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Abstract
Background: In absence of effective vaccines, infection prevention and control of SARS-CoV-2 through
diagnostic testing and quarantine is critical. Early detection and differential diagnosis of respiratory
infections increases the chances for successful control of COVID-19 disease. The nucleic acid RT-PCR
test is regarded as the current standard for molecular diagnosis with high sensitivity. However, the highest
speci�city con�rmation target ORF1ab gene is considered to be less sensitive than other targets in
clinical application. In addition, a large amount of recent evidence indicates that the initial missed
diagnosis of asymptomatic patients with SARS-CoV-2 and discharged patients with “re-examination
positive” may be due to low viral load, and the ability of rapid mutation of SARS-CoV-2 also increases the
rate of false negative results. Moreover, the current used mixed sample nucleic acid detection is helpful to
seek out the early community transmission of SARS-CoV-2, but the detection kit needs ultra-high
detection sensitivity.

Methods: From January to March 2020, 10 con�rmed specimens of 2019-nCoV were recruited from three
2019-nCOV nucleic acid testing center. Five different ampli�cation kits with three different primers and
probes sources were selected. RT-PCR and continuous ampli�cation of nasopharyngeal and
oropharyngeal swabs and environmental specimens were performed to validate the sensitivity of the
commercially available Nucleic acid test kits.

Results: The results showed that ORF1ab gene can still be reported as positive at 1:10 dilution and the N
gene even at 1:40 dilution with kit-1 through the veri�cation of multiple positive samples, While other kits
have less sensitive. The results in the suspicious range of weakly positive nasopharyngeal and
oropharyngeal swabs and environmental specimens could be reported as positive after another re-
ampli�cation.

Conclusions: Through evaluate the sensitivity of different nucleic acid detection kits, this study provide
direct evidence for the selection of kits for mixed sample detection or make recommendations for the
selection of validation kit, which is of great signi�cance for the prevention and control of the current
epidemic and the discharge criteria of low viral load patients.

Background
The coronavirus that caused the outbreak was identi�ed in the case of viral pneumonia in Wuhan in
2019[1-3], and was named 2019-nCoV/SARS-CoV-2 by the World Health Organization (WHO)[2, 4, 5].
SARS-CoV-2 belongs to the coronavirus genus β and its genome is single-stranded, non-segmented
positive-sense RNA[6], which is the seventh known coronavirus that can infect humans[1, 7]. Similar to
other pathogenic RNA viruses, the genetic material RNA is the �rst marker to be detected. Nucleic acid
detection or sequencing is currently used in conjunction with pulmonary CT for clinical diagnosis of
COVID-19[8, 9]. As the course of the disease progresses, antibodies IgM and IgG will be produce by the
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human immune system. Although, antibody tests play a major role in monitoring the response to future
immunization strategies and demonstrating previous exposure/immunity, the antibody positive rate often
lags behind the nucleic acid detection[10-12], and cross-reactions existed in SARS-CoV antigen with
autoantibodies[13].

  Theoretically, �uorescence quantitative RT-PCR detection is widely used as the molecular diagnosis
standard for SARS-CoV-2[14, 15]. Lately, the analysis showed that the pattern of viral load change in
COVID-19 patients was similar to that in patients with in�uenza, but different from that in SARS and
MERS (whose viral load peaked about 10 days after the onset of symptoms)[16-19].In COVID-19 patients,
RT-PCR detection could be positive as early as one day before the onset of symptoms, while most COVID-
19 patients cannot be detected before premorbid because of the low copy number of the virus[7, 17, 20].
In addition, some discharged patients appearing “re-examination positive” situation is also because of
the persistence of a small number of viruses. Unfortunately, the positive rate of RT-PCR detection of
SARS-CoV-2 is only 30%-50% at present[21, 22] due to improper sample collection, storage, and error
detection[23]. Furthermore, once the target gene mutated or deleted, the test results will be invalid[24, 25].

