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Abstract
Since its �rst report in Wuhan city, China in late December of 2019, SARS-CoV-2 has caused huge
damage to human society, but its origins and early transmission patterns remain unclear. We
reconstructed the transmission network of SARS-CoV-2 within the �rst three and six months since its �rst
report based on its ancestor-offspring relationship using BANAL-52-referenced mutations. We want to
explore the position of the early detected samples in the evolutionary tree of SARS-CoV-2. 19,187 samples
(�rst 3 months) and 84,243 samples (�rst 6 months) were used for the analysis, respectively. Using data
of the �rst 3 months, BANAL-52-referenced mutations were found in 7062 out of 29,410 nucleotide sites
in the SARS-CoV-2 genome. 6,799 transmission chains and 1766 transmission networks were
reconstructed with chain lengths ranging from 1–9 nodes. The root node samples of the 1766
transmission networks are from 58 countries or regions, and they have no common ancestor, indicating
plenty of independent or parallel transmissions of SARS-CoV-2 have occurred when they were �rstly
detected. No root node sample was found in the samples (n = 31, all from the mainland of China) that
were collected in the �rst 15 days since December 24, 2019. Results using data of the �rst 6 months are
similar to those of the �rst 3 months, but more independent transmission chains were revealed in more
countries. The reconstruction method was veri�ed by using a simulation approach. Our results suggest
that SARS-CoV-2 has long been spread independently in many parts of the world before it was �rst
detected in Wuhan, China. It is essential to have a global survey on human or animal samples to look for
the origins of SARS-CoV-2 and its natural hosts.

Introduction
A novel beta-coronavirus, the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), was
detected by late December of 2019 in Wuhan, China, and it was identi�ed to be responsible for the COVID-
19 pandemic [1]. Nearly two years after the �rst reported case, the COVID-19 pandemic has been surging
in many parts of the world. By September 20, 2021, it was estimated that the COVID-19 pandemic has
caused more than 227 million cases of human infections, and over four million people died (WHO, 2021).
However, the origins of SARS-CoV-2 remain unknown. There is an urgent need to reveal the early
transmission pattern of SARS-CoV-2 to take more effective measures of controlling this pandemic and
preventing the next pandemic.

SARS-CoV-2 is a novel beta-CoV that is distinct from SARS-CoV and MERS-CoV [2–4]. SARS-CoV-2
shares ~ 79% genome sequence identity with SARS-CoV and only ~ 50% with MERS-CoV [5]. Two
coronavirus strains isolated from a bat species (Rhinolophus a�nis) in Yunnan, China and a bat species
(Rhinolophus malayanus) in the northern part of Laos, has a ~ 96.1% (RaTG13) and 96.8% (BANAL-52)
similarity in whole genome with SARS-CoV-2, respectively [4, 6]. The other SARS-CoV-2 relatives are also
found in bats from Cambodia and Japan [7]. The discovery of diverse SARS-CoV-2 relatives suggests that
bats are potential reservoirs of SARS-CoV-2 [8, 9]. However, the difference between SARS-CoV-2 and these
bat coronaviruses is still large. For example, RaTG13 has a divergence time of about 50 years with SARS-
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CoV-2 [10]. Thus, they are more likely evolutionary precursors, not as the direct progenitor of SARS-CoV-2
[11].

Previous studies have shown that the mutation rate of SARS-CoV-2 is 6 × 10− 4 to 1× 10− 3 bp/site/year [3,
12–17]. The SARS-CoV-2 has produced many variants, and the transmission capacity of some variants is
much higher than the original ones[18–20]. Based on molecular clock theory, the time of the most recent
common ancestor (TMRCA) of SARS-CoV-2 is estimated to be November or early December 2019 [3, 17,
21–23], or October to early December 2019 [12, 16], suggesting SARS-CoV-2 is likely originated much
earlier than the time when it was �rst detected in Wuhan, China.

There are many studies using phylogenetic trees, or haplotype networks to designate lineage, or to
reconstruct the evolutionary patterns of SARS-CoV-2 [24–29]. Because of deviations from a molecular
clock and the high similarity between SARS-CoV-2 samples, the phylogenetic tree alone is not able to
reveal the origin of SARS-CoV-2 [30, 31]. 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 its ancestor-
offspring relationship based on BANAL-52-referenced mutations in samples that were collected from
December 24, 2019 to March 22, 2020 around the world, aiming to explore the early transmission patterns
of SARS-CoV-2. We want to test the following three hypotheses: (1) If there is a common ancestral
sample existed in samples collected during the �rst three months, the reconstructed lineages should be
located in the bottom of the evolution tree, and the transmission network should look like a single full tree
with one common ancestor or one root node (Original Lineage Hypothesis, OLH Hypothesis, Fig. 1A), (2) If
there is no common ancestral sample, but there are a few samples which are very close to the ancestral
sample genetically, the lineages should be located in the middle of the evolution tree, and the
transmission network should look like a few large tree-branches with a few root nodes (Intermediate
Lineage Hypothesis, ILH Hypothesis, Fig. 1B), (3) If all samples are very far away from the common
ancestral sample genetically, the lineages should be located in the tip position of the evolution tree, and
the transmission network should have many short and small “tree-branches” or many root nodes (Tip
Lineage Hypothesis, TLH Hypothesis, Fig. 1C). OLH Hypothesis indicates that ancestor of SARS-CoV-2 is
detected. ILH Hypothesis indicates that SARS-CoV-2 samples very close to ancestor are detected. TLH
Hypothesis indicates that SARS-CoV-2 samples very far away from ancestor are detected.

