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A B S T R A C T   

The clue behind the SARS-CoV-2 origin is still a matter of debate. Here, we report that SARS-CoV-2 has gained a 
novel spike protein S1–N-terminal domain (S1-NTD). In our CLuster ANalysis of Sequences (CLANS) analysis, 
SARS-CoV/SARS-CoV-2 S1-NTDs displayed a close relationship with OC43 and HKU1. However, in the complete 
and S1-NTD-free spike protein, SARS-CoV/SARS-CoV-2 revealed closeness with MERS-CoV. Further, we have 
divided the S1-NTD of SARS-CoV-2 related viruses into three distinct types (Type-I to III S1-NTD) and the S1-NTD 
of viruses associated with SARS-CoVs into another three classes (Type-A to C S1-NTD) using CLANS and 
phylogenetic analyses. In particular, the results of our study indicate that SARS-CoV-2, RaTG13, and BANAL-20- 
52 viruses carry Type-I-S1-NTD and other SARS-CoV-2-related-bat viruses have Type-II and III. In addition, it was 
revealed that the Pangolin-GX and Pangolin-Guangdong lineages inherited Type-I-like and Type–II–like S1-NTD, 
respectively. Then our CLANS study shows the potential for evolution of Type-I and Type-III S1-NTD from SARS- 
CoV-related viruses Type-A and Type-B S1-NTDs, respectively. Furthermore, our analysis clarifies the possibility 
that Type-II S1-NTDs may have evolved from Type-A-S1-NTD of SARS-CoV-related viruses through Type-I S1- 
NTDs. We also observed that BANAL-20-103, BANAL-20-236, and Pangolin-Guangdong-lineage viruses con
taining Type–II–like S1-NTD are very close to SARS-CoV-2 in spike genetic areas other than S1-NTD. Possibly, it 
suggests that the common ancestor spike gene of SARS-CoV-2/RaTG13/BANAL-20-52-like virus may have 
evolved by recombining the Pangolin-Guangdong/BANAL-20-103/BANAL-20-236-like spike gene to Pangolin- 
GX-like Type-I-like-S1-NTD in the unsampled bat or undiscovered intermediate host or possibly pangolin. 
These may then have evolved into SARS-CoV-2, RaTG13, and BANAL-20-52 virus spike genes by host jump 
mediated evolution. The potential function of the novel Type-I-S1-NTD and other types of S1-NTDs needs to be 
studied further to understand better its importance in the ongoing COVID-19 outbreak and for future pandemic 
preparedness.   

1. Introduction 

The origin of the SARS-CoV-2 virus, which suddenly emerged in 
December 2019 in Wuhan, China (Wu et al., 2020; Zhou et al., 2020a) 
and spread rapidly worldwide, remains unanswered. Subsequently, 
SARS-CoV-2 related viruses’ complete genomes were sequenced from 
bat samples collected before and after the SARS-CoV-2 outbreak in 
humans and previously collected pangolins samples (Zhou et al., 2020a, 
2020b, 2021a; Wacharapluesadee et al., 2021; Lam et al., 2020; Xiao 
et al., 2020). On the other hand, all SARS-CoV-2-related bat and 
pangolin viruses, except RaTG13&BANAL-20-52, have the high genetic 
diversity with the SARS-CoV-2 spike gene (Zhou et al., 2020b, 2021a; 
Wacharapluesadee et al., 2021; York, 2021; Sarah Temmam et al., 

2021), which is vital in determining virus entry, tissue tropism, 
host-range, human-human infection, and host immune responses (Walls 
et al., 2020; Chi et al., 2020; Greaney et al., 2021; Suryadevara et al., 
2021; Li, 2015, 2016; Hulswit et al., 2016). The SARS-CoV-2 spike 
protein is divided into a signal peptide, S1, and S2 subunits. The S1 
subunit further divides into two independent receptor binding domains 
such as sugar receptor binding S1-NTD (14–305 amino acid residues) 
and protein receptor binding S1-RBD (319–541 amino acid residues) 
(Chi et al., 2020; Li, 2015; Wang et al., 2020; Huang et al., 2020). 
Further, it is widely accepted that the coronaviruses (CoVs) obtained the 
S1-NTD from host galectins through gene capture and then gained the 
S1-RBD through gene duplication from the S1-NTD (Li, 2015, 2016). 
Due to the presence of S1-RBD in the tip of the spike head, S1-NTD is 
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perhaps positioned underneath the S1-RBD (Li, 2015; Li et al., 2006; 
Beniac et al., 2006). S1-RBD is more possibly exposed to the host im
mune system and evolves faster than S1-NTD (Li, 2015). Further, 
extensive N-linked glycan shielding in the S1-NTD is expected to play a 
role in immune evasion (Walls et al., 2020; Watanabe et al., 2020; 
Piccoli et al., 2020; Rogers et al., 2020). Therefore, the less diversified 
S1-NTDs are considered a more reliable domain for the coronaviruses to 
bind the sugar receptors, thereby facilitating the S1-RBDs to search their 
high-affinity protein receptors (Li, 2015). Remarkably, the level of di
versity and interaction of these domains with the host receptor is a 
critical determinant of the coronavirus host range, cross-species infec
tion, tissue tropism, and host immune responses (Li, 2015, 2016; Huls
wit et al., 2016). However, over-the-counter studies have shown that 
genetic variation and evolution in SARS-CoV-2 S1-RBD are of more 
significant concern (Zhou et al., 2020b, 2021b; Wacharapluesadee et al., 
2021; Wang et al., 2020; Wrobel et al., 2020; Ou et al., 2020). On the 
other hand, the genetic diversity and evolutionary origin of the 
SARS-CoV-2 S1-NTDs are not yet fully established. 

In this study, in particular, we present evidence that the SARS-CoV-2 
virus originated with novel Type-I-S1-NTD in its spike protein. 
Furthermore, we report the presence of different S1-NTDs in SARS-CoV- 
2-related-bat-CoVs (except RaTG13 & BANAL-20-52, which displays 
Type-I-S1-NTD). Next, we report the potential for various genetic re
combinations in SARS-CoV-2-related-bat-CoVs, especially in the S1-NTD 
regions of the spike gene. Finally, we suggest the possibility that the 
spike gene of the common precursor SARS-CoV-2/RaTG13/BANAL-20- 
52-like viruses may have evolved by recombination. 

2. Materials and method 

2.1. Genetic diversity analysis 

2.1.1. Phylogenetic analysis 
We used the NCBI and GISAID databases to retrieve the SARS-CoV-2 

and related bat coronavirus sequences. For the phylogenetic study of 
SARS-CoV-2 complete genome, entire spike gene, and phylogenetic tree 
to classify the S1-NTD at nucleotide and protein levels, PhyML 3.3_1 was 
utilized, with the Evolutionary model GTR for nucleotide/LG for amino 
acids, Equilibrium frequencies Empirical for nucleotide/ML- Model for 
amino acids, number of categories (n = 4) for the discrete gamma model, 
SPR (Subtree Pruning and Regraphing) was used for tree topology search 
with optimizing parameters such as tree topology, branch length, and 
model parameter, and Likelihood aLRT statistics was used to test the 
branch support. Further, the comparison phylogenetic analysis between 
the nucleotide sequences of S1-NTD and the spike gene without S1-NTDs 
and phylogenetic tree for the S1-RBD region (22561-23161 nt) was 
performed in MEGA7, with Maximum Likelihood method based on the 
General Time Reversible model, BioNJ algorithms, and Neighbor-Join to 
a matrix of pairwise distances estimated using the Maximum Composite 
Likelihood methodology, the topology was selected with a superior log- 
likelihood value, bootstrap tests (1000 replicates), gamma distribution 
(G) (categories = 5) with the invariant (I) site (G + I). 

2.1.2. Net between group mean distance (NBGMD) analysis 
The NBGMD was calculated using the MEGA7 through the Kimura 2- 

parameter model. The gamma distribution (shape parameter = 5) was 
used as a model to measure rate variation among sites, a bootstrap test 
(1000 replicates) was used. To estimate the Standard error and ambig
uous sites were removed from the analysis for each sequence pair. 
Standard error estimates were displayed above the diagonal. 

2.2. Recombination analysis 

2.2.1. SimPlot analysis 
The percent identity between the query and reference sequences was 

determined using the SimPlot 3.5.1 program (Paraskevis et al., 2020). 

The nucleotide sequences were first aligned in MEGA7 before being 
exported to SimPlot 3.5.1 for additional analysis. Using the Kimura 
two-parameter model, we employed the 500 base pair of the window at 
a 50 base pair step to measure the identity between the query and 
reference sequences. 

