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Background
The human severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) was
first detected in late 2019 in patients from the city of Wuhan (Hubei province,
China) suffering from respiratory illnesses and leading to a disease that has been
popularized as coronavirus or covid-19. The disease was declared an
International Public Health Emergency on 30 January 2020, and a few weeks
later, on 11 March 2020, it was declared a pandemic by the World Health
Organization (1).
Even though it has not possible to trace an index case, there is a large
amount of epidemiological information that has been very useful for tracking the
pandemic spread of SARS-CoV-2. The first report of covid-19 took place on 1
December 2019, in a patient from Wuhan, most likely linked to the Huanan
Seafood Wholesale market of the city. Some public reports indicate that the first
cases could date back to mid-November 2019. The number of cases grew
gradually during December, and most of them were related to the aforementioned
seafood market. In mid-January 2020, a number of patients appeared in other
provinces of China, probably favored by the large annual human migration
associated to the Spring Festival travel season (starting in mid-December and
lasting for about 40 days). Soon covid-19 spread to other Asian countries (South
Korea, 20 February 2020), and beyond: Middle East (Iran; 19 February 2020),
USA (20 February 2020), Europe (Italy and Spain, 31 January 2020), etc.
Wu et al. (2) reported the first genome sequence of SARS-CoV-2 (29,903
bp length), from a worker at the Wuhan market admitted to the Central Hospital
of Wuhan on 26 December 2019; this patient experienced severe respiratory
syndrome. The authors identified a new RNA virus strain belonging to the family
Coronaviridae that was subsequently designated as ‘WH-Hum 1 coronavirus’
(and also ‘2019-nCoV’). According to Coutard et al. (3) the nearest bat precursor
would be RaTG13 with a genome identity to SARS-CoV-2 of 98%. Phylogenetic
studies supported the theory of a natural origin for SARS-CoV-2 (4). Since the
beginning of 2020, many scientists have sequenced the entire genome of SARSCoV-2 from covid-19 patients admitted to hospitals worldwide.
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The Global Initiative on Sharing Avian Influenza Data GISAID (5) provides
public access to the most complete collection of genetic sequences of several
viruses, with special emphasis on influenza viruses. In 2020, GISAID started to
compile sequence data from the virus causing covid-19 disease, and now it
makes thousands of genomic sequences of SARS-CoV-2 available. The China
National Center for Bioinformation keeps an updated resource on covid-19
(https://bigd.big.ac.cn/ncov/tool/annotation; 6) and provides different analytical
tools to study SARS-CoV-2 variation. The open-source project Nextstrain
(https://nextstrain.org; 7) provides an interactive web portal that allows navigating
SARS-CoV-2 genome variation and helps track the spread of disease outbreaks.

Material and Methods
Database of SARS-CoV-2 sequences
We downloaded 4,721 complete genomes from the GISAID database
(https://www.epicov.org/epi3/frontend) on 6 April 2020; 3,481 out of these 4,721
sequences were noted as high quality (HQ; > 29Kb, high cover only) based on
the information provided by GISAID on 8 April 2020. Unless otherwise indicated,
our analyses were carried out using the HQ SARS-CoV-2 genomes (see results).
Although SARS-CoV-2 is an RNA virus, the data deposited in GISAID are in DNA
format. Metadata for these genomes was downloaded from the Nextrain
repository (https://github.com/nextstrain/ncov/tree/master/data) on 7 April 2020;
this contains information on geographic location of the sample (city, country, and
continental region) date of submission, age, gender, etc. This data allowed the
marking of each genome by date when the virus was isolated (“Location date”)
and geographic origin, among others. We also downloaded coronavirus genomes
from nine pangolins and bat genomes analyzed in the Guangdong province
(GISAID IDs [omitting prefix “EPI-ISL-“]): #410544, #410721, #412860, #410539,
#410539, #410538,

