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ABSTRACT Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) carrying
the D614G mutation on the spike protein is the predominant circulating variant and
is associated with enhanced infectivity. However, whether this dominant variant can
potentially spread through the cold chain and whether the spike protein affects virus
stability after cold storage remain unclear. To compare the infectivity of two SARS-
CoV-2 variants, namely, SARS-CoV-2 variants with spike protein with the D614 muta-
tion (5-D614) and G614 mutation (S-G614), after different periods of refrigeration
(4°C) and freezing (—20°C). We also determined the integrity of the viral RNA and
the ability of the spike protein to bind angiotensin-converting enzyme 2 (ACE2) after
storage at these conditions. The results showed that SARS-CoV-2 was more stable
and infectious after storage at —20°C than at 4°C. Particularly, the S-G614 variant
was found to be more stable than the S-D614 variant. The spike protein of the S-
G614 variant had better binding ability with the ACE2 receptor than that of the S-
D614 variant after storage at —20°C for up to 30days. Our findings revealed that
SARS-CoV-2 remains stable and infectious after refrigeration or freezing, and their
stability and infectivity up to 30days depends on the spike variant. Stability and
infectivity are related to each other, and the higher stability of S-G614 compared to
that of S-D614 may contribute to rapid viral spread of the S-G614 variant.

IMPORTANCE It has been observed that variants of severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) are more stable and infectious after storage at —20°C
than at 4°C. A SARS-CoV-2 S-D614G variant is currently the most dominant variant in
circulation and is associated with enhanced infectivity. We compared the stability of
two SARS-CoV-2 variants: the early S-D614 variant carrying the D614 spike protein
and the new S-G614 variant carrying the G614 spike protein, stored at both 4°C and
—20°C for different periods. We observed that SARS-CoV-2 remains stable and infec-
tious after refrigeration or freezing, which further depends on the spike variant, that
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is, the ability of the spike protein to bind with the ACE2 receptor with higher effi-
ciency. The high stability of the S-G614 variant also explains its rapid spread and
infectivity. Therefore, precautions should be taken during and after handling food
preserved under cold conditions.

KEYWORDS SARS-CoV-2, D614G mutation, spike protein, RNA integrity, temperature,
ACE2, D614 variant, cold storage, stability

n 2019, a new human coronavirus, severe acute respiratory syndrome coronavirus 2

(SARS-CoV-2), emerged in Wuhan, China (1), and the disease it causes has been
named coronavirus disease 2019 (COVID-19) by the World Health Organization. As of 9
March 2021, over 117 million COVID-19 cases have been recorded worldwide, causing
more than 2.6 million deaths with a fatality rate of 0.8% to 14.5% (2). The estimated ba-
sic reproductive number for SARS-CoV-2 is approximately 2 to 6, whereas that for
SARS-CoV is only 0.19 to 1.08 (3), which explains the rapid global spread of SARS-CoV-2
(4-7). Because COVID-19 cases are continuously increasing, the control of SARS-CoV-2
spread is of utmost importance.

Since June 2020, news reports from several countries have speculated that seafood
products that are transported to the market through a cold chain may have caused the
wide spread of the virus (8). Additionally, several studies have indicated that SARS-
CoV-2 cannot remain viable at high temperatures (10-12), suggesting that SARS-CoV-2
could be transmitted through the cold chain. However, these studies examined only
the changes in the infectious SARS-CoV-2 titer (50% tissue culture infective dose
[TCIDs,) of the early variant carrying spike protein with the D614 mutation (S-D614).

