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ABSTRACT

New SARS-CoV-2 mutants have been continuously indentified with enhanced transmission ever
since its outbreak in early 2020. As an RNA virus, SARS-CoV-2 has a high mutation rate due to the
low fidelity of RNA polymerase. To study the single nucleotide polymorphisms (SNPs) dynamics of
SARS-CoV-2, 158 SNPs with high confidence were identified by deep meta-transcriptomic sequen-
cing, and the most common SNP type was C > T. Analyses of intra-host population diversity
revealed that intra-host quasispecies’ composition varies with time during the early onset of
symptoms, which implicates viral evolution during infection. Network analysis of co-occurring
SNPs revealed the most abundant non-synonymous SNP 22,638 in the S glycoprotein RBD region
and 28,144 in the ORF8 region. Furthermore, SARS-CoV-2 variations differ in an individual's
respiratory tissue (nose, throat, BALF, or sputum), suggesting independent compartmentalization
of SARS-CoV-2 populations in patients. The positive selection analysis of the SARS-CoV-2 genome
uncovered the positive selected amino acid G251V on ORF3a. Alternative allele frequency spec-
trum (AAFS) of all variants revealed that ORF8 could bear alternate alleles with high frequency.
Overall, the results show the quasispecies’ profile of SARS-CoV-2 in the respiratory tract in the first
two months after the outbreak.
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The phylogenetic analysis of the SARS-CoV-2 strains
spread in different regions of the world confirmed its
frequent recombination with other human corona-
viruses or coronaviruses from pangolins and bats
[8,9]. According to amino acid sequence mutations,
an early survey classified the various virus strains across
the world into three clusters: cluster A, cluster
B (T8782C/C28,144T), and cluster C (G26,144T/
G251V, ORF3a)[10]. The mutation rate of SARS-CoV
-2 has been estimated as ~6 x 107™* (CL: 4 x 107* ~ 7 x
10™*) nucleotides/genome/year[11]. So far, typically
acquired SARS-CoV-2 only goes through one to two
mutations per month[12], which is largely

Introduction

RNA viruses have exhibited high mutation rates
primarily due to the low-fidelity of RNA poly-
merases [1] and the absence of post-replication
nucleotide repair mechanisms [2,3]. Therefore,
RNA viruses always exist as populations of viral
variants containing different mutations between the
hosts (inter-host) or within an individual host
(intra-host), referred to as quasispecies [4,5].
Quasispecies is believed to be a strategy of virus
evolution [3] and has previously been reported in
the SARS-CoV [6] and MERS-CoV [7] viruses.
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unremarkable for an RNA virus [11,13,14]. SARS-CoV
-2 strains have also been widely distributed in the
global phylogeny with high diversity. According to
GISAID nomenclature, the mutations in SARS-CoV-2
genomes divide into different clades, such as S clade
(L84S in OREFS, U28,144C in the genome), V clade
(G251V in ORF3a, G26,144U), and G clade (character-
ized by D614G in the S protein, A23,403G)[15].
Recently, a dynamic nomenclature proposal for SARS-
CoV-2 lineages has been suggested. The sequences that
share nucleotides at position 8782 (U) and 28,144 (C)
with the closest known bat virus RaTG13 are defined as
lineage A, while the sequences with 8782 (C) and
28,144 (T) were defined as lineage B, namely the line-
age A/B nomenclature[16]. A new variant, however,
was just discovered in the United Kingdom, named
B.1.1.7, which is a fast-spreading variant with increased
interaction force between Spike-ACE2 caused by the
viral N501Y mutation [17,18]. These new variants are
alarming, suggesting that the virus is rapidly evolving
and adapting to transmit rapidly in the population.

Although the evolutionary history and transmission
dynamics of SARS-CoV-2 have been gradually clarified,
more work is still needed to explore the inter-host and
intra-host variations of SARS-CoV-2, as such variations
may point to the direction of the evolution of the viral
genome for the adaptation to the host’s immune
response[19], and can help in the development of anti-
viral drugs[20], and other selective pressures, for
instance, the widespread use of vaccines, X-ray radia-
tion therapy[21], and public health intervention strate-
gies. Moreover, such variations contribute significantly
to the design of effective strategies for disease control
and prevention.

The immune system plays a vital role in the
defense against SARS-CoV-2 infection[22], since
none of the drugs used to treat coronavirus disease
2019 (COVID-19) can directly clear the virus invivo
[23]. Therefore, the host’s immune system is also an
important factor in determining the virus’s evolution.
The humoral response and cellular response work
together to inhibit the virus’s replication and prevent
damage caused by excessive immunity to the host
[24-26]. Virus-specific serum antibodies (Abs) are
important adaptive humoral immune responses
against viral infection[23]. Protection-specific Abs,
including immunoglobulin G (IgG) Abs and neutra-
lizing Abs (NAbs), are produced by B cells after
infection with the virus, blocking the virus from
entering the host cells and defending against viral
reinfection[27]. The structural proteins of SARS-
CoV-2 are potential epitopes of Abs, especially the
S protein. The S-specific NAbs have been detected in

recovered COVID-19 patients’ serum [28-31]. T-cell
responses are also essential for adaptive immunity
against viral infections in vivo. CD8" CTL can kill
virus-infected host cells by recognizing MHC-
presented viral peptides from virus-infected cells.
CTL epitopes have been identified in SARS-CoV-2
surface glycoprotein[32]. Thus, it is rational to
hypothesize that as the virus interacts with the
host’s immune system, the virus may evolve and
viral mutation sites may be the epitopes of the
host’s immune system.

