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ABSTRACT

Severe Acute Respiratory Syndrome Coronavirus-2 (SARS-CoV-2) was first identified in Wuhan, China late in
2019. Nine months later (Sept. 23, 2020), the virus has infected > 31.6 million people around the world and
caused > 971.000 (3.07 %) fatalities in 220 countries and territories. Research on the genetics of the SARS-CoV-2
genome, its mutants and their penetrance can aid future defense strategies. By analyzing sequence data deposited
between December 2019 and end of May 2020, we have compared nucleotide sequences of 570 SARS-CoV-2
genomes from China, Europe, the US, and India to the sequence of the Wuhan isolate. During worldwide
spreading among human populations, at least 10 distinct hotspot mutations had been selected and found in up to
> 80 % of viral genomes. Many of these mutations led to amino acid exchanges in replication-relevant viral
proteins. Mutations in the SARS-CoV-2 genome would also impinge upon the secondary structure of the viral
RNA molecule and its repertoire of interactions with essential cellular and viral proteins. The increasing fre-
quency of SARS-CoV-2 mutation hotspots might select for dangerous viral pathogens. Alternatively, in a 29.900
nucleotide-genome, there might be a limit to the number of mutable and selectable sites which, when exhausted,
could prove disadvantageous to viral survival. The speed, at which novel SARS-CoV-2 mutants are selected and
dispersed around the world, could pose problems for the development of vaccines and therapeutics.

1. Introduction

which were also responsible for human severe acute lung diseases, be-
longs to the group of beta-coronaviruses. Human beta-coronaviruses

The Coronavirus Disease 19 (COVID-19) pandemic has presented
unusual challenges to genetic and virological analyses (Fauci et al.,
2020; Na et al., 2020; Qun et al., 2020). One of the major scientific
problems confronted with by the SARS-CoV-2 pandemic lies in our
limited understanding of the interactions between the viral and the
human host genomes and the latter’s defense mechanisms against this
pathogen. The frequency of new mutations in viral genomes depends on
a multitude of viral and host factors which determine mutant selection.
Nucleic acid sequence and the presence of repair mechanisms in the viral
genome, the secondary and tertiary structures of the viral genome; the
intensity of viral replication, the host’s genetically determined defense
mechanisms, environmental factors, like ambient temperature, UV ra-
diation, among many unidentified factors, all contribute to the stability
or instability of viral genomes.

SARS-CoV-2, like Sars-CoV-1 (2003/2004), and MERS-CoV (2012),

0OC43 or HKU1 cause less severe seasonal upper respiratory tract in-
fections. Coronaviruses carry plus-strand RNA genomes of between
26,000 and 32,000 nucleotides in length, the largest genomes among
RNA viruses (Helmy et al., 2020; Coronavirus disease pandemic, 2020).
During viral replication, a virus-encoded exonuclease and additional
non-structural proteins form a replication complex with the viral
RNA-dependent-RNA  polymerase (RdRp) to generate new
virion-packaged genomes (Hartenian et al., 2020; Subissi et al., 2014;
Wang et al., 2020). This complex functions in proof-reading and corrects
copying errors by the viral RdRp (Subissi et al., 2014). For SARS-CoV-2,
this proof reading mechanism is still under study. The debate that during
SARS-CoV-2 RNA replication the generation of mutants remains low in
comparison to other plus-strand RNA viruses, has not been resolved.
However, for our understanding of this epidemic, it will be more rele-
vant to research how efficiently SARS-CoV-2 RNA mutants are selected
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and become dominant in the course of the COVID-19 pandemic. Muta-
tions affecting the secondary and tertiary structures of SARS-CoV-2 RNA
might be the most relevant ones when considering selection for viral
survival among human populations.

There are unique aspects of SARS-CoV-2 genetics and mutagenesis in
that the virus managed to jump very recently from mammalian to
human hosts and thereafter expanded with unprecedented speed among
a world population of almost 8 billion who live under vastly different
geographic and socioeconomic conditions. The growing distance from
that critical animal-to-human transition point and the chance for rapid
propagation under an ensemble of environmental factors and human
genetic backgrounds has enabled SARS-CoV-2 genomes to select for
replication-efficient mutations. The plasticity of the SARS-CoV-2
genome has motivated us to study the frequency of occurrence, the
types of nucleotide exchanges and the selection of hotspot mutations in
570 SARS-CoV-2 genomes from isolates that were collected on different
continents between December 2019 and the end of May 2020. [NCBI:
https://www.ncbi.nlm.nih.gov/genbank/sars-cov-2-seqs/]. Most
observed mutations were point mutations and were found once or a few
times among a large number of isolates and may not be significant.
There arose, however, strongly selected mutations which show pre-
dominant representation and increase in frequency as SARS-CoV-2
explosively replicates in human populations with different geographic,
socioeconomic, climatic, and genetic backgrounds.

