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ORIGINAL ARTICLE

The Intra-Host Evolution of SARS-CoV-2 
After Neutralizing Antibody Therapy, 
Revealed by Nanopore Sequencing
Hong-Xiang Zeng1,4,#, Wen-Hong Zu1,4,#, Hai-Yan Wang1,4, Jing Yuan2, Lin Cheng1,4, Gang Xu1,4, 
Yi-Gan Huang1,4, Yang Liu1,4, Shu-Ye Zhang3,* and Zheng Zhang1,4,*

INTRODUCTION

The COVID-19 pandemic, caused by 
Severe Acute Respiratory Syndrome 
Coronavirus 2 (SARS-CoV-2) infec-
tion, continues to threaten health and the 
economy globally. The RNA-dependent 
RNA polymerase (RdRp) of SARS-
CoV-2 is widely recognized to have 
low fidelity, because of its lack of error 
correction mechanisms, thus leading to 

the emergence of viral quasi-species [1] 
characterized by a multitude of genetic 
variants within the population [2,3]. 
The presence of quasi-species has been 
observed in various RNA viruses, includ-
ing the Ebola virus [4], Zika virus [5], 
inf luenza A virus [6], human immunode-
ficiency virus [7,8], and SARS-CoV [9] 
and SARS-CoV-2 [10]. The formation of 
viral quasi-species facilitates viral adap-
tation to dynamic environments [11], 
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Abstract

Objective: In the context of two Severe Acute Respiratory Syndrome 
Coronavirus 2 (SARS-CoV-2) outbreaks involving local transmission and 
an international flight, we used meta-transcriptome and multi-amplicon 
sequencing to successfully acquire the complete viral genome sequences from 
clinical samples with varying viral loads.

Methods: To enhance viral transcript presence, we used a primer pool for 
reverse transcription and sequenced the samples with nanopore sequencing, 
and successfully acquired the entire genomic sequence of the virus within 
less than 4 hours. In a substantial sample size of approximately 800 clinical 
specimens, we thoroughly examined and compared different sequencing 
methods.

Results: Meta-transcriptome sequencing was effective for samples with viral 
reverse transcription polymerase chain reaction (RT-PCR) threshold cycle (Ct) 
values below 22, whereas multi-amplicon sequencing was effective across a 
wide Ct range. Additionally, enriched nanopore sequencing was valuable in 
capturing the complete genome sequence when rapid results are required.

Conclusion: Through monitoring the viral quasi-species in individual patients, 
we observed ongoing viral evolution during neutralizing antibody therapy 
and found evidence that vaccine administration may affect the development 
of viral quasi-species. Overall, our findings highlight the potential of this viral 
sequencing strategy for both outbreak control and patient treatment.
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thereby enabling evasion from immune defenses [12,13]. 
Additionally, the presence of viral quasi-species modulates 
disease severity in infected hosts [14]. The characterization 
of viral quasi-species composition has potential in moni-
toring the transmission of viral infections [15]. Moreover, 
the pool of variants within viral quasi-species has served 
as a source for the emergence of epidemic variants of con-
cern for SARS-CoV-2 [16].

The process of evolution of quasi-species of SARS-
CoV-2 during antiviral therapy remains unclear, as do the 
effects of neutralizing antibodies and vaccines on these 
viral quasi-species. SARS-CoV-2 has exhibited rapid evo-
lution, thus leading to the emergence of new variants of 
concern, such as Alpha [17], Delta [18], and Omicron [19]. 
Certain variants, such as the D614G substitution variant, 
have enhanced binding ability to angiotensin-converting 
enzyme-2 (ACE2) [20], thereby increasing viral replica-
tion and infectivity [21]. Some variants with the N501Y 
substitution exhibit enhanced infection and transmission 
[22]. The L452R variants demonstrate enhanced infectiv-
ity through evasion of cellular immunity [23]. Mutant var-
iants characterized by elevated viral load and fatality rates 
[24] have impeded ongoing vaccine efforts and neutral-
izing antibody-based therapies. Notably, several variants 
carrying mutations such as K417N/T, E484K, and N501Y 
have demonstrated high resistance to immune responses 
elicited by BNT162b2 or mRNA-1273 vaccines [25], 
as well as the Pfizer or AstraZeneca vaccines [26]. The 
B.1.351 and P.1 variants have been observed to evade ther-
apeutic neutralizing antibodies [27], whereas the recently 
emerged Omicron variant has shown extraordinary capac-
ity to escape neutralizing antibody responses [28,29].

Investigation of the evolution of SARS-CoV-2 quasi-
species has been limited, primarily because of challenges 
in obtaining adequate numbers of viral reads from clinical 
samples with low viral load [30]. To address this challenge, 
we collected swab samples from patients treated at our 
hospital between May 2021 and July 2021. These samples 
included those from the cluster outbreak at Yantian Port 
in Yantian District, Shenzhen City [31], as well as an out-
break that occurred during international f light CA868, 
originating from South Africa and arriving in Shenzhen 
[32]. To investigate the evolutionary patterns of SARS-
CoV-2 quasi-species, we gathered swab samples longi-
tudinally from individuals within this cohort, spanning 
from the initial stages of infection to the ultimate recov-
ery phase. Notably, this particular group included indi-
viduals both with and without SARS-CoV-2 vaccination, 
and a subset that underwent treatment with BRII-196 and 
BRII-198 neutralizing antibodies [33], thus providing a 
unique opportunity to examine the effects of vaccines and 
neutralizing antibodies on the evolutionary trajectory of 
viral quasi-species. Furthermore, in response to the emer-
gent SARS-CoV-2 outbreak, we devised contingency 
measures to expedite the sequencing of the SARS-CoV-2 
genome and acquire its genomic sequences from clinical 
RNA samples within 4 to 28 hours. Through in-depth 

analysis of the genomic data, we observed that antibodies 
exert a discernible inf luence on the evolutionary dynam-
ics of SARS-CoV-2 quasi-species within hosts during 
therapeutic interventions, thereby offering novel perspec-
tives for the development of antibody-based interventions.

