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Figures S1-S8 
 
a 

 
b 

  
Supplementary Figure 1. (a) Correlation between number of SARS-CoV-2 unique reads 
and RNA copies/ml for within-batch standard curves for dilution series of positive control 
RNA. Colour indicates batch. Synthetic SARS-CoV-2 RNA (generated by in vitro 
transcription by Twist Bioscience) was serially diluted into Universal Human Reference RNA 
(UHRR) to a final concentration of SARS-CoV-2 RNA of 500,000, 50,000, 5,000, 500, 100 
and 0 copies/reaction. Controls were processed and sequenced alongside each batch of 
samples (batches 3-27). Batches 1 and 2 were processed prior to controls being available 
and did not have a standard curve. (b) Correlation between nearest available cycle threshold 
(Ct) value for sequenced clinical samples, as reported by the collecting laboratory, and the 
number of unique mapped reads. Due to variation in qPCR methodology, Ct values varied 
substantially between laboratories and over time (r2 = 0.43 Basingstoke, r2=0.81 Oxford, 
overall r2=0.50) Slightly lower Ct values were observed for Basingstoke samples for the 
same viral load (estimated from the standard curve), consistent with laboratory variation in 
Ct estimates.  
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Supplementary Figure 2. Comparison of minor allele frequencies among replicate samples. 
Data is only included for the 27 replicate pairs where both replicates had more than 50,000 
unique mapped reads, and for all sites where minor allele frequency (MAF) >=2% and depth 
>= 100 in at least one of the 54 replicates. For MAFs > 3%, and excluding highly-shared 
sites, MAFs are highly reproducible. Concordant pairs: The points represent the MAFs in 
each of the replicate pairs, for all 27 replicate pairs for all identified sites. If MAFs are 
reproducible, we expect a positive correlation. Discordant pairs: The points represent the 
MAFs for all pairwise permutations of replicates for all identified sites, excluding concordant 
replicates. Unless variants are present in multiple samples, the expectation is for points to be 
positioned along the axes. Top row includes all sites, whereas the bottom row exclude 
highly-shared sites (those observed at MAF >=3% in 20 or more samples across the entire 
dataset). The blue points in the upper-right quadrants represent site 28580, which is present 
in phylogenetically linked individuals, with two of these included in the 27 replicate pairs. The 
green line shows MAF 3%.  
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Supplementary Figure 3. Box-whisker plots showing distribution of variant frequencies. All 
sites variable at minor allele frequency (MAF) > 3% in at least one high-depth sample 
(>50,000 mapped reads) are included. All variants with MAF > 2% are plotted. The x-axis 
gives the nucleotide position, with the number of samples MAF > 3% in brackets. All sites 
are included except the poly A tail, and sites diverse in synthetic controls. The first 18 
‘highly-shared’ sites are either ubiquitous, or only ever seen at low frequencies, suggesting 
these are non-genomic variants. 
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Supplemental Figure 4 - Consensus phylogeny of all 1390 Oxford and Basingstoke 
samples. Tips are coloured by sequencing batch. 
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Supplementary Figure 5. Genome coverage for co-infecting human coronavirus OC43 
in a SARS-CoV-2-positive sample, OXON-AEC3D. A single co-infection with a non-SARS-
CoV-2 circulating coronavirus was detected among a subset of 111 samples analysed with 
both SARS-CoV-2-specific probes and the Castanet metagenomic respiratory probe panel. 
Shown in blue are positions of the 2953 proper read pairs mapping to the Castanet 
reference for OC43, with unique (deduplicated) read depth in orange. 
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Supplementary Figure 6 - A Across all iSNVs that reach consensus, kernel density plot of 
the patristic distances from iSNV tips (orange) and other tips (green) to the nearest 
consensus branch change of the nucleotides involved. B Across all iSNVs that do not reach 
consensus and occur at least twice, kernel density plot of the patristic distances from iSNV 
tips and other tips to the nearest iSNV tip (other than the tip itself). 
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Supplementary Figure 7 -  The consensus phylogeny coloured by SNP and iSNV for 
sites mentioned in the main text. Where consensus changes are hard to see they are 
indicated with an appropriately coloured arrow. Sites 21597, 24781, 28877 and 28878 are 
the remaining positions where a statistically significant association of iSNV tips with 
branches with a consensus base change was identified (along with 20796 and 28580). For 
some of these, coloured arrows indicate the presence of branches with consensus SNPs 
where this is difficult to see. Sites 22899 and 24198 are Spike variants shown to exhibit 
reduced sensitivity to convalescent sera (44). The remaining 9 subfigures are for iSNVs 
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which never reach consensus but show a p<0.025 for phylogenetic association of iSNV tips 
using the association index or the mean patristic distance between iSNV tips. While we lack 
the power to identify these once the Benjamini-Hochberg adjustment is applied, the patterns 
remain suggestive of transmission of iSNVs by eye. 
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Supplementary Figure 8. Within-sample diversity assessed in control RNA (Twist 
Bioscience). Within-sample diversity was assessed in RNA controls sequenced with each 
sequencing batch (0.5 mln copies per reaction). At all sites where at least 2 replicates had a 
minor variant with minimum 3% MAF (boxplot), diversity was compared against a set of NGS 
reads obtained from Twist Bioscience for the ancestral stock of the in vitro transcribed RNA 
used in this study (red circles). Six variants were consistently recovered from both the 
manufacturer data and the in-batch controls, at positions 3350, 6669, 10001, 26791, 26793, 
26796. To check whether the remaining within-host variants arose during the SMARTer 
library prep or during probe capture, we additionally resequenced two replicates of the Twist 
RNA without capture (blue crosses), by diluting neat RNA 50:50 v/v in Universal Human 
Reference RNA (UHRR) and taking a proportion for sequencing, to yield approximately 
50,000 copies of the Twist control RNA per sample. We generated SMARTer libraries from 
these replicates, and sequenced these alongside other samples in separate batches. The 
two capture-free replicates had the same range of intra-sample variants as were observed in 
our routinely sequenced controls, implying that any differences from the manufacturer data 
cannot be explained by probe capture and must be the result of the SMARTer library 
protocol and/or stochastic variation between our laboratory aliquot and the ancestral RNA 
stock sequenced by Twist. 
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Tables S1-S5 
 
