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ABSTRACT

Objective: The severe acute respiratory syndrome coronavirus 2 

(SARS-CoV-2) nucleic acid detection “re-positive” phenomenon is 

encountered clinically. The accuracy of a viral nucleic acid test is cru-

cial to prevent reintroduction of the virus into the community. This 

study evaluated the effect of virus culturing on increasing the sensi-

tivity and specificity of real-time polymerase chain reaction (RT-PCR) 

detection and viral genomic sequencing.

Methods: A series of tenfold dilutions of a SARS-CoV-2 viral stock 

were conducted and cultured for either 24 or 48 hours. The viral load of 

cultured samples was determined by RT-PCR. The cultured and non-

cultured samples of 1x 50% tissue culture infectious dose (TCID50) 

were sequenced using metagenomic next-generation sequencing. 

The depth and coverage of SARS-CoV-2 genome were measured.

Results: The lowest viral load detectable in a sample with RT-PCR was 

0.01 TCID50. After a 24-h culture, the viral ORF 1ab and N-gene cycle 

threshold (CT) values were reduced by 4.4 points and 1 point, respectively. 

One TCID50 viral load of post 24-h culture revealed the sequence depth 

reached an average of 752 reads, compared with 0.15 in the nonculture; 

furthermore, the coverage was 99.99% while 6.42% in the nonculture.

Conclusion: These results indicate that virus culturing can signif-

icantly increase the viral load, which can increase the certainty of 

true-positive detection of the viral nucleic acids, and improve the qual-

ity of virus genomic sequencing.

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), the 
virus that causes coronavirus disease 2019 (COVID-19), has become a 
global threat to public health. In the early stages of the COVID-19 pan-
demic, SARS-CoV-2 was detected in human samples by next-generation 
sequencing  (NGS), electron microscopy, and cell culture.1 The full ge-
nome sequence of the virus (29870 bp, excluding the poly [A] tail), was 
reported on January 10, 2020. Several laboratories began to develop 
molecular detection tools that targeted open reading frame (ORF) 1ab, 
the RNA-dependent RNA polymerase N gene, and the E regions of the 
viral spike genes.2-4 SARS-CoV-2 can be rapidly identified owing to 
advances in virus detection techniques, including real-time polymerase 
chain reaction (RT-PCR), reverse transcription loop-mediated isother-
mal amplification, and RT-PCR. RT-PCR is a widely used technique for 
diagnosing SARS-CoV-2 infection, and several nucleic acid test kits have 
been commercialized for clinical use.4

At present, the Omicron variant of SARS-CoV-2, generating BA 1.1, 
BA 2, and BA 3, have been identified in more than 100 countries and re-
gions worldwide.5,6 The N501Y, H655Y, N679K, and P681H mutations 
have been shown to have a higher rate of transmission7 than other 
variants. Given the continuous emergence of new variants, subtype anal-
ysis is a critical part of SARS-CoV-2 diagnosis. RT-PCR is used to detect 
the presence of SARS-CoV-2 viral RNA, and genome sequencing could 
be meaningful for finding novel mutations and identifying the subtypes.

Several studies have shown that discharged COVID-19 patients can 
retest positive for SARS-CoV-2 after a period of time. The phenomenon of 
these “re-positive” SARS-CoV-2 PCR cases has been attributed to various 
mechanisms. First, the virus might not have been completely eliminated 
in these recovered patients. In the initial test after discharge, the viral 
load may have been below the RT-PCR detection threshold, leading to a 
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false negative. The second possibility is that although the live virus was 
completely killed by the immune system, degraded viral nucleic acid in 
the airways was still able to be detected, and these viral RNA fragments 
may have been transported from the lower respiratory tract to the nose/
oropharynx region. Third, because the re-positive detection of viral nu-
cleic acid often occurs after discharge, the possibility of re-infection and 
secondary infection cannot be ignored. Clarifying these 3 possibilities is 
crucial for COVID-19 pandemic control. In addition, RT-PCR carries some 
risk of yielding a false-negative result when there is a low viral load in a 
sample. A low viral load can be related to (1) the source of the collected 
sample, (2) the conditions of the sample collection and transport, and (3) 
the sensitivity of the RT-PCR kit.8 To address these problems, the virus 
culturing technique, a gold standard for the investigation of viruses, was 
assessed. By culturing virus from recovered patients, it becomes possible 
to distinguish live virus from noninfectious viral RNA. Furthermore, vi-
ral cultures could provide sufficient amounts of viral nucleic acid for RT-
PCR to avoid false-negative results and to determine the virus subtypes 
through genetic sequencing. In this study, we evaluated the effectiveness 
of virus culturing with Vero E6 cells on the detection limit of RT-PCR and 
genetic sequencing of SARS-CoV-2.

