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Abstract

In this study, we analyzed full-length SARS-CoV-2 genomes from multiple countries to
determine early trends in the evolutionary dynamics of the novel COVID-19 pandemic. Results
indicated SARS-CoV-2 evolved early into at least three phylogenetic groups, characterized by
positive selection at specific residues of the accessory proteins OFR3a and ORF8a. We aso
report evidence of epistatic interactions among sites in the genome that may be important in the
generation of variants adapted to humans. These observations might impact not only public
health, but also suggest more studies are needed to understand the genetic mechanisms that may
affect the development of therapeutic and preventive tools, like antivirals and vaccines.

Keywords: Novel coronavirus, pandemic, evolution, epistasis, positive selection, COVID-19,
SARS-CoV 2, phylogenetics.

Introduction.

The first case of pneumonia confirmed to be caused by the novel virus SARS-CoV-2 was in a
41-year-old man in Wuhan, Hubei province, China on 31/December/2019 (Wu et al., 2020). As
of 9/April/2020, the World Health Organization (WHO) has confirmed 1,439,516 cases, 85,711
deaths, and the presence of COVID-19 in 209 countries, areas or territories. Of the confirmed
cases, 71% are from seven countries. United States of America (395,030), Spain (146, 690),
ltaly (139, 422), Germany (108,202), China (83,249), France (81,095), and Iran (66,220)
(https://www.who.int/emergenci es/di seases/novel -coronavirus-2019). As of the writing of this
report, the number of COVID-19 cases continue to increase worldwide, with multiple epicenters.
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The International Committee on Taxonomy of Viruses (ICTV) initially named this pathogen
2019-nCoV (aso referred to as COVID-19 by WHO) and included it within the Coronaviridae
viral family (Coronaviridae Study Group of the International Committee on Taxonomy of, 2020).
Later, based on the close phylogenetic relationship of COVID-19 with other human and bat
severe acute respiratory syndrome coronaviruses (SARS-CoVs), ICTV renamed the virus as
SARS-CoV-2 (Coronaviridae Study Group of the International Committee on Taxonomy of,
2020).

The Coronaviridae family encompasses a group of single-stranded, positive-sense RNA viruses
with a genome length varying between 27 and 32 kb. These are zoonotic viruses with the
potential to infect humans and animals. Coronaviruses may cause acute and chronic respiratory,
enteric, and central nervous system infections(Phan et al., 2018, Weiss and Navas-Martin, 2005).
In the case of SARS-CoV-2, a meta-analysis of 50,466 patients indicate that fever and cough are
the most common symptoms (95% CI. 81.8-94.5% and 65.7-78.2%, respectively) (Sun et al.,
2020). The disease may worsen, and the percentages of severe cases and fatality rate vary
between 12.7-24.3% and 2.7-6.1% (95% Cl), respectively (Sun et al., 2020).

The genome organization of SARS-CoV-2 is similar to viruses from the genus Betacoronavirus,
one of the four genera included in the Coronaviridae subfamily Orthocoronavirinae. The
~29,903 nucleotide (nt) genome is organized as follows, 5’ to 3': replicase ORFlab, S (encoding
the structural spike glycoprotein), ORF3a (ORF3a protein), E (structural envelope protein), M
(structural membrane glycoprotein), ORF6 (ORF6 protein), ORF7a (ORF7a protein), ORF7b
(ORF7b protein), ORF8 (ORF8 protein), N (structural nucleocapsid phosphoprotein), and
ORF10 (ORF10 protein). ORFlab (~21,291 nt) encodes sixteen non-structural proteins: leader
protein, nsp2, nsp3, nsgp4, 3C-like proteinase, ngp6, NP7, NP8, np9, Nngpl0, RNA-dependent
RNA polymerase, helicase, 3'-to 5’ exonuclease, endoRNASse, 2'-o-ribose methyltransferase, and
nspll(Wu et al., 2020) .

Much speculation regarding the origin of SARS-CoV-2 emanates from unfounded theories, such
as a man-made laboratory origin; however, a recent study supports the hypothesis that SARS-
CoV-2 was the result of cross-species transmission followed by natural selection in the novel
human host (Andersen et al., 2020). This hypothesis is strongly supported by studies examining
amino acid differences between SARSCoV-2 and some phylogeneticaly related
betacoronaviruses (e.g., Bat-RatG13 isolate and the human SARS-CoV isolate Urbani) at the
receptor-binding domain (RBD) of the spike protein, where such differences seem to increase
the ability of SARS-CoV-2 to bind to the human receptor angiotensin-converting enzyme 2
(ACE2) (Andersen et al., 2020). Thisincreased affinity for binding ACE2 might help to explain
the infectiousness of SARS-CoV-2 in human populations (Wan et al., 2020).

Considering the extraordinary plasticity shown by other human viral RNA pathogens, for
example HIV-1, Influenza viruses, SARS-CoV, and hepatitis C virus, to undergo adaptative
changes to evade innate and adaptive immune responses, develop drug resistance or establish an
infection in a new host (Frost et al., 2018), multiple questions arise regarding the adaptative
changes that SARS-CoV-2 has undergone during the pandemic. SARS-CoV-2 has spread
throughout many countries resulting in the infection of people with diverse immunological
backgrounds and demographics (age, sex, environmental conditions, etc) that potentially impose
significant selective pressures on SARS-CoV-2.
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80 Here, we evaluate the phylogenetic and evolutionary dynamics of SARS-CoV-2 during the early
81 phase of the COVID-19 pandemic. Using different analyses based on a codon-based
82  phylogenetic framework, we identified critical sitesin the genome undergoing positive selection,
83  which might favor viral divergence and emergence of multiple viral variants. Our findings are
84  discussed in terms of the potential effects that the rapid evolution of SARS-CoV-2 might have on
85  public health.

