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ABSTRACT 

d variant of SARS-COV-2 has overtaken all other variants and become a dominant pandemic 

driver aggressively. In India, it has evolved and yielded d1, d2, d3 and d4 subvariants. d1 has 

also gradually become the dominant pandemic driver there and across Europe, raising the 

question whether this is true in other regions around the world. Here I demonstrate that d1 has 

also become the dominant pandemic driver in the USA. In April and May 2021, a variant was 

the major pandemic driver, with Ida and g variants playing minor roles. d variant only started 

to emerge in April and May, but it rose exponentially and became a major driver one month 

later. By September, it was detected in ~99% COVID-19 cases and emerged as almost the sole 

pandemic driver. In the country, ~50% of its population was fully vaccinated in the summer of 

2021; vaccination may have selected against all other variants and thereby helped d variant 

achieve such an alarming status. One puzzling question is what genomic features make d 

variant so highly competitive. Related to this, d1, but not d2, d3 and d4, has risen exponentially 

after May 2021, suggesting that unique NSP3 and nucleocapsid mutations that d1 carries make 

it so competitive as a predominant pandemic driver. These results indicate that it is not d variant 

per se, but its offspring, d1, that makes d variant a predominant pandemic driver. Alarmingly, 

d1 subvariant has evolved further and gained additional mutations to finetune functions of spike, 

nucleocapsid and NSP3 proteins. Compared to d1, d2 subvariant is less important in driving 

the ongoing pandemic in the USA, but this subvariant has also evolved further and gained extra 

mutations. These results suggest a continuously branching model about d variant evolution and 

reiterate the urgent need to track and block the evolution so that we will control and end this 

devastating pandemic as effectively and swiftly as possible. 

 

Running Title: SARS-COV-2 evolution via continuous branching 
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L452R, E484Q, P681R, V1176F, V1264L, D63G, D63S
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INTRODUCTION 

The coronavirus disease 2019 (COVID-19) pandemic has resulted tragic loss of life, affected 

health care and crippled the economy around the world. Related to the impact on the economy, 

a recent estimate by International Monetary Fund indicates that failure to bring this pandemic 

under control will cost $5.3 trillions of US dollars in lost global growth over the next five year. 

Thus, it is highly important to control and end this pandemic as swiftly as possible. For this, 

we need to understand the culprit fully for considering and taking the most effective control 

measures against it. 

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is the culprit behind 

this devastating disease [1]. The virus has yielded many variants, including four variants of 

concern as designated by the WHO: a (B.1.1.7) [2], b (B.1.351) [3], g (P.1) [4] and d (B.1.617.2) 

[5]. One amazing feature about these variants of concern share is that they emerged from 

complete obscurity and then rapidly rose to the status of major pandemic drivers. One important 

question is what genetic features make such variants become pandemic drivers. To understand 

this question, I have tracked SARS-COV-2 genomes in the GISAID database [6]. I have 

recently found that d variant has evolved actively and yielded four subvariants (d1, d2, d3 and 

d4) in India [7]. Among them, d1 has emerged as the major pandemic driver and d2 has played 

a less important role, whereas d3 and d4 have gradually faded away [7]. This emerging theme 

about d variant is also true across Europe [7], with d1 becoming almost the sole pandemic 

driver in the United Kingdom and Spain. A relevant question is how these d subvariants have 

contributed to the pandemic in many other countries around the world.  

Related to this, I tried to understand how the subvariants have driven the pandemic in 

the USA. Along with numerous variants of interest, all four variants of concern have spread to 

the country and contributed to the pandemic there. While extremely devastating to the country, 

this also provides a unique opportunity to understand relative virulence of different variants 

under the same social, political and geological contexts. Moreover, the fully vaccinated 

population has reached 55.7% in the country, and 13.3% of its entire population has been 

infected by the virus (according to Our World in Data, https://ourworldindata.org/; accessed on 

October 10, 2021). Thus, the herd immunity level is in the range from 61.4% (if the recovered 

population has received vaccination as the general population) to 69% (if no recovered 

individuals have received vaccination). This thus offers a unique opportunity to examine how 

different variants may proliferate under such an immunity pressure.  

Here I demonstrate that d has also become the predominant pandemic driver in the USA. 

