S

ELS

Since January 2020 Elsevier has created a COVID-19 resource centre with
free information in English and Mandarin on the novel coronavirus COVID-
19. The COVID-19 resource centre is hosted on Elsevier Connect, the

company's public news and information website.

Elsevier hereby grants permission to make all its COVID-19-related
research that is available on the COVID-19 resource centre - including this
research content - immediately available in PubMed Central and other
publicly funded repositories, such as the WHO COVID database with rights
for unrestricted research re-use and analyses in any form or by any means
with acknowledgement of the original source. These permissions are
granted for free by Elsevier for as long as the COVID-19 resource centre

remains active.



Journal of Virological Methods 295 (2021) 114185

: - ; - =
Contents lists available at ScienceDirect

Journal of
Virological

Methods

Journal of Virological Methods

e 4

ELSEVIER

journal homepage: www.elsevier.com/locate/jviromet

Check for

updates

Digital PCR assay for the effective detection of COVID-19 patients with
SARS-CoV-2 low viral load

Yong Sun®"!, Chengchao Ding ', Qingqing Chen ", Jiajia Xie ¢, Junling Yu™", Yonglin Shi*",
Chengcheng Jiang ¢, Zhuhui Zhang *°, Hongliang He ¢, Yinglu Ge ", Wenting Li ¢, Jun He " **,
Yong Gao “*

@ Anhui Center for Disease Control and Prevention, Hefei, Anhui, 230601, China

Y Key Laboratory for Medical and Hedlth of the 13th Five-Year Plan, 12560, Fanhua Avenue, Hefei, Anhui, China
¢ First Affiliated Hospital of USTC, Division of Life Sciences and Medicine, University of Science and Technology of China, Hefei, Anhui, 230001, China

ARTICLE INFO ABSTRACT

Keywords: Objective: Viral nucleic acid detection by real-time reverse transcription polymerase chain reaction (QPCR) is the
SARS-CoV-2 current standard method for diagnosis of SARS-CoV-2 infection. However, due to low viral load in some COVID-
Digitfa} ?CR (dPCR) 19 patients, false negative results from this method have been repeatedly reported.

:;22223 Method: In this study, we compared the sensitivity and specificity of digital PCR (dPCR) in simulated samples and

clinical samples with qPCR assay through a series of vigorous tests.

Results: The results showed that dPCR was more sensitive than qPCR especially for samples with low viral load
(<3 copies). In addition, dPCR had similar specificity as qPCR and could effectively distinguish other human
coronaviruses and influenza virus from SARS-CoV-2. More importantly, dPCR was more sensitive than qPCR in
detecting the virus in the “negative” samples from recurrent COVID-19 patients.

Conclusions: In summary, dPCR could serve as a powerful complement to the current gPCR method for SARS-CoV-

Recurrent COVID-19 patient

2 detection, especially for the samples with extremely low viral load, such as recurrent COVID-19 patients.

1. Introduction

The ongoing outbreak of 2019 novel coronavirus disease (COVID-19)
caused by a new coronavirus, severe acute respiratory syndrome (SARS)
coronavirus 2 (SARS-CoV-2), has spread rapidly across the world and
became a public health emergency of international concern (Huang
et al., 2020; Di Gennaro et al.,, 2020). Both human-to-human and
asymptomatic transmission of SARS-CoV-2 infection through close
contacts have been reported (Lai et al., 2020; Rothe et al., 2020). Early
diagnosis of COVID-19 is critical for prevention and control of virus
infection and can help patients receive early treatment and prevent
disease progression (Tahamtan and Ardebili, 2020). To date, viral
nucleic acid detection by real-time reverse transcription polymerase
chain reaction (qPCR) is regarded as the gold standard method for
diagnosis of SARS-CoV-2 infection (Davila et al., 2014; Zhu et al., 2020;

Liu et al., 2020). However, the sensitivity and reliability of qPCR has
been questioned due to its false negative results in some clinically
diagnosed patients who have exposure history, typical clinical symp-
toms, and typical image of CT scanning (Xiao et al., 2020; Pan et al.,
2020). Furthermore, recently, the recurrence of SARS-CoV-2 in dis-
charged COVID-19 patients has also been reported (Xiao et al., 2020;
Yuan et al., 2020a). Even though its mechanism is still unclear, the
possible explanations might be false negative of detection, and reac-
tivation or re-infection of the virus. Taking into account the fact that
recurrence and asymptomatic COVID-19 patients usually have a very
low viral load, a more sensitive detection method is urgently needed to
improve the accuracy in identifying SARS-CoV-2 infected patients, in
order to effectively prevent the virus transmission.

