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Abstract 
 
COVID-19 pandemic is a major human tragedy.  Worldwide, SARS-CoV-2 has already infected over 
3 million and has killed about 230,000 people.  SARS-CoV-2 originated in China and, within three 
months, has evolved to an additional 10 subtypes. One particular subtype with a non-silent (Aspartate 
to Glycine) mutation at 614th position of the Spike protein (D614G) rapidly outcompeted other pre-
existing subtypes, including the ancestral. We assessed that D614G mutation generates an additional 
serine protease (Elastase) cleavage site near the S1-S2 junction of the Spike protein. We also 
identified that a single nucleotide deletion (delC) at a known variant site (rs35074065) in a cis-eQTL 
of TMPRSS2, is extremely rare in East Asians but is common in Europeans and North Americans.   
The delC allele facilitates entry of the 614G subtype into host cells, thus accelerating the spread of 
614G subtype in Europe and North America where the delC allele is common. The delC allele at the 
cis-eQTL locus rs35074065 of TMPRSS2 leads to overexpression of both TMPRSS2 and a nearby 
gene MX1. The cis-eQTL site, rs35074065 overlaps with a transcription factor binding site of an 
activator (IRF1) and a repressor (IRF2). IRF1 activator can bind to variant delC allele, but IRF2 
repressor fails to bind. Thus, in an individual carrying the delC allele, there is only activation, but no 
repression.   On viral entry, IRF1 mediated upregulation of MX1 leads to neutrophil infiltration and 
processing of 614G mutated Spike protein by neutrophil Elastase. The simultaneous processing of 
614G spike protein by TMPRSS2 and Elastase serine proteases facilitates the entry of the 614G 
subtype into host cells. Thus, SARS-CoV-2, particularly the 614G subtype, has spread more easily 
and with higher frequency to Europe and North America where the delC allele regulating expression 
of TMPRSS2 and MX1 host proteins is common, but not to East Asia where this allele is rare. 
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Global Spread of SARS-CoV-2 Subtype with Spike Protein Mutation D614G is 

Shaped by Human Genomic Variations that Regulate Expression of TMPRSS2 

and MX1 Genes 

 

Introduction  

Coronaviruses infect humans with varying degrees of severity and lethality (1). Four of these viruses 

(NL63, 229E, OC43, and HKU1) cause mild respiratory problems in humans and three others 

(MERS-CoV, SARS-CoV including the newly emerged SARS-CoV-2) can cause severe respiratory 

syndromes (2–4). SARS-CoV-2 infection was first reported from Wuhan, China, on 24th December 

2019 (2) and in less than three months, on 11th March 2020, WHO declared COVID-19 as a 

pandemic (5).  By 3rd May, 2020, 3.3  million people worldwide (213 countries) were reportedly 

infected and 2,38,628 individuals died of COVID-19 (6). We note that while the infectivity of SARS-

CoV-2  is much higher than SARS-CoV or MERS-CoV (7), its case fatality rate (0.9-3.3%) is 

substantially lower than that of SARS-CoV (11%) and MERS-CoV (34%) (8). For SARS-CoV-2, 

there are notable differences in case-fatality rate and disease severity among geographical regions 

and among age groups of infected persons, with lower severity in infants and children than in adults 

(1, 9). The case fatality rates in East Asia (10) (China and neighbourhood) and Middle East (11) (Iran 

and neighbourhood) have been substantially lower than in Europe(12) (Italy, France and Spain).  

Based on studies of its RNA sequence, it is clear that SARS-CoV-2 has evolved and 

diversified as it spread geographically (13, 14).  RNA viruses acquire mutations easily.  Most 

mutations are deleterious and viruses with mutations are eliminated.  If a mutation attains a high 

frequency, it is expected that the mutation provides selective advantage to the virus, usually 

manifested by higher transmission efficiency. Viral RNA of SARS-CoV-2, collected and sequenced 

from isolates in different countries has resulted in the recognition of several subtypes (15). The 

ancestral type (O), likely to have originated in Wuhan, was first reported from China in late 

December 2019. Four months later, another type (A2a), which was also first reported from China on 

24th January 2020, spread rapidly and widely across Europe and North America [GISAID: 

https://www.gisaid.org/ and Nextstrain: https://nextstrain.org/] outcompeting the ancestral O type 

(13, 16). 
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SARS-CoV-2 virus is a single stranded (+) sense RNA virus with a genome length of about 

30 Kb. It encodes 29 structural and non-structural proteins, including ORF1a/b polyprotein, spike (S) 

glycoprotein, envelope (E), membrane (M) and the nucleocapsid (N) protein (8, 17). To enable 

replication and spread, the virus binds to host cell surface receptors using spike protein to mediate 

fusion of the viral envelope with cell membrane. The spike glycoprotein consists of three S1-S2 

heterodimers and it is present on the surface of the virus. The receptor binding domain (RBD) 

located on the head of the S1 domain of the viral Spike (S) protein attaches with the angiotensin 

converting enzyme 2 (ACE2), that is expressed in large quantities in specific cell types 

