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Abstract

The novel coronavirus (SARS-CoV-2) has become a pandemic and is threatening human health globally. Here, we report nine newly

evolved SARS-CoV-2 single nucleotide polymorphism (SNP) alleles those underwent a rapid increase (seven cases) or decrease (two

cases) in their frequency for 30–80% in the initial four months, which are further confirmed by intrahost single nucleotide variation

analysisusing rawsequencedata including8,217samples. ThenineSNPsaremostly (8/9) located in thecoding regionandaremainly

(6/9) nonsynonymous substitutions. The nine SNPs show a complete linkage in SNP pairs and belong to three different linkage

groups, named LG_1 to LG_3. Analyses in population genetics show signatures of adaptive selection toward the mutants in LG_1,

but no signal of selection for LG_2. Population genetic analysis results on LG_3 show geological differentiation. Analyses on geo-

graphicCOVID-19casesandpublishedclinical dataprovideevidence that themutants in LG_1andLG_3benefit virus replicationand

those in LG_1 have a positive correlation with the disease severity in COVID-19-infected patients. The mutants in LG_2 show a bias

towardmildnessof thediseasebasedonavailablepublic clinical data.Ourfindingsmaybe instructive forepidemiological surveysand

disease control of COVID-19 in the future.
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Introduction

SARS-CoV-2, also named 2019-nCoV, is a novel coronavirus

that causes novel coronavirus pneumonia (COVID-19). The

rapid spread of SARS-CoV-2 has become a global threat, since

its first identification in Wuhan City, China, last December

(Ralph et al. 2020). To date, there have been more than 43
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million confirmed COVID-19 cases and more than one million

cases have resulted in deaths around the world. To control the

COVID-19 epidemic, the research on the genomic epidemiol-

ogy of the virus is important for the prediction of global evo-

lutionary trends. Furthermore, the identification of the

diversification in patterns and selection signatures in the

SARS-CoV-2 genome (Lu et al. 2020) during the evolution

of the virus is essential for the early diagnosis and control of

this disease (Ayres 2020).

Although the origin of the virus is still a mystery, SARS-

CoV-2 has displayed higher divergence in genomic sequence

to its possible origins (Bat-CoV-RaTG13 or Pangolin-CoV-

2019) (Lam et al. 2020) than previously anticipated (Tang

et al. 2020). The genome of SARS-CoV-2 is undergoing con-

tinuous evolution. Just two months after the virus was first

reported (Lu et al. 2020; Ralph et al. 2020), there have been

more than 100 polymorphic sites identified in SARS-CoV-2’s

protein coding region. Most of these mutations are located in

the coding region of polyprotein 1ab (pp1ab, ORF1) (Namy

et al. 2006) and structural proteins (Fehr and Perlman 2015). It

has also been reported that SARS-CoV-2 is undergoing re-

combination (Yi 2020), which is a common event among

RNA viruses. Meanwhile, there are reports saying that there

is no detectable genetic recombination in SARS-CoV-2 strains

(Richard et al. 2020) (virological.org/t/testing-recombination-

in-the-pandemic-sars-cov-2-strains/492). A previous study has

suggested that the virus has evolved into two subtypes (L and

S) classified by two complete linked single nucleotide poly-

morphisms (SNPs) at genome locations 8792 and 28144

(Tang et al. 2020). SNP 29144 leads to an amino acid (AA)

change from LEU (L) to SER (S) in ORF8, which is supposed to

be related to viral replication (Muth et al. 2018). In the study

Tang et al. (2020), it was predicted that S is less aggressive but

more adaptive than L and may increase in frequency in the

future. With more SARS-CoV-2 genomes sequenced and de-

posited, we are now able to reevaluate the performance of

the polymorphic alleles.

Materials and Methods

Identification of Rapidly Changing Mutants

We collected genomic sequences and related information of

coronavirus from GISAID (www.gisaid.org), NCBI, CoVdb

(Zhu et al. 2020) and ViralZone (Hulo et al. 2011). The whole

genome alignments were calculated using Clustal Omega

(Sievers and Higgins 2014). To assess genomic differences

between months, we grouped coronavirus genomes into

three groups according to their collection dates. We com-

bined the genomes collected in December, 2019 and

January, 2020, considering that there are few samples in

2019 (16 cases). Based on this approach, the number of the

samples in December–January, February, March, and April

were 344, 661, 16,270, and 10,042, respectively. Using

libraries in BioPerl, we wrote scripts to extract mutations

with a change in frequency by near or more than 30% be-

tween January and April. Finally, we performed a manual

check and identified nine cases complying with the request.

The significance of the change in frequency was evaluated

using the chi square test by R.

