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ABSTRACT The duration of SARS-CoV-2 genomic RNA shedding is much longer than
that of infectious SARS-CoV-2 in most COVID-19 patients. It is very important to determine
the relationship between test results and infectivity for efficient isolation, contact tracing,
and post-isolation. We characterized the duration of viable SARS-CoV-2, viral genomic and
subgenomic RNA (gRNA and sgRNA), and rapid antigen test positivity in nasal washes,
oropharyngeal swabs, and feces of experimentally infected Syrian hamsters. The dura-
tion of viral genomic RNA shedding is longer than that of viral subgenomic RNA, and
far longer than those of rapid antigen test (RAgT) and viral culture positivity. The rapid
antigen test results were strongly correlated with the viral culture results. The trend of
subgenomic RNA is similar to that of genomic RNA, and furthermore, the subgenomic
RNA load is highly correlated with the genomic RNA load.

IMPORTANCE Our findings highlight the high correlation between rapid antigen test and
virus culture results. The rapid antigen test would be an important supplement to real-
time reverse transcription-RCR (RT-PCR) in early COVID-19 screening and in shortening
the isolation period of COVID-19 patients. Because the subgenomic RNA load can be
predicted from the genomic RNA load, measuring sgRNA does not add more benefit to
determining infectivity than a threshold determined for gRNA based on viral culture.

KEYWORDS RT-PCR, SARS-CoV-2, Syrian hamsters, genomic and subgenomic RNA,
rapid antigen test, viral culture

The Coronavirus Infectious Disease 2019 (COVID-19) pandemic, caused by Severe Acute
Respiratory Syndrome Virus 2 (SARS-CoV-2), has lasted for two and a half years and has

severely affected global health and the world economy. In most COVID-19 patients, the du-
ration of SARS-CoV-2 genomic RNA (gRNA) shedding is much longer than that of infectious
SARS-CoV-2 (1). At present, guidelines for stopping COVID-19 patient isolation are mainly
symptom-based, with isolation for 10 to 20 days depending on the condition (2) or viral
nucleic acid test-based, with two consecutive negative or inconclusive results on real-time
reverse transcription-PCR (RT-PCR) (3, 4). For the former, some asymptomatic carriers (5),
immunocompromised patients (6), or symptom-resolved individuals (1) with infectivity may
be improperly released from isolation too early. For the latter, a large number of recovered
COVID-19 patients may be released from isolation too late (7), occupying a lot of medical
resources which could have been used for other COVID-19 patients seeking treatment,
because the presence of viral RNA in samples from COVID-19 patients does not necessarily
mean viable SARS-CoV-2. While viral culture is the most reliable method for determining
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infectivity, it is time-consuming and labor-intensive, and it requires biosafety level 3 labora-
tories, precluding its wide use in most clinical labs. It is important to discover some other
suitable index and find a reasonable threshold for infectivity determination. Subgenomic
RNA (sgRNA) is an intermediate product of SARS-CoV-2 replication and transcription, and
its presence indicates active SARS-CoV-2 replication in patients. The abundance of sgRNA
in samples is closely related to the infectivity of SARS-CoV-2 (8) and may be used as diag-
nostic index for ending COVID-19 patient isolation. Rapid antigen-based testing is widely
used for SARS-CoV-2 screening and diagnostics because it is readily available, is inexpen-
sive, and returns results quickly. Some studies have shown that the rapid antigen test
(RAgT) aligns better with viral culture results compared to RT-PCR (9). Here, we characterize
the duration of viable SARS-CoV-2, viral gRNA and sgRNA, and RAgT positivity in different
samples, including nasal washes, oropharyngeal swabs, and fresh feces, from experimen-
tally infected Syrian hamsters. We found that RAgT results correlated strongly with viral
culture results and that the viral sgRNA load is highly correlated with the gRNA load.
Measuring sgRNA does not add more benefit to determining infectivity than a threshold
determined for gRNA based on viral culture.

