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19 Abstract

20 Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), a positive-sense single-stranded virus
21 approximately 30 kb in length, causes the ongoing novel coronavirus disease-2019 (COVID-19). Studies
22 confirmed significant genome differences between SARS-CoV-2 and SARS-CoV, suggesting that the
23 distinctions in pathogenicity might be related to genomic diversity. However, the relationship between
24 genomic differences and SARS-CoV-2 fitness has not been fully explained, especially for open reading frame
25 (ORF)-encoded accessory proteins. RNA viruses have a high mutation rate, but how SARS-CoV-2 mutations
26 accelerate adaptation is not clear. This study shows that the host-genome similarity (HGS) of SARS-CoV-2
27 is significantly higher than that of SARS-CoV, especially in the ORF6 and ORFS8 genes encoding proteins
28 antagonizing innate immunity in vivo. A power law relationship was discovered between the HGS of ORF3b,
29  ORF6, and N and the expression of interferon (IFN)-sensitive response element (ISRE)-containing
30 promoters. This finding implies that high HGS of SARS-CoV-2 genome may further inhibit IFN I synthesis
31 and cause delayed host innate immunity. An ORFlab mutation, 10818G>T, which occurred in virus
32 populations with high HGS but rarely in low-HGS populations, was identified in 2594 genomes with
33 geolocations of China, the USA and Europe. The 10818G>T caused the amino acid mutation M37F in the
34 transmembrane protein nsp6. The results suggest that the ORF6 and ORF8 genes and the mutation M37F
35 may play important roles in causing COVID-19. The findings demonstrate that HGS analysis is a promising
36 way to identify important genes and mutations in adaptive strains, which may help in searching potential

37  targets for pharmaceutical agents.

38 Introduction

39 In December 2019, a novel coronavirus SARS-CoV-2 was reported as the cause of COVID-19. SARS-CoV-2
40 has a positive-sense single-stranded RNA with a length of approximately 30 kb[1]. Studies have shown that

41 considerable genetic diversity exists between SARS-CoV-2 and SARS-CoV[1, 2]. Compared with SARS-
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42 CoV, SARS-CoV-2 appears to be more contagious and more adapted to humans[3]. The distinctions in
43 pathogenicity and virulence might be related to genomic diversity.

44 RNA viruses are susceptible to genetic recombination, and viral populations may evolve improved
45 adaptability in the process of infecting hosts. By comparing the genome similarity of the virus to the host,
46 the adaptability of the virus to the host can be inferred. Although the genomes of viruses and hosts are quite
47 different in general, nucleotide sequence similarities do exist. Such similarities may have three biological
48 significances. (1) These similar fragments come from a common ancestor and remain stable over long-term
49 evolution due to their biological significance. (2) Similar genomic fragments are coincidentally preserved in
50 both viruses and hosts over time because of the biological benefits of the gene products. (3) When the virus
51 interacts with the hosts, mutants are created by virus-host gene exchanges, causing genome similarities.

52 A growing number of studies on virus-host gene similarity have been reported. Simian virus 40 (SV40), the
53 first animal virus to undergo complete full-sequence DNA analysis, can infect monkeys and humans and
54 cause tumors[4]. Rosenberg et al.[5] found that some mutant SV40 viruses contained nucleic acid sequences
55 from their host monkeys. This finding suggests that viruses can recombine with host genes to complete their
56 own physiological processes, which makes up for a lack of function or increases virulence. Genes similar to
57 specific fragments of the human genome in molluscum contagiosum virus (MCV) have been reported[6].
58 MCYV is a human poxvirus and lacks the genes associated with virus-host interactions in other poxvirus
59 species (variola virus). However, genes in MCV with high similarity to specific fragments of the human
60 genome are also hard to find in other poxviruses. These host-like genes may provide MCV-specific strategies
61 for coexistence with the host[6]. In other words, it is very likely that viruses use host-specific genes to perform
62 activities related to virus-host interactions, such as evasion of the host innate immune system. When human
63 peripheral blood DNA was used as a template for polymerase chain reaction (PCR), 5 of 6 samples could be
64 amplified by Epstein-Barr virus (EBV)- or hepatitis C virus (HCV)-specific primers[7]. Therefore, it is

65 speculated that some genes of the two viruses may also exist in the human genome or that the viruses may
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66 have homology with human genes. This hypothesis implies that not only can the virus have the host's genes

67 but also the host itself may have genes from the virus.

68  Selection pressure exerted by the host immune system plays an important role in shaping virus
69  mutations. Homology between virus and host proteins indicates the presence of host gene capture.
70  Evolution of viral genes may involve intergenome gene transfer and intragenome gene
71  duplication[8]. By acquiring immune modulation genes from cells, viruses have evolved proteins
72 that can regulate or inhibit the host's immune system[9, 10]. A recent study showed that human
73  genome evolution was shaped by viral infections[11]. In mammals, nearly 30% of the adaptive
74  amino acid changes in the human proteome are caused by viruses, suggesting that viruses are one
75  of the major driving factors for the evolution of mammalian and human proteomes[12]. These
76  findings support the possibility that SARS-CoV-2 may exchange genetic information with host
77  cells. It can be inferred that most of the traits and mechanisms retained in "coevolution" between
78  viruses and their hosts, including genetic and mutational mechanisms, benefit at least one or both.
79 At the molecular level of evolution, the exchange of genetic information is necessary for virus-host

80  mutual adaptation, leading to the similarity of nucleotide sequences.

81 It 1is interesting to study the relationship between gene similarities and viral
82  transmission/pathological ability. The single-stranded RNA of coronavirus generally encodes three
83  categories of proteins: (1) the replication proteins open reading frame (ORF)la and ORF1lab; (2)
84  the structural proteins S (spike), E (envelope), M (membrane) and N (nucleocapsid); and (3)
85  accessory proteins with unknown homologues. The structural protein genes are organized as °-S-
86  E-M-N-’ in the SARS-CoV-2 genome, and accessory protein genes are distributed between S and

87 E,MandN.
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88  The accessory protein genes play a key role in inhibiting the innate immune response in vivo and
89  are more susceptible than the other genes to species-specific mutations under the pressure of
90  evolutionary selection. Once inside the cell, the virus immediately confronts other critical proteins
91  known as host-restriction factors (HRFs)[13]. HRFs are proteins that recognize and block viral
92  replication. Virus-host interactions control species specificity and viral infection ability. Under
93  pressure from the host immune system, viruses must be able to overcome a range of constraints
94  associated with the host species and often show evolutionary mutation selections. It is hypothesized
95  that accessory ORFs may retain beneficial mutations to increase host-genome similarity (HGS).
96  Identifying emerging genetic mutations in virus populations with high HGS may aid the
97  understanding of how SARS-CoV-2 evolved adaptation to humans. To the best of our knowledge,
98  studies on the genetic similarity between SARS-CoV-2 and the human genome have not been

99  reported.

100 This study investigated the HGS of SARS-CoV-2 genes and elucidated the links between HGS and
101  virus adaptation to humans. A power law relationship was discovered between the expression of
102 genes with interferon (IFN)-stimulated response elements (ISREs) and HGS. ORFs with higher
103 HGS suppressed the gene expression of ISRE-regulated genes to a greater extent. Applying HGS
104  analysis to 2594 SARS-CoV-2 genomes from China, the USA and Europe, it was found that the
105  ORF6 and ORFS genes of SARS-CoV-2 had more significant HGS increments than SARS-CoV.
106  In addition, three different sets of surviving mutations were identified in SARS-CoV-2 genomes
107 for China, the USA and Europe. Interestingly, an ORF1ab mutation, 10818G>T, which resulted in
108  the residue mutation M37F in the transmembrane protein nsp6, was observed in virus populations
109  of all three regions. This mutation did not occur in strain populations with low HGS but gradually

110 appeared in populations with high HGS. This finding provides strong evidence that SARS-CoV-2
5
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111  may accelerate adaptation in humans through increasing HGS of the ORF6 and ORFS8 genes and
112 selecting the M37F mutation. However, the underlying mechanism by which these genes and

113 mutations make SARS-CoV-2 more adapted to humans remains unclear.

