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ARTICLE INFO ABSTRACT

Edited by Xavier Carette Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR) associated Cas protein (CRISPR-Cas) has

turned out to be a very important tool for the rapid detection of viruses. This can be used for the identification of

Keywords: the target site in a virus by identifying a 3-6 nt length Protospacer Adjacent Motif (PAM) adjacent to the po-
CR'ISPR'CaS tential target site, thus motivating us to adopt CRISPR-Cas technique to identify SARS-CoV-2 as well as other
Primer members of Coronaviridae family. In this regard, we have developed a fast and effective method using k-mer
SARS-CoV-2 . . . . . . .

Palindrome technique in order to identify the PAM by scanning the whole genome of the respective virus. Subsequently,

palindromic sequences adjacent to the PAM locations are identified as the potential target sites. Palindromes are
considered in this work as they are known to identify viruses. Once all the palindrome-PAM combinations are
identified, PAMs specific for the RNA-guided DNA Cas9/Cas12 endonuclease are identified to bind and cut the
target sites. In this regard, PAMSs such as 5’-TGG-3’ and 5°-TTTA-3’ in NSP3 and Exon for SARS-CoV-2, 5’-GGG-3’
and 5’-TGG-3’ in Exon and NSP2 for MERS-CoV and 5°-AGG-3’ and 5’-TTTG-3’ in Helicase and NSP3 respectively
for SARS-CoV-1 are identified corresponding to SpCas9 and FnCas12a endonucleases. Finally, to recognise the
target sites of Coronaviridae family as cleaved by SpCas9 and FnCas12a, complements of the palindromic target
regions are designed as primers or guide RNA (gRNA). Therefore, such complementary gRNAs along with
respective Cas proteins can be considered in assays for the identification of SARS-CoV-2, MERS-CoV and SARS-
CoV-1.

Protospacer Adjacent Motif
Target site identification

1. Introduction 2020; Qi et al., 2020).

Since its spread, symptom-based diagnosis of COVID-19 is being

COVID-19, the disease caused by Severe Acute Respiratory Syn-
drome Coronavirus-2 (SARS-CoV-2) has affected a lot of people around
the globe and has claimed more than 5.3 million lives as of 15th
December 2021.% SARS-CoV-2 belongs to the family of Coronaviridae
which also accommodates MERS-CoV and SARS-CoV-1 viruses (Zhou
et al., 2020). The symptoms of COVID-19 include cough, fever, dysp-
noea, diarrhoea, myalgia (Hosseini et al., 2020) and in some extreme
cases may also lead to severe respiratory distress leading to eventual
death. Moreover, comorbidity issue in COVID-19 is relatively high and
targets different organs like kidney, liver, heart, brain, etc. (Dey et al.,

performed which includes chest X-ray and CT scan, quantitative reverse
transcription polymerase chain reaction (qt-PCR) and antibody test.
Most recently, another rapid detection method based on CRISPR-Cas has
been proposed by the researchers (Broughton et al., 2020b). Clustered
Regularly Interspaced Short Palindromic Repeats (CRISPR) associated
Cas protein (CRISPR-Cas) is an adaptive immune system in prokaryotic
organism that can provide resistance to foreign elements. This system
has been exploited in recent times as a powerful gene editing tool and for
the diagnosis and inactivation of viruses (Jia et al., 2020). The efficiency
of CRISPR-Cas technique is dependent on the design of guide RNA

