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Abstract 
Exposure to different mutagens leaves distinct mutational patterns that can allow prediction of 
pathogen replication niches (Ruis 2022). We therefore hypothesised that analysis of SARS-
CoV-2 mutational spectra might show lineage-specific differences, dependant on the dominant 
site(s) of replication and onwards transmission, and could therefore rapidly infer virulence of 
emergent variants of concern (VOC; Konings 2021). Through mutational spectrum analysis, 
we found a significant reduction in G>T mutations in Omicron, which replicates in the upper 
respiratory tract (URT), compared to other lineages, which replicate in both upper and lower 
respiratory tracts (LRT). Mutational analysis of other viruses and bacteria indicates a robust, 
generalisable association of high G>T mutations with replication within the LRT. Monitoring 
G>T mutation rates over time, we found early separation of Omicron from Beta, Gamma and 
Delta, while the mutational burden in Alpha varied consistent with changes in transmission 
source as social restrictions were lifted. This supports the use of mutational spectra to infer 
niches of established and emergent pathogens. 
 
Main text 
The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) pandemic has been 
associated with periodic emergence of virus lineages with altered transmission and/or immune 
evasion properties, termed variants of concern (VOCs, Konings 2021). The Omicron VOC 
(Pango lineage B.1.1.529*) was initially detected in November 2021 and rapidly became 
dominant worldwide (Viana 2022). Omicron is associated with reduced intrinsic severity 
compared with earlier lineages (Nyberg 2022, Wolter 2022, Lewnard 2022) which is thought 
to be partly driven by altered replication niche (Hui 2022, Meng 2022, Peacock 2022). While 
earlier SARS-CoV-2 lineages replicate throughout the upper respiratory tract (URT) and lower 
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respiratory tract (LRT), Omicron replication is largely restricted to the URT (Hui 2022, Meng 
2022, Peacock 2022). 
 
We have previously shown that mutational spectra (the patterns of contextual nucleotide 
mutations that accumulate within a pathogen clade) can distinguish bacterial niche (Ruis 
2022). This is possible because pathogens replicating in different sites are exposed to distinct 
sets of mutagens that drive differential mutational patterns. We therefore hypothesised that 
Omicron would exhibit a different mutational spectrum compared with previous SARS-CoV-2 
lineages due to its altered niche. Such a change in spectrum may enable inference of the 
replication niche(s) of newly emerging variants from their mutational spectra, and therefore 
enable prediction of intrinsic severity. To test this, we calculated the single base substitution 
(SBS) spectra of SARS-CoV-2 lineages and compared the observed patterns with additional 
viruses and bacteria that replicate within different respiratory sites. 
 
We first reconstructed SBS mutational spectra for SARS-CoV-2 VOCs Alpha (B.1.1.7*), Beta 
(B.1.351*), Gamma (P.1*) and Delta (B.1.617.2*) which replicate throughout the URT and LRT 
and for the four major Omicron lineages BA.1, BA.2, BA.4 and BA.5 (Viana 2022, Tegally 
2022) (Figures 1A, S1). While overall SBS spectra are similar between all lineages (cosine 
similarity 0.97 - 0.99 comparing SBS spectrum pairs), we observe that Omicron lineages 
exhibit significantly lower levels of contextually-similar Guanine to Thymine (G>T) mutations 
compared with other lineages (Figure 1B, 9.4-12.5% in Omicron compared with 16.8-18.5% 
in other variants, permutation test p < 0.001, Pearson’s r permutation test comparing G>T 
contextual patterns p < 0.01 in each case, Methods). 
 
Different levels of G>T mutations could be driven by differential mutagen exposure and/or by 
different intrinsic mutational patterns due to mutations in the RNA-dependent RNA polymerase 
(RdRp) or other replication genes. Examination of the nonsynonymous mutations that 
distinguish Omicron from other SARS-CoV-2 lineages showed that there are no distinguishing 
mutations within the RdRp, replication cofactors nsp7 and nsp8, or within nsp10, nsp13 and 
nsp15 that interact with viral RNA (Table S1). There is a single nonsynonymous substitution 
within the proofreading exoribonuclease nsp14 (I42V). Although this substitution lies within 
the proofreading ExoN domain of NSP14, it is distal to the nsp14 active site (Figure S2) and 
therefore unlikely to alter proofreading activity. Additionally, the substitution rate within 
Omicron is not elevated above other lineages (Hill 2022). Together, these observations 
strongly suggest that nsp14:I42V has not influenced proofreading activity and support 
differential site-specific mutagens driving the different levels of G>T between lineages. 
 
