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Abstract

The pandemic of coronavirus disease 2019 (COVID-19) urgently calls for more sensitive molecular diagnosis to improve
sensitivity of current viral nuclear acid detection. We have developed an anchor primer (AP)-based assay to improve viral
RNA stability by bioinformatics identification of RNase-binding site of severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) RNA and implementing AP dually targeting the N gene of SARS-CoV-2 RNA and RNase 1, 3, 6. The arbitrarily
primed polymerase chain reaction (AP-PCR) improvement of viral RNA integrity was supported by (a) the AP increased
resistance of the targeted gene (N gene) of SARS-CoV-2 RNA to RNase treatment; (b) the detection of SARS-CoV-2 RNA by
AP-PCR with lower cycle threshold values (−2.7 cycles) compared to two commercially available assays; (c) improvement of
the viral RNA stability of the ORF gene upon targeting of the N gene and RNase. Furthermore, the improved sensitivity by
AP-PCR was demonstrated by detection of SARS-CoV-2 RNA in 70–80% of sputum, nasal, pharyngeal swabs and feces and
36% (4/11) of urine of the confirmed cases (n = 252), 7% convalescent cases (n = 54) and none of 300 negative cases. Lastly,
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AP-PCR analysis of 306 confirmed and convalescent cases revealed prolonged presence of viral loading for >20 days after
the first positive diagnosis. Thus, the AP dually targeting SARS-CoV-2 RNA and RNase improves molecular detection by
preserving SARS-CoV-2 RNA integrity and reveals the prolonged viral loading associated with older age and male gender in
COVID-19 patients.
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INTRODUCTION
As of 6 May 2020, the pandemic of coronavirus disease 2019
(COVID-19) has reached 3.55 million cases with approximately
245 000 deaths (https://www.who.int), posing the greatest threat
to global public health since the 1918 influenza pandemic.
This unprecedented and ongoing worldwide outbreak calls
for more sensitive molecular detection of the causative agent,
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
to limit human-to-human transmission and develop effective
treatments. Many molecular detection methods for SARS-CoV-2
RNA were developed [1–5], including real-time polymerase chain
reaction (RT-PCR) [1–4], multiplex nucleic acid amplification [6],
metagenome sequencing [7, 8] and loop-mediated isothermal
amplification assay (LAMP) [9]. Together with clinical and
computed tomography imaging findings, nuclear acid-based
detection of SARS-CoV-2 RNA is at the core of clinical diagnosis
of COVID-19. However, computed tomography imaging cannot
provide definite information on causative agents/virus [10, 11]
and antibody-based diagnostic method, albeit faster (within
15 min), is limited by cross-reactivity with other coronaviruses
and the belated appearance of antibody [12, 13], nuclear acid
detection of SARS-CoV-2 RNA remains as the gold standard
for the diagnosis of COVID-19. However, the sensitivity and
reliability of nuclear acid detection have been questioned since
clinical studies reported only 35–45% positive confirmation for
total of >5000 specimens from clinically and epidemiologically
suspected COVID-19 patients, China [10, 14, 15].

Most of the nuclear acid detection assays are largely focused
on the RT-PCR amplification with the reported limit of detec-
tion (LOD) in the range of 200–500 copies/ml range [14, 16–18].
Mathematical modeling of RT-PCR amplification at 99% effi-
ciency predicted to detect the N gene of SARS-CoV-2 RNA at
2.9 copies per reaction with the 95% hit rate [6, 19, 20]. Thus,
further improvement in RT-PCR amplification is difficult since
several nuclear acid detection assays have reportedly detected
SARS-CoV-2 RNA at 5 copies/ml [16, 17]. By contrast, it remains
untested if the efficiency of SARS-CoV-2 RNA detection can be
improved by dampening the loss or degradation of virus RNA
[21] during sampling process which contributes to underperfor-
mance of nuclear acid detection assays. The strategy to improve
SARS-CoV-2 RNA stability is appealing for detecting SARS-CoV-2
RNA since coronaviruses stand out among RNA viruses for their
unusually large genomes (∼30 kb) [22–24] and subject to a variety
of viral RNA-specific and nonspecific degradation processes [21].

