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Abstract 

Previous work indicated that the nucleocapsid 203 mutation increase the virulence 

and transmission of the SARS-CoV-2 Alpha variant. However, Delta later outcompeted 

Alpha and other lineages, promoting a new wave of infections. Delta also possesses a 

nucleocapsid 203 mutation, R203M. Large-scale epidemiological analyses suggest a 

synergistic effect of the 203 mutation and the spike L452R mutation, associated with 

Delta expansion. Viral competition experiments demonstrate the synergistic effect in 

fitness and infectivity. More importantly, we found that the combination of R203M 

and L452R brings in a 3.2-fold decrease in neutralizing titers to the neutralizing 

serum relative to L452R-only virus. R203M/L452R show an increased fitness after the 

initiation of global vaccination programmes, possibly associated with the enhanced 

immune evasion. Another rapidly emerging variant Omicron also bears the 203 

mutation. Thus, we proposed that nucleocapsid mutations play an essential role for 

the rise and predominance of variants in concern. 
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INTRODUCTION 

It has been two years since the global outbreak of severe acute respiratory syndrome 

coronavirus 2 (SARS-CoV-2) in 2019 1-5. By December 2021, SARS-CoV-2 had caused 

more than 263 million confirmed infections and more than 5 million deaths 

worldwide. SARS-CoV-2 is an RNA virus with a moderate mutation rate 
4,6,7

, however, 

the large number of human infections fueled a rapid evolution of this virus. The 

resulting genomic variations enabled selection of several distinct variants of concern 

(VOCs), including Alpha (B.1.1.7), Beta (B.1.351), Gamma (P.1/B.1.1.28), Kappa 

(B.1.617.1), Delta (B.1.617.2) and the newly emerging Omicron (B.1.1.529).  

SARS-CoV-2 is an enveloped, positive-stranded RNA virus. Receptor recognition and 

fusion processes are mediated by the trimeric spike (S) glycoprotein. The S protein is 

the major target for the development of vaccines and neutralizing antibodies 
8,9

 . 

Adaptive mutations, such as D614G 
10-14

, N501Y 
15-18

, E484K 
19,20

 and L452R 
21,22

, 

accumulating in the S protein among different VOCs are regarded as essential to 

increase infectivity, transmissibility and resistance to neutralization. 

In addition to these adaptive S protein mutations, there are adaptive mutations in 

other parts of the viral genome that contribute to the virulence, spread and immune 

evasion of the virus. Several researchers have highlighted the potential importance of 

mutations in the nucleocapsid (N) protein 
12,23-25

. Our previous work has found that 

the cooccurring mutations R203K/G204R in the N protein increase fitness and 

infectivity of SARS-CoV-2 and facilitate the emergence of the Alpha variant 
23

. The 

R203K/G204R mutations, dominant in the worldwide pandemic until May 2021, 

enhance the fitness of SARS-CoV-2 and are associated with the increased 

transmission and virulence of the Alpha variant. During the global vaccination 

campaign, Delta has outcompeted other lineages and became predominant 

worldwide. The Delta variant was first identified as a VOC in India in 2020 
26

, bearing 

the S protein mutation L452R, which confers escape from cellular immunity 
21,26

. 

However, the N protein mutation R203M is likewise associated with the emergence 

of Delta variants. Two independently evolved VOCs (Alpha and Delta) have mutations 
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located at the same position of the N protein, suggesting functional importance of 

the N protein 203 mutation for viral adaptation and fitness. Thorough research on 

the evolutionary and functional effects of R203M is important for understanding the 

effects of N protein mutations and their contribution to the rapid global rise of the 

Delta variant.  

For these reasons, we evaluated the evolution of the R203M mutation based on all 

documented SARS-CoV-2 genomic sequences. The results show that this mutation 

has rapidly expanded since January 2021 with the emergence of Delta (Fig. S1A, B) 

and is becoming dominant in the worldwide pandemic (Fig. 1A, B). Moreover, our 

results suggest that the R203M N protein mutation and the L452R S protein mutation 

have a statistically significant synergistic effect towards the emergence and spread of 

the Delta variant. Hence, we further constructed L452R mutant viruses with or 

without the additional 203 mutation in the N protein and investigated these mutants 

in cell lines, hamsters and a human airway tissue model. We identified and validated 

increases in the infectivity and fitness of the L452R variants with R203M or 

R203K/G204R mutations relative to those without the 203 mutation. More 

importantly, we identified a decreased sensitivity of virus carrying the R203M N 

protein mutation in combination with the L452R S protein mutation towards immune 

serum obtained from previously SARS-CoV-2 wild type infected hamsters. Accordingly, 

we observed an increased fitness of the R203M/L452R virus relative to the 

L452R-only virus after global vaccination programmes were initiated. In summary, 

our results reveal that the 203 N protein mutation plays an essential role in the 

immune evasion and global spread of SARS-CoV-2. 

  

.CC-BY-NC-ND 4.0 International licenseavailable 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 made 

The copyright holder for this preprintthis version posted December 23, 2021. ; https://doi.org/10.1101/2021.12.20.473471doi: bioRxiv preprint 

https://doi.org/10.1101/2021.12.20.473471
http://creativecommons.org/licenses/by-nc-nd/4.0/


RESULTS 

Selection advantages of the L452R variant with the nucleocapsid 203 mutation over 

the L452R-only variant. 

To evaluate the effect of R203M on Delta, we performed a comparison between the 

strains with both L452R and R203M and those with L452R but without R203M. We 

chose L452R because this S protein mutation is associated with the evasion from 

cellular immunity and an increase in infectivity of Delta variant 
21,26

. The comparison 

was performed in multiple geographically restricted contexts and in a six-month 

interval from the initial rise in R203M/L452R variant in January 2020 (Fig. S1C). The 

significance was evaluated by Fisher’s exact test of the fractions of pairs of lineages, 

Mann-Kendall trend test and isotonic regression analysis (for details, see the 

Methods section). Global, continental- and country-level analyses consistently 

indicate that the R203M/L452R variant has a higher growth rate than the L452R-only 

variant (Fig. 1C-I, Table S1, 2, IF_203M in Data S1), suggesting an increased 

transmission fitness of the R203M/L452R variant. To evaluate this hypothesis on a 

small scale, we performed a coalescent simulation for strains collected in Switzerland. 

Simulations with an exponential model and with a skygrowth coalescent model both 

confirmed the growth advantage of R203M/L452R over the L452R-only variant (Figs. 

