-matched crRNAs. For each Cas13 variant, knockdown efficiency of each
targeting crRNA is shown relative to the non-targeting (NS) crRNA. Values shown as
mean ± s.e.m. (n=3).

3.3.5 CasRx catalytic activity is required for RNA virus interference
Our RNA virus interference transient and stable overexpression assays indicated that
CasRx mediated high efficient virus interference with different crRNAs targeting TRBOGFP or TuMV-GFP viruses. We wanted to investigate whether the catalytic activity of
CasRx is required to confer interference against RNA viruses. It is possible that binding of
CasRx to the virus genome may attenuate its replication and translation, leading to
interference activities mediated by binding, but not the catalytic degradation of the RNA
transcripts [58]. Therefore, we used a catalytically deactivated CasRx (dCasRx) variant
harboring mutations in the catalytic HEPN domains of the CasRx-NLS protein
(R239A/H244A/R858A/H863A). These mutations have been reported to abrogate the
catalytic cleavage activity but not the binding activity of the CasRx protein [62].
Subsequently, we co-delivered the catalytically active variants of CasRx (CasRx-NLS and
CasRx-NES) and the catalytically deactivated variant of CasRx (dCasRx) into the leaves
of N. benthamiana plants with TRBO-GFP virus as a target as well as GFP-T1, GFP-T2,
and NS crRNAs. Our data revealed that only the catalytically active variants of CasRx
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mediated virus interference and that the dCasRx variant did not show any interference
activities (Figure 3.5 A, B).
To validate this observation, we conducted immunoblotting and RT-qPCR assays to detect
and quantify the virus-expressed GFP protein as well as the accumulation of the virus RNA
genome with either the catalytically active CasRx-NLS and CasRx-NES variants or the
catalytically deactivated (dCasRx) variant. Consistent with the phenotypic data, we
observed a significant reduction in the abundance of the virus GFP protein with the
catalytically active CasRx variants compared to the dCasRx (Figure 3.5C). In addition, a
significant knockdown of the targeted RNA virus was observed with the catalytically active
CasRx variants with both crRNAs, while no decrease in the RNA level of the targeted
TRBO-GFP virus genome was observed with dCasRx (Figure 3.5D). These data indicated
that CasRx-mediated virus interference is dependent on the catalytic activity of CasRx and
suggesting that binding of dCasRx to the virus genome does not inhibit its replication.
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Figure 3.5: CasRx catalytic activity is required for RNA virus interference.
A: Illustration of the targeting activity of the catalytically active and catalytically
deactivated (dCasRx) CasRx variants against the targeted TRBO-GFP virus.
B: GFP monitoring to assess the Cas13-mediated virus interference activities in Agroinfiltrated wild type N. benthamiana leaves in transient assays. Images were taken 3 days
post infiltration. NS: non-specific crRNA.
C: Western blot analysis of the abundance of the virus expressed GFP protein to confirm
the Cas13-mediated TRBO-GFP virus interference. Protein blots were developed with antiGFP and anti-HA antibodies. 𝛼-GFP: Anti-GFP antibody, 𝛼-HA: Anti-HA antibody.
Ponceau staining served as loading control.
D: RT-qPCR analysis of TRBO-GFP knockdown with the catalytically active and
catalytically deactivated CasRx variants. For each CasRx variant, knockdown efficiency
of each targeting crRNA (GFP-T1 and GFP-T2) are shown relative to the non-targeting
(NS) crRNA. Values shown as mean ± s.e.m. (n=3).
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3.3.6 CasRx exhibits multiplexed and specific virus targeting activity with no
observed collateral activity
We have shown that CasRx is a robust Cas13 variant for RNA virus interference
applications in planta. Specificity of CasRx is an important issue in its interference
applications against viruses. Therefore, we sought to test the specificity of CasRx against
different RNA viruses. We developed a virus-based reporter system that relies on
synchronous coinfection and co-replication of two different viral vectors. The two vectors
need to be derived from different RNA viruses so they can noncompetitively replicate and
exist in the same cell [183]. Therefore, besides our TRBO RNA virus, we adopted chimeric
potato virus X expressing GFP (PVX-GFP), which has been found to be noncompeting
with the TMV-based vectors [183]. To build an easy-to-monitor system to determine
CasRx specificity, we replaced the GFP sequence in our TRBO-GFP chimeric virus with
an enhanced blue fluorescent protein (EBFP)-encoding sequence, resulting in the
generation of a TRBO-BFP construct. We tested the engineered TRBO-BFP construct and
detected a blue fluorescent signal instead of the GFP signal, indicating that our
modification was successful. Subsequently, we co-delivered CasRx-NES and CasRx-NLS
variants, PVX-GFP and TRBO-BFP, into the leaves of N. benthamiana with crRNAs
providing specificity to either virus. Theoretically, by delivering virus-specific crRNAs,
only the titer of the targeted virus will be mitigated, indicating specific interference against
the targeted virus. However, if the interference activity is not specific, interference of both
viruses will occur (Figure 3.6A). Our data showed that using CasRx variants to target the
TRBO-BFP virus, the interference activity occurred against the TRBO-BFP virus alone,
but the co-delivered PVX-GFP signal was high, indicating the absence of interference

99
activity against the nontargeted virus (Figure 3.6B, C). Similarly, when we targeted the
PVX-GFP virus, only the GFP signal was mitigated, and not the BFP signal generated by
TRBO-BFP (Figure 3.6D, E). Quantification of the viruses’ genomic RNA by RT-qPCR
showed robust knockdown of the targeted viruses, whereas no change in the abundance of
the non-targeted virus or viruses with non-specific (NS) crRNA was observed, indicating
the specificity of the targeted virus interference (Figure 3.6). Next, we assessed the
capability of CasRx to mediate multiplexed knockdown of different RNA viruses.
Therefore, we co-delivered each of the catalytically active CasRx variants with both PVXGFP and TRBO-BFP viruses into the leaves of N. benthamiana with simultaneous delivery
of two different crRNAs, each providing specificity to either virus (GFP-T2 against PVXGFP, and Rep-T3 against TRBO-BFP virus). Our data show that both CasRx variants were
able to exhibit efficient targeting of both viruses simultaneously using the two (GFP-T2
and Rep-T3) crRNAs, while no virus interference was observed when NS crRNA was used
(Figure S5A and S5B). These results indicate the high specificity of CasRx in targeting
RNA viruses, and that CasRx is amenable to multiplex targeting of different RNA viruses
in plants.

100

A
TRBO-BFP
targeting

PVX-GFP
targeting

No
targeting

B

PVX-GFP

TRBO-BFP

No collateral activity / specific targeting

PVX-GFP

TRBO-BFP

Collateral Activity / Non specific targeting

PVX-GFP

TRBO-BFP

No collateral activity / specific targeting

PVX-GFP

TRBO-BFP

Collateral Activity / Non specific targeting

PVX-GFP

TRBO-BFP

No targeting / specific targeting

D
NS

crRNA:

CasRX-NLS

CasRX-NES

1

GFP-T2

NS

CasRX-NLS

Normalized PVX-GFP
expression

Rep-T3

Normalized TRBO-Rep
expression

crRNA:

0.5
CasRX-NES
0

TRBO-BFP

TRBO-BFP

0.5

0
CasRX-NLS CasRX-NES

PVX-GFP

1

PVX-GFP

CasRX-NLS CasRX-NES

PVX-GFP and/or TRBO-BFP targeted with NS crRNA

C

E
NS

crRNA:

CasRX-NLS

CasRX-NES

GFP-T2

NS
2

2

Normalized TRBO-Rep
and PVX-GFP expression

Rep-T3

Normalized TRBO-Rep
and PVX-GFP expression

crRNA:

CasRX-NLS
1.5
1
CasRX-NES

0.5
0

TRBO-BFP + PVX-GFP

CasRX-NLS CasRX-NES

TRBO-BFP + PVX-GFP

1.5
1
0.5
0
CasRX-NLS CasRX-NES

Figure 3.6: Specific virus targeting via CasRx with no observed collateral activity.
A: Schematic of CasRx targeting of TRBO-BFP and PVX-GFP viruses in synchronous
coinfected leaves with the two different viral vectors, and the possible outcomes.
B: BFP monitoring to assess the Cas13-mediated virus interference activities in Agroinfiltrated wild type N. benthamiana leaves in transient assays (left). Images were taken 3
days post infiltration. NS: non-specific crRNA; Rep: Replicase. RT-qPCR analysis of
TRBO-BFP knockdown with Rep-T3 crRNA used against TRBO-BFP virus (right). The
transcript levels of TRBO-BFP are shown relative to the transcript level of TRBO-BFP
virus targeted with (NS) crRNA. Values shown as mean ± s.e.m. (n=3).
C: BFP and GFP monitoring to assess the Cas13-mediated virus interference activities in
Agro-infiltrated wild type N. benthamiana leaves in transient assays (left). Images were
taken 3 days post infiltration. NS: non-specific crRNA; Rep: Replicase. RT-qPCR analysis
of TRBO-BFP and PVX-GFP knockdown with Rep-T3 crRNA (right). The transcript
levels of TRBO-BFP are shown relative to the transcript level of the non-targeted virus
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(PVX-GFP), and the transcript level of both viruses are shown relative to the transcript
level of both viruses targeted with (NS) crRNA. Values shown as mean ± s.e.m. (n=3).
D: GFP monitoring to assess the Cas13-mediated virus interference activities in Agroinfiltrated wild type N. benthamiana leaves in transient assays (left). Images were taken 3
days post infiltration. NS: non-specific crRNA. RT-qPCR analysis of PVX-GFP
knockdown with GFP-T2 crRNA used against PVX-GFP virus (right). The transcript levels
of PVX-GFP are shown relative to the transcript level of PVX-GFP virus targeted with
(NS) crRNA. Values shown as mean ± s.e.m. (n=3).
E: BFP and GFP monitoring to assess the Cas13-mediated virus interference activities in
Agro-infiltrated wild type N. benthamiana leaves in transient assays (left). Images were
taken 3 days post infiltration. NS: non-specific crRNA. RT-qPCR analysis of TRBO-BFP
and PVX-GFP knockdown with GFP-T2 crRNA (right). The transcript levels of PVX-GFP
are shown relative to the transcript level of the non-targeted virus (TRBO-BFP), and the
transcript level of both viruses are shown relative to the transcript level of both viruses
targeted with (NS) crRNA. Values shown as mean ± s.e.m. (n=3).

3.4 Discussion
Prokaryotic adaptive immunity systems have been harnessed for engineering genomes and
transcriptomes across eukaryotic species [184]. Different Class II type VI CRISPR-Cas13
systems have been employed for transcriptome engineering and nucleic acid detection in
mammalian cells. Despite the fact that several Cas13 variants have been reported with
variable crRNA scaffolds, sizes, and importantly, catalytic activities, CRISPR-LshCas13a
has been the only Cas13 system used for RNA virus interference activities in plants. Here,
we characterized different Cas13 variants for robust interference against RNA viruses in
transient assays and stable N. benthamiana Cas13-overexpression plants. We employed
RNA virus interference activity reporter systems and conducted a comprehensive screen to
identify the most catalytically active Cas13 variant in conferring RNA interference. Our
data revealed that CasRx exhibits the most robust catalytic activity among the variants
tested.
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In this study, we constructed different Cas13 variants, including Cas13a (LshCas13a and
LwaCas13a), Cas13b (PspCas13b and BzCas13b), and Cas13d (CasRx), and their
corresponding crRNA scaffolds for in planta expression. Transient assays using TRBOGFP as the interference target showed that CasRx was the most efficient in conferring
interference using GFP-T1 and GFP-T2 crRNAs. In addition, LwaCas13a and PspCas13b
exhibited strong efficiencies compared to LshCas13a and BzCas13b variants. Interestingly,
although we used position-matched crRNAs with all the tested Cas13 proteins, these
crRNAs exhibited variable efficiencies among the Cas13 variants. This might result from
the diverse molecular behaviors, molecular architectures, and protospacer flanking
sequence (PFS) requirements for these different Cas13 variants [185]. We selected the top
three variants for further analysis and tested them in targeting a conserved virus sequence
of the replicase transcript of TMV. Our data showed that CasRx exhibited robust virus
interference using the three crRNAs that were designed against the replicase sequence.
However, other variants exhibited interference, and LwaCas13a was more efficient than
PspCas13b. The fact that CasRx targeted the different regions of the replicase sequence
with high efficiency indicates the competency and suitability of this system for efficient
targeting of other essential sequences in other RNA viruses, and offer the potential
development of this system for further RNA virus targeting and manipulation. Molecular
analysis corroborated our phenotypic data and indicated that, in general, cytoplasmiclocalized Cas13 (Cas13-NES) provided better interference than the NLS-localized variants
(Cas13-NLS), which could be explained by the simultaneous localization of the
cytoplasmic-localized Cas13 proteins and the targeted virus in the plants cytoplasm, where
the targeted viruses replicate.
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To test whether these variants limit systemic spread of the virus with similar efficiencies,
we used TuMV-GFP as a target and co-delivered the Cas13 variants with their
corresponding crRNAs. CasRx provided robust interference against the TuMV virus, thus
significantly limited the spread of the TuMV-GFP virus into systemic leaves. In addition,
the cytoplasmic-localized LwaCas13a provided strong interference compared to
PspCas13b. To corroborate these data, we generated N. benthamiana overexpression lines
of these Cas13 variants and conducted interference assays. Our data showed that CasRx is
indeed the most robust Cas13 variant to confer virus interference followed by the
LwaCas13a-NES variant. These data indicate that CasRx is an excellent candidate for RNA
virus interference applications in plants.

Previous studies harnessing CRISPR-Cas proteins, such as FnCas9 from Francisella
novicia, to target RNA viruses have shown that the binding, but not the cleavage, ability
of these proteins are sufficient to inhibit virus replication in mammalian and plant cells [58,
186]. Our data show that the HEPN-dependent catalytic activity of CasRx is essential for
efficient virus interference, which in turn indicate that the observed CasRx-mediated virus
interference results from targeted viral genomic degradation. However, the ability of
targeting the dCasRx to specifically bind to mRNA transcripts may have various uses in
RNA transcript manipulations. For example, fusion of dCasRx to a splicing effector has
been used to manipulate alternative splicing in mammalian cells [62].

Similarly,

development of dCasRx as a specific and programmable RNA-binding platform in plants
would offer various applications, including virus transcript tracking and imaging to study
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the biology of virus replication. Furthermore, the generation of chimeric fusions of dCasRx
and other functional domains may be beneficial for developing CasRx-based regulatory
reagents for imaging of endogenous mRNA and noncoding RNA, fine-tuning and
regulation of alternative splicing, tracking and trafficking, translational control, and
regulation under diverse growth, environmental, and developmental conditions and cues
[29, 187].

The specificity of CasRx for in vivo application is an important point to consider.
Therefore, we evaluated the specificity of CasRx in the context of virus targeting in planta,
and our data show that the CasRx targeting activity is highly specific to the targeted virus,
where the transcript abundance of the co-delivered, non-targeted, virus was not affected.
Cas13 variants possess robust collateral activities in vitro, enabling the development of
pathogen detection systems that have revolutionized molecular diagnostics [188, 189].
Although the collateral activities of Cas13 variants are an essential part of the broader
immunity conferred by CRISPR-Cas13 systems in prokaryotes [172], such activity is not
observed in human and plant cells [75, 154]. Here, we could infer from these results that
CasRx, and probably other Cas13 variants, lack such collateral activity in plants.
Nevertheless, further experiments and analysis are needed to corroborate this conclusion.
It remains to be tested whether accessory proteins, including CXS28 and WYL, can
stimulate the activity of CasRx against the targeted transcripts and induce collateral
activities in planta. This interference system can further be improved by determining the
molecular basis of how the type VI system mediates antiviral defenses within their own
hosts (spacer acquisition and adaptation) and how these effectors might function in
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eukaryotic hosts. These questions warrant detailed studies to understand the molecular
functions, and the basis of the catalytic activities, of these proteins for broader applications
in endowing immunity to eukaryotes.

In addition, we have shown that CasRx can be used to target either one virus alone or two
RNA viruses simultaneously, thereby extending the applicability of this interference
system. Such system might have the potential use in crop species for virus interference of
mixed infections of RNA viruses that occur in the field and under natural conditions. It is
worth noting that recent studies have shown the ability of DNA viruses to evolve as a result
of Cas9 targeting [190, 191]. Therefore, further studies are needed to test the ability of
RNA viruses to evolve or escape the CRISPR Cas13 machinery in plants. Interestingly,
while preparing this manuscript, a recent study harnessed different CRISPR-Cas13
systems, including LwaCas13a and PspCas13b, for interference against several human
RNA viruses. Importantly, the study showed that Cas13 targeting of the virus genome does
not result in mutations at the crRNA target sites, suggesting that viruses targeted by
CRISPR-Cas13 systems may not be able to evolve resistance to CRISPR-Cas13 machinery
[192].

3.5 Conclusion
In conclusion, CRISPR-CasRx enables programmable RNA virus interference in plants
and has the potential to be optimized and developed in the future for transcriptome
engineering applications. CRISPR-CasRx expands the power of CRISPR systems for virus
interference applications and may help to address basic plant virology questions.
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3.6 Material and methods
3.6.1 Vector construction
Construction of Cas13 orthologues for in planta expression: Nine different Cas13 variants
were constructed for activity screening in plants and were cloned in binary vectors for in
planta expression. The DNA sequences of the LshCas13a variants were plant codon
optimized and subsequently cloned into binary vectors, as described previously [154].
Similarly, plant-codon-optimized versions of BzCas13b variants with fusions of the 3xHA
tag at the N terminus were designed and synthesised (Blue Heron Biotech), either with or
without the NLS-encoding sequence at the C terminus, and were flanked by attL1 and attL2
sites to facilitate Gateway cloning into binary vectors (Sequence S1, S2). Subsequently,
BzCas13b-NLS and BzCas13b (no NLS) were subcloned into pK2GW7 binary vectors
using LR Gateway recombination cloning to generate pK2GW7-BzCas13b, in which
expression is controlled by the constitutive 35S cauliflower mosaic virus promoter (Map
S1). For the other Cas13 orthologues, including LwaCas13a-NLS/NES, PspCas13b-NES,
CasRx-NLS, and dCasRx-NLS, the DNA sequences were amplified from plasmids
provided by Addgene (Addgene plasmid numbers 91902/105815, 103862, 109049, and
109050, respectively) using primers that add a CACC sequence to the 5′ end of the
amplified sequence to facilitate subsequent directional cloning into pENTR/D-TOPO
vectors (Invitrogen) (Table S2). Subsequently, Cas13 sequences were transferred from the
pENTR/D-TOPO entry vectors into pK2GW7 binary vectors using Gateway recombination
reactions. To generate the CasRx-NES version, the CasRx ORF sequence was amplified
from the CasRx-NLS vector (plasmid number 109049) using primers that remove NLS
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sequences from the N and C termini of CasRx-NLS ORF, leading to the removal of the HA
tag and GFP encoding sequences, and BsaI sites were added at both ends of the isolated
ORF (Table S2). To add nuclear export sequences (NES), DNA sequences encoding NES
and NES-1xHA tags were purchased as single-stranded DNA (ssDNA) oligonucleotides
from Sigma with overhangs complementary to the overhangs generated from digestion of
the BsaI sites at the two ends of the isolated CasRx ORF sequence (Table S2).
Phosphorylated and annealed double-stranded DNA (dsDNA) oligonucleotides were
ligated into the BsaI-digested DNA sequence of the CasRx ORF to produce the 5′-NESCasRx-NES-HA-3′ sequence. Subsequently, the ligation product of 5′-NES-CasRx-NESHA-3′ was PCR amplified and sub-cloned into the pENTR/D-TOPO vector, followed by
transfer into the pK2GW7 binary vector using LR Gateway recombination cloning. All the
Cas13 variant sequences were confirmed in pK2GW7 binary vectors with Sanger
sequencing.

Generation of the TRBO-BFP construct: To generate the TRBO infectious clone
expressing BFP, the EBFP encoding sequence was amplified from the LeGO-EBFP2
vector (Addgene plasmid number 85213) with primers that add AseI and NotI restriction
sites to the 5′ and 3′ ends of the amplified BFP sequence, respectively (Table S2). The GFP
encoding sequence was removed from the pJL-TRBO-G clone (Addgene plasmid number
80083) by digestion with AseI and NotI and replaced by the ligation of the AseI and NotIdigested PCR product of BFP into the digested vector.
Construction of crRNA expression constructs: To construct the crRNA expression clones,
the orthologue’s corresponding direct repeat with the targeting or nontargeting (NS)
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sequences were purchased from Sigma as ssDNA oligonucleotides (all crRNA sequences
used in this study are listed in Table S1). The phosphorylated and annealed dsDNA
fragments of crRNAs were ligated into the TRV RNA2 genome under the pPEBV promoter
using XbaI and either XhoI or BamHI restriction sites.

3.6.2 Plant material
Two- to three-week-old wild-type Nicotiana benthamiana plants grown under long‐day
conditions (16 h light, 8 h dark at 25°C) were used for all transient experiments. To
generate transgenic Nicotiana benthamiana plants overexpressing different Cas13
orthologues, Agrobacterium tumefaciens GV310 strains harboring the selected constructs
were transformed into N. benthamiana leaf discs following previous published protocols
[193]. Generated plants (T1) were screened for the expression of the Cas13 protein by
immunoblotting using an anti-HA antibody, and seeds harvested from the Cas13-positive
plants were screened on kanamycin-containing MS (Murashige & Skoog) media.
Surviving seedlings were used for virus-targeting experiments.

3.6.3 Agroinfiltration of N. benthamiana leaves
The different constructs (including all pK2GW7-Cas13 constructs, the TRV RNA1
genome, the engineered TRV RNA2 genomes harboring crRNA sequences under the
pPEBV promoter, and the different infectious clones of the RNA viruses, including TRBOGFP, TRBO-BFP, PVX-GFP, or TuMV-GFP) were individually electroporated into A.
tumefaciens strain GV3101. Single colonies grown overnight in selective medium were
centrifuged and suspended in infiltration medium (10 mM MES [pH 5.7], 10 mM MgCl2,
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and 200 μM acetosyringone) and incubated at ambient temperature for 2 h. For infiltration
into leaves of N. benthamiana plants, cultures were mixed at a final OD600 of 0.5 for
pK2GW7-Cas13, 0.1 for RNA1 and RNA2-crRNAs, 0.05 for TuMV-GFP and PVX-GFP,
and 0.005 for TRBO-GFP and TRBO-BFP, relative to the suspended culture grown
overnight. Healthy and fully developed leaves were selected for experiments, and
agroinfiltration was done with a 1-mL needleless syringe.

3.6.4 Fluorescent protein intensity assays and quantitative fluorescence intensity
analysis of images
For GFP and/or BFP expression in transient studies, infiltrated leaves were cut and then
photographed after 3 d under a hand-held UV light in the dark. For the systemic TuMVexpressed GFP in wild-type and transgenic plants, the whole plants were photographed
after 6 to 7 days post infiltration (dpi). For the quantitative measurements of the GFP signal
intensity in images, the mean pixel values of the TRBO-GFP gene expression images were
analyzed with ImageJ software to estimate GFP expression across samples. For each
sample (each target of Cas13 variants), three biological replicates, represented as three
different infiltrated leaves from three different plants, were analyzed. For each leaf, the
GFP signal intensities were obtained as the corrected total cell fluorescence (CTCF)
following this formula: CTCF = integrated density – (area of selected cell X mean
fluorescence of background readings). The CTCF values of all three biological replicates
for each sample were then averaged, and the normalized average of each target was
compared to the normalized average CTCF value of the NS target. All values were limited
to Max = 100.
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3.6.5 Immunoblot analysis
Total proteins were extracted from 100 mg of sample using extraction buffer (100 mM
Tris-Cl, pH 8, 150 mM NaCl, 0.6 % IGEPAL, 1 mM EDTA, and 3 mM DTT) with protease
inhibitors (PMSF, leupeptin, aprotinin, pepstatin, antipain, chymostatin, Na2VO3, NaF,
MG132, and MG115). Proteins were separated on a 10% polyacrylamide gel. Immunoblot
analysis was conducted using mouse α-GFP antibody (1:3000, Invitrogen) for virusexpressed GFP and rat α-HA (1:1000) antibody for detection of Cas13 proteins. The
antigens were detected by chemiluminescence using an ECL-detecting reagent (Thermo
Scientific). The quantitative graphs summarizing the average of three independent
biological replicates were produced by calculating the densiometric data generated by the
relative quantification of protein bands from immunoblot membranes using ImageJ
software. The average data of three independent immunoblot replicates were calculated as
previously described [194]. Results were presented as fold change relative to the NS and/or
virus-only control samples.

3.6.6 RNA extraction and RT-qPCR for analysis of viral RNA genomes
Total RNA was extracted from infiltrated leaves (in transient assays) or systemic leaves (in
Cas13 overexpression lines) using Direct-zol RNA Miniprep Kits (Zymo Research)
following the manufacturer’s instructions. Viral RNA was quantified with one-step RTqPCR using the iTaq Universal SYBR Green One-Step Kit (Bio-Rad). All RT-qPCR
reactions were performed in 10 μl reactions with three technical replicates in either 384well or 96-well format and read out using a StepOnePlus™ Real-Time PCR System
(Applied Biosystem) for the 96-well plates or the CFX384 TouchTM Real-Time PCR
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detection system (Bio Rad) for the 384-well plates. Expression levels were calculated
by subtracting the housekeeping reference gene (tobacco PP2A [195]) cycle threshold
(Ct) values from target Ct values to normalize for total input, resulting in ΔCt levels.
Relative transcript abundance was computed as 2−ΔΔCt [196]. All samples were
performed as three biological replicates.
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Chapter 4

Characterization of novel miniature CRISPR-Cas13 system for SARSCoV-2 diagnostic application

This chapter is adapted from the following article:

Mahas A, Wang Q, Marsic T, Mahfouz MM. A Novel Miniature CRISPR-Cas13 System
for SARS-CoV-2 Diagnostics. ACS Synth Biol. 2021 Sep 21:acssynbio.1c00181. doi:
10.1021/acssynbio.1c00181. Epub ahead of print. PMID: 34546709; PMCID:
PMC8482783.