(pneumocytes) of the human lung, and other tissues (18–20). As long as the S1 and S2 subunits are 

parts of a single polypeptide chain, the S protein is inactive. Recent studies have shown that the type 

II transmembrane serine protease (TMPRSS2) of the host cleaves the Spike protein at the S1-S2 

junction, where a furin cleavage site recognized by proteases is present, that facilitates entry of 

SARS-CoV-2 by membrane fusion involving the S2 domain (21–24). Functional studies on SARS-

CoV showed that specific amino acid residues on the Spike protein are important determinants for 

virus tropism and transmission efficiency (25). 

 

Variations in nucleotide sequences of ACE2 and TMPRSS2, the two host genes whose 

products are indispensable (21, 24, 26–28) for the entry of the coronavirus into host cells, can alter 

the expression and functionality of these proteins.  Recent analysis of single cells that express both 

ACE2 and TMPRSS2  has identified a ‘gene expression program’ in nasal, lung and other tissues that 

likely facilitates viral entry modulating interferon regulation assisted by host proteases (18). In 

ACE2, the majority of observed variants occur at low frequencies (non-polymorphic) in most human 

populations. Even though some recent studies (29, 30) have attempted to implicate these variants 

with susceptibility to infection by SARS-CoV-2, there is no convincing evidence yet that the low-

frequency, non-polymorphic variants in ACE2  can modulate susceptibility to SARS-Cov-2 infection. 

However, TMPRSS2, the product of which is involved in the proteolytic cleavage of both ACE2 and 

spike proteins of SARS-CoV-2 leading to internalization of the virion in the host cell, harbors many 

variants that exhibit considerable variation in frequencies among human populations. We note that 

the geographical spread and increase in frequency of the A2a subtype (with a characteristic mutation, 

D614G, in the Spike protein) has been explosive (Nextstrain: https://nextstrain.org/). Compared to 

other clades, the frequency of A2a in Europe and North America, but not in East Asia, has increased 

rapidly to high levels (13). We surmise that host genomics may play a role in shaping the trajectory 

of rise and eventual level of the frequency of A2a in populations.  The role of sequence variations in 

the TMPRSS2 gene and other genomic regions that regulate the product of TMPRSS2 has not been 
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explored in the context of subtype specific transmission patterns of SARS-CoV-2. We hypothesize 

that gene variants that modulate expression of the serine protease TMPRSS2 in the human lung (non-

silent variants of TMPRSS2 and variants in its regulatory expression quantitative trait loci [eQTLs]), 

which is the major mediator of cellular entry of the SARS-CoV-2 virus, influence the infectivity of 

SARS-CoV-2 subtypes.  

 

Materials and Methods  

 

Phylodynamic Analysis of SARS-CoV-2 RNA sequences 

 

One cardinal feature of the COVID-19 pandemic is our ability to monitor the spread and evolution of 

the SARS-CoV-2 virus almost in real time, since RNA sequences. of the virus are being deposited 

every day in large numbers from all global regions to public databases. In partial fulfilment of the 

objective of this study, we have analysed the most recent publicly available data. We downloaded all 

SARS-CoV-2 RNA sequences (n=8847) excluding low coverage (>5% N in the 29.9 Kb of each 

RNA sequence) on 16th April 2020, 8:50 AM, from the GISAID database (31). 

 

To analyze SARS-CoV-2 sequence data, we used the community standard nextstrain/ncov 

(15) (github.com/nextstrain/ncov) pipeline developed specifically for spatial and temporal tracking of 

pathogens. Nextstrain/ncov (15), is an open-source pipeline for phylodynamic analysis (32), 

including subsampling, alignment, phylogenetic inference, temporal dating of ancestral nodes and 

discrete trait geographic reconstruction as well as interactive data visualization. It comprises augur 

(15) (github.com/nextstrain/augur) a modular bioinformatics tool used for data analyses, and auspice 

(15) (github.com/nextstrain/auspice) a web-based visualization tool for phylogenomic and 

phylogeographic data. 

 

Each downloaded fasta file was preprocessed to remove duplicate samples based on the 

identifier from the fasta headers (hCoV-19/<Country>/<Identifier>/<Year>).  Out of the 8847 

sequences, 6424 sequences passed default QC criteria of Nextstrain pipeline. These 6424 sequences 

were aligned using MAFFT (33). We estimated timescale and branch lengths of a reconstructed 

phylogenetic tree using IQ-TREE (34) (as implemented in augur) considering hCoV-

19/Wuhan/WH01/2019  as ancestral (31); (https://www.gisaid.org/). These estimates were further 

refined using RAxML. Augur also estimates the frequency-trajectories of mutations, genotypes and 
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clades of a phylogenetic tree, which is used by the auspice package to visually represent phylogenetic 

tree, geographic transmission and entropy (genetic diversity). 

