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The continuing evolution of the SARS-CoV-2 virus has led to the emergence of many variants, including
variants of concern (VOCs). CRISPR-Cas systems have been used to develop techniques for the detection
of variants. These techniques have focused on the detection of variant-specific mutations in the spike
protein gene of SARS-CoV-2. These sequences mostly carry single-nucleotide mutations and are difficult
to differentiate using a single CRISPR-based assay. Here we discuss the specificity of the Cas9, Cas12, and
Cas13 systems, important considerations of mutation sites, design of guide RNA, and recent progress in
CRISPR-based assays for SARS-CoV-2 variants. Strategies for discriminating single-nucleotide mutations
include optimizing the position of mismatches, modifying nucleotides in the guide RNA, and using two
guide RNAs to recognize the specific mutation sequence and a conservative sequence. Further research is
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1. Introduction

CRISPR (clustered regularly interspaced short palindromic re-
peats) systems have revolutionized genetic manipulation, cell
regulation, and molecular imaging [1-5]. The class 2 CRISPR-
associated (Cas) enzymes, including Cas9, Cas12, and Cas13,
constitute a single effector protein and have been widely used for
genome engineering, whereas the class 1 Cas enzymes comprise a
complex of multiple effector proteins [6]. Cas proteins are RNA-
guided, switchable nucleases. These nucleases rely on a CRISPR
RNA (crRNA) to recognize specific nucleic acid targets. A crRNA for
Cas12 and Cas13, or sgRNA for Cas9, generally consists of two main
functional domains: a conservative domain that binds to the Cas
protein and a programmable domain, often termed spacer, that is
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designed to recognize the nucleic acid target and hybridize to the
target sequence. To recognize the nucleic acid target, the Cas pro-
tein first binds to its crRNA, forming a crRNA-Cas ribonucleoprotein
(RNP) complex [7—10]. The RNP interacts with the nucleic acid
target through the hybridization of the spacer in the crRNA to its
complementary sequence in the target. The binding of the target to
the RNP switches on the nuclease activity of the Cas protein,
cleaving the target nucleic acids [7—10]. Simply altering the spacer
sequence of the crRNA allows the Cas nucleases to target and cleave
various genomic loci. Thus, the CRISPR-Cas system is simpler and
more efficient than other genome-editing nucleases, such as
meganucleases [11], zinc-finger nucleases (ZFNs) [12], and tran-
scription activator-like effector nucleases (TALENs) [13]. Mega-
nucleases, ZFNs, and TALENs require protein engineering to edit
each target genomic sequence.

In addition to their applications in genomic engineering,
CRISPR-Cas systems also advance molecular diagnostics [14—18]. By
taking advantage of the simple RNA-guided target recognition and
switchable nuclease activity of the CRISPR-Cas systems, researchers
have developed various CRISPR-based diagnostic methods for the
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detection of nucleic acids [14—18]. Base-pairing of crRNA with
nucleic acid targets ensures the specific recognition of targets and
switches on the nuclease activity of Cas effectors. The products of
Cas nuclease activity are then detected using various methods,
including fluorescence [19,20], electrochemistry [21,22], colorim-
etry [23,24], and their combination with lateral flow assays [25].

Cas9 targets double-stranded DNA (dsDNA) proximal to a spe-
cific protospacer adjacent motif (PAM) [1]. Cas12 targets both
single-stranded DNA (ssDNA) and dsDNA adjacent to a PAM [26,27],
and Cas13 targets ssRNA [28,29]. This diversity allows for the
detection of different types of nucleic acids with corresponding Cas
nucleases. Unlike Cas9 nucleases that display one endonuclease
activity only cleaving the specific bound targets, Cas12 and Cas13
nucleases have an additional trans-cleavage activity that cleaves
ssDNA or ssRNA sequences indiscriminately with a high turnover
number [27,29]. The multiple turnover trans-cleavage activity of
Cas12 and Cas13 allows signal amplification. Therefore, assays
based on Cas12 and Cas13 nucleases generally have better sensi-
tivity than those based on Cas9 nucleases [18]. These direct assays
for nucleic acids have typical limits of detection at pM concentra-
tions [30,31]. For the detection of nucleic acid targets at lower
concentrations, Cas nucleases have been incorporated into nucleic
acid amplification techniques. One common approach used Cas
systems to recognize the products (amplicons) of nucleic acid
amplification reactions, and the second approach used Cas en-
zymes to develop new isothermal amplification techniques
[27,30,32]. For example, two pioneering CRISPR-based nucleic acid
detection methods, SHERLOCK (specific high-sensitivity enzymatic
reporter unlocking) [30] and DETECTR (DNA endonuclease-
targeted CRISPR trans reporter) [27], combine recombinase poly-
merase amplification (RPA) or loop-mediated isothermal amplifi-
cation (LAMP) with Cas13 or Cas12 systems, respectively. In these
nucleic acid amplification assays, Cas systems often play three
roles: improving detection specificity, transducing amplicons into
readout signals, and enhancing detection sensitivity [15].

For the simple and rapid testing of COVID-19, Cas nucleases have
been used directly or have been incorporated into nucleic acid
amplification techniques for the detection of SARS-CoV-2 viral RNA
[33—36]. Complementing the standard RT-PCR diagnostics, CRISPR-
based methods have been developed with the aim of potential
point-of-care applications. Recently, CRISPR-Cas systems have been
increasingly used in the development of assays for the differenti-
ation and detection of SARS-CoV-2 variants of concern (VOCs).
Many challenges have been encountered, especially in differenti-
ating the specific variants. Differentiation of SARS-CoV-2 variants
often requires discrimination of specific single-nucleotide muta-
tions. However, the specificity of native CRISPR-Cas systems is
commonly not sufficient to fulfill the diagnostic requirements for
detection of specific variants. Ideally, readout signals should come
from the specific variant only but not from other variants or the
wild-type SARS-CoV-2. This level of discrimination is challenging
for most CRISPR-Cas systems. Therefore, different strategies have
been proposed to improve the specificity of CRISPR-Cas systems for
the effective detection of SARS-CoV-2 variants.

Although CRISPR-based techniques for the detection of the wild-
type SARS-CoV-2 RNA and other nucleic acids have been thor-
oughly reviewed, there is no critical assessment of recent CRISPR-
based techniques aimed at detecting variants. Here, we summa-
rize the recent progress in using CRISPR-based technologies for the
detection of SARS-CoV-2 variants. We discuss challenges faced by
the current CRISPR-based techniques in discriminating single-
nucleotide mutations in the spike protein gene of different SARS-
CoV-2 variants. We highlight the main strategies to improve the
specificity of CRISPR-Cas systems for the differentiation of SARS-
CoV-2 variants.
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2. SARS-CoV-2 variants of concern (Alpha, Beta, Gamma,
Delta, and Omicron)

The SARS-CoV-2 virus, belonging to the beta coronavirus
family, contains a proofreading enzyme to maintain the fidelity of
its genome replication [37]. Therefore, SARS-CoV-2 has a relatively
lower mutation rate compared to other RNA viruses. However, its
high infection rate and the large number of infection cases around
the world greatly accelerated its evolution. During the past three
years, several dominant variants of SARS-CoV-2 have emerged and
become widespread. The World Health Organization (WHO)
classified at least five variants of concern (VOCs) on the basis of
their higher infection rates, increased severity of symptoms, and/
or potential of immune escape [38]. These five VOCs, Alpha, Beta,
Gamma, Delta, and Omicron, correspond to the lineages B.1.1.7,
B.1.351, P.1, B.1.617.2, and B.1.1.529, respectively, according to the
Pango nomenclature system [39]. The Alpha, Delta, and Omicron
variants became dominant sequentially throughout the world,
while the Beta and Gamma variants spread out regionally [40].
These variants often contain multiple mutation sites in the gene
sequence of the spike (S) protein, which lead to changes in
infectivity, severity of symptoms, response to vaccination, and
immune escape. The discrimination of variants relies mainly on
the identification of variant-specific mutations in the S protein
gene.

