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Co-infection of RNA viruses may contribute to their recombination and cause severe clinical symptoms.
However, the tracking and identification of SARS-CoV-2 co-infection persist as challenges. Due to the lack
of methods for detecting co-infected samples in a large amount of deep sequencing data, the lineage com-
position, spatial–temporal distribution, and frequency of SARS-CoV-2 co-infection events in the popula-
tion remains unclear. Here, we propose a hypergeometric distribution–based method named
Cov2Coinfect with the ability to decode the lineage composition from 50,809 deep sequencing data. By
resolving the mutational patterns in each sample, Cov2Coinfect can precisely determine the co-
infected SARS-CoV-2 variants from deep sequencing data. Results from two independent and parallel pro-
jects in the United States achieved a similar co-infection rate of 0.3–0.5 % in SARS-CoV-2 positive samples.
Notably, all co-infected variants were highly consistent with the co-circulating SARS-CoV-2 lineages in
the regional epidemiology, demonstrating that the co-circulation of different variants is an essential pre-
requisite for co-infection. Overall, our study not only provides a robust method to identify the co-infected
SARS-CoV-2 variants from sequencing samples, but also highlights the urgent need to pay more attention
to co-infected patients for better disease prevention and control.
� 2022 The Author(s). Published by Elsevier B.V. on behalf of Research Network of Computational and
Structural Biotechnology. This is an open access article under the CC BY-NC-ND license (http://creative-

commons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Since its initial appearance in late 2019, the spread of severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has
rapidly evolved into a global pandemic [1–2]. The widespread
transmission and geographical isolation of SARS-CoV-2 have
greatly promoted its genetic diversity. By March 22th 2022, over
one thousand lineages had already been clearly defined by the Pan-
golin nomenclature [3]. Viruses within a defined lineage often
share several common mutations and have similar biological prop-
erties. Until July 2022, five ‘‘variants of concern” (VoCs) have been
identified by the World Health Organization (WHO). Among them,
Alpha variant (B.1.1.7 and descendent lineages) was estimated to
have greater than 50 % enhanced transmissibility [4]. Beta variant
(B.1.351 and descendent lineages) and Gamma variant (P.1 and
descendent lineages) showed the capacity to evade inhibition by
neutralizing antibodies [5]. Delta variant (B.1.617.2 and descen-
dent lineages) caused greatly increased numbers of infections in
India early in 2021 and became the dominant epidemic strain in
global until late 2021 [6–7], while B.1.1.529 and its descendent lin-
eages (the Omicron variant) spread at an unprecedented rate. Stud-
ies have shown that the Omicron variant can escape the majority of
existing SARS-CoV-2 neutralizing antibodies [8–10].

Currently, the re-infection of SARS-CoV-2 has been extensively
discussed [11–12]. In addition, accumulated evidence in viral
homologous recombination [13–15] implied that co-infection
events caused by different SARS-CoV-2 lineages may occur fre-
quently. However, due to the lack of effective identification meth-
ods, reports on viral co-infection of divergent lineages are
relatively rare [16–20]. The co-infection of SARS-CoV-2 lineages
should be given more attention. Previous reports have indicated
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that viral co-infection may cause severe clinical symptoms. For
instance, human immunodeficiency virus (HIV) co-infection con-
tributes to rapid disease progression [21–22], increased viral load,
and requires antiretroviral treatment effective against both HIV
variants [23]. Also, co-infection may contribute to SARS-CoV-2
recombination and accelerate the generation of recombinant
viruses since coronaviruses have relatively high recombination
rates [24–26]. It has been reported that recombination between
coronavirus occurs frequently. The emerging virus through recom-
bination could have ability to infect new species [27–28], increase
cross-species transmission [29–30], and gain resistance to antivi-
rals [31]. Thus, with the increasing diversity of SARS-CoV-2 and
the co-existence of multiple regional lineages globally, it is signif-
icant to clarify the frequency of co-infection in the population and
the exact compositional lineages of co-infection in individuals.

In theory, genomic evidence should be available in deep
sequencing data if a patient has been co-infected with two or more
SARS-CoV-2 lineages. Like other RNA viruses, the identified SARS-
CoV-2 genomes in patients exist as quasi-species with many
within-host variations [18,32–33]. Thus, in a co-infection sample,
viruses from each SARS-CoV-2 lineage would retain the same num-
ber of variations. It could be inferred that at least three criterions
should be met, including 1) featured mutations in the inferred can-
didate lineages should be detected in the sample, 2) frequencies of
featured mutations in the same candidate lineage should be kept at
similar levels, 3) the sum of frequencies of all the detected lineages
should be nearly 100 %.

Based on these criterions, here we propose a hypergeometric
distribution-based method (Cov2Coinfect) to identify the co-
infected SARS-CoV-2 lineages from next-generation sequencing
(NGS) sequencing data. In Cov2Coinfect, hypergeometric distribu-
tion was applied to search candidate lineages based on the
detected mutation patterns in a sample. To provide an example
of this application, we collected and analyzed 50,809 SARS-CoV-2
positive samples with paired-end deep sequencing data that were
generated with the Illumina platform from two parallel projects
obtained from the National Center for Biotechnology Information
(NCBI). All these samples had detailed metadata and were collected
from the United States between January 1st and September 7th,
2021. Among all the samples, we have identified 195 potential
co-infection samples of divergent SARS-CoV-2 variants, with the
co-infection rate in PRJNA716985 and PRJNA720050 as 0.38 %
and 0.46 %, respectively. Apart from 192 samples co-infected by
two lineages, three samples were co-infected by three lineages.
The co-circulation of multiple dominant viral lineages in the same
region is the main cause of these co-infection events.
2. Material and methods

2.1. Sample collection

In total, 46,465 and 4,344 SRA runs in Projects PRJNA716985

and PRJNA720050 were collected from the NCBI (https://www.

ncbi.nlm.nih.gov), respectively. These samples were collected in
the United States from January 2021 to September 2021 and
sequenced with the Illumina platform. Samples in these projects
have been retained with complete meta information, including
the collection date, isolated region, and sex and age of the patient.

2.2. Calling variants

The collected samples were primarily transformed into FASTQ
files using sra-tools. Since the samples were sampled and
sequenced following the ARTIC version 3 protocol, all the sra files
were treated with a recommended workflow (https://dockstore.
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org/workflows/github.com/iwc-workflows/sars-cov-2-pe-illumina
-artic-variant-calling/COVID-19-PE-ARTIC-ILLUMINA:main?tab=
info) to detect intra-host single nucleotide variants (iSNVs). This
workflow is specifically designed for samples sequenced with the
ARTIC version 3 protocol and can reliably detect iSNVs and
low-frequency mutations. The detected nucleotide mutations were
further converted into amino acid variations using a homemade
Python script.

