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Abstract: Currently, molecular tests for SARS-CoV-2 infection are primarily based on reverse transcription -

quantitative polymerase chain reaction (RT-qPCR) on cell-free fluid  samples of respiratory tract specimens. These 

tests measure the rate of fluorescent signal accumulation as a surrogate for direct DNA sequence determination and 

are known to generate false-negative and false-positive results. The author has developed a routine protocol to test 

the cellular components of respiratory tract specimens instead of cell-free fluids only and to use conventional nested 

RT-PCR to amplify the target nucleic acid for high detection sensitivity. A 398 -bp heminested PCR amplicon is used 

as the template for direct DNA sequencing to ensure no false-positive test results. Using this protocol to re -test 20 

reference samples prepared by the Connecticut State Department of Public Health, the author found 2 positives 

among 10 samples classified as negative by RT-qPCR assays. One of these two positive samples contained a mutant 

with a novel single nucleotide in sertion in the N gene and a wild -type parental SARS-CoV-2. Of the 10 samples 

classified as positive by RT-qPCR assays, only 7 (7/10) were confirmed to contain SARS-CoV-2 by heminested PCR 

and DNA sequencing of a 398-bp amplicon of the N gene. One of the latter 7 positive SARS-CoV-2 isolates belongs 

to a newly discovered mutant first isolated from a specimen collected in the State of New York on March 17, 2020, 

according to information retrieved from the GenBank database. Routine sequencing of a 398-bp PCR amplicon can 

categorize any isolate into one of 6 clades of SARS-CoV-2 strains known to circulate in the United States. The author 

proposes that extremely accurate routine laboratory tests for SARS-CoV-2 be implemented as businesses attempt to 

return to nor mal operation in order to avoid raising false alarms of a re -emerging outbreak. False-positive 

laboratory test reports can easily create unnecessary panic resulting in negative impacts on local economies. 

Keywords: Nested RT-PCR; DNA sequencing; cellular components; SARS-CoV-2; false-negative RT-

qPCR; false-positive RT-qPCR; single nucleotide insertion; 398-base; mutant; parental virus 

1. Introduction  

Accurate diagnosis and isolation of infectious patients without de lay are the key steps in reducing the 

spread of emerging highly contagious diseases, like COVID-19. False-negative laboratory test results 

allow infected patients with mild clinical symptoms to spread SARS -CoV-2 among susceptible persons. 

False-positive test results may lead to placement of non-infected persons in the same isolation rooms with 

COVID -19 patients; eventually the non-infected individuals  may become true-positive  patients. 

The lack of timely appropriate response from the Centers for Disease Control and Prevention (CDC) 

to the need of an accurate laboratory test for SARS-CoV-2 has been reported to be a factor contributing to 

the pandemic of COVID -19 in the United States in 2020 [1]. On February 2, 2020 the CDC was the only 
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place in the country that could perform SARS -CoV-2 tests. But on February 12, the CDC announced that 

the test was providing inconclusive results. By then, the United States had reported 11 COVID -19 cases.  

The CDC designed its own test in March 2020. The Food and Drug Administra tion (FDA)  picked a 

conservative testing strategy, allowing lab oratories to use only the CDC test kits distributed under  the 

Emergency Use Authorization (EUA) authority. When the CDC test kits failed  by generating many false-

positive results, neither a new strategy nor a new test was available for more than two weeks [1]. 

Eventually, the pandemic COVID -19 spread widely and rapidly throughout the country [ 2]. 

After an investigation, t he lawyers from Department of Health and Human Services of the U. S. 

government concluded that the faulty CDC test kits were likely contaminated due to  ɁÛÐÔÌɯ×ÙÌÚÚÜÙÌɀɀ [3]. 

However, independent scientists have reported that at least two sets of the N primers used in the 

CDC test kits were found to giv e false positive signals even in the absence of cDNA (no template control 

condition) [ 4], indicating possible faulty designs. Yet from February 4 to July 7, 2020, the FDA issued 104 

individual EUAs for Molecular Diagnostic Tests for SARS-CoV-2 to device manufacturers [5]. These 

commercial devices are almost all based on RT-qPCR using the CDC primers and probes or using 

undisclosed primers and probes which cannot be independently verified.    

