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Abstract 22 

SARS-CoV-2 is a single-stranded RNA betacoronavirus with a high mutation rate. 23 

The rapidly emerged SARS-CoV-2 variants could increase the transmissibility, 24 

aggravate the severity, and even fade the vaccine protection. Although the 25 

coinfections of SARS-CoV-2 with other respiratory pathogens have been reported, 26 

whether multiple SARS-CoV-2 variants coinfection exists remains controversial. This 27 

study collected 12,986 and 4,113 SARS-CoV-2 genomes from the GISAID database 28 

on May 11, 2020 (GISAID20May11) and April 1, 2021 (GISAID21Apr1), 29 

respectively. With the single-nucleotide variants (SNV) and network clique analysis, 30 

we constructed the single-nucleotide polymorphism (SNP) coexistence networks and 31 

noted the SNP number of the maximal clique as the coinfection index. The 32 

coinfection indices of GISAID20May11 and GISAID21Apr1 datasets were 16 and 34, 33 

respectively. Simulating the transmission routes and the mutation accumulations, we 34 

discovered the linear relationship between the coinfection index and the coinfected 35 

variant number. Based on the linear relationship, we deduced that the COVID-19 36 

cases in the GISAID20May11 and GISAID21Apr1 datasets were coinfected with 2.20 37 

and 3.42 SARS-CoV-2 variants on average. Additionally, we performed Nanopore 38 

sequencing on 42 COVID-19 patients to explore the virus mutational characteristics. 39 

We found the heterozygous SNPs in 41 COVID-19 cases, which support the 40 

coinfection of SARS-CoV-2 variants and challenge the accuracy of phylogenetic 41 

analysis. In conclusion, our findings reported the coinfection of SARS-CoV-2 variants 42 

in COVID-19 patients, demonstrated the increased coinfected variants number in the 43 

epidemic, and provided clues for the prolonged viral shedding and severe symptoms 44 

in some cases. 45 

 46 
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Introduction 51 

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has infected more 52 

than 176.5 million persons, with more than 3.8 million deaths at the time of preparing 53 

this manuscript [1, 2]. The virus is an enveloped and single-stranded RNA 54 

betacoronavirus of 30k base-pairs, which belongs to the family Coronaviridae [1]. 55 

Since the year 2000, we have witnessed and experienced three highly widespread 56 

pathogenic coronaviruses in human populations, and the other two are severe acute 57 

respiratory syndrome (SARS)-CoV in 2002-2003, and Middle East Respiratory 58 

Syndrome (MERS)-CoV in 2012 [3]. All three viruses can lead to acute respiratory 59 

distress syndrome (ARDS) in the human hosts, which may cause pulmonary fibrosis 60 

and lead to permanent lung function reduction or death [4]. Although with lower 61 

mortality rates than SARS-CoV and MERS-CoV, SARS-CoV-2 could invade host 62 

cells by binding to the ACE2 on the host cell surface and cause rapid spread among 63 

people [5].  64 

To address the challenges, researchers conducted various studies to explore the 65 

genomic sequences of SARS-CoV-2 [6-8]. Qianqian Li et al. have analyzed 13,406 66 

spike sequences of SARS-COV-2 variants in the GISAID database and divided the 67 

SARS-CoV-2 variants into seven evolutionary groups using neutralizing monoclonal 68 

antibodies [6]. Correspondingly, the Centers for Disease Control and Prevention also 69 

reported the new emerged SARS-CoV-2 variants that circulating globally, including 70 

B.1.1.7 lineage in the United Kingdom, B.1.351 lineage in Nelson Mandela Bay and 71 

South Africa, P.1 lineage in Japan and Brazil, B.1.429 lineage in the United States, 72 

etc. [9]. From Pengfei Wang et al.’s study, we learned that the extensive mutations in 73 

the spike protein of B.1.1.7 and B.1.351 variants could enhance their resistance to the 74 

neutralization by convalescent and post-vaccination sera. These reports enforce the 75 

notion that the newly emerged SARS-CoV-2 variants would increase the viral 76 

transmissibility and disease severity and reduce the protective ability of vaccines [10]. 77 

