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Abstract 

XEC variant was generated due to recombination between JN.1-lineages KP.3.3 and KS.1.1 subvariants. Multi-alignments among the 

XEC, KP.3.3 and KS.1.1 sequences at the NCBI Virus Portal suggested nt.21600-29900 originated from KP.3.3. Similarly, 

BLASTP-2 mutational differences between XEC/KP.3.3 and XEC/KS.1.1 genome confirmed the positions of XEC recombination. 

The sixty amino acids of N-terminus were generated from KS.1.1 as confirmed by BLASTP-2 analysis of spike proteins of 

XEC/KP.3.3 and XEC/KS.1.1. The ORF1ab polyprotein BLASTP-2 analysis suggested that AAs 2200-2300 region generated from 

KS.1.1 as T2283I mutation was only found in KP.3.3. While AAs 2100-2200 was originated from KP.3.3 as L2146F mutation was 

only found in KS.1.1. Interestingly, the A599T ORF1ab mutation in XEC was found but was not located in both KP.3.3 and KS.1.1. 

BLASTP analysis of 60 AAs of the mutated region suggested that FL.15 subvariant recombination between nt.450-650 might be 

occurred in XEC. The SWISS-Modelling suggested the PCov_GX spike (PDB: 7cn8.1) template gave the best fit 3-D model for XEC 

spike protein but JN.1 spike (PDB: 8y5j.1.A) template produced more compact 3-D trimeric spike and had 99.08% similarity as 

compare to 88.72% former. The bat spike (PDB: 8wly.1.B) template gave very open 3-D motif of LB.1.7 and KP.3.1.1 oligomeric 

spikes with protruding amino acids but no symmetry among three identical subunits. The parameters of SWISS-Modelling suggested 

that XEC variant spike oligomer is a more compact to interact with receptor explaining higher transmission rate and higher 

pathogenicity than parent JN.1 subvariants or precedent BA.2.86 variant.  
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Introduction 

About seven million people were died due to corona virus 

infection worldwide between 2019 2024 [1,2]. Currently, six 

different coronavirus strains are known to infect humans. Such 

strains named as: HCoV-229E (229E), HCoV-OC43 (OC43), 

SARS-CoV (COVID-19), HCoV-NL63 (NL63), HCoV-HKU1 

(HKU1), and MERS (MERS-CoV) [3,4]. COVID-19 has unique 

polyprotein (ORF1a, ORF1b), antigenic spike protein (S), and 

small regulatory proteins like orf3a, orf7a, orf8 and orf10 (Figure 

1). The RNA polymerase (Nsp12), Proteases (Nsp3 and Nsp5), 

RNA topoisomaerse (Nsp2), Capping RNA helicase (Nsp13), 

RNAases (Nsp14, Nsp15) and Methyltransferase (Nsp16) were 

produced from the proteolysis of ORF1ab [5,6]. The COVID-19 

first appeared in China during 2019 through the recombination 

among bat and pangolin corona viruses [7]. Vaccination and 

autoimmunity greatly controlled the alpha, beta and delta 

coronaviruses epidemic in during 2020-2022 but omicron 

coronaviruses (since November, 2021 and more than 149 

countries) mild infections were still happening today [8-10]. 

Never-the-less patients with co morbidity and old age still are 

dying due to omicron BQ.1 (September, 2022), XBB.1.5 (and 

JN.1 (May 2024) sub variants infections. United States and 

United Kingdom are continuing their WGS sequence analysis 

from sample isolated from newly omicron coronavirus infected 

people. The great VOC of coronavirus classification were Alpha 
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with dominant N501Y spike mutation, Delta with dominant 