Digital PCR (dPCR) is an absolute quantitative method that parti-
tions the PCR reaction into a large number of smaller reactions and
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collect the intensity of fluorescence signals at the end point of each re-
action (Wang et al., 2016; Basu, 2017). Unlike qPCR, dPCR does not
depend on standard curves or relative threshold (CT) values for quan-
titation (Pavsic et al., 2016) and is more tolerant to PCR inhibitors
(Dingle et al., 2013). The absolute quantification results come from
Poisson statistics by counting the negative reactions followed by
calculating the positive wells or the nucleic acid copies in the sample
(Strain et al., 2013). The high precision and the low limit of detection of
dPCR could be used for detection of small variation of DNA or RNA copy
number (Whale et al., 2012), rare allele mutation (Zhou et al., 2018a)
and gene fusion (Zhou et al., 2018b). Recently, several studies reported
that dPCR showed higher sensitivity and specificity in detecting low
viral load of SARS-CoV-2 compared with qPCR (Vasudevan et al., 2021;
Alteri et al., 2020; Falzone et al., 2020). However, the detectability for
the samples with extremely low viral load, such as obtained from
recurrent COVID-19 patients, remains unclear.

In this study, we compared the sensitivity and specificity of dPCR
with qPCR on simulated and clinical sputum samples. To analyze the
detection efficacy of the low viral load samples, dPCR quantitative assay
of SARS-CoV-2 were explored in clinically recurrent COVID-19 patients.
Our findings demonstrated that in comparison with qPCR, dPCR was
more sensitive with low viral load of both simulated and clinical SARS-
CoV-2 samples and could accurately reflect the variation in copy number
of viral RNA. The dPCR also showed high specificity in distinguishing
the SARS-CoV-2 from other respiratory pathogens such as common
influenza virus and other human coronaviruses. In addition, dPCR shows
superiority over qPCR in detection of “recurrent” COVID-19 patients,
which could be used as an important complement method for difficult or
confusing samples in the clinic.

2. Materials and methods
2.1. Patients and preparation of simulated and clinical samples

We enrolled 21 COVID-19 patients with confirmed SARS-CoV-2
infection including 17 recurrent patients and 4 non-recurrent patients
from Jan 21 to Feb 29, 2020 at the First Affiliated Hospital of University
of Science and Technology of China (USTC), Huainan First Hospital,
Zongyang Hospital, Lixin Hospital, Bozhou Hospital, Fuyang Second
Hospital, and Guoyang Hospital in Anhui Province, China. The throat
swab, sputum, and/or anal swab were collected. In the meantime, six
negative lower respiratory tract samples from 6 healthy donors were
also collected and mixed together to serve as a negative matrix for
preparation of different simulated virus samples with various LOD. In
addition, 13 sputum samples containing influenza virus and other
human coronavirus were collected from the corresponding patients to

>
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serve as negative controls. Following throat and anal swabs and sputum
samples being collected and the simulated samples being prepared, the
viral RNAs were extracted using the Nucleic acid purification kit
(TIANLONG Technology CO. LTD., Cat. No: T014) according to the
manufacturer’s instructions and were subsequently subjected to the
detection by qPCR and dPCR. The reference SARS-CoV-2 RNA [GBW(E)
091112] was obtained from Shanghai Institute of Measurement and
Testing Technology, in which the target gene covers the full length of N
gene (GenBank No.MT027064.1) with the RNA concentration of 3.0 x
107 copies/pL. The normalized RNA concentration was confirmed by
dPCR method for authentic SARS-CoV-2.

The study protocol was approved by the medical ethics board of
Anhui Center for Disease Control and Prevention (CDC). Please note that
the study was performed on existing samples collected during standard
diagnostic tests, posing no extra burden to patients.

