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Abstract

The rooting of the SARS-CoV-2 phylogeny is important for understanding the origin and early spread of the virus.
Previously published phylogenies have used different rootings that do not always provide consistent results. We inves-
tigate several different strategies for rooting the SARS-CoV-2 tree and provide measures of statistical uncertainty for all
methods. We show that methods based on the molecular clock tend to place the root in the B clade, whereas methods
based on outgroup rooting tend to place the root in the A clade. The results from the two approaches are statistically
incompatible, possibly as a consequence of deviations from a molecular clock or excess back-mutations. We also show
that none of the methods provide strong statistical support for the placement of the root in any particular edge of the
tree. These results suggest that phylogenetic evidence alone is unlikely to identify the origin of the SARS-CoV-2 virus and
we caution against strong inferences regarding the early spread of the virus based solely on such evidence.

Key words: SARS-CoV-2 phylogeny, outgroup rooting, molecular clock rooting.

SARS-CoV-2, the virus causing COVID-19 or “severe acute
respiratory syndrome,” has a single-stranded RNA genome
29,891 nucleotides in length (Wu et al. 2020; Zhou, Yang,
et al. 2020). The exact origin of the virus causing the human
pandemic is unknown, but two coronaviruses isolated from
bats—RaTG13 isolated from Rhinolophus affinis (Zhou, Chen,
et al. 2020) and RmYN02 isolated from Rhinolophus malaya-
nus (Zhou, Yang, et al. 2020), both from the Yunnan province
of China—appear to be closely related. After accounting for
recombination, the divergence time between these bat vi-
ruses and SARS-CoV-2 is estimated to be �52 years [95%
CI (28, 75)] and 37 years [95% CI (18, 56)] (Wang et al.
2020), for RaTG13 and RmYN02, respectively, using a strict
clock, only the most closely related sequences, and only syn-
onymous mutations, or 51 years [95% HPD credible interval
(40, 70)] for RaTG13 (Boni et al. 2020) using a relaxed clock
and all mutations including divergent sequences saturated in
synonymous sites. After the emergence of the virus was first
reported from Wuhan in China (Li 2020) it rapidly spread to
many other areas of the world (World Health Organization
2020). However, the events leading to the early spread of the
viruses are still unclear, in part because there is substantial
uncertainty about the rooting of the SARS-CoV-2 phylogeny.
The importance in identifying the origin of the virus has
prompted other analyses on the uncertainty of rooting the
phylogeny (Gomez-Carballa et al. 2020; Morel et al. 2020).
Previous analyses have reached different conclusions about
the rooting of the phylogeny. Although analyses that used an
outgroup reached one placement (Shen et al. 2020; Tang

et al. 2020; Yu et al. 2020; Zhang et al. 2020), analyses that
used midpoint rooting reached another placement (Li, Zai,
Zhao, et al. 2020; Li, Zai, Wang, et al. 2020; Nie et al. 2020), and
yet other analyses using a Bayesian molecular clock have
reached a different placement of the root (Benvenuto et al.
2020; Giovanetti et al. 2020; Lemey et al. 2020; Li, Li, et al.
2020).

As illustrated in figure 1 (see figure legend for methods
description), there is considerable discrepancy between root-
ings based on rooting with the two closest outgroup sequen-
ces using maximum likelihood (fig. 1A), which has a rooting in
clade A, and a Bayesian analysis using a molecular clock
(fig. 1B), which gives a rooting in clade B with posterior prob-
ability 0.96 (supplementary fig. S1, Supplementary Material
online). We have here used clade designations by Rambaut
et al. (2020). Clade B contains the earliest sequences from
Wuhan, and a rooting in this clade would be compatible with
the epidemiological evidence of an origin of SARS-CoV-2 in or
near Wuhan. However, if an outgroup rooting is assumed
(fig. 1A), the inferred origin is in Clade A which consists of
many individuals from both inside and outside East Asia. Such
a rooting would be compatible with origins of SARS-CoV-2
outside of Wuhan. The rooting of the SARS-CoV-2 pandemic
is, therefore, critical for our understanding of the origin and
early spread of the virus. However, it is not clear how best to
root the tree and how much confidence can be placed in any
particular rooting of the tree.

