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Abstract

Viral and host factors can shape SARS-CoV-2 within-host viral diversity and virus evolution.1

However, little is known about lineage-specific and vaccination-specific mutations that occur2

within individuals. Here we analysed deep sequencing data from 2,146 SARS-CoV-2 samples3

with different viral lineages to describe the patterns of within-host diversity in different4

conditions, including vaccine-breakthrough infections. Variant of Concern (VOC) Alpha,5

Delta, and Omicron samples were found to have higher within-host nucleotide diversity while6

being under weaker purifying selection at full genome level compared to non-VOC SARS-7

CoV-2 viruses. Breakthrough Delta and Omicron infections in Comirnaty and CoronaVac8

vaccinated individuals appeared to have higher within-host purifying selection at the full-9

genome and/or Spike gene levels. Vaccine-induced antibody or T cell responses did not appear10

to have significant impact on within-host SARS-CoV-2 evolution. Our findings suggest that11

vaccination does not increase SARS-CoV-2 protein sequence space and may not facilitate12

emergence of more viral variants.13
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Introduction14

15

The SARS-CoV-2 pandemic continues to spread globally. Despite vaccination of over 60% of16

the world population1, the risk of SARS-CoV-2 reinfections and breakthrough infections is17

increasing due to the emergence of new viral variants2,3. Multiple variants of concern (VOC)18

have demonstrated the ability to evade naturally-acquired or vaccine-induced immunity4-6.19

Therefore, it is crucial to investigate the impact of vaccination on mutational and evolutionary20

processes of SARS-CoV-2.21

22

Genomic surveillance has been used to trace the transmission and evolution of SARS-CoV-223

mutations at local, regional, and global scales throughout the pandemic7-9. However, there is24

still limited knowledge of how these mutations originate and accumulate within hosts. Within-25

host mutations can arise through replication errors or RNA damage/editing10 and they may be26

subject to fixation by stochastic (genetic drift) and deterministic (natural selection) processes.27

We and others have previously found that the SARS-CoV-2 transmission bottleneck between28

hosts is narrow8,11-14, suggesting that only few virions are transferred from the host during29

transmission. Most of the low-frequency mutations are not transmitted between patients, which30

constrains the use of intrahost single nucleotide variants (iSNVs) for effective contact31

tracing12,15,16. However, it remains important to investigate within-host diversity of SARS-32

CoV-2 to understand host-level evolutionary forces.33

34

Studying SARS-CoV-2 within-host diversity under different conditions may reveal factors that35

control virus evolution. Host and viral factors can both contribute to within-host diversity. Host36

factors such as species (animals/humans)17, viral shedding time18, and immune status19 were37

previously reported to have effects on intrahost SARS-CoV-2 diversity. It was hypothesized38

that prolonged infections in hosts with distinct immunological backgrounds (e.g., animals or39

immunocompromised patients) may hasten viral evolution and lead to emergence of novel40

variants17,20. However, there is limited knowledge about post-vaccination characteristics of41

within-host selection pressures, which consistently act on the virus during the entire course of42

breakthrough infection. Besides, viral factors such as different virus lineages may also affect43

SARS-CoV-2 replication properties. SARS-CoV-2 VOCs have exhibited varying capacities to44

evade immunity4,6 and acquire higher transmissibility21,22. However, it is not clear whether45

different SARS-CoV-2 variants differ in within-host selection pressures.46

47

To address these knowledge gaps, we analysed 2,146 deep sequenced SARS-CoV-2 samples48

collected in Hong Kong (HK) between mid-2020 and early 2022. The within-host diversity in49

SARS-CoV-2 infections from different lineages (VOCs: B.1.1.7 (Alpha), B.1.617.2 (Delta),50

B.1.1.529 (Omicron) and non-VOCs: B.1.36, B.1.36.27, and B.1.1.63) and in breakthrough51

(Delta or Omicron) infections after Comirnaty or CoronaVac vaccination were studied. Our52

results provide insights into the variation of within-host diversity, and the mutational patterns53

and potential selection pressures acting on viruses.54

55
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Results56

57

Diversity of within-host mutations in SARS-CoV-2 samples58

59

We analysed 2,146 SARS-CoV-2 samples from 2,053 different individuals, of whom 86 had60

multiple samples (totalling 2,053 representative samples and 93 repeated samples for technical61

control). The samples were collected from July-2020 to March-2022, covering the third to the62

fifth COVID-19 waves in HK. All samples had genome coverage ≥90% with >100 reads of63

sequencing depth (Supplementary Fig. 1) and with high viral loads (Ct value ≤25). The median64

sequencing depth ranged from 380 to 98,214 per sample. The samples belonged to major65

SARS-CoV-2 lineages including VOCs (B.1.1.7 (Alpha), B.1.617.2 (Delta), B.1.1.52966

(Omicron, 20% are BA.1 and 80% are BA.2)) and non-VOCs (B.1.36, B.1.36.27, and B.1.1.63).67

The three non-VOC lineages were detected in the third (B.1.1.63) and fourth (B.1.36 and68

B.1.36.27) COVID-19 waves when no COVID-19 vaccine was available for use in HK9. For69

Delta and Omicron infections, samples from breakthrough infections after Comirnaty or70

CoronaVac (two-dose) vaccination were also included.71

72

For reliable analysis of within-host mutations, quality filtering steps were developed and73

validated using technical control samples (see Methods). We identified 2,731 iSNVs, with74

allele frequency between 5% to 50%, at 2,058 sites from 1,117 (54.4%) samples. Of these75

iSNVs, 1,694 (62.0%) of them were nonsynonymous, 1,016 (37.2%) were synonymous, and76

21 (0.8%) were located in untranslated regions (mutations in the heading and tailing 100bp77

regions were excluded in this study). We did not identify detectable iSNVs in the other 93678

(45.6%) samples. Overall, the mean number of iSNVs per sample was 1.33 (Fig. 1A, dashed79

line). This iSNV detection rate is similar to a previously reported level11,16, but lower than some80

other studies15,23, presumably due to differences in variant filtering criteria. Of the iSNV sites,81

1,801 (88%) were uniquely observed in a single patient sample. This suggests that most iSNVs82

are sporadic mutations occurring at distinct positions rather than recurrent mutations occurring83

at specific mutation hotspots (Fig. 1B).84

85

We found a weak correlation between viral load (Ct value) and the number of iSNVs per Kb.86

Samples with higher viral load (lower Ct value) generally had less iSNVs (Fig. 1A and87

Supplementary Fig. 2A). However, while viral load decreased with detection lag (time since88

symptom onset) (Supplementary Fig. 2B), the correlation between detection lag and number of89

iSNVs was not found to be significant (Supplementary Fig. 2C). We also found that the viral90

load did not significantly correlate with minor allele frequency (MAF) (Supplementary Fig.91