D614G, L452R, K444R, T478K, Y508H and P681R spike 

mutations including P1, P2, Beta and Gamma and few omicron 

variants that affected greatly between 2020-2023 [11,12]. While 

Omicron BA.1 followed by BA.2, BA.3 (only Africa), BA.4 and 

BA.5 affected with great specificity worldwide between 2022-

2023 with lower severity, the recent XEC variant was reported as 

a new threat [13]. There are 21 common mutations between BA.1, 

BA.2, and BA.3 which are G142D, G339D, S373P, S375F, 

K417N, N440K, S477N,T478K, E484A, Q493R, Q498R, 

N501Y, Y505H, D614G, H655Y, N679K, P681H, N764K, 

D796Y, Q954H,and N969K [14]. The XBB variant outbreaks was 

maximum which was made by recombination with two second-

generation BA.2 lineages, BJ.1 (BA.2.10.1.1) and BA.2.75; and it 

contained a large number of antigenic receptor-binding domain 

mutations and was shown to be poorly neutralized by previous 

Omicron breakthrough antisera [15]. The major point mutations 

in the spike protein of JN.1 omicron coronavirus were 

demonstrated in (Table 1) Apart from that 17MPLF spike 

insertion is an important characteristic of JN.1 subvariants. 

Although, 7% JN.1 lineages had no such insertion as reported by 

Howard D et al contrary to Oppentrons P who suggested major 

JN.1 subvariants had no such insertion [16,17]. However, such 

insertion favoured the eight to nine amino acids deletions [24LPP, 

(31S), 69HV, 145Y, 211N and 483V].We did not find yet the 31S 

deletion in XEC variant but in LB.1.7 subvariant, we detected 

100% 31S deletion. The JN.1 variant and XEC variant both are 

threat as both dominant N501Y and D614G mutations 

accumulated enhancing transmission. Recently, Howard et al 

found about 5-7% omicron coronaviruses with no 17MPLF spike 

insertion but few European laboratories had submitted more JN.1 

sequences without 17MPLF spike insertion. Further, NH2-

terminas in JN.1 spike accumulated many mutations other than 

315-525 AAs RBD region. Comparatively we found all omicron 

sub-lineages including BA.5, BQ.1.1, XBB.1.5 and JN.1 had less 

mutations in the 700-1269 AAs Carboxy-terminal region of spike 

[18]. Recombination among the coronavirus variants were seen 

from time to time and sometime such recombinant virus had 

higher transmission and pathogenicity (Table 2). The XEC 

coronavirus, a recombinant between KP.3.3 and KS.1.1, was first 

identified in Berlin in late June and has since grown rapidly 

across Europe, North America, and Asia, with the most 

significant increases observed in Germany and Denmark 

(September, 2024). The major symptoms are loss of sense of taste 

or smell, shortness of breath, runny nose, sore throat, congestion, 

diarrhea, fever or chills and fatigue. Scientists believe that the 

existing vaccinations targeting Omicron variants will likely 

continue to be effective against XEC. But exiting drugs like 

paxlovid (PLpro/Mpro proteases inhibitors) and remdesivir (Rd-

RNA Polymerase inhibitor) were approved by FDA whereas 

immune drugs tocilizumab (cytokine IL-6 antagonist) and 

baricitinib (Janus kinase inhibitor) might be useful. During March 

2020 initial report suggested that human SARS-CoV-2 (COVID-

19) might be originated from pangolins and later other report 

suggested that bat origin of human coronaviruses [19]. SARS-

CoV-2’s entire receptor-binding motif (RBM) was introduced 

through recombination with coronaviruses from pangolins, 

possibly a critical step in the evolution of SARS-CoV-2’s ability 

to infect humans. The human seasonal coronaviruses all have 

recombination rates around 1 × 10−5 per site and year and 

satisfies a role of pathogenicity [20,21]. The highest subvariant 

was reported to be KP.3.1.1 (>50%) followed by KP.2.3, KP.3.3, 

LB.1.7 (>10%) and JN.1.11.1.2, JN.1.16.1 and KS.1.1 (<3%). 