86 Materialsand methods
87 Datacollection

88  Eighty-six full-length SARS-CoV-2 genomes representing early viral isolates from patients
89  living in diverse geographic regions were used for this study. Viral sequences, downloaded from
90 the NCBI GenBank database on 06/03/2020, represent the total number of full-length viral
91  genomes at the time that the analysis was conducted (Figure 1).

92  Phylogenetic dynamic analysis

93  Two phylogeographic trees were reconstructed using the programs BEAST2.4.3, BEAUti, and
94  TreeAnnotator (Drummond et al., 2012) , introducing the country/region as a trait. The Markov
95  Chain Monte Carlo was run for 25 million generations, using the HK'Y 85 substitution model and
96 agammadistribution with four categories as the site heterogeneity model. The resulting file was
97 analyzed with Tracer 1.6 to check for convergence and to determine the Burnin proportion
98 (Rambaut et al., 2018). Finally, TreeAnnotator was used to build the maximum clade credibility
99 tree which was visualized with FigTree 1.4.3
100  (http://tree.bio.ed.ac.uk/software/figtree). Additionally, the evolutionary rate of SARS-CoV-2,
101  expressed as substitutions/sites/year, was calculated using the same methodology but using
102  sampling date as atrait.

103  Pairwise distance calculations

104  Nucleotide and amino acid pairwise distance calculations among SARS-CoV-2 sequences were
105  conducted using the SSE 1.3 Sequence Distances program (Simmonds, 2012). For this purpose, a
106  dliding window of 50 nucleotides (nt), with a shift of 25 nt, was used to determine pairwise
107  distances. Additionally, p-distances in nucleotide and amino acid segquences between
108  phylogenetic groups were calculated using MEGA 7 (Kumar et al., 2016).

109  Evolutionary rate per Steanalysis

110 Mean (relative) evolutionary rates for each site in the alignment were estimated under the
111  General Time Reversible mode, including all 3 codon positions. These rates were scaled
112  considering the average evolutionary rate across all sites is 1. This means that sites showing a
113  rate <1 are evolving slower than average, and those with a rate >1 are evolving faster than
114  average. Thisanalysis was conducted using MEGA 7 (Kumar et al., 2016).

115  Inference of selective pressures

116  Since natural selection can be manifested as different modes (diversifying, directional or
117  purifying), we used a combination of different evolutionary analyses to enhance the detection of
118  relevant sites in the genome of SARS-CoV-2 experiencing diversifying (positive) and purifying
119  (negative) selection: Single Likelihood Ancestor Counting (SLAC) (Kosakovsky Pond and Frost,
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120  2005), Fixed Effects Likelihood (FEL) (Kosakovsky Pond and Frost, 2005), Mixed Effects
121 Modé of Evolution (MEME) (Murrell et al., 2012), and Fast Unbiased Bayesian Approximation
122 (FUBAR) (Murrdl et al., 2013). These methods use a maximum likelihood or Bayesian approach
123  (FUBAR) to infer nonsynonymous (dN) and synonymous (dS) substitution rates on a per site
124  basis for given coding alignment and corresponding phylogeny (Weaver et a., 2018). SLAC,
125 FEL and FUBAR were methods used to identify sites experiencing pervasive diversifying or
126 purifying selection, while MEME was used to detect sites experiencing episodic diversifying
127  selection.

128  The presence of recombination in the sequence dataset potentially affecting the detection of
129  positive selection was assessed using the algorithm GARD (Kosakovsky Pond et al., 2006). All
130  methods were performed on the adaptive evolution server Datamonkey 2.0 (Weaver et a., 2018).

131  Evidence of directional selection was assessed on amino acid sequences using the Directional
132 Evolution of Protein Sequences (DEPS) method, implemented on the Datamonkey webserver
133  (classic) (Deport et al., 2010). This method is a model-based phylogenetic maximum likelihood
134  test that looks for evidence of preferential substitution toward a given residue at individual
135  positions of a protein alignment (Kosakovsky Pond et al., 2008).

136  Coevolution analysis

137  BEvidence of coevolution among different sites in the SARS-CoV-2 genome was evaluated using
138  the method Bayesian Graphical Models for co-evolving sites (BGM) (Poon et al., 2007). This
139  method detects coevolutionary interactions between amino acids in a protein, where amino acid
140  subgtitutions are mapped to branches in the phylogenetic tree.

141 Blosum 62 substitution matrix (BSM 62)

142 BSM62 was used to infer the biological significance of amino acid replacements found during
143  the evolutionary analysis of SARS-CoV-2, where positive values reflect that the substitution is
144  most likely a product of random substitution, while negative values are indicative of selection
145  (Henikoff and Henikoff, 1992).

146  Results
147  Phylogenetic dynamics of SARS-CoV-2

148  To evaluate potential divergence events of SARS-CoV-2, indicating the rise of new variants
149  early during the pandemic, we reconstructed the evolution of SARS-CoV-2 using full-length
150  genome sequences of viruses collected between late December of 2019 and early March of 2020
151 from patients infected in different countries around the world. The results of the phylogenetic
152  analysis demonstrate the rapid divergence of SARS-CoV-2 into three distinct phylogenetic
153  groups, differentiated only by a few changes at the nucleotide and amino acid levels (Figure 2A
154  and 2B).

155  Group A includes the deduced ancestral sequence (NC_045512.2) obtained from the index case
156  in Wuhan, China, and reported to the WHO on 31/December/ 2019, as well as multiple viral
157 isolates from different Chinese provinces. The position of these sequences among multiple
158  branches within the Group A cluster suggests the emergence of multiple viral variantsin China,
159  especialy from Wuhan before the start of the global pandemic. Furthermore, the basal branch
160  position of some of these variants indicates that they were the ancestors of viral isolates obtained
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161  from patients in the USA, Japan, Finland, Taiwan, Nepal, and India between January and
162  February 2020.

163  Similarly, in the Group B cluster, we found viral isolates from multiple Chinese provinces
164  between December of 2019 and January of 2020. These isolates are likely ancestors of vira
165  isolates recovered from patients in the USA, India, and Taiwan between January and March
166  2020. Interestingly, one isolate from Wuhan (LR757995.1) is part of the Group B clugter,
167  supporting the hypothesis that multiple viral variants emerged in China before the start of the
168  pandemic.

