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Abstract

The rise of new viruses, like SARS-CoV-2 causing the COVID-19 outbreak,
along with the return of antibiotic resistance in harmful bacteria, demands a
swift and efficient reaction to safeguard the health and welfare of the global
population. It is crucial to have effective measures for prevention, interven-
tion, and monitoring in place to address these evolving and recurring risks,
ensuring public health and international security. In countries with limited
resources, utilizing recombinant mutation plasmid technology in conjunction
with PCR-HRM could help differentiate the existence of novel variants.
cDNA synthesis was carried out on 8 nasopharyngeal samples following viral
RNA extraction. The P1 segment of the SARS-CoV-2 Spike S protein was
amplified via conventional PCR. Subsequently, PCR products were ligated
with the pGEM-T Easy vector to generate eight recombinant SARS-CoV-2
plasmids. Clones containing mutations were sequenced using Sanger sequenc-
ing and analyzed through PCR-HRM. The P1 segment of the S gene from
SARS-CoV-2 was successfully amplified, resulting in 8 recombinant plasmids
generated from the 231 bp fragment. PCR-HRM analysis of these recombi-
nant plasmids differentiated three variations within the SARS-CoV-2 plasmid
population, each displaying distinct melting temperatures. Sanger sequencing
identified mutations A112C, G113T, A114G, G214T, and G216C on the P1
segment, validating the PCR-HRM findings of the variations. These muta-
tions led to the detection of L452R or L452M and F486V protein mutations
within the protein sequence of the Omicron variant of SARS-CoV-2. In sum-
mary, PCR-HRM is a vital and affordable tool for distinguishing SARS-CoV-2
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variants utilizing recombinant plasmids as controls.
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1. Introduction

The emergence or re-emergence of viruses with epidemic or pandemic potential
remains a persistent problem for human health [1] [2]. Infectious viral diseases
pose a never-ending challenge that can emerge or re-emerge in unpredictable re-
gions and at unpredictable times [3] [4]. In addition, the resurgence of resistance
to several antimicrobial agents among pathogenic bacteria has become a signifi-
cant threat to public health [5] [6], notably the epidemic of methicillin-resistant
staphylococci at the end of the 90s, then enterococci resistant to glycopeptides, fi-
nally enterobacteria producing extended-spectrum beta-lactamases (EBLSE) [7]
[8]). The emergence of its new deadly viral [9] and bacterial [10] diseases is
sparking intense efforts to improve the understanding of molecular and cellular
biology. However, despite concerted efforts to elucidate the complexity of these
emerging pathogens, there is little new information on the evolving threats [9].

Indeed, The World Health Organization (WHO) keeps track of diseases that
have the potential to become epidemics or pandemics and keeps track of their
global spread. Chikungunya, cholera, Lassa fever, Marburg virus disease, Ebola,
Hendra, meningitis Neisseria, MERS-CoV, monkeypox, Nipah virus infection,
novel coronavirus (COVID-19), plague, Rift Valley fever, SARS, smallpox, tula-
remia, yellow fever, and Zika virus disease are among the diseases that are cur-
rently listed [11]-[13].

Monitoring multi-antibiotic-resistant bacteria and emerging viruses has become
a major public health issue. Actually, medical microbiology laboratories have ac-
cess to new high-throughput DNA sequencing (NGS) techniques [14]-[16]. Se-
quencing has been increasingly used in recent years for outbreak research in
emerging diseases, as seen in the recent Ebola virus outbreak in Africa [17] and
arbovirus outbreaks in South America [18]-[21]. In contrast, the scale of ge-
nomic surveillance undertaken during the current pandemic that of COVID-19
is unprecedented [22].

The most recent example concerns the new 2019 coronavirus called Severe
Acute Respiratory Syndrome coronavirus 2 (SARS-CoV-2). This virus gave rise
to an outbreak of viral pneumonia in December 2019. According to the World
Health Organization (WHO), more than 600 million cases of coronavirus have
been confirmed and more than six million deaths worldwide [23]. SARS-CoV -2,
a member of the Betacoronavirus, is an enveloped positive-sense single-stranded
RNA virus, infectious to humans and mammals [24]. The rapid spread of the
virus across the world has highlighted the “gap” existing in the global surveil-
lance system and particularly with regard to the notable differences in technical
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capacity between the different regions of the world.

The rapid development of the COVID-19 pandemic has highlighted the short-
comings of the existing laboratory testing strategy for SARS-CoV-2 diagnosis [25]
[26]. Rapid, efficient and reliable diagnostic methods have been of paramount
importance in combating the COVID-19 pandemic [27].

Next-generation sequencing (NGS) has enabled the most technologically ad-
vanced countries to rapidly study the genomic diversity of SARS-CoV-2 [28]-[30].
However, these approaches require highly specialized equipment and personnel
that are not readily available in many laboratories within developing countries
[31] [32].

A highly sensitive molecular biology technique based on the melting tem-
perature (Tm) of amplified double-stranded DNA is post-PCR high-resolution
melting (HRM) analysis [33]. HRM analysis has been used to identify sin-
gle-nucleotide polymorphisms in DNA sequences [34] and in bacterial strains
[35]. It has also been utilized in our Institution for point mutation detection in
tumor cell genomes [36]. Previous research confirms that HRM analysis can suc-
cessfully identify human immunodeficiency virus (HIV) variants [37], which, like
SARS-CoV-2, are RNA viruses. These findings suggest that HRM analysis could
potentially be a general and versatile method for determining SARS-CoV-2 trans-
mission [38].

