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SARS-CoV-2 variants, such as Omicron, have acquired a number of mutations. These novel 

mutations have raised concerns regarding the continued efficacy of the antibodies generated 

in response to vaccination. In this study I show that the evolution of the SARS-CoV-2 variant 

Omicron, does not appear to follow a Darwinian trajectory. The mutations in the Omicron 

variant are heavily biased toward nonsynonymous substitutions rather than synonymous 

substitutions. Interestingly, mutations affecting the spike gene of the Omicron variant are 

almost exclusively nonsynonymous. Moreover, a nonsynonymous substitution bias within 

spike gene is a common feature of all of the SARS-CoV-2 variants assessed in this study. 

This mutational signature is a counter-evidence of neutral evolution, and shows that the spike 

genes of these SARS-CoV-2 variants have evolved without trial-and-error by mutation and 

selection. Thus I postulate that the spike genes of these SARS-CoV-2 variants are not the 

result of natural evolution but rather designed molecules. 

 

 

  



Introduction 

The SARS-CoV-2 Omicron variant (strain B.1.1.529) was first identified in Botswana[1], and 

reported to the World Health Organization (WHO) from South Africa on November 24, 

2021[2]. The Omicron variant carries many novel mutations in its spike gene [3-5]. The large 

number of mutations, and their uniqueness led to concerns that the Omicron variant would be 

able to effectively evade the immune responses elicited by the existing COVID-19 

vaccines[1]. 

 

Mutations in viral proteins are a normal part of viral evolution, and expected in the case of 

SARS-CoV-2 given its prevalence. However, the Omicron variant is unique as it acquired 

many mutations suddenly, a pattern of evolution more consistent with punctuated, rather than 

Darwinian evolution. Given this highly unusual evolutionary trajectory, the origins of the 

Omicron variant are an active topic of debate among scientists[1, 2]. The current hypotheses 

regarding the origins of the Omicron variant include: 1) It arose in immunosuppressed 

patients, chronically infected with COVID-19[6], 2) It slowly evolved over a period of 

months in a community with little or no viral surveillance infrastructure[1, 2], 3) the Omicron 

variant evolved in a non-human host[7] before spilling over into a human again with a new 

repertoire of mutations. These three central hypotheses have several problems. 

 

If the Omicron variant evolved in immunosuppressed patients, one would expect it to bear 

other mutations as well, effectively rendering it less transmissible [2]. This does not appear to 

be the case; in fact the Omicron variant appears to be among the most transmissible known 

viruses. Similarly, if Omicron had evolved in a new animal host, it is unlikely that it would 

already be so transmissible from human to human. Finally, given the pandemic nature of 

COVID-19 and the global attention it has received it is unlikely that a sufficiently large, un-

surveilled community exists wherein the Omicron could have evolved undetected over the 

course of months [2, 8]. Moreover, given Omicron’s high rates of infectivity and 

transmissibility among COVID-19 vaccinated people, it appears that its mutations have 

enabled to circumvent vaccine-mediated immunity. Had the Omicron variant evolved in: 

animals, an un-surveilled community, or immunosuppressed patients there would have been 

little or no selective pressure on the virus to bypass vaccine mediated immunity. One recent 

paper suggests that the Omicron variant may have evolved in mice[7] however, there is no 

experimental evidence that it can be efficiently transmitted to mice. 

 

To investigate the origins of the Omicron variant, it is necessary to verify whether it was 

established through a natural evolutionary process. The theory of neutral evolution states that 



most changes are fixed by random genetic drift[9], and generally do not alter an organism’s 

fitness. This theory applies to evolution at the molecular level, and is compatible with 

phenotypic evolution via natural selection. A synonymous substitution (also called a silent 

mutation) is a mutation on a codon that does not change the amino acid sequence. In contrast, 

a mutation that changes the amino acid sequence is called a nonsynonymous substitution, also 

known as a replacement mutation. The ratio of nonsynonymous to synonymous substitutions 

is used to estimate the balance between neutral, purifying selection, and beneficial 

mutations[10]. In this study, I investigate the origins of the SARS-CoV-2 variants by 

analyzing their molecular evolutionary trajectories.  