169  The Group C cluster was the only cluster that did not contain sequences from China. This cluster
170  includes viral isolates collected from the USA, Italy, Australia, Sweden, Brazil, and South Korea
171 between January and February of 2020. The absence of vira isolates from China and the
172 increased genetic distance from Group A suggests that the emergence of these variants might
173 have come from a second wave of transmission outside of China after the start of the pandemic.

174  Evolutionary divergencein the genome of SARS-CoV-2

175  Once we reconstructed the phylodynamic of SARS-CoV-2 isolates obtained early during the
176  pandemic event, we attempted to determine which nucleotide positions in the SARS-CoV-2
177 genome were related to the early divergence of this virus. Overall, the evolutionary rate of
178  SARS-CoV-2 is 1.15 x 10 substitutions/site/year (95% HPD 7.41 x 10 -1.57 x 10°®), while
179  parwise analysis at nucleotide and amino acid levels revealed an average identity of 99.93-
180  99.98% and 99.86-99.97%, respectively. Given the short divergence time, ahigh level of identity
181  isto be expected; however, afew synonymous and non-synonymous substitutions were observed
182  inthe ORFlab, S, OFR3a M, ORF8a, N and OFR10 genes (Figure 3A and 3B). When pairwise
183  distances were calculated based on gene length, the highest levels of divergence were observed
184  within genes ORF10 and ORF8a when considering synonymous and non-synonymous
185  subgtitutions, respectively (Figure 3C and 3D).

186  Also, the estimated per site evolutionary rate in the coding regions revealed that 98.85% of the
187  dites in the genome are evolving at expected rates of evolution, while 1.15% of the sites are
188  evolving faster than expected (Figure 3E). In this context, and consistent with the length of the
189  OFR1ab gene, most of these synonymous and non-synonymous substitutions (82 sites) were
190 distributed among different protein-encoding segments of this gene; the segment encoding nsp3
191  had the highest number of polymorphic sites (Figure 3E).

192  Detection of purifying and diver sifying selection

193  Once we identified fast-evolving positions within different genes of SARS-CoV-2, we used a
194  combination of different algorithms centered on a codon-based phylogenetic framework to detect
195  specific codons evolving under natural selection. Overall, no recombination events potentially
196  affecting the results of these analyses were detected using the GARD agorithm.

197 Using SLAC we obtained a broad picture of the extent of natural selection acting upon the
198 SARS-CoV-2 genome. We found an overall dN/dS ratio of 0.937 along the genome. In
199  particular, 75 codons located within 5 genes ( ORFlab > S > N > ORF8a >ORF3a) showed
200 evidence of increased fixation of non-synonymous mutations (dN/dS >1). Conversdly, a small
201 number of codons (35 codons) located within 5 genes (ORFlab > N > S >M = ORF10) were
202 accumulating a higher number of synonymous mutations (dN/dS <1). Interestingly, evaluation of
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203  dN/dS at the level of individual genes showed higher ratios for the ORF3a and ORF8 genes
204  (Figure4A).

205  Significant purifying (negative) selection was observed in 12 out of the 35 codons evolving at
206  dN/dS <1 using the FEL (12 sites) and FUBAR (1 site) methods; the codons were located in the
207 ORFlab, S, and N genes (Figure 4B). At these codons, increased fixation of synonymous
208  substitutions seems to be favoring the phenotypic preservation of SARS-CoV-2 at specific
209  residues of the proteins encoded by these genes. By tracking these mutations within different
210 isolates, we observed that these changes could explain the divergence of different viruses within
211 different phylogenetic groups. In some cases, mutations were associated with multiple isolates,
212 supporting the relevance of these findings.

213 On the other hand, evidence of diversifying positive selection on non-synonymous sites was
214  detected in just 4 of the 75 codons evolving at dN/dS >1 in genes ORFlab and ORF3a, with the
215 FUBAR and FEL methods providing the highest power of detection (Figure 4C). Based on this
216  analysis, these four sites appear to be evolving under pervasive diversifying selection.

217  Interestingly, the detection of diversifying selection at codon 3606 (nsp6) was significantly
218  supported by three different tests. Also, the selection of this site was observed in isolates from
219  all three phylogenetic groups, thus supporting the reliability of this finding. However, the
220  conservative nature of the amino acid substitution at this site (L-F;, BSM62= 0) suggests this may
221 not affect the phenotype of SARS-CoV-2. The same pattern was observed in codon 75 (D-E;
222 BSM62=2).

223 Conversdly, based on the nature of the substitution (G-V; BSM62= -3), diversifying selection at
224  codon 251 of the ORF3a gene may produce a biologically relevant effect on the phenotype of
225 SARS-CoV-2. The same situation was observed at codon 2244 (1-T; BSM62= -1). Interestingly,
226 change at codon position 251 is highly conserved within isolates of group C, suggesting that this
227  change might have promoted the divergence of this group.

228  Detection of directional selection

229 To maximize the inference of potential dStes experiencing positive selection, amino acid
230  alignments of SARS-CoV-2 were analyzed using the DEPS algorithm. Overall, DEPS identified
231 atotal of 4 amino acid residues that are experiencing directional selection. Of these four
232 residues, isoleucine (1) has the strongest bias, affecting 16 out of 19 sites evolving via directional
233 sdection (figure 5A).

234  The magority of selected sites were located in nonstructural proteins (nsp) encoded by the
235  ORFlab gene, with nsp3 accounting for the highest proportion (Figure 5B). Interestingly, a low
236 proportion of the total number of predicted sites had a conservative amino acid substitution
237  (residues at positions 902, 1769, 2235, and 2908), suggesting that the majority of substitutions
238  may have an adaptive effect. In this context, it is remarkable that codon 84 of protein ORF8a is
239  synapomorphic in all Group B sequences. Also, similar to previous algorithms, DEPS identified
240  positive selection of residue 251 of ORF3a, supporting the potential significance of this site in
241  theearly evolution of SARS-CoV-2.