We next examined whether niche-specific mutational signatures were detectable in other 
respiratory pathogens. We found that SBS spectra of the coronaviruses OC43 and Middle 
East respiratory syndrome coronavirus (MERS-CoV), that predominantly replicate within the 
human and camel URT respectively (Adney 2014, Mackay 2015, Widagdo 2016, V’kovski 
2021), exhibit low levels of G>T mutations (Figure 1B), consistent with those observed in 
Omicron lineages. In addition, influenza subtypes H1N1, H3N2, B Victoria and B Yamagata, 
which predominantly replicate and are transmitted from within the human URT (Richard 2020, 
de Graaf 2014, van Riel 2010), demonstrate low levels of G>T mutations (Figure 1B), despite 
differences in overall mutational spectra compared to coronaviruses (Figure S1; SBS 
spectrum cosine similarity <= 0.8; G>T p > 0.05). 
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To examine mutational patterns in bacteria, we compared SBS spectra of closely related 
environmental and lung clades within Mycobacteria and Burkholderia genera. We found that 
lung bacteria consistently exhibit elevated C:G>A:T mutations (which includes both C>A and 
G>T mutations, which cannot be separated in DNA pathogens) compared to environmental 
bacteria (Figure 2A), a pattern observed across four independent niche switches (Figure 2B). 
Conversely, we found similar levels of C:G>A:T mutations within Streptococcus lineages that 
replicate within the URT compared to those replicating within the gastrointestinal/urinary tracts 
(Figure 2C). Together, these results indicate that elevated G>T mutations (which appear as 
C:G>A:T within bacteria) are associated with the LRT across a diverse range of pathogens, 
suggesting that respiratory niche might be predicted through mutational analysis. 
 
We therefore examined how quickly such prediction would be possible following the 
emergence of a new lineage by calculating sequential weekly SARS-CoV-2 lineage SBS 
spectra including mutations detected in sequences collected up to and including that week. 
As expected from the low number of new mutations, estimates of the proportion of lineage 
G>T mutations are uncertain in the first few weeks following initial detection (Figure 3A). 
However, the proportion of G>T mutations robustly separated Omicron from lineages Beta, 
Gamma and Delta (Figure 3A) by Week 14, corresponding to a requirement of roughly 1000 
mutations to distinguish these lineages (Figure 3B). 
 
In contrast, Alpha exhibits a unique temporal pattern, initially demonstrating a low, Omicron-
like, proportion of G>T mutations, before these mutations increase from approximately Week 
22 post-detection to converge on a high level, similar to that seen for Beta, Gamma and Delta 
(Figure 3A). Given the large number of co-circulating Alpha lineages during this period, it is 
unlikely that these changes were driven by a virus genetic factor. Instead, we hypothesised 
that the G>T level may have been influenced by changes in non-pharmaceutical interventions 
(NPIs) within the United Kingdom, where most early circulation of Alpha occurred (Kraemer 
2021, Hill 2022). To examine this, we calculated the proportion of G>T amongst mutations on 
tip phylogenetic branches leading to sequences collected within the UK in each week (Figure 
3C). These mutations will predominantly have been acquired shortly before sample collection 
and therefore provide an estimate of the mutations acquired within the UK each week. 
 