1J, K, S1D), suggesting a positive selection for the R203M/L452R mutations. 

For the identified lineages, Epsilon and Lota-452R bear the L452R mutation only, 

while Delta and Kappa bear both R203M and L452R mutations (Fig 1L). The counts of 

the R203M/L452R variant are highly correlated with those of Delta + Kappa, as is the 

correlation between the L452R-only variant and Epsilon + Lota-452R (Figs. S1E, F, S2). 

Lota-452R is a sublineage of the VOC Lota bearing L452R 
27

. The overlap of Delta + 

Kappa and L452R/R203M (914639 strains) accounts for 82.1% of the sum-up 

(1113998 strains), while those of Epsilon + Lota-452R and L452R-only variant 

accounts for 62.2% of the sum-up. Surveys on a global scale show that the Delta and 

Kappa variants both have a higher growth rate than the Epsilon variant (Fig. S1G, H). 

Delta + Kappa variants have a higher growth rate than Epsilon + Lota-452R variants 
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(Fig. 1M). These results confirm the selection advantage of the R203M mutation, 

which contributes to the superior spread of viruses carrying this mutation.  

To understand whether the R203K/G204R mutations have a similar effect, we 

performed a comparison of the growth rate between the Beta and Gamma variants. 

The Beta variant bears the E484K, N501Y and D614G mutations but does not carry 

the R203K mutation, while the Gamma variant bears not only these three S protein 

mutations but also the R203K/G204R mutations (Fig. 1L). We used R203K to 

represent the R203K/G204R mutations here and in the following description for 

convenience, considering that R203K and G204R are completely linked 
12

. Our results 

show that the Gamma variant have a higher growth rate than Beta (Fig. 1N). 

Thereafter, we compared the growth rate between the 203K/484K/501Y variant and 

the R203/484K/501Y variant at different geographical levels. We did not consider 

D614G in this comparison because this mutation has been fixed in virus genomes 

around the world (Fig 1L) since July 2020 
23,28

. In line with the results of the 

comparison results between the Gamma and Beta variants, the growth rate of the 

203K/484K/501Y variant was consistently higher than that of the R203/484K/501Y 

variant (Figs. 1O, P, S1I, Table S3, 4 and IF_203K in Data S1). These results suggest a 

synergistic effect between the N protein 203 mutation and the functional S protein 

mutations. 

A synergistic effect of the N protein 203 mutation on the S protein L452R mutation 

To evaluate the synergistic effect between the N protein 203 mutation and the S 

protein 452 mutation, we constructed four SARS-CoV-2 variants, namely, L452R 

(without the N protein 203 mutation), R203M (without the S protein L452R 

mutation), R203M/L452R, and R203K/L452R, based on the USA_WA1/2020 

SARS-CoV-2 sequence (GenBank accession No. MT020880) by using a reverse genetic 

method and testing viral replication in hamsters. Three- to four-week-old hamsters 

were anaesthetized with isoflurane and infected intranasally with a 1:1 mixture of 

wild type or mutant virus. The quantity of released virus was assessed in a 

competition experiment at 4 days and 7 days after infection (Fig. 2 and S3). As a 

result, a higher ratio of the R203M/L452R variant to the L452R variant, as well as the 
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R203K/L452R variant to the L452R variant was observed at 4 days after infection (Fig. 

2B, C), indicating a replication advantage of the viruses bearing the nucleocapsid (N) 

and spike (S) joint mutations in hamsters. We then compared the competition 

between the R203M and R203K variants with or without the presence of the L452R 

mutation. R203M-only variant exhibited increased viral replication (Fig. 2A). However, 

regardless of whether L452 was mutated, there was no significant difference in viral 

competition between the R203M and R203K variants (Fig. 2D, E). The ratios of the 

R203M/L452R and R203K/L452R variants to the L452R variant were both greater 

than 1 at 4 and 7 days postinfection (dpi) (Fig. S3B, C), indicating that the joint 

mutations of R203M/L452R or R203K/L452R have a consistent replication advantage 

over the L452R mutation alone in hamsters. 

Furthermore, we performed competition experiments using a human airway tissue 

culture model (Fig. 2F-P). After infecting the airway culture with wild-type and 

mutant viruses at a ratio of 1:1, the ratios of the L452R viruses bearing the N protein 

mutation to the L452R-only virus increased from 1 to 5 dpi (Fig. 2I, L). After infecting 

the tissues with a 1:3 or 1:9 ratio of the R203M/L452R virus to the L452R-only virus 

and the R203K/L452R virus to the L452R-only virus, the joint mutants rapidly 

overcame their initial deficit and showed an advantage over the L452R variants (Fig. 

2J, K, M, N). All these results indicate that the joint mutations R203M/L452R or 

R203K/L452R in SARS-CoV-2 rapidly outcompeted the L452R-only variant in both 

hamsters and human airway tissues, suggesting a synergistic effect of the N protein 

mutation and the S protein mutation. We observed an alteration in the 

polymerization state of the N protein after the 203 mutation (Fig. S4, for details, see 

the Methods section), which may cause the synergistic effect. 

R203+L452R joint mutants show higher infectivity than the L452R-only variant. 

We compared the infectivity of the constructed variants in the Vero E6 monkey 

kidney cell line and Calu-3 human lung epithelial cell line. The results show that all 

the variants replicated with higher extracellular viral RNA production than the wild 

type at 36 h post-infection (Fig. 3A). The infectivity of the virus was measured by PFU 

titres and viral subgenomic RNA (E sgRNA) loads. As a result, similar trends of 
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infectious titres in the variants were observed. Specifically, the difference between 

the production of PFU titres in the R203+L452R joint mutants (R203M/L452R or 

R203K/L452R) and the wild type, is more significant than that between the 

L452R-only mutant and the wild-type virus (P-value < 0.01 versus P-value < 0.05; Fig. 

3B). However, we found that there were no significant differences in the E sgRNA 

loads among the variants (Fig. 3C). In the Calu-3 cells, the difference between the 

production of PFU titres/E sgRNA loads in the R203+L452R joint mutants and the wild 

type was more significant than that between the L452R-only mutant and the wild 

type; however, this phenomenon was not found in the extracellular viral RNA levels 

(Fig. 3D-F). These results indicate that the N protein 203 mutation further enhances 

the viral replication and infectivity of L452R virus. 