242  Evidence of coevolution among sites
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243  Findly, we attempted to find coevolutionary correlations between different codons within the
244  genome that result in the positive selection of sites. Analysis by BMG produced evidence of 14
245  coevolving codon pairs; these interactions took place mostly within codons located within the
246 ORFBlab gene (Figure 6). Although most of the interactions were detected between
247  nonsynonymous codons, coevolution between codons 4090-4269 and 818-4320 was detected by
248  a synonymous substitution at one of the codons. Also, based on the nature of the amino acid
249  replacement, just 6 of the 14 interactions produced a potential biological significance in the
250  replacement. Interestingly, 8 of the 14 interactions appeared associated with sites evolving under
251  some type of positive selection, suggesting that the selection of these sites might be the result of
252  epistatic events (Figure 7).

253  Discussion

254  Herein, we evaluated the phylogenetic and evolutionary dynamics of SARS-CoV-2 during the
255  first months of the pandemic event in 2020. Our phylogenetic analysis revealed the complex
256  dynamic of the spread of infection throughout the world, suggesting that multiple vira variants
257  might have emerged in China before the start of the pandemic event. The evolutionary rate
258  calculated for SARS-CoV-2 in this study was consistent not only with previous reports for
259 SARS-CoV (Sdemi et al., 2004, Zhao et al., 2004), but also with the rate for other RNA viruses
260  (Sanjuan et al., 2010), explaining the high levels of identity at nucleotide and amino acid levels
261  calculated for SARS-CoV-2 in our study. In this context, the high conservation observed in the
262  genome of SARS-CoV-2 early during the pandemic might also be attributed to the unique RNA
263 correction machinery of coronaviruses (Ferron et al., 2018).

264  However, and despite the relative genome stability observed in SARS-CoV-2 at this stage of the
265  pandemic, we were able to describe the existence of 3 phylogenetic groups. Interestingly, our
266  evolutionary analysis supported the hypothesis regarding early divergence events produced
267  during the pandemic. By using a combination of different evolutionary agorithms, we detected
268  multiple codon sites that may be promoting the divergence of SARS-CoV-2. However, two
269  primary considerations must be addressed regarding the biological relevance of multiple sites
270  detected in this study. First, a considerable number of polymorphisms were detected in just one
271 vird isolate, which might be a consequence of the small number of viral isolates available at the
272 timewe started this study. Another possibility is that some of the polymorphisms might be due to
273  sequencing errors. Additionally, some positively selected sites resulted in conservative
274  replacements in terms of the similar nature of these amino acids, suggesting that they may not
275 have a potential biological effect on the phenotype of SARS-CoV-2. However, the last
276 assumption must be taken with caution, since experimental work on Chikungunya virus has
277  shown that a conservative replacement of aspartic acid (D) with glutamic acid (E) at residue 350
278  of the E1 protein is able to alter the affinity of a monoclonal antibody for this site (Tuekprakhon
279 etal., 2018).

280  We are reporting three potentially relevant residues that may be driving the evolution of SARS-
281  CoV-2 in human populations. Residue 251 of the ORF3a protein appears to be experiencing
282  diversifying selection and might be related to the emergence of viruses in phylogenetic Group C.
283  The early selection of this site might have a biological relevance since the ORF3a protein has
284  been associated with virulence of human coronaviruses by controlling not only the expression of
285  cytokines and chemokines but also inducing necrotic cell death (Shi et al., 2019).
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286  Also, aresidue located at position 84 of the ORF8a protein was found to be evolving under
287  directional selection and might be related to the emergence of Group B. This protein has been
288 implicated in viral pathogenesis by regulating the initial innate response (McBride and Fielding,
289 2012, Shi et al., 2019). Interestingly, ORF3a and ORF8a accessory proteins had the highest
290 dN/dS, indicating that a positive selective pressure is being exerted on these proteins during the
291  pandemic.

292  Based on the known roles in tropism and virulence associated with the helicase of MERS-CoV,
293  we consider it important to mention codon 5865 (ORF1ab) that was found to be evolving under
294  directional selection and might be related to the divergence of 5 isolates from Washington, USA,
295  forming a sub-cluster in Group B.

296  Finally, our analysis of coevolution revealed some potential epistatic interactions that might be
297  driving the evolution of SARS-CoV-2. This mechanism has been proposed to explain the
298  emergence of an Ebolavirus variant in 2014 (Ibeh et al., 2016), and its relevance in the evolution
299  of coronaviruses should be explored in future studies. Also, it is interesting to mention that most
300 of the co-evolving sites were located in ngp3; given the role of this protein in the virulence of
301  coronaviruses (Fehr et al., 2015), this observation may be key in understanding the evolution of
302  SARS-CoV-2. Furthermore, since two of the interactions detected by BGM were associated with
303  synonymous mutations, the relevance of this type of substitution to viral fitness should not be
304 underestimated, since selection of synonymous substitutions has been reported in other RNA
305 viruseslike VSV (Novellaet a., 2004, Velazquez-Salinas et al., 2018).

306  Collectively, our results describe the early evolutionary events of SARS-CoV-2 during the
307  current pandemic and the findings may support the hypothesis that different variants of SARS-
308 CoV-2 with disparate levels of virulence might be circulating in the world. This possibility
309 might have an important impact on public health and measures to control the pandemic.
310  Subsequent studies using reverse genetics will be needed to confirm the relevance of our findings
311  connecting specific residue substitutions with different virus phenotypes.
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328 FigurelLegends

329 Figurel. Sample summary . Description of the 86 SARS-Cov-2 full-length genome sequences
330 included in this study. All sequences were obtained form | from the GenBank database,
331  accession number, genome length, isolate name, source, host and country of origin are provided.
332 N/A indicates information not available.