We used the date of viral sample collection for all phylodynamic analysis to understand 

epidemiological and evolutionary patterns. The initial sampling for sequencing was sparse, possibly 

non-representative and unstable.  Therefore, to focus on a more stable virus infection period, we 

analyzed the data on 6181 out of 6424 viral RNA sequences that were collected between January 15, 

and March 31, 2020.  Details of the phylogenetic tree of the viral sequences and defining mutations 

of various clades are provided in Supplementary Table 1. The isolate specific mutations, which 

occurred on the top branch of the tree, were identified from the results obtained by analyzing data on 

the Nextstrain pipeline. Temporal acquisition of subtype-specific mutations was also ascertained. 

Estimation of the number of segregating sites and values of Tajima’s D (35) for various clades were 

obtained using MEGA (36) and cross-validated with DNASP (37). 

 

 

In-Silico prediction of cleavage site on SARS-CoV-2 Spike protein 

 

Functional studies showed that by synthetically introducing mutations near the S1-S2 junction of 

SARS-CoV additional proteolytic cleavage sites are generated that enhance viral membrane fusion 

by several fold (38). We downloaded the sequence of SARS-Cov-2 spike (S) protein (QHD43416), 

which is 1273 amino acids long, from  https://zhanglab.ccmb.med.umich.edu/COVID-19/ (39). We 

used PROSPER (40) (https://prosper.erc.monash.edu.au/) to predict proteolytic cleavage sites based 

on i) local amino acid sequence profile, ii) predicted secondary structure, iii) solvent accessibility and 

iv) predicted native disorder.  In particular we identified potential protease substrate sites in the 

amino acid sequence of SARS-CoV-2 spike (S) protein. The predicted protease cleavage sites were 

also verified by another protease cut site prediction tool PROSPERous (41). 

 

Tissue specific expression and genomic variation in human TMPRSS2 in global populations  

 

Using GTEx data (42) (https://gtexportal.org/), we identified regulatory eQTLs that are significantly 

associated with TMPRSS2 gene expression in various human tissues. Genotype data, for all 

significant eQTLs as well as the data on all variants on the TMPRSS2 gene, were extracted from 

1000 Genomes dataset [https://ftp-trace.ncbi.nih.gov/1000genomes/ftp/release/20110521/] using 

tabix (43) with the hg19 chromosomal coordinates as reference. Initial data to assess population 

genomic diversity were downloaded from 1000 Genomes project that included representative 
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populations from Europe (CEU, TSI, FIN, GBR, IBS), admixed Hispanic speakers from America 

(MXL, PUR, CLM) and East Asia (CHB, CHD, JPT) [Supplementary Table 2].  Functional 

annotation of each identified variant was done using Annovar (44). Apart from the eQTLs, only non-

silent polymorphic variants in TMPRSS2 that are more likely to cause alteration of protein structure 

and function, were selected for further analysis. We ranked the eQTLs according to their impact on 

the expression level of TMPRSS2 in lung and selected variants with high impact. For all these eQTLs 

and non-silent variants, we calculated the genetic distance,  Fst (45), between pairs of major 

continental populations and regional subpopulations, using PLINK v1.9 (46) ( https://www.cog-

genomics.org/plink/ ). Additional data on allele frequencies of non-silent variants in TMPRSS2 gene 

and the highest ranked eQTL of TMPRSS2 gene from 58 extant global populations, with n>10 

individuals, were downloaded from multiple databases after careful data curation. The names of the 

population groups, geographic regions and database sources are provided in Supplementary Table 2.   

 

Transcription factor binding (TFB) prediction for human TMPRSS2 eQTL sites 

 

From the hg19 reference sequence, 20 nucleotides on each side of each eQTL variant site was 

considered for TFB prediction. At each site, for the two sequences containing the reference and the 

variant alleles, we used JASPAR (47) (http://jaspar.genereg.net/) to predict TF recognition sites with 

the default (80%) relative profile threshold.  
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Results 
 

Temporal and geographical spread of subtypes of SARS-CoV-2 

 

The first set of RNA sequences collected from 17 infected individuals from Wuhan, China, had high sequence 

identity, and was named the O subtype. The O subtype spread to other provinces (e.g., Guangdong, Jiangxi) of 

China and also to nearby countries, e.g., Thailand (with the first submission to GISAID - Nonthaburi/61/2020 

- on 8th January 2020). within two weeks. Our phylodynamic analysis showed that the virus evolved into B 

and B2 in the first two weeks of January and later to B1, B4, A2a and A3 [Supplementary Figure 1(a)].  These 

subtypes rapidly spread worldwide to multiple East Asian countries (8 countries), Europe (5) and North 