In the comparison conducted in a human airway model, we found no differences in 

viral RNA yields between the variants (Fig. 3G). However, the PFU titres and viral E 

sgRNA loads of all mutants are significantly higher than those of the wild-type virus 

(Fig. 3H, I). In particular, it was observed that the E sgRNA loads in the R203+L452R 

joint mutants were significantly higher than those in the L452R virus at 3 dpi (Fig. 3I).  

A similar comparison was performed in hamsters. Hamsters were anaesthetized with 

isoflurane and infected intranasally with a total of 2×10
4 

PFU of the variants or 

wild-type virus. Hamsters infected with different viruses exhibited similar weight loss 

(Fig. 3J). At 4 dpi and 7 dpi, the four variants and the wild-type virus produced a 

nearly identical level of viral RNA across all organs (Fig. 3K, N). We further compared 

the infectivity of the variants by measuring PFU titres and E sgRNA loads. The results 

show that the infectious viral titres measured in nasal wash and trachea samples and 

the E sgRNA loads measured in nasal wash samples from hamsters infected with the 

four variants were consistently higher than those from hamsters infected with the 

wild type virus at 4 dpi (Fig. 3L, M), but not at 7 dpi (Fig. 3O, P). Similar to our 

previous observations in a human airway model, the E sgRNA loads of the 

R203+L452R joint mutants were significantly higher than those of the L452R virus in 

nasal wash samples (Fig. 3M). Taken together, these results demonstrate that the N 

protein 203 mutation further increased the viral replication efficiency and virion 
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infectivity of the L452R variant in both a human airway model and hamsters. 

The 203 mutation enhances the neutralization resistance of the L452R virus 

We next evaluated the effect of the 203 mutation on the sensitivity of the mutant 

viruses to neutralization serum. Neutralization titres for a panel of sera collected 

from hamsters infected with the wild-type virus were analysed using the L452R, 

R203M, L452R/R203M and L452R/R203K variants containing an mNeonGreen 

reporter, respectively. In comparison with those for the wild-type virus, the 

neutralization titres for the L452R virus in all the sera were reduced by 1.24- to 

3.05-fold (mean 1.90-fold) (Fig. 4A, B). In contrast, the neutralization titres for the 

R203M mutation group increased by 1.16- to 2.22-fold, with a mean of 1.49-fold 

(1/NT50: 0.45- to 0.86-fold, mean 0.67-fold) (Fig. 4A, B), which is consistent with our 

previous finding that the N protein 203 mutation confers increased susceptibility of 

SARS-CoV-2 to serum neutralization 
23

. Interestingly, further reduced neutralization 

titres for the joint mutants L452R/R203M and L452R/R203K were found in the sera 

collected from hamsters, with 1.65- to 5.52-fold (mean 3.28-fold) and 1.71- to 

5.07-fold (mean 3.07-fold) reductions when compared with those for the wild-type 

virus (Fig. 4A, B). The lowest neutralization titres for the L452R, L452R/R203M and 

L452R/R203K variants were found in serum 5 (Fig. 4C), while the highest 

neutralization titres for the R203M variant were found in serum 6 (Fig. 4D). These 

data suggests that the L452R mutation confers the escape of SARS-CoV-2 variants 

from antibody neutralization and that the N protein 203 mutation further enhances 

the escape phenotype. 

Increased fitness of the R203M/L452R variant relative to L452R-only variant after 

the initiation of global vaccination programmes 

We evaluated the changes in the fitness of the R203M/L452R variant relative to that 

of the L452R-only variant and the correlation between the fitness and vaccination 

coverage (VC). The relative fitness was calculated based on the changes in the IF of 

the R203M/L452R and L452R-only variants. The evaluation was performed at 

hierarchical geographical levels. We observed a continuously increasing relative 

fitness of the R203M/L452R variant, and the increase is significantly correlated with 
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the increase in VC (Fig. 4E-J, Table S5 and RF_203M452R_to_203R452R in Data S1). 

The increase in relative fitness and the positive correlation is likely due to the 

elevated resistance to neutralization of the R203M/L452R variant. In the same way, 

we also evaluated the fitness of the R203M/L452R variant (Delta) relative to the 

R203K/N501Y variant (Alpha). There is an upward trend of the relative fitness of the 

203M/452R variant and the trend is significantly correlated with the values of VC (Fig. 

S5A-F, Table S6 and RF_203M452R_to_203K501Y in Data S1). These results may 

explain the fast replacement of Alpha by Delta and the low IF of Delta for a lone time 

(Figs. S1A, S5H). The 203M/452R and Delta variants appeared as early as March 2020 

and May 2020 
29

, respectively (Fig. S5G, H). Global vaccination programmes may have 

boosted the expansion of the R203M/L452R and Delta variants (Fig. S5I), considering 

that vaccinated people may be more vulnerable to Delta infection than the infection 

of other VOCs 
30

. 

The synergistic effect of R203M and L452R on disease severity is not significant 

We compared the inflammatory damage in the lungs of hamsters infected with 

wild-type and mutant viruses. The results show that hamsters infected with the four 

variants (R203M, R203K, R203M/L452R and R203K/L452R) displayed more extensive 

inflammatory damage and pulmonary vascular congestion than hamsters infected 

with the wild-type virus (Fig. 5A-F). However, we did not observe a significant 

difference in pathology scoring between the joint mutants and the L452R-only 

variants (Fig. 5F). In a global survey based on the documented clinical information of 

strains from the Global Initiative on Sharing Avian Flu Data (GISAID), we also did not 

find a consistently increased virulence of the R203+L452R variant relative to the 

L452R-only variant (Fig. 5G). 

DISCUSSION 

Genetic mutation has produced multiple SARS-CoV-2 variants with increased 

transmissibility, infectivity and immune escape. Commencing from March 2021, the 

SARS-CoV-2 Delta variants rapidly replaced the previously dominant variants, 

including Alpha, which is ~50% more transmissible than the Wuhan-Hu-1 strain 
16

. 
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The emergence of Delta after the initiation of global vaccination programmes 

indicates the importance of identifying the dominant mutation that contributes to 

immune evasion and enhanced infectivity. This is essential for the development of 

vaccines and medicines. Our previous work reported the rapid spread of the 

R203K/G204R mutation 
12

 and further adaptiveness of the mutation 
23

. In our 

consistent tracking of the mutations occurring in VOCs, we noticed that the newly 

evolved dominant lineage Delta possesses an R203M mutation in the N protein 

instead of the R203K/G204R mutations. Through statistical analyses of Delta and 

comparisons between Delta and other VOCs, we observed an association between 

the occurrence of Delta and immune escape in vaccinated patients. Furthermore, we 

found a synergistic effect of the S protein mutations and the N protein mutations and 

a correlation between the combinational mutations R203M/L452R and the resistance 

of Delta variant to post vaccination immunity. 