333  Figure 2. Phylogeny of SARS-Cov-2. A) A MCC tree reconstructed using 86 SARS-Cov-2 full-
334 length genomes collected from patients naturally infected at different countries, showing the
335 existence of 3 phylogenetic groups (A, B, C). Branches in the tree are colored based on the
336  geographic location of each isolate. Presumed index case is pointed out with a red arrow. B)
337 Aveage p-distance, and average nucleotide and amino acid differences between group A and
338  groups B and C sequences, respectively. Analysis was conducted using the software MEGA 7.

339  Figure 3. Pairwise distance analysis. Pairwise distance analysis at: A) synonymous and B) non-
340  synonymous nucleotide sites was conducted using the program Sequence Distances (software
341  SSE). Red bars represent pairwise distance comparisons using an sliding window of 50
342 nucleotides. Average nucleotide parwise distance for different genes is shown a C)
343  synonymous and D) non-synonymous sites. E) Fast-evolving synonymous and non-synonymous
344  Sites at each coding region are shown. For these sites evolutionary rates oscillated between 4.97
345  and 4.95. Red numbers represent nucleotides at : 1)Leader protein, 2) nsgp2, 3) nsgp3, 4) nsp4, 5)
346 ngp6, 6) ngp7, 7)nsp8, 8)nsplO, 9) RNA independent polymerase, 10) helicase, 11) 3'to 5
347  exonuclease, 12) endoRNAsge, 13) 2'-O-ribose methyltransferase.

348  Figure 4. Diversifying and purifying selection on SARS-CoV-2. A) General overview obtained
349 by SLAC analysis, showing the evolutionary rate (dN-dS or dN/dS) along the genome and at
350 individual genes of SARS-CoV-2. Statigtically significant codons were inferred by multiple
351  evolutionary tests used in this study. Red asterisks represent codons with significant evidence
352  for selection, Codons evolving at B) Purifying (negative) or C) Diversifying (positive) selection
353  are shown numbers in red represent evolutionary tests with significant values according to the
354 analysis :SLAC, FEL, MEME (p-value=0.1) and FUBAR (posterior probability =0.9). The
355  criteriafor considering a Site positively or negatively selected was based on their identification
356 by at least one of thetests. The Phylogenetic group column (assigned according with figure 1A)
357  shows also the isolates carrying the substitutions . Abbreviations: LP (Leader protein), 3LP (3C-
358 like proteinase), N9 (ngp9), 3'-5' exo (3'-to 5 exonuclease), EN (endoRNAse), and 2’M (2'-o-
359  ribose methyltransferase).

360 Figure 5. Directional selection analysis on SARS-CoV-2. A)An amino acid alignment was
361 evaluated by DEPS and 4 different residues producing 19 directionally evolving sites in the
362 proteome of SARS-CoV-2 are reported. P-values show the statistical significance of each
363 residue considering a model test of selection versus not selection. Bias term: Alignment-wide
364 relative rate of substitution towards target residue. , Proportion of affected sites: Percentage of
365 dtes evolving under a directional model, versus a standard model with no directionality.
366  Directionally evolving sites: Number of sites that show evidence of directional selection for focal
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367 residue. B) Description of 19 directionally evolving sites. Sites were detected by Empirical
368 Bayesian Factor (EBF) considering a cut-off of 100 or more. Numbers in red represent
369  replacements between amino acids with different properties. The Phylogenetic group column
370  (assigned according with figure 1A) shows also the isolates carrying the substitutions.

371 Figure 6. Coevolution between codon pairs in the genome of SARS-CoV-2. BMG analysis was
372  conducted to detect coevolving codon pairs. Evidence of 14 coevolving codon pairs were
373 detected and the specific locations of those in the genome of SARS-CoV-2 are presented.
374  Posterior probability of pair associations was supported by Markov Chain Monte Carlo Analysis
375 at cut-off of 50 or more. Numbers in red represent replacements between amino acids with
376  different properties. The Phylogenetic group column (assigned according with figure 1A) shows
377  aso the isolates carrying the substitutions. ** represents viral isolated where the changes were
378  not detected.