Several recent studies have highlighted the utility of PCR-HRM in distin-
guishing mutations in SARS-CoV-2 variants. For instance, [39] employed the
PCR-HRM technique to identify new variants of the SARS-CoV-2 virus, such as
the Alpha variant in Iran, as well as the Delta and Omicron variants [22]-[33]
showcased the efficacy of PCR-HRM in detecting the Omicron BA.1 and BA.2
variants in Japan. Additionally, [36] utilized the HRM method to identify KRAS
mutations in colorectal cancer patients for the first time in Cote d’Ivoire. Fur-
thermore, [40] employed recombinant plasmid-based controls for routine detec-
tion of known mutations linked to drug resistance using the PCR-HRM method
in Brazil.

The spike protein (S) of the virus has been the subject of countless investiga-
tions because of its crucial role in host invasion. Many of these studies have been
related to potential therapeutic targets, such as preventing binding with the re-
ceptor [41], DNA vaccines, or RNA based on the S protein sequence [42], among
other methods. However, as the disease progressed, transmission rates increased
and the appearance of variants with mutations in their S protein sequences was
discovered, seriously affecting the effectiveness of diagnosis and treatment [42]
[43]. For the tracing of emergent viruses, the needs of rapid, cost-effective and
reliable detection are urgent and crucial.

In this research, we have implemented a strategy to divide the SARS-CoV-2
Spike S protein gene into multiple mutated segments. These mutations are char-
acteristic of the majority of SARS-CoV-2 variants. Following traditional PCR
gene detection, we inserted them into a pGEM plasmid to create recombinant

plasmids containing various segments of the Spike S protein. These recombinant
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plasmids, referred to as clones, served as positive controls for the PCR-HRM
technique, utilizing the Tm of the primers. This approach enables the identifica-
tion of a new variant within the viral population. The amplicons were subse-

quently sequenced to pinpoint known mutations in SARS-CoV-2.

2. Materials and Methods
2.1. Sample Collection

Following approval from the National Ethics Committee for Life Sciences and
Health (N/Ref: 028- 22/MSHPCMU/CNESVS-km), 08 RT-qPCR-positive naso-
pharyngeal samples have been selected for this study. These samples, identified
as the Omicron variant using ONT Minlon sequencing, are part of the Institut
Pasteur de Cote d’Ivoire biocollection. Previously employed by [44] for cloning
the E, M, and N genes of SARS-CoV-2, these samples with known mutations
underwent partial amplification in the S region and subsequent cloning into a
plasmid. The resulting clones were instrumental in establishing the PCR-HRM
method. For PCR-HRM validation, a wild-type control strain devoid of kit
20219-nCoV mutations (Biosensor, Gyeonggi-do, Republic of Korea) was util-
ized. This research was conducted at the molecular biology facility of the Institut
Pasteur de Cote d’Ivoire. To assess the performance and effectiveness of the
qPCR test, we chose 25 nasopharyngeal samples from the Institut Pasteur de
Cote d’Ivoire biobank, comprising 19 COVID-19 positive and 6 negative sam-
ples for the year 2020. The QIAamp Viral RNA micro kit (Qiagen, Hilden, Ger-
many) was used to extract total RNA in accordance with the manufacturer’s in-

structions.

2.2. cDNA Synthesis

CDNA synthesis was performed using the LunaScript RT Super-Mix kit (New
England Biolabs Inc.) following the manufacturer’s guidelines. A 3 uL volume of
LunaScript was added to 12 pL of RNA. The mixture was lightly centrifuged and
then transferred to the Vapoprotect Pro Mastercycler thermal cycler (Eppendorf,
Germany) for reverse transcription for 2 min at 25°C, 55°C for 10 min, and 95°C

for 1 min.

2.3. RT-PCR Amplification

The Wuhan-Hu-1 reference strain (NC_045512) of SARS-CoV-2 was utilized for
designing primers. The nucleotide range nt-22805-23036 within the SARS-CoV-2
Spike protein gene was targeted for primer design, spanning 231 base pairs. This
corresponds to amino acid positions 415-490 in the S gene. The specific se-
quence P1 was amplified using the primers FS-hrm-P1-Fwd: 5-ACCGGCAAG
ATCGCCGA-3’ and FS-hrm-P1-Rev: 5-TCAGAAGTAGCAGTTGAAGCC-3.
Primer’s design was conducted using SnapGene software for PCR-HRM and
Sanger sequencing. The reaction mixture contained 10 puL of 5X PCR buffer, 4
uL of 25 mM MgCl,, 1.5 pL of 10 mM dNTPs, 0.5 pL of each primer at 20 uM
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concentration, 0.4 uL of Go Taq Flexi DNA polymerase (Promega, Madison,
USA), 5 pL of cDNA, and the volume was adjusted to 50 uL with H,0. The am-
plification program is initiated by a 5 min predenaturation step at 94°C, fol-
lowed by 40 cycles of 94°C for 30 s, 53°C for 30 s, 72°C for 1 min, and a final ex-
tension at 72°C for 10 min. The mixture was incubated in the Vapoprotect Pro
Mastercycler thermal cycler (Eppendorf, Germany). PCR products were purified
using the Wizard® SV PCR kit (Promega, Madison, USA) as per the manufac-

turer’s guidelines.