2.1. Structure and function of the spike protein

The S protein (1273 amino acids, aa), a transmembrane protein
located on the surface of the virion, mediates the entry of the SARS-
CoV-2 virus into the host cells (Fig. 1A and B) [41—43]. The S protein
contains two subunits, a receptor binding subunit S1, and a mem-
brane fusion subunit S2, which are separated by the S1/S2 cleavage
site (aa 685/686) (Fig. 1D) [44]. The S1 subunit (aa 13—685) consists
of two subdomains, an N-terminal domain (NTD) (aa 13—304)
involved in the structural conformation of the S protein and a re-
ceptor binding motif (RBM, aa 438—508) containing a C-terminal
receptor binding domain (RBD, aa 319—541) that is involved in the
recognition and binding of the angiotensin-converting enzyme 2
(ACE2) receptor on the cell surface [44]. The S2 subunit (aa
686—1273) consists of five subdomains, a fusion peptide (FP, aa
788—806) that interacts with the cell membrane as RBD binds to
the ACE2 receptor, two heptad repeat subdomains (HR1 aa
918—983, HR2 aa 1162—1203) that allow the virion to enter the cell
as a whole particle, a transmembrane domain that anchors the S
protein on the SARS-CoV-2 virion, and a C-terminal domain that is
located inside the virion [44,45].

The entry of a SARS-CoV-2 virion into a host cell starts with the
binding of the RBD of the S protein to the ACE2 receptor on the cell
surface [43]. Afterward, the transmembrane protease serine 2
(TMPRSS 2) primes the spike protein by cleaving it at the S1/S2 site,
exposing the FP region to fuse the viral and host cell membranes
[41,43]. Because the S protein has high antigenicity and is vital for
viral infection, it has been used as a target for vaccines [46] and
therapeutic drugs [47,48]. The S protein and its gene have also been
used as targets for the detection of SARS-CoV-2.

Mutations in the S protein can affect not only the infectivity of
the virus but also the efficacy of neutralizing antibodies (NAbs) and
vaccines. For example, mutations in the RBD domain of the S pro-
tein may increase its binding affinity to ACE2, facilitating the cell
entry of the virion and enhancing the transmissibility of the virus
[49]. On the other hand, the binding affinity of the S protein to NAbs
may be reduced due to mutations in the S protein, resulting in
decreased efficacy of NAb-based therapies and vaccines [50].
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Spike protein mutation sites in variants of concern

Fig. 1. Structure and composition of the spike (S) protein and related mutation sites in variants of concern. A. The typical structure of a SARS-CoV-2 virion and the entry of the virion
into the host cell through the interaction between the S protein and cell surface receptor ACE2. B. A diagram of the trans-membrane S protein homotrimer in which each S protein
contains two subunits (S1 and S2) with different functional domains. C. The distribution of the mutation sites on a single S protein in different variants. The orange dots denote the
locations of mutation in one spike monomer. The 3D structures of the SARS-CoV-2 S protein were obtained from the Protein Data Bank [51]. The IDs of these structures are 7LWV
(Alpha), 7LYN (Beta), 8DLO (Gamma), 7W92 (Delta), and 7XNQ (Omicron BA.4). The sites of mutation were noted according to the locations of mutations on S protein demonstrated
on the CoVariants [52]. D. The locations of the key functional domains in the amino acid sequence of the S protein. E. The defining amino acid mutations of different variants within

the S protein and the corresponding locations. Data are from the CoVariants [52].

2.2. Five variants of concern and their featured mutations in the S
protein

The Alpha variant (B.1.1.7), first identified in the United Kingdom
in the fall of 2020 [38], is characterized by multiple amino acid
changes compared with the original strain; 10 mutations are
located in the S protein (Fig. 1C and E) [52]. For example, the N501Y
mutation is in the RBD of the S protein, in which the asparagine (N)
at position 501 is replaced by tyrosine (Y). It has been demonstrated
that this mutation improved the binding affinity of the RBD to the
ACE2 receptor and therefore increased the transmissibility of the
virus [53,54]. This mutation is also shared by other VOCs except for
the Delta variant. The D614G mutation leads to an increase in the
infectivity of the virus [55,56], and is shared by all five VOCs. The
Alpha variant also contains three important NTD deletions: the
Y144 deletion that may affect the binding of NAbs to NTD [57,58]
and the HV69-70 deletions that can increase cell infection [59,60].
Due to these multiple mutations, the Alpha variant shows a
50—100% increase in the reproduction number [61], much higher
viral loads in upper-respiratory specimens [62], and around 61%
increase in the death rate compared to the pre-existing variants
[63].

The Beta variant (lineage B.1.351), first reported in South Africa
in May 2020 [38], contains 10 mutations in the spike protein with 3
key substitutions located in the RBD domain (K417N, E484K, and
N501Y) and five in the NTD [52,64] (Fig. 1C and E). The three mu-
tations in the RBD domain increase the affinity of the RBD of the

Beta variant to the ACE2 receptor by about 20—fold compared to the
original strain [65]. The E484K mutation was also reported to
impact the NAb binding and reduce the efficacy of RBD targeting
NADb [65,66]. The mutations in NTD also reduce the efficacy of NAb
binding to NTD [58]. Overall, the Beta variant not only has a
transmission rate increased by 50% compared to other variants
circulating in the same region by that time [67] but it also shows
resistance to the sera antibodies induced by previous infection and
vaccination [58,68].

The Gamma variant (P.1), first reported in Brazil in November
2020 [38], contains 12 mutations in the spike protein [52] (Fig. 1C
and E). Three mutations in the RBD, K417T, E484K, and N501Y, in-
crease the binding affinity of the Gamma variant to the ACE2 re-
ceptor in the same way as the Beta variant [69]. The L18F
substitution in the NTD affects the binding of NAbs with the NTD
[57]. The Gamma variant is estimated to have a 1.7—2.4 fold in-
crease in transmissibility [69], causes higher mortality even in
young adults (aged between 20 and 39 years) [70], and is more
resistant to antibodies induced by either previous infection or
vaccination, compared to the Alpha variant [68].

The Delta variant (B.1.617.2), which emerged in India in October
2020 [38], has 10 mutations in the S protein (Fig. 1C and E) [52],
including two RBD mutations, L452R and T478K, and a furin pro-
tease cleavage site proximal mutation P681R. Although the Delta
variant does not contain the N501Y mutation that enhances the
binding of RBD to the ACE2 receptor, the L452R and T478K muta-
tions have been demonstrated to increase the binding affinity of the
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RBD to the ACE2 [71]. The L452R mutation is thought to be related
to the decreased sensitivity to NAbs [72]. The P681R mutation fa-
cilitates the membrane fusion and internalization of the virus,
leading to stronger transmissibility [71,73]. People infected with
the Delta variant were reported to have 1000 times higher viral
load when first tested as PCR-positive than those affected by the
original strain [74]. Overall, the Delta variant shows stronger
transmissibility than the Alpha variant [73,75]. Additionally, the
Delta variant reduces the efficiency of antibodies and causes a
higher vaccine breakthrough infection than other variants [73,76].
A higher hospitalization rate and death rate were observed with the
Delta variant than with the Alpha variant [77].

