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ABSTRACT 

 

The evolution of SARS-CoV2 in the pandemic and post-pandemic periods has been 

characterised by rapid adaptive changes that confer immune escape and enhanced human-25 

to-human transmissibility. Sequence change is additionally marked by an excess number of 

C->U transitions suggested as being due to host-mediated genome editing. To investigate 

how therse influence the evolutionary trajectory of SARS-CoV-2, 2000 high quality, coding 

complete genome sequences of SARS-CoV-2 variants collected pre-September, 2020, and 

from each subsequently appearing alpha, delta, BA.1, BA.2, BA.5, XBB, EG, HK and JN.1 30 

lineages were downloaded from NCBI Virus in April, 2024. C->U transitions were the most 

common substitution during diversification of SARS-CoV-2 lineages over the 4-year 

observation period. A net loss of C bases and accumulation of U’s occurred at a constant 

rate of approximately 0.2%-0.25% / decade. C->U transitions occurred in over a quarter of 

all sites with a C (26.5%; range 20.0%-37.2%), around 5 times more than observed for the 35 

other transitions (5.3%-6.8%). In contrast to an approximately random distribution of other 

transitions across the genome, most C->U substitutions occurred at statistically preferred 

sites in each lineage. However, only the most C->U polymorphic sites showed evidence for a 

preferred 5’U context previously associated with APOBEC 3A editing. There was a similarly 

weak preference for unpaired bases suggesting much less stringent targeting of RNA than 40 

mediated by A3 deaminases in DNA editing. Future functional studies are required to 

determine editing preferences, impacts on replication fitness in vivo of SARS-CoV-2 and 

other RNA viruses and impact on host tropism.  

 

  45 
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INTRODUCTION 

  

The COVID-19 pandemic between 2020-2023 followed the emergence of severe acute 

respiratory syndrome coronavirus 2 (SARS-CoV-2) in 2019. SARS-CoV-2 is a member of 

the genus Betacoronavirus in the family Coronaviridae (1) and likely originates from a 50 

zoonotic spillover of a variant of sarbecoviruses widely distributed in Rhinolophus 

(horseshoe) bats in South-East Asia (2). Considerable insight into the evolution of SARS-

CoV-2 over the pandemic period and beyond has been obtained through the large 

international sequencing effort, with over 16 million complete genome sequences catalogued 

to date. SARS-CoV-2 rapidly diversified into several genetically distinct clades (Fig. 1) and 55 

multiple cycles of emergence and extinction of variants of concerns (VoC), including alpha 

and delta, and their replacement by omicron in 2022. This has in turn diversified into several 

further lineages such as BA.1-5, XBB, and most recently JN.1.  

 

Sequence change in SARS-CoV-2 over this period has been characterised by the 60 

accumulation of neutral substitutions and rapid, phenotypically driven evolution of the spike 

gene. This has conferred major changes in antigenicity, neutralisation susceptibility and 

receptor binding, the latter potentially contributing to the marked increases in SARS-CoV-2 

transmissibility over time, such as the D614G mutation (3, 4). It also became very rapidly 

apparent that SARS-CoV-2 isolate consensus sequences contained a large number of often 65 

transient C->U substitutions distributed throughout the genome (5-11). Although without 

direct functional evidence at the time, these were frequently speculated to originate from 

host-mediated RNA editing pathways that constitute part of the cellular innate immune 

response to virus infections. Of these, C->U substitutions are characteristic of the activity of 

members of the apolipoprotein B mRNA-editing enzyme, catalytic polypeptide-like 70 

(APOBEC) family (12). This is distinct from the activity of adenosine deaminase acting on 

RNA type 1 (ADAR1)(13) that targets double-stranded (ds) RNA replication complexes of 

RNA viruses.  ADAR1 introduces A->G mutations into the virus genome as well as U->C 

mutations through editing of the complementary RNA strand in its dsRNA template.  

 75 

The extent to which host-induced mutations contribute to the evolutionary trajectory of 

SARS-CoV-2 can be better investigated several years after the start of the pandemic. In the 

current study, the overlay of potentially host-directed editing of SARS-Cov-2 genomes with 

their diversification into distinct lineages has been investigated using a large dataset of 

sequences representing the principal SARS-CoV-2 lineages (alpha, delta, BA.1, BA.2, BA.5, 80 

XBB, EG, HK and JN.1) spanning the pandemic period to the present (April, 2024). As 

lineages each have a likely clonal origin, analysis of unfixed diversity within each lineage 
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enables independent observations of site heterogeneity, providing a powerful method to 

investigate the potential existence of favoured targets for mutation and the contexts in which 

they occur.  85 

 

 

MATERIALS AND METHODS 

 

Sequence datasets. New datasets of SARS-CoV-2 were constructed from publicly available 90 

complete genome sequences on GenBank, selected using NCBI Virus for lineage, genome 

sequence quality and completeness (www.ncbi.nlm.nih.gov/labs/virus/). All available SARS-

CoV-2 variants assigned as Variants of Concern (VoCs) alpha, and delta and the omicron 

lineages BA.1, BA.2, BA.5, XBB, EG, HK and JN.1 were downloaded on the 12th April, 2024. 

A further dataset of early SARS-CoV-2 variants not assigned to a lineage was created from 95 

sequences with sample dates pre-September, 2020 (Y2020). From these downloads, 2000 

sequences from each were randomly selected (only 1685 and 446 sequences of EG and HK 

were available) for analysis. GenBank annotations were used to assign sample dates to 

each sequence. Sequences were aligned by Nextclade (14), including the Wuhan-Hu-1 

(MN908947/CN/2019) prototype strain in each alignment as a reference sequence.  100 

 

A published compilation of substitutions observed within a collection of around 7 million 

SARS-CoV-2 genome sequences (including the set of all sequences in GISAID as of 29 

March 2023; (15)) was used as an alternative data source. Sites were categorised by their 

relative frequency of occurrence, calculated as the natural logarithm of the ratio of actual to 105 

expected counts (described as the estimated fitness,  δf).   

 

For both datasets, the regions spanning the start of the first open reading frame (ORF1a) to 

the end of the last ORF (NS10) were used for standard analysis to avoid areas of reduced 

coverage and potentially greater read error in the genome terminal regions.   110 

 

Available full genome sequences from SARS-CoV-2 variants infecting deer (n=200) and 

mink (n=199) were generated similarly.  

 

Sequence analysis. Calculation of nucleotide composition was performed using the SSE 115 

package version 1.4 (16). Sequence changes of each full dataset (up to 2000 genome 

sequences) were compiled using the program SequenceChange; unfixed mutations were 

identified through the use of a <5% site variability threshold, calculated as the cumulative 
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frequency of all non-consensus bases. Raw data on substitution frequences at each genome 

position used in the analysis are provided in Table S1; Suppl. Data.  120 

 

As described previously (5), normalised transition asymmetries of C->U and U->C 

substitutions (and comparably for G->A and A->G) were calculated as f(C->U) / f(U->C) * 

(fU/fC), where f = frequency.  