During infection, further exploration may be
needed to identify whether a viral quasispecies infects
the host or the virus evolves in-vivo to form quasis-
pecies after invading the host. It is well known that
genetic diversity in pathogen’s quasispecies is influ-
enced by pathogen-host interaction to adapt to differ-
ent hosts and tissues, which have been observed both
in viruses and bacteria. For instance, in Helicobacter
pylori in mouse samples, multiple single nucleotide
polymorphisms were found in its virulence factor
region through intra- and inter-genomic variation
analysis[33]. The quasispecies composition of
Influenza A in the membrane glycoproteins hemagglu-
tinin (HA) region changed during adaptation pro-
cesses from Vero cells to Madin-Darby Canine
Kidney (MDCK) cells[34]. The dynamics of rabies
virus quasispecies during serial passage have also
been identified in heterologous hosts[35]. As for
SARS-CoV-2, it can cause infection in both the
upper respiratory tract (URT) and the lower respira-
tory tract (LRT) and the viral kinetics of SARS-CoV-2
infection are related to infectiousness and disease pro-
gression[36]. More so, the URT is specialized in elim-
inating inhaled pathogens to prevent viral invasion in
the lower respiratory tract[37]. Research has also
aimed to identify the different protective mechanisms
between the upper and lower respiratory tracts[38]. In
the URT, this is mainly mediated by specific IgA- and
IgG2a-producing B cells. In contrast, ex-vivo active
effector memory CTL was found in the LRT[38].
Thus, it is necessary to study the genetic diversity of
SARS-CoV-2 in the upper and lower respiratory tracts.

This study aimed to reveal the genetic diversity in
SARS-CoV-2 quasispecies in human specimens and
obtain new insights into the impact of distinct environ-
ments on virus evolution. To this end, we took advan-
tage of meta-transcriptomic sequencing to perform
a comparative analysis of genomic diversity of SARS-
CoV-2, sampled at different time points during symp-
tom onset in the upper (nasal swabs, throat swabs, and
sputum) and lower (Bronchoalveolar Fluid (BALF))
respiratory tract of patients. These analyses assessed



the microevolution profile of SARS-CoV-2 during
infection and indicated mutations useful for viral
adaptation.

Materials and methods
Ethics and patient sampling

This study was conducted according to the principles
expressed in the Helsinki Declaration. Ethical approval
was obtained from the Research Ethics Committee of
the Shenzhen Third People’s Hospital (2020-192).
Written consent was obtained from patients or their
guardian when samples were collected. Patients were
informed before providing written consent and data
directly related to disease control were collected and
de-identified for analysis.

Sampling, RNA extraction, and RT-qPCR

All 48 COVID-19 patients in this study were enrolled
from the Shenzhen Third People’s Hospital from
January 20-30, 2020. The severity of the disease was
classified as mild or severe based on the Diagnosis and
Treatment Scheme of SARS-CoV-2, released by the
National Health Commission of China. Throat swabs,
sputum, nasal swabs, and supernatant of bronchoalveo-
lar lavage fluid (BALF) were collected from patients at
various time points and were sent to the diagnostic
laboratory. Total nucleic acid was extracted from dif-
ferent samples using QIAamp Viral RNA Mini Kit
(Qiagen, Cat. No. 52,904). Real-time reverse transcrip-
tion PCR (qRT-PCR) targeting ORF-la/b and N of
SARS-CoV-2 was performed using a China Food and
Drug Administration (CFDA) approved commercial kit
following the manufacture’s protocol (GeneoDX Co.,
Ltd., Shanghai, China).

Meta-transcriptome libraries preparation and
sequencing

The positive nucleic acid extractions were treated by
DNase I (NEB, Cat. No. M0303S) to remove the host
DNA. The concentrations of all isolated RNA samples
were measured with Qubit RNA HS Assay Kit (Thermo
Fisher Scientific, Waltham, MA, USA). Libraries were
prepared using the MGIEasy RNA Library preparation
Kit v2 (MGI, Cat. No. 1000005,953) as follows: (1)
RNA was fragmented by incubating with fragmentation
buffer at 87 °C for 6 minutes; (2) ds cDNA was synthe-
sized using random hexamers with fragmented RNA;
(3) ds cDNA was subjected to end repair, adaptor
ligation, and 18-cycle PCR amplification; and (4) PCR
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products were unique dual indexed (UDI) before going
through circularization and rolling circle replication
(RCR) to generate DNA nanoball (DNB)-based
libraries. Negative controls were prepared from nucle-
ase-free water. DNB preps of clinical samples were
sequenced on the ultra-high-throughput DNBSEQ-T7
platform (MGI, Shenzhen, China) with a paired-end
100 nt strategy, generating, on average, 321 Gb sequen-
cing data for each sample.

SNP calling analysis

Raw reads were trimmed by trim galore v 0.6.4 [39]
with default parameters to remove low-quality bases
with a score of less than 25. Trimmed reads were
mapped to the reference SARS-CoV-2 genome
(Accession: MN908947.3) using BWA-MEM][40].
About 99.9% of reads that could not be aligned
were removed. Duplicates in the bam files were
removed by Samtools v1.10[41]. Variants were called
by HaplotypeCaller in the Genome Analysis Toolkit
(GATK, v4.1.4.1)[42], the vcf files for each separate
sample were combined by GATK CombineGVCEFs,
and then genotyped by GATK GenotypeGVCFs.
Single nucleotide variants (SN'Vs) were further filtered
by GATK SelectVariants with the parameter of QD <
2.0, FS > 200.0, SOR > 10.0, MQRankSum < -12.5,
and ReadPosRankSum < -8.0. The VCF output gen-
erated by GATK were then parsed by a home-made
R script. The allele frequencies of SNP were calcu-
lated using only those with the sequencing depth >
10x and altered base > 2x. SNP is filtered based on
the following criteria: minor allele is sequenced at
least 2 times and has a minimum frequency (alternate
frequency) of 1%.

Positive selection analysis of SARS-CoV-2 genes

The nucleotide sequences of S, M, N, ORF3, ORFS,
and ORF10 genes, which were obtained from sample
sequencing were aligned using Mega5.0[43].
Duplicate  gene  sequences  were  removed.
Phylogenetic analysis of each gene was performed
using an approximate maximum likelihood method
implemented in FastTree 2.1 [44] with the WAG
+CAT model. Likelihood ratio test of positive selec-
tion was performed by comparing M7 (beta) and M8
(beta & w) models using PAML4.9 software package
[45,46]. Sites under positive selection were identified
using the Bayes empirical Bayes (BEB) procedure.
For evaluation of dN/dS ratio at the individual gene
level, the SNP data in our dataset was used to con-
struct the alternative sequence for each gene of
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SARS-CoV-2 using MN908947.3 as the reference.
The homologous sequences were aligned using
MUSCLE. The dN and dS were calculated using the
Nei-Gojobori method [47], with the JC substitution
model implemented in DnaSP 5[48].

