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Abstract

The emergence of the novel SARS-CoV-2 in 2019 sparked a dispute concerning its origin.
Here, we report that the SARS-CoV-2 originated through pangolin-coronavirus (Pan-CoVs)
from the SARS-CoV-related-bat-coronaviruses (SARS-CoV-1-rB-CoVs) rather than from
SARS-CoV-2-related-bat-coronaviruses (SARS-CoV-2-rB-CoVs), in contrast to the previous
thought. Further, our analyses strongly suggest that the Pan-CoVs evolved from the SARS-
CoV-1-rB-CoVs without recombination. Further, our results suggest that the SARS-CoV-1-
rB-CoVs' perhaps jumped into the pangolin, which forced the viruses to mutate and adapt to
the new host, and resulted in the origin of Pan-CoVs. Surprisingly, the Pan-CoVs formed an
evolutionary intermediate between SARS-CoV-2 and SARS-CoV-2-rB-CoVs at the spike
gene. Our findings also suggest that the Pan-CoV/GX and Pan-CoV/Guangdong lineages
recombined to form the SARS-CoV-2 spike gene. We also found evidence that the SARS-
CoV-2-rB-CoVs spike gene evolved via recombination between Pan-CoV/Guangdong and
SARS-CoV-1-rB-CoVs. Overall, our findings suggest that the SARS-CoV-2 emerged from
SARS-CoV-1-rB-CoVs through host jumping.

Keywords: SARS-CoVs, the origin of SARS-CoV-2, evolutionary missing-link spike
protein, pangolin coronavirus, bat SARS coronavirus

Introduction

SARS-CoV-2, a readily human adaptable, transmissible, and infective virus, first surfaced in
China in December 2019 and quickly spread over the world (1-3), posing significant
evolutionary questions about its genesis. The majority of the investigations, on the other
hand, focused on the SARS-like CoV-2's genesis from SARS-CoV-2-rB-CoVs (4-7) through
Pan-CoVs (7-9) via genetic recombination (8,10-13). Furthermore, SARS-CoV-2 is also the
seventh coronavirus to infect humans, and it is closely linked to SARS-CoVs (SARS-CoV-1).
Although SARS-CoV-2 and related bat coronaviruses (SARS-CoV-2-rB-CoVs) have been
identified (2,4-7), none of them have developed an evolutionary intermediate connecting link
between SARS-CoV-1/SARS-CoV-1-rB-CoVs and SARS-CoV-2/SARS-CoV-2-rB-CoVs
across their genome (8,10-13). Similarly, when compared to SARS-CoV-2, all the SARS-
CoV-2-rB-CoVs, except RaTG13, displayed a lot of genetic heterogeneity in the spike gene
(5-7,14), which is critical for defining host range, transmissibility, virus entry, human-human
infection, and host-mediated immune responses (15-19). In light of this, the evolution of
SARS-CoV-2-rB-CoVs in bats from SARS-CoV-1-rB-CoVs, as well as the origin of SARS-
CoV-2 from SARS-CoV-1 is unknown.

The SARS-CoV-2 is designated as a new/novel coronavirus due to its genetic diversity in the
ppla, spike protein, ORF3, and protein 8 genes (1,3,4). The CoVs in general, the spike
protein influences the host range, virus transmission, attachment, and entry (15-19); ppla
(nsp3, largest gene of ppla) which determines the viral replication/transcription complex
(RTC) and also regulates various other functions such as ssRNA binding, nucleocapsid
binding, de-MARYylation, dePARylation, ADPr binding, G-quadruples binding, protease, and
delSGylation (20-27); ORF3 is a gene that controls virus release via viral ion channels
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70  (viroporins) (28,29), and regulate autophagy to favour viral replication (30-32); and ORF8
71 (protein 8) controls antigen presentation through MHC-I and regulates host immune
72 surveillance (33,34). Moreover, in the ppla, ORF3, and protein 8 areas, the SARS-CoV-2-rB-
73 CoVs shared a close genetic link with the SARS-CoV-2. When compared to SARS-CoV-2,
74  the SARS-CoV-2-rB-CoVs (except RaTG13) revealed a lot of genetic variation in the spike
75  gene. Overall, the origins of the novel ppla, ORF3, protein 8, and spike genes in SARS-CoV-
76  2/SARS-CoV-2-rB-CoVs are unknown.

77 In this study, we found evidence that the SARS-CoV-2 evolved from SARS-CoV-1/SARS-
78  CoV-1-rB-CoVs through Pan-CoVs as an evolutionary intermediate between SARS-CoV-1/
79  SARS-CoV-1-rB-CoVs and SARS-CoV-2/SARS-CoV-2-rB-CoVs across their genome
80  without recombination events. Our data further suggest that SARS-CoV-2 arose through the
81  recombination of two different Pan-CoVs lineages. We also present evidence that the SARS-
82  CoV-2-rB-CoVs are the result of recombination between Pan-CoVs and SARS-CoV-1-rB-
83 CoVs.