2D). Consistent with other studies, these results (Supplementary Fig. 2A-2D) suggest that92

enrichment of iSNVs negatively correlates with viral load11,12,15,16, but varies less with time93

from symptom onset16. To avoid artefacts due to low viral load16, we only included samples94

with a Ct value ≤25 and adjusted the number of iSNVs per Kb (referred to as incidence of95

iSNVs hereafter) by linear regression functions (see Methods) in the downstream comparative96

analysis. With these adjustments, the correlation of Ct value and number of iSNVs per Kb97

became insignificant (Supplementary Fig. 2E). We found the mean number of iSNVs per Kb98
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to be 0.045 across the full genome and the highest incidence of iSNVs were found in the ORF899

and ORF7a genes (Supplementary Table 1).100

101

Consistent with previous reports23,24, we found some mutation types (C®U, G®A, A®G,102

U®C, and G®U) occurred with higher-than-average frequencies, measured in terms of the103

number of synonymous/nonsynonymous iSNVs per synonymous/nonsynonymous site (i.e., ݀ௌ104

and ݀ே) (Fig. 1C; points above the dashed lines). The high frequency of C®U/G®A and105

A®G/U®C mutants support the hypothesis of RNA editing in vivo via APOlipoprotein B106

Editing Complex (APOBEC) and Adenosine Deaminase Acting on RNA (ADAR) enzymes10,25,107

respectively. Interestingly, we observed a higher mutation frequency of G®U, but a lower108

mutation frequency of C®A, which suggests a strand bias of the G®U mutation. The G®U109

mutation may be associated to Reactive Oxygen Species (ROS)-related processes26. In different110

regions of the SARS-CoV-2 genome, we observed uneven ݀ௌ and ݀ே (P<0.001, Kruskal-111

Wallis rank sum test among regions with length of 1Kb) and the highest frequency was found112

in ݀ௌ in the Spike gene region (genomic position from 24000 to 25000 in Fig. 1D). For all113

regions, the number of synonymous iSNVs per Kb per synonymous site (݀ௌ per Kb) are higher114

than the average number of nonsynonymous iSNVs per Kb per non-synonymous site115

(݀ே per Kb) (Fig. 1D). There were some shared iSNVs, i.e., found in multiple samples from116

different patients, with five of them (labelled in Fig. 1E) observed in more than 20 samples117

(frequency>1%). These five high-frequent iSNVs were found in samples from more than one118

SARS-CoV-2 lineage and under different vaccination statuses, suggesting mutation homoplasy119

rather than shared mutations from direct transmissions (Supplementary Table 2).120

121

VOC samples exhibit higher within-host diversity but weaker purifying selection122

than non-VOC samples123

124

To study the within-host diversity between different groups, i.e., SARS-CoV-2 lineages for125

different vaccination statuses, we calculated the incidence of iSNVs (adjusted number of126

iSNVs per Kb), abundance of iSNVs (MAF for iSNVs), and nucleotide diversity (ߨ, average127

number of nucleotide differences per site between pairwise reads)27 for samples within each128

group (see Methods). Combinational use of the three complementary indices can help illustrate129

viral mutant spectrum dynamics28. Essentially, incidence of iSNVs correspond to counts of130

mutational sites in a sample (the breadth of the mutant spectrum), abundance of iSNVs reflects131

the mutational frequency of each site in the sample (the height/intensity of the mutant132

spectrum), and nucleotide diversity (ߨ) is a functional index based on the total pairwise133

difference among observed haplotypes (the degree of polymorphism of iSNVs within a sample).134

Nucleotide diversity (ߨ) can be further characterized as synonymous and nonsynonymous135

nucleotide diversity (ߨௌ and ேߨ ) in coding regions. In general, excess nonsynonymous136

polymorphism (ߨே>ߨௌ) points to diversifying/positive selection while excess synonymous137

polymorphism (ߨே<ߨௌ) indicates purifying selection. Relatively weak selection forces are138

observed when stochastic changes (genetic drift) dominate (ߨே ≈ ௌ)29.139ߨ

140



6

Lineage-specific effects on iSNVs can be characterized by comparing unvaccinated samples141

between lineages. We found Delta samples without vaccination (designated “unvaccinated142

Delta samples”) had higher incidence of iSNVs than samples from the non-VOC lineages143

(medians: 0.002 for Delta vs. -0.022, -0.014 and -0.023 for B.1.1.63, B.1.36 and B.1.36.27144

respectively, P<0.05; Fig. 2A and Supplementary Table 3). The unvaccinated Omicron samples145

also had higher incidence of iSNVs than unvaccinated B.1.1.63 samples. Notably, the median146

incidence of iSNVs for VOC lineages (Alpha, Delta and Omicron) are all higher than non-147

VOC lineages (Fig. 2A), suggesting different genetic backgrounds of viruses had different148

within-host mutation rates. No significant difference was observed between abundance of149

iSNVs across unvaccinated VOC and non-VOC samples (Fig. 2B).150

151

Similar to what was observed for the incidence of iSNVs, the nucleotide diversity in Delta152

samples was significantly higher than for samples from all three non-VOC lineages (Fig. 2C153

and Supplementary Table 3). The overall nucleotide diversity for unvaccinated Omicron and154

Alpha samples were statistically significantly higher than samples from the third local wave155

lineage B.1.1.63 samples (P<0.05, Fig. 2C and Supplementary Table 3). Overall, unvaccinated156

VOC samples had higher median nucleotide diversity compared to the non-VOC samples (Fig.157

2C), suggesting infection with VOCs may induce greater within-host genetic variation.158

159

We found evidence of significant purifying selection in the SARS-CoV-2 genome (top row,160

Full genome column in Fig. 2D) and most samples have excess synonymous polymorphisms161

ௌߨ>ேߨ) , P<0.001 by two-sided Wilcoxon rank sum test). The mean value of ேߨ − ௌߨ is162 −1.18 × 10ିହ ேߨ) ⁄ௌߨ = 0.56) across the full genome for all samples, which is consistent with163

previous reports11 ேߨ) ⁄ௌߨ = 0.55), but differs from what was observed in other mammalian164

samples17.165

166

For the unvaccinated non-VOC (B.1.1.63, B.1.36 and B.1.36.27) samples, purifying selection167

was observed at the full-genome level (Full genome panel in Fig. 2D). By contrast, all three168

unvaccinated VOC (Alpha, Delta and Omicron) samples had overall unbiased selection ேߨ) ≈169 (ௌߨ at the full genome level which is statistically indistinguishable from neutrality. At the170

individual gene level, evidence for positive selection was observed for the Spike gene in both171

unvaccinated Alpha and Delta samples (ߨே − ௌߨ = 4.05 × 10ିହand 1.87 × 10ିହ, column S in172

Fig. 2D and Supplementary Table 4). However, unvaccinated non-VOC samples generally173

showed neutral to purifying selection in the Spike gene (ߨே − ௌߨ = −8.00 × 10ିହ,−5.21 ×174

10ିହ and −0.25 × 10ିହ ). This result suggests that, compared to viruses from non-VOCs175

lineages, those from VOC lineages are under less purifying selection pressure at the within-176

host level.177

178

For other coding regions, our data suggests little evidence of lineage-specific changes in179

selection pressure. Neutral or purifying selection was generally observed. For example, in180