The KP.3.1.1 had extra 31S deletion in addition to F456L, Q493E 

and V1104L spike point mutations that appeared in KP.3. The 

LB.1.7 had JN.1 mutations plus LB.1 specific Q183H, R346T and 

F456L pint mutations including new 31S deletion. The XEC 

spike had JN.1 mutations including T22N, F59S, F456L, Q493E 

and V1104L point mutations but no 31S spike deletion [22]. US 

statistics on coronavirus spread was reliable and whole genome 

sequencing by Howard D et al was highly satisfactory. As on 5th 

May 2022 confirmed Pangolin COVID-19 cases in India 37542 

and in USA 999565 while GISAID cases (29TH July, 2022) in 

India 81017 and in USA 1431772. Thus, I preferred to study 

NCBI virus free database which at least clearly gave an idea of 

COVID-19 spread. The CDC estimated that the JN.1 variant 

accounted for 44% of cases in the US on 22th December 2023 

and 62% of cases on 5th January 2024. The genesis of XEC 

variant was discussed and Swiss Model used to predict the spike 

protein structural differences with JN.1. 

Methods 

The sequences of XEC variant were obtained from SARS-CoV-2 

database (NIH, USA). The multi-alignment of at least six 

sequences performed to show same structural integrity before 

Swiss-Modelling. The BLASTP performed to show spike protein 

homology between two amino acid sequences. CLUSTAL-

Omega multi-alignments were performed to see protein or DNA 

homologies among different coronavirus genomes or spike 

proteins. Emboss transeq was used to convert nucleotide sequence 

to protein. Protein domains of SARS-CoV-2 was identified using 

Pfam, InterPro, and SMART protein domain annotation server. 

Clustal W and Mafft was used for multiple sequence alignments. 

The PDB was utilized to get the cryo‐electron microscopy (cryo‐

EM) structure of the SARS‐CoV‐2 Omicron (BA.1) spike protein 

in complex with human ACE2 (refinement of RBD and ACE2; 

PDB ID: 7T9L). The structure of BA.1.1 and BA.2 was generated 

by homology modelling with SWISS‐MODEL server with the 

BA.1 template (PDB: 7T9L) [23]. Similarly, the N‐terminal 

domain (NTD) of spike protein was modelled using SWSS‐
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MODEL server: WT (PDB ID: 7L2C), BA.1 (PDB ID: 7TEI) and 

BA.2 (PDB ID: 7TO4) [24]. We compared Wuhan Bat origin 

(PDB: 8WLY). Wuhan pangoline origin (PDB: 7CN8) and JN.1 

(PDB: 8Y5J). 

Results 

The JN.1 is class of omicron COVID-19 and spike amino acid 

differences with Wuhan has shown in (Table 1) while the XEC is 

a recombinant lineage of JN.1 lineages as has shown in (Figure 

2). Multi-alignment is a good approach to locate the similarities 

among the different coronavirus genomes to locate the genesis of 

recombinant variant. In (Table 2) we have shown few 

recombinant coronaviruses. We multi-aligned many sequences 

(200) to check the variation among sequences including 17MPLF 

insertion in spike and 26-49nt deletion in the 3’-UTR. In (Figure 

3A), we showed the NCBI SARS-CoV-2 portal analysis of XEC, 

KP.3.3 and KS.1.1 sequences indicating at least 3’-end (nt. 

21700-29900) of XEC originated from KP.3.3. Next, we 

performed BLASTN-2 analysis between XEC/KP.3.3 and 

XEC/KS.1.1 to get mutational differences throughout the genome 

of KP.3.3 and KS.1.1. Such analysis was summarized in (Figure 

3B) to confirm the genesis of XEC 3’-end from KP.3.3 (as many 

mutations at that region with XEC/KS.1.1) while middle part 

(nt.11000-21000) might be generated from KS.1.1. To verify the 

recombination point, we studied the BLASTP-2 analysis between 

spike, ORF1ab and N proteins of XEC/KP.3.3 and XEC/KS.1.1. 