The Omicron variant (B.1.1.529) has several distinct sublineages,
including BA.1, BA.2, BA.4, BA.5, XBB.1.5, and XBB.1.x, emerging in
multiple countries since November 2021 [38]. BA.1, first reported in
southern Africa in November 2021, contains over 30 mutations in
the S protein, with 15 mutations located at the RBD (as shown in
Fig. 1C and E) [52,78]. BA.2, reported at almost the same time as
BA.1, shares 20 mutations in the S protein with BA.1 but with
several different RBD mutations and distinct NTD mutations
[79—81]. BA.2 shows a little higher transmissibility and slightly
lower or similar severity of the disease than BA.1 [82]. BA.4 and
BA.5, identified in December 2021, share an identical sequence in
the S protein and are closely related to BA.2 with a difference of five
amino acids, but are more pathogenic than BA.2 [82,83]. All four
lineages contain the same key S mutations, T478K, E484A, Q498R,
N501Y, Y505H, D614G, H655Y, N679K, and P681H. The RBD mu-
tations T478K and Q498R enhance the binding of the S protein with
the ACE2 receptor [84]. These two mutations, together with E484A
and Y505H, decrease the binding affinity of NAbs to RBD [84]. Three
furin cleavage site proximal mutations, H655Y, N679K, and P681H,
may increase the cleavage of the spike protein trimer and favor the
entry of the virus into cells, thus enhancing the transmissibility
[85]. The Omicron variant shows stronger transmissibility and a
higher rate of reinfection than the Beta and Delta variants [86] and
can escape the NAb response [78,85,87,88]. On the other hand,
disease severity and hospitalization rate caused by the Omicron
variant are lower than those caused by the Delta variant [89]. The
lower hospitalization rates and disease severity with the Omicron
variant may be partially attributable to the prior exposure of the
population through infections and/or multiple immunizations, in
addition to the virus-specific characteristics. The Omicron variant
became the dominant variant soon after it emerged [85]. BA.4 and
BA.5 have stronger transmissibility than BA.2 and an increased
immune escape for both three vaccine doses and infections from
BA.1 and BA.2 [90,91], while the disease severity is similar to that
caused by BA.1 [92].

2.3. Mutations used for differentiation and detection of specific
variants

Genomic sequences of SARS-CoV-2 and its variants are usually
obtained through whole genome sequencing. On the basis of the
genomic sequences, different techniques have been developed for
the detection of variants. The main features of three groups of
techniques, sequencing [93—97], mutation-specific RT-PCR
[98—100], and CRISPR-based methods, are summarized and
compared (Table S1). In general, sequencing-based methods can
provide high-resolution information of the whole genome or a
particular gene, enabling the identification of new variants. On the
other hand, sequencing methods are usually expensive, time- and
labor-intensive, and require personnel with bioinformatics exper-
tise for data analysis. RT-PCR methods have high sensitivity and
specificity, and are routinely used in clinical laboratories. RT-PCR
methods can be designed for the detection and discrimination of
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single-nucleotide mutations, and therefore, are suitable for the
detection of specific variants. CRISPR-based methods can be per-
formed isothermally, and do not require sophisticated equipment.
Thus, CRISPR-based methods have promising potential for point-of-
care testing. Fig. 2 lists mutations in the S gene (code for the spike
protein) that have been targeted in the development of CRISPR-
based assays for the differentiation and detection of VOCs of
SARS-CoV-2. The complete S gene mutations in the genome se-
quences of five VOCs are summarized in Table S2.

Differentiation and detection of variants are often achieved
through the detection of mutations that are specific to the partic-
ular variant. The selection of specific mutations as targets for the
detection of variants is critical. Because the mutation D614G was
shared by all five VOCs and N501Y was also shared by four VOCs
(except the Delta variant), these two mutations were often targeted
in CRISPR-based assays [101—106]. However, the detection of tar-
gets containing these two mutations can only differentiate VOCs
from the original (wild-type) strain but cannot differentiate among
the five VOCs. To discriminate VOCs from each other, researchers
often select a specific mutation unique to each variant. For example,
the Alpha-specific mutation S982A and Delta-specific mutation
D950N were used for the discrimination of these two variants
[107]. For the discrimination of multiple variants, multiple muta-
tion sites need to be selected carefully as many variants share the
same mutations. Arizti-Sanz et al. [ 108] reported the discrimination
of the five VOCs using multiple mutation sites: HV69—70del for
Alpha, K417N for Beta, K417T for Gamma, either L452R or
EF156—157del plus R158G for Delta, and GVY142—144del plus
Y145D for Omicron. The specific mutations used for the discrimi-
nation of each variant in reported CRISPR-based assays are listed in
Table S3.

Three main types of Cas proteins, Cas9, Cas12 and Cas13, have
been used to develop CRISPR-based methods for the differentiation
and detection of SARS-CoV-2 variants. These Cas proteins differ in
their nuclease performance. For example, they have different re-
quirements for a PAM sequence; they have different preferences for
nucleic acid targets and substrates; and they have different cleav-
age activities and specificities (Table S4). Correspondingly, these
Cas proteins have been incorporated into different approaches for
the detection of SARS-CoV-2 RNA, and different strategies have
been used to improve the specificity of these Cas proteins for the
differentiation of variants. We therefore organized these CRISPR-
based methods into three groups based on the type of Cas protein
used in the method. In the following sections, we discuss
separately the corresponding strategies to improve the specificity
of each Cas system for the detection of variants.