RT-PCR nucleic acid detection not only has a high false negative rate[26], but also has a low
sensitivity[27]. Moreover, the approved nucleic acid detection kits of the SARS-CoV-2 genome are based
on the most conserved and speci�c open reading frame 1ab (ORF1ab), Envelope protein (E) and
nucleocapsid protein (N)[6, 28, 29]. Athough ORF1ab is the highest speci�city con�rmation target gene,
but is considered to be less sensitive than other targets in clinical application[30]. Currently, mixed sample
testing has been widely used in large-scale population testing. However, some articles think that although
this method can improve the detection e�ciency, it may miss those individuals with low viral load[31]. In
addition, none of the approved nucleic acid test kits mentioned whether they could be used for mixed
sample detection. so does the pattern of ORF1ab positive reports cause missed tests? Is it feasible to
report based on positive N or E genes? Clinically, it is recommended that samples with suspicious results
or single channel positive results should be re-examined with another manufacturer's kit or method.
However, what is the basis for choosing the validation kit? This is a problem that needs to be solved.

Methods
Patients

  10 con�rmed cases of COVID-2019 patients (2 female, 8 male, 5-50 years old) were collected from
January to February 2020, in Jinan Central Hospital A�liated to Shandong University and Jinan
Infectious Disease Hospital, Shandong University, which were diagnosed by clinical symptoms, lung CT
and nucleic acid test. And 100 suspected cases were collected in the �rst institution listed above, which
had symptoms of fever, dry cough and pneumonia image. This research was approved by the Ethics
Commission of Jinan Central Hospital and with informed consent of the patient. 

Specimen collection
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  Nasopharyngeal and oropharyngeal swab specimens were collected with synthetic �ber swabs under
the guideline of the Chinese Centre for Disease Control and Prevention (China’s CDC)
(http://www.chinacdc.cn/jkzt/crb/zl/szkb_11803/jszl_11815/202003/t20200309_214241.html). And the
two swabs from nasopharyngeal and oropharyngeal were inserted into one sterile tube containing 3 ml of
virus preservation solution. In addition, environmental specimens were collected from surface in direct
contact with the patient, such as inner side of the mask, phone, doorknob, bedside, and etc. Each surface
was wiped with one synthetic �ber swab, and then inserted the swab into a sterile tube listed above.

 

Virus RNA extractions

The virus RNA was extracted using magnetic bead method strictly according to the instructions of
Nucleic acid extraction kit (Shanghai Zhijiang Biotechnology Co., Ltd, Shanghai, China). The RNA
samples were diluted with RNA extract from nasopharyngeal and oropharyngeal swab of negative
patients for detecting by RT-PCR.

 

Laboratory quality-control

Acceptable specimens are respiratory and serum specimens, the former including: nasopharyngeal and
oropharyngeal swabs, bronchoalveolar lavage �uid, tracheal aspirates and sputum. Cotton swab heads
are not allowed for swab specimens. Specimens should not be stored for more than 72 hours at 4℃.
Positive control and negative control should be tested at the same time as all samples. The �uorescence
ampli�cation curve of negative control should not exceed the threshold. The CT value of all targets in the
positive control should be within the expected range. The detection kit should contain the internal target
gene, and the ampli�cation curve should exceed the threshold line.

 

Real-time RT-PCR

Five different ampli�cation kits were selected with three different primers and probes sources, among
which one was from China’s CDC, two was from the World Health Organization (WHO) [6], and the other
two were self-designed by the kit manufacturer. Information for the �ve ampli�cation kits was shown in
table 1. Each kit contained 25 μl of reaction system including 5μl of RNA template. The ampli�cation was
operated separately according to the instructions of kits. The ampli�cation result was detected by
ABI7500 Real-time PCR system (Applied Biosystems, USA).

 

Continuous ampli�cation
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The RT-PCR products were re-ampli�ed for another 40 cycles under the same ampli�cation conditions. 53
nucleic acid samples of other respiratory pathogens with known concentrations were used for speci�city
test.

 

Statistical methods

SPSS18.0 software was used for statistical analysis. The Student t test was used to evaluate the
differences between Ct values.