To overcome the bottleneck of nucleic acid detection of SARS-
CoV-2 RNA, we have developed a novel assay with improved
SARS-CoV-2 RNA stability by implementing an anchor primer
(AP) dually targeting SARS-CoV-2 RNA (the N gene) and RNase
1, 3, 6. The improved SARS-CoV-2 RNA stability by arbitrar-
ily primed polymerase chain reaction (AP-PCR) was confirmed
by the resistance of the SARS-CoV-2 RNA:AP hetero-complex
to RNase treatment of in sputum spiked with reference viral
RNA, and by the AP-PCR detection of SARS-CoV-2 RNA with the
reduced cycle threshold (CT) value in specimens from 252 con-
firmed COVID-19 cases compared to other assays. The improved

sensitivity AP-PCR assay is supported by the detection of SARS-
CoV-2 RNA in 70–80% of sputum, nasal swabs and pharyngeal
swabs and 36% of urine specimens of 252 confirmed cases, four
cases in 54 convalescent cases and none in 300 negative cases.
Furthermore, our analysis of confirmed and convalescent cases
revealed that COVID-19 patients could have prolonged viral load
that was associated with older age and male gender.

METHODS
Ethical approval statement: This multicenter study was approved
by the Institutional Ethical Review Committee of the School
of Ophthalmology & Optometry, Wenzhou Medical University
(WMU), China. The written informed consent was waived.
The study was further reviewed and approved by the ethical
committee of Zhejiang provincial center for disease control and
prevention (CDC).

Bioinformatics analysis of the secondary structure of
the N gene of SARS-CoV-2 RNA and of RNase activity
targeted by the AP

We first employed catRAPID [25] to identify ribonucleoproteins
and RNA-binding region. In order to achieve better interaction
region, we cut polypeptide and nucleotide sequences sliding
windows into 500 nt fragments and used the step of 50 nt to
scan through the entire 1630 bp of SARS-CoV-2 RNA to pre-
dict the interaction propensities. We then used two variants of
RPISeq classifier (RPISeq-SVM, using Support Vector Machine,
and RPIUSeq-RF, using Random Forest) for predicting whether
or not the RNA-protein pair (SARS-CoV-2 RNA-RNase) interacts
using only their linear sequence information [26]. Our choice of
RF and Support Vector Machine (SVM) classifiers were also moti-
vated by the demonstration that RPISeq achieved an AUC (Area
under the Receiver Operating Characteristic curve) of 0.92–0.96
when analyzing two nonredundant benchmark datasets from
the Protein-RNA interface Database (PRIDB) [27] and by several
studies that have successfully used them on classification task
of the RPI prediction [28]. Random Forest and SVM methods [26]
for analysis of the binding property/affinity of the AP for RNase.
Lastly, we used Minimum Free Energy algorithm to predict the
secondary structure of the N gene of SARS-CoV-2 RNA by RNA
structure software [26, 29] and analyzed the effect of the AP bind-
ing on the secondary structure of SARS-CoV-2 RNA (NC_004718).
We further employed a local RNA structure alignment algorithm
by RNAsmc [26] to compare structure similarity before and after
the AP binding to assess the secondary structure changes of
SARS-CoV-2.

AP-based RT-PCR (AP-PCR) detection of SARS-CoV-2
RNA

The AP was identified and designed to target the middle section
of the N gene of SARS-CoV-2 RNA (GenBank: MN908947.3) to
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form an RNA:DNA hetero-complex which increase RNA stability
and reduce its affinity for RNase. The AP was also designed
to specifically bind to RNase 1, 3, 6 with high affinity to
reduce RNase-mediated degradation of SARS-CoV-2 RNA [25,
26] and the AP sequence was 5’-CCTCTTCTCGTTCCTCATCACG
TAGTCGCAACAGTTCAA-3′. Briefly, specimen’s lysates were
prepared by thoroughly mixing ∼300 μl specimen with 500 μl
lysis buffer containing 1 mmol/L 2-Morpholinoethanesulfonic
Acid, 100 mmol/L NaCl, 100 mmol/L KCl, 10 mmol/L Tris–HCl,
5 mol/L guanidium HCl, 1%Triton X-100, 0.1 mg/ml proteinase
K, 0.1 mg/ml diatomite and 20 nM AP. Specimen lysates were
incubated at 60◦C for 10 min and then centrifuged for 30 s
at 12 000 rpm. Upper aqueous phases were loaded onto the
adsorbing column and allowed to elute by gravitation. The
column was washed twice with washing buffer (600 μl, 400 μl)
and centrifuged at 12 000 rpm for 30 s to discard the washing
buffer. This was followed by eluting the column with prewarmed
elution buffer (45 μl) and collected the elute by centrifugation at
12 000 rpm for 1 min.