ORF1ab, in all cases the synonymous nucleotide diversity is higher than or similar to the non-181

synonymous nucleotide diversity (Fig. 2E, ORF1ab column). Possible positive selection was182
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observed in ORF3a in unvaccinated Delta samples (P<0.05, Fig. 2E), E in unvaccinated Alpha183

samples (P<0.1, Fig. 2E), and ORF7a in unvaccinated B.1.1.63 samples (P<0.1, Fig. 2E).184

185

Vaccination appears to increase the within-host mutation rate and purifying186

selection pressure on VOC samples187

188

The incidence of iSNVs and nucleotide diversity may also be affected by vaccination. By189

studying the samples of breakthrough infections from fully vaccinated (with two-doses of190

Comirnaty or CoronaVac vaccines) patients, we found that the incidence of iSNVs in191

Comirnaty Delta virus samples was significantly higher than that from the unvaccinated Delta192

samples (Fig. 3A) and the Comirnaty Omicron samples (Supplementary Fig. 3A). Within Delta193

samples, higher incidence of iSNVs in Comirnaty samples compared to unvaccinated samples194

suggests vaccine-specific effects on within-host mutation rate. However, a similar effect was195

not observed for Omicron samples (Fig. 3A). One possible explanation for the difference196

between Delta and Omicron samples could be the waning of vaccine effectiveness, as overall197

a longer time had passed since receiving the second dose for Omicron-infected vaccinated198

patients in our data (Supplementary Fig. 4). It is also possible that different levels of immune199

evasion between Omicron and Delta infections may play a role, since neutralizing antibody200

titers induced by the Comirnaty vaccine against Omicron were lower than those against Delta30.201

Unlike incidence of iSNVs (Fig. 3A), abundance of iSNVs was similar across vaccinated and202

unvaccinated samples (Fig. 3B), while nucleotide diversities (ߨ ) were only marginally203

significantly higher (P<0.1) in Comirnaty Delta samples compared to unvaccinated samples204

(Fig. 3C), suggesting that the overall level of genetic variation was not markedly increased by205

vaccination.206

207

We found elevated purifying selection pressure at the full-genome level from Comirnaty208

vaccination, where significant ேߨ < ௌߨ were observed in vaccinated samples but not for209

unvaccinated samples (Fig. 3D, Full genome column). The enhanced purifying selection in210

Comirnaty Delta and Omicron samples was mainly contributed by increased ௌ211ߨ

(Supplementary Table 4). At the Spike gene level, the significant positive selection on the212

unvaccinated Delta samples was not observed in vaccinated Delta samples ேߨ) − ௌߨ = 1.87 ×213

10ିହ , 0.09 × 10ିହ and −2.58 × 10ିହ for unvaccinated Delta, Comirnaty Delta and214

CoronaVac Delta, respectively; column S in Fig. 3D, and Supplementary Table 4). While the215

selection pressure on the Spike gene in unvaccinated Omicron samples ேߨ) − ௌߨ = −0.97 ×216

10ିହ) was not significantly different from neutrality, the purifying selection was moderately217

significant in those with Comirnaty or CoronaVac vaccination (ߨே − ௌߨ = −3.94 × 10ିହ and218 −6.11 × 10ିହ for Comirnaty and CoronaVac, respectively, P<0.1). Collectively, Comirnaty219

vaccination may increase synonymous nucleotide diversity and thereby purifying selection220

pressures on Delta and Omicron viruses at the full genome level. For the Spike gene, the221

observed positive/neutral selection pressures acting on Delta and Omicron samples could be222

shifted to neutral/purifying selection in those with CoronaVac or Comirnaty vaccination.223

Similar to the lineage-specific results, we did not find consistent vaccination-specific changes224

in selection pressure for other coding regions. Neutral or purifying selection was predominant225
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(Fig. 3E), with possible positive selection observed in the M gene in CoronaVac Omicron226

samples (P<0.1).227

228

Positive selection in coding regions of VOC-specific and vaccination-specific samples (Fig.229

2E and 3E) suggests diversifying mutations that can potentially lead to higher chance of230

phenotypic changes. To identify putative hotspot regions with excessive positive selection, we231

analysed sliding windows (size of 30 codons) across each protein-coding region. Consistent to232

the results above, we found most genomic regions were under purifying selection. Seven233

candidate targets of positive selection were found in ORF1ab, ORF7a and E (Supplementary234

Fig. 5 and Supplementary Table 5). Of these, three regions (nsp3:448-451, nsp15:278-279 and235

E:40-47) had partial overlap with the regions determined to be under positive selection in an236

independent study24.237

238

No significant selection on within-host mutations from immune pressure239

240

To investigate whether the within-host mutations detected in our vaccinated samples enable241

immune escape, we studied the overlaps of identified within-host mutations with known242

neutralizing antibody (nAb) escape mutations in the Spike gene and with experimentally-243

determined T cell epitopes across the full genome.244

245

Although we found mutations on the receptor-binding domain (RBD) and near the S1/S2246

cleavage site (e.g., R683L), the overall mutations did not significantly cluster in any specific247

regions of the Spike gene (Fig. 4A, 4B). The total number of RBD mutations seem to be higher248

in Comirnaty Omicron samples (6 RBD mutations in 68 Comirnaty Omicron samples vs. zero249

mutation in 30 unvaccinated Omicron samples, Fig. 4A), however this difference was not250

significant (P=0.25, Chi-squared Test). Except for the K386E and N448K mutations found in251

two different Comirnaty Omicron samples (Fig. 4A), which may have mild effects on antibody252

escape (Supplementary Fig. 6A), the other identified mutations in the RBD region in all253

vaccinated Omicron and Delta samples were not on key antigenic sites (Supplementary Fig.254

6A and 6B). For the NTD region, except for the A262T mutation found in one Comirnaty Delta255

sample, none of the other within-host mutations overlapped with the known NTD antigenic256

supersite31 or with mutations that have been reported to affect neutralization of NTD-targeting257

nAbs32,33.258

259

In addition to nAbs escape mutations, T cell escape mutants have been shown to be selected260

under immune pressure in infections from influenza viruses34,35. However, the relationship261

between within-host mutations and T cell responses induced by SARS-CoV-2 infection or262

vaccination remains largely unknown. To investigate whether the variation in samples from263

breakthrough infections are related to host T cell responses, we studied the overlap between264

within-host mutations (minor allele variants) and known T cell epitopes. A total of 1324 CD8+-265

specific and 961 CD4+-specific T cell epitope-HLA (human leukocyte antigen) pairs were266

compiled (Methods). The distributions of these epitope-HLA pairs across SARS-CoV-2267

proteins and across HLAs are shown in Supplementary Fig. 7. Considering T cell epitopes268
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across all proteins, the average number of overlapping CD8+ and CD4+ epitopes per mutation269

was generally similar between different groups (Supplementary Fig. 8). Focusing on vaccinated270

and unvaccinated samples, we observed no significant difference in the number of overlapping271

epitopes per mutation (Fig. 5A), which is suggestive of no T cell-based selection on within-272

host viral evolution. When limited to iSNVs within the Spike gene, a marginally higher number273

of overlapping CD4+ T cell epitopes was found in Comirnaty Omicron samples compared to274

unvaccinated Omicron samples, but the difference was not significant (P=0.09, Supplementary275

