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ABSTRACT Information regarding the infectivity of severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) in asymptomatic carriers is scarce. In order to determine the
duration of infectivity and its correlation with reverse transcription-PCR (RT-PCR) results
and time since initial positive PCR test in this population, we evaluated SARS-CoV-2 cell
infectivity in nasopharyngeal samples longitudinally obtained from asymptomatic car-
riers who disembarked from a cruise ship during a COVID-19 outbreak. Of 166 nasopha-
ryngeal samples collected from 39 asymptomatic carriers every 48h until two consecu-
tive negative PCR test results were obtained, SARS-CoV-2 was successfully isolated from
9 PCR-positive samples which were obtained from 7 persons (18%; 7/39). Viable viruses
were isolated predominantly within 7days after the initial positive PCR test, except for
one person who shed viable virus until day 15. The median crossing point (Cp) value of
RT-PCR of culture-positive samples was 24.6 (interquartile range [IQR], 20.4 to 25.8;
range, 17.9 to 30.3), and Cp values were significantly associated with isolation of viable
virus (odds ratio, 0.496; 95% confidence interval [CI], 0.329 to 0.747; P value, 0.001),
which was consistent with existing data for symptomatic patients. Genome sequence
analysis of SARS-CoV-2 samples consecutively obtained from a person who shed viable
virus for 15days identified the emergence of two novel single nucleotide variants
(C8626T transition and C18452T transition) in the sample collected on day 15, with the
latter corresponding to an amino acid substitution in nonstructural protein 14. The
impact of these mutations on prolonged viable-virus shedding is unclear. These findings
underscore the potential role of asymptomatic carriers in transmission.

IMPORTANCE A growing number of studies suggest the potential role of asymptomatic
SARS-CoV-2 carriers as a major driver of the COVID-19 pandemic; however, virological
assessment of asymptomatic infection has largely been limited to reverse transcription-
PCR (RT-PCR), which can be persistently positive without necessarily indicating the pres-
ence of viable virus (e.g., replication-competent virus). Here, we evaluated the infectivity
of asymptomatic SARS-CoV-2 carriers by detecting SARS-CoV-2-induced cytopathic
effects on Vero cells using longitudinally obtained nasopharyngeal samples from asymp-
tomatic carriers. We show that asymptomatic carriers can shed viable virus until 7 days
after the initial positive PCR test, with one outlier shedding until day 15. The crossing
point (Cp) value of RT-PCR was the leading predictive factor for virus viability. These
findings provide additional insights into the role of asymptomatic carriers as a source of
transmission and highlight the importance of universal source control measures, along
with isolation policy for asymptomatic carriers.
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Since the early phase of the coronavirus disease 2019 (COVID-19) pandemic, asymp-
tomatic carriers of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2),

who were infected with SARS-CoV-2 but never developed symptoms, have been identi-
fied through contact tracing and surveillance. Despite a growing number of studies
suggesting the potential role of asymptomatic carries as a major driver of transmission
(1, 2), information regarding the infectivity of asymptomatic SARS-CoV-2 carriers is
limited.

Reverse transcription PCR (RT-PCR) has been the gold standard for COVID-19 diag-
nostic testing and screening. RT-PCR testing results, however, can be persistently posi-
tive without necessarily indicating the presence of viable virus (e.g., infectious virus or
replication-competent virus) and transmissibility to others. Recent studies using viral
culture as a surrogate marker for infectivity have shown that viable virus is not recov-
ered after 10 days following symptom onset in mild to moderate COVID-19 (3–5).
Among patients with severe COVID-19, the median duration of viable virus shedding
was 8 days (interquartile range [IQR], 5 to 11 days) after onset, and the probability of
detecting viable virus dropped to below 5% 15 days after onset of symptoms (6). To
date, detection of viable virus has been documented in asymptomatic patients (5), but
the kinetics of viable virus shedding among asymptomatic patients, who make up 16
to 45% of all infected patients, are not known (7, 8). Here, we investigated SARS-CoV-2
cell infectivity in nasopharyngeal specimens obtained from asymptomatic persons
who contracted the virus during the COVID-19 outbreak on the cruise ship Diamond
Princess using cell culture and correlated it with crossing point (Cp) values of RT-PCR.