All related supplementary information can be found in the online version

4.1 Abstract
Rapid, point-of-care (POC) diagnostics are essential to mitigate the impacts of current (and
future) epidemics; however, current methods for detecting severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) require complicated laboratory tests that are
generally conducted off-site and require substantial time. CRISPR-Cas systems have been
harnessed to develop sensitive and specific platforms for nucleic acid detection. These
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detection platforms take advantage of CRISPR enzymes' RNA-guided specificity for RNA
and DNA targets and collateral trans activities on single-stranded RNA and DNA reporters.
Microbial genomes possess an extensive range of CRISPR enzymes with different
specificities and levels of collateral activity; identifying new enzymes may improve
CRISPR-based diagnostics. Here, we identified a new Cas13 variant, which we named as
miniature Cas13 (mCas13), and characterized its catalytic activity. We then employed this
system to design, build, and test a SARS-CoV-2 detection module coupling reverse
transcription loop-mediated isothermal amplification (RT-LAMP) with the mCas13 system
to detect SARS-CoV-2 in synthetic and clinical samples. Our system exhibits sensitivity
and specificity comparable to other CRISPR systems. This work expands the repertoire
and application of Cas13 enzymes in diagnostics and for potential in vivo applications,
including RNA knockdown and editing. Importantly, our system can be potentially adapted
and used in large-scale testing for diverse pathogens, including RNA and DNA viruses,
and bacteria.

4.2 Introduction
At-home or point-of-care (POC) diagnostics are essential for effectively managing
pathogen outbreaks and pandemics, including COVID-19 [197]. POC testing can
accurately and rapidly identify and isolate symptomatic and asymptomatic carriers and
thereby contribute to limiting virus spread and protecting vulnerable individuals at risk due
to pre-existing conditions [198]. Low cost, frequent and fast turnaround testing is critical
to curbing virus spread. POC testing has quick turnaround times and is efficiently deployed
in low-resource areas and pop-up centers, is easy to use and does not require highly trained
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personnel, can be used in clinical settings, pharmacies, and even at home [199]. Advances
in POC testing and effective deployment in-field would enable the reopening of economies,
schools, and borders, as well as resuming nearly normal operations across all fields [120].

The current gold standard test for SARS-CoV-2 detection involves reverse transcription of
the virus genome and quantitative polymerase chain reaction (RT-qPCR) [200]. RT-qPCR
testing requires shipping samples to a centralized facility that is equipped with thermal
cyclers and staffed by highly trained personnel who extract nucleic acids and run samples
[201]. This approach takes several hours (or more) from sampling to result, complicating
its large-scale application for recurrent community-wide testing. The detection limit of the
RT-qPCR is 1 copy/µL [202], but because recurrent testing is necessary, test sensitivity is
not necessarily a high priority [203]. Recent studies indicate that a sensitivity of 100
copy/µL suffices for efficient testing [203].

To overcome requirements for complex equipment, researchers have developed
technologies for a single-step, isothermal amplification of nucleic acids, including loopmediated isothermal amplification (LAMP) and recombinase polymerase amplification
(RPA) [204, 205]. LAMP and RPA are cost-effective, field-deployable, and scalable
alternatives to PCR-based methods [199, 206]. Recently, RT-LAMP and RT-RPA were
coupled with CRISPR Cas9, Cas12, and Cas13 enzymes for sensitive and specific detection
of nucleic acids and viruses, including SARS-CoV-2 [207-213]. The Cas12 and Cas13
enzymes complex with their corresponding single-guide RNA (sgRNA) and scan a DNA
or RNA template for a complementary sequence. Once a complementary sequence is
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recognized, the enzyme cleaves the nucleic acid in cis and, once activated by the initial
recognition, exhibits collateral trans cleavage activities, cleaving single-stranded (ss) DNA
or RNA molecules present in the reaction [131, 214]. This collateral cleavage activity of
Cas12 and Cas13 has been harnessed for nucleic acid detection. For example, the CRISPRCas13 system coupled with RPA is used for virus detection via SHERLOCK (Specific
High-sensitivity Enzymatic Reporter unLOCKing) [136, 173, 215]. To bypass the need for
nucleic acid purification, HUDSON (Heating Unextracted Diagnostic Samples to
Obliterate Nucleases) was developed and coupled with SHERLOCK [216].

The World Health Organization requires that any POC diagnostic meets the ASSURED
criteria: accuracy, sensitivity, specificity, user-friendliness, rapidity, and deliverability to
end-users [130]. To work towards meeting these criteria, a robust POC testing system for
SARS-CoV-2 should include the following features: 1) no nucleic acid extraction, 2) fast
turn-around time (≤ 30 minutes from sample to results), 3) single-tube reactions, 4)
scalability, and 5) low cost. Single-step diagnostics and single-tube reactions would
simplify testing and limit cross-contamination in a testing facility. Modalities that do not
require amplification of the virus genome are useful for POC testing kits. Recently,
Fozouni et al. and Liu et al. rapidly detected and quantified SARS-CoV-2 using CRISPRCas13 without the pre-amplification step by combining CRISPR RNAs (crRNAs) targeting
different regions of the virus genome, which enhances sensitivity [217, 218]. This method
is promising, but sophisticated signal detection devices are necessary. [217, 218].
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CRISPR/Cas systems possess great potential for various applications, so researchers
continuously search for, identify, and characterize new Cas effectors to increase utility and
develop new tools for in vivo and in vitro applications [47, 219]. Recently, substantial
efforts using computational approaches for metagenomic mining resulted in the discovery
of novel CRISPR/Cas systems, including class II/type VI Cas proteins that exclusively
target ssRNA substrates [46, 62, 63, 181]. In addition to repurposing these RNA targeting
CRISPR/Cas13s for in vivo applications [75, 117, 154, 179, 220], Cas13s are used in
diagnostics that exhibit unprecedented sensitivity, specificity, and speed [131, 136, 215,
216, 218]. Different Cas13 variants are used for nucleic acid detection. For example,
Cas13a [173, 221], Cas13b [115], and Cas13d [222] exhibit collateral cleavage activities
and work for nucleic acid detection. Here, we sought to expand the Cas13-based toolbox
for diagnostic applications by identifying and characterizing novel CRISPR/Cas13
effectors. In this work, we identified, characterized, and demonstrated the utility of the
mCas13 variant for SARS-CoV-2 detection. Our work illustrates the untapped potential of
mCas13 enzymes in diagnostics and other in vivo RNA applications.

4.3 Results and Discussion
4.3.1 Identification, design, construction, and expression of a novel miniature Cas13
system
To control the pandemic of COVID-19, rapid, accurate, reliable, and portable diagnostics
for SARS-CoV-2 are essential [197]. However, increasing sensitivity and specificity has
remained a common challenge for recently developed diagnostics. Amplification can
increase the sensitivity of assays and isothermal amplification techniques like RT-LAMP
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and RT-RPA are good alternatives for RT-qPCR. Both are highly sensitive, provide rapid
and more accessible platforms for viral nucleic acid detection, and are suitable for POC
uses [223-225]. Despite many advantages of isothermal amplification in relation to other
traditional amplification methods, their application is limited by the high rate of nonspecific amplification and cross-contamination [226, 227]. Therefore, isothermal
amplification methods are coupled with CRISPR systems to enhance specificity and LoD
[173, 211, 228, 229].
A recent study by Xu et al. [118] describes the discovery of novel compact Cas13 effectors
that are classified as CRISPR/Cas type VI-X and VI-Y. These novel compact Cas13s are
used for in vivo applications, including endogenous RNA interference, RNA editing,
and interestingly, as an anti-coronavirus approach that targets and combats SARSCoV-2 and other viruses in vivo [118].

The robust and efficient activities of these novel compact Cas13s motivated us to
explore the potential utility of other novel compact Cas13 effectors for diagnostic
purposes. Therefore, we used some of the novel compact Cas13 protein sequences
from Xu et al. as queries in the Basic Local Alignment Search Tool (BLAST) to find
sequences similar to potentially uncharacterized compact Cas13 proteins. The
alignment identified various proteins, including a few uncharacterized putative Cas13
sequences with two predicted RxxxxH motifs of the conserved Cas13 Higher
Eukaryotes and Prokaryotes Nucleotide-binding (HEPN) ribonuclease domains [46,
68]. One small (837 amino acids) candidate, which we named as mCas13, showed high
similarity (>95% query coverage) to the most efficient Cas13 identified in Xu et al,
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namely Cas13X.1 [118]. Further analysis of the metagenomic contigs showed that the
putative mCas13 protein has an associated CRISPR array in its immediate vicinity. In
silico analysis of the associated CRISPR array predicted that the mCas13-associated
crRNAs share high similarity with the length and architecture of the compact
Cas13X.1 crRNA (30-nt long spacer sequence at the 5′ end of the crRNA followed by
a 36-nt long direct repeat (DR) sequence at the 3′ end), and to previously reported
crRNAs of the Cas13b family [179] (a summary sketch of the computational strategy
is shown in Figure S1A). Furthermore, multiple sequence alignment analysis showed
high similarity and the two predicted HEPN domains conserved among our putative
mCas13 protein, Cas13X.1, and the other compact proteins, Cas13X and Cas13Y (Figure
S1B). Based on these predictions, we hypothesized that the putative mCas13 is
functionally active. Next, we codon-optimized, synthesized the corresponding gene
sequence, designed, and constructed the mCas13 sequence in a bacterial expression
plasmid for heterologous expression in BL21 Escherichia coli. Subsequently, we
produced the protein and tested its activity in vitro for diagnostic applications (Figure
S2).

4.3.2 Characterization of CRISPR-mCas13 in-cis and trans catalytic activities
When Cas13/crRNA ribonucleoproteins (RNP) recognize and cleave their target sequence,
they also exhibit non-specific, collateral cleavage activity that degrades ssRNAs nearby
[66, 68]. Such collateral activity is used in nucleic acid detection applications, where a
ssRNA probe (reporter) molecule provided in the Cas13 reaction is cleaved by targetdependent Cas13 collateral activity [173]. The ssRNA reporter can contain a fluorophore
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linked by a short ssRNA sequence to a quencher, which emits fluorescence after the ssRNA
sequence is cleaved, indicating the presence, and therefore the detection, of the target
sequence (Figure 4.1A).
To test the mCas13 in-cis and trans activities in vitro and to determine the most effective
crRNAs to use in the mCas13 SARS-CoV-2-based detection assays, we designed and
screened 10 different crRNAs targeting two different regions in the SARS-CoV-2
nucleocapsid gene (N). We first evaluated the in vitro cleavage activity of mCas13 with 4
different crRNAs targeting single-stranded RNA substrates harboring target sequences
complementary to the crRNA spacers. mCas13 exhibited different cleavage efficiencies
with different crRNAs, with crRNA 4 mediating the highest efficiency relative to other
crRNAs and controls (Figure 4.1B and Figure S3A).
Next, because different Cas13 proteins exhibit different cleavage preferences depending
on ssRNA sequences [136], we wanted to identify the best ssRNA reporter for the mCas13
SARS-CoV-2 based detection module. Therefore, we screened 5 different ssRNA probes,
each conjugated to a 5′ fluorescent molecule (FAM) and a 3′ fluorescence quencher (FQ).
We used the four targeting crRNAs and non-specific (NS) crRNA used in figure 1B by
incubating mCas13 with each of the crRNAs and reporters in the presence of the synthetic
(N gene) ssRNA target. Our screening consistently identified crRNA 4 with a significantly
higher fluorescence signal relative to the NS crRNA control, indicating the cleavage
preference of mCas13 for poly(U) reporter sequences (Figure 4.1C). Using the poly (U)
reporter molecule (UUAUU) to screen six more crRNAs targeting different N gene region
indicated that different crRNAs exhibited overall different signal levels (Figure S3B).
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To find the optimal concentration of mCas13 and crRNA for maximal detection signal, we
performed the reaction with titrated mCas13 and crRNA concentrations. We found that the
optimal concentration of Cas13/crRNA RNP for a true positive signal with no significant
signal in NS crRNA control was 500 nM (Figure S3C). In addition, to determine the
optimal temperature for mCas13 catalytic activity, we tested different cleavage temperature
conditions ranging from 16 °C to 62 °C. We observed maximal activity in the 20 °C-37 °C
range, which is similar to the optimal temperature of other known Cas13 enzymes used for
nucleic acid detection (Figure S3D).

Using optimized conditions and the most effective crRNA 4, we tested the effect of single
mismatches between crRNA and target RNA on mCas13 RNA detection activity. We
designed 10 crRNAs (based on crRNA 4) to contain a single nucleotide mismatch at
different sites, with one mismatch for every 3 nucleotides on the spacer sequence. A low
mismatch tolerance should cause a much lower detection signal than the positive control
(which is a perfect match). Our analysis revealed different mismatch tolerances for
different regions of the spacer sequence, where mismatches at the extreme 5′ or 3′ ends of
the crRNA were not well tolerated. In contrast, mismatches at other regions were tolerated
better (Figure 4.1D and Figure S4). The observed different tolerances for mismatches could
be advantageous to designing crRNAs useful for detecting variants that harbor different
SNPs. Altogether, these data indicated that the identified mCas13 is catalytically active
with robust trans-cleavage activity, and thus is suitable for developing nucleic acid
detection platforms.
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Figure 4.1: Characterization of mCas13-based nucleic acid detection. A. Schematic of
specific Cas13-based detection. Specific target recognition by Cas13 RNP triggers nonspecific, collateral activity that cleaves the reporters, resulting in a detectable fluorescent
signal. B. Representative denaturing gel showing the targeted in vitro RNase cleavage
activity of mCas13 protein when incubated with ssRNA target (404 nt) and different
crRNAs. RNA cleavage activity is most evident with crRNA 4 relative to other crRNAs
and non-specific (NS) crRNA control. C. Screening and selection of the optimal reporter
and crRNA sequences. Reactions containing mCas13 and four different crRNAs targeting
the SARS-CoV-2 N gene or non-specific crRNA (NS) control were performed in the
presence of one of five reporters. F-NNNNN-Q represents the RNaseAlert v2 reporter
(Thermofisher). NS: non-specific (not targeting SARS-CoV-2) crRNA. Values shown as
mean ± SD (n = 3) D. Evaluating the effect of mismatches between mCas13 crRNA and
target RNA on mCas13 activity. Left, crRNA nucleotide sequence with the positions of
mismatches (red)

on the crRNA. Right, the fluorescence intensity, relative to the no-template control (NTC,
gray) or crRNA with no mismatches (purple), resulting from mCas13 collateral cleavage
activity on each tested crRNA.
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4.3.3 RT-LAMP coupled with CRISPR-mCas13 for SARS-CoV-2 detection
To ensure sensitive detection, pre-amplifying the RNA target of interest is necessary [173].
We chose RT-LAMP isothermal amplification because it possesses several advantages
over other amplification methods, including high sensitivity, rapid turnaround time, simple
operation, and low cost [230]. To initiate the RT-LAMP reaction, we used primer sets wellestablished in previous reports to target and amplify conserved regions in the SARS-CoV2 N gene, named here as STOPCovid [211] and DETECTR [212] primer sets. Because
mCas13 targets RNA, we modified these primers by appending a T7 promoter sequence to
the 5' end of the first half of either the forward inner primer (FIP) or the backward inner
primer (BIP). During LAMP amplification, the T7 promoter sequence integrates into the
amplified DNA products, providing a suitable template for the T7 RNA polymerase to
transcribe the amplified LAMP product in vitro and generate RNA targets for mCas13
detection (Figure 4.2A). We tested the performance of these modified primers using a
synthetic SARS-CoV-2 viral genome at 500 copies/μL. Gel electrophoresis indicated that
these modified primers successfully amplified the target RNA with no observed
amplification in the no-template control (NTC) (Figure 4.2B). In addition, we found no
substantial differences between the amplifications using primer sets with T7-containing
FIP primer (T7-FIP) or T7-containing BIP primer (T7-BIP). Therefore, we chose T7-FIP
primers to establish the RT-LAMP mCas13 detection platform. These results indicate that
the modification in the RT-LAMP primers did not interfere with the RT-LAMP reaction
and resulted in robust amplification of the target sequences, which allows subsequent
coupling with mCas13 for virus detection.
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Since mCas13 showed high activity at 37 °C (Figure S3D), a temperature also optimal for
T7 RNA polymerase, we attempted to couple the T7-mediated transcription of the RTLAMP product with the Cas13-based detection of the transcribed RNA in a single tube.
Therefore, after RT-LAMP pre-amplification of SARS-CoV-2 synthetic RNA using
STOPCovid or DETECTR T7-FIP modified primers, we added the RT-LAMP products to
the T7 transcription and mCas13 detection reaction. Real-time measurement of the T7coupled mCas13-based detection indicated robust detection of RT-LAMP product only
when using targeting crRNA (crRNA 4 was used for all SARS-CoV-2 detection assays)
and T7 RNA polymerase, confirming that the amplification of the synthetic SARS-CoV-2
genome was specific and that T7 promoters were successfully integrated into the amplified
products (Figure 4.2C). These results indicate that we successfully created a mCas13-based
two-pot SARS-CoV-2 detection platform.
Next, we sought to determine the limit of detection (LoD) of our two-pot SARS-CoV-2
detection assay. When establishing the two-pot assay, we verified that both STOPCovid
and DETECTR primer sets could be used to effectively detect SARS-CoV-2 RNA (Figure
4.2C). Therefore, we assayed the performance and the LoD of both STOPCovid and
DETECTR primer sets to determine the primer set that is most suitable for our mCas13
SARS-CoV-2 detection platform. We used serial dilutions of the synthetic SARS-CoV-2
viral genome as an input for the pre-amplification RT-LAMP reaction. We found that both
primer sets enable sensitive detection of the synthetic RNA, but the STOPCovid primers
reproducibly detected as few as 4 copies/μL viral RNA, compared with 8 copies/μL for
DETECTR primers (Figure 4.2D). Although extending the RT-LAMP amplification time
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could enhance its sensitivity, we limited the RT-LAMP pre-amplification step to 35 mins
and the mCas13 detection reaction to 20–30 mins, limiting total detection time to ≈1 hour
or less. Due to its outstanding LoD, we chose the STOPCovid primer set for our mCas13
detection platform.

To test our assay’s specificity and ensure no cross-reactivity with other common viruses,
we challenged our system with other SARS-CoV-2-related or non-related viruses,
including severe acute respiratory syndrome coronavirus 1 (SARS-CoV-1), middle east
respiratory syndrome (MERS), human coronavirus NL63 (HCoV-NL63), human
coronavirus OC43 (HCoV-OC43), human coronavirus 229E (HCoV-229E), H1N1
influenza, tobacco mosaic virus (TMV), turnip mosaic virus (TuMV), together with
SARS-CoV-2. All tested viruses (other than SARS-CoV-2) showed only near-background
signals, indicating that the developed assay was highly specific (Figure 4.2E). Collectively,
these results indicated that our developed mCas13-based detection platform enables
reliable, highly sensitive, and highly specific detection of SARS-CoV-2 with a turnaround
time of 1 hour from extracted RNA to results.
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Figure 4.2: Detection of SARS-CoV-2 using the CRISPR-mCas13 system. A.
Schematic of assay workflow of mCas13-based detection. Following sample collection and
RNA extraction, pathogen RNA is reverse transcribed and amplified via RT-LAMP
isothermal reaction. RT-LAMP primer sets (in which the FIP contains a T7 promoter
sequence) are used, resulting in amplicons containing the T7-promoter sequence, which
serve as templates for in vitro transcription of target RNA. Upon target recognition,
mCas13 cleaves specially designed reporters in trans, leading to fluorescent signal output.
B. Visualization of RT-LAMP amplicons targeting the N gene, produced with FIP and BIP
primers containing the T7 promoter on 2% agarose gel. NTC, no template control; SC,
STOPCovid; DT, DETECTR. C. Measurement of real time fluorescence output of T7mediated in vitro transcription and mCas13-based detection. Synthetic SARS-CoV-2 RNA
was reverse transcribed and LAMP amplified with STOPCovid (SC) and DETECTR (DT)
primer sets. crRNA 4: targeting crRNA # 4 identified in Figure 1. NS: non-specific crRNA.
Values shown as mean (n = 3) D. Limit of detection (LoD) of mCas13-based detection
assay. LoD was determined using synthetic SARS-CoV-2 RNA, which was reverse
transcribed and LAMP-amplified with STOPCovid and DETECTR primer sets. LAMP
product was subsequently used for T7 in vitro transcription and concurrent mCas13
detection. Values shown as mean ± SD (n = 3). E. Specificity of mCas13-based detection
assay. Detection of non-specific viral targets including SARS-CoV-1, MERS-CoV, H1N1,
HCoV-NL63, HCoV-OC43, HCoV-229E, as well as two plant viruses, tobacco mosaic
virus (TMV) and turnip mosaic virus (TuMV) was attempted using the STOPCovid primer
set (n = 3).
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4.3.4 Validation of RT-LAMP coupled with CRISPR-mCas13 SARS-CoV-2
detection platform in a clinical setting
Next, we sought to validate our assay with total RNA extracted from SARS-CoV-2
patient swab samples. Oropharyngeal or nasopharyngeal swab samples were collected
from suspected COVID-19 patients. After RNA extraction following the CDC EUAapproved protocol, we confirmed the samples positive for SARS-CoV-2 using RT-qPCR.
We first tested our assay with 17 samples with Ct values of 15–39. Using our mCas13based detection assay, we correctly identified all samples with Ct values of less than 34
within one hour (Figure 4.3A). These results indicated our system can reliably detected
SARS-CoV-2 in samples with Ct values up to 34.

To enable large-scale screening during the SARS-CoV-2 pandemic, performing diagnostic
assays at POC or outside of laboratory settings is critical. Therefore, we wanted to couple
our assay with a portable device that enables a simple readout suitable for POC and routine
diagnostics. We adapted a hand-held, inexpensive fluorescence visualizer (P51 Molecular
Fluorescence Viewer) to easily visualize and interpret the results. This portable device
illuminates reaction tubes with blue light, and fluorescent reactions are visible through a
film used as an optical filter. Using this device, fluorescence is readily visible to the human
eye without the need for sophisticated instruments like qPCR machines or plate readers
(Figure 4.3B). Using a modified RNA reporter molecule conjugated to a 5′ HEX
fluorescent molecule instead of FAM, we found that mCas13 collateral cleavage of this
reporter produced a bright signal visible with the P51 fluorescence visualizer. We
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optimized the HEX reporter concentration for definitive visual detection of true positive
samples and found that 1 µM of HEX RNA reporters produced a clear signal with no
substantial background in negative controls (Figure S5A).

Next, to ensure that the sensitivity of our assay was preserved with the change in
fluorescent molecule, we repeated the LoD assay using the STOPCovid primer set. We
found the same results as obtained previously with the machine-based readout in Figure
4.2D, demonstrating that the 5′ HEX modification did not affect assay performance (Figure
4.3C). Next, we evaluated this assay's performance with the same 17 SARS-CoV-2 RNA
samples used in Figure 4.3A. We compared the results from the visual-based detection
assay to the results in Figure 4.3A. We found 100% concordance between the two assays,
indicating that the developed mCas13 visual detection assay is reliable (Figure 4.3D and
Figure S5B). Finally, to clinically validate and further test the reliability of our visual
mCas13 detection assay, we tested the assay's performance with an additional 24 qPCRconfirmed positive clinical samples of total RNA extracted from patient swabs, along with
no-template control reactions. The visual-readout mCas13-based detection of SARS-CoV2 from these 24 samples showed 100% concordance with RT-qPCR results. We detected a
clear fluorescence signal relative to the negative controls in each positive sample (Figure
4.3E and Figure S6). Altogether, we validated this system’s effectiveness in 41 clinical
samples, enabling viral detection within 1 hour with a simple visual readout and with good
concordance with RT-qPCR results (Figure 4.3F).
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Figure 4.3: mCas13-based detection of SARS-CoV-2 in clinical samples. A. Validation of
mCas13-based detection assay on RT-qPCR–validated SARS-CoV-2 clinical samples with
different Ct values. Pink bars represent mCas13-based detection fluorescence output. FAM:
RNA reporter labeled with FAM fluorophore used in mCas13 detection assays. Blue dots
represent N gene Ct values (Table S10). B. Schematic representation of mCas13-based visual
detection with handheld fluorescence visualizer. C. Limit of detection (LoD) of mCas13based detection assay with visual readouts. LoD was determined using synthetic SARS-CoV2 RNA, which was reverse transcribed and LAMP-amplified with the STOPCovid primer set.
LAMP product was used for T7 in vitro transcription and concurrent mCas13 detection. D.
Validation of mCas13-based visual detection on RT-qPCR-validated SARS-CoV-2 clinical
samples with different Ct values from panel 3A. E. Heat map displaying the validation of the
mCas13-based visual detection assay of 24 SARS-CoV-2 RT-qPCR positive samples. RFU:
random fluorescence units, showing the signal intensity that was obtained by the TECAN
plate reader for the mCas13 reactions shown in Supplementary Figure 6. F. Concordance
between mCas13 detection results and RT-qPCR detection on 41 patient samples used in
Figure 4.3A and Figure 4.3E.
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Here, we identified and characterized a novel Cas13 variant and developed an RT-LAMP
coupled with mCas13 assay for SARS-CoV-2 detection. This mCas13-based detection
platform enables rapid, accurate, simple, cost-effective, and efficient detection of SARSCoV-2, and shows potential for POC applications. This work expands the toolbox and
application of Cas13 enzymes in diagnostics and for potential in vivo applications.
Although efficient Cas13 variants already exist, including LwaCas13a, PspCas13b,
LbuCas13a, among others, their large size constrains their applications in vivo. However,
due to its miniature size that allows the in vivo delivery via adeno-associated virus (AAV)
[231], the mCas13 variant can be used for a variety of in vivo RNA manipulations,
including RNA knockdown, editing, splicing regulation, RNA imaging and localization.
Intriguingly, the recently identified compact Cas13, Cas13X.1, shows efficacy against
SAR-CoV-2 and influenza A virus, indicating that Cas13 may be useful as an antiviral
therapeutic [117]. These studies demonstrate that bacterial defense systems have untapped
potential for diverse synthetic biology applications, diagnostics, and therapeutics as
antiviral agents. While this work was in progress, searching the growing number of
sequenced bacterial genomes recently deposited in the NCBI database uncovered
additional uncharacterized mCas13s with high sequence similarity to the mCas13 used
here. We found that some of these systems have associated CRISPR arrays, with crRNA
sequences and architectures similar to the mCas13 crRNAs. Based on the results shown
here, we anticipate that such miniature systems will prove useful for various applications,
and that mining natural resources for novel proteins with desired features is unquestionably
invaluable.
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4.4 Conclusion
In summary, we successfully identified and characterized the catalytic activities of a novel
miniature variant of Cas13, and harnessed its collateral catalytic activities to develop a
system for SARS-CoV-2 detection. Our modality coupling RT-LAMP and mCas13
demonstrates key features, including simplicity, specificity, sensitivity, and portability. We
measured the readout signal using a low-cost P51 device. The P51 device can be paired
with a cell phone camera that processes and shares data, facilitating the integration of this
modality to large-scale testing. This work illustrates the usefulness of mCas13 systems for
diagnostics as well as other potential in vivo RNA manipulations for diverse applications.