2.2. Digital PCR (dPCR)

The dPCR assay was performed via the digital PCR chips (Thermo-
fisher, cat#A26317) following the manufacturer’s protocols, and
QuantStudio 3D Digital PCR System (Thermo Fisher, Waltham, MA)
using the Gnomegen COVID-19 RT-PCR Detection Kit (Gnomegen, San
Diego, CA). The kit allowed the detection of the N gene and a positive
RNase P reference gene, which was approved for Emergency Use
Authorization (EUA) by FDA, pursuant to Section 564 of the Federal
Food, Drug, and Cosmetic Act (the Act) (21 U.S.C. §360bbb-3). Briefly,
14.5 pl of reaction mix was prepared for each reaction, comprised of
7.25 pl of digital PCR master mix (Thermofisher, A26358), 0.20 pl Su-
perscript II (Thermofisher, cat# 18064014), 0.20 pl RNaseOUT (Ther-
mofisher, cat# 10777019), 0.725 pl COVID-19 Assay, 2.125 pl
Molecular Grade Nuclease Free Water and 4 pl RNA samples. The re-
action mixture was then loaded on the chips using the QuantStudio™ 3D
Digital PCR Chip Loader (Thermofisher, cat# 4482592), and cycled in
ProFlex™ 2xFlat Block Thermal Cycler (Thermofisher, cat#4484078)
under the following protocol: step 1, 42 °C for 20 min (reverse tran-
scription); step 2, 96 °C for 10 min (DNA polymerase activation, dena-
turation) and 60 °C for 2 min (annealing); step 3, 39 cycles of 98 °C for
30 s (denaturation) and 60 °C for 2 min (annealing); step 4, hold at 20
°C. Finally, the chips were imaged by QuantStudio™ 3D Digital PCR
Instrument with Power Cord (Thermofisher, cat# 4489084) and
analyzed using the QuantStudio 3D Analysis Suite Cloud Software
(Current version: 3.1.4-PRC-build1) to measures the concentration of N
gene and RNase P gene, respectively.

The result was considered positive when the FAM signals of the
SARS-CoV-2 target > 3 with the VIC signals of the RNase P reference
target > 0, and negative when the FAM signals < 2 with the VIC signals
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Fig. 1. Comparison of dPCR assay with qPCR assay on low and moderate viral load of simulated SARS-CoV-2 samples. (A) The positive rate of low (20
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> 60. If the FAM signals < 2 with the VIC signals <60, the results were
considered inconclusive and excluded. Concentrations of the target RNA
sequences, along with their Poisson-based 95 % confidence intervals
were calculated by using the QuantStudio 3D Analysis Suite Cloud.

2.3. Fluorescent quantitative PCR (qPCR)

gqPCR was conducted with primers and probes targeting the ORFlab
(FAM) and N gene (VIC). Reaction system and amplification conditions
were carried out according to the manufacturer’s specifications (Bio-
Germ, China). A 25pl of reaction mixture contained 12 pl of reaction
buffer, 4 pl of mixed enzymes, 4 pl of ORFlab/N reaction mixture and 5
pl of nucleic acid from each sample. Thermal cycling was performed at
50 °C for 10 min for reverse transcription, followed by 95 °C for 5 min
(pre-denaturation) and then 40 cycles of 95 °C for 10 s (denaturation)
and 55 °C for 40 s (extension) in Applied Biosystems ABI 7500 real time
PCR system (Thermo Fisher, Waltham, MA). The baseline setting was
3-10 or 6-15 cycles of fluorescence signal, and the threshold setting
principle was that the threshold line just exceeded the highest point of
the amplification curve of the negative control substance, which could
also be adjusted according to the noise of the instrument. The result was
considered positive when the CT value of ORFlab or N gene <35, and
negative when there was no CT value or the CT value of ORFlab or N
gene > 40. If the CT value of ORFlab or N gene > 35 and < 40, the result
was inconclusive and the sample was retested.