It started to emerge in May 2021. It is present in ~99% cases identified in September and has 

become almost the sole pandemic driver. This may be in part because the herd immunity level 

in the country has exerted negative selection against other variants. Notably, as has occurred in 

India and Europe [7], d1, but not d2, d3 and d4, has risen exponentially in the USA. Moreover, 
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both d1 and d2 subvariants have evolved further and gained additional mutations through a 

continuously branching model. Therefore, necessary measures are urgently needed to track and 

block evolution of d subvariants so that this devastating pandemic will subside and end as 

swiftly as possible. 

 

RESULTS AND DISCUSSION  

d variant of SARS-COV-2 is the most powerful pandemic driver identified in the USA 

As shown in Fig. 1A, there have been multiple waves of COVID-19 cases in the country, with 

the strongest one occurring from September 2020 through March 2021. The current wave 

started in June 2021 and formed a peak at the beginning of September. An important question 

is how SARS-COV-2 variants contributed to the different waves in the country. To answer this 

question, it is necessary to deconvolve the epidemiological curve at the genomic level. Of 

relevance, the country has contributed to ~28% of all genome sequences in the GISAID 

database (Fig. 1B), and genomic surveillance depth reached almost 10% in the summer of 2021 

(Fig. 1C). Thus, SARS-COV-2 genomes from the country provide a rich resource for tracking 

how the variants have driven the epidemiological curve there. Moreover, the vaccination rate 

has reached over 50% (Fig. 1A; Our World in Data, https://ourworldindata.org/). The herd 

immunity level in the country should be much higher than this as there is natural immunity in 

the infected population (13.3% of the entire population, Our World in Data). Thus, it is also 

possible to extract insights into how different variants fare with a population at such an 

immunity level. 

As shown in Fig. 1D-F, a variant was a major driver behind the pandemic wave that 

occurring in the spring and early summer for 2021. In May, it was responsible for 65% cases 

(Fig. 1D). Both Ida and g variants also made significant contributions, with each detected in 

10% genomes sequenced (Fig. 1D). In comparison, other variants, such as b, h, l and µ, only 

played very minor roles, with each corresponding to close to or less than 1% genomes 

sequenced in the country (Fig. 1F). Fortunately, perhaps due to progress of vaccination, these 

variants all faded away (Fig. 1E-F). One only exception is d variant, which was still obscure in 

March and April 2021 but rose exponentially afterwards. In August and September, it became 

almost the sole pandemic driver in the country (Fig. 1D-E). In comparison, no other variants, 

including a, reached such a predominant status. Strikingly, k variant shares multiple mutations 

with d variant (e.g. spike T19R, G142D, L452R, P681R and D950N, as well as nucleocapsid 

D63G, R203M and D377Y), but it is only responsible for a very minor portion of cases (Fig. 

1F). Amazingly, few k genomes were reported from the country after July 2021 (Fig. 1F). Such 

a drastic difference between these two variants in terms of their potential to become major 

pandemic drivers is quite puzzling. Together, these results raise an intriguing question about 
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what makes d variant so competitive and powerful in driving the pandemic in the USA and 

other countries around the world. 

Related to this question, d variant has evolved and yielded four subvariants (d1, d2, d3 

and d4) in India [7]. Among them, d1 has emerged as the major pandemic driver and d2 plays 

a much less important role, whereas d3 and d4 have gradually faded away [7]. This emerging 

theme about d variant is also true in Europe [7]. By analogy, I thus postulated that d1 and d2 

subvariants have driven the pandemic in the USA. 

 

d1 subvariant rapidly emerged as a dominant pandemic driver in the USA 

To test this hypothesis, I downloaded d genomes from the GISAID database for mutation 

profiling via Coronapp [8,9]. There are over 0.5 million d genomes sequenced in the USA, so 

it would need lots of computing power to process all of them. To simplify the analysis, I started 

with those d genomes identified in the country by April 2021 because the corresponding initial 

COVID-19 cases served as seeds for subsequent cases detected in the country. As shown in 

Fig. 2A, the initial genomes mainly two large groups. One of them encodes P822L of NSP3 

and the other possesses the three mutations for A488S, P122L and P1469S of NSP3. As 

described in the previous study [7], the latter group corresponds to d1 subvariant, whereas the 

former group is composed of d2, d3 and d4 subvariants belongs to the former group. As shown 

in Fig. 2B, spike K77T and A222V, which are markers of d4 and d2 subvariants, respectively 

[7],  are encoded by two subsets of the initial genomes. Moreover, G215C and R385K, which 

are markers of d4 and d2 subvariants, respectively [7], are also encodes by subsets of the 

genomes (Fig. 2C). Thus, the initial genomes encode all four d subvariants. In terms of 

abundance, ~30% of the genomes are for d1 subvariant and ~20% of them are for d2 or d3 

subvariant, but ~5% of the genomes are for d4 subvariant (Fig. 2B-C). These results also 

indicate that at this initial stage, the abundance difference among the four subvariants was not 

so dramatic.  