We found that changes in the level of G>T mutations correlate with NPI alterations (Figure 
3C), with low levels occurring in the early part of the UK national lockdown in January 2021. 
The level of G>T began to increase roughly five weeks into this lockdown and further increased 
as schools returned and then the lockdown was released in March 2021 (Figure 3C). The 
proportion of G>T mutations within and surrounding the lockdown period is tightly correlated 
with mobility patterns (p < 0.001, Figure 3D). We therefore hypothesise that the trajectory of 
G>T mutations in Alpha represents a change in the replication site where the viruses are 
generated that lead to most onward transmissions. During lockdown, transmission events 
likely occurred predominantly between close household contacts, and therefore involved large 
respiratory droplets generated in the URT (Wang 2021). However, as restrictions were lifted, 
and individuals mixed more with those outside their households, precautions such as 
distancing and mask wearing likely prevented large droplet transmission and resulted in 
transmission instead occurring through small aerosols generated in the LRT (Wang 2021). 
Alpha therefore exhibits the expected patterns as transmission predominantly occurred from 
the URT during lockdown and then the LRT as restrictions were lifted. 
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The identification of elevated G>T in LRT viruses enables us to infer that the elevated C:G>A:T 
we observe in lung bacteria is likely driven by G>T mutations. The driver(s) of elevated G>T 
mutations in the LRT are unclear. The consistent difference of G>T mutations across DNA 
and RNA pathogens that exhibit different (or no) repair capabilities strongly suggests that the 
observed patterns are driven by the action of one or more mutagens. Additionally, the 
consistent contextual patterns within G>T mutations across SARS-CoV-2 lineages (Figure 
1A) suggests that the same mutagen is active within both the LRT and URT, but is more active 
within the LRT. We have previously used decomposition analysis to infer that reactive oxygen 
species and tobacco smoke may contribute to elevated C:G>A:T mutations in lung bacteria 
(Ruis 2022). Each of these mutagens predominantly exert mutagenic effects through damage 
of guanine nucleotides (Alexandrov 2016, Zou 2021) and therefore both could drive G>T 
mutations. Conversely, elevated G>T mutations in both DNA and RNA pathogens suggests 
that an uncharacterised RNA editing enzyme is an unlikely driver. Future studies 
characterising the mutational patterns of DNA and RNA pathogens exposed to a panel of 
potential mutagens may enable inference of the causative mutagen(s). 
 
In conclusion, we have shown that elevated G>T mutations are a consistent marker of LRT 
pathogens compared with URT pathogens. This distinction may enable prediction of the 
replication niche(s) and thereby intrinsic severity of emerging lineages of SARS-CoV-2, and 
other pathogens where suitable comparisons can be identified. Our analysis supports the 
application of mutational spectra to distinguish and infer niches of established and emergent 
pathogens. 
 
References 
Adney, D. R. et al. Replication and Shedding of MERS-CoV in Upper Respiratory Tract of 
Inoculated Dromedary Camels - Volume 20, Number 12—December 2014 - Emerging 
Infectious Diseases journal - CDC. doi:10.3201/eid2012.141280. 
 
Alexandrov, L. B. et al. Mutational signatures associated with tobacco smoking in human 
cancer. Science 354, 618–622 (2016). 
 
Bedford, T. et al. Global circulation patterns of seasonal influenza viruses vary with antigenic 
drift. Nature 523, 217–220 (2015). 
 
de Graaf, M. & Fouchier, R. A. M. Role of receptor binding specificity in influenza A virus 
transmission and pathogenesis. The EMBO Journal 33, 823–841 (2014). 
 
Dudas, G., Carvalho, L. M., Rambaut, A. & Bedford, T. MERS-CoV spillover at the camel-human 
interface. eLife 7, e31257 (2018). 
 
Edgar, R. C. MUSCLE: a multiple sequence alignment method with reduced time and space 
complexity. BMC Bioinformatics 5, 113 (2004). 
 
Google LLC "Google COVID-19 Community Mobility Reports". 
https://www.google.com/covid19/mobility/ Accessed: September 8th 2022 

.CC-BY-NC 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted September 28, 2022. ; https://doi.org/10.1101/2022.09.27.509649doi: bioRxiv preprint 

https://doi.org/10.1101/2022.09.27.509649
http://creativecommons.org/licenses/by-nc/4.0/


 

 
Gouy, M., Guindon, S. & Gascuel, O. SeaView Version 4: A Multiplatform Graphical User 
Interface for Sequence Alignment and Phylogenetic Tree Building. Molecular Biology and 
Evolution 27, 221–224 (2010). 
 