Materials And Methods

Genome sequence processing
The genome sequences of SARS-CoV-2 were downloaded from the Global Initiative of Sharing All
In�uenza Data (GISAID, https://www.gisaid.org/) on January 25, 2021. The dataset contains 279,411
samples which were sampled from December 24, 2019 to January 21, 2021. Firstly, we used the data
collected in the �rst three months (i.e., December 24, 2019 to March 22, 2020) for reconstructing the early
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transmission network of SARS-CoV-2 (including 19,187 samples, covering 95 countries or regions).
Secondly, to repeat and validate our results, we used data covering the �rst 6 months (including 84,243
samples, covering 112 countries or regions). These samples represent the early detected samples in the
world covering many countries. Because the results are similar, thus, we mainly reported the results of the
�rst 3 months, but discussed the results of �rst 6 months. 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 these genome sequences to the reference sequence
(Wuhan-Hu-1, GISAID: EPI_ISL_402125) using Muscle-V5. To minimize the potential impacts of
sequencing errors, nucleotides at the 5' UTR (sites 1‒265) and 3' UTR (sites 29675‒29903) were
excluded.

Reconstruction of the transmission network
We clustered all samples based on sequence differences. Samples with the same genome sequence were
assigned into a node of transmission chains. Each node in the transmission chains represents a unique
sequence with distinct mutation sites, which is often composed of multiple samples from the same or
different places. We reconstructed the transmission network of SARS-CoV-2 based on differences of
BANAL-52-referenced mutations (i.e., BANAL-52-ref mutations) in all sites of each node. The transmission
network is composed of transmission chains. The core process of reconstructing each transmission
chain is to �nd the closest ancestor node of each node according to the following mutation model
(Fig. 2A).

We de�ned mutations that occurred after the emergence of the most recent common ancestor (MRCA) of
SARS-CoV-2 as the de novo mutations. Since it is impossible to directly determine the de novo mutations
because the common ancestor is unknown, we inferred the mutations by using BANAL-52 as a reference
(for details, see Reference Selection Section). We assumed that sequence S0 is the MRCA of the other
sequences (i.e., S1, S2, S3.1, S3.2, S4.1, S4.2) in Fig. 2. We used the following steps to reconstruct a
transmission chain or network of SARS-CoV-2 based on its ancestry relationship (ancestor-offspring
relationship) of de novo mutations (Fig. 2):

(1) For each node, we identi�ed its ancestor nodes. We performed a pairwise comparison of the
sequences. The de novo mutations contained in a node X is set MX = {m1, m2, ..., mn}, then, for node U and
V, if MU ∈ MV, then U is an ancestor node of V. The offspring node should have more mutations than its
ancestor node, that is, the mutations of the offspring node must include all the mutations of its ancestor
node. For example, in Fig. 2A, S0, S1, S2, S3.1 are the ancestor nodes of S4.1, and S0, S1, S2, S3.2 are the
ancestor nodes of S4.2.

(2) For each node (i.e., a unique sequence), we identi�ed its closest ancestral node from all ancestor
nodes. For all ancestor nodes identi�ed in step (1), we selected the node which has the closest similarity
of mutations to the focal node as its closest ancestral node. For example, in Fig. 2A, S2 is the closest
ancestral node of S3.1 and S3.2; S3.1 is the closest ancestral node of S4.1; S3.2 is the closest ancestral
node of S4.2.
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(3) We connected all nodes with their closest ancestral nodes to form a transmission chain (Fig. 2B) or
network (Fig. 2C). A transmission network indicates several transmission chains which share a common
root node.

By following the above procedure (1), (2), and (3), ancestral nodes of all nodes were determined, and the
transmission chains were �nally reconstructed (Fig. 2). Because some chains would share a common
node (Fig. 2B), thus, we reconstructed the transmission network by merging chains sharing the common
node (Fig. 2C).

The sample clustering (i.e., identi�cation of node) and reconstruction process of transmission chains and
the networks were implemented by custom scripts in Python-3.7.

Reference selection

To determine the de novo mutations of a node, we need to select a reference sequence. Because the most
recent common ancestor of SARS-CoV-2 (i.e., MCRA in Fig. 2A) is still unknown, we have to choose a
detected sequence that is close to SARS-CoV-2 as the reference sequence.

As shown in Fig. 3, if we use a sequence of SARS-CoV-2 which is an offspring of SARS-CoV-2, the
mutations inferred from the reference may be incorrect. For example, according to Fig. 3, using the de
novo mutations, the correct transmission chain based on the ancestor-offspring relationship de�ned
above should be L1: S0→S1→S2→S3→S4→S5→S6. But if we select an offspring as the reference (e.g.,
S3), the identi�cation of 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.