2.2.2. Recombination detection program (RDP) analysis 
We used RDP4 (Martin et al., 2015) to detect potential recombina

tion events in SARS-CoV-2 and its related viruses. MEGA7 was used to 
align the nucleotides, which were then exported to RDP4 for additional 
processing. Then we analyzed with default parameter values for the 
BOOTSCAN, GENECONV, Chimaera, RDP, MaxChi, SISCAN, and 3seq 
methods, and a minimum of four or more approaches was assessed for 
probable recombination using a Bonferroni corrected p-value cut-off 
(0.05). The BOOTSCAN method-based images are displayed in the 
figures. 

2.3. CLANS (CLuster ANalysis of sequences) analysis 

The CLANS analysis was performed in the online Toolkit software 
(https://toolkit.tuebingen.mpg.de/tools/clans). The protein sequences 
retrieved from the NCBI database were subjected to the pairwise 
sequence similarity calculation using the online CLANS analysis in the 
MPI Bioinformatics Toolkit with a scoring matrix of BLOSUM80 and 
BLAST HSP’s (High Scoring Pair) up to a p-value of 1e− 4. Next, the 
CLANS files obtained from the Toolkit were visualized in a Java appli
cation (clans.jar) 21. Minimum 1,00,000 rounds were used to show the 
sequences connection and clusters in the clans. jar application. 

2.4. Determining the selection and mutation pressure 

2.4.1. Effective number of codons (ENc) 
One of the approaches for determining the codon usage bias is the 

effective number of codons used from 61 codons for the 20 amino acids, 
ranging from 20 to 61. ENc values less than 35 suggest strong codon 
bias, while ENc values greater than 50 imply broad random codon usage 
(29,30). ENc values were calculated using an online server in this 
investigation (http://ppuigbo.me/programs/CAIcal/)(Puigbo et al., 
2008). 

2.4.2. ENc-GC3s plot 
The ENc values are plotted against the third position of GC3s of 

codon values in this study to establish the key variables affecting the 
codon usage bias, such as selection or mutation pressure(32). The ex
pected curve was determined by estimating the expected ENc values for 
each GC3S as recommended in previous publications (Wang et al., 2018; 
Tian et al., 2020). The ENc and GC3s for each gene were obtained from 
an online CAI analysis server (http://ppuigbo.me/programs/CAIcal/) 
(Puigbo et al., 2008). When codon bias is just driven by mutation 
pressure, the genes will lie on or near the expected curve. However, 
when codon bias is influenced by selection and other variables, the genes 
will fall well below the expected curve (Wang et al., 2018; Tian et al., 
2020). 

2.4.3. Neutrality plot analysis 
The GC12 values of codons are plotted against the GC3 values in a 

neutrality plot to determine the degree of influence of mutation pressure 
and natural selection on codon usage patterns. The GC12 and GC3 
values were retrieved for S1-NTD (region 6) nucleotide sequences from 
the online CAI analysis server (http://ppuigbo.me/programs/CAIcal/) 
(Puigbo et al., 2008). 

2.4.4. Parity Rule 2 (PR2)-bias plot 
To measure the mutation pressure and natural selection affecting the 

codon usage bias, we plotted the AT bias [A3/(A3+T3)] against the GC 
bias [G3/(G3+C3)](32). Using the ACUA Software (Vetrivel et al., 
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2007), the A3, T3, G3, and C3 values of nucleotide sequences of S1-NTD 
(region 6) were calculated. 

3. Results 

3.1. Genetic diversity in SARS-CoV-2 related bat coronaviruses at the 
complete genome level 

To understand the genetic diversity between the SARS-CoV-2 and 
SARS-CoV-related-bat-CoVs at the whole genome level, we performed 
the phylogenetic analysis using a total of 282 complete genome se
quences. The details of different sequences are presented in supple
mentary data 1. In this complete genome phylogenetic analysis, the 
topology of phylogenetic trees is consistent with previous studies (Zhou 
et al., 2021a) (Fig. 1A). Our study revealed that 
SARS-CoV-2-related-bat-CoVs have three distinct clades at the whole 
genome level (Fig. 1A). Of these, Clade-I viruses (RaTG13; 
BANAL-20-52, BANAL-20-103, BANAL-20-236, RShSTT182h, and 
RShSTT200) showed only 1.6–7.6% nucleotide diversity between 
themselves and the SARS-CoV-2. However, clade II viruses (bat/PrC31, 
bat-SL-CoVZC45, and bat-SL-CoVZXC21) expressed around 10–13% 
nucleotide diversity with SARS-CoV-2, Clade-I, and Clade III viruses 
(Fig. 1B). Further, clade III viruses (BANAL-20-116, BANAL-20-247, 
RmYN02, and RacCS203) expressed about 5.4–8.8%, 4.3–9.3%, and 
9.9–13.1% nucleotide diversity with SARS-CoV-2, Clade-I, and Clade II 
viruses, respectively (Fig. 1B). Similarly, Pangolin- Guangdong lineage 
viruses showed association with the clade I virus (Fig. 1B). 

3.2. Genetic diversity and evolution of SARS-CoV-2 spike gene 

Subsequently, we were interested in understanding the spike gene’s 
genetic diversity, a critical determinant of the coronavirus host range, 
tissue tropism, and host immune responses (Li, 2015, 2016; Hulswit 
et al., 2016). To understand the spike gene genetic diversity, first, we 
performed phylogenetic and NBGMD analysis using 290 sequences. The 
details of different sequences are declared in supplementary data 1. In 
this complete spike gene phylogenetic analysis, the topology of phylo
genetic trees is consistent with previous studies (Zhou et al., 2021a) 
(Fig. 1C). In this analysis, we noticed that the spike genes of 
SARS-CoV-2-related-bat-CoVs viruses contain three distinct clades of 
spike-clade I, spike-clade II, and spike-clade III (Fig. 1C & D). The 
spike-clade I is formed by SARS-CoV-2, RaTG13, BANAL-20-52, 
BANAL-20-103, BANAL-20-236, RShSTT200, RShSTT182, 
pangolin-Guangdong, and pangolin-GX lineages. SARS-CoV-2, RaTG13, 
and BANAL-20-52 are closely related to each other. We observed similar 
results in similarity plot analysis; the RaTG13 & BANAL-20-52 viruses 
showed the closest genetic relationship to SARS-CoV-2 (Fig. 1E). At the 
same time, spike-clade I viruses BANAL-20-103 & BANAL-20-236 
revealed 8.2–13.5% nucleotide diversity with 
SARS-CoV-2/RaTG13/BANAL-20-52 (Fig. 1C & D). Significantly, the 
pangolin-Guangdong and pangolin-GX lineages have 18% and 19% 
nucleotide diversity, respectively, with the spike gene of the 
SARS-CoV-2 (Fig. 1C & D). Next, RpYN06, Bat/PrC31, 
bat-SL-CoVZXC21, and bat-SL-CoVZC45 viruses formed spike-clade II. 
Similarly, RmYN02, BANAL-20-116, BANAL-20-247, and Bat/RacCS203 
viruses formed spike-clade III. Further, we observed that spike-clade II 
and spike-clade III have 20–35% nucleotide diversity with spike-clade I 
(Fig. 1C & D). 

Next, to understand the evolution of SARS-CoV-2 spike protein, we 
used 1160 complete spike proteins from beta coronaviruses OC43, 
HKU1, MERS-CoVs, SARS-CoV, SARS-CoV-2, and related viruses for 
CLANS analysis. The complete spike proteins of SARS-CoV and SARS- 
CoV-2 viruses have a very high p-value and cannot be separated in 
CLANS analysis (Fig. 2A). Furthermore, we observed that the spike 
proteins of beta coronavirus viruses split into three distinct clusters at 
the p-value threshold of 1e− 200 in CLANS (Fig. 2A). Cluster-A is made up 

of spike proteins of SARS-CoV and SARS-CoV-2 viruses. Cluster-B was 
then formed by spike proteins associated with MERS-CoVs. Finally, 
cluster-C is produced by the spike proteins of OC43, HKU1, Bovine 
coronavirus (BCoV), Porcine hemagglutinating encephalomyelitis virus 
(PHEV), Equine coronavirus (ECoV), and Rodent coronaviruses. The 
details about the cluster-specific sequences are provided in supple
mentary data 2. 

Furthermore, Cluster-B (MERS-CoVs) at the p-value threshold of 
1e− 200 formed a direct relationship with cluster-A (SARS-CoV and SARS- 
CoV-2) and cluster-C (OC43, HKU1 & others) viruses. But at this 
threshold level, there is no direct link between cluster-A (SARS-CoV and 
SARS-CoV-2) and cluster-C (OC43, HKU1 & others) viruses (Fig. 2A). 
Then, at the p-value threshold of 1e− 165, these three clusters showed a 
sequence similarity network with each other (Fig. 2B). However, cluster- 
A (SARS-CoV and SARS-CoV-2) is more closely related to cluster-B 
(MERS-CoVs) than cluster-C (OC43, HKU1 & others) (Fig. 2B). These 
results indicate that cluster-A (SARS-CoV and SARS-CoV-2 spike pro
tein) may have originated from cluster-B (MERS-CoVs) related viruses. 

