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Abstract  

     Since the first report of SARS-CoV-2 in Wuhan, China, the virus has undergone 

multiple mutations leading to the emergence of variants of concern. While 

mutations in the receptor binding domain (RBD) of the spike gene have been 

extensively studied, mutations and indels in the N-terminal domain (NTD) have 

received less attention. In this study, we use a simple and cost-effective Sanger 

sequencing approach by targeting a 757bp region in the NTD of the spike gene. 

Analysis results showed the dominancy of G142D mutation resulted from single 

nucleotide polymorphism (SNP). Furthermore, our results showed the prevalence of 

two distinctive mutational clusters, the first pattern includes the 69H/70V, 143V, 

144Y, L212I, and 211N deletions, insertion of 214EPE and T95I substitution. The 

second cluster includes one amino acid change of V213G. Subsequent analysis 

revealed the persistence of these genetic changes in current global circulating strains 

and emergence of new low circulating mutations within studied viral isolates 

represented by W258G. Our findings highlight the genetic changes shared among 

the studied isolates, providing a mutational catalogue of the NTD region and 

establishing a reference database for further local studies. Additionally, this study 

introduces a novel primer pair, designed to enable a rapid and cost-effective 

approach for SARS-CoV-2 lineages tracking. 
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  الخلاصة 
لـ        الى    الصين،  في ووهان،   SARS-CoV-2منذ التقرير الاول  خضع الفايروس لطفرات متعددة ادت 

المُستقبل )  للقلق. في حين ان الطفرات في منطقة ارتباط  المثيرة  ( للجين الشوكي قد  RBDظهور المتغيرات 
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قد حضيت بأهتمام اقل. فهم التغيرات الوراثية في    indelsتمت دراستها على نطاق واسع، الا ان الطفرات والـ  
امر بالغ الأهمية لتحديد كيفية تطور الفيروس للتهرب من الجهاز المناعي وزيادة الإمراضية.    NTDمنطقة  

زوج قاعدي    757بحجم     NTDفي هذه الدراسة، قمنا باجراء تحليل التتابع الوراثي بطريقة سانجر لقُطع من ال ـ
تحليلات    88من   وأجرينا  أن    Insilcoعينة  وجدنا  الوراثي.  المحتوى  في  والحذف  والإدراج  الطفرات  لتحديد 
كانت مصحوبة بتغييرات جينية محددة ، بما في    H69 / V70٪ من العينات التي تحتوي على حذف الـ  97

عن  EPE  214وإدخال    L212Iو    N211و    144Yو    143Vو    T95Iذلك   اللاحق  التحليل  وكشف   .
استمرار هذه التغيرات الجينية في السلالات العالمية المنتشرة الحالية. تسلط النتائج التي توصلنا إليها الضوء  

الـ منطقة  في  العراقية  العينات  بين  المشتركة  الجينية  التغيرات  توفر    NTDعلى  يعمل    دليلو  شامل  طفرات 
من  كقاعدة   زوجًا جديدًا  الدراسة  تقدم هذه  ذلك،  إلى  بالإضافة  المستقبلية.  المحلية  للدراسات  بيانات مرجعية 

 . SARS-CoV-2 تالبادئات، مصممًا لتمكين نهج سريع وفعال من حيث التكلفة لتتبع سلالا
 

1. Introduction 

     Severe acute respiratory syndrome coronavirus 2 is a highly contagious virus that is spread 

via inhalational or direct contact routes and caused the recent coronavirus disease of 2019 

(COVID-19) pandemic. In Iraq, COVID-19 was reported for the first time in Al-Najaf city 

south of Baghdad on 24th of February 2020 [1-4]. Rapid implementation of epidemiological 

monitoring has led to the development of many protocols, software, and databases to track 

emerging variants and their genetic signatures within infected patients [5,6]. In the context of 

SARS-CoV-2 viral tracking and monitoring, next-generation sequencing (NGS) technologies 

are highly accurate and reliable. Nonetheless, Sanger sequencing remains a reasonable choice 

for targeted mutation analysis due to its rapid and cost-effective nature in resource-limited 

settings. This technique has successfully identified mutations within the spike gene, which 

can threaten public health by reducing the effectiveness of available vaccines and 

therapeutics, as well as the accuracy of standard diagnostic tests [7-10]. The NTD is a hotspot 

region that harbored many mutations and indels that participated in emergence of new 

circulating lineages and sublineages [11,12]. The NTD polypeptide encompasses epitopes 

that are identified by neutralizing antibodies of host adaptive immune response and mediates 

interactions with glycosyl groups in the cellular glycoenvironment and is actively implicated 

in host cell surface attachment [13,15]. Recently, it has been discovered that the SARS-CoV-