3. Results

3.1. Both dPCR and qPCR could detect low and moderate viral load of
simulated SARS-CoV-2 samples

In the present study, we first investigated whether dPCR and qPCR

assays could equally effectively detect SARS-CoV-2 virus in low and
moderate concentrations. To do so, low and moderate positive simulated
samples were prepared by diluting the authenticSARS-CoV-2 into the
negative matrix to 3-6 copies per reaction as low viral load samples (20
samples) and 9-15 copies per reaction as moderate viral load samples
(10 samples) which were subjected to both dPCR and qPCR assays. As
shown in Fig. 1A, the positive rates of the low and moderate positive
samples were 100 % for either dPCR or qPCR assays. When analyzing the
values of the low and moderate positive samples detected by dPCR
assay, it showed they were largely in the range of the copy number of the
virus in the respective samples (Fig. 1B).

3.2. dPCR was more sensitive than qPCR in detecting very low viral load
of simulated SARS-CoV-2 samples

We next compared the dPCR and qPCR for their limit of sensitivity of
detection of SARS-CoV-2 by using serial dilution of authentic SARS-CoV-
2 spiked into the negative matrix. A two-phase approach was used to
determine the limit of detection (LOD). In phase I, the preliminary LOD
was established through diluting the authentic SARS-CoV-2 into
different concentrations. To do so, a total of 5 dilutions were created at
0.375, 0.75, 1.5, 3 and 6 copies of viral RNA with three replicates per
concentration. As shown in Fig. 2A and B, when the virus was diluted
between 3 and 6 copies per reaction, the positive rate was 100 % for both
dPCR and qPCR. At concentration of 1.5, 0.75, and0.375 copies per
reaction, dPCR was still able to obtain the positive results (66.67 % for
1.5 copies, 33.33 % for 0.75 copies, and 66.7 % for 0.375 copies) while
qPCR failed to detect any positive signals at any concentration of the
samples, indicating that dPCR is more sensitive in detecting SARS-CoV-2
when the viral copy number is below 3. To further elaborate the sensi-
tivity of the assays, both dPCR and qPCR were used to test 20 replicates
on simulated samples of 3 copies of SARS-CoV-2. The dPCR assay
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Fig. 3. Comparison of specificity between qPCR and dPCR assays. (A) The positive rate of the negative and positive samples detected by dPCR and qPCR. (B) The

FAM values of the negative and low positive samples detected by dPCR.

Table 1
Results on gradient dilution samples of confirmed COVID-19 patients by qPCR and dPCR.

Sample CT qPCR Chip # of Neg (FAM) # of Neg (VIC) FAM vIC dPCR
107! 19.9841 +* 200418_074027_D02NNC.eds 973 4133 15,427 12,267 +
1072 23.3934 + 200418_074139_D040ID.eds 5596 11,344 9970 4222 +

262 10’3 27.3696 + 200418_074241_D0415Z.eds 11,801 12,200 661 262 +
10~ 30.4212 + 200418.074431_D03ZXH.eds 16,648 16,691 91 48 +
10°° 34.5454 + 200418_074532_D03ZXE.eds 15,094 15,086 6 14 +
107° 35.6356 + 200418_074634_D040HO.eds 15,684 15,664 3 23 +
107! 19.3003 + 200418_074814_D0O2NM5.eds 114 14,126 15,629 1617 +
1072 23.0511 + 200418.074945_D0415 G.eds 4770 14,438 9855 187 +

265 10’3 27.0236 + 200418_075046_D03ZYD.eds 13,801 15,025 1250 26 +
10~ 30.2578 + 200418_155345_D03JQP.eds(#M) 16,044 16,043 15 16 +
10°° 33.4663 + 200418_075522_D040C0.eds 16,190 16,180 6 16 +
10°° 35.6604 + 200418_075638_D040A9.eds 15,870 15,869 7 8 +
107! 22.7873 + 200418_075734_D0O3NQJ.eds 4843 13,045 10,261 2059 +
1072 26.5013 + 200418_075845_DO02PET.eds 14,131 15,675 1793 249 +

341 1073 30.0149 + 200418_080012_D03Z9U.eds 15,468 15,562 133 39 +
107* 33.4111 + 200418_080133_D04169.eds 15,366 15,218 30 178 +
10°° 35.3413 + 200418_080234_D02NNZ.eds 15,381 15,378 7 10 +
10°° undetected _* 200418_080402_D02PCR.eds 15,944 15,905 1 40 _
107! 18.5843 + 200418_080526_D02NON.eds 53 165 15,186 15,074 +
1072 22.1338 + 200418_080626_D02NP7.eds 4817 11,980 11,670 4507 +