There are many different methods for inferring the root of
a phylogenetic tree, but they largely depend on three possible
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sources of information: outgroups, the molecular clock, and
nonreversibility. The latter source of information can be used
if the underlying mutational process is nonreversible, that is,
for some pair of nucleotides (i, j), the number of mutations
from i to j differs from the number of mutations from j to i, in
expectation at stationarity. However, this source of informa-
tion is rarely used to root trees because it relies on strong
assumptions regarding the mutational process, and it has
been shown to perform poorly on real data (Huelsenbeck
et al. 2002). Most studies use methods based on either out-
group rooting, molecular clock rooting, or a combination of
both. Outgroup rooting is perhaps the conceptually easiest
method to understand, and arguably the most commonly
used method. In outgroup rooting, the position in which
one or more outgroups connects to the ingroup tree is the
root position. Outgroup rooting can be challenged by long-

branch attraction if distant outgroups are being used (e.g.,
Felsenstein 1978; Maddison et al. 1984; Hendy and Penny
1989; Graham et al. 2002). In such cases, the outgroup will
have a tendency to be placed on the longest branches of the
ingroup tree. In viruses, in particular, because of their high
mutation rate, it can be challenging to identify an outgroup
sequence that is sufficiently closely related to the ingroup
sequences to allow reliable rooting. An alternative to out-
group rooting is molecular clock rooting, which is based on
the assumption that mutations occur at an approximately
constant rate, or at a rate that can be modeled and predicted
using statistical models (e.g., using a relaxed molecular clock,
such as Yoder and Yang 2000; Drummond et al. 2006). The
rooting is then preferred that makes the data most compat-
ible with the clock assumption by some criterion. Early meth-
ods for rooting using molecular clocks were often labeled

FIG. 1.. Estimated maximum likelihood tree using RAxML-NG (A) and maximum clade credibility tree using tip-dating using BEAST (B) for SARS-
CoV-2. The software package pangolin (https://github.com/hCoV-2019/pangolin, updated on May 1, 2020) was used for lineage assignment based
on lineages updated on April 27, 2020. The maximum likelihood estimate of the phylogeny was obtained using the program RAxML-NG (Kozlov
et al. 2019) under the GTRþC model of DNA substitution. We estimated the maximum clade credibility tree using a time-measured Bayesian
phylogenetic model implemented in BEAST (Suchard et al. 2018) v1.10.4 using a Markov chain Monte Carlo (MCMC) length of 10,000,000 steps
and sampling every 1,000 steps. We used a Hasegawa, Kishino, and Yano (HKY) substitution model (Hasegawa et al. 1985) with C distributed rate
heterogeneity with invariant sites and the uncorrelated relaxed clock with a lognormal distribution using default parameters. We specified
exponential growth coalescent tree priors, used an exponential prior distribution with a mean and initial value of 1� 10�3 for the clock rate, and
used the tree prior with default values for the root height. Both of these parameters had effective sample sizes of >100. All of the other BEAST
parameters not mentioned here were set as the default values. TreeAnnotator was used to annotate the maximum clade credibility tree. The
estimated posterior probability of a rooting in clade B is large (9,616/10,000 sampled trees have roots in clade B, see supplementary fig. S1,
Supplementary Material online).
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“midpoint rooting” as some original methods were based on
placing the root halfway between the most distant leaf nodes
in the tree (e.g., Swofford et al. 1996). More modern methods
use more of the phylogenetic information, for example, by
finding the rooting that minimizes the variance among leaf
nodes in their distance to the root (e.g., Mai et al. 2017) or
produces the best linear regression of root-to-tip distances
against sampling times when analyzing heterochronous data
(Rambaut et al. 2016). Methods for inferring phylogenetic
trees that assume an ultrametric tree (i.e., a tree that perfectly
follows a molecular clock), such as unweighted pair group
method with arithmetic mean (UPGMA; Sokal and Michener
1958), directly infer a rooted tree. Similarly, Bayesian phylo-
genetic methods using birth–death process priors (Kendall
1948; Thompson 1975) or coalescent priors (Kingman 1982a,
1982b, 1982c) also implicitly infer the root. But even with
uninformative priors on the tree, the placement of the root
can be estimated in Bayesian phylogenetics using molecular
clock assumptions. An advantage of such methods, over
methods that first infer the branch lengths of the tree and
then identify the root most compatible with a molecular
clock, is that they explicitly incorporate uncertainty in the
branch length estimation when identifying the root and they
simultaneously provide measures of statistical uncertainty in
the rooting of the tree. Huelsenbeck et al. (2002) investigated
the use of Bayesian inference of root placement and found
high consistency between outgroup rooting and molecular
clock rooting. The objective of this study is to determine how
well the root of the SARS-CoV-2 phylogeny can be identified
and to provide measures of statistical uncertainty for the
placement of the root of the SARS-CoV-2 pandemic. There
are several challenges when doing so. First, and most impor-
tantly, there is very little variability among the early emerging
strains of the virus, challenging both molecular clock and
outgroup rooting. Secondly, although the nearest outgroup
sequence (RmYN02) is 97.2% identical to SARS-CoV-2 (Zhou,
Chen, et al. 2020), the synonymous divergence is >11% re-
vealing the presence of appreciable homoplasy, providing po-
tential additional uncertainty for outgroup rooting. Thirdly, it
is unclear if a molecular clock assumption is suitable during
the early phases after zoonotic transfer where selection could
possibly be quite strong. Finally, coronaviruses experience
substantial recombination (e.g., Boni et al. 2020; Patino-
Galindo et al. 2020), and although there is no current evi-
dence of recombination into SARS-CoV-2 since its divergence
with RaTG13 and RmYN02 (Boni et al. 2020; Wang et al.
2020), both of these viruses show evidence of recombination
with other viruses, particularly around the gene encoding the
Spike protein, that elevates the divergence from outgroup
viral strains locally (e.g., Boni et al. 2020; Wang et al. 2020).
Recombination in the outgroups is at odds with the assump-
tion of a single phylogenetic tree shared by all sites assumed
by phylogenetic models when using outgroup rooting, par-
ticularly if more than one outgroup is included in the analysis.