Linkage Disequilibrium Analysis

According to the published algorithms (Morton 1955;

Lewontin 1964; Slatkin 2008), we counted the possibility of

coupling and repulsion gametes. The coupling gametes are

alleles on the same chromosome that remain together, while

the repulsion gametes are alleles on the same chromosome

that are repulsed by each other and pair with alleles on the

opposite strand. Then we wrote Perl scripts to calculate D’, q2,

and logarithm of the odds (LOD), which refer to a normalized

basic linkage disequilibrium parameter, a squared correlation

coefficient (Lewontin 1964), and a statistical test to infer the

likelihood of obtaining the test data if the two loci are indeed

linked (Morton 1955), respectively. They all positively correlate

with the degree of genetic linkage.

Intrahost Single Nucleotide Variation Analysis

Following previous efforts (Rueca et al. 2020; Wang et al.

2020; Zhou et al. 2020), we performed intrahost single nu-

cleotide variation (iSNV) analyses at different scales. First, we

tried to calculate the variation of identified mutants in one

single host. We analyzed 13 consensus genomes of SARS-

CoV-2 extracted from six patients with COVID-19 (Rueca

et al. 2020). We used the genome of the strain MN908947

as the reference genome in this study. We performed pairwise

sequence alignment between the reference genome and

each of the 13 genomes by LASTZ (Harris 2007) and wrote

Perl scripts to identify the allele in the nine SNP sites. In the

same way, we performed analysis on 43 consensus genomes

collected at different time points from eight pneumonia

patients with COVID-19 (Project accession CNP0001004,

CNGB, https://db.cngb.org/) (Wang et al. 2020). We per-

formed iSNV analysis of the raw sequence data sets (including

91 samples which were also collected from the same eight

patients) (Wang et al. 2020) generated by metatranscriptomic

sequencing with hybrid capture methods. A previously

reported pipeline (Zhou et al. 2020) was applied. We used

Bowtie2 (Langdon 2015) to map reads onto the reference

genome (MN908947) and mark duplicated reads by GATK

MarkDuplicates (McKenna et al. 2010; DePristo et al. 2011).

Both the mapping quality and the base quality were required

to be better than 20 (Li 2011). Perl scripts were written to

count the frequency of target alleles based on the SAMtools

(Li et al. 2009) and view results through the BAM files. During

the calculation of allele frequency, we required the sample

size to be higher than 20 in general. Using the same method,

we performed iSNV analyses on the raw sequence data sets of
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SARS-CoV-2 including 112 samples from China (NCBI Project

ID: PRJNA627662), 1,938 samples from Australia

(PRJNA613958), 1,542 samples from USA (PRJNA614995),

and 4,521 samples from United Kingdom (PRJEB37886).

We visualized the distribution of allele frequencies at different

time points by ggplot2 and tested the significance in the

change using Wilcoxon test by R. For allele frequency calcu-

lation for UK samples, we required that the sample size higher

than 10 because of the difference in sequencing depth.

Evolutionary Analysis

Using LASTZ (Harris 2007), we performed genome–genome

alignments between any two coronavirus strains and output-

ted the results in AXT format. From the results, we retrieved

the corresponding sequences of other strains of one corona-

virus gene, and realigned these sequences using MUSCLE

(Edgar 2004a, 2004b). To detect selection signals, the sliding

widow analysis was used with a window size of 200 bp and a

step size of 50 bp. For each sliding window, we calculated the

scores of Pi (Tajima 1993) and Tajima’s D (Tajima 1989) by

VariScan 2.0 (Vilella et al. 2005; Hutter et al. 2006). The fix-

ation index (Fst) was calculated according to published algo-

rithms (Fumagalli et al. 2013). We further calculated the allele

frequencies and used SweepFineder2 (DeGiorgio et al. 2016)

to calculate the composite likelihood ratio (CLR, step size ¼
50) (Nielsen et al. 2005; Zhu and Bustamante 2005). The

figures were generated using the R libraries “gdata” and

“ggplot2”.

To test whether a negative Tajima’s D is biased caused

because of a genetic bottleneck, a simple model was built

assuming that the population size of COVID-19 shrunk from

N1¼ 2,558 to N2¼ 450 and then expanded to N3¼ 12,196,

based on the number of daily confirmed infections in February

15, 2020, in Asia, in February 24, 2020, in Asia, and in March

16, 2020, in Europe. We assume that on February 29, 2020,

the infected population started to expand. We used the soft-

ware ms (Hudson 2002) to generate simulation data accord-

ing to the model with the parameter “-G 11.189 -eG 0.3 0.0 -

eN 0.5 0.2”. We tested the significance by ranking in

distribution.

