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Abstract

Due to the emergence of new variants of the SARS-CoV-2 coronavirus, the question of
how the viral genomes evolved, leading to the formation of highly infectious strains, becomes
particularly important. Two early emergent strains, Alpha and Beta, characterized by a
significant number of missense mutations, provide natural testing samples.

In this study we are exploring the history of each of the segregating sites present in Al-
pha and Beta variants of concern, to address the question whether defining mutations were
accumulating gradually leading to the formation of sequence characteristic of these variants.

Our analysis exposes data features that suggest other than neutral evolution of SARS-
CoV-2 genomes, leading to emergence of variants of concern. We observe only small number
of possible combinations of mutations indicating rapid evolution of genomes. In addtion,
mutation patterns observed in whole genome samples of Alpha and Beta variants also indicate

presence of stronger selection than in remaining genome samples.
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1 Background

Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) causing current COVID-19 pan-
demic as typical RNA virus is expected to mutate at a pace of 10~% nucleotide substitutions per

site per year [18, 12].
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Although most of these mutations are either deleterious or neutral, some of them may impact
transmissibility and infectivity of the emerging strain. Accumulation of mutations may lead also to
immune escape increasing likelihood of reinfection. These features are observed in several strains,

called ‘variants of concern’ (VOCs) characterized by sets of mutations.

1.1 B.1.1.7 (Alpha) variant

B.1.1.7 variant, later recognized as a variant of concern, was first detected in November 2020 in
a sample taken on September 20, 2020 in the United Kingdom. With transmissibility increased
by 43-90% [4] and about twofold replicative advantage [7], Alpha variant began to spread, quickly
outnumbering the original Wuhan strain. B.1.1.7 variant is characterized by 14 non-synonymous
mutations and 3 deletions [8, 15] (Tab. 1).

Table 1: Defining mutations of B.1.1.7 (Alpha) variant.

Gene Nucleotide Amino acid

ORF1lab C3267T T10011
CH388A A1708D
T6954C 12230T

11288-11296 deletion SGF 3675-3677 deletion
Spike 2176521770 deletion HV 69-70 deletion

21991-21993 deletion Y144 deletion
A23063T N501Y
C23271A A570D
C23604A P681H
C23709T T7161
T24506G S982A
G24914C D1118H
ORF8 C27972T Q27stop
G28048T R521
A28111G Y73C
N 28280 GAT—CTA D3L
C28977T S235F
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1.2 B.1.351 (Beta) variant

Another of several SARS-CoV-2 variants believed to be of particular importance, was first detected
in the Nelson Mandela Bay metropolitan area of the Eastern Cape province of South Africa in
October 2020. The B.1.351 variant is characterized by 19 mutations, with 9 of them in the Spike
protein coding region [19] (Tab. 2).

Table 2: Defining mutations in Spike coding region of B.1.351 (Beta) variant.

Gene Nucleotide Amino acid

Spike C21614T L18F
A21801C D80OA
A22206G D215G
G22813T K417N
G23012A E484K
A23063T N501Y
A23403G D614G
C23664T AT01V

22281-22289 deletion of three amino acids
at positions 242 to 244

In this study we are exploring the history of each of the segregating sites present in Alpha and
Beta VOCs. We are trying to answer the question whether defining mutations were accumulat-
ing gradually until they form a sequence characteristic of Alpha or Beta variant, or whether this
phenomena can be explained by recombination of two genomes with subsets of mutations.

We also check whether mutation patterns observed in whole genome samples of viral variants

classified as VOCs indicate the presence of stronger selection than in non-VOC samples.

2 Methods

2.1 Multiple Sequence Alignment and sample preparation

The analysis was carried out using 384,741 nucleotide sequences of SARS-CoV-2 genomes, down-
loaded from the GISAID (Global Initiative on Sharing Avian Influenza Data) database [17, 2]. The
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list of accession numbers for most important sequences can be found in Supplementary Information.
Samples were dated from the period 24 December 2019 to 22 January 2021.

The sequences were aligned using MAFFT Multiple Sequence Alignment Software Version 7
9, 10] using NC_045512.2 — the first sequenced SARS-CoV-2 genome from Wuhan [3] as a reference
sequence to accelerate the calculations and to recognize gene positions inside the created Multiple
Sequence Alignment (MSA).

2.2 Algorithms to generate weekly statistics of viral genomes

We created statistics for each week since beginning of the pandemic writing down the total number

of genomes and also the number of Alpha and Beta-variant genomes in given week.