 125 

Potential biases in the identities of bases immediately 5’ and 3’ to C->U mutated sites was 

performed by a new modelling approach. This was based on calculation of observed 

frequencies of bases either side of C->U mutated sites in the concatenated ORF1a/ORF1b 

reading frame within alignments of representative sequence lineages (Y2020, Delta, BA.1 

and JN.1; 1000 sequences in each) spanning the observation period of the study.  These 130 

frequencies were then compared with those of an equivalent sized dataset of sequences that 

had been randomised in sequence. The program SequenceMutate in the SSE package 

performed sequence randomisation under constraints – NDR: dinucleotide sequences 

preserved, COR: coding preserved; CDLR: coding sequence and dinucleotide frequencies 

preserved.  135 

 

Phylogenetic analysis. Neighbour joining trees were constructed from aligned sequences 

using the program MEGA7 (17).  

 

Statistical analysis. All statistical calculations and histogram constructions used SPSS 140 

version 29.    

 

 

RESULTS 

 145 

Sequence change during lineage evolution. Datasets of 2000 aligned sequences of 

SARS-CoV-2 were selected to represent early pandemic onset strains (Y2020; pre-

September, 2020), VoCs alpha and delta, and the omicron lineages BA.1, BA.2, BA.5, XBB, 

EG, HK and JN.1. These emerged sequentially in the four years since the start of the 

COVID-19 pandemic. Base substitutions associated with the emergence of each lineage 150 

were determined though enumeration of sequence differences of lineage consensus 

sequences with the prototype Wuhan-1 strain (Fig. 1).   

 

Substitutions from the prototype SARS-CoV-2 sequence were characterised by an excess of 

C->U substitutions (light green) over other transitions and transversions throughout the tree. 155 
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Major branching points were additionally associated with higher proportion of transversions 

(pink bars) resulting from selected amino acid changes in the evolution of the spike gene. 

This was confirmed by analysis of the positions of each substitution type (Fig. 2). While there 

was a marked predominance of C->U changes in the ORF1a/1b gene and between ORF3a 

and the end of ORF10, there was a much higher proportion of transversions in the spike 160 

gene with well characterised involvement in antigenic change.  

 

The effects of mutational biases in SARS-CoV-2 genomes on their overall composition was 

investigated by plotting C and U mononucleotide frequencies of the 10 lineage consensus 

sequences with mean sampling dates calculated from their component  SARS-CoV-2 165 

genome sequences (Fig. 3A, 3B). There was a progressive decline in the frequency of C and 

a corresponding rise in the frequencies of U consequent to the accumulated C->U transitions 

that was strongly coupled to sampling date (R2 vales of 0.66 and 0.64 respectively). Linear 

trendlines converged on the base composition of Wuhan-1 around the end of 1989. C and U 

had trajectories in depletion and accumulation of 0.2% - 0.25% / decade (Fig. 3C). Much 170 

smaller changes in the composition of G and A were observed (0.05% – 0.06%), reflecting 

the much lower G->A/A->A transition asymmetry compared to C->U/U->C (Fig. 1); the 

depletion of G may additionally reflect previously observed higher rate of G->U transversions 

(8, 10). 

 175 

Compositional biases in other coronaviruses were consistent with longer term effects of the 

C->U transition asymmetry (Fig. 4). All four human seasonal coronaviruses in the 

Alphacoronavirus (HCoV-229E and HCoV-NL63) and Betacoronavirus (HCoV-OC43 and 

HCoV-HKU1) genera showed far greater imbalances of C/G and U/A base frequencies (G/C: 

4.9%-6.1%; U/A: 7.6%-12.8%) than found in SARS-CoV-2, SARS-CoV or any of the 180 

sarbecoviruses infecting bats (G/C: 0.93%-2.2%; U/A: 2.1%-3.4%). The extent to which this 

reflects a greater accumulated C->U mutational effect in non-bat hosts is discussed below.   

 

Within-lineage base substitutions. Since the lineages analysed in the study have a 

primarily clonal origin, sequence diversity within lineages arises from evolutionarily 185 

independent events occurring within each. Furthermore, enumerating sites where mutation 

frequencies are less than 5% enables an inference of directionality (as previously discussed; 

(18)) that is independent of the evolutionary reconstructions used in the analysis of 

consensus sequences in the previous section. The use of large datasets of sequences for 

each lineage (typically 2000 whole genome sequences) revealed around a thousand times 190 

more polymorphic sites than were apparent from parsimony-based sequence 

reconstructions. As they were unfixed, this also provides the means to investigate the 
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characteristics of C->U and other mutated sites using ten evolutionarily independent sets of 

observations from each lineage.   

 195 

Applying the 5% heterogeneity filter to record unfixed substitutions within each lineage and 

their directionality, each showed similar excesses of C->U transitions compared to other 

substitutions (Fig. 5). The range of values (4.1-9.9) encompassed the mean transition 

asymmetry observed in consensus sequences (9.3). Contrastingly, there was a virtual 

absence of G->A/A->G transition asymmetry (ratios of 1.0-1.49) in any of the lineages. 200 

Transition asymmetries in SARS-CoV-2 variants infecting mink and panther were similar to 

those observed in human-derived variants, but much greater in deer (C->U/U->C: 14.4; G-

>A/A->G: 1.1). Transition asymmetries were characteristic of human and derived strains in 

animals, but not in sarbecoviruses more generally (Fig. 5B). There was no evidence for C-

>U/U->C (or G->A/A->G) asymmetries between the whole dataset of bat sarbecoviruses with 205 

a reconstructed ancestral sequence and with a subset of more closely related sequences 

variants including RatG13 and SARS-CoV-2.  

 

Overall, discounting the datasets with fewer than 2000 available sequences (HK, EG), 

lineages showed a mean of 1429 sites (range 1075-2004) with C->U transitions, compared 210 

to sites with other transitions (A->G: 465; G->A: 392 and U->C: 534). Sites of C->U 

transitions occurred in over a quarter of all sites with a C (26.5%; range 20.0%-37.2%), 

around 5 times more than observed at sites with the appropriate majority base for the other 

transitions (5.3%-6.8%). To investigate whether certain sites were more likely to mutate than 

others, the distribution of sites with zero, 1, 2 or more lineages with C->U and other 215 

transitions was plotted and compared with the null expectation of a random distribution (Fig. 

6). A-G, G->A and U->C transitions showed frequencies among lineages that closely 

matched an unbiased distribution calculated from the Poisson distribution based on mean 

frequencies of transitions per nucleotide position. However, the distribution of C->U 

transitions differed strikingly, with far more transition sites shared among 6 or more lineages, 220 

and conversely, an over-representation of invariant sites compared to the Poisson nul 

expectation. Sites of C->U substitutions in 3 or more lineages were consistently in large 

numerical excess to those with other transitions (total and proportions shown above graph). 

