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Abstract. SARS-CoV-2 is a virus for which an outstanding number of genome variants were collected, sequenced and
stored from sources all around the world. Raw data in FASTA format include 16.8 million genomes, each =29,900 nt (nu-
cleotides), with a total size of =500- 10° nt, or 465 Gb. We suggest an approach to data representation and organization,
with which all this can be stored losslessly in the operative memory (RAM) of a common PC. Moreover, just =330 Mb will
be enough. Aligning all genomes versus the initial Wuhan-Hu-1 reference sequence allows each to be represented as a
data structure containing lists of point mutations, deletions and insertions. Our implementation of such data represen-
tation resulted in a 1:1500 compression ratio (for comparison, compression of the same data with the popular WinRAR
archiver gives only 1:62) and fast access to genomes (and their metadata) and comparisons between different genome
variants. With this approach implemented as a C++ program, we performed an analysis of various properties of the
set of SARS-CoV-2 genomes available in NCBI Genbank (within a period from 24.12.2019 to 24.06.2024). We calculated
the distribution of the number of genomes with undetermined nucleotides, ‘N’s, vs the number of such nucleotides in
them, the number of unique genomes and clusters of identical genomes, and the distribution of clusters by size (the
number of identical genomes) and duration (the time interval between each cluster’s first and last genome). Finally, the
evolution of distributions of the number of changes (editing distance between each genome and reference sequence)
caused by substitutions, deletions and insertions was visualized as 3D surfaces, which clearly show the process of viral
evolution over 4.5 years, with a time step = 1 week. It is in good correspondence with phylogenetic trees (usually based
on 3-4 thousand of genome variant representatives), but is built over millions of genomes, shows more details and is
independent of the type of lineage/clade classification.
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HOBBIN 110AXO0M K aHa/In3y 3BoaIinn SARS-CoV-2,
OCHOBAHHLIN Ha BMU3VaJIN3alM U KJIacTepur3alnumn
O00/IBLINX 0OBEMOB reHeTMUYEeCKNX JaHHbIX,
KOMIIAKTHO IIpeCTaBJI€HHbBIX B OIIepaTUBHON IIaMATIU
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AHHoTauusA. KopoHaBupyc SARS-CoV-2 — 3To BUPYC, AN KOTOPOro 6bifio co6paHo, CEKBEHPOBAHO 1N COXPaHEHO pe-
KOPAHOE KOMMYeCTBO BapraHTOB reHOMa 13 MCTOYHMKOB NO BceMy Mupy. HykneoTnaHble nocnefoBatesisHoCcTv B Gop-
mate FASTA BKtoualoT 16.8 MITH FeHOMOB, Kaablii ANMHOMN =29 900 HT (HyKNeoTnAoB), 0bwum pasmepom =500+ 10° Hr,
unm 466 6. Mbl npepnaraem cnocob nNpeacTaBneHNs AaHHbIX, MO3BONAWNI Pa3mMecTUTb 6e3 noTepb BCIO 3TY WH-

© Palyanov A.Yu,, Palyanova N.V., 2024
This work is licensed under a Creative Commons Attribution 4.0 License


https://orcid.org/0000-0003-1108-1486
https://orcid.org/0000-0002-1783-5798
https://orcid.org/0000-0003-1108-1486
https://orcid.org/0000-0002-1783-5798

A.Yu. Palyanov
N.V. Palyanova

A novel approach to analyzing SARS-CoV-2 evolution
for large amounts of genetic data