MATERIALS AND METHODS

Ethical declaration
This study was conducted according to the principles of 
the Declaration of Helsinki. Ethical approval was obtained 
from the Research Ethics Committee of Shenzhen Third 
People’s Hospital (2020-192). Written consent was obtained 
from patients or their guardians when samples were col-
lected. Patients were informed of the surveillance before 
providing written consent, and data directly associated with 
disease control were collected and anonymized for analysis.

RNA extraction and qRT-PCR
Nasal swab, throat swab, and urine samples were col-
lected from the patients. Supernatants from cultured cells 
infected with body f luid from patients infected by SARS-
CoV-2 were also collected. Total RNA from these sam-
ples was extracted with a QIAamp Viral RNA Mini Kit 
(Qiagen, Cat. No. 52904). Quantitative reverse transcrip-
tion polymerase chain reaction detection of ORF-1a/b 
and the N gene of SARS-CoV-2 was conducted with a 
commercial kit (GeneoDX Co., Ltd., Shanghai, China), 
according to the manufacturer’s protocol. The RNA sam-
ples confirmed to be SARS-CoV-2 positive and with Ct 
values less than 35 were further used for viral clade typing.

ARMS qPCR identification of variants
We obtained primers specifically designed to detect the 
mutations HV69-70del, K417N, K417T, L452R, E484K, 
E484Q, N501Y, and A570D in the Spike protein. These 
primers were included in a commercially available kit 
(BGI, PGI030019) for identifying and differentiating 
between wild-type and mutant strains of SARS-CoV-2. 
Eight mutations were detected and identified with prim-
ers that contained specific mutations labeled with dif-
ferent f luorophores in three separate polymerase chain 
reaction (PCR) reaction tubes. The first reaction tube 
contained the amplification primers to detect the wild-
type ORF1ab gene and its corresponding f luorescent 
probe (FAM), primers to amplify the N501 region and 
K417 region of Spike, and their corresponding probes 
to detect N501Y (VIC) and K417N (ROX) mutations. 
The second reaction tube contained the amplification 
primers and mutation detection probes for HV69-70del 
(VIC/HEX), K417T (ROX), E484K (FAM), and A570D 
(CY5). The third reaction tube included the amplification 
primers and mutation detection probes for L452R (ROX) 
and E484Q (VIC). All three reaction tubes contained the 
reagents for PCR amplification and an internal reference. 
The presence of mutations was confirmed by comparison 
between the ΔCt value of each mutant gene and the Ct 
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value of the ORF1ab gene. A mutation was confirmed if 
ΔCt≤6 and was considered not detected if ΔCt>6.

Designing the primer pool for SARS-CoV-2 
enrichment
The reverse complement sequence of SARS-CoV-2’s 
RNA genome was obtained with WH-01 (MN908947.3) 
as the reference genome. Tiling primers of 15 nt were 
selected for every 15 nt starting from the 34th base. 
Finally, a total of 963 tiling primers were obtained. The 
library of primers was synthesized by Sangon Biotech 
(Shanghai, China).

Building a nanopore sequencing library
RNA (13 μl) was incubated at 65°C for 5 min in a thermal 
cycler, then placed on ice for 2 min to denature the RNA. 
The RNA sample was then treated with 2 μl of 5× gDNA 
wiper Mix (Vazyme, China) and incubated at 42°C for 
2 min to remove genomic DNA contamination. Then 2 
μl 10× RT mix, 2 μl HiScript III Enzyme Mix (R323, 
Vazyme, China), and 5 μl primer pool targeting SARS-
CoV-2 (2.5 μM) were added to the previous reaction, and 
incubation was performed at 25°C for 5  min, 37°C for 
45  min, and 85°C for 5 s to synthesize the first-strand 
complementary DNA (cDNA) (RNA:cDNA hybrid). 
Subsequently, 20 μl of the first-strand cDNA synthesis 
reaction was collected, and 26 μl Second Strand Buffer, 1 
μl RNase H, and 3 μl T4 DNA polymerase from a Second 
Strand cDNA Synthesis Kit (D7172, Beyotime Biotech) 
were added; the reaction was incubated at 16°C for 60 
min to obtain double-stranded DNA (dsDNA). The 
dsDNA was purified with Agencourt AMPure XP beads 
(A63881, Beckman Coulter) according to the manufac-
turer’s instructions. Finally, the dsDNA was eluted from 
beads with 21 μl nuclease-free water. The dsDNA was 
quantified with a Qubit instrument in 1 μl eluate.

To 200 ng cDNA in 20 μl nuclease-free water, 30  μl 
nuclease-free water, 7 μl Ultra II End-prep reaction buffer, 
and 3 μl Ultra II End-prep enzyme mix (E7546L, NEB) 
were added. The reaction was incubated at 20°C for 20 min, 
then 65°C for 10 min, with a thermal cycler. Purification 
was performed with AMPure XP beads. The end-repaired 
dsDNA was eluted with 23 μl nuclease-free water, then 
quantified with a Qubit instrument. To 20 μl end-repaired 
DNA with a concentration of 200 fmol, 25 μl Blunt/TA 
Ligation Master Mix (M0367L, NEB), 2.5 μl nuclease-free 
water, and 2.5 μl Adapter Mix (SQK-LSK109, Oxford 
Nanopore, UK) were added and gently mixed by f lick-
ing of the tube. The reaction was incubated for 10 min-
utes at room temperature with rotation. The reaction was 
then purified with AMPure XP beads, and Short Strand 
Buffer (SQK-LSK109, Oxford Nanopore, UK) was used to 
wash the beads instead of 75% ethanol, to avoid inactivat-
ing motor proteins bound to the sequencing adaptors. The 
library on the beads was eluted with 22 μl Elution Buffer 
(SQK-LSK109, Oxford Nanopore, UK) and quantified 
with a Qubit instrument. Subsequently, 37.5 μl Sequencing 

Buffer, 25.5 μl Loading Beads, and 12 μl DNA library were 
mixed and loaded into the Oxford Nanopore sequencer.