Hill, V. et al. The origins and molecular evolution of SARS-CoV-2 lineage B.1.1.7 in the UK. 
Virus Evolution, veac080 (2022) 
 
Hui, K. P. Y. et al. SARS-CoV-2 Omicron variant replication in human bronchus and lung ex vivo. 
Nature 603, 715–720 (2022). 
 
Konings, F. et al. SARS-CoV-2 Variants of Interest and Concern naming scheme conducive for 
global discourse. Nat Microbiol 6, 821–823 (2021). 
 
Kraemer, M. U. G. et al. Spatiotemporal invasion dynamics of SARS-CoV-2 lineage B.1.1.7 
emergence. Science 373, 889–895 (2021). 
 
Lewnard, J. A. et al. Clinical outcomes associated with SARS-CoV-2 Omicron (B.1.1.529) variant 
and BA.1/BA.1.1 or BA.2 subvariant infection in Southern California. Nat Med 1–11 (2022) 
doi:10.1038/s41591-022-01887-z. 
 
Liu, C. et al. Structural basis of mismatch recognition by a SARS-CoV-2 proofreading enzyme. 
Science 373, 1142–1146 (2021). 
 
Mackay, I. M. & Arden, K. E. MERS coronavirus: diagnostics, epidemiology and transmission. 
Virology Journal 12, 222 (2015). 
 
Meng, B. et al. Altered TMPRSS2 usage by SARS-CoV-2 Omicron impacts infectivity and 
fusogenicity. Nature 603, 706–714 (2022). 
 
Minh, B. Q. et al. IQ-TREE 2: New Models and Efficient Methods for Phylogenetic Inference in 
the Genomic Era. Molecular Biology and Evolution 37, 1530–1534 (2020). 
 
Nyberg, T. et al. Comparative analysis of the risks of hospitalisation and death associated with 
SARS-CoV-2 omicron (B.1.1.529) and delta (B.1.617.2) variants in England: a cohort study. The 
Lancet 399, 1303–1312 (2022). 
 
Otieno, J. R., Cherry, J. L., Spiro, D. J., Nelson, M. I. & Trovão, N. S. Origins and Evolution of 
Seasonal Human Coronaviruses. Viruses 14, 1551 (2022). 
 

.CC-BY-NC 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted September 28, 2022. ; https://doi.org/10.1101/2022.09.27.509649doi: bioRxiv preprint 

https://doi.org/10.1101/2022.09.27.509649
http://creativecommons.org/licenses/by-nc/4.0/


 

Peacock, T. P. et al. The altered entry pathway and antigenic distance of the SARS-CoV-2 
Omicron variant map to separate domains of spike protein. 
http://biorxiv.org/lookup/doi/10.1101/2021.12.31.474653 (2022) 
doi:10.1101/2021.12.31.474653. 
 
Richard, M. et al. Influenza A viruses are transmitted via the air from the nasal respiratory 
epithelium of ferrets. Nat Commun 11, 766 (2020). 
 
Riel, D. van et al. Seasonal and Pandemic Human Influenza Viruses Attach Better to Human 
Upper Respiratory Tract Epithelium than Avian Influenza Viruses. The American Journal of 
Pathology 176, 1614–1618 (2010). 
 
Ruis, C. et al. Mutational spectra analysis reveals bacterial niche and transmission routes. 
2022.07.13.499881 Preprint at https://doi.org/10.1101/2022.07.13.499881 (2022). 
 
Tegally, H. et al. Emergence of SARS-CoV-2 Omicron lineages BA.4 and BA.5 in South Africa. 
Nat Med 1–6 (2022) doi:10.1038/s41591-022-01911-2. 
 
Turakhia, Y. et al. Ultrafast Sample placement on Existing tRees (UShER) enables real-time 
phylogenetics for the SARS-CoV-2 pandemic. Nat Genet 53, 809–816 (2021). 
 
Viana, R. et al. Rapid epidemic expansion of the SARS-CoV-2 Omicron variant in southern 
Africa. Nature 603, 679–686 (2022). 
 
V’kovski, P., Kratzel, A., Steiner, S., Stalder, H. & Thiel, V. Coronavirus biology and replication: 
implications for SARS-CoV-2. Nat Rev Microbiol 19, 155–170 (2021). 
 