One group of scientists in Australia tested a commercial RT-qPCR test kit and found its positive 

predictive value to be only 55.56%.  The authors suggested that any positive results derived from one 

commercial test kit should be confirmed using another nucleic acid test or nucleotide sequencing [6].  

Another attempt to mitigate false -positive results generated by commercial RT-qPCR kits was to 

develop more conventional PCR-based protocols, using the primers of the RT-qPCR kits or newly 

developed primers,  and apply a multiplex PCR -based protocol that allowed the simultaneous testing of 

primer sets for RdRP, N, E, and S genes all in one reaction [7]. However, the authors offered no means to 

verify the various PCR products. In diagnostic virology, the optimization of multiplex PCRs can pose 

several difficulties, including poor sensitivity or specificity and/or preferential amplification of certain 

specific targets. The presence of more than one primer pair in the multiplex PCR increases the chance of 

obtaining spurious amplification products, primarily because of the formation of primer dimers. These 

nonspecific products may be amplified more efficiently than the desired target, consuming reaction 

components and producing impaired rates of annealing and extension [ 8].  

False-positive RT-qPCR for SARS-CoV-2 in preoperative screening has caused unnecessary delay of 

urgent otolaryngology surgeries in a university hospital [ 9]. 

When a false-negative RT-qPCR for SARS-CoV-2 is generated, the tendency is to lay blame on faulty 

specimen collection and handling  [10]. But the cause may be more complex. 

The RT-qPCR test kits distributed by the CDC, also known as the CDC 2019-Novel Coronavirus 

(2019-nCoV) Real-Time RT-PCR Diagnostic Panel [11], depend on using commercial viral RNA 

purification devices for sample preparation. Nasopharyngeal or oropharyngeal samples should be 

obtained by using a Nylon flocked swab, i f available, to enhance the collection and release of sufficient 

human cellular material to be tested. 

However, these commercial viral RNA preparation kits, for example, the QIAamp® Viral RNA Mini 

Kit (Qiagen), are for purification of viral RNA from 180 µL  of plasma, serum, cell-free body fluids and 

culture supernatants. Samples collected in viral transport media or saline need to be centrifuged or filtered 
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to remove the cellular components for proper viral RNA sample preparation [ 12]. The Roche DNA and 

Viral NA Small Volume Kit is for purifying nucleic acids from up to 200 µL sample volumes using the 

MagNA Pure 96 Instrument.  

SARS-CoV-2 must grow and replicate in a living cell. The viral particles are primarily located in 

intra -cytosolic vacuoles of the infected cell [13]. The number of SARS-CoV-2 particles per infected cell has 

not been published. But according to the studies on other viruses, such as the human immunodeficiency 

virus (HIV) [ 14] and the human papillomavirus (HPV) [ 15ȼȮɯÖÕÌɯÐÕÍÌÊÛÌËɯÊÌÓÓɯÐÕɯÈɯ×ÈÛÐÌÕÛɀÚɯÚ×ÌÊÐÔÌÕɯÔÈàɯ

contribute several thousands of copy numbers of viral genome equivalents to be tested. Therefore, testing 

the cellular components of a nasopharyngeal swab rinse or bronchoalveolar lavage rather than the cell-

free supernatant may raise the detection sensitivity of nucleic acid-based tests for molecular diagnosis of 

SARS-CoV-2 infection. An additional advantage of testing the host cells for virus is to assure that a 

positive result is an indication of having de tected viral particles capable of causing infection, not merely 

non-infective free viral RNA residues floating in the extracellular fluid.   

Nucleic acid-based diagnostics for infectious diseases are designed to determine the nucleotide 

sequence in a unique segment of the genome of the pathogen. Methodologies available to diagnostic 

laboratories for sequence determination include restriction fragment length polymorphism (RFLP), probe 

hybridization, and direct DNA sequencing.  