2. Materials and methods

2.1. Source of sequences and statistical methods employed in the viral
mutation analysis

The 570 SARS-CoV-2 genome sequences, which were analyzed for
sequence variations, were randomly selected from the NCBI Databank
“SARS-CoV-2 (Severe Acute Respiratory Syndrome Coronavirus-2)
Sequences“(https://www.ncbi.nlm.nih.gov/genbank/sars-cov-2-seqs/).
The nucleotide sequences included in the comparisons shown in
Tables S1 to S6 had been deposited in the data bank as follows:

Table S1 — China: December 23, 2019 to March 18, 2020

Table S2 — Europe: January 01 to May 30, 2020

Table S3 — Germany: February to March 23, 2020

Table S4 — USA I: February 29 to April 26, 2020

Table S5 — USA II: June 12 to July 07, 2020

Table S6 - India: January 27 to May 27, 2020

Nucleotide sequences from China, Europe, the US and India were
compared to the reference genome of the SARS-CoV-2 isolate from
Wuhan-Hu-1, NCBI Reference Sequence: NC_045512.2. The program
Vector NTI Advance™ 11 (Invitrogen™), Tool Align X was used for the
alignment of sequences from the US and Germany. Nucleotide sequences
of isolates from China, India, and Europe were analyzed with the pro-
gram Snapgene (GSL Biotech) by using the algorithm MUSCLE (MUltiple
Sequence Comparison by Log-Expectation). Amino acid sequences were
also analyzed with the program Snapgene. DNA sequence analyses of
reverse-transcripts of an RNA genome will have to be considered with
oversight. Errors could have been introduced at several steps, e.g., by
preferred reading mistakes of the reverse transcriptase due to specific
sequence or structural properties of SARS-CoV-2 RNA. We have tried to
overcome this obvious complication by analyzing a large number of
genomes. More specifically, the absence of the distinct hotspot muta-
tions in the majority of sequences from samples isolated in China,
convincingly argues against the possibility of technical problems during
the generation of SARS-CoV-2 nucleotide sequences.

In some of the statistical investigations on the data presented,
notably comparisons of mutation frequencies between sample collec-
tions USA-I and USA-II, the permutation test as well as the Kolmogorov-
Smirnov test were applied.

All sequence alignments performed in our laboratory have been
stored and are available to inspection on request. The alignments are
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also accessible via “google drive”
[https://drive.google.com/drive/folders/1fUoqJV_cD_gCeAiWHS3il
Q6gWwSJfOqOI?usp=sharing].

3. Results

We have investigated whether and to what extent mutants of the
SARS-CoV-2 RNA sequence of 29,903 nucleotides are selected as the
virus spreads around the world. At the time of beginning our analyses,
about 2,500 nucleotide sequences of SARS-CoV-2 had been published of
which 570 were randomly selected and compared to the reference
sequence of the Wuhan isolate from late 2019 (NCBI Reference
Sequence: NC_045512.2). Fig. 1 was reproduced here as an example of
part of the SARS-CoV-2 nucleotide sequence at around position 28,800
and displays 38 viral isolates from different geographic regions (lines
2-38). This sequence was aligned for comparison with the sequence of
the Wuhan SARS-CoV-2 isolate (line 1). In 12 of 37 selected sequences,
the GGG sequence of the Wuhan sequence (in blue) was mutated to AAC
(in white). Additionally, in sequence positions 28,854 and 28,863 a few
C — T point mutations were apparent. As in this example, all mutations
described in this report were identified by inspection and comparison of
individual sequences to the Wuhan reference. The results of all sequence
comparisons were presented as Supplemental Materials in Tables S1 to
S6 and summarized in Table 1. We hypothesize that signal hotspot
mutations, in particular those noted in different populations, have
functional significance and have been selected for advantages during
active viral replication. The possible impact of these mutations on
pathogenicity will require further study.

3.1. China

According to the best information available, the world-wide spread
of SARS-CoV-2 originated from Wuhan, China, officially in late 2019
(Fauci et al., 2020; Helmy et al., 2020; Na et al., 2020; Qun et al., 2020).
In Table S1 (Supplemental Materials), the comparison of nucleotide
sequences from 99 Sars-CoV-2 isolates from China with the Wuhan
standard sequence revealed a total of 228 deviations from the Wuhan
reference. Most notably, in sequence positions 8,782 and 28,144, the
point mutations CC to TC and TA to CA, respectively, were observed in
29 isolates out of the 99 sequences examined. Single cytidine (C) to
thymidine (T) transitions, which were often seen only 1/99, occasion-
ally 2-5 times in the 99 sequences, were noted in many different
sequence locations. The frequent cytidine-to-uridine (C — T) transitions,
as demonstrated here, might be caused by one of the cellular APOBEC
(apolipoprotein B mRNA editing enzyme) cytidine deaminases
attempting to restrict viral propagation (Di Giorgio et al., 2020). The
high frequency of C to T transitions and its evolutionary implications
had been pointed out earlier by Simmonds (2020). Among these C to T
transitions, 4 originated from CG dinucleotides in sequence positions
204, 9,967, 25,156, and 29,095. Such mutations can possibly be
attributed to the oxidative deamination of a presumptive 5-methyl-C
nucleoside (5-mC) to Uridine (U). It is unknown whether 5-mC occurs
in SARS-CoV-2 RNA. Single nucleotide mutations, other than C to T
transitions, which also occurred only in 1/99 isolates or were present
2-7 times were also documented among the 99 isolates. The functional
meaning of these very rare sequence alterations can be considered
questionable, unless the frequency of sequence alterations in a certain
spot expands with time and/or at certain geographic locations.