The (Figure 4A) demonstrated the huge mutation in AAs 1-60 

between XEC/KP.3.3 suggesting that part was obtained from 

KS.1.1. That means we narrowed the recombination point at the 

3’ end of XEC at the spike N-terminus. The (Figure 4B) 

confirmed the homology of KS.1.1 at spike NH2 terminus 60AAs 

but no similarity at the C-terminus. We also checked the 

BLASTP-2 between spike of KP.3.3 and KS.1.1 showing the said 

differences at the NH2-terminus (Figure 5). We also checked the 

BLASTP-2 of N-protein between KP.3.3/ KS.1.1 or XEC/KP.3.3 

and XEC/KS.1.1 (Figure 6). In Figure 6A we showed the N-

protein variation between KP.3.3/KS.1.1 which was also seen 

between XEC/KS.1.1 confirming 3’-end generated from KP.3.3 

(Figure 6B). To note that there was 100% homology between 

BLASTP-2 of XEC/KP.3.3 (data not shown).To confirm the 5’-

end junctions in XEC, we performed the multi-alignment of 

ORF1ab protein of XEC, KP.3.3 and KS.1.1 using MultAlin 

software (Figure 7). In Figure 7A, we showed an A599T mutation 

in XEC but not found in KP.3.3 and KS.1.1. The 60 AAs 

BLASTP search demonstrated many XEC sequences but few 

FL.15 sequences (WQR02769 and WOH26089) were obtained 

suggesting that such variant might be involved in the genesis of 

nsp2 protein (2nd protein of ORF1ab polyprotein). We got the 

protein id through BLASTP search and to get the sub variant 

status we had gone to SARS-CoV-2 portal at the respective 

accession numbers and checked the variant status as FL.15 

(accession numbers: PP042317 and OR707598). We also got the 

sequences from 2021 year (UBW36984 and UDA43273) and was 

hardly able to find the variant status at the portal (20000 pages 

were not possible to open). So, we check the spike protein 

through the BLASTP-2 search with Wuhan spike 

(YP_009724390) to confirm the 157FR deletion (protein id. 

UBW36986 and UDA43274) suggesting A599T mutation in 

ORF1ab of FL.15 might be obtained from Delta variant (data not 

shown).During ORF1ab proteins multi-alignment, we also got 

L2146F mutation in KS.1.1 (Figure 7B) while T2283I mutation in 

KP.3.3 (Figure 7C) to conclude the boundary of recombination at 

the 5’-end. So, it was concluded that from ORF1ab 2200 AAs to 

spike 70 AAs (nt. 6793-21691; accession number: PQ380322) 

was originated from KS.1.1 and then again part 650-2199 AAs 

(nt. 2143-6790) of ORF1ab was originated from KP.3.3. Critical 

point was our data that supported that 3’-end of XEC (nt.1-2142) 

was originated from FL.15 sequence. However, 3’-end had 

mutations as judged by BLASTN-2 search between XEC/FL.15 

(Figure 8). The PQ380322 (XEC) vs OR707598 (FL.15) or 

PP042317 (FL.15) produced three or more mutations at the 3’-end 

of XEC sequence comparison as shown in Figure 9. Thus, a very 

narrow position in nsp2 gene (~nt.450-650) of XEC was obtained 

from FL.15 might be possible. Such region had no mutation 

between XEC/KP.3.3 (PQ380322 vs PQ206638) and XEC/KS.1.1 

(PQ380322 vs PQ380361) (data not shown). We repeated the 

experiment with another XEC sequence (PQ386636) and FL.15 

sequences (OR707598 and PP042317) producing same results. 

The important XEC point mutations and their penetration in the 

Database was shown in Table 3. 

We next determined the 3-S structural differences between JN.1 

and XEC as compared to Wuhan (Figure 10). The best fit trimeric 

3D structure obtained with 7cn8.1.A template © and Model-1 

with 8wly.1.B template and Model-4 with 8xut.1. A template 

made protruding amino acids (open complex).Next, we compared 

the 3D Swiss Modelling structures of spike protein of JN.1, XEC, 

KP.3.1.1 and LB.1.7 subvariants (Figure 11). We always found 

that template 7cn8.1.A was good even it had 88% similarity to 

JN.1 lineages while KP.3.1.1 gave more compact structures 

indicating its fitness to interact with ACE-2 receptor of lungs 

cells. Using 8y5j.1.A template with 99% similarity, the XEC 

coronavirus spike gave lower QMQE (0.63 vs. 0.66) but Clash 

score as compared to KP.3.1.1 subvariant (Table 4) while the 

MolProbity score was higher (1.30 vs. 1.27). We found that JN.1 

spike had advantage trimeric structure due to lowest clash score 

using all templates (8wly.1.B=0.63; 7cn8.1.A=0.68 and 

8y5j.1.B=0.48). The lowest MolPrrobity (1.21) and Clash score 

(0.45) in LB.1.7 indicated its spread at certain point but likely due 

to new mutations in spike such spread was diminished now. The 

higher stability of KP.3.1.1 with better transmission might be 
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occurred due to lower bad bonds (bad bonds=2) which was higher 

in JN.1 (bad bonds=7) including lower bad angles (172 vs 188). 