3. CRISPR-Cas9-based methods for the detection of variants

CRISPR-Cas9 systems are the first type of Cas nucleases
discovered and used for genome editing [1,2]. Earlier CRISPR-based
diagnostic methods used mainly Cas9 nucleases to achieve the
detection of nucleic acids [14,109]. A typical CRISPR-Cas9 system
consists of two components: a Cas9 protein and a single-guide RNA
(sgRNA) formed by fusing a crRNA with a trans-activating CRISPR
RNA (tracrRNA) [1]. The sgRNA contains a conservative stem-loop
region for binding to the Cas9 protein and a spacer sequence for
hybridizing with the DNA targets. To achieve the nuclease activity,
the Cas9 protein first binds to the stem-loop region of the sgRNA
and forms a sgRNA-Cas9 RNP [8,110]. This RNP screens dsDNA se-
quences and finds an adjacent PAM motif, typically a 5'-NGG-3’
sequence. Following the PAM recognition, the spacer sequence
within the sgRNA hybridizes to the PAM proximal seed region of the
complementary strand on the target DNA, while the Cas9 protein
helps to stabilize the non-target DNA strand through the formation
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»|lo|le|lo]|o]olz9
HHHEHHHS Gene sequence (5’-3’)
2| 2[3]| 2[5 | |2°| Mutation site
sl2)° § 216 g Original sequence Mutated sequence
L18 F L18F tgt gtt aat CTT aca acc tgt gtt aat TTT aca acc
P26 P26S caa tta ccc CCT gca tac caa tta ccc TCT gea tac
A67 AB7V tgg ttc cat GCT ata cat tgg ttc cat GTT ata cat
HV69-V70 |del| del el HVE9-70del cat gct ATA CAT GTC tct ggg catgct A TC tct ggg
D80 A D80A act aag agg ttt GAT aac cct act aag agg ttt GCT aac cct
G142 G142D ttt ttg GGT gtt tat tac cac ttt ttg GAT gtt tat tac cac
Y144 |del Y144del ttg ggt gtt TAT tac cac ttgggtgtt ___tac cac
Y145 Y145D ggt gtt tat TAC cac aaa ggt gtt tat GAC cac aaa
e 56';: :: S EF:;?;:;"" atg gaa agt GAG TTC AGA gtt tat atg gaa agt G GA gtt tat
$371 ele S371L cta tat aat TCC gca tca ttt tcc cta tat aat CTC gca tca ttt tcc
S371F cta tat aat TCC gca tca ttt tcc cta tat aat TTC gca tca ttt tcc
8373 S373P tcc gca TCA ttt tcc act tcc gca CCA ttt tcc
8375 FIF|F S375F gca tca ttt TCC act ttt gca tca ttt TTC act ttt
K417 - M K417N caa act gga AAG att gct caa act gga AAT att gct
K417T caa act gga AAG att gct caa act gga ACG att gct
L4562 L452R aat tac CTG tat aga ttg ttt aat tac CGG tat aga ttg ttt
8477 N|N|N S477N cag gcc ggt AGC aca cct cag gcce ggt AAC aca cct
T478 T478K gcc ggt age ACA cct tgt gcc ggt age AAA cct tgt
E484 alala E484A aat ggt gtt GAA ggt ttt aat ggt gtt GCA ggt ttt
E484K aat ggt gtt GAA ggt ttt aat ggt gtt AAA ggt ttt
Q493 Q493R cct tta CAA tca tat ggt cct tta CGA tca tat ggt
G496 G496S caa tca tat GGT ttc caa caa tca tat AGT ttc caa
Q498 Q498R tat ggt ttc CAA ccc act tat ggt ttc CGA ccc act
N501 N501Y ccc act AAT ggt gtt ggt tac ccc act TAT ggt gtt ggt tac
D614 D614G ctt tat cag GAT gtt aac ctt tat cag GGT gtt aac
H655 H655Y ggg gct gaa CAT gtc aac ggg gct gaa TAT gtc aac
P81 P681H aat tct CCT cgg cgg gca cgt aat tct CAT cgg cgg gca cgt
P681R aat tct CCT cgg cgg gca cgt aat tct CGT cgg cgg gca cgt
T716 T7161 gcc ata ccc ACA aat ttt gcc ata ccc ATA aat ttt
D960 N D950N ctt gga aaa ctt caa GAT gtg ctt gga aaa ctt caa AAT gtg
N969 N969K caa ctt agc tcc AAT ttt caa ctt agc tcc AAA ttt
Lo81 F L981F gatatc CTT tca cgt ctt gat atc TTT tca cgt ctt
8982 | A S982A atc ctt TCA cgt ctt gac aaa atc ctt GCA cgt ctt gac aaa

Fig. 2. Typical S protein and S gene mutations that have been targeted in CRISPR-based assays for the discrimination and detection of variants of concern. Nucleotide sequences of
the original strain and variants of SARS-CoV-2 were obtained from the NCBI database. Further details are included in Table S1.

of an R-Loop. The target binding event switches on the nuclease
activity of the Cas9. The nuclease sites in the HNH and RuvC do-
mains cleave the target and non-target strands respectively, pro-
ducing a blunt dsDNA break 3—4 nt upstream of the PAM [1,111].
Mutating either the HNH or the RuvC domain of Cas9 results in a
nickase (nCas9) that generates a single strand break [112], while
mutating both domains results in “dead Cas9” (dCas9) which
maintains the RNA-guided DNA binding ability, but does not cleave
the target [113].

Although the Cas9 system is sequence-specific, a single nucle-
otide mismatch between the spacer sequence of the sgRNA and the
target sequence may not be sufficient to completely inhibit the Cas9
nuclease activity, depending on the mismatch position. The PAM-
proximal mismatches are less tolerable than the PAM distal

mismatches for the sgRNA-guided target recognition of the Cas9
system [114,115]. More mismatches between the spacer and target
sequences decreased the affinity of RNP binding to the target [116].
Shortening the crRNA by 2—3 nucleotides at the 5’ end (truncated
crRNA) increased the specificity [117,118]. Extension by adding two
additional G nucleotides to the 5’ end and chemical modifications
(e.g., 2’-Fribose modification) of crRNA reduced the off-target effect
of CRISPR-Cas9 [119—121]. In addition, engineering a hairpin sec-
ondary structure in the spacer of crRNA increased the specificity by
several orders of magnitude [122].

For Cas9-based detection of SARS-CoV-2 variants, the viral RNA
was first reverse transcribed and amplified to generate DNA
amplicons (Fig. 3A), and the amplicons were recognized by Cas9.
Two strategies have been used to improve the specificity: targeting
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mutations located in the PAM-proximal region (Fig. 3B) and
introducing additional mismatches between the spacer sequence of
sgRNA and the target (Fig. 3C). Both strategies used sgRNA designed
to recognize the specific mutation target of a variant. Ideally, this
sgRNA would not bind with the sequence of the original SARS-CoV-
2 strain (the wild-type). The cleavage products formed by the
amplicon-activated Cas9 system can be converted to readable sig-
nals using diverse reporter systems (Fig. 3D).

3.1. Designing crRNA to target mutations located in the PAM-
proximal region for the Cas9-based detection of variants

Cas9 nucleases are more sensitive to PAM-proximal mismatches
than to PAM distal mismatches [1,2,116]. Therefore, targeting mu-
tations located in the PAM-proximal region (1—12 nt) facilitates the
differentiation and detection of variants. Song et al. [ 123] reported a
colorimetric assay for the differentiation and detection of SARS-
CoV-2 and its variants. Three mutations, D614G, T478K, and
A67V, were targeted for the detection of variants. For the detection
of SARS-CoV-2, the viral RNA was amplified by RT-LAMP using
primers containing G-quadruplex complementary sequences.
Consequently, G-quadruplex sequences were embedded in the
LAMP products. Because G-quadruplex complementary sequences
were modified with phosphorothioate, the hybrid between the G-

quadruplex and its complementary sequence is unstable. Therefore,
G-quadruplex sequences dissociated from the hybrid and formed
the G-quadruplex structure that further catalyzed the oxidation of
ABTS (2,2’-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid)) by
hydrogen peroxide, generating a colorimetric signal for detection.
Three pairs of sgRNAs, each containing a mutation-specific sgRNA
and a wild-type-specific sgRNA, were then designed to guide Cas9
nucleases to target three pairs of the mutant and wild-type se-
quences, respectively. These sgRNAs guided the Cas9 protein to
generate a double-strand break within the G-quadruplex domain.
Breakage of the G-quadruplex diminished the catalytic reaction
needed for color generation. For the detection of variants, triplicate
RT-LAMP reactions were conducted for each sample. The colori-
metric signals were observed from all the samples containing
either wild-type SARS-CoV-2 or its variants. For differentiation of
the wild-type from a specific variant, such as Omicron, the CRISPR-
Cas9 reactions containing Omicron-specific sgRNA or wild-type-
specific sgRNA were then applied to the second or third replicate
of RT-LAMP reactions. In the presence of the Omicron variant, a
decreased colorimetric signal was observed from the second
replicate, while the third replicate showed a decreased colorimetric
signal in the presence of the original strain. These decreases in
colorimetric signals were used to identify and detect specific vari-
ants. D614G was detected in all variants, A67V was detected in the
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Omicron variant, and T478K was detected in the Delta variant.
These mutations are present in the PAM-proximal region (1—12 nt),
which is favorable for the specificity of the detection of these
variants.

