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Abstract. The SARS-CoV-2 virus continues to evolve and remains a significant public health threat, while the worldwide
monitoring and sequencing of its genomic variants provide a unique opportunity to study its evolution and better
understand its molecular mechanisms. In our work, we analyze its replication-transcription complex (RTC) over a
5.5-year period (December 2019-July 2025). This complex is significantly more conserved (as any alteration impairing
its function prevents viral replication) than the S-protein (directly impacting infectivity and immune evasion) but
still dynamically evolving part of the genome. The study focuses on high-frequency substitutions, their temporal
behavior, co-occurrence, and structural context. Using genomes from GISAID, we identified 22 amino acid point
mutations present in at least 1 % of currently available sequences, analyzed their weekly dynamics, revealed three
distinct temporal patterns, and enumerated frequent co-occurring groups (pairs, triplets, and larger sets) within the
same genomes. We mapped the affected residues onto an RTC 3D structure and reviewed the literature to examine
the reported functional consequences. Notably, all these substitutions were single-nucleotide. One of the mutations,
nsp12:G671S, showed a unique dynamic feature: it emerged, dominated globally for months, disappeared twice, and in
2025 reappeared for the 3rd time, always accompanied with other mutations in the RTC. Thus, it was interesting to trace
its dynamics as an indicator of probable changes. In addition, our analysis of mutation and variant timelines suggests
that the Delta variant may have emerged 7-8 months earlier than commonly reported. Taken together, these results
provide a consolidated view of recurrent RTC variation, its temporal classes, co-occurrence, and structural context,
underscoring the value of systematic surveillance of nsp7-nsp14 alongside analyses focused on structural proteins.
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OBOJIIOILIVIOHHBIE aCIIeKThI AMMTHAMUKIN MYTal[Wii
B PEIIMKAIL[MMIOHHO-TPAHCKPUIILIMOHHOM KOoMILIekKce SARS-CoV-2
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AHHoTauuAa. Bupyc SARS-CoV-2 ocTaeTcA 3aMeTHOW Yrpo3om [nA YenoBeyecTBa, MOCKONbKY MNpPOAoKaeT
LMPKYIMpOBaTb U 3BOJSIIOLMOHMPOBaTb. [py 3TOM MNPOAOIKAWNIACA TNOGaNbHbI MOHUTOPWHI W HaKomMieHne
reHOMHbIX AaHHbIX MO3BOMAIT AETajIbHO M3yyaTb SBOMIOLMOHHbIE MexaHU3Mbl. B Hawen paboTe Mbl aHanusmpyem
pennnKauroHHO-TPaHCKPUNUMOHHbIN Komnnekc (RTC, nsp7-nsp14) — 60nee KOHCEPBATHBHYI0, YeM S-6en0oK, HanpAMyto
CBA3AHHbIN C UHOEKLMOHHOCTbIO M M36eraHMem WMMYHWUTETa, HO BCe-TakM AUHAMUYHO SBOIOLMOHUPYHOLLYIO
YyacTb reHoMa — B TeueHue 5.5-neTHero nepuopa (gekabpb 2019 r. — nionb 2025 r.). MiccnegoBaHue cocpefoToYeHO
Ha aMVMHOKMCJIOTHBIX 3aMeHaX, NMPUCYTCTBYIOWMX MO KpainHei mepe B 1 % JocTynHbix B 6a3e GISAID reHomOB, nx
BPEeMEeHHON [MHaMMKe, COBMECTHOW BCTPEYAEMOCTM U CTPYKTYPHOM KOHTeKcTe. Mbl ngeHtuduumnposany 22 Takmx
TOYEUHbIX aMUHOKMCIOTHBIX 3aMeHbl, MPOaHaNN3MPOBaNN UX HEAENbHYI0 AWHaMWKY, BbIABMAM TPU PasinyHbIX
BPEMEHHbIX MAaTTEPHA U PacCUMTaNM YacTOTbl A1 FPYN MyTauui (Mapbl, TPOMKM 1 T..), OAHOBPEMEHHO MPUCYTCTBYHO-
WKUX B reHomax. MNprmMeyaTenbHo, YTo BCe M3YUYeHHbIE 3aMeHbl Obl OAHOHYKNEOTUAHbIMU. Mbl BU3yann3npoBanu
AMVHOKUCIOTHbIE OCTaTKK, COOTBETCTBYIOLME PAaCCMOTPEHHBIM MyTaLMAM, Ha TpexmepHol cTpykType RTC, onncanu
X OCOBGEHHOCTM 1 0606WMAN AaHHble NUTEPaTYpbl ANA U3YYeHVs WM3BECTHbIX (GYHKLMOHANbHBIX MOCIeACTBUIA.
OpHa 13 myTaumia, nsp12:G671S, NPOAEMOHCTPUPOBaNa yHUKaNbHYI0 AUHAMUKY: OHa MOABAANAChb, AOMUHMPOBasa B
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Evolutionary insights from mutation dynamics
in SARS-CoV-2 RTC

rnobanbHOM MacliTabe B TeUeHMe HEeCKOSbKMX MecALEeB, 3aTem Mcyesana asaxapl, a B 2025 r. nosaBunacb B TpeTuin
pas. Mpu 3TomM OHa Bcerga CoOnpoBoXAanacb HAbOPOM COMyTCTBYOWMX MyTaumin B Komnnekce RTC, uto fenaet ee
NoTeHUUANbHbIM UHANKATOPOM M3MEHEHWIA B TEHOME, T.€. HEOOXOAMMO NMPOJOIIKNTb OTCIIEXUBaAHME e AVHAMUKM.
Kpome Toro, Hall aHann3 BPeMEHHbIX JIMHWIA MyTaLmWii 1 BapyaHTOB MO3BOJIAET NPeANoNoXKNTb, YTO BapuaHT [enbta
MOT NMOABUTLCA Ha 7-8 MecALEeB paHbLLe, YeM MPUHATO CUUTaTb. B COBOKYMHOCTM 3TW pe3ynbTaTbl JalOT LeNocTHoe
npeacTasieHne o NOBTOPALWMXCA Bapuaumax B RTC, x BpeMeHHbIX Knaccax i COBMECTHON BCTPEYAeMOCTH, @ TakKe
O CTPYKTYPHOM KOHTEKCTe, NofyepKmBas LLleHHOCTb CUCTEMaTUYeCKOro MOHUTOPUHIa Nsp7-nsp 14 Hapaay C aHann3om,

CPOKYCUPOBAHHBIM Ha CTPYKTYPHBbIX BenKax.