Abbreviations: CRISPR, Clustered Regularly Interspaced Short Palindromic Repeats; PAM, Protospacer Adjacent Motif; gRNA, guide RNA.
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(gRNA). gRNA guides the Cas protein to the intended DNA site and then
creates a DNA double-strand break resulting in its repair which leads to
different DNA sequence modifications (Rahman et al., 2021). The study
by Bhat et al. (2020) provides an overview of using CRISPR-Cas system
for editing plant genomes. The study also includes information on the
approaches, procedural programs and applications in editing plant ge-
nomes for improving resistance against emerging pathogens, crop yield,
herbicide tolerance and abiotic stresses. Some of the platforms that are
being used by CRISPR-Cas systems include DNA endonuclease-targeted
CRISPR trans reporter or DETECTR (Chen et al., 2018), Cas13-assisted
restriction of viral expression and readout or CARVER (Freije et al.,
2019), 1-h low-cost multipurpose highly efficient system or HOLMES (Li
et al., 2019) and specific high sensitivity enzymatic reporter unlocking
or SHERLOCK (Gootenberg et al., 2017). In their study, Lyu et al. (2020)
have highlighted the potential of CRISPR platforms as a tool for diag-
nosing tuberculosis in children. They have recommended further studies
to evaluate the performance of CRISPR in non-invasive specimens
collected from children. In (Kayesh et al., 2020), Kayesh et al. have used
CRISPR-Cas9 systems to target Hepatitis B. In this regard, they have used
systems which target HBsAg, HBV DNA, and HBV cccDNA and investi-
gate the potential of virus-based vectors as a suitable delivery system.
They have further designed 16 sets of HBV-specific gRNAs which target
different conserved regions of the HBV genome of HBV genotype C. The
feasibility and efficiency of using CRISR-based methodologies have been
explored in (King and Munger, 2019) to engineer human cytomegalo-
virus (HCV).

From all the aforementioned works, it can be said that CRISPR-Cas is
a well established system for the rapid detection of viruses and therefore
can be employed for the detection of SARS-CoV-2, MERS-CoV and SARS-
CoV-1 as well. In this regard, Zhang et al. (2020) have recently reported
the basic framework of specific high sensitivity enzymatic reporter
unlocking or SHERLOCK which utilises CRISPR-Cas13 technique for
SARS-CoV-2 detection. Cas13 can identify previously determined target
sequence and binds to them leading to cleavage of surrounding single-
strand RNA (ssRNA) molecules. SHERLOCK uses a quenched fluores-
cent ssRNA reporter. The presence of such reporters activates Cas13
leading to quantifiable signals. Amplification of targeted DNA or RNA by
Recombinase Polymerase Amplification (RPA) or reverse transcriptase-
RPA (RTRPA) before a reaction improves the sensitivity of the assay.
Thereafter, amplified DNA gets transformed to RNA by the combination
of RPA and T7 transcription. Finally, by simultaneous incorporation of
the ssRNA reporter (Biotin-RNA-FITC), the virus is detected. Further-
more, Broughton et al. (2020a) have proposed DNA Endonuclease-
Targeted CRISPR Trans Reporter or DETECTR to report the develop-
ment and validation of CRISPR-Cas12 based assay for the detection of
SARS-CoV-2. Simultaneous reverse transcription and isothermal ampli-
fication using loop-mediated amplification (RTLAMP) is performed for
the extracted RNA of the virus using this assay. Thereafter, predefined
coronavirus sequences are defined using Casl2 protein followed by
which cleavage of a reporter molecule verifies the virus detection.
Although the above techniques are quite advantageous, genome-wide
analysis of the virus for different lengths of k and palindromes have
not yet been explicitly reported.