Methods

Virus Dilution
A SARS-CoV-2 sample (Genebank accession No. MT123290.1) was 
obtained from a clinical isolate. Using the Reed–Muench method, the 
viral titer was determined by the 50% tissue culture infectious dose 
(TCID50) according to the cytopathic effect. A SARS-CoV-2 virus stock 
(107 TCID50/mL) was prepared in phosphate-buffered saline (PBS) and 
diluted to 10, 1, 0.1, 0.01, and 0.001 TCID50/mL in a biosafety III lab-
oratory.

Isolation and Culture
A SARS-CoV-2 dilution series (10, 1, 0.1, 0.01, 0.001 TCID50/mL) was 
cultured respectively, for 24 and 48 h in African green monkey kidney 
epithelial (Vero E6) cells in triplicate (n = 3). The cells were cultured at 
37°C and 5% CO

2
 in infection medium, which was Dulbecco’s Modified 

Eagle Medium (Gibco) supplemented with 2% fetal bovine serum and 
100 U/mL mycillin.

To construct the RNA library for metagenomics next-generation 
sequencing, we cultured the 1 TCID50 titer of the virus in Vero E6 cells 
for 24 h. Three study groups were established: (1) negative control (NC): 
only Vero E6 cells; (2) nonculture (VC0, virus titer: 1 TCID50); and (3) 
24 h culture (VC24, virus titer: 1 TCID50). Before sequencing, Vero E6 
cells were added to the nonculture group to make the sequencing back-
ground consistent with that of the cultured group.

RNA Purification and RT-PCR Detection of SARS-CoV-2
In a biosafety III laboratory, total RNA was extracted from 100  µL 
samples of the 3 groups (NC, VC0, VC24) using the Vazyme FastPure 
Viral DNA/RNA Mini Kit (Vazyme) following the manufacturer’s 
instructions. The RT-PCR assay was performed using the 2019-nCoV 
Nucleic Acid Detection Kit (fluorescence PCR) (Daan Gene), which is 
commercially available and widely used clinically in China and detected 
by the 7500 Real-Time PCR System (Fisher Scientific). A positive detec-
tion was made when signals for both nucleic acid targets (ORF 1ab and 
N) were within the valid range (CT ≤ 40).

Library Preparation, Sequencing, and Analysis
For each sample, total RNA was quantified using the Qubit RNA HS 
Assay Kit (Thermo Fisher Scientific). First-strand complementary 
deoxyribonucleic acid (cDNA) was synthesized with the HiScriptIII 1st 
Strand cDNA Synthesis Kit in the presence of specific reagents to en-
sure that only RNA was used as a template. Double-stranded cDNA was 
synthesized using DNA Polymerase I Klenow Fragment exo (Vazyme), 
dNTP mix (Thermo Fisher), and Random Hexamer Primer (Thermo 
Fisher); the products were purified with Agencourt AMPure XP beads 
(Beckman). Next, the DNA libraries were prepared using the TruePrep 
DNA Library Prep Kit V2 for Illumina (Vazyme). The concentration of 
the DNA libraries was measured by Qubit. Finally, the sequencing was 
carried out on an Illumina NextSeq 500 system with 75 cycles and using 
the associated reagent kit.