2.3. Identification of lineages-defined feature variations

The lineage-defined feature variations were defined as shared
lineage-specific signature variations of strains belonging to the
same lineage. In general, the lineage-defined feature variations
were set as the nonsynonymous mutations shared by at least

75 % of viral strains in a specific lineage (https://outbreak.info/situa
tion-reports/methods#characteristic). However, given the rapid
divergence of SARS-CoV-2, many sub-lineages have been formed
and share the same feature variations at the 75 % level, which could
not distinguish viral strains belonging to similar lineages. There-
fore, in this study, we further introduced the mutations shared
by at least 10 % of viruses to distinguish the neighboring lineages
with similar feature variations at the 75 % level. In total, more than
2.5 million SARS-CoV-2 consensus genomes were collected from
Global Initiative on Sharing All Influenza Data (GISAID) database
[34–35]. All variations that caused nonsynonymous mutations
were identified for each viral genome. The lineage of each virus
was derived with the Pango nomenclature [3]. A homemade
Python script was applied to extract the mutations shared by at
least 75 % of all the viruses in one lineage as the 75 % feature vari-
ations (FV-75). Similarly, mutations shared by at least 10 % of all
the viruses in one lineage were extracted as 10 % feature variations
(FV-10). To avoid overfitting, the lineages with few viral genomes
globally (<0.01 % of all 2.5 million SARS-CoV-2 genomes, or < 250
genomes) were discarded.

2.4. Hypergeometric distribution-based method for detecting SARS-
CoV-2 lineages

Files contain the iSNV of each sample and the Lineage Defining
Variation of each lineage were used as the input files. The detection
of co-infection could be divided into three steps. Firstly, all the
samples were sent for a hypergeometric distribution test, for
which the formula is:

P X ¼ Kð Þ ¼
K

k
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n� k

� �

N

n
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Here, N is the total number of nonsynonymous mutations that
occur in all SARS-CoV-2 consensus genomes, K is the number of
feature variations of a SARS-CoV-2 lineage, n is the number of
remaining undefined mutations of sample, and k is the number
of remaining undefined mutations that occur in both the sample
and lineage feature variations.

A list of candidate lineages with P-value were generated. All
mutations in the screened sample were assigned into each candi-
date lineage and were labelled as lineage unique mutations and
lineage shared mutations. Then, the consistency of lineage unique
mutations was evaluated by standard deviation. All the candidate
lineages were tested and lineages with low mutation consistency
were dropped. The frequencies of the reserved lineages were calcu-
lated as the average frequencies of all the lineage unique muta-
tions. For each sample every lineage frequency was summed up
to test if that total was approximately equal to 100 %. Finally,
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Fig. 1. The overview of Cov2Coinfect. The algorithm of identifying co-infected SARS-CoV-2 lineages consists of three steps. Firstly, the input data (both NGS sequencing data
and Lineage defining variation list) are sent for a Hypergeometric distribution test to calculate the P-value of every candidate lineage. Secondly, mutations in each candidate
lineage are evaluated for their consistency. Lineages with consistently featured mutations were reserved. Thirdly, if the sum of the lineage frequencies of all the reversed
candidate lineages is approximately equal to 100%, the sample will be identified as co-infection sample. The orange triangle points to the mutations shared by multiple
lineages. This algorithm could be easily applied in finding lineage composition of a co-infection sample, and in tracking the spatial–temporal distribution and frequencies of
co-infections in population. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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single-lineage infections, multi-lineage co-infections, and other sit-
uations were determined and outputted as three individual files.
3. Results

Under the quasi-species hypothesis, we designed the hypergeo-
metric distribution–based method (Cov2Coinfect) to decode the
infected SARS-CoV-2 lineage(s) in a sequencing sample (Fig. 1,
Fig. S1 and Methods). In summary, the combination of mutations
in each sample was compared with feature variations (mutations)
of all defined SARS-CoV-2 lineages. For each lineage, a hypergeo-
metric test was used to compute the probability (P-value) of
observed successes (mutations that occurred in both the sample
and lineage feature variations) under the ‘‘null hypothesis,” i.e.,
the hypothesis that there is nothing special about the lineage. If
the P-value is sufficiently low, we can reject the null hypothesis
as impossible and conclude that the sample is highly correlated
with the tested lineage, and the candidate lineage could be consid-
ered to investigate. Then, mutations in each candidate lineage were
evaluated together for their consistency. Lineages with featured
mutations of similar frequency were kept and the frequency of lin-
eage(s) in the detected sample was further calculated. Finally, the
co-infection event was determined, and the co-infected lineages
were recognized. Using Cov2Coinfect, any dataset containing over
50,000 samples could be screened for the possible co-infection
samples. Furthermore, the co-infected pattern, spatiotemporal dis-
tribution, and the frequency in population of SARS-CoV-2 co-
infection could be inferred as well.
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In the 50,809 samples (which account for over 30 % collected
samples in the United States from Jan. to Sep. 2021) from two inde-
pendent projects, 46,465 samples were collected from project no.
PRJNA716985 with an average sequencing depth of 50x, whilst
the other 4,344 samples were collected from project no.
PRJNA716985 with an average sequencing depth of 300x. Since
samples from these two projects were collected and sequenced
in parallel and their collection dates have some overlap during
Feb. 2021 to Mar. 2021, the co-infection results between these
two projects could be mutual verification. The NGS raw data were
treated following a ready-to-use ARTIC workflow [36], which can
guarantee the robustness of both high-and low-frequency iSNVs.
Of all the samples, most of themwere identified to be infected with
only one SARS-CoV-2 lineage as expected. As shown in Fig. 2A, the
pattern of feature variations for a typical single-lineage infection is
easily determined. Namely, most of the feature variations belong-
ing to a specific lineage could be detected in a sample. Besides,
the feature variations have a similar frequency of reads in each site,
demonstrating good genomic homogeneity within a single lineage.
In addition, few variations that do not match any lineage-defined
feature variations were observed and could be recognized as de
novo mutations. Furthermore, in this case, the identified Alpha
(B.1.1.7) lineage was the dominant lineage in the place where the
samples were collected (Fig. 2B), which confirmed the rationality
of identifying a lineage using its lineage-defined feature variations
from deep sequencing data.