The CDC RT-qPCR assay panel uses TaqMan® probes to bind 2 or 3 target DNA sequences if such 

sequences are present in the sample. The probes are labeled at the 5'-end with a fluorescent dye reporter 

molecule 6-carboxyfluorescein (FAM) and with the quencher, Black Hole Quencher 1 (BHQ -1) at the 3'-

end. The principle of this test relies on the 5´ɬ3´ exonuclease activity of Taq polymerase to cleave and 

degrade the dual-labeled probes which have annealed to the complementary target sequences during 

hybridization. Degradation of the probe relea ses the fluorophore from it and breaks its proximity to the 

quencher, thus relieving the quenching effect and allowing fluorescence of the fluorophore. It is assumed 

that the intensity of fluorescence detected in the qPCR thermal cycler is directly proport ional to the 

fluorophore released and the amount of DNA template present in the PCR. However, even when a probe 

anneals to a partially matching sequence, enzymatic primer extension may take place with release of the 

fluorophore and the quencher thereafter  as the probe degrades. Therefore, the fluorescent signals 

accumulated in RT-qPCR are merely a surrogate of the probe sequence, not the true image of the target 

nucleotide sequence of the template which may not exist in the sample being tested.  

In contrast, automated DNA  sequencing is considered the gold standard technology for nucleotide 

sequence determination because each fluorescent signal is emitted from a specific fluorescent dye 

coupled to a specific nucleotide molecule, reporting the actual position of the labeled nucleotide in a 

DNA sequence during capillary electrophoresis. The computer -generated sequence electropherogram 

represents a true image of the alignment of the 4 nucleic acid bases in the template.       

According to the guidance of the U.S. Food and Drug Administration (FDA) on molecular diagnosis 

of viral infection caused by human papillomavirus (HPV), if the performance of a newly introduced 

molecular diagnostic device deviates from an FDA -approved device on the market, a conventional PCR 

detection followed by Sanger sequencing on both strands of the PCR amplicon (bi-directional sequencing) 

which contains a minimum of 100 contiguous bases is acceptable as valid diagnostics for HPV infection 

provided the sequence matches the reference or consensus sequence, e.g. with an Expected Value (E-

Value) <10-30 for the specific HPV DNA target based on a BLAST search of the GenBank database [16]. It 
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implies that nucleotide sequencing of a PCR amplicon of certain size with supportive GenBank BLAST 

search results is a de facto gold standard.  

The DNA probes used in the CDC RT-qPCR test kits for SARS-CoV-2 assay are about 25 bases long. 

This design of RT-qPCR with multiple short probes does not meet the FDA requirement for nucleic acid -

based molecular diagnostics for viral disease infections. In molecular diagnostics for infectious diseases 

when complex human specimens are tested, the significance of detecting 4 short sequences each of 25 

bases long by hybridization does not equate to that of a DNA sequence composed of 100 contiguous 

bases that matches a signature sequence of the genome of the pathogen. Unconnected short DNA 

fragments may come from different sources in a complex human specimen.   

The crucial step in most nucleic acid-based assays is to amplify the target DNA or cDNA in a 

complex clinical sample. PCR amplification always faces problems caused by inhibitors carried over from 

the clinical sample. Real-time PCR or qPCR is no exception. No commercial viral RNA extraction kits can 

remove all PCR inhibitors from the human respiratory tract specimens. For example, the QIAamp Viral 

RNA Mini Kit is not designed to separate viral RNA from cellular DNA [ 12]. The CDC test panel [11] also 

requires demonstration of human DNA in the test samples. Non -target nucleic acid molecules and other 

PCR inhibitors are usually co-extracted and co-purified along with SARS -CoV-2 RNA [17]. Inhibition of 

PCR by host DNA is a well -recognized problem i n molecular diagnosis of bacterial infections [ 18]. These 

PCR-inhibitory molecules may come from the host cells, and from other viruses, bacteria and fungi 

normally residing in the human respiratory tract. The nature and quantity of these nucleic acids and  

inhibitors in the respiratory tract vary from one person to another, and are totally unpredictable. Non -

template nucleic acids can affect PCR amplification efficiency, the fluorescent signal growth curve and 

the cycle threshold (Ct) value in qPCR assays [19].     

This paper introduces a protocol developed for conventional nested PCR amplification followed by 

sequencing of a 398-base cDNA amplicon of the nucleocapsid (N) protein gene to be used as a method for 

the detection of SARS-CoV-2 RNA , using cellular components of the specimens as the test material to 

raise the sensitivity of detection. The inhibitors carried over from the test material are greatly diluted in a 

nested PCR setting. Routine sequencing of the unique 398-bp nested PCR amplicon guarantees no-false 

positive test results. DNA sequencing of the PCR amplicon of the genomic nucleic acid of the pathogen is 

a well-established molecular test for detection of infectious agents which are difficult to culture [ 20]. 