dopmauuto B onepatneHoi namatn (RAM) obbiyHOro nepcoHanbHOro Komnblotepa. bonee Toro, Gyaet poctaTtouHo
Bcero =330 M6. BbipaBHMBaHME UX BCEX OTHOCUTENIBHO UCXOLHOW pedepeHcHol nocnegosatenbHoctn Wunah-Hu-1
No3BONAET NPEACTAaBUTb KaXKAbI TEHOM Kak CTPYKTYPY AaHHbIX, COAepaLlyto CMMCKN TOYeYHbIX MyTaLluii, Aeneumni n
BCTaBOK. Halua peanu3auuna Takoro npeacTaBneHnsa faHHbIX npmeena K koadouumeHty cxatua 1:1500 (ansa cpaBHeHMs,
ynakoBKa [aHHbIX C noMoLbto nonynsapHoro apxmsatopa WinRAR paeT cteneHb cxatua Tonbko 1:62) n obecneunna
BO3MOXHOCTb 6bICTPOro BblYMC/IEHUA PEAAKLMOHHOIO PAacCTOAHMA MeXAy PasMyHbIMU BapuaHTamu reHoma. C no-
MOLLbIO 3TOTO MOAXOAa, Peanv30BaHHOro B BuAe nporpammbl Ha C++, Mbl NPOBeNV aHanm3 pasnyHbIX CBONCTB Habopa
reHomoB SARS-CoV-2, copepxatumxca B NCBI Genbank, cobpaHHbIx 3a 4.5 roga (¢ 24.12.2019 no 24.06.2024). bbinu
paccumTaHbl pacnpegeneHe Yyncna reHoOMOB OT YMCa HeonpeaeneHHbIX Hykneotnaos “N” B HUX, YACNO YHUKANbHbIX
reHOMOB 1 KNacTepoB 13 UAEHTUYHbIX FeHOMOB, a TaKKe pacrnpeferneHe KnactepoB no pasmepy (Yncny NaeHTUYHbIX
reHOMOB) 1 MPOLOIKUTENIbHOCTY (ANMHE BPEMEHHOIO MHTEPBana MeXay NnepBbiM U NOCNeLHUM FeHOMOM KaXoro
KnacTepa). HakoHel, 3Bonouma pacnpefeneHuin yncna nsmeHeHuin (pefakuMoHHOe paccToAHME MEXAY KaxXAbIM re-
HOMOM 1 pedepeHCHON NOC/IeA0BaTEeNIbHOCTbLIO), BbI3BaHHbIX 3aMeHaMK, AeNeLMAMA 1 BCTaBKaMu, Obina BU3yanunsu-
poBaHa B Brae 3D NoBepXHOCTEN, HarNAAHO N306parkaloLnX NPOLECC BUPYCHOW 3BOMOLUMMN B TeueHue 4.5 feT, C NH-
TepBasiom B OfHy Hefento. Takaa BM3yanu3aunsa XOPOLO COOTHOCUTCA € GUIOreHeTUYeCKMIN AepeBbaMU (06bIYHO
paccunTbiBaeMbiMy M0 3-4 TbiC. NPeACTaBUTENEN BaPUAHTOB reHOMa), HO CTPOUTCA Ha OCHOBE MUJIIOHOB FrEHOMOB,
oTobpaxkaeT bosnblue AeTanel 1 He 3aBUCKT OT TUMa KnaccudurKkauum NMHWR/Knag,.

KnioueBble cnoBa: KopoHaBupyc; SARS-CoV-2; reHOM; BapMaHTbl; SBONIOLMA; MPOrpaMmHan cuctema; 6onblune fan-

Hbl€; KOMMaKT3auunA; aHanus; Busyannsaumns.

Introduction

SARS-CoV-2 coronavirus, the very first sample of which,
named Wuhan/Hu-1/2019, was collected on 24 December
2019 (Wu et al., 2020), caused the largest pandemic in the
last 100 years (since the Spanish flu of 1918-1920). 4.5 years
later, it is still persisting, evolving and being detected in people
around the world, albeit in much smaller numbers than during
the peak of the pandemic and with less severe consequences.
However, usually infection rates rise again with the arrival
of autumn, and 2024 is no exception. According to the World
Health Association (https://data.who.int/dashboards/covid19/
cases, section “COVID-19 cases, country level trends”), by
mid-September 2024 many countries have already started to
experience an increase in the incidence of the disease. For ex-
ample, in Russia, 26.7 thousand cases of SARS-CoV-2 infec-
tion were registered in July 2024, 24.7 thousand — in August,
and already 62.2 thousand in the first half of September. In
different countries there are certain features of the dynamics
of the number of infections, depending on many factors, the
analysis of interrelationships between which, in particular, we
studied in (Palyanova et al., 2022, 2023).