For each library, low-quality reads, adaptor sequences, noncomplex 
reads, and duplicated reads were removed using Fastp (v0.22.0). The re-
maining reads were mapped against the SARS-CoV-2 genome (accession 
No. NC_045512.2) with Bowtie2 (v2.3.5.1). Samtools (v1.13) was used 
to extract aligned reads for genome sequence assembly. The abundance 
level of SARS-CoV-2 was estimated by mapping reads against the corre-
sponding genome and was measured as the read count using Bedtools 
(v2.3.5.1). A SARS-CoV-2 genome coverage plot of the 3 samples (ge-
nome coverage >80% and average depth >100×) was generated by an R 
script within the Gviz (v1.34.1) package. Aligned reads of the 3 samples 
were assembled using SPAdes (v3.15.3) to retrieve their full-length in-
dividual genome sequence with a single parameter named “isolate.” The 
NGS data for the nonculture and culture samples were uploaded to the 
Gene Expression Omnibus (accession No. GSE189731).

Statistical Analysis
Statistical analysis was performed using GraphPad Prism 7.0 software. 
The mean and standard deviation of the cycle threshold (CT) values of 
ORF 1ab and N of SARS-CoV-2 were calculated.

Results
A low viral load in a sample may be the main reason for false-negative 
viral nucleic acid testing results initially, prior to re-positive detection. 
To test this hypothesis, we constructed a dilution series (10, 1, 0.1, 0.01, 

FIGURE 1. Cycle threshold (CT) values of the SARS-CoV-2 
dilution series.
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Library Preparation, Sequencing, and Analysis
For each sample, total RNA was quantified using the Qubit RNA HS 
Assay Kit (Thermo Fisher Scientific). First-strand complementary 
deoxyribonucleic acid (cDNA) was synthesized with the HiScriptIII 1st 
Strand cDNA Synthesis Kit in the presence of specific reagents to en-
sure that only RNA was used as a template. Double-stranded cDNA was 
synthesized using DNA Polymerase I Klenow Fragment exo (Vazyme), 
dNTP mix (Thermo Fisher), and Random Hexamer Primer (Thermo 
Fisher); the products were purified with Agencourt AMPure XP beads 
(Beckman). Next, the DNA libraries were prepared using the TruePrep 
DNA Library Prep Kit V2 for Illumina (Vazyme). The concentration of 
the DNA libraries was measured by Qubit. Finally, the sequencing was 
carried out on an Illumina NextSeq 500 system with 75 cycles and using 
the associated reagent kit.

For each library, low-quality reads, adaptor sequences, noncomplex 
reads, and duplicated reads were removed using Fastp (v0.22.0). The re-
maining reads were mapped against the SARS-CoV-2 genome (accession 
No. NC_045512.2) with Bowtie2 (v2.3.5.1). Samtools (v1.13) was used 
to extract aligned reads for genome sequence assembly. The abundance 
level of SARS-CoV-2 was estimated by mapping reads against the corre-
sponding genome and was measured as the read count using Bedtools 
(v2.3.5.1). A SARS-CoV-2 genome coverage plot of the 3 samples (ge-
nome coverage >80% and average depth >100×) was generated by an R 
script within the Gviz (v1.34.1) package. Aligned reads of the 3 samples 
were assembled using SPAdes (v3.15.3) to retrieve their full-length in-
dividual genome sequence with a single parameter named “isolate.” The 
NGS data for the nonculture and culture samples were uploaded to the 
Gene Expression Omnibus (accession No. GSE189731).

Statistical Analysis
Statistical analysis was performed using GraphPad Prism 7.0 software. 
The mean and standard deviation of the cycle threshold (CT) values of 
ORF 1ab and N of SARS-CoV-2 were calculated.

