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Abstract: Next-generation sequencing (NGS), with Illumina sequencing being the most well-known and most 

widely used NGS platform, is a high-throughput DNA (or RNA) sequencing technology that allows massive 

parallel sequencing. There are numerous applications of NGS, with some of them being related to the 

pandemics or epidemics caused by viral infection, and an example of that is the coronavirus disease 2019 

(COVID-19), which is a pandemic that began in December 2019 caused by a novel coronavirus—the severe 

acute respiratory syndrome coronavirus 2 (SARS-CoV-2). This review then focuses on the discussion of how 

NGS technology has been applied to the study of the COVID-19 pandemic. Specifically, the review describes 

the applications of NGS in whole-genome sequencing of SARS-CoV-2, identification of novel COVID-19 viral 

mutations, tracking the variant viral lineages, and providing insights into the origin and transmission pattern 

of the current pandemic. 
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1. SARS-CoV-2 Molecular Biology & Infection

1.1. Molecular Biology of SARS-CoV-2 

Coronavirus disease 2019 (COVID-19) emerging in December 2019 is caused by a novel coronavirus—the 

severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) [1]. The disease initially appeared in Wuhan 

city, Hubei province in China, and then outbroke into a global pandemic [1]. People contracting SARS-CoV-2 

can present fever, upper or lower respiratory tract symptoms, pneumonia and etc., and under severe 

conditions, death can be resulted [2]. The genetic material of SARS-CoV-2 is a single-stranded positive-sense 

genomic RNA stabilized by nucleocapsid proteins (N proteins) and encapsulated by a viral envelop [3]. The 

envelop has three structural proteins on it: membrane protein (M protein), spike protein (S protein) and 

envelope protein (E protein) [3]. The way that SARS-CoV-2 enters the host cells is via the transmembrane S 

protein, which is composed of two subunits, S1 and S2. The S1 subunit contains the receptor-binding domain 

(RBD), whereas S2 subunit has the fusion peptide (FP) [4]. The fusion is triggered when RBD on S1 subunit 

binds to the angiotensin-converting enzyme 2 receptor (ACE2 receptor), which results in cleavage at S1/S2 

cleavage site [5]. A subsequent cleavage at the S2’ site activates the fusion machinery, which fuses the viral 

membrane with the host cell membrane to let the virus enter the host cell [5]. Following the entry, the viral 

genomic RNA undergoes translation and produces pp1a and pp1ab which are further processed into viral 

replication and transcription-polymerase [6]. During the transcription of viral genomic RNA, a set of 

subgenomic mRNA (sg mRNA) is generated to be translated later into different viral structural proteins [7]. 

The replicated viral RNA bound by N proteins enters the ER-Golgi intermediate cavity, which is then 
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assembled with other structural proteins (S, M, E proteins) into an entire virus, and eventually, the virus exits 

the host cell by exocytosis [7]. After releasing hundreds of viruses, the host cell usually dies owing to running 

out of resources or being killed by the immune system, and this is how SARS-CoV-2 causes cell/tissue damage. 

1.2. Infection Mechanism & Immune Responses 

When SARS-CoV-2 viruses enter the lungs and encounter the alveolar macrophages or dendritic cells, they 

will be engulfed by those cells via the interaction between pathogen-associated molecular patterns (PAMPs) 

and pattern recognition receptors (PRR) [8]. Inside the dendritic cells, the viral RNA will trigger type I 

interferon production, which in turn activates natural killer cells. In addition, the viral particles will be 

combined with dendritic cells’ type I and type II major histocompatibility (MHCI & MCHII) and will be 

presented on dendritic cells’ membrane [9]. The dendritic cells then mature and migrate to lymph nodes, 

where they present the antigen to naï ve CD4+ T cells [10]. The naï ve CD4+ T cells’ T cell receptor (TCR) binds 

to the antigen-MHCII complex and differentiates into T follicular helper cells (Tfh cells) or type I helper T cells 

(Th1 cells) with the co-stimulatory signal and cytokines released by dendritic cells [11]. Tfh promotes B cells 

to proliferate and differentiate into memory B cells or plasma cells to produce antibodies, and Th1 cells co-

activate CD8+ T cells to cytotoxic T cells when the TCR of CD8+ T cells bind with MHCI-antigen complex on 

dendritic cells [12].  