Some of the hotspot mutations discovered in isolates from locations
other than China, like in positions 3,037, 14,408, 28,854, and 28,881,
were only seen each in 2/99 isolates from China (see Table 1). Thus, the
frequency of mutations in these locations strongly increased when the
virus massively replicated in regions outside China (see below). This was
also true for the presumably important GGG — AAC mutation in position
28,881 which was found expanded particularly in isolates from Europe
(see below and Discussion section).
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28840
5ARS-CoV 2, NCBI Reference Sequence: NC_045512.2 [PEEZL

SARS-CoV 2 2020-01-21 USA:IL MN988713
SARS-CoV 2 2020-01-28 USA:IL MT044257
SARS-CoV 2 2020-03-01 USA:IL MT304482
SARS-CoV 2 2020-03-01 USA:IL MT304483
SARS-CoV 2 2020-03-13 USA:IL MT263429
SARS-CoV 2 2020-03-13 USA:IL MT263428
SARS-CoV 2 2020-03-13 USA:IL MT263433
SARS-CoV 2 2020-03-02 USA:NY MT304486
SARS-CoV 2 2020-03-04 USA:NY MT325627
SARS-CoV 2 2020-02-27 Spain:Valencia MT233519
SARS-CoV 2 2020-03-02 Spain:Valencia MT292574
SARS-CoV 2 2020-03-09 Spain:Valencia MT292569
SARS-CoV 2 2020-03-09 Spain:Valencia MT292571
SARS-CoV 2 2020-03-09 Spain:Valencia MT292573
SARS-CoV 2 2020-03-10 Spain:Valencia MT292570
SARS-CoV 2 2020-03-10 Spain:Valencia MT292572
SARS-CoV 2 2020-03-10 Spain:Valencia MT292575
SARS-CoV 2 2020-03-15 Spain MT359865
SARS-CoV 2 2020-03-15 Spain MT359866
SARS-CoV 2 2020-01-30 Italy MT066156
SARS-CoV 2 2020-01-31 Italy MT077125
SARS-CoV 2 2020-02-07 Sweden MT093571
SARS-CoV 2 2020-03 France MT320538

S-CoV 2 2020-04-24 Netherlands:Milheeze MT396266
SARS-CoV 2 2020-03-17 Czech Republik MT371573
SARS-CoV 2 2020-03-18 Czech Republic MT371574
SARS-CoV 2 2020-03-18 Czech Republik MT371571
SARS-CoV 2 2020-03-19 Czech Republik MT371569
SARS-CoV 2 2020-03-19 Czech Republik MT371572
SARS-CoV 2 2020-03-21 Czech Republik MT371570
SARS-CoV 2 2020-03-22 Czech Republik MT371568
SARS-CoV 2 2020-03-18 Greece MT328032
SARS-CoV 2 2020-03-18 Greece MT328033
SARS-CoV 2 2020-03-18 Greece MT328034
SARS-CoV 2 2020-03-18 Greece MT328035

1S-CoV 2 2020-03-14 Germany: Diisseldorf MT394864
RS-CoV 2 2020-03-19 Germany: Hamburg MT318827
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A CTCCAGGCAGCAGT
CTCCAGGCAGCAGT!
CTCCAGGCAGCAGT!
CTCCAGGCAGCAGTARRG:
CTCCAGGCAGCAGTARACE!
CTCCAGGCAGCAGTANNNG:
CTCCAGGCAGCAGT.

CTCCAGGCAGCAGTANNNG:
CTCCAGGCAGCAGT.