Fig. 9A).276

277

Since the samples were sequenced from HK cases, we repeated the above analysis while278

focusing on the epitopes associated with HLAs prevalent in the HK population (Supplementary279

Fig. 10, Methods). As for the above results (Fig. 5A and Supplementary Fig. 9A), we did not280

observe a significant difference in the number of overlapping CD8+ and CD4+ T cell epitopes281

per mutation between the vaccinated and unvaccinated samples in the full genome (Fig. 5B) or282

in the Spike gene (Supplementary Fig. 9B).283

284

While the two candidate regions of positive selection mentioned in the previous section285

(nsp3:448-451 and E:40-47) overlapped with many CD8+ T cell epitopes (N=8 and N=5), these286

associations did not reach statistical significance (Supplementary Table 5). Overall, we did not287

identify a surge of antibody escape mutations in any group, and different groups had a similar288

level of mutation rates in T cell epitope regions.289

290

Discussion291

292

In this study we have analysed Illumina amplicon data from 2,146 SARS-CoV-2 samples to293

estimate intra-host variation of SARS-CoV-2 under different conditions. Similar to earlier294

studies, we show that incidence of iSNVs in SARS-CoV-2 samples is low (0 to 2 iSNVs per295

sample)11,16 and that sample viral loads negatively correlate with within-host mutation296

rates11,12,15,16, which suggests low viral load specimens are prone to bias toward falsely high297

iSNVs rates. In agreement with reports from Tonkin-Hill et al.15 where SARS-CoV-2 samples298

with lower Ct value show good concordance in allele frequencies between replicates, we also299

found the cut-off of Ct ≤25 can avoid most outliers. Evidence of RNA editing at the full300

genome level, e.g., the widely reported biased C®U/G®A and A®G/U®C pairs of301

mutations23,24, was observed in our study. We also found strong strand asymmetry of G®U302

mutations in our data, suggestive of RNA damage or RNA editing (rather than replication errors)303

on the plus stand15 and possible association with ROS-related processes26. The frequency of304

synonymous mutations is higher than expected (݀ே < ݀ௌ), corresponding to overall purifying305

selection on within-host mutations of SARS-CoV-2. Collectively, the general within-host virus306

sequence diversity in the samples from HK was similar to samples from other geographical307

areas collected at different timepoints11,16.308

309
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Different lineages of SARS-CoV-2 have different properties, including different levels of310

transmissibility21,22, disease severity36,37, viral load37,38, tissue affinity39, ability of vaccine311

breakthrough4-6, etc. Here, we found SARS-CoV-2 VOC Delta, Omicron and Alpha samples312

had higher within-host mutation rate and/or nucleotide diversity than non-VOC lineages. Such313

increased mutation rate is independent of viral load, suggesting different intrinsic biological314

properties between variants may play a role. As the entire infected population in HK by the end315

of 2021 was <0.2%, our observation is unlikely affected by interference induced by prior316

natural infection. Various mutations have been shown to account for different viral properties,317

e.g., ACE2 binding (e.g., K417N, N501Y)40, and immune escape (e.g., T478K, L452R)41. The318

increased nonsynonymous nucleotide diversity and putative diversifying selection in VOC319

samples (Supplementary Table 4) suggest that VOC viruses have a greater capacity to explore320

protein sequence space and therefore are more likely to incur a fitness change. This result is in321

line with VOCs’ ability to spread and result in multiple sub-lineages, and warrants close322

monitoring of their molecular evolution in the future.323

324

Vaccination is another factor which may affect the within-host evolution of the virus. We325

studied samples from Comirnaty and CoronaVac vaccine breakthrough infections and found326

that vaccination may be associated with increased mutation rates and increased purifying327

selection. We found Comirnaty vaccination may be associated with increased within-host328

mutation rate and nucleotide diversity in SARS-CoV-2 Delta-variant samples. Notably, the329

increased nucleotide diversity in specimens of Delta breakthrough infection in Comirnaty330

vaccinated individuals is mostly synonymous rather than non-synonymous ௌߨ) = 3.47 and 2.90331

for Comirnaty Delta and unvaccinated Delta samples respectively, Supplementary Table 4).332

We found Comirnaty vaccination increased synonymous nucleotide diversity and thus333

purifying selection pressure at both the full genome and Spike gene levels, while CoronaVac334

vaccination showed similar effects only at the Spike gene level. It has been reported that335

Comirnaty vaccine is markedly more immunogenic than CoronaVac vaccine and this may336

contribute to our observation42. It is also relevant to note that Comirnaty vaccine only has the337

Spike protein as an immunogen but appears to impact on purifying selection elsewhere in the338

genome. This may be a result of greater suppression of viral replication. Crucially, additional339

purifying selection pressures imposed by vaccination may limit the evolutionary protein340

sequence space as non-synonymous nucleotide diversity does not seem to be increasing.341

Overall, Comirnaty and CoronaVac vaccination seemingly amplifies the within-host purifying342

selection in VOCs.343

344

We did not observe enrichment of VOC defining mutations for the non-VOC samples (data not345

shown), which suggests that convergent evolution of VOC mutations is infrequent. Only three346

of the mutations observed in our vaccinated samples overlap with known nAb escape supersites347

on the Spike NTD or RBD regions and the predicted RBD immune escape potential is only348

mildly (less than 10% immune escape) affected by these mutations. Evolution of T cell epitopes349

under selection by the host immune system has been reported for other viruses43-45, and T cell350

responses to SARS-CoV-2 have also been reported in most COVID-19 patients46. However,351

we did not detect significant vaccination-specific T cell pressure on within-host diversity,352

suggesting vaccine-induced pressure may not enhance exploration of immune escape pathways.353
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354

As HK used an elimination strategy to control COVID-19, the individuals investigated in our355

study can be reliably categorised as immunologically naïve or vaccinated individuals, which is356

a significant advantage of our study. Nonetheless, our study has some limitations. The sample357

size for some groups in this study is small due to limited availability of samples. Although the358

vaccinated and unvaccinated samples in this study were collected at similar time points after359

symptom onset (P=0.801, two-sided Wilcoxon rank sum test), most of the studied cases have360

only single time point samples, and we lack serial samples data of breakthrough infections for361

studying the temporal changes of within-host selection pressures. In studying the effect of T362

cell pressure on within-host viral evolution, we could not perform an individual-based analysis363

since HLA typing of the patients was not performed. As most of the individuals in our study364

were either infection naïve or vaccinated prior to infection, the effect of hybrid immunity on365

SARS-CoV-2 within-host evolution could not be addressed and requires further investigation.366

367

In conclusion, our work suggests that SARS-CoV-2 within-host evolution may exhibit different368

patterns in different virus lineages and in vaccinated individuals. We found that Comirnaty and369

CoronaVac COVID-19 vaccination increases within-host purifying selection in VOCs,370

providing evidence that vaccination may limit the exploration of protein sequence space and371

emergence of more viral variants.372
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Methods373