Favoured sites for C->U editing by A3A during in vitro passage of SARS-CoV-2 were 

recently reported (19). Most but not all of the 10 mutated sites were also those with high 225 

frequencies of unfixed C->U mutations among native SARS-CoV-2 variants (Fig. 6; Fig. S1, 

Suppl. Data), indicating some commonality in targeting (see Discussion).  
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Favoured contexts for C->U transitions. To investigate whether particular 5’ or 3’ bases 

were found in association with C->U substitutions, as typically found in sites edited by 230 

APOBECs, a novel modelling approach was developed to calculate expected frequencies 

based on a null expectation of no context bias. A more sophisticated approach was required 

beyond simply predicting frequencies from mononucleotide composition, as almost all sites 

lie within functional protein-encoding genes that imposes coding constraints from amino acid 

usage. Biases may additionally arise from biological selection against certain dinucleotides, 235 

such as CpG and UpA that may additionally impact upstream and downstream expected 

base composition.  

 

To calculate this, expected frequencies of A, C, G and U upstream and downstream of a C 

residue were calculated from in-frame alignments of the ORF1a/ORF1b concatenated gene 240 

of four representative lineages (Y202, Delta, BA.1 and JN.1 spanning the observation 

period) using simple mononucleotide frequencies (29.9%, 18.3%, 19.6% and 32.2% 

respectively; Fig. 7A, 7B). However, observed frequencies of the four bases in native 

sequences of the four lineages differed markedly, irrespective of whether the C site was non-

mutated, mutated in at least one lineage or in multiple lineages (red bar; Fig. 7A, 7B). 245 

Observed frequencies of upstream A of 44.6%, 42.4% and 47.8%) were significantly higher 

than the predicted 29.9%; similarly, frequencies of downstream U were substantially higher 

(52.1%, 49.5% and 53.9%) than the predicted 32.2%.  

 

To determine whether these differences arose from favoured contexts for C->U mutations or 250 

whether these were expected frequencies once coding constraints and dinucleotide 

frequency biases in native sequences had been taken into account, a total of 1000 

ORF1a/ORF1b sequence randomisations were performed on the consensus sequences of 

each of the four lineages. Randomisation using the algorithm CDLR (in the SSE package) 

created highly divergent sequences from the native sequence while preserving the protein 255 

coding of each as well as native dinucleotide frequencies. As encoded amino acid 

sequences were invariant, 3’ composition comparisons were most usefully performed at the 

downstream (+1) site of all C’s at codon position (CP)2  (all codons with a C at position 2 are 

4-way redundant at CP3). Similarly, upstream (-1) base frequencies with and without 

sequence randomisation were compared for C’s at CP1 at CP3 of the preceding codon. For 260 

comparability, only 4-way redundant upstream codons were included in this comparison.  

 

The analysis demonstrated virtual equivalence in both upstream and downstream base 

context frequencies between native SARS-CoV-2 sequences and those randomised by 

CDLR (Fig. 7A). As expected, the observed frequency of G downstream of C was much 265 
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lower than predicted based on mononucleotide frequencies, reflecting the suppression of 

CpG in vertebrate RNA viruses; however, this bias was correctly reproduced in sequences 

scrambled by CDLR. Furthermore, there was no 5’ or 3’ compositional difference between 

C’s that were invariant from those that showed C->U changes in one or more lineages. All 

frequencies thus matched closely the null expectation once protein coding and dinucleotide 270 

biases had been taken into account.  

 

While upstream and downstream base frequencies at C->U mutated sites were unbiased, 

most sites analysed in Fig. 7A were variable in 3 or fewer lineages. To investigate whether 

more frequently mutated C bases showed a more obvious 5’ or 3’ base context bias, sites 275 

were binned into 7 variability categories along with invariant sites, and 5’ and 3’ base 

frequencies recalculated (Fig. 7B). Remarkably, C->U mutation sites that occurred in 9 and 

10 lineages showed an increasing and ultimately extreme 5’ context preference for U, while 

the 3’ context remained unchanged from less variable sites. However, there was a 

substantial over-representation in sites that polymorphic in between 5 and 8 lineages, but 280 

these failed to show a site preference for a 5’U (Table S2A; Suppl. Data). This indicates that 

the majority of sites over-represented for C->U substitutions sites did not possess the correct 

upstream base associated with A3A targeting.  

 

Association of C->U mutations with RNA secondary structure formation. A consensus 285 

RNA secondary structure model of the SARS-CoV-2 genome based on three independent 

studies using biochemical mapping and prediction methods (20-22) was used to determine 

whether C->U or other transitions occurred preferentially at sites that were non-base paired. 

The number of lineages with mutations occurring at unpaired or paired sites was compared 

with unpaired / paired ratios of invariant A, C, G and U bases (Fig. 8A). Ratios around 1 290 

indicated no mutational bias towards paired or unpaired sites, and characterise the 

preferences of A->G, G->A and U->C transitions. Contrastingly, U->C and G->U mutations 

were strongly conditioned by pairing status, with a remarkable relationship between 

occurrence in multiple lineages and increasing mutational bias towards unpaired bases. For 

example, the 175 sites of C->U mutations occurring within 8 or more of the 10 SARS-CoV-2 295 

lineages, 154 were unpaired compared to 25 paired (ratio 6.2), quite different from the 

unpaired/ paired ratio of invariant C sites (688 and 1311; ratio 0.53). There was 

consequently a >11.7-fold skew towards unpaired bases at highly mutated C-> sites. 

Unexpectedly, G->U transversion showed a similar preference for unpaired bases. 

Frequencies of unpaired sites were similarly higher at more polymorphic sites of C->U 300 

transitions in the published analysis of 7 million SARS-CoV-2 sequences (Fig. 8B).  

However, as for 5’U context preferences, the majority of C->U over-represented sites 
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(polymorphic in 4+ lineages) did not show a preference for unpaired bases (Table S2B; 

Suppl. Data).  