114 Materials and Methods

115 Viral genome data

116  Byusing BLAST ORFfinder[14], 31 ORFs were detected in the RNA genome sequence (29903 nt) of SARS-
117  CoV-2 (GenBank: MN908947.3). Only ATG was used as the ORF start codon, and nested ORFs were
118 ignored. Among all the ORFs in the SARS-CoV-2 sequence, we selected the longest 14 as targets, whose
119 lengths were no less than 75 nt. For genome comparison, ORFs in the SARS-CoV genome with a length of
120 29728 nt (GenBank: AY394850.2) were also identified. There were 19 ORFs with lengths no less than 75 nt
121 in the SARS-CoV sequence.

122 The SARS-CoV-2 genomes were obtained from the GISAID database[15]. By May 20, 2020, the GISAID

123 database (https://www.gisaid.org/) had 416 SARS-CoV-2 genomes from China, 5184 genomes from the USA

124 and 10954 genomes from Europe. Complete and high-coverage genomes were used to ensure accurate HGS
125 calculations. The sequences containing nucleotide names other than A, G, C and T were removed from the
126 dataset. In total, 2594 SARS-CoV-2 genomes were used in the current study, including 200 from China, 1538
127  from the USA and 856 from Europe. The CDSs of the SARS-CoV-2 genome were identified by using
128 MATLAB (https://www.mathworks.com/help/bioinfo/ref/seqshoworfs.html). The accession IDs of the
129  genomes used in the article can be found in the Supplemental Information.

130 Human SARS-CoV genomes were collected from NCBI GenBank[16]. There were 25 CDSs of SARS-CoVs
131 (full-length sequences only, with all ORF sequences, no nucleotide names other than A, G, C and T) at the
132 time of article preparation. The accession IDs of these viral sequences can be found in the Supplemental

133 Information.
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134  Host-genome similarity (HGS)

135 The target CDSs were aligned with the human genome (Homo sapiens GRCh38.p12 chromosomes) by
136  Blastn[17] to obtain matching fragments. Blastn sequence alignment gives an original score of S. To facilitate
137 the comparison of Blast results among different subgenomic groups, the original score is standardized to S'

138 by Blastn:

139 S'= M (1)
In2
140 E=mn2"%". 2)

141 Here, the E value represents the expected number of times when two random sequences of length m and n
142 are matched and the score is not lower than §'. Parameters K and 4 describe the statistical significance of the
143 results[18]. Assuming that the fragment of length @ matches perfectly in the two random sequences, one has

144 the following formula:
145 E=m—-a)(n—a)d™. 3)
146 Since the viral genome is quite different from the human genome, matching fragments are usually very short.

147 When a is particularly small comparedto m andn, d = S'/2 is obtained by combining Equation (3) and

148  Equation (4). Thus, HGS is defined as

149 o2t LS @)

n 2n

150 where n represents the length of the target sequence. The meaning of H is the ratio of the number of
151 matched base pairs to the total length of the sequence when the matched sequences are converted into

152 sequences of the same length.
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153 Data availability

154 The SARS-CoV-2 genomes used in this study can be obtained at GISAID website (https://www.gisaid.org/).
155 The SARS-CoV genomes can be obtained at NCBI database (https://www.ncbi.nlm.nih.gov/). The accession
156  number and corresponding HGS of 2594 SARS-CoV-2 genomes and those of 25 SARS-CoV genomes are
157 in Supplemental Information. The code for HGS calculation is available in GitHub

158  (https://github.com/WeitaoNSun/HGS).

159  Results

160  SARS-CoV-2 ORFs have higher HGS than those of SARS-CoV

161 The SARS-CoV-2 (GenBank: MN908947.3) and SARS-CoV (GenBank: AY394850.2) RNA sequences
162 were used as references to establish the genome organization. SARS-CoV-2 has 14 5’-ORFs, while SARS-
163 CoV has 19 5°-ORFs. The length of each ORF is no less than 75 nt (Table 1).

164 A quantitative definition of HGS was proposed to investigate the similarity between viral coding sequences
165 (CDSs) and the human genome (Homo sapiens GRCh38.p12 chromosomes). The CDS alignment scores were
166  determined by using NCBI Blastn[17], and HGS was calculated by the formulas described in the Methods
167 for each ORF in the coronavirus genome. The overall HGS of a full-length virus genome was obtained by
168 the weighted sum of ORF HGSs. The weighting factor was the ratio of ORF length to the full-genome length.

169 The ORF lengths of SARS-CoV and SARS-CoV-2 genomes are given in Table 1.

170  Table 1. Location, length and residue number of each ORF of SARS-CoV-2 and SARS-CoV genomes.

171 The ORF names defined in different papers are listed in the first three columns(9, 18, 19).

ORF names SARS-CoV SARS-CoV-2

Narayanan | Marra Rota | start stop length | residues | start stop length | residues
ORFla ORFla la 3361 13413 10053 | 3350 266 13483 | 13218 | 4405
N/R N/R N/R | 13685 13759 75 24 13685 | 13759 | 75 24
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ORF1b ORF1b 1b 13398 21485 8088 | 2628 13768 | 21555 | 7788 | 2595
S Sprotein | S 21492 25259 3768 1282 21536 | 25384 | 3849 1282
N/R N/R N/R | 25207 25329 123 40 25332 | 25448 | 117 38
ORF3a ORF3 X1 25268 26092 825 274 25393 | 26220 | 828 275
E Eprotein | E 26117 26347 231 76 26245 | 26472 | 228 75
M Mprotein | M 26398 27063 666 221 26523 | 27191 | 669 222
ORF6 ORF7 X3 27074 27265 192 63 27202 | 27387 | 186 61
ORF7a ORF8 X4 27273 27641 369 122 27394 | 27759 | 366 121
ORF7b ORF9 N/R | 27638 27772 135 44 27756 | 27887 | 132 43
ORF8a ORF10 N/R | 27779 27853 75 24 27894 | 28259 | 366 121
ORF8b ORF11 X5 27862 28116 255 84 N/R N/R N/R N/R
N Nprotein | N 28118 29386 1269 | 422 28274 | 29533 | 1260 | 419
N/R N/R N/R | 29413 29490 78 25 29558 | 29674 | 117 38

The HGS of ORFs was calculated for 2594 SARS-CoV-2 genomes with geolocation from China, the USA
and Europe. Phylogenetic trees representing the HGS relationship among virus strains are shown in Fig 1,
Fig 2 and Fig 3 for all three regions. The tree clusters were formed based on the distance between vectors

containing ORF HGS values. Most of the genomes had moderate HGS values. Genomes with similar HGS
values were usually in the same cluster and shared a common ancestor. The genomes with high HGS were

not all concentrated in the same cluster but may form several separate populations in the tree.

Fig 1. The HGS tree contains 200 SARS-CoV-2 genomes from China. Distance between leaves
is the unweighted pair distance between the 10-ORF-HGS vector of genomes. The color bar
represents the overall HGS value of each genome (weighted sum of ORF HGS). Out of a total
of 200 viral genomes, 36 have unique ORF HGS values. The histogram at the top left shows

the distribution of all genome HGS.