4.5 Materials and Methods
4.5.1 Computational identification of a novel CRISPR/mCas13
Protein sequences of novel miniature Cas13s in a recent report [118] were kindly provided
by Dr. Hui Yang (Chinese Academy of Sciences, Beijing, China). These protein
sequences were used as queries in the Basic Local Alignment Search Tool (BLAST)
against the NCBI non-redundant (nr) protein database (before January 2021) using
default settings. Only subject sequences with query coverage (Query cover) above 90%
were considered. Protein sequences of the miniature Cas13Y variants did not identify
any subject sequences with query coverage above 90%. However, when using protein
sequences of the miniature Cas13X variants, especially Cas13X.1 (accession#
RKY08123), mCas13 (accession# HFH51004) from Proteobacteria bacterium showed
up as the only subject sequence with query coverage above 90% (96%).
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Protein sequence alignment of mCas13 and the miniature Cas13X and Cas13Y variants
was performed using ClustalW [232] in MEGAX with default settings, and the
alignment was visualized using ESPript [233]. The RxxxxH HEPN motif was
subsequently identified in the mCas13 protein sequence on the basis of this alignment
and was further confirmed by manually searching for this motif using SnapGene.
CRISPRCasFinder [234] was performed on the genomic DNA sequence (GenBank#
DSVK01000191.1) to identify the associated CRISPR array. CRISPRDetect [235] was
then used to predict the orientation of the direct repeat in the mCas13 CRISPR array.
4.5.2 Cas13 protein expression and purification
To produce the expression plasmid for Cas13 expression and purification, the E. coli
codon-optimized Cas13 coding sequence was synthesized (GenScript) de novo and
subcloned in frame with His and SUMO tags on the N-terminus into the His6-TwinStrepSUMO bacterial expression vector (Addgene #90097) using BamHI and NotI (Table S5
and S6). Purification of mCas13 protein was performed following the protocol of Kellner
et al. (2019) with a few modifications. Briefly, the mCas13 expression vector was
transformed into BL21 E. coli cells. Starter cultures were prepared by growing single
colonies in LB broth supplemented with 100 μg/mL ampicillin for 12 h at 37 °C. Next, 20
mL of starter culture was used to inoculate 2 L of Terrific Broth medium (TB) (IBI
scientific) supplemented with 100 μg/mL ampicillin for growth at 37 °C until an OD600 of
0.5. Cells were incubated on ice for 30 mins, expression was induced with 0.5 mM IPTG,
and cultures were then transferred to 16 °C for overnight expression. Cells were harvested
by centrifugation for 20 min at 4 °C at 4000 rpm. Cell pellets were resuspended in lysis
buffer (50 mM Tris-Cl pH 7.5, 500 mM NaCl, 5% glycerol, 1 mM DTT, EDTA-
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free protease inhibitor (Roche)) and supplemented with 1 mg/mL lysozyme (L6876,
Sigma). Cells were lysed by sonication and clarified by centrifugation at 11,000 rpm for
50 min. The soluble 6xHis-SUMO-mCas13 in cleared lysate was then purified with an
affinity chromatography column (HisTrapTM HP, 5 mL GE Healthcare) (AKTA PURE, GE
Healthcare) followed by concurrent removal of the 6xHis-SUMO tag by SUMO protease
and overnight dialysis in dialysis buffer (25 mM Tris-Cl pH 7.5, 100 mM NaCl, 5%
glycerol, 1mM TCEP). Cleaved protein was concentrated to 1.5 mL by Amicon Ultra-15
Centrifugal Filter Units (50 kDa NMWL, UFC905024, Millipore) and further purified via
size-exclusion chromatography on a S200 column (GE Healthcare) in gel filtration buffer
(50 mM Tris-HCl, 600 mM NaCl, 10% glycerol, 1 mM DTT, pH 7.5). The proteincontaining fractions resulting from the gel filtration were pooled, and the protein
concentration was estimated with A280 absorbance using NanoDrop (ThermoFisher
Scientific NanoDrop 8000 Spectrophotometer), snap frozen, and stored at -80 °C. The
weight protein concentration was then converted into molar concentration in order to
facilitate the calculation of final protein concentrations in reactions.

4.5.3 Nucleic acid preparation
A short region of the SARS-CoV-2 N gene sequence was used as a synthetic target in the
preliminary mCas13 characterization and optimization experiments to screen crRNAs and
collateral reporters and establish mCas13-based detection. The N gene target RNA
sequences were prepared by in vitro transcription of PCR amplicons containing the T7
promoter sequence using the 2019-nCoV_N_Positive Control plasmid as a PCR template
(10006625, IDT). Purified PCR amplicons (QIAquick PCR Purification Kit, QIAGEN)
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were transcribed in vitro using HiScribe T7 Quick High Yield RNA Synthesis Kit (E2050,
NEB). The transcripts were purified using Direct-zol RNA Miniprep Kits (R2050, Zymo
Research) following the manufacturer's instructions, and the purified RNA was stored at 80 °C.
mCas13 crRNAs were designed to target the N gene sequence of the SARS-CoV-2
genome. For crRNA preparation, templates for in vitro transcription were generated using
single-stranded DNA oligos containing a T7 promoter, scaffold, and spacer in reverse
complement orientation (IDT), and were then annealed to T7 forward primer in Taq DNA
polymerase buffer (Invitrogen). The annealed oligos were then used as templates for in
vitro transcription as described above. NanoDrop 8000 was used to determine the
concentration of the purified RNA. The weight concentration was then converted into
molar concentration in order to facilitate the calculation of final RNA concentrations in
reactions.
To establish RT-LAMP coupled with T7-mCas13-based detection and LoD range, control
synthetic SARS-CoV-2 viral genomic sequences were ordered as synthetic RNA from
Twist Bioscience (cat#: 102024), and were diluted to 10,000 RNA copies/µL and used at
indicated concentrations to create simulated clinical samples.
For the specificity assay, different synthetic viral genomes were ordered including MERSCoV Control (IDT, cat#: 10006623), SARS-CoV Control (SARS-CoV-1) (IDT, cat#:
10006624), H1N1 (cat#: 103001, Twist Bioscience), HCoV-NL63 (cat#: 103012, Twist
Bioscience), HCoV-OC43 (cat#: 103013, Twist Bioscience), and HCoV-229E (cat#:
103011, Twist Bioscience). In addition, DNA plasmids pGTMV (addgene, plasmid
#118755) and TuMV clone available in our lab [220] were used. All viral genomes, except
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TMV and TuMV, were diluted into 10,000 cp/uL stocks and 2 uL were used per reaction.
For reactions with TMV and TuMV DNA plasmids, 10 ng/uL final concentrations were
used.
For RT-LAMP amplification (described below), previously published LAMP primers
designed to amplify the SARS-CoV-2 N gene (Joung et al., 2020 [211], Broughton et al.,
2020 [212]) were used, with modifications. The FIP or BIP primers were each designed
with the appended T7 promoter sequence at the 5' end of the first half of the primer. Such
modification allows the modified primer to integrate the T7 promoter sequence in the
LAMP-amplified product for subsequent T7-mediated in vitro transcription. All oligo
sequences and substrates are listed in (Table S1-3).

4.5.4 In vitro cis cleavage assays
mCas13 cleavage reactions were performed at 37°C with synthetic, in vitro-transcribed
RNA targets. Briefly, cleavage reactions were carried out in 20-µL reaction volume with
500 nM of mCas13 protein, 500 nM of crRNAs, and 2 mL of 500 ng/mL of target RNA in
1x cleavage buffer (20 mM HEPES-Na pH 6.8, 50 mM NaCl, 5 mM MgCl2, 1mM DTT);
the reactions were then incubated at 37°C for 1 h. The samples were then boiled at 70°C
for 3 min in 2X RNA Loading Dye (B0363S, NEB) and cooled down on ice for 3 min
before loading onto a 10% polyacrylamide-urea denaturing gel. Electrophoresis was
conducted for 80 min at 25 W. The gel was stained with SYBR Gold Nucleic Acid Gel
Stain (S11494, ThermoFisher) for 10 min, briefly washed with 1X Tris borate EDTA buffer
and visualized using a Bio-Rad Molecular Imager Gel Doc system.
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4.5.5. Screening of crRNAs and reporters and establishing mCas13 collateral
detection
Activity and collateral assays of Cas13 were performed in 1X cleavage buffer in a 20-mL
final reaction volume. Cas13 and crRNAs RNPs were first assembled by mixing 500 nM
purified Cas13 with 500 nM crRNA (unless otherwise indicated) in 1X cleavage buffer and
20 units RNaseOUT (Invitrogen), followed by incubation at 37 °C for 15 minutes. Next,
the assembled RNP was combined on ice with 2 mL of 500 ng/mL in vitro-transcribed
target RNA and 250 nM RNA reporter, and reactions incubated for 1 hr at 37 °C (unless
otherwise indicated). Real time or end-point fluorescence measurements were collected on
a microplate reader M1000 PRO (TECAN) at 2-min intervals (for real time measurements)
using 384-well, black/optically clear flat-bottomed plate (Thermofisher).

4.5.6 RT-LAMP reactions
Reverse transcription and isothermal amplification of target nucleic acids were performed
using final concentrations of 1.6 mM FIP/BIP primers (with the T7 promoter sequence
fused to either the FIP or BIP primer), 0.2 mM F3/B3 primers, and 0.4 mM LF/LB primers,
1X Isothermal Amplification Buffer (20 mM Tris-HCl, 50 mM KCl, 10 mM (NH4)2SO4, 2
mM MgSO4, 0.1% Tween 20, pH 8.8) (B0537, NEB), 1.4 mM dNTPs, 8 units of Bst2.0
WarmStart DNA Polymerase (M0538, NEB), 7.5 units of WarmStart RTx Reverse
Transcriptase (M0380, NEB) and 6 mM MgSO4 (B1003, NEB) in 25-μL reactions
containing variable concentrations of SARS-CoV-2 control standards, or 4 mL of isolated
RNA from clinical samples. LAMP reactions were performed at 62 °C for 35 minutes in a
PCR (C1000 touch thermal cycler, BioRad) machine.
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4.5.7 One-step T7 transcription and mCas13 detection
The two reactions, T7-mediated in vitro transcription and mCas13-based detection of the
amplified and in vitro-transcribed target RNA, were carried out in the same tube. Briefly,
2 mL of the RT-LAMP reaction product was combined with 1X cleavage buffer (described
above), 500 nM mCas13/crRNA assembled RNPs, 25 units T7 RNA polymerase (M0251,
NEB), 1 mM NTPs, and 250 nM RNA reporter (UUAUU) in 20-mL reactions. The
reactions were incubated at 37 °C for 20-30 minutes.

4.5.8 Visual Cas13-based detection
For simple visualization of mCas13-based detection, RNA reporters labeled with the HEX
fluorophore were used instead of the FAM fluorophore (Table 4). Collateral cleavage of
HEX reporters results in a bright signal that can be easily visualized upon excitation with
LED light (Ali et al., 2020). Cas13-based reactions were carried out as described above,
with modifications. For each reaction, 1 mM of HEX reporter (unless otherwise indicated)
was used in 20-mL T7-mCas13 detection reactions. Reactions were incubated at 37 °C for
30 minutes. Reaction tubes were then transferred into the P51 Molecular Fluorescence
Viewer (miniPCR) and photos were taken using a smartphone with default settings.

4.5.9 Clinical sample collection and RNA extraction
Oropharyngeal and nasopharyngeal swabs were collected from suspected COVID-19
patients by physicians in Ministry of Health hospitals in Saudi Arabia and placed in 2-mL
screw-capped cryotubes containing 1 mL of TRIZOL for inactivation and transport. Each
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sample tube was sprayed with 70% ethanol, enveloped with absorbent tissues, then placed
and sealed in an individual labeled biohazard bag. The bags were then placed in leak-proof
boxes and sprayed with 70% ethanol before placement in a dry ice container for transfer to
King Abdullah University of Science and Technology (KAUST). Total RNA was extracted
from the samples following instructions as described in the CDC EUA-approved protocol
and using the Direct-zol kit (Direct-zol RNA Miniprep, Zymo Research; catalog #R2070)
following the manufacturer’s instructions.

4.5.10 Real-time reverse transcription PCR (RT-PCR) for detecting positive SARSCoV-2 RNA samples.
RT-PCR was conducted on extracted RNA samples using the oligonucleotide primer/probe
(Integrated DNA Technologies, catalog #10,006,606) and Superscript III one-step RT-PCR
system with Platinum Taq Polymerase (catalog #12574−026) following the manufacturer’s
protocol.
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Chapter 5

Characterization of a thermostable Cas13 enzyme for one-pot detection
of SARS-CoV-2

This work is adapted from the following submitted manuscript (under review):

Ahmed Mahas, Tin Marsic, Mauricio Masson et al. A thermophilic Cas13 enzyme for
sensitive and specific one-pot detection of SARS-CoV-2, 22 September 2021, PREPRINT
(Version 1) available at Research Square [https://doi.org/10.21203/rs.3.rs-604849/v1]

All related supplementary information can be found in the online (pre-print) version

5.1 Abstract
Type VI CRISPR-Cas systems have been repurposed for various applications such as gene
knock-down, viral interference, and molecular diagnostics. However, the identification and
characterization of thermophilic orthologues will expand and unlock the potential of
diverse biotechnological applications. In this work, we identified and characterized a novel,
thermostable

orthologue

of

the

Cas13a

family,

from

the

thermophilic
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organism Thermoclostridium caenicola (TccCas13a). We show that TccCas13a has a close
phylogenetic relation to HheCas13a and shares several properties such as thermostability
and inability to process its own pre-crRNA. We demonstrate that TccCas13a possesses
robust cis and trans activities at a broad temperature range from 37–70°C, compared to
HheCas13a, which had a more limited range and lower activity. We harnessed the
TccCas13a thermostability for developing a sensitive, robust, rapid, and crosscontamination-free one-pot assay, named OPTIMA-dx, for SARS-CoV-2 detection.
OPTIMA-dx exhibits no cross-reactivity with other viruses and a LoD of 10 copies/µL
when using synthetic SARS-CoV-2 genome. We employed OPTIMA-dx for SARS-CoV2 detection in clinical samples, and our assay showed 95% sensitivity and 100% specificity
compared with RT-qPCR. The OPTIMA-dx assay exhibits critical features to enable its
use at point-of-care. Therefore, we developed a mobile phone application to facilitate
OPTIMA-dx data collection and sharing of patient sample results. This work demonstrates
the power of type VI CRISPR-Cas13 thermophilic enzymes to enable key applications in
one-pot point-of-care diagnostics and potentially in transcriptome engineering, editing, and
therapies.
5.2 Introduction
CRISPR-Cas systems endow bacterial and archaeal species with adaptive molecular
immunity to help fend off invading phages and plasmids via RNA-guided nucleases [39,
236, 237]. CRISPR-Cas systems acquire a molecular record, a spacer, from the invader’s
genome, transcribe and process the CRISPR array containing the spacer, and use a Cas
endonuclease to interfere with the invader and target its genome for degradation [42, 51].
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Class II CRISPR systems use a single effector RNA-guided nuclease for interference. Due
to their facile engineering, they have been harnessed in diverse applications, including
genome engineering, gene knock-down, virus interference, bioimaging, and diagnostics
[29, 39, 168, 238].
Type VI CRISPR-Cas systems target single-stranded RNA (ssRNA) with six subtypes
identified (subtype VI A–D, X and Y) and five subtypes functionally characterized (type
VI A, B, D, X, and Y) with their signature effectors Cas13a, Cas13b, Cas13d, Cas13X, and
Cas13Y, respectively[118, 185, 239]. Intriguingly, Cas13 enzymes possess two distinct but
interdependent RNase activities [66]. Type VI CRISPR-Cas13 systems have an RNAtargeted RNA ribonuclease domain; once activated, this domain induces promiscuous
collateral degradation of nearby single-stranded RNA (ssRNA) molecules [68]. Indeed,
Cas13 enzymes have been employed for various CRISPR-based detection applications [71,
115, 136, 221, 240]. These CRISPR-based modalities have paved the way for developing
the next generation of diagnostics by exploiting the highly specific target recognition and
cleavage by Cas enzymes, followed by cleavage of reporters in trans by collateral activity
[188, 241-243]. The unprecedented versatility, programmability, and simplicity of
CRISPR-based diagnostics without the need for sophisticated instruments render them
amenable for the development of point-of-care (POC) diagnostics [244-246].

Characterizing Cas13 enzymes from thermophiles is critical to expand the molecular
toolbox of RNA engineering and unlock the potential of biotechnological applications,
including molecular diagnostics. Indeed, as the discovery of a thermostable DNA
polymerase from Thermus aquaticus opened up remarkable possibilities for new assays
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[247], the discovery of Cas13 enzymes with broader operating temperatures will enable the
development of assays that require fewer steps, thus limiting opportunities for
contamination and making these easy to use and implement in developing single-pot closed
system devices for POC diagnostics.
Advances in synthetic biology and bioengineering have spurred a wave of innovations in
molecular diagnostics [248]. To increase their sensitivity, CRISPR-based systems have
been coupled to isothermal amplification methods such as recombinase polymerase
amplification (RPA) or loop-mediated isothermal amplification (LAMP), enabling target
nucleic acid detection at attomolar (10–18 M) levels [71, 136, 212]. Cas13 systems coupled
with RT-RPA or RT-LAMP have been employed for SARS-CoV-2 detection with several
optimizations to enhance their sensitivity and specificity [208, 209, 249]. LAMP has arisen
as the method of choice for sensitive and specific detection due to its high sensitivity, rapid
turnaround time, simple operation, and low cost [230]. In RT-LAMP-coupled CRISPR
detection modules, the viral RNA genome is first reverse transcribed, then amplified by
LAMP; for detection by Cas13, the amplified DNA is transcribed by RNA polymerase,
from T7 priming sites. However, current CRISPR systems use Cas nucleases isolated from
mesophilic bacteria and operating best at around 37°C, while LAMP systems operate at
higher temperatures (~55–65°C). Therefore, RT-RPA- and RT-LAMP-coupled CRISPR
detection assays are mostly conducted in two “pots”, or tubes.
Two-pot assays suffer from cross-contamination, as opening the first tube can create
aerosols, necessitating the two reactions be conducted in physically separate areas. In
addition, recently developed one-pot assays rely on lateral flow readouts that require
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opening the reaction tube post-amplification, increasing the chance of cross-contamination
[211]. Therefore, current work focuses on developing single-pot, single-temperature assays
to limit cross-contamination, facilitate end-user handling, enable POC applications, and
develop at-home testing kits. To provide a simple, reliable one-pot assay, the amplification
step (RT-LAMP) and the detection step (CRISPR-Cas enzyme activation and reporter
cleavage) should be conducted in a single tube and at a single temperature. In addition,
detection platforms for POC use should meet the ASSURED criteria (Accurate, Specific,
Sensitive, User-friendly, Rapid, Equipment-free, and Deliverable to end-users), as defined
by the World Health Organization [130]. Therefore, additional work to improve assay
readouts to facilitate interpretation, accuracy, and data sharing will enhance POC
applications. Smartphone-based applications may play critical roles in future diagnostic
applications.

Identification of thermostable CRISPR-Cas enzymes will enable their simultaneous
application with RT-LAMP in a single tube. In this work, we report the identification and
characterization of a thermophilic Cas13a orthologue from Thermoclostridium caenicola
(TccCas13a) that is highly active at the temperatures required for RT-LAMP. TccCas13a
exhibits robust cis and trans catalytic activities at a broad range of temperatures (37–70°C).
Interestingly, TccCas13a does not process its own pre-crRNA. We coupled this
thermophilic Cas13a variant with RT-LAMP for virus detection in a one-pot assay, which
we named OPTIMA-dx. We validated our one-pot detection module for SARS-CoV-2
detection in clinical samples from COVID-19 patients. Furthermore, we developed a
mobile phone application using a machine learning approach to streamline the reading and
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collection of test results and allow data sharing with central healthcare systems. These
fundamental advances will help develop an effective and low-cost POC modality for
massive-scale testing that detects SARS-CoV-2 and be useful for future tests for other
pathogens. The characterization of thermophilic Cas13 enzymes will expand the molecular
toolbox for RNA engineering and editing and enable diverse biotechnological applications,
including sensitive and specific POC diagnostics.

5.3 Results
5.3.1 Identification of thermophilic Cas13 proteins
Here, we set out to identify Cas13 proteins from thermophilic bacteria. We interrogated
existing Cas13 variants to determine whether they originated from thermophilic hosts. We
thus identified HheCas13a from the thermophilic bacterium Herbinix hemicellulosilytica
as a potential thermophilic protein [65, 250]. Subsequently, we used the HheCas13a protein
sequence as a query in a BLAST-P search against non-redundant protein databases, leading
to the isolation of another likely thermophilic Cas13a homologue from Thermoclostridium
caenicola (TccCas13a) (Figure 5.1A).
We synthesised the gene encoding TccCas13a and used the available clone of HheCas13a
for heterologous production in E. coli and purified the recombinant proteins to
homogeneity. Subsequently, we conducted differential scanning fluorimetry (DSF) to test
their thermostability. Both proteins possessed a denaturation temperature higher than
Cas13 enzymes from mesophilic bacteria, e.g., LwaCas13a (Figure 5.1B and C). We next
reasoned that complexing the crRNA to the HheCas13a and TccCas13a proteins would
further stabilise the proteins at higher temperatures. We performed an in silico prediction
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of the TccCas13a crRNA and used the recently reported crRNA of HheCas13a [65] (Figure
S1A). We incubated TccCas13a and HheCas13a with and without their respective in vitrotranscribed crRNAs at different temperatures and separated the complexes by SDS-PAGE.
Indeed, TccCas13a and HheCas13a loaded with their cognate crRNAs exhibited higher
thermostability, with TccCas13a showing greater stability than HheCas13a (Figure 5.1D
and E). We concluded that both proteins exhibit the needed thermostability for our
projected downstream applications requiring cis and trans catalytic activities at higher
temperatures.
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Figure 5.1: Thermostability analysis of thermophilic Cas13 effectors
a Maximum-likelihood phylogenetic tree of Cas13 proteins from different organisms. The
tree was generated using MEGA X software. Most selected proteins were isolated from
mesophilic bacteria, although several have been cultivated as thermophiles, and thus offer
an interesting collection of high-temperature stable proteins. TccCas13a and HheCas13a
were selected as potentially thermophilic Cas13 proteins.
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b Differential scanning fluorimetry (DSF) profiles of protein melting point using a
conventional real-time PCR instrument. The peak in the left graph indicates protein
denaturation. The right-side graph is the derivative of the left-side graph.
c Denaturation temperature of TccCas13a, HheCas13a, and LwaCas13a proteins, as
determined by DSF in Fig. 1b. Data are shown as mean ± standard deviation (SD) (n = 3).
d SDS-PAGE illustrating the protein stability of TccCas13a, HheCas13a, and LwaCas13a
after incubation for 30 min at different temperatures. M: protein marker. E: empty well.
e SDS-PAGE showing the protein stability of TccCas13a and HheCas13a
ribonucleoproteins (RNPs) assembled with their cognate crRNAs. After assembly with
crRNAs, TccCas13a and HheCas13a RNPs were incubated for 30 min at different
temperatures before electrophoresis. M: protein marker. E: empty well.

5.3.2. Characterization of the cis and trans catalytic activities of TccCas13a and
HheCas13a
Our initial characterization demonstrated that both proteins remained folded at higher
temperatures and that loading of the crRNA enhanced their thermostability. We next tested
whether their respective ribonucleoprotein (RNP) complexes are active and mediate the cis
and trans activities essential for downstream applications. Accordingly, we designed
crRNAs targeting a synthetic RNA sequence to determine whether either protein exhibited
catalytic cis activities at elevated temperatures. Both HheCas13a and TccCas13a proteins
did show robust and higher cis catalytic activities at higher temperatures (60°C) when
incubated with their target RNA than when incubated at 37°C (Figure 5.2A).
Next, we attempted to determine whether HheCas13a and TccCas13a retained non-specific
trans degradation activity of ssRNA reporter molecules in the presence of ssRNA target at
elevated temperatures. Such collateral activity is critical for diagnostics, as it is the basis
for nucleic acid detection, and other applications of CRISPR-Cas13 systems. Different
Cas13 variants trigger collateral RNase activity with distinct cleavage preferences
depending on the ssRNA sequences [136]. Therefore, we screened several ssRNA reporters
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consisting of 6-mers of A, U, or G homopolymers, reporters with dinucleotide motifs
including UG or CG, or a 6-mer probe with a mix of U, G, A, and C nucleotides. TccCas13a
exhibited robust trans cleavage and a strong preference for the mixed nucleotide reporter
(Figure 5.2B). HheCas13a, however, displayed robust trans cleavage using the poly U
reporter, consistent with a recent study [65].

