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ABSTRACT

The coronavirus disease 2019 (COVID-19) pandemic has
greatly damaged human society, but the origins and early
transmission patterns of the severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) pathogen remain
unclear. Here, we reconstructed the transmission networks
of SARS-CoV-2 during the first three and six months since
its first report based on ancestor-offspring relationships
using BANAL-52-referenced mutations. We explored the
position (i.e., root, middle, or tip) of early detected samples
in the evolutionary tree of SARS-CoV-2. In total, 6 799
transmission chains and 1 766 transmission networks were
reconstructed, with chain lengths ranging from 1-9 nodes.
The root node samples of the 1 766 transmission networks
were from 58 countries or regions and showed no common
ancestor, indicating the occurrence of many independent
or parallel transmissions of SARS-CoV-2 when first
detected (i.e., all samples were located at the tip position
of the evolutionary tree). No root node sample was found
in any sample (n=31, all from the Chinese mainland)
collected in the first 15 days from 24 December 2019.
Results using six-month data or RaTG13-referenced
mutation data were similar. The reconstruction method
was verified using a simulation approach. Our results
suggest that SARS-CoV-2 may have already been
spreading independently worldwide before the outbreak of
COVID-19 in Wuhan, China. Thus, a comprehensive
global survey of human and animal samples is essential to
explore the origins of SARS-CoV-2 and its natural
reservoirs and hosts.
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INTRODUCTION

Severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2), a novel betacoronavirus, is the pathogenic agent
responsible for coronavirus disease 2019 (COVID-19) (Wu
et al., 2020), with an estimated 760 million human infections
and over 6.8 million deaths as of 12 March 2023 (WHO,
2023). However, the origins of SARS-CoV-2 remain unknown,
and it is imperative that we reveal its early transmission
patterns to better manage the current pandemic and prevent
future ones.

As a novel betacoronavirus, SARS-CoV-2 is distinct from
SARS-CoV and Middle East respiratory syndrome coronavirus
(MERS-CoV) (Lu etal., 2020; Zhou etal., 2020a, 2020b),
sharing only 79% and 50% genome sequence identity with
SARS-CoV and MERS-CoV, respectively (Deng & Peng,
2020). Two coronavirus strains isolated in bat populations in
Yunnan, China (Rhinolophus affinis) and northern Laos
(Rhinolophus malayanus) share 96.1% (RaTG13) and 96.8%
(BANAL-52) genetic similarity to the whole SARS-CoV-2
genome, respectively (Temmam etal., 2022; Zhou etal.,
2020b). SARS-CoV-2 relatives are also found in bats from
Cambodia and Japan (Mallapaty, 2020). The existence of
diverse SARS-CoV-2 relatives suggests that bats could be
potential reservoirs of SARS-CoV-2 (Lau etal, 2020;
Paraskevis et al., 2020; Wong et al., 2020). Nevertheless, the
differences between SARS-CoV-2 and bat coronaviruses are
still large. For example, RaTG13 diverged from SARS-CoV-2
approximately 50 years ago (Shan et al., 2021). Thus, they
are more likely to be evolutionary precursors than direct
progenitors of SARS-CoV-2 (Zhang & Holmes, 2020).

Previous studies have shown that the mutation rate of
SARS-CoV-2 is 6x10™ to 1x107% bp/site/year (Chan etal.,
2020; Duchene et al., 2020; Li et al., 2020b, 2020c, 2020d; Lu
et al., 2020; van Dorp et al., 2020). As such, SARS-CoV-2 has
produced many variants, with some found to exhibit much
higher transmission capacities than earlier variants (Abdool
Karim & de Oliveira, 2021; Burki, 2021; Lauring & Hodcroft,
2021). Based on molecular clock theory, the time of the most
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recent common ancestor (TMRCA) of SARS-CoV-2 is
estimated to be November or early December 2019 (Duchene
et al., 2020; Giovanetti et al., 2020; Hill & Rambaut, 2020; Lu
etal., 2020), or October to early December 2019 (Li et al.,
2020b; van Dorp et al., 2020), suggesting SARS-CoV-2 likely
originated much earlier than when it was first detected in
Wuhan, China. A study suggests that the COVID-19 outbreak
in Wuhan could be associated with spillover events from cold-
chains (Yu et al., 2022).

Many studies have used phylogenetic trees or haplotype
networks to designate lineage or reconstruct the evolutionary
patterns of SARS-CoV-2 (Forster et al., 2020; Nie et al., 2020;
Song etal., 2020; Tang etal., 2020, 2021; Turakhia etal.,
2020; Yu etal., 2020). However, given the molecular clock
deviations (Cheng & Zhang, 2023) and high similarity among
samples, phylogenetic trees alone cannot reveal the origin of
SARS-CoV-2 (Morel etal.,, 2021; Pipes etal, 2021).
Therefore, it is necessary to develop alternative or
complementary approaches to reconstruct early transmission
patterns of SARS-CoV-2.