Based on these findings, subsequent virological experiments using the mutant virus 

were performed. The results of our experiments show that the 203M virus exhibits 

increased replication in cell lines and animal models, similar to the phenotype of the 

203K/204R virus. Consistent with our previous findings in the 203K/204R virus 
23

, the 

203M-only virus has an increased sensitivity to neutralizing serum (Fig. 4A, B), 

suggesting a similar functional output of the 203 mutations, even though we could 

not explain the mechanism of the decreased sensitivity to the neutralizing sera 

introduced by the N protein mutation. Surprisingly, the outcome was reversed for the 

203 mutations in combination with the S protein mutation L452R. The 452R/203M 

double mutant virus shows dramatically decreased sensitivity to neutralizing sera 

compared with the 452R single-mutant virus. The experimental synergistic effect of 

the S and N mutations is well consistent with our statistical observation of the 

emergence of Delta variants. The reason for the sensitivity to the neutralizing sera of 

the mutant virus is a mystery and needs more in-depth work in the future. 

There are several hypotheses to explain the increased transmissibility of Delta. Most 

studies have focused on S protein mutations, such as P681R and L452R. P681R leads 

to more efficient furin cleavage 
31

, and L452R decreases the sensitivity to antibody 
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neutralization 
21

. The escape from antibody neutralization of Delta is regarded as 

associated with the S protein mutation only. Although there are several mutations in 

the S protein, there are mutations in the N protein (e.g., R203M) fixed early in the 

emergence of different VOCs, e.g., Delta (Fig. S5K). Our results highlight the essential 

roles of N protein mutations, in addition to S protein mutations, in the immune 

evasion of SARS-CoV-2. The rapidly fixed mutation R203M in Delta variants, which is 

in the same location as the R203K mutation that occurs in Alpha variant, is likely not 

a coincidence. The improved mRNA packaging and luciferase induction associated 

with the R203M mutation based on the virus-like particle (VLP) assay also confirmed 

these results, although the mechanism of the N protein mutations is attributed to a 

previously unknown strategy 
25

. The 203 mutation may influence the polymerization, 

phase separation or phosphorylation of the N protein and further impact the 

assembly of ribonucleocapsid (RNP). The influence not only increases the fitness of 

the virus but also unexpectedly enhances immune evasion. The reduced vaccine 

effectiveness resulting from the R203M mutation further causes the escape of the 

Delta variants from the neutralizing antibody elicited by the previous vaccination 

against SARS-CoV-2. The N protein mutation should be considered a main factor 

contributing to Delta dominance. 

Our results demonstrate that the dominantly emerging Delta variants, which escape 

the immunity associated with current global vaccination programmes, are essentially 

facilitated by the R203M mutation in the N protein. These findings highlight the 

important role of N protein mutations in persistently circulating SARS-CoV-2 variants. 

In addition, our results prove the synergistic effect of S and N protein mutations on 

the increased immune evasion of SARS-CoV-2. A newly reported VOC Omicron
32,33

 

also contains the 203 mutation, R203K/G204R (Fig. 1L), suggesting a potential 

universal effect of the specific mutation. Persistent and close attention to the 203 

mutation in Omicron and subsequent emerging variants is essential moving forward. 

Limitations of the study 

The limitations of our work are mostly attributed to the lack of mechanistic studies of 
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the N protein mutation. We demonstrated a positive contribution of the R203M 

mutation to the transmission and resistance to neutralization of Delta. However, the 

clarification of the detailed mechanism requires more extensive biochemical and 

structural research. Detailed biochemistry and structural studies would be helpful to 

characterize the biological function of the N mutation. We did not observe an 

increased virulence associated with the R203M/L452R variant relative to that of the 

L452R-only variant. These results do not indicate that there is no contribution of the 

R203M mutation to the disease severity of Delta. Hence, a more comprehensive 

survey and in-depth investigation are needed. 
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Materials and Methods 

Evolutionary analyses of the strains with and without the N protein 203 mutation 

The source data includes 3438667 full-length genomic sequences of SARS-CoV-2 

collected from December 2019 to September 2021 (SARS2_List.xls in Data S1), 

downloaded from GISAID (www.gisaid.org), NCBI and CoVdb 34. We performed 

pairwise alignments of the 3438667 SARS-CoV-2 genomic sequences and the 

genomic sequence of MN908947 collected on December 2019 1 and considered 

these sequence as the reference sequence in this study. Based on the alignments, we 

identified the mutations in the genome of each strain and performed statistical 

analysis of the R203M mutation. We wrote Perl scripts to count the weekly running 

counts of the strains with the R203M/L452R mutation and those with the L452R 

mutation only. To evaluate the changes in IF of the R203M/L452R variant relative to 

those of the L452R-only variant, we performed Fisher’s exact test of the fraction of 

pairs of lineages at the onset, when there was an introduction of a new variant, and 

on the day after more than two weeks. For the limited number of L452R only variants, 

we used loose criteria. We required that the counts were higher than zero for both 

lineages at the two time points. Furthermore, we built a maximum likelihood 

estimation line of the fraction trend and evaluated the trend by the Mann-Kendall 

trend test and isotonic regression analysis. The evaluation was performed at three 

hierarchical geographic levels (world, continent and country). We did not perform a 

test at the city level for the limited number of the L452R-only variant. We also 

performed binomial tests at the continent level and the country level. We used the 

same method to evaluate the growth rates between the R203/484K/501Y and 

203K/484K/501Y variants. According to the annotation from GISAID, we identified 

the mutations of VOCs, including Alpha, Beta, Gamma, Epsilon, Eta, Lambda, Mu, 

Kappa, Delta and Omicron. For example, we identified 31 mutations in Delta. For Lota, 

we identified the mutations based on published work 
27

, according to which we 

attributed the Lota variants with the L452R mutation to Lota-452R, those with S477N 

to Lota-S477N and those with E484K to Lota-484K. Based on the mutation 
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information of the lineages, we performed statistics of the change in IF for VOCs. 