2.3 Studies of segregating sites

Segregating sites, characteristic of Alpha and Beta SARS-CoV-2 variants (see Background section)
were identified from the alignment based on comparison with reference sequence. The length of
the complete sequence in the alignment is 61,796 nucleotides. The length of the Alpha variant
segregating sites subsequence is 33 nucleotides (including positions of deletions), while Beta variant
segregating sites subsequence has 10 nucleotides (including positions of deletions).

We reviewed all 384,741 subsequences of SARS-CoV-2 genomes. For each position in the sub-
sequence we checked whether given genome has VOC-defining mutation in corresponding place.
Then, if this was the case, we saved the accession number and collection date of such genome.
Having these data enabled us to quantify the change in the abundance of individual mutations
over time, and to study possible combinations of 2, 3, 4 etc. mutations present together in one
genome as well as to determine the dates when such combinations arose. We compared observed
counts of combinations in tested samples with expected number of combinations, given the count

of segregating sites.

2.4 Studies on the site frequency spectra

In order to check whether there is higher selection pressure among genomes belonging to the VOC
strain than to the remaining strains we divided our dataset into two groups: Alpha strain genomes
and remaining genomes (in the second experiment we did the same for Beta strain genomes). Then

we divided both groups by weeks and chose weeks with suitable number of sequenced VOC strain
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genomes. Results of analysis of number of genomes sequenced in given week are presented in Fig.
S1. The selection criterion for the week was the number of VOC genomes, which shouldn’t be larger
than 500 (due to computational limitations) and shouldn’t exceed number of non-VOC genomes
sequenced in a given week. In the case of Alpha these were weeks 45 (115 genomes), 46 (292
genomes) and 49 (392 genomes) since the beginning of the pandemic.

For each of these weeks we randomly chose equal number of non-VOC genomes, to keep both
samples the same size. For each sample we calculated distance (in number of mutations) between
each sequence and Wuhan reference sequence NC_045512.2. In another experiment we used EM-
BOSS cons online tool [1, 16] to calculate consensus sequence for given dataset. Then we calculated
the distance between each sequence and consensus sequence obtained using EMBOSS cons. Then we

calculated site frequency spectra from distances obtained in previous step (see the next subsection).
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2.5 Site frequency spectrum and its properties
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Figure 1: Left panel: Genealogy of a sample of n = 20 genomes includes 13 mutational events, denoted
by black dots. Mutations 4, 5, 7, 10, 11, 12, and 13 (total of 7 mutations) are present in a single genome,
mutations 1, 2, and 3 (total of 3 mutations) are present in three genomes, mutations 8 and 9 (2 mutations)
are present in six genomes, and mutation 6 (1 mutation) is present in 17 genomes. Right panel: The
observed site frequency spectrum, Sao(1) = 7, S20(3) = 3, S20(6) = 2, and S20(17) = 1, other S, (k) equal
to 0.

Inference from evolutionary models of DNA often exploits summary statistics of sequence data,
a common one being the so-called Site Frequency Spectrum. In a sequencing experiment with a
known number of sequences, we can estimate for each site at which a novel somatic mutation has
arisen, the number of genomes that carry that mutation. These numbers are then grouped into
sites that have the same number of copies of a mutant. Figure 1 (based on [5]; modified) gives an
example with time running down the page. The genealogy of a sample of n = 20 cells includes 13
mutational events. We can see that mutations 4, 5, 7, 10, 11, 12, and 13 (a total of 7 mutations) are
present in a single genome, mutations 1, 2, and 3 (total of 3 mutations) are present in 3 genomes,
mutations 8 and 9 (a total of 2 mutations) are present in six genomes, and mutation 6 is present

in 17 genomes. If we denote the number of mutations present in k genomes by S, (k), we see that
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in this example, S,(1) = 7, 5,(3) = 3, S,(6) = 2, and S,(17) = 1, with all other S5,(j) equal
to 0. The vector (S,(1),S5,(2),...,S.(n — 1)) is called the (observed) Site Frequency Spectrum,
abbreviated to SFS. It is conventional to include only sites that are segregating in the sample, that
is, those for which the mutant type and the ancestral type are both present in the sample at that
site. Mutations that occur prior to the most recent common ancestor of the sampled genomes will

be present in all genomes in the sample; these are not segregating and are called truncal mutations.