Fig 2. The HGS tree contains 1538 SARS-CoV-2 genomes from the USA. Distance between

leaves is the unweighted pair distance between the 10-ORF-HGS vector of genomes. The color
9
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188  bar represents the overall HGS value of each genome (weighted sum of ORF HGS). Out of a
189  total of 1538 viral genomes, 140 have unique ORF HGS values. The histogram at the top left

190  shows the distribution of all genome HGS.

191

192 Fig 3. The HGS tree contains 856 SARS-CoV-2 genomes from Europe. Distance between
193 leaves is the unweighted pair distance between the 10-ORF-HGS vector of genomes. The color
194  bar represents the overall HGS value of each genome (weighted sum of ORF HGS). Out of a
195  total of 856 viral genomes, 98 have unique ORF HGS values. The histogram at the top left

196  shows the distribution of all genome HGS.

197 The full-length genome data were obtained from the Global Initiative on Sharing All Influenza Data
198 (GISAID) database[15]. The sequence requirements were full-length sequences only, sequences with definite
199 collection dates and locations, and no nucleotide names other than A, G, C and T. The number of genomes
200  that met such requirements was 200 for China, 1538 for the USA and 856 for Europe at the time of article
201 preparation. The HGS of human SARS-CoV genomes was also calculated. In NCBI GenBank[16], a total of
202 25 SARS-CoV CDSs met the above sequence requirements.

203 Fig 4 shows that ORF 7b of SARS-CoV had the highest similarity with the human genome, followed by
204 ORF6, ORF7a, ORF3a and ORF 8. For SARS-CoV-2, ORF 7b, ORF 6 and ORF 8 were the top 3 genes with
205 the highest HGSs. The mean HGS values of ORF6 and ORF8 in SARS-CoV-2 increased significantly,
206  reaching 122% and 148% of those of SARS-CoV ORF6 and ORFS, respectively Fig 4. The roles of such
207 HGS changes are not clear. However, by investigating the function of the SARS-CoV viral genes and
208 proteins, the mechanism of the rapid spread of the newly emerged COVID-19 may be inferred from the HGS
209  changes in SARS-CoV-2 genomes.

210

10
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211 Fig 4. The HGS values of SARS-CoV-2 and SARS-CoV genes. ORF6 and ORF8 of SARS-
212 CoV-2 have apparently higher mean HGS values than those of SARS-CoV, reaching 122%

213 and 148% of that of SARS-CoV ORF6 and ORFS, respectively.

214 Studies have shown that ORF6 suppresses the induction of IFN and signaling pathways[19]. A membrane
215  protein with 63 amino acids, ORF 6 blocked the IFNAR-STAT signaling pathway by limiting the mobility
216 of the importin subunit KPNB1 and preventing the STAT1 complex from moving into the nucleus for ISRE
217  activation[20]. Laboratory studies confirmed that the expression of ORF 6 transformed a sublethal infection
218  into lethal encephalitis and enhanced the growth of the virus in cells[21]. In addition, ORF 6 circumvented
219  IFN production by inhibiting IRF-3 phosphorylation in the (TRAF3)-(TBKI1+IKKg)-(IRF3)-(IFNB)
220 signaling pathway (Fig 5), which is an essential signaling pathway triggered by the viral sensors RIG-
221 1/MDAS5 and TLRs[22].

222

223 Fig 5. SARS-CoV induced immune response in host cells. Host cell detect virus invasion
224  mainly by TLPs and RIG1/MDAS and lead to type I IFN signaling pathway. The receptor
225  IFNAR senses type I IFN and leads to the JAK1-STAT signaling pathway, which expresses
226  antiviral proteins and bring neighboring cell into anti-virus state. The ORF6 suppresses type
227  TIFN expression by inhibiting translocation of STAT1+STAT2+IRF9 complex into nucleus.
228  ORF 6 also circumvent IFN production by inhibit IRF-3 phosphorylation in signaling
229  pathway (TRAF3)-(TBK1+IKKg)-(IRF3)-(IFNp). The expression of ORF8b and 8ab enhance

230  the IRF3 degradation, thus regulating immune functions of IRF3.

231 An intact gene, ORF8 encodes a single accessory protein at the early stage of SARS-CoV infection and splits

232 into two fragments, ORF8a and ORF8b, at later stages[23]. ORF8a and 8b have been observed in most SARS-

11
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233 CoV-infected cells[24]. Wong et al.[25] found that the proteins ORF8b and ORF8ab in SARS-CoV inhibited
234 the IFN response during viral infection. It was also reported that ORF8b formed insoluble intracellular
235 aggregates and triggered cell death[26]. Amazingly, studies showed that SARS-CoV-related CoVs in
236 horseshoe bats had 95% genome identities to human and civet SARS-CoVs, but the ORF8 protein amino
237 acid similarities varied from 32% to 81%[27]. These findings indicate that the ORF8 gene is more prone than
238 other CoV genes to mutations in virus-host interactions. Overexpression of ORF 8b and ORF 8ab had a
239 significant effect on IRF3 dimerization rather than IRF3 phosphorylation[25]. The 8b region of SARS-CoV
240  protein ORFS functions in ubiquitination binding, ubiquitination and glycosylation, which may interact with
241 IRF3[28]. The expression of ORF8b and 8ab enhanced IRF3 degradation, thus regulating the immune
242 functions of IRF3 (Fig 5). Interestingly, ORFS is an IFN antagonist expressed in the later stage of SARS-
243 CoV infection. Studies showed that activation of IRF3 was blocked in the late stage of SARS-CoV infection,
244 which was consistent with the late expression of ORF8b. Therefore, the expression of ORF8 may help to
245 suppress the innate immune response that occurs in the later stages of infection and delay IFNJ signaling.
246 This may explain why the virus expresses a late-stage IFN antagonist, such as ORF8.

247 This work found that genes with high HGS were critical in suppressing innate immunity. Studies have shown
248 that the ORF3b, ORF6 and N proteins of SARS-CoV enhance suppression of IFN expression in host innate
249  immunity[29]. When IFN binds to the cell receptor IFNAR, the JAK/STAT signaling pathway is activated,
250 leading to activation of IFN-stimulated genes (ISGs) containing an ISRE in their promoter. Expression of
251 genes with an ISRE will trigger the production of hundreds of antiviral proteins inhibiting viral infections.
252 Therefore, a reduction in expression from ISRE-containing promoters is a direct indicator of the enhanced
253 ability to inhibit IFN synthesis.

254 ISRE-containing promoter expression after Sendai virus infection needs both IFN synthesis and signaling.
255 However, ISRE-containing promoter expression after IFNf} treatment requires only IFN signaling. In cells
256  treated with IFNB, it was found that N did not significantly inhibit the expression of the ISRE promoter[29].

257 The expression level was approximately 78% of the value for the empty control. However, ORF3b and ORF6

12
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258 still inhibited the expression of the ISRE promoter. We calculated the HGSs of ORF3b, ORF6 and N for
259 SARS-CoV. Amazingly, the results clearly demonstrated that the ISRE-containing promoter expression
260 decreased rapidly with increasing HGS (Fig 6), which provided evidence that there was a power law
261 dependence of IFN synthesis inhibition based on HGS. The ISRE-containing promoter expression data
262 followed the work of Kopecky-Bromberg et al.[29]. For 293T cells transfected with the SARS-CoV proteins
263  and infected by Sendai virus[29], IFN inhibition obeys the following power law equation:
264 P =0.004H °** +5.421, where H is the HGS value of the viral genes ORF3b, ORF6 and N, and P is
265 the expression of genes with an ISRE as a percentage of the value for the empty control. The power law
266  equation for cells treated with IFNB is P = 0.00001H ~'"*7 +3.633 . The coefficient of determination R*

267 reaches 1 for both data sets, indicating a perfect fit for the power law dependence on HGS.