SARS-CoV-2 virus samples obtained worldwide are se-
quenced and uploaded to databases, the largest of which are
GISAID (gisaid.org) and NCBI Genbank (www.ncbi.nlm.
nih.gov/sars-cov-2/) — as of 06.2024 they contain more than
16.7 - 10 and more than 8.6 - 10° SARS-CoV-2 genome
samples, respectively. In comparison, human influenza virus,
the earliest samples of which date back to 1905 in GISAID,
has been represented by approximately 5.22 - 10° genomes
over more than a century. Given that the typical genome size
of SARS-CoV-2 is 29.9 kb, the total volume of the genomes
of this virus represented in GISAID is about 500 - 10° nt (or
465 Gb), and in Genbank, about 258 - 10° nt (241 Gb). All
these data will not fit into the RAM of an average modern
PC (16...64 Gb), while working with them directly from
files located on a hard disc (HDD) or solid-state drive (SSD)
will be much slower than from RAM. Read speeds from
modern HDD/SDD/RAM have typical values of about 0.2,
3 and 50 Gb/s, respectively, so for significant data volumes
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and computational loads, working specifically with RAM is
highly desirable.

Despite vaccination and drug treatment, there is currently
no way to completely eliminate SARS-CoV-2 (Cui et al.,
2023), so it is likely to remain with mankind for a long time,
adding to the numerous list of more than 200 acute respiratory
infections, including influenza, respiratory syncytial virus,
rhinovirus, coronavirus, adenovirus, and other infections that
cause catarrhal inflammation of the respiratory tract.

The longer a virus exists, the more changes accumulate
in its genome — each new generation is obtained as a result
of replication of viruses of the previous generation, in the
process of which errors/changes may occur. Gene mutations
can result in substitutions, deletions and insertions of one or
more nucleotides, as well as in translocations, duplications and
inversions of different parts of the gene. For example, point
mutations occur spontaneously with frequencies of 10-8-10-°
for DNA viruses, and 10°-10-4, for RNA viruses (Sanjuan,
Domingo-Calap, 2016), the molecular machinery for replica-
tion of which (RNA polymerase) lacks an error-correcting
mechanism (exonuclease). Coronaviruses and toroviruses,
which do have it (Campagnola et al., 2022), are exceptions,
as they have some of the largest genomes for RNA viruses,
and too rapid accumulation of errors in them is apparently not
desirable and does not favour virus survival.

According to (Amicone et al., 2022), the error rate during
SARS-CoV-2 replicationis 1.3 - 100+ 0.2 - 106 substitutions
per position per infectious cycle of cell infection (i. e. from
virus entry into the cell to the exit of new virions from the
cell). At the same time, the rate of evolutionary changes in the
SARS-CoV-2 genome is estimated to be 8.9 - 104 substitutions
per position per year (Sonnleitner et al., 2022).

In addition to the above-mentioned mechanisms that can
affect a single genome, there are also those that can create
new combinations based on the genetic material of different
genome variants. When two different variants of the same
virus infect the same organism simultaneously (e. g., Delta and
Omicron infection in the case of SARS-CoV-2 (Bolze et al.,
2022)), they may interact during replication (Simon-Loriere,
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Holmes, 2011), resulting in recombinants or reassortants (in
the case of viruses with a segmented genome).

Regardless of which mechanism caused a particular change,
the Levenshtein distance (also called edit distance) can be
calculated for any pair of genomes of the considered virus,
defined as the minimum number of single-character operations
(substitutions, deletions, insertions) that need to be performed
in the first genome to produce the second genome (or in the
second genome to produce the first one — the result is the
same). In other words, the Levenshtein distance sets a metric
that defines the difference between two sequences of symbols.
Thus, each variant of the SARS-CoV-2 genome out of the mil-
lions available can be compared to the original Wuhan-Hu-1
reference genome. For this purpose, it is necessary to perform
a global alignment of all available sequences with respect
to the reference, which we performed using the NextAlign/
NextClade software (https://github.com/nextstrain/nextclade)
(Aksamentov et al., 2021). As a result, for each considered
viral genome sequence, we calculated a list of changes (dele-
tions, insertions, or point substitutions) that distinguish it from
the reference genome sequence.

For a virus with a genome size of 30,000 nt, a single point
substitution could occur at each of 30,000 positions and result
in a change of an existing nucleotide (A, T, G, or C) to one
of the three others, giving rise to 30,000 - 3 = 90,000 dif-
ferent variants. A single insertion can be made at 30,001 posi-
tions —added either at the beginning or end of the sequence, or
in any of the 29,999 spaces between the available nucleotides.
It may contain any of the four letters of the alphabet, i. e. there
are 120,004 different variations of such insertions. Finally,
a deletion can occur in any of 30,000 positions, resulting in
a number of variants equal to the number of positions. Ho-
wever, the deletions and insertions that leave the virus viable
most often occur in blocks that are multiples of three, because
otherwise such a change would result in a shift in the rea-
ding frame, which in the vast majority of cases makes the
genome non-viable. Thus, even one single change can be
carried out in more than 240,000 different ways, although
a significant part of them (especially those correspon-
ding to deletions and insertions) will make the genome non-
viable.