In project no. PRJNA716985, 172 (0.37 %) samples were clearly
classified as co-infected by SARS-CoV-2 strains from two different
lineages, whilst project no. PRJNA720050 has 20 samples (0.46 %).
Fig. 2C shows a typical example for co-infection by two SARS-CoV-



Fig. 2. Patterns for single-lineage infection and two-lineage co-infections. a. A sample infected by one specific SARS-CoV-2 lineage. Most of the feature variations of the
identified Alpha lineage (FV-75 and FV-10) were detected at the same level. Non-determined variations are shown as a white column. b. The lineage ratio of SARS-CoV-2
lineages isolated in Connecticut from January 1 to September 30, 2021, including the location and time point of the representative sample used in a, i.e., Connecticut and May
17, 2021 (the date is signed with orange arrows). c. A sample co-infected by two SARS-CoV-2 lineages. Most of the feature variations of the two identified lineages (B.1.526
and Alpha) are shown in purple and orange. Two shared variations are shown as both purple and orange. d. The lineage ratio of SARS-CoV-2 lineages isolated in Maine from
January 1 to September 30, 2021. The sample used in c was isolated in Maine on May 16, 2021. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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2 lineages. Alpha (B.1.1.7) and B.1.526 were identified as the two
lineages in this sample. One hundred percent (24/24) of feature
variations existed in more than 75 % (FV-75) of the Alpha lineage,
and 100 % (14/14) of the FV-75 feature variations of the B.1.526 lin-
eage were detected in this sample. Meanwhile, the average fre-
quency of Alpha lineage–specific variations was � 28 %, while
that of B.1.2 lineage–specific variations was � 70 %, and the
average frequencies of the five variations shared by Alpha and
B.1.526 lineages, including NSP12_P323L, Spike_D614G, and dele-
tions in NSP6, were all nearly 100 %. These observed facts exactly
matched with the three hypothesized pieces of genomic evidence
inferred from the quasi-species hypothesis. The co-infection of
Alpha and B.1.526 lineages were also consistent with the epidemi-
ological background of regional SARS-CoV-2. As shown in Fig. 2D,
at the collection date (May 16, 2021), the Alpha lineage was the
dominant lineage in the U.S. state of Maine, while B.1.526 was
the second dominant epidemic lineage around the collection date.

Apart from co-infection by two lineages, we unexpectedly identi-
fied three samples co-infected with three lineages (0.006 %) from
project no. PRJNA716985. The sample in Fig. 2 is a typical example
and was collected in the U.S. state of Connecticut on May 17, 2021.
The three hypothesized pieces of genomic evidence (Fig. 1) could
be observed in this sample clearly (Fig. 3A). First, most lineage-
specific feature variations of Alpha, B.1.526, and Gamma (P.1) could
be identified at their own levels, respectively. The Alpha lineage
was identified to occupy � 55 % of all strains, while B.1.526 and
Gamma occupied � 25 % and � 15 %, respectively. Second, the fre-
quency of three feature variations (Spike_N501Y, N_R203K, and
N_G204R) shared by Gamma and Alpha totaled nearly 70 %, which
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was almost equal to the sum of the mean frequencies of Alpha and
Gamma. Finally, the frequencies of five feature variations
(NSP12_P323L, Spike_D614G, and deletions in NSP6) shared by all
three lineages were all nearly 100 %. The detection of these three lin-
eages was also consistent with the epidemiological patterns of SARS-
CoV-2 lineages in the sampling location (i.e., Connecticut) (Fig. 3B).

The metadata of all the SARS-CoV-2 co-infected samples
(Table 1) were further analyzed. Of all the 195 co-infected samples,
91 were from male individuals and 104 were from female individ-
uals. The average age was 35 years old (median, 32 years) for all
patients, where the youngest patient was one year old, and the old-
est patient was 85 years old. No obvious spatial–temporal bias was
found in these samples. We evaluated the viral load with the diag-
nostic polymerase chain reaction cycle threshold (Ct) value. Com-
pared to the average Ct value of all samples (18.70), the average
Ct value of co-infected samples was at a similar level (20.47). Addi-
tionally, in these samples, we found some samples with falsely
identified lineages. For instance, a sample had been wrongly clas-
sified as a B.1 infection (Fig. S2), but we found all the feature vari-
ations belonged to two identified lineages (Alpha and B.1.526)
divided as � 50 % each.

Since 195 co-infected samples were obtained, we made the
effort to answer the question of whether the co-infected SARS-
CoV-2 lineages have lineage tendentiousness by designating each
pair of co-infected lineages as having a connection to build up a
comprehensive network (Fig. 4A). In the co-infected network, the
Alpha (B.1.1.7) lineage and Delta (B.1.617.2) lineage successively
became the centers of co-infection (Fig. S3). However, from June
2021 onward, when the Delta lineage grew to become the domi-



Fig. 3. Co-infection of three SARS-CoV-2 lineages. a. An identified sample co-
infected by three SARS-CoV-2 lineages. The feature variations of the three identified
lineages (B.1.526, Alpha, and Gamma) are shown in purple, orange, and blue,
respectively. b. The lineage ratio of SARS-CoV-2 lineages isolated in Connecticut
from January 1 to September 30, 2021. The sample used in a was isolated in
Connecticut on May 17, 2021 (this day is denoted by orange arrows). (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)
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nant lineage(s), an increasing number of regionally differentiated
Delta descendant lineages emerged. The situation of co-infection
was transferred from one lineage centered to multiple lineages
centered (Fig. S4), which greatly increased the rate of co-
Table 1
The metadata of all the SARS-CoV-2 co-infected samples.