The average mutation load of these initial d-genomes is 37 per genome (Fig. 3A). In 

comparison, k genomes identified around the same time carry 31 mutations per genome (Fig. 

3B). Thus, on the average, d possesses ~6 more mutations than k variant. This may partly 

explain why k variant has not been successful in spreading from India to the USA and causing 

major outbreaks there. Indeed, despite being a major driver in India, k variant has not been so 

successful in causing outbreaks in Europe [7] and many other countries. Analysis of a-genomes 

revealed a mutation load of 37 per genome (Fig. 3C), which is similar to what d carries (Fig. 

3A). Thus, the mutation load may be one criterion to judge whether a variant has the potential 

to be a pandemic driver. Related to this, one hallmark of the four Variants of Concern is their 

high mutation loads. But this should not be used as the sole criterion because the quality of 

each mutation and the combination of different mutations are two other important criteria. 
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To substantiate the results from mutation profiling (Fig. 2), I carried out phylogenetic 

analysis of 356 d genomes identified in the USA by April 20, 2021. For this, only high-

coverage genomes with complete date information on sample collection were used. The results 

indicate that these genomes form five distinct groups corresponding to d1, d2, pre-d3, d3 and 

d4 (Fig. 3D). This is similar to what was observed with d-genomes identified in India and 

Europe by April 2021 [7]. Thus, the initial d genomes identified in the country by April 2021 

form 5 distinct groups. Four of them corresponding to d1, d2, d3 and d4, whereas the fifth one 

is related to d3. 

Interestingly, also as has occurred in India and Europe [7], cases with d2, d3 and d4 

genomes peaked in June or July 2021 but then declined (Fig. 3E-F). By contrast, the number 

of d1 genomes increased exponentially after May 2021 and became responsible for close to or 

over 80% cases in August and September (Fig. 3E-F). The remaining portion was mainly d2, 

where d3 and d4 genomes were hardly detectable in August and September 2021 (Fig. 3E-F). 

This dramatic rise of d1 in the USA from complete obscurity in such a short period of a few 

months is astonishing. However, it is very similar to what has occurred in India and across 

Europe [7]. These findings also support that unique mutations in d1 variant make it much more 

competitive than the other three subvariants. One difference is that d1 variant possesses three 

NSP3 substitutions whereas d2, d3 and d4 subvariants carry only one NSP3 substitution (Fig. 

2A). The other difference is that d1 variant harbors nucleocapsid G215C, which is absent in d2, 

d3 and d4 subvariants. Thus, in addition to altering spike protein, SARS-COV-2 may finetune 

functions of NSP3 and nucleocapsid proteins as important mechanisms to improve its fitness.  

 

Both d1 and d2 subvariants have evolved further and yielded sublineages in the USA 

To investigate how d1 subvariant has evolved, I carried out mutation profiling of 1,086 d1 

genomes identified in the USA from September 09-14, 2021. As shown in Fig. 4A, ~20% of 

the genomes carry A1537S and/or A1736V of NSP3. This is intriguing and raises the question 

whether these two substitutions are present in all of the 20% genomes. In the GISAID database 

(accessed on October 09, 2021), there are 17,961 and 80,262 d1 genomes encoding A1537S 

and A1736V, respectively, but there are only 3,841 d1 genomes carring both. These 

observations suggest that d1 acquired A1537S and A1736V independently before obtaining the 

second substitution to yield the sublineage with both. Thus, d1 has evolved and yielded three 

sublineages encoding A1537S and/or A1736V (Fig. 4B). Due to its potential virulence, the 

sublineage with both A1537S and A1736V is referred to as d1S (the letter S is to denote S1537) 

and will be analyzed below. In addition, d1 has also acquired spike S112L, Q613H and V1104L 

(Fig. 4B), or nucleocapsid R208S (Fig. 4C), in very small subsets of genomes. 