Table S1. Baseline characteristics of SARS-CoV-2 samples in our dataset collected by 
participating hospitals in Oxford and Basingstoke, UK, between 8 March and 10 June 
2020. Total number of SARS-CoV-2 genomes includes replicate sequences from the same 
starting material (swab); number of samples corresponds to unique nasopharyngeal swabs. 
Participant age and sex excludes the 92 samples from anonymous participants in Oxford. 
Lineages were determined using Pangolin v2.1.7 (1) on 26 January 2021.  

  Collecting laboratory 

  Oxford Basingstoke 

SARS-CoV-2 genomes, n(%) 552 (39.7) 838 (60.3) 

Samples (swabs), n(%) 539 (41.0) 774 (58.9) 

Participants, n(%) 539* (43.0) 727 (57.0) 

Proportion female 0.60 0.61 

Age, median 48 49 

 (min - max) (0 - 98) (0 - 100) 

Sampling date, median 10-Apr-20 09-Apr-20 

 (min - max)  (16-Mar-2020 - 06-May-2020) (06-Mar-2020 - 10-Jun-2020) 

Ct value, median 22.2 23.2 

 (min - max) (13.0 3 - 28.89) (13.0 - 36.3) 

SARS-CoV-2 lineage, n(%) - first sample per participant:  

B.1.1.119 216 (40.07) 261 (35.90) 

B.1 73 (13.54) 84 (11.55) 

B.1.1.194 1 (0.19) 142 (19.53) 

B.1.1.1 38 (7.05) 22 (3.03) 

B.1.1.220 3 (0.56) 33 (4.54) 

B.1.1.175 20 (3.71) 15 (2.06) 