The Alternative Allele Frequency Spectrum (AAFS)
of SARS-CoV-2 genes

We selected the SNPs annotated as non-synonymous
mutation in the SNP calling analysis. Then we
grouped these SNPs according to their genomic
locations on the different genes. The alternative
allele frequencies of the SNPs were obtained from
the SNP calling analysis and the cumulative distri-
bution of the alternative allele frequencies of all
SNPs for each gene through the stat_ecdf function
in R package ggplot2 was calculated [49]
Additionally, the mean value of the alternative allele
frequencies for each SNP shared in different samples
was calculated in order to represent the frequency of
each unique SNP and to avoid the dominant influ-
ence that the shared SNPs in some samples may
have on the cumulative curve. Lastly, the cumulative
distribution for these SNPs based on the average
frequency among samples was calculated.

Network analysis

Networks of the samples sharing SNPs were con-
structed using Cytoscape[50], with each node repre-
senting a sample. Two nodes were connected by an
edge if they shared at least one SNP. The layout was
determined using an edge-weighted spring-embedded
model. There are 63 nodes and 1047 edges in the
network. Among the 70 samples in which SNPs were
identified, 7 samples did not share any SNPs. The
samples collected from the same patient were treated
as independent samples, as they were collected from
different tissues of the respiratory tract. Among these
commonly shared SNPs, SNPs at 22,638 were identi-
fied in 16 samples collected from 11 patients; SNPs at
28,144 were identified in 42 samples collected from
28 patients; and SNPs at 8782 were identified in 36
samples collected from 24 patients. The number of
patients sharing the same SNPs is shown in
(Figure le).

Coimmunoprecipitation (Co-IP) to detect the
interaction of ORF8 and HLA-A2

The pierce classic IP kit (Thermo scientific 26,146)
was used to perform Co-IP assay. In brief, HEK293T

cells were lysed with IP lysis buffer (0.025 M Tris,
0.15 M NaCl, 0.001 M EDTA, 1% NP-40, 5% gly-
cerol, 1% protease inhibitor cocktail, pH 7.4)
(TransGen Biotech) for 15 minutes on ice with brief
vertaxing every 5 minutes. Then pre-clear lysates
were prepared using the control agarose resin. The
pre-clear lysates were collected and incubated with
2-10 ug anti-FLAG antibody overnight at 4 °C with
rotating to form immune complexes. Protein A/G
plus agarose was added to the antibody/lysate sample
and the incubated mixture was gentle shook for
an hour. The immunoprecipitates were washed 4
times with ice-cold STN buffer, eluted by boiling
SDS loading buffer and separated by SDS-PAGE for
western blotting.

Western blotting for detection of ORF8 and HLA-A2

Cell lysates were prepared 24 hours after co-transfect
(Bio-Rad). The samples were boiled for 5 minutes,
separated by SDS-PAGE, and transferred to PVDF
membranes. The membranes were blocked with 5%
nonfat dry milk in Tris-buffered saline supplemented
with 0.5% Tween 20, and proteins were detected by
incubation with primary antibodies diluted in block-
ing buffer, followed by incubation with secondary
antibodies (raised in goat against the appropriate
species) conjugated to horseradish peroxidase (HRP)
and diluted in blocking buffer. GST was detected
using a rabbit polyclonal anti-GST antibody (catalog
no. abl9256; Abcam), FLAG was detected using
mouse polyclonal anti-FLAG antibodies (catalog no.
HT201-01; TransGen Biotech), and GAPDH (glycer-
aldehyde-3-phosphate dehydrogenase) was detected
using mouse monoclonal anti-GAPDH antibody
6 C5 (Calbiochem). Horseradish peroxidase (HRP)
was detected using an enhanced chemiluminescence
(ECL) kit (Bio-Rad).

Cell surface staining and flow cytometry analysis to
detect the binding ability of site mutated S proteins
to human ACE2

Spike expressor and site-mutated Spike expressor
were transfected into 1 x 10° 293 T cells with
a weight of 3 pg, respectively. Cells were pre-
incubated with 500 nM ACE2-biotyl after 24h post-
transfection. ACE2 binding was detected using PE-
conjugated streptavidin (Invitrogen). The percentage
of ACE2 binding cells (PE+ cells) was determined by
gating the living cell population based on viability
dye staining (Aqua Vivid, Invitrogen). Samples were
acquired on an LSRII cytometer (BD Biosciences,
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Mississauga, ON, Canada), and data analysis was
performed using FlowJo vX.0.7 (Tree Star, Ashland,
OR, USA).

Production and titration of SARS-CoV-2
S pseudoviruses

SARS-CoV-2 pseudotyped viruses were produced as
previously described with some modifications [51].
Briefly, 5 x 10® HEK 293 T cells were co-transfected
with 6 ug each of pNL4-3. Luc. R -E- and 6 ug recom-
binant SARS-CoV-2 S plasmids were transfected into
HEK 293 T cells using Lipofectamine 3000 Transfection
Reagent (Invitrogen) according to the manufacturer’s
instructions. The wild-type and mutated S protein
pseudotyped viruses in supernatants were harvested
48 hours after transfection, centrifuged, filtered
through a 0.45 pm filter, and stored at —80 °C. The
pMD2.G was co-transfected with the pNL4-3. Luc. R-E-
plasmid to package the VSV-G pseudovirus as the
control. The titers of the pseudoviruses were calculated
by determining the concentration of cytosolic gag p24
by ELISA.

SARS-CoV-2 S-mediated pseudo viral entry assay

To detect S variant-mediated viral entry, 293 T-ACE2
cells (2 x 10% grown on 96-well plates were infected
with the same amount of wild-type S or mutated
S pseudovirus. The cells were transferred to fresh
DMEM medium 12 hours post-infection. After
48-72 hours post-infection, the 293T-ACE2 cells
were lysed with 30 pL lysis buffer (Promega,
Madison, WI, USA) to measure the pseudo viral trans-
duction. Relative luminescence units (RLU) of Luc
activity was detected using the Luciferase Assay Kit
(Promega). All experiments were performed at least
three times and expressed as mean + standard devia-
tion (SD).