Results
A low viral load in a sample may be the main reason for false-negative 
viral nucleic acid testing results initially, prior to re-positive detection. 
To test this hypothesis, we constructed a dilution series (10, 1, 0.1, 0.01, 

and 0.001 TCID50 titers) of the SAR-CoV-2 culture to determine the low-
est viral load detectable by the RT-PCR kit. The lowest viral load that the 
kit could detect was 0.01 TCID50, which was weakly positive (FIGURE 

1, TABLE 1). To evaluate the effect of virus culturing on the sensitivity 
of the RT-PCR method, we cultured the virus with initial concentrations 
of 10, 1, 0.1, 0.01, and 0.001 TCID50 for 24 h or 48 h, followed by RT-
PCR detection. The virus with initial 0.001 TCID50 titer could not be 
effectively amplified (FIGURE 2, TABLE 2). However, when the virus 
with initial 0.01 TCID50 titer was cultured for 24 h, the virus ORF 1ab 
CT value decreased by 4.4, and the virus N-gene CT value reduced by 
1. After 24 h of culture, the virus titers of 0.1 TCID50 and above showed 
an average decrease of greater than 9 for the ORF 1ab CT value and an 
average decrease of 2 for the virus N-gene CT value. These results indi-
cate that if the virus titer of a specimen is as low as 0.01 TCID50, then 
after culturing the detection sensitivity may be dramatically increased.

TABLE 1.  Average RT-PCR CT Values of SARS-CoV-2 at 
Serial Dilutions

Probe 
CT Value (Mean ± SD, n = 3)

10TCID50 1TCID50 0.1TCID50 0.01TCID50 0.001TCID50 

ORF 1ab 24.34 ± 0.10 27.47 ± 0.08 30.45 ± 0.78 38.1 ± 1.33 Negative

N-gene 23.84 ± 0.17 27.26 ± 0.92 30.34 ± 0.84 37.95 ± 1.28 Negative

CT, cycle threshold; RT-PCR, real-time polymerase chain reaction; 
TCID50, 50% tissue culture infectious dose.

FIGURE 2. The relationship between real-time polymerase chain reaction cycle threshold (CT) values of ORF1ab/N-gene and 
different SARS-CoV-2 culturing conditions. A, 10TCID50. B, 1TCID50. C, 0.1TCID50. D, 0.01TCID50. TCID50, 50% tissue culture 
infectious dose.

TABLE 2.  Average RT-PCR CT Values of SARS-CoV-2 After Culturing for 24 h and 48 h with Different Initial Viral Concentrations

Virus titer Probe 
CT Value (Mean ± SD, n = 3)

0 h 24 h 48 h 

10TCID50 ORF 1ab 22.01 ± 0.29 13.25 ± 0.27 9.0 ± 0.15

N-gene 21.59 ± 0.37 18.65 ± 0.47 11.85 ± 0.13

1TCID50 ORF 1ab 25.42 ± 0.20 17.96 ± 0.27 12.32 ± 0.04

N-gene 25.28 ± 0.52 23.85 ± 0.30 15.51 ± 0.04

0.1TCID50 ORF 1ab 30.61 ± 1.15 19.87 ± 0.23 14.58 ± 1.18

N-gene 29.29 ± 0.65 26.99 ± 0.11 15.04 ± 2.21

0.01 TCID50 ORF 1ab 38.1 ± 1.33 33.63 ± 0.25 29.9 ± 0.30

N-gene 37.95 ± 1.28 36.99 ± 1.22 31.34 ± 0.52

0.001 TCID50 ORF 1ab Negative Negative Negative

N-gene Negative Negative Negative

CT, cycle threshold; RT-PCR, real-time polymerase chain reaction; TCID50, 50% tissue culture infectious dose.
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Genome sequencing has been applied to identify SARS-CoV-2 
variants in re-positive cases. However, virus genomic sequencing 
requires a high viral load. Because the noncultured viral loads in a 
specimen at concentrations of 0.01 or 0.1 TCID50 were extremely 
low, they could not provide enough material for sequencing. There-
fore, our study used the 1 TCID50 noncultured samples and 24 h cul-
tured samples with initial 1TCID50 viral concentration for NGS. The 
sequencing results of the 24-h culture were significantly improved over 
those of the noncultured sample, reaching an average of 752 reads, 
while the nonculture one had only 0.15 reads (TABLE 3). Further-
more, the coverage of the 24-h culture sample was 99.99%, while that 
of the nonculture one was only 6.42% (FIGURE 3). These results indi-
cate that the 24-h culturing, with initial 1 TCID50 viral loading, could 
render NGS to achieve good results for mutation and subtype analyses.