Function Prediction Based on Statistical Analysis

Countries with more than 20 sequenced COVID-19 strains are

used to do analysis in statistics. The case fatality rates (CFR) in

countries were calculated based on the data provided by the

European Centre for Disease Prevention and Control from

March to May. The daily exponential growth rates (k) were

calculated as k ¼ ln[Y(t)]/t (Lipsitch et al. 2003). The calcula-

tion periods for CFR and k are 10 days. A two-sided test was

used to assess the significance of Pearson’s product-moment

correlation in the correlation analysis.

We obtained the sequence data set with annotation on

patients’ status from GISAID and developed a local database.

We performed pairwise alignment between each of these

sequences and the reference genome (MN908947) and the

identification of alleles in the nine SNPs’ positions. For the

identification of the possible clinical effects resulted from

the mutations in the nine SNPs, we marked records according

to pairs of related patient status. We used a series of keywords

to search for records and then marked them, for example, we

marked a record “Outpatient” if it is annotated as

“Outpatient”, “without hospitalization”, or “Not hospital-

ized.” We grouped records according to these marks and

performed poststatistical analyses by R.

Results

SNP and iSNV Frequency, Linkage Disequilibrium, and
Haplotype Analyses

Inspired by a previous effort (Tang et al. 2020), we performed

comprehensive analyses on 27,388 full-length COVID-19

genomes (collected from December, 2019 to May, 2020, sup-

plementary table S1, Supplementary Material online) with a

focus on evolutionary dynamics, selection, and gene function.

We searched for SNP mutants with a monthly identification

frequency (IF) variation in past four months higher than 0.3. A

total of 1,710 polymorphic sites were identified, and nine of

those SNPs were highlighted in such cases (fig. 1A and B).

From January to April, seven mutants increased from a

monthly frequency of 0–2% to 35–82%, while two de-

creased from a monthly frequency of 33.92% and 34.02%

to 3.12% and 3.14% (table 1). These changes in frequency

are statistically significant (Chisq-Test, P value < 2.2e-16).

Linkage disequilibrium analyses show that the nine SNPs can

be clustered into three linkage groups, in which SNPs show

significant complete linkage (D’ > 0.97, q2 > 0.96) (fig. 1C

and D) with a median LOD score of 146.62 (supplementary

table S2, Supplementary Material online). For convenience,

we named SNPs using the format “SNP_Location”, where

the genome of the strain MN908947 is used as the reference.

For example, we use SNP_241 to represent the SNP at loca-

tion 241. Linkage groups are named using the format of

“LG_” plus a serial number (table 1), from LG_1 to LG_3.

To understand whether the increase of the mutants is uni-

versal or only happened in some specific region, we calculated

statistics for their IF in different continents. We found that the

IF of the mutants clustered in LG_1 were arising in all con-

tinents, while the IF of those in LG_2 were decreasing (fig. 2A

and B). The IF of the mutants in LG_3 does not show con-

verged trend across all continents. Their IF increased in Europe

and Oceania from January to April, but decreased in Asia from

March to April (fig. 2C). We also counted the independent IF

of mutants among different countries, and evaluated the

overall changes of IF among countries from March to April.

The results show that the overall IF of LG_1 are significantly

higher in April than in March (fig. 2D and G) while those of
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LG_2 are significantly lower in April than in March (fig. 2E and

H). We did not observe a significance in statistics for those of

LG_3 (fig. 2F and I).

In addition to interhost SNP analysis, we performed iSNVs

analysis on published sequencing data (for specifics, see

“Materials and Methods”) to trace the evolutionary dynamics

of the mutants. We performed analyses of the SARS-CoV-2

sequencing data (supplementary table S3, Supplementary

Material online) collected from six patients (Rueca et al.

2020), but observed no allele change event in a single patient.

However, we observed that the mutants in LG_1 emerged

and fixed in four patients tested later. The cycle threshold for

positive signal in E gene-based RT-PCR (Ct) is a surrogate for

relative viral loads. Low Ct values are always related to high

viral loads (Corman et al. 2020). The strains with LG_1

mutants have a lower Ct (20.7 in median) than others (21.5

in median) but the difference is not significant (P value ¼
0.4633).