2 Spike protein binds specifically to the tyrosine kinase receptor UFO (AXL). AXL is a host 

receptor that is involved in interaction with the NTD of the Spike protein. This interaction 

will enhance viral entry to the targeted cells, particularly human bronchial and pulmonary 

epithelial cells. However, acquired mutations in the NTD may induce conformational 

changes, that could reduce binding affinity or enhance viral fitness by reducing the 

neutralizing activity as the antibody-mediated protection depends on the target antigen's 

structure. Furthermore, such mutations could compromise the efficacy of existing vaccines 

and therapeutics [16-19]. The NTD encompasses different regions known as N1 (14-26 

residues), N2 (67-79 residues), N3 (141-156 residues), N4 (177-186 residues), and N5 (246-

260 residues). It contains a specific β-hairpin structure covered by four N-linked glycans 

including four aspartic amino acids at codons 17, 75, 122, and 149 [20-21]. In this study, we 

aim to investigate the genetic variations of NTD of SARS-CoV-2 spike protein region 

through employing a targeted Sanger sequencing approach. Using a specific primer set 

derived from the ARTICV3 primer pool, we were able to synthesize an amplicon fragment 

spanning the NTD region in local viral isolates.  
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2.  Methodology 

2.1 Sampling Strategy 

     A total of 88 nasopharyngeal swabs were obtained from Baghdad Central Public Health 

Laboratory (CPHL) during the fourth wave of the pandemic between January and March 

2022. All specimens were referred originally from different public health laboratories in Iraqi 

governorates. Viral RNA was automatically extracted using the ExiPrep™ 96 Lite (A-5250, 

BIONEER) with the ExiPrep™ Viral DNA/RNA extraction kit (K-4614, BIONEER), 

following the manufacturer's instructions. RT-PCR was performed using the TaqPath™ 

COVID-19 Combo Kit (Thermo Fisher) on the Applied Biosystems 7500 Fast Real-Time 

PCR. All specimens with cycle threshold (Ct) values ranging from 14.9 to 21.6 were selected 

to avoid amplicon abundance dropout, which is typically observed in low viral load samples 

[22,23].  

 

2.2 Primers Design  

     The synthesized cDNA served as a template for amplifying a 757bp NTD fragment using 

the SubA_21587F: `5-CCACTAGTCTCTAGTCAGTGTGTT-3` and SubA_22344R: `5-

CCAGCTGTCCAACCTGAAGA3` ARTICV3 primers sourced from the ARTIC Network. 

ARTIC V3 is a primer pool designed for next-generation sequencing applications which 

amplify the whole genome of SARS-CoV-2. In this study, one primer from two different sets 

(one forward and one reverse) was used to cover the NTD region. The primers aligned 

successfully to the genome Wuhan-Hu-1 parental strain (NCBI Reference Sequence: 

NC_045512.2) and the WIV04 spike sequence of Global Initiative on Sharing All Influenza 

Data (GISAID), accession number: hCoV-19/Wuhan/WIV04/2019 The GISAID reference 

sequence share 100% identity to the early SARS-CoV-2 outbreak sequences with high-

quality data and great coverage and fully identical to Whuan-Hu-1 sequence [24-26]. The 

designed primers are intended to cover the NTD region from 13 to 304 and the trimer 

interface at codon ranges from 38 to 282. 

 
2.3 PCR Assay 

     Complementary DNA (cDNA) synthesis was performed using the Promega GoScript™ 

Reverse Transcription Mix with Random Primers system (A2800) following manufacturer 

recommended protocols. The quality of the generated cDNA was assessed using Quantus 

fluorometer.  GoTaq® Master Mix, Promega (M7122) was used for the PCR amplification, 

and the program consisted of an initial denaturation step at 95°C for 5 minutes, followed by 

40 cycles of denaturation at 95°C for 30 seconds, annealing at 60°C for 30 seconds, and 

extension at 72°C for 1 minute. A final extension step was performed at 72°C for 7 minutes, 

followed by holding at 10°C for 10 minutes. The resulting fragments were assessed using gel 

electrophoresis and visualized using a gel documentation system.  