3.2. Introducing additional mismatches into the spacer of Cas9
sgRNA to improve the specificity

The detected regions of sequences of variants often differ by a
single nucleotide. Therefore, two DNA targets with only a single
nucleotide difference must be discriminated. However, the speci-
ficity of CRISPR-Cas9 systems is often insufficient to achieve highly
specific detection of a single mismatch. Introducing an additional
mismatch into the spacer of sgRNA has been demonstrated to be an
effective strategy for improving the specificity of CRISPR-Cas9
systems [116]. With two mismatches between the spacer and the
wild-type gene, the undesired cleavage of the wild-type gene is
significantly reduced. However, the additional mismatch also im-
pairs the desired cleavage of the variant sequence. Thus, for good
discrimination, the optimization of the site when introducing an
additional mismatch is often required.

Kumar et al. [103] used this two-mismatch strategy to detect the
N501Y mutation. The viral RNA was first amplified by RT-PCR and a
sgRNA containing an additional mismatch was used to probe the
amplicons containing the N501Y mutation. The additional
mismatch was introduced at the 6th nt upstream to PAM and the
N501Y mutation was located at the 2nd nt. A biotin-labeled primer
and FAM-labeled sgRNA were used to allow the FAM, biotin-labeled
RNP-amplicon complex to be captured by a streptavidin-coated
strip, achieving a paper strip detection. Compared to the results
from the deep sequencing on 37 wild-type and 22 N501Y-
containing variant samples, a sensitivity of 87% and specificity of
97% were achieved in the detection of the N501Y mutation. A
similar design was also applied to the detection of the E484K and
T7161 mutation targets [103].

4. CRISPR-Cas12-based methods for the detection of variants

The Cas12 family, including Cas12a, Cas12b, Cas12f (also called
Cas14), and other subtypes, target both ssSDNA and dsDNA using the
crRNA guide [6,26,28,124]. Among these Cas12 proteins, Cas12a is
most widely used in CRISPR-based diagnostic methods. Cas12a has
a bilobed architecture: an N-terminal recognition lobe (REC) is
linked by the wedge (WED) domain to a C-terminal nuclease lobe
(NUC) [125]. The NUC lobe consists of PAM-interacting (PI), bridge
helix (BH), RuvC, and Nuc domains [125]. The REC lobe takes charge
of crRNA binding. Following the pre-order of the crRNA seed
segment, two lysines in WED and PI domains recognize the PAM
sequence (canonical 5'-TTTV-3’) and insert into the backbone of
dsDNA, leading to the unwinding of the dsDNA [9,126]. As a result,
the spacer of the crRNA hybridizes with the target strand in the
dsDNA, together with the non-target strand, forming an R-loop
structure. The stability of the R-loop is the key factor of Cas12a
targeting specificity, and is affected by the mismatch between
crRNA and the target strand [125,127]. The formation of the R-loop,
including the target recognition and binding, leads to the rear-
rangement of the REC lobe of Cas12a, unlocking the catalytic site in
the RuvC domain [125]. This catalytic site then cleaves both the
non-target strand and the target strand in order, generating a
staggered double-strand break [9]. In addition to its nuclease ac-
tivity often called cis-cleavage activity that specifically cleaves
target DNA, Cas12a also exhibits trans-cleavage activity that can
nonspecifically cleave the ssDNA substrate [27]. The trans-cleavage
of Cas12a is a multiple turnover process, which is useful for signal
amplification [128].
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Cas12a has a higher tolerance for mismatches and a lower
specificity when ssDNA is the target compared to the dsDNA target
[27,129]. Cas12a is highly sensitive to mismatches in the PAM re-
gion, because PAM recognition via both its shape and base-
dependent mechanism is the first step before target binding
[126]. Mismatches in the PAM-proximal region, especially in the
seed segment (position 1st — 6th nt) of crRNA, are less tolerated by
Cas12a[9]. Accordingly, several crRNA modification strategies have
demonstrated effectiveness in increasing the specificity of CRISPR-
Cas12a. The main modifications of crRNA included introducing an
additional mismatch to the spacer [130,131], engineering a sec-
ondary structure onto the spacer [122], and using DNA chimeric
crRNA [132]). The use of different Cas12 proteins and specific
Cas12a homologs may also benefit the specificity [133].

Assays incorporating CRISPR-Cas12a for the detection of SARS-
CoV-2 variants often use reporter probes dually labeled with a
fluorophore and a quencher. The trans-cleavage activity of Cas12a
facilitates the cleavage of reporter probes and generates amplified
signals. The sensitivity of these assays is further improved by
integrating CRISPR-Cas12a with nucleic acid amplification tech-
niques, including PCR [134—137], RPA [27,107,138], and LAMP
[34,139]. The viral RNA is reverse transcribed, the complementary
DNA is amplified, and the amplicons are subsequently detected
(Fig. 4A). Three main strategies have been used to improve the
specificity of the detection: using the mutation site to act as the
PAM domain for Cas12a targeting (Fig. 4B), targeting mutations
located in the PAM-proximal region (Fig. 4C), and introducing
additional mismatches into the spacer of crRNA (Fig. 4D).

4.1. Using the mutation site to act as the PAM domain for Cas12a
targeting

A canonical PAM domain (5’-TTTV-3’) is essential to the target
recognition of the CRISPR-Cas12a system. If a mutation site coin-
cidentally has the same sequence as the PAM, the use of the mu-
tation site to act as the PAM allows the Casl12a to specifically
differentiate the mutation site from its wild-type sequence because
the wild-type does not share the PAM sequence and is not favorable
to the target recognition of Cas12a. This strategy has been used to
develop CRISPR-Cas12a-based methods for the detection of SARS-
CoV-2 variants. For example, Marqués et al. [135] developed a
CRISPR-Cas12a-based assay for the detection of the E484K muta-
tion. The E484K mutation, first identified in the Beta and Gamma
variants, is a substitution of guanine by adenine in the S gene,
leading to three consecutive adenines (WT 5-TGAA-3’ and mutant
5’-TAAA-3’), which forms a canonical PAM sequence on the anti-
sense strand (WT 5'-TTCA-3’ and mutant 5'-TTTA-3’). Therefore,
this mutant sequence on the antisense strand 5’-TTTA-3’ was used
to act as the PAM, and the corresponding crRNA was designed to
target the sequence downstream of the PAM. Interestingly, about
only a 2—fold signal intensity difference was observed for the
detection of E484K mutation and the wild-type sequence at the
same concentration. This small difference may be attributed to the
tolerance of the CRISPR-Cas12a system to the sub-optimal PAM.
Because E484K is not a variant-specific mutation, this assay cannot
be used to differentiate specific variants. To achieve the differen-
tiation of specific variants, Ning et al. [107] developed a CRISPR-
Cas12a-based method for the detection of the Alpha and Delta
variants. The Alpha variant has a unique mutation S982A, which
corresponds to the change of a canonical PAM sequence in the WT
(5’-TTTC-3’) to a non-canonical PAM sequence in the mutant (5’-
TTGC-3’). The Delta variant has a specific mutation D950N (WT 5'-
CAAG-3' and mutant 5'-CAAA-3'). This mutation creates a canonical
PAM on the antisense strand (WT antisense strand 5'-CTTG-3, and
mutation antisense strand 5'-TTTG-3'). Thus, Ning et al. [107] chose
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these regions to serve as the PAM domain in their assay for these
two variants. They observed about a 2.5- fold difference in the
fluorescent signal between the target variant and non-target vari-
ants. They analyzed 16 Alpha positive nasal swab samples and 44
Delta-infected samples. The diagnostic sensitivity and specificity
were 88.2% and 92.6% for the detection of the Alpha variant, and
97.6% and 94.8% for the Delta variant.