KntoueBbie cnoBa: SARS-CoV-2; RdRp; RTC; aBontouusa; 3ameHbl; MyTaLmm; UHaMWKa; aHanu3; nsp12:G671S; [enbta

Introduction

The COVID-19 pandemic catalyzed a sustained global effort
in next-generation sequencing, virology, and bioinformatics,
yielding an unprecedented corpus of SARS-CoV-2 genomes
over the past five years. As the virus continues to evolve and re-
mains a major public health concern, continuous genomic sur-
veillance and further investigation of its molecular mechanisms
are of considerable importance. The 29.9-kb positive-sense
RNA genome encodes structural (S, E, M, N), nonstructural
(nspl-nsp16), and nine small accessory proteins (Bai et al.,
2022; Yan W. et al., 2022), with approximately two-thirds of
the coding capacity assigned to the nonstructural machinery on
the 5" end (Eriani, Martin, 2022). A similar genomic structure,
in terms of both gene composition and gene order, is observed
across multiple related coronaviruses, including those hosted
by humans, bats, and pangolins (Brant et al., 2021, Fig. 1;
Temmam et al., 2022, Fig. 1). Approximately two-thirds of
the genome on the 5’ part codes for non-structural proteins
and one-third of the genome on the 3' part codes for structural
and accessory proteins (Eriani, Martin, 2022).

Mutations in the S-protein gene (~13 % of the 29.9 kb
genome) attract the greatest attention due to their direct
impact on infectivity and immune evasion. However, muta-
tions in other structural and nonstructural proteins, as well
as recombination events and other genomic alterations, can
also lead to diverse consequences that affect virus adapt-
ability. SARS-CoV-2 exhibits a complex interplay between
antigenicity, transmissibility, and virulence, which usually
has unpredictable consequences for the future trajectory of
evolution of the virus (Carabelli et al., 2023). In the present
study, we continue our investigation of SARS-CoV-2 evolu-
tion, using genomic sequences that have been collected and
deposited in public databases since the virus first emerged in
late 2019. In our previous works, we analyzed SARS-CoV-2
evolution at several scales: globally (Palyanov, Palyanova,
2024), regionally across Siberia (Palyanova et al., 2023), and
within the genomic variant landscape of the virus (Palyanov,
Palyanova, 2023). Here, we focus on a mutational analysis
of the replication-transcription complex, which carries out
several essential viral functions, including genome replication
and proofreading, and constitutes a substantial portion of the
viral genome (Romano et al., 2020).

Among nonstructural proteins, the replication-transcription
complex (RTC) is central to RNA synthesis and error control.
The nsp12 RNA-dependent RNA polymerase (RdRp) operates
with cofactors nsp7 and nsp8. Together they form a subcom-
plex (holoenzyme), which is the minimal core component
for mediating coronavirus RNA synthesis (Peng et al., 2020;
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Singh et al., 2025). In this work we analyze an extended,
structurally characterized RTC assembly spanning nsp7—nsp14
(PDB: 7EIZ) (Yan L. et al., 2021), which enables assessment
of substitutions not only within RdRp but also across its bind-
ing interfaces and the exonuclease proofreading module. The
analysis of this extended configuration may provide additional
insights into the structural and functional consequences of
mutations, particularly in cases where multiple substitutions
occur in close spatial proximity. For example, point mutations
at specific sites of the nsp12—nsp8 interface dramatically affect
the RNA polymerization activity of SARS-CoV-2 (Ferrer-Orta
et al., 2024). In the same year 2024, it was discovered that
the combination of nsp8:A21V and nsp12:P323L mutations
resulted in an approximately 50 % increase in polymerase
activity (Danda et al., 2024). The authors described this as the
first biochemical study demonstrating the functional impact of
amino acid substitutions involving all components of the RARp
complex in emerging SARS-CoV-2 subvariants.

The evolution of SARS-CoV-2 proceeds through a mixture
of point mutations, insertions, deletions, and recombinations,
and its consequences are highly diverse and difficult to pre-
dict. For instance, mutations in nonstructural proteins such as
nsp6:ASGF(3675-3677) (Fengetal., 2023) and nsp12:P323L/
G671S (Kim et al., 2023) have been shown to increase vi-
ral replication efficiency. Next, nspl:(Y154A/F157A) and
nspl:(R171E/R175E) mutations have been found to abolish
protein translation inhibition in a cell free system (Schubert
et al., 2020). The single mutation nsp14:F60S in the exoribo-
nuclease (ExoN), responsible for replication proofreading,
accelerates viral evolution by increasing the mutation rate
(Mack et al., 2023). Moreover, the evolutionary rate of SARS-
CoV-2 varies considerably among variants, and the emergence
of new lineages often coincides with episodic accelerations
of this rate. In certain periods, the evolutionary rate increased
up to fourfold relative to the background phylogenetic rate,
leading to the emergence of new variants within weeks rather
than months, as would be expected from the baseline tempo of
viral evolution (Tay et al., 2022).

While early global surveys mapped common substitutions
across the genome (Abbasian et al., 2023), a focused and time-
resolved analysis of RTC variation at population scale is still
warranted given its functional importance. Genes encoding
RTC are among the most conserved in viral genomes, as mal-
function of the replication machinery prevents the production
of viable virions. Nevertheless, SARS-CoV-2 (2019) exhibits
four to eight point amino acid substitutions compared to its
closest relatives (e. g., BANAL-20-52 (Temmam et al., 2022;
Ou et al., 2023) and RaTG13 (Rahalkar, Bahulikar, 2020;
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Zhou et al., 2020)), a range similar to the divergence observed
between the RTC genes of the ancestral SARS-CoV-2 and of
a typical 2023 Omicron descendant (Table S1)!. The RNA-
dependent RNA polymerases (RdRps) of viruses and cellular
organisms share a conserved structural core, most notably
the canonical palm domain that forms the catalytic center of
the polymerase, underscoring the universality of the RNA
synthesis mechanism. However, they diverge significantly in
their structural details and a variety of accessory proteins — so,
there is scope for variation, and the virus exploits it during
evolution. Therefore, it is crucial to monitor the rate and con-
sequences of these changes to identify emerging, functionally
significant RTC substitutions that rise above the background
noise in global surveillance data.

In this study, we aimed to identify RTC substitutions that
eventually attain population-level peaks and to characterize
their post-peak behaviors, including distinct cycles of re-
emergence and decline or extinction, while also assessing
co-occurrence within the extended complex. Using all publicly
available genomes from late 2019 to July 2025, we quantified
amino acid substitutions in nsp7-nspl14 occurring in >1 %
of sequences; profiled their weekly and monthly dynamics
to classify persistent, transient, and recurrent patterns; and
analyzed co-occurrence. We then interpreted these population-
scale signals in structural and functional terms by centering
the analysis on the structurally resolved RTC (nsp7-nspl4;
PDB 7EIZ), with the broader genome-wide context provided
by prior surveys (Abbasian et al., 2023).