FIG. 1.—A is the density curve showing the distribution of frequency changes in 1710 SNPs. B is the change in frequency of SNPs (y-axis) along different

chromosome positions (x-axis), with the nine new SNPs are marked by red dots. C shows the LOD score of each pair of SNPs (y-axis) against the squared

correlation coefficient q2 between that pair (x-axis). D shows q2 of each pair of SNPs (y-axis) against the genomic distance between that pair. In C and D, the

pairs of the new nine alleles showing complete or near complete linkages are marked in red. The orange dotted lines in B–D are the top 5% positions in the

corresponded axes.
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Then we have performed analyses on the raw sequence

data of 91 SARS-CoV-2 samples collected at different time

points and from eight patients with COVID-19 in Guangzhou,

China (Wang et al. 2020) and correlated assembled consen-

sus genomes. We found the mutants in LG_1 have begun to

emerge, for example from A to G in SNP_23403, in February

(supplementary table S4, figs. S1A and S2A, Supplementary

Material online). There is a significant change in the allele

frequency of LG_2. In the consensus genomes, we found

the ratio of the mutants to the original alleles (T/C) has

changed from 18/5 (counted from January 27 to February 7

in 2020) to 6/14 (counted from February 8 to February 26 in

2020, Chisq-Test, P value ¼ 0.00148, supplementary table

S4, Supplementary Material online). We observed a significant

increase (Wilcox test, P value ¼ 0.02518) of the IF for the

mutants in LG_2, from 0.0037 (median, counted from

January 27 to February 7 in 2020) to 0.99285 (median,

counted from February 8–26 in 2020) based on the metatran-

scriptomic data (supplementary fig S1B, Supplementary

Material online). We also observed a significant increase of

the IF for the mutants in LG_2 based on the hybrid capture

data (P value ¼ 0.02452, supplementary fig. S2B,

Supplementary Material online). This is in accordance to a

previous observation (Tang et al. 2020). The IF of the mutants

in LG_3 is low compared with LG_1 or LG_2 (supplementary

figs. S1 and S2, Supplementary Material online) in the

Guangzhou data set. At the meantime, we analyzed the

raw sequence data sets of SARS-CoV-2 strains collected in

January and February of this year and from 112 patients in

Shanghai, China (supplementary table S5, Supplementary

Material online). We found that some mutants in LG_1

have high IF and most mutants in LG_3 have low IF (supple-

mentary fig. S3A and C, Supplementary Material online). We

did not observe a significant change in IF for the mutants in

LG_2 (supplementary fig. S3B, Supplementary Material on-

line) from the Shanghai data set.

Furthermore, we performed iSNV analysis using the raw

sequence data including: 1,938 SARS-CoV-2 samples from

Australia patients, 4,521 samples from UK, and 1,542 sam-

ples from USA (supplementary tables S6–S8, Supplementary

Material online). The results show that the IF of the mutants in

LG_1 are in a steady increase from January to June, in

Australia, UK, and USA (supplementary figs. S4–S6,

Supplementary Material online). There is also a significant IF

increase of the mutants in LG_3 from January to June in

Australia and UK but USA. The overall trend of mutants; IF

in LG_2 is decreasing. These findings based on iSNV analysis

are generally in consistent with the inter-host SNP analysis

results based on global consensus genomes.

In order to avoid the possible bias caused by geographical

difference and experimental methods, we have done further

test by selecting out samples collected by the same institution

and collected in the same place. The 1,938 Australia samples

are all collected in a state, Victoria. In the 1,938 samples, we

selected out 1,755 that were collected and sequenced by the

Victorian Infectious Diseases Reference Laboratory. We per-

formed the same analysis onto the 1,755 samples (fig. 3). The

results are in agreement with our previous findings. For the

4,521 SARS-CoV-2 genome sequences collected in England,

UK, we performed iSNV analysis of 335 samples collected and

sequenced by Northumbria University et al and the 4,186

samples collected and sequenced by Public Health England

(Colindale), separately. We obtained consistent results too

(supplementary figs. S7 and S8, Supplementary Material on-

line). The 1,542 genome sequences collected in USA are all

produced by the Utah Public Health Laboratory.

We classified all COVID-19 genomes available publicly into

30 haplotypes based on the nine SNPs. From a network view,

we observed that there are only two major haplotypes in

January but four major haplotypes in April (supplementary fig.

S9, Supplementary Material online). This suggests that two

newly evolved haplotypes became majority in the last three

Table 1

Overview of the Nine New SNPs. “Loc”, “Mutat”, “Chg”, and “AA” Are Simplified Expressions for Location, Mutation, Change, and Amino Acids,

Respectively

Loc Mutat Dec–Jan Feb Mar Apr Chg in

Perc.