374

Samples and sequencing375

This study was conducted under ethical approval from the Institutional Review Board of the376

University of Hong Kong (UW 20-168). We included Illumina amplicon data from 2,053377

samples from lineages B.1.1.7 (Alpha), B.1.617.2 (Delta), B.1.1.529 (Omicron) and378

B.1.1.63/B.1.36/B.1.36.27 (variants in the third and fourth local wave) collected from 2020-379

07-04 to 2022-03-01 in HK. All the samples were from patients who were either unvaccinated380

or fully vaccinated (received two doses of vaccines) with Comirnaty or CoronaVac vaccines.381

The number of samples included in the analysis are presented in Supplementary Table 6. The382

metadata and vaccination records of RT-PCR confirmed cases of COVID-19 were collected383

from the public data released by HK government since July 29, 2021384

(https://gia.info.gov.hk/general/202107/29/P2021072900356_373472_1_1627542548101.pdf385

).386

387

To obtain high quality sequence results, we only included samples with a cycle threshold (Ct)388

value ≤25 and with sufficient genome coverage and sequencing depth (sequencing depth ≥100389

properly paired reads are required at >=27000 genomic sites for every sample) after Illumina390

sequencing. RNA samples were sent to a World Health Organization reference laboratory at391

the University of HK for full-genome analyses (Institutional Review Board no. UW 20–168).392

Virus genome was reverse transcribed with multiple gene-specific primers targeting different393

regions of the viral genome. The synthesized cDNA was then subjected to multiple overlapping394

2-kb PCRs for full-genome amplification. PCR amplicons obtained from the same specimen395

were pooled and sequenced by using the Novaseq or iSeq sequencing platform (Illumina).396

Sequencing library was prepared by using Nextera XT (Illumina). Generated sequencing reads397

were quality trimmed by fastp with parameters (“-q 30 -5 -3 -c --detect_adapter_for_pe -l 50”).398

Potential PCR duplicates were removed by samtools markdup (v1.11). The trimmed reads were399

mapped to a reference virus genome by using BWA-MEM2 (v2.0pre2), and genome consensus400

was generated by using iVar (v1.3.1) with the PCR primer trimming protocol (minimum401

sequence depth of 100 and minimum Qvalue of 30).402

403

Variant calling and quality control404

The consensus-level single nucleotide polymorphisms (SNPs) and intrahost single nucleotide405

variants (iSNVs) were called by iVar variants (v1.3.1) with reference to the Wuhan-Hu-01406

sequence. To limit the analysis to high quality SNPs and iSNVs, the following filtering criteria407

were applied:408

409

1. SNVs were called from samtools mpileup files from quality-filtered reads alignment410

bam files using pysamstats.411

2. After filtering based on MAF threshold of 0.05, we identified 24,161 iSNVs in 2,051412

samples.413

3. After filtering for iSNVs with strong strand bias (we kept iSNVs with strand ratio <414

1/10), we identified 5,949 iSNVs in 1,643 samples.415
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4. After filtering for serial adjacent disjoint mutations (≥3 mutations within 30 nucleotides416

sliding window, likely relating to sequencing errors), we identified 5,808 iSNVs in417

1,642 samples.418

5. After filtering for iSNVs by minimum depth of 100 reads, we identified 5,073 iSNVs419

in 1,587 samples.420

6. After filtering heading/tailing 100bp UTR region, binding regions of PCR primers, and421

previously known problematic sites47, we identified 3,439 iSNVs in 1,129 samples.422

7. Finally, removing samples with possible co-infection/contamination, we identified423

2,731 iSNVs in 1,117 samples.424

425

To further validate that the identified iSNVs are of high confidence and are reproducible, we426

tested another 93 technical control samples from 86 cases sequenced by different sequencing427

runs and platforms. Using the same filtering criteria, we found iSNVs are significantly more428

reproducible among technical control samples from the same patient. Specifically, for the429

technical control samples with at least one iSNV, 54.2% (median) of the iSNVs were430

reproducible between samples from the same patient, compared to 0% (median) of the iSNVs431

being reproducible among samples from different patients (P<0.001, two-sided Wilcoxon rank432

sum test).433

434

Mutation summary statistics435

Incidence of iSNVs and minor allele frequency436

The incidence of iSNVs (number of iSNVs per Kb) was calculated by dividing the number of437

iSNVs with the number of genomic positions with sufficient coverage of reads (sequencing438

depth ≥ 100). The adjusted incidence of iSNVs is the residual (that is response minus fitted439

values) calculated by least-squares linear model (“lm” function in R 4.1.0) with the numbers440

of iSNVs per Kb (response variable) and Ct values (explanatory variable) from all the studied441

samples. The minor allele frequency (MAF), representing the abundance of iSNVs, was442

calculated directly from the alignment mpileup files using pysamstats (v1.1.2).443

444

Nucleotide diversity 445(ߨ)

Nucleotide diversity (ߨ) is a summary metric of the degree of polymorphism of iSNVs within446

a sample and is tolerant of biases from sequencing depth48. We use it to measure the degree of447

iSNVs polymorphism within a sample. For every sample, where ݊௜ sequences (NGS reads) of448

nucleotide ݅ are observed, nucleotide diversity ߨ) ) can be calculated based on pairwise449

difference between sequencing reads. as450 ߨ =
∑ ݊௜ ௝݊௜ஷ௝

1
2
ܰ(ܰ − 1)

,451

where N is the total number of sequences.452

453

Selection analysis454

The nucleotide diversity can be separately calculated for synonymous ( ௌߨ ) and non-455

synonymous changes (ேߨ) in coding regions. We calculated the ேߨ and ௌߨ in this study using456
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SNPGenie49 with self-curated input vcf files based on the above identified iSNVs. For457

hypothesis testing of selection neutrality (ߨே = ,(ௌߨ Z-tests using a bootstrap method (codon458

unit, 10,000 replicates for genes and sliding windows) was applied. The scripts of sliding459

window analysis for positive selection are largely based on a previous analysis developed by460

the author of the software (https://github.com/krisp-kwazulu-natal/within-host-diversity-461

manuscript-analysis-462

code/blob/a276286680de3723e2b1e70f7a060750892cf8af/scripts/diversity_selection_analyse463

s.R). The usage of this software in our study was approved by the author. Sliding windows of464

thirty codons and step size of one codon were used because this did not exceed the length of465

ORF10 (thirty-nine codons).466

467

Neutralizing antibody escape mutations468

The Spike RBD mutations found in all Omicron and Delta samples were analyzed separately469

with the Escape Calculator for SARS-CoV-2 RBD50. The calculations are based on deep470

mutational scanning of a large set of RBD targeting antibodies which are known to neutralize471

the ancestral Wuhan-Hu-1 strain. The mutation escape strength in the Escape Calculator was472

set to the default value of 2.473

474

For NTD, an antigenic supersite has been defined in McCallum et al.31 that is recognised by a475

large number of NTD-targeting nAbs. It includes the Spike regions: 14-20, 140-158 and 245-476