2.4. SARS-CoV-2 Gene Cloning

The pGEM®-T Easy Vector Systems kit (Promega, Madison, USA) was utilized
for the ligation reaction. This reaction took place in a 10 pL volume with 5 pL of
T4 DNA ligase 2X ligation buffer, 1 uL of 50 ng pGEM-T Easy Vector, 3 uL of
purified PCR products, 1 uL of 3 U/uL T4 DNA ligase enzyme. Competent E.
coli cells (Promega, Madison, USA) were employed for bacterial transformation.
Upon thawing the JM109 competent cells on ice, 3 puL of the ligation reaction
was introduced to 50 pL the cells. The mixture was gently mixed by tube
squeezing to prevent cell damage, followed by a 20 min incubation on ice. Sub-
sequently, the cells were heat-shocked in a water bath at 42°C for 45 to 50 s
without agitation, then promptly returned to ice for a 2 min incubation. S.0.C
medium (Invitrogen Corporation, Carlsbad, USA) was utilized to enhance the
transformation efficiency of competent cells. 450 pL SOC medium were added to
tubes containing cells that had been transformed with the ligation reaction, and
the mixture was incubated at 37°C for 1 h 30 min with shaking. Following incu-
bation, 100 pL of the transformation culture was spread onto LB (Luria-Bertani)
agar plates containing 100 pug ampicillin, 40 pL of 20 mg/mg X-Gal solution (In-
vitrogen Corporation, Carlsbad, USA), and 40 pL of 100 mM IPTG (Invitrogen
Corporation, Carlsbad, USA). The agar plates were then left to incubate over-
night at 37°C.

2.5. qPCR Analytical Efficiency

We established the positive standard curve for plasmid S portion P1 by per-
forming qPCR on one-tenth serial dilutions. Corresponding plasmid standards
ranging from 10" to 10" copies (viral gemone/uL) was used. Ct values of reac-
tions wer plotted against log,, values of viral copy number by the standard curve
for quantitative fluorogenic qPCR, allowing calculation of the correlation coeffi-
cient (R?). Amplification efficiencies (E) of the reactions were calculated from

the curves based on the equation: [45] [46]:
E = (1049% ~1)x100% 1)

Statistical analysis of S plasmid standard curves has helped us establish qPCR
performance parameters, defining the LOD (Limit of Detection) and LOQ
(Limit of Quantification) [47]. The limit of quantification (LOQ) is typically de-

fined as the lowest concentration of a standard solution for which measurements
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can be accurately made, usually with a measurement uncertainty of less than
20%. The limit of detection (LOD) was determined as the number of viral ge-
nome targets corresponding to the Ct, at which no more than 5% of truly posi-
tive samples tested negative (selectivity of 0.95). The standard curve was created
from Ct values using linear regression, distinguished by slope (analytical sensi-
tivity), y-intercept and confirmed by R®. According to [48] [49], the Standard
Error at the intercept (SE) was used to calculate the limit of detection (LOD =
3.3 x [standard deviation of intercept (SD)/slope]) and the limit of quantifica-
tion (LOQ = 10 x [standard deviation of intercept (SD)/slope]).

To evaluate the performance of the qPCR assay, a total of 25 nasopharyngeal
samples of known status, Ze. 19 positive and 6 negative for COVID-19, were
used to determine sensitivity (Se), specificity (Sp), positive predictive value
(PPV) and negative predictive value (NPV) from the contingency table using
XLSTAT version 2024 software.

2.6. Sequencing

The P1 segment of SARS-CoV-2 containing protein mutations at positions (415
- 490) including: K417N/T; N440K; G446S; N450K; L452R/Q; S477N; T478K;
E484K/Q; V483A; and F490S was cloned for use in the HRM setup. Recombi-
nant plasmids underwent sequencing with the BigDye™ Terminator v3.1 cyclic
sequencing kit (Life Technologies, Austin, USA) following the manufacturer’s
protocol. A 20 pL reaction mix containing 2 uL of 5X sequencing buffer, 4 pL of
BigDye™ Terminator v3.1 reaction mix, 1 pL of 4 uM of primer, and supple-
mented with H,O was utilized. Amplification started at 96°C for 30 s, followed
by 25 cycles of 50°C for 30 s and 60°C for 4 min. Post-amplification, the Agen-
court CleanSEQ kit (Beckman CoulTer, Indianapolis, USA) was employed for
purifying the BigDye PCR products as per the manufacturer’s guidelines. Subse-
quently, capillary electrophoretic analysis was conducted using the ABI 3500XL
Genetic Analyzers 24-capillary system (Applied Biosystems, Hitachi, Japon).

2.7. Amplification Quantitative and High-Resolution Melting
(HRM)

The amplicon melting temperature Tm was calculated using the OligoCalc tool
[45] at Tm 86.86°C. Validation of the qPCR-HRM amplification reaction was
done using the Wuhan control strain from the Biosensor kit 20219-nCoV (Bio-
sensor, Gyeonggi-do, Republic of Korea). PCR amplification took place in a
StepOnePlus qPCR instrument (Applied Biosystems, Singapour). The reaction
mixture included 10 uL of Master Mix MeltDoctor HRM 2X (Applied Biosys-
tems, Foster, USA), 1 pL of each 5 uM primer, and molecular biology grade wa-
ter to reach a final volume of 20 uL. Each sample underwent 3 consecutive repe-
titions. DNA concentration was standardized to 20 ng. The amplification pro-
gram consisted of a step at 95°C for 10 min to activate the enzyme, followed by
40 cycles at 95°C for 30 s and 53°C for 1 min to amplify the sequence. The melt-
ing cycle consisted of 95°C for 10 s, 70°C for 1 min, and 95°C for 15 s. Regarding
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the melting curve, the temperature increase gradient slope was 0.3% between
70°C and 95°C. The results were analyzed using High-Resolution Melting
(HRM) analysis software from Applied Biosystems (Applied Biosystems, Wal-
tham, USA).

3. Results
3.1. Amplification of the S Gene

The various nasophyngeal samples used to detect the S portion P1 gene resulted

in the amplification of a 231 bp DNA band after electrophoresis on a 1.5% aga-

rose gel (Figure 1). Several samples were positive in this period of year 2022.

1 2 4 5 7 8 M M 10 12

M: 100 bp molecular weight marker (Promega, Madison, USA), 1: CoV801704 sample; 2: CoV815026
sample; 4: CoV801710 sample; 5: CoV799895 sample; 7: CoV800915 sample; 8: CoV801273 sample; 10:
CoV820870 sample; 12: CoV799653 sample.