Besides the rapidly emerged SARS-CoV-2 variants, previous studies also reported 78 

the coinfection of SARS-CoV-2 with other respiratory pathogens [11, 12]. David Kim 79 
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and his colleagues found that 116 COVID-19 patients were also positive for other 80 

microbial pathogens, such as influenza A/B, respiratory syncytial virus, human 81 

metapneumovirus, and Chlamydia pneumoniae [11]. Also, the reinfection with 82 

different SARS-CoV-2 variants in a COVID-19 patient has been reported. Richard L 83 

Tillett et al. presented a COVID-19 patient who tested positive for SARS-CoV-2 on 84 

April 2020 and was reinfected by a different SARS-CoV-2 variant on June 2020 [13]. 85 

The astonishing discovery was hard to explain why previous exposure to 86 

SARS-CoV-2 failed to provide immunity protection to the patient. Since coinfection 87 

is prevalent in viral infections [14-16], the studies inspire us to explore whether 88 

coinfection of multiple SARS-CoV-2 variants exists in COVID-19 patients, providing 89 

clues for prolonged viral shedding time and severe symptom [17].  90 

Here, we collected 12,986 SARS-CoV-2 genomic sequences from the GISAID 91 

database on May 11, 2020, constructed single-nucleotide polymorphisms (SNP) 92 

coexistence network, and found a maximal clique of 16 coexisted loci. By simulating 93 

the SNVs accumulation with SARS-CoV-2 transmission, we discovered 2.20 94 

averaged coinfected variants in the COVID-19 patients with the coinfection index. To 95 

validated the methods and results, we extracted 4,113 additional genomes from the 96 

GISAID database on April 1, 2021, and discovered an increased coinfected variants 97 

number of 3.42. Then, we performed Nanopore sequencing on the sputum samples 98 

from 42 COVID-19 patients and found the heterozygous SNPs on some loci of the 99 

SARS-CoV-2 genome, confirming the multiple variants coinfection. Hence, our study 100 

proposed a computational simulating method to detect the number of the coinfected 101 

variants in COVID-19 patients, confirmed the coinfection of multiple SARS-CoV-2 102 

variants, and implied the increased coinfected variants in the epidemic.  103 

 104 

 105 

Materials and methods 106 

Ethics Statement 107 
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The First Affiliated Hospital approved this study of Guangzhou Medical University, 108 

and the sample and data collection procedures were conducted following the 109 

principles expressed in the Declaration of Helsinki. All patients provided written 110 

informed consent and volunteered to receive investigation for scientific research. 111 

GISAID datasets and mutation detection 112 

This study collected SARS-CoV-2 genomic sequences from the GISAID database 113 

(https://www.gisaid.org/) and divided them into two genomic datasets according to 114 

their releasing date: For the 12,986 SARS-CoV-2 genomic sequences published 115 

before May 11, 2020, we noted them as GISAID20May11 dataset; For the 4,113 116 

SARS-CoV-2 genomic sequences posted on April 1, 2021, we noted them as 117 

GISAID21Apr1 dataset. All genomes in these two datasets were tagged as complete 118 

(>29,000 bp) and high coverage (<1% Ns with <0.05% unique amino acid mutation) 119 

in the GISAID. We adopted MUMmer (version 3.23) to obtain the SNVs of the 120 

SARS-CoV-2 genomes [25]. Each SARS-CoV-2 genome is aligned with the 121 

SARS-CoV-2 reference genome (MN908947.3) to obtain the homology region using 122 

the nucmer function with the default parameters [25]. Then we got the SNPs matrix 123 

from the alignment results with show-SNPs function [25] and prepared for the SNV 124 

clique analysis.  125 

SNP coexistence network and clique analysis 126 

To evaluate the complexity of SNPs co-occurrences within the GISAID dataset, we 127 

applied single-nucleotide variant (SNV) clique analysis by in-house scripts. Firstly, 128 

we considered a pair of SNPs from two different loci as complex if it occurred in at 129 

least one variant of the GISAID datasets. However, a complex paired-loci is hard to 130 

be explained in phylogeny, and it may happen by chance. Therefore, to remove such a 131 

possibility, we performed an analysis based on SNV cliques instead.  132 

After obtaining all SNPs, we checked the alleles at every locus of the 133 

SARS-CoV-2 genome. Over 92% of the SNPs loci (5,671/6,178) had two alleles. 134 

Focusing on the loci with two alleles, we removed the SNPs loci with three or four 135 