Nanopore data analysis
The electrical signals stored in fast5 format were used for 
base-calling with the GPU version of guppy (V4.4.4) with 
the parameters of --device “cuda: all:100%” -min_qscore 
7 and other default parameters. The fastq files generated 
by base-calling were combined to trim the adaptors with 
Porechop (V0.2.4), and reads with length less than 100 nt 
were filtered with NanoFilt (V2.7.1). Trimfq from the seqtk 
package (V1.3) was used to trim 15 nt off both the 5′ and 
3′ ends; this step was critical for removing the regions of 
primers, because we used SARS-CoV-2 genome-specific 
primers (GSPs) for the first strand cDNA synthesis. Clean 
reads were then mapped to the reference genome of SARS-
CoV-2 (MN908947.3) with minimap2 (V2.17) with the 
parameters of “-a -x map-ont” and other default parame-
ters. The output in Sequence Alignment/Map format was 
transferred to Binary Alignment/Map format with samtools 
(V1.11), then indexed with samtools. The indexed bam files 
were processed with pysamstats (V1.1.2) to count the base 
composition at each position. A homemade script was used 
to distinguish the mutations and call the regions with dele-
tion from results of pysamstats (V1.1.2).

Meta-transcriptome sequencing
An MGIEasy RNA Library preparation Kit v2 
(1000005953, MGI) was used to construct the sequencing 
library. DNase I (M0303S, NEB) was used to digest the 
residual DNA in the RNA sample. To 10 μl of reaction, 
4 μl fragmentation buffer was added, and the reaction was 
incubated at 87°C for 6 min, then immediately placed on 
ice for 2 min to fragment the RNA. Subsequently, 5 μl 
reverse transcription (RT) Buffer and 1 μl RT Enzyme 
Mix were added, and the reaction was incubated at 25°C for 
10 min, 42°C for 30 min, and 70°C for 15 min in a thermal 
cycler to obtain the first-strand cDNA. Then 26 μl Second 
Strand Buffer and 4 μl Second Strand Enzyme Mix were 
added, and the reactions were incubated at 16°C for 60 
min. Purification was performed with DNA Clean Beads. 
Subsequently, 2.9  μl end-repair and A-tailing (ERAT) 
Enzyme Mix and 7.1 μl ERAT Buffer were added to the 
purified dsDNA and incubated at 37°C for 30 min and 
65°C for 15 min to prepare the ends for adaptor ligation. 
Then 1 μl sequencing adaptor, 9 μl tris-ethylene diamine 
tetraacetic acid buffer, 23.4 μl ligation buffer, and 1.6 μl 
DNA ligase were added, and the reaction was incubated 
at 23°C for 30 min. Bead purification and 18-cycle PCR 
amplification were performed. Finally, purified dsDNA 
was sequenced by the BGI-Shenzhen genome sequenc-
ing team with a single end 50 nt strategy generating 20 M 
reads for each sample, on average.

Amplicon sequencing
The first-strand cDNA synthesis followed the same steps 
as those for building the nanopore library. Multi-panel 
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amplification of the SARS-CoV-2 genome was separately 
performed with primer pool T1 (106 amplicons) and T2 
(108 amplicons) from a commercial kit (A186XV6, iGene-
Tech). The PCR products of primer pool T1 and T2 were 
pooled and purified with AMPure XP beads. The primer 
used for the first round of PCR consisted of sequences 
that were the reverse complement of the reference SARS-
CoV-2 genome and a partial sequence of Illumina’s 
sequencing adaptor. The second round PCR reaction was 
performed with IGT-I5 and IGT-I7 primers, which bound 
the 3´ ends of the first round PCR products, to index the 
previously purified dsDNA and enable the formation of 
full-length sequencing adaptors for the Illumina platform. 
The final PCR products were purified with AMPure XP 
beads and then sequenced on the Illumina platform with 
a paired-end 150 nt strategy generating 2 G reads for each 
sample, on average.

Amplicon data analysis
Removal of low-quality bases and residual sequencing 
adapters from the raw reads was performed with trim-
momatic (V0.39) in paired-end mode with the parameter 
of LEADING:3 TRAILING:3 MINLEN:50. Clean reads 
were then aligned to the reference SARS-CoV-2 genome 
(MN908947.3) with bwa mem with default parameters. 
Cut_Multi_Primer.py from SARS-CoV-2_Multi-PCR_
v1.0 tools (https://github.com/MGI-tech-bioinformatics/
SARS-CoV-2_Multi-PCR_v1.0) was used to modify the 
sequencing quality value of the bases belonging to the 
multiple amplification primers to 0. Trimmomatic was 
used again to remove bases with low quality, i.e., those 
belonging to the multiplex primers. The trimmed reads 
were re-aligned to the reference SARS-CoV-2 genome 
(MN908947.3) with bwa mem. The files storing the muta-
tion information were created with freebayes (V0.9.21) 
with the parameters of --ploidy 1 --min-base-quality 
20  --min-mapping-quality 60 --min-coverage 30. The 
generated vcf files were annotated with snpEff (V4.3) with 
a home-made annotation file. Only nucleotide positions 
with greater than 100× sequencing depth were kept for 
calling variants.