84  Results
85  Pan-CoVs genetic diversity at the complete genome levels

86  In our phylogenetic, net between-group mean distance (NBGMD), and similarity plot-based
87  analysis, the SARS-CoV-2-rB-CoVs of RaTG13, RShSTT200, RShSTT182, RacCS203,
88 RmYNO02, and RpYNO06 formed a close genetic link with the SARS-CoV-2 (Figure 1A, 1B
89 and 1C). On the other hand, in our phylogenetic tree analysis, we also observed that the
90 SARS-CoV-2-rB-CoVs of bat/PrC31, bat-SL-CoVZC45, and bat-SL-CoVZXC21 viruses
91  constituted out-group from SARS-CoV-2 (Figure 1A). Consistent with these results, our
92 NBGMD analysis revealed that these viruses (bat/PrC31, bat-SL-CoVZC45, and bat-SL-
93 CoVZXC21) had displayed around 10% genetic diversity when compared to SARS-CoV-2
94  (Figure 1B). Furthermore, in our similarity plot-based analysis, the bat/PrC31, bat-SL-
95 CoVZC45, and bat-SL-CoVZXC21 revealed a great deal of variability in the pplb gene when
96 compared to SARS-CoV-2 (Figure 1C).

97  Next, in our phylogenetic analysis, the Pan-CoVs are divided into two lineages: Pan-
98 CoV/Guangdong and Pan-CoV/GX (Figure 1A), and it is also supported by NBGMD
99  (Figure 1B) and similarity plot-based analysis (Figure 1D; Supplementary Figure 1A-1B).
100  Surprisingly, these Pan-CoVs lineages formed an evolutionary bridge between SARS-CoV-
101 1/SARS-CoV-1-rB-CoVs and SARS-CoV-2/SARS-CoV-2-rB-CoVs throughout their
102  genome (Figure 1D; Supplementary Figure 1A-1B). The Pan-CoV/Guangdong lineage
103  developed a closer relationship with the SARS-CoV-2 and SARS-CoV-2-rB-CoVs than the
104 Pan-CoV/GX lineage in the phylogenetic tree (Figure 1A) and also in NBGMD analyses
105  (Figure 1B). In our similarity plot-based analysis, the Pan-CoV/Guangdong lineage shared a
106  stronger genetic resemblance with the SARS-CoV-2/SARS-CoV-2-rB-CoVs except for the
107  spike gene S1-N-terminal domain (S1-NTD) (Figure 1D; Supplementary Figure 1A-1B).
108  Remarkably in our further analysis, the Pan-CoV/GX showed an evolutionary intermediate
109  between the SARS-CoV-1/SARS-CoV-1-rB-CoVs and SARS-CoV-2/SARS-CoV-2-rB-
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110  CoVs throughout their genome (Figure 1D; Supplementary Figure 1A-1B). Collectively,
111 these findings suggest that the SARS-CoV-1/SARS-CoV-1-rB-CoVs jumped into pangolins
112 and evolved into Pan-CoV/GX in pangolins as a result of host selection and adaption
113 pressure. The Pan-CoV/GX in the pangolin further evolved into the Pan-CoV/Guangdong
114  lineage, which is strikingly similar to the SARS-CoV-2/SARS-CoV-2-rB-CoVs due to
115  probable better host adaptation and immune evasion selection pressure.

116  Evolution of ppla in SARS-CoV-2 from SARS-CoV-1 through Pan-CoVs

117  According to earlier studies, the ppla gene was reported as a novel gene in SARS-CoV-2
118  (1,3,4). To explore the evolutionary genesis of the ppla gene, we used the SARS-CoV-2
119  nucleotide sequences from the first nucleotide to 11725nt (nucleotide numbering according to
120  NC 045512.2/Wuhan-Hu-1). Because the SARS-CoV-1 viruses displayed a lot of diversity
121 from 1-11725nt and displayed a closer identity from 11726-21561nt with the SARS-CoV-
122 2/SARS-CoV-2-rB-CoVs, therefore we divided the pplab into two different regions for the
123 analysis as follows: 1- 11725nt and 11726-21561nt for analysis (Figure 1D; Supplementary
124  Figure 1A-1B). The SARS-CoV-2-rB-CoVs of bat-SL-CoVZC45 and bat-SL-CoVZXC21
125  have nearly identical sequences to the SARS-CoV-1 from the 11725nt to the end of the pplab
126 gene (Figure 1D; Supplementary Figure 1A-1B). The SARS-CoV-2-rB-CoVs of the
127  RpYNO06, RmYNO2, and Bat/PrC31 viruses formed a closer relationship with SARS-CoV-2
128 in this region (1-11725nt) than the RaTG13 virus (Figure 2A-2C; Supplementary Figure
129  2A-2B). Surprisingly in this location, the Pan-CoVs formed an evolutionary bridge between
130 SARS-CoV-1/SARS-CoV-1-rB-CoVs and SARS-CoV-2/SARS-CoV-2-rB-CoVs (Figure
131  2A-2C; Supplementary Figure 2A-2B).