To investigate the possible rootings of the SARS-CoV-2
phylogeny we used six different methods and quantified
the uncertainty in the placement of the root for each method
on the inferred maximum likelihood topology. We note that

the question of placement of a root is a question idiosyncratic
to a specific phylogeny, and to define this question we fixed
the tree topology, with the exception of the root placement,
in all analyses. In all cases, we applied the method to the
alignment of 132 SARS-CoV-2 sequences and two putative
outgroup sequences, RaTG13 and RmYN02 (see supplemen-
tary table S1, Supplementary Material online) that was con-
strained such that the protein-coding portions of the SARS-
CoV-2 genome were in frame, and is described in detail in
Wang et al. (2020). To ensure that we could accurately cap-
ture the rooting from available sequences, the sequences used
for the analysis are chosen to be representative of the basal
branches of the phylogeny and/or were early sequenced
strains. There are two orders of magnitude more strains avail-
able in public databases, however these sequences are more
terminally located and would provide little additional infor-
mation about the placement of the root but have the poten-
tial to add a significant amount of additional noise. We are
therefore focusing our efforts on the limited data set of early
sequences. However, we note that future inclusion of more
sequences with a basal position in the phylogeny (with few
splits between the edge leading to the sequence and the root)
could add additional information. The maximum likelihood
estimate of the phylogeny was obtained using the program
RAxML-NG (Kozlov et al. 2019) under the GTRþC model of
DNA substitution. The topology of the tree is shown in fig-
ure 2. The outgroup sequences were pruned from the tree
using nw_prune from Newick utilities v1.6 (Junier and
Zdobnov 2010). Bootstrapping was performed using the
RAxML-NG –bootstrap option. For the RaTG13þRmYN02
analysis, only bootstrapped trees that formed a monophyletic
group for RaTG13 and RmYN02 were kept. The clades of the
tree were assigned according to nomenclature proposed by
Rambaut et al. (2020) where the A and B clades are defined by
the mutations at the genome positions 8782 and 28144 and
based on whether or not they share those sites with RaTG13.
The six different methods for identifying the root of the SARS-
CoV-2 phylogeny were:

(1) Outgroup rooting using RaTG13. We constrained the tree
topology to be equal to the unrooted SARS-CoV-2 phy-
logeny, that is, the only topological parameter estimated
was the placement of the RaTG13 sequence on the
unrooted SARS-CoV-2 phylogeny. We masked the poten-
tial recombination segment (NC_045512v2 positions
22851–23094) in RaTG13 identified in Wang et al.
(2020) from the alignment. To quantify uncertainty we
obtained 1,000 bootstrap samples. We note that although
interpretation of bootstrap proportions in phylogenetics
can be problematic (see Efron et al. 1996), in the current
context they should have a more simple interpretation as
providing a confidence set for the placement of the root,
that is, if the sum of bootstrap proportions exceed 0.95 for
a set of edges, under repeated sampling we would expect
the root to be placed on one of these edges with prob-
ability >0.95. However, as there are very few informative
sites, the bootstrap could potentially lead to poorly cali-
brated confidence intervals. To assess this issue, we
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performed 1,000 parametric simulations using pyvolve
(Spielman and Wilke 2015) using maximum likelihood
estimates, from the original data set, of the model of
molecular evolution and the phylogenetic tree, including
branch lengths (see supplementary table S2,
Supplementary Material online). For each simulation,
we then estimated the tree using the same procedure
as used for the real data for both the simulated data,
and for 100 bootstrap replicates. We then constructed
confidence sets by finding a set of branches b ¼ f
b1; b2; . . . ; bkg such that pðb1Þ þ pðb2Þ þ � � � þ pðbkÞ
� 0:95 and for which jbj is minimal, where pðbiÞ is the
bootstrap proportion for branch i. Notice in supplemen-
tary figure S2, Supplementary Material online, that the
bootstrap proportions provide rather poor measures of
confidence if interpreted as such. This is likely because of
the small number of mutations observed on each branch.
We, therefore, consider the posterior probabilities (de-
scribed in the next sections) to be more interpretable
measures of uncertainty than the bootstrap proportions.