344 1073 26.1415 + 200418_080741_D02PCD.eds 13,589 14,388 1121 322 +
10°* 29.7896 + 200418_080915_DO02PDF.eds 15,088 15,175 150 63 +
10°° 32.833 + 200418_081047_D02LBX.eds 14,567 14,562 14 19 +
10°° undetected 200418_081157_D02NPA.eds 16,320 16,305 3 18 +

Note: * The “+” is positive, the “-” is negative.

showed positive rate at 95 % (19/20) while qPCR at 90 % (18/20)
(Fig. 2C), indicating that the dPCR was more sensitive than qPCR for
samples with viral load around 3 copies.

3.3. dPCR was specific in detecting simulated SARS-CoV-2 samples

To test the specificity of dPCR and qPCR assays, six negative lower
respiratory tract clinical samples were mixed together to act as a matrix
of negative samples in which the quantified reference N gene RNA was
added to prepare the low positive simulated samples. The matrix
negative samples (20 replicates for dPCR and 21 replicates for qPCR)
and low positive simulated samples (3-6 copies per reaction, 20 repli-
cates for both dPCR and qPCR) were used to compare the specificity
between qPCR and dPCR. The negative samples tested by qPCR and
dPCR were all “negative”. Among the positive samples, 85.71 % (18/21)
were tested positive (>3 copies) by dPCR while only 75 % (15/20) were
tested positive (CT < 35) by qPCR (Fig. 3A). As shown in Fig. 3B, the
FAM signals of dPCR were all below the threshold of 3. Thus, the dPCR
assay showed a consistent specificity while performing higher sensitivity
than qPCR.

3.4. dPCR was more sensitive than qPCR in detecting clinical SARS-CoV-
2 samples

To investigate the possible difference of dPCR and qPCR assays in
clinical use, we performed a parallel analysis using positive clinical
sputum specimens with CT value at 20 from previous qPCR assay of four
confirmed COVID-19 patients. The samples were serially diluted at 1:10
dilution, and a total of 5 dilutions for each specimen were prepared and
subjected to dPCR and qPCR assays. The results showed that the di-
lutions ranged from 107! to 10 were all detected positive by both dPCR
and qPCR. However, for the dilutions of 10'6, there were 4/4 (100 %)
samples were detected positive by dPCR, while 2/4 (50 %) positive by
gPCR (Table 1).

The CT value of qPCR was strongly correlated with the serial di-
lutions from 107! to 10°° for the 4 samples (R = 0.99102 + 0.00552). In
the meantime, the FAM value of dPCR was also strongly correlated, but
to a less degree than qPCR, with the serial dilutions (R?> = 0.9498 +
0.04167) (Fig. 4). These results indicated that both dPCR and qPCR were
able to accurately reflect the variation in concentration of SARS-CoV-2
samples.
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Fig. 4. Evaluation of linearity using clinical samples by dPCR and qPCR assay. The linearity of CT value of qPCR, FAM positive of dPCR with the serial dilution
point ranges from 107! to 107 for the #262, #265, #341 and #344 COVID-19 patient samples.

3.5. The specificity of dPCR assay in detecting non-SARS-CoV-2
specimens

To further validate the specificity of dPCR assay, the samples of
influenza virus and other human coronaviruses of respiratory pathogen
were collected and detected by dPCR. As shown in Table 2, none of 13
tested samples containing influenza virus or other human coronavirus
demonstrated positive results, indicating that dPCR possessed high

specificity to distinguish the SARS-CoV-2 from other respiratory path-
ogens such as common influenza virus and other human coronaviruses.

3.6. dPCR and qPCR assays on the “negative” samples from recurrent
COVID-19 patients

Finally, to test whether dPCR can be applied to effectively detect the
samples from suspected recurrent COVID-19 patients, a total of 18
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Table 2
The test results of clinical samples with respiratory pathogen by dPCR.