With natural killer cells, cytotoxic T cells and the neutralizing antibodies produced by plasma cells, SARS-

CoV-2 infection should be under the control by immune system in theory. However, SARS-CoV-2 virus is 

capable of evading the innate immune system, resulting in failure to prime the adaptive immunity and hence 

the increasing the severity of infection [13]. 

2. Next-Generation Sequencing—Background, Principle and Method 

2.1. Background of NGS 

DNA sequencing is the decryption of the nucleotide sequence in DNA, and the current DNA sequencing 

method used by most biologists is the next generation sequencing (NGS) that is derived from the first-

generation sequencing technologies developed in 1970s, which include Sanger sequencing and Maxam-

Gilbert sequencing [14]. Maxam-Gilbert sequencing involves chemical modification on DNA and subsequent 

cleavage of the DNA backbone on the sites of modification, and the one end of each DNA fragment generated 

by cleavage is labeled with radioactive substance. Sanger sequencing uses terminating nucleotides 

(dideoxynucleotide triphosphates (ddNTPs)) that have a terminator on their 3’ hydroxyl group which 

prevents DNA polymerase to extend the chain, and these terminating nucleotides are also fluorescently 

labeled for detection [14]. These two first generation sequencing methods were utilized until the emergence 

of NGS, also known as “second generation sequencing”, which can be further divided into two categories: 

sequencing by hybridization (SBH) and sequencing by synthesis (SBS) [14]. SBH utilizes hybridization 

between oligonucleotides and the sample DNA that needs to be sequenced, whereby the overlapping regions 

between those oligonucleotides that have successfully hybridized to the sample DNA are assembled together 

to form a larger continuous sequence [15]. SBS, with Illumina Sequencing by Synthesis being the most known 

version, is an improved version of Sanger sequencing, and it is also the most widely used sequencing method 

today  

2.2. Workflow of Illumina NGS 

The workflow of Illumina sequencing involves four main steps—library preparation, cluster generation, 

sequencing and data analysis [16]. In the library preparation stage, the DNA or cDNA sample (used for RNA 

sequencing) are randomly fragmented, and then both ends of the fragments are ligated with adapter 

sequences that consist of a capture sequence and a primer sequence, where capture sequence allows the 
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fragments to be captured by the oligo sequences in the flow cell and the primer sequence enables DNA 

polymerase to bind and to elongate the fragment. As for the cluster generation, the library of fragments are 

denatured from double-stranded to single-stranded and are then loaded into the flow cell, which is a glass 

slide with several lanes, each of which is randomly coated with oligos that are complementary to the capture 

sequence of the library fragments. Then DNA polymerases are added into the flow cell to elongate the library 

fragments that are bound to the oligos. After the polymerization, the original template strand (the bound 

library fragment) is washed away, whereas the newly synthesized strand is covalently attached to the flow 

cell surface. The newly synthesized strand now becomes a template strand, bending over with its capture 

sequence on its top hybridizing to a complementary oligo on the flow cell surface, forming a “single-stranded 

bridge”, and the DNA polymerase then elongates from the oligo and forms a new strand, generating a “double-

stranded bridge”. The “double-stranded bridge” is denatured, generating two copies of single strand that are 

covalently attached to the flow cell surface. The transition from “single-stranded bridge” to “double-stranded 

bridge” and again to “single-stranded bridge” is repeated until a cluster (about 1000 copies) of single-

stranded DNA forms which include both forward and reverse strands. The reverse strands are cleaved away, 

leaving only the forward strands. Then, the free 3’ ends are blocked to prevent unwanted DNA priming in the 

following sequencing stage, and primer sequences are hybridized onto the single strands for DNA polymerase 

to attach [16].  

There are four different nucleotides, adenine (A), guanine (G), thymine (T) and cytosine (C), and they are 

labeled with different fluorescent dye for their differentiation, but all of them have a terminator molecule 

attached on their 3’ carbon position. During sequencing, one fluorescently labeled terminator nucleotide is 

added at a time, and a picture of the clusters is taken. After that, the terminator molecule and the fluorescent 

dye are removed from the nucleotide, and next fluorescently labeled terminator nucleotide is added. Thus, by 

synthesizing the DNA strand, the sequence of that strand can be known based on the fluorescent dye color 

shown in the picture of each round. The last step is data analysis, where the newly identified sequences are 

assembled together are aligned with a reference genome, and by doing so mutations, such as point mutation, 

insertion and deletion, can possibly be found [16]. 