268

269  Fig 6. Inhibition of a promoter containing an ISRE by SARS-CoV proteins with different
270  genome HGS values. Cells were cotransfected with the SARS-CoV proteins and either
271 infected with Sendai virus (S. virus) or treated with IFN[ after 24 hours. The expression of
272 the promoter decays rapidly with the increasing HGS of ORF 3b, ORF 6 and N, conforming

273 to a power law.

274 The findings suggested that HGS, i.e., similarity between the virus and host genome, is a reliable indicator
275 of the suppression of innate immunity by viral proteins. Channappanavar et al. found that rapid SARS-CoV
276 replication and a relative delay in IFN I signaling resulted in immune dysregulation and severe disease in
277 infected mice[30]. Considering the significant HGS increments of ORF6 and ORF8 and their roles in
278 suppressing innate immunity, it could be speculated that SARS-CoV-2 would further suppress IFN I
279 synthesis and delay host innate immunity as HGS increases. This hypothesis may explain the delayed immune

280 response and uncontrolled inflammatory response that lead to the epidemiological manifestations of SARS-

13
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281 CoV-2, such as long incubation periods, mild symptoms, rapid spread and low mortality. However, the
282  mechanism of how viral proteins cause further delay of immune signaling and how it leads to new
283  immunopathological features remain largely unknown.

284 The discovery of increased HGS of ORF 6 and ORF 8 provides strong evidence that SARS-CoV-2 evolved
285 to be more adapted to humans than SARS-CoV. These inferences offer a valuable picture of how SARS-
286 CoV-2 could have become different from SARS-CoV. In addition, genetic mutations making the virus

287 genome adapted to humans can also be identified through HGS analysis.

288 The SARS-CoV-2 mutation 10818G>T is adapted to humans

289 Recent studies have shown that SARS-CoV-2 had a high mutation rate, and new mutations have emerged in
290  ORFlab, S, ORF3a and ORFS8[31, 32]. However, the types of mutations that contribute to viral adaptations
291 in humans are not clear. To understand how mutations aid survival of SARS-CoV-2 populations under
292 selective pressure, the accumulated nucleotide variants in consensus sequences were identified in 2594
293 genomes from China, the USA and Europe. The virus genome was identified by its HGS values of ten ORFs
294 (ORF1lab, S, ORF3a, E, M, ORF6, ORF7a, ORF7b, ORFS, and N). The percentages of virus strains with
295 unique ORF HGSs were 18% (36 out of 200), 9% (140 out of 1538) and 11% (98 out of 856) for genomes
296 with geolocations of China, the USA and Europe, respectively. A total of 74 mutations, 162 mutations and
297 145 mutations were identified in genomes for these three regions, respectively. Gene mutation profiles of
298  SARS-CoV-2 genomes with different HGSs are shown inFig 6, Fig 7 and Fig 8. SARS-CoV-2 in different
299 regions developed its own conserved mutations independently (Table 2). For example, the mutations in
300  genomes with a geolocation of China included the ORFlab mutations 10818G>T (TTG>TTT), 1132G>A
301 (GTA>ATA), and 8517C>T (AGC>AGT); ORF8 mutation 251T>C (TTA>TCA); N mutation 415T>C

302 (TTG>CTG); S mutation 1868A>G (GAT>GGT); and ORF3a mutation 752G>T (GGT>GTT). Here, the
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303 number before the mutated nucleotide represents the sequence position relative to the starting point of the
304  ORF where the mutation is located.

305

306  Fig 7. Mutation profile for SARS-CoV-2 genomes (geolocation of China) with different HGS.
307  Out of a total of 200 viral genomes, 36 genomes have unique HGS values. A total of 74
308  mutations were identified in all the genomes. The top 7 conserved mutations with were shown
309  with special markers at the top of colored blocks representing ORFs. Mutation 10818G>T in
310  ORF1lab (codon TTG>TTT) occurred in populations with high HGS, which results in amino
311 acid M37F mutation in transmembrane protein nsp6. The mutation rarely occurred in

312  populations with low/moderate HGS.

313

314  Fig 8. Mutation profile for SARS-CoV-2 genomes (geolocation of the USA) with different
315  HGS. Out of a total of 1538 viral genomes, 140 genomes have unique HGS values. A total of
316 162 mutations were identified in all the genomes. The top 7 conserved mutations with were
317  shown with special markers at the top of colored blocks representing ORFs. Mutation
318  10818G>T in ORF1ab (codon TTG>TTT) occurred in populations with high HGS, which
319  results in amino acid M37F mutation in transmembrane protein nsp6. The mutation rarely

320  occurred in populations with low/moderate HGS.

321

322 Fig9. Mutation profile for SARS-CoV-2 genomes (geolocation of Europe) with different HGS.
323 Out of a total of 856 viral genomes, 98 genomes have unique HGS values. A total of 145

324  mutations were identified in all the genomes. The top 7 conserved mutations with were shown
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325  with special markers at the top of colored blocks representing ORFs. Mutation 10818G>T in
326  ORF1ab (codon TTG>TTT) occurred in populations with high HGS, which results in amino
327  acid M37F mutation in transmembrane protein nsp6. The mutation rarely occurred in

328  populations with low/moderate HGS.

329  Table 2. Conserved mutations identified in SARS-CoV-2 genomes with geolocations of China, the USA

330  and Europe.

331

mutation Location(ORF)  protein residue residue type residue property Geolocation
mutation

TTG>TTT 10818 nsp6 M37F Phenylalanine Hydrophobic China
GTA>ATA 1132 nsp2 V1981 Isoleucine Hydrophobic China
AGC>AGT 8517 nsp4 S76S Serine Polar China
TTA>TCA 251 ORF8 L84S Serine Polar China
TTG>CTG 415 N M139M Methionine Hydrophobic China
GAT>GGT 1868 S D623G Glycine Special China
GGT>GTT 752 ORF3a G251V Valine Hydrophobic China
ATC>ACC 794 nsp2 I85T Threonine Polar USA
CAT>CAG 171 ORF3a H57Q Glutamine Polar USA
TTT>TTC 2772 nsp3 F106F Phenylalanine Hydrophobic USA
CTT>CCT 13859 nspl2 L228p Proline Special USA
GGT>GAT 1868 S G623D Aspartic acid Negative USA
TTG>TTT 10818 nsp6 M37F Phenylalanine Hydrophobic USA
AGC>AGT 8517 nsp4 S76S Serine Polar USA
TTT>TTC 2772 nsp3 F106F Phenylalanine Hydrophobic Europe
CTT>CCT 13859 nspl2 L228p Proline Special Europe
TTG>TTT 10818 nsp6 M37F Phenylalanine Hydrophobic Europe
GGT>GAT 1868 S G623D Aspartic acid Negative Europe
GGT>GTT 752 ORF3a G251V Valine Hydrophobic Europe
TAC>TAT 14256 nspl2 Y360Y Tyrosine Hydrophobic Europe
CAG>CAT 171 ORF3a Q57H Histidine Positive Europe

332 Ofall the gene mutations, the ORF1ab 10818G>T(TTG>TTT) mutation is the most interesting. This mutation
333 survived in all three regions (Fig 10). In addition, this mutation occurred only in the high HGS population
334 rather than in that with a lower HGS (Table 3). The SARS-CoV-2 ORFlab gene encodes the precursor
335 polyprotein pplab, which is then cleaved into 16 nonstructural proteins (nspl to nspl6) by virus-encoded

336 proteinases. nsp6 plays a critical role in membrane anchoring of the RNA replication/transcription complex.
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337 The expression of the nonstructural protein nsp6 along with nsp3 and nsp4 mediates the formation of double-
338 membrane vesicles (DMVs)[33], which are organelle-like structures for viral genome replication and protect
339  against host cell defenses.