B.40 11 (2.04) 22 (3.03) 

B 15 (2.78) 12 (1.65) 

B.1.1.10 4 (0.74) 20 (2.75) 

B.39 2 (0.37) 21 (2.89) 

B.1.1.114 15 (2.78) 2 (0.28) 

B.1.1.257 15 (2.78) 1 (0.14) 
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B.1.1.51 1 (0.19) 14 (1.93) 

B.1.13 4 (0.74) 10 (1.38) 

B.1.1.289 13 (2.41) 0 (0.00) 

B.28 8 (1.48) 4 (0.55) 

B.1.391 9 (1.67) 3 (0.41) 

B.1.1.217 7 (1.30) 5 (0.69) 

B.1.1.269 4 (0.74) 6 (0.83) 

B.3 4 (0.74) 5 (0.69) 

B.1.1.237 7 (1.30) 0 (0.00) 

B.1.321 7 (1.30) 0 (0.00) 

B.1.1.270 7 (1.30) 0 (0.00) 

B.1.1.104 0 (0.00) 7 (0.96) 

B.1.1.164 2 (0.37) 4 (0.55) 

B.1.231 6 (1.11) 0 (0.00) 

B.1.1.261 5 (0.93) 0 (0.00) 

B.1.1.304 5 (0.93) 0 (0.00) 

B.1.1.64 4 (0.74) 1 (0.14) 

B.1.249 3 (0.56) 0 (0.00) 

B.1.379 3 (0.56) 0 (0.00) 

B.1.93 2 (0.37) 1 (0.14) 

B.1.1.277 0 (0.00) 3 (0.41) 

B.1.1.123 2 (0.37) 1 (0.14) 

B.31 0 (0.00) 3 (0.41) 

B.1.1.90 2 (0.37) 1 (0.14) 

B.29 0 (0.00) 2 (0.28) 

B.1.147 2 (0.37) 0 (0.00) 

B.1.104 2 (0.37) 0 (0.00) 

B.1.91 0 (0.00) 2 (0.28) 

B.54 2 (0.37) 0 (0.00) 

B.1.1.10.2 (L.2) 0 (0.00) 2 (0.28) 

B.1.1.273 2 (0.37) 0 (0.00) 
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B.1.1.208 1 (0.19) 1 (0.14) 

B.1.1.49 0 (0.00) 1 (0.14) 

B.1.1.211 0 (0.00) 1 (0.14) 

B.47 0 (0.00) 1 (0.14) 

B.45 1 (0.19) 0 (0.00) 

B.35 0 (0.00) 1 (0.14) 

B.1.1.106 1 (0.19) 0 (0.00) 

B.1.1.127 0 (0.00) 1 (0.14) 

B.1.1.166 1 (0.19) 0 (0.00) 

B.1.1.180 0 (0.00) 1 (0.14) 

B.23 1 (0.19) 0 (0.00) 

B.1.98 1 (0.19) 0 (0.00) 

B.1.1.183 0 (0.00) 1 (0.14) 

B.1.1.216 0 (0.00) 1 (0.14) 

B.1.1.71 0 (0.00) 1 (0.14) 

B.1.1.256 1 (0.19) 0 (0.00) 

B.1.1.264 0 (0.00) 1 (0.14) 

B.1.229 1 (0.19) 0 (0.00) 

B.1.222 1 (0.19) 0 (0.00) 

B.1.199 0 (0.00) 1 (0.14) 

B.1.182 0 (0.00) 1 (0.14) 

B.1.153 0 (0.00) 1 (0.14) 

B.1.1.292 0 (0.00) 1 (0.14) 

B.1.1.31 1 (0.19) 0 (0.00) 

B.1.1.4 1 (0.19) 0 (0.00) 

B.1.1.89 0 (0.00) 1 (0.14) 

B.1.1.8 1 (0.19) 0 (0.00) 

A.1 0 (0.00) 1 (0.14) 

A.2 1 (0.19) 0 (0.00) 

A.2.2 0 (0.00) 1 (0.14) 

* Includes 92 swabs from anonymous participants  
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Table S2. Sites masked due to sequenced diversity in Twist synthetic controls (112) or 
as “highly shared” sites with low-level within-host diversity in more than 20 samples 
(18).  https://github.com/katrinalythgoe/COVIDdiversity (70). 
 