The combination of two arbitrary point substitutions is al-
ready (240,000)2= 5.8 - 1010 and three — (240,000)> = 1.4 - 101°
variants, and this time among them there will be those with no
reading frame shift (the result of changes — deletion or inser-
tion of one triplet, i. e. three subsequent nucleotides). At the
same time, the number of differences between some modern
variants of SARS-CoV-2 and the reference genome already
exceeds 200, and, for scale, the editorial distance between
SARS-CoV-2 and the nearest genome of another virus —
bat coronavirus, RaTG13 —is 1,136 (96.1 % of nucleotides
match) (Zhou et al., 2020; Temmam et al., 2022). A number
of questions about the space of variants of SARS-CoV-2
genetic sequences are discussed in more detail in (Palyanov,
Palyanova, 2023), where, in particular, it is shown that thenu-
mber of already realized variants of the virus is a negligible
fraction of those that are potentially possible. Thus, both the
continued monitoring of new SARS-CoV-2 variants and the
analysis of the millions of genomes already accumulated over
the past 4.5 years are of interest both from a practical point
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of view and for obtaining new fundamental knowledge in
virology and epidemiology.

Materials and methods

The results presented in this paper were obtained using a
software package that we created to analyze the evolution of
viruses. The C++ programming language and the development
environment “Microsoft Visual Studio Community 2019 were
used. One third-party software module required to perform
global alignment of viral genomes was used — NextAlign by
NextClade (https://github.com/nextstrain/nextclade/releases).
Workstation based on Intel Core 17-10700K, 3.8 GHz, 8 cores,
32 Gb DDR4 operative memory was used for all computations.

The data for the analysis — the genetic sequences
of SARS-CoV-2. The data used in this paper are the complete
set of SARS-CoV-2 genomes contained in the Genbank data-
base (www.ncbi.nlm.nih.gov/sars-cov-2/) on day 24.06.2024
(4.5 years since the collection of the first sample of this vi-
rus, Wuhan-Hu-1, 24.12.2019). The number of genomes is
8,641,740 and their total size is 242 Gb. The SARS-CoV-2
reference genome, which is 29,903 nt long, consists of a
5" UTR (265 nt long), a CDS (which is 29,409 nt long and
encodes 29 proteins (Bai et al., 2022)), and a 3' UTR (229 nt
long) (UTR is the untranslated region, CDS is the coding se-
quence). This dataset, which continues to grow over time, was
analyzed to investigate evolutionary changes in SARS-CoV-2.
Another source of data is the GISAID database, which includes
a significant amount of the Genbank data; other genomes from
it have yet to be analyzed and compared with the results for
the Genbank genomes.

Data quality, preliminary data analysis and filtering.
One of the first issues that arise when working with a set of
nucleotide sequences of viral genomes is their quality. In par-
ticular, the sequences may contain not only letters encoding
nucleotides (A, T, G, C), but also “N”’s indicating unidentified,
unknown nucleotides in the corresponding positions. The
larger the number of “N”s, the greater the uncertainty, and
the worse for the results of the analysis and their validity. In
this regard, it is of course helpful to know how many such
sequences there are in the dataset under study, and how many
“N”s are present in them.

Our calculations showed that out of the full sequence set
(8,641,740), unidentified “N” nucleotides occur in 6,609,933
genomes (76.5 %) and are missing only in the remaining
2,031,807 (23.5 %). However, if we consider only CDS, the
number of genomes without “N” almost doubles, reaching
3,742,117 (43.3 %). In addition, we plotted the dependence of
the frequency of “N” occurrence on the position in the genome
on the basis of the full set of sequences for which the global
alignment was performed (Fig. 1).

As can be seen, there are two most significant peaks, at the
beginning and at the end of the genome, corresponding to the
non-coding regions of 5' UTR and 3’ UTR, the total length of
which is 1.65 % of the length of the whole genome. It is also
known that in the genetic sequences of SARS-CoV-2 from
GISAID and Genbank, the non-translational regions have a
high variation in their lengths (Palyanov, Palyanova, 2023).
Considering that the number of genomes in which “N” occurs
in UTRs and does not occur in CDS is 22.5 % of all genomes,
excluding UTR regions from consideration will almost double
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Fig. 1. Frequency dependence of “N” occurrence rate as a function of position in the genome (abscissa axis), obtained by
summarization over the full set of SARS-CoV-2 genetic sequences from Genbank in the interval from 24.12.2019 to 24.06.2024

the set of data suitable for analysis (23.5 % of sequences in
which “N” does not occur at all, neither in CDS nor in UTRs,
will be supplemented with another 22.5 % in which “N” is
present only in UTRs).