Based on previous work
23,35

, we evaluated the transmission advantages of the 

R203M/L452R variant relative to those of the L452R-only variant in Switzerland. We 

performed simulations of the strains from January 2021 to June 2021 in an 

exponential growth model by using BEAST v1.10.4 
36

 with an HYK substitution model 

and a strict clock type and a chain length of 1000000. We used FastTree 
37

 (the 

parameters are -gtr -nt -boot 1000) to build the phylogenetic tree of the 

R203M/L452R and L452R variants, respectively. Then, we performed phylodynamic 

inference of effective population size for time-scaled phylogenies by the R package 

Skygrowth 
38

 with parameters res = 300 and tau0 = 0.1. We performed analyses of 

the simulation data and built figures with the R packages gdata, ggplot2 and dplyr. 

Preparatory work of animals, cells and infection 

Six- to eight-week old female golden Syrian hamsters were obtained from Vital River 

Laboratories (Beijing, China). All animal experimental procedures were approved by 

the Animal Ethics Commission of the School of Life Sciences, Chongqing University.  

The hamsters were anaesthetized by isoflurane and infected intranasally with 2×10
4 

PFU virus. Specifically, 12 hamsters received wild-type virus, 12 received L452R 

mutant virus, 12 received R203M mutant virus, 12 received L452R/R203M mutant 

virus, 12 received L452R/R203K mutant virus, and 12 received phosphate-buffered 

saline (PBS) (Mock). For the competition experiment, 12 hamsters received a 1:1 

mixture of the R203M mutant and wild-type virus, 12 received a 1:1 mixture of the 

L452R/R203M and L452R viruses, 12 received a 1:1 mixture of the L452R/R203K and 

L452R viruses, 12 received a 1:1 mixture of the L452R/R203M and L452R/R203K 

viruses, and 12 received a 1:1 mixture of the R203M and R203K viruses. The infected 

hamsters were weighed and recorded daily. On the 4th and 7th days after infection, 

cohorts of 6 infected hamsters were anaesthetized with isoflurane, and nasal washes 

were collected with sterile dulbecco phosphate-buffered saline (DPBS). Immediately 

after nasal wash, the hamsters were humanely euthanized, and the trachea and lung 

middle lobe were obtained as previously described 
11

. All hamster operations were 

performed under isoflurane anaesthesia to minimize animal pain. Human lung 
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adenocarcinoma epithelial Calu-3 cells (ATCC) and African green monkey kidney 

epithelial Vero E6 cells (ATCC) were maintained at 37P°C with 5% CO2 in high-glucose 

Dulbecco’s modified Eagle’s medium (DMEM, Gibco) supplemented with 10% FBS 

(Gibco). Cells were infected with a multiplicity of infection (MOI) of 0.01 at the 

indicated time points. All live virus experiments were carried out under biosafety 

level 3 (BSL3+) conditions. 

Generation of the SARS-CoV-2 mutant viruses 

A reverse genetic method was used to generate the wild-type SARS-CoV-2 

(USA_WA1/2020 SARS-CoV-2 sequence, GenBank accession No. MT020880) virus, as 

previously described 
11,39,40

. Using standard molecular cloning methods, seven 

different DNA fragments spanning the entire genome of SARS-CoV-2, were 

synthesized by Beijing Genomics Institute (BGI, Shanghai, China) and cloned into the 

pCC1 or pUC57 plasmid. The sequences of the F1~F7 fragments as well as the 

restriction enzymes for digestion and ligation were described in our previous work 
23

. 

Full-length cDNA was assembled, and recombinant SARS-CoV-2 virus was recovered 

as previously described 
11,39,40

. Specifically, the full-length cDNA of SARS-CoV-2 was 

assembled through the in vitro ligation of contiguous cDNA fragments. Then, 

full-length genomic RNA was obtained via in vitro transcription, followed by 

electroporation into Vero E6 cells. The SARS-CoV-2 virus was harvested at 40 h 

post-electroporation. A plaque assay was performed to determine viral titres. The 

generation of the L452R, R203M, L452R/R203M, and L452R/R203K variants was 

performed by overlap-extension PCR. The mutation sites and primers are shown in 

Table S7. 

Plaque assays and neutralization assays 

Plaque assays were performed following our previous work 
23

. Briefly, approximately 

1×10
6
 cells were seeded into 6-well plates, followed by culture in 5% CO2 at 37P°C for 

12 h. Wild type or mutant viruses were serially diluted in DMEM containing 2% FBS, 

and 200 μL aliquots were added to the cells. The cells were co-incubated with viruses 

for 1 h and supplemented with overlay medium containing DMEM with 2% FBS and 1% 

Sea-Plaque agarose. After 2 days of incubation, neutral red was used to stain the 
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plates, and plaques were measured in a light box. 

Neutralization assays were performed using the L452R, R203M, L452R/R203M, and 

L452R/R203K viruses containing an mNeonGreen reporter, as previously described 

11,23
. Briefly, Vero E6 cells were plated in 96-well plates. The next day sera were 

serially diluted and mixed with mNeonGreen viruses at 37P°C for 1 h incubation. The 

virus-serum mixture was then transferred to a cell plate at a final MOI of 2.0. After 20 

h, cell nuclei were stained with Hoechst 33342 solution, and mNeonGreen 

fluorescence was quantified. The numbers of mNeonGreen-positive cells and total 

cells were measured in each well. The infection rate was determined by dividing the 

number of mNeonGreen-positive cells by the total number of cells. The relative 

infection rate was obtained by normalizing the infection rate of the serum-treated 

groups to that of the non-serum-treated control groups. The fold dilution that 

neutralized 50% of mNeonGreen fluorescence (NT50) was determined using a 

nonlinear regression method. GraphPad Prism 8 was used to plot the curves of the 

relative infection rates versus the serum dilutions (log10 values). 

Viral infection in a primary human airway tissue model 

The wild-type virus or the variants were inoculated into a primary human airway 

tissue culture at an MOI of 5. After 2 h of infection, the inoculum was removed, and 

the culture was washed with PBS three times. The infected epithelial cells were 

maintained in the apical well without any medium, and the medium was provided to 

the culture through the basal well. From day 1 to day 5, 300 μL PBS was added to the 

apical side of the airway culture, followed by incubation at 37P°C for 30 min to elute 

the released viruses. 