Although using the mutation site to act as PAM has been
demonstrated to enable differentiation and detection of SARS-CoV-
2 variants, two issues limit its wide application: the strategy only
applies to mutations capable of serving as the PAM domain and the
tolerance of the CRISPR-Casl12a towards the sub-optimal PAM
sequence compromises the detection specificity.

4.2. Targeting mutations located in the PAM-proximal region for
Cas12-based detection of variants

Like CRISPR-Cas9 systems, the CRISPR-Cas12a system also has
various sensitivities to mismatches located in different protospacer
regions. Studies have shown that the CRISPR-Cas12a is less tolerant
of mismatches located in the PAM-proximal region than of those in
the PAM-distal region, because mismatches in the PAM-proximal
region have a stronger effect on the stability of the R-loop [127].

Therefore, targeting mutations located in the PAM-proximal region
is useful for Casl12a to recognize the specific target. Single-
nucleotide mismatches within the first six bases proximal to PAM
significantly impacted the trans-cleavage activity of Cas12a[27]. On
the basis of this finding, Liang et al. [136] developed a CRISPR-
Cas12a-mediated mutation-specific assay and detected six muta-
tions in a total of 59 clinical samples involving the wild-type and
four major variants. In their design of crRNA, the authors consid-
ered targeting six mutations, E484K, K417N, L452R, T478K, N501Y,
and D614G, for the differentiation of the four variants. The E484K
mutation was located at the PAM site on the antisense strand.
N501Y and D614G mutations had a canonical PAM sequence (5’-
TTTV-3’) upstream of the mutation site. The three mutation sites
(K417N, L452R, and T478K) did not contain an upstream PAM
sequence. Therefore, the authors designed PCR primers to insert a
PAM sequence into the non-target strand of the amplicons. To
ensure specificity, the authors kept all the mutation sites within 10
bp proximal to PAM. In comparison with the results of the DNA
sequencing, this assay achieved 83.3—100% positive prediction and
85.7—100% negative prediction. The approach of selecting muta-
tions located in the PAM-proximal region has also been exploited to
develop other assays for the differentiation and detection of SARS-
CoV-2 and its variants [102,137—140]. In these assays, CRISPR-
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Cas12a-mediated detection was combined with other isothermal
amplification techniques such as RPA and LAMP and with various
detection methods such as surface plasmon resonance (SPR) and
LED light-based visual/cellphone detection [102,137—140].

Although targeting mutations located in the PAM-proximal re-
gion has improved the specificity of CRISPR-Cas12a for the differ-
entiation of SARS-CoV-2 and its variants, the ability of CRISPR-
Cas12a to differentiate single nucleotide polymorphisms (SNPs)
still needs to be further improved. A single-nucleotide mutation
does not always lead to a decrease in the signal at a particular time
point [141]. In a test covering all 60 possible mutations within a
20 nt protospacer, the mutant even had a higher signal than the
wild-type at one time point [141]. An alternative strategy was to
use the kinetics parameters for variant discrimination, because all
these variants exhibited a lower apparent catalytic efficiency (k*cq/
Ky) than that of the wild-type [141].

4.3. Introducing additional mismatches into the spacer of crRNA to
improve the specificity of CRISPR-Cas12a-based detection

It is often challenging for CRISPR-Cas12a to specifically differ-
entiate a single mismatch. Introducing an additional mismatch into
the spacer of crRNA can improve the specificity of the CRISPR-
Cas12a system. Compared to a single mismatch, two mismatches
can significantly reduce the stability of the R-loop, thereby
decreasing the trans-cleavage activity of Cas12a. Additionally, the
location of the additional mismatch can be rationally designed, so
that the impact of this mismatch on the trans-cleavage activity of
Cas12a can be tuned. He et al. [142] reported a CRISPR-Cas12a-
based mutation detection method by adding an additional
mismatch into the spacer of crRNAs for the detection of mutations
N501Y and D614G. The mutation site was located at the 10th nt for
N501Y and the 6th nt for D614G downstream of the selected 5'-
TTTV-3' PAM sequence. An additional mismatch was introduced at
the 3rd nt for N501Y and the 4th nt for D614G into the spacer of
crRNA for both the wild-type and the mutant. The authors achieved
good discrimination between the wild-type and the mutant and
observed 100% consistency of results compared to those of the DNA
sequencing for the detection of 18 clinical variant samples. Simi-
larly, Huang et al. [104] also introduced an additional mismatch to
crRNA to detect the mutation D614G. The additional mismatch was
introduced at various sites of the spacer of the crRNA from —3 to +3
site around the mutation site. The site (—1) showed the best
discrimination and this design was used for the detection of D614G.
The approach was also used for the detection of other mutations
through the combination of CRISPR-Casl12a-mediated detection
with isothermal amplification techniques, including RPA, LAMP,
and isothermal recombinase-aided amplification [105,143,144].

Instead of introducing an additional mismatch, Liang et al. [145]
considered three adjacent mutations and designed a single crRNA to
probe the target containing these mutations. They designed one
crRNA designed for sensing the S371L, S373P, and S375F mutations,
and another for the Q493R, G496S, and Q498R mutations. Although
CRISPR-Cas12a can efficiently differentiate the wild-type from the
variant by examining the presence of three mutations, not many
relevant targets contain three adjacent mutations. In another strat-
egy, Yang et al. [106] replaced 8 nt of crRNA with DNA and used this
chimeric crRNA to recognize the N501Y mutation. The chimeric
crRNA increased the specificity of Cas12a by affecting the hybridiza-
tion energy and inducing instability in off-target DNA binding [106].

4.4. Assays using other types of Cas12 proteins

Besides Cas12a, other types of Cas12 proteins have been used for
the detection of variants of SARS-CoV-2 because of their better
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thermal stability or their higher specificity. Nguyen et al. [139] re-
ported a one-pot assay that combined RT-LAMP with CRISPR-
BrCas12b for the detection of SARS-CoV-2 variants. This method
achieved one-pot discrimination of the five VOCs through the
precise design of RT-LAMP primers and crRNA. The BrCas12b pro-
tein remains stable and has high activity at 60—65 °C, so it is
compatible with the RT-LAMP reaction. Another homolog, Cas12f
(also known as Cas14), shows a better specificity for the detection
of SNPs [124]. However, Cas12f has not been used for the detection
of SARS-CoV-2 variants. Fasching et al. [146] compared a newly
identified Cas12 protein CasDx1 with two other homologs,
LbCas12a and AsCas12a, for their SNP discrimination ability. They
tested multiple mutations, L452R, E484K/Q/A, and N501Y. CasDx1
showed the best specificity for the detection of these mutations.