ID Collection Date Location Lineage Hos

SRR15628265 2021/8/9 USA: California B.1.617.2 71
SRR15656474 2021/8/2 USA: Connecticut B.1.617.2 3
SRR15748551 2021/6/24 USA: Nevada B.1.617.2 54
SRR15741952 2021/8/14 USA: Texas AY.4 17
SRR16025135 2021/8/28 USA: Florida B.1.617.2 32
SRR15747646 2021/6/29 USA: Florida B.1.621 37
SRR15822319 2021/7/10 USA: California B.1.617.2 18
SRR15822746 2021/7/10 USA: Texas B.1.617.2 1
SRR15753015 2021/6/19 USA: California B.1.1.7 56
SRR15752147 2021/6/10 USA: California P.1 7
SRR14452198 2021/4/13 USA: Illinois B.1.1.7 26
SRR15822209 2021/7/12 USA: Nevada B.1.620 34
SRR14402893 2021/2/19 USA: Michigan B.1.1.7 41
SRR15745419 2021/6/30 USA: Texas B.1.1.7 32
SRR15656298 2021/8/1 USA: Wisconsin B.1.617.2 60
SRR15774852 2021/7/31 USA: Louisiana AY.4 42
SRR15617395 2021/8/7 USA: Michigan B.1.621 38
SRR15748802 2021/6/22 USA: California B.1.621 59
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infection (Fig. 4B). With the increasing number of co-infections of
Delta lineage and its descendant lineages (Fig. 4C), the next variant
of concern is likely to result from recombined viruses of the Delta
lineage, and it is necessary to keep a close eye on the co-circulation
of sub-lineages in the future.
4. Discussion

Recent studies have confirmed the high reliability of sequencing
data in detecting within-host variations [37–39]. Benefiting from
the worldwide rapid accumulation and open sharing of SARS-
CoV-2 genomes, the available large-scale genomic dataset offers
substantial support in detecting co-infection events even when
they are very rare in the population. For most of the SARS-CoV-
2–positive samples, whether they were infected by one lineage
or by multiple lineages, the pattern of mutations in sequencing
data fit well with their lineage-defined feature variations. In partic-
ular, we observed that the sum of the frequencies of lineage-
unique variations was equal to the average frequencies of their
shared variations, demonstrating the co-existence of these lineages
within the same sample. Moreover, the epidemiological back-
ground of the detected co-infected SARS-CoV-2 samples was highly
consistent with the identified lineages for their co-circulations
around the sampling locations. The consistency between the
hypothesis and observations provides strong evidence for the
detected co-infection events.

One question to ask is whether we can infer the sources of a co-
infection event from its genomic characteristics. When we
assigned variations into lineage(s), we found there were always
some undetermined variations. Further analysis suggested that
these undetermined variations could possibly be used to trace
the origins of co-infection events. For instance, in a representative
co-infected sample (SRR14812179) with two lineages (Fig. 2C),
four undetermined variations—NSP2_T434I, NSP12_M601I,
NSP14_A435V, and NS3_K67N—had similar frequencies with the
feature variations of the identified Alpha lineage (Fig. 2C). Accord-
ingly, of all the global 4,858,598 viral genomes, only six other viral
strains in B.1.526 lineage were detected to possess the above five
variations as well. Regarding the source of the six viral strains,
all were isolated in Maine, suggesting that the B.1.526 lineage in
the co-infected sample might be a regional one. Similarly, four
undetermined variations in this co-infected sample were detected
to have similar frequencies with feature variations of Alpha
(Fig. 2C). After scrutinizing all 4,858,598 viral genomes with the
t Age Host Sex CT Value Lineage Detected

male \ Delta(AY.44)/Delta(AY.21)
male \ Delta(AY.37)/Delta(AY.40)
male \ Delta(AY.2)/Delta(AY.44)
male \ Delta(AY.24)/Delta(AY.8)
female 24.91 Delta(AY.26)/Delta(AY.4)
female \ Mu(B.1.621)/Delta(AY.44)
male \ Delta(AY.30)/Delta(AY.19)
female \ Delta(AY.21)/Delta(AY.35)
male \ Alpha(B.1.1.7)/Delta(B.1.617.2)
male \ Gamma(P.1)/Alpha(Q.7)
female 16.62 Alpha(B.1.1.7)/Gamma(P.1)
male \ Delta(AY.15)/Alpha(Q.8)
female 18.02 Alpha(B.1.1.7)/B.1.2
female 19.3 Delta(AY.14)/Alpha(Q.4)/Delta(AY.25)
female 23.93 Delta(AY.46.3)/Delta(AY.9)
female 16.87 Delta(AY.21)/Delta(AY.14)
female \ Mu(B.1.621)/Delta(B.1.617.2)
female \ Mu(B.1.621)/Delta(AY.44)

(continued on next page)



Table 1 (continued)