Alternatively, we selected an earlier but the closest relative sequence (i.e., BANAL-52) to SARS-CoV-2 as
the reference to infer the mutations in SARS-CoV-2 (i.e., BANAL-52-ref mutations), and assessed its
potential in reconstruction of transmission chains. BANAL-52 was sampled in 2020, it is a closest relative
to SARS-CoV-2 with an about 3.2% difference with SARS-CoV-2 in the whole genome [6]. As shown in
Fig. 4, we assume that, as 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), MRCA of SARS-CoV-2 (i.e. MRCA-S) has two mutations (orange C,G) at
site 8 & 9; as compared to MRCA-S, SARS-CoV-2 has 1–6 de novo mutations (boxed red T) at site 1–6,
and two inherited ancestor mutations (orange C,G) from MRCA-S and ancestor of MRCA-S at site 8 & 9. If
we use the MRCA-S as the reference, the transmission chain of SARS-CoV-2 should be reconstructed as
L0: S1→S2→S3→S4→S5→S6. If we use BANAL-52 as the reference, the de novo mutations would be
identi�ed correctly in L1 (i.e., boxed cyan T at site from 1–6) which are same to the red and boxed T in
L0. The ancestor mutations of SARS-CoV-2 in L1 (cyan C, G) would be correctly identi�ed. But mutation
of BANAL-52 (orange T) would be identi�ed as an incorrect mutation in L1 (cyan A) because the mutation
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of the BANAL-52 reference results in difference of base at site 10 between BANAL-52 and SARS-CoV-2.
Because both inherited ancestor mutations of SARS-CoV-2 (site 8,9) and incorrectly inferred mutation
using BANAL-52 (site 10, named as incorrect mutation) would be carried by all samples of SARS-CoV-2,
they are not considered in the reconstruction of the transmission chain 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 same to S0 (Fig. 4). This lays the solid
foundation of reconstructing the transmission chains or networks using BANAL-52 as the reference. In
Fig. 4, we introduced mutations of C, G to illustrate ancestor mutation of SARS-CoV-2.

Model errors
Because BANAL-52-ref mutations are used to reconstruct the transmission chains or networks, secondary
mutation at the BANAL-52-ref mutation sites in L1 (Fig. 4) would cause errors in reconstruction of
transmission chains and networks. If the secondary mutation changes the base back into its original
base, it is called a back mutation. In our model, there are three kinds of BANAL-52-ref mutations in L1: de
novo mutations (cyan T), ancestor mutations (cyan C, G) and incorrect mutations (cyan A) which were
used for reconstructing the transmission chains or networks (Fig. 4). If there is no secondary mutation
occurring on these mutation sites of SARS-CoV-2 during the study period, the reconstructed transmission
chain (L1) is same to the true one (L0) (Fig. 4); otherwise, it will cause errors in reconstructing the
transmission chains or networks (see Fig. 5).

As shown in Fig. 5, a secondary mutation on the BANAL-52-ref mutation sites during the study period of
three months would cause biases in the reconstruction of transmission chains. If no secondary mutation
occurs, the original transmission chain should be: L0 = S1→S2→S3→S4→S5→S6. If the secondary
mutation (T→A, here, it is 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 Fig. 5B2) will become an isolated chain
(L1.2n = S4b, Fig. 5B2), while the relationship of other samples on the chain remains unchanged except
for the absence of S4, i.e., L1.1n = S1→S2→S3→S5→S6 (Fig. 5B2). However, if S4 has extra copies, it
will not affect the original chain: L1.1c = S1→S2→S3→S4→S5→S6, while the secondary mutation would
produce an isolated chain: L1.2c = S4b (Fig. 5B1). If the 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), this will cause no change of original chain if S4 has extra copies (i.e., L2c = 
S1→S2→S3→S4→S5→S6) or it would produce a shorter chain with the absence of S4 (i.e., L2n = 
S1→S2→S3→S5→S6) (Fig. 5C). If the secondary mutation occurs in the site corresponding to the
BANAL-52 mutation site (cyan A →purple T, here, it is not a back mutation because 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 relationship of the other samples on the chain remains
unchanged: L3.1c = S1→S2→S3→S4→S5→S6 (Fig. 5D1). However, if the sequence (S4) has no extra
copies, it would break the original chain into two chains with the same probability: L3.1n = 
S1→S2→S3→S5→S6, L3.2n = S4b→S5→S6 (Fig. 5D2). Secondary mutation in the ancestor mutation
sites (i.e., C, G in Fig. 4) would have similar results to cyan A (for simpli�cation, we did not show these
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sites in Fig. 5). Because the proportion of sequence with two or more secondary mutations was extremely
low in this study, thus, we only presented illustrations of one secondary mutation in Fig. 5.

Considering the model error which could alter the ancestral-offspring of about 20% sequences of the �rst
3 months (higher for sequences of �rst 6 months) (For details, see below), we emphasized on analysis
and discussion of general transmission patterns (such as number of chains, networks ect.) of SARS-CoV-
2, not on the speci�c sequences.