Figure 1. PCR amplification of the SARS-CoV-2 Portion P1 gene.

3.2. Clone Analysis

These plasmids, which contained the P1 region of the SARS-CoV-2 gene, were
utilized for bacterial transformation and amplification. Following transforma-
tion, the culture of the modified bacteria on solid LB medium containing Xgal
allowed us to distinguish between colonies that had integrated the plasmid (blue
colonies) and those that had not (white colonies). The blue color of the colonies
is a result of the presence of the Xgal substrate (5-bromo-4-chloro-3-indolyl-#
D-galactoside), which is a characteristic of colonies lacking the insertion of the
gene of interest. The white colonies are attributed to the existence of IPTG (iso-
propylthio-f-galactoside), an inducer of S-galactosidase activity in bacteria.

Blue colonies (Figure 2(b)) not having inserted the gene were discarded,
while white colonies (Figure 2(a)) were selected for inoculation into LB liquid
medium containing 100 ug/mL ampicillin at 37°C for 24 hours in a 5% CO, en-
vironment. This led to the creation of 8 recombinant S gene plasmids named S1,
S2, S4, S5, S§7, S8, S10, and S12. Post-extraction analysis showed plasmid
amounts ranging from 100 to 300 ng. The plasmid DNA obtained was subse-
quently employed for the HRM technique.
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Figure 2. E. coli cells transformed with the vector integrating the S portion P1 gene of
SARS-CoV-2 after 24 h incubation at 37°C with 5% CO,. White colonies represent trans-
formed bacteria containing the plasmid, while blue colonies indicate non-transformed

bacteria.

3.3. qPCR Efficiency, Sensitivity and Specificity

3.3.1. qPCR Efficiency

The plasmid containing the viral target was serially diluted ten-fold and tested to
investigate the dynamic range of gPCR plasmids. Figure 3 shows the standard
curve obtained from the qPCR assay. A linear correlation was observed between
Ct values and log10 viral copy number. The R’ E and slope of the standard curve
for plasmid S from the qPCR assay are measured and reported in Table 1. To
ensure accurate and reproducible quantification, the acceptance criteria were:
correlation coefficient R* = 0.9771; efficiency E = 99.29% (the slope of the re-
gression curve was between —3.1 and —3.6). The standard curve was used to de-
termine the limit of detection LOD of 5.30 Copies/puL and the limit of quantifica-
tion LOQ of 16.93 Copies/pL.

3.3.2. Sensitivity and Specificity
Analysis of nasopharyngeal samples enabled us to assess sensitivity, which was
83.33% with a CI confidence interval (41.6% to 98.4%), and specificity, which

40
35 @
30
25
20
15
10

y =-3.339x + 39.27
o R?=0.977

Ct (Values)

-5 ? 2 4 6 8 10 12 14
Log,, DNA Concentration (Copies/uL)

Figure 3. Standard curve for recombinant plasmid S portion P1 using serial dilutions of
10.
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Table 1. Analytical sensitivity of plasmid S.

Standard curve Plasmid qPCR
Copies/uL Log,, Concentration Plasmid § .
Average Ct + Standard Deviation

10" 10 5.07 +£0.36

10° 9 6.02 £ 0.01

108 8 8.97 £0.24

107 7 11.03 £0.43

10° 6 14.06 £ 0.18

10° 5 20.96 +0.31

10* 4 21.89 +£0.22

10° 3 27.02 +£0.30

10? 2 32.05+0.48

10! 1 35.20+0.23
R? 0.9771
Pente (a) -3.339
E (%) 99.29
b (Intercept) 39.27

LOD (Copies/pL) LOQ (Copies/uL)

Plasmid S 5.30 16.93

R% Correlation coefficients (R) of standard curves by Ct values of reactions versus log,,
values of concentrations.a: Slope of standard curves by Ct values of reactions versus log,,
values of concentrations. E: Amplification efficiency (E) of the assay.

Table 2. Nasopharyngeal samples contingency table.

Sick No Sick
Positive test 18 01
Negative test 01 05

This table presents the results of 25 nasopharyngeal swabs according to their original
status, 19 of which were positive and 6 negative. From the sensitivity and specificity, we
deduced the positive and negative predictive values.

was 94.70% with a CI confidence interval (73.2% to 100%). This also enabled us
to determine a positive predictive value (PPV) of 83.33% with a CI of 53.5% to
100%, and a negative predictive value (NPV) of 94.70% with a CI of 84.70% to
100% Table 2.

3.4. Sanger Sequencing Analysis

The sequences obtained through the Sanger method were aligned with the plas-
mid S2 sequence, chosen as our reference. When comparing plasmids S8 and

DOI: 10.4236/ajmb.2024.143013

174 American Journal of Molecular Biology


https://doi.org/10.4236/ajmb.2024.143013

A.Syllaetal.