RESULTS
Viral shedding in nasal washes, oropharyngeal swabs, and feces of experimentally

infected hamsters.We first analyzed gRNA and sgRNA loads, viral titers, and RAgT results
in nasal washes of experimentally infected Syrian hamsters. Nasal washes were collected from
hamsters every 2 days for 39 days. The gRNA loads in nasal washes were maintained at a high
level during the first five infection days, declined rapidly to a low level during the next week,
and were finally maintained at low levels from 3 to 6 weeks (Fig. 1A). The positivity of gRNA
was 100% during the first 3 weeks and gradually declined later (Fig. 1D). The sgRNA loads
were also maintained at high levels during the first five infection days and then gradually
decreased to undetectable levels by day 19 (Fig. 1B). The positivity of sgRNA was 100% during
the first nine infection days and rapidly declined to 10% by day 17 (Fig. 1D). The viral titers

FIG 1 Viral load and test positivity in nasal washes of experimentally infected hamsters. Threshold cycle (CT) values
for genomic (gRNA) (A), subgenomic RNA (sgRNA) (B), and viral titers (C) in nasal washes. (D) Test positivity of gRNA,
sgRNA, viral culture, and two RAgT assays for SARS-CoV-2. Dotted lines represent the limits of detection of gRNA, sgRNA,
and viral titers.
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decreased quickly from high to undetectable levels by day 7 (Fig. 1C). Viral culture positivity
was 100% during the first five infection days and decreased to 0% at day 7 (Fig. 1D). The
positivity of RAgT results was also 100% during the first five infection days, and later declined
rapidly (Fig. 1D). The duration of gRNA shedding in nasal washes was longer than that of
sgRNA, and far longer than those of RAgT and viral culture positivity.

We then analyzed gRNA and sgRNA loads, viral titers, and RAgT results in oropharyngeal
swabs of experimentally infected hamsters. Oropharyngeal swabs were collected every 2 days.
gRNA loads gradually decreased to low levels during the first 2 weeks, were maintained at low
levels during the next 2 weeks, and later decreased to almost undetectable levels (Fig. 2A).
The positivity of gRNA was 100% during the first 13 infection days, then oscillated downward
to 0% at day 31 (Fig. 2D). sgRNA loads quickly decreased to low levels during the first nine
infection days (Fig. 2B), and the sgRNA positivity was 100% prior to day 7 and then quickly
declined to 10% at day 17 (Fig. 2D). The viral titers decreased rapidly during the first 7 days
(Fig. 2C). The positivity of viral culture was 100% on days 1 and 3, 50% on day 5, and 0% on
day 7 (Fig. 2D). The positivity of RAgT was 100% during the first 5 days, then quickly declined
to 30% or lower (Fig. 2D). The duration of gRNA shedding in oropharyngeal swabs was longer
than that of sgRNA, and much longer than those of RAgT and viral culture positivity.

We also analyzed gRNA and sgRNA loads, viral titers, and RAgT results in the feces of
experimentally infected hamsters. The gRNA loads in feces were much lower than those
in nasal washes and oropharyngeal swabs, and gRNA was always oscillating at moderate
levels (Fig. 3A). The positivity of gRNA was 100% during the first nine infection days, then
declined during the next 2 weeks, rose again later, and was always higher than 40% (Fig. 3D).
sgRNA loads were maintained at moderate levels in the first week and very low levels in the
sixth week (Fig. 3B). The positivity of sgRNA was 70% to 90% during the first five infection
days, and 10% to 30% during the sixth week (Fig. 3D). Only two fecal samples were positive
for viral culture at day 1 (Fig. 3C). The positivity of RAgT was 10% to 40% during the first five

FIG 2 Viral load and test positivity in oropharyngeal swabs of experimentally infected hamsters. CT values for
gRNA (A) and sgRNA (B), and viral titers (C) in oropharyngeal swabs were shown. (D) The test positivity of gRNA,
sgRNA, viral culture, and two RAgT assays for SARS-CoV-2. The dotted lines represented the limit of detection of gRNA,
sgRNA and viral titer.
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infection days (Fig. 3D). The duration of gRNA positivity in feces was longer than that of
sgRNA, and much longer than those of RAgT and viral culture positivity.

In summary, the duration of gRNA shedding is longer than that of sgRNA, and much
longer than those of RAgT and viral culture positivity in nasal washes, oropharyngeal swabs,
and feces. The RAgT results were more strongly correlated with viral culture results than with
gRNA and sgRNA in experimentally infected hamsters.