Depending on what is the distribution of genomes by the
number of “N”s contained in their CDS, we can either use
those genomes with only a few “N”s (in comparison with
editing distance values of the order of 100 point substitutions,
this is an insignificant value, although their presence intro-
duces some uncertainty), or use only those genomes with no
“N”s in the CDS. Having plotted the mentioned distribution
(Fig. 2), we found that exactly one “N” is present in 1.8 %
of genomes, two and three — in 0.8 and 0.9 %, respectively,
and the number of “N”’s between 1 and 10 per genome — in
5.4 %. As a result, at this stage it was decided to work only
with genomes in which “N” is absent in CDS, and to use only
CDS in calculations, excluding 5 UTRs and 3" UTRs.

Methods, algorithms and data structures. To construct
global alignments of all genomes (using the Wuhan-Hu-1
genome as a reference), we used the console version of
NextAlign (running in multithreaded mode), called with the
necessary parameters being passed from our software system.
This happens during the first run or when the alignments need
to be recalculated (e. g., if a different genome dataset is used).
On the full dataset mentioned above, consisting of 8.6 mil-
lion SARS-CoV-2 genomes, the calculation of alignments
takes about one day on a workstation with an Intel Core i7-
10700K @ 3.8 GHz processor (8 cores, 16 threads) and 32 Gb
of RAM (DDR4, 3,600 GHz). The output of NextAling for
all calculated alignments is stored in files on the hard drive
in the working directory of the program, which are then used
by our system as input data used for analysis. The files are
composed as tables with several dozen columns, including
various genome characteristics and metadata, as well as lists
of mutations, deletions and insertions that distinguish the
considered genome from the reference genome.

As the data are read, a list of structures is dynamically
generated in the computer’s RAM, each of which includes the
virus name, collection date, geographical data, and a complete
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set of changes that distinguish the current variant from the

reference genome:

+ a list of point mutations (single position substitutions), each
element of which contains the position number in the ge-
nome corresponding to the mutation and a letter encoding
the nucleotide that appears at that position as a result of
the substitution (the previous nucleotide that was present
before the mutation is not stored — it can always be read
from the corresponding position in the reference genome
if necessary);

« alist of deletions, each of which is defined by two numbers —
the positions of the beginning and the end of the deletion;

* a list of insertions, each of which is defined by the position
in the genome immediately after which the insertion took
place, as well as by the inserted sequence.

This organization of the data allows two arbitrary genomes
to be compared quickly and easily. It is especially quick to de-
termine whether they are identical or not. Instead of comparing
each of the 29,409 positions of the first and second genomes,
it is enough to simply compare the number of elements in
their lists of point mutations, deletions and insertions — at
least one difference makes it clear that the genomes are dif-
ferent. However, in this way it is possible to obtain not only
the result of genome comparison, but also to calculate the
editorial distance between them. Matching elements of the
difference lists do not contribute to the difference between
the genomes, whereas each element of difference from the
reference, present in one genome and absent in the other, adds
a corresponding amount of difference. Each substitution that
occurred at the same position in both genomes but resulted in
substitutions to different nucleotides also, of course, adds +1
to the edit distance. Given that the list sizes are quite small,
the comparison is much faster than comparing two genomes
without prior alignment.

Our proposed method of compact representation of nucleo-
tide sequences of related genomes in computer memory has
much in common with the compression method that represents
sequences in the form of a phylogenetic tree with substitutions
on edges. Moreover, the very representation of each genome
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Fig. 2. Distribution of genomes by the number of unidentified “N” nucleotides in them.

Calculated over the full set of SARS-CoV-2 genetic sequences from Genbank between 24.12.2019 and 24.06.2024.
The inset shows the same relationship, but with higher resolution, for the number of “N"s in the genome between 0 and 500.

as a set of changes that need to be made to go from the refer-
ence to the genome under consideration is based on the same
data representing the structure of the phylogenetic tree built
on the basis of multiple alignments of the sequences under
consideration.