Table S3. Identified within-host variable sites. 
Sites with at least one minor allele at frequency >= 3% at depth of at least 100 reads, in a 
sample depth >=50,000 unique mapped reads. Throughout, “samples” refers to all 
sequencing runs, and therefore includes replicates in the totals. n_notPopConsensus refers 
to the number of samples in which the minor variant is not the population-level consensus 
(most common consensus allele); n_SNPs gives the number of SNPs on the tree; 
homoplasy is “TRUE” if a homoplasy exists on the tree; maf_median is the median minor 
allele frequency (MAF) for all samples with >2% MAF; maf_IQR is the inter-quartile range of 
minor allele frequencies for all samples with >2% MAF. 
https://github.com/katrinalythgoe/COVIDdiversity (70). 
 
 
Table S4. Summary data for the household transmission analysis. Number of intra-host 
nucleotide variants sites (iSNVs) in source and recipient pairs (minor allele frequency >3%), 
and number of mapped reads. Stochastic sampling effects elevate the true number of iSNVs 
in low viral load samples (<50,000 mapped reads). 
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Table S5. iSNVs and dn/ds by gene and over the whole genome, counting each variant 
only once regardless of frequency. All genome positions are relative to the Wuhan-Hu-1 
reference sequence. iSNVs at the 18 “highly shared” sites and those identified from the 
synthetic controls are excluded, as are those in the poly-A tail (positions 29865-29903). Note 
that due to gene overlap and non-coding intergenic regions, the total number of iSNVs (781) 
cannot be obtained as the sum of any column in this table, even if the rows for nonstructural 
proteins in ORF1ab are excluded. * nsp12 overlaps the boundary between ORF1a and 
ORF1b. ** Intergenic regions are excluded from this row. 
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Oxford Virus Sequencing Group (OVSG) Analysis Group 
membership  
John A Todd, Tanya Golubchik, David Bonsall, Christophe Fraser, Derrick Crook, Tim Peto, 
Monique Andersson, Katie Jeffery, David Eyre, Timothy Walker, Robert Shaw, Peter 
Simmonds, Katrina Lythgoe, Luca Ferretti, Matthew Hall, Mariateresa de Cesare, Paolo 
Piazza, David Buck, Richard Cornall. 
 
 
COG-UK Full list of consortium names and affiliations 
 
Funding acquisition, leadership, supervision, metadata curation, project administration, 
samples, logistics, Sequencing, analysis, and Software and analysis tools: 
 Thomas R Connor 33, 34, and Nicholas J Loman 15. 
            
Leadership, supervision, sequencing, analysis, funding acquisition, metadata curation, 
project administration, samples, logistics, and visualisation: 
 Samuel C Robson 68. 
  
Leadership, supervision, project administration, visualisation, samples, logistics, metadata 
curation and software and analysis tools:         
Tanya Golubchik 27. 
  
Leadership, supervision, metadata curation, project administration, samples, logistics 
sequencing and analysis:                                
M. Estee Torok 8, 10. 
  
Project administration, metadata curation, samples, logistics, sequencing, analysis, and  
software and analysis tools:                       
 William L Hamilton 8, 10. 
            
Leadership, supervision, samples logistics, project administration, funding acquisition 
sequencing and analysis: 
 David Bonsall 27. 
            
Leadership and supervision, sequencing, analysis, funding acquisition, visualisation and 
software and analysis tools:                        
 Ali R Awan 74. 
            
Leadership and supervision, funding acquisition, sequencing, analysis, metadata curation, 
samples and logistics:                  
Sally Corden33 . 
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Leadership supervision, sequencing analysis, samples, logistics, and metadata curation: 
Ian Goodfellow 11. 
            