340

341  Fig 10. Highly conserved mutations identified in SARS-CoV-2 genomes with geolocations of
342 China, the USA and Europe. The three regions have different sets of mutations. The TTT (F,
343 Phenylalanine) mutation occurred in all three regions. TTT represents the mutation
344 10818G>T(TTG>TTT) in ORF1ab. The F in the circle represents the amino acid mutation
345  M37F (Methionine to Phenylalanine) in nonstructural protein nsp6. The P, H, +, - and S in
346  brackets in the legend represent polar, hydrophobic, positively charged, negatively charged

347  and special residues, respectively.

348

349 Table 3. The mutation 10818G>T in ORF1lab (codon TTG>TTT) of SARS-CoV-2 mostly occurs in
350 high-HGS (the first four columns) and rarely occurs in low-HGS population (the last four columns).
351 The top 15 genomes with high HGS are chosen as high-HGS population. The last 15 genomes with low
352 HGS are chosen as low-HGS population. GISAID accession ID and locations are given for genomes

353  from China, the USA and Europe.
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Genome ID HGS Seq. (10813-10823) Mut. Genome ID HGS Seq. (10813-10823)  Mut.
EPI-ISL-416331|China  0.07085 TTTTTTTATGA T EPI-ISL-406801|China  0.06999 TTTTTGTATGA G
EPI-ISL-431783|China  0.07081 TTTTTTTATGA T EPI-ISL-412982|China  0.06986 TTTTTGTATGA G
EPI-ISL-431180|China  0.07080 TTTTTGTATGA G EPI-ISL-421262|China  0.06943  TTTTTTTATGA T
EPI-ISL-416373|China  0.07078 TTTTTTTATGA T EPI-ISL-406534|China  0.06942 TTTTTGTATGA G
EPI-ISL-424360|China ~ 0.07074 TTTTTGTATGA G EPI-ISL-413520|China ~ 0.06936 TTTTTGTATGA G
EPI-ISL-405839|China  0.07072 TTTTTGTATGA G EPI-ISL-416397|China  0.06935 TTTTTGTATGA G
EPI-ISL-416325|China  0.07071  TTTTTGTATGA G EPI-ISL-421259|China  0.06935 TTTTTGTATGA G
EPI-ISL-402127|China  0.07071  TTTTTGTATGA G EPI-ISL-406533|China ~ 0.06934 TTTTTGTATGA G
EPI-ISL-406595|China ~ 0.07069 TTTTTGTATGA G EPI-ISL-421250|China  0.06931 TTTTTGTATGA G
EPI-ISL-408515|China ~ 0.07069 TTTTTGTATGA G EPI-ISL-416330|China  0.06930 TTTTTGTATGA G
EPI-ISL-421253|China  0.07069 TTTTTGTATGA G EPI-ISL-418991|China  0.06924 TTTTTGTATGA G
EPI-ISL-412978|China  0.07067 TTTTTGTATGA G EPI-ISL-406798|China ~ 0.06922 TTTTTGTATGA G
EPI-ISL-421256|China  0.07066 TTTTTGTATGA G EPI-ISL-416399|China  0.06915 TTTTTGTATGA G
EPI-ISL-412459|China  0.07066 TTTTTGTATGA G EPI-ISL-413749|China  0.06914 TTTTTGTATGA G
EPI-ISL-403932|China  0.07065 TTTTTGTATGA G EPI-ISL-421261|China  0.06866 TTTTTGTATGA G
EPI-ISL-427288|USA 0.07205 TTTTTTTATGA T EPI-ISL-437866|USA 0.06931 TTTTTGTATGA G
EPI-ISL-427190|USA 0.07195 TTTTTGTATGA G EPI-ISL-437384|USA 0.06928 TTTTTGTATGA G
EPI-ISL-435558|USA 0.07153 TTTTTTTATGA T EPI-ISL-424901|USA 0.06928 TTTTTGTATGA G
EPI-ISL-436064|USA 0.07148 TTTTTTTATGA T EPI-ISL-417353|USA 0.06927 TTTTTGTATGA G
EPI-ISL-430939|USA 0.07144 TTTTTTTATGA T EPI-ISL-445078|USA 0.06923 TTTTTGTATGA G
EPI-ISL-430404|USA 0.07144 TTTTTGTATGA G EPI-ISL-444068/USA 0.06922 TTTTTGTATGA G
EPI-ISL-406223|USA 0.07142 TTTTTTTATGA T EPI-ISL-429641|USA 0.06921 TTTTTGTATGA G
EPI-ISL-437857|USA 0.07138 TTTTTGTATGA G EPI-ISL-413458|USA 0.06921 TTTTTGTATGA G
EPI-ISL-444760|USA 0.07138 TTTTTGTATGA G EPI-ISL-427209|USA 0.06915 TTTTTGTATGA G
EPI-ISL-435444|USA 0.07137 TTTTTTTATGA T EPI-ISL-417453|USA 0.06914 TTTTTGTATGA G
EPI-ISL-428776|USA 0.07133 TTTTTGTATGA G EPI-ISL-416711|USA 0.06914 TTTTTGTATGA G
EPI-ISL-411956|USA 0.07132  TTTTTGTATGA G EPI-ISL-416677|USA 0.06911 TTTTTGTATGA G
EPI-ISL-418897|USA 0.07128 TTTTTGTATGA G EPI-ISL-429645|USA 0.06910 TTTTTGTATGA G
EPI-ISL-437799|USA 0.07085 TTTTTTTATGA T EPI-ISL-435562|USA 0.06864 TTTTTGTATGA G
EPI-ISL-422966|USA 0.07081 TTTTTTTATGA T EPI-ISL-427247|USA 0.06856 TTTTTGTATGA G
EPI-ISL-437322|Europe  0.07226  TTTTTTTATGA T EPI-ISL-445227|Europe  0.06929 TTTTTGTATGA G
EPI-ISL-437303|Europe  0.07155 TTTTTTTATGA T EPI-ISL-418264|Europe  0.06925 TTTTTGTATGA G
EPI-ISL-448774|Europe  0.07151  TTTTTGTATGA G EPI-ISL-447679|Europe  0.06925 TTTTTGTATGA G
EPI-ISL-447665|Europe  0.07151  TTTTTTTATGA T EPI-ISL-447510|Europe  0.06925 TTTTTGTATGA G
EPI-ISL-418243|Europe  0.07149  TTTTTTTATGA T EPI-ISL-413489|Europe  0.06922 TTTTTGTATGA G
EPI-ISL-430852|Europe  0.07148  TTTTTTTATGA T EPI-ISL-428688|Europe  0.06922 TTTTTGTATGA G
EPI-ISL-447654|Europe  0.07148  TTTTTTTATGA T EPI-ISL-428691|Europe  0.06922 TTTTTGTATGA G
EPI-ISL-420423|Europe  0.07139  TTTTTGTATGA G EPI-ISL-434619|Europe  0.06921  TTTTTGTATGA G
EPI-ISL-445241|Europe  0.07139  TTTTTGTATGA G EPI-ISL-445243|Europe  0.06913  TTTTTGTATGA G
EPI-ISL-434662|Europe  0.07135 TTTTTGTATGA G EPI-ISL-448468|Europe  0.06910 TTTTTGTATGA G
EPI-ISL-437896|Europe  0.07133  TTTTTGTATGA G EPI-ISL-434665|Europe  0.06908 TTTTTGTATGA G
EPI-ISL-447634|Europe  0.07133  TTTTTGTATGA G EPI-ISL-430859|Europe  0.06867 TTTTTGTATGA G
EPI-ISL-426379|Europe  0.07081 TTTTTTTATGA T EPI-ISL-418265|Europe  0.06856 TTTTTGTATGA G
EPI-ISL-448502|Europe  0.07079  TTTTTGTATGA G EPI-ISL-435144|Europe  0.06848 TTTTTGTATGA G
EPI-ISL-408430|Europe  0.07078  TTTTTTTATGA T EPI-ISL-437096|Europe  0.06795 TTTTTGTATGA G
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355