Further, spike gene region S1-NTD (21578-22560 nt) and region S1- 
RBD (22561-23161 nt) are highly diversified regions in the spike gene 
(Fig. 2C). Region S1-RBD revealed two distinct RBD-clusters in the 
SARS-CoV-2 and SARS-CoV-2-related-bat-CoVs (Supplementary Fig. 1A 
and 1B). The SARS-CoV-2, RaTG13, BANAL-20-52, BANAL-20-103, 
BANAL-20-236, RShSTT182, RShSTT200, Pangolin-GX, and Pangolin- 
Guangdong formed an RBD-cluster-I (Supplementary Fig. 1A and 1B). 
Surprisingly, the SARS-CoV-2-related-bat-CoVs of bat-SL-CoVZXC21, 
bat-SL-CoVZC45, RpYN06, bat/PrC31, bat/RacCS203, RmYN02, 
BANAL-20-116, and BANAL-20-247 were formed RBD-cluster-II with 
SARS-CoV-related-bat-CoVs (Supplementary Fig. 1A and 1B). These re
sults indicate that there is a high potential for widespread recombination 
in the RBD region. 

3.3. Gain of novel S1-NTD in SARS-CoV-2 

Significantly, using SimPlot and NCBI BLAST analysis, we learned 
that SARS-CoV-2 has a much higher genetic diversity compared to SARS- 
CoV-2-related-bat-CoVs (except RaTG13&BANAL-20-52) in regions 
containing S1-NTDs (Fig. 1E). First, we used pairwise sequence simi
larity network/CLANS analysis to determine the evolutionary origin of 
the amino acid scale SARS-CoV-2 S1-NTD. To perform this analysis, we 
retrieved the amino acid sequences of S1-NTDs of 1379 SARS-CoV, 
SARS-CoV-2, MERS-CoVs, OC43, HKU1, and BCoVs-related viruses 
from the NCBI public database. We used the p-value threshold of 1e− 168 

in CLANS to classify S1-NTDs of Betacoronavirus (Fig. 3A). Accordingly, 
we ranked the S1-NTDs of SARS-CoV-2 and its related viruses into three 
distinct types (Type-I to III). The SARS-CoV-2, RaTG13, BANAL-20-52, 
and Pangolin-GX S1-NTDs formed the Type-I-S1-NTD (Fig. 3A). Type
–II–S1-NTD was created by the S1-NTDs of SL-CoVZXC21, bat-SL- 
CoVZC45, RpYN06, Bat/PrC31, BANAL-20-103, BANAL-20-236, and 
Pangolin-Guangdong (Fig. 3A). Type–III–S1-NTD group was formed by 
RmYN02, RacCS203, BANAL-20-116, and BANAL-20-247. Further, we 
observed three different types of S1-NTDs (Type A to C S1-NTDs) in the 
SARS-CoV and its related viruses. Details of strains corresponding to 
different types provided in Supplementary Data 3). 

At the p-value threshold of 1e− 10 in CLANS, we observed three super- 
clusters (Fig. 3B). The OC43, HKU1, BCoVs, PHEV, ECoV, Rodent 
coronavirus S1-NTDs created the S1-NTD-superclusters-1 (Fig. 3B). The 
SARS-CoVs and SARS-CoV-2 related S1-NTDs formed the S1-NTD- 
superclusters-2 (Fig. 3B). MERS-CoVs related S1-NTDs generated the 
S1-NTD-superclusters-3. We also observed that the super-clusters-2 
(SARS-CoVs and SARS-CoV-2 related S1-NTDs) were directly linked 
with the super-clusters-1 (OC43, HKU1, and other associated viruses) 
(Fig. 3B). And super-clusters-2 (SARS-CoVs and SARS-CoV-2 related S1- 
NTDs) displayed the evolutionary link with super-clusters-3 (MERS-CoV 
related S1-NTDs) through the super-clusters-1 (OC43, HKU1, and other 
associated viruses) (Fig. 3B). These results indicate that the S1-NTDs of 
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Fig. 1. The genetic diversity in SARS-CoV-2. (A&B) The Phylogenetic tree (A) and the net between-group mean distance (B), respectively, use the complete genome’s 
nucleotide sequences of the SARS-CoV-2 and its related bat/pangolin viruses and SARS-CoV related viruses. SARS-CoV-2 related bat viruses n = 18; SARS-CoV-2 
related pangolin viruses n = 6; SARS-CoV related viruses n = 258. The different group-specific viruses sequence details are listed in supplementary data 1. 
(C&D) The Phylogenetic tree (C) and the net between-group mean distance (D) used the complete spike gene nucleotide sequences of the SARS-CoV-2 and its related 
bat/pangolin viruses and SARS-CoV related viruses. SARS-CoV-2 related bat viruses n = 18; SARS-CoV-2 related pangolin viruses n = 16; SARS-CoV related viruses n 
= 256. The different group-specific viruses sequence details are listed in supplementary data 1. (E) The representative Similarity plot is based on the complete 
genomes nucleotide sequences of the SARS-CoV-2, SARS-CoV-2-related bat/pangolin viruses, and SARS-CoV related viruses. SARS-CoV-2 is used as a reference 
sequence query. First, we performed the similarity plot analysis with a total of 284 complete genome sequences of SARS-CoV-2 related bat/pangolin viruses and 
SARS-CoV-related viruses. Next, representative sequences are selected presented here. Details are listed in supplementary data 1. 
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SARS-CoV, SARS-CoV-2, and their related viruses are more closely 
related to OC43/HKU1/BCoV/PHEV/ECoV/MHV S1-NTDs than to S1- 
NTDs associated with MERS-CoVs. 

In particular, at the p-value threshold of 1e− 130, we observed seven 
significant orphan clusters without a pairwise sequence similarity 
network relationship to each other (Fig. 3C). S1-NTD-Cluster-1 was 
developed by Type-I-S1-NTD and Type–II–S1-NTD of SARS-CoV-2 
related-CoVs S1-NTDs (Fig. 3C). S1-NTD-Cluster-2 contains Type
–III–S1-NTD of SARS-CoV-2-related-CoVs S1-NTDs (Fig. 3C). S1-NTD- 
Cluster-3 was generated by the SARS-CoV-related S1-NTDs (Fig. 3C). 
The OC43, HKU1, BCoV, PHEV, and ECoV viruses S1-NTD-Cluster-4, the 
murine hepatitis virus S1-NTD-Cluster-5, MERS-CoVs S1-NTD-Cluster-6, 
and finally Erinaceus-CoVs S1-NTDs formed S1-NTD-cluster-7 (Fig. 3C). 

These results show that the viruses that cause significant outbreaks in 
humans or animals have their unique S1-NTD. It is also clear that SARS- 
CoV-2 has acquired its own novel S1-NTD. 

Interestingly, at the p-value threshold of 1e− 160, the Type-I-S1-NTD 
and Type–II–S1-NTD of SARS-CoV-2 related S1-NTDs displayed the 
pairwise sequence similarity network relationship (Fig. 3D). Then, at the 
p-value threshold of 1e− 120, SARS-CoV-2’s Type-I-S1-NTD showed a 
direct evolutionary relationship with SARS-CoV’s Type-A-S1-NTDs 
(Fig. 3E). And the Type–II–S1-NTD displayed the ties with the SARS- 
CoV Type-A-S1-NTDs through Type-I-S1-NTD of SARS-CoV-2 (Fig. 3E). 
Similarly, at the p-value threshold of 1e− 103, Type–III–S1-NTDs of SARS- 
CoV-2-related viruses showed the direct link with Type-B-S1-NTDs of 
SARS-CoV-related-bat-CoVs (Fig. 3F). However, the Type–III–S1-NTDs 