AP-PCR detection of SARS-CoV-2-RNA was developed by
adapting the method of the template-ready PCR [6] with
modifications. The elution buffer (8 μl) were added to the reverse
transcript reaction and PCR reaction mixture (22 μl) containing
50 mM Tris pH 9.0, 50 mM KCl, 1 mM DTT, 0.1 mg/ml BSA, 0.5 μM
random primers, 0.5 μM oligo-T primers, 0.5 μM Gene-specific
PCR primer, 0.2 mM dNTPs (Takara, China), 0.2 μM Probe WHN1-
T1(Applied Biosystems, USA), 0.05 U/μl EX Taq DNA Polymerase
(Takara, China) and 0.2 U/μl RT-enzymes (Takara, China). Gene-
specific PCR primer sequences for the N gene assay were
forward primer 5’-CAAGCCTCTTCTCGTTCCT-3′, reverse primer
5’-GCAGCAGATTTCTTAGTGACAG-3′ and the probe WHN1-T1 5’-
FAM-ATTCAACTCCAGGCAGCAGTAG-MGB1–3′. The RT reaction
mixture was applied to Applied Biosystem 7500 PCR machine
(Applied Biosystems, USA) for amplification and detection using
the program (42◦C 10 min, 95◦C 3 min, then 45 cycles of 95◦C 10 s
and 58◦C 35 s). Participating laboratories used either Applied
Biosystems QuantStudioTM 5 (Applied Biosystems, USA) or Bio-
Rad CFX96 (Bio-Rad, USA), Roche Light Cycler 480II (Roche,
Switzerland).

Clinical specimen collection and testing

The patients were consecutively enrolled from 23 January to 3
March 2020 [30, 31] in six medical centers and CDCs in Zhejiang
province, China, including site 1 (Affiliated Taizhou Hospital
of WMU), Site 2 (Wenzhou municipal CDC, WZ CDC), Site 3
(Zhejiang provincial CDC, ZJ CDC), Site 4 (1st affiliated hospi-
tal of WMU), Site 5 (2nd affiliated hospital of WMU) and Site
6 (Affiliated eye hospital of WMU). A total of 252 confirmed
COVID-19, 54 COVID-19 convalescent and 300 COVID-19 neg-
ative, cases were included in the study cohort (see Table 2).
All confirmed and convalescent patients were conferred to the
criteria according to the Chinese Clinical Guidance for COVID-
19 Pneumonia Diagnosis and Treatment issued by the Chinese
National Health Commission (6th edition). Most confirmed cases
underwent multiple nucleic acid tests and sometimes using
>2 different nucleic acid detection assays for SARS-CoV-2 RNA
and combined with clinical and computer tomography analysis.
(2) Convalescent COVID-19 patients: The patients referred to
the confirmed COVID-19 patients who underwent treatment in
Site 4 and Site 5 and had recovered and met the discharged
criteria (i.e. two negative nuclear acid test results with >24 h
interval). (3) SARS-CoV-2 RNA-negative controls: The subjects
were the out-patients who underwent routine eye examination

or regular operation unrelated to the COVID-19 but had similar
demographic information as other groups at Site 5 and Site 6 and
tested negative for SARS-CoV-2. The specimens collected from
patients at five different sites included pharyngeal swabs, nasal
swabs, sputum, feces and urine samples. The different types of
the samples were distributed randomly throughout the entire
disease courses (see Figure 4).

RT-PCR test for SARS-CoV-2 RNA was conducted at the certi-
fied diagnostic laboratories at Sites 1–6.

RESULTS
The AP bound to the N gene of SARS-CoV-2 RNA and
RNase 1, 3, 6 to improve viral RNA stability as revealed
by bioinformatics analysis

To date, many molecular detection methods for SARS-CoV-2 RNA
were developed with their advantages and disadvantages (see
the major methods [1, 4, 9, 32–35] listed in the Table 1). By cal-
culating the affinity beyond the interactive threshold, catRAPID
analysis coupled with Random Forest and SVM predicted that
the AP has significant binding affinity for RNase. We found that
the highest interaction propensity in the region of SARS-CoV-
2 RNA (N gene) from 550–750 (AP sequences selected 545–583:
CCTCTTCTCGTTCCTCATCACGTAGTCGCAACAGTTCAA). RIPSeq-
RF and RIPSeq-SVM analysis suggested that RNase 1, 3 and 6
were the potential targets of the AP (Figure 1C). The analysis of
the effect of the AP binding on overall secondary structure of
SARS-CoV-2 RNA revealed that the score for overall secondary
structure similarly (with or without the AP binding) was 7.70
(with 10 being maximal similarity), suggesting that the AP bind-
ing did not affect the overall secondary structure of SARS-CoV-2
RNA. However, RNAsmc analysis indicated that the AP binding
altered the local secondary structure of segments of the N gene
of SARS-CoV-2 RNA (Figure 1B), leading to the reduced affinity of
SARS-CoV-2 RNA for RNase.