2. Results 

2.1. Single target sequencing for molecular diagnosis of SARS-CoV-2  

 An in -depth study of the region of the SARS-CoV-2 nucleocapsid (N) gene which the CDC 

selected to design its N1, N2 and N3 probes revealed that there is a highly conserved ~400-base segment 

of sequence with 5 single nucleotide polymorphisms between the N2 and N3 probes. Selection of a 398-

base segment from this region for PCR detection and to prepare the template for DNA sequencing would 

be able to satisfy the FDA requirement for molecular dia gnosis of viral infection [ 16]. The positional 

relationship between this 398-base sequence and those of the N1, N2 and N3 probes is illustrated in 

Figure 1.  
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Figure 1   A segment of the N gene sequence of SARS-CoV-2 retrieved from the GenBank database, sequence ID# 

LC528233, highlighted to show the sequences and positions of the 3 probes N1, N2 and N3 (in red) with their 

respective flanking primers (highlighted  in yellow) and a 398-base segment (in bold and underlined; position: 28728-

29125) with 5 single nucleotide polymorphisms (SNPs) highlighted in green. The sequence of the N gene targeted for 

SARS-CoV-2 RT-qPCR detection in China [ 21] is shaded in gray 

 

The 398-base prototype sequence underlined is identical to the corresponding sequence in the N 

gene of the strain first isolated in Wuhan in December 2019 Ƅ GenBank Sequence ID: NC_045512.2. This 

version of sequence is present in most strains of SARS-CoV-2 subsequently isolated worldwide. 

However, strains with the 5 single nucleotide polymorphisms (highlighted in green) were first isolated in 

the United States. The dates and locations of the first sample collection for these 5 strains are summarized 

as follows, based on information retrieved from the GenBank database. 

28800 A-to-T. Nasopharyngeal swab, CA, USA, 01-23-2020. Sequence ID: MN994467 

28829 C-to-A . Nasal swab, NY, USA, 03-17-2020. Sequence ID: MT370913 

28862 C-to-T. Oropharyngeal swab, MA, USA, 01-29-2020. Sequence ID: MT039888 

28886 G-to-A . Nasopharyngeal swab, CA, USA, 02-06-2020. Sequence ID: MT106052  

29103 C-to-T. Sputum of patient, TX, USA, 02-11-2020. Sequence ID: MT106054 

Based on information retrieved from t he GenBank database, this 398-base N gene nucleic acid 

sequence is specific for SARS-CoV-2. Except in the receptor-binding domain (RBD) where there is a 97.4% 

amino acid similarity between Guangdong pangolin coronaviruses and SARS -CoV-2, bat coronavirus 

RaTG13 is most closely related to SARS-CoV-2 in the remainder of the viral genome [ 22]. As illustrated 

below, alignment of the 398-base nucleic acid segment of the N gene of bat coronavirus RaTG13 (GenBank: 

MN996532, in red) against that of SARS-CoV-2 (in black) shows a 96.0% (1-16/398) similarity (the 16 

nucleotide dissimilarities are highlighted green).  
 