132 Next, in comparison to the previous region, the genetic diversity between SARS-CoV-1 and
133  SARS-CoV-2 is lowest in the pplab regions of 11726nt to 21561 nucleotides (Figure 2D-2F;
134  Supplementary Figure 3A-3B). Surprisingly, the bat/PrC31, bat-SL-CoVZC45, and bat-SL-
135 CoVZXC21 SARS-CoV-2-rB-CoVs had nearly identical sequence similarity to the SARS-
136  CoV-1-rB-CoVs of bat-SARS-coronavirus-HKU3 viruses (Figure 2D-2F; Supplementary
137  Figure 3A-3B). Remarkably, Pan-CoVs also created an evolutionary intermediate between
138  SARS-CoV-1/SARS-CoV-1-rB-CoVs and SARS-CoV-2/SARS-CoV-2-rB-CoVs in this
139  region (Figure 2D-2F; Supplementary Figure 3A-3B). Overall, our findings imply that
140  throughout the pplab gene, Pan-CoVs formed an evolutionary intermediate between SARS-
141  CoV-1 and SARS-CoV-2. Altogether, our results suggest that the Pan-CoVs gained this ppla
142 gene from SARS-CoV-1/SARS-CoV-1-rB-CoVs and it might have evolved into a novel ppla
143 gene in pangolin through new host adaptation and immune evasion mediated evolution.
144  Further, the jumping of Pan-CoVs into humans/other related hosts possibly evolved into the
145  SARS-CoV-2-specific ppla which is seen in the ongoing outbreak. On the other hand, the
146 SARS-CoV-2-rB-CoVs (bat/PrC31, bat-SL-CoVZC45, and bat-SL-CoVZXC21) potentially
147  gained this pplab gene by recombination of Pan-CoVs and the SARS-CoV-1-rB-CoVs of
148  bat-SARS-coronavirus-HKU3 viruses.

149
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150  Origin of novel ORF3 in SARS-CoV-2 from SARS-CoV-1 through Pan-CoVs

151  We investigated the evolutionary history of the novel ORF3 in SARS-CoV-2 and SARS-
152  CoV-2-rB-CoVs in light of recent studies that suggested they acquired it (1,3,4). In this
153  location, the Pan-CoV/GX lineage formed an evolutionary link between SARS-CoV-1 and
154  SARS-CoV-2, while the Pan-CoV/Guangdong lineage shared a high degree of sequence
155  similarity with SARS-CoV-2 (Figure 3A-3C; Supplementary Figure 4A-4B). It was
156  surprising to find that SARS-CoV-2-rB-CoVs of bat/PrC31, bat-SL-CoVZC45, and bat-SL-
157  CoVZXC21 viruses differed considerably from SARS-CoV-2 and other SARS-CoV-2-rB-
158  CoVs (Figure 3A-3C; Supplementary Figure 4A-4B). These results indicated that as
159  similar to the ppla gene, the novel ORF3 also evolved in the SARS-CoV-2 from the SARS-
160  CoV-1 through the Pan-CoVs by the host jump mediated virus adaptation and evolution.

161  Genetic diversity of the envelope (E), membrane (M), protein 6, protein 7a, and protein
162 7b

163  Next, the envelope (E), membrane (M), protein 6, protein 7a, and protein 7b portions of the
164  Pan-CoV/Guangdong, SARS-CoV-2, and SARS-CoV-2-rB-CoVs had a significant degree of
165  sequence similarity, whereas the Pan-CoV/GX lineage lay between the SARS-CoV-1 and
166 SARS-CoV-2 (Figure 3D-3F; Supplementary Figure 5A-5B). These results suggest that
167  the SARS-CoV-2 and other SARS-CoV-2-rB-CoVs gained E, M, protein 6, protein 7a, and
168  protein 7b from the SARS-CoV-1 via the Pan-CoV lineages.

169  Gain of novel Protein 8 in SARS-CoV-2 from SARS-CoV-1 through Pan-CoVs

170  Although it is widely known that SARS-CoV-2 and SARS-CoV-2-rB-CoVs have the unique
171 protein 8 gene in their genomes (1,3,4), the evolutionary origin of this gene remains
172 unknown. We observed that similar to ORF3, the SARS-CoV-2-rB-CoVs of bat-SL-
173 CoVZC45 and bat-SL-CoVZXC21 viruses showed significant genetic diversity from SARS-
174 CoV-2 and other SARS-CoV-2-rB-CoVs in the protein-8 region (Figure 4A-4B).
175  Remarkably, SARS-CoV-2-rB-CoVs of bat/PrC31 on the other hand demonstrated a stronger
176  genetic identity with SARS-CoV-2 and other SARS-CoV-2-rB-CoVs. More importantly, the
177  Pan-CoV/Guangdong lineage shared a high level of sequence similarity with SARS-CoV-2,
178  whereas the Pan-CoV/GX lineage was an evolutionary bridge between SARS-CoV-1 and
179  SARS-CoV-2 (Figure 4A-4B). These results collectively suggest that similar to ppla and
180 ORF3, the SARS-CoV-2 gained the novel protein 8 from the SARS-CoV-1 through the Pan-
181  CoVs by the host jump mediated virus adaptation and evolution.