Chisq-Test Protein Pos in

Codon

AA Mutat Linkage

Group
Perc (a) a/A Perc (a) a/A Perc (a) a/A Perc (a) a/A

241 C->T 0.88% 3/337 14.93% 96/547 66.08% 10,397/5,337 82.87% 8,211/1,697 81.99% < 2.2e-16 LG_1

3037 C->T 1.46% 5/337 14.88% 97/555 65.56% 10,573/5,553 82.86% 8,295/1,716 81.40% < 2.2e-16 nsp3 3 Synonymous LG_1

8782 C->T 33.92% 116/226 26.03% 170/483 10.67% 1,713/14,335 3.12% 308/9,556 �30.80% < 2.2e-16 nsp4 3 Synonymous LG_2

14408 C->T 0.58% 2/340 14.48% 95/561 65.47% 10,605/5,594 82.95% 8,308/1,708 82.36% < 2.2e-16 RdRp 2 PRO->LEU LG_1

23403 A->G 1.45% 5/339 15.05% 99/559 65.60% 10,624/5,571 82.92% 8,301/1,710 81.47% < 2.2e-16 S 2 ASP->GLY LG_1

28144 T->C 34.02% 116/225 24.88% 161/486 10.63% 1,723/14,493 3.14% 315/9,703 �30.87% < 2.2e-16 ORF8 2 LEU->SER LG_2

28881 G->A 0.00% 0/343 6.42% 42/612 20.06% 3,234/12,889 35.52% 3,546/6,436 35.52% < 2.2e-16 N 2 ARG->LYS LG_3

28882 G->A 0.00% 0/343 6.41% 42/613 19.99% 3,226/12,909 35.48% 3,541/6,438 35.48% < 2.2e-16 N 3 LG_3

28883 G->C 0.00% 0/343 6.41% 42/613 19.99% 3226/12910 35.48% 3542/6440 35.48% < 2.2e-16 N 1 GLY->ARG LG_3

NOTE.—The locations of SNPs are according to MN908947. “Perc” refers to the percentage of minor alleles. “a/A” refers to the number of minor alleles (a) and the number of
major alleles (A) in January, February, March, and April. “Pos in Codon” refers to the position of the mutation in the codon.
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months. This change is rapid, and is reflected by a significantly

high Tajima’s D (3.07169, P value¼ 0.00857) of all haplotypes

in April. The two major haplotypes in January correspond to the

two subtypes L and S referred to previously (Tang et al. 2020),

which are now clustered into LG_2 in this study.

Population Genetics and Evolutionary Patterns

We performed sliding window analyses in population genetics

to address recent evolutionary patterns in the nine SNP sites

(fig. 4A). To avoid oscillation caused by time scale, we only

targeted the COVID-19 strains collected in April, 2020

(10,042 samples). The results show that SNP_3037 (LG_1)

and SNP_23403 (LG_1) both have CLR (Nielsen et al. 2005;

Zhu and Bustamante 2005) peaks (fig. 4B and C). SNP_14408

(LG_1) is adjacent to a CLR peak (fig. 4D). These indicated that

the increase of the mutants in LG_1 may be resulted from

directional selection. A parallel simulation test was performed

to assess effects caused by genetic bottleneck on mutation

sites showing directional selection signals (for details, see

Materials and Methods and supplementary fig. S10,

Supplementary Material online). The results show that

SNP_3037 (LG_1) and SNP_23403 (LG_1) both have a nega-

tive Tajima’s D with significance in statistics, while SNP_14408

(LG_1) has a negative Tajima’s D with weak significance (sup-

plementary table S9, Supplementary Material online).

Mutants in LG_2 and LG_3 do not have CLR peaks, al-

though they all are adjacent to a CLR peak (supplementary

fig. S11A and B, Supplementary Material online). The de-

crease of the minor haplotype (S) in LG_2 may be resulted

from genetic drift. In other words, the initial higher

FIG. 2.—Changes in frequencies of the mutants in LG_1 to LG_3 in different continents/countries. A–C is the change in frequency in four continents,

North America, Europe, Asia, and Oceania. D–F is the change in frequency from March (blue) to April (Orange) in nine countries with high quantities of

sequenced COVID-19 strains. G–I is tests of the frequencies of mutants in countries with sample size> 10 between March and April. The medians and the P

values calculated by Wilcox test are list at the top of each figure.
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percentage of the major haplotype (L) may lead to the suc-

cessive increase of its frequency and the decrease of the S.

The change of mutants’ frequencies in LG_3 is different. The

frequency increased more rapidly in Europe than in North

America (Chisq-Test, P value < 3.968e-11, fig. 2C). In accor-

dance, LG_3 has a high Fst (Holsinger and Weir 2009) in

comparison with North American and European strains (sup-

plementary fig. S11C, Supplementary Material online). We

detected a CLR peak at LG_3 for England strains (supplemen-

tary fig. S11D, Supplementary Material online). Even though,

the Tajima’s D of LG_3 is not significantly negative (–1.636,

test by simulation, P value ¼ 0.2474). The observed increase

in frequency of this mutant in England may be resulted from

positive selection.