To investigate how d2 subvariant has evolved, I carried out mutation profiling of 1,231 

d2 genomes identified in the USA from September 09-14, 2021. As shown in Fig. 5A, one 
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sublineage stood out, corresponding to a third of the genomes analyzed. It encodes E815D of 

NSP3. A1537S of NSP3 is present in a much smaller subset of genomes (Fig. 5A). As shown 

in Fig. 5B, spike V289I and V1264L are present in about a third of the genomes, with N1047S 

in about 15% genomes. Intriguingly, G18V is present in about a third of genomes (Fig. 4C). 

As E815D of NSP3, spike V289I and V1264L, and G18V of nucleocapsid are present in a 

similar number of d2 genomes, some of these substitutions may be encoded by the same subset 

of genomes. To verify this, I inspected mutations in different subsets of d2 genomes and found 

that E815D, V289I and G18V are present in the same subset of d2-genomes whereas V1264L-

encoding genomes forms a distinct subset. These two subsets encode two new d2 sublineages, 

referred to as d2D and d2L, where the letters D and L denote D815 of NSP3 and L1264 of 

spike protein, respectively. G18V-encoding d2 genomes were identified before V289I-

encoding ones appeared. Afterwards, d2D genomes encoding all three substitutions were 

identified. Thus, d2 subvariant has acquired G18V, V289I and E815D in a sequential manner.  

 A V1264L-encoding sublinage, d1L, has been a major pandemic driver in Southeast 

Asia [10], so emergence of the V1264L-encoding sublinage, d2L, is alarming. A subset of d2L 

genomes encode N1047S (Fig. 5B). As described in another study [10], this substitution 

confers evolutionary advantage to d2L. Thus, d2 subvariant has evolved further and produced 

two new sublineages in the USA. 

As shown in Fig. 6A-B, the average mutation loads in d1- and d2-genomes identified 

in the USA during the second week of September 2021 are 44 and 39, respectively. Alarmingly, 

the mutation load in d2S genomes (encoding both A1537S and A1736V, Fig. 4A) load of 46-

47 per genome makes this lineage one of the most mutated SARS-COV-2 variant identified so 

far. A V1176F-encoding sublineage, d1F, is the most actively evolving SARS-COV variant 

identified so far, with an average mutation load of ~50 mutations per genome [11]. In 

comparison, the mutation load is 47 per genome for C.1.2 variant, reported to be the most 

mutated variant [12,13]. There are several d1 sublineages carrying 46-49 mutations per genome 

[7,10]. Thus, d2S is one of the most mutated SARS-COV-2 lineages. 

In comparison, d2D carries 41 mutations per genome, which low compared to the 

sublineages mentioned above. However, monthly distribution of d2 subvariant and d2D 

revealed that the extra substitutions make this sublineage more virulent than d2 subvariant itself. 

The first three d2D genomes were identified in North Carolina, Texas and Florida in May 2021. 

As of October 09, 2021, there are 18,343 such genomes in the GISAID database, with 5,625 

from Florida (30.7%). In the state, 503 out of 5,048 genomes (~10%) identified in September 

are due to d2D. Thus, this new lineage has played a significant role in driving the pandemic 

there. As shown in Fig. 6E, d2D has evolved further and gained additional substitutions in 

small subsets of its genomes. More alarmingly, eight d2D genomes identified in Texas in 

August and September 2021 encode spike V1176F. All of them also carries T141I of 
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nucleocapsid protein.  Moreover, four d2D genomes identified in Illinois, Ohio and New York 

in August and September 2021 encode V1264L. Both V1176F and V1264L confer 

evolutionary advantage [10,11], so it will be important to track how d2D and its sublineages 

will evolve. 

 

d1 and d2 alter nucleocapsid and NSP3 as important mechanisms to improve viral fitness  

Compared to parental d variant, both d1 and d2 subvariants have gained additional substitutions. 

G215 of nucleocapsid is located at an a-helix and G215C may improve the structure of this 

helix (Fig. 7A). This is a signature substitution of d1 subvariant and absent in d2 subvariant 

(Figs 2 & 4-5) [7]. Thus, G215C may be one of different reasons that d1 is much more virulent 

than d2. If so, nucleocapsid alteration is an important mechanism by which SARS-COV-2 

improves its fitness. Related to this, d variant carries three other nucleocapsid substitutions, 

D63G, R203M and D377Y (Fig. 2C), located at three different domains of the protein (Fig. 