Statistical analysis

Differences in the frequencies of SNPs’ alleles
between mild and severe groups were compared
using the Student’s t-test (t.test in R 3.6.2, two-
sided, unadjusted for multiple comparisons). Effect
size (Cohen’s d) of the comparisons was calculated
with R Isr v.0.5.

Results

Distribution of single nucleotide variations (SNVs)
among COVID-19 patients

Meta-transcriptomic sequencing was performed on 94
clinical specimens (55 nasal swabs,11 throat swabs, 21
sputa, and 7 bronchoalveolar lavage fluid samples) of
48 hospitalized patients at the Shenzhen Third People’s
Hospital in late January 2020. Among these patients, 23
were severe cases and 25 were mild cases (Table S2).
After mapping reads and genome assembly, we con-
structed 43 completely assembled SARS-CoV-2 gen-
omes and 43 partial genomes. SARS-CoV-2 sequences
represented 0.01% to 2.00% of all quality-filtered reads
and 0.08% to 8.82% of the non-rRNA reads. 20x
sequencing depth can yield more than 50% genome
coverage (Figure 1b). These samples have an average
sequencing depth of 63.4 on the virus genome (Figure
la). For each sample, the virus’s average sequencing
depth showed a strong correlation with the Ct values
of the RT-qPCR performed on extracted RNA
(Figure 1c).

Single nucleotide variants (SNVs) were identified in the
SARS-CoV-2 population. To reduce false positives, SNP was
filtered based on the following criteria: minor allele was
sequenced at least 5 times and had a minimum frequency
of 1%. After filtering out low-quality sequencing data, 180
intra-host SN'Vs of high confidence were identified, includ-
ing 158 SNPs, 21 deletions, and 1 insertion. The 158 SNPs
were identified with high confidence in 41 COVID-19
patients (Table S3). Among the 158 SNPs, 72 are synon-
ymous and 86 nonsynonymous (Table S3). Among these 48
COVID-19 confirmed patients, 7 patients had no identified
SNPs, 15 patients have less than 5 SNPs, 9 patients had more
than 10 SNPs, and 17 patients has between 5 and 10 SNPs
(Figure 1d). Among all identified intra-host SNPs, C8782T
and T28,144C were the most commonly shared SNPs, found
in more than 24 patients (Figure le). The number of SNPs
did not differ between mild and severe patients
(p-value = 0.2227) (Figure 1d and Figurelf), neither did the
alternate frequency of synonymous SNPs (Student’s t-test
p-value = 0.9013, (Figure 2a). Nevertheless, the alternate
allele frequency of nonsynonymous SNPs in mild patients
was notably higher than in severe patients (Student’s t-test
p-value = 0.02538, (Figure 2b). We speculate that some non-
synonymous mutations probably cause reduced symptoms
because competition between virus variants at the population
level might create population mosaics of disease character-
istics, such as infection fatality rates, transmission, and
immune status[52]. With such a small sample size, the results
we observe can only reflect one of these symptoms.
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Figure 2. Comparison of SNPs’ alternate frequencies between mild and severe patients.

A. Box plot of synonymous SNPs’ alternate frequencies in mild patients and severe patients. B. Box plot of non-synonymous SNPs’ alternate
frequencies in mild patients and severe patients. The alternate frequencies of syn and non-syn SNPs possessed by mild and severe patients
are compared to each other with the Student’s t-test (t.test in R 3.6.2, two-sided, unadjusted for multiple comparisons).

Genomic distribution of SNPs reveals that ORF8 can
bear alternate alleles with high frequency

We compared the SNPs in our datasets with SNPs from
assembled genomes deposited in the GISAID online
datasets [53-55] as of April 11, 2020 and found differ-
ences in the mutation spectrum (Figure 3a). 5-UTR is
the functional region most significantly enriched with
SNPs at an average of 449.06 SNPs per KB compared to
an average of 104.43 SNPs per KB across the genome of
SARS-CoV-2 based on GISAID SNP dataset (Odd
Ratio, OR = 4.30, p-value = 1.89034E-10, (Figure 3b).
3'-UTR had an average of 543.859 GISAID SNPs per
KB (Odd Ratio, OR = 5.2078, p-value = 7.15E-11,
(Figure 3b) and no significant accumulation of SNPs
at the 5-UTR or 3'-UTR was observed in 94 clinical
samples (Figure 3b).

For virus genomes under positive selection, the
ratio of nonsynonymous substitution to synonymous
substitution (dN/dS) was greater than 1.0 [3,56]. To
test whether the genes of SARS-CoV-2 underwent
positive selection during host-virus interaction, we
performed positive selection analysis in each gene of
the SARS-CoV-2 base on the SNP data in each sam-
ple to construct the alternate sequence for each gene
using MN908947.3 as the reference. Due to the small
sample size, few SNPs in ORF6, ORF7a, E, and
a series of NSP genes were identified, so the analysis
is not reliable. None of the other genes (M, N, §,
ORF3, ORFS8, or ORF10) were subjected to signifi-
cant positive selection according to the likelihood
ratio test of positive selection performed by

comparing M7 (beta) and M8 (beta&w) models
using PAML4.9 (Table 1). We detected amino acid
residues under positive selection for these genes. The
G251V of ORF3a used to determine virus V clade
[15], was identified as a positively selected site by
using the Bayes empirical Bayes (BEB) procedure
(Table 1). Furthermore, alleles under positive selec-
tion can reach a higher allele frequency in the popu-
lation than alleles selected against. Thus, a shift of
the Alternative Allele Frequency Spectrum (AAFS) of
all variants in a particular gene toward higher fre-
quency indicates a positive selective pressure on the
gene as a whole. To seek genetic signatures of adap-
tation of SARS-CoV-2 to the host’s intracellular
environment, we examined the AAFS for all SARS-
CoV-2 genes (Figure 3c and Figure 3d). All the AAFS
for SNPs of the ORF8 gene showed a drastic shift
toward higher frequency. The function of the ORF8
gene was largely unclear until recently. An unpub-
lished study showed that the ORF8 protein expressed
by SARS-CoV-2 could disrupt the antigen presenta-
tion of virus-infected cells by binding directly to the
MHC-I molecules and induce the degradation of
MHC-I by lysosomes[57]. Here, Co-IP proves the
direct intracellular interaction between ORF8 and
HLA-A2 (Figure 4a). With the increase of ORF8
expression, the intracellular concentration of HLA-
A2 decreased (Figure 4b). It is tempting to speculate
that the high variation and positive selection in the
viral ORF8 gene may be linked to the extraordinary
diversity of human MHC-I genes. ORF8 represents
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Figure 3. Genomic distribution of SARS-CoV-2 SNPs.