We next demonstrated the thermostability of HheCas13a and TccCas13a by testing the
trans cleavage activity of HheCas13a and TccCas13a in comparison to LwaCas13a at
different temperatures. We incubated LwaCas13a, HheCas13a, and TccCas13a proteins
with their cognate crRNAs at different temperatures for 25 mins before the addition of the
target RNA and their preferred ssRNA reporter molecules. Although LwaCas13a exhibited
very robust and fast signal when incubated at 37°C, no activity was observed at high
temperatures (Figure 5.2C). In contrast, both HheCas13a and TccCas13a maintained robust
trans cleavage activity at 56°C and 60°C (Figure 5.2C). Moreover, we compared the trans
cleavage activities of HheCas13a and TccCas13a on ssRNA reporters at 37°C and 60°C
with matching crRNA spacer sequences. Both enzymes performed well at both
temperatures, but TccCas13a showed a faster and stronger trans cleavage activity at high
temperature and low target RNA concentration than HheCas13a (Figure 5.2D).
Subsequently, we conducted RNA detection assays over a range of temperatures from 37–
72°C to determine the optimal temperature for TccCas13a and HheCas13a. TccCas13a was
active over a wider range of temperatures (37–70°C), while HheCas13 exhibited robust
activity over the more limited temperature range of 37–60°C (Figure 5.2E). These data
provide compelling evidence of the thermostability and robust catalytic activities of
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TccCas13a and HheCas13a proteins and their usefulness in applications requiring cis and
trans catalytic activities.
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Figure 5.2: Characterization of cis and trans cleavage activities of thermophilic
HheCas13a and TccCas13a.
a Representative denaturing gels showing the targeted in vitro RNase cleavage activity of
HheCas13a and TccCas13a proteins when incubated with ssRNA target and different
crRNAs at different temperatures. NS: non-specific crRNA control.
b TccCas13a collateral cleavage preference for the ssRNA reporter. Reactions consisting
of TccCas13a and its respective cognate crRNAs or non-specific crRNA (NS) control were
performed in the presence of ssRNA target and one of six ssRNA reporters. NS: nonspecific crRNA. Data are shown as mean (n = 3). Reactions were incubated at 56°C and
the endpoint fluorescent signal was measured after 30 min. ssRNA reporter sequences are
shown on top of the heatmap. A: Poly A reporter, U: Poly U reporter, G: Poly 6G reporter,
UG: 3(UG) reporter, CG: 3(CG) reporter, Mix: Mix reporter.
c End-point activity of LwaCas13a, HheCas13a and TccCas13a at different temperatures
using their preferred reporter (see supplementary table 4 for LwaCas13a reporter). One
crRNA and a non-specific crRNA were tested for each. Values are shown as mean ± S.D
and represent endpoint fluorescence at 30 min.
d Measurement of real-time fluorescence output comparing the detection activity of
HheCas13a and TccCas13a at three different target RNA concentrations (100, 10, 1 nM)
and two temperatures (37°C and 60°C). Data are shown as mean (n = 3).
e End-point activity of HheCas13a and TccCas13a at different temperatures using their
preferred reporter after 30 min. Two crRNAs and a non-specific crRNA were tested for
each. Data are shown as mean (n = 3).

5.3.3 Biochemical characterization of thermostable TccCas13a and HheCas13a
To further characterize the activity of the identified thermostable Cas13 proteins, we sought
to test the crRNA requirements by introducing various modifications to the crRNA spacer
sequences. We first tested the effect of single mismatches between crRNA and target RNA
on TccCas13a RNA detection activities. We mutated single bases across the crRNA spacer
sequence to the respective complementary bases. We found that TccCas13a was tolerant
to single mismatches across the spacer, as such mismatched spacers enabled RNA detection
with similar efficiency as fully matched spacers (Figure 5.3A). However, double
mismatches resulted in different tolerances for different regions of the spacer sequence
(Figure 5). In addition, when we introduced stretches of 4 mismatches in the spacer, we
found a significant reduction in the activity of TccCas13A for mismatch stretches in the
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center of the spacer, while 4 consecutive mismatches at the extreme 5′ or 3′ ends of the
crRNA spacer had less of an effect, suggesting the presence of a seed region in the center
of the spacer sequence, similar to previous observations with other Cas13 effectors (Figure
5.3C) [68]. Next, we sought to determine the minimal spacer length required for efficient
Cas13-mediated RNA detection. Therefore, we used a series of spacer truncations ranging
from 30 nt to 16 nt long spacers. TccCas13a exhibited robust activity with spacer sequences
as short as 20 nt (Figure 5.3D).

Notably, previous studies have shown the ability of CRISPR/Cas13 systems to process precrRNAs and generate mature crRNAs capable of guiding Cas13 enzymes to the target RNA
[66]. Interestingly, HheCas13a is the only known Cas13 orthologue that is incapable of
processing pre-crRNAs, at least in vitro [65]. Considering that both HheCas13a and
TccCas13a are thermostable proteins and evolutionarily closely related (Figure 5.1A), we
wondered if TccCas13a is capable of processing pre-crRNAs in vitro. Therefore, using 5′FAM labeled pre-crRNA sequences, we tested the pre-crRNA processing activity of
TccCas13a in comparison to HheCas13a and LwaCas13a proteins. LwaCas13a exhibited
robust pre-crRNA processing activity, but HheCas13a did not process the cognate precrRNA when it was incubated at 37 or 60 °C, consistent with previously reported results
(Figure 5.3E) [65]. To our surprise, we also did not detect any pre-crRNA processing
activity with TccCas13a at the tested temperatures (Figure 5.3E). These results, together
with previous findings [65], indicate that the thermostable HheCas13a and TccCas13a
enzymes are the only pre-crRNA processing defective Cas13 homologs known to date,
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pointing to a possible relationship between the thermostability of these Cas13 variants and
the lack of pre-crRNA processing activities.

The robust activity of TccCas13a observed in the previous experiments led us to further
study the enzyme kinetics. Therefore, we performed Michaelis-Menten kinetic
measurements of TccCas13a ssRNA trans cleavage activity at elevated temperature and
found that when TccCas13a is activated with ssRNA targets, it catalyzes trans ssRNA
cleavage with catalytic efficiency (kcat/Km) of 0.24 x106 M-1 s-1 (Figure 5). Interestingly,
we noticed that the enzyme kinetics do not follow standard Michaelis-Menten saturation
kinetics, as the enzyme velocity increased linearly without reaching saturation. The
observed high value of the Km indicates the low affinity of Cas13 enzyme with the nonspecific, in trans, RNA target. Similar observations of kcat/Km were recently reported with
other Cas13 variants, indicating the much higher trans-ribonuclease activity observed with
Cas13s compared to the trans-nuclease activities observed with CRISPR enzymes, such as
Cas12 [251].
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Figure 5.3: In vitro characterization of thermostable Cas13a crRNAs sequence
requirements.
Evaluating the effect of single (a), double (b), and stretches of 4 mismatches (c) between
crRNA and target RNA on TccCas13a activity. Left: crRNA nucleotide sequence with the
positions of mismatches (red) on the crRNA spacer. Right: the fluorescence intensity,
relative to the non-specific crRNA control (NS, pink) or crRNA with no mismatches
(green), resulting from TccCas13a collateral cleavage activity on each tested crRNA.
Reactions were incubated at 56°C and the endpoint fluorescent signal was measured after
30 min.
d TccCas13a RNA detection activity with different crRNA spacer lengths. Left: crRNA
spacer nucleotide sequences with the length of each spacer shown on the left of the
sequence. Right: the fluorescence intensity, relative to the non-specific crRNA control (NS,
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pink) resulting from TccCas13a collateral cleavage activity on each tested crRNA.
Reactions were incubated at 56°C and the endpoint fluorescent signal was measured after
30 min.
e Representative denaturing gels showing Cas13a-mediated processing of their cognate
pre-crRNAs. 100 nM of each Cas13a orthologue was incubated with 200 nM of the cognate
5′-FAM labelled pre-crRNA for 1 hour at different temperatures.
f Representative Michaelis-Menten plot for TccCas13a-catalyzed ssRNA trans cleavage
activity. Enzyme kinetic data and the measured Kcat, Km, and Kcat/Km are shown on the top
of the plot. Values are shown as mean ± S.D (n = 3).

5.3.4 RT-LAMP-coupled thermophilic CRISPR-Cas13a enzymes for SARS-CoV-2
detection
Based on the results above, and considering the wide and increasingly growing applications
of CRISPR/Cas13 for diagnostics, we recognized the possibility of developing a novel and
sensitive assay by coupling RT-LAMP isothermal amplification with in vitro transcription
and subsequent Cas13-based detection in one step at the same temperature by using
HheCas13a and/or TccCas13a. Two rounds of amplification of the target virus or genome
can be conducted: the first round via RT-LAMP and the second via the in vitro transcription
of the RT-LAMP products with T7 RNA polymerase. We first tested the applicability of
this modality using TccCas13a and HheCas13a in a two-pot RT-LAMP assay. To ensure
sensitive detection, pre-amplifying the RNA target of interest is a necessary step [71]. We
chose isothermal amplification with RT-LAMP and used well-established primer sets from
previous reports to target and amplify conserved regions in the SARS-CoV-2 N gene,
named here STOPCovid primers (SC) [211]. However, because Cas13 proteins target
RNA, we modified these primers by appending a T7 promoter sequence to the 5' end of the
first half of either the forward inner primer (FIP) or the backward inner primer (BIP)
(Figure 5.4A). Therefore, during LAMP, the T7 promoter sequence should be incorporated
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into the amplified DNA products, providing a suitable template for the T7 RNA
polymerase to transcribe the amplified LAMP product in vitro and generate RNA targets
for Cas13 detection (Figure 5.4B).

We designed several crRNAs for both TccCas13a and HheCas13a targeting a highly
conserved region in the SARS-CoV-2 N-gene. We first showed that both HheCas13a and
TccCas13a exhibit robust activity in RT-LAMP buffer (isothermal buffer) (Figure S2). We
then performed an initial screening of these crRNAs and primers in two-pots settings, as
described above. Most of the tested crRNAs showed robust performance and high detection
signal, with few crRNAs showing no activity (Figure S3). These results supported the
strong detection of RT-LAMP products when using crRNAs, confirming that 1) the
amplification of the synthetic SARS-CoV-2 genome was successful with the modified
primers; 2) the T7 promoter was successfully integrated into the amplified products; 3) T7
RNA polymerase could use the amplified amplicons to generate Cas13a substrates that
activate Cas13a enzymes to degrade ssRNA reporters and generate signal output (Figure
5.4B).

5.3.5 Establishment and optimization of a one-pot RT-LAMP with TccCas13a for
SARS-CoV-2 detection
Both thermophilic Cas13a enzymes exhibited a practical and robust catalytic activity at
higher temperatures in a two-pot assay, which motivated us to capitalize on their
thermostability to establish a one-pot RT-LAMP-coupled CRISPR assay for the detection
of SARS-CoV-2. We first investigated if target detection in a one-pot assay would be
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feasible at a single temperature. To this end, we rescreened all crRNAs and primer sets in
one-pot settings, leading to the identification of a combination of crRNA and primer set
with the most specific and efficient detection of the SARS-CoV-2 RNA, namely
TccCas13a crRNA#13 when used with the T7-FIP modified primer set. Interestingly,
although HheCas13a exhibited strong detection signal in two-pot settings, we observed no
significant detection signal in one-pot settings with any crRNA. By contrast, TccCas13a
was consistent in specifically and efficiently detecting SARS-CoV-2 target in one-pot with
the optimized combination of primers and crRNA (Figure S4). Therefore, we selected
TccCas13a for further optimization and development of one-pot SARS-CoV-2 detection.

We set out to further optimize all reagents to improve the performance, sensitivity, and
specificity of the assay for SARS-CoV-2 detection. We optimized the reaction performance
by titrating the Bst DNA polymerase, Hi-T7 RNA polymerase, Mg2+ and TccCas13a RNP
concentrations in the reaction (Figure S5).
Because different biochemical reactions perform optimally at different temperatures in our
one-pot assay, we tested the performance of the one-pot assay at different temperatures.
The optimal temperature for the one-pot detection assay was 56°C, with diminished
performance at higher or lower temperatures, probably due to the reduced performance of
LAMP at lower temperatures, and of the Hi-T7 RNA polymerase at higher temperatures
(Figure 5.4C).
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Figure 5.4: Establishment and optimization of one-pot SARS-CoV-2 detection using
the thermophilic TccCas13a protein.
a Schematic representation of the SARS-CoV-2 genome showing the region targeted by
RT-LAMP amplification and the crRNA target sequence. The small red arrow on the T7FIP primer indicates the T7 promoter sequence. SC region: genomic region of SARS-CoV2 N gene targeted with STOPCovid primers.
b Overview of the assay workflow. The detection protocol consists of three distinct steps,
all carried out in the same tube and at the same temperature (56°C). Following the
extraction of viral RNA, specific target sequences within the viral RNA are reversetranscribed (RT) into cDNA and amplified with RT-LAMP isothermal amplification using
LAMP primers containing the T7 promoter sequence (small red arrow on the T7-FIP
primer). The resulting RT-LAMP amplicons are used for in vitro transcription using the
thermostable Hi-T7 RNA polymerase, producing RNA transcripts that are recognized and
targeted simultaneously by the thermophilic TccCas13a protein. Recognition of the RNA
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transcripts by TccCas13a triggers Cas13 collateral cleavage activity, resulting in transcleavage of the reporter probe conjugated to the HEX or FAM fluorophores.
c Performance of one-pot detection assay at different temperatures. Left: as determined by
real-time fluorescence at a given target RNA concentration (100 cp/µL), data are shown as
mean (n = 3). Right: endpoint fluorescent signal measured after 30 min, values are shown
as mean ± S.D. The best performance was achieved at 56°C.

5.3.6 Evaluation and clinical validation of OPTIMA-dx assay for SARS-CoV-2 visual
detection
To enable large-scale screening during a pandemic, performing diagnostic assays at POC
or outside of laboratory settings is critical. Since the use of sophisticated fluorescence
detection instruments such as qPCR machines or plate readers complicates the achievement
of such goal, CRISPR diagnostic approaches have adapted lateral flow detection in an
effort to develop a simple visual readout that can expedite accurate diagnostics in POC
settings [136]. However, despite the efficiency and simplicity of this approach, the reaction
tubes need to be opened for lateral flow detection readouts, thus increasing the chance of
aerosols and cross-contamination. As an alternative, we sought to couple our assay with a
portable device. Using a modified RNA reporter molecule conjugated to a 5′ HEX
fluorescent molecule instead of FAM, TccCas13a collateral cleavage of such a reporter
produced a bright signal visible with a hand-held, inexpensive fluorescence visualizer (P51
Molecular Fluorescence Viewer), allowing simple visualization and interpretation of the
results (Figure 5.5A). We termed this one-pot assay with visual detection OPTIMA-dx
(One-pot thermophilic Cas13 and isothermal amplification module for nucleic acid
detection).
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With these optimized reaction conditions, we next evaluated the analytical limit of
detection (LoD) of OPTIMA-dx using synthetic SARS-CoV-2 RNA as input. We
estimated the LoD of OPTIMA-dx assay to be 10 copies (cp)/µL, which can be achieved
within 45–60 min of reaction time (Figure 5.5B). To test specificity and absence of crossreactivity, we challenged OPTIMA-dx with other common human viruses, including
SARS-CoV-1, MERS-CoV, H1N1, HCoV-OC43, HCoV-229E, and HCoV-NL63.
OPTIMA-dx showed high specificity to SARS-CoV-2, with no cross-reactivity against any
of the other tested viruses (Figure 5.5C). We next assessed how storage at common storage
temperatures influenced the performance of a pre-assembled OPTIMA-dx master mix.
Although the OPTIMA-dx reaction did lose activity after storage for 48 h at 4°C, the
detection reaction remained active when stored at –20°C for 48 h (Figure 5.5D).
To ensure reliability of SARS-CoV-2 detection kits, the Federal Drug Administration
(FDA) guidelines (Catalog # 2019-nCoVEUA-01, CDC, 2019) emphasize the importance
of including a positive sample, or internal control, as an indicator of proper sample
handling, RNA extraction, template quality and integrity, and validity of reagents. In
particular, a negative SARS-CoV-2 readout should be considered invalid if the internal
control is negative as well. We thus tested the human ribonuclease P (RNase P) transcripts
as internal control for OPTIMA-dx SARS-CoV-2 detection assay, whereby each sample
can be evaluated by two OPTIMA-dx reactions for the detection of SARS-CoV-2 and the
RNase P internal control (Figure 5.5E). Accordingly, we designed two crRNAs targeting a
region of RNase P amplified with RT-LAMP primers developed in previous reports that
we modified with the T7 promoter sequence appended to the FIP primer [252]. Both
crRNAs showed efficient and specific detection, with crRNA 1 showing a faster detection
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signal compared to crRNA 2, prompting us to select crRNA 1 for the OPTIMA-dx RNase
P assay (Figure 5.5F).
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Figure 5.5: Evaluation of OPTIMA-dx for the detection of SARS-CoV-2.
a Schematic representation of SARS-CoV-2 RNA detection in one-pot assays and visual
detection using the P51 Molecular Fluorescence Viewer. As the test is performed in a single
pot, there is no need to open the reaction tube so it can be discarded without opening, thus
avoiding the possibility of contamination at the point of care site.
b Assessment of the sensitivity of OPTIMA-dx and the effect of reaction incubation time
on performance using fluorescence-based visual detection. Fluorescence rises above
background after 45 min with little improvement as time increases. Three replicates were
performed for each treatment.
c Evaluation of specificity and cross-reactivity of OPTIMA-dx for SARS-CoV-2 RNA
visual detection. Three replicates were performed for each treatment. NTC: no template
control.
d Effect of storage time of the OPTIMA-dx master mix at two temperatures on SARSCoV-2 visual detection. Two replicates and one negative control (NTC: no template
control) were tested for each treatment.
e Schematic representation of dual detection of co-isolated and highly abundant human
RNase P transcripts with OPTIMA-dx as an internal control for isolated RNA quality and
integrity.
f Development and establishment of a human internal control for the OPTIMA-dx assay.
Performance of the OPTIMA-dx assay with RNase P-specific LAMP-primers and two
crRNAs, as measured by real-time fluorescence (left panel). Data are shown as means ± SD
(n = 3). The selected crRNA 1 was evaluated for visual detection (right panel) after 60 min
incubation. NTC: no template control.

Next, we sought to validate the performance of our one-pot detection assay using RNA
isolated from patient samples. We performed SARS-CoV-2 detection at King Faisal
Specialist Hospital & Research Centre using 73 RT-qPCR–positive samples with a broad
range of Ct values and different strains of SARS-CoV-2 and 27 RT-qPCR–negative
samples extracted following the protocol approved by the Center for Disease Control
Emergency Use Authorization (CDC EUA). Our one-pot SARS-CoV-2 detection assay
demonstrated 94.5% sensitivity and 100% specificity, showing high concordance with the
RT-qPCR data (Figure 5.6A). Interestingly, although all 4 samples showing false negative
results had Ct values above 30, the detection assay was able to detect other samples with
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Ct values as high as 34, indicating the high sensitivity of our assay (Figure 5.6A). We also
tested all clinical samples for the RNaseP gene, and found that OPTIMA-dx detected the
RNaseP internal control in all tested samples, except one of the negative samples (Figure
5.6B).

5.3.7 Development of a mobile phone application to collect and share SARS-CoV-2
test results
Fluorescence detection devices like any plate reader or real-time PCR machines are choice
devices to measure any end-point or real-time signal in a sample. However, at a POC
settings with fewer resources and no specialized training, smartphone-based imaging is
becoming popular in biomedical applications for easy data accessibility and sharing. To
facilitate data collection and sharing of SARS-CoV-2 test results as well as interpretation
of the OPTIMA-dx readout, we developed a deep learning-based approach to design and
develop a mobile phone application capable of collecting and reading OPTIMA-dx results
from the low-cost P51 Molecular Fluorescence Viewer at POC settings (Figure 5.6C). The
dataset of fluorescent images used for training the software consisted of many random
images annotated manually as positive or negative to set the proper fluorescence intensity
threshold. The software was then trained and tested multiple times to reach the best mean
average precision (mAP) value with this dataset. The application allows the user to easily
take a picture of PCR strips or upload an already captured image of a PCR strip illuminated
by a transilluminator. The software then determines the location of each tube, calculates a
probability score for each target category and classifies each tube as positive (green
bounding box) or negative (red bounding box) samples based on the intensity of the
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fluorescent signal (Figure 5.6D). The entire image processing, from capturing the reaction
tubes to the final app output results, takes less than 1 min. Once the image is captured, it
can be uploaded and processed by the software (Supplementary note 2).

We validated the ability of the OPTIMA-dx smartphone application to identify and call
positive and negative readouts from OPTIMA-dx results: the app correctly determined the
fluorescence status of each sample with good accuracy (Figure S6). We next evaluated the
app on 45 clinical samples tested with OPTIMA-dx for the visual detection: the app
identified 38 out of the 45 samples as positive. Notably, the two SARS-CoV-2 positive
samples deemed negative by the app had the highest Ct values (31 and 34) and thus lowest
intense fluorescent signal of all samples (Figure S7). We also ran OPTIMA-dx for RNase
P in the same samples, resulting in 43 samples testing positive for RNase P out of the 45
samples tested, using the OPTIMA-dx one-pot assay and app (Figure S8). We conclude
that OPTIMA-dx can reach a performance of 95% sensitivity and 100 % specificity in
patient samples when combined with the mobile app, exhibiting high concordance with
RT-qPCR data (Figure 5.6E).
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Figure 5.6: Validation of OPTIMA-dx performance on patient samples with the use
of smartphones for SARS-CoV-2 detection.
a SARS-CoV-2 detection from 100 clinical COVID-19 samples with one-pot RT-LAMPTccCas13a detection assay. RT-qPCR cycle threshold (CT) plotted against fluorescent
readout from the detection of SARS-CoV-2 positive samples (n=73) and SARS-CoV-2
negative samples n=27). Detection reactions were incubated at 56°C and the endpoint
fluorescent signal was measured after 1 hour. Light blue data points in negative samples
represent no template controls (NTC).
b Detection of RNase P internal control with one-pot RT-LAMP-TccCas13a detection
assay. All 100 clinical samples in Fig. 6a were tested for the detection of RNase P gene.
Detection reactions were incubated at 56°C and the endpoint fluorescent signal was
measured after 1 hour. NTC: no template control.
c Overview of OPTIMA-dx workflow with mobile phone application for interpreting the
OPTIMA-dx fluorescence readouts. The workflow shows the OPTIMA-dx protocol using
RNA extracted from patient sample that is added to the preassembled one-pot reaction. The
reaction is incubated at 56°C for 1 h. To interpret the results, the OPTIMA-dx fluorescence
readouts are visualized using p51 Molecular Fluorescence Viewer, and the results can be
captured using mobile phone camera. The captured picture of the fluorescence readouts is
processed with the app and interpreted as positive (P, green) or negative (N, red). The
OPTIMA-dx results can be uploaded to or shared with a centralized database.
d Representative data showing the OPTIMA-dx results before (top panel) and after (lower
panel) analysis with the smartphone application.
e Concordance between OPTIMA-dx results using the smartphone application and RTqPCR detection on the 45 patient samples.

5.3.8 Versatility of OPTIMA-dx for pathogen diagnostics
The one-pot detection assay of OPTIMA-dx can be adapted for the detection of other
pathogens. To demonstrate the versatility of OPTIMA-dx, we also employed the system
for the detection of the human RNA virus hepatitis C virus (HCV) and the plant ssDNA
virus Tomato yellow leaf curl virus (TYLCV). Using in vitro transcribed RNAs of two
common HCV genotypes, we showed that OPTIMA-dx can efficiently detect the two
viruses within 1 hour (Figure 5.7A). In addition, we used OPTIMA-dx to detect TYLCV
ssDNA virus isolated from plants infected with the virus. After DNA isolation from
infected, as well as non-infected (healthy), plants, we diluted the extracted DNA 1:10 and
1:100, and used the diluted DNA as template for OPTIMA-dx reactions. OPTIMA-dx
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detected the virus only in the DNA extracted from infected plants in both DNA dilutions
within 1 hour, indicating the high sensitivity and specificity of the OPTIMA-dx platform
for efficient detection of plant DNA viruses (Figure 5.7B).

A

HCV detection with Tcc

B

10000

C
NT

2HC

V

1V
HC

b

5000

a

Fluorescence (RFU)

15000

Genotype

Figure 5.7: Adaptability of OPTIMA-dx for specific detection of different pathogens.
A- Detection of major HCV genotypes with OPTIMA-dx. In vitro transcribed RNA was
used as RNA template in the OPTIMA-dx detection reactions at concentrations of
500 pM. Values are shown as mean ± S.D. and represent endpoint fluorescence at 60
min.
B- Detection of TYLCV DNA virus with OPTIMA-dx. DNA isolated from two different
TYLCV infected plants and one healthy (not infected) plant was diluted 1:10 or 1:100
in water and used as template in the OPTIMA-dx detection reactions. A plasmid
containing TYLCV genome was used as a control at concentrations of 1 ng/reaction.
NTC: no template control. Values are shown as mean ± S.D and represent endpoint
fluorescence at 60 min.
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5.4 Discussion
In this study, we provide: 1) the first identification and characterization of thermophilic
Cas13a enzymes, thereby expanding the molecular engineering toolbox of CRISPR
systems for RNA substrates; 2) the first report of a one-pot assay using RT-LAMP coupled
to Cas13 for specific and sensitive detection of SARS-CoV-2 to facilitate POC applications
and limit cross-contamination; 3) the development and use of mobile phone application
coupled with the portable, affordable P51 detection to collect and share testing data with
central facilities.
Since their discovery, Type VI CRISPR Cas13 systems have provided efficient and
versatile tools for RNA manipulation [29, 253]. However, all Cas13 work to date has been
restricted to temperatures around or below 42°C. Mining datasets from diverse natural
contexts, including thermophiles, helped us uncover novel thermostable variants that
evolved naturally to provide immunity to their hosts. Indeed, we showed that HheCas13a
and TccCas13a are thermostable enzymes that are active at elevated temperatures, with
TccCas13a being active over a wider temperature range (37–70°C). These thermophilic
Cas13a enzymes will open diverse biotechnological applications for RNA-guided Cas13a
ribonucleases at a broad temperature range and under harsh experimental or environmental
conditions, especially if complexed with their corresponding crRNAs. For example, Cas13
has recently been gaining interest for therapeutics and disease research, including cancer
gene therapy and antiviral therapeutics [114, 117, 254, 255]. However, in vivo protein
stability is critical for successful applications [256] and some proteins, such as LwaCas13a,
mediate efficient knockdown only when fused to a stabilizing domain [75]. Notably,
thermostabilization of proteins results in better stability in vivo [257, 258]. Therefore, the
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robust activity and thermostability of TccCas13a make this protein a promising candidate
for further structural studies and potential in vivo RNA targeting applications. Moreover,
thermostable enzymes (including thermostable Cas9) have enabled important genome
editing applications in thermophiles [259]; specific RNA targeting at elevated temperatures
beyond the range of previously reported Cas13 proteins is key to creating new tools for use
in industrially important thermophiles, for which no CRISPR-Cas13 system has been
reported.