Taking cues from these recent works, we have adopted the concept of
CRISPR-Cas system to identify the target sites for the identification of
SARS-CoV-2 and other viruses of Coronaviridae family, that is MERS-
CoV and SARS-CoV-1. In this regard, identification of protospacer
adjacent motif or PAM is carried out in this work. PAM is a short DNA
sequence having usually a length of about 3-6 nt that is present adjacent
to CRISPR in the genomic sequence. The genomic locations that are the
potential target sites for the identification of viruses are limited by the
presence and locations of the PAM. Thus, in order to find the target sites
for the identification of SARS-CoV-2, MERS-CoV and SARS-CoV-1 vi-
ruses, initially the PAM and their corresponding genomic locations are
identified. Once the PAM are identified, instead of finding short palin-
dromic repeats as required by CRISPR-Cas, we have modified the idea to
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consider palindromic sequences which are adjacent to PAM to be the
target sites for virus identification. Thereafter, to bind and cut the target
sites, specific PAMs are identified for the RNA-guided DNA Cas9/Cas12
endonuclease. In this regard, PAMs such as 5’-TGG-3’ and 5’-TTTA-3’ in
NSP3 and Exon for SARS-CoV-2, 5’-GGG-3’ and 5’-TGG-3’ in Exon and
NSP2 for MERS-CoV and 5’-AGG-3’ and 5°-TTTG-3’ in Helicase and
NSP3 respectively for SARS-CoV-1 are identified corresponding to
SpCas9 and FnCas12a. It is worth mentioning that studies performed by
Cain et al. (2001), Dirac et al. (2002), Chew et al. (2004) have suggested
that palindromes can be considered to be involved in target identifica-
tion, viral packaging and defence mechanisms. A palindromic sequence
is a symmetrical sequence so that when read from the reverse direction,
it is the exact complement of itself. For example, TGCA is a palindrome
of length 4. It is to be noted that a palindrome is always even in length.
Thereafter, to recognise these target sites in a virus genome as cleaved
by SpCas9 and FnCas12a, primers are designed as complementary to the
target site sequences. Thus, these complementary palindromic primers
can be considered in assays for the rapid identification of SARS-CoV-2,
MERS-CoV and SARS-CoV-1. These primers are akin to guide RNA
(gRNA) in CRISPR-Cas technology.

2. Materials and methods

To find PAM and the corresponding palindromic sequences, initially
the three reference genomic sequences of SARS-CoV-2 (NC_04551 2.2),3
MERS-CoV (NC_019843.3)' and SARS-CoV-1 (NC_.004718.3)° are
collected from NCBI (National Center for Biotechnology Information).
Once the palindrome and PAM combinations for each virus are identi-
fied on their respective reference sequence, their presence or coverage is
verified for 108246, 291 and 340 virus sequences of SARS-CoV-2, MERS-
CoV and SARS-CoV-1 respectively. SARS-CoV-2 virus sequences are
collected from Global Initiative on Sharing All Influenza Data (GISAID)®
in fasta format while 291 and 340 virus sequences of MERS-CoV’ and
SARS-CoV-1° are downloaded from NCBL. It is to be noted that 108246
SARS-CoV-2 sequences are considered up to September 2021 after per-
forming filtering for considering only complete SARS-CoV-2 genomes.
For docking purposes, P3DOCK Server’ is used and PyMOL'® is
considered for visualization. For such docking, the PDB ID of PAMs like
FnCasl2a is 5SNG6 and that of SpCas9 is 4008 while the corresponding
palindromes of SARS-CoV are designed with the help of Chimera v.1.15
RNA/DNA build tool.

Algorithm 1 presents the Palindrome-PAM finding method in details.
To identify PAMs (P), the reference sequence p for each of the viruses is
initially divided into patterns of sequences of length k using the popular
k-mer technique. Thereafter, these k-mers are searched for in the
reference sequence to learn about their corresponding genomic locations
in the FindPAMpositions step. These sequences of length k are considered
as PAMs in this work. Subsequently, all these k-mer PAMs are used to
identify the palindromic sequences in the reference sequence. Based on
the intended palindromic sequence length 7, some calculations are
performed to find the starting and ending genomic locations of the target
site of a virus. Since, the palindromic sequence and PAM are adjacent,
the ending (end_loc_pal) and the starting locations of the palindrome

https://www.ncbi.nlm.nih.gov/nuccore/1798174254.
https://www.ncbi.nlm.nih.gov/nuccore/667489388.
https://www.ncbi.nlm.nih.gov/nuccore/30271926.
https://gisaid.org/CoV2020.
https://www.ncbi.nlm.nih.gov/genomes/VirusVariation/Database/nph
-select.cgi?cmd=database&taxid=1335626.

8 https://www.ncbi.nlm.nih.gov/labs/virus/vssi/virus?SeqType_s=Nucle
otide&VirusLineage_ss=Severe%20acute%20respiratory%20syndrome-related
%20coronavirus,%20taxid:694009.

9 http://www.rnabinding.com/P3DOCK/P3DOCK.html.

