
Lineage
Site

Substitution events #
Total sequences

Events per 1M
 sequences

BA.1
F486

0
1,273,375

0.0
BA.1

K444
3

1,273,375
2.4

BA.1
L452

4
1,273,375

3.1
BA.1

N
460

3
1,273,375

2.4
BA.1

R
346

16
1,273,375

12.6
BA.2

F486
6

1,603,935
3.7

BA.2
K444

13
1,603,935

8.1
BA.2

L452
27

1,603,935
16.8

BA.2
R

346
9

1,603,935
5.6

BA.4
K444

5
115,119

43.4
BA.4

N
460

1
115,119

8.7
BA.4

R
346

11
115,119

95.6
BA.5

K444
65

837,977
77.6

BA.5
N

460
12

837,977
14.3

BA.5
R

346
49

837,977
58.5

BA.2 (excluding BA.2.75)
F486

1
1,597,209

0.6
BA.2 (excluding BA.2.75)

K444
11

1,597,209
6.9

BA.2 (excluding BA.2.75)
L452

24
1,597,209

15.0
BA.2 (excluding BA.2.75)

N
460

3
1,597,209

1.9
BA.2 (excluding BA.2.75)

R
346

11
1,597,209

6.9
BA.2.75

F486
5

6,726
743.4

BA.2.75
K444

2
6,726

297.4
BA.2.75

L452
3

6,726
446.0

BA.2.75
R

346
6

6,726
892.1
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Supplementary Table 2. Crystallographic data collection and refinement statistics 

 BQ.1.1 RBD-ACE2 

Complex 

Data collection  

Space group P3212 

Cell dimensions  

  a, b, c (Å) 120.05, 120.05, 167.42 

Resolution (Å) 49.17-2.78 (2.95-2.78) * 

Rmeas (%) 26.1 (313.7) 

CC1/2 (%) 99.8 (41.8) 

<I / s(I)> 14.4 (1.03) 

Completeness (%) 99.7 (98.6) 

Redundancy 20.7 (17.9) 

Refinement  

No. reflections 34681 

Rwork / Rfree (%) 20.0/24.5 

No. atoms  

    Protein 6440 

    Ligand 243 

Water 30 

B-factors (Å2)  

    Protein 81.98 

    Ligand/ion 119.4 

Water 53.3 

R.m.s. deviations  

    Bond lengths (Å) 0.002 

    Bond angles (°) 0.547 

Ramchandran Statistics (%)  

Favored 96.84 

Outliers 0.13 

*Values in parentheses are for highest-resolution shell. 
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2021-06-04

BN
T162b2

2022-01-28
BN

T162b2
2022-08-01
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Supplementary Fig. 1. Convergent evolution of the Omicron lineages 
a, Non-S substitutions detected in BQ.1.1 compared to the majority of BA.5. 
Although five non-S substitutions were detected, substitutions other than 
NSP13:268S were acquired in the ancestral lineages of BQ.1.1 and are not 
specific to BQ.1.1. 



b, A sensitivity analysis on the number of detected substitution events. The 
minimum probability to define that a substitution exists at each internal node was 
changed from 0.4 to 0.9 in increments of 0.1, and the number of detected 
substitution events was counted. 
c, Detected substitution events at the convergent sites (related to Fig. 1d, e). 
Raw counts (left) and counts per 1 million (M) analysed sequences (right) are 
shown. Unlike Fig. 1d, e, the results for BA.2.75 are shown in addition to BA.1, 
BA.2, BA.4, and BA.5. 
d, The co-occurrence network of substitutions in the S protein in Omicron 
lineages. In the S haplotype dataset, a pair of substitutions with Pearson’s 
correlation > 0.9 is considered co-occurring substitutions and indicated as a link 
in the network. In the modelling analysis, a group of co-occurring substitutions 
was clustered, and one effect value was estimated for each substitution cluster. 
e, Effect size of each substitution in the S protein on relative effective 
reproduction number (Re) (related to Fig. 2b). A dot and line indicate the posterior 
mean and the 95% Bayesian confidential interval (CI), respectively. 
f, Relative Re value for a viral group represented by each S haplotype, assuming 
a fixed generation time of 2.1 days (related to Fig. 2c). A dot and line indicate the 
posterior mean and the 95% Bayesian CI, respectively. Unlike Fig. 2c, the profile 
of all S substitutions analysed is shown on the left side. 
  



Supplementary Fig. 2. Prediction of the relative Re of S haplotypes in each 
country using the model trained on the UK’s data 
a, The predicted relative effective reproduction number (Re) of S haplotypes and 
relative Re estimated by a multiple logistic model based on each country’s data 
were compared. The dot size indicates the number of sequences of each 
haplotype. The dotted line denotes a line with a slope of 1 and an intercept of 0. 
The 20 countries with the highest number of sequences were analysed. 
  



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Supplementary Fig. 3. SARS-CoV-2 S–ACE2 interaction 
a, b, Electron density maps of the N-linked glycan on Asn90 of human ACE2 
bound to BQ.1.1 or BA.4/5 receptor binding domain (RBD). (a) BQ.1.1 RBD-
human ACE2 complex structure (purple for RBD, grey for ACE2). (b) BA.4/5 
RBD-human ACE2 complex structure (brown for RBD, grey for ACE2, PDB: 
7XWA [https://doi.org/10.2210/pdb7xwa/pdb])17. The simulated annealing 
composite omit map (2Fo-Fc) calculated using Phenix is contoured at 1.0σ and 
shown in grey. 
c, d, Structures of the catalytic site of human ACE2. (c) The catalytic site of 
human ACE2 (grey) bound to BQ.1.1 RBD. Electron density (Fo-Fc map) of the 
unidentified substrate-like molecule is shown as grey mesh (contoured at 3.0σ). 
(d) The catalytic site of an inhibitor-bound human ACE2 structure28 (pale yellow, 
PDB: 1R4L [https://doi.org/10.2210/pdb1r4l/pdb]). 
e, S protein expression on the cell surface. The summarized data are shown. In 
e, assays were performed in triplicate. The presented data are expressed as the 
average ± standard deviation (SD). Each dot indicates the result of an individual 
replicate. Statistically significant differences versus each parental S protein were 
determined by two-sided Student’s t tests. MFI, median fluorescence intensity. 
  



Supplementary Fig. 4. Histological observations in infected hamsters 
a, Immunohistochemical (IHC) analysis of the viral N protein in the middle portion 
of the tracheas of all infected hamsters at 2 days post-infection (d.p.i.) (4 
hamsters per infection group). Each panel shows a representative result from an 
individual infected hamster. d.p.i., days post-infection. 
b, IHC analysis of the SARS-CoV-2 N protein in the lungs of infected hamsters 
at 2 d.p.i. (left) and 5 d.p.i. (right) (4 hamsters per infection group). In each panel, 
IHC staining (top) and the digitalized N-positive area (bottom, indicated in red) 
are shown. The red numbers in the bottom panels indicate the percentage of the 
N-positive area. Summarized data are shown in Fig. 6c. In a and b, N-positive 
cells are shown in brown. Scale bars, 1 mm (a); 5 mm (b). 
  



 
 
 
 
 
 
 
 
 
 

Supplementary Fig. 5. Gating strategy for flow cytometry 
A representative dot plot of the gating for flow cytometry is shown. FSC, forward 
scatter; SSC, side scatter.  