To determine the specificity of the AP-RNase interaction,
we also performed analysis of the cDNA sequence random-
ization of AP while keeping the ATGC composition rate and
sequence length constant to construct the ‘randomized’ control
sets. RIPSeq-RF and RIPSeq-SVM algorithms were used to predict
the binding state of the ‘randomized’ control sequence to RNases
(with the composition rate of the ATGC and the length of the
sequence being constant). The results showed that the ‘random-
ized’ control sequences were more inclined to be unbound than
the AP sequence by SVM algorithm (data not shown).

AP-PCR detected SARS-CoV-2 RNA at an LOD of 20
copies/ml and 100% specificity using sputum spiked
with SARS-CoV-2 RNA

We determined the effect of the AP on the SARS-CoV-2 RNA
stability and RNase activity using sputum from healthy volun-
teers spiked with series of 10-fold dilutions of SARS-CoV-2 viral
RNA (Figure 2A). We found that the AP presence in the lysis
buffer indeed increased the resistance to RNase treatment of the
DNA:RNA hetero-complex and enhanced PCR amplification of
SARS-CoV-2 RNA as evident by the increased PCR amplification
plot and appearance of PCR products by gel analysis (Figure 2B).
We also determined the effects of varying concentration of AP
(with fixed PCR primers) and varying concentrations of PCR
primers (with fixed AP) on the performance of AP-PCR assay
using sputum spiked with SARS-CoV-2 RNA (2095 copies/ml). We
found that altered ratio of the AP versus PCR primers did not
affect the overall performance (Figure 2C).
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Table 1. Advantages and disadvantages of current nuclear acid detection methods for SARS-CoV-2 RNA

Methods Advantages Disadvantage References

RT- qPCR • Quantitative real-time PCR.
• High throughput,
• Relatively sensitive,
• Specificity,
• Multiplex specimens.

• Extra RNA extraction.
• Time-consuming (2- 4 h).
• False-negative

Zhu N, et al. 2020. [1]
Corman VM, et al. 2020. [4]

RT- LAMP • An exponential amplification at a
constant temperature.
• Easy-to-operate,
• Time-efficient (30 min).

• Extra RNA extraction.
• False-positive/negative
• Inappropriate for complex
specimen.

Park GS, et al. 2020. [9]

COVID-19 Penn-RAMP • Two-stage isothermal amplification
based on recombinase polymerase
amplification.
• High sensitivity.

• Extra RNA extraction.
• False negatives/positives.
• Time-consuming (50–80 min).
• Inappropriate for complex
specimen.

Mohamed, et al., (2020). [32]

COVID-19-RdRp/Hel assay • A novel RT-qPCR assay targeting
RdRp/Hel,
• High sensitivity,
• Multiplex specimens.

• Extra RNA extraction.
• False-negative
• Time-consuming (≥ 2 h).

Chan, et al., (2020). [33]

Droplet digital PCR (ddPCR) • Based on the principles of limited
dilution, end-point PCR, and Poisson
statistics.
• Absolute quantification for
viral loading,
• Highest sensitivity of all molecular
detections,
• Specificity.

• Extra RNA extraction.
• Time-consuming (≥ 2 h).
• False positives,
• Complex operation.

Suo, et al., (2020). [34]

CRISPR methods • CRISPR-based nucleic acid detection.
• High sensitivity,
• Multiplex specimens.

• Extra RNA extraction.
• False negatives/positives.
• Time-consuming (60 min).

Zhang, Abudayyeh,
et al., (2020). [35]

AP-PCR • AP dually targeting SARS-CoV-2 RNA
and RNase.
• Increased RNA stability
• High sensitivity,
• Multiplex specimens.

• Time-consuming (< 70 min).
• False-negative

We determined the analytic sensitivity (LOD) of the AP-PCR
detection of SARS-CoV-2 RNA using sputum spiked with series
of 10-fold dilution of SARS-CoV-2 viral RNA (20–2095 copies/ml).
The results showed that the CT values were 20.02 ± 0.23,
23.34 ± 0.22, 26.47 ± 0.33 (Mean ± SEM), from the sputum spiked
with SARS-CoV-2 RNA at 29.04 ± 0.48, 31.51 ± 0.75, 33.79 ± 1.32,
(Mean ± SEM), respectively. This led to the establishment of
the liner standard curve for the conversion of the CT value
to the copies/ml (Figure 2D). We also demonstrated a good
reproducibility of SARS-CoV-2 RNA detection at concentrations
of 20 copies/ml of SARS-CoV-2 RNA for 10 repeated tests. ROC
analysis indicated that the threshold CT value at 40 yielded 95%
agreement of the SARS-CoV-2 RNA reference material and 100%
agreement of the negative control.