Materials and methods

We performed a secondary analysis of SARS-CoV-2 genomic
surveillance data in the public domain to quantify the amino
acid (AA) substitution dynamics in the proteins of the replica-
tion-transcription complex (RTC: nsp7/8/9/10/12/13/14) from
the start of the pandemic through July 15, 2025. The primary
outcome was the weekly global fraction of genomes carrying
a given A A substitution; secondary outcomes included (i) geo-
graphic stratification by continent, (ii) co-occurrence patterns
among substitutions within RTC genes, and (iii) lineage/clade
context for substitutions with notable temporal behavior. The
pre-specified gene set and date horizon are described in the
main text and the Results sections.

Data sources

1. GISAID (https://gisaid.org) (Khare et al., 2021): the source
of genome sequences and metadata used for lineage context
and targeted queries by mutation, date, and location. All
GISAID queries used the web interface (EpiCov—Search)
with the filters complete + low coverage excluded + collec-
tion date complete for reliability, as detailed in the Results
and Materials sections of the manuscript. It retains 15.5
of 17.5 million of genome samples, whereas the stronger
variant, high coverage instead of low coverage excluded
(entries with <1 % of Ns vs entries with <5 % of Ns), keeps
only 5.7 million genomes. Text input fields for collection

' Supplementary Materials 1-4 are available at:
https://vavilovj-icg.ru/download/pict-2026-30/appx28.pdf
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(from) and collection (to) dates were used to specify the
necessary time interval, A4 Substitutions, to input single
or multiple mutations in proteins (for example, nsp9_T35I,
nspl2 G671S,nspl3_S36P), and Nucl. Mutations, to input
single or multiple mutations in genome nucleotides.

2. CovidCG (https://covidcg.org) (Elbe, Buckland-Merrett,
2017): weekly counts of genomes carrying specified
AA substitutions, and tools for comparing/combining
substitutions within a gene (the Compare AA mutations
module), used to obtain mutation frequency time-series
and co-occurrence tallies. As of July 15, 2025, CovidCG
reported 21,082,039 analyzable genomes (vs. 17,413,645
in the GISAID’s own counter).

3. Nextclade (https://clades.nextstrain.org) (Aksamentov et al.,
2021): used for clade assignment and recombinant flags on
downloaded FASTA selections.

4. PDB structure 7EIZ from the Protein Data Bank, PDB
(https://www.rcsb.org) and PyMOL v3.1 (https://www.
pymol.org) were used solely for structure-mapping of resi-
dues corresponding to substitutions.

5. SARS-CoV-2 (COVID-19) stores the genome map of the
Wuhan-Hu-1 isolate, with complete nucleotide and amino
acid sequences (https://www.snapgene.com/plasmids/
coronavirus_resources/SARS-CoV-2 (COVID-19)
Genome); together with GISAID’s genome sequences lists
of nucleotide and corresponding amino acid mutations
available for all genome samples. We used it to create the
table, showing which specific codon triplets in nucleotide
sequences represent protein sequences in the reference
genome.

Inclusion criteria and quality control

Sequences: human SARS-CoV-2 genomes flagged as com-
plete, with low-coverage entries excluded, and complete col-
lection dates (YYYY-MM-DD) required. These exact GISAID
web interface options are enumerated in the Results/Methods
narrative and were applied to every targeted query (e. g., first
occurrence tables).

Time frame: December 2019 — July 15, 2025, matching
the scope stated in the paper. Access dates for all web tools
were within July 1-15, 2025 (final extraction and checks on
July 15, 2025). All queries (filters, date ranges, and mutation
lists) are specified in the main text (Tables/Figures).

Gene set: RTC proteins nsp7/8/9/10/12/13/14.

Data acquisition for single-point mutation frequencies
Data on amino acid substitution frequencies in SARS-CoV-2
RTC proteins (nsp7-nspl4) were obtained from the Com-
pare A4 Mutations section of the CovidCG platform (https://
covidcg.org). This tool provides aggregated daily/weekly/
monthly/annual counts of genomes carrying specific amino
acid substitutions based on submissions to the GISAID da-
tabase.

For each RTC protein (nsp7 through nsp14), amino acid—
level data were selected. The grouping parameter was set
to mutation, and the genomic coordinate system defined by
protein. The analysis was performed using the full residue
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range for each protein and included all geographic regions.
The time range was set to cover the entire pandemic period
(from December 2019 to July 2025) according to the Since
pandemic start preset.

We extracted the information on all single amino acid sub-
stitutions with a total global frequency exceeding 1 % from
the resulting datasets. This threshold is not a biological or
statistical boundary. It was chosen as a pragmatic, operational
cutoff to suppress locality-driven and unstable low-frequency
noise and to keep the population-scale analysis tractable.
Functionally important sub-1 % changes can exist, but these
fall outside the scope of our population-scale focus. For each
mutation, the CovidCG interface provides the number and
proportion of genomes carrying the substitution relative to
the total number of genomes available for the corresponding
week, and the figures were used in further analysis of temporal
dynamics.

Construction of weekly frequency-time series

Building on the dataset described above, we investigated
the weekly dynamics of each identified mutation using
the A4 Mutation Co-occurrence module of the mentioned
CovidCG platform. For each selected amino acid substitution
within RTC proteins (nsp7-nspl4), we examined the New
AA Mutation Percentages by Week chart, which displays
the proportion of SARS-CoV-2 genomes carrying a given
substitution over time. The data are shown as percentages and
grouped by week to visualize the mutation prevalence dynam-
ics throughout the entire observation period. The resulting time
series for each substitution were exported via the CovidCG
Download function and used to assess temporal trends in
mutation frequencies.

Classification of dynamic types

Each mutation identified within the RTC (nsp7-nsp14) was
represented as a weekly series reflecting the proportion of
genomes carrying that substitution relative to the total number
of genomes reported globally for the same week.

The observed temporal trajectories were categorized into
three distinct dynamic types based on their characteristic
shapes and relative frequency changes over time.

Persistent or fixation-like pattern. The frequency of
the mutation exhibited a rapid increase from near 0 % to
>90-100 %, followed by a consistently high level for the
remainder of the observation period. These trajectories cor-
respond to mutations that became fixed or near-fixed in the
global SARS-CoV-2 population.

Transient pattern. The mutation frequency increased
noticeably (typically reaching 10-60 %) but subsequently
declined to near 0 %, indicating the rise and disappearance of
a temporary lineage or variant in which the substitution was
predominant.