Error probability caused by secondary mutations
If there is no secondary mutation during the study period of three months, the transmission chain (L1) is
same to the true one (L0) (Fig. 4). However, if secondary mutation occurs on these sites of BANAL-52-ref
mutations, error of reconstructed transmission chain would arise. The BANAL-52-ref mutations are
composed of de novo mutations (cyan T), ancestor mutations (cyan C, G) and incorrect mutations (cyan
A) in L1 (Fig. 4).

In theory, the probability of secondary mutation on de novo mutations (pd) is determined by the mutation
probability of the de novo mutations of SARS-CoV-2 within three months. The mutation rate was
assumed as 6 × 10− 4 substitutions per site annually[12], and the mutation probability of SARS-CoV-2
within 3 months was calculated as: PT = 6 × 10− 4 / 4 = 1.5 × 10− 4. The proportion of de novo mutation

within three months can be assumed to be 1.5 × 10− 4. Therefore, the error probability of secondary
mutation on de novo sites was calculated as: pd = (PT)2 = (1.5 × 10− 4)2 = 2.25×10− 8. The probability of
samples with such secondary mutations (i.e., number of secondary mutation ≥ 1) was estimated as 1-(1-
p)n (p is the secondary mutation rate, n is the number of bases of SARS-CoV-2). Let pd = 2.25×10− 8, n = 

29,410, then, the probability of samples with such secondary mutations was estimated to be 6.6×10− 4.
Thus, we predict about 0.066% of samples with such secondary mutations on de novo mutation sites
would be reconstructed into short chains. Because each node sequence has 2.4 copies (= 19187/7918) in
our study, the probability of breaking the original chains was calculated as: (6.6×10− 4)2.4 = 2.3×10− 8,
which is very small.

BANAL-52 has about 3.2% difference with MRCA of SARS-CoV-2 in the whole genome (PR), which is likely
composed of ancestor mutation sites (cyan C, G) and incorrect mutation site (cyan A). Secondary
mutation on these sites would cause model errors in reconstructing the transmission chains or networks
of SARS-CoV-2. The mutation rate during three months of study period is assumed as: PT = 1.5 × 10− 4

substitutions per site within three months. Thus, the error probability caused by secondary mutations on
ancestor and incorrect mutation sites was calculated as: pa = PR × PT = 3.2 × 10− 2 ×1.5 × 10− 4 = 4.8 ×

10− 6. The probability of a sample that has secondary mutations on ancestor or BANAL-52 mutation sites
was estimated as 1-(1-p)n (p is the total error probability caused by secondary mutations on mutation
sites of ancestor of SARS-CoV-2 and BANAL-52, n is the number of bases of SARS-CoV-2 genome). Let p 
= 4.8×10− 6, n = 29,410, then, the probability of a sample that has secondary mutations on ancestor and
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incorrect mutation sites (cyan C, G, A in Fig. 4) was estimated to be 13.2%. Because each node sequence
has 2.4 copies in our study, the probability of breaking the original chains was calculated as: (13.2%)2.4 =
0.78%. Thus, using BANAL-52 as reference would have little in�uence on the original transmission chains
or network, although it may produce 13.2% short transmission chains.

Error probability caused by sequence gap or uncertainty
Similar to secondary mutations, degenerate or gaps (missing bases in the genome sequence) due to
sequencing error or uncertainty may cause biased estimation of reconstruction of the evolutionary tree.
These uncertain bases are often treated as none mutations in evolutionary studies (same in our study). In
our study, there were 1.9 degenerate (or missing) bases per sequence on average. Thus, the proportion of
degenerate or missing bases was calculated as: PD = 2.9/29410 = 9.8 × 10− 5. Therefore, the model error
probability caused by degenerate or missing bases on de novo mutations was calculated as: ps = PD × PT

= 9.8 × 10− 5 × 1.5 × 10− 4 = 1.47 × 10− 8. Similarly, the model error probability on ancestor and incorrect
mutations was calculated as: ps = PD × PR = 9.8 × 10− 5 × 3.2 × 10− 2 = 3.1 × 10− 6. The probability of
samples with degenerate or missing bases (i.e. number of degenerate or missing bases ≥ 1) was
estimated as 1-(1-p)n (p is the degenerate mutation rate, n is the number of bases of SARS-CoV-2). Let p 
= 1.47 × 10− 8, or, 3.1 × 10− 6, n = 29,410, then p = 4.3×10− 4, or, 8.7%. Thus, we predict a total of 8.7%
samples would be reconstructed into short transmission chains caused by degenerate or missing bases.
Because each node sequence has 2.4 copies in our study, the probability of breaking the original chains
by degenerate base was calculated as: (8.7%)2.4 = 0.29%. Therefore, degenerate mutations or missing
bases would have little in�uence on the reconstruction of original transmission chains or network, but
they would produce 7.13% short transmission chains.

Simulation analysis
To validate our method of reconstructing the transmission network of SARS-CoV-2 based on the paternity
relationship as described above, we simulated the occurrence of mutations based on the way that the
virus sequence replicates in nature. We chose a sequence with a length of 1000 bp as the starting
sequence to simulate the proliferation process of this sequence. Each sequence produced three progeny
sequences in one replication cycle (one generation). We set the mortality rate of sequences as 20%, and
the mutation rate as 0.1% for each base within a replication cycle. We chose a shorter sequence and a
higher mutation rate for saving computation time.