Fig. 2. Evolution and genetic diversity in the SARS-CoV-2 spike gene. (A&B) CLANS (pairwise sequences similarity network) analysis was performed using the spike 
protein of beta coronaviruses that can infect humans and their related spike protein of viruses that can infect animals. A total of 1160 amino acid sequences of 
complete spike proteins were used in this analysis. The details of strains that belong to different clusters are presented in supplementary data 2. (A) The p-value 
threshold of 1e− 200 in CLANS is used to show the lines connecting the sequences. (B) The p-value threshold of 1e− 165 in CLANS is used to indicate the lines connecting 
the sequences. (C) The representative Similarity plot is based on the complete spike gene nucleotide sequences of the SARS-CoV-2 and SARS-CoV-2-related bat/ 
pangolin viruses. SARS-CoV-2 is used as a reference sequence query. 
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Fig. 3. Origin and evolution of the SARS-CoV-2 S1-NTD. CLANS (pairwise sequences similarity network) analysis was performed using the S1-NTDs of beta coro
naviruses that can infect humans and their related spike protein of viruses that can infect animals. A total of 1379 amino acid sequences of S1-NTDs were used in this 
analysis. The details of strains that belong to different clusters are presented in supplementary data 3. (A) We used the p-value threshold of 1e− 168 in CLANS to 
classify the S1-NTDs of beta coronavirus. (B) At the p-value threshold of 1e− 10 in CLANS, the S1-NTDs of beta coronavirus formed three super-clusters. (C) With a p- 
value threshold of 1e− 130, the S1-NTDs of beta coronavirus formed seven significant orphan clusters that showed no connections with each other. (D) At the p-value 
threshold of 1e− 160, the Type-I-S1-NTD and Type–II–S1-NTD of SARS-CoV-2 related S1-NTDs revealed evolutionary links. The black arrow denotes the link. (E) At the 
p-value threshold of 1e− 120, the Type-I-S1-NTD of SARS-CoV-2 showed a direct connection with Type-A-S1-NTDs SARS-CoV. The black arrow indicates the link. (F) 
At the p-value threshold of 1e− 103, Type–III–S1-NTD revealed a direct correlation with type-B-S1-NTDs of SARS-CoV-related bat-CoVs. The black arrow represents 
the link. 
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did not form a direct relationship with the Type-I-S1-NTD and Type
–II–S1-NTD (Fig. 3F). These results suggest that Type-I-S1-NTD of SARS- 
CoV-2 may have evolved from SARS-CoV S1-NTD, and then Type–II–S1- 
NTD must have emerged from this Type-I-S1-NTD. Mainly Type–III–S1- 
NTD seems to have evolved from SARS-CoV-related-bat-CoVs indepen
dent to Type-I and Type–II–S1-NTDs. 

Subsequently, we validated the CLANS results using phylogenetic, 
and net between-group mean distance (NBGMD) analysis. We observed 
that in the phylogenetic tree, the S1-NTDs of SARS-CoV-2 viruses split 
into three groups (Type I to III S1-NTDs) and the S1-NTDs of SARS-CoV 
viruses into another three groups (Fig. 4A), as seen in the CLANS clas
sification. We then followed the following three parameters to classify 
S1-NTDs properly. (i) clustering networks at a p-value threshold of 
1e− 168 in the CLANS analysis used by BLOSUM80; (ii) gamma distri
bution (shape parameter = 5) and pairwise deletion of gaps/missing 
data with Equal Input model showing NBGMD over 30% in MEGA7; and 
finally (iii) we considered individual types with phylogenetic topology 
along with CLANS and NBGMD results. This phylogenetic tree was built 
using the PhyML 3.3_1, with the evolutionary model LG, equilibrium 
frequencies ML/Model, number of categories (n = 4) for the discrete 
gamma model, SPR was used for tree topology search with optimizing 

parameters such as tree topology, branch length, and model parameter, 
and Likelihood aLRT statistics was used to test the branch support. 
Considering the above three parameters, we classified the S1-NTDs of 
SARS-CoV-2-related viruses into three types (Type I to Type III) at amino 
acid sequence levels (Fig. 3A; Fig. 4A; Fig. 4B). We have similarly 
classified the S1-NTDs of SARS-CoV-related viruses into three other 
types (Type A to Type C) (Fig. 3A; Fig. 4A; Fig. 4B) (sequence details are 
provided in the supplementary Data 4). 

We then asked if these could be divided into distinct types at the 
nucleotide levels, as seen at the amino acid sequence levels. For this, we 
used two parameters as follows (i) gamma distribution (shape param
eter = 5) with Kimura 2-parameter model and pairwise deletion of gaps/ 
missing data showing NBGMD above 30% in MEGA7; and (ii) those with 
phylogenetic topology along with the support of NBGMD results 
considered as distinct types. This phylogenetic tree was built in PhyML 
3.3_1, with the evolutionary model GTR, Equilibrium frequencies 
empirical, number of categories (n = 4) for the discrete gamma model, 
SPR was used for tree topology search with optimizing parameters such 
as tree topology, branch length, and model parameter, and Likelihood 
aLRT statistics was used to test the branch support. We observed that the 
S1-NTDs of SARS-CoV-2-related viruses were divided into three types 

Fig. 4. The genetic diversity in spike gene of SARS-CoV-2 related viruses. (A&B) The Phylogenetic tree (A) and the net between-group mean distance (B), 
respectively, use the amino acid sequences of S1-NTDs of the SARS-CoV-2 and its related bat/pangolin viruses and SARS-CoV related viruses. A total of 236 amino 
acid sequences of S1-NTDs were used in this analysis. The different Type-specific virus strains details are presented in supplementary data 4. (C&D) The Phylogenetic 
tree (C) and the net between-group mean distance (D), respectively, use the nucleotide sequences of S1-NTDs of the SARS-CoV-2 and its related bat/pangolin viruses 
and SARS-CoV related viruses. A total of 462 nucleotide sequences of S1-NTDs were used in this analysis. The different Type-specific virus strains details are pre
sented in supplementary data 4. 
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(Type I to Type III) and the S1-NTDs of SARS-CoV-related viruses into 
three different types (Type A to Type C) at nucleotide levels also, as seen 
in the amino acid sequence levels (Fig. 4C; Fig. 4D). Sequence details are 
provided in the supplementary Data 4. 

SARS-CoV-2, RaTG13, BANAL-20-52, and Pangolin-GX S1-NTDs 
formed a separate cluster at the p-value threshold of 1e− 168 in CLANS 
(Fig. 3A). As well as showed 30% diversity with other Types of S1-NTDs 
in NBGMD at the amino acid (Fig. 4B) and nucleotide sequence levels 
(Fig. 4D), and grouped in phylogenetic topology (Fig. 4A; Fig. 4C), so we 
classified these as Type-I-S1-NTD. Remarkably, diversity between SARS- 
CoV-2, RaTG13, and BANAL-20-52 S1-NTDs was found to be less than 
1.8% and 7.8% at the amino acid (Fig. 4B) and nucleotide sequence 
(Fig. 4D) levels, respectively. However, Pangolin-GX S1-NTDs expressed 
11–12% and 26.8–28% diversity compared to SARS-CoV-2/RaTG13/ 
BANAL-20-52 S1-NTDs at the amino acid (Fig. 4B) and nucleotide 
sequence (Fig. 4D) levels, respectively. We considered Pangolin-GX S1- 
NTDs as Type-I-like S1-NTDs for the above reasons. 

Similarly, the S1-NTDs of SL-CoVZXC21, bat-SL-CoVZC45, RpYN06, 
Bat/PrC31, BANAL-20-103, BANAL-20-236, and Pangolin-Guangdong 
formed a separate cluster at the p-value threshold of 1e− 168 in CLANS 
(Fig. 3A). And these viruses showed NBGMD of more than 30% with 
other Types S1-NTDs, at amino acid (Fig. 4B) and nucleotide sequence 
(Fig. 4D) levels, and in phylogenetic topology (Fig. 4A; Fig. 4C); there
fore, we classified these as Type–II–S1-NTD. We further noted that there 
are three distinct groups in the Type–II–S1-NTD in phylogenetic topol
ogy formed by the amino acid and nucleotide sequence (Fig. 4A; 
Fig. 4C). These include SL-CoVZXC21, bat-SL-CoVZC45, RpYN06, and 
Bat/PrC31 S1-NTDs split into one group and the Pangolin-Guangdong 
lineage and BANAL-20-103/BANAL-20-236 into another two separate 
groups (Fig. 4A; Fig. 4C). Pangolin-Guangdong or BANAL-20-103/ 
BANAL-20-236 S1-NTDs have revealed a diversity of 14.7–16.5% and 
20.6% at the amino acid (Fig. 4B) and nucleotide (Fig. 4D) levels, 
respectively, compared to SL-CoVZXC21/bat-SL-CoVZC45/RpYN06/ 
PrC31 S1-NTDs. Moreover, Pangolin-Guangdong lineage and BANAL- 
20-103/BANAL-20-236 viruses showed 6% and 14.9% genetic di
versity between S1-NTDs at the amino acid (Fig. 4B) and nucleotide 
sequence (Fig. 4D) levels, respectively. Hence, we classified SL- 
CoVZXC21/bat-SL-CoVZC45/RpYN06/PrC31 S1-NTDs as Type–II–S1- 
NTDs. Further, the Pangolin-Guangdong lineage and BANAL-20-103/ 
BANAL-20-236 viruses S1-NTDs as Type–II–like-PCoV and Type–II–
like-BANAL S1-NTDs, respectively. Next, the Type–III–S1-NTD group 
was created by RmYN02, RacCS203, BANAL-20-116, and BANAL-20- 
247 virus S1-NTD with p-value threshold of 1e− 168 in CLANS 
(Fig. 3A), and this was also reflected in NBGMD (Fig. 4B; Fig. 4D) and 
phylogenetic topology (Fig. 4A; Fig. 4C). 