ID Collection Date Location Lineage Host Age Host Sex CT Value Lineage Detected

SRR15748546 2021/6/23 USA: Texas B.1.617.2 20 female 23.63 Delta(AY.2)/Delta(B.1.617.2)
SRR15749359 2021/6/23 USA: Florida B.1.1.7 26 female 22.56 Alpha(B.1.1.7)/Delta(AY.4.1)
SRR14812112 2021/5/17 USA: Maine B.1.526.1 9 male 20.06 B.1.637/Alpha(Q.8)
SRR15746526 2021/6/10 USA: Florida B.1.623 58 male \ Mu(B.1.621.1)/Alpha(Q.8)
SRR15822113 2021/7/12 USA: California B.1.1.7 30 female \ Alpha(Q.2)/Delta(AY.43)
SRR15753150 2021/6/19 USA: Hawaii B.1.1.7 17 female \ Alpha(Q.3)/Delta(B.1.617.2)
SRR14388832 2021/3/11 USA: Illinois B.1.1.7 21 male 19.32 B.1.1.519/Alpha(Q.8)
SRR15628163 2021/8/8 USA: California AY.4 22 female \ Delta(AY.44)/Delta(AY.10)
SRR15747718 2021/6/28 USA: California B.1.1.7 29 female \ Alpha(Q.4)/Delta(AY.44)
SRR16024429 2021/9/1 USA: Pennsylvania B.1.617.2 9 male \ Delta(AY.26)/Delta(AY.4)
SRR15747695 2021/6/28 USA: California B.1.526 39 female \ B.1.637/B.1.526
SRR14390386 2021/4/2 USA: Pennsylvania B.1.2 21 female 23.61 Alpha(Q.8)/B.1.2
SRR15748275 2021/6/28 USA: Maine B.1.617.2 16 female \ B.1.637/Delta(AY.46.2)
SRR15752457 2021/6/9 USA: Washington B.1.1.7 58 female \ Alpha(B.1.1.7)/Gamma(P.1)
SRR15745498 2021/7/1 USA: Texas B.1.617.2 5 female 22.68 Delta(AY.46)/Alpha(Q.4)
SRR14812102 2021/5/17 USA: Massachusetts B.1.1.7 31 female 20.58 B.1.526/Alpha(B.1.1.7)
SRR15752416 2021/6/8 USA: Ohio B.1.1.7 58 male 17.27 Alpha(Q.4)/Delta(AY.4)
SRR15775300 2021/7/31 USA: Florida B.1.617.2 50 female 24.4 Delta(AY.46.3)/Delta(AY.14)
SRR15747965 2021/6/29 USA: California B.1.617.2 29 female \ Delta(AY.2)/Delta(B.1.617.2)
SRR14452322 2021/4/13 USA: California B.1 21 female 19.48 B.1.526/Alpha(B.1.1.7)
SRR16026869 2021/9/1 USA: Georgia B.1.617.2 32 male \ Delta(AY.40)/Delta(AY.14)
SRR15748808 2021/6/21 USA: California AY.1 47 female \ Delta(AY.3)/Delta(AY.2)
SRR15432225 2021/7/26 USA: Wisconsin B.1.617.2 29 female 19.11 Delta(AY.37)/Delta(B.1.617.2)
SRR15433533 2021/7/25 USA: Illinois B.1.617.2 15 female \ Delta(AY.21)/Delta(AY.14)
SRR15822210 2021/7/12 USA: Nevada B.1 47 male \ Delta(B.1.617.2)/Alpha(B.1.1.7)
SRR15431950 2021/7/24 USA: Pennsylvania B.1.617.2 36 female \ Delta(B.1.617.2)/Alpha(Q.4)
SRR16026382 2021/9/1 USA: Pennsylvania AY.3 62 male \ Delta(AY.23)/Delta(AY.26)
SRR15753790 2021/6/16 USA: California B.1.617.2 15 male \ Delta(AY.44)/Delta(AY.2)
SRR15753511 2021/6/17 USA: Texas B.1 42 female \ Delta(AY.44)/Gamma(P.1.17)
SRR14389013 2021/3/10 USA: Michigan B.1.2 40 male 15.72 Alpha(B.1.1.7)/B.1.2
SRR15749823 2021/6/22 USA: Colorado B.1.617.2 40 female \ Delta(AY.44)/Alpha(Q.8)
SRR15748424 2021/6/22 USA: Missouri B.1 20 female 20.02 B.1.628/Delta(AY.9)
SRR14812095 2021/5/17 USA: Massachusetts B.1.1.7 27 female 18.87 Alpha(Q.8)/Delta(B.1.617.2)
SRR15747790 2021/6/30 USA: South Carolina B.1.617.2 25 female \ Delta(AY.43)/Alpha(Q.4)
SRR15752297 2021/6/9 USA: Florida B.1.1.7 13 female 17.62 Alpha(B.1.1.7)/Gamma(P.1)
SRR15749954 2021/6/21 USA: Illinois B.1.1.7 25 female 21.1 Delta(AY.21)/Alpha(B.1.1.7)
SRR15822792 2021/7/12 USA: Colorado B.1.617.2 44 female \ Delta(AY.35)/Delta(AY.44)
SRR15433445 2021/7/24 USA: Florida B.1.617.2 13 male 24.69 Delta(AY.14)/Delta(B.1.617.2)
SRR14453225 2021/4/10 USA: Texas B.1 46 female 16.33 B.1.628/Gamma(P.1)
SRR15656671 2021/8/2 USA: Georgia B.1.617.2 53 male 16.44 Delta(AY.47)/Delta(AY.14)
SRR16026426 2021/8/31 USA: Illinois B.1.617.2 34 female 24.83 Delta(AY.44)/Delta(AY.14)
SRR16026805 2021/9/3 USA: California B.1.617.2 8 female \ Delta(AY.46.3)/Delta(AY.15)
SRR14452465 2021/4/10 USA: Arizona B.1.526 60 female 23 B.1.526/B.1.1.519
SRR15749402 2021/6/25 USA: Nevada B.1.1.7 31 male \ Alpha(Q.3)/Delta(AY.14)
SRR14398742 2021/3/17 USA: Florida B.1.526 21 male 21.27 B.1.526/B.1.429
SRR16024421 2021/8/30 USA: Florida B.1.617.2 6 male 24.68 Delta(AY.35)/Delta(AY.15)
SRR14401586 2021/2/25 USA: Texas B.1.2 32 male 19.86 B.1.576/B.1.2
SRR15617242 2021/8/8 USA: Nevada AY.4 26 male \ Delta(B.1.617.2)/Gamma(P.1)
SRR14398873 2021/3/16 USA: Ohio B.1.2 24 female 18.86 Gamma(P.1.6)/B.1.2
SRR15746184 2021/6/11 USA: Michigan B.1.526 21 male 17.24 B.1.637/Gamma(P.1)
SRR15752552 2021/6/10 USA: Arkansas B.1.1.7 54 female 18.14 Alpha(Q.4)/Delta(B.1.617.2)
SRR14390840 2021/4/2 USA: Pennsylvania B.1.1.7 80 female 24.22 B.1.243/Alpha(B.1.1.7)
SRR15747961 2021/6/29 USA: California B.1.617.2 36 female 24.8 Delta(B.1.617.2)/Alpha(B.1.1.7)
SRR15749686 2021/6/26 USA: Nevada B.1.617.2 74 female \ Delta(AY.2)/Delta(AY.44)
SRR14462551 2021/2/23 USA: Florida B.1.526 34 male 22.26 B.1.526/Alpha(B.1.1.7)
SRR15616913 2021/8/7 USA: Nevada B.1.617.2 51 female \ Delta(AY.10)/Delta(AY.8)
SRR16025838 2021/8/31 USA: Illinois AY.9 22 female \ Delta(AY.46.3)/Delta(AY.9)
SRR15752556 2021/6/10 USA: Missouri B.1.617.2 77 female 20 Alpha(Q.3)/Delta(B.1.617.2)
SRR16024695 2021/9/1 USA: California B.1.617.2 44 male \ Delta(B.1.617.2)/Delta(AY.14)
SRR15746210 2021/6/11 USA: New York B.1 42 female \ Delta(B.1.617.2)/Gamma(P.1)
SRR14450785 2021/3/4 USA: Michigan B.1.429 68 male 22.72 B.1.637/B.1.429
SRR15752591 2021/6/9 USA: Missouri B.1.617.2 16 male 17.21 B.1.526/Delta(B.1.617.2)
SRR15752249 2021/6/11 USA: Nevada B.1.617.2 24 male 0 Mu(B.1.621)/Delta(AY.5.2)/Alpha(B.1.1.7)
SRR14392570 2021/4/5 USA: Pennsylvania B.1.427 56 male 24.18 Gamma(P.1.6)/B.1.427
SRR15822184 2021/7/12 USA: Florida B.1.621 43 male \ Delta(AY.46.3)/Mu(B.1.621)
SRR15628087 2021/8/8 USA: New York AY.4 17 male \ Delta(AY.44)/Delta(AY.19)
SRR14390248 2021/3/31 USA: New Jersey B.1 7 male 17.69 B.1.637/B.1.526
SRR15752802 2021/6/21 USA: Utah AY.2 65 female \ Delta(AY.2)/Delta(AY.4)
SRR16025191 2021/8/28 USA: North Carolina B.1.617.2 66 female 19.06 Delta(AY.44)/Delta(AY.26)
SRR16024629 2021/8/30 USA: Massachusetts B.1.617.2 35 male 21.57 Delta(AY.37)/Delta(B.1.617.2)
SRR15748036 2021/6/29 USA: Nevada B.1.617.2 55 male \ Delta(AY.44)/Alpha(B.1.1.7)
SRR15749841 2021/6/22 USA: Illinois B.1.1.7 31 female 20.03 Alpha(B.1.1.7)/Delta(AY.4.1)
SRR14390511 2021/3/29 USA: Arizona B.1.596 12 male 24 Alpha(Q.1)/B.1.596
SRR15382970 2021/7/17 USA: California B.1.617.2 28 male \ Delta(AY.44)/Delta(AY.16)
SRR15749767 2021/6/25 USA: Nevada P.1 25 female \ Gamma(P.1.1)/Alpha(B.1.1.7)
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Table 1 (continued)