S10 with our reference S2 (Figure 4(a)), no mutations were detected. Sequence

alignment of plasmids S4, S5, and S12 with reference S2 revealed mutations

(a)

Consensus

» FS_P1_10F 234 bp
» FS_P1_8F 234 bp
» FS_P1_2F 234 bp

Consensus

» FS_P1_10F 234 bp

ACCGGCAACATCGCCGACTACAACTACAAGCTGCCCGACGACTTCACCGGCTGCETGATCGCCTGGAACAGCAACAAGCT

10 20 30 40 50 60 70 80

ACCGGCAACATCGCCGACTACAACTACAAGCTGCCCGACGACTTCACCGGCTGCGTGATCGCCTGGAACAGCAACAAGCT so
ACCGGCAACATCGCCGACTACAACTACAAGCTGCCCGACGACTTCACCGGCTGCGTGATCGCCTGGAACAGCAACAAGCT 8o
ACCGGCAACATCGCCGACTACAACTACAAGCTGCCCGACGACTTCACCGGCTGCGTGATCGCCTGGAACAGCAACAAGCT 80

GGACAGCAAGGTGGGCGGCAACTACAACTACAGATACAGACTGTTCAGAAAGAGCAACCTGAAGCCCTTCGAGAGAGACA

90 100 110 120 130 140 150 160
GGACAGCAAGGTGGGCGGCAACTACAACTACAGATACAGACTGTTCAGAAAGAGCAACCTGAAGCCCTTCGAGAGAGACA 160

GGACAGCAAGGTGGGCGGCAACTACAACTACAGATACAGACTGTTCAGAAAGAGCAACCTGAAGCCCTTCGAGAGAGACA 160

P1_2F 234 bp GGACAGCAAGGTGGGCGGCAACTACAACTACAGATACAGACTGTTCAGAAAGAGCAACCTGAAGCCCTTCGAGAGAGACA 160

» FS_P1_8F 234 bp
» FS_|

TCAGCACCGAGATCTACCAGGCCGGCAACAAGCCCTGCAACGGCGTGECCGGCETGAACTGCTACTTCCCCTGA

» FS_P1_10F 234 bp TCAGCACCGAGATCTACCAGGCCGGCAACAAGCCCTGCAACGGCGTGGCCGGCGTGAACTGCTACTTCCCCTGA 234
» FS_P1_8F 234 bp TCAGCACCGAGATCTACCAGGCCGGCAACAAGCCCTGCAACGGCGTGGCCGGCGTGAACTGCTACTTCCCCTGA 234

P1_2F 234 bp TCAGCACCGAGATCTACCAGGCCGGCAACAAGCCCTGCAACGGCGTGGCCGGCGTGAACTGCTACTTCCCCTGA 234
(b) ,‘ i e i a ‘
ACCGGCAACATCGCCGACTACAACTACAAGCTGCCCGACGACTTCACCEGCTGCETGATCGCCTGGAACAGCAACAAGCT
Consensus ACCGGCAACATCGCCGACTACAACTACAAGCTGCCCGACGACTTCACCGGCTGCGTGATCGCCTGGAACAGCAACAAGCT
10 20 30 40 50 60 70 80
ACCGGCAACATCGCCGACTACAACTACAAGCTGCCCGACGACTTCACCGGCTGCGTGATCGCCTGGAACAGCAACAAGCT 80
ACCGGCAACATCGCCGACTACAACTACAAGCTGCCCGACGACTTCACCGGCTGCGTGATCGCCTGGAACAGCAACAAGCT so
ACCGGCAACATCGCCGACTACAACTACAAGCTGCCCGACGACTTCACCGGCTGCGTGATCGCCTGGAACAGCAACAAGCT 8o
ACCGGCAACATCGCCGACTACAACTACAAGCTGCCCGACGACTTCACCGGCTGCGTGATCGCCTGGAACAGCAACAAGCT so

» FS_P1_12F_234_bp
» FS_P1_5F_234_bp
» FS_P1_4F_234_bp
» FS_P1_2F 234 bp

GGACAGCARGTGG6CEGCARCTACAACTACA. . TACAGACTETTCAGAAAGAGCAACCTGAAGCCLTTCSAGAGAGACA
Consensus GGACAGCAAGGTGGGCGGCAACTACAACTACATGTACAGACTGTTCAGAAAGAGCAACCTGAAGCCCTTCGAGAGAGACA

90 100 110 120 130 140 150 160
GGACAGCAAGGTGGGCGGCAACTACAACTA&A TACAGACTGTTCAGAAAGAGCAACCTGAAGCCCTTCGAGAGAGACA 160
GGACAGCAAGGTGGGCGGCAACTACAACTACATGTACAGACTGTTCAGAAAGAGCAACCTGAAGCCCTTCGAGAGAGACA 160
GGACAGCAAGGTGGGCGGCAACTACAACTACATGTACAGACTGTTCAGAAAGAGCAACCTGAAGCCCTTCGAGAGAGACA 160
GGACAGCAAGGTGGGCGGCAACTACAACTACAGATACAGACTGTTCAGAAAGAGCAACCTGAAGCCCTTCGAGAGAGACA 160

» FS_P1_12F 234 bp
» FS_P1_5F_234_bp
» FS_P1_4F_234 _bp
» FS_P1_2F 234 bp

TCAGCACCGAGATCTACCAGGCCGGCAACAAGCCCTGCAACGGCOTO6CCOGC. T AACTGCTACTTCCCCTOA

Consensus TCAGCACCGAGATCTACCAGGCCGGCAACAAGCCCTGCAACGGCGTGGCCGGCTT AZI;CTGCTACTTCCCCTGA
170 180 190 200 210 G %S 230
» FS_P1_12F_234_bp TCAGCACCGAGATCTACCAGGCCGGCAACAAGCCCTGCAACGGCGTGGCCGGC AACTGCTACTTCCCCTGA 234

) FS_P1_SF_234_bp TCAGCACCGAGATCTACCAGGCCGGCAACAAGCCCTGCAACGGCGTGGCCGGCTTCAACTGCTACTTCCCCTGA 234
» FS_P1_4F_234 _bp TCAGCACCGAGATCTACCAGGCCGGCAACAAGCCCTGCAACGGCGTGGCCGGCTTCAACTGCTACTTCCCCTGA 234
» FS_P1_2F 234 bp TCAGCACCGAGATCTACCAGGCCGGCAACAAGCCCTGCAACGGCGTGGCCGGCGTGAACTGCTACTTCCCCTGA 234