The peculiarity of our implementation is that the data
structure in a PC operative memory, representing the set of
sequences under consideration, is not a phylogenetic tree, but
instead is a list of its “leaves” sorted in chronological order, by
the date of obtaining samples. For such tasks as analyzing not
just the available spectrum of virus variants, but its evolution-
ary changes taking into account the time of their emergence,
our approach provides a significant advantage in the speed of
data access. The point is that it allows us to move along the
time axis simply by increasing or decreasing the index of an
array element consisting of time-ordered genomes. And in the
tree representation, the search for all genomes corresponding
to a certain year, month and day, in general case, may require
traversing the whole tree, and so for each genome variant be-
ing processed. At the same time, each “leaf” in our approach
contains all the information about its “branch” of the tree,
which allows one to easily and quickly calculate the editing
distance for any pair of genome variants.

Results

Cluster structure of the genomes dataset

In the course of the study, we noticed that among the genomes
under consideration, there are quite often genomes with CDSs
that are 100 % identical to each other, while the date of sample
collection, geographical data, and other metadata most often
are different. By adding a function to our software system to

identify all genomes with identical CDSs (and combine them
into “clusters”), we have divided the entire set of genomes
into such groups. The statistics on them turned out to be as
follows from the Table.

Also, we calculated the relationship between cluster size
and the number of clusters of a particular size (Fig. 3). At the
same time, there is no obvious dependence between cluster
sizes and their lifetime; the distribution is a cloud of points,
most of which is concentrated in the region from 1 to 1,000
on the “cluster size” axis and from 1 to 500 on the “cluster
lifetime” axis (Fig. 4).

We also plotted (Fig. 5) all clusters of size > 200 on the time
axis and represented them as lines, with the beginning and end
corresponding to the clusters’ existence intervals. In addition,
we added all clusters of size 100—-199, the end of the existence
interval of which has a value > 1,000 days since the first SARS-
CoV-2 genome was obtained. This set of clusters covers the
entire timeline, although there are clearly other clusters in the
interval between 3 and 3.5 years, but all of them are smaller
than those shown in the Figure 5. The individual line “19A”,
the longest in the Figure 5, corresponds to the cluster with the
longest lifetime (1,539 days or 4.2 years) mentioned in Table.
In this regard, the genetic line 19A, which has survived for
such a long time, appears to be quite interesting. This genome
variant was detected quite stably both at the beginning of the
pandemic and in 2023-2024.

A novel approach to visualizing

evolutionary changes in SARS-CoV-2

Having obtained the ability to quickly calculate the editorial
distance between a pair of any nucleotide sequence variants,
we did it for the whole set of SARS-CoV-2 genomes from
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Statistical data on clusters composed of genomes with completely identical CDSs,

including size and extent in time

The total number of SARS-CoV-2 genomes from Genbank in the interval from 24.12.2019 to 24.06.2024
The number of genomes from the full dataset, the CDS of which doesn’t contain unidentified/unknown nucleotides “N”

The number of genomes (in the set of genomes with CDS without “N”s) with a unique nucleotide sequence found nowhere

else in other genomes

The number of genomes composing clusters with a size = 2 or larger (in the set of genomes with CDS without “N"s)

The number of clusters with a size > 2

The number of clusters for which the time of existence (the interval between the earliest and latest date

8,641,740
3,742,117
1,690,699

2,051,448
461,511
366,427

of genome sample collection dates among the cluster members) is more than 1 day

Maximal size of the cluster (the number of genomes which compose it)

Maximal time of cluster existence (lineage 19A)
Average cluster size

Average cluster existence time

Average cluster existence time (excluding those which exist only 1 day)

12,824
1,539 days
44
14.8 days
18.4 days

10,000,000
1,000,000
Number of clusters with size = (inique genomes)
100,000
j
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Fig. 3. The dependence between the number of clusters and their size for the set of SARS-CoV-2 genomes from Genbank

in the interval from 24.12.2019 to 24.06.2024.

In the interval of cluster size values from 20 to 200, it is well approximated by an exponent with the parameters indicated

in the Figure.