Just as we classified the S1-NTDs of SARS-CoV-2-related-CoV vi
ruses, we used the same parameters in CLANS (Fig. 3A), NBGMD 
(Fig. 4B; Fig. 4D), and phylogenetic topology (Fig. 4A; Fig. 4C) to clas
sify the S1-NTDs of SARS-CoV-related-CoV viruses into another three 
types (Type A to C). We noted that these Type-A-S1-NTDs are derived 
from S1-NTDs of SARS-CoV viruses isolated from humans, civets, and 
bats. However, Type-B-S1-NTDs and Type-C-S1-NTDs were almost 
entirely made up of S1-NTDs of SARS-CoV viruses isolated from the bat. 
Sequence details are provided in the supplementary Data 4. 

Collectively, these findings indicate that Type-I-S1-NTD (region 6) is 
present only in SARS-CoV-2/RaTG13/BANAL-20-52. Further, the 
Pangolin-GX lineage, next to RaTG13/BANAL-20-52, contains 12% and 
27% amino acid and nucleotide diversity, respectively, close to SARS- 
CoV-2 by Type-I-like-S1-NTD (Fig. 4B Fig. 4D). At the same time, 
another pangolin lineage, the pangolin-Guangdong lineage, showed a 
close relationship with Type–II–S1-NTD, but this lineage showed a 
somewhat similar relationship to RaTG13/BANAL-20-52/SARS-CoV-2 
in RBD (Supplementary Fig. 1A and 1B). Similarly, BANAL-20-103/ 
BANAL-20-236 with Type–II–S1-NTDs showed close association with 
SARS-CoV-2 in RBD as well as RaTG13 and BANAL-20-52 (Supple
mentary Fig. 1A and 1B). From here, it may be predicted that the spike 

gene of viruses such as SARS-CoV-2/RaTG13/BANAL-20–52 may have 
evolved from the BANAL-20-103/BANAL-20-236/Pangolin-Guangdong 
spike gene by recombining with the Type-I-like-S1-NTD of pangolin-GX. 

3.4. Recombination event in the SARS-CoV-2 spike gene 

SARS-CoV-2, RaTG13, and BANAL-20-52 viruses revealed 3.1–4.1% 
genetic diversity at the whole genome (Figs. 1B), 5.4–7.3% at the entire 
spike gene (Figs. 1D), 5.2–7.7% at the spike gene without S1-NTD 
(Supplementary Figure 1C), and 5.9–7.8% at S1-NTD (Fig. 4D), which 
indicate that all of these three viruses are likely to be originated from a 
common ancestor. BANAL-20-103/BANAL-20-236 viruses compared 
with SARS-CoV-2/RaTG13/BANAL-20-52 viruses expressed the genetic 
diversity of 1.6–4.1% at the whole genome level (Fig. 1B); 8.2–13.5% at 
spike gene (Fig. 1D); 0.6–6.6% at the spike gene without S1-NTD 
(Supplementary Figure 1C); and 38.8–41.6% at the S1-NTD (Fig. 4D). 
Given such a large genetic diversity, especially in the S1-NTD alone, we 
can assume that these viruses may have inherited the S1-NTD elsewhere, 
possibly through recombination. Furthermore, since similarity plot 
analysis observed significant genetic variation in S1-NTD than in other 
parts of the spike gene of SARS-CoV-2-related viruses (Fig. 2C), we 
compared the phylogenetic tree with the spike gene without-S1-NTD 
and with just S1-NTD. Correspondingly, BANAL-20-103/BANAL-20- 
236 viruses grouped with SARS-CoV-2/RaTG13/BANAL-20-52 viruses 
at spike gene without S1-NTD in phylogenetic analysis (Fig. 5A). In a 
phylogenetic analysis of S1-NTD, BANAL-20-103/BANAL-20-236 vi
ruses are grouped with Type–II–S1-NTDs (Fig. 5A). Similarly, the 
Pangolin-Guangdong lineage is associated with SARS-CoV-2/RaTG13/ 
BANAL-20-52 at the spike gene without S1-NTD and with Type–II–S1- 
NTDs in S1-NTD (Fig. 5A). In contrast, the pangolin-GX lineage is the 
closest to SARS-CoV-2/RaTG13/BANAL-20-52 in S1-NTDs (Fig. 5A). 
Moreover, this pangolin-GX lineage has expressed more genetic di
versity than the BANAL-20-103/BANAL-20-236/pangolin-Guangdong 
viruses against SARS-CoV-2/RaTG13/BANAL-20-52 viruses at the 
complete genome-scale (Fig. 1B), spike (Fig. 1D), and spike without S1- 
NTD scales (Supplementary Figure 1C). From these results, it can be 
inferred that the ancestral spike gene of SARS-CoV-2/RaTG13/BANAL- 
20–52 may have originated from recombination of the pangolin-GX 
Type-I-like-S1-NTD with the BANAL-20-103/BANAL-20-236/pangolin- 
Guangdong viruses spike gene. 

To explore the possible recombination events in the SARS-CoV-2 
spike gene, we performed the RDP analysis. In RDP analysis, BANAL- 
20-103/BANAL-20-236/pangolin-Guangdong viruses showed more 
excellent proximity to SARS-CoV-2/RaTG13/BANAL-20-52 in the 
UPGMA phylogenetic analysis, which ignored recombinant areas using 
the entire spike gene (Fig. 5B). But in the FastNJ phylogenetic analysis 
that utilized parts of the non-recombination spike gene, we found that 
the pangolin-GX lineages revealed greater closeness with SARS-CoV-2/ 
RaTG13/BANAL-20-52 (Fig. 5C). Interestingly, we also noted that the 
pangolin-GX lineages were more closely related to SARS-CoV-2/ 
RaTG13/BANAL-20-5 in recombined regions 1–867 (S1-NTD) and re
gions 3694-3864 nts spike gene (Fig. 5D) in RDP analysis. However, in 
the recombination region of spike gene 868-3693 nts, BANAL-20-103/ 
BANAL-20-236/pangolin-Guangdong viruses showed the most close
ness with SARS-CoV-2/RaTG13/BANAL-20-52 (Fig. 5E). Furthermore, 
more than four recombination analysis methods (BOOTSCAN, GENE
CONV, Chimaera, RDP, MaxChi, SISCAN, and 3seq) suggest the possible 
origin of the SARS-CoV-2/RaTG13/BANAL-20-52 viruses spike gene 
through recombination of BANAL-20-103/BANAL-20-236/pangolin- 
Guangdong spike gene with pangolin-GX S1-NTD (the representative 
BOOTSCAN images presented in the Fig. 6A–D). Altogether, our results 
suggest that the common progenitor SARS-CoV-2/RaTG13/BANAL-20- 
52-like virus spike gene might have evolved in unsampled bat or 
pangolin or undiscovered intermediate host through recombination of 
pangolin-Guangdong/BANAL-20-103/BANAL-20-236-like spike gene 
with pangolin-GX-like S1-NTD. Finally, SARS-CoV-2, RaTG13, and 
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Fig. 5. Recombination in the spike gene of SARS-CoV-2. (A) Compared the phylogenetic tree using the spike gene without S1-NTD of SARS-CoV-2 related bat/ 
Pangolin viruses with the S1-NTD-based phylogenetic group. The first tree was constructed using SARS-CoV-2 related bat/pangolin viruses spike gene without S1- 
NTD. The second tree utilized only S1-NTD nucleotide sequences of SARS-CoV-2 related bat/pangolin viruses. (B to E) Phylogenetic tree generated from the RDP 
using the complete spike sequences of the SARS-CoV-2 related bat/pangolin viruses. The recombination events in the spike gene S1-NTD of SARS-CoV-2 and its 
related bat/pangolin viruses are supported by RDP, GENECONV, MaxChi, Chimaera, SiScan, and 3Seq. The RDP-based phylogenetic tree using (B) complete spike 
gene with UPGMA phylogenetic analysis; (C) non-recombinant regions of the entire spike gene with FastNJ phylogenetic analysis; (D) recombinant region of spike 
gene 1–867 nts (S1-NTD) with UPGMA phylogenetic analysis and 3694–3864 nts; and (E) recombinant region of the spike gene 868–3693 nts with UPGMA 
phylogenetic analysis. 
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BANAL-20-52 virus spike genes perhaps evolved from the common 
progenitor of the SARS-CoV-2/RaTG13/BANAL-20-52-like virus spike 
gene through host jump mediated evolution. 