ID Collection Date Location Lineage Host Age Host Sex CT Value Lineage Detected

SRR15752445 2021/6/10 USA: Oregon B.1.617.2 32 male \ Mu(B.1.621)/Delta(B.1.617.2)
SRR15494083 2021/7/31 USA: Florida B.1.617.2 14 male 22.58 Delta(AY.35)/Delta(B.1.617.2)
SRR15747898 2021/6/28 USA: Florida B.1.1.7 15 male \ B.1.628/Alpha(B.1.1.7)
SRR15748001 2021/6/30 USA: Missouri AY.3 39 female 21.14 Delta(AY.40)/Delta(AY.35)
SRR15748265 2021/6/30 USA: Georgia B.1.617.2 23 male \ B.1.637/Delta(AY.44)
SRR15628168 2021/8/8 USA: California B.1.617.2 24 female \ Delta(AY.14)/Delta(AY.4.2)
SRR15806459 2021/8/10 USA: Massachusetts B.1.617.2 54 male 20.11 Delta(AY.4.2)/Delta(AY.26)
SRR15656299 2021/8/1 USA: Illinois B.1.617.2 30 male \ Delta(AY.21)/Delta(AY.14)
SRR15628150 2021/8/9 USA: New York AY.4 14 male \ Delta(AY.46.1)/Delta(AY.35)
SRR15806872 2021/8/15 USA: Florida B.1.617.2 56 female 15.2 Delta(AY.44)/Delta(AY.39)
SRR15745147 2021/7/4 USA: Tennessee B.1.1.7 58 male \ Alpha(B.1.1.7)/Delta(AY.46.3)
SRR14452997 2021/4/12 USA: Massachusetts P.1 25 male 24.87 B.1.526/Gamma(P.1.10)
SRR15432304 2021/7/27 USA: Nevada B.1.617.2 15 male \ Delta(AY.14)/Delta(AY.44)
SRR15747544 2021/6/29 USA: California B.1.1.7 29 female \ Alpha(Q.3)/Delta(B.1.617.2)
SRR15432308 2021/7/27 USA: Nevada B.1.617.2 78 male \ Delta(B.1.617.2)/Delta(AY.14)
SRR15822230 2021/7/11 USA: Nevada B.1.1.7 23 female \ Alpha(B.1.1.7)/Delta(B.1.617.2)
SRR15748858 2021/6/24 USA: Nevada B.1.617.2 33 female \ Delta(AY.44)/Alpha(Q.3)
SRR15822152 2021/7/12 USA: Florida B.1.617.2 72 male \ Delta(B.1.617.2)/Mu(B.1.621.1)
SRR15752349 2021/6/9 USA: Texas B.1.617.2 31 male 23.4 Delta(B.1.617.2)/Gamma(P.1)
SRR15433608 2021/7/20 USA: Texas B.1.617.2 63 female 21.69 Delta(AY.35)/Delta(AY.25)
SRR16025203 2021/8/28 USA: Tennessee B.1.617.2 24 female 13.56 Delta(AY.14)/Delta(AY.47)
SRR14812107 2021/5/17 USA: Massachusetts B.1.1 40 male 17.2 B.1.526/Alpha(B.1.1.7)
SRR15749687 2021/6/26 USA: Nevada B.1.617.2 39 female \ Delta(AY.30)/Delta(AY.44)
SRR15752528 2021/6/11 USA: Missouri B.1.617.2 60 male 19.01 Delta(B.1.617.2)/Alpha(B.1.1.7)
SRR15750502 2021/6/28 USA: California B.1.1.7 57 female \ B.1.628/Alpha(B.1.1.7)
SRR15494227 2021/7/31 USA: Georgia AY.12 18 male \ Delta(AY.26)/Delta(AY.4)
SRR15774966 2021/7/31 USA: Washington B.1.617.2 78 male \ Delta(AY.21)/Delta(AY.15)
SRR15783924 2021/8/23 USA: Nevada B.1.617.2 85 female \ Delta(AY.2)/Delta(B.1.617.2)
SRR15741958 2021/8/14 USA: Texas AY.12 36 male \ Delta(AY.21)/Delta(AY.14)
SRR16026646 2021/8/31 USA: Nevada B.1.617.2 6 male \ Delta(AY.26)/Delta(AY.4.1)
SRR15749444 2021/6/22 USA: California B.1.1.7 23 female \ Delta(AY.44)/Alpha(Q.3)
SRR14393680 2021/4/4 USA: Michigan B.1.1.7 21 male 19.97 Alpha(B.1.1.7)/B.1.429
SRR15432914 2021/7/24 USA: Texas B.1.617.2 43 male \ Delta(AY.21)/Delta(AY.14)
SRR16024661 2021/8/30 USA: Connecticut AY.3 32 female \ Delta(AY.4)/Delta(AY.26)
SRR15383414 2021/7/19 USA: Missouri B.1.617.2 28 male 15.45 Delta(AY.44)/Alpha(Q.8)
SRR15383173 2021/7/18 USA: New York B.1.617.2 29 male 22.69 Delta(AY.46.3)/Delta(AY.26)
SRR15433019 2021/7/26 USA: Michigan B.1.617.2 11 male 11.87 Delta(AY.21)/Delta(AY.26)
SRR15748054 2021/6/29 USA: Nevada B.1.617.2 40 male \ Delta(B.1.617.2)/Alpha(Q.1)