#410543, #410542, #410541, #410540), three bats

(#402131, #412977, and #412976) and the reference SARS genome (GenBank
acc. nº: NC_004718.3). In addition, we downloaded genomes analyzed from a
tiger (GISAID: #420293) and a dog (GISAID: #414518) presumably infected with
SARS-CoV-2 by humans.
The SARS-CoV-2 genomes were aligned against the reference sequence
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used by e.g. Nextstrain and many authors, with GenBank acc. nº MN908947.3
(submitted on 5 January 2020; GISAID ID #402125). This was the first SARSCoV-2 genome released on GenBank.
Alignment of SARS-CoV-2 genomes against the reference sequence was
carried out using MUSCLE v3.8.31 program (8).
Apart from the discarded low-quality (LQ) sequences, and in order to
ensure comparability between genomes, we trimmed the 5’ and 3’ untranslated
regions; retaining a consensus sequence of 29,607 bp that runs from position
169 to position 29,776.
Interspecific phylogenetic analysis
We built a maximum likelihood (ML) tree in order to investigate interspecific
phylogenetic relations between SARS-CoV-2 genomes and nine pangolins, three
bats, and the reference SARS genome (GenBank acc. nº: NC_004718.3).
Interspecific alignment was carried out using MAFFT program (9) with default
parameters. Genetic distances (F84) were computed using dnadist and default
parameters, and the tree was built using dnapars; both programs are included in
the software Phylip-3.697. With the SARS-CoV-2 genes aligned for all genomes
with nucleotides in frame, and the ML tree, we used PAML 4 (10) to compute the
statistics w = Ka/Ks (also known as dN/dS), where Ka is the number of nonsynonymous substitutions per non-synonymous site, and Ks refers to
synonymous substitutions per synonymous site. This ratio allows to measure the
strength and mode of natural selection acting on the protein genes.
Intraspecific phylogeny of SARS-CoV-2
There have been several attempts at reconstructing the phylogeny of SARS-CoV2 genomes. At present there is no consensus phylogeny identifying the
mutational changes characterizing main clades and sub-clades. Many of these
earlier attempts used only a reduced number of genomes (11). The interactive
web-phylogeny presented by Nextstrain is probably the most elaborate attempt
carried out to date; this resource defines two main branches, A and B, and 9 subbranches that cluster a variable number of sequences ranging from only 3
(haplogroup A7) or 52 sequences (haplogroup A6) to 2,279 (A2a) (28 April 2020).
GISAID identifies three large clades according to changes located in the ORF8
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gene and other sequence variants: a) Clade S: change L84S, with S referring to
the SARS-CoV-2 spike S-glycoprotein located on the surface of the viral
envelope, and sequence variant T28144C; b) Clade G: change D614G and
sequence variant A23404G; and c) Clade V: NSP3-G251V and sequence variant
G26144T. In addition, GISAID refers to clade ‘Other’, which is in reality a
paraphyletic clade. Note that GISAID uses the reference sequence of a SARSassociated coronavirus sequenced in 2003 (12).
Here we used different strategies to build the phylogeny of SARS-CoV-2.
First, a phylogeny based on ML was carried out to find the phylogenetic root of
all SARS-CoV-2 using the most similar pangolin and bat coronavirus to the
SARS-CoV-2 genome as ancestral relatives (GISAID IDs [omitting prefix “EPIISL-“]): #410721, #402131 respectively). In the particular case of SARS-CoV-2
and taking into account epidemiological evidence, we know for sure that its root
is among the first genomes sequenced in China (most likely in its Hubei province).
Therefore, we used only genomes available until the end of February to build the
ML tree in order to reduce the noise generated by an unnecessarily large number
of genomes that were sequenced later and spread outside China.
Second, the most parsimonious strategy allows to determine main and
secondary sub-clades of the SARS-CoV-2 tree, identifying the characteristic
mutations of clades. This phylogenetic procedure also allows to count the
occurrences of mutations along branches, which serves as a good proxy for
mutation-specific stability (13). We followed the HQ standards used to generate
the most robust molecular phylogeny based on maximum parsimony, the human
mtDNA (14), although the novelty of SARS-CoV-2 genomes and the use of a
variety of NGS techniques (15), prevents the filtering out of sequencing errors as
efficiently as in other well-known haplotypic-based phylogenies (16). Thus, we
took the following steps with regards to data filtering:
1. We used only genomes labeled as ‘high-coverage only’ and ‘complete’ in
GISAID.
2. We collapsed the sequences to the common sequence segment. NGS
procedures generate artifacts at the 5’ and 3’ ends of the genome
sequences, which generally consist of deletions. Before eliminating the
extremes of the sequences, we checked in the complete genomes
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available if there were any variant that could be phylogenetically
informative.
3. A solid phylogeny should be based on stable mutational variants; thus,
only branches supported by at least five genomes were considered.
4. Since many sub-haplogroups are supported by single mutations, we only
considered those having mutational stability.
We observed an excess of reversions at the tips of a few phylogenetic branches
(e.g. C14805T reversion in a few A1a sequences). This phylogenetic noise could
be due to the high mutational rate of the mutations involved, recombination
(which is not unusual between coronaviruses (17)), or sequencing errors. For this
reason, we decided to not resolve these branches further, while we await new
evidence based on higher sequence quality genomes.
By simple counting of the mutational hits along the branches and at the
tips of the phylogeny, it is possible to infer the relative mutation stability of
diagnostic sites. The mutations at the tips of the phylogeny were counted only
once within each terminal branch. Table S1 reports the number of occurrences
in both the tree branches and in the tips of the phylogeny.
Finally, in order to guarantee the robustness of the phylogeny, we checked
that inferences on the root and phylogeny estimated from the ML tree were in
good agreement with the pattern of mutations observed in the most parsimonious
tree.
Statistical analysis
The average number of nucleotide differences per site between DNA sequences
or nucleotide diversity (p) (18), sequence/haplotype diversity (HD) and Tajima’s
D statistics (19) were computed for the main continental regions, haplogroups
and gene partitions. Tajima’s D is a test for neutrality in the context of infinitesites model of sequence evolution and it is negligibly affected by S, sample size,
and recombination (20).
Multidimensional Scaling (MDS) was undertaken to identify clusters of
genetic variation by examining (a) all the variation observed in the SARS-CoV-2
genomes and (b) the phylogenetic diagnostic variants of the SARS-CoV-2 tree
inferred from parsimony. For this, we used the function cmdscale (library stats)
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from the statistical software R Project for Statistical Computing v. 3.3.1
(https://www.r-project.org/; (26)).
The geographic representation of haplogroup frequencies in world maps
was carried out using SAGA v. 7.6.2 (http://www.saga-gis.org/) (21), and the
ordinary Kriging method. We used only sampling points with 10 samples or more;
to avoid unnecessary loss of sampling points, a few of them were collapsed into
nearest points to represent local areas, whenever possible, in order to reach the
minimum sampling required.
From the sequence alignments and annotated files, we summarized
information on mutational patterns in the SARS-CoV-2 genomes (Table S2 and
S3). We used a Fisher’s exact test to check if there are differences in the
transition-to-transversion ratio (ts/tv), and the synonymous/non-synonymous
changes.
We carried out the ML phylogeny and Extended Bayesian Skyline plot
analysis using the sequences collected before 29 February 2020 (n = 621). We
constructed the ML tree using RAxML-HPC v.8 (22) using rapid bootstrapping
analysis with 1,000 iterations. The best maximum likelihood tree was visualized
and edited using FigTree v.1.4.4 (http://tree.bio.ed.ac.uk/software/figtree/). The
ML tree and sampling dates were used for estimating the Time of the Most Recent
Common Ancestor (TMRCA) and molecular rates, fitting a molecular clock to the
phylogeny through a fast relaxed-clock method based on a Gamma-Poisson
mixture model of substitution rates, and using the R package treedater (23). We
selected the best molecular clock model by testing if the relaxed-clock offers
better fit to data, and also identified and removed tip outlier lineages that fit poorly
the substitution model in order to obtain a tree that could fit better the molecular
clock. We estimated confidence intervals for rates and dates using a parametric
bootstrap approach.
The demography of SARS-CoV-2 sequences was inferred using the
Extended Bayesian Skyline Plot method (EBSP) (24) implemented in BEAST
v2.6.2 (25). EBSPs allow the inference of effective population size (Ne) through
time and also estimate the number of demographic changes from the data. We
used strict-clock and a rate of evolution of 0.80 x 10-3 [0.14 x 10-3 – 1.31 x 10-3]
substitutions/nucleotide/year