 

2.4 Sanger Sequencing and Data Analysis 

     The sequencing protocol was carried out using an ABI3730XL automated DNA sequencer 

at Macrogen, South Korea. Data analysis was performed using Basic Local Alignment Tool 

(BLASTn)/NCBI for primary identification, and further analysis was handled mainly using 

Geneious Prime software and Mega X. The annotation of the Wuhan-Hu-1 parental strain 

gained from the NCBI, RefSeq database, all fragments aligned using Clustal Omega, aligned 

fragments mapped to the reference parental genome using map to reference assembly tool on 

Geneious prime. All mutations were identified using SNPs/Variation identifier tool in 

Geneious prime. Nextclade on Galaxy (https://usegalaxy.org/) was used to verify the amino 

acids variations and to identify SARS-CoV-2 variants. A phylogenetic tree was constructed 

https://usegalaxy.org/
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using the Auspice platform (https://auspice.us/) powered by real SARS-CoV-2 genomic data 

from the GISAID repository.  

 

     The curated fragments were translated into amino acid sequences using Geneious Prime 

and then modelled using the Phyre2 platform. Further protein visualization and variant 

labelling were performed using PyMOL. CoVsurver (v1.22.06) was used to visualize these 

changes across the entire Spike protein, and EpiCoV™ was used to track variations in 

currently circulating SARS-CoV-2 strains 

 

2.5 Data Availability  

     All adopted methodology is deposited online and accessible from the following published 

dx.doi.org/10.17504/protocols.io.x54v9d63zg3e/v1. All analysed sequenced fragments are 

published online at NCBI Genbank and on GISAID. Fragments accession numbers on both 

repositories are available in supplementary file 1. 

 

3. Results  

     The TaqPath assay discriminated 88 SARS-CoV-2 included cases into 36 possessing the 

69H/70V deletion and 44 without it. The deletion was identified through spike gene target 

failure (SGTF) which was used in this study as a proxy marker for investigating circulating 

SARS-CoV-2 variants and as a prescreening step prior to sequencing. The NTD FASTA files 

were trimmed using Geneious Prime software to remove poor-quality reads, generating 

fragments of varying lengths. A total of 88 targeted sequences were analyzed, spanning 

codon 27 to codon 258 within the NTD of the spike gene. The current reads covered a big 

portion of the NTD, within which most of the crucial mutations fall within this codon range. 

NCBI BLASTn results showed that 49 sequences were 100% identical to Genbank deposited 

sequences, while 39 sequences had disagreements at different loci with identity percentages 

of 98% and 99%, mismatches were present and represented by 34 transversions, 19 

transitions, 2 insertions, and 11 deletions as depicted in supplementary file 2.  Upon mapping 

the NTD reads to the reference sequence, all mutational events within the targeted region 

were identified. In silico analysis revealed a total of 78 polymorphisms, including six 

deletions, four insertions, 25 transitions, 37 transversions, and eight substitutions, the results 

fully listed in supplementary file 3. Among these variations, the nucleotide changes at codon 

142 were dominant, with a frequency of 100% due to a SNP that changed the wild glycine to 

aspartic acid (G142D). Another frequently occurring mutation was observed at codon 213, 

where thymine was replaced by guanine, resulting in the substitution of valine with glycine 

(V213G), with a frequency of 60%. The percentages of transitions and transversions detected 

are presented in Figure 1. 

 

 

https://auspice.us/
http://dx.doi.org/10.17504/protocols.io.x54v9d63zg3e/v1
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Figure 1: Hierarchical concentric ring representation of transition/transversion SNPs using 

sunburst chart, 48.39% of listed substitution reduce GC% content within NTD fragments, 

highest mutation frequency rate was G/T transversions, and G/A transitions with a percentage 

of 20.97% and 16.13% respectively. 

 

To identify conserved areas in the NTD, we determined the minimum and maximum lengths 

of nucleotide disagreements resembling the length of each variation on the entire investigated 

region from nucleotide 82 to 792 in the NTD region of the spike gene. Such regions are 

instrumental in designing universal primers capable of detecting all SARS-CoV-2 variants. 