(2) Outgroup rooting using RmYN02. We used the same
methods as in (1) but with RmYN02 replacing RaTG13.
The two potential recombination segments in RmYN02
identified in (Wang et al. 2020) from the alignment

(NC_045512v2 positions 21225–24252 and positions
25965–27859) were masked.

(3) Outgroup rooting using both RmYN02 and RaTG13. In
this case we masked all of the recombination segments
identified in either RmYN02 or RaTG13 and additionally
constrained the topology to make RmYN02 and RaTG13
form a clade in the unrooted phylogeny.

(4) We use the “rtt” function implemented in the R package
APE (Paradis and Schliep 2019) based on the regression
method of Rambaut (2000, 2016) applied to the maxi-
mum likelihood tree. This method uses the molecular
clock to root the tree. We again quantified uncertainty
using 1,000 bootstrap samples.

(5) We used the Bayesian molecular clock rooting method
described in Huelsenbeck et al. (2002) but constrained to
maintain the maximum likelihood topology as in the pre-
vious rooting methods. We wrote specialized software to
calculate the posterior probability distribution of the root
position under the molecular clock (the “Rooter”
method). The program constrained the unrooted tree
of the human SARS-CoV-2 sequences, estimated via max-
imum likelihood. However, all other parameters of the
phylogenetic model were treated as random variables.
The GTRþC model of DNA substitution was assumed
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in all Bayesian analyses. We used Markov chain Monte
Carlo (MCMC) with 10,000,000 cycles with a sample fre-
quency of 1,000 to update all of the model parameters.
For the outgroup criterion, we initialized the tip dates
using the sample dates of the viruses (which ranged
from December 23, 2019 to March 24, 2020). The molec-
ular clock was enforced, with an exponential prior with
parameter k ¼ 1000 placed on the tree height.

(6) We used an outgroup rooting method (the “Ogrooter”
method) as described in (5) except where each branch
length had an independent exponential prior with param-
eter k ¼ 1000. The outgroup criterion was used to root
the tree. That is, we kept track of where the RaTG13 and
RmYN02 sequences, which were forced to be monophy-
letic, joined the ingroup tree of 132 human SARS-CoV-2
sequences. We report the marginal posterior probability
of the root position, which is approximated using MCMC
as the fraction of the time the outgroup sequences joined
the various branches.

Notice, the four methods for outgroup rooting are largely
compatible (fig. 2). Most of the bootstrap replicates place the
root in one of two places: in a clade leading to three Japanese
sequences, two sequences from the USA, two Shenzhen
sequences, and one Beijing sequence (with bootstrap propor-
tion varying between 0.068 and 0.184, and posterior proba-
bility 0.0413) and in a clade leading to two Washington
sequences, one Shanghai sequence, and one Zhejiang se-
quence (with bootstrap proportion varying between 0.074
and 0.142, and posterior probability 0.0363). None of these
rootings are very epidemiologically plausible given that the
first outbreak of SARS-CoV-2 was identified in Wuhan. There
are also positive bootstrap proportions on other edges of the
tree. Importantly, there is not a single placement that has high
bootstrap proportion. In fact, the highest bootstrap propor-
tion on any edge of the tree for any bootstrap method is only
0.245 and when using both RmYN02 and RaTG13, no place-
ment has a higher bootstrap proportion than 0.2. Perhaps,
surprisingly, the bootstrap proportions do not get more con-
centrated when adding both RmYN02 and RaTG13. A possi-
ble explanation for this is the reduction in alignment length
when removing the recombination fragments from RmYN02.
The two methods for placing the root using a molecular clock
are also mostly compatible with each other. Rooter places
about half of the posterior probability (0.464), and the root-
to-tip regression rooting method (rtt) places 0.341 bootstrap
proportion, at the earliest collected sequence from Wuhan
(Wuhan/IPBCAMS-WH-01/2019). Rooter also places 0.137
probability on the edge leading to this sequence and 0.151
probability on the sister edge to this sequence. However,
there is also considerable probability assigned in various other
positions. No singular placement in the tree receives more
than 0.464 probability.