 

Materials and Methods 

Collection of genomes 

Genomes of SARS-CoV-2 variants were retrieved from GISAID (https://www.gisaid.org/). 

The sequences of Wuhan SARS-CoV-2 were also retrieved from Genbank. The accession 

numbers are summarized in supplemental Table s1. 

 

Genome analysis 

SARS-CoV-2 genome sequences were aligned using CLC Genomics Workbench (QIAGEN, 

Aarhus, Denmark) and the alignment was further manually corrected. Phylogenetic trees were 

constructed using the neighbor-joining algorithm[11]. Jukes-Cantor was used for distance 

measurements. Bootstrap resampling was performed with 100 replications. 

 

Mutation analysis 

Each mutation was identified by aligning proto variant sequences to proto-Wuhan. Ka/Ks 

values were analyzed by Nei/Gojobori method[10] using KaKs calculator[12]. 

 

Results 

Putative ancestral sequences of SARS-CoV-2 variants 

Each SARS-CoV-2 variant, including Omicron, has accumulated diversity via: mutations, 

deletions, and insertions. It is expected that each variant sequence will be slightly different 

from its ancestral strain. To characterize the ancestor sequence of each variant, I downloaded 

ten of the earliest collected sequences of each variant from the GISAID database[3]. The 

ancestral prototypes of SARS-CoV-2 variants were identified by the shared and conserved 

sequences among those sequences of each variant and named proto "variant". The molecular 

phylogenetic tree of the ancestral sequences shows that they are distinct descendants of the 

ancestral Wuhan SARS-CoV-2, proto-Wuhan (Figure 1). The mutational spectrums of the 



variants were identified by comparing the sequences of proto variants with proto-Wuhan 

(Figure s1).  

 

Nonsynonymous substitution bias of SARS-CoV-2 variants 

SARS-CoV-1 is the coronavirus that caused SARS[13], and the bat coronavirus RaTG13 is 

thought to be one of the proximal origins of the SARS-CoV-2[14]. In the evolution among 

SARS-CoV-1, RaTG13, and proto-Wuhan, synonymous substitutions were more frequent 

than nonsynonymous substitutions in most genes (Figure 2A). While the spike gene is 3.8 kb, 

ORF1ab is a large ORF, extending over 21.3 kb and accounting for 71.2% of the 30 kb of the 

SARS-CoV-2 genome. The size of other genes, M, ORF6, ORF7a, ORF7b, ORF8, and N, are 

small. Given the size of each gene, it makes sense that ORF1ab is more frequently mutated 

than other genes. 

 

The accumulation of mutations in each variant from proto-Wuhan is limited (Figure 2B) 

compared to SARS-CoV1, RaTG13, and proto-Wuhan, reflecting their evolutionary distances. 

Proto-Omicron, harboring the most mutations, was the most divergent from proto-Wuhan 

(Figure 2B). In addition to one insertion, and five deletions (Table s2), proto-Omicron has 52 

mutations, 30 of which are located in spike gene (Figure 2B). Interestingly, 29 of the 30 

mutations in spike gene are nonsynonymous substitutions (Figure 2B). The synonymous 

substitutions of proto-Omicron are concentrated in ORF1ab, where four of the eleven 

mutations are synonymous. When ORF1ab is excluded from Omicron’s total mutations, there 

are 36 nonsynonymous substitutions out of a total of 41 (87.8%).  

 

I observed a similar trend in the other mutants (Figure 2B), with most of the proto variant’s 

mutations concentrated in the spike gene and ORF1ab. The genes other than spike gene, 

ORF1ab, and N had very few mutations. Interestingly, only one synonymous substitution in 

the Omicron and Lambda variants was located on the spike gene. Most of each variant’s 

synonymous mutations were located on ORF1ab. Therefore, I compared each variant’s total 

mutational load, minus the mutations on ORF1ab. The resulting N (nonsynonymous)/S 

(synonymous) ratios were extremely high across variants. In particular, proto-Delta and 

proto-MuGH had no synonymous mutations outside of ORF1ab. 