Results

Sensitivity evaluation of SARS-CoV-2 detection kits
To verify the sensitivity of the kits, we took nasopharyngeal and oropharyngeal swab samples from a
con�rmed positive patient. After RNA extraction, the RNA was diluted according to the following
proportion gradient: 1:5, 1:10, 1:20, 1:40, 1:80, 1:160, and 1:320. Then, RT-PCR results showed that the
dilution titer of ORF1ab was the highest in the kit-1 (Fig. 1A), indicating that the kit-1 was the most
sensitive to SARS-CoV-2, followed by the kit-2. In addition, the CT value of the ampli�cation curve was
found to be positively correlated with the dilution titer (Fig. 1B). The Ct values of ORF1ab gene and N
gene in kit-1 were still within the reportable interval at 1:20 and 1:160 dilution respectively, while reached
the detection suspicious region in kit-2 at 1:5 and 1:40 dilution titer.

Then, if the N gene or E gene is positive when ORF1ab gene is negative, how to judge the result and how
to select the validation kit? For example, three cases were presented in in Figure.1A. Our solution is as
follows (Figure. 1C): 1. Both ORF1ab and N genes can be converted to positive after veri�cation with kit 1;
2. When N gene is in a suspicious region with kit 2, it can be converted to positive after veri�cation with
kit 1; 3. When N gene was negative with kit 2, it can be converted to positive after veri�cation with kit 1.

For the sake of further verify the sensitivity, another 9 positive samples were enrolled. The positive RNA
extract was �rst quanti�ed by digital PCR and then diluted to the same initial concentration. The results
showed that ORF1ab gene can still be reported as positive at 1:10 dilution and the N gene even at 1:40
dilution (Figure. 1D) with kit-1, while they exceeded the detection line at 1:5 and 1:20 respectively with kit-
2. Hence, we have reasons to believe that kit-1 has the highest sensitivity through the veri�cation of
multiple positive samples.

Clinical validation and Application
Besides choosing a more sensitive kit for validation, is there an easier method to increase the positive
detection rate? First, the RT-PCR products of the above diluted samples in the suspicious range were
ampli�ed for another 40 cycles, and found that for the samples with dilution gradients of 1:10 and 1:20,
the ORF1ab and N genes with large original ampli�ed Ct values were expanded to the positive reportable
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region, while other dilution gradients only with N or E genes were signi�cantly ampli�ed (�gure. 2A).
Moreover, 100 patients with clinical fever and dry cough who were suspected to be infected with the
SARS-CoV-2 were enrolled for RT-PCR, and two positive cases and two suspicious cases were found
(Table 2). Then, the suspicious cases were re-ampli�ed to be positive by continuous ampli�cation (Figure.
2B and Supplemental Fig. 1).

Meanwhile, the environmental samples from 3 COVID-19 patients were conducted nucleic acid testing
and found that the sample inside the mask of one patient was weakly positive, which could be reported
as positive after another re-ampli�cation (Fig. 2C). Through analysis, we found that each target gene
could reach the ampli�cation plateau by adding another 30 cycles. In addition, we tried to add the initial
RT-PCR ampli�cation products of positive patients into a new ampli�cation reaction system, and found
that the results were not reliable (Data not shown).

Strategies to reduce false negatives of SARS-CoV-2
Above all, we suggest that the laboratory must evaluate the sensitivity of detection kits �rst and the
sensitivity of the validation kit must be higher than that of the test kit. For those mixed samples, the ultra-
high sensitivity kit should be preferred. Moreover, for these specimens with the suspicious interval region
or single channel positive results, the continuous ampli�cation can be used to increase the detection rate
of low viral load specimens and greatly reduce the false negative rate of SARS-CoV-2.

Discussion
As of 3th July 2020, statistical data showed that the global number of con�rmed cases of COVID-19 had
surpassed 10900,000 with more than 520,000 deaths. With an increasing number of potential cases
emerge, the SARS-CoV-2 poses a major threat to global public health[32]. A greater number of diagnostic
tools have been developed such as virus isolation, PCR-based assays, IHC, and antibody assays, which
are currently in place across different diagnostic laboratories around the world[33–37]. Although, RT-PCR
is challenged by the "false negative" results[38], in view of the past major epidemic outbreaks[39], RT-PCR
is still the preferred detection method. Although the detection rate of viral nucleic acid is closely related to
the course of viral infection, which is not completely clear and the optimal sampling time is uncertain, so
it is likely that the period of high viral load will be missed, resulting in false negatives[40]. Therefore, how
to ensure the accuracy of nucleic acid test results is the currently facing problem. In this study, we aimed
to evaluate the sensitivity of different RT-PCR kits for COVID-19 diagnosis.