() ACCGGCAACATCGCCGACTACAACTACAAGCTGCCCGACGACTTCACCGGCTGCGTGATCGCCTGGAACAGCAACAAGCT

10 20 30 40 50 60 70 80

ACCGGCAACATCGCCGACTACAACTACAAGCTGCCCGACGACTTCACCGGCTGCGTGATCGCCTGGAACAGCAACAAGCT 80
ACCGGCAACATCGCCGACTACAACTACAAGCTGCCCGACGACTTCACCGGCTGCGTGATCGCCTGGAACAGCAACAAGCT 80
ACCGGCAACATCGCCGACTACAACTACAAGCTGCCCGACGACTTCACCGGCTGCGTGATCGCCTGGAACAGCAACAAGCT 80

A112C/G113T/A1146
GGACAGCAAGGTGGGCGECAACTACAACTAC ¥ TACAGACTGTTCAGAAAGAGCAACCTGAAGCCCTTCGAGAGAGACA

GGACAGCAAGGTGGGCGGCAACTACAACTACCTGTACAGACTGTTCAGAAAGAGCAACCTGAAGCCCTTCGAGAGAGACA

90 100 110 120 130 140 150 160

GGACAGCAAGGTGGGCGGCAACTACAACTACCTGTACAGACTGTTCAGAAAGAGCAACCTGAAGCCCTTCGAGAGAGACA 160
GGACAGCAAGGTGGGCGGCAACTACAACTACCTGTACAGACTGTTCAGAAAGAGCAACCTGAAGCCCTTCGAGAGAGACA 160
GGACAGCAAGGTGGGCGGCAACTACAACTACAGATACAGACTGTTCAGAAAGAGCAACCTGAAGCCCTTCGAGAGAGACA 160

G214T/G216C
TCAGCACCGAEATCTACCAG‘3CCG{'ECAACAAGCCCTGCAACGQCGTGGCCCEC‘T‘AACTGCTACTTCCCCTGA

TCAGCACCGAGATCTACCAGGCCGGCAACAAGCCCTGCAACGGCGTGGCCGGCTTCAACTGCTACTTCCCCTGA

Consensus

» FS_P1_7F_234_bp
» FS_P1_1F_234_bp
» FS_P1_2F 234 bp

Consensus

» FS_P1_7F_234_bp
» FS_P1_1iF 234_bp
» FS_P1_2F 234 bp

Consensus

170 180 190 200 210 220 230
» FS_P1_7F_234_bp TCAGCACCGAGATCTACCAGGCCGGCAACAAGCCCTGCAACGGCGTGGCCGGCTTCAACTGCTACTTCCCCTGA 234
b FS,

_P1_1F_234_bp TCAGCACCGAGATCTACCAGGCCGGCAACAAGCCCTGCAACGGCGTGGCCGGCTTCAACTGCTACTTCCCCTGA 234
» FS_P1_2F 234 bp TCAGCACCGAGATCTACCAGGCCGGCAACAAGCCCTGCAACGGCGTGGCCGGCGTGAACTGCTACTTCCCCTGA 234

Figure 4. Sequence alignment with the reference control (plasmid S2). (a) Nucleotide sequences of plasmids S2, S8, and S10, (b)
Nucleotide sequences of plasmids S2, S4, S5, and S12, (c) Nucleotide sequences of plasmids S2, S1, and S7.
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GI113T, A114G, G214T, and G216C in these plasmids (Figure 4(b)). Compari-
son of plasmids S1 and S7 sequences with the reference revealed mutations
A112C, G113T, A114G, G214T, and G216C (Figure 4(c)).

In total, we identified 3 different variants among the samples. These variants
were confirmed by analyzing the corresponding protein sequences: one variant
matched our reference sequence (plasmids S2, S8, and S10), another variant had
the R452L and V486F mutations (plasmids S1 and S7), and the third variant
contained the R452M and V486F mutations (plasmids S4, S5, and S12) (Figure
5).

R452L/M VA486F

Consensus TGNIADYNYKLPDDFTGCVIAWNSNKLDSKVGGNYNY YRLFRKSNLKPFERDISTEIYQAGNKPCNGVAGFNCYFP*

) FS_P1_1F_234_bp TGNIADYNYKLPDDFTGCVIAWNSNKLDSKVGGNYNYLYRLFRKSNLKPFERDISTELYQAGNKPCNGVAGFNCYFP* 78
) FS_P1_7F_234_bp TGNIADYNYKLPDDFTGCVIAWNSNKLDSKVGGNYNYLYRLFRKSNLKPFERDISTEIYQAGNKPCNGVAGFNCYFP* 78
) FS_P1_12F 234 _bp TGNIADYNYKLPDDFTGCVIAWNSNKLDSKVGGNYNYMYRLFRKSNLKPFERDISTEIYQAGNKPCNGVAGFNCYFP* 78
) FS_P1_SF_234_bp TGNIADYNYKLPDDFTGCVIAWNSNKLDSKVGGNYNYMYRLFRKSNLKPFERDISTEIYQAGNKPCNGVAGENCYFP* 78
) FS_P1_4F_234_bp TGNIADYNYKLPDDFTGCVIAWNSNKLDSKVGGNYNYMYRLFRKSNLKPFERDISTEIYQAGNKPCNGVAGFNCYFP* 78
) FS_P1_10F_234_bp TGNIADYNYKLPDDFTGCVIAWNSNKLDSKVGGNYNYRYRLFRKSNLKPFERDISTEIYQAGNKPCNGVAGVNCYFP* 78
) FS_P1_8F_234_bp TGNIADYNYKLPDDFTGCVIAWNSNKLDSKVGGNYNYRYRLFRKSNLKPFERDISTEIYQAGNKPCNGVAGVNCYFP* 78
) FS_P1_2F 234_bp TGNIADYNYKLPDDFTGCVIAWNSNKLDSKVGGNYNYRYRLFRKSNLKPFERDISTEIYQAGNKPCNGVAGVNCYFP* 78

Figure 5. Alignment of plasmid protein sequences with the reference control.