264. Multiple other NTD mutations have been reported to affect neutralization of NTD-477

targeting nAbs. These NTD mutations include32 A67V, del69-70, T95I, G142D, del143-145,478

N211I, del212, and ins214 EPE. In ref.33, NTD mutations with strong (del144, R246A),479

moderate (L18F, T19A, H164Y, D253G, D253Y), and mild (D80A, N149Q, S252F) effect on480

antibody neutralization were described. This data was collectively used in the overlap analysis481

of Spike NTD mutations (Fig. 4).482

483

Acquisition of SARS-CoV-2 CD8+ and CD4+ T cell epitopes484

We obtained SARS-CoV-2 CD8+ and CD4+ T cell epitope data from the dashboard reported485

by us51 (https://www.mckayspcb.com/SARS2TcellEpitopes/; accessed on 15 May 2022) and486

the Immune Epitope Database (IEDB)52 (https://www.iedb.org; accessed on 15 May 2022) by487

querying for the organism name: “SARS-CoV2” (taxonomy ID: 2697049),  host: “human”,488

and assay: “T cell positive”. The compiled data was processed to only include epitopes with489

lengths between 9-11 residues for CD8+ and 13-20 residues for CD4+, which represent the490

typical range of HLA class I and II epitopes. Removing the epitopes with no or incomplete491

HLA allele information resulted in a total of 1,324 unique CD8+ and 961 unique CD4+ epitope-492

HLA pairs (Supplementary Fig. 6). The analysis in Fig. 5A is based on this complete set of493

known SARS-CoV-2 T cell epitopes.494

495

For the analysis focused on epitopes targeted by T cells in the HK population (Fig. 5B), we496

determined class I and class II HLA alleles prevalent in HK. For class I alleles, we employed497

the IEDB’s “Population Coverage” tool (http://tools.iedb.org/population/) to identify 12 HLA498

class I alleles that together cover >99% of the HK population (Supplementary Fig. 10A, left499

https://github.com/krisp-kwazulu-natal/within-host-diversity-manuscript-analysis-code/blob/a276286680de3723e2b1e70f7a060750892cf8af/scripts/diversity_selection_analyses.R
https://github.com/krisp-kwazulu-natal/within-host-diversity-manuscript-analysis-code/blob/a276286680de3723e2b1e70f7a060750892cf8af/scripts/diversity_selection_analyses.R
https://github.com/krisp-kwazulu-natal/within-host-diversity-manuscript-analysis-code/blob/a276286680de3723e2b1e70f7a060750892cf8af/scripts/diversity_selection_analyses.R
https://github.com/krisp-kwazulu-natal/within-host-diversity-manuscript-analysis-code/blob/a276286680de3723e2b1e70f7a060750892cf8af/scripts/diversity_selection_analyses.R
https://www.mckayspcb.com/SARS2TcellEpitopes/
https://www.iedb.org/
http://tools.iedb.org/population/
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panel). A total of 630 unique SARS-CoV-2 CD8+ T cell epitopes were associated with these500

alleles (Supplementary Fig. 10A, right panel). For class II alleles, we employed the Allele501

Frequency Net Database53 (http://www.allelefrequencies.net; accessed on 15 May 2022) and502

identified 13 HLA class II alleles that have an individual estimated population coverage of >5%503

in the HK population (Supplementary Fig. 10B, left panel). A total of 258 unique SARS-CoV-504

2 CD4+ T cell epitopes were associated with these alleles (Supplementary Fig. 10B, right panel).505

506

Overlapping T cell epitopes per mutation507

To study whether the within-host mutations (minor allele variants) affect the T cell response508

generated against different SARS-CoV-2 lineages and under different vaccination status, we509

used the metric Overlapping T cell epitopes per mutation. It is computed as the number of T510

cell epitopes overlapping the within-host mutations observed in each group divided by the total511

number of within-host mutations observed in that group. The T cell epitope data used in the512

calculation of this metric was either from the complete set (Fig. 5A) or from the set specific to513

the HK population (Fig. 5B).514

515

Statistical analysis516

For bootstrapping analysis, the measurement can be taken from the same sample measured517

repeatedly. For the other tests (e.g., Wilcoxon tests), the measurements were taken from distinct518

samples. All the statistical tests in this study are two-sided and no adjustment for multiple519

comparisons was performed unless specified.520

521

Data availability522

The sequencing data used in this study can be access through NCBI Sequence Read Archive523

(SRA) with accession ID: XXX. The anonymised metadata are deposited at524

https://github.com/Leo-Poon-Lab/mutations-under-sarscov2-vaccination/XXX.525

526

Code availability527

Detailed scripts for the above analysis are available from https://github.com/Leo-Poon-528

Lab/mutations-under-sarscov2-vaccination.529
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Figure Legends683

684

Figure 1. Statistics of within-host mutations in SARS-CoV-2 samples. (A) Distribution of685

number of iSNV site(s) in each sample, colored by ranges of Ct values. The dashed line shows686

the mean value of the distribution. (B) Distribution of number of sample(s) sharing iSNVs (e.g.,687

if the iSNV identified in one sample was not shared with any other sample, then the number of688

samples sharing that iSNV equals to one (x = 1), and so on), colored by variant types. (C)689

Distribution of the frequency of iSNVs per sample per synonymous and per non-synonymous690

site (݀ௌ and ݀ே) for different types of mutations, colored by variant types. The dashed lines691

show the average frequency of synonymous and non-synonymous iSNVs among all types of692

mutations. The points and error bars show mean and standard deviation values based on 10,000693

bootstrap replicates at mutation level. (D) Distribution of the frequency of iSNVs per sample694

per Kb for synonymous and non-synonymous site (݀ௌ per Kb and ݀ே per Kb) in different695

genomic regions of 1Kb length, colored by variant types. The points and error bars show mean696

and standard deviation values based on 10,000 bootstrap replicates at mutation level. (E)697

Distribution of high-frequency mutations shared by multiple samples, colored by variant types.698

Coding regions of the SARS-CoV-2 genome, based on the reference genome (GenBank:699

MN908947.3), are shown at the bottom of the figure.700

701

Figure 2. Comparison of within-host mutation profiles between unvaccinated VOC and702

unvaccinated non-VOC samples. (A-C) Full genome incidence of iSNVs (adjusted number703

of iSNVs per Kb), abundance of iSNVs (minor allele frequencies, MAF), and nucleotide704

diversity (π) of different samples. For all box plots, the bold horizontal line inside the box705

shows the median, the upper and lower edges of the box indicate the first and the third quartiles,706

and whiskers extend to span a 1.5 interquartile range from the edges. Pairwise comparisons707

between groups were performed by two-sided two-sample Wilcoxon tests; the pairs with P-708

value ≤ 0.01 and ≤ 0.05 are labelled with “**” and “*” respectively. (D-E) Full-genome and709

gene-specific within-host nonsynonymous nucleotide diversity ( ேߨ ) and synonymous710

nucleotide diversity (ߨௌ) in samples from different groups. The points and error bars show the711

mean and standard deviation values under 10,000 bootstrap replicates at codon level.712