An increasing number of articles showed that the SARS-CoV-2 is undergoing rapid mutation[41, 42], and
multiple mutations were found over its entire genomes[43] (Table1). Fortunately, through gene
comparison on BLAST, the primer or probe sequences published by CDC and WHO were not in these
mutation regions. Moreover, study found that a deletion of 382 nucleotides in the ORF8 gene can
enhances the transcription of the downstream N gene[25] which may increase the false negative
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detection rate of SARS-CoV-2. Thus, attentions should be paid to the abnormally ampli�ed N gene in
clinical detection.

As with all viral nucleic acid testing projects, the RT-PCR results of SARS-CoV-2 are affected by various
factors including before, during and after detection, thus su�cient laboratory quality-control measures
should be taken. In addition, extending ampli�cation cycles would naturally increase sensitivity, but it
always comes with reduced speci�city. Nucleic acid samples of other respiratory pathogens with known
concentrations were used for continuous ampli�cation. The cross reaction results showed that there was
no cross-reaction with other pathogens, and its speci�city did not decrease (Supplemental table).
Moreover, the continuous ampli�cation and other detection methods of SARS-CoV do exhibit false
positive results[44, 45], we recommend to use it only when the ampli�cation curve of target gene is in the
specious region.

Conclusions
The emergence of mixed sample detection challenges the sensitivity of nucleic acid detection kits. As a
perspective method to solve the dilemma of SARS-CoV-2 nucleic acid screening, mixed sample nucleic
acid detection should be paid more attention.We believe that mixed samples detection is only applicable
for low-risk population, and the use of high-sensitivity kits is necessary.More importantly, we also believe
that antibody test and nucleic acid test should complement each other to improve the diagnosis effect,
especially to screen asymptomatic patients better, so as to reduce the detection "false negative"
phenomenon of "false recovered patients" or premorbid patients with low virus latency.

Declarations

Ethics approval and consent to participate
This study was undertaken with the approval of the Jinan Central Hospital A�liated to Shandong
University Ethics Service Committee. Informed consent was obtained from all the participants prior to
sampling.

Availability of data and material
The data sets used and/or analyzed during the current study available from the corresponding author on
reasonable request.

Funding
This work was funded by the National Natural Science Foundation of China (81802761), Academic
promotion programme of Shandong First Medical University (2019QL024), Key Research and



Page 9/13

Development Program of Shandong Province (2019GSF107014), China Postdoctoral Science Foundation
(2019M652405).

Authors' contributions
YW conceived and designed the study. YZ was the major contributor in drafting the manuscript. YZ and
QZ performed the experiments. LW and HZ collected the samples. FP, HL, MJ, WY and QW extracted the
RNA and made the clinical diagnoses. All authors read and approved the �nal manuscript.

Acknowledgements
We thank members of our laboratories for helpful discussions.

References
1. Munster VJ, et al. A Novel Coronavirus Emerging in China - Key Questions for Impact Assessment. N

Engl J Med. 2020;382(8):692–4.

2. Zhu N, et al. A Novel Coronavirus from Patients with Pneumonia in China, 2019. N Engl J Med.
2020;382(8):727–33.

3. Wang D, et al., Clinical Characteristics of 138 Hospitalized Patients With 2019 Novel Coronavirus-
Infected Pneumonia in Wuhan, China. JAMA, 2020.

4. Ashour HM, et al., Insights into the Recent 2019 Novel Coronavirus (SARS-CoV-2) in Light of Past
Human Coronavirus Outbreaks. Pathogens, 2020. 9(3).

5. Lu R, et al. Genomic characterisation and epidemiology of 2019 novel coronavirus: implications for
virus origins and receptor binding. Lancet. 2020;395(10224):565–74.

�. Corman VM, et al., Detection of 2019 novel coronavirus (2019-nCoV) by real-time RT-PCR. Euro
Surveill, 2020. 25(3).