Recurrent pattern. The mutation frequency showed
multiple distinct peaks separated by intervals of decline, i.e.,
a pattern of emergence, near-complete disappearance, and
subsequent re-establishment of high frequency (>80-100 %).
In our dataset, this behavior was observed only for the
nsp12:G671S substitution. This mutation was accompanied by
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different sets of co-occurring substitutions during individual
peaks, each exhibiting highly correlated frequency profiles
throughout their respective intervals.

Lineage and clade context

Nextclade was run on representative FASTA samples exported
from the GISAID for periods of rising and falling phases to
obtain Nextstrain clades and recombinant flags. The Pango
lineage labels shown in tables/figures were taken from the
GISAID metadata of the same records (e. g., B.1.617.2/Delta,
XBB.*, IN.1, etc.).

Structural mapping

Substitutions with a weekly peak frequency of over 25 %
were mapped onto 7EIZ (extended RTC) with residue atoms
rendered as spheres in PyMOL v3.1 (The PyMOL Molecular
Graphics System, Version 3.1 Schrodinger, LLC, https://
www.pymol.org). Figures were rendered directly from these
models and used solely to visualize the spatial dispersion and
proximity to RNA. No structural inference beyond visualiza-
tion was performed.

Results and discussion

Mutations in SARS-CoV-2 RTC (nsp7-nsp14) proteins

with overall average frequencies >1 % in the population
The list of mutations in nsp7-nspl14 proteins with the to-
tal average frequency exceeding 1 % in the global dataset
during the period from January 1, 2020 to July 15, 2025 was
obtained from CovidCG.org (Elbe, Buckland-Merrett, 2017),
as described in “Data acquisition for single-point mutation
frequencies” (section Materials and Methods). The results are
presented in Table 1. The rightmost column contains values
of peak weekly frequency of the same mutations, obtained as
described in “Construction of weekly frequency-time series”
(section Materials and Methods). In total, 22 mutations were
identified.

Dynamics of SARS-CoV-2 mutation frequencies within RTC
The data on the weekly dynamics of mutation frequencies
(from CovidCG.org) presented in Table 1 were obtained as
described in “Construction of weekly frequency-time series”
(section Materials and Methods) . The analyzed time interval
is from January 1, 2020 to July 15, 2025.

We classified the curves presented in Figure 1 into three dy-
namic patterns: (1) persistent or fixation-like, (2) transient and
(3) recurrent, as described in “Classification of dynamic types”.
We noticed only one mutation out of 22, nsp12:G671S, with
two specific properties that distinguished it from all the others.

First, upon its emergence, it reached a 100 % frequency,
remained dominant for months and then disappeared; however,
the cycle repeated, and the mutation appears to be undergoing
this process for the third time at present. Second, during each
round of emergence, it was accompanied by other RTC muta-
tions during either a single tide (nsp13:S36P, nsp14:A394V)
or two subsequent tides (nsp13:S36P). Their mutation fre-
quency curves during this period also reach high values (up to
90-100 %) and closely resemble that of nsp12:G6718S.

BaBunoBckuii XXypHan reHeTnku u cenekuum / Vavilov Journal of Genetics and Breeding - 2026 - 30« 3


https://www.pymol.org
https://www.pymol.org
https://covidcg.org

A.l0. ManbaHos, A.l. leBATeprnKOB
H.B. ManbaHoBa, A.M. LLlectonanos

Table 1. High-frequency substitutions in the RTC proteins
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RTC protein Protein Mutation name Number of genomes % of genomes Peak % in weekly
length, aa with this mutation with this mutation dynamics
nsp7 83 - - - -
nsp8 198 N118S 218,846 1.0 129
nsp9 113 T351 1,181,871 6.8 100.0
nsp10 139 - - - -
nsp11 14 - - - -
nsp12 932 F192v 484,275 23 9.6
(RdRp) P227L 313,050 1.5 17.2
Y273H 199,613 3.1 53.6
P323L 20,916,671 99.3 100.0
G671S 7,424,696 353 100.0
F694Y 328,845 1.6 10.9
L838I 325,059 1.5 8.1
nsp13 601 S36P 1,452,092 6.9 894
(helicase) P77L 5,810,196 27.6 100.0
T127N 501,924 24 23.0
H164Y 370,389 1.8 6.4
M233I 792,615 3.8 53.9
N268S 490,535 23 40.6
1334V 600,127 2.8 13.1
E341D 207,872 1.0 10.0
R392C 8,622,554 40.9 100.0
K460R 335,412 1.6 15.7
nspl14 527 142V 11,613,863 55.1 100.0
(ExoN) N129D 274,952 13 24.0
A394V 5,197,852 24.7 95.6

Note. Substitutions present in at least 1 % of genomes were collected globally for the period from December, 2019 to July 15, 2025. For each mutation,
the number of genomes with this mutation, the percentage of genomes with this mutation in the global population, and the weekly peak percentage

are presented.

The dynamics of nsp12:G671S frequency in the population -
two and a half tides

The first tide of nsp12:G671S

The atypical dynamics of nspl12:G671S frequency in the
population showed two complete “tides” (by analogy with
the SARS-CoV-2 pandemic waves), each consisting of an
emergence phase, growth, a plateau, and a decline to near-zero
level. Early in 2025, a third tide appeared to have begun, and it
is still ongoing. As we needed to better understand the process
dynamics, we conducted an investigation to determine the
connection between these events and the dominance periods
of the Delta, Omicron, and other variants.

Since the frequency curves of genomes with nsp12:G6718S,
nsp13:P77L and nsp14:A394V almost completely overlapped
during the first tide (May 2021 — May 2022), rising from near
0 % to nearly 100 % level and back, it is highly probable that
these three mutations tended to occur together. Indeed, among
4.12 million genomes with nsp12:G671S, 4.19 million with
nsp13:P77L and 3.81 million with nsp14:A394V (collection
dates between May 1, 2021 and May 1, 2022 in GISAID),
3.75 million contained all the three amino acid substitutions
simultaneously. Moreover, all samples collected in mid-May
2021 (during the rise of the tide) belonged to the Pango
lineage B.1.617.2+AY.*, also known as the Delta variant. Our
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analysis aimed to determine whether the genomes carrying
the nsp12:G671S +nsp13:P77L +nsp14:A394V combination
or the Delta variant appeared first, or whether they appeared
simultaneously. The results indicate that the latter is likely.
Supporting details and evidence for this conclusion are shown
in Figure 2.