The results showed that N2 and N5 regions were highly variable. On other hand, the 

downstream area of the N2 was conserved along with other areas distributed in the area 

between the upstream regions of N3 and N4. These variations are represented in a scatter 

plot, as depicted in Figure 2. 

 
Figure 2: Scatter chart illustration highlighting conserved regions in NTD fragments, each 

dot represents a mutated locus across the studied region of NTD fragments. The x axis 

represents the minimum length, the Y axis represents the maximum length of each genetic 

variation.  



Saber and Kandala                                   Iraqi Journal of Science, 2026, Vol. 67, No. 3, pp: 1450-1464 

 

1455 

Bioinformatics analysis showed mutational clustering shared between 69/70 deletion, T95I, 

143V, 144Y, N211 deletions, L212I, and the insertion of 214 EPE within 97% of analyzed 

fragments. Further analysis conducted using the GISAID EpiCov platforms confirms the 

clusters, The results showed 34 different patterns built upon the mutational content of each 

sequenced fragment. Mutational clusters could be broadly categorized into two types: 

patterns with and without the 69/70 deletion. Table 1 provides a detailed breakdown of these 

patterns. 
 

Table 1:  Statistical representation of mutational patterns shared among NTD  fragments;  all 

SNPs, insertion (ins) and deletion (del) are clustered within revealed patterns. 
ID Amino Acid Substitutions within NTD fragments of Spike gene Occurrences Percentage 

1 A67V, L54M 1 1.14% 

2 
D228H, G232C, G142D, V213G, E224K, I231V, R246K, R237T, 

S247I 
1 1.14% 

3 G142D 1 1.14% 

4 G142D, K206T 1 1.14% 

5 G142D, V213G 31 35.23% 

6 G142D, V213G, A27S 1 1.14% 

7 G142D, V213G, A27S, T29I 1 1.14% 

8 G142D, V213G, N74D 1 1.14% 

9 G142D, V213G, P251T, A260S 1 1.14% 

10 G142D, V213G, Q52R 1 1.14% 

11 G142D, V213G, T29I 1 1.14% 

12 G142D, V213G, W258G 3 3.41% 

13 G257R, G142D, V213G 1 1.14% 

14 H69 deletion, V70 deletion, A67V, G142D, V213G 1 1.14% 

15 H69del, T95I, A67V, E132Q, K113N, V70del 1 1.14% 

16 
H69del, T95I, A67V, L212I, D40G, N211del, G142D, V70del, 

V143del, Y145del, Y144del, 214EPE insertion 
1 1.14% 

17 
H69del, T95I, A67V, L212I, ins214EPQ, N211del, G142D, Q218H, 

V70del, V143del, Y145del, Y144del, R190K 
1 1.14% 

18 
H69del, T95I, A67V, L212I, N211del, G142D, M153K, V70del, 

V143del, Spike_Y145del, Y144del, ins214EPE 
1 1.14% 

19 
H69del, T95I, A67V, L212I, N211del, G142D, R102K, V70del, 

V143del, Y145del, Y144del, ins214EPE 
1 1.14% 

20 
H69del, T95I, A67V, L212I, N211del, G142D, T208M, V70del, 

V143del, Y145del, Y144del, ins214EPE 
1 1.14% 

21 
H69del, T95I, L212I, N211del, G142D, T259K, V70del, V143del, 

Y145del, Y144del, W258G, ins214EPE 
2 2.27% 

22 
H69del, T95I, A67V, L212I, N211del, G142D, V70del, V143del, 

Y145del, Y144del, ins214EPE 
21 23.86% 

23 
H69del, T95I, A67V, L212I, N211del, G142D, V70del, V143del, 

Y145del, Y144del, W258G, ins214EPE 
2 2.27% 

24 
H69del, T95I, A67V, Q173H, L212I, N211del, G142D, R246K, 

V70del, V143del, Y145del, Y144del, ins214EPE 
1 1.14% 

25 
H69del, T95I, A67V, Q173H, R190T, G142D, S162T, R158K, 

V70del, W64C, V143del, Y145del, Y144del 
1 1.14% 

26 
ins214EPK, H69del, T95I, A67V, L212I, N211del, G142D, V70del, 

V143del, Y145del, Y144del 
1 1.14% 

27 N122F, F32L, N125F, V120A, T124A 1 1.14% 

28 Q173H, G142D, V213W 1 1.14% 

29 Q173H, G252A, G142D, V213G, H49P, Q218H 1 1.14% 

30 Q183H, G142D, K195N 1 1.14% 

31 Q239R, G142D, V213G 1 1.14% 

32 T95I 1 1.14% 

33 T95I, K113N, Q115H 1 1.14% 

34 A27S, G142D, Q239R, S247I, V213G 1 1.14% 

 TOTAL 88 100.00% 
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     The Nextclade, Galaxy online platform used to predict variants based on mutations among 

processed fragments, all analyzed mutations were acquired by Omicron variants, specifically, 