Potential Functional Consequences of the Rapid Spread

Mutant Alleles

Based on the global COVID-19 cases reported (supplemen-

tary table S10, Supplementary Material online) by the

European Centre for Disease Prevention and Control

(www.ecdc.europa.eu), we calculated the daily CFR and

the daily exponential growth rate (k) (Lipsitch et al. 2003)

of COVID-19 in different countries (supplementary tables

S11–S13, Supplementary Material online). We also calcu-

lated the percentages of minor alleles in different countries

in April and May (supplementary table S13, Supplementary

Material online). With these parameters, correlation analysis

was performed to deduce the possible phenotype of the

nine alleles. We performed analysis with the data in 11

countries, for the adequacy of sample size (> 20). We cal-

culated the median of the daily CFR or k for postcorrelation

coefficiency calculation. The result (fig. 5) shows that the

mutants in LG_1 is positively correlated with the CFR (both

in April, P value ¼ 0.0286, and May, P value ¼ 0.0223),

which suggests that the virus possessing mutants in LG_1

is more aggressive than others. Mutants in LG_2 and LG_3

show negative and positive correlations with the CFR respec-

tively, but with no statistical significance. Different from pre-

vious predictions (Tang et al. 2020), the mutant in LG_2 (S) is

FIG. 3.—Changes in the distribution of IF along time for the mutants in LG_1 to LG_3 based on the analyses of the raw-sequence data of SARS-CoV-2

including 1,755 samples collected from patients in Victoria, Australia and by VIDRL. X-axis is the IF, from 0 to 1 (mutants are fixed), and “Frequency” (y-axis)

refer to the counts of samples with some IF value, from 0 to 1. We used Wilcoxon test to test the difference between two distributions.
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negatively correlated with k but not significant (P value >

0.1), indicating that S may not have advantages in pheno-

types comparing to L.

To further validate the possibility of mutants’ clinical fea-

ture, we performed statistics analyses on total 7,692 se-

quenced strains with information of coordinated patient

status (supplementary table S14, Supplementary Material on-

line, from GISAID). We remarked the records based on four

pairs of keywords, “Deceased” and “Released”,

“Hospitalization” and “Outpatient”, “Symptomatic” and

“Asymptomatic”, “Severe” and “Mild”, for convenience in

comparison (supplementary table S15, Supplementary

Material online, for specifics, see Materials and Methods).

Consistently with the results from correlation analysis

based on CFR, mutants in LG_1 show a significant increase

in the ratio of deceased patients compared with released

patients (fig. 6A). We tried to avoid the bias toward specific

geographic areas and performed statistics on the data col-

lected in a small scale, for example, a city or a country/region

within a small area. Based on reports on surveys (Czeisler et al.

2020), we have selected Los Angeles and New York for the

test. We assumed that the pandemic of COVID-19 and hos-

pital capacity are the same in these two cities. The analysis

was repeated using the data of the two cities and obtained a

consistent result (fig. 6B). The data collected in June from a

third region, Gujarat of India, was used for further validation

of the test. These results show bias but not significantly dif-

ferent (fig. 6C).

We also observed that the strains holding mutants in LG_1

have bias toward hospitalization compared with outpatient

(fig. 6D and E), and more likely to make patients symptomatic

(fig. 6F–H), which is supported by analysis both on global and

small scales (including Belgium, two Indian cities Karnataka

and Maharashtra, and Japan).

FIG. 4.—Population genetic analyses of the nine new SNPs. A is the distributions of CLR and Tajima’s D of 200bp windows with 50 bp steps for all

strains. B–D are sliding window analysis views of CLR at three SNP sites, indicated by red arrows.
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The keyword pair “Severe” and “Mild” describe the sever-

ity of the disease for hospitalized patients. In total statistics

analysis for this issue, we did not find a significant difference

in ratio of severe patients compared with mild ones between

the mutant and the original allele in SNP_23403, LG_1

(fig. 6I). However, our results show that young patients (age

FIG. 5.—Correlation analysis results between the ratios of mutants (x-axis) and the median case fatality rate (CFR) or the median daily exponential growth

rate (k) of COVID-19 in one month (y-axis). The P value was calculated by Spearman’s test. Coefficients with significance are marked by “*”. Analyses were

performed on data collected in April as well as in May.
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< 40 years) with SNP_23403 mutant may have a disease

more severe than old patients (age > 40 years) with

SNP_23403 mutant (fig. 6J). We observed a bias in severity

correlated to SNP_23403 of LG_1 in two Indian states

(Gujarat and Maharashtra), with the assumption that the

two states are in the similar situation facing COVID-19

(fig. 6K).