We simulated the evolution process of a sequence for ten generations and chose the �rst sequence in the
10th generation as a template to produce six generations as the detected samples (similar to the detected
SARS-CoV-2 samples after late December of 2019) for subsequent analysis (Fig. S2). We chose the last
sequence in the 9th generation as the reference sequence (similar to BANAL-52) (Fig. S2). We selected
three-group data from the detected samples: (1) the detected samples from 0th to 6th generation (the 0th
generation represents the starting sequence of the simulated data) which includes the common ancestor,
(2) the detected samples from the 2nd to 6th generation with missing data (similar to the undetected
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data) from 0th to 2nd generation, and (3) the detected samples from the 4th to 6th generation with
missing data from 0th to 3rd generations. By using these three-group data, we reconstructed the
transmission chains and networks based on the paternity relationship, tested the three hypotheses
(Fig. 1), and validated the method we used in this study (Table 2).

The simulation process was implemented by custom scripts in Python-3.7.

Results

Frequency of BANAL-52-ref mutations
Among 29,410 nucleotide sites in the SARS-CoV-2 genome we used, 7062 sites (Fig. 6) have different
bases from BANAL-52. These different bases are de�ned as BANAL-52-ref mutations and were used to
reconstruct the transmission chains and networks. We identi�ed 7918 unique sequences (equivalent to
haplotypes) from 19,187 samples according to the composition of the BANAL-52-ref de novo mutations
and each unique sequence represents a node in the transmission chain or network. The frequency of
BANAL-52-ref mutations shows a U-shaped relationship with the number of unique sequences. A majority
of mutations have less than 20 unique sequences (Fig. 6A), indicating these mutations are more likely de
novo mutations of SARS-CoV-2. Some mutations occur in the unique sequences with their sample size
larger than 7910 (Fig. 6C), indicating these mutations are likely ancestor mutations and incorrect
mutations inferred using BANAL-52 which are carried by nearly all samples. Mutation sites in the middle
are more likely early de novo mutations or secondary mutations on ancestor or incorrect mutations of
SARS-CoV-2 (Fig. 6B).

Frequency of transmission chains with different length
The frequency of transmission chains with different lengths (i.e., number of nodes) is shown in Fig. 7 and
Table 1. Among 7918 nodes of the transmission networks, there are 1766 root nodes (having 2847
samples) from 58 countries and these root nodes have no common ancestor of SARS-CoV-2 (Table 1).
We reconstructed 6799 transmission chains with the number of nodes ranging from 1 to 9, and these
chains form 1766 networks.

The average length of transmission chains was estimated to be 3.7 ± 2.1 (Fig. 7A). If only the longest
chain with the common root sample in a transmission network is counted, the number of transmission
chains decreases rapidly with the increase of the chain length (Fig. 7B).
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Table 1
Statistics of nodes of the reconstructed transmission chains with different lengths within the �rst three

months.
Chain
length

No.
chains

No. root
nodes

No. root
samples

No. root
country/regions

First
sampling
time

Last
sampling
time

1 1515 1515 2207 55 16 90

2 894 219 585 31 18 90

3 996 64 191 22 18 90

4 833 30 116 17 18 89

5 835 13 70 13 18 89

6 1002 7 37 9 18 75

7 498 5 28 8 30 75

8 205 2 14 4 30 63

9 21 2 14 4 30 63

Total 6799 1766 2847 58 16 90

Table note: No. chains represent the number of chains of the corresponding length. No. root nodes
represent the number of root nodes of the corresponding chains (one root node corresponds to one
network). No. root samples represent the number of samples of the root nodes. No. root country/regions
represent the number of sampling countries and regions of the root nodes. First sampling time represents
the �rst sampling time (i.e., number of days since December 24, 2019 which was set as day 1) of the root
nodes. Last sampling time represents the last sampling time of the samples in root nodes.

There are several large networks in terms of number of nodes for both using data of the �rst 3 months
and the �rst 6 months. For networks reconstructed using data of the �rst 3 months, there are 5 large
networks with length ≥ 7, with nodes and samples accounting for 55% and 66% of the total sample size,
respectively.

Frequency of sampling time of root-node samples
The sampling time of root-node samples ranges from day 16 to 90 (Table 1, Fig. 8). None of the samples
collected from the �rst 15 days (i.e., from 2019/12/24 to 2020/1/8) are root-node samples of the
transmission chains (Table 1, Fig. 8). The samples of root nodes with chain length ranging from 1–4
were mainly collected after and before day 60, while chains with length ≥ 5 collected during Day 30 to 50,
respectively (Fig. 8A). In Fig. 8A, some chains may share the same root node, which could result in
duplicate counting of the root nodes. If each root node and the longest chain are counted in the
transmission network (corresponding to Fig. 7B), samples of root nodes in the transmission network with
the longest length ranging from 1 to 5 were mainly collected after Day 60, while those with the longest



Page 11/26

length of ≥ 6 were collected between Day 20 to 70 (Fig. 8B). There are on transmission networks with the
longest chain length of 8.