7A). Moreover, R385K is a signature substitution of d3 subvariant (Fig. 2C) [7]. d1 subvariant 

has evolved further and yielded new sublineages in the USA (Figs 4 & S2). In a subset of d1S 

genomes, D63G is replaced by D63S (Fig. S2C). This is significant as D63 is located in the N-

terminal domain and directly involved in RNA binding [14]. D63G may interfere with RNA 

binding [14], so it is quite puzzling why d1 variant has acquired such a substitution. One 

possibility is that D63G is due to a passenger mutation and thus serves an ‘evolutionary trap’ 

that the variant enters accidentally. In this regard, D63S is expected to be more favorable for 

RNA interaction than D63G and may thus improve viral fitness of d1S.  

Like d1 subvariant, d2 subvariant has also evolved further and yielded sublineages in 

the USA (Figs 5 & 6D-E). G18V of nucleocapsid is encoded in a third of d2D genomes 

analyzed (Fig. 5C). G18 of nucleocapsid is close to the N-terminal tail, a known immune 

epitope, so G18V may confer immune evasion. Thus, this reiterates that during evolution, d 

variant often acquires nucleocapsid substitutions as an important mechanism to improve viral 

fitness. In support for the importance of nucleocapsid alteration during SARS-COV-2 

evolution, genetic screens with an artificially weakened b-coronavirus revealed that its 

nucleocapsid gene is frequently mutated during evolution in cultured cells [15,16]. Strikingly, 

some of the mutations from the screens are reminiscent of R203M in d and k variants and 

similar to R203K in a and g variants of concern.  

The genetic screens also uncovered NSP3 gene mutations [15,16], thereby supporting 

that d variant may acquire NSP3 substitutions as an important mechanism to improve viral 

fitness. Related to this, d1 subvariant carries A488S, P822L and P1469S, whereas d2 subvariant 

encodes P822L (Fig. 2A). Different d1 sublineages have acquired H1307Y, A1537S, W1545L 

and/or A1736V (Figs 4 & S2). One such sublineage encodes both A1537S and A1736V (Fig. 

S2). Strikingly, this sublineage carries a mutation load of 46-47 per genome (Fig. 6C), making 
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it one of the most mutated SARS-COV-2 variant identified so far. Moreover, a subset of the 

genomes encode D63S, rather than D63G, of nucleocapsid. Similar to d1, d2 subvariant has 

also produced new sublineages with additional NSP3 substitutions (Fig. 5). The most 

prominent one is d2D, which carries E815D of NSP3. E815 forms a salt bridge with K610 and 

may clash with E812. Thus, E815D may improve the local structure. This region is close to 

P822 (Fig. 6B), is replaced by leucine in d2 subvariant. Thus, E815D may synergize with 

P822L to improve the fitness of d2D. This d2 sublineage also encodes G18V of nucleocapsid 

and V289I of spike protein. As shown in Fig. 6C, V289 is close to L276 and F306, so V289I 

may improve hydrophobic interaction among these three residues. New genomes identified in 

September 2021 revealed that d2D has evolved further and acquired virulent substitutions such 

as V1176F and V1264L. Thus, it will be important to watch out this sublineage. 

 

d variant evolves and generates sublineages through a continuously branching model 

d variant has evolved dynamically and yielded four subvariants (d1, d2, d3 and d4) in India [7]. 

All of them have been detected in the USA (Fig. 3E), but d1 has emerged as the dominant 

pandemic driver there. It is now responsible for >80% cases, whereas d2 is present in ~10% 

cases (Fig. 3F). This emerging theme about d subvariants is also true in Europe [7], with d1 

becoming almost the sole pandemic driver in the United Kingdom and Spain. Based on their 

temporal abundance from March to September 2021, it is tempting to propose the relative 

virulence of the subvariants as compared to d variant itself and a variant (Fig. 7D). 