182  Genetic diversity of the nucleocapsid (N), ORF10 and 3°'UTR

183  Next, the nucleocapsid (N), ORF10 and 3’UTR region, the Pan-CoV/Guangdong, SARS-
184  CoV-2, and SARS-CoV-2-rB-CoVs had a closer degree of sequence similarity; however, the
185 Pan-CoV/GX lineage formed evolutionary intermediate between SARS-CoV-1 and SARS-
186 CoV-2 in phylogenetic,c, NBGMD, and similarity plot-based analysis (Figure 4C-4E;
187  Supplementary Figure 6A-6B). These results indicate that the SARS-CoV-2 and other
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188  SARS-CoV-2-rB-CoVs acquired the nucleocapsid (N), ORF10, and 3’UTRregion from the
189  SARS-CoV-1 via the Pan-CoV lineages through the host jump based evolution.

190  Recombination-based origin of SARS-CoV-2 spike gene from Pan-CoVs

191  The spike gene which is known to determine the host range, transmission, virus entry, and
192  host immunity (15-19) were reported to display huge genetic diversity between the SARS-
193  CoV-2 and SARS-CoV-2-rB-CoVs (5-7,14). Consistent with this, we are also found huge
194  genetic diversity between the SARS-CoV-2 and SARS-CoV-2-rB-CoVs (Figure 5A-5B) in
195  the spike gene. Interestingly in our phylogenetic and similarity plot analysis, the Pan-CoVs
196  displayed as an evolutionary intermediate between SARS-CoV-2 and SARS-CoV-2-rB-CoVs
197  at the entire spike gene level (Figure 5A&5C). Fascinatingly, we also observed that among
198  the Pan-CoV lineages, the Pan-CoV/Guangdong lineage had a closer evolutionary link with
199  SARS-CoV-2 (Figure 5C-5D; Supplementary Figure 7A-7B). In confirmation with this, at
200 the spike protein S1-Receptor binding domain (S1-RBD) levels, Pan-CoV/Guangdong
201 lineage showed essentially identical sequence similarity to SARS-CoV-2 (Figure 5C-5D;
202  Supplementary Figure 7A-7B). In contrast, when compared to SARS-CoV-2, the Pan-
203  CoV/Guangdong lineage revealed a lot of genetic variation in the spike protein S1-N-
204  Terminal domains (S1-NTD) (Figure 5C-5D; Supplementary Figure 7A-7B). Further, our
205  similarity plot analysis revealed that, in comparison to SARS-CoV-2, the Pan-CoV/GX
206  lineage showed limited variation at the S1-NTD and S1-RBD (Figure 5C-5D;
207  Supplementary Figure 7A-7B). These findings point to recombination between the Pan-
208  CoV/Guangdong and Pan-CoV/GX lineages as a probable evolutionary source for the SARS-
209  CoV-2 virus. More interestingly, our similarity plot and recombination detection program
210 (RDP) analyses also confirmed this recombination of Pan-CoV/Guangdong and Pan-CoV/GX
211 lineage in the S1-NTD (Figure 5C-5F; Supplementary Figure 7A-7B). Collectively, our
212 results strongly suggest that the SARS-CoV-2 spike gene was evolved through recombination
213 of the Pan-CoV/Guangdong and Pan-CoV/GX lineages. Overall, our results strongly suggest
214  that the SARS-CoV-2 gained all the novel genes such as ppla, spike, ORF3, and protein 8
215  from the SARS-CoV-1 through the Pan-CoVs by the host jump mediated virus adaptation
216  and evolution.

217  Recombination-based evolution of SARS-CoV-2-rB-CoVs spike gene from Pan-CoVs

218  Except for RaTG13, all SARS-CoV-2-rB-CoVs had a lot of genetic variabilities when
219  compared to SARS-CoV-2 at the entire spike (S) gene levels (5-7,14). In our phylogenetic
220  analysis, the Pan-CoVs formed an evolutionary intermediate between the SARS-CoV-2 and
221 SARS-CoV-2-rB-CoVs in the spike gene (Figure 5A). On the other hand, in NBGMD
222 analysis, the SARS-CoV-2-rB-CoVs displayed almost equal genetic diversity with SARS-
223 CoV-2 and SARS-CoV-1/SARS-CoV-1-rB-CoVs (Figure 5B). However, the SARS-CoV-2-
224 rB-CoVs of Bat/China/RpYNO06, bat/PrC31, bat-SL-CoVZC45, and bat-SL-CoVZXC21
225  displayed a somewhat closer identity with SARS-CoV-2 and Pan-CoVs than SARS-CoV-
226  1/SARS-CoV-1-rB-CoVs (Figure 5A-5B). Further, similarity plot analysis displayed the
227  sequence similarities between the Pan-CoV/Guangdong lineages and SARS-CoV-2-rB-CoVs
228  (Bat/China/RpYNO6, bat/PrC31, bat-SL-CoVZC45, and bat-SL-CoVZXC21) at the S1-NTD
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229  levels (Figure 5D; Supplementary Figure 7A-7B). Similarly, the SARS-CoV-2-rB-CoVs
230 displayed high sequence similarity with SARS-CoV-1-rB-CoVs of bat-SARS-coronavirus-
231 HKUS3 viruses in the S1-RBD (Figure 5D; Supplementary Figure 7A-7B). These results
232 indicate that the SARS-CoV-2-rB-CoVs originated through recombination of the Pan-
233 CoV/Guangdong lineages and the SARS-CoV-1-rB-CoVs of bat-SARS-coronavirus-HKU3
234 Viruses.