CTCCAGGCAGCAGT

CTCCAGGCAGCAGTARACE!
CTCCAGGCAGCAGTARACG
CTCCAGGCAGCAGTARACG!
CTCCAGGCAGCAGTARACE!
CTCCAGGCAGCAGTARACG:
CTCCAGGCAGCAGTARACE!
CTCCAGGCAGCAGTARACG!
CTCCAGGCAGCAGTAAACE!
AR CTCCAGGCAGCAGTARACG:
AAGAAATTTARCTCCAGGCAGCAGT ARG
AAGAAA’
AAGAAA’
AAGAAR

AAGARA

TAGICGCAACAGT CTCCAGGCAGCAGTAAACG:

8890 8900 8910 i
CTCCTGCTAGAATGGCTGGCAATGGCGGTGAY
TCTCCTGCTAGAATGGCTGGCAATGGCGGTIGA!
CTCCTGCTAGAATGGCTGGCAATGGCGGTGA™
TCTCCIGCTAGAATGGCTGGCAATGGCGGTGA!
TCTCCTGCTAGAATGGCTGGCAATGGCGGTIGA!
CTCCTGCTAGAATGGCTGGCAATGGCGGTGA”
CTCCTGCTAGAATGGCTGGCAATGGCGGTIGA™
ICTCCTGCTAGAATGGCTIGGCAATGGCGGTIGA!
TCTCCTGCTAGAATGGCTGGCAATGGCGGTGA!
TTCTCCTGCTAGAATGGCTGGCAARTGGCGGTGA'
TCTCCTGCTAGAATGGCTGGCAATGGCGGTGA!
CTCCTGCTAGAATGGCTGGCAATGGCGGTGA!
CICCTGCTAGAATGGCTGGCAATGGCGGTGA”
CICCTGCTAGARTGGCTGGCAATGGCGGTGA!
TCTCCTGCTAGAATGGCTGGCAATGGCGGTGA”
CTCCTGCTAGAATGGCTGGCAATGGCGGTGAT
TCTCCTGCTAGAATGGCIGGCAATGGCGGTIGA!
CTCCTGCTAGAATGGCTGGCAATGGCGGTGA™
TCTCCTGCTAGRATGGCTGGCAATGGCGGTGA!
TCTCCTGCTAGAATGGCTGGCAATGGCGGTGA!
CTCCTIGCTAGAATGGCTGGCAATGGCGGTGA”
CTCCTGCTAGAATGGCTGGCAATGGCGGTIGA®
CICCTGCTAGAATGGCTGGCAATGGCGGTGA”
TCTCCTGCTAGAATGGCTGGCAATGGCGGTIGA!
CTCCTIGCTAGAATGGCTGGCAATGGCGGTGA!
TCTCCTGCTAGAATGGCTGGCAATGGCGGTIGA!
CICCTGCTAGAATGGCTGGCAATGGCGGTGAY
TCTCCTGCTAGAATGGCTGGCAATGGCGGTGA!
TCICCTGCTAGAATGGCTGGCARTGGCGETIGA!
TCTCCTGCTAGAATGGCTGGCAATGGCGGTGA”
CICCTGCTAGAARTGGCTGGCAATGGCGGTICGAY
ICTCCTGCTAGAATGGCIGGCAATGGCGGIGA!
CTCCTGCTAGAATGGCTGGCAATGGCGGTGA”
CTCCIGCTAGAATGGCTGGCAARTGGCGGTGA!
TCTCCTGCTAGAATGGCTGGCAATGGCGGTGA!

CTCCAGGCAGCAGTAAACGAATTTCTCCTGCTAGARTGGCTGGCARTGECGRTIGA!
cTcCAGGCAGCAGT ARG CTCCTGCTAGAATGGCTGGCAATGGCGGTGA'

TTCTCCTGCTAGAATGGCTGGCAATGGCGGTGA!

Fig. 1. Visual example of the analytical method used in mutant evaluation. Screenshot of the 28,840 nucleotide (nt.)-28,920 nt. segment from the SARS-CoV-2
nucleotide sequence of different samples from Europe and the US. DNA sequences were aligned with the GGG — AAC mutation at position 28,881 nt. For DNA
alignments the program Vector NTI Advance 11.0 Tool Align X was used. The top row presents the sequence of the original 2019 Wuhan, China isolate
(NC_045512.2) which served as the reference for all sequence comparisons.

Table 1
Synopsis of Data.
Genome Position Mutation China Europe Germany Munich* USA T USAII India
241nt CG - TG 0/98 80/99 4/62 14/14 76/111 74/96 82/99
1,059nt CC - TC 0/99 5/99 21/62 0/14 42/111 45/97 0/99
1,440nt GC - AC 0/99 0/99 15/62 0/14 3/112 0/97 0/99
1,917 nt CT - TT 0/99 0/99 0/62 0/14 0/112 11/97 0/99
2,891nt GC - AC 0/99 0/99 15/62 0/14 3/112 0/97 0/99
3,037nt CT - TT 2/99 80/99 41/62 14/14 75/111 72/97 81/99
6,446nt GT — AT 0/99 0/99 0/62 10/14 0/112 1/97 0/99
8,782nt CC - TC 29/99 5/99 1/62 0/14 15/112 15/97 7/99
14,408nt CT - TT 2/99 81/99 39/62 0/14 78/112 71/97 80/99
17,747nt CT - TT 0/99 0/99 0/62 0/14 8/112 12/97 0/99
17,858nt AT - GT 0/99 0/99 0/62 0/14 8/112 12/97 0/99
18,060nt CT - TT 0/99 0/99 0/62 0/14 9/112 11/97 0/99
22,444nt CC - TC 0/99 0/99 0/62 0/14 0/112 1/97 26/99
23,403nt AT - GT 0/99 81/99 1/62 14/14 77/112 72/97 80/99
25,563nt GA - TA 0/99 7/99 21/62 0/14 65/112 54/97 43/99
26,735nt CA - TA 0/99 1/99 0/62 0/14 0/112 1/97 39/99
28,144nt TA - CA 29/99 5/99 1/62 0/14 15/112 15/97 7/99
28,854nt CA—->TA 2/99 0/99 1/62 0/14 3/112 3/97 29/99
28,881nt GGG — AAC 2/99 35/99 9/62 0/14 3/112 6/97 2/99