Our phylogenetic analysis showed that HheCas13a and TccCas13a are evolutionarily
closely related (Figure 5.1A). Despite the strong conservation of pre-crRNA processing
activity among Cas13 orthologues, HheCas13a has been shown to be the only known precrRNA processing defective Cas13 [65]. Interestingly, in addition to both proteins being
thermostable Cas13s, our data show that both HheCas13a and TccCas13a are incapable of
processing pre-crRNA. These observations could indicate a possible relationship between
thermostability and the lack of pre-crRNA processing activity in these Cas13 variants, and
future structural studies could explore the mechanism behind the lack of pre-crRNA
processing activity and the thermostability of these proteins. Importantly, the pre-crRNA
processing activity is not required for RNA target detection and for trans-ssRNA cleavage,
as pre-crRNAs have been shown to efficiently activate the trans-cleavage activity of a
crRNA-processing deficient mutant [65]. In fact, a recent study showed that crRNA
precursors (pre-crRNAs) are more potent at activating targeted trans-cleavage than mature,
processed, forms [251]. Therefore, these observations could indicate that pre-crRNA
processing defective Cas13 enzymes, such as HheCas13a and TccCas13a, are capable of
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utilizing an unprocessed CRISPR array for RNA targeting activity. In addition, other host
factors may contribute to the biogenesis of mature crRNAs.

Besides the wide use of CRISPR-Cas13 enzymes for in vivo applications[260], Cas13
proteins have been increasingly used to develop various diagnostic platforms [261], and
their usefulness for the development of diagnostics has become apparent during the
COVID-19 pandemic [208, 209, 218, 222, 249, 262]. To boost sensitivity, CRISPR-based
diagnostics typically involve an amplification step, preferably by isothermal amplification.
Our detection module employs RT-LAMP to generate a massive number of amplicons with
a second amplification step, achieved with thermostable T7 RNA polymerase, to generate
RNA transcripts that can be detected by thermophilic Cas13a. Although RT-RPA
amplification was the preferred method for SHERLOCK and other CRISPR-dx modules,
severe limitation in RPA reagent supply was observed during the COVID-19 pandemic.
By contrast, LAMP reagents are readily available from different suppliers and can be
produced in-house [210]. Therefore, LAMP was adapted to develop sensitive CRISPR
diagnostics for SARS-CoV-2 detection, including DETECTR [212], iSCAN [210],
DISCoVER (Cas13-based module) [249] and the first and only FDA-authorized CRISPRCas13 based diagnostics test (SHERLOCK CRISPR SARS-CoV-2 Kit, IDT). However,
all the above diagnostic methods are performed in two-pot settings, as their Cas enzymes
function at around 37°C and cannot tolerate the high temperatures needed for LAMP (~55–
65°C). Such two-pot settings are not ideal for POC settings due to the increased chance of
cross-contamination, which can be overcome with the implementation of thermostable
DNA-targeting Cas12 proteins [211, 263]. Interestingly, recent reports have turned to
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RNA-targeting CRISPR-Cas systems from class I type I and type III for SARS-CoV-2
diagnostics. Their thermostability is an appealing feature for coupling with RT-LAMP to
develop one-pot detection assays. However, both systems have low sensitivity in one-pot
settings with RT-LMAP, forcing their use in two-pot settings. In addition, the required
class I complexes are large molecules, complicating their purification and use in vitro [264,
265]. Therefore, our thermophilic Cas13a protein offers a great advance in diagnostics and
will enable the development of other applications.

Our OPTIMA-dx detection module has several other advantages that make it suited for
POC applications. OPTIMA-dx demonstrated excellent sensitivity with an LoD of 10
cp/µL of synthetic SARS-CoV-2 RNA. In addition, validating OPTIMA-dx on clinical
samples showed robust sensitivity to detect samples with Ct values up to 34. Clinical
studies suggest that the risk of transmission decreases dramatically when the number of
SARS-CoV-2 viral RNA copies drops below 100 cp/μL [266, 267]. In addition, a model
of mass pandemic surveillance suggests that detection assays with fast turnaround time
able to detect 100 cp/μL would be adequate for efficient high-throughput screening [203].
Therefore, OPTIMA-dx exhibited robust sensitivity that would enable its use for reliable
SARS-CoV-2 detection in clinical samples.

Most CRISPR-dx assays developed to detect SARS-CoV-2 do not include a human internal
control, which would ensure test reliability, especially in POC settings. We successfully
adapted our detection system to the human RNase P transcript and we expect that
OPTIMA-dx will have a broad range of applications for pathogen detection. In addition,
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we demonstrated that OPTIMA-dx reagents can tolerate storage at –20°C for at least 48 h,
which would facilitate pre-assembly of OPTIMA-dx reactions for large-scale screening in
POC settings. Moreover, our OPTIMA-dx detection module may not require RNA
extraction and should be compatible with direct lysis methods, including chemical
reduction and ion chelation. Finally, we integrated our detection module with the portable
P51 Molecular Fluorescence Viewer to facilitate sample reading using the HEX reporter
and developed a machine learning module for efficient data collection and sharing of the
test results. The P51 device allows the processing of eight samples simultaneously, and the
corresponding photograph can be saved with the positive and negative labels on the image.
The P51 device can be adapted to accommodate a higher number of samples. The results
of the analysis can also be saved in a readable format and shared with patients or concerned
health organizations on demand. The use of mobile phones for data collection and sharing
may be instrumental in contact tracing and tracking, as it streamlines data sharing. The
portability and ease of using a smartphone-based detection device may help untrained
personnel interpret results from samples with weak signals. Importantly, further training of
the app with more samples will be needed to improve its performance in POC settings.
Overall, the software provides an additional diagnosis validation and enables fast data
sharing, making the entire diagnostic process affordable and accessible to a larger section
of society.

In conclusion, we characterized a novel thermophilic Cas13a variant and developed a onepot RT-LAMP-coupled CRISPR-Cas13a assay for sensitive and specific SARS-CoV-2
detection. Our work provides a viable platform for COVID-19 detection in limited-
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resource settings. We envision that our current detection module will be used to build a
device for at-home or POC testing for COVID-19 and other pathogens. Moreover, the
thermophilic Cas13a variants reported in this work will have other applications beyond
diagnostics, including in RNA knockdown, editing, imaging, and virus interference. This
work thus expands the applications of CRISPR-Cas13 systems and offers new possibilities
for transcriptome engineering and diagnostics at higher temperatures.

5.5 Materials and methods
5.5.1 Computational identification of a thermophilic CRISPR/Cas13a
We manually interrogated various existing Cas13 enzymes and their bacterial hosts to
identify potential thermophilic Cas13s originating from thermophilic organisms. After the
identification of HheCas13a as a potential thermophilic Cas13 protein, we used its protein
sequence as query for BLAST analysis against the NCBI non-redundant (nr) protein
database using default settings. Only sequences with query coverage above 80% were
considered for a second round of host interrogation (focused on growth conditions
using the BacDive database (https://bacdive.dsmz.de/) and other resources). We
identified TccCas13a (accession # WP_149678719.1) from Thermoclostridium
caenicola (strain DSM 19027) as another potential thermophilic Cas13 protein.
A phylogenetic tree was constructed using protein sequences of different Cas13 proteins
belonging to different families/subtypes of Class II/type VI CRISPR-Cas systems. All
protein sequences were organized in a single .txt file and aligned using MUSCLE in MEGA
X software with default settings. The phylogenetic reconstruction was based on the
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maximum-likelihood method with the WAG+G+F model and 1,000 bootstrap samplings.
The generated output file (.nwk) was visualized using TreeGraph_2.
The T. caenicola genome (GenBank# NZ_FQZP01000023.1) was submitted to the
CRISPRCasFinder program [234] to identify the associated CRISPR array.
CRISPRDetect [235] was then used to predict the orientation of the direct repeat in the
TccCas13a CRISPR array.
5.5.2 Cas13 protein production and purification
The expression vector pC013-Twinstrep-SUMO-huLwCas13a_WT for the production of
LwaCas13a was obtained from Addgene (plasmid #90097); the purification of recombinant
LwaCas13a was performed following a previously published protocol [215] .The
expression vector p2CT-His-MBP-Hhe_Cas13a_WT for the production of HheCas13a
was obtained from Addgene (plasmid #91871) and the purification of the recombinant
HheCas13a was performed following a previously published protocol [65]. To generate the
plasmid for TccCas13a production and purification, the TccCas13a coding sequence
codon-optimized for E. coli was synthesized (GenScript) de novo and subcloned in-frame
downstream of the sequences encoding the His and SUMO tags into the His6-TwinStrepSUMO bacterial expression vector (Addgene #90097) by replacing the LwaCas13a
encoding sequence with TccCas13a sequence using the BamHI and NotI restriction sites.
Purification of the TccCas13a protein was performed following the protocol of Kellner et
al. (2019) [215] with a few modifications. Briefly, the TccCas13a expression vector was
transformed into the E. coli strain BL21. Starter cultures were prepared by growing single
colonies in LB broth containing 100 μg/mL ampicillin for about 12 h at 37°C. Next, 25 mL
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of starter culture was used to inoculate 1 L of Terrific Broth (IBI Scientific) containing 100
μg/mL ampicillin, and the 1-L cultures (4 L total) were incubated at 37°C until an OD600
of ~0.5. Cells were then placed at 4°C for 30 min, and protein production was induced with
the addition of 0.5 mM IPTG (isopropyl ß-D-1-thiogalactopyranoside). Cultures were then
incubated overnight at 16°C with shaking at 180 rpm. Next, cells were harvested by
centrifugation for 20 min at 4°C at 4,000 rpm. Cell pellets were resuspended in lysis buffer
(50 mM Tris-HCl pH 7.5, 300 mM NaCl, 5% glycerol, 1 mM TCEP [tris(2carboxyethyl)phosphine], 4.5 mM MgCl2, 1 mM PMSF, EDTA-free protease inhibitor
[Roche]) and with 1 mg/mL lysozyme (L6876, Sigma). Cells were lysed by sonication and
clarified by centrifugation at 12,000 rpm for 60 min at 4 °C. The soluble 6xHis-SUMOTccCas13a protein was then purified from cleared lysate with an affinity chromatography
column (HisTrap HP, 5 mL GE Healthcare) (AKTA PURE, GE Healthcare) followed by
concurrent removal of the 6xHis-SUMO tag by digestion with the SUMO protease and
overnight dialysis in dialysis buffer (50 mM Tris-HCl pH 7.5, 200 mM KCl, 5% glycerol,
1 mM TCEP). The cleaved protein was concentrated to 1.5 mL by Amicon Ultra-15
Centrifugal Filter Units (100 kDa NMWL, UFC905024, Millipore) and further purified via
size-exclusion chromatography on a S200 column (GE Healthcare) in gel filtration buffer
(50 mM Tris-HCl, 200 mM KCl, 10% glycerol, 1 mM TCEP, pH 7.5). The proteincontaining fractions resulting from the gel filtration were pooled, snap-frozen, and stored
at –80°C.
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5.3.3 Nucleic acid preparation
A short region of the SARS-CoV-2 N gene sequence was used as the target sequence in all
preliminary characterization and optimization experiments of thermophilic Cas13 to screen
reporters and assess Cas13 protein thermostability. The N gene target RNA sequence was
prepared by in vitro transcription of PCR amplicons containing the T7 promoter sequence
using the 2019-nCoV_N_Positive Control plasmid (10006625, IDT) as PCR template. For
LwaCas13a targeting, short region of SARS-CoV-2 ORF1 was synthesized as gBlock for
subsequent PCR amplification and in vitro transcription. In addition, HCV genotypes were
also synthesized as gBlock and were PCR amplified for subsequent in vitro transcription
(PCR primers and gBlocks are listed in Table S14 and S15). PCR amplicons were purified
(QIAquick PCR Purification Kit, QIAGEN) and transcribed in vitro using the HiScribe T7
Quick High Yield RNA Synthesis Kit (E2050, NEB). The transcripts were then purified
with Direct-zol RNA Miniprep Kits (R2050, Zymo Research) following the
manufacturer’s instructions, and the purified RNA was stored at –80°C.
For production of LwaCas13a, HheCas13a, and TccCas13a crRNAs, templates for in vitro
transcription were generated using single-stranded DNA oligos (IDT) containing a T7
promoter, scaffold, and spacer in reverse complement orientation, and were then annealed
to the T7 forward primer in Taq DNA polymerase buffer (Invitrogen). The annealed oligos
were then used as templates for subsequent in vitro transcription as described above.
To establish the thermophilic Cas13-based one-pot assay, control synthetic SARS-CoV-2
viral genomic sequences were ordered as synthetic RNA (Twist Bioscience, 102024),
diluted to 10,000 RNA copies/µL and used at the indicated concentrations.
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For RT-LAMP amplification (described below), previously published LAMP primers
designed to amplify the SARS-CoV-2 N gene [211] were used, with the following
modifications. The FIP or BIP primers were designed with the T7 promoter sequence
appended at the 5' end of the first half of the primers.

5.5.4 Differential scanning fluorimetry (DSF)
DSF was performed using 5 to 15 µM of purified Cas13 protein in gel filtration buffer
(with 5% glycerol) containing 10X SYPRO Orange fluorescent dye (S6650,
ThermoFisher) in a final reaction volume of 35 µL. Proteins were tested in triplicates and
the fluorescence was monitored using a 96-well Real-Time PCR detection system (CFX96
qPCR machine, Bio-Rad), from 25°C to 95°C, with a gradual temperature increase of 1°C
every 10 s.

5.5.5 Protein thermostability assay
LwaCas13a, HheCas13a and TccCas13a proteins were diluted to approximately 0.2
mg/mL in protein storage buffer (50 mM Tris-HCl pH 7.5, 600 mM NaCl, 5% glycerol,
2 mM DTT) and incubated at a range of temperatures (37, 60, 70, and 90°C) for 30 min.
Samples were centrifuged in a microcentrifuge at 14,200 rpm for 25 min. A total of 5 µL
of the supernatant was mixed with the same volume of protein sample loading buffer and
heated at 95°C for 10 min. The samples were allowed to cool down on ice for 3 min and
run on a 10% NuPAGE Bis-Tris polyacrylamide gel (NP0301BOX, ThermoFisher).
Protein thermostability assays for HheCas13a and TccCas13a ribonucleoproteins (RNPs)
was performed similarly after an initial incubation of the proteins with 1 µM of their

176
cognate crRNAs for 5 min at 37°C in order to assemble the RNP before subjecting them to
a range of temperatures.

5.5.6 In vitro cis cleavage assays
HheCas13a and TccCas13a cleavage reactions were performed at 37°C and 60°C with
synthetic, in vitro-transcribed RNA targets. Briefly, for both HheCas13a or TccCas13a
cleavage assays, cleavage reactions were carried out in 20-µL reaction volume with 50 nM
of either Cas13a protein, 50 nM of their cognate crRNAs, and 100 nM of target RNA in 1x
isothermal buffer (20 mM Tris-HCl pH 8.8, 50 mM KCl, 10 mM (NH4)2SO4, 2 mM
MgSO4, 0.1% Tween 20 (B0537, NEB)) supplemented with an additional 6 mM MgSO4
(final of 8 mM MgSO4); the reactions were then incubated at the indicated temperatures
for 1 h (no pre-assembly of Cas13a protein and crRNA to form RNP was performed). The
samples were then boiled at 70°C for 3 min in 2X RNA Loading Dye (B0363S, NEB) and
cooled down on ice for 3 min before loading onto a 6% polyacrylamide-urea denaturing
gel. Electrophoresis was conducted for 45 min at 25 W. The gels were stained with SYBR
Gold Nucleic Acid Gel Stain (S11494, ThermoFisher) for 10 min, briefly washed with 1X
Tris-borate EDTA buffer and visualized using a Bio-Rad Molecular Imager Gel Doc
system.

5.5.7 Fluorescent ssRNA cleavage assays
For reporter screening and other fluorescence-based assays, 50 nM of Cas13a recombinant
proteins was incubated with 50 nM of their respective crRNAs, 250 nM of ssRNA reporter
in 1X isothermal buffer (B0537, NEB) supplemented with an additional 6 mM MgSO4

177
(final 8 mM MgSO4), 0.8 U/µL RNaseOUT (10777019, Invitrogen) or RNase inhibitor,
Murine (M0314, NEB) and 2 µL of (1-100 nM) target RNA in a 20-µL reaction volume.
No pre-assembly of Cas13-crRNA RNP was performed except in Fig 2C, where 200 nM
of Cas13 protein was incubated with 200 nM of their respective crRNAs in 1x isothermal
buffer for 25 mins, and 5 µL of the 200 nM RNP complex was added to the rest (15 µL) of
the reaction components. These reactions were incubated in a 96-well plate at different
temperatures for 1 h in a 96-well Real-Time PCR detection system (CFX96 qPCR machine,
Bio-Rad), with fluorescence measurements taken every 2 min using the FAM channel.

5.5.8 Pre-crRNA processing assays
RNA oligos of 5′ FAM-labelled pre-crRNAs were custom-synthesized (IDT). Pre-crRNA
processing assays were performed in 1x isothermal buffer (B0537, NEB) supplemented
with an additional 6 mM MgSO4 (final of 8 mM MgSO4) in a 20-µL reaction volume. In
all assays, 100 nM of each Cas13a orthologue was incubated with 200 nM of their cognate
5′-FAM labeled pre-crRNAs for 1 hour at different temperatures. The reactions were then
heated at 70°C for 3 min in 1X RNA Loading Dye (B0363S, NEB) and cooled down on
ice for 3 min before loading onto a 15% polyacrylamide-urea denaturing gel.
Electrophoresis was conducted for 80 min at 25 W. The gels were visualized using
fluorescein channel in Bio-Rad Molecular Imager Gel Doc system.

5.5.9 Two-pot detection reactions
Reverse transcription and LAMP isothermal amplification of target nucleic acids were
conducted using the previously reported RT-LAMP primers [211]. Reactions were
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performed using 1.6 µM FIP/BIP primers (with the T7 promoter sequence added to either
the FIP or BIP primer), 0.2 µM F3/B3 primers, and 0.4 µM LF/LB primers in 1X
Isothermal Amplification Buffer (20 mM Tris-HCl pH 8.8, 50 mM KCl, 10 mM
(NH4)2SO4, 2 mM MgSO4, 0.1% Tween 20) (B0537, NEB), 1.4 mM dNTPs, 8 U of Bst
2.0 WarmStart DNA Polymerase (M0538, NEB), 7.5 U of WarmStart RTx Reverse
Transcriptase (M0380, NEB) and 6 mM MgSO4 (B1003, NEB) in 25-μL reactions
containing 100 cp/μL of SARS-CoV-2 control standards. The reactions were incubated at
62°C for 40 min in a PCR machine (C1000 touch thermal cycler, BioRad).
For subsequent Cas13a-based detection, 50 nM of recombinant HheCas13a or TccCas13a
protein was incubated with 50 nM of the respective crRNA, 250 nM of ssRNA reporter
(Poly(U) ssRNA reporter for HheCas13a or mix ssRNA reporter for TccCas13a), 0.8 U/µL
RNaseOUT, 2 U/μL Hi-T7 RNA polymerase (M0658S, NEB), 1 mM NTPs, and 2 µL of
the RT-LAMP reaction product. Reactions were run in a 96-well plate (BioRad) at 55°C
for 1 h in a 96-well Real-Time PCR detection system (CFX96 qPCR machine, Bio-Rad),
with fluorescence measurements taken every 2 min using the FAM channel.

5.5.10 Michaelis-Menten enzyme kinetic parameters calculation
The trans cleavage activity of TccCas13a was investigated by measuring MichaelisMenten enzyme kinetic parameters following the protocol introduced by Ramachandran et
al.[268]. The Michaelis-Menten equation represents the relationship between reaction
velocity and substrate concentration, which can be obtained from experimental data:
v=

d[P]
[S]
= k +,- E/
dt
K 2 + [S]
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Where v is reaction velocity, [P] is the concentration of reaction product, E0 is the initial
enzyme concentration, and [S] is the substrate concentration. The reporter cleaved by
TccCas13a is the reaction product in this assay. To estimate the kinetic parameters of
TccCas13a, 0.5 nM of activated RNP was treated with different concentrations of FAM
Mix reporters. In detail, 100 nM RNP was first prepared by incubating 100 nM TccCas13a
protein, 125 nM crRNA (# 1172), and 1 U of RNase inhibitor (NEB, M0314L) in 1X
isothermal amplification buffer (B0537, NEB) supplemented with 6 mM MgSO4 at 56°C
for 10 minutes. Next, the trans cleavage activity of RNP was activated by mixing 20 nM
of N gene target with 2 nM RNP in 1 x isothermal amplification buffer supplemented with
6 mM MgSO4 and 1 U of RNase inhibitor and incubated at 56°C for 15 min. For the trans
cleavage assay, FAM Mix reporter at concentrations of 31.25 nM, 62.5 nM, 125 nM, 250
nM, 500 nM, 1 μM, 2 μM and 4 μM was added into 0.5 nM of target-activated RNP
together with 6 mM MgSO4 and 1 U of RNase inhibitor in 1x isothermal amplification
buffer in 20 μL of the final volume. The fluorescence readout was measured every 30 s at
56°C (CFX96 qPCR machine, Bio-Rad). The same reactions described above were also
carried out in parallel without the addition of crRNA, which were used as controls to
subtract the fluorescence background signal. The data were analyzed by GraphPad Prism
software (GraphPad, CA, USA) to calculate KM and kcat. First, the data obtained from
reactions without crRNA were subtracted from those reactions with crRNA to obtain the
true fluorescence generated by enzyme-cleaved reporters. The real-time data from the first
600 s were fitted using linear regression to obtain the initial reaction velocity for different
reporter concentrations represented by the increase of fluorescence over time, which can
be represented as dF/dt. To convert the fluorescence readout into the concentration of the
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cleaved product, FAM Mix at 31.25 nM, 62.5 nM, 125 nM, 250 nM, 500 nM, 1 μM, and 2
μM was incubated with 40 μg of RNase A (Invitrogen, cat: 12091-039) in 20 μL reaction
at 37°C for more than 3 hours to ensure complete cleavage. By plotting the end-point data
and subtracting it from the background using water-only samples over reporter
concentration, the relationship between fluorescence readout and reporter concentration
can be obtained: FP= a[P]. Where FP is the fluorescence produced by the cleaved reporter,
and a is a constant.
The reaction can then be calculated as follows:
v=

dP
1 dF
= ×
dt
a
dt

The curve for reaction velocity dP/dt over reporter concentration was fitted to the
Michaelis−Menten equation to calculate the value of KM and Vmax. The kcat can be
calculated as Vmax equals the value of kcatE0. To test the validation of calculated kinetic
parameters, the back-of-the-envelope test introduced in Ramachandran et al. [268] was
conducted. For all the tests, an initial linear time portion tlin of 600 s was used to calculate
the α, β, and γ values.

5.5.11 One-pot detection reactions
For Bst DNA polymerase screening and other optimization reactions, reverse transcription
and LAMP isothermal amplification of the target nucleic acids, coupled with T7-mediated
in vitro transcription and Cas13-based detection of the amplified and in vitro-transcribed
target RNA, were carried out in the same tube. Reactions were performed using RT-LAMP
primers at a final concentration of 1.6 µM for FIP/BIP primers (with the T7 promoter
sequence added to either the FIP or BIP primer), 0.2 µM F3/B3 primers, and 0.4 µM LF/LB
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primers, in 1X Isothermal Amplification Buffer (from a different vendor from the Bst DNA
polymerase screening reactions) or from Lucigen (30027, Lucigen) in other optimization
experiments, 1.4 mM dNTPs, 0.32 U/µL Bst DNA Polymerase (from a different vendor
from the Bst DNA polymerase screening reactions) or from Lucigen (30027, Lucigen), 0.3
U/µL of WarmStart RTx Reverse Transcriptase (M0380, NEB), 6 mM MgSO4, 0.8 U/µL
RNasin plus (N2611, Promega), 0.5 mM NTPS, 2 U/μL Hi-T7 RNA polymerase (M0658S,
NEB), 0.4 U/μL thermostable inorganic pyrophosphatase (M0296, NEB), 250 nM RNA
reporter, 50 nM Cas13, 50 nM crRNA, and 2 μL of template RNA in 25-μL reactions.
These reactions were incubated in a 96-well plate (BioRad) at 56°C (or as otherwise
indicated) for 1–2 h in a 96-well Real-Time PCR detection system (CFX96 qPCR machine,
Bio-Rad), with fluorescence measurements taken every 2 min using the FAM channel.
For the detection of HCV, the one-pot detection reactions were performed as described
above with the use of 500 pM in vitro transcribed RNA template. For the detection of
TYLCV, the reactions were performed as described above, but without the addition of RTx
reverse transcriptase and with use of 2 μL of 1:10 or 1:100 diluted extracted DNA as
template. 1 ng of TYLCV plasmid was used as positive control.

5.5.12 Agroinfiltration inoculation of plants with TYLCV and DNA extraction
Plant infection with TYLCV infectious clones and subsequent DNA extraction was done
following the previous protocol (Mahas et al. [269]).
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5.5.13 Clinical sample collection and RNA extraction.
Oropharyngeal and nasopharyngeal swabs were collected from suspected COVID-19
patients by physicians in Ministry of Health hospitals in Saudi Arabia and placed in 2-mL
screw-capped cryotubes containing 1 mL of TRIZOL for inactivation and transport. Each
sample tube was sprayed with 70% ethanol, enveloped with absorbent tissues, and then
placed and sealed in individually labeled biohazard bags. The bags were then placed in
leak-proof boxes and sprayed with 70% ethanol before placement in a dry ice container for
transfer to the lab. Total RNA was extracted from the samples following instructions as
described in the CDC EUA-approved protocol and using the Direct-zol kit (Direct-zol
RNA Miniprep, Zymo Research; catalog #R2070) following the manufacturer’s
instructions.

5.5.14 Real-time reverse transcription PCR (RT-PCR) for detecting positive SARSCoV-2 RNA samples.
RT-PCR was conducted on extracted RNA samples using the oligonucleotide primer/probe
(Integrated DNA Technologies, 641 catalog #10006606) and Superscript III one-step RTPCR system with Platinum Taq Polymerase (catalog #12574-026) following the
manufacturer’s protocol.