Relationship between the CT value of gRNA and the positivity of sgRNA, RAgT, and
viral culture. For nasal washes, when the threshold cycle (CT) was .31, sgRNA of E gene
(sgE) was undetectable. When CT, 26, the majority of RAgT results were positive; when CT
was between 26 and 30, only a few RAgT results were positive; and when CT .30, the RAgT
results were negative. When CT , 22, the majority of viral culture results were positive; when
CT was between 22 and 26, only a small number of viral cultures were positive; and when
CT . 26, viral cultures were all negative (Table 1). For oropharyngeal swabs, when CT . 30,
sgE was undetectable. When CT , 26, the majority of RAgT results were positive; when CT was
between 26 and 30, only a small number of RAgT results were positive; and when CT .30, all
RAgT results were negative. When CT , 24, most of the virus culture results were positive, and
when CT . 24, the viral culture results were all negative (Table 1). For feces, when CT . 32,
sgE was undetectable; when CT . 30, the RAgT results were negative; and when CT . 28, the
viral culture results were all negative. The incidence of viral culture and RAgT positivity
decreased with increasing CT values (Table 1). When RAgT results were negative, viral culture
were all negative, and the duration of RAgT positivity was slightly longer than that of viral cul-
ture positivity. Based on viral culture results, for nasal washes, Guangzhou Wondfo (WF) RAgT
and Wuhan CDiagnosis (CD) RAgT had positive predictive values (PPV) of 61% (30/49) and
68% (30/44), respectively, and all had negative predictive values (NPV) of 100%. For oropharyn-
geal swabs, WF RAgT and CD RAgT had PPVs of 64% (25/39) and 68% (25/37), respectively,
and all had NPVs of 100%. The WF RAgT results were highly concordant with the CD RAgT
results. These results further confirmed that RAgT results were strongly correlated with viral
culture results. The CT threshold for infectivity varied with specimen type, from 24 in oropha-
ryngeal swabs to 28 in feces.

Relationship between gRNA and sgRNA. To understand the relationship between
gRNA and sgRNA, we compared the CT and DCT values of gRNA and sgRNA in nasal washes,

FIG 3 Viral loads and test positivity in feces of experimentally infected hamsters. CT values for gRNA
(A), sgRNA (B), and viral titers (C) in feces. (D) Test positivity of gRNA, sgRNA, viral culture, and the two RAgT
assays for SARS-CoV-2. Dotted lines represent the limits of detection of gRNA, sgRNA and viral titer.
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oropharyngeal swabs, and feces. The trend of CT for sgRNA over time was almost the same
as that of CT for gRNA in nasal washes, oropharyngeal swabs, and feces (Fig. 4A to C). The
DCT between sgRNA and gRNA is almost constant, with a mean value of 7.0 during the
whole infection course (Fig. 4D to F). The gRNA load was about 128-fold higher than
the sgRNA load. Hence, sgRNA is highly correlated with gRNA, and the sgRNA load can be
predicted based on the gRNA load.

Relationship between gRNA, sgRNA, and infectious virus titer. For nasal washes,
viral titer gradually decreased with increasing CT values for genomic RNA of E gene (gE) and
sgE. The slopes of the two regression lines for gE and sgE were similar. When the CT for gE
was increased to 25.87 or the CT for sgE was increased to 33.15, infectious virus was no lon-
ger detectable (Fig. 5A and B). Therefore, the infection thresholds (IT) were 25.87 for gE and
33.15 for sgE in nasal washes. For oropharyngeal swabs, viral titers also decreased with
increasing CT values for gE and sgE. The slope of the regression line for gE was slightly
greater than that for sgE, and the slopes of the two regression lines in oropharyngeal
swabs were obviously greater than those for nasal washes. The IT values were 25.51 for
gE and 32.33 for sgE in oropharyngeal swabs (Fig. 5C and D).

Viral RNA load in a specific hamster. The young Syrian hamster is not a lethal disease
model for SARS-CoV-2. In our study, an infected hamster died unexpectedly on day 18. We
determined viral gRNA and sgRNA levels in nasal washes and oropharyngeal swabs. gRNA
and sgRNA in nasal washes and oropharyngeal swabs gradually decreased to low levels before
day 11, but by day 13 and later, gRNA and sgRNA loads again increased to high levels, and
the gRNA and sgRNA in oropharyngeal swabs increased to moderate levels (Fig. 6A and B).