The SARS-CoV-2 spike protein is a receptor binding protein that is critical in its
infectivity. A SARS-CoV-2 S-D614G variant emerged in February 2020 in Europe and is
currently the most dominant variant in circulation (13). The reproductive number of
the SARS-CoV-2 S-D614G variant increased by 31% compared with that of the wild-
type SARS-CoV-2 S-D614 (14). The rapid spread of the S-D614G variant quickly
garnered attention and necessitated investigations to understand its effect on SARS-
CoV-2 infectivity. The S-D614G variant showed no significant association with disease
severity and no change in sensitivity to neutralizing antibodies compared with the
wild type (13-15). However, the titers, fitness, and transmission of S-G614-carrying
SARS-CoV-2 are higher than those of the S-D614-carrying SARS-CoV-2 in hamster and
human upper respiratory cells (15, 16). Although there is a clear difference in titers, the
mechanism underlying these differences between the mutants remains unclear.
Particularly, how mutations affect the binding ability of the virus to angiotensin-con-
verting enzyme 2 (ACE2), an entry receptor for SARS-CoV-2, is unclear.

To compare the stability of early SARS-CoV-2 variants carrying the D614 spike pro-
tein (S-D614 variant) and new SARS-CoV-2 variant carrying the G614 spike protein (S-
G614 variant), we stored both variants at 4°C and —20°C for different periods (up to
30days). We then analyzed the effects of these temperatures on infectious viral titers,
viral RNA integrity, and the ability of the virus to bind to ACE2. Our study provides
insights into the differences in viral infectivity after exposure to different temperatures.

RESULTS

Higher infectivity of the SARS-CoV-2 S-G614 variant than that of S-D614 after
cold storage. To determine the effect of temperature on the S-D614 and S-G614 var-
iants of SARS-CoV-2, we evaluated the titers of the two variants after cold storage. The
titers of the SARS-CoV-2 S-D614 and S-G614 variants remained stable after 2.5 months
of storage at —80°C compared with the baseline values (8 days of storage) (Fig. TA).
However, 14 days of storage at 4°C significantly reduced the titer of the S-D614 variant
compared with storage at —20°C (Fig. 1B). The titers of the S-D614 variant were almost
undetectable after 30 days of storage at 4°C but decreased by only 1 log unit relative
to the baseline level (0 days of storage) when stored at —20°C. These findings indicate
that the S-D614 variant is more stable at —20°C than at 4°C.
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FIG 1 Titers of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) S-D614 and S-G614 variants after storage at 4°C, —20°C, and —80°C for
different durations. (A) Titers of virus stocks stored at —80°C for 8 days and 2.5 months. (B and C) Comparison of viral titers of the S-D614 (D614) (B) and S-
G614 (G614) (C) variants. The stocks of SARS-CoV-2 variants were diluted to 10* PFU/ml and stored at 4°C and —20°C for different durations. (D)
Comparison of viral titers of the S-D614 and S-G614 variants stored at 4°C and —20°C for 30 days, with initial viral concentrations of 10* PFU/ml. (E and F)
Titers of the S-D614 and S-G614 variants of SARS-CoV-2 with different initial viral concentrations stored at 4°C (E) or —20°C (F) for different durations. Error
bars represent the standard deviations (SD) of three independent experiments. Statistical significance was determined by conducting an unpaired t test

(n=3; %, P < 0.05; **, P < 0.01; ns, not significant).

Similarly, the titers of the S-G614 variant decreased approximately 1 log unit com-
pared with the initial titer after storage at —20°C for 30days (Fig. 1C). Interestingly,
unlike the S-D614 variant, the S-G614 variant retained a considerable degree of infec-
tivity when stored at 4°C for 30days (Fig. 1C), suggesting that the stability of the S-
G614 variant after 30-day storage at 4°C and —20°C is similar.

Next, we determined the stability of the variants at low initial viral titers, because
the viral concentrations in the environment and on surfaces are typically not as high as
that in laboratory cultures. For this purpose, we compared higher initial titers (104) in
Fig. 1B and C with lower initial titers (102 and 103) in Fig. 1D and E. S-D614 and S-G614
with both high and low initial titers remained infectious even after 30 days of storage
at —20°C (Fig. 1D). However, the S-D614 variant exhibited higher infectivity for a longer
duration at high initial viral titers (10% and 10* PFU/ml) than low initial titers (102 PFU/
ml) at 4°C (Fig. 1E). Notably, the relatively stable S-G614 variant with high initial titers
remained infectious when stored at 4°C for 30days (Fig. 1E). These findings indicate
that SARS-CoV-2 with low viral titers is less stable at 4°C.