A. Location of SNPs detected in this study and GISAID SNPs in the SARS-CoV-2 genome. The y-axis represents the proportion of the sample
that contains a certain type of SNP. Positions with coverage < 10x were excluded from the analysis. The shared SNPs of online datasets were
analyzed based on 6032 SARS-CoV-2 genome sequences available online as of 11 April 2020 (2019nCoVR, https://bigd.big.ac.cn/ncov). B.
The percentage of SNPs/kb in ORF regions and non-coding regions for all patients in this study. The value of the y-axis was calculated as the
proportion of SNP of a viral gene accounting for the total SNP of the whole viral genome, then normalized by gene length. The calculation
formula is “Percentage of SNPs per kb = SNPs of a gene/(Total SNPs of the virus genomeXxgene length)”. C. The cumulative distribution of
the alternative allele frequency for the non-synonymous SNPs of different genes among all samples. The y-axis represents the cumulative
frequency of occurrence for non-synonymous SNPs from a specific gene, which means that the total frequency of all non-synonymous SNPs
in a specific gene is set to 1. According to the value of the alternate frequency of these SNPs, the frequency of occurrence for SNPs with the
same alternate frequency are accumulated in ascending order. The x-axis represents the alternative allele frequency of non-synonymous
SNPs. D. The cumulative distribution of the average alternative allele frequency for each non-synonymous SNP of a specific gene among all
samples. To avoid the dominance of certain shared SNPs in the samples, the alternative allele frequency shown here is the mean value of
the alternative allele frequencies of the same SNPs among all samples. The y-axis represents the cumulative frequency of occurrence for
non-synonymous SNPs from a specific gene. The x-axis represents the alternative allele frequency of SNPs.

the rapid adaptation of the SARS-CoV-2 genome to  datasets, which is lower than 50% C > T for GISAID

the host immune environment.

The allele composition and frequency of each SNP
site was also analyzed. Among 12 single nucleotide poly-
morphisms types, A > G, G> A, T>C, and G > T were
most common. The ratio of C > T was 40% in our SNPs

SNPs datasets but similar to 40% C > T iSNV for
Houston samples in a recent survey [58] (Figure S1).
In humans and many other species, the rate of C > T
substitutions is higher than that of other types of sub-
stitutions, as methylated Cytosine (C) can be replaced by


https://bigd.big.ac.cn/ncov

Table 1. Positive selection analysis in the genes of SARS-CoV-2
based on the dataset in this study.

P value Positive selected sites ~ dN/dS of genes calculated
Gene  (M7:M8) with P > 0.95 by DnaSP_P
M 0.999997 0.23845
N 0.999999 0.378859
S 0.2919166 0.438138
ORF3a 0.1592752 45W 49 G50V 80V NA

89T251G

ORF8  0.2153693 0.362924
ORF10 0.999987 0.101222

thymine (T) during DNA replication if the amino group
is removed from the methylated cytosine. However,
unlike in humans, where the majority of the C > T
substitutions occur on the canonical methylated CpG
sites, C > T substitutions occur more on CpA, CpT,
and CpC sites than on CpG sites in SARS-CoV-2, sug-
gesting a potential distinct mechanism underlying the
methylation of the virus genome[59].

Dynamic of the quasispecies component in
SARS-CoV-2 during the period of symptom onset

Analyzing the allele frequency of viral intra-host
SNPs at different sampling sites and time points
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(mainly sputum, nasal swabs) from an individual
might help us observe the spatial and temporal
dynamics of intra-host variations of SARS-CoV-2
during infection (Figure 5). However, our sampling
time point is too close. Only 9 (22%) patients were
detected with varying intra-host SNP frequency over
time among all patients (Figure 5g and Table S3). For
instance, the alternate frequency of SNPs (G25,5404,
C2536T, and C12,036T) in the nasal swabs of Patient
32 increased quickly from the second day to the
fourth day after symptom onset. G25,540A substitu-
tion leads to V50I mutation in ORF3a, C12,036T
substitution leads to A3924V mutation in ORFlab
and Nsp3, and the substituted bases eventually took
over (figure 5f). From the fourth day to the
seventh day after symptom onset, the alternate fre-
quency of C24,034T and T28,144C substitutions in
Patient 18 was significantly increased (Figure 5d and
Figure 5e). C24,034T mutation leads to synonymous
mutation at S protein, T28,144C leads to L84S muta-
tion in ORF8, and 84S eventually dominated the
upper respiratory tract of Patient 18 (Figure 5e).
Moreover, the alternate frequency of C2334T
(A690V, ORFlab, and Nsp2) and A9162G (N2966S,

.—-
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Figure 4. The direct intracellular interaction between ORF8 and MHC | molecular, and ORF8 degrades MHC | in a dose-dependent

manner.