Survey of all sequence comparisons of hotspot mutations. Synopsis of the most frequent SARS-CoV-2 mutations collected from 570 nucleotide sequences of NCBI
GenBank sequences from China, Europe, Germany, *“Munich, the US (I and II), and India. Hotspot mutations (highlighted by enhanced print) arose, as SARS-CoV-2
expanded from China to different countries and populations. The * relates to the work by Bohmer et al., 2020 who followed 16 COVID-19 patients from the
Munich, Germany area, but SARS-CoV-2 sequence data were published for only 14. CORRECTION: Please use enhanced print of numbers as used in Table 1 of the
original manuscript. Many thanks.

3.2. Europe

Table S2 presents analyses of 99 nucleotide sequences in SARS-CoV-2
isolates from European countries (Czech Republic, Finland, France,
Greece, Italy, Netherlands, Poland, Serbia, Spain, and Sweden).

Compared to the Wuhan reference sequence, five signal hotspot muta-
tions were noted in positions 241 (CG — TG, 80/99), 3,037 (CT - TT,

80/99), 14,408 (CT — TT, 81/99), 23,403 (AT — GT, 81/99), and
28,881 (GGG — AAC, 35/99). In positions 8,072 (5/99), 8,782 (5/99),
9,477 (5/99), 11,083 (8/99), 14,805 (8/99), 20,268 (9/99), 25,563 (7/
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99), 26,144 (7/99), 28,144 (5/99) and others, mutations were also
found, though much less frequently.

The mutation in position 28,881 comprised three nucleotides, GGG
to AAC in 35/98 of the analyzed sequences. This mutation affected the
open reading frame for the nucleocapsid phosphoprotein N, altered the
original sequence AGG GGA to AAA CGA (see Table 2), and led to a
change in amino acid sequence positions 50 and 51 from Arg-Gly (RG) to
Lys-Arg (KR) and thus juxtaposed two very polar basic amino acids.

3.3. Germany

Possibly due to the strictly implemented lockdown early in the
pandemic and by good luck, this country has so-far been spared exces-
sive fatalities, although more recently (September 2020) there has been
an increasing number of COVID-19 cases. It is solely for this reason that
search results from 62 different isolates from Germany (Table S3) have
been listed separately from samples from other European countries.
Some of the previously identified mutation hotspots were confirmed at
nucleotide numbers 1,059 (21/62), 3,037 (41/62), 14,408 (39/62),
25,563 (21/62), and 28,881 (9/62). There were two additional hotspot
mutations in positions 1,440 (GC — AC, 15/62) and 2,891 (GC — AC,
15/62). In positions 241 and 23,403, the high mutation rates in samples
from Europe (Table S2) were not observed in the samples from Germany.

In this context, it will be interesting to compare the results from the
published Munich study (Bohmer et al., 2020), in which sequences of 14
isolates from patients were described. They had contracted COVID-19 in
January 2020, and their SARS-CoV-2 infection could reportedly be
tracked to a single conference attendee from China in the Munich area.
In the Munich patient cohort, only sequence positions 241 (14/14), 3,
037 (14/14), and 23,403 (14/14) showed high mutation frequencies,
whereas others failed to be represented (data included in synopsis

Table 2
Codon Changes SARS-CoV-2.