In the UK, raw sequence data set used for iSNV analysis

referred includes 335 records with Ct value. These records are

all deposited by the same institution. Based on the records,

we performed correlation analysis between Ct and mutants’

IF. The calculation also reveals the relationship between the

high efficiency in replication/transmission of virus and the mu-

tant SNP_23403, LG_1 (D614G) (supplementary fig. S12,

Supplementary Material online).

Taking together, results from the analyses on patients’ sta-

tus provide statistical supports that the mutants in LG_1 have

correlations with more severe disease development in human.

These are predictions based on statistical analysis. It is far from

conclusion because of the possible bias caused by several un-

avoidable factors, such as spatiotemporal changes, how viral

genomes got sequenced and deposited in the databases.

Until now, parts of our prediction are supported by virology

experiments using hamster as animal model, which focused

on the clinical influence of SNP_23403, LG_1 (D614G). This

experiment indicate that D614G SARS-CoV-2 mutant strains

cause more severe pathological changes in the lung tissues

when compared with unmutated isolates (Mok et al. 2020).

The mutation of D614G has been further confirmed to have

correlation with the increase infectivity (Korber et al. 2020).

Our calculation also suggested that the mutants in LG_2

may increase the ratio of symptomatic patients compared

with asymptomatic ones if performing statistics in total (sup-

plementary fig. S13A, Supplementary Material online). We

observed consistent results based on Japanese data but incon-

sistent results based on Indian data (supplementary fig. S13B

and C, Supplementary Material online). This may be due to

the small sample size of the mutants in India, considering the

LG_2 mutant is decreasing in IF from January to April (fig. 2).

In the comparison of “Hospitalized” and “Outpatient” and

“Released” and “Deceased”, the mutants in LG_2 showed a

bias toward mildness (supplementary fig. S13D–H,

Supplementary Material online). For hospitalized samples,

there is no significant difference in statistics in total but a

bias toward mildness based on Indian data (supplementary

fig. S13I and J, Supplementary Material online). Our calcula-

tion suggested that the mutants in LG_2 may result in the

mildness of the virus, as proposed by other research group

(Tang et al. 2020).

The analysis on the mutants of LG_3 reveal a negative

correlation between the mutants and Ct (supplementary fig.

S12, Supplementary Material online), suggesting that the

LG_3 mutants benefits the increase of viral load. This is sup-

ported by another experiment showing an unprecedented

capacity of replication of the SARS-CoV-2 GZ69 strain, includ-

ing the mutant of LG_3, in Vero E6 cells (Caccuri et al. 2020).

LG_3 showed a bias toward patients symptomatic (supple-

mentary fig. S14A–C, Supplementary Material online) and

patients hospitalized (supplementary fig. S14D and E,

Supplementary Material online), but no significant differences

in the ration of severity ratio and death ratio (supplementary

fig. S14F–J, Supplementary Material online). One explanation

is that the mutants in LG_3 may promote viral replication,

which is referred in our study described above and previous

reports (Caccuri et al. 2020).

Potential Structural Variations Led by the SNPs

As shown in figure 7, most SNPs (8/9) are located in the cod-

ing region. SNP_251 (LG_1) is the only SNP located in the

noncoding region. It is located at the leader sequence

(Sawicki et al. 2007) in front of ORF1 and may affect the

protein-to-RNA interaction (Pasternak et al. 2004, 2006;

Sawicki et al. 2007) in the assembly into membrane-bound

replication–transcription complexes (Curtis et al. 2004; Z�u~niga

et al. 2004; Sola et al. 2005; Enjuanes et al. 2006; Yount et al.

2006). Three SNPs are located in ORF1ab. Two are synony-

mous mutations. The three all are transitions from “C” to

“T”. This is consistent with coronavirus codon usage bias to-

ward U-ending (Castells et al. 2017). SNP_14408 (LG_1) is

located at the RNA-directed RNA polymerase and the AA

mutation from PRO to LEU (P4715L) may lead to a change

in protein flexibility and may further influence viral replication.

The mutation SNP_23403 (LG_1) located in the surface

FIG. 6.—Potential clinical outcomes of the mutants in SNP_23403, LG_1. The mutant is G and the original allele is A. A–C compare two clinical status,

deceased and released. D and E, outpatient and hospitalized. F–H, asymptomatic and symptomatic. I–K, severe (hospitalized) and mild (hospitalized). For

display, we used different pairs of colors to represent these four pairs of opposite clinical status. In A–K, excluding J, the left subdiagram shows the count and

the right shows the percentage. J shows the ratio of the mutant and the original allele (G/A) in patients with mild or severe disease and young (age �
40 years) or old (age> 40years). J and I are based on the same data. A, D, F, I, and J are based on all available global data and others are based on selected

data on small scale. Related description is at the head of each subfigure. For sufficient data in statistics, we assume that the two cities, Los Angeles and New