379 Figure 7. Potential epistatic network in the genome of SARS-CoV-2. Coevolving pair codons
380 involving sites evolving under positive selection at different regions in the genome of SARS
381  CoV-2 are shown with stars, suggesting that the selection of these sites may be result of epistasis.
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Genbank accession Genome
number bases isolation source Host Country State/City/Province Collection Date
LC528232.1 29902 throat swab Homo sapiens Japan Kanagawa 10-Feb-20
L.C528233.1 29902 throat swab Homo sapiens Japan Kanagawa 10-Feb-20
LR757995.1 29872 N/A Homo sapiens China Wuhan 26-Dec-19
LR757996.1 29868 N/A Homo sapiens China Wuhan 1-Jan-20
LR757998.1 29866 N/A Homo sapiens China Wuhan 26-Dec-19
MN908947.3 29903 N/A Homo sapiens China Wuhan Dec-19
MN938384.1 29838 nasopharyngeal swab Homo sapiens China Shenzhen 10-Jan-20
MN975262.1 29891 sputum Homo sapiens China Shenzhen 11-Jan-20
MN985325.1 29882 oropharyngeal swab Homo sapiens USA Washington 19-Jan-20
MN988668.1 29881 bronchoalveolar lavage fluid Homo sapiens China Wuhan 2-Jan-20
MN988669.1 29881 bronchoalveolar lavage fluid Homo sapiens China Wuhan 2-Jan-20
MN988713.1 29882 sputum Homo sapiens USA Mlinois 21-Jan-20
MN994467.1 29882 nasopharyngeal swab Homo sapiens USA California 23-Jan-20
MN994468.1 29883 nasopharyngeal swab Homo sapiens USA California 22-Jan-20
MN996527.1 29825 bronchoalveolar lavage fluid Homo sapiens China Wuhan 30-Dec-19
MN996528.1 29891 bronchoalveolar lavage fluid Homo sapiens China Wuhan 30-Dec-19
MN996529.1 29852 bronchoalveolar lavage fluid Homo sapiens China Wuhan 30-Dec-19
MN996530.1 29854 bronchoalveolar lavage fluid Homo sapiens China Wuhan 30-Dec-19
MN996531.1 29857 bronchoalveolar lavage fluid Homo sapiens China Wuhan 30-Dec-19
MN997409.1 29882 buccal swab Homo sapiens USA Arizona 22-Jan-20
MTO007544.1 29893 N/A Homo sapiens Australia Victoria 25-Jan-20
MT012098.1 29854 throat swab Homo sapiens India Kerala 27-Jan-20
MT019529.1 29899 bronchoalveolar lavage fluid Homo sapiens; male: age 65 China Wuhan 23-Dec-19
MT019530.1 29889 bronchoalveolar lavage fluid Homo sapiens; female; age 49 China Wuhan 30-Dec-19
MTO019531.1 29899 bronchoalveolar lavage fluid Homo sapiens; male; age 41 China Wuhan 30-Dec-19
MT019532.1 29890 bronchoalveolar lavage fluid Homo sapiens: female; age 52 China Wuhan 30-Dec-19
MT019533.1 29883 bronchoalveolar lavage fluid Homo sapiens; male; age 61 China Wuhan 1-Jan-20
MT020781.2 29806 N/A Homo sapiens Finland N/A 29-Jan-20
MT020880.1 29882 nasopharyngeal swab Homo sapiens USA Washington 25-Jan-20
MT020881.1 29882 oropharyngeal swab Homo sapiens USA Washington 25-Jan-20
MT027062.1 29882 nasopharyngeal swab Homo sapiens USA California 29-Jan-20
MT027063.1 29882 oropharyngeal swab Homo sapiens USA California 29-Jan-20
MT027064.1 29882 oropharyngeal swab Homo sapiens USA California 29-Jan-20
MT039873.1 29833 sputum Homo sapiens; male China Hangzhou 20-Jan-20
MT039887.1 29879 nasopharyngeal swab Homo sapiens USA Wisconsin 31-Jan-20
MT039888.1 29882 oropharyngeal swab Homo sapiens USA Massachusetts 29-Jan-20
b.MEQ%%QQol https://doi.&3&@:1101/2020.04.10.035%/4gthis version posted April 11, 2&@% %@W holder for this%ffE-HFlﬂlt]&f‘m@l?\a N/A Jan-20
MTO4%s 59t Tertified by pfggg\ﬁew) is the author/fg%c{?ﬁﬂﬁ made available under a C%I%\{]:{\(chél%%ileqllgtemational Iicense.USA Tllinois 28-Jan-20
MT044258.1 29858 respiratory swab Homo sapiens USA California 27-Jan-20
MT049951.1 29903 sputum Homo sapiens China Yunnan 17-Jan-20
MT050493.1 29851 throat swab Homo sapiens India Kerala 31-Jan-20
MT066156.1 29867 sputum Homo sapiens Italy N/A 30-Jan-20
MTO066175.1 29870 N/A Homo sapiens Taiwan N/A 31-Jan-20
MT066176.1 29870 N/A Homo sapiens Taiwan N/A 5-Feb-20
MT072688.1 29811 oropharyngeal swab Homo sapiens Nepal N/A 13-Jan-20
MT093571.1 29886 N/A Homo sapiens Sweden N/A 7-Feb-20
MT093631.2 29860 throat swab Homo sapiens China Wuhan 8-Jan-20
MT106052.1 29882 nasopharyngeal swab Homo sapiens USA California 6-Feb-20
MT106053.1 29882 nasopharyngeal swab Homo sapiens USA California 10-Feb-20
MT106054.1 29882 sputum Homo sapiens USA Texas 11-Feb-20
MT118835.1 29882 bronchoalveolar lavage Homo sapiens USA California 23-Feb-20
MT121215.1 29945 throat swab Homo sapiens China Shanghai 2-Feb-20
MT123290.1 29891 oropharyngeal swab Homo sapiens China Guangzhou 5-Feb-20
MT123291.2 29982 bronchoalveolar lavage fluid Homo sapiens China Guangzhou 29-Jan-20
MT123292.2 29923 sputum Homo sapiens China Guangzhou 27-Jan-20
MT123293.2 29871 stool Homo sapiens China Guangzhou 29-Jan-20
MT126808.1 29876 nasopharyngeal swab Homo sapiens Brazil N/A 28-Feb-20
MT135041.1 29903 N/A Homo sapiens China Beijing 26-Jan-20
MT135042.1 29903 N/A Homo sapiens China Beijing 28-Jan-20
MT135043.1 29903 N/A Homo sapiens China Beijing 28-Jan-20
MT135044.1 29903 N/A Homo sapiens China Beijing 28-Jan-20
MT152824.1 29878 mid-nasal swab Homo sapiens USA Washington 24-Feb-20
MT159705.1 29882 nasopharyngeal swab Homo sapiens USA N/A 17-Feb-20
MT159706.1 29882 nasopharyngeal swab Homo sapiens USA N/A 17-Feb-20
MT159707.1 29882 nasopharyngeal swab Homo sapiens USA N/A 17-Feb-20
MT159708.1 29882 nasopharyngeal swab Homo sapiens USA N/A 17-Feb-20
MT159709.1 29882 oropharyngeal swab Homo sapiens USA N/A 20-Feb-20
MT159710.1 29882 nasopharyngeal swab Homo sapiens USA N/A 17-Feb-20
MT159711.1 29882 nasopharyngeal swab Homo sapiens USA N/A 20-Feb-20
MT159712.1 29882 oropharyngeal swab Homo sapiens USA N/A 25-Feb-20
MT159713.1 29882 nasopharyngeal swab Homo sapiens USA N/A 18-Feb-20
MT159714.1 29882 nasopharyngeal swab Homo sapiens USA USA 18-Feb-20
MT159715.1 29882 nasopharyngeal swab Homo sapiens USA N/A 24-Feb-20
MT159716.1 29687 nasopharyngeal swab Homo sapiens USA N/A 24-Feb-20
MT159717.1 29882 nasopharyngeal swab Homo sapiens USA N/A 17-Feb-20
MT159718.1 29882 nasopharyngeal swab Homo sapiens USA N/A 18-Feb-20
MT159719.1 29882 nasopharyngeal swab Homo sapiens USA N/A 18-Feb-20
MT159720.1 29882 nasopharyngeal swab Homo sapiens USA N/A 21-Feb-20
MT159721.1 29882 oropharyngeal swab Homo sapiens USA N/A 21-Feb-20
MT159722.1 29882 nasopharyngeal swab Homo sapiens USA N/A 21-Feb-20
MT163716.1 29903 N/A Homo sapiens USA Washington 27-Feb-20
MT163717.1 29897 N/A Homo sapiens USA Washington 28-Feb-20
MT163718.1 29903 N/A Homo sapiens USA Washington 29-Feb-20
MT163719.1 29903 N/A Homo sapiens USA Washington 1-Mar-20
MT163720.1 29732 N/A Homo sapiens USA Washington 1-Mar-20
NC 045512.2 29903 N/A Homo sapiens China Wuhan Dec-19
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Group C 0.000191 5.78 3.67