Wang, C. C. et al. Airborne transmission of respiratory viruses. Science 373, eabd9149 (2021). 
 
Widagdo, W. et al. Differential Expression of the Middle East Respiratory Syndrome 
Coronavirus Receptor in the Upper Respiratory Tracts of Humans and Dromedary Camels. 
Journal of Virology 90, 4838–4842 (2016). 
 
Wolter, N. et al. Early assessment of the clinical severity of the SARS-CoV-2 omicron variant 
in South Africa: a data linkage study. The Lancet 399, 437–446 (2022). 
 
Zou, X. et al. A systematic CRISPR screen defines mutational mechanisms underpinning 
signatures caused by replication errors and endogenous DNA damage. Nat Cancer 2, 643–657 
(2021). 
 
 

.CC-BY-NC 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted September 28, 2022. ; https://doi.org/10.1101/2022.09.27.509649doi: bioRxiv preprint 

https://doi.org/10.1101/2022.09.27.509649
http://creativecommons.org/licenses/by-nc/4.0/


 

 
 
Materials and Methods 
 
Calculation of SBS spectra 
We calculated SBS mutational spectra for SARS-CoV-2 lineages using the 29th July 2022 
UShER SARS-CoV-2 phylogenetic tree (Turakhia 2021, GISAID EPI_SET ID 
EPI_SET_220926yt, doi https://doi.org/10.55876/gis8.220926yt, Table S2). This phylogenetic 
tree contains the full set of high quality SARS-CoV-2 genome sequences (10,512,211 
sequences collected from 218 countries and territories between 24th December 2019 and 
28th July 2022 in the 29th July 2022 tree) and is annotated with Pango lineages and all 
mutations on each branch. We filtered the tree to remove sequences containing more than 
one reversion since the root node of their Pango lineage (which are potentially mis-placed, 
contaminant and/or low quality sequences). We additionally filtered the tree based on mutation 
density to remove branches that contain a large number of mutations compared to the number 
of sequences and are therefore likely low quality. Here, we removed tip branches with more 
than two mutations (unless descended from a lineage containing less than 150 sequences) 
and then calculated mutation density (M) of each internal node using the sum of all descendant 
tip mutations (T), the sum of all descendant internal node mutations (I), the number of 
mutations on the branch leading to the node (N) and the number of descendant tips (D) as: 
M = (T + I + (N/D)) / N 
If the mutation density M is greater than two, the node and all of its descendants are pruned 
except for lineages with fewer than 150 sequences (to avoid removing entire lineages) and 
internal nodes with mutation density < 0.5 (to avoid removal of solid clusters within low quality 
clusters). 
 
We calculated the SBS spectrum for each SARS-CoV-2 lineage by counting all mutations 
downstream of the lineage root node. The context of each mutation was identified using the 
Wuhan-Hu-1 genome (accession number NC_045512.2) which was updated at each 
phylogenetic node to incorporate mutations acquired along previous branches. The context of 
each mutation is therefore inferred relative to the genomic background in the branch on which 
the mutation occurred. 
 
To calculate SBS spectra for additional viruses, we collated sequence alignments and 
phylogenetic trees from published analyses. We calculated the MERS-CoV SBS spectrum 
using a whole genome alignment and maximum clade credibility tree (rooted based on 
temporal information in the previous publication) of 274 sequences collected from humans 
and camels (Dudas 2018). The majority of evolution within this tree was previously inferred to 
have occurred within camels (Dudas 2018) where virus replication predominantly occurs within 
the URT (Adney 2014, Mackay 2015, Widagdo 2016). We calculated the SBS spectrum using 
MutTui v2.0.2 (https://github.com/chrisruis/MutTui) employing the most complete genome 
sequence (accession number KP209310.1) as the reference genome. 
 