Omicron B.1.1.529 and its sub-lineage, the BA.2. Variant and related clades confirmation of 

carried on through phylogenetic tree using Auspice, the results showed that all observed 

mutations were consistent with those previously reported in Omicron which confirm variant 

prediction. Furthermore, the results showed that those mutations are related to the main 

clades in the global phylogeny of SARS-CoV-2, those which includes 21K and 21 L omicron 

clades, two fragments furtherly characterized within 22A and 22B branches of the 21L 

clades. The phylogenetic tree is illustrated in Figure 3.  

 

 
Figure 3: Phylogenetic analysis of NTD fragments demonstrates consistent mutations within 

Omicron, specifically in the 21L and 21K clades. This analysis highlights the relationship 

between local isolates and globally reported lineages, providing insights into their 

evolutionary connections. 

 

     The mutational clusters highlighted the presence of a highly variable site in the codon 

range of 214 – 216 in the upstream region of N5. This variation resulted from a deletion event 

out of the proximal reading frame at codon 211/212 and is accompanied by an insertion of 

EPE amino acids in codon 214, as shown in Figure 4.  
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Figure 4: NTD fragments mapped to Wuhan reference Spike gene sequence showing A67V, 

69H/70Vdeletion, G142D, 143V/144Y deletion, 211N deletion, L212I, and 214 EPE 

insertion as one cluster of amino acids changes, the second cluster includes only one unique 

V213G mutation. 

   

     To label these changes in corresponding structural peptide, Phyre2 was used for the 

structure modelling, and the protein model visualized and inspected using Pymol. The results 

showed a tendency toward mutations in the loops of the NTD rather than α-helices or β-

sheets, those changes are listed in Figure 5.  
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Figure 5: A model structural representation of SARS-CoV-2 NTD fragments, based on the 

8UPX PDB template with 100% confidence. A: Secondary structure prediction of studied 

NTD fragment, blue arrows represent the beta sheets while green spiral label stands for alpha 

helices, B: representation of detected amino acid changes within the NTD fragments, the 

green arrows represent the beta sheets, spring structures represent alpha helices, while wired 

structure stands for loops, the fragment starts with alanine at codon 27 and end with glycine 

at codon 257 which labelled with yellow colour. 

 

   The GISAID CoVSurver tool was used to analyze the epidemiological status, frequency 

and persistence of these amino acid changes among different SARS-CoV-2 strains across 

worldwide. The results showed that these changes persist in newer emerging variants like 

JN.1. Furthermore, amino acid changes represented by A67V, 69/70 deletion, T95I, G142D, 

and 143/144 deletion show high dominance across different SARS-CoV-2 lineages and 

sublineages, as depicted in Figure 6.  
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Figure 6: Dominancy of the detected changes in rSARS-CoV-2 isolates reported worldwide. 

 

4. Discussion  

     Genomic surveillance systems have become crucial in monitoring the evolution of SARS-

CoV-2 during the pandemic. Viral widespread presence in the human population has 

facilitated the emergence of several problematic variants through acquiring a large number of 

non-synonymous mutations. One of the methods for tracking variants is the detection of 

69/70 deletion within the NTD of the Spike gene. The H69/V70 deletion first emerged in the 

Alpha B1.1.7 variant and emerged again in Omicron variants, although it is missing from the 

BA.2, BA.2.12.1, and BA.2.75 [24-28]. The H69/V70 deletion falls within the NTD N2 

region, which is a focal point in monitoring SARS-CoV-2 variants of concerns, as it increases 

the efficiency of infectivity, enhances Spike cleavage, and boosts the syncytium formation 

process [29,30]. The results of the current study indicate a high proportion of SNPs resulting 

from both transition and transversion events, these types of SNPs are linked with a decrease 

in the overall GC%. content of the viral genome. This phenomenon could be attributed to a 

reduction in the energy required for replication, resulting in faster reproduction. 