Higher RNA integrity of the SARS-CoV-2 S-G614 variant than that of S-D614
after cold storage. We explored the reasons for the decrease in viral titers after stor-
age. First, we determined whether SARS-CoV-2 RNA is degraded upon storage. The
TagMan probe system was used to quantify the expression of structural £ and non-
structural nsp12 genes because degraded viral RNA cannot be amplified and detected
(17). In both E and nsp12 genes (Fig. 2), the trends in the copy numbers of viral RNA
from the S-D614 and S-G614 variants were consistent with those of the infectious viral
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FIG 2 Severe acute respiratory syndrome coronavirus 2 RNA copy numbers of the S-D614 and S-G614 variants stored at 4°C, —20°C, and —80°C. Virus
stocks were diluted to 10% 10° and 10* PFU/ml and stored at 4°C and —20°C for different durations. Viral RNA was extracted, and copy numbers were
determined by targeting E (top) and nsp12 (bottom) genes. Error bars represent the standard deviations (SD) derived from three independent experiments.

titers. Therefore, we speculated that the decrease in viral titer correlates with viral RNA
degradation.

To confirm this hypothesis, we analyzed the integrity of SARS-CoV-2 RNA by deter-
mining the linear relationship between nsp12 and E gene copies as previously
described (17). The S-G614 variant showed a higher correlation between the E and
nsp12 genes than the S-D614 variant after storage at 4°C and —20°C (Fig. 3), indicating
that the genome of the S-G614 variant is more stable. Moreover, the correlation
between E and nsp12 genes of the S-D614 variant was higher at —20°C than at 4°C,

A B
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FIG 3 Integrity of SARS-CoV-2 genomic RNA. (A and B) Correlation between the copy number of nsp12 and E genes
in the S-D614 and S-G614 variants of SARS-CoV-2 stored at 4°C (A) or —20°C (B) for 30days. To increase the sample
size to enable better comparison, we pooled samples of the same variant that were stored at the same temperature.
The respective regression equations and r? values are shown.
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FIG 4 Binding of the SARS-CoV-2 spike protein with recombinant human angiotensin-converting enzyme 2 (rhACE2). Pseudoviruses
carrying SARS-CoV-2 S-D614 and S-G614 were stored at —20°C or 4°C for different durations, and then added to rhACE2-coated
chips. The relative R, ratio was considered proportional to the amount of spike protein bound to ACE2. Error bars represent
standard deviations derived from three independent experiments. Significant differences were analyzed using the two-way ANOVA
with Newman-Keuls multiple-comparison tests of data. (n=3; *, P < 0.05; **, P < 0.01; ns, not significant).

whereas that in the S-G614 variant was similar at both temperatures. These results are
consistent with those observed for viral titers (Fig. 1B to E).

Greater binding of the SARS-CoV-2 S-G614 variant to recombinant human
ACE2 than that of S-D614 after cold storage. Next, we explored the difference in the
recombinant human ACE2 (rhACE2)-binding ability of the S-D614 and S-G614 variants
after storage at different temperatures. We coated Pd nano-thin film polyethylene ter-
ephthalate electrodes with rhACE2 and then added either S-D614 or S-G614 pseudovi-
rus at equal transduction unit (transduction unit [TU]/ul) to the chip and observed the
changes in resistance. We found no significant difference in the binding ability of the
S-D614 and S-G614 pseudoviruses to rhACE2 at different temperatures on the first day
(Fig. 4). Notably, the binding ability of the S-D614 pseudovirus at different tempera-
tures did not significantly change after 30days of storage. However, after 14 and
30days, the binding ability of the S-G614 pseudovirus at —20°C was significantly
higher than that at 4°C. Thus, the rhACE2-binding ability of the S-G614 variant on day
30 of storage at —20°C was significantly higher than that of the S-D614 variant.
Moreover, storage at 4°C was not conducive for the maintenance of the rhACE2-bind-
ing ability of both variants, whereas storage at —20°C better maintained the binding
ability of the S-G614 variant compared with that of the S-D614 variant.