A. ORF8 was co-immunoprecipitated with the overexpressed HLA-A2. HEK293T Cells were transfected with HLA-A2-FLAG expressing plasmid
together with ORF8-GST expressing plasmid or vector for 24 hours before harvest. Cells were collected for co-IP with the anti-FLAG-tag
beads. An anti-GPDAH antibody was used as a loading control. A representative result for three independent experiments displayed. B.
Dose-dependent decreasing of HLA-A by ORF8. HEK293T cell was co-transfected with 0.5 pg pCMV3-HLA-A-Flag plasmid and pCMV-GST-
ORF8 of 0, 0.25, 0.5, 1.0, 1.5, and 2.0 pg for 24 hours before harvest. Then equal cell lysis was used for western blotting analysis to detect the
expression level of HLA-A. An anti-GPDAH antibody was used as a loading control. A representative result for three independent

experiments displayed.
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A. Symptoms and results of RT-gPCR testing for SARS-CoV-2 of the three COVID-19 patients (P12, P18, and P32) by day of the investigation.
Gradient shading indicates an unclear period of symptom onset from the patient report. RT-gPCR means Real-time quantitative PCR, inc
means inconclusive result. SARS-CoV-2, severe acute respiratory syndrome coronavirus 2. The sampling dates are denoted by red arrows. B,
C. Allele frequency of €23,34T(B), A9162G(C) substitutions in nasal swabs collected from Patient 12 (P12) by time course. D, E. Allele
frequency of C24,034T(D), T28,144C (E) substitutions in sputum and nasal swabs collected at time points from Patient 18 (P18). F. Allele
frequency of G24,430A, C2536T, C12,036T substitutions in different types of samples (sputum and nasal swab) collected from Patient 32
(P32). Allele frequency of G24,430A, C2536T, and C12,036T substitutions in nasal swabs collected from Patient 32 at different time points.
The allele frequency was analyzed using Wuhan-hu-1(MN908947.3) as a reference. The alternate allele depth/total depth for each sample is
shown up the bar. G. The percentage of patients with dynamic quasispecies diversity.

orflab, and Nsp4) of Patient 12 decreased from day 5
to day 6 after symptom onset (Figure 5b and Figure
5c). These data suggest the occurrence of purifying
selection of C2334T (A690V, ORFlab, and Nsp2)/
A9162G (N2966S, ORFlab, and Nsp4) in Patient 12,
and positive selection on C12,036T (A3924V,
ORFlab, and Nsp3)/G25,540A (V50I, ORF3a) in
Patient 32 and T28,144C (L84S, ORFS) in Patient 18.

To study the correlation of mutation with the disease
severity, we checked the patients’ clinical records and
found the sampling date almost followed the onset date.
As shown in Figure 5a, samples were collected 5 days,
4 days, and 2 days after symptom onset date for
Patients12, 18, and 32, respectively, suggesting that
the virus begins to evolve early during the onset of
symptoms. We hypothesized that the virus evolved
rapidly in the acute phase of infection due to the
human body’s intense immune response. It is impor-
tant to note that although Patients 12 and 18 were
classified as mild, the RT-qPCR results for SARS-CoV
-2 remained positive for a long time. For example,
Patient 18 tested positive even after two months of
home isolation after discharge. We hypothesize that
mutations in the virus resulted in its persistence within
Patients 12 and 18 (Table S2 and S3).

Co-occurrence of SNPs was associated with the
severity of disease

To explore the dominant SNPs in the study population,
shared SNPs of the virus were further analyzed. A SNP
network connecting patients with shared SNPs was con-
structed. In this network, nearly all patients are connected
by at least one shared SNP and the most abundant five
SNPs formed four major clusters (Figure 6a). SNPs at
8782(C-T) and 28,144(T-C) coexisted in the patients,
forming the largest cluster. The clustering heatmap of
allele frequency of different samples collected from mild
and severe patients also revealed that SNPs at 8782 and
28,144 frequently occur together and are the most com-
mon variants among samples (figure 6f). Interestingly,
SNPs at sites 22,246(T-G), 22,638(G-A), 28,077(G-C),

24,034(C-T), 13,394(A-G), and 26,729(T-C) with high
alternating frequencies can be detected simultaneously
in a sample (figure 6f). In this cluster, 7 (70%) patients
came from the severe group and 3 (30%) patients were in
the mild group. This cluster of patients did not belong to
the same family or community, nor did they have direct
contact with each other, suggesting that the variations at
these loci were randomly distributed and dominant in the
population. Among the most abundant SNPs, SNPs at
sites 22,246, 22,638, and 24,034 were all distributed in the
S glycoprotein region and Site 28,144 was located at
ORF8. The T-to-G substitution at site 22,246 leads to
Asp228Glu amino-acid substitution of S protein; the
G-to-A nucleotide substitution at site 22,638 causes
a Ser359Asn amino acid substitution of S protein; and
the C-to-T substitution at 28,144 leads to the Leu84Ser
amino-acid substitution of ORF8. In the early phases of
the epidemic, the L84S mutation in ORF8 resulted in two
subgroups of the virus[60].

Subsequently, whether the allele frequency of these
dominant SNPs was associated with disease severity was
analyzed. The alternate frequency of SNP at sites 22,246,
22,638, 24,034, and 28,144 was analyzed in patients with
different severity. The alternate frequency distribution of
SNP at sites 22,638 was statistically lower in severe
patients than in mild patients (p = 0.042,
cohensD = 0.9045, (Figure 6¢). No differences were
found for the alternate frequency of SNPs at sites
22,246, 24,034, and 28,144 between the mild and severe
groups (p = 0.1358, 0.95, and 0.7 for sites 22,246, 24,034,
and 28,144, respectively, (Figure 6b, Figure 6d, and Figure
6e). The S359N (G22,638A) mutation on the S protein
seems to be more likely to appear in mild patients based
on our small sample. However, we need more samples
and experiments to determine whether the mutation of
S359N will affect the fitness of the virus in the host.

Site 359 of S protein does not affect its binding to
ACE2 but is a candidate epitope for CTL response

To investigate the effect of intra-host genomic varia-
tions of SARS-CoV-2 on its biological function and
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Figure 6. Co-occurring SNPs were found in S glycoprotein among COVID-19 patients.