based

on

recent

estimations

(http://virological.org/t/phylodynamic-analysis-90-genomes-12-

feb-2020/356).
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Two independent Markov chain-Monte Carlo runs of 200,000,000 steps each
were performed, with samples taken every 1,000 steps and 10% discarded as
burn-in. Following Tracer (v. 1.6) output (http://tree.bio.ed.ac.uk/software/tracer/)
(25) inspection for distributions convergence, both runs were combined
independently using LogCombiner v1.8.2 (25), with 10% discarded as burn-in.
EBPS data was plotted using R software (26).
The meta-data in GISAID contains information on gender and age of the
covid-19 patients. This data, in combination with the phylogeny, allows
investigating for possible association among haplogroups, gender and age.
Association tests were carried out for the main (sub)haplogroups (A, B, A1a, A2a,
A3, A3a, A4a, A9b, B1a, B3a; all with sample size > 50). We carried out a MannWhitney test to analyze haplogroup association with age. Because each region
has its own haplogroup frequency patterns and epidemiological characteristics,
we considered a non-parametric Kruskal-Wallis test using all the sampling data
per regions and main haplogroups. Association between haplogroups/regions
and gender was explored using the Fisher’s exact test. The nominal significant
value was set to 0.05. Bonferroni adjustment was used to account for multiple
testing.
In-house R and Perl (http://www.perl.org) scripts were used to display
results obtained from the different software packages used.