3.5. Common and single-origin of SARS-CoV-2 S1-NTDs in humans 

In this study, we found that SARS-CoV-2-related viruses contain 
three distinct S1-NTDs. Then we wanted to find out which of these three 
S1-NTDs are associated with the ongoing SARS-CoV-2 outbreak. For this, 
we retrieved highly matching S1-NTDs by subjecting S1-NTDs to each of 
the viruses in the Type-I-like, Type-II, and Type–III–S1-NTD group to 
NCBI and GISAID BLSAT analysis. Next, we subjected these retrieved S1- 
NTDs to phylogenetic analysis. None of the retrieved S1-NTDs in this 
phylogenetic analysis developed an evolutionary intermediate between 
SARS-CoV-2 and RaTG13 or SARS-CoV-2-related-bat-CoVs viruses 
(Fig. 4A; Fig. 4C). Instead, they grouped with SARS-CoV-2 S1-NTD 

(Fig. 4A; Fig. 4C), which refers to the common and single-origin of SARS- 
CoV-2 S1-NTDs in humans. 

3.6. Recombination event in the SARS-CoV-2 related bat virus with Type- 
III S1-NTDs 

SARS-CoV-2-related viruses containing these Type-III S1-NTDs 
(RmYN02, RacCS203, BANAL-20-116, and BANAL-20-247) in CLANS 
showed a direct pairwise similarity relationship with the S1-NTDs of 
SARS-CoV-related viruses (Fig. 3F). These Type-III S1-NTDs revealed a 
close relationship with S1-NTDs of SARS-CoV-related viruses in phylo
genetic (Fig. 4A; Fig. 4C) and NBGMD (Fig. 4B; Fig. 4D) analysis, as seen 
in CLANS. However, SARS-CoV-2-related viruses containing these Type- 
III S1-NTDs displayed genetic diversity with SARS-CoV-2 at 6.3–8.8%, 
32.4–34.9%, 21–23.8%, and 70.2%, respectively, at the whole genome 
level (Fig. 1B), spike (Fig. 1D), spike except S1-NTD (Supplementary 

Fig. 6. Recombination in the Pangolin-Guangdong/BANAL-20-103/BANAL-20-236 spike gene with Pangolin-GX-like Type-I-like-S1-NTD. (A) Representative RDP- 
based BOOTSCAN depicts the recombination between the BANAL-20-236/Laos and PCoV_GX-P1E in the spike gene. The recombination event is supported by 
BootScan, MaxChi, Chimaera, SiScan, and 3Seq. It can be inferred that the SARS-CoV-2 spike gene may have been formed by recombining the spike gene of BANAL- 
20-103/BANAL-20-236 with the S1-NTD of the Pangolin-GX lineage. Because strains BANAL-20-103 and BANAL-20-236 have 98.82% nucleotide sequence identity in 
the spike gene. Similarly, viruses in the pangolin-GX lineages share 99.5% nucleotide sequence identity in the spike gene. (B) Representative BOOTSCAN depicts the 
possible origin of the spike gene of RaTG13 by recombining the spike gene of BANAL-20-103/BANAL-20-236 to the S1-NTD of the Pangolin-GX lineage. The 
recombination event is supported by BootScan, MaxChi, Chimaera, and 3Seq. (C) Representative BOOTSCAN depicts the possible origin of the spike gene of BANAL- 
20-52 by recombining the spike gene of BANAL-20-103/BANAL-20-236 to the S1-NTD of the Pangolin-GX lineage. The recombination event is supported by 
BootScan, MaxChi, Chimaera, and 3Seq. (D) Representative BOOTSCAN depicts the possible origin of the spike gene of BANAL-20-52 by recombining the spike gene 
of Pangolin-Guangdong to the S1-NTD of the Pangolin-GX lineage. The recombination event is supported by BootScan, MaxChi, Chimaera, and 3Seq. Viruses in the 
pangolin-GX lineages hold 99.5% nucleotide sequence identity in the spike gene. Viruses in the pangolin- Guangdong lineages also share 99.9% nucleotide sequence 
identity in the spike gene. 
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Fig. 1C) and S1-NTD level (Fig. 4D). Further similarity plot analysis 
revealed that SARS-CoV-2-related viruses with these Type-III S1-NTDs 
showed significant diversity in S1-NTD with SARS-CoV-2 than other 
genetic regions (Fig. 1E). From these results, it can be speculated that 
SARS-CoV-2-related viruses containing these Type-III S1-NTDs may 
have inherited S1-NTD from SARS-CoV-related viruses and other genetic 
regions (except S1-NTD) from SARS-CoV-2-related viruses. 

To explore the possible recombination events in the SARS-CoV-2- 
related viruses containing these Type-III S1-NTDs, we performed the 
RDP analysis. SARS-CoV-2-related viruses containing the Type-III S1- 
NTDs (RmYN02, RacCS203, BANAL-20-116, and BANAL-20-247) in 
phylogenetic trees created using complete genome (Fig. 7A), and entire 
genome sequence except for S1-NTDs (Fig. 7B) in RDP analysis showed 
association with SARS-CoV-2-related viruses. As expected, SARS-CoV-2- 
related viruses containing these Type-III S1-NTDs revealed a close 
relationship with S1-NTDs of SARS-CoV-related viruses in a phyloge
netic tree created using only S1-NTDs (Fig. 7C). After this, we can see 

that this result is also reflected in the similarity plot analysis (Fig. 7D). 
From all of these results, an unsampled virus might have evolved from 
the recombination of SARS-CoV-2-related viruses genome with the S1- 
NTD of SARS-CoV-related viruses. It then appears that SARS-CoV-2- 
related viruses containing Type-III S1-NTDs might have emerged from 
this unsampled virus. 

3.7. Recombination event in the spike gene of SARS-CoV-2 related 
cambodian bat viruses 

Cambodian bat coronaviruses (RShSTT200 & RShSTT182) clustered 
with S1-NTDs of SARS-CoV related viruses in CLANS (Fig. 3A). These 
Cambodian bats CoVs (RShSTT200 & RShSTT182) revealed a close 
relationship with S1-NTDs of SARS-CoV-related viruses in phylogenetic 
(Fig. 4A; Fig. 4C) analysis, as seen in CLANS. However, Cambodian bat 
CoVs displayed genetic diversity with SARS-CoV-2 at 7.3%, 21.9%, and 
12.5%, respectively, at the whole genome level (Fig. 1B), spike (Fig. 1D), 

Fig. 7. The possible recombination-mediated evolution of Type-III S1-NTD in the SARS-CoV-2 related viruses. (A to C) Phylogenetic tree generated from the RDP 
using the complete genome sequences of the representative SARS-CoV-2 and SARS-CoV. The recombination events in the spike gene Type-III S1-NTD of SARS-CoV-2- 
related bat viruses are supported by RDP, BootScan, MaxChi, Chimaera, SiScan, and 3Seq. The RDP-based phylogenetic tree using (A) complete genome with UPGMA 
phylogenetic analysis; (B) recombinant area of the 1–21767 and 22585-30082 nts with UPGMA phylogenetic analysis; and (C) recombinant region of 21768–22584 
nt (S1-NTD) nts with UPGMA phylogenetic analysis. (D) Similarity plot based on the complete genomes nucleotide sequences of the representative SARS-CoV-2 and 
SARS-CoV. The RmYN02 is used as a reference sequence query. It indicates the possible recombination-mediated evolution of Type-III S1-NTDs in the SARS-COV-2 
related viruses from the SARS-CoVs S1-NTD. 
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and spike except S1-NTD (Supplementary Figure 1C). Further similarity 
plot analysis revealed that Cambodian bat CoVs showed significant di
versity in S1-NTD with SARS-CoV-2 than other genetic regions (Fig. 1E). 
These results indicate that Cambodian bat CoVs may have obtained S1- 
NTD from SARS-CoV-related viruses and other genetic regions (except 
S1-NTD) from SARS-CoV-2-related viruses. 