10 https://pymol.org/2/.
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(strt_loc_pal) are calculated as end_loc_pal = strt_loc.PAM —1 and
strt_loc_pal = end_loc_pal —(n—1) respectively. If these starting and
ending locations in the reference sequence of a virus genome return a
palindromic sequence in the PalindromeCheck step, then they are chosen
as the target sites (M) for the identification of the virus. Subsequently,
all the virus genomic sequences are checked for the presence of the set of
identified palindrome and PAM combinations (Spgpanr) to check for the
presence of these combinations (Population Coverage) in the Coverage
step. This method for identification of the target site for the subsequent
identification of virus is applied for SARS-CoV-2, MERS-CoV and SARS-
CoV-1 viruses. The CRISPR-Cas9 technology for gene editing is shown in
Fig. 1(a) while the proposed method for virus identification are shown in
Fig. 1(b).

Algorithm 1. Pseudo-code for palindromic target site identification
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Computing the palindromic sequences takes O(af) time, where a and
are the number of rows and columns respectively of the matrix returned
by FindPAMpositions step. Finally, the computation of population
coverage takes O(XYD) time, where X’ and ) are the dimensions of the
set which holds the palindrome-PAM combinations and D is the number
of virus genomic sequences. Thus, the overall complexity of the pro-
posed target site identification method is O(N + logN + af + XYD).

3. Results
The results for the total number of PAM in the reference genomic

sequence of each of SARS-CoV-2, MERS-CoV and SARS-CoV-1 are shown
in Fig. 1(c), where the value of k is varied from 3 to 6. From the figure,

Input : p(reference sequence of virus genome), k(k-mer), n (length of palindrome), x (all virus genomic sequences)

Output: S pypap (set of Palindrome and PAM combination) ,g (Poulation Coverage)

1 begin

2 Initialize a NULL Set, S pupam

3 P «— kmercount(p, k)

4 A « FindPAMpositions(P)

5 @ « numbero frows(A)

6 B« numbero fcolumns(A)

7 for i — 1 to @ do

8 forj «— I topBdo

9 end_loc_pal = strt_loc_.PAM — 1

10 strt_loc_pal = end_loc_pal — (n— 1)
11 M « PalindromeCheck(strt_loc_pal, end_loc_pal)
12 PalPAM — M||P

13 S patpamt < S paipam Y PalPAM

14 end

15 end

16 0 «— Coverage(x,S paipam)

17 return S papam, €
18_end

Once all the palindrome-PAM combinations are identified, PAMs like
5’-NGG-3’and 5’-TTTN-3’ (N is any nucleotide base) specific for the
RNA-guided DNA SpCas9 and FnCasl2a endonucleases are identified
out of all the combinations to bind and cut the target sites. Thereafter,
SpCas9 and FnCas12a cleave the target regions for the final virus iden-
tification. Such virus identification is performed by the gRNAs which are
the complementary primers of the palindromic sequences. For example,
if SARS-CoV-2 is present in a sample collected from a person, the cor-
responding gRNA will attach itself to the fragment of the virus as cleaved
by Cas9/Casl2 endonuclease. Such fragments can be then amplified
thereby identifying the corresponding virus. Similar experiments can be
performed for MERS-CoV and SARS-CoV-1 as well.

The time complexity of the proposed method for finding the
palindrome-PAM combinations can be calculated as: let the length of the
reference sequence be A. Thus, the time complexity of finding PAM
using kmercount is O(N'). To find the corresponding genomic locations of
these PAM in FindPAMpositions step, the time taken is O(log\).