2.3. Advantages & Limitations of Illumina NGS 

One of the greatest breakthroughs by Illumina SBS is the parallel sequencing of millions of different DNA-

strand clusters on the flow cell surface, and this give rise to much higher throughput compared to that of 

Sanger sequencing—AmpliSeq of Illumina can produce around 300 kb with targeted resequencing (250 bp 

amplicon length X 1536 amplicons) from 10 ng DNA, whereas Sanger sequencing can only produce around 1 

kb from the same amount of DNA samples [17]. Despite the high throughput, Illumina SBS still has limitations, 

and the major one is the lack of synchrony for synthesis of DNA strands within a cluster. During the synthesis, 

the synthesis of some strands in a cluster may jump ahead and some may lag behind, and as synthesis goes 

on, more and more strands become asynchronized, and the asynchronized signals will aggravate to an extent 

that the true signal is overwhelmed. Hence, there is a length limit to Illumina SBS, which is from 200 to 400 

bases for most sequencing platforms of Illumina [18]. 

2.4. Nanopore NGS 

Besides Illumina SBS, nanopore sequencing is another NGS method (but instead of being “second 

which is one of the earliest researches for SARS-CoV-2 genome sequencing. Nanopore sequencing works by 

letting a single-stranded DNA that needs to be sequenced to pass through a nanopore—every time a 

nucleotide passes the pore, there will be a change in ion currents across the pore, with different nucleotides 

generating distinctive current changes, and by detecting these current changes, one can know the identity of 
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the nucleotide passing through the pore [19]. The greatest advantage of nanopore sequencing is its portability, 

and the largest limitation is its high error rate. Nevertheless, when nanopore sequencing is applied in 

combination with other sequencing method, such as Illumina SBS, in which the sequencing volume is high 

enough, that limitation can be circumvented [14]. 

3. NGS Assembly 

NGS provides short read sequences rather than the whole genome sequence, so in order to obtain sequence 

for the whole genome, NGS assembly is required, which is the reconstruction of sequence up to chromosome 

length [20]. The general process of NGS assembly is connecting contiguous short reads into longer reads 

(contigs), and then the contigs are joined together into even longer reads (scaffolds) [21]. There are four steps 

for NGS assembly: preprocessing filtering, graph construction, graph simplification, and post-processing 

filtering [21]. In preprocessing filtering stage, the erroneous reads are corrected or eliminated, thereby 

 

There are four approaches for preprocessing filtering: K-spectrum approach, Suffix Tree/Array approach, 

Multiple Sequence Alignment approach (MSA), and Hybrid approach [21]. Graph construction also has four 

main methods: Overlap/Layout/Consensus (OLC) method, de Bruijn Graph (DBG) method, Greedy method, 

and Hybrid method [20]. Because Zhu et al.’s study in 2020 (one of the earliest researches on whole genome 

sequencing of SARS-CoV-2 as mentioned previously) utilized K-spectrum preprocessing filtering and DBG 

method on CLC Bio, the following discussion will mainly focus on these two [22]. K-spectrum preprocessing 

filtering approach works by extracting all k-mers (k stands for the length of a read) from the reads and then 

assigning each k-mer with a weight value (determined by the k-mer’s frequency and the quality scores of the 

weight value is below the threshold will be sent to correct their errors [21]. As for DBG graph construction 

method, it is based on K-mer graphs. The nodes in the graph represent the k-mers, with the forward neighbor 

of each node representing the first k-1 bases of the current node and the backward neighbor representing 

the last k-1 bases [22]. The edges in the graph denote the shared k-1 bases between two adjacent nodes [22]. 

In the graph simplification process, the K-mer graph is simplified by combining linearly connected n nodes 

with k bases into one node with k+n bases, but if there is an error or single nucleotide polymorphism (SNP), 

(a) bubble(s) (one line of nodes diverges into multiple paths and then converges back to one line again) will 

form in the graph [22]. The frequency of the multiple paths in the bubble scan be used to distinguish SNPs 

from errors—paths at equal frequency means SNPs, whereas if one path is at low frequency and the others 

have high frequency, the low-frequency path is highly likely a sequencing error [22]. If there are repeats in 

the reads, several paths in the graph will converge to one path (the repeat) and then diverges back to multiple 

paths [22]. To make repeat sequences less complicated, CLC bio increases k’s value with larger number of 

input reads—longer k-mers can more likely incorporate uniqueness of sequence, thereby reducing repeats 

in the graph [22].  