DISCUSSION

Several studies have discussed the stability of SARS-CoV-2 at different temperatures
or environmental conditions. To our knowledge, this is the first study to report the dif-
ferences in viral infectivity after exposure to different temperatures by studying viral
RNA integrity and binding ability of the spike protein to rhACE2, along with viral titer.
Our findings also provided a possible explanation for the rapid spread of the S-G614
variant; it may be attributed to its higher stability.

The stability of viruses is affected by the concentration of the viral stock, and the vi-
ral titer present in the inoculum affects viral infectivity. The effects of temperature on
SARS-CoV-2 have been previously investigated (12, 18, 19). However, the initial viral ti-
ter used was higher than 10° half-maximal tissue culture infectious dose/ml (equivalent
to ~107 PFU/ml). They found that the viral titer was quite stable, in contrast to our
finding. We believe that the difference in the results is mainly because the initial virus
concentration used is different from that in our study (102 to 10* PFU/ml), 3 x 10° to
3 x 103 times higher. Our results in Fig. 1D and E show that the higher the virus con-
centration, the higher the stability of the virus, and the reduction in viral titer at 4°C is
more significant than that at —20°C and —80°C. Our data, based on relatively low virus
concentrations that are close to the actual concentration of viral particles in the envi-
ronment, showed that the initial viral titer also affects its stability. La Scola et al. (20)
reported that no virus culture was obtained from samples with cycle threshold (C;) val-
ues of =34 after the amplification of E gene, suggesting that patients with C; values
of =34 are no longer infectious and can be discharged. A C; value of 34 for the E gene
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is equivalent to 6.16 log,, copies/ml| of SARS-CoV-2. Although all viral nucleic acids are
not infectious viral particles, the expression of the viral RNA copies or the C; values can
provide an indication as to whether SARS-CoV-2 variants remain infectious after
1 month of storage at 4°C or —20°C. Our results indicated that SARS-CoV-2 in refriger-
ated or frozen foods exhibit considerable stability and infectivity even after 30 days.
Notably, the aforementioned studies used the early SARS-CoV-2 S-D614 variant; in con-
trast, we studied both early and new variants and found that the new SARS-CoV-2 S-
G614 variant is more stable than S-D614. Interestingly, the S-G614 variant we used had
three other nonsynonymous mutations in the coding region and one mutation in its
untranslated region. Whether these mutations contribute to the enhanced integrity of
the SARS-CoV-2 G614 variant genome is unexplored. In addition, we analyzed the bind-
ing ability of the spike protein and rhACE2 through Pd nano-thin film polyethylene ter-
ephthalate electrodes. It has been shown that ACE2 undergoes glycation modification
leading to integration into the plasma membrane (21). However, we conducted pro-
tein-protein interaction in vitro, and therefore, we believe that the expression of ACE2
without glycosylated modification through Escherichia coli will not affect the perform-
ance of binding ability with spike protein.

In conclusion, we found that the S-D614 variant does not remain infectious after
storage at 4°C for 30days but remains infectious after 30 days of storage at —20°C.
Notably, the currently prevalent G614 mutation-harboring variant remains infectious
regardless of the storage temperature for 30days. Thus, SARS-CoV-2 may transmit
through foods preserved under cold conditions. Therefore, precautions should be
taken while eating and handling foods preserved under cold conditions. Moreover,
although the susceptibility to serum/antibody neutralization of the S-G614 variant
remains unchanged, its high stability still plays an important role in its ability to
spread.

MATERIALS AND METHODS

Cell line. VeroE6 (American Type Culture Collection, Manassas, VA, USA) cells were grown in
Dulbecco’s modified Eagle’s medium (DMEM) containing 10% fetal bovine serum (FBS), 1% antibiotic/
antimycotic solution, and 1% L-glutamine (Gibco, Grand Island, NY, USA). The cells were cultured at 37°C
with 5% CO,.