America (2).  The distribution of viral clades as reported from different countries during this time period is 

summarized in Supplementary Figure 2. Analysis of data on 6181 sequences generated during the past three 

months revealed that 3789 mutation events distributed over 3772 nucleotide sites. Among these sites, variants 

at only 11 sites, of which 8 were coding (ORF8 -L84S, ORF1a - V378I, ORF1a - L3606F, ORF1a - A3220V, 

ORF3a - G251V, ORF1a - L3606F, S - D614G, ORF1b - P314L), were present in relatively high frequencies 

in multiple populations.  These 11 sites were the most useful in defining the phylogenetic clade structure of 

the viral sequences [Supplementary Figure 3, Supplementary Table 1]. The radial phylogenetic timetree is 

depicted in Supplementary Figure 1(a), with concentric circles showing the dates of sequence 

deposition/collection; earlier dates of deposition/collection are closer to the centre. We found that 5629 (91%) 

of 6181 of SARS-CoV-2 RNA sequences were submitted from East Asian, European and North American 

regions. The remaining 9% of the sequences were from Oceania, South America, Africa and South-West-

Central Asian countries. During 15th January to 31st March 2020 (10 weeks), SARS-CoV-2 had evolved into 

11 clades. Four of these 11 clades have attained frequencies higher than 5%; A2a=60.95%, O=13.3%, B1=9% 

and A1a=7.8% [Supplementary Table 3]. The A2a clade with the highest frequency is defined by nucleotide 

changes at two “highly informative” sites that are in complete non-random association (linkage 

disequilibrium): a non-synonymous D614G (Aspartate (D) -> Glycine (G)) mutation in the Spike glycoprotein 

and a P314L mutation in Orf1b protein of SARS-CoV-2. Of the 11 clades, only 2 clades (a minor A2 subtype 

and the major A2a subtype) have Glycine at the 614th amino acid position; the remaining 9 clades (ancestral O 

and evolved clades B, B1, B2, B4, A3, A6, A7 and A1a) have Aspartate [Supplementary Figure 1(b)]. analysis 

has shown that the most frequent A2a subtype arose in China in mid-January 2020 (Inferred date: January 

15th, CI: 4th-20th January) and spread to multiple locations within 15 days. The initial A2a sequences were 

deposited from China (Zhejiang/HZ103/2020 on 24th January), and then from another province Shanghai 

300Kms away (Shanghai/SH0014/2020 on 28th January and Shanghai/SH0086/2020 on 31st January). The 

earliest evidence of A2a in Europe was from Germany (Germany/BavPat1/2020 sequence deposited on 28th 

January). By the end of January, 98.3% of all submitted sequences from East Asia, 90% of all in Europe and 

100% of all in North America were of non-A2a subtypes with 614D. The A2a (614G) subtype was then 
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present at a very low frequency in East Asia (3 sequences), Europe (1 sequence) and absent in North America. 

Dramatic changes in the viral landscape took place very rapidly.  By the end of February, the frequency of 

A2a rose from 9% to 56.25% in Europe and from 0% to 9.7% in North America.  Contrastingly, the A2a 

landscape remained low in China (<1% in February) and other East Asian countries (only 1 A2a sequence out 

of 206 sequences deposited by the end of February); Figure 1 and Supplementary Figure 4. The A2a - 614G 

subtype continued to rise in frequency replacing all previously frequent non-A2a-614D subtype in Europe 

(69% in March comprising 2373 sequences) and in North-America (61% in March comprising 933 sequences) 

to become the most dominant subtype [Figure 1]. Sequence submission from East Asia dropped drastically in 

March possibly indicating control of the COVID-19 disease; Supplementary Figure 4. The RNA viruses 

mutate fast and accumulates changes during transmission process from one infected individual to another. 

Interestingly, during January 15th and March 31st, accumulation of new isolate-specific mutations, were 

substantially fewer for the A2a clade than for the other clades [Supplementary Figure 5].  These facts are 

consistent with our negative estimates of Tajima’s D that indicate rapid population expansion coupled with 

selective sweep of non-A2a-614D clades in East Asia and of A2a-614G clade in Europe and North America 

[Supplementary Table 4].  Further, the impact of positive selection on A2a may have been higher in Europe 

than in East Asia, as evidenced by the A2a isolates in Europe and North America having acquired a fewer 

number of new mutations during this time period than those in East Asia [Supplementary Figure 6]. 