356 Studies on the nsp6 protein showed that the protein is a transmembrane protein with 6 transmembrane
357 regions[34]. This 10818G>T ORF1lab mutation caused an amino acid mutation, M37F, in the nonstructural
358 protein nsp6, which is located in a loop between the first and second transmembrane domains on the N-
359 terminal side (Fig 11). This finding strongly suggested that the 10818G>T (M37F) mutation survived a
360 selection event and resulted in a new population of SARS-CoV-2 with high HGS, which could be more
361 adapted to humans. In addition, the simultaneous occurrence of ORFlab 10818G>T in all three regions
362  demonstrated that the mutation was highly stable in human-adapted strains. Although mutations in the
363 nonstructural proteins nsp4 and nsp6 may affect the assembly of DM Vs and viral autophagy, the underlying
364  basis of how the M37F mutation results in SARS-CoV-2 adaptation in humans is not clear.

365

366  Fig 11. The topology of transmembrane protein nsp6 and the identified M37F mutation
367 located in a loop between the first and second transmembrane domains on the N-terminal

368 side.

369  The identification of conserved mutations demonstrates that SARS-CoV-2 can improve host adaptation. It is
370 reasonable to hypothesize that high HGS in SARS-CoV-2 genomes and conserved mutations may explain
371 the epidemiological characteristics of COVID-19, such as mild symptoms, rapid spread and low mortality.
372 However, the mechanism behind the impairment remains poorly understood and calls for future laboratory

373 investigations. Viral genome data

374 Discussion

375 The HGS differences between SARS-CoV-2 and SARS-CoV genomes are critical to understanding clinical
376  manifestations of the ongoing pandemic. ORF 6, 7b, 8 are the top 3 genes with significant HGS in SARS-

377  CoV-2. What’s more, ORF 6 and ORF 8 of the SARS-CoV-2 have clear increments in HGS, up to about
19
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378 122% and 148% of that of SARS-CoV. Such apparent HGS changes suggest that these ORFs are important
379 in defining the difference between SARS-CoV-2 and SARS-CoV. In the ongoing SARS-CoV-2 pandemic,
380 the number of infected people is growing much faster than SARS and the total number of diagnosed cases
381 exceeded that of SARS. But the mortality rate (about 3 %) was lower than SARS (about 11%)[35]. It is
382 known that the primary targets of SARS-CoV are lung and small intestine[36, 37]. Recent studies have found
383 that the SARS-CoV-2 may impair kidney function[38], infect the digestive system[39] and heart[40], and
384  cause liver damage[41]. Recent study showed that SARS-CoV-2 can cause thromboembolic
385 complications[42]. It has been reported that the SARS-CoV-2 virus can be found in stools and urine[40, 43].
386 In addition, an unusually long incubation period has been reported, during which more than half of the
387 patients had no signs of disease and the virus carriers may be highly contagious [43]. Why the COVID-19 is
388 so different from SARS is still not clear. But the mutations in virus genome and encoded proteins (such as
389  spike protein S) are believed as an important factor.

390 The knowledge on SARS-CoV-2 accessory proteins by now is quite limited. However, the viral genome and
391 proteins of SARS-CoV have been studied in depth in the past decade. Coronavirus has evolved to escape the
392 innate immune (especially IFN-I expression and signaling) through suppression of IFN induction and
393 singling pathways by non-structural proteins (nsps), structural proteins (S, E, M, N), and accessory proteins
394 (ORF 3a, 6, 7a, 7b, 8a, 8b) [20, 44-53]. By comparing the SARS-CoV gene HGS with that of SARS-CoV-2,
395 the obvious host-genome similarity changes shed light on the cause of rapid spread of COVID-19.

396 A power-law relationship is recognized between HGS and the expression of ISRE promoter, which is a direct
397 indicator of the virus to inhibit interferon synthesis. The HGS of ORF6 and ORF8 increase greatly in SARS-
398 CoV-2, which represents enhanced ability in suppressing innate immune. Although the functions of accessory
399 proteins of SARS-CoV-2 have not been well studied, the secondary structure prediction reveals that ORF 6
400 and 8 are transmembrane proteins and may have related functions as in SARS-CoV. In fact, the SARS-CoV-2
401 contains a full-length ORF 8, which in SARS-CoV this reading frame is divided into ORF 8a and ORF 8b.

402  Linking of ORF 8a and ORF 8b into a single continuous gene fragment had no significant effect on virus
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403  growth and RNA replication in vitro[54], which indicates that there are ORFs of SARS-CoV-2 may be similar
404  to ORFs of SARS-CoV in function.

405 The discovery of increased HGS of ORF 6 and ORF 8 provide a strong evidence that SARS-COV-2 evolved
406  to be more adaptable to humans than SARS-CoV. Based on these findings, following conjecture is proposed
407 that the SARS-CoV-2 genes involved in suppressing the host's innate immunity are more powerful.
408 Therefore, SARS-CoV-2 causes the delayed response of host innate immunity, which results in rapid
409 transmission, low mortality and asymptomatic infection. These inferences are based on bioinformatics data,
410  but offer a valuable picture of how SARS-CoV-2 could become different from SARS-CoV. In addition, the
411 HGS method can also identify genetic mutations that help the virus adapt to humans.

412 It took the coronavirus 17 years to update from SARS-CoV to SARS-CoV-2. The significant increase in host-
413  genome similarity distinguishes SARS-COV-2 from SARS-COV. SARS-CoV-2 found out a way to improve
414 host adaptation. It is reasonable that high HGS may explain the quite different epidemiological characteristics
415 of SARS-CoV-2, such as mild symptoms, rapid spread and low mortality. But the mechanism behind the
416 impairment remains poorly understood and calls for future laboratory investigations. The COVID-19 appears
417  to be less able to cause deaths than SARS and MERS during the ongoing pandemic. However, there is still a
418 serious warning sign about viral mutation. The threat of another coronavirus outbreak with high

419  infectiousness and mortality remains an alarming possibility.
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579

580  Figure captions

581  Fig 1. The HGS tree contains 200 SARS-CoV-2 genomes from China. Distance between leaves
582 is the unweighted pair distance between the 10-ORF-HGS vector of genomes. The color bar
583  represents the overall HGS value of each genome (weighted sum of ORF HGS). Out of a total
584  of 200 viral genomes, 36 have unique ORF HGS values. The histogram at the top left shows

585  the distribution of all genome HGS.

586  Fig 2. The HGS tree contains 1538 SARS-CoV-2 genomes from the USA. Distance between
587  leaves is the unweighted pair distance between the 10-ORF-HGS vector of genomes. The color
588  bar represents the overall HGS value of each genome (weighted sum of ORF HGS). Out of a
589  total of 1538 viral genomes, 140 have unique ORF HGS values. The histogram at the top left

590  shows the distribution of all genome HGS.