Illustration of transmission networks
For simpli�cation, we only presented the reconstructed transmission networks with chain length of four
nodes (Fig. S4A), �ve nodes (Fig. S4B), six nodes (Fig. S4C), seven nodes (Fig. S4D), eight nodes (Fig.
S4E), and nine nodes (Fig. S4F). These �gures show that the detected transmission network of SARS-
CoV-2 is composed of many short transmission chains, like the short fragmented “tree branches”. Many
spiking nodes were detected which obviously caused super transmissions.

Simulation results
Simulation results indicate that the reconstructed transmission network using the detected data covering
0th to 6th generation have two independent networks with an average length of 4.8; the transmission
network covering the 2nd to 6th generation have 13 independent networks with an average length of 3.8;
the network covering the 4th to 6th generation have 52 independent networks with an average length of
2.6 (Table 2, �g. S3). These results clearly demonstrate that shorter transmission chains and more root
nodes (number of root nodes is equivalent to number of transmission networks) would be reconstructed
using samples collected in later stage of the evolutionary tree.

Table 2
Parameters of transmission chains or networks reconstructed using simulated data.
Data range Number of root nodes Number of chains Average chain length

0‒6 2 267 4.8

2‒6 13 264 3.8

4‒6 52 251 2.6

Table note: Data range indicates the generations used to reconstruct transmission chains. Number of root
nodes indicates the number of different sequences at the root node, which is equivalent to the number of
independent networks.

Discussion
Currently, the origins and early transmission of SARS-CoV-2 remain unclear. By using 19,187 samples of
SARS-CoV-2 collected during the �rst three months since December 24, 2019, we reconstructed the
transmission chains and networks based on ancestor-offspring relationship of all samples by using
BANAL-52-ref mutations. We found there are over thousands of independent transmission chains of
SARS-CoV-2 without common ancestor sample. No root-node sample of the �rst 15 days was found from
the mainland of China. Our results indicate that all detected samples during the study period of three
months are not common ancestors or close to the common ancestor of SARS-CoV-2, supporting the Tip
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Lineage Hypothesis (TLH). Simulation analysis indicates that our reconstruction method is robust, and
the results are consistent with predictions of our hypotheses. Our study suggests that SARS-CoV-2 would
have long been spread in many parts of the world before its �rst report in Wuhan, China. It is necessary to
have a global survey for looking for the origins and natural reservoir of SARS-CoV-2 in the world.

Revealing early transmission patterns of SARS-CoV-2 is important for preventing future spillover of the
virus, but its origins and natural hosts are still unknown [32, 33]. Because bats are natural reservoirs of
many kinds of coronavirus, and the coronavirus closest to the SARS-CoV-2 genome was found to come
from bats (i.e., BANAL-52), it is suggested that bat may be the natural host of the SARS-CoV-2 [8, 11, 34,
35]. Recent studies found several bat species from East Asia and Southeast Asia carry SARS-CoV-2-like
viruses [36–39]. Some SARS-CoV-2-like viruses collected from Laos had a high similarity to SARS-CoV-2,
and the RBDs of these viruses bind to human ACE2 protein as e�ciently as the SARS-CoV-2 [39].
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, which suggest that pangolin
may be an intermediate host of SARS-CoV-2 [40, 41]. A joint-report by WHO and China research teams
concluded that SARS-CoV-2 very likely originated from nature, extremely unlikely from the laboratory [42,
43]. But some people claimed the SARS-CoV-2 may come from a laboratory in Wuhan, China due to an
accident leak [44]. Ruan et al explored the SARS-CoV-2 evolution in the �rst wave of the pandemic (early
2020) by using SARS-CoV-2 genome data, and they suggested Europe strains may spread in parallel with
Asian strains; the Europe strains had supplanted the Asian strains globally by May of 2020 [45]. Our
results revealed 1766 independent transmission networks which are widely distributed in 58 countries of
the world, and they do not share a common ancestor, indicating independent parallel spread of SARS-
CoV-2 might have occurred in many parts of world before it was detected in Wuhan, China. Notably, there
is no root node from samples of the �rst 15 days (n = 31, all from mainland of China, for details, see
below), indicating the early detected samples in mainland of China are not the ancestors of SARS-CoV-2
samples of the world collected during the �rst 3 months. These results suggest that SARS-CoV-2 would
have long been circulating in many places of the world before it was detected in Wuhan, China.