Leadership, supervision, sequencing,  analysis, samples, logistics, and Project 
administration:                          
Darren L Smith 60, 61. 
            
Project administration, metadata curation, samples, logistics, sequencing and analysis: 
Martin D Curran 14, and Surendra Parmar 14. 
                        
Samples, logistics, metadata curation, project administration sequencing and analysis: 
James G Shepherd 21. 
            
Sequencing, analysis, project administration, metadata curation and software and analysis 
tools:                                           
Matthew D Parker 38 and Dinesh Aggarwal 1, 2, 3. 
            
Leadership, supervision, funding acquisition, samples, logistics, and metadata curation: 
Catherine Moore 33  . 
            
Leadership, supervision, metadata curation, samples, logistics, sequencing and analysis: 
Derek J Fairley6, 88, Matthew W Loose 54, and Joanne Watkins 33.     
            
Metadata curation, sequencing, analysis, leadership, supervision and software and 
analysis tools:                                          
Matthew Bull 33 , and Sam Nicholls 15 . 
            
Leadership, supervision, visualisation, sequencing, analysis and software and analysis 
tools:                                        
David M Aanensen 1, 30. 
            
Sequencing, analysis, samples, logistics, metadata curation, and visualisation:   
 Sharon Glaysher 70  . 
  
Metadata curation, sequencing, analysis, visualisation, software and analysis tools:      
 Matthew Bashton 60, and Nicole Pacchiarini 33.        
  
Sequencing, analysis, visualisation, metadata curation, and software and analysis tools: 
 Anthony P Underwood 1, 30. 
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Funding acquisition, leadership, supervision and project administration: 
 Thushan I de Silva 38, and Dennis Wang 38. 
                        
Project administration, samples, logistics, leadership and supervision: 
 Monique Andersson28 , Anoop J Chauhan 70, Mariateresa de Cesare 26, Catherine Ludden 1,3 , 
and Tabitha W Mahungu 91. 
            
Sequencing, analysis, project administration and metadata curation:                               
 Rebecca Dewar 20, and Martin P McHugh 20. 
            
Samples, logistics, metadata curation and project administration:                                    
Natasha G Jesudason 21, Kathy K Li MBBCh 21,  Rajiv N Shah 21, and Yusri Taha 66.   
 
Leadership, supervision, funding acquisition and metadata curation:                   
 Kate E Templeton 20.  
            
Leadership, supervision, funding acquisition, sequencing and analysis:    
Simon Cottrell 33, Justin O’Grady 51, Andrew Rambaut 19, and Colin P Smith93. 
 
Leadership, supervision, metadata curation, sequencing and analysis:     
Matthew T.G. Holden 87, and Emma C Thomson 21.   
 
Leadership, supervision, samples, logistics and metadata curation:                                  
 Samuel Moses 81, 82. 
 
Sequencing, analysis, leadership, supervision, samples and logistics:       
Meera Chand 7, Chrystala Constantinidou 71, Alistair C Darby 46, Julian A Hiscox 46, Steve 
Paterson 46, and Meera Unnikrishnan 71. 
                        
Sequencing, analysis, leadership and supervision and software and analysis tools:         
 Andrew J Page 51, and Erik M Volz 96. 
            
Samples, logistics, sequencing, analysis and metadata curation:                           
Charlotte J Houldcroft 8, Aminu S Jahun 11,  James P McKenna 88, Luke W Meredith 11, 
Andrew Nelson 61, Sarojini Pandey 72, and Gregory R Young 60. 
            
Sequencing, analysis, metadata curation, and software and analysis tools:          
 Anna Price 34,  Sara Rey 33, Sunando Roy 41, Ben Temperton49, and Matthew Wyles 38. 
            
Sequencing, analysis, metadata curation and visualisation:                                               
Stefan  Rooke19, and Sharif Shaaban 87. 
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Visualisation, sequencing, analysis and software and analysis tools:                                
Helen Adams 35, Yann Bourgeois 69,  Katie F Loveson 68, Áine O'Toole 19, and Richard Stark 71. 
            