Name of Pathogens Chip FAM  Result

sample

SVIRUS1 H1pdm2009 200327_015214_DO2NPS5. 0
eds

SVIRUS2 Influenza-B 200327_015325_DO2LDH. 2 -
eds

SVIRUS3 Influenza- 200327_015425_D02PDB. 1 -

HON2 eds

$19105 Rhinovirus 200418_155601_D0409Q. 2 -
eds

SHAD1 Parainfluenza- 200418_160706_D040W9. 0 -

it eds

S$19144 Adenoviridae 200418_160157_D04090. 1 -
eds

SVIRUS4 Measles virus 200327_015525_DO2PFO. 0 -
eds

SSAM1 Rubella virus 200327_015620_DO2LCC. 1 -
eds

519060 hCoV-HKU1 200327_015718_DO2NNQ. 0 -
eds

S19111 hCoV-NL63 200418_155850_D0408 J. 0 -
eds

S19116 hCoV-0C43 200418_160059_D03ZT4. 1 -
eds

S$19158 HMPV 200418_160608_D0409B. 0 -
eds

$19201 SFTSV 200418 160816_D0407 N. 2 -
eds

Note: *The “-” is negative.

Table 3
The test results of samples from suspicious recurrent COVID-19 patients by gPCR
and dPCR.

Number Sample type qPCR (ORF1lab) qPCR (N) dPCR (FAM)
1# Sputum 27.75 25.83 20
2% Sputum 23.19 23.21 871
3 Sputum =¥ - 0
4 Sputum - - 2
5 Sputum - - 1
6 Sputum - - 13
7 Sputum 37.10 35.64 0
8 Sputum - - 0
9 Throat swab - - 1
10 Throat swab 34.88 34.91 2
11 Throat swab 37.43 - 3
12 Throat swab - - 3
13 Throat swab 34.99 33.04 2
14 Throat swab 35.27 36.54 6
15 Throat swab - - 0
16 Throat swab - 37.27 6
17 Throat swab 38.106 - 2
18 Anal swab - - 6
19 Anal swab 35.67 35.96 5
20 Anal swab 36.85 37.41 1

s

Note: # Positive control samples; * The “-” is negative.

“negative” samples from 17 such patients including 9 throat swabs, 6
sputum samples, and 3 anal swabs, were tested by dPCR and re-tested by
qPCR. Two positive samples were used as controls (Number 1 and 2).
The results of dPCR assay were contrastively analyzed with the qPCR
results. As shown in Table 3, 7 samples, including 1 (1/6, 16.7 %)
sputum samples, 4 (4/9, 44.4 %) throat swab samples and 2 (2/3, 66.7
%) anal swab samples, were identified positive by dPCR assay (FAM > 3)
but not by qPCR assay while 2 throat swab samples (2/9, 22.2 %) were
tested positive by qPCR assay (CT value < 35) but not by dPCR assay.
These results demonstrated that the dPCR assay has an advantage in
identifying the clinical samples with extremely low viral load of SARS-
CoV-2 virus especially the samples from the recurrent patients and
will be better ruling out the false negative results when used together

Journal of Virological Methods 295 (2021) 114185

with the qPCR assay in the clinic.
4. Discussion

It was reported that around 60 % of SARS-CoV-2 infections were
asymptomatic (Qiu, 2020). Moreover, due to the limitations of RT-PCR
technology, only 30 %—60 % positive results could be obtained in
COVID-19 patients that further confirmed by chest CT and other diag-
nostic aid (Wu and McGoogan, 2020). In addition, it is very important to
acquire the true negative results from the convalescent COVID-19 pa-
tients who are about to discharge and out of quarantine, in order to
avoid virus transmission and recurrence. Therefore, it is essential to find
more sensitive method(s) to ensure the accuracy of detection of
SARS-CoV-2 virus. Compared with qPCR, digital PCR quantification is
less affected by poor amplification efficiency and inhibitors of amplifi-
cation that may present in samples (Vasudevan et al., 2021; Falzone
et al., 2020; Jiang et al., 2020). The process of sample partitioning also
effectively concentrates template molecules within the micro reactions,
improving analytical sensitivity for rare species by reducing competition
between different targets for amplification reagents in the reaction
mixture (Sanders et al., 2013; White et al., 2009; Pohl and Shih, 2004).