Genome DNA Sequence Amino Acid Original -  ORF — Product
Position Original — Mutation
Mutation

1,059nt CC - TC ACC (Threonine) — ORF1lab mature
ATC (Isoleucine) peptide — nsp 2

1,440nt GC - AC GGC (Glycine) —» GAC ORF1lab mature
(Aspartic Acid) peptide — nsp 2

1,917 nt CT - TT ACT (Threonine) — ORF1lab mature
ATT (Isoleucine) peptide — nsp 2

2,891nt GC —» AC GCA (Alanine) - ACA ORF1lab mature
(Threonine) peptide — nsp 3

6,446nt* GT — AT GTT (Valine) — ATT ORFlab — ORFlab
(Isoleucine) polyprotein segment 1

14,408nt CT - TT CCT (Proline) — CTT ORFlab — ORFlab
(Leucine) polyprotein segment 2

17,747nt CT > TT CCT (Proline) — CTT ORF1ab mature
(Leucine) peptide — helicase

17,858nt AT —» GT TAT (Tyrosine) — TGT ORF1lab mature
(Cysteine) peptide — helicase

23,403nt AT - GT GAT (Aspartic Acid) — Surface glycoprotein
GGT (Glycine)

28,144nt TA - CA TTA (Leucine) — TCA ORF8 — ORF8 protein
(Serine)

28,854nt CA - TA TCA (Serine) — TTA Nucleocapsid
(Leucine) phosphoprotein

28,881nt GGG — AAC AGGGGA — AAACGA Nucleocapsid
(Arginine Glycine) phosphoprotein

(Lysine Arginine)

Coding changes in mutants. A listing of amino acid exchanges due to the SARS-
CoV-2 RNA mutations with the highest frequencies. The reading frames (pro-
teins) affected were also listed. Amino acid sequence-neutral mutations have not
been included. The latter mutations might still have altered the structure of the
SARS-CoV-2 RNA and affected its ability to bind to or interact with cellular and
viral proteins. The * relates to the publication by Bohmer et al., 2020. The
mutation in position 23,403 has been investigated by Korber et al. (2020) for its
potential to enhance viral infectivity.
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Table 1). Moreover, position 6,446 presented with a mutation frequency
of 10/14 which did not register in samples from China or any other
country. In the samples from China chosen for our analyses (Table S1),
the high frequency mutations from the Munich study were altogether
absent or (at nucleotide 3,037) present at a low frequency of 2/99.
Notably, the mutation in position 28,881 was absent from the Munich
list, although it was found at 2/99 in the samples from China (Table S1).
Of course, there might have been mutations in Chinese SARS-CoV-2
isolates not represented in the 99 sequences we analyzed (Table S1).

3.4. USA -1

The data on the analyses of 112 isolates from the US confirmed the
steady rise in mutation frequencies as SARS-CoV-2 spread to different
parts of the world (Table S4). These samples from the US were collected
before the more recent (June/July 2020) recurrence of COVID-19 in
several parts of the US (Table S4). Some of the mutations annotated in
Tables S1 (China) and S2 (Europe) were found even more frequently in
this US cohort, like in SARS-CoV-2 nucleotide positions 241 (CG—TG,
76/111), 1,059 (CC—TC, 42/112), 3,037 (CT-TT, 75/112), 8,782
(CC-TC, 15/112), 14,408 (CT-TT, 78/112), 18,877 (a new CT-TT
transition, 13/112), 23,403 (AT—GT, 77/112), 25,563 (GA—TA, 65/
112), 27,964 (CA—TA, 13/112, another new mutation), and 28,144 (TA
— CA, 15/112). The mutation in position 28,881 (GGG—AAC, 3/112)
was rarely seen. Hence, among the US samples 6 (plus 2 with only 15/
112 representations) signal hotspot mutations stand out and their
increased frequencies paralleled the intensity of viral replication after
dissemination from China.

3.5. USA-1I

The USA, unfortunately, has become the most severely SARS-CoV-2-
hit country in the world with 6.85 million COVID-19 cases and has
tallied > 200,000 deaths (census September 23). We therefore analyzed
an additional 97 SARS-CoV-2 RNA sequences from the most severely
affected states Arizona (AZ), California (CA), Florida (FL) and Texas
(TX) (Tables 1 and S5). The inspected sequences (Table S5) had been
deposited between June 12 and July 07, 2020. The sequences discussed
here had not been included in Table S4. In Table 1, the USA-I and USA-II
analyses were juxtaposed and demonstrate that the previously identified
hotspot mutations were still represented at about the same frequencies
as shown in Table S4. The mutations at intermediate frequencies (12/
97) in positions 17,747, 17,858, and 18,060 registered at frequencies
between 8/112 and 9/112 at slightly lower frequencies in Table S4. We
tested the hypothesis of differential distribution of mutation frequencies
in the sequences from time point 1 (USA-I) and time point 2 (USA-II)
using a permutation test as well as Kolmogorov-Smirnov test and failed
to reject the null hypothesis of equivalent distributions, p > 0.6, sug-
gesting that there is no significant difference in hotspot mutation fre-
quencies between the two different time periods of sequence analyses
from the US.