5.5.15 OPTIMA-dx reaction
The reaction was performed using RT-LAMP primers at a final concentration of 1.6 µM
FIP/BIP primers (with the T7 promoter sequence added to either the FIP or BIP primer),
0.2 µM F3/B3 primers, and 0.4 µM LF/LB primers, in 1X Isothermal Amplification Buffer
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from Lucigen (30027, Lucigen), 1.4 mM dNTPs, 0.38 U/µL Bst DNA Polymerase (30027,
Lucigen), 0.3 U/µL of WarmStart RTx Reverse Transcriptase (M0380, NEB), 6 mM
MgSO4, 0.8 U/µL RNasin plus (N2611, Promega), 0.5 mM NTPs, 4 U/μL Hi-T7 RNA
polymerase (M0658S, NEB), 0.4 U/μL thermostable inorganic pyrophosphatase (M0296,
NEB), 250 nM ssRNA FAM reporter or 750 nM ssRNA HEX reporter, 50 nM Cas13,
50 nM crRNA, and 4.5 μL of template RNA in 25-μL reactions. A detailed protocol for the
OPTIMA-dx reaction setup is provided in supplementary note 1.

5.5.16 Development of OPTIMA-dx mobile app application

See supplementary note 2 for detailed description.

184

Chapter 6

LAMP-Coupled CRISPR–Cas12a Module for Rapid and Sensitive
Detection of Plant DNA Viruses

This chapter is adapted from the following article:

Mahas A, Hassan N, Aman R, Marsic T, Wang Q, Ali Z, Mahfouz MM. LAMP-Coupled
CRISPR-Cas12a Module for Rapid and Sensitive Detection of Plant DNA Viruses.
Viruses. 2021 Mar 12;13(3):466. doi: 10.3390/v13030466. PMID: 33808947.

All related supplementary information can be found in the online version

6.1 Abstract:
One important factor for successful disease management is the ability to rapidly and
accurately identify the causal agent. Plant viruses cause severe economic losses and pose
a serious threat to sustainable agriculture. Therefore, optimization of the speed, sensitivity,
feasibility, portability, and accuracy of virus detection is urgently needed. Here, we
developed a clustered regularly interspaced short palindromic repeats (CRISPR)-based
nucleic acid diagnostic method utilizing the CRISPR–Cas12a system for detecting two
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geminiviruses, tomato yellow leaf curl vi-rus (TYLCV) and tomato leaf curl New Delhi
virus (ToLCNDV), which have single-stranded DNA genomes. Our assay detected
TYLCV and ToLCNDV in infected plants with high sensitivi-ty and specificity. Our newly
developed assay can be performed in ~1 h and provides easy-to-interpret visual readouts
using a simple, low-cost fluorescence visualizer, making it suit-able for point-of-use
applications.

6.2 Introduction
Plant viruses are responsible for many commercially important plant diseases, infecting a
wide range of plant species and resulting in severe quality and yield losses in diverse crops.
Plant diseases are estimated to cause 10% to 15% reductions in global crop yields annually,
with 47% of these losses caused by viruses [159], including geminiviruses. Geminiviruses
have circular single-stranded DNA (ssDNA) genomes, replicate in the nuclei of plant cells,
and are destructive plant pathogens that reduce yields in vegetables, grains, and fruit crops
worldwide. For example, geminiviruses infect and seriously damage many dicotyledonous
crop plants, including tomato (Solanum lycopersicum), cotton (Gossypium sp.), cassava
(Manihot esculenta), sugar beet (Beta vulgaris), and pepper (Capsicum annuum) [96, 270].
Methods for the timely and accurate identification of the causal agents of viral diseases are
urgently needed for effective disease management and eradication. Several diagnostic
methods for plant viruses have been developed [271]. However, these methods suffer from
various limitations, including the required time, equipment, and expertise, as well as the
high rate of inaccurate results, which complicate their use for the rapid, simple
identification of plant viruses [272].
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Clustered regularly interspaced short palindromic repeats (CRISPR)-based platforms are
excellent for developing sensing tools to detect viruses and other pathogens [131, 138].
Since the introduction of CRISPR-based gene editing, an array of innovative diagnostics
relying on CRISPR–Cas systems have been used to detect various pathogens with
unprecedented speed and accuracy, as represented by the DNA endonuclease-targeted
CRISPR trans reporter (DETECTR) [134] and specific high-sensitivity enzymatic reporter
unlocking (SHERLOCK) systems [71]. These CRISPR-based diagnostics involve the
isothermal amplification of a target sequence, followed by target recognition via CRISPR–
Cas proteins (such as Cas12 in DETECTR or Cas13 in SHERLOCK) and the collateral
cleavage of a DNA or RNA reporter to indicate the presence of the target [215]. Despite
its widespread use for the detection of various human and animal pathogens [131, 245], the
application of CRISPR for identifying plant DNA viruses has been limited.
Here, we report the development and validation of a specific, sensitive CRISPR–Cas12based assay for detecting plant geminiviruses. This assay involves the sensitive, specific
amplification of viral DNA sequences isolated from infected plants using loop-mediated
isothermal amplification (LAMP), followed by the detection of the target sequence and
cleavage of the fluorescence reporter by Cas12, which indicates that the viral sequence has
been detected. Our assay generates easy-to-interpret visual readouts using a simple, lowcost handheld visualizer, suggesting that it could be performed in the field (Figure 6.1A).

6.3 Results and Discussion
We developed our assay to detect two geminiviruses: tomato yellow leaf curl virus
(TYLCV) (monopartite begomovirus) and tomato leaf curl New Delhi virus (ToLCNDV)
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(bipartite begomovirus). Both viruses belong to the family Geminiviridae, genus
Begomovirus; these are two of the most destructive viruses in various crops, especially
tomato [273]. To design LAMP primers, we identified conserved regions of the TYLCV
and ToLCNDV genomes, respectively, via sequence alignment of various strains from the
National Center for Biotechnology Information (NCBI). Our analysis revealed highly
conserved regions within the coat protein (CP) gene sequences of both viruses. This feature
allowed us to design LAMP primers to amplify these conserved regions and efficient
Cas12a crRNAs targeting the resulting LAMP amplicon with an appropriate Cas12a
protospacer adjacent motif (PAM) sequence (5′-TTTN-3′) for Cas12-mediated detection
within the ToLCNDV-A genomic component, as well as the single genomic component of
TYLCV (Figure 6.1B) (Table S1).

LAMP is the first step in our assay for viral sequence detection. We first determined the
sensitivity of our assay by evaluating the performance of LAMP using synthetic TYLCV
and ToLCNDV double-stranded DNAs (dsDNAs) as input for real-time LAMP. Synthetic
DNA at concentrations as low as 100 aM was detected after ~45 min of LAMP with dsDNA
from TYLCV and after ~35–40 min with dsDNA from ToLCNDV, whereas no
amplification product was detected in reactions with no template (no-template control,
NTC) (Figure 6.1C).

Although various isothermal amplification-based approaches have been developed for
plant virus detection, the high rate of nonspecific amplification and high vulnerability to
contamination associated with these isothermal amplification methods limit their use for
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the detection of specific viruses [274]. Therefore, due to the high specificity of CRISPR–
Cas systems, we sought to couple LAMP with Cas12a-based detection for the sensitive,
highly specific detection of amplified viral sequences. Since Cas12a performs optimally at
37 °C, while LAMP is performed at 65 °C, our assay involves two steps: LAMP at 65 °C,
followed by Cas12a-based detection of the viral sequence at 37 °C.

Using real-time fluorescent readouts, we evaluated the sensitivity of Cas12a-based
detection of LAMP-amplified virus sequences. LAMP-coupled Cas12 was able to detect
as little as 100 aM of synthetic dsDNA, whereas no significant signal was observed in the
NTC (Figure 6.1D). Next, since host plants are commonly infected with multiple viruses,
we tested for cross-reactivity of our TYLCV or ToLCNDV detection assay with other
common geminiviruses using plasmid DNA as an input, including merremia mosaic virus
(MeMV), tobacco leaf curl virus (TLCV), pedilanthus leaf curl virus (PeLCV), and cotton
leaf curl Kokhran virus (CLCuKV). Our assay revealed no cross-reactivity with any of
these viruses, pointing to the high specificity of our assays (Figure S1). Together, our
observations demonstrated that our LAMP primers and Cas12a crRNAs efficiently,
sensitively, and specifically amplify and detect low concentrations of viral sequences; 40–
45 min of LAMP followed by 25–30 min of Cas12a-based detection was sufficient for the
sensitive detection of low concentrations of viral sequences, allowing our assay to be
completed within ~1 h.
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Figure 6.1: LAMP-coupled Cas12-based assay for the detection of TYLCV and
ToLCNDV. (A) The assay workflow. Viral DNA (orange circles) extracted from an
infected tomato plant is amplified by loop-mediated isothermal amplification (LAMP),
followed by clustered regularly interspaced short palindromic repeats (CRISPR)-mediated
detection. Cas12a-based detection of the LAMP product triggers collateral cleavage of the
reporter, thus producing a signal for visual detection. (B) Organization of the singlecomponent TYLCV genome (left) and the two-component (bipartite) ToLCNDV-A and B
genomes (right). The targeted areas in the coat protein gene (CP) are highlighted, with the
designed LAMP primers and crRNAs shown. Rep: replication-associated protein; IR:
intergenic region; CP: coat protein; REn: replication enhancer protein; TrAP:
transcriptional activator protein; AC4 or C4: RNA suppressor protein, present on the
antisense (complementary) strand; AV2 or V2: precoat proteins, present on the virion-
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sense strand as plant RNA silencing suppressors. (C) Monitoring the performance of
LAMP of synthetic DNA generated by PCR of TYLCV dsDNA (left) and ToLCNDV
dsDNA (right) by real-time fluorescence across a range of dsDNA concentrations at 65 °C
for 60 min. The LAMP signal was measured using the nucleic acid stain SYTO 9. Data
generated using 50 aM of sample showed fluorescence signals similar to those of the notemplate control (NTC), and these lines are therefore overlapping. Data are shown as the
mean (n = 3). (D) Real-time measurements of Cas12 collateral activity on HEX reporter
with LAMP-amplified DNA from a synthetic dsDNA template. Cas12a with crRNA
targeting TYLCV (left) or ToLCNDV (right) was incubated with HEX reporter and LAMP
product at 37 °C for 60 min. Data generated using 50 aM of sample showed fluorescence
signals similar to those of the NTC, and these lines are therefore overlapping. Data are
shown as the mean (n = 3).

Next, we employed our assay to detect viral sequences in infected plants. First, we tried to
detect viral sequences from DNA extracted from the upper leaves of Nicotiana
benthamiana plants subjected to Agrobacterium-mediated infection with TYLCV or
ToLCNDV. We confirmed that the N. benthamiana plants were infected with these viruses
by conventional PCR using primers specific to TYLCV and ToLCNDV (Figure S2). We
then compared the performance of our LAMP–Cas12a-based assay with that of
conventional PCR to detect viral sequences from DNA extracted from infected N.
benthamiana plants using 10-fold serial dilutions of the extracted DNA to mimic the
different viral loads that could be found in different infected plants. The sensitivity and
specificity of our assay were comparable to those of conventional PCR for detecting viruses
at low dilution levels, with better performance obtained for the detection of TYLCV
(Figure 6.2A).

To generate a simple readout and facilitate the interpretation of the results, we developed
a field-deployable rapid system that does not require complex equipment by generating an
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in-tube fluorescent readout using the same HEX fluorescence reporter used in the above
experiments. In this system, the release of the HEX fluorophore in the reporter molecule
via collateral Cas12a activity generates a bright fluorescent signal when excited by lightemitted diode (LED); this fluorescence can easily be visualized using a low-cost, simple
handheld P51 Molecular Fluorescence Viewer. We tested our detection method using N.
benthamiana plants infected with TYLCV or ToLCNDV or healthy (noninfected) plants.
We performed a head-to-head comparison of our assay with conventional PCR analysis for
the detection of both viruses. Our in-tube fluorescent readout-based assay produced
positive results for all TYLCV- and ToLCNDV-infected N. benthamiana plants and
negative results for all healthy noninfected plants (Figure 6.2B). By contrast, although the
results of PCR analysis were negative for all healthy plants, this technique consistently
failed to detect some of the TYLCV- or ToLCNDV-infected plants, highlighting the high
sensitivity of our assay (Figure 2B). The enhanced sensitivity of our LAMP-coupled
Cas12a detection assay over PCR analysis is likely due to the high sensitivity of LAMP,
which has been shown to have superior sensitivity compared with other PCR-based
amplification techniques for the diagnosis of different pathogens [275].
Finally, we assessed whether we could detect TYLCV and ToLCNDV in tomato plants, as
tomato is a major host plant of these viruses. DNAs extracted from tomato plants infected
with TYLCV, ToLCNDV, or healthy plants were used for our LAMP-coupled Cas12a
detection assay. Our assay unambiguously and accurately detected both viruses using
LAMP primers and Cas12a targeted to its cognate viral sequence, whereas no positive
readouts were obtained using noninfected plants. These results are in total agreement with
the results of conventional PCR analysis (Figure 6.2C). These results help confirm our
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findings for N. benthamiana plants and demonstrate the utility of our assay for detecting
DNA viruses in crop plants.

Figure 6.2: Detection of TYLCV and ToLCNDV in infected plants. (A)
Comparison of Cas12-based detection (top) and conventional PCR detection (bottom)
of 10 serial dilutions of TYLCV and ToLCNDV DNA from infected Nicotiana
benthamiana plants. Different dilutions of DNA extracted from plants infected with
TYLCV (left) or ToLCNDV (right) or noninfected plants (healthy) were used as input
for the LAMP reactions at 65 °C for 40 min as well as PCR. LAMP products were
subsequently added to the Cas12a detection reactions. The Cas12a detection assay was
performed at 37 °C, and collateral activity was measured by HEX reporter
fluorescence after 30 min. Data are shown as mean ± SD (n = 3). Conventional PCR
products were resolved on a 1% agarose gel. L: 1 kb plus ladder (Invitrogen). (B)
Comparison of Cas12a-based virus detection with visual in-tube fluorescence readouts
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(top) and conventional PCR (bottom) of three independent N. benthamiana plants
infected with TYLCV (left panel) or ToLCNDV (right panel) or noninfected plants
(healthy). (C) Comparison of Cas12a-based virus detection with visual in-tube
fluorescence readouts (top) and conventional PCR (bottom) of tomato plants infected
with TYLCV (left panel) or ToLCNDV (right panel) or noninfected plants (healthy).

In summary, we developed a new platform for the rapid, sensitive, and specific detection
of plant DNA viruses. Our newly developed detection method has significant advantages
over the currently available tools for plant DNA virus diagnosis, including its ease of use,
speed, and low cost. Although there have been great advances in the development of
platforms for plant virus diagnosis, including serological and molecular techniques
(especially isothermal amplification methods), several drawbacks still limit their use,
including their low sensitivity and specificity, the complexity of the reactions, and the time
required [272]. There have been impressive developments in CRISPR-based diagnostics
for detecting various pathogens, including the novel SARS-CoV-2 virus [210, 211].
However, despite the various applications of CRISPR technology in plant virology [45,
110, 113, 154, 171, 220], CRISPR-based diagnostic techniques are rarely used for plant
pathogens. A recent study demonstrated the successful use of CRISPR-based diagnostics
for the sensitive, specific detection of plant RNA viruses and viroids in apple (Malus
domestica) [276]. This technique and the current platform lay the foundation for further
development of CRISPR-based diagnostics for the rapid, sensitive, specific detection of (in
principle) all plant pathogens. Our platform generates simple, easy-to-interpret visual
readouts within 1 h, suggesting that it could be suitable for point-of-use diagnostic
applications. Several studies have demonstrated the direct LAMP-based amplification of
viral sequences from crude extracts [274]. Therefore, further improvement of our current
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LAMP-coupled Cas12a method could facilitate the development of our assay as an in-field
diagnostic test. In conclusion, our findings demonstrate that our LAMP-coupled Cas12a
method is reliable for the rapid diagnosis of plant DNA viruses and could be useful for infield diagnostics.

6.4 Materials and Methods
6.4.1 Design and screening of primers
Multiple virus genome sequences of different strains and isolates obtained from the NCBI
database were aligned separately for both TYLCV and ToLCNDV with ClustalW using
Unipro UGENE software, which showed high conservation of different genomic regions.
Full length of genomic sequences from different isolates of the common TYLCV strains,
including TYLCV-Mid and TYLCV-IL (GenBank Accession Numbers: JX128100.1,
LC202091.1, KC106651.1, AY044138.1, KX347166.1, DQ644565.1, EF539831.1,
AB636264.1) and the common Spanish (ES) ToLCNDV strain (GenBank Accession
Numbers: KF749224.1, KF891468.1, KM977733.1, KF749223.1, KT175406.1) were used
for the alignment. Different primer sets targeting a conserved sequence in the coat protein
genes in both viruses were designed using PrimerExplorer v5 (https://primerexplorer.jp/e/).
Primer sets that showed the best performance were identified by conducting LAMP assays
to detect specific targets as described below. LbCas12a crRNAs were designed manually
to target regions amplified by LAMP and containing the required LbCas12a PAM
sequences.
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6.4.2 Protein purification
LbCas12a recombinant proteins were purified as described by Chen et. al [134].
6.4.3 Nucleic acid preparation
Synthetic virus-containing dsDNA was obtained by PCR amplification of the specific
target using PCR primers targeting the TYLCV plasmid that was available in the laboratory
[110] and the ToLCNDV plasmid kindly provided by Dr. José-Antonio Daròs. The primer
sequences used for TYLCV and ToLCNDV are shown in.The PCR products were gel
purified using a QIAquick Gel Extraction kit following the manufacturer’s instructions.
This PCR product was used to screen the different sets of LAMP primers and to assay for
LAMP sensitivity. For LbCas12a crRNAs, templates for in vitro transcription were
generated using single-stranded DNA oligos containing a T7 promoter, scaffold and spacer
in reverse complementary orientation (IDT), which were then annealed to the T7 forward
primer in Taq DNA polymerase buffer (Invitrogen). The in vitro transcribed sgRNAs were
purified using a MEGAclear Transcription Clean-Up Kit (Thermo Scientific AM1908)
following the manufacturer’s instructions.

6.4.4 Loop-mediated isothermal amplification (LAMP)
The detection assays were performed using two steps. In the first step, LAMP was
performed to amplify the viral DNA to generate dsDNA substrates for Cas12 enzymes. All
of the reagents for the LAMP reactions were assembled on ice and combined in a single
reaction mixture using a commercial NEB WarmStart LAMP Kit (M1700S) as per the
manufacturer’s protocol, where we added 1 μL 10X Primer Mix (2 μM F3 2 μM B3 16 μM
FIP 16 μM BIP 8 μM LF 8 μM LB) (Supplementary Table 1), 2 μL of viral (control or
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extracted DNA), 5 μL WarmStart LAMP 2X master mix and nuclease-free water up to 10
μL. The mixtures were incubated at 65°C for 30, 45, and 60 minutes, or as indicated. Realtime LAMP reactions were performed as described above with the addition of 250 nM
SYTO-9 Fluorescent Nucleic Acid Stain (ThermoFisher S34854) with different
concentrations of synthetic viral DNA in 10-μL reactions with three technical replicates in
96-well format and read out using a StepOnePlus Real-Time PCR System (Applied
Biosystems) with fluorescent measurements performed every 2 minutes.

6.4.5 Cas12a-based detection
For the Cas12-based detection assays, 250 nM LbCas12a was pre-incubated with 250 nM
of specific LbCas12a crRNAs in 1x Cas12 reaction buffer (20 mM Tris-HCl, pH 7.5, 100
mM KCl, 5 mM MgCl2, 1 mM DTT, 5% glycerol, 50 µg ml−1 heparin) for 30 min at 37°C
to assemble Cas12-crRNA ribonucleoprotein (RNP) complexes. The RNP mixture was
diluted 4 times with 1x cleavage buffer (20 mM HEPES [pH 7.5], 150 mM KCl, 10 mM
MgCl2, 1% glycerol, and 0.5 mM DTT). For fluorescence-based detection, 2 µL of LAMP
product was added to 750 nM of HEX reporter (IDT), mixed with 50 nM of pre-assembled
Cas12-sgRNA RNP complexes in a 23-µL reaction and incubated at 37°C for 30 min. Endpoint visual detection was monitored using a P51 Molecular Fluorescence Viewer
(https://www.minipcr.com/product/p51-molecular-glow-lab/) in a dark room, and
photographs were taken using a smart phone with normal settings. For real-time detection
of Cas12a-induced collateral cleavage of the HEX reporter, the Cas12 detection reaction
was loaded into a 384 Nunc white plate and loaded into a Tecan plate reader (Tecan M
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1000 Pro) pre-heated to 37°C, and fluorescence measurements were taken every 2 minutes
for 60 min.
6.4.6 Agroinfiltration and sap inoculation of plants
Infectious clones of the DNA viruses, including TYLCV2.3 [110], ToLCNDV-A, and
ToLCNDV-B (kindly provided by Dr. José-Antonio Daròs) were individually
electroporated into A. tumefaciens strain GV3101. Single colonies were grown overnight
in selective medium, centrifuged, suspended in infiltration medium (10 mM MES [pH 5.7],
10 mM MgCl2, and 200 μM acetosyringone) and incubated at ambient temperature for 2 h.
To infiltrate the leaves of N. benthamiana plants, cultures of TYLCV or ToLCNDV-A and
-B were mixed at a final OD600 of 0.5. In case of ToLCNDV, the two bacterial cultures
(ToLCNDV-A and ToLCNDV-B) were mixed at a ratio of 1:1. Healthy, fully developed
leaves of ~ 3-week-old N. benthamiana plants were selected for the experiments, and
agroinfiltration was performed with a 1-mL needleless syringe into the lower side of the
selected leaves. Samples (systemic leaves) were collected ~ 10 days after infiltration (dai).
To infect tomato (Solanum lycopersicum) plants, systemic young leaves of previously
infected N. benthamiana plants (10 dai) were ground to a fine powder in liquid nitrogen
and re-suspended in 1: 4 w/v potassium phosphate buffer (0.1 M, pH 8.0). The surfaces of
three leaves of a tomato plant were dusted with carborundum (200–450 mesh). Sap was
applied to the entire adaxial surface by thoroughly rubbing with a sap-dipped pestle in a
circular motion. Systemic leaves were collected at 21 days after sap application and
subjected to DNA extraction as described below.
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6.4.7 Sample collection and DNA extraction
Leaves of infected plants were collected, ground to a fine powder in liquid nitrogen with a
mortar and pestle, and total DNA extracted from ~100 mg of sample using the Tiangen
DNAquick Plant System following the manufacturer’s protocol.