Genbank for 4.5 years. Thus, for each genome, there is a pair
of numbers — the collection date of the genome sample and
the editing distance between it and the reference. Sometimes
different variants of genomes appear to possess the same
pair of values “date + editorial distance”, because the same
value of the editing distance can be a result of, for example,
a deletion of length 30, an insertion of the same length, or
30 point mutations scattered throughout the genome. If we
introduce a third value — the number of cases in which the
genome variant has a certain editing distance between it and
the reference and a certain date of sample collection — then
we can calculate triples of these values on the basis of the
complete set of SARS-CoV-2 genomes and display them as
a surface, which we did (Fig. 6).

In Figure 6, we have marked a number of interesting
landscape elements with blue dots, for each of which the
corresponding spectrum of variants has been calculated. For
many of them, it was possible to place this information in the
figure. The landscape shows regions with different features —
narrow extended “mountain ranges” with a beginning, an end
and a characteristic slope angle (which has close values for
most of them), apparently related to the rate of accumulation
of changes in the genome appearing due to point nucleotide
substitutions.

There are also regions in which the editing distance for the
entire set of variants existing at a given point in time changes
rapidly and significantly in the mean value or experiences
branching, splitting into several parallel, visually distinguis-
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Fig. 4. Dot cloud representing the set of SARS-CoV-2 genomes from Genbank
(between 24.12.2019 and 24.06.2024) using their “cluster size” and “cluster lifetime” features.

hable paths. Assuming that such abrupt and significant changes could be due to
deletions, insertions, or recombination events, we constructed three more figures
similar to Figure 6, for which we used not the full value of the editing distance,
but its three separate contributions — from a set of point substitutions (Fig. 7),
deletions (Fig. 8), and insertions (Fig. 9). Of the total number of genomes (with
no “N” in CDS), 3,742,117, the number of genomes with mutations relative

to the reference was 3,741,518, the number
of genomes with deletions was 3,520,077,
and the number of genomes with insertions
was 528,414,

As can be seen in Figures 7-9, the dy-
namics of evolutionary changes introduced
into SARS-CoV-2 genomes by different
evolutionary mechanisms differ quite sig-
nificantly for substitutions, deletions, and
insertions. From Figure 7 we can conclude
that the accumulation of the number of point
mutations (substitutions) increases linearly
on a large time scale (especially in the case
of following the upper boundary of the
evolutionary pathway region). In 4.5 years,
about 130 point mutations were accumu-
lated, i. e., the growth rate was about 29 nt
per year (=2.4 per month or ~0.08 per day).
The impact of deletions is also significant,
and their number also grows near linearly
with time, but at a slower rate of about
50 ntin 4.5 years, i. e., about 11 per year or
slightly less than one per month. And finally,
insertions, as can be seen from Figure §,
make a noticeably smaller contribution than
substitutions and deletions, which, with the
exception of the first year, practically does
not grow with time — it stays at the level
of +20 nt relative to the reference genome
(although the content of these insertions,
in principle, can change over time, from
year to year).

1,000
All other
clusters 22B (BA.5)
with size 200 (Omicron)
100
&
S 19A
g
3
O
20l (Alpha) 21J (Delta)
10
21L(BA2)  (lysters
(Omicron)  with sise = 100-199
and end time >1,000
+1 year +2 years +3 years +4 years
24.12.2019 4 y y y
0 200 400 600 800 1,000 1,200 1,400 1,600 1800
Time, days

Fig. 5. The largest clusters (size >200) and their existence intervals (lines connecting the day of the first appearance of the
genome variant representing this cluster and the day when the last sample with the same genome was taken).

All clusters of size =200 depicted in the same colour belong to the same genetic lineage, the name of which is also displayed with that
colour. All genomes belonging to the same line are equal, and genomes of different lines differ between each other. The exceptions are
“all other clusters with size 200" depicted in black, which represent a collection of different genetic lineages (19A, 20A, 20B, 20C, 20E
and 20F), and clusters of size 100-199 depicted in magenta (which have an end-of-life date =1,000 days from the date of collection of

the first SARS-CoV-2 genome, 24.12.2019).
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Fig. 6. The landscape of the space of SARS-CoV-2 variants “visited” by the virus variants during the period from
24.12.2019 to 24.06.2024, projected on three axes: OX - time (sampled at 1 week), OY - difference (editing distance)
between a point on the landscape and a reference genome, OZ - fraction of genomes corresponding to a point
with certain Xand Y values, referred to the total number of genomes collected in week X. Such normalization is nec-
essary due to the fact that the dependence of the number of genome samples collected in one or another week all
over the world has significant changes over time, and without the proposed normalization the weekly distribution
in case of, for example, 100 genomes will be completely invisible in comparison with some other week represented
by 10,000 genomes, whereas even for 100 genomes distributions are quite informative.
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Fig. 7. The landscape of evolutionary changes based on contributions from point substitutions only.
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Fig. 8. The landscape of evolutionary changes based on contributions from point insertions only.
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Fig. 9. The landscape of evolutionary changes based on contributions from point deletions only.