RESULTS

Of 90 asymptomatic SARS-CoV-2 carriers, 39 had more than two consecutive or
nonconsecutive positive PCR test results at the hospital. The median age was 67 (IQR,
57 to 72; range, 9 to 77) and 54% (21/39) were female. Fourteen (36%) had coexisting
medical conditions, such as hypertension and diabetes. The first PCR test at the hospi-
tal took place after a mean of 6 days following the initial positive PCR test on the ship.
A median of 3 samples (IQR, 2 to 4; range, 2 to 7) were obtained from each person until
two consecutive negative PCR test results were obtained. Eventually, a total of 166
samples were analyzed using cell cultures, consisting of 116 PCR-positive samples and
50 PCR-negative samples. The latter were obtained between PCR-positive samples
(n=11) or as the first of two consecutive negative PCR tests (n=39). SARS-CoV-2 was
successfully cultured from 9 (7.8%) of PCR-positive samples, whereas none of the PCR-
negative samples showed cytopathic effect (CPE). Samples with positive culture were
obtained from 7 carriers with a median age of 71 (IQR, 66 to 74; range, 60 to 77), 5 of
whom were female. The last positive CPE was observed in samples collected a median
of 7 days (IQR, 6 to 7; range, 6 to 15) after the initial positive PCR test (day 0) (Fig. 1;
also, see Table S1 in the supplemental material). The median Cp value of culture-posi-
tive samples was 24.6 (IQR, 20.4 to 25.8; range, 17.9 to 30.3). The Cp value was a risk
factor for positive CPE (odds ratio, 0.496; 95% confidence interval [CI], 0.329 to 0.747; P
value, 0.001). Age and coexisting medical conditions were not significantly associated
with CPE positivity (P values of 0.132 and 0.207, respectively).

The specimen in which CPE was observed 15days following the initial positive PCR test
was obtained from a 70-year-old Japanese female with a medical history of diabetes mellitus
and hypertension, who had prolonged RT-PCR positivity for more than 21days (Carrier_1 in
Fig. 1). In order to explore the virological features, the complete genome sequences of 4 se-
quential specimens collected from Carrier_1 between 21 February and 1 March, as well as
those of 9 specimens obtained from a cabinmate of Carrier_1 (Carrier_2) and 6 others, were
obtained and analyzed (Fig. 2). All SARS-CoV-2 strains belonged to clade 19A identified by
Nextstrain, and they harbored a single nucleotide mutation at position 11083 (G11083T
transversion), leading to a nonsynonymous amino acid substitution (Leu37Phe) in nonstruc-
tural protein 6 (nsp6), as previously described from the Diamond Princess outbreak event
(9). The consensus sequence obtained from Carrier_1 on 21 and 24 February shared the
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same intrahost single nucleotide variation (iSNV) at position 5218 with a frequency of 29 to
62% (T5218C transition). While iSNV at position 5218 was not found after 28 February, two
novel SNVs emerged in the sample collected on March 1 at positions 8626 (C8626T transi-
tion) and 18452 (C18452T transition). The former mutation in the nsp4 gene is synonymous,
whereas the latter leads to a nonsynonymous amino acid substitution (Ala138Val) in nsp14,
which possesses a 39-to-59 exonuclease activity. None of these mutations were found in
samples collected from the cabinmate of Carrier_1 and others.

DISCUSSION

Among 39 asymptomatic SARS-CoV-2 carriers who had more than two positive PCR
test results at the hospital, CPE was observed in 9 samples from 7 of the carriers, which
were predominantly collected within 7 days after the initial positive PCR testing with
Cp values less than 30.3. The rate of CPE positivity was low, likely since the samples
from the first positive PCR test, which occurred on the ship and were most likely to
yield CPE positivity, were not available and thus were not included in this study.