(Figure 12) showed the difference in the single subunit structure 

of Wuhan virus spike as compared to XEC and KP.3.1.1. It was 

found that XEC and KP.3.1.1 made a sword structure at the RBD 

domain and such structure was reported as the better fitness for 

spike of XEC and KP.3.1.1 sub variants to interact better with 

ACE-2 receptor. Thus, the fitness of KP.3.1.1 and XEC depend 

on the acquisition new mutations in the spike. Mutational analysis 

suggested that spike Q180H and R187T mutations in KP.3.1.1 

(accession number: PQ426785) had already occurred. However, 

49nt deletion in the 3’-UTR surely deleterious for any 

coronavirus and we claimed that pre-death symptoms were 

initiated in coronavirus. 

 

Figure 1: Structure of a 100nm omicron coronavirus (Mousavizadeh L, Ghasemi S. Genotype and phenotype of COVID-19: Their roles 

in pathogenesis. J Microbiol Immunol Infect. 2021; 54(2): 159-163). 

 
Figure 2: Phylogenetic tree of COVID-19 variants showing distances and bootstrap values. Multi-alignment showed that C-terminal 

155 amino acids (NTF VSG NCD VVI GIV NNT VYD PLQ LEL DSF KEE LDK YFK NHT SPD VDL GDI SGI NAS VVN IQK EID RLN 

EVA KNL NES LID LQE LGK YEQ YIK WPW YIW LGF IAG LIA IVM VTI MLC CMT SCC SCL KGC CSC GSC CKF DED DSE PVL 

KGV KLH YT-COOH) were identical in all subvariants analyzed here.  The JN.1 is a distinct class and XEC plus KP.3.1.1 aligned 

being very similar with 31S deletion in the spike. 
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Figure 3: Determination of KP.3.3 and KS.1.1 regions during the generation of XEC variant. Fig.2A denoted by SARS-CoV-2 portal 

multi-alignment demonstrating the mutations points by red lines. The KP.3.3 3’-end matched with XEC but many red lines with KS.1.1. 

Fig.2B made by observing the BLASTN-2 mutations between XEC/KP.3.3 and XEC/KS.1.1 genomes. The less mutations suggested the 

regions of XEC genome formation. Green line indicated KP.3.3 regions and blue line denoted the KS.1.1 regions in XEC genome. 

 

Figure 4: BLASTP-2 sequence similarities of spike between XEC/KP.3.3 variants and XEC/KS.1.1 variants. As 60 amino acids had the 

maximum differences with XEC with KP.3.3, such region was obtained from KS.1.1. So, recombination was occurred after 60AAs of 

spike of KP.3.3 and KS.1.1. 

 
Figure 5: Spike amino acid differences between KP.3.3 and KS.1.1 sub variants. Parts of the alignment with mutations only were 

shown here. 
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Figure 6: Amino acid differences between N-protein of KP.3.3/KS.1.1, XEC/KP.3.3 and XEC/KS.1.1 variants as demonstrated by 

BLASTP-2. The XEC/KP.3.3 N-protein had no mutation (data not shown) confirming again that 3’-end of XEC variant was originated 

from KP.3.3 sub variant. 

 

Figure 7A: Multi-alignment of ORF1ab polyprotein of XEC, KP.3.3 and KS.1.1 variants to find a portion of sequence may be obtained 

from FL.15 sub variants. 