SRR15432222 2021/7/26 USA: Wisconsin B.1.617.2 27 female 16.64 Delta(AY.37)/Delta(B.1.617.2)
SRR15753017 2021/6/19 USA: California B.1.1.7 28 male \ Alpha(B.1.1.7)/Delta(B.1.617.2)
SRR15747878 2021/6/29 USA: Missouri B.1.620 34 male 24.97 Delta(B.1.617.2)/Alpha(B.1.1.7)
SRR15746381 2021/6/10 USA: Texas B.1.617.2 30 female \ Delta(AY.21)/Delta(AY.15)
SRR14451452 2021/3/5 USA: Massachusetts B.1.361 62 female 21.67 B.1.637/B.1.568
SRR15383119 2021/7/18 USA: Georgia B.1.617.2 6 female \ Delta(AY.46.3)/Delta(AY.26)
SRR15748611 2021/6/22 USA: California B.1.617.2 23 male \ Delta(B.1.617.2)/Alpha(B.1.1.7)
SRR14392657 2021/4/4 USA: Arizona B.1.1.7 46 female 23 Alpha(B.1.1.7)/B.1.429
SRR15775298 2021/7/31 USA: Florida B.1.617.2 41 male 19.71 Delta(AY.25)/Delta(AY.14)
SRR14812183 2021/5/16 USA: Massachusetts B.1.1.7 40 female 21.66 Alpha(Q.8)/Delta(B.1.617.2)
SRR15907338 2021/8/23 USA: Connecticut B.1.617.2 17 female 17.49 Delta(AY.37)/Delta(AY.25)
SRR15656870 2021/8/3 USA: Hawaii B.1.617.2 47 female 22.3 Delta(AY.46)/Delta(AY.14)
SRR15749399 2021/6/25 USA: Nevada B.1.617.2 47 female \ Delta(AY.21)/Delta(AY.8)
SRR15752558 2021/6/10 USA: Missouri B.1.617.2 42 male 17.47 Delta(B.1.617.2)/Alpha(B.1.1.7)
SRR15628034 2021/8/11 USA: Washington AY.4 80 female \ Delta(AY.44)/Delta(AY.26)
SRR15750467 2021/6/8 USA: Arkansas B.1.617.2 34 male 20.76 Alpha(Q.3)/Delta(AY.26)
SRR15822162 2021/7/12 USA: Florida B.1.621.1 36 female \ Mu(B.1.621.1)/Delta(B.1.617.2)
SRR15749330 2021/6/26 USA: California P.1 57 female \ Delta(AY.4.3)/Gamma(P.1)
SRR15493850 2021/7/25 USA: Michigan B.1.617.2 32 male 21.45 Delta(AY.44)/Delta(AY.19)
SRR14450921 2021/2/27 USA: Pennsylvania B.1.429 63 male 24.73 B.1.575/B.1.429
SRR15432981 2021/7/20 USA: Minnesota B.1.617.2 29 female 23.15 Delta(AY.14)/Delta(B.1.617.2)
SRR14399607 2021/3/15 USA: Illinois B.1.427 47 female 21.83 Alpha(Q.4)/B.1.427
SRR14448650 2021/2/25 USA: Pennsylvania B.1.1.7 23 male 13.7 Alpha(B.1.1.7)/B.1.429
SRR15745144 2021/7/1 USA: South Carolina B.1.1.7 36 male \ Alpha(B.1.1.7)/Delta(B.1.617.2)
SRR15775075 2021/8/1 USA: Illinois B.1.617.2 31 female 20.84 Delta(AY.25)/Delta(AY.26)
SRR14812179 2021/5/16 USA: Maine B.1.526.2 43 male 21.08 B.1.526/Alpha(B.1.1.7)
SRR16024870 2021/8/30 USA: California B.1.617.2 28 female \ Delta(AY.21)/Delta(AY.26)
SRR15822915 2021/7/11 USA: Florida B.1.617.2 29 female \ Delta(AY.44)/Alpha(B.1.1.7)
SRR14391243 2021/4/9 USA: Ohio B.1.1.7 34 female 19.27 Alpha(B.1.1.7)/B.1.2
SRR15742766 2021/8/16 USA: Oregon B.1.617.2 29 female \ Delta(AY.44)/Delta(AY.15)
SRR15822505 2021/7/10 USA: Texas B.1.1.7 26 male 22.01 Alpha(Q.4)/Delta(B.1.617.2)
SRR15749161 2021/6/25 USA: Nevada B.1.1.7 31 male \ Alpha(Q.3)/Delta(AY.44)
SRR14395855 2021/3/24 USA: Texas B.1 17 male 24.47 B.1.627/A.2.5.2
SRR15783519 2021/8/19 USA: Hawaii B.1.617.2 6 male \ Delta(AY.14)/Delta(AY.7.2)
SRR15753604 2021/6/21 USA: Texas P.1 19 female \ Delta(AY.44)/Gamma(P.1)
SRR14811846 2021/5/15 USA: Ohio B.1.1.7 66 female 20.74 B.1.637/Alpha(B.1.1.7)
SRR14451894 2021/4/14 USA: Florida B.1.526 34 male 15.03 B.1.526/Alpha(B.1.1.7)
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Table 1 (continued)