We calculated the OC43 SBS spectrum using 169 spike gene sequences (Otieno 2022). To 
enable rooting of the phylogenetic tree, a closely related bovine CoV isolate (accession 
number AF391541.1) was included (Otieno 2022). We aligned sequences at the amino acid 
level using MUSCLE (Edgar 2004), manually checked the alignment using SeaView (Gouy 
2010) and reconstructed a maximum likelihood phylogenetic tree with IQTREE v2.1.3 (Minh 
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2020) using the HKY model of nucleotide substitution. This tree was rooted on the bovine CoV 
outgroup, which roots the tree in the same position as midpoint rooting an independently 
reconstructed maximum likelihood tree excluding the outgroup. The SBS spectrum was 
calculated with MutTui as above using AY903455.1 as the reference sequence. 
 
Datasets were obtained for influenza A H1N1, influenza A H3N2, influenza B Victoria and 
influenza B Yamagata as BEAST XML files (Bedford 2015) from which haemagglutinin gene 
alignments were extracted. A maximum likelihood phylogenetic tree was reconstructed for 
each subtype dataset using IQTREE v2.1.3 as above. Phylogenetic trees were rooted to 
match the root location in Bedford 2015 (Bedford 2015) which was determined as part of a 
temporal analysis. SBS spectra were reconstructed using MutTui as above. 
 
All bacterial SBS spectra were calculated in a previous publication (Ruis 2022) from 
alignments of whole genome sequences. As the strand on which the original mutation 
occurred cannot be determined for DNA pathogens, we combine symmetrical mutations within 
DNA spectra (Ruis 2022). The known environmental Mycobacteria and Burkholderia clades 
include Mycobacterium canettii, Mycobacterium avium, Mycobacterium intracellulare, 
Mycobacterium chimaera, non-dominant circulating clone clades within Mycobacterium 
abscessus, the non-main clade of Mycobacterium kansasii and five phylogenetic groups within 
Burkholderia pseudomallei. Within the lung clades, we include known lung lineages 
Mycobacterium tuberculosis lineages 1-7 and the epidemic clones within Burkholderia 
cenocepacia. We additionally include the M. abscessus dominant circulating clones (DCCs), 
the main cluster of M. kansasii and Mycobacterium leprae, which we previously inferred to live 
wholly or partially within the lung on the basis of their mutational patterns and additional 
epidemiological information (Ruis 2022). 
 
We include Streptococcus equi, five global Pneumococcal sequence clusters (GPSCs) of 
Streptococcus pneumoniae and four phylogroups of Streptococcus pyogenes within the URT 
Streptococcus lineages. These lineages replicate exclusively or partially within the URT. We 
included five clonal clusters of Streptococcus agalactiae in the non-URT Streptococcus 
lineages as these lineages replicate within the gastrointestinal and urinary tracts. 
 
To enable comparison between viruses and bacteria with different genomic nucleotide 
compositions, all SBS spectra were rescaled by the number of each starting triplet within the 
genome using MutTui v2.0.2. For SBS spectra excluding SARS-CoV-2, the two phylogenetic 
branches immediately downstream of the root were excluded as the direction of mutations 
cannot be reliably inferred on these branches. As the SARS-CoV-2 lineages are all many 
nodes downstream of the root of the tree, it is possible to determine the direction of early 
mutations in these clades. 
 
Comparison of the level of G>T mutations between SBS spectra 
To compare the level of G>T mutations between pairs of SBS spectra, we used a permutation 
test. We calculated the difference between the proportion of G>T mutations between the two 
SBS spectra. This difference is compared with the difference between G>T mutations across 
1000 permutations in which the mutations are randomised between spectra. The p-value is 
calculated as the proportion of permutations with a difference in G>T proportion at least as 
large as that with the real data. To compare all URT+LRT with all URT spectra in SARS-CoV-
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2, we used the same permutation test but combined all mutations from the SBS spectra in the 
respective groups. 
 
We tested for a significant difference in C:G>A:T proportion between groups of spectra using 
a two-way ANOVA. We compared all lung spectra with all environmental spectra within 
Mycobacteria and Burkholderia and compared all URT spectra with all non-URT spectra within 
Streptococcus. 
 