RESULTS

A strategy for rapid typing and sequencing of 
SARS-CoV-2
We developed a sequencing strategy capable of handling 
clinical samples with a wide range of Ct values. This 
strategy allowed us to obtain the complete viral genome 
sequence in only 4 hours. After obtaining clinical RNA 
sample, we used multiple sequencing methods tailored to 
the specific range of Ct values present in the samples.

After patient admission, the type of virus strains can be 
quickly determined to avoid cross-infection by different 
strains during hospitalization. First, we used amplification 
refractory mutation system (ARMS) PCR to specifically 
identify and distinguish wild-type strain and variants 

with a Ct value of 35 or less (Fig 1D). Primers used for 
ARMS PCR were labeled with different f luorophores 
enabling simultaneous detection of the HV69-70del, 
K417N, K417T, L452R, E484Q, E484K, N501Y, and 
A570D mutations. Through analysis of the combination 
of detected mutations, the sequences were classified into 
distinct clades, such as Alpha (B 1.1.7), Delta (B 1.617.2), 
Beta (B 1.351), Gamma (P.1), and Omicron (B 1.1.529), 
as shown in S1 Table. Our primary focus was on the 
identification of the L452R, N501Y, and K417N muta-
tions, because of their prevalence in the most common 
SARS-CoV-2 variant strains, Alpha, Delta, and Omicron. 
For example, identification of the L452R mutation indi-
cated that the virus belongs to the Delta clade, because 
this mutation is unique to this specific clade (notably, 
as of June 2021, this mutation was found exclusively in 
the Delta variant) (S1 Fig). Consequently, the possibil-
ity of the virus belonging to the Omicron clade could 
be confidently excluded. Detection of the N501Y muta-
tion suggested that the virus might belong to either the 
Alpha or Omicron clade. Finally, if both the N501Y and 
K417N mutations were identified concurrently, the virus 
was considered highly likely to be associated with the 
Omicron clade. The ARMS PCR-based method was able 
to quickly and approximately identify viral types within a 
timeframe of 3 hours, thus providing timely assistance in 
clinical management.

To obtain the complete genomic sequence of SARS-
CoV-2, we propose three potential approaches consider-
ing the Ct ranges and the urgency of obtaining the results. 
When the Ct value of the sample is equal to or below 
20, an abundance of SARS-CoV-2 transcripts is present 
and can be directly sequenced with an Oxford Nanopore 
sequencer. To facilitate this approach, we designed a set 
of inverse complementary primers to the SARS-CoV-2 
genome, thus enabling the enrichment and generation of 
viral cDNA through reverse transcription (Fig 1A). After 
completion of the second-strand synthesis end repair, 
the adaptors attached to the nanopore motor protein are 
ligated to the prepared double-stranded DNA, thereby 
finalizing the construction of the sequencing library. 
Subsequently, the library is sequenced with a Nanopore 
sequencer; 30–60 minutes is required for electronic signal 
data collection, and an additional 30 minutes is required 
for base calling and bioinformatic analysis. The com-
plete genome sequence of SARS-CoV-2 can be obtained 
in this manner. In contrast to the ARTIC protocol, our 
method achieves acquisition of the entire viral genomic 
sequence within 4 hours, because PCR amplification is 
not required.

When the Ct value is equal to or below 22, the 
meta-transcriptome sequencing method can be used to 
acquire the genomic sequence of SARS-CoV-2. In this 
approach, the isolated RNA serves as the template for 
reverse transcription using random hexamers (Fig 1B). 
Subsequently, second-strand synthesis and end repair are 
conducted, and followed by ligation of universal adaptors 
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to the dsDNA ends, which overhang because of A-tailing. 
Subsequently, PCR with 14 cycles is performed to amplify 
the library, which is then subjected to deep sequenc-
ing. The entire process, encompassing library construc-
tion (4 hours) and sequencing (approximately 24 hours), 
requires approximately 28 hours to complete.

When the Ct value surpasses 22, obtaining the com-
plete genomic sequence through meta-transcriptome 

sequencing or primer-enriched nanopore sequencing 
is challenging. Simply increasing the sequencing depth 
does not effectively enhance the efficiency of capturing 
the SARS-CoV-2 genome [10]. Therefore, PCR ampli-
fication of the SARS-CoV-2 genome can be performed 
with customized multiplex primers that target distinct 
genomic regions. A second dual-indexing PCR is then 
conducted to incorporate the sequencing index and 

FIGURE 1  |  Strategies for rapid whole genome sequencing of SARS-CoV-2. (A) Primer pool enrichment pipeline for rapid nanopore sequenc-
ing. (B) Workflow for meta-transcriptome sequencing. (C) Workflow for amplicon sequencing. (D) Rapid identification of key mutations 
defining the SARS-CoV-2 clade by ARMS PCR when Ct≤35. (E) Schematic representation of SARS-CoV-2 infected patient samples. Dots and 
triangles indicate sample collection time points, with different sequencing methods applied to process the samples. Of the 28 patients, six 
had received vaccination. Antibody treatment refers to administration of a combination of BRII-196 and BRII-198 neutralizing antibodies 
targeting non-competing epitopes on the RBD of spike, belonging to class 1 and class 3 mAbs, respectively.
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finalize the construction of the sequencing library. The 
complete genome sequence is then obtained by assem-
bling the amplified fragments, as depicted in Fig 1C. The 
time required to obtain the complete genomic sequence 
of SARS-CoV-2 is similar for both amplicon sequencing 
and metagenomic sequencing methods, requiring approx-
imately 30 hours.