Discussion

We performed a number of evaluations and calculations,
mainly using software tools developed by us, to improve
our understanding of which features and trends related to the
evolution of SARS-CoV-2 coronavirus genetic sequences can
be found and effectively used. The proposed method of visual-

izing landscapes of evolutionary changes allowed us to display
many details and features that are not visible, for example, on
a phylogenetic tree. At the same time, rapid changes in the
evolutionary trajectory accompanied by stepwise changes in
the value of the editing distance, as can be seen from Figure 6,
are usually accompanied by a change of the dominant virus
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variant in the population. Thus, for example, for one of such
“jumps” on the evolutionary landscape, we were able to see
the genetic lineages “lota”, “Epsilon”, and “Kappa” in the
corresponding spectrum of variants (approximately in the
first quarter of 2022).

The observed non-growing contribution to the editing dis-
tance of inserts, previously mentioned for the results related
to Figure 8, may be due to the fact that too many inserts may
compromise the stability of the virus. Increasing the number
of inserts increases the physical size of the genome and thus
may impair its ability to fit inside the protein envelope, which
is presumably designed to contain an object of a certain size.
Thus, in the course of evolution, the number of insertions
relative to the reference genome may increase, but not exce-
eding 20-30 nt. If some of the new variants turn out to be
more adapted than their predecessors, they may soon displace
them. It can be seen that only at the beginning of 2024, vari-
ants with no insertions at all are disappearing — apparently,
due to the fact that during 4 years of evolution, such inser-
tions were found, which turned out to be noticeably more
adaptable than variants with no insertions at all and became
established in the population. It can also be seen in Figures 8
and 9 that the values of contributions to the editing distance
from deletions and insertions in most cases have a length
multiple of three, which has an obvious explanation — other
length variants will lead to a shift of the reading frame during
the synthesis of proteins encoded in the genome and, in most
cases, to non-viable copies of genomes, the virions of which
cannot be assembled.

Conclusion

As aresult of this work we have obtained the following main

results:

» a method of representing nucleotide sequences of virus
genomes, which provides their extremely compact
representation in computer memory, has been proposed
and implemented as a computer program. On the example
of SARS-CoV-2 coronavirus it is has been shown that
compression of ~1,500 times is provided. Using it for
transmission of genetic data over the internet could reduce
the load on servers and network traffic by a corresponding
number of times (especially when transmitting large
datasets);

« for the complete set of SARS-CoV-2 genomes (without “N”’s
in CDS), the presence of clusters of completely identical
genomes has been investigated. It has been found that their
size can exceed 10,000, and their lifetime can cover up to
several hundred days;

 anew way of displaying the evolutionary dynamics of viruses
in the form of a landscape visualizing the projection of
the space of virus genome variants on three axes — time
(T), editing distance to the reference genome (D), and
the fraction of genomes (P) at each point (T, D) in the
total number of genomes corresponding to a given T is
proposed;

* it is also shown that the landscape constructed for D
(calculated as the sum of contributions from point
mutations, deletions and insertions) can be divided into
three separate landscapes calculated separately for each of
the contributions. Each of them has a different character,
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allowing the contribution and impact of each of the

mentioned mechanisms on virus evolution to be estimated.

The constants characterizing each of the mechanisms

and the rate of changes acquired due to it have been

calculated;

« the fact that the lineage 19A has existed for the longest time
compared to the other clusters, covering the entire pandemic
period, allows us to propose to create new vaccines against
SARS-CoV-2 on the basis of this lineage, as it retains the
greatest competitiveness compared to the other variants, and
thus contains the most characteristic features of this virus
that can be recognized by the immune system.

Our further plans include investigation of the possibilities
of the proposed method of evolution visualization in more
detail, but we can already state that it seems to be useful, has
the potential for further use and development, and can be
applied not only to SARS-CoV-2, but also to other viruses.
The same can be said about the proposed method of compact
representation of viral genomes, the application of which in all
areas related to the storage, network transmission, processing
and analysis of a large number of variants of related genomes
(both viruses and living organisms) will provide significant
advantages.
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