In this study, we reconstructed the transmission network of
SARS-CoV-2 by identifying ancestor-offspring relationships
based on BANAL-52- and RaTG13-referenced mutations (i.e.,
bases different from BANAL-52 (or RaTG13) at corresponding
sites) in samples collected worldwide in the first three and six
months from 24 December 2019 to clarify the early
transmission patterns of SARS-CoV-2. We tested the following
three hypotheses: (1) If a common ancestral sample exists in
samples collected during the first three or six months, the
reconstructed lineages should be located at the bottom of the
evolutionary tree, and the transmission network should consist
of a single full tree with one common ancestor or one root
node (Original Lineage Hypothesis; Supplementary Figure
S1A); (2) If there is no common ancestral sample, but several
samples are genetically very close to the ancestral sample,
the lineages should be located in the middle of the
evolutionary tree, and the transmission network should consist
of a few large tree branches with a few root nodes
(Intermediate Lineage Hypothesis; Supplementary Figure
S1B); and (3) If all samples are genetically distant from the
common ancestral sample, the lineages should be located in
the tip of the evolutionary tree, and the transmission network
should consist of many short and small tree branches or many
root nodes (Tip Lineage Hypothesis; Supplementary Figure
S1C). The Original Lineage Hypothesis denotes detection of
the SARS-CoV-2 ancestor, Intermediate Lineage Hypothesis
denotes detection of samples very close to the SARS-CoV-2
ancestor, and Tip Lineage Hypothesis denotes detection of
samples very distant from the SARS-CoV-2 ancestor.

MATERIALS AND METHODS

Genome sequence processing

Genome sequences of SARS-CoV-2 were downloaded from
the Global Initiative of Sharing All Influenza Data (GISAID,
https://www.gisaid.org/) on 25 January 2021. The dataset
contained 279 411 samples collected from 24 December 2019
to 21 January 2021. First, we used data collected in the first
three months (i.e., 24 December 2019 to 22 March 2020) to
reconstruct the early transmission network of SARS-CoV-2
(19 187 samples covering 95 countries or regions) using
BANAL-52-referenced mutations. Second, we used data
covering the first six months (84 243 samples covering 112

countries or regions) to validate our results. Third, we
repeated the analysis based on the first three months of data
using RaTG13-referenced mutations to validate the results.
The samples represented the earliest detected samples,
covering many countries. As the results were similar, we
mainly reported findings based on BANAL-52-referenced
mutations during the first three months, but also discussed
results from the first six months with both BANAL-52- and
RaTG13-referenced mutations. The genome sequence of
BANAL-52 (GISAID accession number: EPI_ISL_4302644)
was downloaded from GISAID and used as a reference for
identifying mutations of SARS-CoV-2. We aligned the SARS-
CoV-2 genome sequences to the reference sequence using
Muscle v5. To minimize the potential impacts of sequencing
errors, nucleotides at the 5' untranslated region (UTR) (sites
1-265) and 3' UTR (sites 29 675—29 903) were excluded.

Reconstruction of transmission network

We clustered all samples based on sequence differences.
Samples with the same genome sequence were assigned to a
transmission chain node. Each node in the transmission chain
represented a unique sequence (similar to haplotypes) with
distinct mutation sites, which may be composed of multiple
samples from the same or different places. We reconstructed
the transmission network of SARS-CoV-2 based on
differences in BANAL-52-referenced mutations in all sites of
each node. The transmission network was composed of many
transmission chains, which were reconstructed to identify the
closest ancestor node of each node according to the following
mutation model (Figure 1A).

We defined mutations that occurred after the emergence of
the most recent common ancestor (MRCA) of SARS-CoV-2 as
de novo mutations. As directly determining de novo mutations
is not feasible because the common ancestor is unknown, we
inferred the mutations using BANAL-52 as an outgroup
reference (see Reference Selection section). We assumed
sequence SO to be the MRCA of the other sequences (i.e., $1,
S2, S3.1, S3.2, S4.1, and S4.2) in Figure 2. The following
steps were applied to reconstruct the transmission chains and
networks of SARS-CoV-2 based on the ancestor-offspring
relationships (with distance of one or a few generations) of
nodes (Figure 1A):

(1) We identified the ancestor nodes of each node. If
sequence A carries all mutations of sequence B, in addition to
its own new mutations, then A is considered the offspring of B.
We performed pairwise comparison of sequences. De novo
mutations contained in node X are set to My={my, m,, ..., m,},
if MyEM,, then U is an ancestor node of V. The offspring
node should have more mutations than its ancestor node, that
is, offspring node mutations must include all ancestor node
mutations. For example, as shown in Figure 1A, S0, S1, S2,
and S3.1 are ancestor nodes of S4.1, and S0, S1, S2, and
S3.2 are ancestor nodes of S4.2.

(2) For each node (i.e., unique sequence), we identified its
closest ancestral node from all ancestor nodes. For all
ancestor nodes identified in step (1), we selected the node
with the closest mutation similarity to the focal node as its
closest ancestral node. For example, in Figure 1A, S2 is the
closest ancestral node of S3.1 and S3.2, S3.1 is the closest
ancestral node of S4.1, and S3.2 is the closest ancestral node
of S4.2.