3.6. India

In Table S6, mutation analyses in nucleotide sequences of isolates
from India have been summarized. Some of the hotspot mutations
documented in isolates from the US were found in RNA samples from
India as well, partly at increased frequencies, at sequence positions 241
(82/99), 3,037 (81/99), 14,408 (80/99), and 18,877 (45/99). In addi-
tion, there were high frequency mutations which were not observed on
other continents: 22,444 (CC — TC, 26/99), 23,403 (AT — GT, 80/99),
25,563 (GA — TA, 43/99), 26,735 (CA — TA, 39/99), and 28,854 (CA —
TA, 29/99). In sequence positions 3,634 (CA — TA, 8/99), 4,084 (CA —
TA, 12/99), 6,312 (CA — TA, 10/99), 8,782 (CC —»TC, 7/99), 11,083
(GT - TT, 13/99), 13,730 (CT — TT, 9/99), 23,929 (CA — TA, 10/99),
and 28,311 (CC - TC, 10/99) mutations with intermediated increases
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were noted. In the samples studied here, the SARS-CoV-2 sequences
from India showed the largest number (7) of hotspot mutations, which
also had the highest occurrence (up to 82/99, i.e. 83 %) of mutation at a
given nucleotide position (Table S6, Table 1).

As SARS-CoV-2 infections find susceptible populations around the
world, and as the rate of viral replication shoots up in these populations,
the number of new hotspots of mutation and the frequencies of muta-
tions in individual hotspots were found increased. Permitting the virus
to replicate with growing efficiency might render its genome better
adapted and increasingly dangerous to human health. Alternatively, the
possibility has to be considered that the lack of deleterious effects on the
host and its tolerance might have favored the selection of mutants.
Moreover, repeated bottlenecks in the replication of viruses have been
shown in the case of vesicular stomatitis virus to reduce its fitness (so
called Muller’s ratchet) (Duarte et al., 1992). Lastly, accumulation of
mutants during the worldwide spread of SARS-CoV-2 might eventually
decrease its virulence. Hence, the consequences of an increase in the
number of viral mutations on its pathogenicity will be very difficult to
predict. Eventually, a possible decrease in virulence might turn out to set
a limit to SARS-CoV-2's pandemic potential.

3.7. Russia

So far, we have inspected the available seven SARS-CoV-2 sequences
from Russia and found mutation hotspots identical to the ones pre-
dominant in Europe (data not shown).

4. Discussion and conclusions
4.1. Nucleotide exchanges

Table 1 juxtaposes all hotspot mutations in isolates from different
geographic regions. The majority of de novo mutation hotspots arose
after SARS-CoV-2 had been transmitted to regions outside China and
been allowed active replication in different environments (Tables S1 to
S6). The mutations in positions 8,782 and 28,144 with frequencies 29/
99 in sequences from China (Table S1) were found outside China only in
the USIand Il samples, though with moderate frequencies (15/97 or 15/
112) and at even lower frequencies in the Indian samples (7/99)
(Table 1). Hence most of the world-wide mutation hotspots described
here (Tables S1 to S6) must have originated and been selected in the
course of massive replication of SARS-CoV-2 in its worldwide expansion.

A challenging aspect arose from the identification of SARS-CoV-2
mutants in 14 COVID-19 patients from the Munich, Germany area in
January 2020 (Bohmer et al., 2020). This report explained that a
manufacturer of automobile parts in the vicinity of Munich was visited
by a collaborator from China in January 2020. After the visitor had
returned to China, she fell ill with Covid-19, and her contacts in the
Munich area also came down with the disease. A comparison of the
occurrence and frequencies of the mutants in positions 241, 3,037 and
23,403 in all 14 patients in the Munich report (Bohmer et al., 2020) to
those in all other parts of the world (Table 1), does not render the
Chinese traveler the most plausible source for SARS-CoV-2 in the
Munich area. These very mutations, however, are frequent hotspots in
Europe, Germany, the US (I and II) and India. Of course, it will have to be
investigated whether the hotspot mutations apparent in the isolates
from the Munich cohort might have been present, though infrequently,
among Chinese isolates, in particular in the Munich visitor (patient 0)
from China.

Mutations in sequence positions 3,037-14,408 - 23,403 or 25,563
occurred at low frequencies or were absent in samples from China, but
expanded to levels up to 75/111 (68 %) and 81/99 (82 %) in the US and
in India, respectively (Table 1). Increases in the number of hotspot
mutations and the heightened percentage of sequences altered in a given
hotspot in samples from Europe, and even more so from the US and
India, suggested that these increases were tied to the intense replication
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of SARS-CoV-2 in these countries upon its spreading from China in the
course of just a few months. It will be interesting to investigate whether
SARS-CoV-2 spreading to and massively replicating in constantly new,
immunologically naive populations furthers the selection of viral mu-
tants, in particular of those with heightened pathogenicity.

The comparison of the number and frequency of hotspot mutations
between samples from the USA I (34 States) (Table S4) and USA II (AZ,
CA, FL, TX only) cohorts (Table S5) revealed no differences (Table 1), as
corroborated by statistical analyses (see above).