Significance was evaluated using Z-tests of the null hypothesis that ேߨ − ௌߨ = 0 (10,000713

bootstrap replicates, codon unit); P-value ≤ 0.01, ≤ 0.05 and ≤ 0.10 are labelled with “**”,714

“*” and “^”, respectively.715

716

Figure 3. Comparison of within-host mutation profiles between vaccinated and717

unvaccinated Delta and Omicron samples. (A-C) Full-genome incidence of iSNVs (adjusted718

number of iSNVs per Kb), abundance of iSNVs (minor allele frequencies, MAF) and719

nucleotide diversity (π) of different samples. For all box plots, the bold horizontal line inside720

the box shows the median, the upper and lower edges of the box indicate the first and the third721

quartiles, and whiskers extend to span a 1.5 interquartile range from the edges. Pairwise722

comparisons between groups were performed by the two-sided two-sample Wilcoxon test; the723

pairs with P-value ≤ 0.01 and ≤ 0.05 are labelled with “**” and “*” respectively. (D-E) Full-724
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genome and gene-specific within-host nonsynonymous nucleotide diversity ( ேߨ ) and725

synonymous nucleotide diversity (ߨௌ) in samples from different groups. The points and error726

bars showed the mean and standard deviation values under 10,000 bootstrap replicates at codon727

level. Significance was evaluated using Z-tests of the null hypothesis that ேߨ − ௌߨ = 0 (10,000728

bootstrap replicates, codon unit); P-value ≤ 0.01, ≤ 0.05 and ≤ 0.10 were labelled with “**”,729

“*” and “^”, respectively.730

731

Figure 4. Spike mutations identified in unvaccinated and vaccinated Delta and Omicron732

samples. Each circle represents one mutation identified in one sample in this study. (A)733

Identified within-host mutations in Omicron samples; (B) Identified within-host mutations in734

Delta samples.735

736

Figure 5. Overlapping known SARS-CoV-2 CD8+ and CD4+ T cell epitopes per mutation737

in unvaccinated and vaccinated Delta and Omicron samples. (A) Analysis based on all738

known SARS-CoV-2 T cell epitopes. (B) Analysis based on T cell epitopes associated with739

HLA alleles prevalent in the Hong Kong population. Pairwise comparisons within groups were740

performed by the two-sided two-sample Wilcoxon test. For all box plots, the bold horizontal741

line inside the box shows the median, the upper and lower edges of the box indicate the first742

and the third quartiles, and whiskers extend to span a 1.5 interquartile range from the edges.743

744

745

746
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Supplementary Tables

Table 1. iSNVs in different regions.

Gene Mean iSNVs per Kb Mean iSNVs per Kb (adjusted)

Full genome 0.04535019 -1.37E-18

ORF1ab 0.04392511 3.43E-18

S 0.06269981 -5.83E-18

ORF3a 0.03001364 -6.78E-18

E 0.14527307 -1.29E-17

M 0.03996223 3.60E-18

ORF6 0.05237549 -2.34E-17

ORF7a 0.0324728 1.28E-17

ORF7b 0.02319486 -1.52E-17

ORF8 0.02135847 7.58E-18

N 0.04786782 -3.81E-18

ORF10 0.03746862 -1.68E-17

Table 2. Distribution of high-frequent iSNVs in different viral lineage and vaccination groups.

Lineage Vaccine Gene
Mutation

(amino acid)
Proportion

B.1.1.63 Unvaccinated ORF1ab D5973N 0.28

B.1.36.27 Unvaccinated ORF1ab D5973N 0.26

B.1.36 Unvaccinated ORF1ab D5973N 0.15

Delta Unvaccinated ORF1ab D5973N 0.13

Delta Comirnaty ORF1ab D5973N 0.11

Alpha Unvaccinated ORF1ab D5973N 0.04

Delta CoronaVac ORF1ab D5973N 0.04

B.1.36.27 Unvaccinated S D843D 0.73

B.1.36 Unvaccinated S D843D 0.27

B.1.36.27 Unvaccinated S K811R 0.33

B.1.1.63 Unvaccinated S K811R 0.25

Alpha Unvaccinated S K811R 0.21

Delta Unvaccinated S K811R 0.17

Delta Comirnaty S K811R 0.04

B.1.36.27 Unvaccinated ORF1ab S6096R 0.55

B.1.1.63 Unvaccinated ORF1ab S6096R 0.27

B.1.36 Unvaccinated ORF1ab S6096R 0.09

Delta Comirnaty ORF1ab S6096R 0.05

Delta CoronaVac ORF1ab S6096R 0.05

B.1.36.27 Unvaccinated E V75A 0.61

B.1.36 Unvaccinated E V75A 0.27

Delta Unvaccinated E V75A 0.09

Alpha Unvaccinated E V75A 0.03



Table 3. Differences in iSNVs between groups at full-genome level. Only pairs with significantly large

difference (p<0.05 in Wilcoxon Rank Sum test and difference between median values >10%) are shown.

Variable 1 Variable 2 Median of

variable 1

Median of

variable 2

P value

Number of iSNVs per Kb

(adjusted)

Unvaccinated_B.1.1.63 Unvaccinated_Delta -0.0218 0.0019 0.0002

Comirnaty_Delta Comirnaty_Omicron 0.0328 -0.0023 0.0013

Unvaccinated_B.1.36.27 Unvaccinated_Delta -0.0225 0.0019 0.0030

Unvaccinated_B.1.36 Unvaccinated_Delta -0.0135 0.0019 0.0138

Comirnaty_Delta Unvaccinated_Delta 0.0328 0.0019 0.0189

Unvaccinated_B.1.1.63 Unvaccinated_Omicron -0.0218 -0.0007 0.0243

Unvaccinated_B.1.1.63 Unvaccinated_B.1.36 -0.0218 -0.0135 0.0379

Minor allele frequency

NA

Nucleotide diversity (π)

Unvaccinated_B.1.36.27 Unvaccinated_B.1.1.63 7.22E-06 0 < 0.0001

Unvaccinated_B.1.1.63 Unvaccinated_Delta 0 1.97E-05 < 0.0001

Unvaccinated_B.1.36 Unvaccinated_B.1.1.63 5.24E-06 0 0.0002

Unvaccinated_B.1.1.63 Unvaccinated_Omicron 0 1.90E-05 0.0005

Unvaccinated_B.1.36 Unvaccinated_Delta 5.24E-06 1.97E-05 0.0096

Unvaccinated_B.1.1.63 Unvaccinated_Alpha 0 1.01E-05 0.0137

Unvaccinated_B.1.36.27 Unvaccinated_Delta 7.22E-06 1.97E-05 0.0165

Table 4. Synonymous and nonsynonymous nucleotide diversity on full genome and spike gene of different

groups.