6.4.8 Virus infection confirmation using conventional PCR
To confirm the presence of TYLCV and ToLCNDV in infected plants, PCR was
performed with the virus-specific primers (Supplementary Table 1) using Phusion
polymerase (NEB M0530L) following the manufacturer’s protocol.
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7.1 Abstract
Cell-free biosensors are a great tool that offers rapid, precise, and simple detection of
various molecules and biological substances, promising to transform the landscape of
diagnostics. Here, we developed a simple, rapid, sensitive, and field-deployable small
molecule detection platform that utilizes the allosteric transcription factors (aTFs)regulated expression of CRISPR array coupled with Cas12a activity. We leveraged the self
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vs non-self-discrimination and pre-crRNA processing capabilities of CRISPR/Cas12a to
engineer a single DNA expression cassette harboring a T7 promoter sequence, an aTF
binding sequence, a DNA template to express Cas12a CRISPR array, and PAM-flanked
Cas12a target sequences. In response to the presence of the ligands, in vitro transcription
of CRISPR array leads to a rapid and significant increase of fluorescence signal mediated
by Cas12a catalytic activity. As a proof of principle, we demonstrated the ability of the
developed detection platform to detect different tetracycline antibiotics with high
sensitivity and specificity. The robust Cas12a collateral activity allowed us to develop a
fluorescence-based visual readout with the use of a simple, hand-held visualizer. We also
adapted a mobile phone application to facilitate data reading and results interpretation by
end-users. Finally, we demonstrated that our detection platform is amenable for
lyophilization, which supports easy storage and distribution for potential in-field
applications. The platform developed here represents a valuable addition to the toolbox of
cell-free, CRISPR-based biosensors, with great potential of in-field deployment for the
detection of non-nucleic acid small molecules.
7.2 Introduction
Over the past decades, the growing field of synthetic biology has led to the development
of various technologies to address many needs [277]. Among such technologies, great
progress has been made in developing biosensors with great potential and capabilities,
promising to replace the sophisticated traditional instrument-based analytical methods for
the detection of various molecules [278]. In nature, microbes have adopted different
mechanisms to sense external stimulations and changes in their environment. Efforts in
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deciphering these biological mechanisms enabled the repurposing of these systems to
construct biosensors with customized programmability to specifically and sensitively
detect various targets of interest.
The use of living cells in synthetic biology resulted in the rapid development of whole-cell
biosensors (WCBs) [279]. Despite the many advantages of WCBs, various drawbacks led
to significant limitations of their utility in different applications [280]. The emergence of
cell-free systems propelled the development of cell-free biosensors that promise to solve
many limitations associated with WCBs. Cell-free biosensors support similar reactions as
in WCBs but avoid many of the limitations resulting from cell activity and cell membrane,
thus allowing the detection of a broader range of targets under relatively easier conditions
[281]. Cell-free biosensors allow for simple fine-tuning, modifications, and optimizations
of detection components, thus enabling more complex genetic circuits and biochemical
reactions that can be difficult to achieve using WC systems. Therefore, cell-free biosensors
provide non-living systems that are simple, rapid, and versatile, promising to develop
efficient platforms for the detection of a variety of analytes [281].
Although various highly sensitive and specific laboratory-based analytic detection methods
exist, including high-performance liquid chromatography (HPLC) and mass spectrometry
(MS), their applications are limited mainly due to the requirement of centralized
laboratories, expensive reagents, sophisticated equipment, and highly trained operators.
Since the detection cannot be implemented onsite or at point-of-care (POC), the
transportation and storage of samples are also challenging, which increases the complicity
and turnaround time. Therefore, developing simple, rapid, reliable, and inexpensive
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methods is essential, especially in resource-limited areas [282]. Therefore, great attention
has been increasingly paid to develop biosensors that are field-deployable with simple and
minimal handling, portable, low-cost, and with fast turnaround time. This also includes the
development of strategies that enhance reagents stability, minimizing pre-sample
treatment, and importantly, simple result interpretation or readout methods that help to
avoid the use of sophisticated instruments or the need for trained personnel [280, 282].
Bioengineers utilize existing biological units and circuits to rewire and repurpose them to
perform specific tasks. In general, a biosensor is composed of a sensor (recognition part)
that recognizes the input signal and a reporter that generates the output signal [280]. In
biosensors, the sensor regulates the activation of the reporter by controlling and
suppressing its signal until the sensor recognizes its cognate analyte. The production of the
reporter, which occurs only when the sensor senses the cognate ligand, thus indicates that
the sensor’s target is present [281]. There are many different types of machinery designed
for synthetic biosensors to orchestrate their input-output relationship [283]. Among them,
allosteric transcription factors (aTFs) are commonly used biomolecules to regulate gene
expression based on the change in binding affinity between aTFs and DNA sequence upon
ligand recognition [284]. The aTF-based biosensors can be versatilely applied to detect a
broad range of molecules, showing high potential in sensing environmental contaminants
[284-286].
Recently, many efforts have been made in harnessing CRISPR/Cas (clustered regularly
interspaced short palindromic repeats and CRISPR-associated proteins) systems to develop
highly efficient, sensitive, and specific biosensing platforms. CRISPR-Cas systems are the

203
adaptive immune mechanisms adopted by many bacteria and most archaea to defend
against invading nucleic acids [39, 40, 236]. In CRISPR-mediated immunity, fragments of
foreign nucleic acid are first acquired as 'spacer' into the crRNA array. The crRNA array
is then transcribed and processed to generate mature crRNAs. Finally, the crRNAs guide
the Cas protein to bind with and cleave the target sequence of interest [42, 43]. Apart from
the well-known application for CRISPR systems, especially CRISPR/Cas9, in gene editing
[168], an ever-expanding area of CRISPR-based diagnostics has resulted in the
development of numerous detection methods with unprecedented specificity,
programmability, and ease of use [138, 261]. Among the diverse CRISPR systems, Cas12
and Cas13 systems have primarily been applied for diagnostics, as these systems exhibit a
collateral activity upon target recognition which serves as the core function of many
CRISPR-based diagnostic assays [134, 215].
Despite the vast adaptation of CRISPR/Cas systems in developing efficient biosensors for
nucleic acid detection, their utility for non-nucleic acid and small molecules detection is
elusive. All CRISPR/Cas proteins require a guide RNA (gRNA) or CRISPR RNA (crRNA)
to function in a sequence-specific manner. The activity of some CRISPR/Cas systems, such
as Cas9, requires a crRNA and a trans-activating crRNA (tracrRNA) [287]. However, other
systems, including Cas12a require only a short crRNA without the need for tracrRNA,
facilitating their use in vivo and in vitro [288]. In addition, unlike Cas9, Cas12 can solely
process pre-crRNAs (or CRISPR array) and generate mature functional crRNAs without
help from host factors [289]. Such activity has facilitated the simple design and expression
of multiple crRNAs for multiplex targeting [290]. Interestingly, successful targeting of a
DNA sequence of interest with a DNA-targeting CRISPR/Cas system requires a short
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sequence flanking the target sequence named protospacer adjacent motif (PAM) [291].
Therefore, a target sequence perfectly matching the guide RNA spacer sequence but
lacking the PAM sequence cannot be cleaved. The PAM sequence, therefore, plays an
essential role in self vs non-self-discrimination by CRISPR-Cas systems in their native
environment [291].
Here, we developed a simple, rapid, sensitive, and field-deployable small molecule
detection platform based on the aTFs-regulated expression of CRISPR array coupled with
Cas12a activity. By leveraging the self vs non-self-discrimination and pre-crRNA
processing capabilities of CRISPR/Cas12a, we engineered a single DNA expression
cassette harboring a T7 promoter sequence, an allosteric transcription factor (aTF) binding
sequence, a DNA template to express Cas12a CRISPR array, and PAM-flanked Cas12a
target sequences. In response to the presence of the ligands, in vitro transcription of
CRISPR array leads to a rapid and significant increase of fluorescence signal mediated by
Cas12a catalytic activity. As a proof of principle, we demonstrated the ability of the
developed detection platform to detect different tetracycline antibiotics with high
sensitivity and specificity. The robust Cas12a collateral activity allowed us to develop a
fluorescence-based visual readout with the use of a simple, hand-held visualizer. We also
adapted a mobile phone application to facilitate data reading and results interpretation by
end-users. Finally, we demonstrated that our detection platform is amenable for
lyophilization, which supports easy storage and distribution for potential in-field
applications.
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7.3 Results
7.3.1 Design of the biosensor
To develop a sensitive cell-free biosensor for the detection of small molecules, we
leveraged the aforementioned prosperities of Cas12a with the allosteric regulation ability
of ligand-responsive aTFs. The developed biosensor relies on the allosteric regulation of
CRISPR/Cas12a array expression in response to specific ligands and the subsequent
CRISPR array processing by Cas12a and the recognition of the target sequences in a PAMdependent manner. To this end, we designed and constructed the regulated transcription
template comprising the following: 1) T7 promoter sequence recognized by the highly
processive phage T7 RNA polymerase, 2) operator sequence recognized by aTF, 3) Cas12a
CRISPR array that expresses pre-crRNA (with 4 crRNAs) followed by a T7 terminator
sequence, 4) Cas12a crRNA target sequences flanked by the Cas12a PAM sequence
(TTTN) [288] (Figure 7.1A). The T7 RNA polymerase-mediated transcription of the
Cas12a array is regulated by aTFs in a ligand-dependent manner. That is, in the absence of
ligands, the aTF remains bound to the operator sequence engineered downstream of the T7
promoter, thus blocking the elongation of the T7 RNA polymerase, resulting in no in vitro
transcription of the Cas12a array (Figure 7.1A). When the aTF-cognate ligand is present,
the ligand/aTF complex is dissociated from the DNA, allowing the in vitro transcription of
the Cas12a array via T7 RNA polymerase. The transcribed poly-crRNA is then processed
into mature crRNAs by Cas12a protein, resulting in the formation of active
ribonucleoproteins (RNPs). The processed and mature crRNAs in the assembled RNPs
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guide the Cas12a enzyme to target sequences located on the same transcription template
flanked by PAM sequences, which allow the targeting of these target sequences, but not
the sequences within the CRISPR array that lack PAM (Figure 7.1B). Cleavage of the
dsDNA target sequences by Cas12a subsequently leads to the cleavage of the fluorescently
labeled ssDNA reporter molecules via Cas12a collateral activity, resulting in a fluorescent
signal (Figure 7.1C). Because Cas12a cannot function without crRNAs, it will only cleave
the target dsDNA and subsequently cleave the reporter molecules upon CRISPR array
transcription in a ligand-dependent manner. Therefore, the presence of a ligand of interest
is determined as the increase in the signal mediated by Cas12a activity (Figure 7.1C).
Because Cas12a can efficiently process pre-crRNAs in vitro, and the Cas12a crRNAs are
relatively short, this allowed us to engineer the transcription template that expresses 4
crRNAs targeting four different regions on the same regulated transcription template.
Although it is feasible to express only 1 crRNA, which might be sufficient to induce enough
Cas12a-mediated signal, we reasoned that the presence of the T7 terminator sequence
would result in an extra sequence fused to the Cas12a spacer sequence, which might
interfere with Cas12a activity. Therefore, to maximize the number of crRNAs in each
transcriptional event, and thus the number of the subsequent targeting events, we
engineered up to 4 crRNAs in the form of pre-crRNA to allow pre-crRNA processing with
Cas12a.
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Figure 7.1: Schematic of the cell-free biosensor. A. The transcription template contains
a T7 promoter sequence, an operator sequence, Cas12a CRISPR array that expresses poly
pre-crRNA (4 crRNAs) followed by a T7 terminator sequence, and target sequences for
Cas12a crRNA flanked by the Cas12a PAM sequence (TTTN). The aTF recognizes and
binds to the operator sequence located downstream of the T7 promoter, thus inhibiting the
in vitro transcription of the Cas12a array as well as the activity of Cas12a in the absence
of ligands. B. In the presence of aTF-cognate ligand, the ligand/aTF complex dissociates
from the operator sequence, allowing the elongation of the T7 RNA polymerase and the
expression of the Cas12a array. The expressed pre-crRNA is then processed by Cas12a
into mature crRNAs, which bind with Cas12a to form active RNPs. The produced crRNAs
guide the Cas12a enzyme to the PAM-flanked targets present on the same expression
template. C. The recognition and binding to the PAM-flanked target sequences by the
active RNPs initiate the cleavage of the dsDNA target sequences by Cas12a and subsequent
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non-specific (collateral) cleavage of surrounding fluorescently labeled ssDNA reporter,
generating a detectable fluorescent signal.

7.3.2 The aTF regulates CRISPR array expression and Cas12a activity
We first sought to confirm the experimental design and test whether the coupling of in vitro
transcription of the Cas12a array, pre-crRNA processing, Cas12a cleavage of target
sequences, and generation of the fluorescence signal is feasible in isothermal, singlereaction conditions. Therefore, we incubated the transcription template with Cas12a and
T7 RNA polymerase and supplemented the reaction with ssDNA reporters susceptible to
Cas12a collateral activity. Because no Cas12a crRNAs were provided to the reaction in the
form of RNA, an increase in fluorescence signal indicates successful Cas12a targeting and
therefore successful array expression and processing. We observed a strong and fast
fluorescent signal with low nanomolar concentrations of transcription template and no
fluorescent signal with the no transcription template control (NTC) (Figure 7.2A).
Next, we assessed whether CRISPR array expression and subsequent Cas12a activity could
be regulated with an aTF. As proof of principle, we chose the well-characterized
tetracycline repressor (TetR) transcription factor and its operator sequence (tetO) to test
and establish the concept [292]. The tetO sequence was engineered downstream of the T7
promoter sequence. Therefore, the binding of TetR to tetO would block the in vitro
transcription of the CRISPR array, resulting in little or no signal. The reactions were set up
as previously described but with the addition of purified TetR protein in two different
concentrations with vast excess relative to the template DNA concentration. As expected,
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TetR regulated and suppressed the expression of the CRISPR array, resulting in a
significant decrease in the fluorescent signal that was proportional to the concentration of
TetR added to the reaction (Figure 7.2B).
However, we noticed that even with a high concentration of TetR (10 µM), high
background signal was still observed, probably due to the inherent defects and leakiness in
Tet-based systems [293] (Figure 7.2B). Such high background signal would compromise
the detection assay and result in a high rate of false positives. To overcome this, we
reasoned that engineering two tetO sequences downstream of the T7 promoter might
reduce the background by acting as a transcription roadblock, thus reducing the leakiness
of the system (Figure S1A) [294]. However, we did not observe any improvement in the
background when using two tetO sequences compared to one tetO sequence (Figure S1B).
We next attempted to control the background by regulating the activity of the T7 RNA
polymerase. Heparin is a well-known RNA polymerase inhibitor used in vitro. When
heparin is absent from in vitro transcription reactions, T7 RNA polymerase mediates
multiple turnover transcription events, resulting in the production of a large number of
CRISPR arrays, which could contribute to the high background. However, the addition of
heparin to the in vitro transcription reactions should inhibit the multiple turnover
transcription events, significantly reducing the production of CRISPR arrays and thus the
background (Figure 7.2C) [295-297]. To test this, we added heparin to the reactions in the
presence or absence of low concentrations of TetR. Supporting our hypothesis, the addition
of heparin resulted in a significantly reduced background compared to reactions without
heparin (Figure 7.2D). We also noticed that the inhibitory effect of heparin on T7 RNA
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polymerase activity slowed down the overall speed of the reaction (Figure 7.2D). However,
we chose to compromise the speed of the transcription reaction to better control the
background fluorescence. Therefore, heparin was used in all subsequent experiments in
this work.
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Figure 7.2: Assessment of aTF-regulated CRISPR array expression and Cas12a
activity. A. Establishment of the in vitro transcription reaction and Cas12a activity. The in
vitro transcription reactions were carried out with a transcription template expressing
Cas12a pre-crRNAs (2.5 nM DNA) or in the absence of transcription template in the
presence of Cas12a enzyme and ssDNA reporters. NTC: no template control. The values
are shown as mean ± SD (n = 3). B. Assessment of the regulation activity of TetR on the
Cas12a-based sensing system. Purified TetR protein was added to the in vitro transcription
reaction at two concentrations (2.5 µM and 10 µM). The values are shown as mean ± SD
(n = 3). C. Schematic of the effect of heparin on the in vitro transcription reaction. In the
absence of heparin, the T7 RNA polymerase enables multiple turnover transcription events,
generating a large number of CRISPR arrays. The addition of heparin inhibits the multiple
turnover transcription events, thus controlling the production of CRISPR arrays. D. The
suppression activity of TetR and heparin on the in vitro transcription reaction. The
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expression system was tested with 2.5 µM TetR, 66 µg/mL heparin, both TetR and heparin,
or no TetR and no heparin control. The values are shown as mean ± SD (n = 3).

7.3.3 Sensitive small-molecule detection with allosteric regulation of Cas12a array
transcription
Following the establishment of the regulated Cas12a activity with the aTF TetR, we next
sought to establish the detection system by testing whether the TetR-cognate ligand
(tetracycline) can release the repression by TetR and thus allow CRISPR array transcription
and subsequent release of the fluorescent signal mediated by Cas12a activity (Figure 7.3A).
The addition of 5 µM tetracycline to the in vitro detection reaction resulted in a robust
fluorescent signal within 2 h with no fluorescence in the no-ligand control, indicating the
ability of the system to sense and detect the cognate ligand (Figure 7.3B). We compared
the detection system using the expression template with one or two tetO sequences, and
both systems showed similar performance (Figure S2). Therefore, the expression cassette
with one tetO was used in all subsequent experiments. Next, we tested the performance of
the detection system with a range of tetracycline concentrations. The fluorescent signal
became distinguishable from the background at 2 µM tetracycline (Figure 7.3C).
Tetracycline antibiotics are widely used in agricultural and medical applications,
potentially leading to water and environmental contamination. Therefore, we next tested
whether different tetracycline antibiotics could be detected with our platform. Reactions
with TetR-regulated transcription templates were able to efficiently detect different
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concentrations of doxycycline and oxytetracycline, with no crosstalk with other tested
antibiotics (Figure 7.3D and Figure S3).
Recently, a small-molecule detection platform employing aTFs to regulate T7 RNA
polymerase-based expression of a fluorescence-activating RNA aptamer was developed
(ROSALIND) [298]. ROSALIND relies on the regulated expression of RNA-level output
in response to the cognate ligands for an aTF, and was used to detect 16 different molecules,
including tetracycline antibiotics [298]. We sought to benchmark our detection system with
ROSALIND for the detection of tetracycline. In response to 12.5 µM tetracycline,
ROSALIND showed linear reaction kinetics with a slow increase of fluorescent signal over
time, consistent with previous work (Figure 7.3E) [298]. Our detection system showed an
exponential increase in the fluorescent signal, generating a significantly higher signal
compared to the signal observed with the ROSALIND system (Figure 7.3E). These results
indicate that although both systems utilize aTF-regulated in vitro transcription, the use of
Cas12a significantly enhances the readout signal, with comparable background signal in
the no-ligand controls.
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Figure 7.3: Establishment of a Cas12a-based tetracycline biosensor. A. Schematic of
the Cas12a-based tetracycline biosensor. B. Assessment of the Cas12a-based tetracycline
sensing system. The responsiveness of the system was tested using 5 µM tetracycline with
the addition of TetR and heparin. The values are shown as mean ± SD (n = 3). C. Doseresponse of the biosensor with tetracycline. The values represent three independent
replicates shown as points. Data was measured as end-point detection at 120 min.
Significant differences in fluorescent signal between the no-ligand control and other
tetracycline concentrations were determined using one-way ANOVA with Dunnett’s
multiple comparison test (****P =0.0005; ***P < 0.0001). D. Detection of other
tetracycline antibiotics and assessment of the biosensor’s specificity. Different
tetracycline-related (doxycycline, oxytetracycline) and non-tetracycline (kanamycin,
ampicillin, erythromycin) antibiotics were tested together with tetracycline and the noligand control. Each of the antibiotics was used at a 10 µM concentration. Data were
measured at 120 min. The values are shown as mean ± SD (n = 3). E. Comparison between
the ROSALIND system and the Cas12a-based system. The ROSALIND detection reaction
was run following the previous protocol. The FAM ssDNA reporter was used in the
Cas12a-based system, and the two systems were detected at 486 and 510 nM. The
ROSALIND detection reaction showed similar kinetics in response to 12.5 µM tetracycline
as in the previous report (right panel). The values are shown as mean ± SD (n = 3).
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7.3.4 Visual readout, mobile phone application, and freeze-drying for field-applicable
detection
Sophisticated fluorescence detection instruments, such as qPCR machines or plate readers,
are not feasible for in-field applications. To enable in-field and POC deployment of our
detection platform, we coupled our assay with a portable device that enables a simple visual
readout suitable for POC and routine diagnostics. We adapted a hand-held, inexpensive
fluorescence visualizer (P51 Molecular Fluorescence Viewer) that allows easy
visualization of the results. We have shown that modified ssDNA reporters conjugated to
5′ HEX fluorescent molecules instead of FAM produce a bright signal visible with the P51
fluorescence visualizer when cleaved via Cas12a collateral activity [228, 269]. Using this
device, fluorescence is readily visible to the naked eye without the need for sophisticated
fluorescence detection instruments (Figure 7.4A). Detection reactions performed with a
range of tetracycline concentrations generated a clear fluorescent signal that could be easily
seen with the p51 visualizer, with signal intensity increases in response to higher
concentrations of the ligand (Figure 7.4B and Figure S4A). To further test the detection
assay performance with visual readouts, we also repeated the detection assays for other
antibiotics in Figure 3D and Supplementary Figure 3, but with the visual fluorescence
readouts. We found similar results as obtained previously with the machine-based readouts,
indicating the reliability of the developed visual detection assays (Figure 7.4C and Figure
S4B).

Despite the simplicity and the clear signal observed with the visual-based readouts, the
signal intensity generated from low ligand concentrations can be difficult to distinguish
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from the background fluorescence of the no-ligand control, e.g., 1 µM tetracycline in
Figure 7.4B. This can lead to uncertainty and require users to judge signal output intensity
and estimate the results. In an effort to reduce user bias in interpreting the results, we
employed our recently developed mobile phone application capable of collecting and
reading fluorescent signal results from the low-cost P51 Molecular Fluorescence Viewer
at POC settings (https://hi-zhengcheng.github.io/optima-dx). The application allows the
user to take a picture of PCR strips or upload an image of a PCR strip illuminated by a
transilluminator in the p51 visualizer. The software then determines the location of each
tube, calculates a probability score for each target category, and classifies each tube as
positive (green outlined box) or negative (red outlined box) samples based on the intensity
of the fluorescent signal (Figure 7.4D). We validated the ability of the smartphone
application to identify and call positive and negative readouts from the detection results.
The app correctly determined the fluorescence status of each sample with good accuracy,
calling the fluorescent signal generated from =>2 µM tetracycline as positive (Figure 7.4E
and Figure S5).
To further simplify and enable the in-field deployment of the detection assays, simple
storage, distribution, and assay preparation are required, which could be accomplished by
freeze-drying of the cell-free detection system. Previous work has shown that both CRISPR
and aTF-regulated in vitro transcription reagents are amenable to freeze-drying [298, 299].
Therefore, we lyophilized the detection reaction and tested its performance after storage at
different temperatures. We found that the lyophilized reactions reconstituted with water,
but not with reaction buffer, remained active after 2 days of storage at room temperature
(RT), 4°C, or -20°C. However, we noticed a negative impact on the speed of the reactions,
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with a significant reduction in speed and fluorescence intensity with lyophilized reactions
stored at RT (Figure 7.4F and Figure S6). These results indicate that the reagents are
amenable for lyophilization but further optimization is needed to allow efficient
performance of lyophilized reactions after storage at RT for an extended period of time.
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Figure 7.4: Visual readout, mobile phone application, and freeze-drying for fielddeployable applications. A. Schematic of visual detection of Cas12a-based sensing using
the P51 visualizer. After incubation at 37°C for 1 to 2 h, the detection reaction tubes can
be directly placed in the P51 visualizer, and the detection results can be observed in the
dark with the naked eye. B. Visual detection of the dose-response with tetracycline as
shown in Figure 3C. C. Visual detection of other tetracycline antibiotics as shown in
Supplementary Figure 3. NL: No ligand. D. Schematic of the mobile phone application for
results interpretation. The application can interpret detection results from P51 visualization
by capturing pictures of detection reactions in p51 directly or uploading an already captured
image. The tubes identified as negative are shown in red boxes, while the positive ones are
shown in green boxes. Confidence scores are shown on top of the detection reactions. E.
Example of an app-processed visual detection result. The reactions containing =>2 µM
tetracycline were identified as positive. F. Assessment of lyophilized detection reactions
stored at different temperatures. The detection reactions without ligand were lyophilized
and kept at room temperature, 4°C, or -20°C for 2 days, and then 5 µM tetracycline was
added in a 20-µL reaction. Values are shown as mean ± SD (n = 3).
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Altogether, these results show that the reagents can be lyophilized with minimal negative
impacts, and the use of visual fluorescence readouts accompanied with our smartphone
application minimizes equipment requirements and user interpretation bias, facilitating infield deployment.
7.4 Discussion
In this work, we demonstrated the coupling of aTF-regulated in vitro transcription of a
CRISPR array and CRISPR/Cas12a activity to develop sensitive, fast, affordable, singlereaction, and isothermal cell-free biosensors. We showed that our detection reactions can
be used in field and POC settings with one step, providing simple and easy visual readouts
with the companion mobile phone application that eliminates the need for large or
expensive fluorescent detection equipment, simplifying the interpretation of results.
Whole living cells and cell-free gene expression systems have been utilized to develop
various detection platforms [279, 300]. These systems rely mostly on the production of
protein reporters in response to ligands. The use of such systems, however, presents several
challenges that complicate their applications, especially at POC settings [280]. Cell-free
systems are convenient and simple diagnostics tools that allow easy tuning and
optimization of the sensor components. Our study builds on recent advancements in
developing biosensors that rely on the allosteric regulation of in vitro transcription of RNA
output in response to specific ligands [298]. We harnessed this regulated RNA output to
expand the capabilities of such biosensors. For example, the reporter in the ROSALIND
biosensor is the RNA fluorescent aptamer. Although simple, such RNA output is not
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amenable for further modifications that allow subsequent biochemical reactions, and the
signal output follows linear kinetics that are generally slow. By contrast, the RNA output
in our system drives enzymatic activity (Cas12a cis and trans activity) with multiple
turnover events that lead to repeated cleavage of nucleic acid signaling reporters,
generating a significantly higher signal [134]. Therefore, our system couples the advantage
of protein reporters in whole-cell and cell-free gene expression systems with simple, cellfree regulated transcription for efficient and sensitive detection.
As CRISPR diagnostics revolutionized the field of nucleic acid detection, CRISPR Cas
systems have been increasingly used to develop efficient small-molecule detection
platforms. Different CRISPR-based biosensors have been developed for the detection of
various molecules, including CaT-SMelor and SPRINT [295, 301]. These systems
represent great advancements in the field of small-molecule detection, but they still suffer
from some drawbacks. For example, both CaT-SMelor and SPRINT require crRNAs to be
added into the detection reactions, while no prior RNA production is needed in our
detection assay. In addition, in contrast to our one-step detection reaction, CaT-SMelor
requires an aTF to be first fused to a cellulose-binding domain (CBD–aTF) that is then
immobilized on microcrystalline cellulose. Furthermore, the CaT-SMelor detection
reaction is performed in multiple steps that require washing and centrifugation,
complicating its use at POC settings. Moreover, the use of Cas13 in SPRINT reactions
requires using RNA reporters that are susceptible to degradation by the RNase
contamination commonly present in environmental samples, necessitating vigorous sample
pre-treatment. In contrast, the use of Cas12a with ssDNA reporters helps to avoid such
problems.
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A key point in the development of cell-free biosensors is to enable their deployment in the
field. To achieve such a goal, biosensors should be easy to use with minimal equipment,
fast, and affordable [282]. Our developed biosensor satisfies most of the criteria needed to
enable in-field application. For example, our detection assays are performed in single,
isothermal reactions, minimizing the need for multiple liquid handling steps. In addition,
lyophilization of the detection reactions allows simple preparation, distribution, and
storage of the assays. The lyophilized detection assays can be easily rehydrated with the
water sample to be tested at the POC, which also may increase sensitivity. Although we
have not tested our detection assays with environmental samples, we believe that minimal
sample pretreatment, such as filtering the water with a syringe filter, would be sufficient to
allow the detection of ligands in such samples.
Clear and simple visual readouts are critical to allow in-field application without the need
for sophisticated equipment. Previous work has shown the possibility of using a 3D-printed
portable device to visualize the fluorescence output [298]. However, signal detection by
the naked eye was difficult, and the development of more sophisticated illuminators was
suggested to improve the visual detection [298]. With the robust Cas12a enzymatic activity
and the use of HEX-labeled reporters, our detection assays generate bright fluorescent
signals that are easily distinguishable from negative controls, enabling simple visual
detection using the inexpensive, hand-held, and portable p51 visualizer. In addition, the
use of mobile phones for data collection, interpretation, and sharing has been increasingly
used in the field [243]. The adaptation of the easy-to-use and portable smartphone-based
application further simplifies the interpretation of visual results in our detection platform,
which can help untrained personnel interpret results for samples with weak signals.
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Overall, the software provides an additional detection validation and enables fast data
sharing and possibly automated interpretation, making the entire detection process
affordable and accessible to more users.
Our platform represents a modular and flexible detection module with minimal reaction
components and handling steps. By exploiting the self vs. non-self-discrimination
phenomena in CRISPR/Cas immune systems, we engineered the aTF-regulated in vitrotranscribed CRISPR array and the target sequences on the same expression cassette, thus
minimizing the reaction components. The highly efficient catalytic trans ssDNA collateral
cleavage by Cas12a can be activated with small concentrations of dsDNA target (~ fM
concentrations) [134, 301]. This allowed the use of small concentrations of the regulated
expression DNA cassettes, which in turn resulted in using low repressor concentrations to
sufficiently regulate CRISPR array transcription and, therefore, avoided desensitizing the
sensor with high concentrations of the repressor.
We anticipate that the simple platform presented here could be further expanded and
improved. For example, here we use only one aTF, the ligand-responsive TetR
transcription factor. However, this strategy could use other aTFs to detect various
environmental and medical-related ligands [298, 302-304]. In addition, Cas12a collateral
activity has been widely utilized for the development of portable paper strip readouts by
simple modification of the reporter molecule [210, 212]. With the simple and singlemolecule regulated expression DNA cassette used in our platform, an aptamer-based
biosensor (e.g., ROSALIND) regulated by a different aTF could be engineered on the same
expression cassette. This would enable multiplex detection of different ligands with the use
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of the distinct fluorescence-based (ROSALIND) or lateral flow-based (Cas12-based
detection) readouts in the same reaction. In addition, due to the efficient and precise precrRNA processing mediated by Cas12a, other regulatory RNA sequences could be
engineered into the CRISPR array to allow subsequent processing and release into the
reaction. For example, the TetR-binding aptamer (anti-TetR) interacts with TetR and derepresses it by mimicking its operator binding site (tetO) [305, 306]. The easy engineering
of the anti-TetR aptamer sequence in the CRISPR array could be used to sensitize the
tetracycline sensor to detect lower tetracycline concentrations, if needed.
Overall, we believe that this study represents a valuable advance to the CRISPR-based
small-molecule detection toolbox and cell-free biosensors in general.