Competition, viral subgenomic RNA and genomic RNA assays 

Competition assays were performed by RT-PCR with quantification of Sanger peak 

heights, as previously described 
23

. In detail, the wild-type virus and the variants 

were mixed at the indicated ratios based on their PFU titres. A pair of common 

primers (SARS-CoV-2 28354F and SARS-CoV-2 28949R, Table S8) was used to quantify 

the R203M: wild type, L452R/R203M: L452R, L452R/R203K: L452R, L452R/R203M: 

L452R/R203K and R203M: R203K ratios. Using a SuperScript III One-Step RT–PCR kit 
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(Thermo Fisher Scientific), the RT-PCR product (596 bp) was amplified from the 

extracted RNA according to the manufacturer’s instructions. A GeneJET PCR 

Purification kit (Thermo Fisher Scientific) was used to purify the PCR product, which 

was submitted to Sanger sequencing (BGI, Shanghai, China) (Primer for Sanger 

sequencing, Table S8). The sequence electropherograms were then scored with 

a QSV analyser to determine the proportion of different viruses.  

A viral subgenomic RNA assay was performed with a leader-specific forward primer, a 

reverse primer and a probe that targets the envelope (E) protein gene sequences, as 

previously described 
23,41

. Infectious cell lysates were harvested at the indicated time 

points, followed by total RNA extraction with an RNeasy Mini kit (QIAGEN, Hilden, 

Germany). RT-PCR was performed using a SuperScript III One-Step RT–PCR kit 

(Thermo Fisher Scientific) and an ABI StepOnePlus PCR system (Applied Biosystems, 

CA, USA), according to the manufacturer’s instructions. The primers were 

E_Sarbeco_F, E_Sarbeco_R and E_Sarbeco_P1 (Table S8), as previously described 
23,41

. 

The Orf1ab gene was used for the quantification of viral genomic RNA. The primers 

were SARS-CoV2.ORF1ab.F, SARS-CoV2.ORF1ab.R and SARS-CoV2.ORF1ab.P, as 

previously described 
23,42

. 

Pathological examination 

The hamsters were anaesthetized with isoflurane and tissues were harvested at the 

indicated time points. Tissues were fixed in 10% formalin, trimmed and embedded in 

paraffin. The paraffin blocks were sectioned into a thickness of 3 μm for 

haematoxylin and eosin staining. The histopathology score of the infected hamsters 

was based on the percentage of the area of inflammation in each section of the lung 

lobe obtained from each animal, using a semi-quantitative pathology scoring system, 

as previously described 
23

. 0, no pathological change; 1, affected area (≤10%); 2, 

affected area (>10% and ≤30%); 3, affected area (>30% and ≤50%); and 4, affected 

area (>50%). Five sections were collected from each hamster, and the scores of lung 

sections were added to determine the total pathology score of each animal. All 

scoring was performed by the same operator to ensure consistency of scoring. 

The inference of relative fitness based on changes in IF of the variants 
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According to the theory of classical population genetics 
43

, for two genotypes A and B 

in a population, the change in proportion (∆p) is: 

∆� �
����

���������
� �� .   (Equation A) 

Here, ��  and �� are the proportions of A and B in the population at moment t, 

respectively. ��  and ��  are the absolute fitness of A and B, respectively. We 

manipulated the equation and obtained: 

��

��
�

������∆�


��������∆�

.   (Equation B) 

��

��
 is the fitness of A relative to B at moment t. Based on Equation B, we inferred the 

relative fitness of the R203M/L452R variant relative to the L452R-only variant. For 

the sufficiency of samples, we required that the average count per day be higher 

than 10 for both lineages. For these, the time interval was from February 1
st

, 2021, 

one month post the initial rise in the R203M/L452R variant, to May 30
th

, 2021, when 

the IF of the L452R-only variant was decreasing but the number of L452R-only 

samples was still sufficient for statistics. We counted the weekly median of the 

relative fitness per day. We obtained the records of vaccination coverage (VC, people 

vaccinated per hundred) in different regions from Our World In Data 

(ourworldindata.org) and performed a correlation test between the weekly median 

of the relative fitness and VC at different geographic levels. For the limited number of 

identified L452R samples, we did not perform statistics on a smaller scale. We also 

built a maximum likelihood estimation line of the fitness trend and evaluated the 

trend by the Mann-Kendall trend test. In the same way, we evaluated the relative 

fitness of the R203M/L452R variant relative to the R203K/N510Y variant. For the 

sufficiency of samples, we chose the time interval from February 1
st

, 2021 to Aug 30
th

, 

2021 (Fig. S5J). We kept the results with statistical significance and performed a 

binomial test at each geographic level. 

Function prediction based on clinical data 

We manually gathered the clinical information of 115032 SARS-CoV-2 strains 

(Clinical_Info.xls in Data S1) from GISAID. Following the pipeline in our previous work 

12
, we grouped this information into a pair of opposite patient statuses, mild and 
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severe, according to a series of keywords (Table S9). To avoid the impact of other 

mutations, we clustered strains with the same sequence in the mutation sites of 

Delta, excluding the S protein mutation 452 and N protein mutation 203, into groups 

and selected the groups with more than 20 strains. We performed multiple 

alignment of the consistent sequences of these groups and built a phylogenetic tree. 

Based on the tree we chose the groups akin to each other. We used the strains of the 

selected groups to perform functional prediction. We compared the fractions of mild 

and severe cases and tested the significance by the Chi-squared test. 

Expression and purification of the N protein 

The constructed expression cassette carrying protein-encoding genes (N-native, 

N-R203M and N-R204K) (with Strep-tag) was integrated into yeast competent cells to 

give a new expression strain as previously described 
44

. Transformants were cultured 

on SCD agar plates plate at 30 °C for 2 days. Then newly expressed strains were 

transferred to YPD for propagation and protein expression. The culture was 

harvested by centrifugation at 6000 rpm for 10 min when the OD600 reached 

approximately 3.0. Cell pellets were resuspended in 50 mL of PBS (pH 7.5), followed 

by cell disruption by utilizing a homogenizing machine. The supernatant of the cell 

disruption product was collected after centrifugation at 17000 rpm for 90 min, and 

all the supernatant was loaded onto a Strep-Tactin XT gravity-flow column (IBA). The 

collected eluents were analysed with SDS-PAGE, and the final elution was selected 

based on purity. The final pool was concentrated to > 1 mg/mL using a 

Merck-Millipore 5 kDa, 15 mL concentrator. The BCA assay was performed on 

microtiter plates to determine the N protein concentration. 

Size exclusion chromatography (SEC) analysis 

SEC analysis of purified N protein was performed by Superdex 200 16/600 (GE 

healthcare) at 4 °C on an AKTA system. The mobile phase consisted of PBS with a flow 

rate of 1 mL/min. The eluent of each peak was gathered and analysed by SDS-PAGE. 