CAATCCTGCTAACAATGCTGCAATCGTGCTACAACTTCCTCAAGGAACAACATTGCCAAAAGGCTTCTACGCAGAAGGGAGCAGAG 

CAATCCTGCTAACAATGCTGCAATCGTGCTACAACTTCCTCAAGGAACAACATTGCCAAAAGGCTTCTACGCAGAAGGGAGCAGAG  

GTGGCAGTCAAGCTTCTTCTCGCTCTTCATCACGTAGTCGCAACAGTTCAAGAAACTCAACTCCAGGCAGCAGTAGGGGAACTTCC 

GCGGCAGTCAAGCCTCTTCTCGTTCCTCATCACGTAGTCGCAACAGTTCAAGAAATTCAACTCCAGGCAGCAGTAGGGGAACTTCT                                             

CCTGCTAGGATGGCTGGCAATGGCAGTGATGCTGCTCTTGCTTTGCTGCTGCTTGACAGATTGAACCAGCTTGAGAGCAAAATGTC 

CCTGCTAGAATGGCTGGCAATGGCGGTGATGCTGCTCTTGCTTTGCTGCTGCTTGACAGATTGAACCAGCTTGAGAGCAAAATGTC  

TGGTAAAGGCCAACAACAACAGAGCCAAACTGTCACTAAGAAATCTGCTGCAGAGGCTTCTAAGAAACCTCGGCAAAAACGTACTG 

TGGTAAAGGCCAACAACAACAAGGCCAAACTGTCACTAAGAAATCTGCTGCTGAGGCTTCTAAGAAGCCTCGGCAAAAACGTACTG  

CCACCAAACAATACAATGTAACACAAGCTTTTGGCAGACGTGGTCCAGAACAAA 

CCACTAAAGCATACAATGTAACACAAGCTTTCGGCAGACGTGGTCCAGAACAAA  
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The pair of PCR primers (underlined) defining th is 398-base segment of amplicon are highly 

conserved among all known strains of SARS-CoV-2 and have not undergone mutations , based on search 

of the GenBank database. A single base mutation with in a 21-base primer usually does not affect the result 

of heminested PCR unless the mutation occurs at the position binding the  ƗɀɯÛÌÙÔÐÕÜÚɯÖÍɯÛÏÌɯ×ÙÐÔÌÙȭɯ 

   

SARS-CoV-1 gene (GenBank: AY274119.3) is not amplified by the primary PCR primer pair used 

in this protocol and there is < 90% similarity between the 398-base N gene sequence of the SARS-CoV-1 

genome and that of the SARS-CoV-2 genome. Molecular misdiagnosis of SARS-CoV-2 based on nucleotide 

sequencing of this segment of the N gene is extremely unlikely.  

 

2.2. Nested RT-PCR of cell lysates is needed to raise sensitivity for SARS-CoV-2 detection  

  In PCR research, a theoretically 100% efficient exponential amplification of the target DNA 

during repeated thermal cycling cannot be achieved even under strictly controlled experimental 

conditions. In the hands of most researchers, a properly designed PCR in the absence of any identifiable 

interfering substances in the sample matrix may amplify target DNA with a 90% efficiency [ 23, 24]. In 

molecular diagnosis of infectious diseases, there is always a possibility of false-negative results even 

when target DNA molecules are plentiful in the patient sample s. After DNA purification steps are used 

before PCR, a 14% false-negative rate has been observed for hepatitis B virus detection, most probably 

due to incomplete removal of PCR inhibitors [ 25].  

A high template/non -template nucleic acid ratio is one of the determinant factors in successful real-

time PCR assays [19]. For example, persistent human papillomavirus (HPV) infection is the key factor in 

cervical carcinogenesis. During the long course of cancerous development, the viral load decreases from 

several thousand viral copies to about double digit per infected cell  [15]. Virologic DNA real -time PCR 

assay is reported to be effective in identifying cervicovaginal cytology samples containing low -grade 

lesions with koilocytes which can have thousands of copies of human papillomavirus (HPV) per cell with 

a sensitivity rate of 95.5%. But the same real-time PCR test kit was only 58.26% effective in detecting high-

grade CIN 3 lesions in which the viral load can be as low as 10 copies per cell [15, 26]. Non-template 

nucleic acids are potent PCR inhibitors which can greatly raise the Ct values of a qPCR assay when a non-

template/template ratio is high in the reaction mixture.  

False-negative test results for SARS-CoV-2 are expected in any PCR assays, including RT-qPCR 

when the viral load is low in the sample being tested. In testing low viral load samples, the laboratories 

must use highly sensitive assays to increase the detection sensitivity without causing false positives.  

All diagnostic PCR assays depend on fluorescence intensity for evaluation. In the CDC RT-qPCR 

Assay Panel, the intensity of fluorescence emitted by a dye is measured by fluorometer, an instrument. In 

conventional PCR, the intensity of fluorescence emitted by a DNA/ethidium bromide complex is 

observed and evaluated with human eyes. A fluorometer used in qPCR is more sensitive than human 

eyes in measuring fluorescent signals, but it does not measure fluorescence emitted from a DNA 

complex. There are no products generated by the CDC RT-qPCR assays for further analysis whereas an 

amplicon of conventional PCR is composed of a mass of DNA molecules.  The heminested PCR amplicon 

can be used as the template for DNA sequencing validation. Therefore, conventional PCR followed by 

DNA sequencing is the more appr opriate testing platform for SARS -CoV-2 if a reliable test result is 

desired for patient management. 
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Nested, or two-round PCR, is a proven technique to mitigate the low sensitivity of conventional PCR 

in molecular diagnosis of infectious diseases, such as HPV infections [ 27] and borrelial spirochetemia [ 28]. 