To investigate differences in signs of temporal signal for the
outgroup rooting and the molecular clock rooting, we calcu-
lated root-to-tip distances using TempEst v1.5.3 (Rambaut
et al. 2016) for the ML tree using the outgroup rooting (sup-
plementary fig. S3, Supplementary Material online) and a

rerooting of the ML tree using the molecular clock rooting
(supplementary fig. S4, Supplementary Material online).
Rerooting was performed using nw_reroot from Newick util-
ities v1.6 (Junier and Zdobnov 2010). As expected, the mo-
lecular clock rooting has more temporal signal (r¼ 0.403, P-
value¼ 7.226� 10�8) than the outgroup rooting (r¼ 0.271,
P-value¼ 3.367� 10�4). Additionally, we infer the root age of
the molecular clock rooting to be in mid-October 2019
(2019.794) with a 95% confidence interval of [2019.225,
2020.363] and we estimate the rate of evolution to be
5.470� 10�4 substitutions per site per year with a 95% con-
fidence interval of [3.049� 10�4, 7.891� 10�4]. Despite our
small sample size and our focus on basal lineages of the SARS-
CoV-2 tree to assess uncertainty in the rooting of the phy-
logeny, this is largely compatible with other estimates of the
time to the most common recent ancestor (e.g., Lai et al.
2020; van Dorp et al. 2020). The inferred root age of the
outgroup rooting is much earlier than other estimates, in
mid-August of 2019 (2019.632), with a much wider 95% con-
fidence interval of [2017.632, 2020.469], an indication of
greater uncertainty and less molecular clock signal. We esti-
mate the rate of evolution for the outgroup rooting to be
3.547� 10�4 substitutions per site per year with a 95% con-
fidence interval of [1.112� 10�4, 5.969� 10�4]. We calcu-
lated the confidence intervals for the root age and the rate
of evolution using the standard errors of the x-intercept and
the slope, respectively, which was estimated using a nonpara-
metric bootstrap of the alignment sites with n¼ 5,000. Using
the same bootstrapping of the alignment, we calculated the
P-values for the correlations using a two-sided Wald test. The
results are qualitatively similar to the results inferred from the
BEAST analysis in figure 1B, which also give an older inferred
root age when the tree has a root is in clade A (mean age
2019.769) than when it is in clade B (mean age 2019.827)
(supplementary fig. S1, Supplementary Material online).

We also assessed the temporal signal in the data using
Bayesian evaluation of temporal signal (BETS) (Duchene,
Lemey, et al. 2020), which estimates the marginal likelihoods
using a model that contains sampling times and a model
containing no sampling times. A model is preferred over an-
other according to their ratio of marginal likelihoods. The
model using sampling times is expected to have the highest
statistical fit if the data contain temporal signal. BETS provides
further evidence that there is temporal signal in the data with
only a modest improvement in statistical fit for the relaxed
clock over the strict clock model (supplementary fig. S5,
Supplementary Material online). Additionally, Duchene,
Featherstone, et al. (2020) have used BETS to show that there
is positive evidence for temporal signal if SARS-CoV-2
genomes past February 2nd are included in the data.
Although molecular clock rooting and the outgroup rooting
strategies internally give qualitatively similar results, they are
largely incompatible with each other. The molecular clock
rooting places the root in the B clade with high confidence,
whereas outgroup rooting places the root in the A clade with
similarly high confidence. The reason for this discrepancy is
unclear, but it could be caused either by deviations from a
molecular clock or excess back-mutations, that is,
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unexpectedly many mutations in the same site occurring
both within the SARS-CoV-2 phylogeny and on the lineage
leading to the outgroup(s). We were able to capture out-
group rooting compatible with the molecular clock rooting
(obtaining an outgroup rooting in clade B instead of clade A)
by removing three positions from the alignment (8782, 18060,
and 28144) (supplementary fig. S6, Supplementary Material
online). All of these positions have negative phyloP values
based on the UCSC 119way alignment (Fernandes et al.
2020), which suggests fast evolution. Although positions
8782 and 18060 are synonymous changes, position 28144 is
a missense mutation in orf8 whose function is unclear, but
which has also back-mutated in more recent samples of the A
clade. Also, all three mutations are between T and C which
occur with particularly high rate within SARS-CoV-2 (see e.g.,
https://virological.org/t/issues-with-sars-cov-2-sequencing-
data/473). The most likely explanation for the observed dis-
crepancy between the rootings might be hypermutability in
these sites causing excess back-mutations, suggesting that the
molecular clock rooting is more reliable. However, we cannot
exclude an increased rate of mutation (or sequencing errors)
in the A clade that would attract the root to this clade.
However, both methods of rooting reveal substantial uncer-
tainty in the placement of the root.