3D structure prediction of the RNP protein 

To generate the model of the N protein dimer, atomic models (PDB ID: 6M3M, 6WZQ) 

of the N protein N-terminal domain (NTD) and C-terminal domain (CTD) were fitted 
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into the murine hepatitis virus (MHV) N protein densities
45

 by UCSF Chimera. The 

theoretical model of the RNP was built in a helical manner as previously described 

45,46
. 

Prediction of the change in the polymerization state of the N protein driven by the 

203 mutation 

To understand the effects of the 203 mutation on the structure of the N protein, we 

produced three recombinant protein N variants (native, R203M and R203K) in yeast 

and purified them by Strep-Tactin affinity chromatography. We performed size 

exclusion chromatography to evaluate the polymerization state of the N variants. 

After injection of native N protein onto the column, two peaks were detected with 

retention times of 70 and 90 min. The two peaks correspond to molecular masses of 

~100 and ~30 kDa, respectively. They are also compatible with the N protein dimer 

and monomer, respectively. However, the loading of R203M- or R203K-mutated 

protein onto the column incurred an increase in the presumed N protein dimer peak 

and a decrease in the presumed N protein monomer peak (Fig. S4A). Analysis of 

these fractions by SDS-PAGE confirmed the appearance of the N protein (Fig. S4B). 

Based on the predicted structure of the N protein (Fig. S4C-E), we predicted that the 

change in the polymerization state of the N protein driven by the 203 mutation may 

result in a synergistic effect on the S protein mutations, e.g., L452R. 

  

.CC-BY-NC-ND 4.0 International licenseavailable 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 made 

The copyright holder for this preprintthis version posted December 23, 2021. ; https://doi.org/10.1101/2021.12.20.473471doi: bioRxiv preprint 

https://doi.org/10.1101/2021.12.20.473471
http://creativecommons.org/licenses/by-nc-nd/4.0/


Figure Legends 

Fig. 1 Evidence suggesting the synergistic effect between the N protein 203 mutation 

and L452R 

(A) IF changes in R203M up to September 2021. (B) The fraction of R203M on 

different continents in September 2021. (C) The upper panel shows the changes in 

the ratio of the 203M/452R in 203M/452R+R203/452R variants with the result of the 

Mann-Kendall trend test listed at the top. The lower panel shows the weekly running 

counts of the 203M/452R and R203/452R variants from December 2020 to June 

2021. The result of Fisher’s exact test at the time interval bracketed is shown at the 

top. (D) Comparison of the fractions of the R203/452R and 203M/452R variants at 

two time points separated by a gap of more than 2weeks on different continents, 

corresponding to Table S1. ‘**’ and ‘*’ denote significance and weak significance in 

Fisher’s exact test, respectively. The counts of identified samples are marked within 

bars. (E) The comparison of weekly running counts between the R203/452R and 

203M/452R variants in North America. (F) The fitted trend of the change in the 

fractions of the 203M/452R variant in the 203M/452R+R203/452R variants in North 

America with the result of Mann-Kendall trend test listed at the top. The red folded 

line is the maximum likelihood estimate with a nondecreasing constraint. The dot 

size reflects the number of identified samples on that day. (G) Comparison of the 

fractions of the R203/452R and 203M/452R variants in different countries, similar to 

(D), corresponding to Table S1. Legends in (G) follow (D). (H) The comparison of 

weekly running counts between the R203/452R and 203M/452R variants in 

Switzerland. (I) Fitted trend of the change in the fractions of the 203M/452R variant 

in the 203M/452R+R203/452R variants in Switzerland. Legends follow (F). (J) 

Comparison of the growth rates simulated in the exponential growth model between 

the 203M/452R (red) and R203/452R viruses (blue). (K) The growth rates (logged in 

the plot) over time simulated in the skygrowth coalescent model. (L) Key amino acid 

differences in different VOCs. The content and legends in (M) and (N) follow (C). (M) 

Comparison between Delta+Kappa and Epsilon+Lota-452R. (N) Comparison between 

.CC-BY-NC-ND 4.0 International licenseavailable 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 made 

The copyright holder for this preprintthis version posted December 23, 2021. ; https://doi.org/10.1101/2021.12.20.473471doi: bioRxiv preprint 

https://doi.org/10.1101/2021.12.20.473471
http://creativecommons.org/licenses/by-nc-nd/4.0/


Gamma and Beta. (O) Comparison of the fractions of R203/484K/501Y and 

203K/484K/501Y by Fisher’s exact test at two time points, corresponding to Table S3. 

(P) The fitted trend of the fraction change of 203K/484K/501Y in 

203K/484K/501Y+R203/484K/501Y in Switzerland like (F). Legends follow (F). 

 

Fig. 2 Experimental results to validate the synergistic effect between N and S 

mutations. 

(A-E) Hamsters were intranasally infected with a 1:1 mixture of wild-type or mutant 

viruses as indicated. Nasal washes, tracheas and lungs were collected on day 4 after 

infection. The relative RNA amounts of R203M: wild type (A), L452R/R203M: L452R 

(B), L452R/R203K: L452R (C), L452R/R203M: L452R/R203K (D), and R203M: R203K (E) 

were assessed by RT-PCR and Sanger sequencing. Log10 scale was used for the Y-axis. 

Data are presented as the mean ± s.e.m.. Dots represent individual hamsters (n = 6). 

*, p<0.05, **, p<0.01. (F-P) Mixtures of wild type or mutant viruses with an initial 

ratio of 1:1 (F, I, L, O, P), 1:3 (G, J, M) or 1:9 (H, K, N) were inoculated into human 

airway tissue cultures at a MOI of 5 as indicated. Viral ratios of R203M: wild type 

(F-H), R203M/L452R : L452R (I-K), R203K/L452R : L452R (L-N), R203M/L452R : 

R203K/L452R (O) and R203M: R203K (P) from 1-5 dpi were measured by RT-PCR and 

Sanger sequencing. Log10 scale was used for the Y-axis. All data in (F-P) are 

represented as the mean ± s.e.m.. Dots represent individual hamsters (n = 6).  

 

Fig. 3. Comparison of the infectivity between the virus with R203+L452R joint 

mutations and that with L452R alone by cell and animal experiments. 