3.5. HRM Profile of Plasmids and Samples

For the QPCR-HRM analysis of recombinants, we utilized the S2 plasmid as a
reference, similar to the approach taken for Sanger sequencing analysis. Exami-
nation of the “Derivative melt curve” (Figure 6(a)) indicates that the primers
employed are highly specific to the targeted region across all plasmids, display-
ing a single melt peak. The “Aligned melt curve” (Figure 6(b)) reveals three dis-
tinct populations, and a more in-depth analysis using the differential curve
(Figure 6(c)) validates these findings. The analysis of the data reveals that the
initial population, exhibiting a melt curve closely resembling that of the refer-
ence, consists of plasmids S8 and S10. The second population, displaying a +10
variance in relative fluorescence (RFU), encompasses plasmids S4, S5, and S12.
Lastly, the third population, with a —7.5 RFU difference, includes plasmids S1
and S7. Analysis of nasopharyngeal samples by PCR-HRM shows a profile
common to all samples. This profile differs from that of the referent controls
(plasmids S1, S2 and S4) used. The differential curve (Figure 7) shows a clear
distinction between the referent control in red and the samples in green. These
outcomes suggest that recombinant plasmids have the potential to serve as sub-
stitutes for genomic DNA as positive controls in identifying mutations within

two viral or bacterial populations.

4. Discussion

Cote d’Ivoire has been affected by the COVID-19 pandemic, as has almost the
entire world. The Institut Pasteur de Cote d’Ivoire is the reference center for

DOI: 10.4236/ajmb.2024.143013

176 American Journal of Molecular Biology


https://doi.org/10.4236/ajmb.2024.143013

A.Syllaetal.

(a) Derivative Melt Curves (b)105 Aligned Melt Curves
838 885 100
300.000 T839 ) 95
9
250.000 A x
200.000 80
=75
S
150.000 < 70
9 3 65
£ 100.000 £ 60
g 2 55
g 50.000 £ 2%
g Er
= &=
2 0000 <%
-50.000 2 35
2 30
-100.000 < 25
20
~150.000 Is
-200.000 1 =
-250.000 0 how o v onw & 6w @ m 6w ©nd v d hodnhd v o n
I O R T RN R R e T R SdamdannddrensddraenddansdannsSqn o
O O~ O~ 0~ 0~ -~ 00 00 00 00 00 00 000NN [ I I T S S . L o S o o S S =S~ S~ S~ S ol o o o - S S - S - - T =\ S~ N - = )}
Temperature("C) ) R R I IR R R R R R R
Difference Plot Temperature("C)

~~
(g)
N’
-

Difierence

GhbbbLLELLL
s T
SLSLELSLILEnSLERERS

L g7 m S10
S2 == S5 . Sg _Em S12 .

Figure 6. HRM Profile Presentation Post qPCR Analysis. (a) depicts the melting curve based on the melting temperature of vari-
ous variants, while (b) illustrates the normalization of the melting curve. (1) The melting curve of plasmid S2 serves as a reference,
with plasmids S10 and S8 highlighted in red representing variant 1. (2) Plasmids S4, S5, and S12, shown in purple, correspond to
variant 2 in the melting curve. (3) Plasmids S1 and S7, depicted in green, signify variant 3. (c) shows the differentiation in melting
temperatures.

Difference Plot

75 '
5.0
25
0.0
25
-5.0
15
-10.0
125
-15.0
-17.5

Difference

Y
o
o

-22.5
-25.0
-27.5
-30.0
-32.5
-35.0
-37.5

74 75 76 71 78 79 80 81 828& 83 84 8 8 87 88 8 90 91 92

) Temperature (°C)
Figure 7. Analysis of post-qPCR HRM profiles of nasopharyngeal samples.

DOI: 10.4236/ajmb.2024.143013 177 American Journal of Molecular Biology


https://doi.org/10.4236/ajmb.2024.143013

A. Sylla et al.

COVID-19 diagnosis. To reduce the cost of NGS sequencing, we have developed
recombinant plasmids based on a P1 portion of the SARS-CoV-2 Spike protein.
These plasmids are used as positive controls in the QPCR-HRM method for va-
riant detection. Our aim is to work with SARS-CoV-2 positive samples from
COVID-19 diagnostic tests to identify possible mutations for whole genome se-
quencing. The qPCR analysis revealed excellent linearity, sensitivity and speci-
ficity. This indicates that the primers designed to detect the P1 portion of the
fragment are highly sensitive with adequate specificity. The P1 portion S plas-
mids enabled detection with a limit of detection (LOD) of 5.30 copies/uL and a
limit of quantification (LOQ) of 16.93 copies/uL. The results of our study differ
from those of [50], who obtained a detection limit of 7 copies/uL for the E484K
and L452R mutations, and 14 copies/uL for the E484A mutation, with a sensitiv-
ity and specificity of 100%. In contrast, our results are almost similar to those of
[51]. In our study, the detection limit was 5.67 Copies/uL for the N501Y muta-
tion and 5.30 Copies/pL for the wild-type N501. This difference in detection
limits can be attributed to the nature of the samples, the experimental condi-
tions, the calculation method used and the type of qPCR instrument employed
for detection. In addition, clinical performance was assessed using 25 nasopha-
ryngeal samples of known COVID-19 status. Cross-reactivity with other patho-
gens and reproducibility were not determined.