This technique can be used for SARS-CoV-2 tests to increase detection sensitivity, as shown in Figure 2.   

The left panel of Figure 2 is an image of agarose gel electrophoresis of the products of primary RT -

PCR (upper half) and heminested PCR (lower half) showing that heminested PCR increased the 

sensitivity of one -round RT-PCR by ~1,000 fold in detecting a 398-base N gene segment of synthetic 

SARS-CoV-2 RNA. The number of copies of synthetic viral RNA added to each 25 µL primary RT -PCR 

mixture was calculated based on the analysis data supplied by BEI Resources, NIAD, NIH, Cat. No. NR-

52358. As demonstrated, a single copy of viral RNA was detected with a robust amplicon band observed 

in lane 6 and lane 7 (lower half). In contrast, it needed 100-1,000 copies of viral RNA to generate a weak 

band in primary PCR, barely visible in lane 4 and lane 3 (upper half). The primary and heminested PCR 

primers and the PCR conditions are detailed in the Methods section.   

The right panel of Figure 2 is an image of agarose gel electrophoresis showing two (2) positive 

heminested PCR products in lanes 9 and 10. There are no visible primary PCR products in any lanes. 

3ÏÌÚÌɯƕƔɯɁÕÌÎÈÛÐÝÌɂɯÚÈÔ×ÓÌÚȮɯÌÈÊÏɯconsisting of 0.5-1 mL of fluid (See Materials and Methods), were 

prepared and used as reference material by the Connecticut State Department of Public Health, 

Microbiology Laboratory Division on April 30, 2020 to assist local laboratories for developing t heir 

nucleic acid-based tests for SARS-CoV-2 under the CLIA program. Although these 10 samples were 

classified as negative by RT-qPCR, no Ct values were given. The cell lysates were extracted by 

phenol/chloroform and the RNAs were precipitated in ethanol  as the test material (See Methods)  

 

Figure 2   Agarose gel electrophoresis: Heminested PCR raises the sensitivity for detection of a 398-

bp N gene segment in synthetic SARS-CoV-2 RNA (Left) and of viral RNA extracted from infected 

human cells in respirator y tract specimens (Right: Amplicons of cDNA of viral RNA detected in 

lanes 9 and 10 from reference samples #1-10 classified as negative by RT-qPCR assays )    
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The laboratory data presented in Figure 2 show that two -round  PCR is needed for the detection of 

amplicons when this technology is used for molecular identification  of SARS-CoV-2 in respiratory tract 

samples. The material to be tested should include cellular components of the specimen for maximizing 

the sensitivity of detection.  

2.3. False positives of RT-qPCR assay for SARS-CoV-2  

PCR, including qPCR, is known to generate both false-negative and false-positive results when this 

DNA replication tool is used for the diagnosis of infectious diseases.   

In an international external quality assessment proficiency testing program for MERS-CoV, a 

Coronavirus, laboratories using RT-qPCR assay on simulated samples with viral load equivalent to throat 

swab MERS-CoV RNA concentrations generated an 84.6% detection sensitivity and 8.1% false-positive 

results [29]. False-negative and false-positive rates are usually much higher in routine testing than those 

observed in regulatory proficiency test programs.  

 It is not unexpected to find false -positive results generated by RT-qPCR when this tool is used to test 

for SARS-CoV-2.   

 On April 30, 2020, in addition to the 10 negative samples referenced above the Connecticut State 

Department of Public Health, Microbiology Laboratory Division also prepared 10 reference samples, 

which were diagn osed as positive for SARS-CoV-2 by the CDC RT-qPCR assays, in support of the local 

laboratories to develop their tests for the virus .    

 According to the documents accompanying the se 10 positive samples, they all generated an N1 Ct 

value between 16 and 29.78 and an N2 Ct value between 15.05 and 29.4 except one with an N2 Ct 67.86. 