 305 

 

 

DISCUSSION 

 

Trajectory of SARS-CoV-2 evolution. The publication of an unprecedented number of 310 

accurate SARS-CoV-2 complete genome sequences four years on from the start of the 

COVID-19 pandemic provides an opportunity to re-investigate the trajectory of SARS-CoV-2 

evolution. In particular the sequence data enables further exploration of the reported 

mutational biases driving the high rate of C->U transitions in consensus sequences of 

SARS-CoV-2 isolates (5-11). The longer timescale provides a convincing demonstration of 315 

the sustained loss of C bases and accumulation of Us resulting from this transition bias, with 

net rates of -0.25% and +0.25% / decade respectively (Figs. 3, 5). These observations 

provide an insight into the origin of the much greater imbalance of complementary bases (G 

> C, U > A) in other human seasonal coronaviruses (23, 24) and tentative minimum 

timescales for their proposed original zoonotic spread into humans. If these originate from C-320 

>U hypermutation, the observed base imbalances in the betacoronaviruses HCoV-OC43 

and HCoV-HKU1 would predict origins of a minimum of 400 or more  years ago if the 

trajectory of C loss in SARS-CoV-2 was indeed sustained for longer periods. While the 

former date is much earlier than the proposed attribution of HCoV-OC-43 to the Russian “flu” 

global outbreak in 1892-3 (25, 26), human infection was proposed to have been acquired via 325 

cows as an intermediate host, who may have exerted their own pressure on C->U mutations. 

The extreme transition asymmetry in SARS-CoV-2 after spread into deer (Fig. 5) indeed 

suggests that ungulates may harbour even more potent mutational drivers than found in 

human (and carnivore) cells.  

 330 

Although there is a lack of large datasets of nucleotide sequences from bat-derived 

sarbecoviruses, and existing strains are relatively more divergent from each other than 

between SARS-CoV-2 isolates, there was no evidence for a C->U hypermutation based on 

comparisons with reconstructed ancestral sequences and a 5% directionality threshold (Fig. 

5B), nor were there the marked base frequency asymmetries observed in human seasonal 335 

coronaviruses (Fig. 5A). These observations suggest that replication in bats is not 

associated with the same mutational pressure as found in human or other mammalian 

infections. While potential mechanisms remain controversial, the host comparisons in the 

current study provide strong evidence that the hypermutation phenomenon is host-derived 
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rather than being an intrinsic property of sarbecovirus and of wider coronavirus replication 340 

strategies, or misincorporation frequencies by the coronavirus RdRP. The existence of C-

>U/U->C transition asymmetries in the mutational spectra of a wide range of other 

mammalian +strand RNA viruses (18) similarly argues that the phenomenon represents a 

more general host-driven phenomenon rather than being connected to the specifics of the 

SARS-CoV-2 replication complex.  345 

 

Mutational biases in SARS-CoV-2 genome sequences. Numerous studies document a 

range of mutational biases in the evolution of SARS-CoV-2. These include ADAR1-mediated 

editing of G bases to inosine in viral dsRNA template that resolve to G->A substitutions (and 

theoretically equal frequencies of T->C mutations derived from editing of the complementary 350 

strand). Such mutations were originally described within SARS-CoV-2 populations (6, 8, 9), 

but are less prominent in very large datasets of consensus sequences from different SARS-

CoV-2 isolates (eg. (15, 27) and in the original studies (5-11). Instead, all datasets record the 

dominance of the C->U transition and its asymmetry relative to other transitions. There have 

been some countervailing views on the existence of this mutational bias (28), but typically 355 

these are based on observations of within-population polymorphisms where other mutational 

effects, such as sequencing errors, may contribute significantly to the observed diversity.  

The transition asymmetry in SARS-CoV-2 sequences and the proposed wider occurrence of 

the phenomenon in some but not all vertebrate RNA viruses (18) is evidently a real 

phenomenon that requires a mechanistic explanation. 360 

 

Drivers of C->U hypermutation. The most frequently advanced hypothesis, now with some 

experimental evidence, is that observed C->U transition bias arises from direct editing of 

viral RNA sequences by one or more isoforms of the APOBEC family of nucleic acid 

deaminases (5-11). APOBECs A3D, A3F, A3G and A3H are potent inhibitors of retroviruses, 365 

and co-transcriptionally edit transcripts of DNA during reverse transcription of proviral 

sequence pre-integration (reviewed in (12)). Errors so introduced create severe and 

permanent replication defects in the progeny virus. APOBEC activity creates an observable 

depletion of UpC or UpU dinucleotides in genome sequences of a range of DNA viruses, 

retroelements and some RNA viruses (29, 30). The observed depletion of UpC in seasonal 370 

coronaviruses might be similarly interpreted as evidence for the activity of other APOBEC 

isoforms, notably human A3A, on RNA sequences. There is also, for example, evidence for 

extensive A3A-mediated editing of human mRNA sequences as part of a cellular stress 

response, with targeting of unpaired bases in RNA secondary structures (31, 32), similar to 

the originally described editing of the ApoB mRNA 3’UTR mRNA by A1 (33, 34). The RNA 375 

genome of rubella virus shows a marked C->U/U->C transition asymmetry and genome-wide 
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depletion of UpC (35).  The replication of the seasonal coronavirus, HCoV-NL63, was 

impaired in cell expressing A3C, A3F, and A3H isoforms of APOBEC although in this case it 

was not demonstrated to result from introduced mutations in the genome (36). 

 380 

Several studies have documented extensive secondary structure formation in the SARS-

CoV-2 positive sense genomic RNA, manifested through the formation of sequential 

extensively internally base-pair stem-loops throughout the non-coding and coding regions of 

the genome (20-22, 37). On the face of it, there is therefore no reason to suppose that 

SARS-CoV-2 genomic RNA or mRNAs might not also be targeted by APOBEC in an RNA 385 

structure-dependent manner comparable to what has already been documented for cellular 

mRNAs and other RNA viruses with single-stranded RNA genomes. Recently, it was 

demonstrated that over-expression of A3A (but not other isoforms of human APOBEC) 

induced mutations in the genome of SARS-CoV-2 during in vitro passage in 293T cells at 

several genomic sites (19). These occurred in the favoured 5’U context and occurred in 390 

unpaired bases in the terminal loops of RNA secondary structures. Induced mutations did 

not impair overall replication fitness of SARS-CoV-2, consistent with a reported lack of 

correlation between extent of C->U editing and SARS-CoV-2 titre on in vitro  passaging (38). 

Indeed, another study showed that a functional A3A appeared to enhance replication, 

perhaps by providing greater opportunities for fixation of phenotypically advantageous 395 

mutations, such as C241U in the 5’UTR (39).  However, high multiplicity passage would 

rapidly drive out even marginally deleterious C->U mutations through natural selection and 

might hide the actual impact of APOBEC-mediated editing on replication fitness.  

 

While the in vitro studies provide important functional characterisation of A3A-mediated RNA 400 

editing, it is not clear whether A3A drives the bulk of C->U transitions in vivo. None of the 

published datasets analysing consensus sequences of SARS-CoV-2 variants demonstrate a 

pronounced preference for a 5’U context at sites of C->U transitions that could not be simply 

accounted for by high genome content of U (and A) bases in the SARS-CoV-2 genome. This 

includes the set of C->U substitutions fixed during lineage diversification (Fig. 1), and unfixed 405 

mutations within lineages (Fig. 5) – for the latter, a modelling approach in which 

randomisation was applied under same constraints that might operate in vivo (coding, and 

preservation of dinucleotide frequency biases) resulted in 5’ and 3’ base frequencies 

identical to those surrounding C->U edited sites (Fig.  7A). In this bioinformatic analysis (Fig. 