DISCUSSION

RT-PCR has been the gold standard for SARS-CoV-2 diagnostics because of its high
sensitivity, high specificity, and high throughout. However, RT-PCR does not determine

TABLE 1 Viral culture and RAgT positivity rates according to CT values of gRNAa

CT value for gE
Tested real-time
RT-PCR assays (n)

Positive test results

sgRNA

RAgT
Viral
cultureWF CD

Nasal washes
,20 21 21/21 21/21 21/21 20/21
20222 13 13/13 13/13 13/13 8/13
22224 6 6/6 6/6 6/6 0/6
24226 7 7/7 7/7 4/7 2/7
26228 5 5/5 1/5 0/5 0/5
28230 8 8/8 1/8 0/8 0/8
30231 3 1/3 0/3 0/3 0/3
31232 3 0/3 0/3 0/3 0/3
32234 24 0/24 0/24 0/24 0/24

Oropharyngeal swabs
,20 13 13/13 13/13 13/13 13/13
20222 6 6/6 6/6 6/6 6/6
22224 12 12/12 11/12 11/12 6/12
24226 8 8/8 5/8 4/8 0/8
26228 10 9/10 2/10 1/10 0/10
28230 12 5/12 2/12 2/12 0/12
30232 9 0/9 0/9 0/9 0/9
32234 15 0/15 0/15 0/15 0/15

Feces
24226 4 4/4 3/4 2/4 1/4
26228 10 8/10 4/10 2/10 1/10
28230 18 9/18 1/18 1/18 0/18
30232 25 10/25 0/25 0/25 0/25
32234 31 0/31 0/31 0/31 0/31

aRAgT, rapid antigen test; CT, threshold cycle; gRNA, genomic RNA; gE, genomic RNA of gene E; RT-PCR, reverse
transcription-PCR; sgRNA, subgenomic RNA. CD, Wuhan CDiagnosis; WF, Guangzhou Wondfo.
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infectivity. The duration of viral gRNA shedding is much longer than that of infectivity.
It is very important to determine the relationship between test results and infectivity
for efficient isolation, contact tracing, and release from isolation.

In this study, we first characterized viral gRNA and sgRNA loads and viral culture and
RAgT positivity in a time series of sequentially sampled samples, including nasal washes,
oropharyngeal swabs, and feces, of experimentally infected hamsters. We found that the
duration of viral gRNA shedding was longer than that of sgRNA, and far longer those
that of RAgT and viral culture positivit. Phuphuakrat et al. (10) reported that the median
times to negativity of gRNA, sgRNA and viable SARS-CoV-2 in non-critically ill COVID-19

FIG 4 Relationship between gRNA and sgRNA of E gene (gE and sgE) in experimentally infected hamsters. CT values for gRNA and sgRNA in nasal
washes (A), oropharyngeal swabs (B), and feces (C) of experimentally infected hamsters. DCT values for gRNA and sgRNA in nasal washes (D),
oropharyngeal swabs (E), and feces (F) of experimentally infected hamsters.

FIG 5 Infection threshold determination and correlation between gRNA, sgRNA, and viral titers in experimentally
infected hamsters. Correlation and linear regression analysis between gRNA and viral titer in nasal washes (A) and
oropharyngeal swabs (C). Correlation and linear regression analysis between sgRNA and viral titer in nasal washes
(B) and oropharyngeal swabs (D). Infection threshold (IT) is the corresponding CT value in the linear regression equation
when viral titer is 0.5 -log TCID50 (50% tissue culture infective dose). Linear regression equations, Pearson correlation
coefficients (r), and infection thresholds are included in each panel.
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patients were 18, 11, and 7 days, and Immergluck et al. (11) reported that sgRNA was
concordant with antigen detection in symptomatic outpatients, but remained detectable
in 13 of 16 (82.1%) antigen-negative persons. The results of these two studies strongly
validated our findings. Additionally, we found that the RAgT results correlated more
strongly with viral culture results than with gRNA and sgRNA. Pekosz et al. also reported
similar results in COVID-19 patients (12).

RAgT is a very practical method for SARS-CoV-2 diagnosis in the field and clinical lab. It
is readily accessible, inexpensive, and can return results 15 min after sample preparation,
which allows rapid isolation of infected individuals. The high PPV of RAgT suggested that
most RAgT-positive individuals are infectious, which aids in early initiation of isolation and
contact tracing action for COVID-19 cases. However, compared with RT-PCR, RAgT is less
sensitive. Some COVID-19 patients with low viral loads in the early disease stage may be
missed by the RAgT assay. Through serial specimen collection, the three-rapid antigen test
can increase the sensitivity of RAgT from 68.5% to an enough high level of 95.8% (13). The
very high NPV suggests that individuals with negative RAgT results are temporarily not in-
fectious, and whether the nucleic acid based-test is positive or negative, these recovered
COVID-19 patients should be allowed to stop isolation immediately. RAgT may be useful
in guiding isolation decisions and contact tracing, shortening isolation times, and reducing
waste of medical resources. Consistent with our results, a recent study reported that RAgT
reduced isolation times by 2 days compared with the standard isolation time of 10 days
for health care personnel (14). RAgT would be an important supplement to RT-PCR in
SARS-CoV-2 diagnostics and COVID-19 prevention and control. This was strongly con-
firmed during the fifth wave of COVID-19 in Hong Kong, China (15).