Comparison of contextual patterns within G>T 
To compare the patterns within G>T mutations between pairs of SBS spectra, we calculated 
the Pearson’s r correlation between the proportion of each context amongst G>T mutations in 
each SBS spectrum and compared this with the correlations from 1000 randomisations of the 
contextual proportions within a SBS spectrum. The p-value was calculated as the proportion 
of randomisations with a correlation at least as high as that with the real data. OC43 and 
MERS-CoV show highly similar G>T contextual patterns to SARS-CoV-2 (Pearson’s r 
permutation test p < 0.05), supporting a conserved G>T pattern across beta-coronaviruses. 
 
Examination of mutations separating Omicron lineages from other SARS-CoV-2 lineages 
We identified Omicron-specific nonsynonymous mutations as the defining mutations for the 
B.1.1.529 lineage (Table S1, data obtained from https://github.com/cov-lineages/pango-
designation/issues/361) that are conserved across BA.1, BA.2, BA.4 and BA.5. 
 
To examine the potential role of nsp14:I42V, we identified the location of this mutation within 
a protein structure consisting of SARS-CoV-2 nsp14 and nsp10 in complex with RNA (PDB 
accession 7N0B). The nsp14 active site residues were identified from Liu 2021 (Liu 2021). 
 
Calculation of trajectories of G>T mutations in SARS-CoV-2 lineages through time 
We calculated the proportion of G>T mutations at each week of emergence for each SARS-
CoV-2 lineage by extracting mutations downstream of the respective lineage root node leading 
to sequences collected within that week or earlier. This therefore represents the spectrum that 
would have been calculated at each week of emergence if these sequences were available. 
To remove potentially misplaced, contaminant or low quality sequences, we counted the 
number of mutations leading to each sequence. Sequences with a mutation count more than 
two times the median absolute deviation (MAD) above or below the median number of 
mutations within the respective week were excluded. 
 
To calculate confidence intervals on the proportion of G>T mutations in each week, we 
calculated the Wilson score interval using the total number of mutations as the number of trials 
and the proportion of G>T mutations as the success proportion. 
 
To examine Alpha mutations within the UK in each week, we extracted mutations on tip 
phylogenetic branches leading to sequences collected within the UK in the respective week. 
As early circulation of Alpha predominantly occurred in the UK and international travel was 
limited, it is likely that the majority of these mutations occurred within the UK. Additionally, 
given the SARS-CoV-2 substitution rate and high rate of genome sequencing in the UK in this 
period, it is likely that these mutations occurred shortly prior to sampling. These mutations 
therefore provide an estimate of the mutational profile of Alpha within the UK within the 
respective week. We calculated the proportion of G>T mutations amongst mutations leading 
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to sequences collected in each week and employed the Wilson score interval to calculate 
confidence intervals as above. The timing of NPIs within the UK was extracted from Institute 
for Government documentation (https://www.instituteforgovernment.org.uk/charts/uk-
government-coronavirus-lockdowns, last accessed 9th September 2022). 
 
Comparison with UK mobility data 
We obtained UK mobility data from Google COVID-19 Community Mobility Reports which use 
aggregated and anonymized mobility data to measure change in total visitors to different 
categories of places through time (https://www.google.com/covid19/mobility/, last accessed 
9th September 2022) (Google LLC). The change for each day is compared to a baseline value, 
calculated as the median value for the corresponding day of the week between January 3rd 
2020 and February 6th 2020. We extracted data aggregated across all UK regions between 
20th December 2020 and 11th April 2021, corresponding to weeks 14 to 30 of detection of 
Alpha and therefore covering the period over which the proportion of G>T in Alpha increased. 
We calculated the total mobility trend for each week by summing the daily mobility trend within 
“Retail and recreation” and within “Grocery and pharmacy” as a proxy for general mobility 
trends. 
 
Data and code availability 
Sequence alignments, phylogenetic trees, MutTui position conversion files, reference 
sequences and SBS spectra are available for all non-SARS-CoV-2 datasets at 
https://github.com/chrisruis/SARS-CoV-2_spectra. Total and weekly SBS spectra are 
available for each SARS-CoV-2 lineage at https://github.com/chrisruis/SARS-CoV-2_spectra. 
The identifiers of all used SARS-CoV-2 sequences are available in GISAID EPI_SET ID 
EPI_SET_220926yt, doi https://doi.org/10.55876/gis8.220926yt. The MutTui pipeline used to 
calculate SBS spectra is available at https://github.com/chrisruis/MutTui. Additional bespoke 
scripts used in data analysis are available at https://github.com/chrisruis/SARS-CoV-
2_spectra. 
 