Supplementary Results
The SARS-CoV-2 genome database
We initially investigated 4,716 SARS-CoV-2 genomes; a proportion of them
(71.9%; n = 3,393) were identified by GISAID as having “<1% of NNN” and
complete (referred herein as the HQ dataset). We first explored the differences
between the full dataset and the HQ sequences. An indirect indication of the
quality of the sequences is the sequence length, which is on average 25,636 bp
for the HQ dataset, compared to a significantly lower value for the full database,
namely 23,736 bp. Moreover, the average number of ambiguities (including all
kinds of IUPAC codes) per sequence in the full database is 6.5x the amount of
ambiguities in the HQ database (249.3 versus 37.9). The large number of
ambiguities and indels existing in the LQ distorts sequence alignment and,
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consequently, a correct sequence annotation and phylogenetic reconstruction.
Still, we counted an average of 43.5 ambiguities per genome in the HQ dataset.
It is also important to mention that different platforms were used to sequence
SARS-CoV-2 genomes, and corresponding differences between them are
evident when examining the processed GISAID files (Figure S1). We examined
several quality variables in the genomes sequenced using different NGS
technologies, by taking 60 random genomes from GISAID, respectively 30 of LQ
and HQ (information on quality cannot be datamined from GISAID but has to be
taken manually). The number of N’s islands and the length of NNN’s stretches
are significantly higher in the LQ dataset, while the length of the genomes is
higher in the HQ genomes after eliminating the ambiguities; the latter is partly
due to the much higher number of ambiguities existing in the 5’ and 3’ ends in the
LQ datasets. When using the LQ filter, Illumina yields a significant higher number
of N’s compared to Nanopore, but these differences disappear when looking at
the HQ set (Figure S1). Indels are more common in the HQ dataset, and
Nanopore seems to capture more than Illumina.
In order to minimize the effect caused by potential sequencing errors, only
the HQ genomes were used for the subsequent analysis. In addition to LQ
sequences, we also eliminated fifty-three of the HQ sequences lacking sampling
date or having ambiguous haplogroup adscription (see below). Thereby, the final
number of HQ genomes used for all the analyses was 3,340 (1,725 unique
sequences; 51.57%).
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Figure S1. A total of 30 LQ and 30 HQ sequences were downloaded from
GISAID, with information on their NGS technology used retrieved manually from
the database. Comparisons between technologies were carried out on the
FASTA files already processed by GISAID.
Molecular variation of SARS-CoV-2 genomes
We identified a large number of indels in our dataset: 2,209 insertions and 25
deletions. We also counted 2,159 substitutions and 49 Multi-nucleotide Position
Polymorphisms (MNPs). From the data available, it is not possible to reconstruct
the mutational process leading to MNP variants; for instance, GGG28881AAC
could be interpreted as a single mutational event (MNPs) or as the concatenation
of three independent mutational events: G28881A+G28881A+G28881C. Here
we opted for the most parsimonious solution, namely considering them as single
mutational events (in contrast to e.g. CNCB, which favors the latter option).
Although the parsimonious interpretation entails the risk of under-estimating
overall and allele-specific mutation rates, the few MNPs existing would only
elevate the number of mutations from 49 to 195 events. In this regard, there is
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evidence to suggest that mutations in MNPs are not independent (27). Indels and
MNPs were disregarded from most of the analyses.
The substitutions observed in SARS-CoV-2 genomes show the following
pattern: (a) transitions (n = 1,524), with 72% being purine transitions (C <–> T)
and 28% pyrimidine transitions (A <–> G); and (b) transversions (n = 644), with
76% being purine to pyrimidine, and 24% pyrimidine to purine. The ts/tv ratio is
2.37 (Table S2). In comparisons between humans and chimpanzees,
Ebersberger et al. (28) found a ts/tv ratio of 2.4 – in agreement with our ts/tv ratio.
Further, according to DePristo et al. (29), the ts/tv ratio is expected to be 2.1 for
whole-genome sequencing and 2.6-3.3 for exome sequencing in human studies,
while Zook et al. (30) have stated that very low ratios (0.5) generally point to
sequence artifacts. Therefore, our ratio falls within the expected range for a good
quality dataset in terms of substitutions. The ts/tv ratio was similar when
considering the main clades of SARS-CoV-2 (according to the phylogeny
described below); namely, 2.38 for haplogroup A, 2.74 for haplogroup B, and 2.42
for haplogroup A2a. We also investigated the pattern of mutations by genes
(Table S3). The highest ts/tv ratio occurs in gene E (4.33) and ORF1ab (3.05),
and the lowest in gene ORF6 (1.11) and the intergenic regions (1.03); these
differences are however not statistically significant under a Fisher’s exact test,
and considering an strict Bonferroni adjustment (the lowest most significant Pvalue = 0.007 being for the comparison between gene ORF1ab and N).
There is a much higher number of non-synonymous changes (n = 1,293,
62.17%; including missense, start lost and stop gain) compared to synonymous
changes (n = 787); the ratio non-synonymous/synonymous chances is 0.62. This
ratio was also similar when partitioning by main haplogroups; namely, 0.63 for
haplogroup A, 0.60 for haplogroup B, and 0.62 for haplogroup A2a (Table S2).
There is a notable difference between the ratio of non-synonymous/synonymous
mutations when analyzed by genes: the maximum value was obtained for gene
ORF6 (0.84), and the minimum for gene M (0.41); and the most significant
difference was noted between gene ORF6 and M. However, a Fisher’s exact test
did not reach significance when adjusted for multiple testing. We also tested for