4. Application of NGS in COVID-19 

4.1. Identification of Novel Virus 

As what’s mentioned previously, Zhu, N., et al. conducted the first most prominent COVID-19 study, in which 
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minimizing the misassembled contigs in following steps [21]. After the preprocessing filtering, the short 

reads are stored in an abstract data structure, graph, which in this case is used to show relationship/similarity 

(edges) between different reads (nodes) [21]. The next stage, graph simplification, is simplifying the graph 

by reducing the number of edges and nodes and by eliminating erroneous reads. The final stage, post-

processing filtering, assembles short reads to contigs, filters out misassembled ones, and join contigs into 

scaffolds [21].

bases in that k-mer) [21]. The k-mers are then sorted based on their weight values, and all the k-mers whose 



  

they performed de novo sequencing of 2019-nCoV genome by Illumina and nanopore sequencing. In the study, 

three bronchoalveolar-lavage samples from patients with pneumonia of unknown cause were obtained from 

three patients and used a combination of Illumina sequencing and nanopore sequencing to figure out a 

genome from those RNA molecules. More than 20,000 viral reads were obtained, and they were assembled 

into contig map, which is a set of overlapping DNA segments used to construct a genome. With the majority 

of the sequence already deciphered by Illumina sequencing and nanopore sequencing, 5’- and 3’-RACE (rapid 

amplification of cDNA ends) was performed to fill in the gaps between contigs to obtain a full sequence of 

RNA. The complete genome sequences of the novel coronavirus obtained from the three patients showed 86.9% 

resemblance to the genome of a bat SARS-like coronavirus (bat-SL-CoVZC45, MG772933.1), and the three 

genomes all fall into sarbecovirus subgenus, which typically had the following genome organization: a 5’ 

untranslated region (UTR), replicase complex (ORF 1ab), S gene, E gene, M gene, N gene, 3’ UTR, and other 

unidentified sequences for non-structural proteins [1]. Despite the high similarity (86.9%) to the two bat 

coronavirus strains, because sequence of the conserved replicase complex domains (ORF 1ab) of the newly 

identified coronavirus is less than 90% identical to that of other members of beta-coronavirus, this virus is 

considered a novel beta-coronavirus. Thus, by using NGS with other supplementary methods (e.g. 5’- and 3’-

RACE), the complete genome of a virus can be obtained, and it can then be compared to the genomes of other 

previously identified viruses to see whether the new virus is novel. 

4.2. Detection of Viral Variants 

Not only can NGS be used for determining whether the virus is novel, but also can it be applied to identify 

and track new mutations of the virus. In principle, NGS is used to sequence new viral samples, and usually 

there is a reference genome for the new sequences to compare with. Different viruses, even the viruses of the 

same virus strain, can have differences in their sequences due to sequence variation caused by error-prone 

replication with or without proof-reading system as well as spontaneous editing and damage to nucleotides 

[23]. Some of the sequence variations can persist because they are advantageous for the virus to infect the 

hosts and replicate, and the viruses with those sequence variations will become dominant lineage of the 

originally identified virus strain. For the viruses that acquired undesired sequence variations, they will be 

outcompeted by the dominant lineages and will be wiped out eventually. D614G variant is an example of 

SARS-CoV-2 mutation, with Spike D614G amino acid change (change from D614 TO G614) caused by an A-G 

nucleotide mutation at position 23,402 in the first-identified Wuhan strain (the reference sequence) [24]. In 

the study conducted by Korber, B., et al., the way they identified SARS-CoV-2 mutations was to look at the 