ID Collection Date Location Lineage Host Age Host Sex CT Value Lineage Detected

SRR14812093 2021/5/17 USA: Connecticut B.1.1.7 18 female 23.75 B.1.526/Alpha(B.1.1.7)/Gamma(P.1)
SRR15746093 2021/6/11 USA: Florida B.1.1.7 35 male 15.63 Alpha(B.1.1.7)/Gamma(P.1)
SRR15752434 2021/6/11 USA: Oregon P.1.1 66 female \ Gamma(P.1)/Alpha(Q.7)
SRR15628426 2021/8/8 USA: New Jersey B.1.617.2 41 male 19 Delta(AY.14)/Delta(AY.19)
SRR15742679 2021/8/17 USA: Pennsylvania B.1.617.2 44 female \ Delta(AY.46.3)/Delta(AY.15)
SRR15432236 2021/7/27 USA: Nevada B.1.617.2 58 female \ Delta(B.1.617.2)/Mu(B.1.621.1)
SRR15742511 2021/8/17 USA: Massachusetts B.1.617.2 21 female 20.09 Delta(AY.21)/Delta(AY.26)
SRR14152504 2021/3/14 USA: Michigan B.1.1.7 16 female 23.48 Alpha(B.1.1.7)/B.1.2
SRR14152550 2021/3/16 USA: Massachusetts B.1.1.7 47 female 25.85 B.1.396/Alpha(B.1.1.7)
SRR14152575 2021/3/15 USA: Georgia B.1.526 29 male 22.55 B.1.526/Beta(B.1.351)
SRR14152615 2021/3/16 USA: Massachusetts B.1.1.7 18 female 26.79 Alpha(B.1.1.7)/B.1.2
SRR14152622 2021/3/16 USA: Michigan B.1.526.1 60 male 21.46 B.1.637/Alpha(B.1.1.7)
SRR14153082 2021/3/15 USA: Georgia B.1.1.7 65 female 23.7 B.1.526/Alpha(B.1.1.7)
SRR14153096 2021/3/16 USA: Pennsylvania B.1.526 58 female 22.18 B.1.526/B.1.2
SRR14154656 2021/3/13 USA: Pennsylvania B.1.429 64 female 24.13 Alpha(Q.4)/B.1.429
SRR14154687 2021/3/14 USA: Florida B.1.1.7 41 male 22.26 Alpha(B.1.1.7)/B.1.2
SRR14154713 2021/3/14 USA: Florida B.1.1.7 41 female 20.75 B.1.526/Alpha(B.1.1.7)
SRR14154901 2021/3/14 USA: Texas B.1.1.7 24 male 16.99 B.1.1.519/Alpha(B.1.1.7)
SRR14156532 2021/2/12 USA: California B.1.404 42 male 18.74 B.1.561/B.1.2
SRR14157283 2021/2/26 USA: Georgia B.1.1.7 33 male 25.29 B.1.637/Alpha(Q.3)
SRR14157409 2021/2/23 USA: Florida B.1.429 19 female 17.38 Alpha(Q.4)/B.1.429
SRR14157800 2021/3/1 USA: Florida B.1.1.7 26 male 26.42 Alpha(B.1.1.7)/B.1.526
SRR14157810 2021/3/3 USA: Minnesota B.1.1.7 56 male 19.13 B.1.526/Alpha(B.1.1.7)
SRR14157910 2021/3/1 USA: Georgia B.1.2 30 female 21.83 B.1.2/B.1.429
SRR14158337 2021/3/2 USA: Pennsylvania B.1.526 35 female 17.68 B.1.526/B.1.427
SRR14158374 2021/3/3 USA: Michigan B.1 18 male 23.26 B.1.637/Alpha(B.1.1.7)
SRR14158401 2021/3/3 USA: Georgia B.1.2 47 female 20.51 B.1.526/B.1.2

Fig. 4. Distribution of co-infection events according to lineage and collection date. a. Co-infected lineage network for all 175 identified co-infection samples. Every dot
represents a lineage; the color depth of each lineage is associated with the occurrence number of this lineage in co-infection events. The thickness of the line between dots
represents the co-occurrence degree of the linked lineages. b. The number and ratio of co-infection samples varied with time and dominant lineage. c. The co-circulation
pattern of SARS-CoV-2 lineages in the United States from January 1 to September 30, 2021, when the B.1.2 lineage was outcompeted by Alpha (B.1.1.7), and that from April
2021 to June 2021, when the Alpha and Gamma lineages were the two major co-existing lineages. Later, from June 2021 onward, the Delta lineage began to outcompete all
other lineages. *Data were collected until September 30, 2021.
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four variations mentioned above, another 395 viral strains could be
found. Apparently, different from the situation of the B.1.526 lin-
eage, 28 of all 396 strains with the four undetermined variations
were isolated in Maine, while most of the strains with these muta-
tions were isolated in California and Texas, demonstrating a com-
plex introduction of the co-infected Alpha lineage into Maine.
4022
The distribution of co-infection events is both region-
dependent and time-dependent, indicating that the occurrence of
co-infection results from the interaction between at least two co-
circulating SARS-CoV-2 lineages at that specific time and specific
location. For instance, we found that co-infection events have
lineage-bias (Fig. 4A) and increased with time in the United States
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(Fig. 4B). One possible explanation for this phenomenon is the
quick switch of the dominant lineages in the country during the
first nine months of 2021. To be specific, with the change in dom-
inant lineage in the United States from Alpha to Delta (B.1.617.2),
the center co-infection lineage also changed from Alpha to Delta
(B.1.617.2). However, from June 2021 onward, the co-infection sit-
uation changed from having one center lineage co-infected with
other co-circulating lineages to multicenter lineages. In the previ-
ous variation of co-infection center, B.1.2, Alpha (B.1.1.7), and Delta
(B.1.617.2) had different infection abilities. After Delta outcom-
peted all other lineages beginning around June 2021, Delta descen-
dant lineages formed in different regions. The similar biological
properties of Delta descendant lineages might prolong the co-
infection time of two different lineages in the same patient. This
might be why more co-infection cases were observed after the
Delta lineage became dominant. Although the present situation
of dominant variation is stable, this significantly improved co-
infection rate might contribute to a new recombined variant.

Until early 2022, three large waves of SARS-CoV-2 pandemics
have occurred with Alpha, Delta, and Omicron as the dominant
variants in turn. It is worth noting that relatively higher co-
infection rate was observed in the transition period of dominant
variants, which indicates the urgent need to monitor the co-
infected events for the recent transition from Delta variant to Omi-
cron variant in global. In addition, we must point out that huge
genetic diversity will quickly occur within the dominant SARS-
CoV-2 variant with its evolution and divergence, such as the Delta
variant and Omicron variant. Therefore, co-infection is still a criti-
cal problem with the co-circulation of multiple sub-lineages of the
dominant variant. Recent studies have provided robust evidence of
potential recombination events of different SARS-CoV-2 variants
(https://github.com/cov-lineages/pango-designation/issues), that
occurs due to the SARS-CoV-2 co-infections. Furthermore, SARS-
CoV-2 has been reported to spill over to many wild animals and
has evolved to new lineages [40]. The co-infection of these animal
derived SARS-CoV-2 lineages might cause new recombinants with
high genetic diversity with the dominant SARS-CoV-2 and pose a
new threat to public health. In our opinion, strict epidemic preven-
tion and control measures are important for reducing the number
of co-infected patients, which is also better for reducing the possi-
bility of SARS-CoV-2 recombination.
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