There is a large proportion of short transmission chains, probably because their root-node samples were
collected in a later stage (Table 1, Fig. 8). Indeed, samples of root nodes with chain length ranging from 1
to 4 were mainly collected after day 60 (Fig. 8A). Because SARS-CoV-2 samples of most countries or
regions outside the mainland of China were mainly reported in the third month, the missing data before
the third month could attribute to the large number of short chains. As shown in Methods, secondary
mutation and sequencing gaps or uncertainty would cause 13.2% and 8.7% short transmission chains,
thus, the observed short chains should be incorrect transmission chains. We should be cautious in
explaining the biological meaning of the short transmission chains. Long transmission chains were likely
caused by the early appearance of their root samples which survived longer (Fig. 8). Samples of root
nodes with chain length larger than 5 were mainly collected before day 60 (Fig. 8A). Our approach only
causes a small in�uence on reconstruction of the original transmission chains considering the extra
copies of SARS-CoV-2 samples. The error probability caused by both secondary mutations and
sequencing error or uncertainty was estimated to be 0.78% and 0.29%, respectively.
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Secondary mutation means that the bases at the BANAL-52-ref sites have been mutated twice or more
during the study period. It can be called the back mutation if the base is mutated back to its original base
[46]. Back mutations may obscure the estimation of the true evolutionary distances between the
sequences when building phylogenetic trees, which is known as homoplasy [47]. Similar, the other kinds
of secondary mutations would cause similar errors. According to our estimation, within three months,
secondary mutations on sites of de novo mutations and ancestor or incorrect mutations would produce
13.2% and 8.7% short transmission chains, which need to pay high attention when building evolutionary
tree of SARS-CoV-2. Fortunately, extra copies of SARS-CoV-2 samples would signi�cantly reduce the
model error in revealing the original transmission chains or networks in our study. There are only about
0.78% and 0.29% original chains which would be broken into short chains.

Phylogenetic tree methods are often used to analyze the evolutionary relationship between viruses [48–
50]. Some studies used unrooted trees to explore the phylogeny of SARS-CoV-2 [51, 52]. Due to lack of
root information, these studies usually refer to the sampling time of the sample to specify a hypothetical
root, resulting in the �rst detected sample being at the root. Although these unrooted trees may be
suitable for clade/lineage classi�cation, it is not adequate for tracing the origin of SARS-CoV-2. Most
phylogenetic trees are established based on the genetic similarity between sequences and rely on the
assumption of a constant mutation rate. If the mutation rate has a very large variation, genetic distance
does not necessarily mean the divergent time or ancestral-offspring relationship, which would impact the
results of the phylogenetic tree. Thus, the phylogenetic tree alone is not able to reveal the origins of SARS-
CoV-2 [30]. Different from phylogenetic tree method, our approach neither relies on the assumptions of
strict molecular clock theory, nor on the sampling time. Primitive strains could be detected in later stage if
they have a low mutation rate.

The haplotype network method has been widely used to study the relationship between different clades
or lineages of the SRAS-CoV-2 [24, 53, 54]. The nodes in our transmission network represent unique
sequences, which are the same as the haplotypes. But the connecting principle of our nodes and the
meaning of the transmission chains are completely different from the haplotype network method. There
are three major differences between our transmission network and the haplotype network methods. First,
our transmission network is constructed based on the ancestor-offspring relationship between
haplotypes in the transmission chain. While, the commonly used haplotype network method connects
haplotypes by using distance matrix-based algorithms such as median-joining networks [55], which
mainly rely on the overall similarity between haplotypes [56]. Second, the haplotype network method does
not give the direction of transmission, and some studies may designate the node of the earliest sample
as the origin node. Our transmission network method gives the direction of transmission from an
ancestor to an offspring sequence and can be used to trace the source and transmission of the viruses.
Third, all haplotypes are connected in a single network in the haplotype network method, even if these
haplotypes do not have an ancestor-offspring relationship. In our transmission network method, only
sequences with the ancestor-offspring relationships were connected. If no common ancestor was
detected, there would be several or many independent transmission chains. As shown in Fig. S1, the
similarity between sequence S0 and S1 is same to that between sequence S0 and S2. Our method would
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link S0 and S1 with transmission direction from S0 to S1 and would not link S0 and S2 based on the
ancestor-offspring principle. However, the other methods including phylogenetic tree or haplotype network
methods would link both S0 and S1, and S0 and S2 together based on the similarity between every two
sequences.

Simulation results have demonstrated that our method can accurately reconstruct the evolutionary tree
based on the ancestor-offspring relationship between samples. By using incomplete data of sequences
and a reference not being the direct ancestor, our method could reveal the early transmission patterns of
SARS-CoV-2. This method would have broad applications in studying the origins and transmission
patterns of various viruses.

We validated our model results using data of the �rst 6 months. A total of 33,818 chains with 8426 root
nodes or networks were reconstructed (Table S1). These root nodes contain 13,069 samples from 88
countries. There are 5 large networks with length ≥ 10, and their nodes and samples accounting for 48%
and 55% of the total sample size, respectively. Similar to results using data of the �rst 3 months, there are
plenty of independent transmission networks, much higher than those of the �rst 3 months, indicating
many transmission chains or networks were not detected in the �rst 3 months. There is also no root
sample of the �rst 15 days. The length of transmission chain of the �rst 6 months ranged from 1 to 13,
longer than that of the �rst 3 months. The time of reconstructing the network using data of the �rst 6
months is much longer than using data of the �rst 3 months.