5. CRISPR-Cas13-based methods for detection of variants

There are several distinct features between CRISPR-Cas13 and
CRISPR-Cas12 although they both possess trans-cleavage and cis-
cleavage activities [19,28,29]. First, the activators of CRISPR-Cas12
are DNA [26,27], whereas the activators of CRISPR-Cas13 are
ssRNA [29]. Second, target recognition of the CRISPR-Cas12 requires
the presence of a PAM domain adjacent to the target DNA [9,26],
whereas the target recognition of CRISPR-Cas13 generally prefers a
protospacer flanking site (PFS), a non-G nucleotide site, on the 3'-
end of the ssRNA target [29]. Third, the trans-cleavage activity of the
CRISPR-Cas12 cleaves ssDNA substrates, whereas the trans-cleavage
activity of the CRISPR-Cas13 non-specifically cleaves ssRNA sub-
strates [19]. The trans-cleavage activity of the CRISPR-Cas13 also
exhibits a high turnover number, which has been used for amplified
detection of SARS-CoV-2 and its variants. The CRISPR-Cas13 family
includes four subtypes, Cas13a, Cas13b, Cas13c, and Cas13d
[29,147—149]. Among these subtypes, Cas13a is most widely used
for the detection of nucleic acids [30,150—154].

The specificity of CRISPR-Cas13a nucleases relies on the specific
binding of the target RNA with the crRNA and the subsequent acti-
vation of the nuclease. The binding of the target RNA triggers a large
conformation change of the Cas13a protein, bringing the two halves
of the HEPN (higher eukaryotes and prokaryotes nucleotide) binding
domain active site into proximity and forming an active nuclease site
on the external surface [10,155]. The nuclease site then begins to
cleave the target RNA and nonspecific ssRNA [10,155]. Efforts to
improve the specificity of Cas13a have been mainly focused on the
design and engineering of crRNA, including truncating the spacer of
crRNA [30,150], introducing additional mismatches into the spacer of
crRNA [30,152,153,156], modulating the secondary structure of
crRNA [157], and using algorithms to design highly specific crRNA
[158]. The second and fourth approaches have been exploited to
develop CRISPR-Cas13-based methods for the differentiation and
detection of SARS-CoV-2 and its variants.

CRISPR-Cas13a facilitates the highly specific detection of SARS-
CoV-2 variants through amplification-free detection [159] or
together with nucleic acid amplification techniques, including RT-
PCR and RT-RPA (Fig. 5 A) [101,108,160—162]. Compared with
CRISPR-Cas9-based and CRISPR-Cas12-based assays that detect the
dsDNA amplicons directly, the CRISPR-Cas13-based assay requires a
T7-transcription step to transcribe the amplified DNA target into
the corresponding RNA because the CRISPR-Cas13 system can only
be activated by RNA targets [29].

5.1. Optimizing the mismatch location in the spacer of the crRNA to
improve the specificity of CRISPR-Cas13-based detection

The number and location of mismatches present in the spacer of
crRNA have an impact on the binding of crRNA to the target RNA
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indicates the presence of a mutation site.

and nuclease activiy of LbuCas13a [163]. The mismatches in the
middle region (9—12 nt) from the 5-end of the spacer of crRNA
have a larger impact on the binding affinity between RNP and the
target than those in other locations, and mutations in the 5—8 nt
region have a greater impact on the nuclease activity [163].
Therefore, optimizing the mismatch location to the spacer of the
crRNA is of great importance for the specificity of the CRISPR-
Cas13a. Shinoda et al. [159] reported a LtrCas13a-based amplifica-
tion-free assay for the discrimination of SARS-CoV-2 variants. They
designed pairs of crRNA, with one crRNA specific for the wild-type
target and the other crRNA recognizing the mutation target
(Fig. 5B). When designing these crRNA pairs, they placed the mis-
matches in the spacer region of 1-10 nt to target the mutations
N501Y, E484K, and L452R, and examined the location of mis-
matches to achieve specific detection. They used each pair of
crRNAs to conduct two assays for each sample. The signal intensity
ratio between the two assays, one using the mutation-specific
crRNA and the other using the crRNA for the wild-type, provided
information for the differentiation of the wild-type from the
mutant targets. Their results showed that the optimized location of
a mismatch for each crRNA pair was 7/7 for N501/Y501, 5/5 for
E484/K484, and 7/8 for L452/R452 [159]. These results were
consistent with the previous observation that mismatches in the
5—8 nt had a larger impact on the nuclease activities of Cas13 [163].
Shinoda et al. [159] examined the specificity of the method by
analyzing 60 whole genome sequencing-verified clinical samples:
10 B.1.1.214/284, 10 Alpha, 10 R.1 (a variant with 501 N and 484K), 10
Delta, 10 Omicron, and 10 negative samples. A 98% specificity was
obtained for the discrimination of these variants [159]. Although
the method does not involve target amplification, the need for
sophisticated equipment limits its applications.

10

5.2. Introducing additional mismatches into the spacer of crRNA to
improve the specificity of CRISPR-Cas13-based detection

LwacCas13a can detect SNPs with a crRNA containing a synthetic
mismatch [30]. The highest specificity was obtained when the
mutation was present at the 3rd nt and a synthetic mismatch was at
the 5th nt of the spacer from the 5’-end of crRNA [30]. Introducing
synthetic mismatches into the spacer of crRNA was also used to
improve the specificity of CRISPR-Cas13 for the detection of SARS-
CoV-2 variants. Casati et al. [162] added two or three synthetic
mismatches into the spacer of the crRNAs for specific discrimina-
tion of variants. Mutations D80A and T478K were selected for the
detection of Beta and Delta variants, and two synthetic mismatches
were added into the crRNA for each mutation site. The crRNA for
Alpha variant detection was completely complementary to the re-
gion covering the wild-type 67A and HV69-70 deletion of the Alpha
variant. Three synthetic mismatches were introduced into
Omicron-targeting crRNAs covering the HV69-70 deletion and
A67V mutation of Omicron variants. Lateral flow strips were used to
visualize the amount of FAM reporters cleaved by Cas13a. Although
each crRNA was designed to detect one specific variant, non-target
variants also generated visible test lines. Thus, whether a specific
variant was present could not be determined by the presence or
absence of a band at the test line. To solve this issue, the authors
used the ratio of the band intensity of the test line to that of the
control line to determine whether a sample contained a specific
variant (Fig. 5C). This approach reduced the variability of the loaded
sample volume. A threshold was then set to interpret the results
and determine the presence of a specific variant. A total of 20
variant samples (five for each variant) were tested and 100%
specificity was reported although the number of the tested samples
was small [162].
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5.3. Using algorithms to help design the crRNA of CRISPR-Cas13
with high specificity

Algorithms have been used to design crRNAs with high speci-
ficity to complement experimental optimization [108,158,161].
Welch et al. [161] used a generative sequence design algorithm
based on a machine learning system (called ADAPT [158]) to design
crRNA of Cas13a with estimated maximal on-target and minimal
off-target activity. Twenty-six crRNA pairs were then designed to
differentiate the wild-type and 26 specific mutations on the S gene,
which were shared by or were unique for Alpha, Beta, Gamma,
Delta, and Epsilon variants. The performance of these 26 crRNA
pairs was then tested with synthetic RNA and validated with RNA
extract from viral seed stock (wild-type or the five variants). Each
sample was first amplified using RT-PCR, followed by T7 tran-
scription. A multi-testing microfluidic platform was then used to
test RNA products of T7 transcription, and each sample was tested
with these 26 crRNA pairs. The log, ratio of the fluorescence from
the mutation-specific crRNA to that of the wild-type specific crRNA
was used to determine the presence of a specific variant. The
variant specimens, 24 Alpha, 23 Beta, 24 Gamma, 6 Delta, and 24
Epsilon, were tested and a 97% specificity was obtained in com-
parison with outcomes from next-generation sequencing (NGS).

The same algorithm was also used to design crRNA for the
discrimination of SNPs in a Cas13a-mediated RPA assay [108]. Three
crRNAs were designed to discriminate Beta and Gamma variants
from the wild-type with only one nucleotide difference (N417, T417,
K417). The combination of algorithms with rational engineering of
crRNA is anticipated to further improve the design of crRNA with
high performance.