Primer pool enriched nanopore sequencing to 
capture SARS-CoV-2’s whole genome
For nanopore sequencing, we used GSPs targeting the 
SARS-CoV-2 genome for cDNA synthesis. The result-
ing library was then subjected to nanopore sequencing. 
To assess the effects of primer enrichment, we conducted 
cDNA synthesis with random hexamers at an equivalent 
concentration to that of the GSPs. The resulting library 
was then subjected to both nanopore sequencing and 
deep sequencing. The data obtained from these three 
methods were subsequently gathered and individually 
aligned to the reference SARS-CoV-2 genome. The use 
of GSPs for reverse transcription resulted in a success-
ful mapping ratio of 40.6% of the reads to the reference 
genome. In contrast, when random primers were used, 
the mapping ratio was markedly lower, at 3.4% (Fig 2A). 
We also calculated the ratio of the bases aligned to the 
reference genome to the total number of bases, and found 
a similar mapping ratio. These findings highlighted the 
10-fold enrichment efficiency achieved through the uti-
lization of SARS-CoV-2 GSPs for reverse transcription. 

Additionally, when samples were reverse transcribed 
with random hexamers and sequenced on the MGI 2000 
platform, we observed a lower ratio of reads successfully 
mapped to the SARS-CoV-2 reference genome (1.2%) 
than observed with the use of GSPs (3.4%, Fig 2A). 
This difference in mapping ratios might potentially be 
attributable to the amplification bias introduced by the 
meta-transcriptome sequencing pipeline, which uses a 
universal PCR amplified library.

We then randomly sampled an equal number of nan-
opore sequencing reads with GSPs or random hexamers, 
and aligned them to the reference SARS-CoV-2 genome. 
The samples subjected to reverse transcription with GSPs 
exhibited clearly greater genome coverage (Fig 2B and 
2D) and significantly higher sequencing depth (Fig 2C). 
In contrast, the samples subjected to reverse transcrip-
tion with random hexamers displayed longer read lengths 
(Fig 2E).

Our method is applicable to obtaining the complete 
genome sequence of SARS-CoV-2 not only from cul-
tured virus but also from clinical specimens with low 
Ct values. Furthermore, the use of nanopore technology 
enables the generation of long reads, thereby enabling 
effective investigation of the sub-genomes of SARS-
CoV-2 under various experimental conditions. In com-
parison to direct RNA sequencing, our method offers 
the potential to acquire more sequencing reads, through 
use of cDNA as the input, thus offering greater stability 
than RNA.

FIGURE 2  |  Characteristics of the primer pool enriched rapid nanopore sequencing workflow. (A) cDNA was synthesized with GSP and 
sequenced with the Nanopore platform. cDNA was synthesized with random primers and sequenced with the Nanopore and MGI 2000 plat-
forms. (B) The same number of reads, from which the cDNA was synthesized by GSP and random primers and sequenced with the Nanopore 
platform, were sampled and aligned to the reference SARS-CoV-2 genome. (C) Sequencing depth, (D) genome coverage, and (E) read length 
for the two methods in (B).
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Meta-transcriptome sequencing
Because deep sequencing is the gold standard for stud-
ying intra-host evolution, we used meta-transcriptome 
sequencing to capture the complete genomic sequence of 
SARS-CoV-2 in selected samples. Our analysis revealed 
a linear decrease in the proportion of reads aligned to 
the reference SARS-CoV-2 genome as the Ct value 
of the sample increased (Fig 3A and 3G). In addition, 
the Ct values of the viral culture samples were lower 
than those of the clinical samples, in agreement with 
the higher viral load in the viral culture (Fig 3A and 
3H). Moreover, the proportion of reads aligning to the 
SARS-CoV-2 reference varied from 8/10,000 to nearly 
0 (Fig 3G). Specif ically, for a sample with a Ct value 
of approximately 11, the proportion of reads belonging 
to SARS-CoV-2 ranged from 2.5/10,000 to 7.5/10,000 
(Fig 3G).

Our findings indicated that achieving nearly 100% 
genome coverage was feasible when the number of aligned 
bases was ten times the length of the SARS-CoV-2 
genome, which is approximately 300 k (0.3 M) (Fig 3B). 
Thus, to achieve a genomic coverage of almost 100% for a 
sample with a Ct value of 11, sequencing of approximately 
600 M (0.3 M/0.0005) bases from the sequencer is neces-
sary, on the basis of the ratio of 5/10,000 (Fig 3G) for the 
0.3 M total SARS-CoV-2 reads. In contrast, for a sample 
with a Ct value of 20, the amount of data required from 
the sequencer would be 6000 M (0.3 M/0.00005) and 
would be cost prohibitive. The average sequencing depth 
of SARS-CoV-2 increased linearly as the proportion of 
SARS-CoV-2 reads increased (Fig 3C). We also found a 
negative linear correlation between the average sequencing 
depth of SARS-CoV-2 and the sample Ct values (Fig 3D). 
A positive relationship was observed between sequencing 

FIGURE 3  |  Technical characteristics of meta-transcriptome sequencing. (A) Correlation between the Ct value and the proportion of reads 
belonging to SARS-CoV-2. (B) Correlation between the number of bases that aligned to the SARS-CoV-2 genome and the genome coverage. 
(C) Correlation between the number of reads that aligned to the SARS-CoV-2 genome and the average sequencing depth. (D) Correlation 
between the average sequencing depth of SARS-CoV-2 and the Ct value of the sample. (E) Correlation between the average sequencing 
depth of SARS-CoV-2 and the number of detected mutations. (F) Correlation between the Ct value of the sample and the number of detected 
mutations. (G) The proportion of reads belonging to SARS-CoV-2 for different ranges of Ct values. Ct values (H), genome coverage (I), average 
sequencing depth (J), and number of detected mutations (K) of SARS-CoV-2 for the supernatants of SARS-CoV-2 infected cell cultures and 
nasal swabs.
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depth and the number of mutations detected (Fig 3E). 
These findings suggested that low sequencing depth in 
meta-transcriptome sequencing may lead to underrep-
resentation of rare mutations. Furthermore, we observed 
a correlation between the number of identified mutations 
and the Ct values of the samples (Fig 3F), thereby suggest-
ing that the abundance of SARS-CoV-2 reads inf luences 
the number of mutations detected. Specifically, samples 
with lower Ct values have a higher proportion of SARS-
CoV-2 reads and result in a greater likelihood of detection 
of viral variants.