7B) and in the functional studies, it appears that only the most frequently mutated sites in 410 

vivo or in vitro conform to the expected targeting preferences of A3A for a 5’U and 

positioning inside unpaired regions of stem-loops. However, these represent an extremely 

small fraction of the total number of in vitro edited sites of C->U transitions (19) and those 
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showing elevated C->U transition frequencies in SARS-Cov-2 isolates (Fig. 7B). For 

example, there was little or no 5’base preference among the unfixed C->U substitutions 415 

within 8 or fewer lineages in the current study data (Fig. 7B), corresponding to around 80% 

of the excess C->U substitutions over other transitions. Similarly, the specific targeting of 

unpaired bases by A3A recorded in in vitro studies was not was not reproduced in site 

heterogeneity of SARS-CoV-2 isolates (Fig. 8A, 8B). While a higher proportion of highly 

polymorphic C->U sites were unpaired, a substantial proportion of the excess C->U 420 

substitutions also occurred in base-paired regions.  

 

While it has been argued that the lack of context at many C->U mutated sites rules out an 

editing role for A3A or other APOBEC (28), previous functional investigations of A3A induced 

changes in SARS-CoV-2 and human mRNA similarly also found variability in editing 425 

contexts. These suggest that, unlike APOBEC-mediated editing of DNA sequences, specific 

contexts may be preferred but not absolutely required. A lack of stringency was suggested 

by the observation that while C bases in human mRNA were preferentially edited within 

unpaired regions of stem-loops, around a third of mutated sites occurred in other RNA 

structure contexts (32). There was similar variability in 5’ contexts and pairing in sites edited 430 

in an in vitro RNA expression system of a short section of the SARS-CoV-2 genome (39).    

 

Biological impact of C->U mutations in COVID-19. APOBECs have evolved as a potent 

and essential defence against many virus infections; the expansion of the A3 locus in 

primates is thought to have been a host response to the spread of retroviruses early in their 435 

diversification (40, 41). Consequently, APOBEC repertoires are highly diverse among 

different orders of mammals and the existence and activity of precise homologues of A3A 

(that appears to mediate editing of SARS-CoV-2 in human cells) in other species is poorly 

understood. Speculatively, the remarkable editing of SARS-CoV-2 in deer (Fig. 4) potentially 

mediated by one of the much more restricted number of A3 genes in artiodactyls (one with 440 

the A3Z1 domain organisation corresponding to human A3A; (42)) perhaps represents an 

example of a more active restriction mechanism for RNA viruses than found in the human or 

other primate genome.  

 

RNA viruses with single stranded genomes typically follow the first of Chargaff's rules that 445 

genome frequencies of C should match those of G and A ≈ T/U; these reflect the symmetry 

of base incorporation biases on copying plus and minus strands of genomic RNAs. However, 

genome compositions of seasonal coronaviruses violate this principle (Fig. 4; (24)) and it 

might be speculated that their composition represents a much longer-term endpoint of the 

loss of C bases and accumulation of U’s apparent in the SARS-CoV-2 genome (Fig. 3). 450 
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Contrastingly, bat sarbecovirus show minimal imbalances (Fig. 4) and no evidence for 

excess C->U substitutions in their diversification (Fig. 5B). These observations suggest 

either bat APOBECs are incapable of editing sarbecovirus sequences, or more likely, that 

sarbecoviruses have evolved antagonists to bat APOBECs that prevent genome editing as 

part of a longer process of virus / host co-adaptation. This might be analogous to the 455 

evolution of Vif and other antagonists of APOBECs that target post-entry reverse 

transcription of retroviral genomic RNA (43, 44). An inability of SARS-CoV-2 to antagonise 

human A3A is indeed a plausible outcome of the broad genetic and functional diversity of the 

APOBEC locus in different mammalian orders. As another possible analogy, monkeypox 

virus (MPXV) infection in humans was associated with the appearance of a clade bearing 460 

multiple (40+) and in this case symmetric C->T/G->A mutations attributed to genome editing 

of the dsDNA genome associated with a failure to antagonise DNA-targeting A3s such as 

A3G (45). Similarly, an inability of Vif in simian and feline lentiviruses to antagonise 

APOBECs in heterologous species represented a key factor limiting their host range (46, 

47). These examples support a more general hypothesis that the failure of viruses in the 465 

“wrong” host to antagonise APOBEC editing pathway may be key determinants in their host 

range (48).   

 

This background provides some context for understanding the burning question of whether 

the observed C->U mutations introduced into the SARS-CoV-2 genome during the pandemic 470 

have measurably affected its replication and ability to transmit. Related to that, are seasonal 

coronaviruses irreversibly damaged by their current skewed genome composition (Fig. 4)? 

Kim et al. proposed that C->U editing may be beneficial by providing a source of novel 

mutations that might enhance the ability of SARS-CoV-2 to adapt to human transmission 

and escape from host immune responses (39). Although not functionally mapped, C->U 475 

substitutions have been fixed in 68 different sites within the 10 lineages of SARS-CoV-2 

analysed in the current study (Fig. 1), consistent with the potential contribution of some of 

these to replication fitness and increased transmissibility of SARS-CoV-2 variants emerging 

during the pandemic. On the other hand, the vast majority of C->U substitutions are likely 

unobserved because of their adverse effect on replication phenotypes; alternatively, they 480 

may impart a marginal fitness loss that contributes to observed cycles of mutation and 

reversion at favoured sites for C->U mutations (9, 18, 39, 49). Unfortunately, while extensive 

analysis of C->U substitution dynamics using human-derived SARS-CoV-2 strains in this 

and previous studies provides some insights, there is no real “negative control” to address 

the question of whether SARS-CoV-2 replication fitness, infectivity and evolutionary rates in 485 

natural chains of human-to-human transmission would be enhanced in the absence of C->U 

hypermutation. The human A3A gene is insufficiently polymorphic in humans to enable such 
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comparisons to be made observationally, and mouse or hamster models with their much 

more limited host A3 repertoires and functionally quite different APOBEC restriction systems 

are unlikely to provide an accurate model of human antiviral responses. However, 490 

determining the importance of APOBEC-mediated restriction of SARS-CoV-2 and indeed 

other RNA viruses showing C->U hypermutation is an important future path of investigation 

that will illuminate the role of this of this pathway in RNA virus defence and in determining 

host range and zoonotic potential.  