alleles. We labeled the major allele of SNP locus as R and the minor allele as A. Thus, 136 

it had four possible genetic combinations for every pair of two SNPs loci: RR, RA, 137 
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AR, AA. We recognized each SNP locus as a vertex and created an edge between a 138 

loci pair only if all four genetic combinations existed in at least one assembly genome 139 

within the GISAID dataset (Figure 1A). We obtained the maximal clique from the 140 

network. Based on the cliques, we can tell whether the SARS-CoV-2 coinfection 141 

exists since the existence of a large clique will be intractable to explain using 142 

phylogeny. 143 

Prediction of coinfected variant number based on the simulation 144 

With the SNVs in the collected genomic sequences, we predicted the coinfected 145 

variant numbers by simulations with the mutation rate (r) and the average variant 146 

number (w). In previous reports, the estimated mutation rate of SARS-CoV-2 by 147 

several groups ranged from 2.88x10-6 to 3.45x10-6 substitutions per site per day 148 

[26-28]. However, the obtained SNVs number distribution curve in our test does not 149 

fit the distribution curve from the real data set with a mutation rate of 3.0x10-6 150 

(Supplementary Figure 1). The mutation rate we used has four values, which are 151 

1.5x10-6, 2x10-6, 2.5x10-6, and 3x10-6. The average variant number in the 152 

simulation with 15 values ranged from 1.2 to 4, with an interval of 0.2. The 153 

distribution of variant numbers in all samples conformed to Poisson distribution with 154 

λ equals the average variant number.  155 

Sample collection 156 

To confirm the coinfection of SARS-CoV-2 variants, we performed RT-PCR on the 157 

sputum samples collected from COVID-19 patients. Forty-two patients were recruited 158 

from the First Affiliated Hospital of Guangzhou Medical University and Guangdong 159 

Second Provincial General Hospital, China (Supplementary Table 1). The sputum 160 

samples from the patients were inactivated under 56°C for 30 minutes following 161 

WHO and Chinese guidelines [29-31]. The specimens were stored at 4°C until ready 162 

for shipment to the Guangdong Centers for Disease Control and Prevention. 163 

Nanopore sequencing 164 

For the samples, we extracted the total RNA from the samples according to the 165 

protocol of RNA isolation kit (RNAqueous Total RNA isolation Kit, Invitrogen, 166 

China), and determined the RNA concentration by Qubit (ThermoFisher Scientific, 167 
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China). Based on two pools of primers (98 pairs of primers in total) (Supplementary 168 

Table 2), the entire genomic sequence of SARS-CoV-2 was amplified segmentally by 169 

reverse transcription. Then, the libraries were built by adding the adapter and barcode 170 

to the amplified genomic fragments with a Nanopore library construction kit 171 

(EXP-FLP002-XL, Flow Cell Priming Kit XL, YILIMART, China). The samples 172 

were sequenced on the MinIon sequencing platform (Oxford Nanopore Technologies, 173 

U.K.). 174 

Nanopore data filtration 175 

MinIon sequencer generated Fast5 format data, which was converted into fastq format 176 

with guppy basecaller (version 3.0.3). By applying NanoFilt (version 1.7.0) [32], we 177 

performed data filtration on the raw fastq data with the following criteria: the read 178 

lengths should be longer than 100 bp after removing the adapter sequences overall 179 

quality of reads should be higher than 10. Furthermore, due to the random connection 180 

of multiplex RT-PCR amplicons, the chimeric reads should be processed to avoid 181 

false identification of virus recombination or host integration. Therefore, we 182 

positioned the primers on the sequencing reads to identify the chimeric reads, split the 183 

identified chimeric reads into segments corresponding to PCR amplicons, and retained 184 

the final reads by aligning the segments to the viral genome (Supplementary Figure 185 

2). This method allowed us to salvage a huge amount of sequencing data, leading to 186 

more accurate alignment and higher coverage.  187 

Mutation detection with Nanopore data 188 

We aligned the filtered and segmented reads to the SARS-CoV-2 reference genome 189 