The R. P. (RNase P gene) Ct values for these 10 samples ranged from 3.31 to 25.13. Based on these Ct 

values, all samples were interpreted as confirmed positive  and used as standard reference material for 

developing SARS-CoV-2 assays. However, only 7 of these 10 samples were found to be positive by nested 

PCR amplification (Figure 3). 
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Figure 3   Agarose gel electrophoresis showing that only 7 of the 10 samples classified as positive for 

SARS-CoV-2 by RT-qPCR could be confirmed by conventional nested PCR followed by DNA 

sequencing of a 398-bp cDNA amplicon of the N gene   

 
 

As demonstrated in Figure 3, primary PCR products after amplification of 30 thermal cycles were 

only visualized on 2 of 7 validated positive samples ( lanes 18 and 20). Five of the 7 positives (5/7) needed 

nested PCR for detection. All seven positive nested PCR products were proven to consist of a 398-base 

segment of SARS-CoV-2 N gene by DNA sequencing. Six (6/7) were of the protype (See Section 2.4. 

Figures 4 and 5). Sample #13 belongs to a newly discovered mutant first isolated from a human specimen 

collected in the State of New York  on March 17, 2020 (See Section 2.4. Figures 6 and 7).  

2.4. Routine sequencing for PCR product validation and single nucleotide polymorphisms  

%ÖÙɯÌÔÌÙÎÐÕÎɯÚÌÙÐÖÜÚɯÝÐÙÜÚɯÐÕÍÌÊÛÐÖÜÚɯËÐÚÌÈÚÌÚȮɯÚÜÊÏɯÈÚɯ$ÉÖÓÈȮɯÛÏÌɯ$ÜÙÖ×ÌÈÕɯ"#"ɀÚɯÓÈboratory criteria 

of case definition are 1) Detection of virus nucleic acid in a clinical specimen and confirmation by 

sequencing or a second assay on different genomic targets; or 2) Isolation of Ebola virus from a clinical 

specimen [30]. 

 ɯÙÌÊÌÕÛɯɁ1Ì×ÖÙÛɯÍÙÖÔɯÛÏÌɯ ÔÌÙÐÊÈÕɯ2ÖÊÐÌÛàɯÍÖÙɯ,ÐÊÙÖÉÐÖÓÖÎàɯ".5(#-ƕƝɯ(ÕÛÌÙÕÈÛÐÖÕÈÓɯ2ÜÔÔÐÛɂɯÖÕɯ

the Value of Diagnostic Testing for SARSɬCoV-2/COVID -19 pointed out that one of the new challenges in 

the current molecular diagnostics is to optimize the current  multiple targets to a single target [31]. 

!àɯÍÖÓÓÖÞÐÕÎɯÛÏÌÚÌɯÙÌÊÖÔÔÌÕËÈÛÐÖÕÚɯÈÕËɯÛÏÌɯ%# ɀÚɯÎÜÐËÈÕÊÌɯÍÖÙɯÔÖÓÌÊÜÓÈÙɯËÐÈÎÕÖÚÐÚɯÖÍɯÈÕÖÛÏÌÙɯ

viral infection [ 16], routine bi-directional sequencing of a >100-bp PCR amplicon of the viral genome was 

designed as the proper molecular testing platform for SARSɬCoV-2. Examples are presented by analysis 

of the computer-generated 398-base N gene sequences on the reference samples supplied by the 

Connecticut State Department of Public Health Microbiology Laboratory Divisi on as follows.     
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Figure 4   Electropherogram showing DNA sequence of the nested PCR amplicon visualized in Lane 

20 of Figure 3. Forward Co4 PCR primer was the sequencing primer. Note: the base C in position 14 is 

underlined        
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Figure 5   Electropherogram showing DNA sequence of the nested PCR amplicon visualized in Lane 

20 of Figure 3. Reverse Co3 PCR primer was the sequencing primer. Note: the base G in position 191 

is underlined          

 
 

Connecting the two sequences illustrated in Figures 4 and 5 after all the complementary bases 

ÞÌÙÌɯÊÖÕÝÌÙÛÌËɯÛÖɯÛÏÖÚÌɯÍÖÙɯÈɯƙɛɬƗɛɯÙÌÈËÐÕÎɯÙÌÚÜÓÛÌËɯÐÕɯÈɯÊÖÔ×ÖÚÐÛÌɯÚÌØÜÌÕÊÌ fully matching a 398-base 

sequence illustrated in Figure 1, position 28728-29125 whic h is generally accepted as the protype 

sequence for SARS-CoV-2.  

 

 

 
 

 

 

 

 

 

 

 