CT values were inversely proportion to viral RNA loads in the collected specimens. In this
study, we found that viral culture positivity decreased with increasing CT values. Viral RNA
shedding in COVID-19 patients can persist for several weeks, but detectable viral RNA does
not necessarily mean infectious virus. A suitable CT threshold for gRNA is necessary for infec-
tivity determination. When CT . 26, only one sample was positive for viable SARS-CoV-2,
and when CT . 28, all viral culture results in samples from infected hamsters were negative.
Kim et al. (1) reported that when CT . 28.4, and Bullard et al. (16) reported that when
CT . 24, viral culture results were all negative. Because CT values in the same specimen dif-
fered with RT-PCR assays (17), the differences between CT thresholds for gRNA in these three
studies are acceptable. Correlation and linear regression analysis between gRNA and viral
titers showed that infection thresholds for gE were 25.87 in nasal washes and 25.51 in oro-
pharyngeal swabs. To be conservative, the CT threshold for infectivity can be set to be 28 to
30. Because the infectious virus shedding time in feces is very short and viral titers in very
few positive fecal samples were also very low, we think that it may not be necessary to sam-
ple anal swabs or feces for daily SARS-CoV-2 monitoring and diagnostics.

Subgenomic RNA is a transcriptional intermediate and a marker of actively replicating
virus (18). A previous study showed that sgRNA correlates strongly with viral infectivity
(8). We determined viral gRNA and sgRNA loads in experimentally infected hamsters and
found that viral sgRNA loads were obviously lower than viral gRNA loads, and the duration

FIG 6 Viral load of an infected hamster which died at day 18. CT values for gRNA and sgRNA in nasal washes (A) and
oropharyngeal swabs (B).
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of viral sgRNA shedding is obviously shorter than that of viral gRNA. Perera et al. (7) also
showed that the duration of sgRNA shedding is shorter than that of gRNA in 35 mild COVID-
19 patients. However, the trend of sgRNA is highly similar to that of gRNA. Furthermore, the
DCT values between sgE and gE were almost constant, about 7.0, during the whole infection
process, suggesting that sgRNA is highly correlated with viral gRNA. This result is consistent
with correlation and linear analysis which showed that the slopes of the two regression lines
were almost the same. We can easily predict the viral sgRNA load from the viral gRNA load,
and the shorter sgRNA shedding time is due to the lower abundance of sgRNA. Dimcheff
et al. (19) and Verma et al. (20) reported a similarly high correlation between gRNA and
sgRNA. Therefore, sgRNA did not provide more useful information than viral gRNA in infectiv-
ity determination. The CT threshold for sgE to determine infectivity in all samples can be pre-
dicted as 35. Indeed, when CT for sgE. 35, all viral culture results were negative. The infection
threshold for sgE can be predicted to be 33 in nasal washes and 31 in oropharyngeal swabs
(Fig. 4). This was consistent with the results of linear regression analysis between sgRNA and
viral titers, showing that ITs for sgE were 33.15 in nasal washes and 32.33 in oropharyngeal
swabs. Indeed, when CT for sgE . 33, viral culture results were all negative in non-fecal
samples.

The gRNA shedding pattern varied greatly in feces, nasal washes, and oropharyngeal
swabs. gRNA was continuously detectable over all 40 experimental days in most fecal
samples, and was maintained at relatively high levels. However, gRNA in nasal washes and
oropharyngeal swabs gradually decreased with infection time, was only detected in a small
number of samples, and was maintained at very low levels after 28 days. The gRNA shed-
ding time in feces was much longer than those in nasal washes and oropharyngeal swabs.
Similarly, in a few clinically recovered COVID-19 patients, the median clearance time of viral
RNA in stool (22 days) was much longer than that in nasopharyngeal secretions (12 days)
(21). Prolonged viral RNA shedding in rectal swabs (22) or feces (23) has also been found in
pediatric patients with COVID-19. Therefore, the continued detection of gRNA in feces of
infected hamsters may mirror SARS-CoV-2 shedding in stools or rectal swabs of some
COVID-19 patients. Compared with that in the respiratory tract, SARS-CoV-2 receptor ACE2
and the priming protease TMPRSS2 were highly expressed in the intestine, especially the
small intestine, of hamsters (24) and humans (25, 26), forming a suitable environment for
SARS-CoV-2 replication and spread. In our study, low levels of sgRNA were detected in feces
during the last 10 days, indicating weakly or moderately active replication in the intestines
of hamsters. The underlying mechanism behind long SARS-CoV-2 shedding in human and
hamster feces remains to be explored in the future.