235 To explore the possible recombination, we performed RDP analysis. The recombination
236  events between the Pan-CoV/Guangdong lineages and the SARS-CoV-1-rB-CoVs of bat-
237  SARS-coronavirus-HKU3 viruses were confirmed by our analysis as follows. We
238  characterized that the bat-SL-CoVZXC21 virus is a recombinant of Pan-CoV/Guangdong
239  lineages with part of pplab and S1-RBD of SARS-CoV-1-rB-CoVs of bat-SARS-
240  coronavirus-HKU3-1 virus (Figure 6A-6B). Similarly, the bat-SL-CoVZC45 virus was
241 identified as a recombinant Pan-CoV/Guangdong lineage with the pplab and S1-RBD of
242 SARS-CoV-1-rB-CoVs of bat-SARS-coronavirus-HKU3-8 virus (Figure 6C-6D).
243  Furthermore, our results indicate that the SARS-CoV-2-rB-CoVs of bat/PrC31 as a
244  recombinant Pan-CoV/Guangdong lineage with the part of pplab and S1-RBD of SARS-
245  CoV-1-rB-CoVs of Bat SARS coronavirus Rp3 (Figure 6E-6F). Finally, our results revealed
246  that the Bat/China/RpYNO6 virus is the most closely related to SARS-CoV-2 at the complete
247  genome level next to the bat/RaTG13 virus, which evolved through the recombination of
248  Pan-CoV/Guangdong lineages' and bat-SL-CoVZC45 virus (Figure 6G-6H). Overall, our
249  findings strongly suggest that SARS-CoV-2-rB-CoVs arose from a series of recombination
250  between Pan-CoVs and SARS-CoV-1-rB-CoVs.

251  Discussion

252 In this study, we show that Pan-CoVs represent an intermediate stage of evolution between
253  SARS-CoV-1/SARS-CoV-1-rB-CoVs and SARS-CoV-2/SARS-CoV-2-rB-CoVs without
254  any recombination across their genome. Interestingly, our results indicated that the host
255  receptor binding spike gene, the viral replication and translation controlling gene of ppla, the
256 virus release regulating gene of ORF3, and the host immune regulating gene of ORF8
257  showed considerable evolution in Pan-CoVs when compared to SARS-CoV-1/SARS-CoV-1-
258  rB-CoVs. A virus that jumps from natural host to another must overcome the following host
259  genetic barriers such as host surface receptors, host antiviral proteins for viral replication,
260 virus protein translation, virus assembly, release, and the host's innate and adaptive immune
261  protection (35-39). Viruses used to mutate and bypass all these host barriers to accomplish in
262  the new species through host jump (35-37,40). In majority of the time, accidental virus
263  introduction to an unnatural host does not result in effective infection (35-37,40,41).
264  However, in rare cases/continuous/forced exposure to an unnatural host, the viruses begin to
265 adapt to the new host through virus mutations to tackle the host selection pressure and
266  prolong their lifecycle (35-37,41). Viruses must then continue to evolve to increase their
267  adaptability. Finally, it becomes highly adapted to new species to produce a large viral load
268 that can be transmitted within the new hosts (35,37,38,40). Furthermore coronaviruses in
269  general, the quasispecies evolutionary processes have been well described (39,42-49). To
270  support this, the ongoing SARS-CoV-2 outbreak in humans displayed widespread

7
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271 mutation/deletions and evolution in the critical genes of ORFla (46,50-54); spike gene
272 (46,50,51,55,56); ORF3 (50,57-59); and ORF8 (33,50,60-65) those viral proteins regulates
273 the virus transmission, better adaptability to host and evasion of the host immunity.
274  Furthermore, the presence of selection pressure for the evolution of the SARS-CoV-2 has
275  been highly characterized (10,52,66,67). More importantly, among the Pan-CoV/GX and
276  Pan-CoV/Guangdong lineages, Pan-CoV/Guangdong lineage displayed high sequence
277  identity with SARS-CoV-2 and was isolated from the clinically ill pangolins (8,9). Therefore,
278  collectively it can be inferred that the SARS-CoV-1/SARS-CoV-1-rB-CoVs were jumped
279 into the pangolin (new host), and then these viruses mutated/evolved in the host receptor
280 hinding spike gene, viral replication, and translation controlling gene of ppla, virus release
281  regulating gene of ORF3 and host immune regulating gene of ORF8 and which then evolved
282  as Pan-CoV/GX lineage for better host adaptation. In the second stage of enhanced pangolin
283  host adaptability, the Pan-CoV/GX lineage was then transformed to Pan-CoV/Guangdong
284  lineage (Figure 7). This notion is further supported by the fact that pangolins were unwell
285 and deceased as a result of the Pan-CoV/Guangdong lineage (8,9).