591  Fig 3. The HGS tree contains 856 SARS-CoV-2 genomes from Europe. Distance between
592 leaves is the unweighted pair distance between the 10-ORF-HGS vector of genomes. The color
593  bar represents the overall HGS value of each genome (weighted sum of ORF HGS). Out of a
594  total of 856 viral genomes, 98 have unique ORF HGS values. The histogram at the top left

595  shows the distribution of all genome HGS.

596  Fig 4. The HGS values of SARS-CoV-2 and SARS-CoV genes. ORF6 and ORF8 of SARS-
597  CoV-2 have apparently higher mean HGS values than those of SARS-CoV, reaching 122%

598  and 148% of that of SARS-CoV ORF6 and ORFS, respectively.

599  Fig 5. SARS-CoV induced immune response in host cells. Host cell detect virus invasion
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600  mainly by TLPs and RIG1/MDAS and lead to type I IFN signaling pathway. The receptor
601  IFNAR senses type I IFN and leads to the JAK1-STAT signaling pathway, which expresses
602  antiviral proteins and bring neighboring cell into anti-virus state. The ORF6 suppresses type
603 I IFN expression by inhibiting translocation of STAT1+STAT2+IRF9 complex into nucleus.
604  ORF 6 also circumvent IFN production by inhibit IRF-3 phosphorylation in signaling
605  pathway (TRAF3)-(TBK1+IKKg)-(IRF3)-(IFNB). The expression of ORF8b and 8ab enhance

606  the IRF3 degradation, thus regulating immune functions of IRF3.

607  Fig 6. Inhibition of a promoter containing an ISRE by SARS-CoV proteins with different
608  genome HGS values. Cells were cotransfected with the SARS-CoV proteins and either
609  infected with Sendai virus (S. virus) or treated with IFNp after 24 hours. The expression of
610  the promoter decays rapidly with the increasing HGS of ORF 3b, ORF 6 and N, conforming

611 to a power law.

612  Fig 7. Mutation profile for SARS-CoV-2 genomes (geolocation of China) with different HGS.
613  Out of a total of 200 viral genomes, 36 genomes have unique HGS values. A total of 74
614  mutations were identified in all the genomes. The top 7 conserved mutations with were shown
615  with special markers at the top of colored blocks representing ORFs. Mutation 10818G>T in
616  ORF1lab (codon TTG>TTT) occurred in populations with high HGS, which results in amino
617  acid M37F mutation in transmembrane protein nsp6. The mutation rarely occurred in

618  populations with low/moderate HGS.

619  Fig 8. Mutation profile for SARS-CoV-2 genomes (geolocation of the USA) with different
620  HGS. Out of a total of 1538 viral genomes, 140 genomes have unique HGS values. A total of

621 162 mutations were identified in all the genomes. The top 7 conserved mutations with were
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622  shown with special markers at the top of colored blocks representing ORFs. Mutation
623 10818G>T in ORF1ab (codon TTG>TTT) occurred in populations with high HGS, which
624  results in amino acid M37F mutation in transmembrane protein nsp6. The mutation rarely

625  occurred in populations with low/moderate HGS.

626  Fig 9. Mutation profile for SARS-CoV-2 genomes (geolocation of Europe) with different HGS.
627  Out of a total of 856 viral genomes, 98 genomes have unique HGS values. A total of 145
628  mutations were identified in all the genomes. The top 7 conserved mutations with were shown
629  with special markers at the top of colored blocks representing ORFs. Mutation 10818G>T in
630  ORF1lab (codon TTG>TTT) occurred in populations with high HGS, which results in amino
631 acid M37F mutation in transmembrane protein nsp6. The mutation rarely occurred in

632  populations with low/moderate HGS.

633  Fig 10. Highly conserved mutations identified in SARS-CoV-2 genomes with geolocations of
634  China, the USA and Europe. The three regions have different sets of mutations. The TTT (F,
635  Phenylalanine) mutation occurred in all three regions. TTT represents the mutation
636  10818G>T(TTG>TTT) in ORF1ab. The F in the circle represents the amino acid mutation
637  M37F (Methionine to Phenylalanine) in nonstructural protein nsp6. The P, H, +, - and S in
638  brackets in the legend represent polar, hydrophobic, positively charged, negatively charged

639  and special residues, respectively.

640 Fig 11. The topology of transmembrane protein nsp6 and the identified M37F mutation
641  located in a loop between the first and second transmembrane domains on the N-terminal

642 side.

643
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Supporting information

Dataset S1 (separate file). The accession number and corresponding HGS of 200 SARS-CoV-2
genomes with geolocation of China. Filename is DatasetS1 China SARS-CoV-

2 nstrain200 ORFHGS _allinone.xls. The file contains accession ID, collection date, location,
HGS values for 10 ORFs (ORF1ab, S, ORF3a, E, M, ORF6, ORF7a, ORF7b, ORF8, and N) and
the weighted HGS of the whole genome.

Dataset S2 (separate file). The accession number and corresponding HGS of 1538 SARS-CoV-2
genomes with geolocation of the USA. Filename is DatasetS2 USA SARS-CoV-

2 nstrainl538 ORFHGS _allinone.xls. The file contains accession ID, collection date, location,
HGS values for 10 ORFs (ORF1ab, S, ORF3a, E, M, ORF6, ORF7a, ORF7b, ORF8, and N) and
the weighted HGS of the whole genome.

Dataset S3 (separate file). The accession number and corresponding HGS of 856 SARS-CoV-2
genomes with geolocation of Europe. Filename is DatasetS3 Europe SARS-CoV-

2 nstrain856 _ORFHGS allinone.xls. The file contains accession ID, collection date, location,
HGS values for 10 ORFs (ORF1ab, S, ORF3a, E, M, ORF6, ORF7a, ORF7b, ORF8, and N) and
the weighted HGS of the whole genome.

Dataset S4 (separate file). The accession number and corresponding HGS of 25 SARS-CoV
genomes. Filename is DatasetS4 SARS-CoV nstrain25 ORFHGS allinone.xls. The file
contains accession ID, HGS values for 10 ORFs (ORF1ab, S, ORF3a, E, M, ORF6, ORF7a,
ORF7b, ORFS, and N) and the weighted HGS of the whole genome.
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B -GAATHVE B 2ZZATICHT-TA B 43TICITC-LF 8 64-TGTICHCAC