Amplicon sequencing
For amplicon sequencing, hundreds of primer pairs were 
used for viral genome amplification. However, impor-
tantly, the amplified segments contained regions occupied 
by the primers, which needed to be removed to avoid miss-
ing important information generated from these primer 
regions. The primers used for amplification encompassed 
20% of the SARS-CoV-2 genome, whereas the remaining 
80% of the genome was amplified via DNA polymerase. 
We used amplicon sequencing to analyze numerous clin-
ical samples, because of their high Ct values (>22), given 
that both the primer-enriched nanopore sequencing and 
meta-transcriptome sequencing were insufficient in gen-
erating complete genomic sequences of SARS-CoV-2.

Achieving nearly 100% coverage of viral genomes was 
more feasible when the Ct values were below 30 rather 
than above 30 (Fig 4A and 4D). Additionally, the pro-
portion of bases remaining after primer region trimming 
was higher in samples with Ct values below 30 but was 
lower (less than 20%) in samples with Ct values above 30 
(Fig 4A and 4E). This finding might be attributable to the 
low viral load in samples with a Ct value greater than 30, 
thus making amplification of the SARS-CoV-2 genome 
with PCR more challenging.

Complete genomic coverage was not achieved for some 
number of samples with the remaining proportion of bases 
below 20% (Fig 4B). To reach complete genome coverage 
with amplicon sequencing, we determined that 30 million 
reads would be required from the sequencer, correspond-
ing to 30×1000×210 mapped bases (Fig 4B). Additionally, 
the number of detected mutations did not increase beyond 
an average sequencing depth of 212.5 (Fig 4C), thus sug-
gesting that the range of bases to be collected from the 
sequencer could range from 27.5 to 212.5. Samples with 
lower Ct values had fewer mutations and less variabil-
ity than samples with higher Ct values (Fig 4C and 4F). 
We also compared the number of mutations detected by 
amplicon sequencing and meta-transcriptome sequencing, 
and found that amplicon sequencing had a greater ability 
to detect mutations (Fig 4G).

Quasi-species evolution of SARS-CoV-2 during 
treatment
To track the evolution of mutations in the same patient 
during hospitalization, we continuously sampled and 

sequenced the composition of SARS-CoV-2 with var-
ious methods (Fig 1E). Throughout the 20-day period, 
we observed a change in composition of C13019T, a syn-
onymous mutation (L122L) in the nsp9 gene. Initially, 
13019C was present in almost 100% of the viral popu-
lation but gradually decreased to approximately 25% 
(Fig  5A). Furthermore, we observed a similar pattern 
with the D614G mutation in the spike gene. The 614D 
variant was initially dominant, then transitioned to the 
614G variant, and 614D reached a composition of approx-
imately 60% during the treatment process (Fig 5B). When 
mutations within a single patient were summarized, we 
observed that certain mutations remained relatively sta-
ble in composition. However, most mutations contin-
ued to decrease during treatment, thus indicating diverse 
responses to treatment (Fig 5C). To evaluate the rates at 
which the quasi-species composition declined, we calcu-
lated the slope of the quasi-species composition according 
to the duration of treatment. Our analysis revealed that 
79.5% of the mutation composition continued to decline, 
whereas 20.5% increased (Fig 5D). Of these mutations, 
T181I of nsp6, L112L of nsp9, G142D and D614G of 
Spike, T61fs of ORF7a, and certain mutations in the 3′ 
UTR showed a significant decrease in their composition. 
These findings suggested that these mutations may have 
notable effects on the viral life cycle, because they were 
quickly eliminated during the treatment. Apart from the 
well-studied D614G mutation [34], we did not examine 
other mutation sites’ potential effects on the replication 
and survival of SARS-CoV-2. Among the Spike muta-
tions, an increased frequency of the A222V mutation was 
observed. Moreover, we analyzed all patients infected 
with SARS-CoV-2 and found that the quasi-species ratios 
of most mutations decreased (Fig 5E). Notably, Spike 
mutations, such as T19R, G142D, T478K, L452R, and 
D614G, exhibited a declining trend. Mutations in other 
genes, including I292T in nsp4, T181I in nsp6, and L112L 
in nsp9, and G662S in nsp12, also decreased. The results 
in Fig 5E were consistent with those in Fig 5D.

Effects of vaccination and neutralizing antibody 
therapy on the evolution of SARS-CoV-2
By binding the viral Spike protein, neutralizing anti-
bodies block the binding of SARS-CoV-2 to the ACE2 
receptor on the cell surface, and serve as an important 
treatment for SARS-CoV-2 infections. Because of their 
direct interaction with the Spike protein, antibodies play 
critical roles in shaping the evolution of the virus. In this 
study, because a subset of patients received treatment 
with BRII-196 and BRII-198 antibodies, we were able 
to examine the effects of antibody therapy on the in vivo 
evolution of SARS-CoV-2. By comparing the mutations 
present in samples before and after antibody treatment 
from the same patients, we inferred potential mutation 
sites that might indicate interactions with the adminis-
tered antibodies (Fig 6A). Notably, the K417N mutation 
was observed in the treated samples from two patients but 
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was detected in only one patient from the untreated group 
(Fig 6B). We also observed two de novo mutants: F456L 
and F456S (Fig  6B). We defined samples from individ-
uals before antibody therapy as the untreated group and 
samples after therapy as the treated group, and identified 
distinct mutations in both groups (Fig 6D). F456, regard-
less of whether it was mutated to L or S, was effectively 
neutralized (Fig 6E), in agreement with the findings in 
Fig 6B. Because of poor statistical power, no significance 
was observed; however, the general trend indicated the 
presence of the K417R mutation, which affected antibody 
neutralization, in three individuals (Fig 6F), thereby sug-
gesting a direct link between Spike K417 and the antibody 

treatment. Moreover, the observation of V539V and 
V539C mutations in untreated samples (Fig 6F) suggested 
a possible interaction between Spike V539 and the anti-
body. Therefore, through continuous monitoring of in 
vivo mutations, we experimentally revealed the involve-
ment of the Spike K417 site, which caused the variant to 
escape neutralization by most class 1 neutralizing antibod-
ies [35]. Additionally, we discovered that specific muta-
tions at Spike sites might potentially affect the efficacy of 
antibody treatment in individual patients, although fur-
ther confirmation is required in future studies.