(3) We connected all nodes with their closest ancestral
nodes to form a transmission chain (Figure 1A2) or network
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Figure 1 lllustrations of transmission chain and network reconstructions
A: Reconstruction of transmission chains and networks based on mutations using MRCA as a reference. For simplification, original nucleotides are
lettered A and de novo mutation nucleotides are lettered T. A1: Ancestor-offspring relationship of SARS-CoV-2 virus based on de novo mutation
sites. MRCA (S0) is the most recent common ancestor of all samples of SARS-CoV-2 (S1, S2, S3.1, S3.2, S4.1, S4.2). A2: Transmission chains
(chains 1 and 2) were reconstructed from (A1). A3: Transmission network was reconstructed by merging chains 1 and 2, which share a common
node in (A2). B: Definitions of de novo mutations using MRCA (S0) as a reference (SO-ref mutations) and inferred mutations using offspring (S3) as
a reference (S3-ref mutation), and reconstruction of transmission chains and networks of SARS-CoV-2 based on ancestral (S0) and offspring (S3)
sequences. Red and boxed T in L1 are mutated base types based on ancestral sequences (S0). Cyan A and Cyan boxed T in L2 and L3 are
inferred mutations based on offspring sequence (S3). L1 is correctly reconstructed using de novo mutations. L2 and L3 are incorrectly reconstructed
using S3-ref mutations, which appear later than ancestral node. C: Definitions of de novo mutations using MRCA-S (MRCA-ref mutations) or
inferred mutations using BANAL-52 (BANAL-52-ref mutations) and reconstruction of transmission chains of SARS-CoV-2 using MRCA-S (LO) or an
earlier and closer relative (BANAL-52) (L1). Red-boxed T is de novo mutation site using MRCA-S. Orange C and G are ancestor mutations of
SARS-CoV-2 using MRCA-S-R. Cyan boxed T is de novo mutations using BANAL-52 as a reference. Orange T is BANAL-52 mutations using
MRCA-S-R as a reference. Cyan C and G are ancestor mutations of SARS-CoV-2 using BANAL-52 as a reference. Cyan A is an incorrect mutation
using BANAL-52 as a reference. LO is the true mutation chain using MRCA-S as a reference. Lineage L1 was correctly reconstructed using a non-
ancestor relative (BANAL-52) as a reference, which appeared earlier than the detected samples of SARS-CoV-2. Cyan C, G, and A were not
considered in the reconstruction of the transmission chain of L1 if no secondary mutation occurred on these sites.
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A: 1 to 200 unique sequences. B: 201 to 7 718 unique sequences. C: 7 719 to 7 918 unique sequences.

(Figure 1A3). A transmission network contains several
transmission chains that share a common root node.

Following procedures (1), (2), and (3), we determined the
ancestral nodes of all nodes, and finally reconstructed the
transmission chains (Figure 1A). Because some chains
shared a common node (Figure 1A2), we reconstructed the
transmission network by merging chains sharing common
nodes (Figure 1A3). Of note, the ancestor-offspring
relationship may have distance of one (i.e., parent-offspring
relationship) or a few generations due to missing samples.

Sample clustering (i.e., identification of nodes) and
reconstruction of transmission chains and networks were
implemented using custom scripts in Python v3.7.

Reference selection

A reference sequence is required to determine the de novo
mutations of a node. As the MRCA of SARS-CoV-2
(Figure 1A) is unknown, we chose a detected sequence close
to SARS-CoV-2 as the reference sequence.

If we use a reference that is an offspring of SARS-CoV-2
(i.e., in-group sequence), the mutations inferred from the
reference may be incorrect. As shown in Figure 1B, using de
novo mutations, the correct transmission chain based on the
ancestor-offspring relationship defined above should be L1:
S0—S1-S2—-S3—-S4—-S5—-S6. However, if we select an
offspring as the reference (e.g., S3), identification of the S3
inferred mutation (S3-ref mutation) sites may be incorrect for
some sequences (i.e., cyan A in L2), resulting in two short
chains (L2, L3). The transmission direction or ancestor-
offspring relationship after S3 is still correct (i.e., L3), but
incorrect for sequences before S3 (i.e., L2). Some S3-ref
mutations (cyan T) in L3 are correct de novo mutations, while
other S3-ref mutations (cyan A) are not. Thus, using an in-

group sequence (as commonly used) will cause errors in the
identification of de novo mutations, and thus ancestor-
offspring relationships.

Alternatively, we selected the closest non-SARS-CoV-2
relative sequence (i.e., BANAL-52) as the out-group reference
to infer mutations in SARS-CoV-2 (i.e., BANAL-52-ref
mutations), and assessed its potential in transmission chain
reconstruction. BANAL-52 was sampled in 2020 and is the
closest known relative to SARS-CoV-2, with a 3.2% difference
in the whole genome (Temmam etal.,, 2022). All or most
SARS-CoV-2 sequences should carry BANAL-52-referenced
mutations from the 3.2% differential sites in the two genomes,
but only a limited number of sequences will carry de nova
mutations at these sites. As shown in Figure 1C, we assumed
that, compared to the MRCA between SARS-CoV-2 and
BANAL-52 (i.e., MRCA-S-R), BANAL-52 has a mutation
(orange T) at site 10 (from left to right), ancestor of MRCA of
SARS-CoV-2 has a mutation at site 8 (orange C), and MRCA
of SARS-CoV-2 (i.e., MRCA-S) has two mutations (orange C,
G) at sites 8 and 9; compared to MRCA-S, SARS-CoV-2 has
1-6 de novo mutations (boxed red T) at sites 1-6, and two
inherited ancestor mutations (orange C, G) from MRCA-S and
ancestor of MRCA-S at sites 8 and 9. Thus, if we use MRCA-
S as the reference, the transmission chain of SARS-CoV-2
should be reconstructed as L0O: S1-S2—S3—-S4—-S5—S6. If
we use BANAL-52 as the reference, the de novo mutations
would be correctly identified in L1 (i.e., boxed cyan T), and are
the same as the red and boxed T in LO. The ancestor
mutations of SARS-CoV-2 in L1 (cyan C, G) would be
correctly identified. However, the mutation of BANAL-52
(orange T) would be identified as an incorrect or background
mutation in L1 (cyan A) because mutation of the BANAL-52-
reference results in a base difference at site 10 between
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BANAL-52 and SARS-CoV-2. Because both inherited
ancestor mutations of SARS-CoV-2 (sites 8 and 9) and
incorrectly inferred mutations using BANAL-52 (site 10, named
as incorrect or background mutation) would be carried by all
SARS-CoV-2 samples, they are not considered in
transmission chain reconstruction based our method if no
secondary mutation occurs on these sites (see below). Using
the BANAL-52-ref mutations, the transmission chain can be
reconstructed as L1: S1—-S2—S3—-S4—-S5—S6, which is the
same as SO (Figure 1C). This lays a solid foundation for
reconstructing the transmission chains and networks using
BANAL-52 as the reference. As shown in Figure 1C, we
introduced mutations of C and G to illustrate the ancestor
mutation of SARS-CoV-2.