In an earlier report (Pachetti et al., 2020), the authors analyzed 220
genomic sequences derived from patients infected by SARS-CoV-2 be-
tween December 2019 and mid-March 2020 and found eight mutations
of SARS-CoV-2, located at positions 1,397, 2,891, 14,408, 17,746, 17,
857, 18,060, 23,403 and 28,881. These authors report mutations in
positions 2,891, 3,036, 14,408, 23,403 and 28,881 to have been
observed mainly in Europe, those at positions 17,746, 17,857 and 18,
060 in North America. Their results are interesting in that the mutations
in sequence positions 1,397, 17,746, 17,857, and 18,060 did not show
up in our analyses, whereas mutations in positions 2,891, 14,408, 23,
403, and 28,881 were found in our collection as well (Table 1). Since
their sequence selection anteceded ours by several months, it is
conceivable that the non-common mutations might have been
counter-selected as the pandemic spread throughout the world. Of
course, the less likely possibility existed that by chance their group and
ours worked on non-overlapping sequences in the data bank. Further-
more, in a preprint deposit (Laamarti et al., 2020), the authors analyzed
3,067 SARS-CoV-2 genomes isolated from 59 countries during the first
three months of the pandemic and found 716 site mutations distributed
in six genes of the SARS-CoV-2 genome. These mutations belonged to
certain genotypes which appeared to be specific to certain geographic
regions.

4.2. Amino acid exchanges

Table 2 summarizes the amino acid exchanges due to sequence al-
terations in hotspot mutations identified in this study (Table 1). Muta-
tions in sequence positions 241, 3,037, 8,782, 18,877, 22,444, 25,563,
and 26,735 did not cause amino acid exchanges and were not included
in Table 2. Aside from the possible functional and structural alterations
in proteins altered by either codon-neutral or codon-affecting mutations,
any mutation in SARS-CoV-2 RNA can impinge upon the structure of the
single-stranded viral RNA molecule itself with consequences for
important viral RNA-protein interactions.

In sequence position 28,881, the mutation AGG GGA — AAA CGA
changes the amino acid sequence of the nucleoprotein N in positions 50
and 51 from Arg-Gly (RG) to Lys-Arg (KR) (Table 2). The frequency of
this mutation was found in isolates from different countries to be 2/99
(China), 35/99 (Europe), 9/62 (Germany), 3/112 (US I), 6/97 (US II)
and 2/99 (India). The mutant amino acid sequence in nucleocapsid
protein N between positions 29-35 (KKPRQKR) and 49-54 (RKRPEQ)
(Table 2) raises questions about the possible generation of a nuclear
localization signal (Kalderon et al., 1984) and strong DNA-binding
motifs in protein N. For SARS-CoV-2 very little is known about activ-
ities in the nuclei of infected cells. One publication reports cell
cycle-dependent nucleolar, not nuclear, localization of protein N,
although for non-SARS coronaviruses (Cawood et al., 2007). It is pres-
ently unknown whether a mutated N protein might fundamentally alter
the biology and pathogenicity of this SARS-CoV-2 mutant. It is also
interesting to ponder how the Wuhan sequence in position 28,881 GGG
was altered to AAC. Could RNA-RNA recombination have played a role?

Several of the mutants affect virus-encoded proteins with functions
in the replication of SARS-CoV-2, like non-structural proteins (nsp 2, nsp
3) and the helicase. The important surface glycoprotein and the nucle-
ocapsid phosphoprotein were also affected by codon changes. Evidence
has been adduced that the D614G mutation of the SARS-CoV-2 spike
protein bestows advantages on viral replication both in patients and in
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cell culture (Korber, 2020). In a preprint deposit (Isabel et al., 2020),
this SARS-CoV-2 D614G spike protein mutation has also been described.

Among the 19 mutants listed in Table 1, 17 were transitions, 2
transversions, 12 led to amino acid changes in the proteins they were
coding for, 7 were synonymous mutations. Of the transitions, 12 were C
to T (U) mutations. So far, we have not detected any insertions or de-
letions in the sequences analyzed. A deletion in the SARS-CoV-2 genome
with evolutionary implications has been recently described (Su et al.,
2020).

It will now be important to correlate the identified hotspot mutations
with the course and outcome of individual infections in humans. This
demanding problem has not yet been tackled. Hopefully, the results of
our study will provide a platform for those in SARS-CoV-2 research who
take care of patients with SARS-CoV-2 infections. SARS-CoV-2 has the
ability to mutate and, in its course of dissemination around the world, to
select for distinct signal hotspot mutations depending on high rates of
genome replication and complex environmental and genetic conditions
in newly invaded territories. During its intercontinental journey, the
exposure of SARS-CoV-2 to the 21st century’s repertoire of medical re-
sources may have been an additional selective force. The impact of an
increase in hotspot SARS-CoV-2 mutations on immunogenesis and the
prospects for vaccine development (Jackson et al., 2020) might be
experienced and will have to be examined in the future.
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