Viruses. The S-D614 SARS-CoV-2/human/TWN/CGMH-CGU-01/2020 (GISAID [https://www.gisaid.org]
accession number EPI_ISL_411915; NCBI accession number MT192759.1) and S-G614 SARS-CoV-2/
human/TWN/CGMH-CGU-25/2020 (GISAID accession number EPI_ISL_444278; NCBI accession number
MT479227.1) variants were originally isolated from a patient with COVID-19 from Chang Gung Memorial
Hospital. Viral amplification and manipulation were performed in an accredited biosafety level 3 labora-
tory at the Chang Gung Memorial Hospital. The S-G614 variant has four synonymous and four nonsynon-
ymous mutations in the coding region. The nonsynonymous mutations include ORF1ab-C794T(T265I),
ORF1ab-C14144T(P4715L), S-A1841G(D614G), and ORF3a-G171C(Q57H). There is also a mutation in the
5’ untranslated region—C241T. The SARS-CoV-2 stocks of the S-D614 and S-G614 variants were diluted
in DMEM with 2% FBS at 102 to 10* PFU/ml and stored at 4°C and —20°C for different durations (1, 4, 7,
21, and 30days). Thereafter, they were transferred to —80°C until further analyses such as titration, RNA
quantification, and RNA integrity analysis. Viruses were propagated in Vero E6 cells, maintained in
DMEM with 2% FBS and stored at —80°C until further study.

Plaque assay. VeroE6 cells were seeded into a six-well cell culture plate and grown for 18 to 24 h at
37°C. At 90% confluence, the medium was removed, and 10-fold serial viral dilutions (from 10° to 10™4)
were allowed to adsorb onto the cells for 60 min. The cells were washed with phosphate-buffered saline
and grown in DMEM containing 2% FBS with 0.4% of agarose for 3 days. To visualize the plaques, the
cells were inactivated with 10% formalin for at least 1 h and were then stained with 0.5% crystal violet.

Viral RNA extraction and real-time PCR (RT-PCR). Viral RNA was extracted using the LabTurbo
Viral DNA/RNAMini kit according to the manufacturer’s instructions and using the LabTurbo 48 Compact
System (Taigen Bioscience, Taipei, Taiwan). The E and nsp12 genes were quantified as described previ-
ously (17).

SARS-CoV-2 pseudovirus. The SARS-CoV-2-S Luc pseudovirus (provided by the National RNAi Core
Facility, Academia Sinica, Taiwan) uses pCMVdeltaR8.91 and pcDNA3.1 to express the spike protein on
the viral surface. The transfer vector pLAS2w.FLuc.Ppuro carried by the virus expresses firefly luciferase.

Recombinant expression and characterization of the human ACE2 protein. rhACE2 was
expressed in the Escherichia coli system as previously described (22-24). rhACE2 refolding was confirmed
by Western blotting, and its interaction with the SARS-CoV-2 spike protein receptor-binding domain was
confirmed by electrochemical impedance spectroscopy measurements as described below.
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Electrochemical impedance spectroscopy measurements. The electrochemical properties of the
ACE2-functionalized Pd nano-thin film polyethylene terephthalate electrodes were determined based
on our previous study protocol (22, 25).
Statistical analysis. We used Student’s t test to compare the results of the viral titer changes
between 4°C and —20°C on the same day, presented in Fig. 1B and C. The two-way analysis of variance
(ANOVA) with Newman-Keuls multiple-comparison test was used to analyze the ACE2-binding ability of
the same virus variant at different temperatures and that of different variant viruses at the same temper-
ature. Statistical analysis was performed using GraphPad Prism v9.3.3 (GraphPad Software, Inc., CA, USA).
Data are presented as means =* standard errors of means. Results with a P value of <0.05 were consid-
ered statistically significant. Linear regression models were used to determine the correlation between
genome copies of structural (E) and nonstructural genes (nsp12) with C; values obtained from RT-PCR,
and the R? value was used to assess model fitness. Statistical analysis was conducted using the R soft-
ware v3.6.1 (26), and the distribution of genome copies and their correlations were visualized using the
R package ggplot2 as previously described (17, 27).
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