Acknowledgements and funding 
We gratefully acknowledge the authors and laboratories responsible for obtaining specimens 
and the submitting laboratories where genome data were generated and shared via GISAID 
for SARS-CoV-2. Funding for this work was provided by The Wellcome Trust through 
Investigator award 107032/Z/15/Z (RAF, CR), Fondation Botnar (Programme grant 6063; 
RAF, JP, CR) and the UK CF Trust (Innovation Hub Award 001; Strategic Research Centre 
SRC010; CR, JP, RAF). TP is supported by the G2P-UK National Virology Consortium funded 
by the MRC (MR/W005611/1). ASH is supported by CDC award BAA 200-2021-11554. 
 
 
 
 
 
 
 
 
 
 
 

.CC-BY-NC 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted September 28, 2022. ; https://doi.org/10.1101/2022.09.27.509649doi: bioRxiv preprint 

https://doi.org/10.1101/2022.09.27.509649
http://creativecommons.org/licenses/by-nc/4.0/


 

Figures 
 

 
Figure 1. Omicron lineages exhibit a context-independent reduction in G>T mutations 
compared with previous SARS-CoV-2 lineages. (A) SBS spectra of SARS-CoV-2 lineages 
that replicate within the URT + LRT (Alpha and Delta) and within the URT (BA.1 and BA.2). 
SBS spectra are rescaled by nucleotide triplet composition. SBS spectra for all analysed 
lineages are shown in Figure S1. (B) The proportion of G>T mutations within SBS spectra is 
shown. BA.1, BA.2, BA.4 and BA.5 are the four major lineages within Omicron. Asterisks show 
significant difference (p < 0.001) between proportion G>T, as assessed through permutation 
of mutations across groups. G>T is significantly elevated in each URT+LRT SARS-CoV-2 
lineage compared with each URT SARS-CoV-2 lineage and when comparing all URT+LRT 
lineages with all URT lineages. 
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Figure 2. Elevated C:G>A:T mutations is a feature of lung but not URT bacteria. (A) 
Comparison of the proportion of C:G>A:T mutations in the SBS spectra of environmental and 
lung Mycobacteria and Burkholderia. Asterisk shows a significant difference as measured 
through a two way ANOVA (p < 0.001). (B) The proportion of C:G>A:T mutations is shown for 
Mycobacteria and Burkholderia clades, grouped by taxonomy; each group exhibits a transition 
from an environmental niche to a lung niche, with the exception of the M. avium complex 
(environmental) and M. leprae. (C) Comparison of the proportion of C:G>A:T mutations in 
Streptococcus species that live wholly or partially within the URT (S. pneumoniae, S. 
pyogenes, S. equi) or wholly outside the respiratory tract (S. agalactiae). Difference between 
proportions is not significant based on two way ANOVA (p > 0.05). 
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Figure 3. Trajectories of G>T mutation proportions in SARS-CoV-2 lineages. (A-B) The 
proportion of G>T mutations was identified in SBS spectra calculated including sequences 
collected up to and including each week following initial detection of each lineage. For 
example, the week 10 Alpha spectrum contains all mutations within the Alpha lineage leading 
to sequences collected up to and including week 10. The proportion of G>T mutations is 
plotted against the number of weeks of detection (A) and the total number of mutations by that 
week (B). (C) The proportion of G>T mutations on tip phylogenetic branches within the Alpha 
lineage leading to sequences collected in the UK in each week. The dates of changes in UK 
NPIs are shown. London and South East England, where most early Alpha circulation 
occurred (Kraemer 2021), entered Tier 4 (which introduced strict restrictions on indoor mixing) 
shortly before the national lockdown. (D) The proportion of G>T mutations on tip phylogenetic 
branches within the Alpha lineage leading to sequences collected in the UK between weeks 
14 and 30 of Alpha detection is plotted against the mobility trend within retail/recreation (top 
panel) or grocery/pharmacy (bottom panel) relative to a pre-pandemic baseline. 
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