= Index case

Group A

Group B

Group C
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ORFlab S ORF3a E M ORF6 ORF7a ORF7b ORF8a N ORF10 ORFlab S ORF3a E M ORF6 ORF7a ORF7b ORF8a N ORF10
Gene Gene
# of
Total of evolving | synonymous # of non-synonymous
Gene sites >1 sites Gene nucleotide position sites Gene nucleotide position
(225,389)1, (1120, 1283, 1426, 1826, 2012, 2452)1,
(2706,2834, 2912, 2994, 3141, 3146, 3253, 3473, 4797,
4819, 5307, 5519, 5580, 5761, 6236, 6371, 6430, 6554,
(349)1, (2004, 2181)2, (3513,4137, 5766)°, (8517, 8769, 9009, 6703, 6731, 6751, 7601, 7736, 8123)3, (8722, 9226, 9269,
9771)*, (11145)°,(11691)°, (11850,12208) (12807, 12960)°, 9659)*, (10818, 11485, 11499)°, (12269), (12961)°,
(14541, 15060, 15333, 15343)°, (16983, 17109, 17112)"", (14393)°, (16613, 16736, 17159, 17483, 17594)*°, (18911,
ORF1ab 82 28 (17796, 18339,18711,18801)" 54 19346)", (20017)"2, (20672, 20878, 21052)"*
S 11 3 471, 2472, 2763 8 82, 145, 662, 741, 1223, 1963, 2390, 2789
ORF3a 2 0 2 383,752
M 1 1 207 0
ORF8a 3 0 3 32,184, 251
N 10 5 105, 519, 822, 957 5 136, 581, 605, 1028, 1030
ORF10 1 1 78 0
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ORF1ab S N
ORF3al | ‘ OREgal ORF10
M
ORFo6
ORF7a
B ORF7b
Gene .c?don SLAC FEL FUBAR In.fe-rre-d Phylogenetic group
Gene position dN-dS P [dN/dS<1] dN/dS p-value dN-dS Prob[dS>dN] substitution
ORFlab/ nsp2 668 -246.55 0.33 0 0.05 -18.84 0.88 ) GCAgs (1yGCU; Group C (MT066156.1)
ORF1lab/ nsp3 1171 -246.55 0.33 0 0.06 -18.81 0.88 (1 ACAgs mAGG, Group A (MT019529.1)
Group B (MT135041.1,MT135042.1, MT13043.1,
ORF1ab/ nsp3 1379 -246.55 0.33 0.10 -18.15 0.88 ity UV CUC, MT135044.1)
ORFlab/nsp4 2923 -439.02 0.21 0.05 -19.03 0.88 () AAAgs (4AAG, Group A (MT066176.1)
ORFlab/nsp4 3003 -350.33 0.26 0.05 -18.99 0.88 (2) AGAgs (AGG, Group C (MT093571.1)
Group A (MT012098.1, MT039887.1, MT123291.1)
ORFlab/helicase 5704 -246.55 0.33 0.06 -18.80 0.88 (a) GCCgy4)GCU, Group B (MT123292.1)
ORFlab/3'-to-5' exonuclease 6113 -359.07 0.23 0.09 -18.48 0.88 (1) CAUgs (1CAC, Group B(MT106054.1)
ORFlab/3'-to-5' exonuclease 6267 -246.55 0.33 0 0.09 -18.18 0.88 (p) CCUgs (5 CCC, Group C (MT007544.1)
Group A (MT039888.1, MT072688.1) Group B
S 824 -861.17 0.02 0 0.07 -39.51 0.98 ) AACs; (yAAUS (MN988713.1, MN994467.1, MT044257 .1)
S 921 -439.36 0.21 0 0.05 -19.03 0.88 () AAAG, (AAG, Group A (MT106053.1, MN996527.1)
N 173 -246.55 0.33 0 0.05 -18.85 0.88 4 GCAs (2] GEY, Group B (MN994467.1)
N 418 -531.95 0.22 0 0.10 -18.69 0.88 (@ CAGgs CAA,  Group A (MT123291.1) Group B (MT123292.1)
C
Gene codon SLAC FEL MEME FUBAR .
Gene position dN-dS P [dN/dS < 1] dN/dS p-value [dN/neutral evolution component  p-value dN-dS Prob[dS<dN] | Inferred substitution Phylogenetic group
Group B (MN988713.1,
ORF1ab/leader protein 75 214.12 0.60 Infinity 0.25 293.63 0.26 31.52 0.94 (0)GAUg, (5GAA, MT04427.1)
Group A (MT019531.1,
ORF1ab/nsp3 2244 239.71  0.47 Infinity 0.10 480.91 0.12 31.52 0.95 WAUCg; (nACC, MT123293.1)
Group A (LC528232.1,
LC5282233.1) Group B
(MT049951.1*) Group C
ORF1ab/nsp6 3606 55228  0.14 Infinity 0.08 3129.69 0.10 41.36 0.97 UUGg (nUUUs (UUC,*  (MT163716.1, MT049951.1)
ORF3a 251 24655  0.44 Infinity 0.19 517.70 0.21 31.38 0.95 (@6GUzs vyGUU; Group C (all 7 taxon)
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Proportion of Directionally