we can see that with increasing k, the number of PAM is also increasing.
For example, for SARS-CoV-2, with k = 3, 4, 5 and 6, number of PAM are
64, 256, 1023 and 3756 respectively. With these PAM, the corre-
sponding palindromic sequences are identified in the reference genomic
sequence following Algorithm 1. The results for the number of identified
palindrome-PAM combinations in the reference sequences of SARS-CoV-
2, MERS-CoV and SARS-CoV-1 viruses are depicted in Fig. 1 respectively
for varying lengths of k and where the palindrome of even length is
taken from 10 to 20. For example, 38 such combinations exist in the
reference sequence of SARS-CoV-2 for PAM lengths of 3 to 6 and
palindrome length of 10. For MERS-CoV, the identified palindrome-PAM
combination sequences exist for lengths of 10 to 18 but not for 20 while
for SARS-CoV-1 such combinations exist for all the palindromic lengths
as considered in this work. It is to be noted that beyond the length of 20,
no palindrome-PAM combinations exist for any of the virus sequences.
Table 1 reports the percentage of coverage of the identified palindrome-
PAM combinations in 108246, 291 and 340 SARS-CoV-2, MERS-CoV
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Fig. 1. (a) CRISPR-Cas9 gene editing system (b) Proposed target site identification technique (c) Number of PAM in reference sequence for varying length of k and
Number of palindrome-PAM combinations for (d) SARS-CoV-2 (e) MERS-CoV and (f) SARS-CoV-1.

and SARS-CoV-1 virus sequences respectively for palindromic lengths of
14 to 20. For all the palindromic sequences, the results are provided in
the supplementary as an excel file. For example, for SARS-CoV-2 with k
= 6 and target palindromic sequence length of 20, palindrome-PAM
combination of ACACTGGTAATTACCAGTGT and GGTCAC is present
in 108048 out of 108246 virus sequences, i.e. this combination is present
in 99.81% of the sequences. This coverage percentage shows the validity
of the identified palindrome-PAM combinations for the respective virus
genomic sequences. The results are similarly reported for MERS-CoV
and SARS-CoV-1. Table 1 also reports the corresponding GC content of
the palindromes. According to (Reynolds et al., 2004; Haeussler et al.,
2016), it is difficult to target GC-rich genes and thus it can be said that
sequences with moderate GC-content are good candidates for being
target sites of a virus. As can be observed from Table 1, the GC content of

the identified target sites for each of SARS-CoV-2, MERS-CoV and SARS-
CoV-1 are quite moderate. For example, for k = 6 and target palindromic
sequence length of 20, the target palindromic site of SARS-CoV-2 has a
GC content of 40%.

Once all the palindrome-PAM combinations are identified for all
lengths of palindrome and PAM, specific PAMs which are recognised by
either SpCas9 or FnCas12a endonuclease for cleaving the target sites are
further identified. These palindrome-PAM combinations are specifically
important for the identification of the viruses. Out of the total 248
unique palindrome-PAM combinations for SARS-CoV-2, 2 such combi-
nations are identified corresponding to SpCas9 and FnCas12a, for MERS-
CoV, out of 248 combinations, 3 such combinations are identified while
for SARS-CoV-1 2 such combinations out of 224 are identified. Table 2
reports such PAMs along with the corresponding palindromes and their
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Population Coverage and GC Content of the target sites for SARS-CoV-2, MERS-CoV and SARS-CoV-1.