SARS-CoV-2 sequences from Global Initiative for Sharing All Influenza Data (GISAID) database, to which 

hundreds of new SARS-CoV-2 sequences are added daily. The criterium that they set for a SARS-CoV-2 Spike 

mutation being worth to notice was that the sequence should differ more than 0.3% from the Wuhan 

reference sequence MN908947v3 [24], [25]. By examining the new sequences added to the GISAID that meet 

that criterium, Spike D614G variant was identified. The D614G variant was found to account for only 10% of 

the 997 global sequences before March 1, 2020, but it gradually became more prevalent and eventually 

dominant, representing 78% of the 12,194 global sequences between April 1 and May 18, 2020. The increase 

of D614G variant prevalence might be relevant to its higher viral loads in COVID-19 patients, which indicate 

its higher infectivity [26]. Another more recent example for SARS-CoV-2 variant is B.1.617.2 lineage (delta 

variant), which was firstly identified in India in December 2020, but then spread widely across the globe and 

started to become the dominant variant. According to the study done by Liu, C., et al., B.1.617.2 proportion in 

the global sequences surged around June 4, 2021 and superseded the previously more dominant B.1.617.1 

variant [27]. B.1.617.2 variant has mutation L452R and T478K in the receptor-binding domain (RBD) region, 

T19R, G142D, R158G, A222V substitutions and a double deletion (156-157) in the N-terminal domain (NTD), 
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as well as D950N substitution in S2 [27]. These mutations render the variant capable to escape from the 

neutralizing antibodies, with 2.7-fold reduction in convalescent plasma neutralizing capability, 2.5-fold 

reduction in Pfizer-BioNTech vaccine neutralizing capability and 4.3-fold reduction in Oxford-AstraZeneca 

vaccine neutralizing capability [27].  

4.3. Genomic Surveillance 

 

5. Conclusion 

Next-generation sequencing (NGS), as a high-throughput DNA sequencing method, has been applied to 

many fields, including novel virus identification, mutated viral lineage identification and genomic 

surveillance. COVID-19 pandemic is a great example of NGS application in pandemics caused by viral infection, 

and it has indeed been utilized to the aforementioned domains, in that the SARS-CoV-2 sequence generated 

by NGS allowed people to determine SARS-CoV-2 as a novel virus, to identify mutated viral lineage, to keep 

track of different viral linages, their origin and their transmission pattern in the entire globe or in certain 

regions. COVID-19 pandemic reveals the indispensable role played by NGS in tracking the progression of the 

pandemic, but the application of NGS is not confined only in the viral pandemics—its application can be seen 

in pandemics caused by other types of antigens as well as in other biological fields including gene editing, 

cancer and any domains that entail genomic sequencing.  
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In addition to identifying the novel virus and viral mutants, NGS can also provide insights into the origin 

and transmission of epidemics within a certain region or pandemics across the globe. For instance, in the 

study conducted by Fang, B., et al., 16 sequences of Huanan seafood market were collected, 4 of which were 

newly sequenced by metagenomic NGS and 12 of which were obtained from GISAID database [28]. The 16 

sequences were categorized into 10 haplotypes — a viral haplotype is a collection of variation in the viral 

genome that are passed to newly synthesized viral genetic materials after replication [29]. Among the 10 

haplotypes, H3 haplotype was found in 6 sequences out of the 16 and the other haplotypes were all found to 

be directly derived from H3 haplotype, which means that there was a circulating infection within the Huanan 

seafood market in a short-term period. Another example is the identification of the source for 53 cases in 

Guangdong province in China. The genome sequences were generated from the 53 patients by using 

metagenomic NGS, and it was found that those sequences are interspersed with virus clades from other 

provinces in China or even other countries, which means most cases in Guangdong derived from travelling 

instead of emerging from local communities [30]. One more example can be seen in the report by Nemudryi, 

A., et al., in which they sequenced 55 whole genomes of SARS-CoV-2 isolated from patients in Bozeman, and 

they found that there were 14 independent viral lineages, which means there had been multiple introductions 

of the virus into Bozeman from different sources [31]. As mentioned previously, one of the greatest functions 

for NGS is to detect new viral mutations and to keep track of the new viral variants in a population. Going 

back to the study done by Korber, B., et al., by looking at the sequences generated via NGS, they found that the 

D614G variation was accompanied by three other mutations in most cases, which are C-to-T mutations at 

position 241, 14408 and 3037 relative to the Wuhan reference sequence [24]. By looking at the proportion of 

the sequence that possesses these four mutations (the D614G mutation and the three C-to-T mutations) in 

the regional sequences from GISAID database, the transition from D614 to G614 in a specific region can be 

monitored — the prevalence of D614G variant increased asynchronously in different regions globally, with 

Europe being the first region, then North America and Oceania and finally followed by Asia [24]. 
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