signals of natural selection in SARS-CoV-2 genes by studying ka/ks index in an
interspecific context that includes genomes from pangolin, bat, and SARS
coronavirus. For almost all genes, values are below 1, with ORF1b being the
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gene with the lowest value, indicating the action of purifying selection on these
genes. Only ORF10 genes have a positive value, suggesting the action of
positive selection operating on this gene (Table S4).
We counted 1,731 unique genomes in the database. It is remarkable that
a number of sequences were present at high frequencies; for instance, the
reference sequence is repeated 78 times; most of them sampled in Asia (76.8%;
mostly in China, 60.8%; see below).
Haplotype and nucleotide diversities, as well as Tajima’s D test values
were computed by geographic regions, haplogroups and genes (Table S5).
Diversity was very similar in the different continental regions, with very minor
differences with respect to the global sample; the only exception is Oceania
(represented by Australia and Oceania), which shows notable high diversity
values (p = 3.64E-04; HD = 9.91E-01). Tajima’s D values are significant (below 2) in all regions with the exception of South America.
Diversity indices and Tajima’s D statistics are very similar when computed
by main haplogroups (Table S5). However, diversity values are particularly
different when comparing genes. Thus, for instance, ORF8 shows 23.1 times
higher nucleotide diversity (p = 1.07E-03) compared to E (p = 8.95E-05); while
ORF1a shows 48.9 times higher sequence diversity (HD = 9.73E-01) than E (HD
= 1.90E-03). ORF8 and ORF1a are the most diverse genes, while E shows the
lowest diversity. In contrast, Tajima’s D values show minor differences between
genes.
We investigated mutation variation at two notable sequence features of all
SARS-CoV-2 genomes. First, the receptor binding domain (RBD) located in the
spike protein, which has been reported to be the most variable part of the
coronavirus genome (4, 31); these studies indicated that there are six amino
acids that are critical for binding to the angiotensin-converting enzyme 2 (ACE2)
receptor; namely, L455 (pos. 22925-22927), F486 (pos. 23018-23020), Q493
(pos. 23039-23041), S494 (pos. 23042-23044), N501 (pos. 23063-23065), and
Y505 (pos. 23075-23077). Second, we also examined variation at the 12
characteristic nucleotide insertion (amino acid sequence PRRA; pos. 2360623620), which constitutes a polybasic furin cleavage site (PFCS) that is also
related to three adjacent predicted O-linked glycans residues: S673 (pos. 2357923581), T678 (pos. 23594-23596), and S687 (pos. 23621-23623). The low
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diversity found in these regions is noteworthy. We only found two mutations at
the cleavage site (which is present in all the SARS-CoV-2 genomes), namely
G23607A (as a non-synonymous change [CGG>CAG or R>Q] private variant in
haplogroup A1; GISAID #415709) and 23611G>A (as private synonymous
variant of haplogroup A2a2c in GISAID #418390).
We also analyzed the evolution of the diversity indices with time (Figure
S2; considering only time-points with a minimum accumulated number of 10
sequences). The first genomes sequenced correspond to those sampled in China
in late December 2019, followed by genomes from other Asian countries. As
expected, sequence and nucleotide diversity experienced an initial rapid growth
until 19 January 2020. However, diversity values experienced a very remarkable
drop (specially in p; Figure S2A) starting on 21 January 2020 and persisting for
the next 4 days. Next, diversity values progressively grow again from 25 January
until reaching the highest values and then a plateau. In non-Asian regions, the
pandemic had a delay of a few days (from about 28 January in North America
and Europe), but it followed a similarly continuous increase that overtook Asian
diversity values. The very high diversity values observed in Oceania are
particularly striking (Figure S2B) compared to those of other continental regions.
Tajima’s D values are significantly negative in Asia from the initial outbreak; the
growth of this index values is slower in other regions, but it eventually reaches
similar values everywhere (see also Table S5).
For the beginning of the pandemic, there are only Asian SARS-CoV-2
genomes available in public repositories; however, the number of sequences
increases progressively in every region, with Europe being by far the regions that
has contributed more genomes to the GISAID database, followed by North
America (Figure S2D).
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Figure S2. Accumulated diversity indices by sampling date in the main regions
for the main SARS-CoV-2 phylogenetic branches. The shadowed background
area represents the corresponding values for the whole sampling dataset.
The root of SARS-CoV-2 genomes
A ML tree was built using pangolin, SARS and bat genomes as outgroups of
SARS-CoV-2 genomes (see main text; Figure S3). The tree depicts the
haplogroup B1 genomes most closely related to bat coronaviruses.
In agreement with the ML tree, we observed that non-human coronavirus
sequences from pangolin and bat carry the three transitions C8782T–C18060T–
T28144C that identify haplogroup B1 (see below on maximum parsimony tree).
There are two exceptions in this alignment. The SARS genome does not present
two of the three mutations but this is probably because the SARS sequence has
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also the lowest identity to SARS-CoV-2, suggesting a relatively long time for the
most common ancestor (Table 1). As a result, there is a large divergence time
(which means plenty of time for reversions) and difficulties for a correct
homologous sequence alignment. The genome sequenced from bat #412976
also lacks the three characteristic mutations, but this is most likely due to its very
low sequence quality, which can be visually appreciated in the alignment (Figure
S3) and also in its atypical low identity value to SARS-CoV-2 when compared to
the other bat genomes.