(A-F) Viral replication, infectious viral titres, and viral subgenomic RNA of wild type or 

mutant viruses produced from Vero E6 (A-C) and Calu-3 (D-F) cell cultures were 

measured. Cells were infected at a MOI of 0.01. Genomic RNA levels (A, D), PFU titres 

(B, E) and E sgRNA loads (C, F) were determined by plaque assays and qRT-PCR, 

respectively. (G-I) Wild-type or mutant viruses were inoculated into primary human 

airway tissues at an MOI of 5. After incubation for 2 h, the cultures were washed 

with PBS and maintained for 5 days. Genomic RNA levels (G), PFU titres (H) and E 
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sgRNA loads (I) were determined by plaque assays and qRT-PCR, respectively. Data 

are represented as the mean ± s.e.m.. *, p<0.05, **, p<0.01. Abbreviation: n.s., 

nonsignificant. (J-M) Hamsters were intranasally infected with 2×10
4 

PFU of the wild 

type or mutant viruses as indicated. Weight loss (J) was monitored for 7 days. Data 

are presented as the mean ± s.e.m.; n = 12 (all cohorts) at days 0–4; n = 6 (all cohorts) 

at days 5–7. Weight loss was analysed by two-factor analysis of variance (ANOVA) 

with Tukey’s post hoc test. Viral genomic RNA levels (K), PFU titres (L) and E sgRNA 

loads (M) were quantified in nasal wash, trachea and lung samples at 4 dpi. Viral 

genomic RNA levels (N), PFU titres (O) and E sgRNA loads (P) were also quantified in 

nasal wash, trachea and lung samples at 7 dpi. Dots represent individual hamsters (n 

= 6). Data are presented as the mean ± s.e.m.. **, p<0.01. Abbreviation: n.s., 

nonsignificant. 

 

Fig. 4. Evidence that demonstrates the contribution of the 203 mutation to immune 

evasion. 

(A) Neutralization assay of hamster sera against the L452R, R203M, L452R/R203M 

and L452R/R203K variants containing an mNeonGreen reporter. 1/NT50 values were 

plotted. Symbols represent sera from individual hamsters (n = 8). (B) 1/NT50 values of 

L452R, R203M, L452R/R203M and L452R/R203K variants to wild type virus were 

calculated. Data are represented as the mean ± s.e.m.. Symbols represent sera from 

individual hamsters (n = 8). (C-D) Neutralization curves of serum 5 (C) and serum 6 (D) 

from individual hamsters. The solid line represents the fitted curve, and the dotted 

line indicates 50% viral inhibition. (E-G) Correlation analysis results between the 

fitness of R203M/L452R relative to the L452R-only variant (y-axis) and VC (x-axis) in 

the world (E), in North America (F) and in the USA (G). The colour of the dots 

corresponds to the date. (H-J) The fitted trend of the fitness of the R203M/L452R 

variant relative to the L452R-only variant in the world (H), North America (I) and the 

USA (J). The results of the Mann-Kendall trend test are listed at the top. 

 

Fig. 5. Evaluation of the effects of the 203 mutation on L452R virulence. 
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(A-F) Haematoxylin and eosin (H&E) staining of lung sections collected at 4 dpi from 

hamsters infected with wild-type (A), L452R (B), R203M (C), R203M/L452R (D) or 

R203K/L452R (E) variants. The lower photographs are higher magnification images of 

the regions denoted by rectangles in the upper photographs. The upper panel shows 

inflammatory damage with vascular congestion. The lower panel shows bronchioles 

with aggregation of inflammatory cells (black arrow) and surrounding alveolar wall 

infiltration (green arrow). Red arrowheads indicate the alveolar parenchymal lesions. 

Scale bar = 100 μm. (F) Histopathology score of lung sections. Lung lobes were scored 

individually using the scoring system described in the methods. The scores of 5 slices 

from each hamster were added to determine the total pathology score per animal. 

Dots represent individual hamsters (n = 6). Data are presented as the mean ± s.e.m.. 

*, p<0.05. (G) Prediction of the clinical outcomes of R203M/L452R, R203K/L452R and 

L452R. The Y axis shows the ratios between lineages with a clinical status, mild or 

severe. Lineage numbers are provided within bars. The significance was tested by 

Chi-squared test. N.S. denotes not significant. 
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Supplementary information 

Document S1. Figs. S1 to S5. 

Table S1. Comparison of the fraction between the R203/452R and 203M/452R 

variants for two time points separated by a more than 2-week gap at different 

geographical scales. 

Table S2. Comparison of the growth rates between the R203/452R and 203M/452R 

variants in different regional subdivisions using the Mann-Kendall trend test (MK) 

and isotonic regression (IR). 

Table S3. Comparison of the fraction between the R203/484K/501Y and 

203K/484K/501Y variants for two time points separated by a more than 2-week gap 

in different geographical scales. 

Table S4. Comparison of the growth rates between the R203/484K/501Y and 

203K/484K/501Y variants in different regional subdivisions and the trends are tested 

by Mann-Kendall trend test. 

Table S5. Evaluation of the trends and the correlation with the vaccination coverage 

(VC) for the fitness of the R203M/L452R variant relative to the L452R-only variant at 

hierarchical geographical levels. 

Table S6. Evaluation of the trends and the correlation with the vaccination coverage 

(VC) for the fitness of the R203M/L452R variant (Delta) relative to the R203K/N501Y 

variant (Alpha) at hierarchical geographical levels. 

Table S7. The primers used for overlap-extension PCR in the generation of mutant 

viruses. 

Table S8. Primers used for competition assay, viral subgenomic RNA assay and 

genomic RNA assay. 

Table S9.Keywords used to search and annotate records with patient status. 

 

Data S1 includes the maximum likelihood estimation in continents/countries 

(Secondary folder: “Maximum_Likelihood_Estimation”, legends follow Fig. 1F) and 

the weekly running counts of lineages in hierarchical geographic levels (Secondary 
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folder: “Weekly_running_counts”, legends follow Fig. 1E) of the 203M/452R variant 

relative to the R203/452R variant (Folder: “IF_203M”) and the 203K/484K/501Y 

variant relative to the R203/484K/501Y variant (Folder: “IF_203K”), the trend analysis 

(Secondary folder: “Trend”, legends follow Fig. 4H) and correlation analysis 

(Secondary folder: “Cor_Vac”, legends follow Fig. 4E) results with statistical 

significance in hierarchical geographic levels of the fitness of the 203M/452R variant 

relative to the R203/452R variant (Folder: “RF_203M452R_to_203R452R”) and the 

203M/452R variant relative to the 203K/501Y variant (Folder: 

“RF_203M452R_to_203K501Y”), the list of SARS-CoV-2 strains collected from 

December 2019 to September 2021 (File: “SARS2_List.xls”) and the list of clinical 

information of the strains collected up to September 2021 (File: “Clinical_Info.xls”).  
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