286 In addition, huge genetic diversity was documented between the SARS-CoV-2 and SARS-
287  CoV-2-rB-CoVs in the spike gene (5-7,14) which is responsible for critical host range,
288  transmissibility, and virus entry. Furthermore, the occurrence of widespread recombination
289 events in the spike gene of SARS-CoV-2-rB-CoVs has been extensively studied for this
290 gene's evolution (8,10-13). As per our findings in this study, revealed that the progenitor
291  SARS-CoV-2/RaTG13-like virus is recombinant of the Pan-CoV/Guangdong and Pan-
292  CoV/GX lineages (Figure 7). In this perspective, our study implies that a recombinant of the
293  Pan-CoV/Guangdong and Pan-CoV/GX lineages may have entered humans and begun
294  evolving in these genes for improved adaptation (Figure 7). Due to the mild illness or short-
295  chains of human-human infection, the SARS-CoV-2 viral infection may have gone unnoticed
296 in the early stages of the virus jump (38). The virus then evolved in humans as a result of
297  better adaptation, resulting in the SARS-CoV-2 pandemics (Figure 7).

298  Furthermore, RaTG13 is the only bat virus that shared a spike gene with SARS-CoV-2. Our
299  findings further demonstrated that the SARS-CoV-2-rB-CoVs of bat/PrC31, bat-SL-
300 CoVZC45, and bat-SL-CoVZXC21 were formed by recombination of Pan-CoVs and SARS-
301 CoV-1-rB-CoVs in the part of ppla and S1-RBD (Figure 7). Surprisingly, Our findings
302 found evidence that the Bat/China/RpYNO06 virus evolved by recombination of Pan-
303 CoV/Guangdong lineages and bat-SL-CoVZC45 virus, which is the next one to bat/RaTG13
304  virus in terms of overall genome similarity to SARS-CoV-2 (Figure 7).

305 In conclusion, the SARS-CoV-1/SARS-CoV-1-rB-CoVs were perhaps jumped into the
306  pangolin, further in the presence of host adaptation pressure and immune evasion, these
307  viruses might have evolved in the critical virus entry (Spike gene), replication and translation
308  (ppla-nsp3), virus release (ORF3) and host immune evasion (protein 8) genes which then
309 lead to the origin of novel Pan-CoVs. The presence of two different lineages in the Pan-CoVs
310 indicates the different stages of host adaptation mediated evolution. The Pan-CoV/GX
311 lineage may be originated from the first stage of host adaptation and Pan-CoV/Guangdong
312 lineage might be the later stage of better-adapted virus in pangolins to cause disease. Further,
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313  the progenitor RaTG13/SARS-CoV-2-like virus evolved through the recombination of the
314 Pan-CoV/GX and Pan-CoV/Guangdong lineages in the S1-NTD. Similarly, progenitor
315 SARS-CoV-2-rB-CoVs-like viruses were evolved through recombination of Pan-CoVs and
316  SARS-CoV-1-rB-CoVs in the part of pplab and S1-RBD. Further, the progenitor SARS-
317 CoV-2-like virus and SARS-CoV-2-rB-CoVs-like virus’s gave raise to SARS-CoV-2 and
318 SARS-CoV-2-rB-CoVs respectively through host jump mediated evolution. This study
319 demonstrates that the SARS-CoV-2 outbreak emerged through host jump mediated virus
320 evolution (Figure 7). The close monitoring and large-scale surveillance of SARS-CoV-
321  2/SARS-CoV-2-rB-CoVs in different domestic and wild species are warranted to predict their
322  potential to evolve as a new virus that may cause the next pandemic outbreak, and also get
323  prepared with the vaccines and antivirals.

324  Materials and Methods
325  Genetic diversity analysis
326 |. Phylogenetic analysis

327 SARS-CoV-2 and other bat coronavirus sequences were obtained using the NCBI and
328  GISAID databases. MEGA7 was used for the phylogenetic analysis, with the Neighbor-
329  Joining method used to infer evolutionary history, bootstrap tests (1000 replicates), the
330 Maximum Composite Likelihood method used to compute evolutionary distances, and
331  gamma distribution (shape parameter = 5) used to compute the evolutionary distances being
332 employed to model the rate variation among sites. For evolutionary comparisons, differences
333  in composition bias among sequences were analyzed, and all ambiguous sites were discarded
334 inthe analysis for each sequence pair.

335  |l. Net Between Group Mean Distance (NBGMD) analysis

336 The NBGMD were measured using MEGAY tool and the Kimura 2-parameter model, with a
337 gamma distribution (shape parameter=5) used as a model to measure rate variation among
338  sites, a bootstrap test (1000 replicates) was used to estimate the Standard error and all
339  ambiguous sites for each sequence pair were removed from the analysis. Above the diagonal,
340 standard error estimates were displayed.

341  Recombination analysis
342 1. SimPlot analysis

343  SimPlot 3.5.1 was used to calculate the percent identity between the query and reference
344  sequences. MEGAY was used to align the nucleotide sequences before they were exported to
345  SimPlot 3.5.1 for further analysis. We used the Kimura two-parameter method to measure the
346 identity between the query and reference sequences, using the 500 base pair of the window at
347  a50 base pair step.