A. Network analysis of patients with shared SNP sites. Nodes denote patients, and edges indicate that two patients have the same SNP sites.
Clusters of the network are highlighted by colored shading, and the shared SNP sites leading to the clusters are shown. B. Box plot of the
alternate frequency of T22,246G SNP in mild and severe patients. The location of SNP in the genome was shown. S, S glycoprotein. Nsyn,
Non-synonymous. The reference was MN908947.3. C. The alternate frequency of G22,638A SNP in mild and severe patients. S,
S glycoprotein. Nsyn, Non-synonymous. D. The alternate frequency of C24,034T SNP in mild and severe patients. S, S glycoprotein. Syn,
synonymous. E. The alternate frequency of 728, 144C SNP in mild and severe patients. ORF8, T28,144C SNP located in ORF8 region of SARS-
CoV-2 genome. Boxes represent the interquartile range (IQR) between the first and third quartiles (25th and 75th percentiles, respectively).
Lines inside denote the median. T-test was used to compare alternate frequencies of SNPs between the mild and severe groups. F. The
cluster heatmap of SNP in different samples collected from mild and severe patients by time point. Sampling date, organ, and population
group are shown by a different color in right-side boxes; the samples with shared SNPs and relative patients were highlighted. The x-axis
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represents the identified SARS-CoV-2 SNPs in this study, which clustered according to its alternate frequency. Alternate frequencies of SNPs
are showed with a gradient color marker. White represents the SNP alternate frequency value of 0; the genomic regions failed to pass our
criteria used in identifying SNPs. Dark red indicates an alternate frequency approaching 1. The y-axis represents samples clustered by
different mutation types. P means patient. BALF, bronchoalveolar lavage fluid.

pathogenicity, the function of SNPs with high alternate
frequency was further analyzed. According to the high-
resolution cryo-EM structure information of SARS-
CoV-2 S glycoprotein (PDB: 6LZG), the receptor-
binding domain (RBD) interacts with the human
ACE2 receptor to mediate the binding of the virus to
the target cell. The receptor-binding motif (RBM) in
RBD forms the interface between S glycoprotein and
human ACE2 [61,62]. The Ser359Asn substitution was
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located in the RBD domain but outside the RBM region
(Figure 7a), implicating amino acid 359 does not
directly interact with ACE2[63]. As the region outside
the RBM also plays an important role in maintaining
the RBD’s structural stability[64], whether the S359N
mutation altered the virulence of the virus and its
fitness in the host was explored. A series of
s glycoprotein site mutations expression vectors were
constructed, then transfect 293 T cell (Figure 7b) and
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Figure 7. Functional and structural insights into S359N variant of SARS-CoV-2 S glycoprotein.

A. Overall structure of SARS-CoV-2 RBD bound to human ACE2. The interface of RBD and ACEs are displayed as RBM motif-1 and RBM motif-
2. The amino acid $359 and amino acids in the receptor-binding motif are shown as sticks. B. Detection of the expression of site-mutated
S glycoprotein in 293 T cell line. C. Cell staining and flow cytometry analysis of site-mutated S glycoprotein binding to ACE2. The experiment
was repeated three times, and similar results were obtained. D. Detection site-mutation derived SARS-CoV-2 pseudovirus infection. The data
are expressed as mean relative luciferase units (RLU) + standard deviation (SD) of 4 parallel wells in 96-well culture plates. The relative
luminescence units (RLU) detected 72 hours post-infection (hpi). The experiment was repeated three times and similar results were

obtained.
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ACE2 binding ability to mutated S proteins were
detected by cell surface staining and flow cytometry
analysis. Compared to the F486A and N487A in RBM
motif-2 and T500A in RBM motif-1, the S359N muta-
tion led to a slight decrease of ACE2-binding (Figure
7¢c), but this slight change was not enough to affect the
efficiency of the pseudovirus infection (Figure 7d) and
is not an important site for maintaining ACE2 binding.
Recently, a study reported that the top eight neutraliz-
ing antibodies maintained their potency against S359N
variants[65], so the S359N variant is not an escape
mutant from neutralizing antibodies. As in the host,
the virus will face cellular immune responses as well as
humoral immune responses. Thus, different MHC
binding and T cell responses should be considered as
triggers for viral mutations. The peptides of S protein
for binding to most frequent MHC class I (A&B) alleles
in Europe, Asia, and Africa were analyzed (Table S5).
The peptides with S359 inside can bind to the HLA-
A30 allele (consensus_percentile_ranks<1) and S359 is
an HLA-A30 restricted epitope.

L84S mutation is an candidate for HLA-A02
restricted CTL epitope

OREF8 directly interacts with human MHC I molecular.
The high frequency of SNP28,144 (L84S) was wide-
spread and detected in most samples in this study,
suggesting that this site may be selected (Figure 3c
and Figure 3d, Table S3). It is also predicted that pep-
tides of ORF8 bind to the MHC I molecule, based on
the IEDB analysis resource using a consensus method
[66]. The wild-type peptides containing site L84 can
bind to HLA-A*02:06, common in Asian populations.
HLA-A*02:06 accommodates the wild-type, but not the
SARS-CoV-2 ORF8 (L84S) variant (Table 2). To show
the accuracy of these predictions, the literature was

Table 2. ORF8 L84S variants and differential peptide binding to
the HLA-A allele.

Protein Peptide Rank wt Rank mut Allele

HA LLLAIVSLV 0.3 HLA-A*02:01
HA GILGFVFTL 0.8 HLA-A*02:01
HA KLYQNPTTYI 0.47 HLA-A*02:01
HA VLLLAIVSL 0.8 HLA-A*02:01
HA RLYQNPTTYI 0.9 HLA-A*02:01
ORF8 NYTVSCL(S)PF 0.22 0.3 HLA-A*23:01
ORF8 NYTVSCL(S)PF 033 0.7 HLA-A*24:02
ORF8 YTVSCL(S)PFTI 0.52 1.29 HLA-A*02:06
ORF8 TVSCL(S)PFTI 0.9 1.1 HLA-A*68:02
ORF8 IGNYTVSCL(S)PF 1.0 15 HLA-A*23:01

A lower rank value designates better MHC class I; we were using the
consensus percentile rank <1.0 as the cutoff value for binding. HLA-
A*02:06, A*68:02, and A*23:01 accommodate the wild-type ORF8 pep-
tides, yet not the variant L84S. The HLA-A*02:01 restricted H5N1 Flu
A hemagglutinin epitopes show strong binding to HLA-A*02:01, which
is predicted by the same method.

reviewed for HA peptides of H5N1 influenza viruses
that bind to HLA-A*02:01, which have been experi-
mentally verified as HLA-A*02:01-restricted peptides
for H5 HA peptides[67]. The ORF8 L84S variants chan-
ged peptide binding to MHC class I alleles, meaning the
site 84 of ORF8 may be a potentially cytotoxic
T-lymphocyte epitope.