The rooting of the SARS-CoV-2 phylogeny has important
implications for our understanding of Covid19 epidemiology.
Rooting in the B clade is compatible with an origin in or near
Wuhan, whereas a rooting in Clade A suggests alternative
origins of the virus, perhaps outside East Asia. The phyloge-
netic evidence alone, which is the focus of our study, is not
sufficient to resolve this issue. However, we note that the vast
majority of epidemiological evidence points to an origin of
the virus in or near Wuhan. Furthermore, hypermutation in a
few sites, not accounted for in standard models of molecular
evolution, might be able to explain the signal in the outgroup
rooting toward a root in Clade A. For that reason we consider
the rooting in Clade B, as estimated in molecular clock anal-
yses, and implied in standard phylodynamic analyses (e.g.,
Lemey et al. 2020), to be the most plausible rooting.
However, as a root in Clade B cannot be excluded based on
the phylogenetic evidence alone, it might be prudent to avoid
strong inferences regarding the early divergence of SARS-
CoV-2 based on a fixed rooting in either the A or the B clade,
and analyses based on the outgroup rooting should be
avoided until outgroups more closely related to SARS-CoV-
2 have been discovered. Although the outgroup rooting
seems the least compatible with the available epidemiological
evidence, we recommend that studies that use rooting for
inferences: 1) use methods that can take uncertainty in the
rooting into account, for example by integrating over possible
rootings, as accomplished by Bayesian phylogenetic methods,
and 2) combine evidence from outgroup rooting and molec-
ular clock rootings. The latter could, for example, be accom-
plished in a Bayesian framework by also including outgroup
sequences in traditional phylodynamic analyses, but with a
different prior governing the evolution and epidemiology of
the outgroup sequences than that used for the ingroup
sequences.

Supplementary Material
Supplementary data are available at Molecular Biology and
Evolution online.

Acknowledgments
We thank Dr Adi Stern for discussion. We thank the editors
and the reviewers for their insightful comments. R.N. was
supported by NIH grant 1R01GM138634-01 and by the the
Koret Berkeley Tel Aviv Initiative for Computational Biology.

Data Availability
Rooter and Ogrooter are written by J.H. and are available for
download at https://github.com/NielsenBerkeleyLab/rooter
and https://github.com/NielsenBerkeleyLab/ogrooter,
respectively.

References
Benvenuto D, Giovanetti M, Salemi M, Prosperi M, De Flora C, Junior

Alcantara LC, Angeletti S, Ciccozzi M. 2020. The global spread of
2019-ncov: a molecular evolutionary analysis. Pathog Glob Health.
114(2):64–67.

Boni MF, Lemey P, Jiang X, Lam TT-Y, Perry B, Castoe T, Rambaut A,
Robertson DL. 2020. Evolutionary origins of the sars-cov-2 sarbeco-
virus lineage responsible for the covid-19 pandemic. Nat Microbiol.
5(11):1408–1417.

Drummond AJ, Ho SY, Phillips MJ, Rambaut A. 2006. Relaxed phyloge-
netics and dating with confidence. PLoS Biol. 4(5):e88.

Duchene S, Featherstone L, Haritopoulou-Sinanidou M, Rambaut A,
Lemey P, Baele G. 2020. Temporal signal and the phylodynamic
threshold of sars-cov-2. Virus Evol. 6(2):1–8.

Duchene S, Lemey P, Stadler T, Ho SYW, Duchene DA, Dhanasekaran V,
Baele G. 2020. Bayesian evaluation of temporal signal in measurably
evolving populations. Mol Biol Evol. 37(11):3363–3379.

Efron B, Halloran E, Holmes S. 1996. Bootstrap confidence levels for
phylogenetic trees. Proc Natl Acad Sci USA. 93(23):13429.

Felsenstein J. 1978. Cases in which parsimony or compatibility methods
will be positively misleading. Syst Zool. 27(4):401.

Fernandes JD, Hinrichs AS, Clawson H, Navarro Gonzalez J, Lee BT,
Nassar LR, Raney BJ, Rosenbloom KR, Nerli S, Rao A, et al. 2020.
The ucsc sars-cov-2 genome browser. Nat Genet. 52(10):991–998.

Giovanetti M, Benvenuto D, Angeletti S, Ciccozzi M. 2020. The first two
cases of 2019-ncov in Italy: where they come from? J Med Virol.
92(5):518–521.

Gomez-Carballa A, Bello X, Pardo-Seco J, Martinon-Torres F, Salas A.
2020. Mapping genome variation of sars-cov-2 worldwide highlights
the impact of covid-19 super-spreaders. Genome Res.
30(10):1434–1448. pages

Graham SW, Olmstead RG, Barrett SC. 2002. Rooting phylogenetic trees
with distant outgroups: a case study from the commelinoid mono-
cots. Mol Biol Evol. 19(10):1769–1781.

Hasegawa M, Kishino H, Yano T-A. 1985. Dating of the human-ape
splitting by a molecular clock of mitochondrial DNA. J Mol Evol.
22(2):160–174.

Hendy MD, Penny D. 1989. A framework for the quantitative study of
evolutionary trees. Syst Zool. 38(4):297–309.

Huelsenbeck JP, Bollback JP, Levine AM. 2002. Inferring the root of a
phylogenetic tree. Syst Biol. 51(1):32–43.