By March 2020, the SARS-CoV-2 genome variants carrying
nspl12:G671S, nspl13:P77L, and nsp14:A394V already existed.
However, according to GISAID data, none of the samples
contained them all simultaneously. When this combination
first appeared in August 2020, the earliest genome identified
as belonging to the Delta variant was detected, and it carried
precisely these three mutations. Nearly all Delta genomes col-
lected and sequenced thereafter also contained this mutation
trio, suggesting that these mutations may have been required
for the emergence and/or fitness advantage of Delta. Literature
analysis revealed that this mutation trio had been mentioned
in two articles describing variants detected in Iran (Ahmadi et
al., 2023) and India (Bokolia, Gadepalli, 2022), but apparently
received little attention at the time.

Timing the emergence of the Delta variant

The analysis of samples corresponding to the Delta variant
(including early events classified as B.1.617.2 / Delta based
on GISAID Pango metadata) and containing the trio of muta-
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Fig. 1. Global frequency dynamics of mutations within RTC.
Weekly frequencies of 22 substitutions in the RTC proteins (listed in Table 1) from January 2020 to July 2025. g, Trajectories of mutations
that reached a peak frequency between 25 and 100 %. b, Trajectories of mutations with a peak frequency below 25 %. Frequencies were

calculated as the proportion of all GISAID genomes per week containing a specific mutation.
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Fig. 2. Dynamics of the number of genomes with three key mutations in RTC genes related to the Delta variant.

Shortly after their simultaneous appearance in the Delta genomes, their number started to increase rapidly. Monthly numbers of genomes
(GISAID) carrying only one of the mutations (nsp12:G671S, nsp13:P77L or nsp14:A394V), genomes with all three mutations and genomes
belonging to Delta variant during the latent period (less than 10 cases per month) before the apparent rise of Delta in May 2021 are shown.
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tions in question led us to an accidental finding: according to
these data the Delta variant may have emerged 7—8 months
earlier than commonly reported in the literature, and in a dif-
ferent geographical location. This observation is based on the
GISAID data, which includes hundreds of genome samples
(filtered by complete + low coverage excluded + collection
date complete for reliability). Detailed data providing the
evidence and explaining this conclusion are presented in
the Supplementary Materials, Table S2 and Figure SI. In
brief, the earliest B.1.617.2 (Delta) genome was collected
on April 26, 2020 in “Europe/Germany/Freiburg” (GISAID
EPI ISL=852796). This contradicts the statement that “The
Delta (B.1.617.2) variant was first identified in Maharashtra,
India, in late 2020 (Cherian et al., 2021), which is frequently
cited in earlier (Mlcochova et al., 2021), later (Rahman et al.,
2023), and very recent (Kandhasamy et al., 2025) publications.
According to GISAID data, during the period from April 26,
2020 to December 9, 2020 — that is, before the first Delta case
reported in India (Maharashtra) in “late 2020 (December 10,
2020, GISAID EPI ISL 2131509) — the Delta (B.1.617.2)
variant was not only detected but also collected and fully
sequenced in various locations across multiple continents, in-
cluding North America, South America, Europe, Asia, Africa,
and Oceania, with a total of 275 genome records. Notably,
254 of these contained the nsp12:G671S mutation. During the
subsequent period from April 26, 2020 to April 26, 2021, a
total of 12,157 Delta genomes were collected and sequenced,
of which 11,135 (92 %) also carried the nsp12:G671S substitu-
tion. A pronounced and rapid increase in the number of Delta
genomes began only in mid-May 2021, marking the onset of
its global expansion. The accompanying details and contextual
events are described in “The first tide of nsp12:G671S”.

The second tide of the nsp12:G671S

The SARS-CoV-2 variants with the mutations nsp13:P77L,
nspl14:A394V and nspl12:G671S, which were discovered
almost simultaneously and dominated at the peak of the
first nsp12:G671S tide, completely disappeared in early
2023 (Fig. la). However, in contrast to nsp13:P77L and
nsp14:A394V, which have not been detected since then,
nspl12:G671S reappeared about six months later and once
again reached a 100 % prevalence. This time, its rise almost
coincided with the emergence of a new mutation, nsp13:S36P,
which peaked at 89 %. The details and illustrations are pro-
vided in Supplementary Material 3 (Fig. S2).

We analyzed two sets of SARS-CoV-2 genome samples col-
lected worldwide. The first set (499 samples) was collected on
January 1, 2023, during the period of nsp12:G671S frequency
increase, and the second set (1,497 samples) was collected in
August 2023, at the onset of its frequency decline. During the
rise, almost all samples (91 %) belonged to the XBB lineage
(from XBB.1 to XBB.9), with the largest fraction (39 %)
corresponding to XBB.1.5. During the decline, eight months
later, the set of genomes was represented by XBB.* (31 %),
EG.* (30 %), FL.* (9.3 %), GK.* (3.2 %), and several other
sublineages. However, almost all of them were descendants
of earlier XBB, and XBB itself was derived from Omicron,
not Delta, which was the carrier of the nsp12:G671S muta-
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tion during the tide 1. Thus, it appears that in the tide 2 the
nspl12:G671S emerged de novo. The cause of the subsequent
extinction of all these variants was the emergence of the
IN.1(24A) lineage, which appeared at the end of 2023 and
took over almost the entire population by early 2024.

Additionally, within the considered period, another
group of three mutations (nsp12:Y273H, nsp13:M2331, and
nsp13:N268S) emerged and began to spread rapidly, coinciding
with the rise of the nsp12:G671S + nsp13:S36P combination
(Fig. 1a, b). Globally, the mutations nsp12:Y273H (a total of
493,881 samples), nsp13:M2331 (489,239) and nsp13:N268S
(377,576) showed similar dynamics and in most cases ap-
peared in genomes together. This trio therefore represents a
somewhat less extensive, but still substantial process: at one
point, over 40 % of all genomes carried all three mutations.
Variants harboring these substitutions mainly belonged to the
BQ.1.* lineage.

The third tide of the nsp12:G671S, in progress

In autumn 2024, the frequencies of the nsp12:G671S and
nsp13:S36P mutations declined for the second time to only
a few percent, dropping below 1 % by the end of the year.
However, this line did not disappear completely and continued
to persist at low levels through late 2024. At the beginning of
2025, for the third time, the proportion of nsp12:G671S and
nsp13:S36P in the population began to grow again, reaching
50 % in July 2025. The dynamics of nsp13:S36P in 2025
completely coincides with that of nsp12:G6718S, i.e. these
mutations occurred mostly together during this period. This
pattern suggests that, unlike the disappearance of the carriers
of the nsp12:G671S mutation after the first tide, it persisted
after the second tide, albeit in small numbers in individual
variants and then, under favorable circumstances and/or after
advantageous mutations, began to spread again.