Gene Group ࡺ࣊ (ࡰࡿ±) (10-5) ࡿ࣊ (ࡰࡿ±) (10-5) ࡺ࣊ − ࡿ࣊ (10-5) ࡺ࣊ ⁄ࡿ࣊
Full genome Combined  (N=2053) 1.51 (1.43 ~ 1.59) 2.69 (2.32 ~ 3.06) -1.18 0.56

Full genome Comirnaty Delta (N = 58) 1.85 (1.57 ~ 2.13) 3.47 (2.81 ~ 4.12) -1.62 0.53

Full genome Comirnaty Omicron (N = 68) 1.95 (1.7 ~ 2.21) 3.06 (2.56 ~ 3.56) -1.10 0.64

Full genome Unvaccinated Alpha (N = 48) 1.64 (1.36 ~ 1.93) 1.25 (0.89 ~ 1.6) 0.40 1.32

Full genome Unvaccinated B.1.1.63 (N = 805) 1.24 (1.16 ~ 1.32) 2.04 (1.87 ~ 2.22) -0.81 0.61

Full genome Unvaccinated B.1.36 (N = 221) 1.16 (1.02 ~ 1.29) 3.09 (2.19 ~ 3.98) -1.93 0.38

Full genome Unvaccinated B.1.36.27 (N = 707) 1.66 (1.55 ~ 1.77) 3.07 (2.35 ~ 3.8) -1.41 0.54

Full genome Unvaccinated Delta (N = 70) 1.97 (1.7 ~ 2.23) 2.90 (2.37 ~ 3.43) -0.93 0.68

Full genome Unvaccinated Omicron (N = 30) 1.67 (1.32 ~ 2.02) 2.79 (2.06 ~ 3.53) -1.12 0.60

Full genome CoronaVac Delta (N = 14) 1.61 (1.16 ~ 2.06) 3.11 (2.04 ~ 4.18) -1.50 0.52

Full genome CoronaVac Omicron (N = 32) 1.74 (1.4 ~ 2.08) 2.56 (1.89 ~ 3.24) -0.82 0.68

S Combined (N=2053) 1.93 (1.72 ~ 2.14) 4.92 (2.34 ~ 7.51) -2.99 0.39

S Comirnaty Delta (N = 58) 2.49 (1.81 ~ 3.16) 2.39 (1.37 ~ 3.41) 0.09 1.04

S Comirnaty Omicron (N = 68) 2.62 (1.84 ~ 3.4) 6.56 (4.49 ~ 8.63) -3.94 0.40

S Unvaccinated Alpha (N = 48) 4.66 (3.16 ~ 6.15) 0.61 (0 ~ 1.22) 4.05 7.64

S Unvaccinated B.1.1.63 (N = 805) 1.41 (1.17 ~ 1.65) 1.66 (1.29 ~ 2.03) -0.25 0.85

S Unvaccinated B.1.36 (N = 221) 1.84 (1.46 ~ 2.22) 9.84 (3.33 ~ 16.3) -8.00 0.19

S Unvaccinated B.1.36.27 (N = 707) 2.06 (1.78 ~ 2.33) 7.26 (2.04 ~ 12.5) -5.21 0.28

S Unvaccinated Delta (N = 70) 2.34 (1.45 ~ 3.24) 0.48 (0.13 ~ 0.82) 1.87 4.93

S Unvaccinated Omicron (N = 30) 1.48 (0.71 ~ 2.24) 2.45 (0.68 ~ 4.23) -0.97 0.60

S CoronaVac Delta (N = 14) 0.81 (0.23 ~ 1.4) 3.39 (0.87 ~ 5.91) -2.58 0.24

S CoronaVac Omicron (N = 32) 1.8 (0.95 ~ 2.65) 7.91 (4.73 ~ 11.1) -6.11 0.23



Table 5. Candidate genomic regions of positive selection within hosts.

The P-value for T cell epitope overlap is defined as the probability of observing at least the same number of overlapping epitopes in the gene’s window of same length as the

codon range.

Table 6. Number of samples with at least one detected iSNV and number of total analysed samples,

stratified by virus lineages and vaccination status.

Comirnaty CoronaVac Unvaccinated

Alpha 0 0 30/48

Delta 51/56 10/12 50/70

Omicron 51/57 24/26 21/24

B.1.36 0 0 123/220

B.1.36.27 0 0 403/697

B.1.1.63 0 0 354/760



Supplementary Figures

Figure 1. The sequencing depth in sliding window of 200bp of the samples included in this study. Each

grey line is representative of one individual sample, and the red line shows the average of all samples. The

dashed line showed depth of 100 reads.



Figure 2. Correlation of Ct value between different factors. The regression lines are showed in blue. (A)

Correlation between Ct value and number of iSNVs per Kb; (B) Correlation between Ct value and detection lag

(time post symptom onset in days); (C) Correlation between detection lag and number of iSNVs per Kb;

(D) Correlation between Ct value and minor allele frequency; (E) Correlation between Ct value and number of

iSNVs per Kb (adjusted).



Figure 3. Within-host mutations profiles among different groups. Different vaccination statuses were

compared, the data used here are the same as the data used in the Figure 2A-2C and Figure 3A-3C of the main

text. Boxplots indicate median and inter-quartile ranges (IQR), and whiskers represent value ranges up to 1.5 *

IQR. Pairwise comparisons within groups were tested by two-sided two-sample Wilcoxon tests, the pairs with P

value ≤ 0.01 and ≤ 0.05 were labelled with “**” and “*” respectively. (A) Full-genome incidence of iSNVs

(adjusted number of iSNVs per Kb) of different samples. (B) Full-genome abundance of iSNVs (minor allele

frequencies) of different samples. (C) Full-genome nucleotide diversity (π) of different samples.



Figure 4. Distribution of time post last dose in the vaccinated samples.



Figure 5. Sliding window analysis of Synonymous/Non-synonymous nucleotide diversity in different

genes. Sliding windows size of thirty codons and step size of one codon were used because this did not exceed

the length of ORF10 (thirty-nine codons).



Figure 6. Antibody binding prediction of receptor-binding domain (RBD) mutations in vaccinated (A)

Omicron and (B) Delta samples. The identified mutations in both Comirnaty and CoronaVac vaccinated

samples were labelled in the plot (orange dots). The blue/grey lines show the total antibody binding before/after

the mutations are introduced into the RBD region. The difference in y axis between orange and grey dots at the

same amino acid site represents the loss of antibody binding under mutation, the differences in percentage were

labelled in brackets. The calculations are based on deep mutational scanning of a large set of RBD targeting

antibodies which are known to neutralize Wuhan-Hu-1.

(https://jbloomlab.github.io/SARS2_RBD_Ab_escape_maps/escape-calc/).



Figure 7. Distribution of CD4+/CD8+ T cell epitope-HLA pairs included in this study. (A) Distribution in

different genomic regions; (B) Distribution in different HLA regions.
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Figure 8. Average number of overlapping epitopes per mutation in different groups.



Figure 9. Overlapping of CD4+/CD8+ T cell epitopes per mutation in Spike between vaccinated and

unvaccinated samples. (A) analysis based on unique T cell epitopes. (B) analysis based on epitope-HLA pairs

specific to Hong Kong population.



Figure 10. Distribution of CD4+/CD8+ T cell epitope-HLA pairs specific to Hong Kong population
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