 

The clade specific D614G mutation provides advantage to A2a subtype for host cell entry 

 

The non-synonymous D614G mutation, which defines the A2a clade of SARS-CoV-2, is located 

between S1-RBD and S2 junctions of the SARS-CoV-2 spike (S) protein [Figure 2 (b)]. The amino 

acid position 614 is monomorphic for D (Aspartate) residue in SARS-CoVs obtained from bat, civet, 

pangolin and human [Figure 2 (a)].  It is intriguing that a mutated allele (614G, present in the A2a 

subtype) at this conserved amino acid site should rapidly rise to a high frequency in some, but not all, 

regions of the world.  In vitro introduction of new proteolytic sites at and around the S1-S2 junction 

is known to substantially increase SARS-CoV fusion with cell membrane (38). We have predicted, 

by proteolytic cleavage prediction analysis, that a novel serine protease (elastase) cleavage site has 

been introduced in SARS-CoV-2 at 615-616 residues on S protein [Figure 2 (c); Supplementary 

Table 5]. The position 614 on the S protein is the nearest substrate site for serine protease to cleave at 

615-616. The S glycoprotein must be cleaved by host proteases to enable fusion of the viral envelope 

with the host cell membrane. This fusion is essential for viral entry.  The introduction of the new 

cleavage site for the elastase protease in A2a possibly provides this subtype an advantage over the 

other subtypes for entry into the host cell. Elastase is mainly expressed by host neutrophils that is 

elevated in COVID-19 patients (48–51).  Host TMPRSS2 is a key protein that enables cleavage of 
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the S protein at S1-S2 junction sites (18, 24). By gaining an additional elastase cut site, the A2a - 

614G subtype is likely to obtain a substantial advantage to enter host cells more efficiently due to 

simultaneous processing of exogenous elastase proteases and membrane bound TMPRSS2. Of 

relevance is the fact that SARS-CoV infection was shown to be enhanced by exogenous proteases, 

including elastase (52).   

 

A common variant at a lung-specific eQTL of TMPRSS2 and MX1 accelerated the spread of A2a 

subtype 

 

The introduction of a novel serine protease (elastase) cleavage site on the S protein resulting from the aspartic 

acid (D) to glycine (G) mutation at the 614th amino acid position is not completely adequate to explain the 

rapid rise in A2a frequency [Figure 1]. In order to gain a deeper understanding of this phenomenon, we 

examined whether there is population genomic variation in TMPRSS2 and other relevant genomic regions 

associated with the observed geographical differences in profiles of infection by the subtypes of SARS-CoV-

2. We identified 136 eQTLs that regulate expression of TMPRSS2 in the lung, all of which are located in the 

3’ regulatory region of TMPRSS2. Of these 136 loci, 64 are also eQTLs for a gene, MX1 (MX Dynamin 

Like GTPase 1), which is adjacent to TMPRSS2 and oriented in the opposite direction. The normalized effect 

sizes of the non-reference (variant) alleles at these 64 loci on expression levels of TMPRSS2 and MX1 are 

highly correlated (r2 = 0.9, p < 2x10-16). Variant alleles at 12 of these 64 eQTLs increased the expression of 

TMPRSS2 (NES > 0.1) and also of MX1 (NES > 0.25).  

 

These 12 loci exhibited high levels of differentiation among populations, with Fst values exceeding 0.3 

for both East Asian - European and East Asian – North American comparisons [Figure 3]. One of these eQTLs 

(rs35074065), located in the shared 3’ regulatory region of TMPRSS2 and MX1, exhibits the strongest 

association with increased expression of TMPRSS2.  The reference allele at rs35074065 is C and the variant is 

a deletion (delC) of this nucleotide.  The delC allele significantly increases the expression of TMPRSS2 

(Normalized Effect Size [NES] of 0.13 (p = 3.9x10-11) and MX1 (NES of 0.2 (p = 1.0x10-5) in the lung tissue.   

We bioinformatically identified transcription factor binding sites around the rs35074065 locus. A 

recognition site for transcription factor IRF1 (Interferon Regulatory Factor 1), which is known to activate 

MX1 (53), was present in the sequences – containing the reference (C) and the variant (delC) alleles – around 

the rs35074065 eQTL. IRF1 is known to activate genes in response to viruses (54).  A transcriptional 

repressor, IRF2, competes with IRF1 for DNA binding thereby limiting the IRF1 driven pro-inflammatory 

cascade (55–57). The recognition site of transcriptional repressor IRF2, which acts antagonistically with IRF1 

(55, 56, 58), is absent in the variant (delC) allele containing sequence, but not  in the reference (C) allele 

containing sequence. Loss of the repressor IRF2 recognition site in individuals with the variant (delC) allele 

is, therefore, expected to further enhance the expression of both TMPRSS2 and MX1 genes in the presence of 
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the activator IRF1. The antiviral MX1 gene activates a cascade of pro-inflammatory effectors (59, 60) which 

leads to neutrophil infiltration (61–63). Neutrophil to leukocyte ratio is found to be higher among COVID-19 

patients (48, 49). Neutrophils are known to secrete the serine protease elastase which has an additional cut site 

at position 614 for the A2a viral subtype. 

The eQTL rs35074065 is highly polymorphic and exhibits wide variation in allele frequencies across 

continental populations. The delC allele is rare among East-Asians (allele frequency: 0.0124), occurs at high 

frequencies among Europeans (~0.4), and at intermediate frequencies among North Americans (0.26) [Figure 

4]. We have found the delC allele frequency to strongly correlate (r2 = 0.91) with the frequency of the A2a 

subtype across geographical regions [Supplementary figure 7].  