The analysis of samples collected in early 2025 showed that
the vast majority of them originated from the JN.1 variant,
which gave rise to such lineages as NB.1(24B), NB.1.8.1(25B),
LP.8.1(25A), KP.3.1.1(24E), XFG(25C), LF.7(24H),
XEC(24F) and XDV (24D), as well as to the recombinants
XDA and XEV. Among them, the largest number of genomes
carrying the nsp12:G671S mutation (42 %) corresponded to
the lineage NB.1.8.1 (clade 25B) and 35 %, to PQ.1-PQ.9
(also clade 25B). Since JN.1 is a descendant of XBB, the
suggestion that the nsp12:G6718S and nsp13:S36P mutations
have been preserved and their proportion in the population has
grown again appears quite plausible.

Overview of all three tides of nsp12:G671S

At the start of both tide 1 and tide 2, a rapid and significant
change in the proportion of nsp12:G671S in the population
occurred, accompanied by the emergence of new co-occurring
mutations in the RTC genes (and sometimes in the rest of the
virus genome) or noticeable changes in their mutation fre-
quencies. This trend also holds for tide 3 due to nsp13:S36P,
which co-occurred with nsp12:G671S in 2025 (Fig. la).
Additionally, we identified a recent mutation, nsp12:D284Y,
which accompanied the two mutations and exhibited the same
frequency dynamics in 2025. It is not included in Table 1,
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because its prevalence among all genomes in GISAID in the
time span from December 2019 to mid-July 2025 is below 1 %.
However, in 2025, the frequency of this mutation followed the
same pattern as nsp12:G671S and nsp13:S36P, reaching 50 %
by mid-July 2025.

In addition, we noticed that during tide 3 (from early 2025
to mid-July 2025), the frequency curves of nsp12:G671S and
nsp9:T351 were in antiphase (Fig. 1a). As the frequency of
nsp12:G671S increased, that of nsp9:T351 decreased, and to-
gether, they consistently accounted for >80 % of all genomes in
the weekly global samples. Based on these observations, a ge-
neral trend can be inferred: when the fraction of nsp12:G671S
mutation in the population changes rapidly, an emergence of
new mutations in the RTC genes or changes in the frequencies
of existing ones becomes more likely.

In contrast to nsp12:G6718S, there are mutations with no
obvious relation to others. One of them, nsp9:T35I, which
emerged shortly after the onset of tide 2, displayed a nearly
linear increase in frequency, from 0 to 100 %, in the interval
between early 2023 and early 2024. This rise was much slower
than any other curve in Figure 1, and it showed no correlation
with any of them, which is quite unusual. The analysis of the
genome samples carrying this mutation revealed the follow-
ing. At the beginning of the growth phase in early 2023, it
was represented by 51 % of FL.*, 25 % of XBB.1.9*, 20 %
of EG.*, and 4 % others, including XCC recombinants. At the
beginning of the decline phase in early 2025, the distribution
shifted to its descendants: 29 % LP.*, 21 % XEC.*, 12 % NY.*,
7% LP.*, 7% MC.*, and the remaining 23 % comprised other
lineages, including various recombinants: XFL, XFJ, XFH,
XFC, XFB, XEW, XER, XEQ, and XEK.

Evolutionary insights from mutation dynamics
in SARS-CoV-2 RTC

Specific properties of the considered mutations

in the RTC nsp7-nsp14 proteins

Each single mutation in amino acid sequences encoded by
nucleotide triplets can include one to three changes within the
triplet. Due to the degeneracy of the genetic code, there may
be synonymous substitutions in RNA/DNA that do not change
the amino acid, but even such mutations can have a noticeable
effect on the fitness of their carrier, as shown by Shen et al.
(2022). They came to this conclusion by experimenting with
yeast, but they found “no particular reason why their results
would not generalize to other organisms”.

From the list of the previously considered mutations, we
selected those with peak proportions >25 % of the population.
By comparing their nucleotide and amino acid sequences in
the reference genome and after mutation, we determined which
mutated triplets appeared in the initial states and how they
changed after mutation (Table 2).

All 13 mutations examined involved only a single nucleotide
substitution within the codon encoding the affected amino acid;
no double or triple substitutions were detected. This is not
surprising, since if p is the probability of a single rare random
event, then the probability that another similar event with the
same probability occurs within the two adjacent nucleotides
is ~p? or less. The probability of a single point nucleotide
substitution in SARS-CoV-2 is quite low since its replication
mechanism includes a proofreading system. According to data
from (Amicone et al., 2022), during one cell infection cycle
(i.e., from virus entry into a cell until the release of new viri-
ons), on average, 1.3-1070+ 0.2+ 1076 substitutions occur per
nucleotide position. The actual number of observable cases of
2 substitutions at once will be less than p? because there will

Table 2. Properties of most prevalent mutations in RTC genes (peak frequency = 25 %)

Mutation Change Changes at RNA level
name atamino (bold indicates changed triplet,

acid level underline - changed a.a.)
nsp9:T35I Thr—lle (ACU,ACC,ACA,ACG) — (ATT,ATC,ATA)
nsp12:Y273H  Tyr—His (TAT,TAC) — (CAT,CAQ)
nsp12:D284Y Asp—Tyr (GAT,GAC) — (TAT,TAC)
nsp12:P323L Pro—Leu (CCT,CCC,CCA,CCG) — (TTATTG,CTT,CTC,CTACTG)
nsp12:G671S Gly—Ser (GGT,GGC,GGA,GGG) —

(TCT,TCC,TCA,TCG,AGT,AGC)

nsp12:L838lI Leu—lle (TTA,TTG,CTT,CTC,CTA,CTG) — (ATT,ATC,ATA)
nsp13:536P Ser—Pro (TCT,TCC,TCA,TCG,AGT,AGC) — (CCT,CCC,CCA,CCG)
nsp13:P77L Pro—Leu (CCT,CCC,CCA,CCG) — (TTATTG,CTT,CTC,CTA,CTG)
nsp13:M233| Met—lle ATG — (ATT,ATC,ATA)
nsp13:N268S Asn—Ser (AAT,AAC) — (TCT, TCC,TCA,TCG,AGT,AGC)
nsp13:R392C  Arg—Cys (CGT,CGC,CGA,CGG,AGA,AGG) — (TGT,GTC)
nsp14:142V lle—Val (ATT,ATC,ATA) — (GTT,GTC,GTA,GTG)
nsp14:A394V  Ala—Val (GCT,GCC,GCA,GCG) — (GTT,GTC,GTA,GTG)