The viral load (as measured by RT-PCR cycle threshold [CT] level or Cp level) and du-
ration after symptom onset are known to correlate with SARS-CoV-2 cell infectivity in
symptomatic patients; positive viral cultures are mainly observed in samples with CT

values of ,34 and those collected within the first week of illness (4, 6, 10–12). In our
study, viral load was the leading predictive factor for virus viability among asymptom-
atic carriers, while age and coexisting medical condition were not. Viable virus was

FIG 1 Crossing point (Cp) values of RT-PCR and result of cell culture in asymptomatic SARS-CoV-2
carriers, according to number of days since SARS-CoV-2 infection diagnosis by PCR of nasopharyngeal
swabs. Red dots indicate samples in which cytopathic effect (CPE) was observed, and black dots
represent culture-negative samples. Triangles connected with a dotted line correspond to samples
obtained from Carrier_1. With fluorescence-based real-time PCR, the number of cycles at which
fluorescence signal from amplification exceeds the background fluorescence level is determined as
the crossing point, threshold cycle (CT), or other values by different instrument manufacturers. While
there are differences in how they are calculated, they are considered biologically equivalent in that a
lower value correlates with a higher copy number of the target nucleotide sequence.
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predominantly observed in nasopharyngeal samples obtained within 7 days after the
initial positive test, although the time to initial laboratory confirmation varied among
individuals due to their persistent asymptomatic status and the ambiguity over the
timing of exposure in the setting of a large outbreak event on a cruise ship.

One outlier was a sample obtained from an elderly patient who had prolonged PCR
positivity, which showed CPE on day 15 following initial positive PCR testing. Sequencing
analysis of the longitudinal nasopharyngeal samples collected from this patient revealed
the emergence of two novel SNVs (C8626T transition and C18452T transition) in the sam-
ple collected on day 15 after initial PCR confirmation. The C-to-T transitions are the most
frequent mutations in SARS-CoV-2, accounting for one-half of sequence variations observed
worldwide (13, 14). Considering that these mutations were not identified in virus from the
cabinmate of this patient or other passengers, they may have arisen within the host, possibly

FIG 2 Distribution and allele frequency of SNVs (single nucleotide variants) and intrahost single nucleotide variation (iSNV) identified in specimens
obtained from asymptomatic SARS-CoV-2 carriers, compared with the reference genome. Each SNV or iSNV is colored based on the substituted bases (A,
gray; G, blue; T, orange; C, green), with color gradients reflecting allele frequencies (in percent). The reference sequence was Wuhan Hu 1 (MN908947.3).
SN, supernatant of cell culture; NP, nasopharyngeal swab.
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driven by the human host APOBEC (apolipoprotein B mRNA-editing enzyme, catalytic poly-
peptide) activity, which deaminates cytosines into uracils (C to U) on single-stranded nucleic
acids and confers antiviral intracellular immunity (13, 15). As no mutation was observed in
the spike protein sequence, the impact of these mutations on immune evasion is unlikely to
be significant.

The strength of this study is that enough nasopharyngeal samples from asymptom-
atic SARS-CoV-2 carriers were analyzed to demonstrate a link between in vitro viral cell
infectivity, viral load, and the time from initial laboratory confirmation of SARS-CoV-2
infection. As samples were collected approximately every 48 h from each individual
until 2 consecutive negative PCR test results were obtained, the result of this study
illustrates the longitudinal kinetics of SARS-CoV-2 infection in asymptomatic carriers.
Existing data have suggested that asymptomatic carriers, who are known to have viral
loads similar to those of symptomatic patients (16), could serve as a driving force of
the virus spreading in the community (1, 2). The results of this study provide additional
virologic evidence as to the crucial role of asymptomatic carriers in COVID-19 pan-
demic, with implications for infection control and public health.

There are several limitations to this study. First, the initial PCR-positive samples
which were obtained on the cruise ship were not available for CPE testing. This limita-
tion needs to be acknowledged in interpreting the rate of CPE positivity among
asymptomatic carriers, which might be underestimated in the present study as a result.
Second, timing of exposure to/infection with SARS-CoV-2 was not ascertained among
asymptomatic carriers, making it difficult to estimate how long they had been infected.
Third, olfactory and gustatory impairment, which was not recognized as characteristic
of COVID-19 at that time, was not routinely checked; thus, those who had isolated ol-
factory or gustatory symptoms might have been misclassified as asymptomatic.