Then, we did an RDP analysis to explore the feasibility of this 
recombination. In this RDP (Chimaera) analysis, RShSTT200/ 
RShSTT182 viruses were grouped with RaTG13 in the UPGMA phylo
genetic tree using 1–21545 and 22686-30075 nts (Fig. 8A). However, 
RShSTT200/RShSTT182 viruses in the UPGMA phylogenetic tree used 
by 21546–22695 nts (S1-NTD) were grouped with S1-NTD of SARS-CoV- 
related bat coronaviruses (Fig. 8B). In UPGMA phylogenetic tree using 
1–21545 and 22686-30075 nts, some parts of RShSTT200/RShSTT182 
viruses were ignored by recombination, and we then examined the 
origin of this ignored area. The RShSTT200/RShSTT182 viruses in the 
UPGMA phylogenetic tree using 1–11862 and 19589-30075 nts were 
somewhat associated with RaTG13 (Fig. 8C). However, tree derived 
using 11863-19588 nts RShSTT200/RShSTT182 viruses were more 
closely related to RaTG13 (Fig. 8D). Furthermore, more than four 
recombination analysis methods (BOOTSCAN, GENECONV, Chimaera, 
RDP, MaxChi, SISCAN, and 3seq) suggest the possible origin of the 
RShSTT200/RShSTT182 viruses through recombination of RaTG13 
virus with SARS-CoV-related bat coronavirus S1-NTD 
(MK211375.1_Coronavirus_BtRs-BetaCoV/YN2018A) (the representa
tive BOOTSCAN images presented in the Fig. 8E–F). 

3.8. Selection pressure in the S1-NTDs of SARS-CoV-2/SARS-CoVs 

ENc values < 35 indicate high codon bias, and values > 50 show 
general random codon usage (Zhao et al., 2016; Wang et al., 2018). Here 
S1-NTD nucleotide sequence of SARS-CoV-2/SARS-CoVs viruses dis
played the average ENc 45.62 ± SD2.21 (n = 429), suggesting the 
moderate codon use bias (Fig. 9A). We further performed ENc-GC3s plot 
analysis where the ENc values are plotted against the GC3s values (GC at 
the 3rd position in the codon) to determine the significant factors such as 
selection or mutation pressure affecting the codon usage bias (Tian et al., 
2020). In this analysis, genes whose codon bias is affected by mutations 
will lie on or around the expected curve, whereas genes whose codon 
bias is affected by selection and other factors will lie beneath the ex
pected curve (Wang et al., 2018; Tian et al., 2020). Interestingly, we 
observed that a vast majority of the points fall below the expected curve 
for the S1-NTD (region 6) of SARS-CoV-2/SARS-CoVs (Fig. 9B), indi
cating the substantial influence of selection pressure than mutation 
pressure. Similarly, neutrality plot analysis was done where GC12 values 
(average GC content percentage at the first and second position in the 
codon) are plotted against GC3 values to evaluate the degree of impact 
of mutation and natural selection pressure on the codon usage. Our 
neutrality plot analysis revealed that the S1-NTD (region 6) of 
SARS-CoV-2/SARS-CoVs had a slope of 0.07183X (Y =

0.07183X+38.00, R2 = 0.05262; p < 0.0001) (Fig. 9C), indicating that 
the mutation pressure and natural selections were 7.1% and 92.9%, 
respectively. Finally, we performed Parity rule 2 bias analysis, where the 
AT bias [A3/(A3+ T3)] is plotted against GC-bias [G3/(G3 + C3)] to 
determine whether mutation pressure and natural selection affect the 
codon usage bias (Tian et al., 2020). If A = T and G = C, it indicates no 
mutation pressure and natural selection, while any discrepancies indi
cate mutation pressure and natural selection. In our analysis, we found 
uneven A3>T3 and G3>C3 numbers in the S1-NTD (region 6) of 
SARS-CoV-2/SARS-CoVs sequences (Fig. 9D), suggesting the existence 
of mutation and selection pressure. Collectively, these results indicate 
the presence of intense selection pressure in this region. 

4. Discussions 

In this work, we report that the SARS-CoV-2 gained the novel S1- 

NTD in its genome. Most studies focused on the rapid spread of the 
SARS-CoV-2 due to its S1-RBD diversity to bind with the human ACE2 
receptor and the presence of a specific furin cleavage site (FCS) (Zhou 
et al., 2020b; Wang et al., 2013; Coutard et al., 2020; Ramanathan et al., 
2021; Andersen et al., 2020; Zhang et al., 2020; Zhang and Holmes, 
2020; Segreto and Deigin, 2021). However, the furin cleavage site is 
present not only in SARS-CoV-2 but also present in MERS-CoVs, HKU1, 
and HCV-OC43 (Zhou et al., 2020b; Andersen et al., 2020; Zhang and 
Holmes, 2020; Wu and Zhao, 2020) and the SARS-CoV-2 without FCS 
also can infect target cells efficiently in the presence of trypsin or human 
airway trypsin-like protease (HAT) (Xia et al., 2020). Further, the 
S1-RBD for the human ACE2 is also present in SARS-CoV; however, 
SARS-CoV-2 has improved binding to ACE2 receptor than SARS-CoV 
(Lan et al., 2020; Shang et al., 2020). Moreover, SARS-CoV-2 has been 
shown to infect efficiently 293T and Vero cells without human ACE2 
transfection (Suryadevara et al., 2021; Nie et al., 2021). Therefore, it 
could be inferred that the SARS-CoV-2-S1-RBD and FCS might cause the 
severity of the infection. In addition, some other factors also contribute 
to the increased transmissibility of disease in humans, which is the 
hallmark of SARS-CoV-2 compared to SARS-CoV and MERS-CoV. 

Compared to other coronaviruses, SARS-CoV-2 has a large flat, non- 
sunken sialic acid-binding domain with extended and divergent loop 
sections of the SARS-CoV-2 S1-NTD. The above modification may 
improve viral transmission and infectivity by facilitating sialic acid- 
binding ability (Lundstrom et al., 2020; Vandelli et al., 2020; Baker 
et al., 2020; Seyran et al., 2020; Sun, 2021). Furthermore, glycosylated 
cell surface proteins and lipids are present in most types of cells and play 
a role in immunity and cell-cell communication (Li, 2015, 2016; Dove, 
2001; Ghazarian et al., 2011; Schwegmann-Wessels and Herrler, 2006). 
Perhaps, SARS-CoV-2 can first attach to any cells with the S1-NTD to the 
cell surface sugar receptor. Further, it possibly allows the S1-RBD to 
search for the specific receptor for the virus entry into the cell, 
dramatically increasing infection’s transmissibility. The SARS-CoV-2 
S1-NTD specific monoclonal antibody (mAb) treatment showed the 
role of S1-NTD in the receptor post-attachment virus entry (without 
affecting the binding of the S1-RBD with the ACE2) and cell-cell fusion, 
thereby altogether abolishing the clinical onset of the infection (Sur
yadevara et al., 2021; McCallum et al., 2021a). Further, most of the 
highly transmissible SARS-CoV-2 variants of Mink Cluster 5, B.1.1.7, 
B.1.351, P.1, B.1.617.1, B.1.617.2, B.1.526, B.1.525, B.1.177, B.1.427 
and B.1.429 were linked to the mutations/deletions in the S1-NTDs in 
natural infection (Suryadevara et al., 2021; McCallum et al., 2021a, 
2021b; McCarthy et al., 2021; Annavajhala et al., 2021; Hodcroft et al., 
2021; Kemp et al., 2021; Meng et al., 2021; Avanzato et al., 2020) and 
also in the experimental condition (McCallum et al., 2021a). Further
more, the Cambodian bats’ viruses (RShSTT200 and RShSTT182) are 
recombinant of SARS-CoV-2/RaTG13/BANAL-20-52-like genome with 
S1-NTD of SARS-CoV-related bat coronavirus, that was not detected in 
the ongoing pandemics. In contrast, bat/RaTG13/BANAL-20-52 related 
viruses (Type-1-S1-NTD) established pandemic, indicating the novel 
Type-I-S1-NTD in the SARS-CoV-2 genome might be the reason for its 
rapid pandemic spread. However, the functional importance of novel 
Type-1-S1-NTD is needed to be studied extensively in experimental 
conditions. 

