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ABSTRACT

Introduction: Genomic alterations in a viral genome can lead to either better or worse outcome and
identifying these mutations is of utmost importance. Here, we correlated protein-level mutations in the
SARS-CoV-2 virus to clinical outcome.

Methods: Mutations in viral sequences from the GISAID virus repository were evaluated by using “hCoV-
19/Wuhan/WIV04/2019” as the reference. Patient outcomes were classified as mild disease, hospitaliza-
tion and severe disease (death or documented treatment in an intensive-care unit). Chi-square test was
applied to examine the association between each mutation and patient outcome. False discovery rate was
computed to correct for multiple hypothesis testing and results passing FDR cutoff of 5% were accepted
as significant.

Results: Mutations were mapped to amino acid changes for 3,733 non-silent mutations. Mutations cor-
related to mild outcome were located in the ORF8, NSP6, ORF3a, NSP4, and in the nucleocapsid phos-
phoprotein N. Mutations associated with inferior outcome were located in the surface (S) glycoprotein, in
the RNA dependent RNA polymerase, in ORF3a, NSP3, ORF6 and N. Mutations leading to severe outcome
with low prevalence were found in the ORF3A and in NSP7 proteins. Four out of 22 of the most signif-
icant mutations mapped onto a 10 amino acid long phosphorylated stretch of N indicating that in spite
of obvious sampling restrictions the approach can find functionally relevant sites in the viral genome.

Conclusions: We demonstrate that mutations in the viral genes may have a direct correlation to clinical
outcome. Our results help to quickly identify SARS-CoV-2 infections harboring mutations related to severe
outcome.

© 2020 The Author(s). Published by Elsevier Ltd.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction

patient [4]. Overall, based on current data of the WHO (October
2020), the mortality rate is around 2.7%.

There are seven human coronaviruses including MERS, Human-
HKU-1, Human NL63, Human 229E, Human 0C43, SARS-CoV, and
SARS-CoV-2. The natural host of this latest RNA virus is the Chi-
nese rufous horseshoe bat (Rhinolophus sinicus) and the transfer to
human initiated the ongoing COVID-19 outbreak at the end of 2019
[1]. Some studies estimated a low mortality rate of SARS-CoV-2 in
the overall population[2,3], while other investigators reported mor-
tality percentages up to 26% when the virus strikes a critically ill
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The linear genome of the SARS-CoV-2 virus has 29,903 bases
and harbors 25 genes [5], the reference sequence is accessible
in GeneBank using the accession number MN908947. Phylogenetic
analysis of SARS-CoV-2 genomes show three variants termed A,
B and C which have different distribution when comparing se-
quences from Asia, Europe or the Americans [6]. The viral genes
encode among others an envelope protein, an RNA dependent RNA
polymerase, a surface glycoprotein, an exonuclease, a methyltrans-
ferase, and 11 nonstructural proteins. Some of these are within the
virus, but others, including the spike glycoprotein, the membrane
glycoprotein, and the envelope protein are on the viral surface.

In theory, any functional or structural viral gene can have an
effect on the efficiency of a virus and both mutations [7] or alter-
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ation in the expression [8] can increase pathogenicity. It is impor-
tant to emphasize that even the untranslated regions of a coron-
avirus can have important role in the viral replication as has been
previously demonstrated for the 3’ untranslated region [9]. SARS-
CoV-2 is no different compared to other viruses and new muta-
tions continually pop up with its spread [10]. Some mutations un-
covered in the SARS-CoV-2 virus lead to a novel RNA-dependent-
RNA polymerase variant [11], while other genomic changes drive
the evolution and the spread of the virus by resulting in a more
transmissible form of the virus [12]. Mutations potentially making
the virus more transmissible have a significant evolutionary advan-
tage as has been demonstrated for the SARS-CoV-2 variant with
spike G614 which mainly replaced D614 between February and July
2020 [13].

In this context, the most important question is to identify viral
mutations leading to different patient outcomes. Mutations result-
ing in a mild disease could facilitate the spread of the virus and
thereby maintain the outbreak. Other mutations leading to a more
severe disease need immediate attention to prevent detrimental
outcomes. Here, our goal was to identify and rank mutations asso-
ciated with altered patient outcome by simultaneously correlating
outcomes to all mutations across a large cohort of patients.