Model errors

If using BANAL-52-referenced mutations to reconstruct the
transmission chains and networks, secondary mutations at the
BANAL-52-referenced mutation sites in L1 (Figure 1C) would
cause errors in the reconstruction, e.g., a secondary mutation
can change the base back into its original (i.e., back mutation).
Our model contains three kinds of BANAL-52-referenced
mutations in L1: i.e., de novo (cyan T), ancestor (cyan C, G),
and incorrect mutations (cyan A), used for reconstructing
transmission chains and networks (Figure 1C). If no
secondary mutation occurs in these SARS-CoV-2 mutation
sites during the study period, the reconstructed transmission
chain (L1) is the same to the true one (LO) (Figure 1C);
otherwise, it will cause reconstruction errors (see
Supplementary Figure S2).

As shown in Supplementary Figure S2, a secondary
mutation in the BANAL-52-referenced mutation sites during
the three-month study period would cause biases in
transmission chain reconstruction. If no secondary mutation
occurs, the original transmission chain should be: LO=S1—
S2—-83—-84—-S5—-86. If a secondary mutation (T—A, back
mutation) occurs in the de novo mutation sites of a sequence
(S4), and the sequence has no extra copies, the mutated
sequence (S4b in Supplementary Figure S2B2) would become
an isolated chain (L1.2n=S4b, Supplementary Figure S2B2),
with the relationships of other samples on the chain remaining
unchanged, except for the absence of S4, e,
L1.1n=S1-82—-S3—-S5—-S6 (Supplementary Figure S2B2).
If S4 has extra copies, however, the original chain would not
be affected, i.e., L1.1c=S1—-S2—-S3—-S4—-S5—-S6, but the
secondary mutation would still produce an isolated chain,
L1.2c=S4b (Supplementary Figure S2B1). If a secondary
mutation occurs in the de novo mutation sites of a sequence
(S4), and the mutated sequence (S4b) is the same as its
ancestor sequence (S3), the original chain would remain
unchanged if S4 has extra copies (i.e., L2c=S1-S82—
S3—-84—-S5—-86) or produce a shorter chain in the absence
of S4 (i.e., L2n=S1-S2—-S3—-S5—-S6) (Supplementary
Figure S2C). If a secondary mutation occurs in the site
corresponding to the BANAL-52 mutation site (cyan A—purple
T, cyan A is an incorrect mutation) and the sequence (S4) has
extra copies, the mutated sequence (S4b) would become an
independent chain: L3.2c=S4b, while the relationships of other
samples on the chain would remain unchanged: L3.1c=S1—
S2—»8S3—-8S4—-S5—-S6  (Supplementary  Figure  S2D1).
However, if the sequence (S4) has no extra copies, the
original chain would break into two chains with the same
probability,i.e.,L3.1n=S1-S2—S3—-S5—-S6and L3.2n=S4b—
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S5—-86 (Supplementary Figure S2D2). A secondary mutation
in the ancestor mutation sites (i.e., C, G in Figure 1C) would
produce similar results to cyan A (for simplification, these sites
are not shown in Supplementary Figure S2). Because the
proportion of the sequence with two or more secondary
mutations was extremely low in this study, we only presented
illustrations of one secondary mutation in Supplementary
Figure S2.

Considering the potential influence of model error on
ancestor-offspring relationships in about 20% of all sequences
during the first three months (higher for sequences over the
first six months) (see below for details), we focused on the
analysis and discussion of general transmission patterns of
SARS-CoV-2, such as number of chains and networks, rather
than specific sequences.

Error probability caused by secondary mutations

If no secondary mutations occur during the first three months,
the transmission chain (L1) is the same as the true one (LO)
(Figure 1C). However, if a secondary mutation occurs in the
BANAL-52-ref = mutation sites, transmission chain
reconstruction errors will arise. BANAL-52-ref mutations can
include de novo (cyan T), ancestor (cyan C, G), and incorrect
mutations (cyan A) in L1 (Figure 1C).

In theory, the probability of secondary mutations in de novo
mutations (py) can be determined by the mutation probability
of de novo mutations of SARS-CoV-2 within three months.
Here, the mutation rate was assumed to be 6x107™*
substitutions per site annually (van Dorp et al., 2020), and the
mutation probability of SARS-CoV-2 within three months was
calculated as: P;=6x107%/4=1.5x10"*. The proportion of de
novo mutation within three months was assumed to be
1.5x107*. Therefore, the error probability of secondary
mutation in  de novo sites was calculated as:
p=(P1)*=(1.5x107)?=2.25x10®. The probability of samples
with such secondary mutations (i.e., number of secondary
mutations =1) was estimated as 1-(1-p)" (where p is the
secondary mutation rate and n is the number of bases of
SARS-CoV-2). For ps=2.25x10® and n=29 410, the probability
of samples with secondary mutations was estimated to be
6.6x10* Thus, we predicted that 0.066% of samples
containing secondary mutations in de novo mutation sites
would be reconstructed into short chains. In our study,
because each node sequence contained 2.4 copies
(=19 187/7 918), the probability of breaking the original chains
was calculated as: (6.6x10%)24=2.3x108, which is very small.