Importantly, SARS-CoV-2/SARS-CoVs complete spike proteins 
showed the evolutionary closer relationship with the MERS-CoVs- 
related spike proteins than OC43/HKU1/BCoV/ECoV/PHEV/MHV in 
CLANS analysis. However, the evolutionary proximity of S1-NTDs of 
SARS-CoV-2/SARS-CoV viruses exposes to S1-NTDs of OC43/HKU1/ 
BCoV/ECoV/PHEV/MHV viruses rather than MERS-CoV viruses. Next, 
SARS-CoV-2/SARS-CoVs spike protein without S1-NTD showed an 
evolutionary closer relationship with the MERS-CoVs-related spike 
proteins than OC43/HKU1/BCoV/ECoV/PHEV/MHV (Supplementary 
Fig. 1D and 1E). From these results, it can be inferred that SARS-CoV-2/ 
SARS-CoV viruses may have acquired S1-NTD from one virus (OC43/ 
HKU1/BCoV/ECoV/PHEV/MHV) and other parts of the non-S1-NTD 
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Fig. 8. The SARS-CoV-2 related Cambodian bat viruses perhaps obtained S1-NTD from SARS-CoV. (A to D) RDP program was used to generate the phylogenetic tree. 
(A) RShSTT200/RShSTT182 viruses in the UPGMA tree of 1–21545 and 22686-30075 nts are grouped with SARS-Cov-2 related viruses. (B) RShSTT200/RShSTT182 
viruses in the UPGMA tree of 21546–22695 nts (S1-NTD) are grouped with SARS-CoV-related bat coronaviruses. (C) RShSTT200/RShSTT182 viruses in the UPGMA 
tree of 1–11862 and 19589-30075 nts are grouped with SARS-Cov-2 related viruses. (D) RShSTT200/RShSTT182 viruses in the UPGMA tree of 11863–19588 nts are 
grouped with SARS-Cov-2-related viruses. It is ignored regions in Fig. 8A. (E–F) Representative RDP-based BOOTSCAN depicts the Cambodia bat virus RShSTT200 
(E) and RShSTT182 (F) as a recombinant SARS-CoV-2 virus spike gene with S1-NTD of SARS-CoV-related viruses. The recombination event is supported by GEN
ECONV, BootScan, MaxChi, Chimaera, and 3Seq. 
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spike protein from another (MERS-CoVs-related spike proteins). These 
events may have taken place through genetic recombination. Though 
the OC43, HKU1, BCoV, ECoV, PHEV, and MHV S1-NTDs displayed the 
close-fitting pairwise similarity network at the p-value threshold of 
1e− 130, each specific viruses formed independent orphan clusters at the 
p-value threshold of 1e− 168. Similarly, MERS-CoV, HKU4, HKU5, and 
Erinaceus-CoV created separate orphan clusters at the p-value threshold 
of 1e− 168. Next, at the p-value threshold of 1e− 168, the S1-NTDs of SARS- 
CoV-2 viruses revealed three distinct clusters (Type I-III), and the S1- 
NTDs of SARS-CoV viruses clustered to another three different groups 
(Type A-C). The SARS-CoV virus that caused the outbreak in 2003 
contained Type-A S1-NTD, and it had 52.3% and 47.9% amino acid and 
nucleotide sequence diversity against Type-B S1-NTD. Likewise, SARS- 
CoV-2 holds the Type-I S1-NTD. The SARS-CoV-2 has the Type-I S1- 

NTD displayed 38–71% amino acid/nucleotide sequence diversity 
against the Type-II/Type-III S1-NTDs. These results indicate that beta 
coronaviruses that cause various major outbreaks have their own unique 
S1-NTDs. 

Furthermore, in most genetic areas other than S1-NTD, the Cambo
dian bat coronaviruses RShSTT200 & RShSTT182 are closely related to 
SARS-CoV-2. But reveals a close relationship with SARS-CoV-related 
viruses in the S1-NTD region. Similarly, SARS-CoV-2-related BANAL- 
20-103, BANAL-20-236, BANAL-20-116, BANAL-20-247, RShSTT182h, 
RShSTT200, RmYN02, RacCS203, and RpYN06 viruses displayed sub
stantial diversity against SARS-CoV-2 in S1-NTD. In conjunction with 
this, S1-NTDs of RmYN02, RacCS203, BANAL-20-116, and BANAL-20- 
247 viruses containing Type-III S1-NTD are more closely related to 
SARS-CoV-related bat viruses S1-NTD than SARS-CoV-2 in CLANS, 

Fig. 9. Selection pressure in the S1-NTDs. (A) ENc values indicate the effective number of codons usage of S1-NTD of SARS-CoV-2 and SARS-CoV. The ENc values are 
plotted in the Y-axis, and the sequence number is plotted in the X-axis. A total of 434 S1-NTD nucleotide sequences are used, and the sequence details are presented in 
supplementary data 5. (B) ENc plotted, the ENc values of the S1-NTD of SARS-CoV-2 and SARS-CoV plotted against GC3s (n = 434). The black curved line is the 
expected ENc value. (C) Neutrality plot analysis of the GC12 and the GC3 for S1-NTD of SARS-CoV-2 and SARS-CoV (n = 434). (D) Parity Rule 2 (PR2)-bias plot 
analysis for S1-NTD of SARS-CoV-2 and SARS-CoV (n = 434). A total of 434 S1-NTD nucleotide sequences are used, and the sequence details are presented in 
supplementary data 5. 
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Phylogenetic, NBGMD, similarity plot, and RDP analysis. These suggest 
that the RmYN02, RacCS203, BANAL-20-116, and BANAL-20-247 vi
ruses containing Type-III S1-NTD may have evolved through recombi
nation SARS-CoV-2 genome with SARS-CoV-related bat viruses S1-NTD. 
Altogether, it brings to light that the genetic recombination/exchange of 
S1-NTD between SARS-CoV and SARS-CoV-2 viruses is generally 
possible. When analyzed by Boni et al., 2020) after removing recombi
nant regions by three independent methods, it has been reported that 
SARS-CoV-2 is not originated by recombination of any of the sarbeco
virus detected to date (Boni et al., 2020). It is noteworthy that only 
SARS-CoV-2 related viruses such as RaTG13, Pangolin-Guangdong CoV, 
Pangolin-GX CoV, bat-SL-CoVZC45, and bat-SL-CoVZXC21 were used in 
the 2020 study by Boni et al., 2020) (Boni et al., 2020). Other 
SARS-CoV-2-related viruses such as BANAL-20-52, BANAL-20-103, 
BANAL-20-236, BANAL-20-116, BANAL-20-247, RShSTT182h, and 
RShSTT200, bat/PrC31, RpYN06, RmYN02, and RacCS203 were not 
used because the sequences of these viruses were not available at the 
time. Furthermore, Makarenkov et al., 2021 (Makarenkov et al., 2021), 
Xia et al., 2020 (Xiao et al., 2020), and Lam et al., 2020 (Li et al., 2020) 
studies reported that SARS-CoV-2 may have originated from the 
recombination of S1-RBD of pangolin-Guangdong CoVs with RaTG13. It 
is noteworthy that these studies also used only the sequences of 
SARS-CoV-2 related viruses used by Boni et al., 2020) (Xiao et al., 2020; 
Boni et al., 2020; Makarenkov et al., 2021; Li et al., 2020). 

In addition, after RaTG13&BANAL-20-52 viruses, pangolin-GX vi
ruses form the most genetic collaboration in the S1-NTD region of the 
SARS-CoV-2 virus. Similarly, BANAL-20-103&BANAL-20-236 viruses 
containing Type-II S1-NTD exhibit a genetic relationship parallel to 
BANAL-20-52 in the RBD region of the SARS-CoV-2. In addition, 
pangolin-Guangdong viruses with Type-II S1-NTD form genetic in
teractions somewhat similar to RaTG13 in the RBD region of the SARS- 
CoV-2 virus. But pangolin-Guangdong viruses have a more significant 
relationship than RaTG13 in the RBD region of the SARS-CoV-2 virus at 
the level of the critical amino acids that bind to the human ACE2 re
ceptor. We believe from all of this analysis that many years ago, a virus 
spike gene such SARS-CoV2/RaTG13/BANAL-20-52-like may have been 
formed by recombination of pangolin-Guangdong/BANAL-20-103/ 
BANAL-20-236-like spike genes with pangolin-GX-like Type-I-like-S1- 
NTD. The spike gene of SARS-CoV2, RaTG13, and BANAL-20-52 viruses 
might then have evolved from these SARS-CoV2/RaTG13/BANAL-20- 
52-like viruses with somewhat similar S1-NTDs and slightly different 
RBD regions. The spike gene of BANAL-20-52 and SARS-CoV-2 viruses 
retain the critical amino acids that bind to the human ACE2 receptor, but 
some of these amino acids are mutated in RaTG13. Finally, the spike 
gene of SARS-CoV-2 viruses might have been evolved with the novel S1- 
NTD, the critical amino acids that bind to the human ACE2 receptor and 
furin cleavage sites. However, we emphasize the importance of the novel 
S1-NTD and its essential functions to be discovered in the future. 

In conclusion, SARS-CoV-2 gained the novel S1-NTD and probably 
originated through recombination and host jump mediated evolution. 
Identifying the potent host receptor for the different types of S1-NTDs to 
determine its role in viral spread, host range, and severity of infection is 
needed to be investigated. Further, structure-based studies on the 
importance of mutations in the Type-I-S1-NTD and monitoring of mu
tations in this domain are warranted to predict the future direction of the 
current pandemic; to design novel antiviral molecules to develop vac
cines, and neutralize antibodies to prevent and control the ongoing and 
prospective COVID-19 outbreaks. 
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