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Currently, the origin and early transmission pattern of SARS-
CoV-2 remain unknown. The Time to the Most Recent
Common Ancestor (TMRCA) of SARS-CoV-2 has been
suggested to be mid-October or November of 2019 (Pekar et
al., 2021; van Dorp et al., 2020) by using a small number of
early samples which may not cover full lineages of its evo-
lutionary tree. Available methods of estimating 7TMRCA of
viruses (Drummond et al., 2003) are often time-consuming
and thus constrained by using big data.

By using SARS-CoV-2 variation data of 255,039 genome
sequences during the first 13 months since December 24,
2019 from the China National Center for Bioinformation
(CNCB), we estimated the divergent time (D7) of SARS-
CoV-2 of six continents and the world with a Wuhan re-
ference collected on December 31, 2019 (GenBank acces-
sion number: MN908947.3) (Figure 1; Figures S1, S2, and
Data S1 in Supporting Information). DT is a measure of the
divergent time of samples from a region with the Wuhan
reference based on a cumulative number of nucleotide sub-
stitutions (Figure S3 in Supporting Information). DT is not
the TMRCA of a region unless its own reference is used, and
DT of a region <TMRCA of all regions. The cumulative
number of substitutions (#4,) of each sequence at time ¢ and
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its variance within a time window (¥, , variance of M,) were

calculated using the Wuhan reference. First, by using re-
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gression models (rDT method) between M, or ¥, and sam-
pling time (¢), we estimated 7, (DT=-T,/2), M, (M, on
December 31, 2019), substitution rate (a), and substitution
variance rate (b) of SARS-CoV-2 in six continents. Second,
by using the mean substitution rate, we estimated the iDT of
each sequence, mean DT of all sequences, and some un-
expected extreme high-substitution sequences of six con-
tinents and the world (iDT method).

Daily M, of all six continents shows a significant linear
increase over time (¢) (Figure 1H; Table S1 in Supporting
Information), indicating the evolution of SARS-CoV-2 fol-
lows the prediction of Molecular Clock Theory (Figures S1
and S2 in Supporting Information). The divergent time (rDT)
was estimated by using regression models: M,=M,+ta*t and
Ty=—My/a tDT=-Ty/2) (Table S1 in Supporting Informa-
tion). The mean rDT and M, of the six continents are 20.6
days (95%CI: 6.2, 35) and 2.0 (95%CI: 0.6, 3.4), which all
are significantly different from zero (P<0.05, r-test), sug-
gesting the divergence should start about 3 weeks in average
in the world before December 31, 2019. The ranking order of
mean rDT (days) is: South America (36.2)>North America
(32.6)>Oceania (21.2)>Africa (18.4)>Asia (17.8)>Europe
(2.7). tDT of the Chinese mainland is 9.1 days. The mean a
of six continents is 0.0512 (95%CI: 0.044, 0.058) (i.e., 1.536
substitution per month) with the ranking order of Europe
(0.0630)>Oceania (0.0526)>Asia (0.0520)>South America
(0.0480)>North America (0.0452)>Africa (0.0462). a of the
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Figure 1 Illustrations of estimating 7, (D7=—-T1,/2) and M, by using regression models (B, C, D) and the deviated daily cumulative number of mutation
(dM,) from the expected values based on the mean substitution rate (E, F, G) when the reference (grey circles) is located in the ancestor position (B, E) or non-
ancestor position (C, D, F, G) in the evolutionary tree (A). H, Daily cumulative number of nucleotide substitutions (M,) and divergent time (iD7) for SARS-
CoV-2 samples of all, M>2xeM, and >4xeM, of six continents since December 24, 2019 (=0). eM,, the expected M, at day ¢.
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Chinese mainland is 0.0483. M, and V, represent monthly

M, and its variance at month ¢, respectively (Tables S2 and S3
in Supporting Information). We estimated b by using the
regression model: ¥, = ¥, +bt; V, shows a significant or an
approximately significant linear increasing trend with time
(Table S4 in Supporting Information), indicating the evolu-
tion of SARS-CoV-2 follows the prediction of the Relaxed
Molecular Clock theory, not the Strict Molecular Clock
theory (Figures S1 and S2 in Supporting Information).