Based on the whole genome (Pg), BANAL-52 exhibits a
3.2% dissimilarity to the MRCA of SARS-CoV-2, which can be
attributed to ancestor (cyan C and G) and incorrect mutation
sites (cyan A). Secondary mutation in these sites would cause
model errors during reconstruction of the SARS-CoV-2
transmission chains and networks. The mutation rate during
the three-months study period was assumed as: Pt=1.5x107
substitutions per site within three months. Thus, the error
probability caused by secondary mutations in ancestor and
incorrect mutation sites was calculated as: p,=PrxP;=3.2x
1072x1.5x1074=4.8x107%. The probability of a sample having a
secondary mutation at the ancestor or BANAL-52 mutation
sites was estimated as 1-(1-p)" (where p is the total error
probability caused by secondary mutations in mutation sites of
the ancestor of SARS-CoV-2 and BANAL-52 and n is the
number of SARS-CoV-2 genome bases). For p=4.8x10° and
n=29 410, the probability of a sample having secondary
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mutations in ancestor and incorrect mutation sites (cyan C, G,
A in Figure 1C) was estimated to be 13.2%. In our study,
because each node sequence contained 2.4 copies, the
probability of breaking the original chains was calculated as:
(13.2%)?4=0.78%. Thus, using BANAL-52 as the reference
would have minimal influence on the original transmission
chains and networks but may produce 13.2% short
transmission chains.

Error probability caused by sequence gap or uncertainty
Similar to secondary mutations, degenerate bases or gaps in
the genome sequence due to sequencing error or uncertainty
may cause biased estimation of evolutionary tree
reconstruction. Base uncertainty is often treated as no
mutation in evolutionary studies (as in our study). Here, there
were 2.9 degenerate (or missing) bases per sequence, on
average, and the proportion of degenerate or missing bases
was calculated as: Pp=2.9/29410=9.8x10"°. Therefore, the
model error probability caused by degenerate or missing
bases in de novo mutations was calculated as:
Ps=PpxP:=9.8x107%x1.5x1074=1.47x10®,  Similarly, model
error probability of ancestor and incorrect mutations was
calculated as: py=Pp*xPg=9.8x107°x3.2x1072=3.1x10°. The
probability of samples with degenerate or missing bases (i.e.,
number of degenerate or missing bases 21) was estimated as
1-(1-p)" (where p is the degenerate mutation rate and n is the
number of bases of SARS-CoV-2). Letting p=1.47x10% or
3.1x10% and n=29 410, then p=4.3x10* or 8.7%. Thus, we
predicted a total of 8.7% samples would be reconstructed into
short transmission chains caused by degenerate or missing
bases. Based on each node sequence containing 2.4 copies,
the probability of breaking the original chain due to a
degenerate base was calculated as: (8.7%)%*=0.29%.
Therefore, degenerate mutations or missing bases would have
minimal influence on the reconstruction of original
transmission chains or networks, but may produce 7.13%
short transmission chains.

Simulation analysis

To validate our SARS-CoV-2 transmission network
reconstruction method based on the paternity relationship
described above, we simulated the occurrence of mutations
based on how virus sequences replicate in nature. We chose
a sequence with a length of 1 000 bp as the starting sequence
to simulate the proliferation process of the sequence. Each
sequence produced three progeny sequences in one
replication cycle (one generation). We set the mortality rate of
sequences to 20% and the mutation rate to 0.1% for each
base within a replication cycle. We chose a shorter sequence
and a higher mutation rate to save computation time.

We simulated the evolutionary process of a sequence for 10
generations and chose the first sequence in the 10"
generation as a template to produce six generations as the
detected samples (similar to the detected SARS-CoV-2
samples after late December 2019) for subsequent analysis
(Supplementary Figure S3). We chose the last sequence in
the 9" generation as the reference sequence (similar to
BANAL-52) (Supplementary Figure S3). We selected three-
group data from the detected samples: (1) detected samples
from the 0" to 6™ generation (0" generation represents
starting sequence of the simulated data), which includes the
common ancestor; (2) detected samples from the 2™ to 6™
generation, with missing data (similar to the undetected data)
from the 0™ to 1% generation; and (3) detected samples from

the 4" to 6™ generation, with missing data from the 0™ to 3™
generations. Using these three-group data, we reconstructed
the transmission chains and networks based on paternity
relationships, tested the three hypotheses (Supplementary
Figure S1), and validated our method. The simulation process
was implemented using custom scripts in Python v3.7.

Validation using RaTG13-referenced mutations

To validate our findings, we repeated the same analyses on
data from the first three months using RaTG13-referenced
mutations. The bat coronavirus RaTG13 genome sequence
(GenBank accession number: MN996532) was downloaded
from GenBank (https://www.ncbi.nim.nih.gov/genbank/).

RESULTS

Frequency of BANAL-52-referenced mutations

Among the 29 410 nucleotide sites in the SARS-CoV-2
genomes, 7 062 (Figure 2) exhibited different bases from
BANAL-52 (from 19 187 sequences). These different bases
were defined as BANAL-52-referenced mutations and were
used to reconstruct the transmission chains and networks. We
identified 7 918 unique sequences (equivalent to haplotypes)
from the 19 187 samples according to the composition of the
BANAL-52-referenced de novo mutations, with each unique
sequence representing a node in the transmission chain or
network. The frequency of BANAL-52-referenced mutations
showed a U-shaped relationship with the number of unique
sequences. Most mutations contained less than 20 unique
sequences (Figure 2A), indicating these mutations were more
likely de novo mutations of SARS-CoV-2. Some mutations
occurred in the unique sequences with sample sizes larger
than 7 910 (Figure 2C), indicating these mutations were likely
ancestor and incorrect mutations inferred using BANAL-52
and were carried by nearly all samples. Mutation sites in the
middle were more likely early de novo mutations or secondary
mutations in ancestor or incorrect mutations of SARS-CoV-2
(Figure 2B).