Change of AA physico-chemical properties

polar, hydroxylic — non-polar, aliphatic

polar, aromatic — polar(+), heterocyclic
polar(-) — polar, aromatic

non-polar, heterocyclic — non-polar, aliphatic

non-polar, aliphatic —
non-polar, oxymonoaminocarboxylic

non-polar, aliphatic — non-polar, aliphatic

non-polar, oxymonoaminocarboxylic —
non-polar, heterocyclic

non-polar, heterocyclic — non-polar, aliphatic
non-polar, sulfur-containing — non-polar, aliphatic
polar, amide — non-polar, oxymonoaminocarboxylic
polar(+) — polar, sulfur-containing

non-polar, aliphatic — non-polar, aliphatic

non-polar, aliphatic — non-polar, aliphatic

Note. Substitutions of amino acids, changes in their physico-chemical properties and changes in RNA triplets encoding amino acids before and after
mutations, are presented. In RNA triplets, the original combinations (among possible variants due to degeneracy of genetic code) are shown in bold-

face; changed points are underscored.
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be only those variants which leave the virus viable despite
caused changes in the replication-transcription complex, and
the probability of this appears to be so small that it is practi-
cally unlikely to occur even over years. Nevertheless, it was
not obvious in advance that all mutations would consist only
of single-nucleotide substitutions, so this observation also
brings some new knowledge of mutation patterns. However,
changes can accumulate sequentially over multiple genera-
tions, experiencing only up to one nucleotide substitution per
triplet in each replication cycle.

Additionally, the amino acid substitutions derived from the
mutations examined frequently result in pronounced alterations
of physicochemical properties.

The groups of co-existing mutations
in the RTC nsp7-nsp14 proteins
Since we noticed co-occurring mutations in RTC proteins, we
decided to identify all such groups in an attempt to reveal the
underlying processes and possible connections between them.
Using GISAID web interface queries (as described in “Data
sources”, section Materials and Methods) for the time interval
from December 24, 2019 to July 15, 2025, we obtained the
numbers of genome sequences containing all possible pairwise
combinations of the mutations from Table 2, with the excep-
tion of nspl12:P323L (because it is present in 99.3 % of all
sequences in GISAID). The results are presented in Table 3.
For a pair of mutations, for example, i = nsp12:G671S
(34.9 % of total genomes) and j =nsp13:P77L (27.3 % of all
genomes), the value in cell [i][j] of the colored matrix corre-
sponds to 98.6 % of the smaller of the two proportions (34.9
and 27.3 %). Thus, the number of genomes carrying both muta-
tions simultaneously is approximately 0.273-0.986 - 15.5 mil-
lion = 4.2 million. In the global dataset, the most frequent
pairs include:
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nspl13:R292C + nsp14:142V (41.2 %),

— nspl2:G671S + nsp13:P77L (26.9 %),

nspl3:P77L + nspl14:A394V (24.7 %),

nspl2:G671S + nspl4:A394V (24.4 %).

Extending to triplets, representative high-frequency sets
(among the 15.5 million GISAID genomes analyzed) are:

— nspl2:G671S + nspl3:P77L + nsp14:A394V (24.3 %),

— nspl13:R392C + nsp14:142V + nsp13:M2331 (3.6 %),

— nspl13:R392C + nsp14:142V + nsp12:Y273H (2.9 %).

A notable triplet here is nspl12:G671S + nsp13:S36P +
nsp12:D284Y (0.08 %), as nsp12:D284Y emerged only in
2025, and the number of genome samples carrying this muta-
tion continues to increase, with its peak frequency reaching
50 % (see “The second tide of the nsp12:G671S”, section
Results and Discussion).

Finally, there are groups of genome samples with four or five
mutations occurring simultaneously. Illustrative sets include:
— nspl3:R392C+nsp14:142V +nsp13:M2331+nsp12:Y273H:

(2.89 %),

— nspl13:R392C +nsp14:142V +nsp13:M2331 +nsp12:Y273H
+ nsp13:N268S: (2.23 %).

Three-dimensional visualization of the selected mutations
We rendered the examined mutations listed in Table 2 in the
3D structure of the RTC to learn about their spatial location,
specific features, and distances between mutated amino acids,
as well as between amino acids and RNA threads (Fig. 3).
According to Figure 3, the highest concentration of muta-
tions is observed in nsp9 and nsp13 (helicase): 0.88 and 0.83
substitutions per 100 amino acids, respectively. Half as many
mutations, 0.43 and 0.38 per 100 aa, occur innsp12 (RdRp) and
nsp14 (ExonN), correspondingly. In the remaining proteins, no
mutations with a peak frequency exceeding 25 % of the popula-
tion size were found. Three of four shown mutations in nsp12

Table 3. Pairs and larger groups of simultaneous mutations in RTC proteins

mutation i = nsp9: nspld: nspl2: nspl2: nspl2: nspl3: nspld: nspl2: nspl3: nspld: nspld: nspl3:
T351 S36P D284Y G671S L8381 P77L A394V Y273H M2331 N268S 142V R392C
% in the
mutation j population>| 7.1 6.7 0.1 34.9 2.0 27.3 24.7 3.0 3.7 2.3 55.5 41.8
v %
nsp9:T351 7.1 0.7 34.3 0.3 0.8 0.7 0.3 0.3 0.2
nsp13:536P 6.7 35.1 0.0 0.0 0.0 0.1 0.1 0.0
nspl12:D284Y 0.1 0.7 0.2 7.2 6.8 0.3 0.3 0.2
nspl12:G671S 34.9 34.3 0.2 1.1 0.2
nsp12:18381 2.0 0.3 0.0 0.0 0.1 0.0
nspl3:P77L 27.3 0.8 0.0 7.2 0.1 1.0 0.1
nspl4:A394V 24.7 0.7 0.0 6.8 0.1 0.8 0.1
nspl2:Y273H 3.0 0.3 0.1 0.3 0.2
nsp13:M2331 3.7 0.3 0.1 0,3 1.1 0.1 1.0 0.8
nspl13:N268S 2.3 0.2 0.0 0.2 0.2 0.0 0.1 0.1
nspl4:142V 55.5 22.4 0.0 0.0 0.0
nsp13:R392C 41.8 _ 22.7 0.3 0.2 0.2

Note.The percentage of genomes in the GISAID (collected from December 2019 to July 15, 2025) that simultaneously contain mutation i and mutation j,
relative to the minimum value between the percentages of genomes with mutation i and genomes with mutation j.
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in SARS-CoV-2 RTC
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Fig. 3. 3D structure of the RTC, and its amino acids with mutations under consideration shown.

Distribution of the mutations from Table 3 over the replication-transcription complex (PDB:7EIZ) including nsp7, 2xnsp8, nsp9, nsp10, RdRp(nsp12),
2xnsp13, and nsp14 together with template RNA and product RNA. Cases with specific features are shown in the insets. The generated PyMOL files
based on PDB RTC 3D structures and examined mutations, are available upon request.