 495 

 

  

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

The copyright holder for this preprintthis version posted June 20, 2024. ; https://doi.org/10.1101/2024.06.18.599635doi: bioRxiv preprint 

https://doi.org/10.1101/2024.06.18.599635
http://creativecommons.org/licenses/by/4.0/


Simmonds (Manuscript) 

16 | P a g e  

 

REFERENCES 

 

1. Woo PCY, de Groot RJ, Haagmans B, Lau SKP, Neuman BW, Perlman S, Sola I, van der Hoek L, 500 

Wong ACP, Yeh SH. 2023. ICTV Virus Taxonomy Profile: Coronaviridae 2023. J Gen Virol 104. 

2. Andersen KG, Rambaut A, Lipkin WI, Holmes EC, Garry RF. 2020. The proximal origin of SARS-

CoV-2. Nat Med 26:450-452. 

3. Volz E, Hill V, McCrone JT, Price A, Jorgensen D, O'Toole Á, Southgate J, Johnson R, Jackson B, 

Nascimento FF, Rey SM, Nicholls SM, Colquhoun RM, da Silva Filipe A, Shepherd J, Pascall DJ, 505 

Shah R, Jesudason N, Li K, Jarrett R, Pacchiarini N, Bull M, Geidelberg L, Siveroni I, 

Goodfellow I, Loman NJ, Pybus OG, Robertson DL, Thomson EC, Rambaut A, Connor TR. 

2021. Evaluating the Effects of SARS-CoV-2 Spike Mutation D614G on Transmissibility and 

Pathogenicity. Cell 184:64-75.e11. 

4. Ozono S, Zhang Y, Ode H, Sano K, Tan TS, Imai K, Miyoshi K, Kishigami S, Ueno T, Iwatani Y, 510 

Suzuki T, Tokunaga K. 2021. SARS-CoV-2 D614G spike mutation increases entry efficiency 

with enhanced ACE2-binding affinity. Nat Commun 12:848. 

5. Simmonds P. 2020. Rampant C→U Hypermutation in the Genomes of SARS-CoV-2 and Other 

Coronaviruses: Causes and Consequences for Their Short- and Long-Term Evolutionary 

Trajectories. mSphere 5:e00408-20. 515 

6. Di Giorgio S, Martignano F, Torcia MG, Mattiuz G, Conticello SG. 2020. Evidence for host-

dependent RNA editing in the transcriptome of SARS-CoV-2. Sci Advances DOI: 

10.1126/sciadv.abb5813. 

7. Klimczak LJ, Randall TA, Saini N, Li JL, Gordenin DA. 2020. Similarity between mutation 

spectra in hypermutated genomes of rubella virus and in SARS-CoV-2 genomes accumulated 520 

during the COVID-19 pandemic. PLoS One 15:e0237689. 

8. Mourier T, Sadykov M, Carr MJ, Gonzalez G, Hall WW, Pain A. 2021. Host-directed editing of 

the SARS-CoV-2 genome. Biochem Biophys Res Commun 538:35-39. 

9. Graudenzi A, Maspero D, Angaroni F, Piazza R, Ramazzotti D. 2021. Mutational signatures 

and heterogeneous host response revealed via large-scale characterization of SARS-CoV-2 525 

genomic diversity. iScience 24:102116. 

10. De Maio N, Walker CR, Turakhia Y, Lanfear R, Corbett-Detig R, Goldman N. 2021. Mutation 

Rates and Selection on Synonymous Mutations in SARS-CoV-2. Genome Biol Evol 13. 

11. Ratcliff J, Simmonds P. 2021. Potential APOBEC-mediated RNA editing of the genomes of 

SARS-CoV-2 and other coronaviruses and its impact on their longer term evolution. Virology 530 

556:62-72. 

12. Harris RS, Dudley JP. 2015. APOBECs and virus restriction. Virology 479-480:131-45. 

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

The copyright holder for this preprintthis version posted June 20, 2024. ; https://doi.org/10.1101/2024.06.18.599635doi: bioRxiv preprint 

https://doi.org/10.1101/2024.06.18.599635
http://creativecommons.org/licenses/by/4.0/


Simmonds (Manuscript) 

17 | P a g e  

 

13. Samuel CE. 2011. Adenosine deaminases acting on RNA (ADARs) are both antiviral and 

proviral. Virology 411:180-193. 

14. Ahmad W, Ahmad S, Basha R. 2022. Analysis of the mutation dynamics of SARS-CoV-2 535 

genome in the samples from Georgia State of the United States. Gene 841:146774. 

15. Bloom JD, Neher RA. 2023. Fitness effects of mutations to SARS-CoV-2 proteins. Virus Evol 

9:vead055. 

16. Simmonds P. 2012. SSE: a nucleotide and amino acid sequence analysis platform. BMC Res 

Notes 5:50. 540 

17. Kumar S, Stecher G, Tamura K. 2016. MEGA7: Molecular Evolutionary Genetics Analysis 

Version 7.0 for Bigger Datasets. Mol Biol Evol 33:1870-4. 

18. Simmonds P, Ansari MA. 2021. Extensive C->U transition biases in the genomes of a wide 

range of mammalian RNA viruses; potential associations with transcriptional mutations, 

damage- or host-mediated editing of viral RNA. PLoS Pathog 17:e1009596. 545 

19. Nakata Y, Ode H, Kubota M, Kasahara T, Matsuoka K, Sugimoto A, Imahashi M, Yokomaku Y, 

Iwatani Y. 2023. Cellular APOBEC3A deaminase drives mutations in the SARS-CoV-2 genome. 

Nucleic Acids Res 51:783-795. 

20. Huston NC, Wan H, Strine MS, de Cesaris Araujo Tavares R, Wilen CB, Pyle AM. 2021. 

Comprehensive in vivo secondary structure of the SARS-CoV-2 genome reveals novel 550 

regulatory motifs and mechanisms. Mol Cell 81:584-598.e5. 

21. Manfredonia I, Nithin C, Ponce-Salvatierra A, Ghosh P, Wirecki TK, Marinus T, Ogando NS, 

Snijder EJ, van Hemert MJ, Bujnicki JM, Incarnato D. 2020. Genome-wide mapping of SARS-

CoV-2 RNA structures identifies therapeutically-relevant elements. Nucleic Acids Res 

48:12436-12452. 555 

22. Lan TCT, Allan MF, Malsick LE, Woo JZ, Zhu C, Zhang F, Khandwala S, Nyeo SSY, Sun Y, Guo 

JU, Bathe M, Näär A, Griffiths A, Rouskin S. 2022. Secondary structural ensembles of the 

SARS-CoV-2 RNA genome in infected cells. Nat Commun 13:1128. 

23. Woo PC, Wong BH, Huang Y, Lau SK, Yuen KY. 2007. Cytosine deamination and selection of 

CpG suppressed clones are the two major independent biological forces that shape codon 560 

usage bias in coronaviruses. Virology 369:431-42. 

24. Berkhout B, van Hemert F. 2015. On the biased nucleotide composition of the human 

coronavirus RNA genome. Virus Res 202:41-7. 