Virus Length of Length of PAM
Palindrome
3 5 6
Population GC Content Population GC Content Population GC Content Population GC Content
Coverage (%) (%) Coverage (%) (%) Coverage (%) (%) Coverage (%) (%)
SARS- 14 99.89 42.85 99.88 42.85 99.79 42.85 90.81 0
CoV-2 99.80 42.85 70.37 14.28 99.88 42.85 99.88 42.85
70.37 14.28 99.80 42.85 91.63 0 99.79 42.85
91.93 0 91.68 0 70.34 14.28 70.33 14.28
16 70.37 25 70.34 25 99.84 37.5 70.32 25
99.85 37.5 99.79 37.5 70.33 25 99.79 37.5
99.79 37.5 99.85 37.5 99.79 37.5 99.84 37.5
18 99.82 44.44 99.82 44.44 99.82 44.44 99.82 44.44
20 99.81 40 99.81 40 99.81 40 99.81 40
MERS- 14 99.65 57.14 99.65 57.14 99.65 57.14 99.65 57.14
CoV 100 14.28 100 14.28 100 14.28 98.62 14.28
28.52 28.57 28.52 28.57 98.62 14.28 100 14.28
99.65 28.57 98.62 14.28 28.52 28.57 28.52 28.57
98.62 14.28 99.65 14.28 99.65 28.57 99.65 28.57
16 98.62 25 98.62 25 98.62 25 98.62 25
28.52 25 28.52 25 28.52 25 28.52 25
18 28.52 33.33 28.52 33.33 28.52 33.33 28.52 33.33
92.64 14.28 92.64 14.28 82.64 42.85 92.05 14.28
SARS- 14 91.17 28.57 90.58 28.57 92.64 14.28 82.64 42.85
CoV-1 82.64 42.85 82.64 42.85 87.05 28.57 71.47 0
92.05 0 91.76 0 90.58 0 87.05 28.57
16 87.05 25 87.05 25 87.05 25 87.05 25
18 87.05 22.22 87.05 22.22 87.05 22.22 87.05 22.22
20 87.05 30 87.05 30 87.05 30 87.05 30
Table 2
Combination of Palindrome and PAM in SARS-CoV-2, MERS-CoV and SARS-CoV-1 viruses along with the complementary primer.
Virus Palindrome as Target Length of Start PAM Start Complementary Primer Coding Population GC
Palindrome Coordinate of Coordinate of (gRNA) Gene Coverage (%) Content
Target PAM (%)
SARS- TTGGTACCAA 10 18341 TTTA 18351 AACCATGGTT Exon 99.71 40
CoV- CACTGGTAATTACCAGTG 18 5746 TGG 5764 GTGACCATTAATGGTCAC NSP3 99.82 44.44
2
MERS- TTATGCATAA 10 18456 GGG 18466 AATACGTATT Exon 100 20
CoV ATCTATATAGAT 12 1018 TGG 1030 ATCTATATAGAT NSP2 98.62 16.66
CTTATGCATAAG 12 18455 GGG 18467 GAATACGTATTC Exon 99.31 33.33
SARS- ACACATGTGT 10 16450 AGG 16460 TGTGTACACA Helicase 94.41 40
CoV- TAACAATTGTTA 12 5208 TTTG 5220 ATTGTTAACAAT NSP3 92.64 16.67
1
associated details along with the gRNA, coding gene, percentage of TTGGTACCAA.

coverage and GC content. For example, for identifying SARS-CoV-2,
TTTA is a PAM in Exon needed to guide FnCasl2a endonuclease for
binding to and cleaving TTGGTACCAA with the help of gRNA AAC-
CATGGTT as a complementary primer. Such palindrome-PAM is present
in 99.71% of the total number of sequences while the GC content of the
palindrome is 40. On the other hand, TGG is a PAM in NSP3 for SpCas9
for cleaving CACTGGTAATTACCAGTG with GTGACCATTAATGGTCAC
and this combination is present in 99.82% of the sequences with the GC
content of the palindrome being 44.44%. Similarly, PAMs corresponding
to SpCas9 and FnCasl2a are also identified for MERS-CoV and SARS-
CoV-1 and reported in Table 2. The corresponding target sequences as
DNA in SpCas9 and FnCas12a along with the Cas Binding with PAM in
order to cleave the target region are shown in Figs. 2-4. In each figure,
(I) shows the palindrome-PAM combinations with Cas Protein and (II)
shows the binding of PAM with the Cas protein for cleaving the target
site. For example, Fig. 2(a)(I) shows the palindromic sequence
TTGGTACCAA in purple and PAM TTTA in red and (II) shows the
binding of TTTA with FnCas12a. This binding is a proof that indeed
FnCasl2a can recognise TTTA and cleave the target region

Please note that all the palindrome-PAM combinations are unique to
each virus, thereby confirming the fact that they can indeed be used for
virus identification. Furthermore, we have also checked for the combi-
nations from Table 2 in the reference sequence of Ebola, Dengue,
Influenza and Zika viruses. Also, nucleotide BLAST' ' is used to check the
specificity of the same and it has been observed that such palindrome-
PAM combinations are not present in any of the other viruses. Apart
from aforementioned results, all the palindrome-PAM combinations are
provided in the supplementary as an excel file. It is to be further noted
that though this work specifically focuses on PAMs as recognised by
Cas9 or Casl2 endonuclease, we have reported other palindrome-PAM
combinations as well in the hope that if any new endonuclease is engi-
neered, our work can serve as a way for further virus identification.