Viral shedding in immunocompromised COVID-19 patients can persist for several weeks
or even several months (27). In our study, most of the time, the gRNA and sgRNA loads in
nasal washes of the dead hamster were maintained at relatively high levels. Usually, SARS-
CoV-2 is not lethal to young hamsters. We speculated that the virus may have adapted to
this hamster or that the dead hamster may have been compromised or had another
unknown disease. The true factors leading to this hamster’s death have yet to be explored.

In conclusion, the duration of viral gRNA shedding was far longer than those of RAgT and
viral culture positivity, and RAgT results correlated strongly with viral culture results. RAgT may
be an important supplement to RT-PCR in guiding isolation periods for COVID-19 patients and
early COVID-19 screening. sgRNA was highly correlated with gRNA and may be no more use-
ful for identifying infectivity than a CT threshold determined for gRNA based on viral culture
results. For gRNA, the CT threshold for infectivity can be conservatively set to be 28 to 30.

MATERIALS ANDMETHODS
Ethics and biosecurity statement. All animal experiments were approved by the Animal Care and

Use Committee of Changchun Veterinary Research Institute. All experiments involving infectious SARS-
CoV-2 were performed in the Biosafety Level 3 Laboratories of Changchun Veterinary Research Institute.

Study design and sample processing. Ten male Syrian hamsters, 5 weeks old, were anesthetized
with isoflurane and intranasally inoculated with 105 50% tissue culture infective dose (TCID50) of the virus
(BetaCoV/Beijing/IME-BJ05-2020). Every other day, nasal washes were collected from all animals with
1 mL phosphate-buffered saline (PBS) for 39 days, oropharyngeal swabs were collected and immersed into
1 mL PBS, and fresh feces were collected into 1 mL PBS. All samples were vibrated and centrifuged. The sample
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supernatants were used for viral culture, genomic and subgenomic RNA quantification, and rapid antigen
testing.

Viral genomic RNA and subgenomic RNA quantification. Two hundred mL of the sample superna-
tants of nasal washes, oropharyngeal swabs, and feces from hamsters was used to extract RNA using viral
RNA minikits (Qiagen, Hilden, Germany) according to the manufacturers’ instructions. Viral gRNA and sgRNA
were quantified using RT-PCR as described previously (28, 29). The cutoff values for gRNA and sgRNA were
38, and a CT value of,38 was considered to be positive.

Rapid antigen test. Two rapid antigen testing kits (Wuhan CDIAGNOSIS and Guangzhou Wondfo
Biotech Company) were used for SARS-CoV-2 testing. RAgT was performed according to the manufac-
turers’ instruction with slight modification. Here, 100 mL of the sample supernatants was mixed with
100 mL of the antigen extraction buffer and incubated for 2 min. The mixed solution was added into the
sample pad of the rapid antigen test strip, and the test results were read at 15 min.

SARS-CoV-2 virus culture. Vero-E6 cells (CRL1586, ATCC, Manassas, VA) were cultured in growth
medium (GM) containing high-glucose Dulbecco’s modified Eagle’s medium (DMEM; HyClone, USA),
supplemented with 10% fetal bovine serum (FBS; HyClone, Logan, UT), 100 U/mL penicillin, and 100 mg/
mL streptomycin at 37°C with 5% CO2. Cells were grown to 80% confluence in 96-well plates and the
GM was removed and replaced with maintenance medium, which is identical to the GM, supplemented
with 2% FBS. Next, 100 mL of serial 10-fold dilutions of the sample supernatants was added to Vero-E6
cells. The cytopathic effect was observed under a microscope. Viral titers were determined by the Reed-
Muench method.

Statistical analysis. All data were analyzed with GraphPad Prism v6.01. A Pearson correlation was
used to analyze data correlation between gRNA, sgRNA, and viral titers, and a linear regression analysis
was used to fit the linear regression curves. The infection threshold is the corresponding CT value in the
linear regression equation when the viral titer is 0.5-log TCID50.
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