The results obtained by HRM (High-Resolution Melting) for detecting of
SARS-CoV-2 virus variants were confirmed and validated by sequencing, mak-
ing it a more accurate and reliable method. We can therefore rely on the results
obtained by HRM to identify the different variants of the SARS-CoV-2. Firstly,
the results showed that the primers used are specific to the targeted region and
could be used to diagnose SARS-CoV-2. In addition, the method has the advan-
tage of simultaneously tracking the pathogen’s genomic evolution. Its primers
were used to validate the HRM approach as a tool for genomic surveillance.
Analysis of the PCR-HRM profiles of the nasopharyngeal samples showed a dif-
ferent profile to the reference controls used. This is due to the sample selection
period, which is the year 2020. This period in Cdte d’Ivoire was dominated by
the first wave of the COVID-19 pandemic, and the circulating virus variant was
lineage (A.19; A.18) [52]. The A.19 lineage is also known as the Alpha variant,
which was first identified in the U.K. [53] and the A.18 lineage is known as the
Beta variant, which was first identified in South Africa [54]. In contrast, the
plasmid controls used in the PCR-HRM method came from strains from the
2022 period, which is dominated by the Omicron variant.

For this study, we focused on the P1 portion of the Spike S protein, which is
known to contain mutations characteristic of the Omicron variant. These muta-
tions are: K417N/T; N440K; G446S; N450K; L452R/Q; S477N; T478K; E484K/Q;
V483A and F490S compared with the Wuhan reference strain of SARS-CoV-2
[55].

Sequence analysis of the plasmids revealed variants containing the L452R,
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L452M, and F486V mutations derived from the nucleotide mutations observed
above. These mutations were found in the Omicron variant, specifically in the
Omicron sub-variants BA.2, BA.2.3 and BA 4. These results are supported by the
work of [56], which states that the Omicron variants that appeared in 2022 con-
tain mutations in the receptor-binding domain (RBD), notably L452M in
BA.2.13 and L452R/F486V in BA.4. Several recent studies have investigated the
potential effects of L452R and other mutations. It has been shown that L452R
gives the virus a cytotoxic T lymphocyte-mediated evasion of human leukocyte
antigen (HLA)-restricted cellular immunity [57] [58]. Finally, it was predicted
that mutations in residue L452, located near the RBD-ACE2 interaction inter-
face, would result in at least slightly higher receptor-binding affinity and thus an
increased rate of human cell infectivity[58] [59]. In addition, numerous impor-
tant changes in the Spike RBD, such as D405N, R408S, K417N, N440K, L452R,
S477N, T478K, E484A, F486V, Q498R, N501Y and Y505H were observed, as
well as the detection of other frequent Omicron mutations, linked to increased
transmission, contagiousness and virulence of Omicron variants [60].

One of the limitations observed is that if we use the Wuhan strain as a refer-
ence in the HRM analysis, the sub-populations will be grouped, making dis-
crimination between them more difficult. It is therefore advisable to use one of
the mutated sequences in addition to the non-mutated sequence, to refine the
analysis and discriminate between the different variants. The HRM profiles of
these plasmids made it possible to discriminate 3 population groups according
to wild type strain. For HRM analysis, the use of the Wuhan strain as a referent
gave a considerable discrepancy with recombinant plasmids from different
Omicron sub-variants. The Wuhan reference strain contains no mutations and
discrimination between recombinant plasmids becomes very difficult. This led
us to use the S2 plasmid as a reference strain. The 3 distinctive groups in the
HRM analysis revealed melting temperatures Tm of 86.3°C, 86.5°C and 86.6°C,
with a mean deviation of 0.2°C. The limited number of samples and diversity are
weaknesses noted during this study, there is a need to work with more samples
but also to diversify the collection period according to the appearance of epi-
demic waves. Other limitations to the use of HRM have been illustrated by [61],
namely 1) the need for skilled technicians to analyze melting curve profiles to
distinguish variants, and 2) the challenge of differentiating closely related va-
riants with high mutation rates. According to [62], typing tests can give unex-
pected results for emerging variants due to new mutations in primer binding sites,
which can reduce amplification efficiency, or between primers, leading to poorer
detection of variants. With the emergence of new variants, new tests need to be
developed and improved before being integrated into the diagnostic algorithm.

The work of [63] highlighted the function of these mutations at residues L452
and F486 in Omicron BA.2 and BA.4, which are involved in the escape of certain
class 2 and 3 antibodies [64], and class 1 and 2 antibodies respectively. L452R/M

mutations are also found in Delta [65] and Lambda [66] variants.
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5. Conclusions

Recombinant plasmids can be used by the PCR-HRM method as positive stan-
dards for the discrimination of SARS-CoV-2 variants. Its plasmids have great
stability and the PCR-HRM method is inexpensive. Additionally, since HRM
analysis is reflected in single-nucleotide polymorphisms, an unexpected muta-
tion in the target regions would affect the melting temperature, whereby sin-
gle-nucleotide polymorphisms can merge into the target regions.

It is necessary to use both wild type and mutants as positive controls in order
to identify SARS-CoV-2 variants using HRM analysis. HRM analysis can be ap-
plied for high-throughput screening of new, unknown mutations although San-
ger sequencing analysis remains necessary to identify the nature of mutations.
Our results suggest that the current technique based on HRM analysis is a po-
werful high-throughput tool for determining SARS-CoV-2 variants. This could
be used for other pathogens which are the subject of international surveillance
due to their epidemic risk.

In this study, HRM profile analysis can be easily adapted to accurately detect
mutations based on the requirements of each region or country and the patho-
gen under surveillance. Genetic mutations frequently linked to variants can be
used to create libraries of recombinant plasmids that can be maintained for a
long time. The E. coli strain may be cultured in low-cost media, making it simple

to maintain these libraries.
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