In conclusion, shedding of viable virus was mainly observed within 7 days following
initial laboratory confirmation, except for one person who shed viable virus until day
15, among asymptomatic SARS-CoV-2 carriers who disembarked from the cruise ship
Diamond Princess. The viral load was statistically associated with positive viral culture,
which was consistent with existing data from symptomatic patients and underscores
the role of asymptomatic carriers in driving transmission.

MATERIALS ANDMETHODS
Study population and reverse transcription-PCR testing for SARS-CoV-2 infection. During the

COVID-19 outbreak on the cruise ship Diamond Princess, which occurred in February 2020, asymptom-
atic passengers and crew members who tested positive for SARS-CoV-2 by screening RT-PCR of nasopha-
ryngeal or throat swabs and their cabinmates who tested negative on the ship were transferred from
the cruise ship to on-shore hospitals in Japan for isolation. Asymptomatic status was determined at the
time of testing based on the absence of fever (temperature of $37.5°C) and clinical symptoms (cough,
dyspnea, chest pain, sore throat, and nasal discharge) by physicians and nurses who were mobilized to
the ship from quarantine stations, the self-defense forces, and disaster medical assistance teams.

From this cohort, 96 SARS-CoV-2-infected persons who were asymptomatic at the time of testing con-
ducted between 13 and 21 February and their 32 cabinmates who tested negative on the ship were trans-
ferred from Diamond Princess to Fujita Health University Okazaki Medical Center, which was slated to
open in April 2020, between 19 and 26 February 2020 for continued observation, as previously described
(17). The demographics and coexisting medical conditions were extracted from the medical questionnaire
obtained upon their arrival to the hospital. Their body temperature, oxygen saturation, and symptoms
were monitored at least twice a day, and the nasopharyngeal swabs were collected approximately every
48h until two consecutive negative PCR test results were obtained. Those who developed signs and symp-
toms consistent with COVID-19 (i.e., fever of $37.5°C, oxygen saturation of #93% without supplemental
oxygen, or new onset of respiratory symptoms) were transported to nearby acute-care hospitals, since the
hospital had not been approved to provide medical care at the time.

All PCR tests were performed at a single government facility under the standard RT-PCR protocol
endorsed by the National Institutes of Infectious Diseases. A Cp value of 40 was used as the cutoff value
for positivity. During the observation period, 11 of 96 asymptomatically infected persons developed clin-
ical signs and symptoms of COVID-19, making them presymptomatic instead of asymptomatic, and were
transferred to other facilities. Meanwhile, eight of 32 cabinmates who had a negative PCR test on
the ship had a positive PCR test after arrival to the hospital but remained asymptomatic. By the end of
the observation period, after excluding presymptomatic persons and those who were transferred to
other facilities due to nonmedical reasons, data on 90 SARS-CoV-2 infected persons who were asymp-
tomatic at the time of testing and remained so throughout, defined as asymptomatic SARS-CoV-2
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carriers, were available until the resolution of infection, defined as two consecutive negative PCR tests
(17). Among them, the nasopharyngeal swab samples of asymptomatic SARS-CoV-2 carriers who had
two or more positive RT-PCR test results at the hospital were analyzed for the presence of viable virus
using cell culture, as these samples were more likely than others to yield live virus. This study was
approved by the Institutional Review Board of Fujita Health University.

CPE evaluation. Nasopharyngeal swab specimens were transported in viral transport medium (BD
universal viral transport system), and residual media were stored at 280°C after extraction of RNA for
use in RT-PCR testing (17). These frozen media were thawed and processed for culture. The VeroE6/
TMPRSS2 cells (Japanese Collection of Research Bioresources Cell Bank, number JCRB1819) were main-
tained in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 5% fetal bovine serum (FBS)
and penicillin-streptomycin (Sigma-Aldrich). For isolation of SARS-CoV-2, cells were seeded on a 25-cm2

cell culture flask (Falcon). Next day, the thawed specimen medium (0.5ml) was centrifuged at low speed,
and the supernatant was mixed with 4.5ml of isolation medium (DMEM supplemented with 2% FBS,
penicillin-streptomycin [Sigma-Aldrich], gentamicin [Sigma-Aldrich], and amphotericin B [Sigma-
Aldrich]). The maintenance medium in the flask was then removed, the cells were washed once with iso-
lation medium, and the mixture (5ml) was added to the flask, followed by incubation at 37°C. We
checked whether the cells exhibited CPE, every day for 5 days.