d1 subvariant has evolved further, gained additional mutations (Fig. 4) and yielded new 

sublineages (Fig. 7E). Among these sublineages are d1-A1537S and d1-A1736V, which 

account for a significant portion of d1 genomes (Fig. 4). Moreover, d1S encodes both A1537S 

and A1736V (Fig. 7E). d1S has evolved further and gained new substitutions, such as H1307Y 

of NSP3 and D63S of nucleocapsid (Fig. S2), further attesting to the continuously evolving 

nature of SARS-COV-2. Like d1 subvariant, d2 subvariant has evolved further and gained 

additional mutations (Fig. 5). One resulting sublineage is d2D, encoding E815D of NSP3, spike 

V289I and nucleocapsid G18V (Figs 5 & 6E). Alarmingly, this lineage is more virulent than 

d2 subvariant itself (Fig. 6D). Furthermore, d2D has recently gained additional substitutions, 

such as spike D253G and D1259Y (Fig. 6E). Moreover, V1176F and V1264L, two virulent 

spike substitutions [10,11], are present in 12 d2D genomes identified in the USA from August 

to September 2021. These observations suggest that d2D is on the way to become even more 

virulent. Thus, this is perhaps the most dangerous d2 sublineage identified so far. 

d1L is a major pandemic driver in Southeast Asia [10] and has been detected in a small 

portion of cases identified in the USA at the beginning of September 2021 (Fig. 4B). This 

lineage has been a key pandemic driver in Indonesia, Singapore, Malaysia and East Timor [10], 

so it is wise to watch out this emerging d1-sublineage while following those that have recently 
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emerged inside the USA (e.g., d1S and d2D). Emergence of different d1 and d2 sublineages in 

the USA and other countries supports that SARS-COV-2 generates variants by evolving and 

branching out continuously (Fig. 7E). Some of the variants are selected and emerge as major 

pandemic drivers. Deep genomic surveillance and systematic genomic annotation should help 

identify such drivers at the initial stages when they are about to cause major outbreaks. Overall, 

to help end this tragic pandemic swiftly, it is important to track and block the continual 

evolutionary process of SARS-COV-2 (Fig. 7E). 
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MATERIALS AND METHODS 

SARS-COV-2 genome sequences, mutational profiling and phylogenetic analysis 

The genomes were downloaded the GISAID database on the dates specified in the figure 

legends. CoVsurver (https://www.gisaid.org/epiflu-applications/covsurver-mutations-app/) 

was used to analyze mutations on representative SARS-COV-2 genomes. Fasta files containing 

specific groups of genomes were downloaded from the GISAID database. During downloading, 

each empty space in the Fasta file headers was replaced by an underscore because such a space 

makes the files incompatible for subsequent mutational profiling, sequence alignment and 

phylogenetic analysis, as described with details in another study [7]. The Fasta headers were 

shortened and modified further [7]. The cleaned Fasta file was used for mutational profiling 

via Coronapp (http://giorgilab.unibo.it/coronannotator/), a web-based mutation annotation 

application [8,9]. The cleaned Fasta file was also uploaded onto SnapGene (version 5.3.2) for 

multisequence alignment via the MAFFT tool. RAxML-NG version 0.9.0 [17] was used for 

phylogenetic analysis as described [7]. 

 

Defining different variant genomes using various markers 

a, b, g, d and other variant genomes were downloaded from the GISAID database as defined 

by the server. d subvariant genomes were defined as described [7]. Briefly, nucleocapsid 

substitutions G215C and R385K (Table 1) were used as markers for d1 or d3 genomes, 

respectively. Spike substitutions A222V and K77T were used as markers for d2 or d4 genomes, 

respectively. In Europe, there are many d1V genomes that also encode spike A222V, so the 

NSP3 substitution P822L was used together with spike A222V to identify d2 genomes. As 

discussed previously [7], there are several limitations with these markers. But they should not 

affect the overall conclusions. 
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PyMol structural modeling 

The PyMol molecular graphics system (version 2.4.2, https://pymol.org/2/) from Schrödinger, 

Inc. was used for downloading structure files from the PDB database for further analysis and 

image generation. Structural images were cropped via Adobe Photoshop for further 

presentation through Illustrator. 

 

Pandemic and vaccination data 

Pandemic and vaccination data were downloaded from the Our World in Data website as 

described [7]. 
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FIGURE LEGENDS  

Figure 1. a and d variants of SARS-COV-2 as key pandemic drivers in the USA during 2021. 