The detection of SARS-CoV-2 RNA with lower CT values
upon AP-PCR indicates improved viral RNA integrity

We further analyzed the CT values from the same specimens by
AP-PCR assay and compared them with the CT values obtained
by commercial SARS-CoV-2 RNA tests during initial positive
diagnosis. Consistent with the improved SARS-CoV-2 RNA
stability, we found that CT values of AP-PCR assay were lower
than the commercial kit A by 2.27 cycles for the specimens from
Site 1 (Figure 3A n = 33, P = 0.0001, paired t-test), and by 3.74 cycles
for the specimens from Site 2 (Figure 3B n = 59, P = 0.0005, paired

t-test). Similarly, CT values by our AP-PCR assay were lower than
the commercial kit B by 3.79 cycle (n = 54, P < 0.0001, paired
t-test) in Site 3 (Figure 3C). After converting to the RNA
copies/ml, we found that AP-PCR detected more SARS-CoV-
2 RNA (1668 copies/ml) than the commercially available
tests.

To dissect out the specific step conferring this improved RNA
stability, we performed a parallel analysis of the same specimens
by two different types of RNA isolation procedures (AP-PCR and
commercial kit) followed by the same PCR amplification. Using
the specimens from Site 1, we found that the CT values (for the
N gene of SARS-CoV-2 RNA) were significantly lower using AP-
based isolation system as compared with the commercial RNA
isolation (Figure 3D n = 57, P = 0.043). Similarly, AP-based RNA
isolation yielded lower CT values in detecting SARS-CoV-2 RNA
compared to the commercial RNA isolation for the specimens
from Site 2 (Figure 3E n = 59, P < 0.0001). Thus, the AP-based
RNA isolation was the critical step conferring RNA protection
by AP-PCR assay. Furthermore, we assessed whether the AP-PCR
improved the RNA integrity of the E and ORF genes (possibly by
inhibiting RNase) (Figure 3D). AP-PCR detected the ORF1ab gene
of SARS-CoV-2 RNA with lower CT value than the commercial
assay (by 1.71 cycles, n = 33, P = 0.0074, paired t-test) but not for
the E gene of SARS-CoV-2 RNA (n = 33, P = 0.6894) (Figure 3). This
was corresponding to improved detection of SARS-CoV-2 RNA
by ∼10 fold. Thus, the AP dually targeting N gene and RNase
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Figure 1. Design of the anchor primer dually targeting the N gene of SARS-CoV-2 RNA and RNase 1,3,6. A. The schematic diagram of the designed AP (the purple stripe)

targeting the middle portion of the N gene regions of SARS-CoV-2 RNA (the red stripe). B. The alteration of the secondary structural of SARS-CoV-2RNA before and after

AP binding. The AP binding altered the secondary structure of the N gene of SARSCoV-2 RNA, resulting in reduced affinity of SARS-CoV-2 RNA for RNase 1,3,6. C. The

Random Forest and SVM analyses indicate that the AP has high binding affinity for RNase 1, 3 and 6 beyond the interactive threshold.

effectively improved the integrity of the SARS-CoV-2 RNA beyond
the N gene.

The AP-PCR detected SARS-CoV-2 viral RNA in 70–80%
of specimens from 252 confirmed COVID-19 cases

To validate AP-PCR detection sensitivity and specificity in
clinical specimens, we exploited 252 cases of confirmed COVID-
19 patients with mixed patient population of severe and
mild cases (see Table 2), 54 cases of convalescent COVID-19
patients and 300 negative controls. (1) COVID-19 confirmed
cases: the demography of the patient’s age and sex were
comparable to that of the previous reports [3, 36]. These
specimens were not specifically aggregated but rather mostly
evenly distributed through the entire epidemic course (from
23 January to 3 March). Different types of specimens were also
largely evenly distributed throughout the epidemic course. We
found that AP-PCR detected SARS-CoV-2 RNA in 70–80% of the
confirmed cases, with the detection rate of 70.2% at Site 1, 80.9%
Site 2 and 78.7% Site 3, respectively. The mean CT value of
all specimen types by AP-PCR was 30.2 cycles, corresponding
to 2095 copies/ml.

(2) COVID-19 convalescent cases: We also examined 54
convalescent cases (range 18–81 years and 66.7% male and
33.3% female) and confirmed negative for 50 convalescent cases.
However, we detected SARS-CoV-2 RNA in the specimen from
four convalescent cases which was deemed negative by the
commercial tests, indicating the improved detection sensitivity
of SARS-CoV-2 RNA by AP-PCR.

(3) COVID-19-ngegative controls: We also tested a total of
300 clinical samples from the out-patients at Site 6 and found
that none of these patients were tested positive, confirming the
specificity of our AP-PCR assay.

Molecular detection of SARS-CoV-2 viral loading
dynamics and its associated factors

We employed the AP-PCR to investigate SARS-CoV-2 viral loading
in terms of duration, biodistribution and its associated risk
factors in the specimens from 252 confirmed cases and 54
convalescent cases.