25. Corman VM, Muth D, Niemeyer D, Drosten C. 2018. Hosts and Sources of Endemic Human 

Coronaviruses. Adv Virus Res 100:163-188. 565 

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

The copyright holder for this preprintthis version posted June 20, 2024. ; https://doi.org/10.1101/2024.06.18.599635doi: bioRxiv preprint 

https://doi.org/10.1101/2024.06.18.599635
http://creativecommons.org/licenses/by/4.0/


Simmonds (Manuscript) 

18 | P a g e  

 

26. Vijgen L, Keyaerts E, Moës E, Thoelen I, Wollants E, Lemey P, Vandamme AM, Van Ranst M. 

2005. Complete genomic sequence of human coronavirus OC43: molecular clock analysis 

suggests a relatively recent zoonotic coronavirus transmission event. J Virol 79:1595-604. 

27. Lamb KD, Luka MM, Saathoff M, Orton RJ, Phan MVT, Cotten M, Yuan K, Robertson DL. 2024. 

Mutational signature dynamics indicate SARS-CoV-2's evolutionary capacity is driven by host 570 

antiviral molecules. PLoS Comput Biol 20:e1011795. 

28. Bradley CC, Wang C, Gordon AJE, Wen AX, Luna PN, Cooke MB, Kohrn BF, Kennedy SR, 

Avadhanula V, Piedra PA, Lichtarge O, Shaw CA, Ronca SE, Herman C. 2024. Targeted 

accurate RNA consensus sequencing (tARC-seq) reveals mechanisms of replication error 

affecting SARS-CoV-2 divergence. Nat Microbiol 9:1382-1392. 575 

29. Poulain F, Lejeune N, Willemart K, Gillet NA. 2020. Footprint of the host restriction factors 

APOBEC3 on the genome of human viruses. PLoS Pathog 16:e1008718. 

30. Anwar F, Davenport MP, Ebrahimi D. 2013. Footprint of APOBEC3 on the genome of human 

retroelements. J Virol 87:8195-204. 

31. Sharma S, Patnaik SK, Taggart RT, Kannisto ED, Enriquez SM, Gollnick P, Baysal BE. 2015. 580 

APOBEC3A cytidine deaminase induces RNA editing in monocytes and macrophages. Nat 

Commun 6:6881. 

32. Sharma S, Baysal BE. 2017. Stem-loop structure preference for site-specific RNA editing by 

APOBEC3A and APOBEC3G. PeerJ 5:e4136. 

33. Powell LM, Wallis SC, Pease RJ, Edwards YH, Knott TJ, Scott J. 1987. A novel form of tissue-585 

specific RNA processing produces apolipoprotein-B48 in intestine. Cell 50:831-40. 

34. Chen SH, Habib G, Yang CY, Gu ZW, Lee BR, Weng SA, Silberman SR, Cai SJ, Deslypere JP, 

Rosseneu M, et al. 1987. Apolipoprotein B-48 is the product of a messenger RNA with an 

organ-specific in-frame stop codon. Science 238:363-6. 

35. Perelygina L, Chen MH, Suppiah S, Adebayo A, Abernathy E, Dorsey M, Bercovitch L, Paris K, 590 

White KP, Krol A, Dhossche J, Torshin IY, Saini N, Klimczak LJ, Gordenin DA, Zharkikh A, 

Plotkin S, Sullivan KE, Icenogle J. 2019. Infectious vaccine-derived rubella viruses emerge, 

persist, and evolve in cutaneous granulomas of children with primary immunodeficiencies. 

PLoS Pathog 15:e1008080. 

36. Milewska A, Kindler E, Vkovski P, Zeglen S, Ochman M, Thiel V, Rajfur Z, Pyrc K. 2018. 595 

APOBEC3-mediated restriction of RNA virus replication. Sci Rep 8:5960. 

37. Simmonds P. 2020. Pervasive RNA secondary structure in the genomes of SARS-CoV-2 and 

other coronaviruses. MBio 11:e01661-20. 

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

The copyright holder for this preprintthis version posted June 20, 2024. ; https://doi.org/10.1101/2024.06.18.599635doi: bioRxiv preprint 

https://doi.org/10.1101/2024.06.18.599635
http://creativecommons.org/licenses/by/4.0/


Simmonds (Manuscript) 

19 | P a g e  

 

38. Kurkowiak M, Fletcher S, Daniels A, Mozolewski P, Silvestris DA, Król E, Marek-Trzonkowska 

N, Hupp T, Tait-Burkard C. 2023. Differential RNA editing landscapes in host cell versus the 600 

SARS-CoV-2 genome. iScience 26:108031. 

39. Kim K, Calabrese P, Wang S, Qin C, Rao Y, Feng P, Chen XS. 2022. The Roles of APOBEC-

mediated RNA Editing in SARS-CoV-2 Mutations, Replication and Fitness. Res Sq 

doi:10.21203/rs.3.rs-1524060/v1. 

40. McLaughlin RN, Jr., Gable JT, Wittkopp CJ, Emerman M, Malik HS. 2016. Conservation and 605 

Innovation of APOBEC3A Restriction Functions during Primate Evolution. Mol Biol Evol 

33:1889-901. 

41. Henry M, Terzian C, Peeters M, Wain-Hobson S, Vartanian JP. 2012. Evolution of the primate 

APOBEC3A cytidine deaminase gene and identification of related coding regions. PLoS One 

7:e30036. 610 

42. LaRue RS, Jónsson SR, Silverstein KA, Lajoie M, Bertrand D, El-Mabrouk N, Hötzel I, 

Andrésdóttir V, Smith TP, Harris RS. 2008. The artiodactyl APOBEC3 innate immune 

repertoire shows evidence for a multi-functional domain organization that existed in the 

ancestor of placental mammals. BMC Mol Biol 9:104. 

43. Malim MH. 2009. APOBEC proteins and intrinsic resistance to HIV-1 infection. Philos Trans R 615 

Soc Lond B Biol Sci 364:675-87. 

44. Harris RS, Bishop KN, Sheehy AM, Craig HM, Petersen-Mahrt SK, Watt IN, Neuberger MS, 

Malim MH. 2003. DNA deamination mediates innate immunity to retroviral infection. Cell 

113:803-9. 

45. O'Toole Á, Neher RA, Ndodo N, Borges V, Gannon B, Gomes JP, Groves N, King DJ, Maloney 620 

D, Lemey P, Lewandowski K, Loman N, Myers R, Omah IF, Suchard MA, Worobey M, Chand 

M, Ihekweazu C, Ulaeto D, Adetifa I, Rambaut A. 2023. APOBEC3 deaminase editing in mpox 

virus as evidence for sustained human transmission since at least 2016. Science 382:595-

600. 

46. Gaba A, Flath B, Chelico L. 2021. Examination of the APOBEC3 Barrier to Cross Species 625 

Transmission of Primate Lentiviruses. Viruses 13. 