Project administration, leadership and supervision:                                                           
Ewan M Harrison 1, 3, David Heyburn 33, and Sharon J Peacock 2, 3 

                        
Project administration and funding acquisition:                                                                  
 David Buck 26 , and Michaela John36  
            
Sequencing, analysis and project administration:                                                   
Dorota Jamrozy 1,  and Joshua Quick 15 

                        
Samples, logistics, and project administration:                                                                   
Rahul Batra 78, Katherine L Bellis 1, 3, Beth Blane 3 , Sophia T Girgis 3, Angie Green 26, Anita 
Justice 28 , Mark Kristiansen 41 , and Rachel J Williams 41. 
            
Project administration, software and analysis tools:                                                          
Radoslaw Poplawski15. 
            
Project administration and visualisation:                                                     
Garry P Scarlett 69. 
                        
Leadership, supervision, and funding acquisition:                                                               
 John A Todd 26, Christophe Fraser 27, Judith Breuer 40,41, Sergi Castellano 41, Stephen L 
Michell 49, Dimitris Gramatopoulos 73, and Jonathan Edgeworth 78. 
  
Leadership, supervision and metadata curation:                                         
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18, and Ian B Vipond 2. 
                        
Leadership, supervision and visualisation                                                                
Jane AH Masoli 49, 50. 
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Sequencing, analysis and metadata curation                                                                       
Nabil-Fareed Alikhan 51, Matthew Carlile 54, Noel Craine 33, Sam T Haldenby 46, Nadine 
Holmes 54, Ronan A Lyons 37, Christopher Moore 54, Malorie Perry 33 , Ben Warne 80, and 
Thomas Williams 19.      
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Lisa Berry 72, Andrew Bosworth 95 , Julianne Rose Brown 40, Sharon Campbell 67, Anna Casey 
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Cariad Evans 38, 39 , Clive Graham 64, Fenella Halstead 18, Kathryn Ann Harris 40, Christopher  
Holmes 58,  Stephanie Hutchings 2 , Miren Iturriza-Gomara 46, Kate Johnson 38, 39,  Katie Jones 
72, Alexander J Keeley 38, Bridget A Knight 49, 50, Cherian Koshy90,  Steven Liggett 63,  Hannah 
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28, Tim J Sloan 57, and Emma Swindells 65 . 
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Alexander Adams 33, Hibo Asad  33, Alec Birchley 33 , Tony Thomas Brooks 41, Giselda Bucca 93, 
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Wilcox 33, Iliana Georgana  11, Lauren Gilbert 33 , Lee Graham 33, Danielle C Groves 38, Grant 
Hall 11, Ember Hilvers 33, Myra Hosmillo 11, Hannah Jones 33, Sophie Jones 33, Fahad A 
Khokhar 13 , Sara Kumziene-Summerhayes 33, George MacIntyre-Cockett 26, Rocio T Martinez 
Nunez 94, Caoimhe McKerr 33, Claire McMurray 15, Richard Myers 7, Yasmin Nicole 
Panchbhaya 41, Malte L Pinckert 11 , Amy Plimmer 33 , Joanne Stockton  15 , Sarah Taylor 33 , 
Alicia Thornton 7 , Amy Trebes 26 , Alexander J Trotter 51 ,Helena Jane Tutill 41 ,Charlotte A 
Williams 41 , Anna Yakovleva 11 and Wen C Yew 62. 
  
Sequencing, analysis and software and analysis tools:                               
Mohammad T Alam  71, Laura Baxter 71, Olivia Boyd 96 , Fabricia F. Nascimento 96,  Timothy M 
Freeman 38, Lily Geidelberg 96, Joseph Hughes 21, David Jorgensen 96, Benjamin B Lindsey 38, 
Richard J Orton 21 , Manon Ragonnet-Cronin 96 Joel Southgate 33, 34, and Sreenu Vattipally 21. 
            
Samples, logistics and software and analysis tools:                                                 
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