(1) Duration of the SARS-CoV-2 viral loading: The virus load
was fluctuated largely around the average level throughout the
entire epidemic period [30, 31] without a clear peak (Figure 4A).
This indicated that the virus load was probably not a contribut-
ing factor to the dynamic of epidemic. Furthermore, we analyzed
the viral loading dynamic after the first positive diagnosis by
plotting the viral loading against the days after the diagnostic
date (i.e. the days between the first positive-testing date and
the current sampling/testing day). We found that viral loading
remained at high level over the first two-weeks after the first
positive test. This pattern apparently applied to four different
specimen types.

(2) Biodistribution of SARS-CoV-2 viral load: We found signif-
icant difference in the CT values among four different specimen
types, with highest from nasal swabs (96%, 24/25), followed by
sputum (76.5%, 65/85), pharyngeal swabs (74.57%, 85/114), feces
(69.6%, 16/23) (Figure 4C). Notably, we found SARS-CoV-2 positive
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Figure 2. The detection of SARS-CoV-2 RNA by AP-PCR in sputum spiked with SARS-CoV-2 RNA. A. Schematic illustration of the AP-PCR procedure. Mixing the sputum

specimens (spiked with SARS-CoV-2RNA) with lysis buffer containing AP led to the formation of DNA:RNA hetero-complexes. This was followed by RT-PCR amplification

of 215 bp fragment of the N gene of SARS-CoV-2 RNA. B. In the sputum from healthy volunteers spiked with SARS-CoV-2 RNA, AP improved RT-PCR amplification after

the RNase R treatment. C. In sputum spiked with SARS-CoV-2 RNA, we determined the effect of varying concentrations of AP (with fixed PCR primers) and varying PCR

primers (with the fixed AP) on AP-PCR amplification efficiency. Varying concentrations of AP or PCR primers did not affect AP-PCR amplification efficiency (P = 0.52).

D. The determination of the LOD of the AP-PCR assay using sputum spiked with series of 10-folddilution of SARS-CoV-2 RNA (20-2095 copies/ml). The negative linear

correlation was established with β as -3.665 (r = 0.995, P < 0.0001).

in 4 out of 11 urine specimens examined, suggesting that the
kidney might be a putative target of the virus [37, 38].

(3) Correlation with age: we analyzed the CT values from
four types of specimens against age and found that there
was no correlation between the CT value and age (Figure 4D).
However, when we analyzed the correlation between age and
the days after the first positive diagnosis, we found that older
age was associated with the longer duration of the SARS-CoV-
2 viral loading (Figure 4B n = 152, R2 = 0.0912, P = 0.0002). Thus,
SARS-CoV-2 viral loading was relatively longer in the older
population.

(4) Correlation with sex: Our analysis of 252 confirmed cases
showed that CT value in male (mean ± SE, n = 132, 31.3 ± 0.57,)
was lower than female (n = 120, 29 ± 0.66 mean ± SE) by 2.3 cycles
(Figure 4F P = 0.0086, t-test). Moreover, male patients were asso-
ciated with the longer duration of the SARS-CoV-2 viral loading
after the first diagnosis (Figure 4E n = 152, R2 = 0.02783, P = 0.04).
Thus, male was an independent factor for the prolonged SARS-
CoV-2 viral loading.

DISCUSSION
APs dually targeting SARS-CoV-2 RNA and RNase
improves the viral RNA stability and detection of viral
loading from 252 confirmed and 54 convalescent
COVID-19 patients

We proposed and validated a novel strategy improve SARS-CoV-
2 RNA integrity by implementing the AP dully targeting the N

gene of SARS-CoV-2 RNA and RNase 1,3,6. Our bioinformatics
analysis, ex vivo experimental findings and clinical investiga-
tion support the validity of the dual actions of AP-PCR: (i) the
39 bp of the AP sequence in the middle regions of the N gene
containing beta-sheet structures [22–24] has high affinity for
RNase 1, 3 and 6. Thus, AP can not only bind directly to RNase,
to competitively inhibit RNase activity but also to the N gene of
SARS-CoV-2 RNA to form an RNA:DNA hetero-complex, resulting
in altered secondary structure and reduced affinity for RNase.
(ii) In sputum from healthy volunteer spiked with SARS-CoV-
2 RNA the presence of AP in the lysis buffer inhibited RNase
activity, resulting in the enhanced PCR amplification of SARS-
CoV-2 RNA. (iii) clinical studies with four types of specimens
from 252 confirmed COVID-19 cases demonstrated that the CT
value by AP-PCR assay was lower than that obtained with two
commercially available assays by ∼2.7 cycles (or by 10 copies
/ml). (iv) The AP against the N gene stabilizes not only the N gene
but also ORF1ab gene, indicating the improved stability of entire
SARS-CoV-2 RNA.