5.4. Using signal intensity ratios to achieve discrimination of
variants

Single-nucleotide resolution is often required for the differen-
tiation and detection of SARS-CoV-2 and its variants. Although
discrimination of SARS-CoV-2 variants has been achieved through
different strategies for improving the specificity of CRISPR-Cas13,
detection signals are often observed from the detection of non-
target variants with crRNA of the target variants. Therefore, the
presence of the detection signal cannot be used to determine
whether the test is positive or negative for a specific variant. To
solve this issue, researchers used signal ratios to interpret the re-
sults and assist in the discrimination of the variants (Fig. 5C—5D).

The signal ratios were generally calculated based on detection
signals from using a pair of crRNAs, mutation-specific crRNA, and
wild-type specific crRNA. For instance, Welch et al. [161] conducted
Cas13a-based detection for each sample by using mutation-specific
and wild-type specific crRNAs and then calculated the log; signal
ratios of the fluorescence signal of mutation-specific crRNA to wild-
type specific crRNA or the reverse ratios. This signal ratio repre-
sented the difference in the sensitivity of these two crRNAs for the
detection of the same sample, and therefore is independent of
target concentrations. A threshold was established based on the
results of testing of wild-type and variant control samples. The
comparison of signal ratios with the threshold value was used to
determine the presence or absence of specific variants. Alterna-
tively, Arizti-Sanz et al. [108] used the ratio of background-
subtracted fluorescence signal from a wild-type specific/muta-
tion-specific crRNA to the highest signal in the same batch of
testing, which could reduce variations from the use of different
crRNA and detection process.
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6. Concluding remarks and future perspectives

Cas9, Cas12, and Cas13 nucleases have been used to develop
CRISPR-based methods for the detection and differentiation of
SARS-CoV-2 VOCs. These methods generally used nucleic acid
amplification techniques, including PCR and isothermal amplifica-
tion techniques, to first amplify selected viral RNA regions that
contain mutations characterizing specific variants. Specific crRNAs
were designed and used together with Cas nucleases to recognize
and differentiate amplicons containing the mutations. Various
signal responses were generated from Cas nuclease activities,
achieving sensitive detection. Different combinations of nucleic
acid amplification techniques with crRNA and Cas nucleases led to
differences in the specificity, sensitivity, and applicability of
CRISPR-based methods.

We compared three main types of Cas proteins, Cas9, Cas12, and
Cas13, that have been used for the differentiation and detection of
SARS-CoV-2 variants. We discussed their advantages and limita-
tions (Table S4). Cas12 and Cas13 have multiple turnover trans-
cleavage activity in addition to cis-cleavage of the target. Cas9 has
cis-cleavage activity only, which is single-turnover. The multiple
turnovers of trans-cleavage provide additional amplification ability
of Cas12 and Cas13 compared to the Cas9 system, facilitating signal
generation and signal amplification.

The specificity of these CRISPR-based methods relies on the
capability of the CRISPR-Cas systems to differentiate mutant se-
quences from the wild-type sequence and to differentiate muta-
tions among variants. The differentiation of nucleic acid strands
containing a single-nucleotide mutation is technically challenging.
Therefore, it is critical to improve the specificity of CRISPR-Cas
systems for the specific detection of SARS-CoV-2 variants.

Typical CRISPR-Cas9, -Cas12, and -Cas13 systems are each
composed of two main elements, a Cas nuclease and a guide RNA
(sgRNA for Cas9 or crRNA for Cas12 and Cas13). The guide RNA
recognizes the specific nucleic acid target and guides the Cas pro-
tein to bind to the target. The target binding activates the nuclease
activity of the Cas protein. In principle, improvements in specificity
can be achieved by engineering the Cas protein with higher spec-
ificity and modifying the guide RNA for specific interactions.
Because engineering the Cas protein is more laborious and less
predictable, most approaches used for improving the specificity of
CRISPR-Cas systems focused on the crRNA.

Much research on the design of guide RNA for specific CRISPR-
based assays has been built on previous findings about the speci-
ficity of CRISPR-Cas systems. Thus, guide RNA design strategies
have considered the importance of the PAM site for the RNA-guided
target recognition of Cas9 and Cas12 and differences in the Cas
response to mismatches on different sites of the spacer-binding
region. PAM-free CRISPR-Cas systems have been discovered
through protein engineering and natural Cas ortholog mining
[164,165]. These PAM-free CRISPR-Cas systems provide more flex-
ibility in the selection of target sites. However, the decreased
requirement for PAM can increase the likelihood of off-targeting,
compromising the specificity of CRISPR-Cas systems [165]. No
PAM-free Cas proteins have been used to detect SARS-CoV-2 and its
variants.

Because CRISPR-Cas systems exhibit different tolerance to the
position of mismatches, the mismatch position is an important
optimizing parameter for achieving high specificity. For Cas9 and
Cas12 that require a PAM site for target binding, mismatches in the
PAM proximal region are less tolerated than those in the PAM distal
region. Targeting mutations located in the PAM-proximal region is
an effective strategy for improving the specificity of the Cas9- and



H. Xiao, J. Hu, C. Huang et al.

Cas12-based methods. Cas13a does not require a PAM site, and the
position of the target mutation is less important for specificity.
Additional approaches of engineering crRNA to improve the spec-
ificity of CRISPR-Cas systems include truncating the spacer of
crRNA, introducing modified nucleotides into the spacer of crRNA,
and changing a nucleotide in the spacer of the crRNA to create an
additional mismatch with the target.

The improved design and modification of crRNA using several
approaches have enabled CRISPR-based techniques to detect and
differentiate specific SARS-CoV-2 variants. Some studies have re-
ported a discrimination factor higher than 50 between the mutant
and wild-type sequences. Although higher detection signals were
generated from the analysis of the specific mutation sequence,
lower but non-negligible signals generated by the wild-type
sequence remained a problem in real-world clinical diagnostics.
The viral load and concentrations of SARS-CoV-2 RNA in clinical
samples could vary by more than four orders of magnitude. The
discrimination factor of 50 is not sufficient to differentiate muta-
tions from the wild-type sequence at diverse concentrations.
Therefore, these techniques are not adequate for the clinical diag-
nosis of specific SARS-CoV-2 variants.

To deal with the issue of concentration differences, researchers
used the ratio of the signal intensities generated from the analysis
of the same sample using the methods with two crRNAs. One crRNA
was designed to recognize a specific mutation in the variant and the
other crRNA was designed to recognize a conservative region of the
viral RNA. The signal intensity ratio was independent of the con-
centration of the RNA sample and improved the identification of
specific variants. This approach required analyses of the same
sample twice using two methods: one with crRNA recognizing the
wild-type sequence and the other with crRNA recognizing the
mutant sequence.

The potential of point-of-care testing is one of the main reasons
for using Cas nucleases to generate easily detectable signals.
However, current CRISPR-based methods developed for the
detection of SARS-CoV-2 variants involve multiple steps, which are
not friendly to point-of-care testing. The Cas13a system has been
used to directly differentiate and detect specific SARS-CoV-2 RNA
sequences without the need for other amplification. The potential
of this system could be further exploited and could lead to simpler
and rapid assays for point-of-care testing of SARS-CoV-2 variants.
With the emergence of different sublineages of variants, new
techniques are also needed to discriminate among the sublineages
in addition to identifying different variants.
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