 

 

A highly polymorphic TMPRSS2 coding variant protects East Asians from infection by A2a subtype 

  

As we have noted, the proportion of infected persons with the A2a subtype is rather low in East Asia, but high 

in Europe and North America.  We postulated that non-silent variants in TMPRSS2 that are common among 

East Asians, but not among Europeans or North Americans, may confer protection to them against being 

infected by A2a. We have identified 16 non-silent coding variants (details with predictive scores of function in 

Supplementary Table 6) from the 1000Genomes database. Two non-silent variants (rs12329760 and 

rs75603675), of which one (rs12329760) is in an evolutionarily conserved region, showed high allele 

frequency differences between East Asians and other populations [Supplementary Table 7]. 

  The coding missense variant rs12329760 - V160M, but not rs75603675, is likely pathogenic, since it 

is predicted to be highly “Deleterious” by SIFT (score = 0.01), Polyphen2, (score = 0.9), FATHMM-MKL 

(score = 0.76) and CADD (score = 28.5). Further, it was identified that rs12329760, with a deleterious variant 

allele T, is not in linkage disequilibrium in any population (r2; European = 0.1, North American = 0.03, East 

Asian = 0.001) with the rs35074065 - delC eQTL locus, which is at an 18.9 Kb physical distance.  

The deleterious SNP (rs12329760) resides within the extracellular highly conserved SRCR (scavenger 

receptor cysteine-rich) domain of TMPRSS2 (64). SRCR domains are known to interact with external 

pathogens (65). Functional studies have shown that the proteolytic activity driven by the serine protease 

domain of TMPRSS2 reduces drastically without the help of SRCR domain (66). The SRCR domain functions 

to properly orient the protease domain towards its substrate (64). Based on these facts, it appears that this 

nonsynonymous deleterious coding variant of TMPRSS2 on SRCR domain may have altered activity for 

processing the Spike protein of SARS-CoV-2 A2a subtype which has the 614G mutation, in an evolutionary 

conserved region. We have observed that the frequency of rs12329760-T variant allele is negatively correlated 

(r2 = -0.4) with proportion of A2a type frequency [Supplementary Figure 8]. Among East Asians, individuals 

with TT genotype (~19%), may have a genetic protective advantage against A2a viral type; compared to North 

Americans (TT = ~4%) and Europeans (TT = ~7%) populations.  
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Discussion 

 

Within four months, the COVID-19 pandemic spread rapidly to more than 200 countries in different 

continents. SARS-CoV-2 has shown a strong association with increased morbidity and mortality in specific 

countries, notably USA and Western European countries. We sought to understand whether the observed 

geographical variations in prevalence of infection by distinct SARS-CoV-2 subtypes can be explained, at least 

in part, by variation in specific genes of the human host populations.  

We performed analysis on publicly available data of RNA sequences of SARS-Cov-2 isolates to correlate 

pathogen evolution with disease transmission. We have shown that a particular subtype  

−A2a − that rose in frequency in East Asia in January 2020, has spread rapidly through the European and 

North American continents. The spread of A2a has been so explosive, that in 10 weeks (of February and 

March 2020) over 60% of humans were infected with A2a starting from only 2%. The A2a subtype acquired 

few mutations during the transmission, even lesser in Europe [Supplementary Figure 6].  

The A2a subtype is characterized by the D614G mutation near the S1-S2 junction on the Spike 

protein. D614G mutation introduces an additional cleavage site in the S protein that is specific for elastase, a 

serine protease, generally produced by the neutrophils. Sequential digestion at multiple sites on the S1-S2 

junction of S protein is necessary for SARS-CoV-2, to enter into the host cell (21, 38). The cascade of 

cleavage is also dependent on the availability of host protease in the vicinity (38, 52). Multiple digestions at 

the S1-S2 junction region produce “decoy” fragments which reduces host immune response by binding and 

inactivating antiviral antibodies (67) giving the virion an advantage to overcome the first line of host defence. 

It has been shown that for cellular entry of SARS-CoV-2, ACE2 and TMPRSS2 are indispensable, while 

endosomal cysteine proteases cathepsin B and L (CatB/L) are not (24, 28). 

Our analysis showed that protein altering missense variants are rare (MAF < 0.01) in the genes of 

relevance to the infection, including ACE2, Cathepsin-L, MX1 and elastase [Supplementary Table 8-11]. 

However, another gene of great relevance, TMPRSS2, harbors variants that are common in all global 

populations. Therefore, we focused on genetic variations in TMPRSS2 to explore the role of host genomic 

variants in modulating susceptibility to infection.  