Figure S3. Sequence alignments for the segments containing the three variants
(stars located at the bottom of the alignments) that characterized the root of all
SARS-CoV-2 genomes, and a phylogenetic tree that relates the SARS-CoV-2
human reference (MN908947.3) with other relative coronaviruses in bat, pangolin
(“pan”) and SARS (NC_004718.3). We added other human coronavirus
segments that were sequenced from an infected tiger and a dog. Alignment is
complicated for NC_004718.3 with SARS-CoV-2 due to the reduced identity
between them, and this is particularly evident for the segment around position
28144.
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Intraspecific phylogeny of SARS-CoV-2
We aimed at reconstructing a solid phylogenetic skeleton for SARS-CoV-2
genomes that would allow the identification of diagnostic mutations for main
branches. We used a parsimony approach taking advantage of the lessons learnt
from the successful human mtDNA tree (14); Figure S4. A number of studies
agree with the definition of two main branches separated by only two transitions:
C8782T–T28144C; although different authors use different names for these
branches, we follow the labeling initiated by Nextstrain, given its popularity
among virologists and other specialists.
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Figure S4. Maximum parsimony tree of SARS-CoV-2 genomes. Small
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histograms represent relative frequencies of the given haplogroup or subhaplogroup in the different regions. Mutations along branches are referred to
changes against the reference sequence. Mutations in dark green color indicate
parallel events along the different branches of the phylogeny. Mutations with a @
symbol indicate reversions.
The vast majority of the genomes analyzed in the present study (99.29%)
could be unambiguously classified into one of the 164 (sub)haplogroups defined.
Only five genomes closely related to the reference sequence could not be
classified into either A or B, and there are other 19 genomes that have a problem
of resolution but only at the far end of the tree branches. The mutational pathways
defining each of these clades are described in Table S6.
There number of sequences that have been added to the database
increased in a correlated way with the impact of the pandemic worldwide. The
main contribution of genomes to GISAID coincides with the non-Asian outbreak,
leading to an exponential growth of the number of sequences belonging to
haplogroup A (Figure S5).