(A) Epidemiological curve and vaccination progress in the country. While different variants, 

including a, b, g and Ida, drove the pandemic in the spring and early summer for 2021, d variant 

is the predominant driver of the latest wave. Despite up to ~50% full vaccination, the current 

wave is much more powerful than the previous one, supporting high virulence of d variant. The 

entire pandemic is divided into pre-VOC (Variant of Concern) and VOC phases. The peak 

dates of the waves are indicated, with the latest peak occurred at the beginning of September 

2021. (B) Genomic surveillance depth in the USA compared to that in the world, United 

Kingdom, Europe and Asia. (C) Genomic surveillance depth in the USA steadily increased 

from ~0.5% at the end of 2020 to ~10% in the summer of 2021. (D-F) Temporal distribution 

of different variants detected in the USA. Except for d, all other variants have gradually faded 

away. In August and September 2021, d became almost the sole pandemic driver. No other 

variants have been so predominant during the pandemic, attesting to the uniqueness of this 

variant. For preparation of panel A, the Our World in Data website (https://ourworldindata.org/) 

was accessed on September 18, 2021, and for preparation of panels B-F, the GISAID database 

was accessed on the same day. Note that the values for August 2021 in panel C and for 

September 2021 in panels C, D & F were not complete yet when the website and database were 

accessed. 

 

Figure 2 Mutation profile of 902 d-genomes identified in the USA by April 2021. The genomes 

were downloaded from the GISAID SARS-COV-2 genome sequence database on September 

15, 2021 for mutation profiling via Coronapp [8,9]. Shown in (A), (B) and (C) are substitutions 

in NSP3, spike and nucleocapsid proteins, respectively.  

 

Figure 3 Analysis of SARS-COV-2 genomes identified in the USA. (A) Mutation load in 902 

d genomes sequenced in the country by April 2021. The distribution was generated via 

Coronapp as in Fig. 2, but only the mutation load is shown here. (B) Mutation load in 270 k-

genomes identified in the country by April 2021. The distribution was generated via Coronapp, 

but only the mutation load is shown here. (C) Mutation load in 544 a genomes identified in 

the country April 30, 2021. The distribution was generated via Coronapp, but only the mutation 

load is shown here. (D) Phylogenetic analysis of 356 d-genomes identified in the USA by April 

20, 2021. The genomes were downloaded from the GISAID database on September 18, 2021. 

Only high-coverage genomes with complete date information on sample collection were used 

for phylogenetic analysis. The package RAxML-NG was used to generate this bestTree and 20 

maximum likelihood trees for presentation via FigTree. The strain names and GISAID 

accession numbers of the genomes are provided in Figure S1. (E-F) Monthly distribution of d 
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variant and its subvariants. For the analyses, the GISAID database was accessed on September 

15, 2021 (panels A & D); September 18, 2021 (E-F) and September 19, 2021 (B-C). d 

subvariants are defined as in another study [7]. The value for September 2021 was not complete 

(indicated by an asterisk in panel E) when the database was accessed. 

 

Figure 4 Mutation profile of 1,086 d1 genomes identified in the USA from September 9-14, 

2021. The genomes were downloaded from the GISAID database on September 19, 2021 for 

mutation profiling via Coronapp [8,9]. Shown in (A), (B) and (C) are substitutions in NSP3, 

spike and nucleocapsid proteins, respectively. d1 subvariant is defined as in another study [7]. 

 

Figure 5 Mutation profiles of 1,231 d2 genomes identified in the USA. d2 genomes identified 

from September 09-14, 2021 and submitted by September 30, 2021 were downloaded from the 

GISAID database on October 09, 2021 for mutation profiling via Coronapp [8,9]. Shown in 

(A), (B) and (C) are substitutions in NSP3, spike and nucleocapsid proteins, respectively. d2 

subvariant is defined as in another study [7]. 