11 https://blast.ncbi.nlm.nih.gov/Blast.cgi?PROGRAM=blastn& PAGE_TYPE
=BlastSearch&LINK_LOC=blasthome.
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Fig. 2. (I) Palindrome-PAM combinations with Cas Proteins and (II) Cas binding with PAM for cleaving the target site in SARS-CoV-2 for (a) FnCas12a (b) SpCas9. In
the figures, purple represents the palindromic sequence and red represents the PAM sequence.

4. Conclusion

This study adopts the idea of CRISPR-Cas technology in order to
identify palindrome-PAM combinations as target sites for virus identi-
fication. To achieve this, initially PAMs are identified using k-mer
technique. Thereafter, palindromic sequences which are adjacent to the
PAM locations are identified as the potential target sites. Next, PAMs
specific for the RNA-guided DNA Cas9/Cas12 endonuclease to bind and
cut the target sites are detected. In this regard, corresponding to SpCas9
and FnCas12a endonuclease, PAMs such as 5°-TGG-3’ and 5’-TTTA-3’ in
NSP3 and Exon for SARS-CoV-2, 5’-GGG-3’ and 5’-TGG-3’ in Exon and
NSP2 for MERS-CoV and 5’-AGG-3’ and 5°-TTTG-3’ in Helicase and
NSP3 respectively for SARS-CoV-1 are identified. Finally, gRNAs as
primers complementary to the identified target sites are designed to
recognise these target sites in a virus genome. The palindrome-PAM
combinations are initially identified in the corresponding reference se-
quences of SARS-CoV-2, MERS-CoV and SARS-CoV-1. By varying the
length of k in k-mer technique and by considering different length of

palindromes, the highest number of palindrome-PAM combinations for
each of SARS-CoV-2, MERS-CoV and SARS-CoV-1 are found to be 38, 43
and 36 respectively for k = 3 to 6 and palindrome length = 10. The
palindrome-PAM combinations suitable for CAS binding in SARS-CoV-2
are TTGGTACCAATTTA in Exon and CACTGGTAATTACCAGTGTGG in
NSP3. For MERS-CoV such combinations are TTATGCATAAGGG in
Exon, ATCTATATAGATTGG in NSP2 and CTTATGCATAAGGGG in Exon
while for SARS-CoV-1 such combinations are ACACATGTGTAGG in
Helicase and TAACAATTGTTAGGG in NSP3. These palindrome-PAM
combinations when searched for in 108246, 291 and 340 SARS-CoV-2,
MERS-CoV and SARS-CoV-1 virus sequences respectively, they are pre-
sent in 99.71%, 99.82%, 100%, 98.62%, 99.31%, 94.41% and 92.64% of
the virus sequences. Furthermore, the GC content of these identified
target sites are evaluated to judge their candidature. The method pro-
posed in this work can be deemed to be a very efficient and quick way to
detect SARS-CoV-2, MERS-CoV and SARS-CoV-1 where the gRNAs as
primers complementary to the target sites along with the respective Cas
proteins can be considered in assays for the identification method.
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Fig. 3. (I) Palindrome-PAM combinations with Cas Proteins and (II) Cas binding with PAM for cleaving the target site in MERS-CoV for (a) (b) and (c) SpCas9. In the
figures, purple represents the palindromic sequence and red represents the PAM sequence.
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Fig. 4. () Palindrome-PAM combinations with Cas Proteins and (II) Cas binding with PAM for cleaving the target site in SARS-CoV-1 for (a) SpCas9 and (b)
FnCasl2a. In the figures, purple represents the palindromic sequence and red represents the PAM sequence.

Furthermore, apart from the Cas recognised PAMs we have provided a
list of other palindrome-PAM combinations as well for all the three vi-
ruses in the hope that if in the future some other endonucleases are
engineered, such combinations may be further used for successful virus
identification. Moreover, the in vitro verification of the identified
palindrome-PAM combinations may also be further investigated.
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