(MN908947.3) with Minimap2 by applying the default parameters for Oxford 190 

Nanopore reads [33]. The aligned PCR amplicons were separated according to the 191 

corresponding primer pool. With the separated alignment results, the genomic 192 

variations with average quality larger than ten were called with bcftools (version 1.8) 193 

[34]. Mutations with less than ten supported reads were filtered. To reduce the PCR 194 

amplification effects, we also filtered the variations within ten bp upstream or 195 

downstream of the primer region within the corresponding primer pool. The filtered 196 

mutations for different primer pools were then merged as the final mutations. The 197 
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final mutations were annotated by in-house software based on the gene information in 198 

the SARS-CoV-2 reference genome. 199 

 200 

 201 

Results 202 

Discovery of the 16-SNV-clique with the GISAID20May11 dataset 203 

The GISAID20May11 dataset contains 12,986 SARS-CoV-2 genomes published 204 

between December 30, 2019, and May 11, 2020. After filtering 1,804 duplicated 205 

sequences, we aligned the rest of 11,182 viral genomes to the SARS-CoV-2 reference 206 

genome to obtain SNVs. Then, we removed three viral genomes with over 1,000 207 

SNVs and obtained 11,179 genomes for the following-up analysis. With 57,548 SNVs 208 

on 6,178 SNPs loci, we performed SNP clique analysis (Figure 1A) and constructed 209 

the SNP coexistence networks with 1,150 vertices and 8,003 edges. Among the 210 

networks, we discovered the maximal clique with 16 coexisted loci (Figure 1B). With 211 

the result, we deduced that some SARS-CoV-2 assembly genomes were mixed 212 

sequences of multiple coinfected variants, except the incredible-fast mutation. 213 

Coinfection index to determine the SARS-CoV-2 variant number in a sample 214 

We selected the maximal clique from the SNP coexistence networks and noted its size 215 

as the coinfection index. We further determine the average coinfected variants number 216 

with computational simulations. By simulating the transmission route tree of 217 

COVID-19, we traced the virus transmission among the infected individuals. Based 218 

on the publishing date of the sequences, we selected the sequences at the same 219 

transmission period as the simulated sequences and calculated the coinfection index 220 

using SNP clique analysis. Using different mutation rates and the average variant 221 

number in the simulation, we could obtain a chart of the average variant number 222 

against the coinfection index under a specific mutation rate (Figure 2A). During 223 

transmission, the variants in a sample at the child node were randomly inherited from 224 

the sample at the parent node. The variants would generate new SNVs based on a 225 

given simulated mutation rate (Figure 2B). In the simulation, we proposed two 226 
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methods of how the coinfected variants in a sample construct their assembly genome. 227 

The first method randomly selected a variant from the coinfected multiple variants in 228 

the sample, and reported the SNVs in this variant. The second method (the mixed 229 

method) generated an assembly genome, which was a mixture of all variants. We split 230 

the genome as windows with a fixed size of 100 bp for the second method, and each 231 

window comes from a randomly selected variant in the sample. Using these two 232 

methods, we obtained the SNVs in the assembly genome (Figure 2C). 233 

After plotting the coinfection index against the average variant number, we got 234 

two regression lines between them (Figure 3A). With the results, we noticed that only 235 

the regression line based on the mixed method could achieve a coinfection index of 16 236 

for the GISAID20May11 dataset. With the regression lines of these two methods, we 237 

concluded that the 16-SNV clique from the GISAID20May11 dataset should result 238 

from coinfection, and the assembly genome comes from the mixed sequencing data of 239 

the coinfected variants. 240 

Then, we determined the averaged variant number in the GISAID20May11 241 

dataset with the coinfection index line. We performed regression analysis between 242 

averaged variant number and coinfection index and discovered the significant linear 243 

relationship between them with method 2 (F-statistic p-value < 2.2e-16, adjusted 244 

R-squared = 0.79, Figure 3A). According to the obtained fitting equation, we deduced 245 

that the corresponding average variant number was 2.20 when the coinfection index 246 

was 16 (Figure 3A). 247 

Coinfection index increased along with the COVID-19 pandemic 248 

With the GISAID20May20 dataset, we obtained a maximal clique with 34 coexisted 249 