Residue p-value Bias term : : ;
affected sites  evolving sites

C 0.0028 10.89 50.00% 1
I 0 716.43 0.69% 16
S 0 47.28 1.71% 1
v 0 24.36 3.80% 1
. . Composition in the Hesonsioneicd mosl Inferred DEPS Blosum 62 Matrix .
Protein Site j common ancestor at i Phylogenetic group
alignment site Substitutions EBF Score
ORF1ab/nsp2 609 Tesl, T [T 123753 -1 Group A (MT027064.1)
ORF1ab/nsp3 902 MgsI; M [, =M I: 2244 1 Group C (MT039890.1)
ORF1ab/nsp3 945 Tesl; i) [>T [:374.2 -1 Group A (MT159717.1)
ORF1ab/nsp3 1769 MgsIy M [~ M 12233 1 Group C (MT163716.1)
ORF1ab/nsp3 1840 Tesly T LT I:>10° -1 Group B (MT152824.1, MT163720.1)
ORF1ab/nsp3 2124 Tesl; T [>T 3753 ik Group A (MT159712.1)
ORF1ab/nsp3 2185 Sgaly S LS I>10° -2 Group A (MT123291.1, MT123293.1)
ORF1ab/nsp3 2235 LgsI, L I;=¢L [: 367.5 2 Group A (MT019529.1)
ORF1ab/nsp4 2908 Fgsl; F Foeyl I: 558.4 1 Group A (MN996531.1)
ORF1lab/nsp4 3090 Tesl; T I, =T L3753 -1 Group A (LR757998.1)
ORF1ab/nsp8 4090 Tssl, T [;<=¢T 3753 -1 Group A (MT123292.1)
ORF1ab/helicase 5538 Tgsl, T [T I: 378.5 <1 Group B (MT050493.1)
ORF1ab/helicase 5579 Tssl, T [T k23753 -1 Group C (MN994468.1)
Group B (MT163717.1, MT163718.1,
ORFlab/helicase 5565 Yubs N Csoo¥ GO ? MT163ITJ’19.(1, MT163720.1, MT152824.1)
S omnclene 449 Teshy 1 Lol L3755 -1 Group A (MT123291.1)
S 408 Rgsly R [;<>¢R I: 652.7 -3 Group A MT012098.1
ORF3a 251 G7oV- G Gye—,V V->10" -3 Group C (all 7 taxon)
ORF8a 11 Tgsl, T [T I:3763 -1 Group B (MT106054.1)
ORF8a 84 Lg;1Sss L Ly<25S $->10° 2 Group B (all 25 taxon)
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Probability that sites 1 and

2 are not conditionally

Inferred

Blosum 62 matrix Inferred substitution

Blosum 62 matrix

Gene site 1 Codon position Gene site 2 Codon position independent substitution site 1 score site 2 score Phylogenetic group
Group B (MT044257.1,
ORFlab/leader protein 75 ORF8a 62 0.5 0 GAUgy 5 GAA, Z wGUGs; 1,CUG; 1 MN988713.1) MN994467.1*'

Group A (MT027062.1,

ORFlab/leader protein 117 ORF1lab/nsp3 1607 0.76 wGCUgy mACU, 0 aAUAg, yGUA, 3 MT027063.1)
Group A (MT123293.1)

ORF1ab/leader protemn 130 ORF1lab/nsp3 2244 0.56 ) GGAgs 5 GAA, -2 aAUCg3 mACC, -1 MT019353.1%
ORFlab/nsp2 609 5 49 0.74 mACUgs nAUU, -1 aCUAgs vhUAU; 2 Group A (MT027064.1)
ORFlab/nsp2 818 ORF1lab/nspl0 4320 0.76 ©0GUgs 5iAGU; 0 sUCCss 5UCG N/A Group C (MT093571.1)
ORFlab/nsp3 1047 S 655 0.73 ®CAAgs 1GAC, 2 aCAUgs v UAU; 2 Group B (MT163720.1)
ORFlab/nsp3 1049 ORF1lab/nsp3 1769 0.76 & GCUgs 1, GUU; 0 anAUGgs nAUU; 1 Group C (MT163716.1)
ORF lab/nsp3 2124 ORF lab/nsp6 3829 0.75 mACUgs nAUU;, -1 0yCUCgs UUC, 2 Group A (MT159712.1)
ORFlab/nsp3 2235 ORF lab/nsp6 3833 0.74 0yCUAgs nAUA, 2 aAAUgs xyAAA, 0 Group B (LR757998.1)
ORFlab/nsp3 2251 ORF1ab/2'-O-ribose methyltransferase 6958 0.74 GGUgs AGU, 0 ®AAGgs R AGG, 2 Group A (MN99629.1)
ORFlab/nsp3 2579 ORFlab/nsp4 3090 0.72 0GAUgs (4yGCU;4 -2 mACUgs nAUU;, -1 Group A (MN996531.1)
ORFlab/nsp3 2708 ORFlab/nsp4 2908 0.73 aAACss §AGC, 1 ®UUUgs nAUU, 0 Group A (MT019529.1)
ORFlab/nsp8 4090 ORFlab/nspl0 4269 0.73 mACUgs nAUU; -1 @UUCgs mUUU; N/A Group B (MT123292.1)
ORF 1ab/3'-to-5' exonuclease 6304 ORF8a 11 0.73 0 GAUgs (4yGCU;4 -2 mACAgs AUA, -1 Group B (MT106054.1)
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