 
Figure 7B: Multi-alignment as in figure-5 to demonstrate that part of XEC sequence (ORF1ab AAs at the L2146F boundary) obtained 

from KP.3.3 sub variant. 
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Figure 7C: Multi-alignment as in figure-5 to demonstrate that part of XEC sequence (ORF1ab AAs at the T2283I mutation boundary) 

obtained from KS.1.1 sub variant 

. 

Figure 8: BLASTN-2 demonstration between XEC (PQ380322) and FL.15 (PP042317) that 3’-end was generated from KP.1.1 or 

KS.1.1 but not from FL.15 as few mutations were seen. Note that such region did not contain any mutation between BLASTN-2 of 

XEC/KP.3.3 or XEC/KS.1.1 (PQ380322 vs PQ206638 or PQ380322 vs PQ380361). 

 

Figure 9: The BLASTP-2 similarities between spike of XEC variant and LB.1.7 sub variant. The only NH2-terminus position was 

shown here. The both sequences contained 17MPLF spike insertion and 24LPP and 69HV deletions. The 31S deletion was not found 

with XEC variant and might be seen later. The N26T, S60F, Q181H point mutations might be significant and R343T, E489Q, L1100V 

and Q1198E mutations were not shown here. The spike of LB.1.7 variants with accession numbers PQ211287, PQ211379, PQ211386, 

PQ211432, PQ211449, PQ211461, PQ211608, PQ211628, PQ211731, PQ211740 and PQ211834 had similar spike sequences. 
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Figure 10: Swiss-Modelling of XEC variant spike with four templates. The best fit oligomeric 3D structure obtained with 7cn8.1.A 

template © and Model-1 with 8wly.1.B template and Model-4 with 8xut.1.A template made protruding amino acids (open complex). The 

same three subunits were denoted by A, B and C with few amino acid positions were described. 

 

Figure 11: Swiss-Modelling of XEC spike (Front view) and compared with LB.1.7 spike and KP.3.1.1 spike using best fit 

7cn8.1.A template and 8y5j.1.A templatel. The best symmetrical oligomeric 3D spike structure was found with 7cn8,.1.A 

template and XEC spike but very comparable. 

 
Figure 12: Open complex of single subunit coronavirus spike of Wuhan (B.0), XEC and KP.3.1.1. The XEC and KP.3.1.1 

had some sword conformation at the RDB (see arrow) useful for better binding to lungs cells. Such up conformation in 

XEC and KP.3.1.1 favors ACE-2 binding (Zhao et al., 2022). 
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Table 1: Spike protein amino acid point mutations in Omicron JN.1 coronavirus (protein id. WUY16791) as BLASTP-2 compared with 

Wuhan spike. 

P

O

S 

1

9 

2

1 

2

7 

5

0 

1

2

7 

1

4

2 

1

5

7 

1

5

8 

1

7

7 

2

1

2 

2

1

3 

2

1

6 

2

4

5 

2

6

4 

3

3

2 

3

3

9 

3

5

6 

3

7

1 

3

7

3 

3

7

5 

3

7

6 

4

0

3 

4

0

5 

4

0

8 

4

1

7 

4

4

0 

4

4

5 

4

4

6 

4

5

0 

B T R A S V G F R M L V L H A I G K S S S T R D R K N V G N 

J I T S L F D S G I I G F N D V H T F P F A K N S N K H S D 

P

O

S 

4

5

2 

4

5

5 

4

6

0 

4

7

7 

4

7

8 

4

8

1 

4

8

4 

4

8

6 

4

9

8 

5

0

1 

5

0

5 

6

1

4 

6

2

1 

6

5

5 

6

7

9 

6

8

1 

7

6

4 

7

9

6 

9

3

9 

9

4

0 

9

6

9 

1

1

4

3 

       

B L L N S T N E F Q N Y D P H N P N D S Q N P        

J W S K N K K K P R Y H G S Y K R K Y F H K L        

Table 2: Characteristics of few recombinant corona viruses (2019-2024) 