7. Pan Y, et al., Viral load of SARS-CoV-2 in clinical samples. Lancet Infect Dis, 2020.

�. Wang Y, et al., Combination of RT-qPCR testing and clinical features for diagnosis of COVID-19
facilitates management of SARS-CoV-2 outbreak. J Med Virol, 2020.

9. Wang XF, et al. [Retracted: Clinical and epidemiological characteristics of 34 children with 2019 novel
coronavirus infection in Shenzhen]. Zhonghua Er Ke Za Zhi. 2020;58(0):E008.

10. Li Z, et al., Development and Clinical Application of A Rapid IgM-IgG Combined Antibody Test for
SARS-CoV-2 Infection Diagnosis. J Med Virol, 2020.

11. Xiang F, et al., Antibody Detection and Dynamic Characteristics in Patients with COVID-19. Clin Infect
Dis, 2020.

12. Zhao J, et al., Antibody responses to SARS-CoV-2 in patients of novel coronavirus disease 2019. Clin
Infect Dis, 2020.



Page 10/13

13. Wang Y, et al. Cross-reaction of SARS-CoV antigen with autoantibodies in autoimmune diseases. Cell
Mol Immunol. 2004;1(4):304–7.

14. Jiang G, et al., Application and optimization of RT-PCR in diagnosis of SARS-CoV-2 infection.
medRxiv, 2020: p. 2020.02.25.20027755.

15. Saiki RK, et al. Primer-directed enzymatic ampli�cation of DNA with a thermostable DNA polymerase.
Science. 1988;239(4839):487–91.

1�. Peiris JS, et al. Clinical progression and viral load in a community outbreak of coronavirus-
associated SARS pneumonia: a prospective study. Lancet. 2003;361(9371):1767–72.

17. Zou L, et al., SARS-CoV-2 Viral Load in Upper Respiratory Specimens of Infected Patients. N Engl J
Med, 2020.

1�. Peeri NC, et al., The SARS, MERS and novel coronavirus (COVID-19) epidemics, the newest and
biggest global health threats: what lessons have we learned? Int J Epidemiol, 2020.

19. Prompetchara E, Ketloy C, Palaga T. Immune responses in COVID-19 and potential vaccines: Lessons
learned from SARS and MERS epidemic. Asian Pac J Allergy Immunol, 2020.

20. Gao WJ, Li LM. [Advances on presymptomatic or asymptomatic carrier transmission of COVID-19].
Zhonghua Liu Xing Bing Xue Za Zhi. 2020;41(0):485–8.

21. Li Y, et al., Stability issues of RT-PCR testing of SARS-CoV-2 for hospitalized patients clinically
diagnosed with COVID-19. J Med Virol, 2020.

22. Li D, et al. False-Negative Results of Real-Time Reverse-Transcriptase Polymerase Chain Reaction for
Severe Acute Respiratory Syndrome Coronavirus 2: Role of Deep-Learning-Based CT Diagnosis and
Insights from Two Cases. Korean J Radiol. 2020;21(4):505–8.

23. Dong X, et al., Eleven faces of coronavirus disease 2019. Allergy, 2020.

24. Angeletti S, et al., COVID-2019: The role of the nsp2 and nsp3 in its pathogenesis. J Med Virol, 2020.

25. Su YC, et al., Discovery of a 382-nt deletion during the early evolution of SARS-CoV-2. bioRxiv, 2020:
p. 2020.03.11.987222.

2�. Fang Y, et al., Sensitivity of Chest CT for COVID-19: Comparison to RT-PCR. Radiology, 2020:
p. 200432.

27. Ai T, et al., Correlation of Chest CT and RT-PCR Testing in Coronavirus Disease 2019 (COVID-19) in
China: A Report of 1014 Cases. Radiology, 2020: p. 200642.

2�. Lan L, et al., Positive RT-PCR Test Results in Patients Recovered From COVID-19. JAMA, 2020.

29. Database Resources of the National Genomics Data Center in 2020. Nucleic Acids Res, 2020. 48(D1):
p. D24-D33.

30. Barra GB, et al., Analytical sensibility and speci�city of two RT-qPCR protocols for SARS-CoV-2
detection performed in an automated work�ow. medRxiv, 2020: p. 2020.03.07.20032326.