In summary, our results suggest that long time before the �rst COVID-19 case detected in Wuhan, China,
SARS-CoV-2 would have been widely spread globally and independently. Global cooperation is essential
in searching for the origins and its natural hosts of SARS-CoV-2 in the world, and in preventing the
occurrence of next pandemic.
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Figure 1

Three hypotheses on the transmission network of SARS-CoV-2 which is reconstructed by using detected
samples. (A) Originating Lineage Hypothesis (OLH). (B) Intermediate Lineage Hypothesis (ILH). (C) Tip
Lineage Hypothesis (TLH).
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Figure 2

Illustrations of reconstructing the transmission chains and networks based on mutation using MRCA as
the reference. For simpli�cation, all nucleotide sequences are assumed to have a chain length of 10 (the
original nucleotide is black letter A, and the de novo mutation nucleotides is red letter T). (A) The
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). (B) The
transmission chains were reconstructed from Panel A. (C) The transmission network was reconstructed
based on panel B by merging transmission chains sharing a common node.
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Figure 3

Illustrations of de�ning the de novo mutations using the most recent common ancestor (S0) as the
reference (S0-ref mutations) and inferred mutations using an offspring (S3) as the reference (S3-ref
mutation), and reconstructing transmission chains or networks of SARS-CoV-2 based on ancestral (S0)
and offspring (S3) sequences. For simpli�cation, all nucleotide sequences are assumed to have a chain
length of 10 (the original nucleotide is A, and the mutation nucleotides is T). Letter A is the original
nucleotide base type, red and boxed letter T in L1 is the mutated base type by referring to the ancestral
sequence (S0). Cyan letter A and Cyan boxed letter T in L2 and L3 are the inferred mutations based on the
offspring sequence (S3). L1 is correctly reconstructed by using de novo mutations. L2 and L3 are
incorrectly reconstructed by using S3-ref mutations which appears later than the ancestral node.
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Figure 4

Illustration of de�ning the de novo mutations using MRCA-S (MRCA-ref mutations) or inferred mutations
using BANAL-52 (BANAL-52-ref mutations) and reconstructing transmission chains of SARS-CoV-2 by
using MRCA-S (L0) or an earlier and closest relative (BANAL-52) (L1). Black A is the original nucleotide
base. Red boxed T is the de novo mutation site using MRCA-S, orange C, G are ancestor mutations of
SARS-CoV-2 using MRCA-S-R. Cyan boxed T is de novo mutations using BANAL-52 as the reference.
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Orange T is the mutation of BANAL-52 using MRCA-S-R as the reference. Cyan C, G are ancestor
mutations of SARS-CoV-2 using BANAL-52 as the reference. Cyan A is the incorrect mutation using
BANAL-52 as the reference. L0 is the true mutation chain using MCRA-S as the reference. Lineage L1 was
correctly reconstructed by using a non-ancestor relative (BANAL-52) as the reference which appeared
earlier than the detected samples of the SARS-CoV-2. Cyan C, G and A were not considered in
reconstruction of transmission chain of L1 if no secondary mutation occurs on these sites (see below).

Figure 5

Illustration of model errors caused by the secondary mutations during the study period of three months
(i.e., bold purple boxed T or A in sequence S4) in the reconstruction of transmission chains and networks
by using BANAL-52 as the reference. S4 is assumed to be mutated into S4b. (A) Transmission chains
reconstructed by using samples with no secondary mutations: L0 = S1→S2→S3→S4→S5→S6. (B)
Secondary mutations occur in the de novo mutation sites of sequence S4 with or without extra copies,
resulting in L1.1c = S1→S2→S3→S4→S5→S6 and L1.2c = S4b (B1, with extra copies), or L1.1n =
S1→S2→S3→S5→S6 and L1.2n = S4b (B2, without extra copies). (C) Secondary mutations occur in the
de novo mutation site of S4, resulting in a sequence same to S3. If S4 has extra copies, L2c =
S1→S2→S3→S4→S5→S6 (C1), otherwise, L2n = S1→S2→S3→S5→S6 (C2). (D) Secondary mutations
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occur in the site that BANAL-52 is different from that of the MRCA of SARS-CoV-2 (equivalent to the 3.2%
difference region in genome between SARS-CoV-2 and BANAL-52). L3.1c = L1.1n =
S1→S2→S3→S4→S5→S6, and L3.2c = S4b (D1, with extra copies), or L3.1n = S1→S2→S3→S5→S6,
L3.2n = S4b→S5→S6 (D2, without extra copies). 

Figure 6

Frequency in the number of BANAL-52-ref mutation sites in SARS-CoV-2 genome against the number of
unique sequences (nodes) that contain these sites. A. 1 to 200 unique sequences. B. 201 to 7718 unique
sequences. C. 7719 to 7918 unique sequences.
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Figure 7

Kernel density of transmission chains with different chain lengths (i.e., number of nodes) in the
transmission chains or networks of SARS-CoV-2. (A) Transmission chains. (B) Transmission network by
only counting the longest transmission chain.

Figure 8
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Frequency of sampling time (day) of root node samples with different chain lengths. (A) Transmission
chains. (B) Transmission network by keeping chains with the longest chain length. The lower end of the
line represents the earliest sample sampling time of root nodes, the upper end represents the latest
sample sampling time of root nodes, and the width of the shade indicates the number of samples
corresponding to the sampling time.
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