Junier T, Zdobnov EM. 2010. The newick utilities: high-throughput phy-
logenetic tree processing in the unix shell. Bioinformatics
26(13):1669–1670.

Kendall DG. 1948. On the generalized “birth–death” process. Ann Math
Stat. 19(1):1–15.

Kingman JFC. 1982a. The coalescent. Stoch Process Appl. 13(3):235–248.

Pipes et al. . doi:10.1093/molbev/msaa316 MBE

1542

D
ow

nloaded from
 https://academ

ic.oup.com
/m

be/article/38/4/1537/6028993 by D
anish R

egions user on 22 June 2021

https://virological.org/t/issues-with-sars-cov-2-sequencing-data/473
https://virological.org/t/issues-with-sars-cov-2-sequencing-data/473
https://github.com/NielsenBerkeleyLab/rooter
https://github.com/NielsenBerkeleyLab/ogrooter


Kingman JFC. 1982b. Exchangeability and the evolution of large popu-
lations. In: Koch G, Spizzichino F, editors. Exchangeability in proba-
bility and statistics. North-Holland, Amsterdam: Elsevier. p. 97–112.

Kingman JFC. 1982c. On the genealogy of large populations. In: Gani J,
Hannan EJ, editors. Essays in statistical science: papers in honour of P.
A. P. Moran, journal of applied probability, special volume 19A.
London: Applied Probability Trust. p. 27–43.

Kozlov AM, Darriba D, Flouri T, Morel B, Stamatakis A. 2019. Raxml-ng: a
fast, scalable and user-friendly tool for maximum likelihood phylo-
genetic inference. Bioinformatics 35(21):4453–4455.

Lai A, Bergna A, Acciarri C, Galli M, Zehender G. 2020. Early phylogenetic
estimate of the effective reproduction number of sars-cov-2. J Med
Virol 92(6):675–679.

Lemey P, Hong S, Hill V, Baele G, Poletto C, Colizza V, O’Toole A,
McCrone JT, Andersen KG, Worobey M, et al. 2020.
Accommodating individual travel history, global mobility, and
unsampled diversity in phylogeography: a sars-cov-2 case study.
Nat Comm. 11(1):5110.

Li J, Li Z, Cui X, Wu C. 2020. Bayesian phylodynamic inference on the
temporal evolution and global transmission of sars-cov-2. J Infect.
81(2):318–356.

Li Q, et al. 2020. An outbreak of NCIP (2019-nCoV) infection in China-
Wuhan, Hubei Province, 2019–2020. China CDC Wkly. 2(5):79–80.

Li X, Zai J, Wang X, Li Y. 2020. Potential of large “first generation” human-
to-human transmission of 2019-ncov. J Med Virol. 92(4):448–454.

Li X, Zai J, Zhao Q, Nie Q, Li Y, Foley BT, Chaillon A. 2020. Evolutionary
history, potential intermediate animal host, and cross-species anal-
yses of sars-cov-2. J Med Virol. 92(6):602–611.

Maddison WP, Donoghue MJ, Maddison DR. 1984. Outgroup analysis
and parsimony. Syst Biol. 33(1):83–103.

Mai U, Sayyari E, Mirarab S. 2017. Minimum variance rooting of phylo-
genetic trees and implications for species tree reconstruction. PLoS
One 12(8):e0182238.

Morel B, Barbera P, Czech L, Bettisworth B, Huebner L, Lutteropp S,
Serdari D, Kostaki E-G, Mamais I, Kozlov A, et al. 2020.
Phylogenetic analysis of sars-cov-2 data is difficult. Mol Biol Evol.
doi:10.1093/molbev/msaa314.

Nie Q, Li X, Chen W, Liu D, Chen Y, Li H, Li D, Tian M, Tan W, Zai J. 2020.
Phylogenetic and phylodynamic analyses of sars-cov-2. Virus Res.
287:198098.

Paradis E, Schliep K. 2019. ape 5.0: an environment for modern phylo-
genetics and evolutionary analyses in R. Bioinformatics
35(3):526–528.

Patino-Galindo JA, Filip I, AlQuraishi M, Rabadan R. 2020.
Recombination and lineage-specific mutations led to the emergence
of sars-cov-2. bioRxiv. 10.1101/2020.02.10.942748

Rambaut A. 2000. Estimating the rate of molecular evolution: incorpo-
rating non-contemporaneous sequences into maximum likelihood
phylogenies. Bioinformatics 16(4):395–399.

Rambaut A, Lam TT, Max Carvalho L, Pybus OG. 2016. Exploring the
temporal structure of heterochronous sequences using tempest
(formerly path-o-gen). Virus Evol. 2(1):vew007.