348
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350 Il. Recombination Detection Program (RDP) analysis

351 In SARS-CoV-2 and similar viruses, RDP4 was utilized to detect possible recombination
352 events. The nucleotides were aligned in MEGA7 before being transferred to RDP4 for further
353  processing..For the BOOTSCAN, GENECONYV, Chimaera, RDP, MaxChi, SISCAN, and
354  3seq methods, default parameter values were used, and a minimum of four or more
355  approaches were examined for probable recombination using a Bonferroni adjusted p-value
356  cut-off (0.05). The images created using the BOOTSCAN approach are shown in the figures.
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561  Figures and Legends

562  Figure 1. SARS-CoV-2 and Pan-CoVs genetic diversity at the complete genome. (A &B)
563  The Phylogenetic tree (A) and net between-group mean distance (B) respectively for the Pan-
564 CoVs, SARS-CoV-2, and related viruses using the complete genome sequence. (C) Similarity
565  plot analysis using the complete genomes of the SARS-CoV-2 and SARS-CoV-2-rB-CoVs.
566 SARS-CoV-2 is set as a query sequence (D) Similarity plot analysis using the complete
567 genomes of the SARS-CoV-2, SARS-CoV-2-rB-CoVs, Pan-CoVs, SARS-CoV-1, and
568 SARS-CoV-1-rB-CoVs. SARS-CoV-2 is set as a query sequence.

569  Figure 2. The genetic diversity analysis of the pplab gene. (A-C) The Phylogenetic tree
570  (A), net between-group mean distance (B), and similarity plot analysis (C) respectively for
571  the Pan-CoVs, SARS-CoV-2, and related viruses using part of pplab (1-11725nt). SARS-
572 CoV-2 is set as a query sequence. (D-F) The Phylogenetic tree (D), net between-group mean
573  distance (E), and similarity plot analysis (F) respectively for the Pan-CoVs, SARS-CoV-2,
574  and related viruses using part of pplab from 11726nt to 21561 nucleotides. SARS-CoV-2 is
575  setas a query sequence.

576  Figure 3. The genetic diversity analysis of ORF3, E, M, protein 6, protein 7a, and
577 protein 7b. (A-C) The Phylogenetic tree (A), net between-group mean distance (B), and
578  similarity plot analysis (C) respectively for the Pan-CoVs, SARS-CoV-2, and related viruses
579 using nucleotide sequences of complete ORF3. (D-F) The Phylogenetic tree (D), net
580  between-group mean distance (E), and similarity plot analysis (F) respectively for the Pan-
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581 CoVs, SARS-CoV-2, and related viruses using the nucleotide sequences of E, M, protein 6,
582  protein 7a, and protein 7b. SARS-CoV-2 is set as a query sequence.

583  Figure 4. The genetic diversity analysis of ORF8 (protein 8), nucleocapsid (N), ORF10,
584 and 3’UTR. (A-B) The Phylogenetic tree (A), and net between-group mean distance (B)
585  respectively, for the Pan-CoVs, SARS-CoV-2, and related viruses using nucleotide sequences
586  of complete ORF8 (protein 8). (C-E) The Phylogenetic tree (C), net between-group mean
587  distance (D), and similarity plot analysis (E) respectively for the Pan-CoVs, SARS-CoV-2,
588 and related viruses using the nucleotide sequences of the nucleocapsid (N), ORF10, and
589  3’UTR. SARS-CoV-2 is set as a query sequence.

590 Figure 5. Origin SARS-CoV-2 spike gene through recombination of Pan-CoVs. (A-B)
591  The Phylogenetic tree (A), and net between-group mean distance (B) respectively, for the
592  Pan-CoVs, SARS-CoV-2, and related viruses using nucleotide sequences of complete spike
593  gene. (C) Similarity plot analysis for the SARS-CoV-2, bat/RaTG13, Pan-CoV/GX, and Pan-
594  CoV/Guangdong lineages using the complete genome nucleotide sequences. SARS-CoV-2 is
595 used as a query sequence. (D) Similarity plot analysis for the Pan-CoVs, SARS-CoV-2, and
596 related viruses using nucleotide sequences of complete spike gene. SARS-CoV-2 is used as a
597  query sequence. (E) The recombination analysis with BOOTSCAN method using complete
598 genomes of the SARS-CoV-2, PCoV-GX-P2V, and Pangolin/Guangdong/MP789. (F) The
599  recombination analysis with BOOTSCAN method using complete genomes of the
600 Bat/RaTG13, PCoV-GX-P2V, and Pangolin/Guangdong/MP789.

601  Figure 6. Origin SARS-CoV-2-rB-CoVs spike gene through recombination. (A&B) The
602  recombination analysis with Similarity plot (A) and BOOTSCAN (B) using the complete
603 genomes the Bat-SL-CoVZXC21, Pangolin/Guangdong/A22-2, and Bat/SARS/HKU3-1,
604 Bat-SL-CoVZXC21 used as a query sequence. (C&D) The recombination analysis with
605  Similarity plot (C) and BOOTSCAN (D) using the complete genomes the Bat-SL-CoVZC45,
606  Pangolin/Guangdong/A22-2, and Bat/SARS/HKU3-8; Bat-SL-CoVZC45 used as a query
607  sequence. (E&F) The recombination analysis: Similarity plot (E) and BOOTSCAN (F) using
608 complete genomes of the Bat/PrC31, Pangolin/Guangdong/A22-2, and Bat/SARS/Rp3;
609  Bat/PrC3lused as a query sequence. (G&H) The recombination analysis with Similarity plot
610 (G) and BOOTSCAN (H) using complete genomes of the Bat/China/RpYNOG,
611  Pangolin/Guangdong/A22-2, and Bat-SL-CoVZC45; Bat/China/RpYNO06 was used as a query
612  sequence.