We estimated the daily deviated cumulative number of
substitutions (dM,) of each sequence of the world by using
the mean daily substitution rate (0.0512) and the equation:
dM=M—-0.0512%¢ (t,=December 24, 2019). The mean dM, of
the world was estimated to be 2.30 (95%CI: 2.28, 2.32;
n=255,039), which is significantly different from zero
(P<0.01, #-test) (Figure S4 in Supporting Information).
Based on dM,, we calculated the daily iDT of each sequence
at time ¢ by iDT=(dM,/0.0512)/2+7 (adding 7 days by re-
ferring to the 7-day difference between the sampling time of
the Wuhan reference and the starting time of samples)
(Figure 1H; Table S5 in Supporting Information). Also, iDT=
(M,/0.0512—¢)/2+7. The mean iDT of the world was esti-
mated to be 29.45 days (95%CI: 29.28, 29.63; n=255,039).

The mean iDT of the six continents was estimated to be
24.1 (95%CI, 9.7, 34.5) days by using their own substitution
rates (Table S5 in Supporting Information), with the ranking
order of South America (39.7)>North America (36.0)
>Qceania (24.7)>Africa (22.0)>Asia (21.3)>Europe (0.9)
(except for Europe, all>9.7 of the Chinese mainland,
P<0.001, Table S6 in Supporting Information). SD of iDTs of
the six continents ranges from 26.8 to 44.7 days, with the
ranking order of Africa (44.7)>Europe (38.6)>North Amer-
ica (37.3)>South America (34.8)>Asia (34.1)>Oceania
(26.8) (all>Chinese mainland, 21.5 days). The results of the
iDT method are very similar to those of the rDT method
(Table S1 vs. Table S5 in Supporting Information).

Both dM, and iDT show a general and symmetric bell-
shaped Kernel density distribution (Figure 1H; Figure S5 in
Supporting Information), suggesting the substitution rate
varied randomly. The variation (SD) may be caused by both
lineage diversity and substitution variance rate (Figure 1).
However, the bell-shaped distribution of dM, and iDT show a
long right-biased tail with a small peak for the world (also for
Europe, South America, and Oceania). iDT of the first large
and second small peaks (divided by 76 days) of the world is 8
and 112.7 days (around September 2019) before December
31, 2019, respectively. Samples of the second small wave
were mostly collected in late 2020 (Figure S6 in Supporting
Information).

To reveal potential earlier pandemics represented by rare
samples, we calculated the iDT of sequences with un-
expected extreme high daily M, (Figure 1; Table S5, Figures
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S4 and S5 in Supporting Information). The expected M, (eM,)
was calculated by: eM=axt. By referring to b, we defined
sequences with M>2x or 4xeM, as the unexpected extreme
high-substitution sequences (Figure S6 in Supporting In-
formation). The mean iDT for sequences with M>2xeM, and
>4xeM, of the world (a=0.0512) was estimated to be 81.2
days (95%CI: 79.9, 82.6; n=4,467) (around October 2019)
and 175.3 days (95%CI: 118.3, 232.4; n=68) (around June
2019); the iDT of 16 sequences is larger than 300 days
(around March 2019). The mean iDT with M>2xeM, of the
six continents (using a of each continent) is 81.6 days
(95%CI, 68.3, 103.2), with the ranking order of Africa
(108.3)>North America (87.8)>South America (83.4)>Eur-
ope (77.8)>Asia (71.4)>Oceania (61.1) (all>Chinese main-
land=39.71, P<0.001, Tables S5 and S6 in Supporting
Information); The mean iDT with M>4xeM, is 187.8 days
(95%CI: 145.5, 230.2), with the ranking order of South
America (192.8)>North America (240.3)>Europe (150.7)
>Africa (190.1)>Asia (165.4) (all>Chinese mainland=50.0,
P<0.05, Tables S5 and S6 in Supporting Information).
Samples of six continents with M>4xeM, were collected
within the first 227 days in 22 countries (or regions) from
Europe, Asia, North America, South America, and Africa.

Several factors may cause a biased estimation of divergent
time (Supplementary Information). Samples of a region
could be transported from other regions. The very large
variation of the substitution rate of SARS-CoV-2 may result
in under- or over-estimation of the divergent time. Big data
helps minimize such biased estimations. Estimates of iDT
around June or March with a small sample size need further
investigation.

In summary, a majority of SARS-CoV-2 samples has a
divergent time in December 2019, some samples have a di-
vergent time of around October, June, or March; all mean
DTs of the six continents (except for one estimate of Europe)
are significantly larger than those of Chinese mainland. Our
study indicates that SARS-CoV-2 shows a much earlier di-
vergence in the world than in the Chinese mainland. It is
necessary to search for the origins of SARS-CoV-2 and its
natural hosts in a broad time and space scale around the
world.
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