7.5 Materials and Methods
7.5.1 Plasmids and construction of the genetic components
Sequences encoding the regulated transcription templates were ordered as complementary
single-stranded DNA (ssDNA) oligos (IDT) for subsequent phosphorylation, annealing, and
cloning into pUC19 using restriction-digestion cloning. ssDNA oligos were synthesized to
assemble the full-length expression cassette harboring the T7 promoter sequence, 1 TetR
operator sequence (tetO), and Cas12a crRNAs. The full-length cassette was assembled from 3
different dsDNA fragments that were formed separately by phosphorylation at 37°C in 1x T4
DNA ligase buffer (Promega, M1801) and 1 U/µL of T4 polynucleotide kinase (NEB, M0201)
for 45 min followed by denaturing of the two complementary ssDNA strands at 95°C for 4 min
and slow cooling (2°C/min) to 4°C in a thermal cycler (C1000 touch thermal cycler, BioRad),
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which generated dsDNA fragments with unique overhangs. Next, the three fragments were
simultaneously ligated and cloned into the pJBL704 (addgene# 140374) vector using XbaI and
StyI restriction sites to generate the 1 TetO-Cas12a pJBL704 plasmid, and the cloned fragment
was confirmed with Sanger sequencing. Subsequently, the expression cassette sequence,
including the 4 different Cas12a crRNA targets with PAM sequences (part of the pJBL704
backbone sequence) was generated by PCR amplification (Phusion High-Fidelity PCR Kit,
NEB, E0553) using F-primer and R-primer (Table S21) and verified for the presence of a single
DNA band of expected size on a 1% TAE-agarose gel. PCR amplicons were purified using
QIAquick PCR purification kit (Qiagen, 28106). The concentration of the PCR product was
determined

using

NanoDrop

(ThermoFisher

Scientific

NanoDrop

8000

Spectrophotometer).
To generate the 2 tetO expression cassette, two complementary ssDNA oligos (TetO
Roadblock-Top and Bot) were synthesized (IDT) harboring the additional tetO sequence and
a stretch of a random sequence. The two strands were annealed as described above and were
cloned into the 1 TetO-Cas12a pJBL704 vector using the BamHI restriction site to generate
the 2 TetO-Cas12a pJBL704 plasmid, and the correct orientation of the additional tetO
sequence was confirmed with Sanger sequencing. Subsequently, the expression cassette with
two tetO sequences was PCR amplified, verified, and purified as described above.
The TetR-regulated 3WJdB-T transcription template for the ROSALIND-based reactions were
generated as described previously [298]. Briefly, the transcription cassette was generated by
PCR amplification of plasmid (Addgene# 140374) using primers 3WJdB DNA-F and 3WJdB

DNA-R (Table S1). The amplified PCR templates were verified and purified as described
above.
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7.5.2 Protein expression and purification
The TetR transcription factor was expressed and purified as previously described with a
few modifications [298]. Briefly, the TetR expression vector (addgene#140371) was
transformed into BL21 (DE3) Escherichia coli cells. Starter cultures were prepared by
growing single colonies in LB broth supplemented with 50 μg/mL kanamycin for 12 h at
37°C. Next, 20 mL of starter culture was used to inoculate 1 L (total of 4 liters) of Terrific
Broth medium (TB) (IBI Scientific) supplemented with 50 μg/mL kanamycin for growth
at 37°C until an OD600 of 0.5. Cells were incubated on ice for 15 min, expression was
induced with 0.5 mM IPTG, and cultures were then transferred to 30°C for overnight
expression. Cells were harvested by centrifugation for 20 min at 4°C at 4000 rpm. Cell
pellets were resuspended in lysis buffer (20 mM Tris-Cl pH 7.5, 500 mM NaCl, 5%
glycerol, 1 mM DTT, and EDTA-free protease inhibitor (Roche)) and supplemented with
1 mg/mL lysozyme (L6876, Sigma). Cells were lysed by sonication and clarified
by centrifugation at 11,000 rpm for 50 min. The soluble TetR-6xHis in the cleared lysate
was then purified with an affinity chromatography column (HisTrap HP, 5 mL GE
Healthcare) (AKTA PURE, GE Healthcare) followed by overnight dialysis in dialysis
buffer (25 mM Tris-Cl pH 7.5, 100 mM NaCl, 5% glycerol, 1 mM TCEP). Protein was
then concentrated to 1.5 mL by Amicon Ultra-15 Centrifugal Filter Units (50 kDa NMWL,
UFC905024, Millipore) and further purified via size-exclusion chromatography on an
S200 column (GE Healthcare) in gel filtration buffer (25 mM Tris-HCl, 100 mM NaCl,
10% glycerol, and 1 mM TCEP). The protein-containing fractions resulting from the gel
filtration were pooled, and the protein concentration was estimated with the Qubit Protein
Assay Kit (Invitrogen, Q33212), snap-frozen, and stored at -80°C.
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LbCas12a (addgene# 113431) was expressed and purified following previous protocols
[134, 210].

7.5.3 Regulated CRISPR/assay expression reactions
Ligands were commercially available, including tetracycline (GoldBio, Cat: T-101-100),
doxycycline (Sigma, D3447), and oxytetracycline (GoldBio,O-410-10.), and other nontetracycline antibiotics including kanamycin (GoldBio, Cat: K-120-100), ampicillin
(GoldBio, Cat: A-301-100), and erythromycin (Sigma, E5389). The working stocks of the
aforementioned ligands were prepared by dissolving the ligands in nuclease-free water
(with the exception of erythromycin, which was dissolved in ethanol). All reactions were
carried out in a 20-µL volume with all components listed in final concentrations as follows
(unless otherwise indicated): 1x reaction buffer (40 mM Tris-HCl, pH 8, 8 mM MgCl2,
1 mM DTT, 40 mM NaCl, and 2 mM spermidine) stored as 10x concentrated single-use
aliquots at −80°C, 2.5 nM transcription template, 2.5 µM TetR, 1 U/µL RNaseOUT
(Invitrogen, 10777019), 1.25 U/µL T7 RNA polymerase (NEB, M0251), and H2O to bring
the volume up to 14 µL and the reaction was incubated for 30 min at 37°C to allow binding
of T7 RNA polymerase to its promoter sequence, and binding of TetR to the tetO
sequences. Next, 0.5 mM NTPs, 66 µg/mL heparin, 125 nM Cas12a, 250 nM ssDNA FAM
reporter or 750 nM ssDNA HEX reporter, and the ligand at indicated concentrations were
added to the equilibrated mix and H2O was added to bring the volume up to 20 µL. The
reactions were incubated at 37°C for the indicated reaction time. Real-time or end-point
fluorescence measurements were collected on a microplate reader M1000 PRO (TECAN)
at 2-min intervals (for real-time measurements) using 384-well, black/optically clear flat-

225
bottomed plates (Thermofisher) at an excitation wavelength of 495 nm and emission
wavelength of 520 nm for FAM fluorescence, or 535-nm excitation and 556-nm emission
for HEX fluorescence.
For the ROSALIND reactions, reactions were assembled as described before [298] with a
few modifications as follows: 1x ROSALIND buffer (40 mM Tris-HCl, pH 8, 8 mM
MgCl2, 10 mM DTT, 20 mM NaCl, and 2 mM spermidine) stored as 10x concentrated
single-use aliquots at −80°C, 25 nM 3WJdB-T transcription template, 1.25 µM TetR, 1 U/µL
RNaseOUT (Invitrogen, 10777019),

2.85 mM NTPs, 2.25 mM DFHBI-1T, 0.3 U

thermostable inorganic pyrophosphatase (NEB, M0296), and H2O to 15 µL. The mix was
incubated at 37°C for 15 min to allow binding of TetR to the tetO sequence. Next, 1.25
U/µL of T7 RNA polymerase (NEB, M0251) and 12.5 µM tetracycline were added to the
equilibrated mix and H2O was added to bring the volume up to 20 µL. The reactions were
incubated at 37°C for the indicated reaction time. Real-time fluorescence measurements
were collected on a microplate reader M1000 PRO (TECAN) at 2-min intervals using 384well, black/optically clear flat-bottomed plates (Thermofisher) at an excitation wavelength
of 486 nm and emission wavelength of 510 nm, which was used to allow dual
measurements of FAM fluorescence and 3WJdB-activated fluorescence from the same
plate.

7.5.4 Visual detection
For simple visualization of fluorescence, we used DNA reporters labeled with the HEX
fluorophore (Table S1). Successive cleavage of HEX reporters results in a bright signal
that can be easily visualized upon excitation with LED light. Tetracycline detection
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reactions were carried out as described above, with modifications. Reactions were
performed in PCR tubes and were incubated at 37°C in a thermal cycler (C1000 touch
thermal cycler, BioRad) for the indicated time. Reaction tubes were then transferred into
the P51 Molecular Fluorescence Viewer (miniPCR) and photos were taken using a
smartphone with default settings.

7.5.5 Freeze-drying of detection reactions
Detection reactions were assembled as described above without the ligand and with the
addition of 50 mM sucrose (Sigma, 84097) and 250 mM D-mannitol (Sigma, M1902).
Reactions were then transferred into 1.5 mL tubes and snap-frozen in liquid nitrogen.
Following the snap-freezing, reaction tubes were transferred to a LABCONCO AcidResistant CentriVap Concentrator (supplemented with LABCONCO CentriVap -105°C
Cold Trap and Vacuubrand CVC 3000 Vacuum pump) Freeze Dry System for 1–3 hours
of freeze-drying at a minimal temperature under the pressure of 1 to 10 millibar until the
water was completely removed. Reactions were then rehydrated immediately or stored at
the indicated temperatures and periods. Rehydration was accomplished with either
nuclease-free H2O or H2O spiked with tetracycline with the indicated concentrations in 20µL reactions.
7.5.6 Data processing and visualization
All raw data were processed and analyzed with Microsoft Excel and GraphPad Prism 9.
All graphs were generated with GraphPad 9. Schemes and illustrations were created with
Biorender.com.
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Chapter 8

Conclusion and future outlook

Since their discovery, CRISPR-Cas-based technologies have provided an accessible and
adaptable means to alter, regulate, and visualize genomes and transcriptome, as well as to
develop the new generation of biosensing platforms. They are considered to be a major
milestone for molecular biology in the 21st century.

8.1 CRISPR/Cas-based antiviral technologies
CRISPR is being increasingly used to introduce desired traits, including disease resistance,
in numerous economically important crop species. Several independent studies have
demonstrated successful CRISPR-mediated engineered resistance and, in some cases,
broad-spectrum resistance against multiple pathogens) [307, 308]. Moreover, these
demonstrations of CRISPR-mediated disease resistance have not been limited only to the
laboratory or greenhouse: several CRISPR crop varieties are in the pipeline for
commercialization and at least one product, false flax (C. sativa) with enhanced omega-3
oil, is reaching the market in record time in the USA [309]. This is an indication that
CRISPR crops and their products will reach consumers in the near future, demonstrating
that the exciting applications we have discussed here have great potential in the
development of future commercial crop varieties.
There have been several recent developments in the CRISPR technology that can be
directly implemented in disease-resistant crop production. For example, generating geneedited dicotyledonous plants through de novo meristem induction and eliminating time-
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consuming tissue culture steps [310], using temperature‐tolerant CRISPR/LbCas12a to
increase the targeting and efficiency [311], enabling large DNA insertions (up to 2 kb) with
precision in rice [312], and applying heat-inducible CRISPR system to increase the
efficiency of gene targeting in Maize [313]. Chromosome engineering in crops is another
exciting recent development enabling controlled restructuring of plant genomes [314] and
breaking genetic linkage via somatic chromosome engineering [315]. Taken together, these
developments would further streamline the transfer of resistance genes to elite cultivars.
Notably, the most economically important plant virus diseases are caused by
geminiviruses, and all studies to date of CRISPR-mediated geminivirus resistance have
used direct virus DNA targeting. This approach has its limitations, however, owing to the
possibility of virus escape and generation of resistance-blocking strains. The most probable
solution is the utilization of host susceptibility factors involved specifically in the plantgeminivirus interaction. However, whereas there are well-characterized S-genes for other
pathogens, such as Mlo for powdery mildew and eIF4E for potyviruses, such highperformance, precise S-genes are not currently available for geminiviruses. Considerable
work has been done to understand the process of geminivirus infection, and several relevant
plant genes have been identified; these comprehensive review articles summarize host
susceptibility factors that may be potential target S-genes for engineering geminivirus
resistance; an important strategy to be pursued in the future [96, 316-318].

Given that the CRISPR technology was developed very recently, and it takes several years
to develop commercial crop varieties and move them through the standard regulatory
procedures, there is a need to revise the regulatory timeline. Moreover, the current legal
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framework within the EU regulates CRISPR crops as GM crops, even when the products
are transgene-free and contain no foreign DNA [319, 320]. These regulatory frameworks
increase the time and cost of variety development. Scientists and policymakers need to
work together and devise comprehensive plans for CRISPR crops integration. Excellent
examples of such efforts include a science-based regulatory framework designed for
engineered crops [321] and a GMO opt-in mechanism laid out for the EU [322].

Apart from improvements to the regulatory and policy environment, several technological
improvements are also needed to facilitate the development and testing of CRISPR crops.
A technological bottleneck to CRISPR in plants is the low innate HDR efficiency, which
hinders several intended applications, such as gene replacement and large chromosomal
deletions. Although new strategies are being developed to improve HDR efficiency in
plants [323-325], this hurdle currently makes gene-insertion applications in plants
challenging. Developing novel methods for the delivery of the genome engineering
machinery into germline cells will unlock the potential of this technology to generate
foreign DNA- free edited genomes. It will enable engineering wild relatives or germplasm
currently used in agriculture but recalcitrant for transformation. Finally, extensive field
trials are needed to test the performance of these crops, at least for sustained resistance,
and also for other productivity traits that may be compromised if, for example, a
multifunctional S-gene is disrupted.
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8.2 Reshaping the future of diagnostics via CRISPR-based technologies
Timely detection and assessment of pathogen infection is key for effective implementation
of disease control and eradication strategies. Therefore, the generation of effective in-field
deployable diagnostics will improve the detection, monitoring, and control of infectious
diseases. Current in-field diagnostics suffer from major drawbacks including sensitivity,
cost, and the need for equipment and skilled technical staff. Newly-emerging CRISPRbased diagnostics have the potential to overcome these drawbacks. CRISPR-based
biosensing systems could provide rapid, in-field, sensitive, specific quantitative assay
capable of detecting specific sequences, including differentiating single nucleotide
polymorphisms (SNPs), and are amenable to multiplexing. Interestingly, different
CRISPR/Cas-based diagnostic systems have shown different capabilities of nucleic acid
detection at a single-base resolution. For example, a comparison between Cas12a and
Cas14 has shown that Cas14 was capable of discriminating a single SNP responsible for
the eye color, while Cas12a failed to do so [132]. However, a recently developed Cas12bbased detection method named Cas12b-mediated DNA detection (CDetection) has been
shown to distinguish differences at a single-base level, providing efficient platform for
DNA detection at a single base resolution [326]. In addition, the single nucleotide
specificity of SHERLOCK has been shown to distinguish different SNPs from different
ZIKV pandemics, indicating the high specificity of SHERLOCK to sense and genotype
single-nucleotide mutation [216].
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CRISPR-based diagnostics can detect attomolar quantities of the virus nucleic acids,
indicating that they are highly sensitive compared to the femtomolar detection range of
PCR-based methods [173, 327].

Improvements in diagnostics are decreasing the cost and producing field-ready assays and
kits. For example, paper-based diagnostics can cost as little as $0.20 per sensor [328].
Paper-based methods enable easier mass production of the biosensors, which can be stored
for over year at room temperature and can be applied by non-trained staff in locations
where laboratory infrastructure is lacking [329]. Moreover, lateral flow systems, which
detect antigens using capillary flow of reagents across a cellulose substrate (the most wellknown example being the common pregnancy test) can provide sensitive, low-cost
detection of the products of CRISPR assays [330]. Because this diagnostic system does not
require special instruments or expensive reagents, it represents an efficient, low cost,
simple, and easily accessible platform for pathogen nucleic acid detection and other
genotyping applications [331]. Such systems are excellent for low cost point-of-care
diagnostic purposes. Point-of-care diagnostics must include several features: 1) Allow
patients or samples (such as plant tissues or water) to be tested and receive the results
rapidly (i.e. during the same visit, or within minutes). 2) The test is conducted near where
the patient is receiving care or the sample was collected. 3) The test can be conducted and
interpreted by non-specialists. 4) The diagnostic can be delivered in a variety of settings
including clinics, fieldwork sites, etc. These tests have several advantages for medical
applications; for example, the point-of-care test will simplify the testing process and may
provide less opportunity for people to be lost for follow up. Point-of-care tests will also
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increase the number of people tested, since tests can be administered and interpreted
outside of medical facilities and in remote settings. This is especially important for
populations who do not have access to health care and for responses to emerging disease
outbreaks [120, 332].

CRISPR-based-diagnostics have multiple applications in medicine and beyond. For
example, they could be used to determine pathogen genotypes, thereby enabling tailored
treatments [174]. They can also be used to detect human, animal, plant, or environmental
pathogens. For example, determining the identity and genotype of a plant pathogen could
inform the amount and type of pesticide application. Detection of key pathogens could
allow rapid evaluation of water quality or assess bioterror threats. They can be used to
detect pathogens in food to prevent food-borne illness [333], and be used for plant seed
inspections, testing for genetic modifications, verification of the identity of a food, and
myriad other applications. In addition, CRISPR-dx can be utilized for the detection of nonnucleic acid molecules. Various CRISPR-based technologies are developed for the
detection of different molecules. As such these CRISPR/Cas-based diagnostic devices
have a great potential to improve human, environment, and plant health with cheap, rapid,
specific, in-field deployable detection assays.

8.3 Discovery of novel enzymes
The exploration of CRISPR and other related and unrelated effectors continues, which will
lead to the expansion of the molecular toolbox that would enable the development of novel
technologies. Recent efforts have resulted in the identification of various novel effector
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proteins that could reshape the future of genome and transcriptome engineering and
diagnostics. This include the discovery of compact and tiny Cas13 effectors, transposonassociated RNA-guided nucleases, transposases, integrases and programable prokaryotic
argonauts (pAgos) effectors[118, 239, 334, 335].
More interestingly, the recent discovery that transposon-encoded proteins (ancestors of
Cas9 and Cas12) are actually RNA-guided nucleases uncovers a huge untapped collection
of programmable nucleases that can be characterized and exploited for new
biotechnological applications. Altae-Tran et al. have recently showed that IscB transposon
proteins encode non-coding RNAs, which they named omega RNA, that actually guide
IscB, IsrB, as well as TnpB proteins, and thus these transposon-associated nucleases can
be reprogrammed for targeted genome engineering [336, 337]. In addition, Karvelis et al,
characterized TnpB and showed that it is an RNA-guided nuclease that can be directed by
RE-derived (reRNA) for genome engineering in human cells [338]. Moreover, a recent
study identified a single effector RNA-targeting system, named as Cas7/11, that can be
reprogrammed to target RNA and does not exhibit collateral activity as seen with
CRISPR/Cas13 systems. The identified protein was used for specific RNA editing and
RNA knockdown in mammalian cells with minimal cell toxicity [339].
As CRISPR has shaken the fields of molecular biology, diagnostics, and biomedicine over
the past decades, the discovery of new proteins would enable the development of an
efficient, simple, and easily programmable tools that could rapidly advance our existing
understanding of biology.
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Appendix A
Supplementary information for chapter 7
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Figure S1: Effect of the addition of a second tetO sequence on controlling background.
A: Schematic representation showing the design of the additional tetO sequence
(Operator) in the expression cassette.
B: Assessment of the regulatory activity of TetR on the Cas12a-based sensing system with
two tetO sequences engineered downstream of the T7 promoter in the expression cassette.
Purified TetR protein was added to the expression reaction at two concentrations (2.5 and
10 µM). The values are shown as mean ± SD (n = 3)
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Figure S2: Comparison of the performance of the detection reaction between expression
templates with one (1 tetO) or two (2 tetO) tetO sequences. The two different systems were
tested using 5 µM tetracycline (Tet) with the addition of TetR and heparin. The values are
shown as mean ± SD (n = 3).
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Figure S3: Detection of different tetracycline-based antibiotics with different
concentrations. Endpoint fluorescence readouts were collected after 120 mins. Values are
shown as mean ± SD (n = 3).
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Figure S4: Visual detection of tetracycline antibiotics.
A: End-point visual detection of the dose-response with tetracycline. Data were collected
at 120 min.
B: End-point visual detection of different antibiotics. All antibiotics were used at a 10 µM
concentration. Two independent replicates are shown as set 1 and set 2. Data were collected
at 120 min. Tet: Tetracycline, Dox: Doxycycline, Oxy: Oxytetracycline, Kan: Kanamycin,
Amp: Ampicillin, Ery: Erythromycin, NL: no ligand.
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Figure S5: Validation of the mobile phone application for interpretation of fluorescencebased readout results. Representative images showing the validation of the mobile phone
application to interpret the visual fluorescent-based readouts of images captured using a
smartphone. Images on the left panel represent end-point visual detection of the doseresponse with tetracycline in Supplementary Figure 4A after processing by the app. Images
in the right panel represent end-point visual detection of different antibiotics in
Supplementary Figure 4B after processing by the app. Green rectangles with “P” indicate
positive results. Red rectangles with “N” indicate negative results. Confidence scores are
shown above the green or red rectangles.
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Figure S6: Assessment of lyophilized detection reactions. The activity of the lyophilized
detection reactions was assessed after reconstitution with water or 1x reaction buffer in
comparison with the performance of freshly prepared (non-lyophilized) detection
reactions. The detection reactions without ligand were lyophilized and kept at room
temperature for ~2 hours before reconstitution. The values are shown as mean ± SD (n = 3).
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Table S1: Oligos and primers used in this study

Oligo name
Fragment 1Top

sequence
CTAGAataatacgactcactatagggatccctatcagtgatagag
aTAATTTCTACTAAGTGTAGATacacaggaaaca
gc

Fragment 1Bot

tttcctgtgtATCTACACTTAGTAGAAATTAtctctat
cactgatagggatccctatagtgagtcgtattatT

Fragment 2Top
Fragment 2Bot

tatgacTAATTTCTACTAAGTGTAGATcactttatgc
ttccggctcgTAATTT
GTAGAAATTAcgagccggaagcataaagtgATCTAC
ACTTAGTAGAAATTAgtcatagctg

Fragment 3Top

CTACTAAGTGTAGATatccccgggtaccgagctcgTA
ATTTCTACTAAGTGTAGATcaacgtcgtgactggga
aaatagcataaccc

Fragment 3Bot

caaggggttatgctattttcccagtcacgacgttgATCTACACT
TAGTAGAAATTAcgagctcggtacccggggatATCT
ACACTTA

TetO
RoadblockTop

gatccctatcagtgatagagaATGGGAATAGACTATA
GTCTAACATCCTCTTCGGGGGTCAGATTGC
TACCGTGGTATCAATAAAg

TetO
RoadblockBot

gatccTTTATTGATACCACGGTAGCAATCTGA
CCCCCGAAGAGGATGTTAGACTATAGTCT
ATTCCCATtctctatcactgatagg

F-primer

TGTGAGTTAGCTCACTCATTAGGC

R-primer

AGGCGATTAAGTTGGGTAACGC

Note
Construction of expression
cassette-First fragment-top
oligo to be annealed with
Frag-1-Bot
Construction of expression
cassette-First fragmentbottom oligo to be annealed
with Fragment-1-Top
Construction of expression
cassette-second fragmenttop oligo to be annealed
with Fragment-2-Bot
Construction of expression
cassette-second fragmentbottom oligo to be annealed
with Fragment-2-Top
Construction of expression
cassette-third fragment-top
oligo to be annealed with
Fragment-3-Bot
Construction of expression
cassette-third fragmentbottom oligo to be annealed
with Fragment-3-Top
Construction of expression
cassette-with two tetO
sequences-top oligo to be
annealed with TetO
Roadblock-Bot
Construction of expression
cassette-with two tetO
sequences-bottom oligo to
be annealed with TetO
Roadblock-Top
PCR primers to amplify
constructed expression
cassette with 1 or 2 tetO
PCR primers to amplify
constructed expression
cassette with 1 or 2 tetO
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3WJdB
DNA-F

GCGGATAACAATTTCACACAGGAAACAGC

3WJdB
DNA-R

CAAAAAACCCCTCAAGACCCG

Cas12a
ssDNA
reporterHEX
Cas12a
ssDNA
reporterFAM

PCR primers to amplify the
aptamer-based
(ROSALIND) expression
cassette
PCR primers to amplify the
aptamer-based
(ROSALIND) expression
cassette

HEX-TTATTATT-3IABkFQ
Reporter molecule
FAM-TTATTATT-3IABkFQ
Reporter molecule
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