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Objectives: Studies are needed to better understand the genomic evolution of the recently emerged
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). This study aimed to describe genomic
diversity of SARS-CoV-2 by next-generation sequencing (NGS) in a patient with longitudinal follow-up
for SARS-CoV-2 infection.
Methods: Sequential samples collected between January 29th and February 4th, 2020, from a patient
infected by SARS-CoV-2 were used to perform amplification of two genome fragmentsdincluding genes
encoding spike, envelope, membrane and nucleocapsid proteinsdand NGS was carried out with Illu-
mina® technology. Phylogenetic analysis was performed with PhyML and viral variant identification with
VarScan.
Results: Majority consensus sequences were identical in most of the samples (5/7) and differed in one
synonymous mutation from the Wuhan reference sequence. We identified 233 variants; each sample
harboured in median 38 different minority variants, and only four were shared by different samples. The
frequency of mutation was similar between genes and correlated with the length of the gene (r ¼ 0.93, p
¼ 0.0002). Most of mutations were substitution variations (n ¼ 217, 93.1%) and about 50% had moderate
or high impact on gene expression. Viral variants also differed between lower and upper respiratory tract
samples collected on the same day, suggesting independent sites of replication of SARS-CoV-2.
Conclusions: We report for the first time minority viral populations representing up to 1% during the
course of SARS-CoV-2 infection. Quasispecies were different from one day to the next, as well as between
anatomical sites, suggesting that in vivo this new coronavirus appears as a complex and dynamic dis-
tributions of variants. Aude Jary, Clin Microbiol Infect 2020;26:1560.e1e1560.e4
© 2020 European Society of Clinical Microbiology and Infectious Diseases. Published by Elsevier Ltd. All

rights reserved.
Introduction

The genome organization in severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) is similar to that in the other beta-
coronaviruses, with the open reading frame (ORF) 1a/b encoding
non-structural proteins at the 50-end, and structural proteins as
follows: spike (S)e envelope (E)emembrane (M)enucleocapsid
d de l’Hôpital, 75013, Paris, France

biology and Infectious Diseases. P
(NC)e30-end [1]. Since the spike surface glycoprotein plays a major
role in infection of the host cell, genomic variations may impact the
interaction with the host receptor but also viral pathogenesis,
transmissibility and infectivity [2].

As intra-host variants in a transversal study or from the same
patient by nanopore sequencing have already been reported [3,4],
this study aimed to describe genomic diversity of SARS-CoV-2 by
.

ublished by Elsevier Ltd. All rights reserved.

mailto:aude.jary@aphp.fr
www.sciencedirect.com/science/journal/1198743X
http://www.clinicalmicrobiologyandinfection.com
https://doi.org/10.1016/j.cmi.2020.07.032
https://doi.org/10.1016/j.cmi.2020.07.032
https://doi.org/10.1016/j.cmi.2020.07.032


A. Jary et al. / Clinical Microbiology and Infection 26 (2020) 1560.e1e1560.e4 1560.e2
next-generation sequencing (NGS) in a patient with longitudinal
follow-up for SARS-CoV-2 infection.

Methods

The first patient diagnosed with SARS-CoV-2 infection in Piti�e-
Salpêtri�ere Hospital, Paris, France, was followed daily for SARS-
CoV-2 by RT-PCR of respiratory samples; viral genome could be
detected between January 29th and February 10th, 2020 [5]. This
patient, hospitalized on day 2 of a mild form of coronavirus disease
2019 (Covid-19), did not receive any antiviral or immunomodula-
tion treatment during the entire study period.

Two fragments of about 4000 nucleotides (nt) were amplified by
nested PCR (Supplementary Material Table S1), and NGS was per-
formed with paired-end reads (MiSeq v3, 2 x 300 bp) on the MiSeq
Illumina® system. Reads were trimmed using Trimmomatic, then
mapped on SARS-CoV-2 reference sequence (NC_045512.2) with
Geneious Prime software and finally assembled de novo with
SPAdes 3.12.0 [6] to generate majority consensus sequences.

Multiple alignment was performed with Mafft7 [7] and phylo-
genetic analysis of S, E, M and NC genes with PhyML3.0 [8] and GTR
substitution model with 1000 bootstraps resampling.

Intra-host variants were called using VarScan [9] with the
following requirements: sequencing depth �1000, minor allele
frequency �1% and found at least 100 times. Intra-sample viral
variants were studied by comparing each consensus sequence with
Fig. 1. The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) genome diversity
(B) Distribution (x axis) and frequency (y axis) of the 233 intra-sample viral variants identi
mutations on gene expression is represented by a different symbol (low: a rhombus, mode
all cleaned reads generated from the same sample and viral vari-
ants during follow-up by comparing consensus sequence of the first
nasopharyngeal sample (01292020_NP) with all reads generated
from the different samples. Synonymous mutations were identified
as having a low impact, missense mutations and insertions with
conservative inframe as having a moderate impact, and acquisition
or loss of stop codon as well as frameshift as having a high impact
on gene expression.

The Spearman rank correlation test was performed on
GraphPad.

Results

The sequencing was effective for the first seven samples (one
induced sputum and six nasopharyngeal swabs) from January 29th
to February 4th, 2020, with a Ct value of SARS-CoV-2 RT-PCR <30. A
full-length fragment of 8257 nt was generated with a median (IQR)
of 45 523 (41 014e46 023) depth sequencing per sample
(Supplementary Material Table S2).