Whole-genome sequencing and comparative genome sequence analysis of SARS-CoV-2. SARS-
CoV-2 genomic RNA was extracted from culture supernatants and selected nasopharyngeal samples with
Cp values less than 34 using a QIAamp Viral RNA minikit (Qiagen). The viral RNA extracted from culture
supernatants was subjected to direct MiSeq sequencing as described previously (18, 19). Briefly, a 200-bp
fragment library ligated with bar-coded adapters was constructed using an NEBNext Ultra RNA library
prep kit for Illumina v1.2 (New England Biolabs) according to the manufacturer’s instructions. The cDNA
library was purified using Agencourt AMPure XP magnetic beads (Beckman Coulter). After the quality and
quantity of the purified cDNA library had been assessed, nucleotide sequencing was performed on an
Illumina MiSeq sequencer (Illumina) using a MiSeq reagent kit v2 (Illumina) to produce 151 paired-end
reads. Data analysis of the direct MiSeq sequencing was carried out using CLC Genomics Workbench
v8.0.1 (CLC Bio). Contigs were assembled from the obtained sequence reads (trimmed) by de novo assembly.
To further refine the contigs, the sequence reads were mapped back to the assembled contigs.

In order to obtain longitudinal sequence data, SARS-CoV-2 genomes were amplified from selected
nasopharyngeal specimens with Cp values less than 34 from which viable viruses were not isolated
according to the PCR protocol of the ARTIC network (https://artic.network/ncov-2019) or using a QIAseq
SARS-CoV-2 primer panel (Qiagen). Sequencing libraries of the amplicons were prepared using a QIAseq
FX DNA library kit (Qiagen), and the libraries were analyzed with an Illumina MiSeq sequencer, using the
MiSeq reagent kit V2, for 300 cycles. Amplicon sequences were mapped to the reference sequence
(MN908947.3), and consensus sequences were obtained according to the Utah Department of Health
ARTIC/Illumina Bioinformatic Workflow (https://github.com/CDCgov/SARS-CoV-2_Sequencing/tree/master/
protocols/BFX-UT_ARTIC_Illumina) with minor modifications to include reads without primers. Consensus
sequences obtained from the workflow were confirmed by reading the mapping files (bams) using
Integrative Genomics Viewer (IGV) (http://software.broadinstitute.org/software/igv/).

Sequences extracted from each genome were aligned to the reference genome and inspected.
Variants with allele frequencies of $70% were identified as SNVs (single nucleotide variants). Variant
detection was performed using VarScan (20) in addition to manual inspection. An intrahost single nucle-
otide variation (iSNV) was defined as a variation with an allele frequency of.10% and sequencing depth
of $1,000. A web application tool (http://giorgilab.dyndns.org/coronapp/) was also used for variant
detection and annotation of mutated genes (21).

Statistical methods. The data were presented using medians with interquartile ranges (IQRs) and
ranges for continuous variables and counts with percentages for binary variables. The impact of Cp val-
ues on CPE positivity was assessed by the generalized estimating equations (GEE) approach using an
autoregressive (AR-1) correlation matrix to account for correlation among repeated measures. Univariate
logistic regression analysis was performed to assess the risk factors for CPE positivity. All P values were
two-sided. P values of ,0.05 were considered statistically significant. The statistical analysis was per-
formed using STATA 15.1 and R version 4.0.3.

Data availability. The sequences reported in this study are available in the GISAID database and
DDBJ Sequence Read Archive and BioSample database. The accession numbers are listed in Table S2 in
the supplemental material.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
TABLE S1, DOCX file, 0.02 MB.
TABLE S2, DOCX file, 0.02 MB.
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