Frequency of transmission chains with different length
The frequency of transmission chains with different lengths
(i.e., number of nodes) is shown in Figure 3 and Table 1.
Among the 7 918 nodes of the transmission networks, there
are 1 766 root nodes (2 847 samples) from 58
countries/regions, which had no common ancestor of SARS-
CoV-2 (Table 1). We reconstructed 6 799 transmission chains
with number of nodes ranging from 1 to 9, forming 1 766
networks.

The average transmission chain length was estimated to be
3.7+2.1 (Figure 3A). If only the longest chain with a common
root sample in a transmission network was counted, the
number of transmission chains decreased rapidly with the
increase in chain length (Figure 3B).

There were several large networks in terms of number of
nodes when using data of the first three months and the first
six months. Samples of SARS-CoV-2 were not evenly
distributed in the different transmission networks. For
networks reconstructed using data from the first three months,
there were five large networks (length 27), with nodes and
samples accounting for 55% and 66% of all study samples,
respectively.

Frequency of sampling time of root-node samples
The sampling time of root-node samples ranged from days 16
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of SARS-CoV-2

A: Transmission chains. B: Transmission network counting only the longest transmission chain.

Table 1 Statistics of reconstructed transmission chains and networks with different lengths within first three months

Chain length  No. chains No. root nodes (networks)

No. root samples

No. root countries/regions  First sampling time Last sampling time

1 1515 1515 2207
2 894 219 585

3 996 64 191

4 833 30 116

5 835 13 70

6 1002 7 37

7 498 5 28

8 205 2 14

9 21 2 14
Total 6 799 1766 2847

55 16 90
31 18 90
22 18 90
17 18 89
13 18 89
9 18 75
8 30 75
4 30 63
4 30 63
58 16 90

No. chains represents number of chains of corresponding length. No. root nodes represents number of root nodes of corresponding chains (one
root node corresponds to one transmission network). No. root samples represents number of samples of root nodes. No. root country/regions
represents number of sampling countries and regions of root nodes. First sampling time represents first sampling time of the root nodes (i.e.,
number of days since 24 December 2019 (set as day 1)). Last sampling time represents final sampling time of samples in root nodes.
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Figure 4 Frequency of sampling time (day) of root node samples of different chain lengths
A: Transmission chains. B: Transmission networks (length is length of longest chain it contains). Lower end of the line represents the earliest

sampling time of root nodes, upper end represents the latest sampling time of root nodes, and shade width indicates the density of samples

corresponding to the sampling time.

to 90 (Table 1; Figure 4). None of the samples collected from
the first 15 days (i.e., from 2019/12/24 to 2020/1/8) were root-
node samples of the transmission chains (Table 1; Figure 4).
Samples of root nodes with chain lengths of 1-4 were
primarily collected before day 50 and after day 65, while
chains with lengths =25 were collected from days 30 to 50
(Figure 4A). As shown in Figure 4A, some chains shared the
same root node, which could result in duplicate counting of
root nodes. If each root node and the longest chain were
counted in the transmission network (corresponding to
Figure 3B), samples of root nodes in the transmission network
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with the longest length ranging from 1 to 5 were mainly
collected after day 60, while those with the longest length of =
6 were collected between days 20 to 70 (Figure 4B).

lllustration of transmission networks

For simplification, we only presented reconstructed
transmission networks with chain lengths consisting of four
(Supplementary Figure S4A), five (Supplementary Figure
S4B), six (Supplementary Figure S4C), seven (Supplementary
Figure S4D), eight (Supplementary Figure S4E), and nine
nodes (Supplementary Figure S4F). Based on these figures,
the detected transmission network of SARS-CoV-2 was
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composed of many short transmission chains, like short
fragmented “tree branches”. Many spiking nodes were also
detected, which caused super transmissions.

Simulation results

The simulation results indicated that the reconstructed
transmission network using the detected data covering the 0™
to 6™ generations consisted of two independent networks, with
an average length of 4.8. The transmission network covering
the 2" to 6" generations had 13 independent networks, with
an average length of 3.8. The network covering the 4™ to 6"
generations had 52 independent networks, with an average
length of 2.6 (Table 2; Supplementary Figure S5). These
results indicate that collecting samples in the later stages of
the evolutionary tree enables the reconstruction of
transmission networks with shorter chains and more root
nodes (number of root nodes is equivalent to number of
transmission networks).

DISCUSSION

Currently, the origins and early transmission of SARS-CoV-2
remain unclear. Here, using 19 187 samples of SARS-CoV-2
collected over the first three months from 24 December 2019,
we reconstructed the transmission chains and networks based
on ancestor-offspring relationship of all samples using
BANAL-52-referenced mutations. We identified 1 766
independent transmission networks of SARS-CoV-2 without a
common ancestor sample, with the five largest networks
(length 27) accounting for 66% of all samples. No root-node
sample from the first 15 days was found from the Chinese
mainland. Our results indicate that all detected samples during
the three-month study period were not common ancestors or
close to the common ancestor of SARS-CoV-2, supporting the
Tip Lineage Hypothesis. We performed the same analysis
using RaTG-13-referenced mutations with the three-month
data and BANAL-52-referenced mutations with the six-month
data and obtained similar results to those obtained using
BANAL-52-referenced mutations with three-month data (see
Supplementary Tables S1, S2). Simulation analysis indicated
that our reconstruction method was robust, and the results
were consistent with our hypothesis predictions. Our findings
suggest that SARS-CoV-2 may have been spreading globally
long before its first report in Wuhan, China. As such, a
comprehensive worldwide survey is required to further explore
the origins and natural reservoirs of SARS-CoV-2.