2. Materials and Methods
2.1. Data source

All available SARS-CoV-2 (taxid: 2697049) viral nucleic acid se-
quences were downloaded from the GISAID virus repository (https:
[/lwww.gisaid.org/). The sequences were acquired in FASTA format.
Those viral sequences were selected where the entire viral nucleic
acid sequence was published. A second filtering was executed to
include only virus genomes with available patient follow-up sta-
tus.

2.2. Mapping of mutations to viral genes

The mutations were evaluated using the CoVsurver (https:
/[corona.bii.a-star.edu.sg). To achieve this, the viral sequences
in .FASTA format were used as the query and the “hCoV-
19/Wuhan/WIV04/2019” was used as the reference. The analysis
was run by using batches of 1000 samples in one run. Protein mu-
tations do not have overlaps, and the genomic boundaries of the
various proteins in the WIV04 reference genome are displayed in
Table 1.

2.3. Clinical classification

As the patient samples were annotated with all together more
than sixty different outcome classification, we had to coerce these
into three major categories.

Patients who were “asymptomatic”, were “not hospitalized”,
had a “mild” disease, were at “home” were all assigned to have
a “mild” disease. Also patients who were treated at outpatient de-
partments, were quarantined or were treated by the physician net-
work were classified as “mild”.

Patients who definitely needed medical care were assigned to
the “hospitalized” group. These include those “hospitalized”, “inpa-
tient”, “discharged”, “released”, and “recovered”. In addition, com-
binations of the annotations which included any of these were also
assigned into this cohort (e.g. “initially hospitalized” or “to be hos-
pitalized”).

Finally, patients with detrimental outcome were allocated to
the “severe” cohort. These include those “deceased”, those with a
“severe” disease, those who entered “intensive care units”. Also any
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Table 1
Genomic boundaries of the SARS-CoV-2 proteins in the WIV04 reference
genome.

Protein name Code Genomic positions
Envelope (E) protein E 26245-26472
Membrane glycoprotein M 26523-27191
Nucleocapsid phosphoprotein N 28274-29533
ORF3a protein NS3 25393-26220
ORF6 protein NS6 27202-27387
ORF7a protein NS7a 27394-27759
ORF7b NS7b 27756-27887
ORF8 protein NS8 27894-28259
NSP1 NSP1 266-805
NSP10 NSP10  13025-13441
NSP11 NSP11 13442-13480
RNA dependent RNA polymerase =~ NSP12 13442-13468|13468-16236
helicase NSP13  16237-18039
3’-to5’ exonuclease NSP14  18040-19620
endoRNAse NSP15  19621-20658
2’0O’'ribose methyltransferase NSP16  20659-21552
NSP2 NSP2 806-2719
NSP3 NSP3 2720-8554
NSP4 NSP4 8555-10054
NSP5 NSP5 10055-10972
NSP6 NSP6 10973-11842
NSP7 NSP7 11843-12091
NSP8 NSP8 12092-12685
NSP9 NSP9 12686-13024
Surface (S) glycoprotein Spike 21563-25384

combination of these with other annotations (e.g. “hospitalized |
ICU”) were also added to this category.

2.4. Statistical computation

All data processing and statistical analysis steps were per-
formed in the R statistical environment v 3.6.3. Data processing
was performed on 18t October 2020. Chi-square test was applied
to examine the association between each mutation and patient
status data. False discovery rate using the Benjamini-Hochberg
method was computed to correct for multiple hypothesis testing
and only results passing a FDR cutoff of 5% were accepted as sig-
nificant.

3. Results
3.1. Dataset

All together 149,061 SARS-CoV-2 viral nucleic acid sequences
were available, and 147,960 of these included the entire viral nu-
cleic acid sequence. Clinical data was available for 7,702 patients,
and 4,566 of these had also follow-up data. This is a small fraction
of the total data which implies that our findings could contain a
sampling bias.

When looking on the clinical parameters of these patients,
58.6% were male and 36.5% were female (remaining samples did
not had this information). The geographical origin of the sam-
ples covers the entire globe: 4.2% were from Africa, 46% from
Asia, 26.8% from Europe, 12.4% from North America and 10.2%
from South America. Collection of the samples happened between
30.12.2019 and 14.9.2020. Of all patients with a follow-up 708 had
a mild disease, 3,306 had to be hospitalized and 552 patients had
a severe disease.