B ACTIC-UT W 23GAITG-MY B 44-TTGT-0F B 65-TI3TT-WF

B ATTOTRFE B 24TTCASL W ASAGAGHRR B B6.TAICIT-5Y

B LCTCITPL B 25CO0THRR B 4-CIGIGA-GR B GRLGT(CIT-AV

B 5TTTCRHFF W 2ETGCT-AT W 4T-GTAGVW EB-TTiGHE-W
B GAGTICHSS B 2TGTGIT.GY B ARGTGIGN § ERGATICKDVD

B LTTTIGHMF B 26-TCHEC-RIC B 40-AACTENMN B TO-ACCTHTIT

B BATA[GEMT W 20-TTGAKRLM B SRATCTHA T1-ATT(G-A

B SCOTTLUP B ITATCHYY B S1.AG)TT.W0 TRTTICIT&F
BARCMTT-FL B 3-TCTG)SS W SZATICHA-TA TIGTT(GHVN

B TS TA-LL W A2-TAMGT-CY W 53-CTTG-ML T4-AGIGT-O45

B I2GAIGIT-GD B 3RGOAICHEE B S-ATTICHN TE-TGET-GIC
BAG-AATICHNN B 34T(CAT-HY B S5-CACTEHH 0 TE-A(GIGC-G/S

B 14-CAGTEFHD B 35-GTCHA-AN B SEGTA[TREEN TT-GAIC)T-AD
BOISGCOTRAA B IETCTIC-FS B SREGOATOM 0 TEAMGA-RK

B AB-CGITOAT B IT-GO{AM-ER B SETCTICHSSE 0 TO-CIAJAT-NH

B A7-TCTA-LG W JB-TGAT-YAE B 5R-CTCA-FL S0-ALGITA-WN

B OIBGGCT-AG B ISCTTERL W G0AGANGHR § B1L.GAC(TEOVD
BABGTGAMY B GGCTEGE B G1-GOACHAA

B 20-T(GHEC-EC B 1G5 TIT-ViA G2-ACTICETIT

B 21GACT-Tin B 2G6TCRGE B BLETICIEPL

BLCTITG-MM I-ACTIGHTT W IZG-GTAICHVAY B 18B-GIAITC-ANV
BI-GLATTAV 10S-TGTIT-FIC WAZT-TOAT-VIS W 140-COTIG-MP
BTG PA-PIS TDE-AAGIT5N W IB-GOT{CRAM 1 50-ATC G
BE-ACIGIT-S/T 107-TICITG-MM B 12-COTICHRR B 151-AATIGFKN
B6-ALGICG-AT 108-TACITIYYY W 130-GOAIGHGG B 152-GO[T)C-ViA
AT-ATCHE-TA 108-TiGITG WM B 13-CETIGFAP B 153560000 E
BE-COC{THPP TO-CACIGHOMH B 132-GAJCA-TA B 154.COGALPP
BR-TCOT-55 AT-A[GAT-DN W 133-TIGAT-DN W1 55-CCTA)-FP
SO-TCPET-FE TIZ-GATIGFED B I-GJANG-HE B 1 5E-ATG)T-81
1-CO{AIT-HR IM-GATAMY B 135-GOGIC-GA B 157-TIGICA-A/S
SE-CAGIT-RH T-TCAIGHSS B 13E-CITACYH B 158-TATT-FrY
ARCATIC M P18 TCEARES BIAT-GTGS A B 188-TS(TIS-FIC
SLAATIARKN W O1IBCATIGHOM B UETTAGEML B 1B0-ARAIG KK
PE-ACITG-MM B HIT-GOTAMGG B 135-AAGIC-5MN B 161-CAAGHOD
SE-C[TITCSFIL B PIE-CTEHTRHLMW W 40-ACAGETIT W 1E2-CTALGRML
SR-CTC{THA B IBACTIANT  BLTIGITANL  W2-ACC-EBST
PE-AGGAIRR B A-GOAT-DG B 143-GANGC-SG Fr14-CAG-HETO
S8-TCITTLIF B E-ANCIARETM W 143-GAAGRETE I-TTC-F106F
100-TICWE-HY B IZ-AGET-AT B14-GTGC-CIG MO-COT-LEEP
10 -AAIGIAIGHRM B AZT-ATACHT W {45-GTTCHWY % 1 2-0AT-GRIID
WRGETIGRAR W IM-GOTIARAR B 1EGAGWGE T TTT.MITE
103-GEGAFGE B 125-CAGAFEE B 14T-GITITTFY 4 6-AGT-ST65
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Mutation location

S3TG{AIT-YIC

B 11 :=5GT|GRES

B 1 330 CITT-LA

B ITCGT-RC W I0TICKCT-PIS B I9-AGTICESS ¥ SHATCIA-TH
B OZAGITANA B NGOGARAA B 40-TACTEYY B S5-CIGRAED
B FTTCTHFF B 22GTICIT-AY B 41-CTICT-PL B B0-ATTICHA
W 4-ATTGEM B 2AAGIGERHE B 42-TCT-LS B1G[TITT-FA
B SGATICHOD B MLGIGAGR B ALAGIALER B EZATICIT.TA
B B-TTTGHMF W 35-TTTCHFF B 44-A/GIT-5N B ARGIC N
B FCCTITAP W 2E-AACIATHE B 45.AACITIAN B B4.AAGARMK
B OBGTTAY B 2RCTICICPL W 4ETIGRGDN B BS-GOCTRAA
B DGAGIT-3D B ZECCTICHRR W 4T-AMATYN 0 BE-TT(CHG-SM
B 1EACTICETT W 2%GAC[TEDD B BRG] Y Br-ACC[TETT
B OGOTT-VA B I0GAIGIC-GD B 45GTICA-ANY ¥ BBT(CIAT-HY
B ZCTTG-MM B 3-AGGT-BS 8 SOCTICM-PL 0 E-AATIGHN
B 13GATCAN W IZTICICARS B SLGTCIC-AW B TO-T(GTT-\F
B OITAT(CHYY B 3RCTOMELL W S2GAAGHEE o Ti-ATCHG-TM
B ISCGCTFR/R B M-GTTCHVY B SRCGTICHRR 0 TRTTICIA-SL
W TE-T(C)TALL W JIET(GHT-AS B S-TG)TC=WF TATTGALM
B OIRGTGIT-GA B IEARTIC)-NM B5.ACGARTT
B IBAGGAMRR B IT-CATIGHDH B SE-GTITG-MNY
B IRCTTCHL B 38GOTICHAMR B ST-ATICHC-TA
TACIAACHH © SATGTIGHAC B 114-TIGICG-AS B 134-AT{GHA-R
ThGETARAM A5CGIAT-O/H B 1IETIC)TG-MM W 135 C{AITT-UL
TETTICIT-BF = SB-TTGI-CF B 118-GJAAT-HD B 136-TTAIGHML
TL-TGTCRGT AT-AGAIT-NE B TIT-AQTT-V0 W 3T-TIGITAVL
TRGCTIGHAA © SBGTIAMEN B 1IBCGTICLP B 138.0G1CT-AT
TOTIGGT-GIC  » S0-COCAPR B 11DTCTICHSS B 130-ATIGE-WR
BO-GTTIGIVA W 100-GGTIT-WG B 120-ACAICKTIT W 140-CCG(THPP
BLTCAGHSS = 101-CTGTILM B 121-GTOGHY B 14-TCIGE-PS
BR-CIMACYH W A0ZTCTIT-FE B IRCMCASE B 142 TGITEAM
BRAMGICC-AT W 103-CO(AG-OR B 123-CATICHHH B 143.C(TITC-FIL
BAGGAITOG B IMGTGAGY B 12 TCACHSS B 14.G6AN-EG
B5-TIGIAT-DY W 105-TCGICHSS M 125-GAIGIG-GE W 145-GCAT-AMR
SE-AT{GYS-RIM W 106-C(TTT-FL B 126-AACIT-TiN '}TI'C-Fﬂ;ﬁF
ELATIGITSN  mOLTOMTEC B 12T-CAGIC-AM K .CoTL2p
BE-COCTEAMPIR  W10B-TATIT-FY W 12B-GTCTIVY  p6-TTT-MITF
SH-AIGIGA-GR B 10-AGICA-AT B 1Z0-AGAIC-NS AG-GAT-GEZID
SO-CINCT. TR B UO-TICMCHY B 10-TIGICANS B 1RGTT.GHIV
91-GOGIALGIG B 111-ACITICAT B 13-AGAIGHRR I 14-TAT-1360Y
SRCTTARLL W 1I2-CTTGRML W 132-T(CTC-LIF 4 AT-CATO5TH
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