Alternatively, it could facilitate the emergence of new variants that are better adapted to the 

host environment, which induces a positive fitness effect, especially in the human lung [31-

33]. Current analysis revealed that G142D was dominant across all the analysed fragments 

with 100% frequency. This mutation was first reported in March 2020 and is present in 45% 

of all sequences in GISAID and persists among Delta and Omicron variants [34,35]. Among 

36 NTD fragments with the 69/70 deletion, a transition of cytosine to thymine at codon 95 

led to a change of threonine to isoleucine. It has been reported T95I enhance the effect of 

G142D, and these mutations are linked to an increased viral load, which is expected in 

COVID-19 cases with low Ct value [36]. Additionally, NTD surface topography in the 

antibody binding area is likely altered by G142D and T95I, so it may be linked to host 

immune evasion. The etiological explanation is not definitive, but it may arise from the 

conversion of a β-strand to α-helix polypeptide structure around 159-167 amino acids range 
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and 183-190 amino acid range [36]. In general, two sets of amino acid changes were 

dominant. The first set of changes harboured the 69/70, 143-145, and codon 211 deletions, 

T95I and L212I mutations, and the insertion of 214 EPE. Spike 214 EPE insertion was 

frequently reported among Omicron in different lineages [37,38]. In the second group of 

NTD sequences, all mutations clustered within the first pattern are missing. However, it 

possesses one unique change of V213G resulting from a SNP transversion of thymine to 

guanine. One NTD fragment was found to contain both the 69/70 deletion and V213G 

mutations, but it lacked the other mutations noted in in the first pattern. The prevalence of 

G142D and V213G in the NTD may indicate that these mutations confer an adaptive 

advantage, primarily by enhancing immune evasion through the reduction of neutralizing 

antibody activity [39]. Structural modelling of these mutations suggests alterations in the 

Spike protein's topology, which could enhance its affinity for host receptors or shield critical 

epitopes from immune recognition. For instance, the G142D mutation, positioned near the 

RBD, could theoretically alter spike's structural characteristics, facilitating a more favourable 

interaction with human receptors [40,43]. Furthermore, the observed tendency toward 

maintaining mutations in the loops of the NTD can be attributed to the fact that the loops are 

more flexible, less constrained than α-helices and β-sheets, and less likely to disrupt Spike 

integrity. Moreover, loops tend to be exposed on the protein surface, which resembles a 

primary target for neutralizing antibodies. This can justify the cause of harbouring the 

mutational hotspots area in the loops rather than other than α-helices and β-sheets. These 

factors collectively contribute to the high frequency of mutations observed in the loops of the 

NTD [11,44-46]. Several low-frequency mutations were also identified within the studied 

region. These include A27S, T29I, F32L, H49P, Q52R, N74D, Q173H, Q183H, K195N, 

K206T, V213W, Q218H, E224K, D228H, I231V, G232C, R237T, Q239R, R246K, S247I, 

P251T, G252A, and G257R. While the exact role of these mutations is not yet clear, further 

surveillance may reveal their persistence or displacement among circulating variants. These 

low-frequency mutations, in addition to the dominant V213G mutation, may also be of 

interest to researchers studying the evolution and transmission of SARS-CoV-2. We also 

identified a mutation signature represented by a transition of thymine to guanine at codon 258 

in both clusters, resulting in the amino acid change from tryptophan to glycine. The amino 

acid change W258G has only been reported 20 times in GISAID Spike sequences, indicating 

a low circulating frequency. The exact induced effect of this mutation is unknown, 

highlighting the need for more local studies. 

 

Conclusions 

     While NGS platforms are renowned for their high throughput and extensive data 

collection capabilities, the Sanger sequencing method employed in our study proves 

invaluable tool for precise mutation identification, especially in resource-limited settings. Our 

findings underscore the high prevalence of two mutational clusters in local isolates, which 

illustrate the rapid evolutionary adaptations of SARS-CoV-2. Furthermore, a tendency toward 

changing amino acids within loops structures of NTD polypeptide which conger additional 

flexibility and enrollment in the host immune evasion process. These adaptations toward 

neutralizing antibodies challenge existing public health strategies and should bring more 

attention to the NTD harbored mutations.  
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