Rambaut A, Holmes EC, Hill V, OToole A, McCrone J, Ruis C, du Plessis L,
Pybus O. 2020. A dynamic nomenclature proposal for sars-cov-2 to
assist genomic epidemiology. Nat Microbiol. 5(11):1403–1407.

Shen L, Bard JD, Biegel JA, Judkins AR, Gai X. 2020. Comprehensive
genome analysis of 6,000 USA sars-cov-2 isolates reveals haplotype
signatures and localized transmission patterns by state and by coun-
try. Front Microbiol. 11:2160.

Sokal RR, Michener CD. 1958. A statistical method for evaluating sys-
tematic relationships. Univ Kans Sci Bull. 28:1409–1438.

Spielman SJ, Wilke CO. 2015. Pyvolve: a flexible python module
for simulating sequences along phylogenies. PLoS One
10(9):e0139047.

Suchard MA, Lemey P, Baele G, Ayres DL, Drummond AJ, Rambaut A.
2018. Bayesian phylogenetic and phylodynamic data integration us-
ing beast 1.10. Virus Evol. 4(1):vey016.

Swofford D, Olsen P, Waddell P, Hillis D. 1996. Molecular systematics,
chapter phylogenetic inference. Sinauer Assoc. 15:407–514.

Tang X, Wu C, Li X, Song Y, Yao X, Wu X, Duan Y, Zhang H, Wang Y,
Qian Z, et al. 2020. On the origin and continuing evolution of SARS-
CoV-2. Natl Sci Rev. 7:1012–1023.

Thompson EA. 1975. Human evolutionary trees. Cambridge, (England):
Cambridge University Press.

van Dorp L, Acman M, Richard D, Shaw LP, Ford CE, Ormond L, Owen
CJ, Pang J, Tan CC, Boshier FA, et al. 2020. Emergence of genomic
diversity and recurrent mutations in sars-cov-2. Infect Genet Evol.
83:104351.

Wang H, Pipes L, Nielsen R. 2020. Synonymous mutations and the mo-
lecular evolution of sars-cov-2 origins. bioRxiv. 10.1101/
2020.04.20.052019

World Health Organization. 2020. Coronavirus disease 2019 (covid-19)
situation report 41. Available from: https://www.who.int/docs/de-
fault-source/coronaviruse/situation-reports/20200301-sitrep-41-
covid-19.pdf? sfvrsn¼6768306d_2. Accessed December 17, 2020.

Wu F, Zhao S, Yu B, Chen Y-M, Wang W, Song Z-G, Hu Y, Tao Z-W, Tian
J-H, Pei Y-Y, et al. 2020. A new coronavirus associated with human
respiratory disease in china. Nature 579(7798):265–269.

Yoder AD, Yang Z. 2000. Estimation of primate speciation dates using
local molecular clocks. Mol Biol Evol. 17(7):1081–1090.

Yu W-B, Tang G-D, Zhang L, Corlett RT. 2020. Decoding the
evolution and transmissions of the novel pneumonia coronavirus
(sars-cov-2/hcov-19) using whole genomic data. Zool Res.
41(3):247–257.

Zhang L, Shen F-M, Chen F, Lin Z. 2020. Origin and evolution of the 2019
novel coronavirus. Clin Infect Dis. 71(15):882–883.

Zhou H, Chen X, Hu T, Li J, Song H, Liu Y, Wang P, Liu D, Yang J, Holmes
EC, et al. 2020. A novel bat coronavirus reveals natural insertions at
the s1/s2 cleavage site of the spike protein and a possible recombi-
nant origin of hcov-19. Curr Biol. 30(19):3896.

Zhou P, Yang X-L, Wang X-G, Hu B, Zhang L, Zhang W, Si H-R, Zhu Y, Li
B, Huang C-L, et al. 2020. A pneumonia outbreak associated
with a new coronavirus of probable bat origin. Nature
579(7798):270–273.

SARS-CoV-2 Phylogeny . doi:10.1093/molbev/msaa316 MBE

1543

D
ow

nloaded from
 https://academ

ic.oup.com
/m

be/article/38/4/1537/6028993 by D
anish R

egions user on 22 June 2021

https://www.who.int/docs/default-source/coronaviruse/situation-reports/20200301-sitrep-41-covid-19.pdf? sfvrsn=6768306d_2
https://www.who.int/docs/default-source/coronaviruse/situation-reports/20200301-sitrep-41-covid-19.pdf? sfvrsn=6768306d_2
https://www.who.int/docs/default-source/coronaviruse/situation-reports/20200301-sitrep-41-covid-19.pdf? sfvrsn=6768306d_2
https://www.who.int/docs/default-source/coronaviruse/situation-reports/20200301-sitrep-41-covid-19.pdf? sfvrsn=6768306d_2