Revealing the early transmission patterns of SARS-CoV-2 is
important for preventing future viral spillovers. However, the
origins and natural hosts of SARS-CoV-2 are still unknown
(Lundstrom et al., 2020; Peng et al., 2021; Tong et al., 2021).
As bats are natural reservoirs of many coronaviruses, and the
closest known coronavirus to the SARS-CoV-2 genome is
from bats (i.e., BANAL-52), bats are suggested as the
potential natural host of SARS-CoV-2 (Fan et al., 2019; Lau
etal., 2020; Li et al., 2005; Zhang & Holmes, 2020). Recent

studies found several bat species from East Asia and
Southeast Asia that carry SARS-CoV-2-like viruses (Delaune
et al., 2021; Temmam et al., 2022; Wacharapluesadee et al.,
2021; Zhou etal., 2021). Notably, some SARS-CoV-2-like
viruses collected from Laos exhibit high similarity to SARS-
CoV-2, with their receptor-binding domains binding to the
human ACE2 protein as efficiently as SARS-CoV-2 (Temmam
etal.,, 2022). Although the pangolin coronavirus is not as
similar to SARS-CoV-2 as BANAL-52 at the whole-genome
level, its receptor-binding domain (e.g., GD410721) is closer
to SARS-CoV-2, suggesting that pangolins may be an
intermediate host (Lam et al., 2020; Xiao et al., 2020). A joint-
report by the World Health Organization (WHO) and Chinese
research teams concluded that SARS-CoV-2 very likely
originated from nature, extremely unlikely from a laboratory
(Wang & Zhao, 2021; Wu et al., 2021). Ruan et al. (2022)
explored the evolution of SARS-CoV-2 during the first wave of
the pandemic (early 2020) based on genomic data and
suggested that European strains may have spread in parallel
with Asian strains, with the European strains globally
supplanting the Asian strains by May of 2020. Based on the
number of cumulative mutations, Cheng & Zhang (2023)
reported that SAR-CoV-2 showed much earlier global
divergence than in the Chinese mainland. Here, our results
revealed 1 766 independent transmission networks widely
distributed in 58 countries, which did not share a common
ancestor, indicating possible independent parallel spread of
SARS-CoV-2 in many parts of the world before detection in
Wuhan, China. Notably, no root node from samples collected
in the first 15 days (n=31, all from the Chinese mainland, see
below) was detected, indicating that the early detected
samples from the Chinese mainland were not the ancestors of
the global SARS-CoV-2 samples collected during the first
three months. Using mutation network analysis, these results
suggest that SARS-CoV-2 may have been circulating
worldwide long before it was detected in Wuhan, China,
consistent with our previous study using the cumulative
mutation method (Cheng & Zhang, 2023).

The results of our analysis identified a considerable number
of short transmission chains, which may be attributed to the
root-node samples being collected at a later stage (Table 1;
Figure 4). Indeed, samples of root nodes with chain lengths
ranging from 1 to 4 were mainly collected after day 60 (Figure
4A). Given that samples of SARS-CoV-2 from most countries
or regions outside the Chinese mainland were primarily
reported in the third month, the absence of data before this
period may account for the observation of many short chains.
As described in the Methods section, a proportion of short
transmission chains can be attributed to secondary mutations
and sequencing gaps or uncertainty (13.2% and 8.7%,
respectively); thus, some of the observed short chains will be
incorrect transmission chains. Conversely, long transmission
chains were likely due to the early appearance of root samples
that survived for a longer period (Figure 4). Specifically,

Table 2 Parameters of transmission chains and networks reconstructed using simulated data

Data range No. root nodes No. chains Average chain length
0-6 2 267 4.8
2-6 13 264 3.8
4-6 52 251 2.6

Data range indicates generations used to reconstruct transmission chains. Number of root nodes indicates number of different sequences at root

node, equivalent to the number of independent networks.
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samples of root nodes with chain lengths >5 were mainly
collected before day 60 (Figure 4A). Despite the potential for
error caused by secondary mutations and sequencing
uncertainty, our approach only has a small influence on the
reconstruction of the original transmission chains when
considering the extra copies of SARS-CoV-2 samples.
Notably, the error probabilities caused by secondary mutations
and sequencing error or uncertainty were estimated to be
0.78% and 0.29%, respectively, suggesting that the general
pattern of the transmission networks revealed by our approach
is highly reliable.

A secondary mutation was deemed to have occurred when
the bases at the BANAL-52-referenced sites underwent two or
more mutations during the study period, referred to as a back
mutation if the base mutates back to its original base (Ellis
etal.,, 2001). Back mutations may obscure true evolutionary
distance estimations between sequences when building a
phylogenetic tree, known as homoplasy (Patwardhan et al,,
2014). Other types of secondary mutations can cause similar
errors. According to our estimation, within three months,
secondary mutations on de novo mutation sites and ancestor
or incorrect mutation sites could account for 13.2% and 8.7%
of short transmission chains, highlighting the need for caution
when constructing evolutionary trees of SARS-CoV-2.
However, the presence of extra copies of SARS-CoV-2
samples significantly reduced model error in revealing the
original transmission chains and networks in our study, with
only 0.78% and 0.29% of original chains broken into short
chains.