We identified lung-specific eQTL (rs35074065 [C > - (del)]) that has a major regulatory control of the 

expression of TMPRSS2. This eQTL showed significant allele frequency differences (high Fst) between East 

Asians (Median derived allele frequencies [DAF] all sub populations: 0.01; sd: 0.030) and Europeans (Median 

DAF: 0.44; sd: 0.04) and Americans (Median DAF: 0.27; sd: 0.06), as estimated from 29 global populations 

residing in these regions [Figure 4]. This eQTL also regulates the expression of TMPRSS2 as well as MX1, a 

nearby gene with an opposite orientation to TMPRSS2. MX1 modulates the type-I interferon mediated anti-

viral inflammatory response in lungs (68).  Our transcription factor binding site prediction analysis identified 

that both IRF1 transcription factor and IRF2 repressor bind to the reference allele (C) of rs35074065. The 
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rs35074065-delC common variant abolishes the recognition site for the repressor IRF2, but not of the 

transcription factor IRF1. IRF1 and IRF2 are antagonistic to each other (55, 56, 58), but help maintain a fine 

balance in expression of both MX1 and TMPRSS2. Loss of IRF2 recognition site, due to rs35074065-delC 

variant, leads to increased IRF1 mediated expression of MX1 (53).  Recent analysis by Human Lung Cell 

Atlas group identified that ACE2 and TMPRSS2 are interferon regulated and ACE2+ TMPRSS2+ Single cells 

that express both ACE2 and TMPRSS2, also express innate immunity associated genes like MX1, IDO1, etc. 

(18) Increased MX1 expression is known to direct inflammatory responses via IFN type-I activation (59, 61, 

68) which in turn mediates neutrophil infiltration (61, 69–72). Neutrophils are known to express elastase 

proteins at a very high level. The spike protein of SARS-CoV-2 subtype A2a has an additional elastase 

specific proteolytic cleavage site for 614G amino acid. A2a, therefore, enjoys a double advantage in its ability 

to gain entry into human hosts in Europe and North America: (1) A2a – 614G has an additional cleavage site 

in the S protein that is specific for elastase protease, which is absent in the 614D subtypes (2) European and 

North American populations have high frequencies of the delC allele at rs35074065 eQTL, which is 

associated with increased expression of TMPRSS2 [Figure 5]. A recent single cell ATAC seq study also 

reported that eQTL-rs35074065 acts as transcriptional enhancer and showed increased expression of 

TMPRSS2 in lung tissues (73).  The simultaneous processing of S protein by elastase and TMPRSS2 proteases 

help the A2a subtype coronaviruses to more easily infect the large majority of Europeans and North 

Americans who possess the delC allele [Figure 5]. Elevated levels of neutrophils are reported in SARS-CoV-2 

infected patients with increased disease severity (48–51). Our findings are indicative of the possibility of using 

elastase inhibitors as therapy to prevent infection by the A2a subtype of SARS-CoV-2. We note that the use of 

elastase inhibitors in chronic obstructive pulmonary disease is under active consideration (74, 75).   

We have also identified a non-silent damaging variant in a highly conserved SRCR domain 

(rs12329760; V160M) of TMPRSS2 that is present in East Asians at double the frequency (MAF=0.4) than in 

Europeans (MAF=0.2). The SRCR domain interacts with external pathogens (65, 76, 77) and helps in 

positioning of the protease head towards the substrate (64). The SARS-CoV-2 A2a subtype specific D614G 

mutation is in a region of the S protein that is highly conserved across the coronavirus family.  We predict that 

the V160M mutation in the host and D614G mutation in the A2a subtype will result in reduced interaction of 

the SRCR domain of TMPRSS2 and the S protein of the coronavirus leading to a reduction in viral entry in 

the host cell. High prevalence of the V160M mutation in populations of East Asia is a likely reason for the 

reduced spread of A2a subtype in East Asia. 

In this study, we have provided strong evidence that host genetic variation regulating the expression 

of the TMPRSS2 gene has shaped the global spread of the A2a subtype of SARS-CoV-2.  
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LEGENDS TO FIGURES 

Figure 1. 

Temporal sample collection pattern for SARS-CoV-2 subtypes from different countries. Day wise sample 
collection data points for different viral subtypes from individual countries were plotted. The points are color 
coded based on the presence of D or G (aa) residue in 614 (aa) position of SARS-CoV-2 spike (S)  
protein. 

 

Figure 2. 

Multiple alignment of spike (S) protein of corona viruses from Bat, Pangolin, Civet and Human SARS-CoV 
with the Human SARS-CoV-2 showed >70% sequence identity. The 614 amino acid position in the S protein 
was found to be conserved among species, until the A2a subtype defining mutation occurred. (b) Domain 
structure of SARS-CoV-2 S protein. Amino acid residues 614 and 685 (S1-S2 junction) are marked on the 3D 
protein structure. (c) An additional serine protease (elastase) cleavage site around S1-S2 junction was 
introduced due to D614G mutation in SARS-CoV-2. The Glycine at 614 (aa) is predicted to be the nearest 
substrate site for elastase to perform proteolytic cleavage in the adjacent residue. 