 

Figure 6. Mutation load in d1/2 subvariants and analysis of their sublineages. (A) Mutation 

load in 1,086 d1-genomes identified in the country. The distribution was generated via 

Coronapp as Fig. 4, but the mutation load is shown here. (B) Mutation load in 1,231 d2 

genomes identified in the USA. The distribution was generated via Coronapp as Fig. 5, but the 

mutation load is shown here. The mutation load in d1 genomes (A) is 4-5 mutations more than 

that in d2 genomes (B). Compared to parental d variant, all d1 and d2 genomes carry 4 and 3 

extra NSP3 gene mutations, respectively (Figs 4A & 5A). While d2 genomes encode spike 

A222V as an extra substitution (Figs 4B & 5B), d1 subvariant possesses G215C as an extra 

nucleocapsid substitution (Figs 4C & 5C). Thus, mutations in genes for NSP3, spike and 

nucleocapsid proteins do not explain fully the mutation load difference between d1- and d2-

genomes. (C) Mutation load in 1,041 d2S-genomes identified in the USA. d2S-genomes 

encode both A1537S and A1736V of NSP3. The genomes were downloaded from the GISAID 

SARS-COV-2 genome sequence database on October 09, 2021 for mutation profiling via 

Coronapp [8,9]. The average mutation load of 46-47 per genome makes this lineage one of the 

most mutated SARS-COV-2 variant identified so far. NSP3, spike and nucleocapsid 

substitutions are provided in Fig. S2. (D) Monthly distribution of d2 subvariant and a 

sublineage (d2D) encoding E815D of NSP3. For the analyses, the GISAID website was 

accessed on October 09, 2021. d2 subvariant is defined as in another study [7]. The sublineage 

encodes an extra NSP3 substitution, E815D. (E) Mutation profile of 663 V289I-encoding d2-

genomes identified in the USA after September 16, 2021. The genomes were downloaded from 
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the GISAID SARS-COV-2 genome sequence database on October 09, 2021 for mutation 

profiling via Coronapp [8,9]. Shown here are substitutions in spike protein. 

 

Figure 7 Mechanistic impact of substitutions in d variant and a continuously branching model 

on its evolution. (A-B) Structural details of nucleocapsid and NSP3 residues altered in d variant 

and its subvariants. Panels A-B are based on PyMol presentation of structural models, 

QHD43423.pdb and QHD43415.pdb (https://zhanglab.ccmb.med.umich.edu/COVID-19/), 

respectively. Both were built by Dr. Yang Zhang’s group at University of Michigan. The 

former was rom crystal structures of the N- and C-terminal RNA-binding domains of 

nucleocapsid protein (6M3M and 6YUN from the PDP database, respectively). (C) Structural 

details of spike V289 and its neighboring residues. Adapted from PyMol presentation of the 

spike protein structure 6XR8 from the PDB database. (D) Relative virulence of d variant and 

its subvariants compared to a variant. (E) A continuously branching model about how d variant 

evolves and generates subvariants. It has evolved actively and yielded four subvariants (d1, d2, 

d3 and d4) in India [7]. All of them have been detected in the USA (Fig. 3D), but only d1 has 

emerged as the major pandemic driver there. This emerging theme about d subvariants is also 

true in Europe [7], with d1 becoming almost the sole pandemic driver in the United Kingdom 

and Spain. d1 and d2 subvariants have evolved and gained additional mutations, but the 

sublineages are still minor (Figs 4-5). d1L is a major pandemic driver in Southeast Asia [10]. 
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SUPPLEMENTAL INFORMATION 

This section includes two supplementary figures and six acknowledgement tables for the 

GISAID genomes used in this work. 

 

SUPPLEMENTAL FIGURE LEGENDS  

Figure S1. Phylogenetic analysis of 356 d-genomes identified in the USA by April 20, 2021. 

The genomes were downloaded from the GISAID database for phylogenetic analysis as in Fig. 

3D. Only high-coverage genomes with complete date information on sample collection were 

used. The package RAxML-NG was used to generate 20 maximum likelihood trees and the 

bestTree for presentation via FigTree. 

 

Figure S2 Mutation profiling of 1,041 d1S-genomes identified in the USA after September 01, 

2021. d1S genomes encode two additional substitutions of NSP3, A1537S and A1736V. The 

genomes were downloaded from the GISAID sequence database on October 09, 2021 for 

mutation profiling via Coronapp [8,9]. The average mutation load of 46-47 per genome (Fig. 

6C) makes d2S one of the most mutated SARS-COV-2 variants identified so far. Note that in a 

subset of the genomes, D63G of nucleocapsid is replaced by D63S. D63G is a signature 

substitution of d1 variant. D63 is located within the N-terminal RNA-bidning domain (Fig. 7A) 

and directly involved in RNA binding. D63G may affect this binding [14], whereas D63S may 

be more favorable for RNA interaction than D63G and thus improve viral fitness of d1S.  
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