3 Results

3.1 Mutation timeline

Based on the data from processing of subsequences containing segregating sites for Alpha and Beta
SARS-CoV-2 variant, we generated timelines for each of defining mutations (Fig. 2 A and B. In Fig.
3 A and B, we present cumulative plots showing changes in the dynamics of the increase in the count
of individual mutations over time. We observed that although genomes containing complete set of
VOC-defining mutations emerged late in 2020 (September 20, for the Alpha variant, and October
10, for the Beta variant) specific mutations emerged even in first weeks of the pandemic. This is
especially true for such important mutation as D614G, classified as selectively advantageous [20].
This mutation was first detected in a genome collected in the second week of pandemic. Complete
or near-complete sets of VOC-defining mutations emerged earlier in case of Alpha variant than of
Beta variant.

The dynamics of increase in cumulative number of genomes with VOC-defining mutations is
characterized by several humps. This is mainly caused by differences in the overall count of genomes
sequenced on a given day (data were not normalized). However, for several mutations we observe a
rapid increase in count which is not simply explainable by the overall number of sequenced genomes
(but may be influenced by geographic factors). Examples of such mutations in the case of Alpha
variant are S235F, P681H and 21765-21770 deletion. For Beta variant we observe the fastest increase

in number of genomes carrying N501Y mutation.
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Figure 2: Genomes with VOC-defining mutations over time. (A) B.1.1.7 (Alpha) variant; (B) B.1.351

(Beta) variant.
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Figure 3: Cumulative count of genomes with VOC-defining mutations over time. (A) B.1.1.7 (Alpha)
variant; (B) B.1.351 (Beta) variant.
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3.2 Mutation frequency and combinations

For both Alpha and Beta variant we calculated how many genomes carry a given number of mu-
tations from the VOC-defining set (Fig. 4 A and B). For both variants, we observe that there is a
large number of genomes carrying only one or two from VOC-defining mutations but — especially in
case of Alpha variant — there is also a lot of sequences containing the complete set (28,994 genomes
for Alpha variant and 193 genomes for Beta variant). The least numerous are genomes having

mutations in 4-6 out of all segregating sites.
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Figure 4: Frequency of genomes carrying given number if VOC-defining mutations. (A) B.1.1.7 (Alpha)
variant; (B) B.1.351 (Beta) variant.

We calculated the number of observed unique combinations of VOC-defining mutations for
both Alpha (Table 3) and Beta (Table 4) variants and compared them with expected number of
combinations for given mutation count. Results presented in Fig. 5 A and B and in Tables 3 and

4 clearly show that obtained results depart from expectations.
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Figure 5: Number of unique combinations of VOC-defining mutations for given mutation count. (A)

B.1.1.7 (Alpha) variant; (B) B.1.351 (Beta) variant.
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Table 3: Number of unique combinations of VOC Alpha-defining mutations for given mutation

count, out of a total of 16.
Number of mutations Expected Observed

1 16 16
2 120 90
3 560 91
4 1820 38
5 4368 9
6 8008 4
7 11440 3
8 12870 7
9 11440 6
10 8008 3
11 4368 4
12 1820 5
13 560 5
14 120 15
15 16 14
16 1 1

Table 4: Number of unique combinations of VOC Beta-defining mutations for given mutation count,

out of a total of 9.
Number of mutations Expected Observed

1 9 7
2 36 9
3 84 15
4 126 4
) 126 6
6 84 4
7 36 9
8 9 5
9 1

12


https://doi.org/10.1101/2022.02.28.482283
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.02.28.482283; this version posted March 1, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

We investigated when combinations of given number of mutations first emerge in time and what
is the dynamics of increase in number of unique combinations over time (Fig. 6). We observe that
genomes carrying combinations of higher number of mutations (even full set) emerge earlier than

genomes carrying only some of them (e.g. combinations of 5 or 6 mutations).
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Figure 6: Cumulative count of unique combinations of given number of mutations over time. (A) B.1.1.7
(Alpha) variant; (B) B.1.351 (Beta) variant.
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3.3 Studies on the site frequency spectrum

The results of analysis of the genomes sequenced in week 45, 46 and 49 for Alpha variant and all
genomes for Beta variant are presented in the form of log-log cumulative tails (Figs 7-8 and S2-S3).
We observe that the slope of cumulative tails differs between sample with Alpha genomes and the
sample with remaining ones. In case of Beta variant we do not observe such significant effect.

In the case of exponential population growth, Durrett [6] provided an approximate large sample
and large population expression, which leads to the conclusion that, assuming neutral evolution, the
SF'S cumulative tail in the log-log scale should be approximated by a straight line with coefficient -1
(marked in Figs 7-8 and S2-S3).