SNPs from 140,348 SNVs on 6,415 SNPs loci (Figure 1C). Then, we constructed the 250 

coinfection index curve with the GISAID21Apr1 dataset and determined the average 251 

variants number in this dataset. The genomes of GISAID21Apr1 were sampled from 252 

five different continents. Europe provided primary samples as 3,023 samples were 253 

from Europe, and the rest 1,047 samples were from North America, 27, 12, and 4 254 

samples were from Asia, South America, and Oceania, respectively. While, we found 255 

28 SNPs existed in over 3,000 samples, which reveals those samples should have the 256 
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same or related ancestor. We altered the simulated procedure since we assumed those 257 

samples had the same ancestor to fit the SNVs distribution in the GISAID21Apr1 258 

dataset. The regressed linear of the coinfection index and the average number of 259 

variants showed a significant linear relationship (F-statistic p-value < 2.2e-16, 260 

adjusted R-squared = 0.69, Figure 3B). The fitting equation revealed the average 261 

stain number of 3.42 in the GISAID21Apr1 dataset. The pandemic of COVID-19 262 

made the virus could transfer between continents and increased the coinfection of 263 

different variants. 264 

Sequencing data statistics for the 42 COVID-19 patients 265 

For the 42 COVID-19 patients enrolled from the First Affiliated Hospital of 266 

Guangzhou Medical University and Guangdong Second Provincial General Hospital, 267 

we performed Nanopore sequencing on their sputum samples for SARS-CoV-2 268 

genome acquirement and mutation detection (Supplementary Table 1). After 269 

sequencing on the multiple-PCR products, a total of 7,877,736 clean reads were 270 

generated, with an average of 187,565±143,719.55 (Mean±SD) reads per sample 271 

(Figure 4). To eliminate the chimeric reads formed by the unintended random 272 

connection of multiplex PCR amplicons, we developed a software tool named 273 

CovProfile [18] (Supplementary Figure 2) and perform data filtration and detect the 274 

mutations in SARS-CoV-2 variants. Then we discovered that the chimeric reads were 275 

making up 1.69% of total sequencing reads. Aligning the clean reads to the 276 

SARS-CoV-2 genome and human transcriptome, we discovered that the ratio of 277 

primary aligned sequence ranged from 3.86% to 99.74% on the SARS-CoV-2 genome 278 

and ranged from 0.13% to 70.5% on the human transcriptome database (Figure 4). 279 

Moreover, the SARS-CoV-2 genomic coverage reached over 99.7% with >1800x 280 

depth in each sample, ensuring adequate data volume for SNP calling (Supplementary 281 

Figure 3). 282 

Identification of heterozygous SNPs on SARS-CoV-2 genome 283 

After aligning the filtered data to the SARS-CoV-2 genome, we detected the 284 

mutations of SARS-CoV-2 in the 42 samples (Figure 5). Based on these mutations, 285 
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we discovered a total of 115 SNPs in all samples, and 108 of them located on the 286 

genetic regions, including genes ORF1ab, S, ORF3a, N, M, ORF6, ORF8, and ORF10 287 

(Supplementary Table 3). Furthermore, we discovered the heterozygous SNPs in 41 of 288 

the enrolled samples (Figure 5). Since each locus contained only one genotype in a 289 

viral genome, the heterozygous SNPs indicated that each host was infected with two 290 

variants at least. Moreover, twenty heterozygous SNPs existed in over two samples, 291 

such as C865T, A1430T, C8782T, etc (Supplementary Table 3). Notably, we also 292 

discovered that 14 samples contained two genotyped SNPs on loci 8,782 and 28,144 293 

simultaneously, which were significant SNPs identified in recent phylogenetic 294 

analysis. Meanwhile, we did not find creditable InDels (Insertions and Deletions), 295 

structural variations, or viral-host recombination. 296 

 297 

 298 

Discussion 299 

SARS-CoV-2 posed a significant threat to human lives, and recent studies have 300 

reported the rapidly emerged variants and their impact on clinical severity and vaccine 301 

protection [7, 9, 19]. In this study, we aimed to detect whether the coinfection of 302 

multiple SARS-CoV-2 variants exists in COVID-19 patients, which might associate 303 

with frequent homologous recombination and greater clinical severity. This study 304 

performed the SNP coexistence network analysis to detect the "coinfection index" 305 

based on the maximal clique in the collected GISAID datasets and constructed the 306 

relationship between the coinfection index and the average variant number. We 307 

deciphered the number of coinfected variants for SARS-CoV-2 in hosts with the 308 

linear regression between the coinfection index and the average variant number. With 309 

the GISAID20May20 and GISAID21Apr1 datasets, we discovered that the number of 310 

the coinfected variants increased from 2.20 to 3.42 in the COVID-19 patients. 311 