613  Figure 7. Schematic representation of origin of the SARS-CoV-2 from SARS-CoV-1
614  through Pan-CoVs. The SARS-CoV-1/SARS-CoV-1-rB-CoVs were perhaps jumped into
615  the pangolin, and further evolved into a novel Pan-CoVs (two different lineages namely Pan-
616 CoV/GX and Pan-CoV/Guangdong) by new host pressure. The SARS-CoV-2 evolved from
617  the recombination of Pan-CoV/GX and Pan-CoV/Guangdong. Further, SARS-CoV-2-rB-
618  CoVs were evolved through recombination of Pan-CoVs and SARS-CoV-1-rB-CoVs.

619

620
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621  Supplementary Figures and Legends

622  Supplementary Figure 1. Similarity plot analysis using the complete genomes of SARS-
623  CoV-2 and its related viruses. (A) Similarity plot analysis using the complete genomes of
624  the SARS-CoV-2, SARS-CoV-2-rB-CoVs, Pan-CoVs, SARS-CoV-1, and SARS-CoV-1-rB-
625 CoVs. The Pan-CoV/GX lineages are set as a query sequence. (B) Similarity plot analysis
626  using the complete genomes of the SARS-CoV-2, SARS-CoV-2-rB-CoVs, Pan-CoVs,
627  SARS-CoV-1, and SARS-CoV-1-rB-CoVs. The SARS-CoV-1 is set as a query sequence.

628  Supplementary Figure 2.Similarity plot analysis for the part of pplab (1-11725nt). (A)
629  Similarity plot analysis for the Pan-CoVs, SARS-CoV-2, and related viruses using part of
630  pplab (1-11725nt). The SARS-CoV-1 is set as a query sequence. (B) Similarity plot analysis
631  for the Pan-CoVs, SARS-CoV-2, and related viruses using part of pplab (1-11725nt). The
632  Pan-CoV/GX lineages are set as a query sequence.

633  Supplementary Figure 3. Similarity plot analysis for the part of pplab (11726nt to
634  21561nt). (A) Similarity plot analysis for the Pan-CoVs, SARS-CoV-2, and related viruses
635 using part of pplab (11726nt to 21561nt). The Pan-CoV/GX lineages are set as a query
636  sequence. (B) Similarity plot analysis for the Pan-CoVs, SARS-CoV-2, and related viruses
637  using part of pplab (11726nt to 21561nt). The SARS-CoV-1 is set as a query sequence.

638  Supplementary Figure 4. Similarity plot analysis for the ORF3. (A) Similarity plot
639 analysis for the Pan-CoVs, SARS-CoV-2, and related viruses using nucleotide sequence of
640 complete ORF3. The SARS-CoV-1 is set as a query sequence. (B) Similarity plot analysis for
641 the Pan-CoVs, SARS-CoV-2, and related viruses using nucleotide sequence of complete
642  ORF3. The Pan-CoV/GX lineages are set as a query sequence.

643  Supplementary Figure 5. Similarity plot analysis for the E, M, protein 6, protein 7a, and
644  protein 7b genes. (A) Similarity plot analysis for the Pan-CoVs, SARS-CoV-2, and related
645  viruses using the nucleotide sequences of E, M, protein 6, protein 7a, and protein 7b.The
646  SARS-CoV-1 is set as a query sequence. (B) Similarity plot analysis for the Pan-CoVs,
647  SARS-CoV-2, and related viruses using the nucleotide sequences of E, M, protein 6, protein
648  7a, and protein 7b. The Pan-CoV/GX lineages are set as a query sequence.

649  Supplementary Figure 6. Similarity plot analysis for the complete nucleocapsid (N),
650 ORF10, and 3°UTR. (A) Similarity plot for the Pan-CoVs, SARS-CoV-2, and related
651  viruses using the nucleotide sequences of the nucleocapsid (N), ORF10, and 3’UTR. The
652  SARS-CoV-1 is set as a query sequence. (B) Similarity plot for the Pan-CoVs, SARS-CoV-2,
653 and related viruses using the nucleotide sequences of the nucleocapsid (N), ORF10, and
654  3’UTR. The Pan-CoV/GX lineages are set as a query sequence.

655  Supplementary Figure 7. Similarity plot analysis for the complete spike gene. (A)
656  Similarity plot for the Pan-CoVs, SARS-CoV-2, and related viruses using the nucleotide
657  sequences of complete spike gene. The SARS-CoV-1 is set as a query sequence. (B)
658  Similarity plot for the Pan-CoVs, SARS-CoV-2, and related viruses using the nucleotide
659  sequences of complete spike gene. The Pan-CoV/GX lineages are set as a query sequence.
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