 

Lack of neutral evolution in the spike gene of SARS-CoV-2 variants 

The number of synonymous and nonsynonymous loci varies with each codon. For example, a 

single nucleotide substitution at Leu codon TTA can generate nine different codons; seven 

nonsynonymous, and two synonymous substitutions. Thus, the three nucleotides of codon 

TTA consist of 7/3 nucleotides (=3 nucleotides x 7/9) of nonsynonymous sites and 2/3 



nucleotides (=3 nucleotides x 2/9) of synonymous sites[10]. Thus, the mutation frequency can 

be normalized as the ratio of the number of nonsynonymous substitutions per nonsynonymous 

site (Ka) to the number of synonymous substitutions per synonymous site (Ks).  

 

The evolution among SARS-CoV-1, RaTG13, and proto-Wuhan shows that Ks is 

significantly higher than Ka in most genes (Figure 3A), indicating neutral evolution. These 

low Ka/Ks ratios are consistent with expected viral evolution, including SARS[15], which 

follows neutral evolution[16]. Mutational signatures from proto-Wuhan to the descendant 

proto variants are shown in Figure 3B. The Ka and Ks of: M, ORF6, ORF7a, ORF7b, ORF8, 

and N are over-represented reflecting their small sizes (Figure 3B). Depending on variant, the 

Ka was not always higher than Ks for: M, ORF6, ORF7a, ORF7b, ORF8, and N. The Ka of 

ORF1ab was consistently lower than the Ks in all the variants, except for proto-Delta. 

Conversely, the Ka of the spike gene is notably higher than its Ks across all of the proto 

variants. The Ka/Ks ratios of the spike genes of proto variants are in striking contrast with 

those observed during evolution among SARS-CoV-1, RaTG13, and proto-Wuhan. Thus, it 

appears that spike gene of these SARS-CoV-2 variants deviates from a neutral evolutionary 

trajectory. 

 

Discussion 

I identified the ancestral type sequence of the SARS-CoV-2 variants and analyzed their 

mutational differences from the Wuhan SARS-CoV-2. Next, I analyzed the ratio of 

synonymous and nonsynonymous substitutions across the variants in detail. The analysis of 

variants associated with Ka/Ks ratio was used to interpret the direction and magnitude 

of natural selection acting on the protein-coding genes. Ka/Ks ratio greater than one indicates 

Darwinian selection, while Ka/Ks ratio less than 1 indicates purifying selection[10]. Ka/Ks 

ratio of exactly one is indicative of no selection. When Ka/Ks values are significantly above 

one, the corresponding mutations are generally advantageous. The Ka of the spike gene was 

much higher than the Ks across the variants I examined. This would imply that each of these 

nonsynonymous substitutions in spike gene was the result of strong selective pressure. 

 

Recently, several groups independently pointed out the nonsynonymous substitution bias in 

the Omicron variant [17-19]. Especially, Xi et al. compared the spike protein and ORF1ab of 

several SARS-CoV-2 variants and noticed that the lack of synonymous substitutions in the 

spike protein is unnatural[19], supporting my observation.  

 

The Pfizer and Moderna mRNA based vaccines encode for a full-length spike gene, whose 

amino acid sequence is identical to that of the Wuhan SARS-CoV-2 spike gene, with the 



exception of two proline substitutions. [20] In order to increase translation the spike genes of 

these mRNA vaccines have been heavily modified with synonymous substitutions[21]. This 

suggests that the spike genes of proto variants could potentially use synonymous substitutions 

to improve translation efficiency. Thus, codon usage cannot explain the strong selective 

pressure to eliminate synonymous substitutions in spike genes of proto variants. 

 

Following the emergence of each proto variant, additional mutations accumulate during 

transmission among humans. The Ka/Ks ratios in the evolution of each variant did not exceed 

three[19]. Considering that the spike gene achieved high ratios of synonymous substitutions 

during evolution of SARS-CoV-1, RaTG13 and proto-Wuhan (Figure 3A), the lack of 

synonymous substitutions in spike gene of the proto variants (Figure 3B) is not a common 

feature of evolution of corona viruses. In fact, synonymous substitutions are also achieved 

during artificial evolution for gain-of-function using somatic hypermutations in a cell line[22]. 

 

The spike protein of coronaviruses mediates the transmission of the virus; it functions as a 

fusogen, which mediates membrane fusion after binding to the ACE2 receptor. Selective 

pressure on spike gene depends on human ACE2-mediated cell transmission. Generally 

speaking, the spike protein will not accept random amino acid changes in an effort to 

maintain the fusogen function. 