Figure S5. Evolution of the number of sequences over time and partitioned by
main (sub)haplogroups.
Analysis of diversity indices was also performed on main haplogroups. While p
values are almost the same in all regions and haplogroups, HD values are more
variable between regions (Figure S6).
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Figure S6. Diversity indices computed for main haplogroups. Pink lines
connecting dots indicate sequence diversity, and orange lines nucleotide
diversity. In order to present both indices together, we depicted values of p/1000
and HD´10–9.
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By counting the occurrence of mutations along the tree branches and those at
the tips of the phylogeny (see Methods), it is possible to detect the positions that
are mutationally stable from those that are mutational hotspots (Table S1; Figure
S7). The pattern of occurrences can be summarized as follows:
a) There are 2,147 substitutions (Table S1), of which 1,749 (81.46%)
occurred only once, and 284 (13.23%) twice in the SARS-CoV-2
genomes; therefore, 94.69% of the mutations occurred no more than
twice in SARS-CoV-2 genomes.
b) Mutations along branches in the phylogenetic tree are very stable:
there are 185 diagnostic sites in the tree branches (Table S1), 110
(59.46%) were singletons, and 154 occurred twice at most (83.24%).
c) There are a few mutational hotspots in the phylogeny; the more
important hotspots are C575T (15 hits), 11083 (15 hits), T13402G (13
hits), and A4050C. Note that some rapid mutated mutations, although
unstable, can still be diagnostic variants of sub-haplogroups when
accompanying other more stable variants (otherwise these changes
alone should not be used to define new sub(clades). This is the case
of e.g. mutation G11083T with 15 total hits in the phylogeny (three of
them accompanying another diagnostic mutation in the tree; this is one
of the two most unstable positions in the phylogeny); in combination
with the diagnostic positions of A1+C14805T, it is diagnostic for e.g.
haplogroup A1a: of the 269 genomes having the sequence motif
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A1+C14805T, 257 have also G11083T and 19 has only the G11083T
mutation.