(RdRp) are located on the surface of the polymerase, on the
side closer to RNA. There are several proximity-based (within
~6-14 A) potential relationships that may merit functional
follow-up. The mutated amino acid closest to the template
RNA (9.1 A) is nsp13:M2331 (Fig. 3, inset). In nsp13, P77L
is positioned 10.1 A from the RNA strand coursing through
the complex and 9.1 A from an nsp8 o-helix, placing it in a
location where effects on replication kinetics and/or fidelity are
plausible. Next, nsp8:N118S resides 6.1 A from nsp7, which
may affect the interaction between them.

RTC includes two copies of nsp8 and two copies of nsp13,
with different neighborhoods for each protein of a couple. In
one nsp8, the amino acid N118 (mutation N—S) lies near two
nspl2 amino acids corresponding to the P323L and Y273H
mutations: the distance between N118 and P323 is 5.1 A, be-
tween N118 and Y273 is 9.8 A, and between P323 and Y273
is 10.2 A. This triangle (Fig. 3, inset) constitutes a cluster of
three amino acids involved in mutations, close to each other,
and we flag this cluster as a priority for subsequent functional
investigation.

Search for literature on SARS-CoV-2 RTC mutation effects

To complement our mutational analysis, we performed a lite-
rature search for all substitutions listed in Table 2. The goal
was to identify any previously reported structural, biochemi-
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cal, or phenotypic effects associated with these mutations.
Brief summaries of the available evidence are provided in
Supplementary Material 4. Overall, the collected publications
describe diverse potential impacts, including changes in RTC
stability, replication efficiency, drug response, and enzymatic
activity, although for many mutations experimental validation
remains limited.

Conclusions

We surveyed the evolution of the SARS-CoV-2 RTC (nsp7—
nspl4) over a 5.5-year horizon (December 2019 — July 15,
2025), identified 22 amino acid substitutions with a global
average frequency >1 % and quantified their weekly dynamics.
Compared to earlier global overviews that used higher preva-
lence thresholds (Rodriguez et al., 2023, 2025), this extended
window and finer temporal resolution revealed three charac-
teristic dynamic patterns: persistent, transient, and recurrent.
Interestingly, one notable mutation, nsp12:G6718S, exhibited
a unique multi-phase trajectory (“three tides”) marked by a
rise, near-disappearance, and re-emergence.

Re-analysis of early records indicated that SARS-CoV-2
genomes deposited to GISAID database and assigned to Delta
(B.1.617.2) variant have submission dates that are 7-8 months
carlier than commonly reported date of the first appearance
of Delta. GISAID’s first samples of Delta appear for the first
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time on April 26, 2020, they spanned multiple continents by
the end of 2020 (and frequently carrying the trio of mutations
nspl12:G671S+nspl13:P77L + nspl14:A394V). This observa-
tion motivates a reassessment of the widely cited timeline
stating that “Delta was first identified in Maharashtra, India,
in late 2020” (Cherian et al., 2021) and emphasizes the value
of stringent filtering of public surveillance datasets.

In the course of systematically scanning RTC varia-
tion, we revealed a robust linkage between Delta and the
nspl12:G671S + nsp13:P77L + nsp14:A394V trio. Tracing
these substitutions back showed that each appeared separately
before Delta, and that early genomes labeled as Delta appeared
sporadically for several months but had little immediate ef-
fect on global frequency among sequenced genomes. The
subsequent co-occurrence of all three substitutions around
August 2020 coincided with a marked shift to rapid expansion
and, soon after, global dominance. This perspective emerges
specifically from an RTC-centered analysis (traditionally
viewed as a conserved, lower-visibility target) and, in our
view, illuminates otherwise overlooked contingencies in the
evolutionary dynamics of the virus.

Across waves, nspl12:G671S re-emerged with different
companions: first with nsp13:P77L and nsp14:A394V, later
with nsp13:S36P, and most recently with nsp12:D284Y. In
contrast, nsp9:T35I followed a slow, largely independent,
monotonic rise, longer period of 97-100 % prevalence, and
a slow decline that began in 2025. A codon-level inspection
of the 13 highest-peak substitutions (=25 %) showed only
single-nucleotide changes (no double/triple codon substitu-
tions), yet many corresponding amino acid replacements entail
substantial physicochemical shifts. Co-occurrence analysis
highlighted frequent groups of co-existing mutations, ranging
from two to five. Structural mapping onto RTC assemblies
showed a relatively even spatial distribution without dense
clusters; only nsp13:M233I had a notable feature — it lay
directly adjacent to the template RNA. The repeated rise and
fall in the number of genome samples with the nsp12:G671S
mutation, given the accompanying events, probably represents
an example of natural selection in action. We can propose as a
hypothesis for discussion that it may be not a neutral change,
but a key player in the evolutionary “strategy” that provides
a short-term fitness advantage (compensating for proofread-
ing errors) at the expense of long-term stability (increasing
mutation load). This creates a predictable cycle of emergence
and extinction — a pattern that is the hallmark of selection, not
random drift.

Independent population genetic analyses have shown that
the evolutionary rate of SARS-CoV-2 varies among lineages
and can undergo episodic accelerations, up to fourfold exceed-
ing the baseline phylogenetic rate, with new variants emerg-
ing within weeks rather than months (Tay et al., 2022). The
recurrent G671S tides with changing co-mutation partners
documented in this study are consistent with such episodic
phases. Given that several high-prevalence co-mutations lie
in nsp14 (ExoN), these patterns raise the question of whether
fluctuations in effective error correction could accompany pe-
riods of rapid diversification. Targeted assays will be required
to test this hypothesis.
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To contextualize these findings, we reviewed the available
literature on all substitutions from Table 3 (Supplementary
Material 4). Reported effects encompass altered polymerase
stability/transmissibility for nsp12:P323L/G671S (Kim et
al., 2023), lineage-linked occurrences and additional RTC
changes documented through mid-2023 (Rodriguez et al.,
2023,2025), and mixed evidence regarding drug response and
enzymatic activity for several sites. While suggestive, many
substitutions still lack a definitive experimental validation
of their functional impact. Protein-protein and protein-RNA
interactions are complicated, and they involve many factors
even if a single protein is considered (for example, (St Laurent
etal., 2012, Fig. 5)). Our study is focused on one of the most
intricate protein complexes with a critically important func-
tion, RNA replication.

To sum up, our results refine the timeline of early Delta
emergence and dissemination, document repeated large-scale
shifts centered around nsp12:G6718, and provide a reproduc-
ible catalog of RTC mutation dynamics, co-occurrence, coding
changes, and structural context. The continued integration of
high-quality genomic surveillance with targeted biochemical
and virological assays will be essential to resolve the functional
consequences of these substitutions and to anticipate future
shifts in the RTC mutational landscape.
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