We collected samples from both vaccinated and 
unvaccinated patients, which enabled us to investigate 

FIGURE 4  |  Technical characteristics of amplicon sequencing. (A) Correlation between the Ct values of the samples and the genome cover-
age of SARS-CoV-2, with a sequencing depth of at least 100, and between the Ct values of the samples with the percentage of remaining 
bases after primer trimming. (B) Correlations between SARS-CoV-2 genome coverage and sequencing depth of at least 100 and the percent-
age of remaining bases after primer trimming, and the number of aligned bases. (C) Associations between average sequencing depth and 
the number of detected mutations; associations between the Ct values of the samples and average sequencing depth. Genome coverage (D), 
percentage of remaining bases after primer trimming (E), and number of detected mutations (F) in samples with different ranges of Ct values. 
(G) Comparison of the number of mutations detected with amplicon sequencing and meta-transcriptome sequencing.
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the inf luence of vaccination on the evolution of SARS-
CoV-2. Comparison of the mutations identif ied in these 
two groups of samples indicated no statistically sig-
nif icant difference in the overall number of mutations 
observed in the Spike gene and the receptor-binding 
domain (RBD) region, when the entire genome was 
considered (Fig 6H). However, after categorizing the Ct 
values of consecutively sampled patients into 3-day inter-
vals, we observed that during the second and third 3-day 
intervals, the Ct values were signif icantly higher in the 
vaccinated group than the unvaccinated group (Fig 6I). 
These f indings suggested that vaccinated patients expe-
rienced faster clearance of SARS-CoV-2. To compare 
the evolving quasi-species, we categorized the chang-
ing slopes into three groups: fast drop, slow drop, and 

unchanged slope. The vaccinated group showed sig-
nif icantly higher proportions of both fast decrease and 
slow decrease than the unvaccinated group (Fig 6J). This 
f inding suggested that vaccination accelerates the rate of 
quasi-species decline.

DISCUSSION

Viral genome analysis is a crucial approach for studying 
infectious disease outbreaks. However, current methods 
typically focus on assembling a single genomic sequence 
for each infected individual. Recent studies have recog-
nized the importance of nucleotide polymorphisms in 
viral sequences within hosts. Through analysis of these 
polymorphisms, the distribution characteristics of viral 

FIGURE 5  |  Changes in the quasi-species composition of SARS-CoV-2 during treatment. The composition of (A) L112/C13019 (Nsp9) and (B) 
D614 (Spike) decreased over the course of treatment. (C) Fluctuations in all detected mutations in individual 27. (D) Slopes of the fluctuation 
trend in composition for each mutation across all patients, plotted against sampling time. Only mutations with at least 5 days of sample 
collection were included. (E) Slopes of the change trends in mutation at a specific site, in the data from multiple individuals. Only mutations 
with at least 5 days of sample collection were retained. Note: The trend in mutation site changes refers to the transition from the amino acid 
before the numerical designation of the site to the amino acid after the numerical designation. For example, D614G indicates a change from 
D614 to G614.
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quasi-species within the host can be understood, and viral 
transmission pathways can potentially be traced [36].

Understanding of the evolution of quasi-species com-
position during the transition from early latent infection 
to the subsequent clearance of SARS-CoV-2 is limited. 
Many published studies have lacked continuous sampling 
from a single patient or have not captured the earliest 
stages of viral infection. To address this knowledge gap, 
we performed comprehensive sampling and sequencing 
starting from the onset of SARS-CoV-2 infection and 
continuing throughout the entire course of the infection 
until hospital discharge. Our approach offers a substantial 
advantage over other methods, because it effectively iden-
tifies viral mutations. By using diverse sequencing meth-
ods, we successfully obtained comprehensive genome 
sequences of SARS-CoV-2, thereby facilitating close 
monitoring of the evolutionary patterns of quasi-species in 
different patients. Additionally, our investigation assessed 

the effects of antibodies and vaccines on the evolution of 
SARS-CoV-2 quasi-species.

We established a comprehensive sequencing strategy, 
including amplicon sequencing, meta-transcriptome 
sequencing, and primer pool-based nanopore sequenc-
ing. These techniques enabled us to obtain the complete 
genome sequence of SARS-CoV-2 from clinical samples 
with Ct values ranging from 10 to 38. We used multiple 
sequencing methods, then cross-validated and compared 
the results obtained from each approach. The amplicon 
sequencing method uses PCR amplification to obtain the 
whole-genome sequence of SARS-CoV-2, even from 
samples with high Ct values. We successfully obtained 
the entire genome sequence from samples with Ct val-
ues as high as 38. Our findings indicated the feasibility of 
obtaining the complete genome from any SARS-CoV-2 
positive sample. Moreover, amplicon sequencing pro-
vides a cost-effective alternative to meta-transcriptome 

FIGURE 6  |  Effects of vaccination and neutralizing antibody therapy on the evolution of SARS-CoV-2. (A) Strategy to analyze mutations asso-
ciated with antibody interaction by merging unique mutations in antibody treated and untreated samples for each patient, and identifying 
mutations occurring exclusively in antibody-treated (B) or untreated (C) samples. (D) Strategy to analyze mutations associated with antibody 
interaction by combining mutations detected in antibody treated and untreated samples for each patient, then identifying unique mutations 
occurring exclusively in pretreated (F) or antibody-treated (E) samples. Effects of (G) antibody and (H) vaccine administration on the number 
of detectable mutations. Effects of vaccine administration on (I) the rate of SARS-CoV-2 clearance in the body and on (J) the rate of change 
in quasi-species composition.
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sequencing, because it requires fewer sequencing 
resources and offers advantages in library construction 
cost. However, the sensitivity of PCR amplification nota-
bly increases the risk of false-positive results caused by 
minor aerosol contamination. To address this concern, 
precautions, such as the use of pipette tips with filters and 
minimizing the number of PCR cycles, are necessary to 
mitigate the introduction of aerosol contamination.