Sampling bias is an important problem encountered in data
analysis, including of SARS-CoV-2 samples (Liu et al., 2020).
Indeed, some lineages may not have been detected in the
early stage of the pandemic because early SARS-CoV-2
infection may have been diagnosed as influenza. As shown in
Supplementary Table S1, more independent transmission
networks were detected when using samples from the first six
months than when using samples from the first three months.

Phylogenetic trees are often applied to analyze the
evolutionary relationships among viruses (Holmes et al., 1995;
Lanciotti et al., 2002; Poon et al., 2013). Several studies have
explored the phylogeny of SARS-CoV-2 using unrooted trees
(Li et al., 2020a; Nabil et al., 2021), in which sampling time is
used to specify a hypothetical root, resulting in the first
detected sample being at the root. Although these unrooted
trees may be suitable for clade/lineage classification, they are
not adequate for ftracing the origin of SARS-CoV-2.
Phylogenetic trees typically rely on the assumption of a
constant mutation rate and genetic similarity between
sequences to establish ancestor-offspring relationships, which
may not hold if the mutation rate varies significantly.
Therefore, phylogenetic trees alone cannot reveal the origins
of SARS-CoV-2 (Pipes etal, 2021). Different from
phylogenetic tree approaches, our method does not rely on
the assumptions of a strict molecular clock nor on sampling
time.

The haplotype network method has been widely used to
study the relationships between different clades and lineages
of SARS-CoV-2 (Liu et al., 2020; Sekizuka et al., 2020; Tang
et al., 2020). The nodes in our transmission network represent
unique sequences, similar to haplotypes. However, our
transmission network differs from haplotype networks in the
connecting principle of nodes and the meaning of transmission
chains. There are three key distinctions between our approach
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and haplotype networks. First, haplotype networks generally
connect haplotypes using distance matrix-based algorithms,
e.g., median-joining networks (Bandelt et al., 1999), which rely
on overall similarity between haplotypes (Kong et al., 2016),
whereas our transmission network is constructed based on
ancestor-offspring relationships between haplotypes in the
transmission chain. Second, haplotype networks do not
provide information on transmission direction and may
designate the node of the earliest sample as the origin node.
In contrast, our transmission network provides transmission
direction from ancestor to offspring sequences and can be
used to trace the source and transmission of viruses. Third, all
haplotypes in a haplotype network are connected to a single
network, even if the haplotypes do not exhibit an ancestor-
offspring relationship. In contrast, in our transmission network,
only sequences with an ancestor-offspring relationship are
connected, with several or many independent transmission
chains constructed if no common ancestor is detected. As
shown in Supplementary Figure S6, the similarity between
sequences SO and S1 is the same as that between sequences
S0 and S2. Based on our approach, SO and S1 are linked with
the transmission direction from SO to S1 but SO and S2 are
not linked based on the ancestor-offspring principle. However,
phylogenetic trees and haplotype networks would link both SO
and S1 and SO and S2 based on the similarity between each
pair of sequences. Simulation results demonstrated that our
method can accurately reconstruct the evolutionary tree based
on the ancestor-offspring relationships between samples.
Using incomplete sequencing data and an out-group
reference, our approach can provide novel insight into the
early transmission patterns of SARS-CoV-2, with broad
application potential for studying the origins and transmission
patterns of various viruses.

We further compared our results with the phylogenetic tree
approach (Supplementary Figure S7). For a clear vision, we
only used node samples (haplotypes) from the two longest
networks (chain length=9) (Supplementary Figure S4F) and
reconstructed a phylogenetic tree using maximum-likelihood
method. Results indicated that the positions of the two
networks corresponded well with the clades defined in GISAID
(Supplementary Figure S7). Samples in the first network
overlapped well with clades G and GH (GH accounted for
92%), and most samples in the second network overlapped
well with clades V, O, and L (V accounted for 77%), except for
some samples that appeared in clades G and GH
(Supplementary Figure S7). All samples were forcibly
connected using the phylogenetic tree approach (similar to the
haplotype network method). According to our model, however,
there was no common ancestor in the samples of the two
networks.

We validated our model results using BANAL-52-referenced
mutation data from the first six months. A total of 33 818
chains with 8 426 root nodes or networks were reconstructed
(Supplementary Table S1). These root nodes contained
13 069 samples from 88 countries/regions. There were five
large networks (length 210) and their nodes and samples
accounted for 48% and 55% of the total sample size,
respectively. More independent transmission networks were
detected in the first six months compared to the first three
months, indicating that many transmission chains or networks
were not detected in the first three months. Additionally, there
was no root sample in the first 15 days. The lengths of the
transmission chains during the first six months ranged from 1
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to 13, longer than those obtained during the first three months.
Furthermore, the process of network reconstruction was
considerably more time-consuming for the six-month dataset
compared to the three-month dataset.

We further validated our model using RaTG-13-referenced
mutation data from the first three months. In total, 6 737
transmission chains ranging from 1-9 nodes were
reconstructed, consisting of 2 041 root nodes from 69
countries/regions. These root nodes and transmission
networks showed no common ancestor. No sample in the first
15 days (n=31, all from the Chinese mainland) was a root-
node sample (Supplementary Table S2). These results are
similar to those obtained using the BANAL-52-referenced
mutations, indicating our model remains robust with a different
out-group reference.

In summary, our results suggest that SARS-CoV-2 may
have already been spreading globally and independently long
before the first COVID-19 case was detected in Wuhan,
China. Thus, global cooperation is essential in searching for
the origins and natural hosts of SARS-CoV-2, and in
preventing the occurrence of the next pandemic.
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