Discussion
The phenomenon of recovered patients showing a re-positive SARS-
CoV-2 nucleic acid detection has been widely reported. Zhang et  al9  
reported the clinical and laboratory characteristics of 7 patients in 
Guangdong, China, who were readmitted owing to re-positive PCR 
detection. Four patients tested positive from rectal swabs, 2 tested 
positive from throat swabs, and 1 patient tested positive after both 
throat and rectal swabs positive.9 A  72-year-old woman from South 
Korea tested re-positive by RT-PCR 6 days after 2 negative results.10 In 
Switzerland, 2 older women with underlying heart diseases had pos-
itive nasopharyngeal swab detection results 18 and 21  days after 2 
consecutive negative results.11 If re-positive patients are not isolated, 
SARS-CoV-2 could potentially spread in the community. Therefore, it 

is important to identify the nature of the re-positivity, including the 
infectivity and virus subtype.

The cause of re-positivity needs to be clarified. There are several 
reasons for a re-positive detection, such as an originally false-negative 
RT-PCR results, reactivation of the virus, persistent infection, or a new 
infection with another strain.12

Low viral loads are thought to be the main cause of false-negative 
results. Additionally, the viral load in a sample is affected by the method 
and location of sample collection. As found in this study, a 0.01 TCID50 
virus titer was the minimum threshold that could be detected by this 
RT-PCR kit. Thus, a viral load below this level may lead to false-negative 
results when using this RT-PCR kit. A  systematic review found that 
different RT-PCR kits have different sensitivities, ranging from 71% 
to 98%.13 Therefore, the minimum virus titer necessary for detection 
depends on the performance of individual kits. Moreover, RT-PCR can-
not distinguish between infectious and noninfectious viral RNA.11 Our 
results showed that as long as the virus titer was above 0.01 TCID50, an 
incubation of at least 24 h greatly increased the viral load. Virus culturing 
not only increases the viral load but also helps to differentiate whether 
live virus is present in a sample; this process can increase the sensitivity 
and specificity of viral nucleic acid detection. Regarding virus reactiva-
tion, findings have been limited. One study found that some individuals 
could be virus carriers even after they recovered.14 However, Arevalo-
Rodriguez et al13 found that most re-positive cases were asymptomatic 
and had low viral loads, which suggests that re-positivity is attributed to 
a low viral load rather than to reactivation. The possibility of persistent 
infection with the same subtype is also low, and re-positivity is more 
likely related to prolonged viral shedding.15 As the virus is still evolving, 
it is possible to become infected with another variant. To identify subse-
quent infections, the virus could be cultured as in this study to increase 
the depth and coverage of sequencing, providing the possibility for high-
quality NGS results. To prevent community transmission of live virus 
from re-positive cases, we recommend that samples from these patients 
should be isolated and cultured before RT-PCR and high-throughput 
sequencing to increase the detection rate and analyze the virus subtype.

In the future, we will conduct a cohort study of re-positive cases to 
evaluate the effectiveness of virus culturing for diagnosis.

TABLE 3.  Coverage and Mean Depth of Sequencing for 
Cultured and Noncultured Samples

Sample Coverage (%) Mean Depth 

24 h culture 99.9911 752.031

Nonculture 6.419637 0.147666

Negative control 0 0

FIGURE 3. Coverage of the SARS-CoV-2 genome. 24 h_cul1–3, 24-h culture of SARS-CoV-2 with 3 replicates.

Conclusion
Virus culturing is beneficial for diagnosing SARS-CoV-2 infection and 
identifying the subtype in re-positive cases.
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