3.2. Mutation rate
All together 3,733 different mutations affecting the protein

amino acid sequence were identified, and 937 of these mutations
were not present in samples with clinical follow-up. When looking
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Table 2
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SARS-CoV-2 mutations correlated to mild outcome in 4,566 patients with available genomic and follow-up information were found in five distinct genes.

Protein N wild type + N wild type + N wild type + N mutant + N mutant + N mutant + Chi squared test
Protein name mutation  mild outcome hospitalized severe outcome mild outcome hospitalized severe outcome p value
ORF8 protein L84S 477 3085 536 231 221 16 2.3E-101
NSP6 L37F 564 2816 537 144 490 15 1.1E-18
ORF3a protein G196V 534 3247 545 174 59 7 3.7E-137
NSP4 F308Y 533 3241 545 175 65 7 2.2E-133
Nucleocapsid S197L 533 3241 545 175 65 7 2.2E-133

phosphoprotein

on all mutations, we have identified on average 4.7 mutations in
each sample.

As an internal control to validate any potential bias in the mu-
tation prevalence related to patient proportions we computed the
average numbers of mutation in each clinical outcome cohort and
found similar values (mean in those with mild, hospitalized, and
severe outcome were 4.8, 4.6, and 5.1, respectively).

When analyzing the correlation to clinical outcome across all
mutations, 79 mutations reached statistical significance at FDR<5%.
The complete list of these mutations with sample numbers in each
cohort is displayed in Supplemental Table 1 and mutation data for
each investigated patient is provided in Supplemental Table 2.

3.3. Mutations related to mild disease

In order to concentrate only on mutations with a clinical rele-
vance, we selected only those mutations which were present in at
least 2% of the samples (this corresponds to a cutoff of at least 91
patient samples with a mutation). When looking at mutation re-
lated to mild outcome, only five mutations passed all filtering cri-
teria - L84S in the ORF8 protein, L37F in the NSP6 protein, G196V
in the ORF3a protein, F308Y in the NSP4 protein, and the S197L
mutation in the nucleocapsid phosphoprotein. The complete list as
well as distribution among patient samples is provided in Table 2.

3.4. Mutations associated with severe disease

When searching for mutations related to hospitalization or to
severe outcome, we used the above filter of including only muta-
tions present in at least 2% of the samples. All together 15 muta-
tions passed these criteria. These originated in seven genes: L54F,
D614G and V1176F in the surface (S) glycoprotein, A97V and P323L
in the RNA dependent RNA polymerase, Q57H and G251V in the
ORF3a protein, P13L, S194L, R203K, G204R and 1292T in the nu-
cleocapsid phosphoprotein, 133T in the ORF6 protein, S1197R and
T1198K mutations in the NSP3 protein.

In order not to miss mutations leading to deadly outcome we
also included all mutations which were present in at least 10 pa-
tients with severe outcome. This additional analysis delivered two
further mutations, the L71F in the NSP7 protein and the S253P mu-
tation in the ORF3A gene. These were linked to 53 and 11 severe
outcomes after being spotted in 60 (L71F) and 11 (NSP7) patients,
respectively.

Interestingly, the overall prevalence of mutations leading to
mild outcome (n=1,851) was smaller than the prevalence of those
leading to worse outcome (n=11,725), but at the same time the
proportion of patients with mild outcome in the entire cohort was
also smaller (18.3%). Nevertheless, a significant proportion of the
mutations (n=7,875) were not significantly correlated to any clini-
cal outcome.

The complete list of all mutations correlated to severe disease
is presented in Table 3.

4. Discussion

We have simultaneously analyzed the correlation between pa-
tient outcome and all identified mutations resulting in amino acid
sequence changes in the viral proteins. Strikingly, we have not only
found a significant number of mutations, but some of these were
correlated to mild diseases while other had a significant correla-
tion to severe outcome.

Nucleocapsid phosphoprotein was the protein with most signifi-
cant mutations linked to both mild and severe patient outcome. All
these changes are at a close genomic positions, G196V and S197L
resulting in mild outcome and R203K, G204R, and S194L resulting
in inferior outcome. Interestingly, when comparing the S197L (71%
of mild outcome) to the S194L (1% chance of a mild outcome) vari-
ants, the relative risk was extremely high. Interestingly, the ma-
jority of the nucleocapsid phosphoprotein mutations were mapped
to a small stretch of amino acids from position 194 to 204. This
region coincides with the phosphorylated “RS-motif” [14] which
maps onto the intrinsically unstructured serine rich region 181-213
of the protein [15]. Phosphorylation of this site is known to play
important roles such as recruitment of host RNA helicase DDX1
which facilitates template readthrough and enables longer subge-
nomic mRNA synthesis (https://www.uniprot.org/uniprot/P59595).
This observation needs further follow-up - especially because the
nucleocapsid phosphoprotein is one of the potential drug targets
against SARS-CoV-2 [16].