 

Figure 3. 

Fst across populations for lung-specific TMPRSS2 eQTLs with respective NES. A high Fst value between 
AMR-EAS and EAS-EUR is observed for rs35074065 eQTL with the highest NES for TMPRSS2 gene. 

 

Figure 4. 

(a) SARS-CoV-2 subtype distribution in different populations. Circle size is proportional to the number of 
sequences submitted on a particular date and the circle colour distinguishes the subtypes. The positions of 
circles from the centre towards the outer periphery depicts the date of submission from January to March 
[more recent submissions are towards the periphery]. (b) The vertical bars represent median derived allele 
frequencies of TMPRSS2 and MX1 eQTL (rs35074065:del-C) and TMPRSS2 missense polymorphic variant 
(rs12329760:T), respectively, for different continental  populations (East Asia = 13 populations, Europe = 11 , 
North America = 5). The standard deviation of the derived allele frequencies are provided within parentheses. 

 

Figure 5. 

(a) Gene expression regulation of TMPRSS2 and MX1 by an interplay of transcriptional enhancer IRF1 and 
repressor IRF2. Loss of IRF2 recognition site due to deletion of C at rs35074065 enhances IRF1 mediated 
TMPRSS2 and MX1 expression. (b) Expression of TMPRSS2 and MX1 in the lung for reference allele 
homozygous, heterozygous, and variant allele homozygous genotypes at rs35074065. (c) The upregulation of 
TMPRSS2 enhances proteolytic cleavage of SARS-CoV-2 S protein and entry into lung cell of host. MX1 
upregulation results in IFN type-I mediated neutrophil infiltration in the lung. With elevated levels of 
TMPRSS2 and neutrophil Elastase, SARS-CoV-2 A2a-614G subtype having additional Elastase specific cut 
site near S1-S2 junction facilitates dual processing by host serine proteases, TMPRSS2 and Elastase 
(ELANE). 
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Supplementary Figure 1. 

Frequency distribution of viral subtypes (clades) in different countries during January 15 and March 31, 2020 

 

Supplementary Figure 2. 

(a) Nucleotide diversity and (b) amino acid diversity in 6181 SARS-CoV-2 genomes collected worldwide 
from 62 countries. Only 8 coding sites, i.e.  ORF8 -L84S, ORF1a - V378I, ORF1a - L3606F, ORF1a - 
A3220V, ORF3a - G251V, ORF1a - L3606F, S - D614G, ORF1b - P314L and 3 other nucleotide sites were 
present in reasonably high frequencies. The viral clade/subtype in which these mutations are present are 
shown at the bottom panel of the figure. 

 

Supplementary Figure 3. 

(a) Radial phylogenetic timetree based on 6181 SARS-CoV-2 RNA sequences that comprise 11 clades. The 
concentric circles depict the date of sequence deposition/collection; earlier date of deposition/collection is 
closer to the centre. (b) The radial phylogenetic time tree is annotated by presence of D or G residue at 614th 
amino acid position. 

 

Supplementary Figure 4. 

Frequency distributions of SARS-CoV-2 subtypes 614D and 614G in East Asia, Europe and North America 
for the months of January, February and March 2020. The size of the circles represent the number of samples 
belonging to a specific subtype collected on a specific date on the month. The circles are color coded based on 
the presence of D or G amino acid in 614 position of S protein. The circles close to the center belong to early 
sequence deposition of a specific month and circles in the boundaries are late submission.  

 

Supplementary Figure 5. 

The number of isolate specific mutations acquired by different SARS-CoV-2 subtypes during 15th January to 
31st March, 2020.  The clades are color coded as follows: 614D in blue and 614G-A2a clade in red). The A2a 
specific sequences have acquired less isolate specific mutations over time. 
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Supplementary Figure 6. 

Number of isolate specific mutations in populations of different regions acquired by SARS-CoV-2 subtypes 
during 15th January to 31st March, 2020), separately for D and G amino acids at 614 amino acid position on 
spike (S) protein.  The clades are color coded as follows: 614D in blue and 614G-A2a clade in red. The 614G 
(A2a) isolates in Europe have acquired a smaller number of mutations compared to East Asian A2a-614G 
isolates during the same time period. 

 

Supplementary Figure 7.  

Correlation (r2 = 0.9) of eQTL-rs35074065:del-C allele frequency with the SARS-CoV-2 A2a subtype 
frequencies (averaged of frequencies from 15th January to 31st March) in East Asia, Europe and America. 

 

Supplementary Figure 8.  

Correlation (r2 = -0.4) of TMPRSS2 coding SNP rs12329760:T allele frequency with the SARS-CoV-2 A2a 
subtype frequencies (averaged of frequencies from 15th January to 31st March) in East Asia, Europe and 
America. 
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