 

Mutation and selection usually occur stepwise; a mutation is fixed after its functional 

selection, followed by the next mutation and selection. Nonsynonymous substitutions rarely 

improve protein function, and they are can be detrimental.  Purifying selection removes 

nonsynonymous substitutions that damage enzymatic activity or protein structure, thus 

reducing the number of nonsynonymous substitutions in critical genes. On the other hand, 

synonymous substitutions rarely elicit phenotypic change, therefore they are not generally not 

subject to purifying selection, unless they drastically reduce translation efficiency. 

Synonymous substitutions tend to accumulate during evolution.  Since the rate of 

synonymous substitution is usually similar among different genes, synonymous substitutions 

can be used as a molecular clock for dating the evolutionary time of closely related 

species[16]. Surprisingly, synonymous substitutions are significantly less prevalent than 

nonsynonymous substitutions among SARS-CoV-2 proto variants. Proto variants also exhibit 

a lack of synonymous substitutions in their spike gene, suggesting that the evolution of spike 

gene was occurred outside of a classic trial-and-error - mutation and selection scheme. 

Furthermore, the features of the molecular clock of synonymous substitutions suggest that the 

mutations in spike gene were acquired over a short period.  

 



The analyzed SARS-CoV-2 variants have evolved novel spike proteins over a short period, 

while maintaining high transmission rates. The spike genes of these variants do not appear to 

have undergone neutral evolution, in contrast to the rest of the SARS-CoV-2 genome (Figure 

4). This could be explained if one postulates that spike genes with specific mutations have 

been "artificially inserted" into the viral genome. As the mutations of proto-Delta and proto-

MuGH have an overall biased for nonsynonymous substitutions (Figures 2 and 3), artificial 

genes may be present outside of the spike gene, depending on variants. Technically, site-

directed mutagenesis can easily be used to introduce specific mutations using seamless 

cloning or genome editing. In fact, the evolution of SARS-CoV-2 remains a mystery, as is the 

controversy over how SARS-CoV-2 acquired the furin cleavage site[23]. 

 

The presence of many nonsynonymous substitutions and the lack of synonymous 

substitutions in the spike genes of the proto variants suggests that these genes specifically are 

not the byproduct of typical natural or artificial evolution. While it cannot be ruled out that 

the spike genes of these proto variants emerged stochastically, though the probability is 

exceedingly low, it is difficult to explain how proto variants have coincidentally achieved 

such high transmission rates among humans absent evidence for functional selection. I 

therefore postulate that SARS-CoV-2 variants are artificially designed viruses whose spike 

genes are made by site-directed mutagenesis. 
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Figure 1. Phylogenetic tree. The ancestral type of each SARS-CoV-2 variant was named 

proto "variant". The evolutionary distance is shown by the scale. 

 

Figure 2. Synonymous (S) and nonsynonymous (N) substitutions. A. Synonymous and 

nonsynonymous substitutions on each gene among SARS-CoV-1, RaTG13, and proto 

Wuhan. B. Those from proto-Wuhan to the respective proto variants. The sum of the 

synonymous and nonsynonymous substitutions with or without substitutions in ORF1ab, is 

also shown. 

 



Figure 3. Ka and Ks A. Ka and Ks on each gene among SARS-CoV-1, RaTG13, and 

proto-Wuhan. B. Ka and Ks from proto-Wuhan to the respective proto variants. Ka is 

nonsynonymous substitutions per nonsynonymous sites, and Ks is synonymous substitutions 

per synonymous sites. When there is no selective pressure and mutations are introduced 

randomly, the ratio of Ka to Ks is 1. 

 

Figure 4. Lack of neutral evolution in the spike gene of SARS-CoV-2 variants. The 

genome structure of the SARS-CoV-2 variant is shown. 

 

Figure s1. Multiple alignments of SARS-CoV-2 proto variants. Green, synonymous 

substitutions; red, nonsynonymous substitutions; pink, ambiguous; blue, noncoding 

mutations; gray, stop codon-causing mutations; orange, insertions; purple, deletions. 

  

Figure s2. Sequences of SARS-CoV-2 proto variants in the FASTA format.�
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