Phylogenetic analysis

Compared to the NC_045512.2 reference sequence, our majority
consensus sequences differed in the S gene by only four variations.
They all harboured the synonymousmutation 3591T > C, whereas a
non-synonymous mutation (859G > A) was found only in sample
during infection. (A) Genome coverage (y axis) according to nucleotide position (x axis).
fied. Each sample is represented by the same colour in (A) and (B), and the impact of
rate: a square, high: a circle).



Fig. 2. Distribution of mutation frequency and correlationwith gene length or viral load. (A) HeatMap representing the frequency and distribution of the mutations and their impact
on gene expression between the different genes. (B) Linear regression line between the number of viral variant (x axis) and the gene length (y axis). (C) HeatMap representing the
frequency and distribution of the mutations and their impact on gene expression between the different samples. (D) Linear regression line between the number of frameshift and
stop codons (x axis) and the viral load expressed in cycle threshold (Ct) value (y axis). Viral variants by gene: S, n ¼ 87; N, n ¼ 49; ORF3a, n ¼ 25; M, n ¼ 23; ORF7a, n ¼ 10; E, n ¼ 8;
ORF6, n ¼ 6; ORF7b, n ¼ 5; ORF8, n ¼ 5; ORF10, n ¼ 4. Scale on the right of (A) and (C) represents the frequency in percentages, with the largest value in dark and the lowest value in
light.
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02012020_NP. In sample 01312020_NP, a deletion of one nucleotide
led to the appearance of a premature stop codon and a non-
synonymous substitution at position 3554.

By phylogenetic analysis of the four structural genes, our se-
quences clustered with all the SARS-CoV-2 reference sequences
issued from the NCBI database, and were distinct from the other
human coronaviruses (Supplementary Material Fig. S1).

Intra-sample viral variant diversity

We identified 233 viral variants, and the number of variants per
sample was not correlated with the depth sequencing (r¼ 0.23, p¼
0.28).

Each sample harboured in median 38 (11e51.5) minority vari-
ants (<20%). Only 4/233 identical minority variants were common
between two specimens, and 6/233 other mutations were identi-
fied at the same position in two samples but induced different
variants (Supplementary Material Table S3). Although majority
consensus sequences of the two specimens collected on January
29th were strictly identical, each one harboured their specific viral
population with 59 variants identified in the induced sputum and
40 in the nasopharyngeal specimens (Fig. 1).
Nucleotide variations occurred in decreasing order in the S gene,
N gene, ORF3a, M gene, ORF7a, E gene, ORF6, ORF7b and ORF8, and
finally ORF10 (Fig. 2A). However, according to gene length, the
frequency of mutationwas similar and correlatedwith the length of
the gene (r ¼ 0.93, p ¼ 0.0002) (Fig. 2B).

Most of the mutations were substitution variations (217/233),
including 87/233 synonymous mutations and 107/233 missense
mutations. According to gene expression, 88/233 variants had a low
impact, 111/233 an intermediate impact, and 23/233 a high impact
(Fig. 1). Between samples, only the frequencies of frameshift and
stop codons were significantly and strongly correlated with the
viral load (r ¼ 0.92, p ¼ 0.0095) (Fig. 2D).

Follow-up of viral variant diversity

By comparingwith the consensus sequence collected on January
29th from the nasopharyngeal site, we found the same viral qua-
sispecies in each sample as reported above. However, three ma-
jority variants emerged in the S gene obtained from the
nasopharyngeal samples collected on January 31st and February
1st, corresponding to the three mutations described previously in
the consensus sequences. None of themwere found in the previous
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and following samples as majority or minority variants
(Supplementary Material Table S4).

Discussion

The virus identified in this patient was almost identical to the
reference sequence from Wuhan [1]. This result was expected, as
the patient was a general practitioner presumably infected by
tourists from Wuhan and their guide who was later diagnosed
SARS-CoV-2-positive [5].

Quasispecies in RNA viruses have previously been reported for
SARS-CoV and MERS-CoV [10,11], as well as within individuals
during SARS-CoV-2 infection [3,12]. The present study, allowing the
analysis of SARS-CoV-2 minority variants at 1%, supports the pre-
vious finding. Indeed, we found a median of 38 different viral
variants per sample during the follow-up of a single patient, with
almost no common variant from one day to the next. More than half
of the variants had an intermediate or high impact on gene
expression and may explain the lack of persistence over time.
Among the different types of mutations, the number of mutations
inducing frameshift and stop codons were highly correlated with
the viral load, reflecting the loss of fitness in variants harbouring
deleterious mutations during intensive viral replication [13].
Otherwise, the viral variant population was also different between
samples from the lower (induced sputum) and upper (nasopha-
ryngeal swab) respiratory tract collected on the same day, sug-
gesting independent replication of SARS-CoV-2, as previously
reported [14].

Contrary to a previous study which identified a hotspot in ORF8
[15], the mutations identified in this study appeared to be spread
fairly evenly throughout the sequenced fragment. Indeed, a limited
number of viral variants was shared by two samples, the remainder
(97%) being specific to each sample and occurring in different
genomic sites, and a strong correlation was found between the
number of variants and the length of each gene.

Themain limitation of this study is that a fragment of only about
8000 nt was studied, in only one patient, and during a short period
of follow-up because of low viral load in samples collected after
February 5th. However, our results highlighted that during the first
week of infection the major viral population remained identical (5/
7), with several specific minority variants which did not seem to
persist over time. Larger studies are needed to explore the entire
intra-patient variability during the course of the infection, and in
different clinical situations, to better understand the impact of the
minority viral population on SARS-CoV-2 evolution, physiopa-
thology and transmission.
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