47. Kosugi Y, Uriu K, Suzuki N, Yamamoto K, Nagaoka S, Kimura I, Konno Y, Aso H, Willett BJ, 

Kobayashi T, Koyanagi Y, Ueda MT, Ito J, Sato K. 2021. Comprehensive Investigation on the 

Interplay between Feline APOBEC3Z3 Proteins and Feline Immunodeficiency Virus Vif 

Proteins. J Virol 95:e0017821. 630 

48. Ratcliff J, Simmonds P. 2023. The roles of nucleic acid editing in adaptation of zoonotic 

viruses to humans. Curr Opin Virol 60:101326. 

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

The copyright holder for this preprintthis version posted June 20, 2024. ; https://doi.org/10.1101/2024.06.18.599635doi: bioRxiv preprint 

https://doi.org/10.1101/2024.06.18.599635
http://creativecommons.org/licenses/by/4.0/


Simmonds (Manuscript) 

20 | P a g e  

 

49. van Dorp L, Acman M, Richard D, Shaw LP, Ford CE, Ormond L, Owen CJ, Pang J, Tan CCS, 

Boshier FAT, Ortiz AT, Balloux F. 2020. Emergence of genomic diversity and recurrent 

mutations in SARS-CoV-2. Infect Genet Evol 83:104351. 635 

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

The copyright holder for this preprintthis version posted June 20, 2024. ; https://doi.org/10.1101/2024.06.18.599635doi: bioRxiv preprint 

https://doi.org/10.1101/2024.06.18.599635
http://creativecommons.org/licenses/by/4.0/


Simmonds (Manuscript) 

21 | P a g e  

 

FIGURE 1 

SEQUENCE CHANGES IN THE EMERGENCE OF SARS-CoV-2 LINEAGES 
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sequences of lineages of SARS-CoV-2 sequentially emerging during the course of the 

COVID-19 pandemic during 2020-2024. Inset histograms show the numbers of each 

transition, G->U and total transversions that occurred between nodes (red circles) and 

descendant nodes or consensus lineage sequence.  Substitution totals for each lineage are 

provided in the inset table, along with estimated transition asymmetries that account for base 

composition.  The tree was constructed by neighbour joining of Jukes-Canrtor corrected 

distances; robustness of grouping was determined by boostrap re-sampling of 100 pseudo-

replicas; support values of >70% are shown on the branches.   
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FIGURE 2 

GENOME POSITION OF SUBSTITUTIONS IN SARS-CoV-2 LINEAGE CONSENSUS 

SEQUENCES 

 

 

Positions of mutations in consensus sequences in the SARS-CoV-2 genome (only variable 

sites are plotted; positions indicated on the x-axis). The y-axis records numbers of lineages 

containing each indicated mutation. For clarity, the genome has been divided into ORF-

1a/1b, S gene and ORF3a-ORF10 sub-regions. 
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 FIGURE 3 

CHANGES IN SARS-CoV-2 GENOME COMPOSITION SINCE THE START OF THE 

PANDEMIC 
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(A, B) Frequencies of C and U bases in individual genome sequences of SARS-CoV-2 

isolates collected at different time-points from the start of the pandemic. Lineage 

assignments are indicated. Circles indicate mean sampling date and composition of 

consensus sequences from the 10 lineages and the prototype sequence; diamonds inidicate 

mean compositions of individual sequences. (C) differences in A, C, G and U base 

frequencies between the genome sequence of the PT (Wuhan-1) and of lineage consensus 

sequences collected at different time points from the start of the pandemic.   
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FIGURE 4 

COMPOSITIONAL ASYMMETRIES IN OTHER CORONAVIRUSES 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Comparison of base compositions of the recently zoonotic SARS-CoV-2 and SARS-CoV 

isolate sequences with sarbecoviruses infecting the Rhinolophus genus of bats (host species 

indicated on x-axis) and with genotypes of proposed potentially zoonotically acquired human 

seasonal coronaviruses. Blue bars record the excess of G over U (U depletion), and grey 

bars the excess of U over A (U accumulation).  
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FIGURE 5 

TRANSITION ASYMMETRIES WITH SARS-CoV-2 LINEAGES 

 

A) Within lineages 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

B) Sarbecoviruses 
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A) Normalised transition asymmetries of fixed C->U and G->A substiutions within the 10 

SARS-CoV-2 lineages. Comparisons with SARS-CoV-2 strains infection non-human species 

shown on righ panel. (B)  Normalised transition asymmetries of all sarbecovirus strains 

infecting bats (column 1), the subset (including RatG13) most closely related to human 

SARS-CoV-2 (column 2) and consensus seuqences of lineages within SARS-CoV-2 

compared to the prototype Wuhan-1 isolate sequence (column 3).   
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FIGURE 6 

DISTRIBUTION OF MUTATIONS  

 

 

 

The distribution of unfixed transitions (<5% frequency) between lineages (histogram) 

compared to expected values assuming no positional bias derived from the Pioisson 

distrribution (graph points). Excess numbers over the mean numbers of A->G, G->A, and U-

>C transitions (total excess 8651 from 12,907 C->U transitions) and their proportions of total 

C->U substitutions in each category are shown in the upper box. The distribution of C-U 

transitions at sites of previously reported in vitro A3A-induced mutations (19) is shown in the 

lower box (Fig. S1; Suppl. Data); differences in lineage distributions with observed values 

calculated by Pearson chi-square. 
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FIGURE 7 

OBSERVED AND EXPECTED 5’ AND 3’ BASE CONTEXT FREQUENCIES AT C->U 

MUTATED SITES 
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(A) Predicted and onserved frequencies of bases5’ (upstream) and 3’ (dowenstream) of C’s, 

split into sites that were invariant or mutated in one or more lineages. Observed frequencies 

were compared with those of sequences randomised by CDLR that preserved native coding 

and dinucleotide frequencies. Frequency estimations based on mononucleotide frequencies 

alone are indicated by grey bars. Error bars for native and CDLR sequences show one 

standard deviation of values from the four lineages analysed (Y2020, delta, BA.1 and JN.1).  
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(B) Distribution of 5’ and 3’ bases at C->U mutation sites occurring in different numbers of 

lineages and at invariant C sites.  
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FIGURE 8 

TRANSITION SITE ASSOCIATIONS WITH RNA SECONDARY STRUCTURE PAIRING 

 

A) 
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A) Comparison of frequencies of unpaired bases at sites with mutations in one or more 

lineage (grey bars) and in 4, 6, 8 or more lineages (pink, red and dark red bars) with those of 

invariant sites (proportions of unpaired bases shown in inset table). There were insufficient 

numbers of lineages with 6 or more A->G, G->A or U->C mutations (<10) to plot. (B) 

Frequency of unpaired bases at sites classified by the fitness metric, δf (log ratio of observed 

substitutions / expected number) (15) 
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