Discussion

RNA viruses replicate in-vivo as a quasispecies,
a dynamic distribution of divergent but closely related
genomes subjected to a continuous process of genetic
variation, competition, and selection[3]. This genomic
heterogeneity confers a remarkable advantage to the
viral population allowing for a rapid adaptation to
a changing environment. Although SNVs have been
identified in the SARS-CoV-2 genome and some of
them contribute to viral pathogenicity[68], more viral
genomic data from clinical specimens needs to be ana-
lyzed in order to study intra-host SNV dynamics, which
may directly reflect virus-host interaction.

This study addresses this gap by using metatran-
scriptomic sequencing to find SNVs from 94 sequenced
clinical samples of 48 COVID-19 patients with varying
disease severity. One hundred fifty-eight SNPs were
identified with high confidence in 70 samples of 41
COVID-19 patients after removing the low-quality
reads and samples with low coverage and less than 10-
fold sequencing depth. The positive selection analysis of
genes in the SARS-CoV-2 genome based on our data-
sets did not result in any genes being subjected to
positive selection. Our result is different from an earlier
study, which reported that ORF3a and ORF8 were
under positive selection and exhibited higher dN/dS
ratios than other genes at the level of the individual
gene [69], but this may be due to the small sample size
of this study. As no synonymous SNP in ORF3 were
detected, it is difficult to conclude a more widely repre-
sentative dN/dS ratio at the level of individual genes.
According to our dataset, ORF3a has a positively
selected amino acid G251V, consistent with the pre-
vious literature[69]. Additionally, in this study, ORFS8
seemed to be more tolerant of some high-frequency
alternate allele. It is worth noting that 84(L > S) is
a high-frequency non-synonymous mutation found on
OREFS8 in our data set, which is contrary to an earlier
survey that found L84 lineage is more prevalent than
S84 lineage[60]. The function of SARS-CoV-2 ORF8
has not yet been clarified, though the SARS-CoV-2 382-
nt deletion variant with truncated ORF8 was detected
in Singapore and Taiwan [70,71]. The SARS-CoV-2
382-nt deletion viruses showed significantly higher



replicative fitness in vitro than the wild type[70]. In one
recent report, ORF8 was determined to be a protein
secreted by infected cells into serum and is highly
immunogenic in COVID-19 patients [72]. Thus, we
predict ORF8 peptides bind to the MHC class I allele.
Some specific MHC class I alleles accommodate 184
peptides but not S84 peptides (Table 2). Under host
selective pressure, ORF8 deletions or site mutations
may occur to evade antibody neutralization and cellular
immunity, allowing SARS-CoV-2 to escape clearance
from the host’s immune system.

The correlation between viral quasispecies evolution
and pathogenicity has been confirmed in prior studies
[68]. Our analysis of shared SNPs among patients with
different severity suggest that mild patients had higher
alternate frequency SNPs at 22,638 (S359N). Because of
the small sample size of this study, it is difficult to
conclude if the S359N mutation caused reduced symp-
toms in patients. However, S359N, a common mutation
in the population was determined. The reason for the
emergence of this S359N variant is not clear. In a recent
survey, eight top NAbs maintained their potency
against the S359N variant [65], suggesting that S359
might not be the target of humoral immunity. The
TepiTool was used to predict T cell epitope candidates
for S protein of SARS-CoV-2, which revealed peptide
(RISNCVADY) with site S359 is an HLA-A*30
restricted T cell epitope (Table S5). Whether these
circulating SARS-CoV-2 variants are associated with
T-cell responses or neutralizaing antibodies still needs
to be clarified. By comparing SNPs’ allele frequencies in
samples collected from Patients 18 and 32 at similar
time points, we found a novel intra-host viral profile of
SARS-CoV-2. As seen in Patient 18, the mutation S84
(28,144 C) on ORF8 eventually replaced L84 (28,144 T)
as the dominant variant in quasispecies in the patient’s
sputum. This is reminiscent of rapidly changing viral
lineages during acute HIV-1 infection, namely the rapid
replacement of the major transmitted/founder lineage
by a minor transmitted/founder lineage[73]. This phe-
nomenon may be due to the interplay between viral
and host factors. The type I IFNs and amount of anti-
bodies in serum changed dramatically at symptom
onset [73], which will exert selective pressure on the
virus genome.

Studies on the quasispecies diversity of other RNA
viruses have found more abundant intra-host genetic
variations. For example, metatranscriptomic sequen-
cing results of HIV-1 in the blood and female genital
tract have identified 77 iSNVs in an individual [74].
Research on intra-host dynamics of the Ebola virus
during 2014 identified 710 iSNVs in 135 EBOV sam-
ples[56]. Fewer SNVs were identified in SARS-CoV-2
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positive samples from this study, which could in part be
attributable to lower sequencing depth (due to the low
viral load in the sample), but also likely reflects some
true loss of diversity. As a B-coronavirus, SARS-CoV-2
encodes an RNA dependent RNA polymerases (RdRPs)
with a high-fidelity nucleotide incorporation ability
[75]. Its CoV nonstructural proteinl4 (nspl4) also
encodes 3'-to-5' exoribonuclease activity (ExoN),
which performs a proofreading function and is
required for high-fidelity replication[75]. This would
provide some evidence for the low diversity of the
intra-host population for SARS-CoV-2 to some extent.
In conclusion, frequent sampling and metatranscrip-
tomic sequencing was utilized to study SARS-CoV-2
populations present in upper and lower respiratory
tracts of patients with different severity. Rapid and
dramatic changes in quasispecies diversity were
observed, providing new insights into the intra-host
evolution of SARS-CoV-2. However,
research has great limitations due to the small sample
size. More samples are needed to investigate the intra-
host genomic diversity of SARS-CoV-2. Furthermore,
more experiments should be carried out to explore the
host immune system’s influence on virus evolution.
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