31. Catherine, A., et al., Pinsky.Sample Pooling as a Strategy to Detect Community Transmission of
SARS-CoV-2.JAMA, 2020.323 (19):1967–1969.



Page 11/13

32. Zhang W, et al. Molecular and serological investigation of 2019-nCoV infected patients: implication
of multiple shedding routes. Emerg Microbes Infect. 2020;9(1):386–9.

33. Tang YW, et al., The Laboratory Diagnosis of COVID-19 Infection: Current Issues and Challenges. J
Clin Microbiol, 2020.

34. Patel R, et al., Report from the American Society for Microbiology COVID-19 International Summit, 23
March 2020: Value of Diagnostic Testing for SARS-CoV-2/COVID-19. MBio, 2020. 11(2).

35. Broughton JP, et al., Rapid Detection of 2019 Novel Coronavirus SARS-CoV-2 Using a CRISPR-based
DETECTR Lateral Flow Assay. medRxiv, 2020: p. 2020.03.06.20032334.

3�. Lamb LE, et al., Rapid Detection of Novel Coronavirus (COVID-19) by Reverse Transcription-Loop-
Mediated Isothermal Ampli�cation. medRxiv, 2020: p. 2020.02.19.20025155.

37. Yu L, et al., Rapid colorimetric detection of COVID-19 coronavirus using a reverse tran-scriptional
loop-mediated isothermal ampli�cation (RT-LAMP) diagnostic plat-form: iLACO. medRxiv, 2020:
p. 2020.02.20.20025874.

3�. Wikramaratna P, et al., Estimating false-negative detection rate of SARS-CoV-2 by RT-PCR. medRxiv,
2020: p. 2020.04.05.20053355.

39. Niu P, et al. [Development of Novel Multiplex Real-time RT-PCR Assays for Detection of MERS-CoV
Infection]. Bing Du Xue Bao. 2016;32(3):349–54.

40. Lin C, et al., Comparison of throat swabs and sputum specimens for viral nucleic acid detection in 52
cases of novel coronavirus (SARS-Cov-2) infected pneumonia (COVID-19). medRxiv, 2020:
p. 2020.02.21.20026187.

41. Pachetti M, et al. Emerging SARS-CoV-2 mutation hot spots include a novel RNA-dependent-RNA
polymerase variant. J Transl Med. 2020;18(1):179.

42. Benvenuto D, et al., Evolutionary analysis of SARS-CoV-2: how mutation of Non-Structural Protein 6
(NSP6) could affect viral autophagy. J Infect, 2020.

43. Phan T. Genetic diversity and evolution of SARS-CoV-2. Infect Genet Evol. 2020;81:104260.

44. Maache M, et al. False-positive results in a recombinant severe acute respiratory syndrome-
associated coronavirus (SARS-CoV) nucleocapsid-based western blot assay were recti�ed by the use
of two subunits (S1 and S2) of spike for detection of antibody to SARS-CoV. Clin Vaccine Immunol.
2006;13(3):409–14.

45. Woo PC, et al. False-positive results in a recombinant severe acute respiratory syndrome-associated
coronavirus (SARS-CoV) nucleocapsid enzyme-linked immunosorbent assay due to HCoV-OC43 and
HCoV-229E recti�ed by Western blotting with recombinant SARS-CoV spike polypeptide. J Clin
Microbiol. 2004;42(12):5885–8.

Tables
Due to technical limitations, tables 1 and 2 are only available as a download in the supplemental �les
section.
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Figures

Figure 1

Sensitivity evaluation of SARS-CoV-2 detection kits. (A) Gradient dilution experiments showed that
different kits have different sensitivity. (B) Ct value of different target genes were positively correlated
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with the dilution concentration. (C) Selection of test kit and validation kit. (D) CDC kit has the highest
sensitivity through the veri�cation of multiple positive samples.

Figure 2

Strategies to reduce false negatives of SARS-CoV-2. (A) Continuous ampli�cation of PCR products for
gradient dilution samples. (B) Continuous ampli�cation of PCR products for the nasopharyngeal and
oropharyngeal swab specimens of clinical fever patients. (C) Continuous ampli�cation of PCR products
for the environmental samples of 3 positive patients. The specimen with a cycle threshold value of target
genes above the baseline is interpreted as positive for
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