Figure S7. (A) Spectra of mutation occurrences along the maximum parsimony
tree of Figure S4. (B) Number of private variants. (C) Number of mutations
located along the branches of the tree (diagnostic variants).
Mutational changes are distributed very homogeneously across the
SARS-CoV-2 genomes. In fact, there are very short gaps in the genome of the
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Figure S8. Location of the gaps (grey dots) and their length in the genome of
SARS-CoV-2 that were not hit by mutations in our dataset.
To further evaluate the robustness of the parsimonious tree, we built a MDS on
unique SARS-CoV-2 genomes using the average pairwise discrepancy values
for (a) all mutational variants (Figure S9A) and (b) only the diagnostic positions
of the parsimonious tree (Figure S9B). The patterns for both analyses in the MDS
plots resemble those inferred from phylogenetic trees.

Figure S9. Figure S9. MDS plot of SARS-CoV-2 genomes (A) using all
mutational variants in the genomes, and (B) using only the diagnostic sites of the
phylogeny.
Considerations on the parsimonious phylogeny
We built a reference parsimonious phylogeny for SARS-CoV-2 genomes. It
reveals that: a) most of the mutations are phylogenetically stable, showing only
one or two mutational occurrences in the phylogeny; b) there are only a few
mutational hotspots that should not be used to define phylogenetic branches
unless accompanied by other more stable mutations; these substitution hotspots
do not necessarily relate to the transmission rate of the SARS-CoV-2 and
infectivity; c) some mutational instability is detected in some positions located at
the tips of the phylogeny; further research is needed in order to determine if this
phylogenetic noise is due to mutational instability, sequencing errors or
recombination. In this regard, it is important to note that there is an important
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number of ambiguities in the HQ dataset and that many different sequencing
platforms have been used to sequence SARS-CoV-2 genomes, each being prone
to specific sequencing artifacts. It can be anticipated that the uniform distribution
of mutations along the genome of SARS-CoV-2 will be a challenge for the
development and efficiency of future vaccines. Moreover, ML and parsimonious
phylogeny suggested that the basal node of B1 is the root of SARS-CoV-2;
meaning that the index patient most likely carried this virus strain. Note also that
the reference sequence (haplogroup A), does not fall in the root; the decision to
select it as the reference does not have a phylogenetic basis.
A practical application of the SARS-CoV-2 tree built in the present study is
to facilitate classification of genomes into clades, which might facilitate the work
of epidemiologists and other specialists aimed at establishing potential
correlations between different clade members and the different clinical
phenotypes observed in covid-19, disease severity and differential spread of the
disease worldwide. The phylogeny presented is scalable, and nomenclature
works in a hierarchical way similar to that demonstrated to be successful in other
research areas such as human population genetics (e.g. mtDNA studies).
Further considerations on phylogeographic patterns of SARS-CoV-2
genomes
According to GISAID, the first genome to be sequenced was sampled in a patient
from China (#402123) on 24 December 2019. A few weeks later, more than a
dozen several other genomes had been obtained from Chinese patients from the
Hubei province. The first genome sequenced outside Asia corresponds to a
sample extracted from a USA patient from Washington (#404895; 19 February
2020). Soon, many other genomes were sequenced from USA, Oceania, Europe,
etc. In the database used in the present study, there are genomes sequenced
from >62 countries representing the main continental locations: Africa (1.7%),
Asia (15.3%), Europe (46.4%), North America (25.3%), and South America
(0.6%).
Worldwide patterns of some haplogroup frequencies are summarized in
the maps in Figure S10.
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Figure S10. Worldwide maps of interpolated haplogroup frequencies. Only the
most common (sub)clades are depicted.
Clade A2 and the main outbreak outside Asia
Most of the SARS-CoV-2 genomes sequenced between December 2019 the end
of February 2020 were sampled from Asian patients. The main SARS-CoV-2
Asian outbreak occurred in January to February 2020. Beginning of March 2020
marked the initial outbreak outside Asia, with clade A2 (and more specifically
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A2a) being the main responsible for a great proportion of the cases detected
worldwide.
Taking advantage of the phylogeny built in the present study, it is possible
to infer if the mutations leading to the rise of A2 in Asia or outside Asia. The first
A2 genome available in Europe corresponds to a German patient (GISAID:
#422425) and was analyzed on 28 February 2020; this genome contains no
mutational differences with respect to the root of A2 (Figure S4). The next A2
genome sequenced was sampled in a Chinese patient from Shanghai and
uploaded to GISAID (#416386) on 31 February 2020. This genome however
contains six mutational differences spreading from the root of A2, suggesting that
the root of A2 might have been evolving in China weeks or months before
February (before the initial Chinese outbreak). Another genome from Asia
(Shanghai) was also sequenced a few days later (6 of March 2020) and belongs
to the same A2 branch as the previous Chinese one, but with only two mutational
differences with respect to the root (Figure S4). The first SARS-CoV-2 genome
available representing the main phylogenetic sub-branch of A2, namely, A2a
(C14408T), corresponds also to a patient from Zheijiang (China) sequenced on
24 February 2020 (GISAID: #422425). The first A2a SARS-CoV-2 European
genome corresponds to an Italian sample analyzed on 20 February 2020
(GISAID: #412973). A2a represents the main founder of the non-Asian outbreak;
this sub-clade alone accounts for 55.05% of all the genomes available in our
dataset (1,853 out of 3,393).
Considerations on natural selection acting on SARS-CoV-2 genomes
We explored if patterns of SARS-CoV-2 spread worldwide could be explained by
natural selection forces. First, we compared patterns of variation over time in
different continental regions (Figure S2). Diversity values increased rapidly in
China during the first country outbreak. Next, diversity values drop significantly
(especially true for the HD) probably coinciding with the role of the ‘superspreader’ haplotype H4 (reference sequence; see main text) coupled with human
intervention in China, which slowed-down further diversification of lineages.
The outbreak outside China to other Asian countries and continents made
the curve of cumulative diversity increase to high values of diversity. Again,
human intervention worldwide made this exponential increase to reach a plateau.
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Values of diversity outside Asia overtook those in Asia, because contention of the
pandemic by other countries was less efficient than in Asia, as observed from the
epidemiological data worldwide. First B, and next A where the main responsible
for the initial outbreaks, while A2 provoked the main outbreak outside Asia. The
behavior of the curve of Tajima’s D index is most paradoxical. Tajima shows very
low values from the very beginning and displays the same behavior, but with
delay, in the other regions. Significant negative values of this index (below -2) are
suggestive of purifying natural selection in DNA sequences; however, negative
values could also be compatible with heterogeneity of mutation rates and
population expansion, both variables being present in the SARS-CoV-2
pandemic. At the same, human intervention on the disease could also mimic
purifying selection.
We further explored the possible action of natural selection by
investigating patterns of ka/ks by genes in groups of SARS-CoV-2 genomes that
represent the two extremes of the pathogen genome variation, namely
haplogroups B1 and A2a. These values are suggestive of natural selection acting
on gene ORF1a (w = 0.19742) and especially on gene N (w = 0.0001); Table S4.
Only gene S shows a moderately positive value (w = 1.04877), which could be
suggestive of slightly positive selection acting on SARS-CoV-2.
The mutational changes differentiating haplogroups A and B do not seem
to have relevant pathogenic effects; for instance, C18060T (B1>B), T28144C and
C8782T (B>A) are all synonymous changes with low predicted severity (Table
S7).
Overall, there is suggestive evidence for a role of purifying selection
operating during the spread of SARS-CoV-2 worldwide.
Further considerations on super-spreaders and founder effect
A total of 48 haplotypes appear at least 7 times in the database (Table S8).
Almost all of them, with the exception of the reference sequence (H4) that
originated at the beginning of the pandemic in China, appear several weeks after
the beginning of the Asian pandemic (Figure S11), coinciding with the non-Asian
outbreak and indicating their important role in the rapid spread of the pandemic.
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Figure S11. Occurrence of the nine most common haplotypes in the SARS-CoV2 dataset by regions and sampling date.
Association test of haplogroups with sex and age
Patterns of age and sex were analyzed by regions and main haplogroups (Figure
S12). The median age was very similar for the different haplogroup categories
considered (Table S9). The highest female proportion was observed for
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haplogroup A3 (58.8), and the lowest for B3a (35.4).
Association tests were carried out to evaluate if a particular age group was
more severely hit by specific SARS-CoV-2 lineages. An initial test was carried
out for the main sub(haplogroups) and age, resulting in two significant
associations under a Bonferroni correction, namely, haplogroup A4a (n = 39),
and B3a (n = 51); in both cases, Mann-Whitney test: P-value<0.001. Note also
that haplogroups A4a and B3a are the ones with the highest median age of all
the haplogroups compared but also the largest difference with the median age of
the comparable groups (not-A4a and not-B3a). In order to account for the
different haplogroup frequency and age patterns existing in each region, we
carried out another test considering all the sampling by regions together (n =
936); this analysis did not yield significant association (Kruskal-Wallis test: Pvalue = 0.3474).
Additionally, we tested if haplogroups could be related to sex. We found
statistically significant association surpassing Bonferroni-corrected significance
for haplogroup A3 when compared against non-A3 lineages (nA3 =y184; Fisher’s
Exact Test, P-value<0.009).

Figure S12. Distribution of age by haplogroups and main geographic regions.
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