The improved SARS-CoV-2 RNA stability by AP-PCR is
important for overcoming the current bottleneck in the detection
of SARS-CoV-2 RNA in clinical specimens. The rapid nature
of epidemic in China prevented us from performing parallel
comparison of the detection of the SARS-CoV-2 RNA by the AP-
PCR assay with other assays in the clinically and epidemiolog-
ically suspected COVID-19 cases amid the epidemic in China.
Instead, we performed parallel assessments of the AP-PCR and
commercially available assays on the duplicated specimens
from the confirmed case, (i) AP-PCR detected 70–80% of the 252
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Figure 3. Detection of SARS-CoV-2 RNA with lower CT value by AP-PCR in specimens from 252 confirmed cases. The CT value obtained with the AP-PCR assay was

lower than that obtained with the commercial kit A by 2.27 cycles in analyzing the specimens from Site 1. (A) (n = 33, P = 0.0001, paired t-test) and by 3.79 cycles for the

specimens from Site 3. (C) (n = 54, P < 0.0001, paired t-test). B. The CT values obtained with the AP-PCR assay was lower than that obtained with the commercial kit B

by 3.74 cycles for the specimens from Site 2 (n = 59, P < 0.0001, paired t-test). D. In specimens from Site 1, AP-based isolation yielded lower Ct value targeting the N (by

1.42 cycles, n = 33, P = 0.043 paired t-test) and ORF (by 1.71 cycle, n = 33, P = 0.007, paired Student’s t-test) gene than that of the commercial RNA isolation. E. In specimen

from Site 2, the AP-based RNA isolation also improved SARS-CoV-2 RNA stability (by 2.29 cycles, n = 59, P < 0.0001 paired Student’s t-test).

Table 2. Demography of 252 confirmed COVID-19 cases from three sites in the study

Site 1 Site 2 Site 3

Total cases 57 115 75
Age, mean, year 53 (4–79) 45 (1–93) 40 (1–85)
Male, No. (%) 31 (54.39) 58 (50.43) 38 (50.66)
Specimen type, No. (%) Sputum 37 (64.91)

Nasal swab 3 (5.26)
Pharyngeal swab 10 (17.54)

Feces 7 (12.28)

Sputum 38 (33.04)
Nasal swab 18 (15.65)

pharyngeal swab /Sputum
44(38.26)

Feces 15 (13.04)

Sputum 11 (14.67)
Nasal swab 22 (29.33)

Pharyngeal swab 41 (54.67)
Unknown 1 (1.33)

Detection rate (%) 70.18 80.87 78.67
Mean CT value 31.72 27.75 32.27

confirmed COVID-19 cases using one reaction targeting one
gene, probably outperforming the commercially available assays
for confirming suspected cases with only 30–50% detection rate
after often multiple and repeated testing [10, 14, 15]. (ii) The
AP-PCR assay was able to detect SARS-CoV-2 RNA in 70% of the
144 confirmed case compared to 45–50% using the commercially
available tests. (iii) AP-PCR positively detected SARS-CoV-2 RNA
in four convalescent cases that were deemed as ‘negative’ by
the commercial assays. (iv) AP-PCR detected SARS-CoV-2 RNA
in 36% (4/11) urine samples, in comparison with none of the 72
and 12 urine specimens tested positive in two previous reports
[39, 40]. Collectively, these findings support the hypothesis that
AP-PCR assay improved RNA stability and detection sensitivity
of SARS-CoV-2 virus.

The improved SARS-CoV-2 RNA stability and enhanced detec-
tion sensitivity by this AP-PCR method can be further improved
by identifying and employing multiple sequence targets of the
SARS-CoV-2 RNA genome with the dual actions, and by coupling

with other parallel RNA degradation protection strategies by
AP targeting mRNA decay, decapping enzymes, RNA-binding
protein and cellular endonuclease (RNase L) [21, 41].