York, in USA are with similar situation, for example, the pandemic of COVID-19 and hospital capacity. We also assumed that those in all area of Japan are

similar, those in Karnataka and Maharashtra (India) are similar, and those in Gujarat and Maharashtra (India) are similar.
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glycoprotein (S) is 60 AA to the 3’ end of the receptor-binding

domain. This mutation changes AA side chain polarity, from a

negative ASP to a neutral GLY (D614G), which may reduce

protein rigidity and increase the membrane fusion efficiency

during the virus infection (Korber et al. 2020). SNP_28881,

SNP_28882, and SNP_28883 (in LG_3) are three consecutive

mutations located in the nucleoprotein (N). They make two

AA changes from ARG to LYS (R203K) and from GLY to ARG

(G204R). These changes will modify the protein charge distri-

bution, which may affect the recognition of genomic RNA

during virus replication and assembly. SNP_28144 (L84S,

LG_2) is located in ORF8, which is also related to viral replica-

tion (Muth et al. 2018).

Discussion

With the purpose of predicting the evolutionary pattern of

SARS-CoV-2 causing the pandemic COVID-19, we performed

a thorough analysis of the virus’ genome sequences. Our

results show that the IF of LG_1 is increasing continuously

from January to April and the mutants are nearly fixed in

the end (�83%). A strain may be sequenced multiple times

just because it happens to find its way into a city/country with

good sequencing facility, whereas another strain landing in a

city with poor sequencing facility may have 0 or low repre-

sentation in the SARS-CoV-2 database, even if the strain has

infected many people. For avoiding the situation that the

strains sequenced are not a random sampling over time, we

made statistics of mutants’ IF in different countries and test

the overall trend. The results show that the rapid increase of

the IF of LG_1 is convincing and universal. From population

genetic analyses, we also observed corresponding positive se-

lection signatures in some SNP sites of LG_1. Moreover, we

confirmed those findings in intrahost level, which also dynam-

ically displayed the process of mutants’ spread (fig. 3 and

supplementary figs. S4–S8, Supplementary Material online).

The increments of most mutants are rapid, linked, and si-

multaneous. This may be resulted from the potential benefit

of the mutant in new environments and a successive increas-

ing population size. Beneficial mutants are common in a large

population and can dramatically alter the genetic diversity at

linked sites (Desai and Fisher 2007). Moreover, the viral pop-

ulation easily experiences evolution via multiple concurrent

mutations (Desai and Fisher 2007). Considering the nearby

sequences around SNP_3037 and SNP_23403 show the

strongest selection signals in LG_1, they may be the causative

mutation in these linkage groups. The increments of other

two mutants may be driven by hitchhiking effects (Smith

and Haigh 2007). Thus, our results suggest paying more at-

tention to these causative SNP sites in further epidemiological

investigations of COVID-19.

The newly evolved mutants in LG_1 show to be more ef-

fective in replication and may be more aggressive from our

analysis in the correlation with CFR, patients’ status, and Ct.

Experiments on virus by other groups confirmed those feature

of LG_1 (Korber et al. 2020; Mok et al. 2020). In accordance,

we observed that the CFR is increasing from March to April in

most countries (supplementary fig. S15, Supplementary

Material online). The frequency increase of the mutants in

LG_1 may be one of the contributor. The S type of LG_2

shows no evolutionary advantages from past four months

statistics. Its IF is diminishing continuously from January to

FIG. 7.—A diagram showing an overview of the nine SNPs in the virus genome. SNP sites are marked by upside-down arrows and colored according to

the linkage groups to which they belong. “RBD” denotes the receptor binding domain, marked in yellow. A pink rectangle ahead of ORF1 denotes the leader

sequence for transcription.

Zhu et al. GBE

12 Genome Biol. Evol. 13(2) doi:10.1093/gbe/evab015 Advance Access publication 29 January 2021



April. This indicates that the L type may be more adaptive than

S type. S type is at least not positive enough to replace L type

in global COVID-19 populations, indicated by our study and

other work (Xu et al. 2020). The intrahost dynamics (fig. 3)

and the predicted contribution to viral replication of the

mutants in LG_3 is a surprise, which may tract more attention

for its possible clinical influences. Functions of LG_1 to LG_3

are only predictions from statistics and correlation analyses in

this study. More animal or clinical experiments are needed to

test these linked mutants’ function (Caccuri et al. 2020;

Korber et al. 2020; Mok et al. 2020; Xu et al. 2020). They

are potential targets for medicine and clinical researches.

Supplementary Material

Supplementary data are available at Genome Biology and

Evolution online.
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