Studies have been conducted to obtain the intra-host 
variant of SARS-CoV-2 through amplicon sequencing 
[30,37]. Amplicon sequencing involves amplifying short 
DNA segments through PCR, which are subsequently 
subjected to deep sequencing. Other sequencing stud-
ies have used Oxford Nanopore sequencing, such as the 
ARTIC protocol. In contrast to the standard ARTIC 
pipeline, which uses 400 bp amplicons to obtain the entire 
genome through Oxford Nanopore sequencing, our 
approach uses shorter amplicons ranging from 200 bp to 
250 bp. Consequently, both deep sequencing and nanopore 
sequencing techniques can be used to sequence the same 
subset of samples. In practical operation, after amplifying 
the library into short fragments, we first perform sequenc-
ing with the Oxford Nanopore Technologies platform 
to quickly obtain mutation results of the viral strain and 
report them to the hospital in the shortest possible time. 
The same library is reported to the disease control center 
and released to the public only after validation through 
second-generation sequencing. However, importantly, 
nanopore sequencing has lower base-calling accuracy than 
other sequencing technologies. This limitation makes 
accurately distinguishing between sequencing errors and 
original mutations challenging. Because the use of nano-
pore sequencing for analyzing quasi-species is constrained 
by the inherent inaccuracy associated with single-base 
errors and indels, nanopore sequencing is used primarily 
for viral typing, genome assembly, and sub-genome anal-
ysis. To enhance the reliability of single-base sequencing, 
a double index located at the two ends could be used [38]. 
Herein, we developed a sequencing method that enriches 
SARS-CoV-2 transcripts with a primer pool and subse-
quent sequencing on an Oxford Nanopore sequencer. By 
eliminating the need for PCR amplification, we decreased 
the time required by at least 4 hours and were able to 
obtain the complete genome sequence of SARS-CoV-2 in 
less than 4 hours for samples with Ct values below 20. This 
rapid sequencing method not only allows for the identifi-
cation of strain types and tracing of viral infection sources, 
but also outperforms the standard ARTIC pipeline in 
terms of efficiency. Furthermore, our method, because of 
its ability to generate long reads, enables the analysis of 
sub-genomic transcripts of SARS-CoV-2. In summary, 
the primer pool enriched nanopore sequencing approach 
allows for acquisition of the complete genome within a 
short 4-hour timeframe for samples with Ct values below 
20. For samples with Ct values below 22, an alternative 
option is meta-transcriptome sequencing, which requires 
approximately 28 hours. However, amplicon sequencing 

is recommended for analysis of substantial sample sizes or 
samples with Ct values exceeding 22.

In this study, we sought to observe the ongoing evolu-
tion of SARS-CoV-2 quasi-species by conducting con-
tinuous sampling on a substantial number of infected 
individuals. Previous studies have often sampled limited 
numbers of patients at various time points, thus poten-
tially introducing bias [39,40]. By analyzing the changes 
in quasi-species composition throughout the treatment, 
we observed a significant shift in the proportion of vari-
ants carrying mutations in the spike gene, which is known 
to affect viral infectivity, such as the K417 site. We also 
identified variants with mutations in the Nsp4, Nsp6, 
Nsp9, RDRP, ORF3a, and ORF7a genes, which have not 
been extensively explored in previous studies. Nsp4 inter-
acts with Nsp3 and induces the rearrangement of host-
derived membranes, thereby facilitating the replication 
of SARS-CoV [41]. Nsp6 facilitates coronavirus infec-
tion by restricting autophagosome expansion [42]. Nsp9 
is essential for the replication of SARS-CoV-2, because 
of its ability to bind viral genomic RNA [43,44]. RdRp 
is responsible for replicating and transcribing the SARS-
CoV-2 genome [45]. ORF3a and ORF7a are accessory 
genes adapted by SARS-CoV-2 to modify the cellular 
environment to benefit viral survival. ORF3a functions as 
a viroporin that may promote virus release [46], whereas 
ORF7a functions as an immunomodulating factor that 
suppresses the immune response [47,48]. Further studies 
are needed to address the functions of these viral variants 
carrying mutations.

The development of primary neutralizing antibodies 
for the treatment of SARS-CoV-2 infection involved use 
of the RBD of the Spike protein as bait [49]. According 
to the “arms race” theory [50,51], these antibodies may 
exert selection pressure on SARS-CoV-2, thus leading 
to accelerated mutation and potential evasion [52,53]. 
In our previous study, we solved the crystal structures of 
BRII-196 and BRII-198 antibodies, and identified various 
interaction sites by directly examining these structures 
[54]. Additionally, through experimental investigation, 
we have successfully identified interactions at certain sites 
[55]. Here, we used the quasi-species analysis method 
to uncover potential virus-antibody interaction sites. 
Notably, these newly discovered sites overlapped with 
existing data, thereby indirectly validating the reliability 
of our methods. The examination of these interaction sites 
will be valuable in anticipating treatment-induced viral 
mutations in future endeavors.
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