Prolonged viral loading and associated factors in
COVID-19 patients

SARS-CoV-2 viral loading, its biodistribution and dynamics
are a determinant of clinical outcomes of COVID-19 patients.
Early studies on the viral loading were often carried out with
a limited number of specimens but usually with multiple
samples to uncover the SARS-CoV-2 viral loading pattern. As
a complementary analysis, this study collected and analyzed
each sample from different individual, collected at different
times after onset of symptoms and from four different sites,
and thus provided a broad populational view on the dynamic
changes of viral loading and its putative contribution to the
disease.
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Figure 4. Prolonged SARS-CoV-2 RNA loading and its associated factors of age and sex as revealed by the AP-PCR. A. The chronological changes of SARS-CoV-2 RNA

loading during epidemics in Zhejiang province from 23 January to 3 March 2020. The viral RNA loading from different collecting sites was evenly distributed throughout

the epidemic period (color symbol = specimen type). B. There was a positive linear correlation between the days after the first positive diagnosis and the CT Value (r =

0.091, P = 0.0002). C. The biodistribution of SARS-CoV-2 RNA loading among four different collecting sites: Analysis of the 252 confirmed patients showed the highest

positive rates in Nasal swabs (96%), followed by sputum (76.7%), pharyngeal swabs (74.6%), feces (69.6%). D. There was no correlation between the CT value and age (r =

0.0021, P = 0.463). E. Older age was associated with a longer duration of the SARS-CoV-2 RNA loading (r = 0.002159, P = 0.0406). F. Male patients have lower SARS-CoV-2

RNA loadings than female, as evidenced by higher Ct value in male (n = 132, 31.3 ± 0.57, mean ±SE) than female (n = 120, 29±0.66 mean ± SE) in specimens from 252

confirmed cases (P = 0.0086, t-test). G, Male COVID-19 patients showed the longer duration of the viral RNA loading by 4 days when compared to female patients after

the first positive test (P = 0.0077, t-test).

Consistent with earlier reported studies [42, 43], AP-PCR
analysis revealed prolonged detection of SARS-CoV-2 RNA for
>20 days in 152 confirmed COVID-19 cases. Prolonged detection
of viral RNA of 20 days or longer has also been reported for
patients with MERS-CoV or SARS-CoV infections [44, 45]. Notably,
the prolonged SARS-CoV-2 viral loading may not be the same as
viral shedding, as after one week of the disease onset the viral
cultures from sputum samples were largely unsuccessful despite
of high level of SARS-CoV-2 viral loading [46].

Clinical studies demonstrated that COVID-19 disproportion-
ally and more severely affected aged population [47] with a
higher incidence of multi-organ involvement and a higher mor-
tality rate [48]. Our analysis of four different specimens from 252
confirmed cases showed that the older age was correlated with
longer duration of the viral loading. This collaborates with two
earlier studies [42, 43] to support the observation of age as an
independent factor for prolonged viral loading. This is expected
as aging is associated with impairment of innate and adaptive
immune response [49].

Our analysis showed that mean CT value in specimens from
132 male patients was lower than that from 120 female patients.
Moreover, the median duration after the first positive testing
was 13 days in male and 9 days for female, indicating that male
gender may be an independent risk factor for prolonged SARS-
CoV-2 viral loading. Gender differences in immune responses
[49], and in expression and modulation of human angiotensin-
converting enzyme 2 (ACE2) [50] may contribute to the increased
viral load and prolonged duration of SARS-CoV-2 viral loading in
male patients.

We found that SARSS-CoV-2RNA was detected in all four
specimen types, indicating that this virus may wide spread
throughout multiple systems and organs in the body, pointing

to other potential transmission routes (other than respiratory
droplets). In contrast to the report of lacking positive detection
from 72 urine samples [40], we found positive SARS-CoV-2 viral
RNA in 4 out of 11 specimens examined, implying that the
kidney is putative target of SARS-CoV-2 infection as suggested
by histological evidence of viral protein in the postmortem renal
epithelial cells [37].

There are several limitations of the interpretation of the data
collected in this study, including lack of multiple samples from
the same individual, lack of quantitative analysis of viral loads
(such as digital RT-PCR) and lack of concurrent viral culture to
validate the viral loading and infectivity. Nonetheless, this novel
AP-PCR assay with the improved RNA stability has revealed pro-
longed SARS-CoV-2 viral loading for >20 days, and older age and
male sex are independent risk factors for prolonged SARS-CoV-2
viral loading.

Key points
• Bioinformatics analyses identified the anchor primer

(AP) dually targeting the N gene of SARS-CoV-2 RNA
and RNase 1,3,6 to increase SARS-CoV-2 RNA stability
by directly binding AP to RNase and indirectly via
forming a SARS-CoV-2 RNA:RNase hetero-complex.

• The AP-PCR improved viral RNA integrity with
increased resistance of the N gene and ORF gene of
SARS-CoV-2 RNA to RNase treatment and with the
detection of SARS-CoV-2 RNA at lower (−2.7 cycles)
cycle threshold values.

• The AP-PCR improved molecular detection with the
detection rate of 70–80% multiple complex samples
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and 36% of urine from 252 confirmed cases, and 7%
of 54 convalescent cases.

• The AP-PCR revealed prolonged SARS-CoV-2 viral
loading and its association with older age and male
sex in COVID-19 patients.
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