Overall, we have observed more mutations in the structural
proteins (spike and nucleocapsid phosphoprotein) than in non-
structural proteins. Of note, destabilization mutations in nonstruc-
tural proteins were suggested to represent a potential mechanism
differentiating SARS-CoV-2 from SARS-CoV [17]. It remains an open
question how our results will relate to the recent observation of
different molecular architectures of the first and second waves of
infection [18].

Researchers from the University of Washington compared two
dominant clades of virus in circulation and have observed no dif-
ference in outcome when comparing these in patients sufficiently
ill to warrant testing for virus [19]. Previously, a 382-nucleotide
deletion (A382) in the open reading frame 8 was associated with
a milder infection [20]. In another recent study, a set of common
deletions were identified in the spike protein of SARS-CoV-2 [21].
Other deletions were also validated by RT-PCR [22]. However, due
to missing data about insertions and deletions in GISAID we could
not evaluate a potential link between deletions and patient out-
come.

Importantly, our findings might contain a sampling bias, since
only a fraction of the available genomes had patient outcome data.
On the other hand, four out of 22 potentially significant muta-
tions (listed in Tables 2 and 3) map to an about 10 amino acid
long, functionally important region of the nucleocapsid phospho-
protein which leads us to believe that the current statistical ap-
proach can reveal functionally important sites within the COVID 19
genome.

The main limitation of our study results from the database
used. Information was retrieved from GISAID, a repository that
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Table 3
SARS-CoV-2 mutations correlated to hospitalization and severe outcome in 4,566 patients with available genomic and follow-up information were found in seven distinct
genes.
N wild type + N wild type + N wild type + N mutant + mild N mutant + N mutant + Chi squared test
Protein name Protein mutation mild outcome hospitalized severe outcome outcome hospitalized severe outcome  p value
Surface (S) D614G 382 980 83 326 2326 469 1.02E-52
glycoprotein
RNA dependent  P323L 394 1028 43 314 2278 509 1.07E-72
RNA polymerase
ORF3a protein Q57H 602 2448 358 106 858 194 1.09E-15
Nucleocapsid R203K 590 2580 309 118 726 243 2.12E-33
phosphoprotein
Nucleocapsid G204R 594 2586 311 114 720 241 1.21E-33
phosphoprotein
RNA dependent A97V 650 2996 546 58 310 6 4.1E-10
RNA polymerase
Nucleocapsid P13L 648 3009 547 60 297 5 5.54E-10
phosphoprotein
NSP3 T1198K 654 3010 547 54 296 5 5.21E-10
Nucleocapsid S194L 705 3067 496 3 239 56 2.89E-13
phosphoprotein
NSP3 S1197R 701 3151 552 7 155 0 8.31E-11
ORF3a protein G251V 700 3182 546 8 124 6 1.95E-05
Surface (S) V1176F 708 3298 443 0 8 109 5.2E-162
glycoprotein
Nucleocapsid 1292T 703 3245 515 5 61 37 1.06E-13
phosphoprotein
Surface (S) L54F 706 3214 543 2 92 9 0.000147
glycoprotein
ORF6 protein 33T 703 3247 516 5 59 36 2.34E-13
NSP7 L71F 708 3299 499 0 7 53 5.53E-73
ORF3a protein S253P 708 3306 541 0 0 11 3.88E-18

contains only general information about patient outcome. The pa-
tient treatment protocols resulting in designation into “mild”, “hos-
pitalized” and “severe” cohorts may significantly depend on the
country and even on the region where patients were managed. We
could also not include potential confounding factors including age,
comorbidities and treatment against COVID-19 in our analysis.

Coronaviruses have generally a stable genome which changes
very little over time [23]. A fundamental question of SARS-CoV-2
research is whether or not the virus can get weaker or stronger
with time. Our findings suggest that there are mutations that can
support either of these changes so the theoretical possibility is
there that in the future the viral effect will shift towards milder
or more severe patient outcomes.
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