Considering the rapidly emerged SARS-CoV-2 variants worldwide, we hypothesized 312 

that the coinfected variants in hosts would aggravate the clinical severity, increase the 313 

change of viral recombination, and posed a greater threat to us [20]. Moreover, the 314 
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coinfection index can be applied to other viruses in hosts. Although the coinfection 315 

explained the large clique detected in the SNP coexistence networks in the collected 316 

datasets, the discoveries still need to be verified experimentally.  317 

To verify the coinfection of multiple SARS-CoV-2 variants, we performed 318 

Nanopore sequencing on 42 COVID-19 patients and implemented CovProfile for the 319 

sequencing data processing and the genomic mutation detection [18]. Our results 320 

confirmed the reliability of the multiplex RT-PCR method in identifying 321 

SARS-CoV-2 and discovered the recurrent heterozygous SNPs on 41 of 42 samples. 322 

Moreover, we found two genotyped SNPs on loci 8,782 and 28,144 in fourteen 323 

patients. Since loci 8,782 and 28,144 were important for SARS-CoV-2 phylogenetic 324 

analysis [21], the finding has crucial impacts on the evolution derivation of 325 

SARS-CoV-2, as the heterogeneous loci might cause mis-links during viral genomic 326 

assembly. Corresponding to the simulation results, the discoveries of heterozygous 327 

SNPs confirmed the multiple variants coinfection in the COVID-19 patients. 328 

The discovery of SRAS-CoV-2 variants coinfection provided explanations for the 329 

severe clinical symptoms in some COVID-19 patients and significantly impacted the 330 

application of vaccines [9, 22, 23]. Since vaccines were developed referencing a 331 

specific SARS-CoV-2 variant, the infection of variants limited the protection afforded 332 

by vaccines [9]. For instance, SARS-CoV-2 B.1.351 variant, which is widely spread 333 

in Nelson Mandela Bay and South Africa, can evade the immune response stimulated 334 

by the vaccines and greatly reduce the vaccine's protective effect on the population 335 

[19]. Moreover, Nicole Pedro et al. also discovered the coinfection of dual 336 

SARS-CoV-2 variants in a severity COVID-19 patient in Portugal, which supported 337 

our discoveries [17]. Therefore, the coinfection of multiple SARS-CoV-2 variants 338 

raised another challenge, and we need to stay alert in the battle against the COVID-19 339 

epidemic. 340 

Although the findings implied the coinfection of multiple SARS-CoV-2 variants 341 

in patients from the perspectives of algorithm derivation and mutation detection, this 342 

study still has several limitations. In the simulation, we assumed that the first 343 

submitted sequence was the source of all SARS-COV-2 variants. While, in the 344 
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pandemic, the first infective SARS-COV-2 variant should emerge long before being 345 

discovered. The study by Giovanni Apolone et al. proposed that SARS-CoV-2 346 

RBD-specific antibodies can already be detected in the serum samples of Italian 347 

cohorts collected in March 2019, indicating that the source variants of all currently 348 

sequenced variants should appear earlier before [24]. Determining the virus's origin is 349 

difficult, so we chose an exact time point during the simulation, but it does not affect 350 

our conclusions on the coinfection of multiple variants in hosts. Moreover, there was 351 

no guarantee considering the quality of the viral variants submitted to GISAID, which 352 

might influence the accuracy and potential phylogenetic study. Last but not least, the 353 

discovered heterozygous SNPs need to be verified with biological duplication, and we 354 

should identify the coinfected viral lineages in the COVID-19 patients in future study. 355 

In conclusion, our study proposed a computational simulating approach to 356 

decipher the number of the coinfected variants, declared the coinfection of multiple 357 

SARS-CoV-2 variants in COVID-19 patients, and reported the increased coinfected 358 

variants in the COVID-19 epidemic, reminding us of the threats brought by the 359 