In this study, we first tested the detection efficacy of dPCR and qPCR
assays on low (3-6 copies) and middle (9-15 copies) simulated SARS-
CoV-2 samples, and found that the two assays gave consistent results
for both samples and dPCR was able to accurately reflect the copy
number in the respective samples. We then compared the sensitivity of
dPCR with qPCR on simulated and clinical sputum samples and the re-
sults showed that dPCR was more sensitive when the viral copy number
is below 3 (lower threshold than qPCR) in the simulated or clinical
samples. In the meantime, the serial dilutions with CT value and FAM
value are both strongly correlated with the former slightly higher,
indicating that both dPCR and qPCR could accurately reflect the varia-
tion in the concentration of SARS-CoV-2 virus in the samples.

In regard to the testing specificity, dPCR obtained absolute negative
signals (FAM value = 0) for 14/20 (70 %) of negative samples. However,
it did give certain positive signals (1-2 copies per reaction) in 6/20 (30
%) negative samples (Fig. 3B). Nevertheless, when using 2 copies as the
cutoff value, dPCR showed 100 % specificity, same as qPCR, in testing
negative clinical samples (Fig. 3A). By using this threshold, dPCR could
effectively distinguish the SARS-CoV-2 from other respiratory pathogens
such as common influenza virus and other human coronaviruses
(Table 3). In addition, three of 21 positive samples were not detected by
dPCR while 5 of them were not detected by qPCR, which indicated that
the sensitivity of dPCR is higher than qPCR in detecting SARS-CoV-2
(Fig. 3B). Notably, the FAM value of 3 “negative samples” was not ab-
solute negative signals. It is suggested that we should attaches more
importance to “negative samples” with FAM value signals.

Recently, the recurrence of positive SARS-CoV-2 viral RNA in
recovered COVID-19 patients is receiving more attention. Yuan B., et al.
reported that 20 (10.99 %) out of 182 recovered COVID-19 patients
were detected to be re-positive of SARS-CoV-2 RNA, although none
showed any recurrent clinical symptoms (Yuan et al., 2020b). In the
meantime, there is an argument on the possible reason for recurrence of
COVID-19 patients. At present, it is believed that RNA negative con-
version generally takes 2-3 weeks. A recent study indicated that
SARS-CoV-2 nucleic acid existed in feces for nearly 50 days (Wu et al.,
2020). Another recent study found that SARS-CoV-2 viral particles
remained in the lungs of patients whose nasopharyngeal swab test re-
sults were negative at three consecutive times (Yao et al., 2020). These
studies suggest that during the convalescent stage of the infection, the
virus might remain in the patient at a very low level.

In this study, we compared the difference of the two assays in
detecting the “negative” samples from clinically recurrent COVID-19
patients. Seven ‘“negative” samples, including 1 sputum samples, 4
throat swab samples and 2 anal swab samples, were identified positive
by dPCR assay but not by qPCR assay. On the contrary, only 2 throat
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swab samples were tested positive by qPCR assay but not by dPCR assay.
More importantly, most of the dPCR identified positive samples could
not be detected even subjected to the second qPCR test. Therefore, our
study clearly demonstrated that dPCR was superior over qPCR in
detecting difficult or confusing samples with extremely low viral load
from “recurrent” or convalescent COVID-19 patients, suggesting that the
more sensitive assay, e.g. dPCR, is a powerful tool to help rule out the
false negative results to avoid discharge of COVID-19 patients who
might still have the virus becoming active source of the disease.

5. Conclusion

Our study demonstrated that in comparison with qPCR, dPCR is more
sensitive in detecting both simulated and clinical SARS-CoV-2 samples
with low viral load and can accurately reflect the variation in the copy
number of viral RNA. The dPCR is also highly specific in distinguishing
SARS-CoV-2 from other respiratory pathogens such as common influ-
enza virus and other human coronaviruses. More importantly, dPCR
shows superiority over qPCR in detecting samples from “recurrent”
COVID-19 patients, which can be used as an important complement
method for difficult or confusing samples in the clinical settings.
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