Analysis of the obtained results shows that cumulative SFS tails calculated based on non-Alpha
genomes data can be approximated by straight line with coefficient -1 characteristic for neutral
evolution. On the contrary, the slope of cumulative SFS tails obtained for Alpha variant genomes

indicates the presence of selective pressure on the evolution of these genomes.
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Figure 7: Comparison of SFS cumulative tails calculated from mutations present in B.1.1.7 genomes with
SFS cumulative tails calculated from mutations present in equivalent number of remaining genomes in
week 45.
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Figure 8: Comparison of SFS cumulative tails calculated from mutations present in B.1.351 genomes with

SFS cumulative tails calculated from mutations present in equivalent number of remaining genomes.

4 Discussion

In this study we analysed SARS-CoV-2 genomes to see how the individual mutations that define the
Alpha and Beta variants were appearing over time. Our analyses showed that these mutations did
not arose gradually, but rather co-evolved rapidly leading to the emergence of the full VOC strain.
We do not observe transient states which would be expected under neutral evolution. These results
seem to indicate that segregating sites in Alpha and Beta variants evolved under strong positive
selection. Another possible explanation might be recombination event between viruses carrying
subsets of VOC-defining mutations. Research has shown that such phenomenon is common in bat
coronaviruses [13] and might be indeed affecting also the evolution of SARS-CoV-2 [11]. Observed
mutation patterns may be also due to mutation hotspots, which were detected in the region encoding
the Spike protein [14].

In addition to the factors described above, we cannot rule out the possibility that genomes
carrying subsets of VOC-defining mutations avoided collection and sequencing. In the data gathered

by GISAID we can clearly see temporal differences in the number of sequenced genomes (as shown
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in Fig. S1) but more importantly most of collected genomes come from Europe and United States.
The under representation of sequences from other parts of the world could possibly be the cause
why genomes containing subsets of mutations have been overlooked.

We carried out additional analysis of the early evolution of the B1.1.7 VOC, in the week 45 of the
epidemic, when only 115 samples of the variant were present and its abundance was still increasing
roughly exponentially. We used the model developed in [5].The model assumes that at some time
labeled ¢y = 0, strain of viruses, such as the VOC B.1.7.7 (clone 0) arises, grows deterministically
in size at rate 7, these cells acquiring mutations at the rate 6, per time unit per genome. At time
t; > 0, a subclone (clone 1) arises, which differs from the original clone with respect to growth rate
(now equal to ;> 7(0)) and mutation rate (now equal to 6;). We call this the “selective event”.
The new clone arises on the background of a haplotype already harboring K mutations. Finally,
at to > t; > 0, a sample of n variant’s RNA genomes is sequenced. Without getting into details,
as explained in [5], the emerging substrain leaves a signature (”bulge”) on the SF'S cumulative tail
T'(x), the characteristics of which can be estimated from equations in [5]. Figure 9 illustrates the
fit. The conclusion is that we observe a substrain of B.1.1.7, which has estimated K = 25 additional
mutations and which constitutes fraction of p = 0.13 of the B.1.1.7 genome. These conclusions, if

confirmed, suggest a high diversification within the B.1.1.7, occurring at the time of its emergence.
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Figure 9: Comparison of SFS cumulative tail T'(z) calculated from mutations present in B.1.1.7 genomes
in week 45 (red bulets, linked with red lines for visual convenience) with SFS cumulative tail calculated
from the model in [5] (continuous black line). The bulge-shaped line is the signature of a competitive
subclone emerging. Dashed black slightly convex line is the reference line that the model predicts if no

competitive subclone arises.
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Supplementary Information

Accession numbers

NC_045512.2 - Wuhan reference sequence
EPI_ISL_601443 - the first Alpha variant genome collected
EPI_ISL_712073 - the first Beta variant genome collected
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Figure S1: Count of VOC and remaining genomes in given weeks of the pandemic. (A) B.1.1.7 genomes;
(B) Genomes other than B.1.1.7; (C) B.1.351 genomes; (D) Genomes other than B.1.351.
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Figure S2: Comparison of SFS cumulative tails calculated from mutations present in B.1.1.7 genomes
with SF'S cumulative tails calculated from mutations present in equivalent number of remaining genomes

in week 46.
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Figure S3: Comparison of SFS cumulative tails calculated from mutations present in B.1.1.7 genomes
with SF'S cumulative tails calculated from mutations present in equivalent number of remaining genomes

in week 49.
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