SARS-CoV-2 infection. 360 

 361 

 362 

 363 
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Data availability 365 

CovProfile is an open-source collaborative initiative available in the GitHub 366 

repository (https://gitlab.deepomics.org/yyh/covprofile). All other code is available 367 

from the authors upon reasonable request. The Nanopore sequencing data in this paper 368 

have been deposited in the Genome Sequence Archive in BIG Data Center, Beijing 369 

Institute of Genomics (BIG), Chinese Academy of Sciences, under BioProject 370 

PRJCA002503 with accession ID CRA002522 (https://bigd.big.ac.cn/gsa). 371 
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Figure legends 480 

Figure 1. The workflow of SNP clique analysis and maximal clique in the 481 

collected GISAID datasets.  482 

A) First, we construct the SNP coexisted network from the SNP matrix. Every SNP 483 

locus is a vertex, and we add an edge between a loci pair if they have all four major 484 

genotypes. We then extract the maximal clique from the network. B) The maximal 485 

16-SNV-clique was found in the GISAID20May11 dataset with 11,179 SARS-CoV-2 486 

genomes. C) In the GISAID21Apr1 dataset, the 4,113 SARS-CoV-2 genomes 487 

contained the maximal clique of size 34. 488 

Figure 2. The simulation flowchart of viral SNVs in samples.  489 

A) We simulated the transmitted route based on known epidemiological information 490 

of SARS-CoV-2, and construct the transmission tree. Then we select the sequenced 491 

samples based on their releasing date in GISAID database. B)  Variants number in 492 

all samples fit the Poisson distribution with λ equals the average variant number. In a 493 

single transmission branch, variants in child nodes are randomly inherited from the 494 

parent sample. For every child variant, we generated new SNVs with the period 495 

mutation rate. C) We simulated two possible assembling situations of samples with 496 

multiple variants coinfection and acquired the SNVs list of all samples as the output. 497 

Figure 3. The regression of variant number and the coinfection index.  498 

A) The distribution of coinfection index with different average variant numbers in the 499 

GISAID20May11 dataset. Method 2 exhibited the linear regression relationship 500 

between the coinfection index and average variant number, and the generated formula 501 

suggested the mixed variants of the assembly genome in the dataset. B) The linear 502 

relationship between coinfection index with different average variant numbers in the 503 

GISAID21Apr1 dataset. With method 2, the average variant number was 3.4 when the 504 

coinfection index was 34. 505 

Figure 4. Statistics of Nanopore sequencing data for the 42 COVID-19 samples.  506 

After the low-quality filtration, we aligned the sequencing data to the SARS-CoV-2 507 

genome and human transcriptome, respectively. The histograms in red and green 508 
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represent the reads number aligned to the SARS-CoV-2 genome and human 509 

transcriptome. 510 

Figure 5. SNP distributions in 42 samples gathered from COVID-19 patients.  511 

The alternate alleles were shown in red, while the reference and mutated alleles were 512 

in green and red, respectively. 513 

 514 

 515 

Supplementary material 516 

Supplementary Figure 1. The distribution of samples with different SNVs in 517 

GISAID20May11 dataset and the simulation under different mutation rates.  518 

We had 15 possible average numbers of variants and ten duplicates for each pair of 519 

mutation rate and the average variant number. We plotted sample number in all 520 

simulations and regress samples number VS number of SNVs of all simulations with 521 

specific mutation rate, and the 95% CI region showed in grey. 522 

Supplementary Figure 2. The procedure of chimeric reads identification and 523 

reads splicing. 524 

Supplementary Figure 3. The coverage of depth of aligned data in the 42 525 

COVID-19 samples.  526 

The X coordinate stands for the location of SARS-CoV-2 genome, and the Y 527 

coordinate stands for the sequencing depth. The bars with red, yellow, green, pink, 528 

brown, light green, purple and dark brown colors stand for the genetic regions of 529 

ORF1ab, S, ORF3a, M, ORF6, ORF8, N and ORF10, respectively. 530 

Supplementary Table 1. Physical information of the 42 enrolled COVID-19 531 

patients. 532 

Supplementary Table 2. Primers applied for RT-PCR amplification of 533 

SARS-CoV-2. 534 

Supplementary Table 3. SNP distributions on 42 COVID-19 patients. 535 

 536 
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