No Variant Recombinant 

variants 

Accession numbers of important corona viruses that 

had gone recombination 

Actual name of the 

coronaviruses 

1 XAM AY.122 + 

BA.2 

AY.122=OQ119975/OQ119980 

BA.2=OP633365/OQ030587/OQ028416 

BA.2=B.1.1.529.2 

Delta=AY.122 

2 XAJ BA.2.12.1 + 

BA.4 

BA.2.12.1=OQ098129/OQ098131/ON386383 

BA.4=OP825918 

BA.2=B.1.1.529.2 

BA.4=B.1.1.529.4 

3 XBC BA.2 + 

B.1.617.2 

BA.2=OM901219 

B.1.617.2=OM265438/OP599775/OK465723 

BA.2=B.1.1.529.2 

Delta=B.1.617.2 

4 XBF BA.5.2 + 

CJ.1 

BA.5.2=OP936468/OQ097528/ON999606 

CJ.1= 

CJ.1=BA.2.75.3.1.1.1.1 

BA.5.2=B.1.1.529.5.2 

5 XDQ BA.2.86.1 + 

FL.15.1.1 

FL.1=OR252031 

FL.15=OR251957 

FL.1=XBB.1.9.1.1 

FL.15=XBB.1.9.1.15 

6 XBB BJ.1 + 

BM.1.1.1 

XBB=OQ080149/OX394639 

BA.2.75=OP699966 

BM.1.1.1=OQ253574 

BJ.1->BA.2.10.1 

BM.1.1.1-> BA.2.75 

7 XEC KP.3.3 + 

KS.1.1 

XEC=PQ313310/PQ380322 

KS.1.1=PQ380361/PQ345743 

KP.3.3=PQ380374/PQ206638 

KS.1.1=JN.1.13.1.1.1 

KP.3.3=JN.1.11.1.3.3 

Table 3: Penetration of KP.3.2, KS.1.1 and XEC amino acid point mutations in GenBank database 

Protein id BLASTP sequence (First 60 amino acids of spike protein) Penetration 

(GenBank) 

1. XEQ88390 Mfvflvllplvssqcvmplfnlitttqsytnsftrgvyypdkvfrssvlhltqdlflpfs-60 650 

2. XEQ89525 Mfaflvllplvssqcvmplfnlitttqsytnsftrgvyypdkvfrssvlhltqdlflpfs-60 1 

3. XGE36110-

KS.1.1 

Mfvflvllplvssqcvmplfnlittnqsytnsftrgvyypdkvfrssvlhltqdlflpfs-60 130 

4. XGE36098-

KP.3.3 

Mfvflvllplvssqcvmplfnlitttqsytnsftrgvyypdkvfrssvlhltqdlflpff-60 >5000 

   

5. XGD20832-

K1081R 

Grahfpregvfvsngthwfltqrnfyepqiittdntfvsgncdvvigivnntvydplqle-

1140 

>2050 
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6. XGZ36098-

KP.3.3-Q489E 

Gpncyfplesygfrptygvghqpyrvvvlsfellhapatvcgpkkstnlvknkcvnfnfn

-540 

 

>4000 

7. V1l00L-

A1082S 

Chdgkshfpregvfvsngthwfltqrnfyepqiittdntfvsgncdvvigivnntvydpl-

1138 

20 

8. A599T 

XHN31935 

arvvrsifsrtletaqnsvrvlqkaaitildgisqyslrlidammftsdlatnnlvvmty-600 

 

495 

Table 4: Parameters of SWISS-MODELLING of XEC variant Spike Protein of SARS-CoV-2 

Model-1: Parameters of Swiss-Modelling between XEC spike protein (red) and compared with JN.1 (green), 

LB.1.7 (Blue) and KP.3.1.1 (yellow) variants using template 8wly.1.B (Bat origin) 

Protein id QMQE QSQE Identity MolProbity 

score 

Clash 

score 

Ramchandran 

favoured 

Bad 

bonds 

Bad 

angles 

XDF23570 0.69 0.99 74.64% 1.67 1.11 88.42% 1 214 

XHC86854 0.68 0.99 74.49% 1.61 0.63 87.51% 0 219 

XEQ70659 0.68 0.99 74.63% 1.75 1.69 88.44% 2 244 

XHP24317 0.63 0.99 74.27% 1.69 1.19 88.27%   

Model-2: Parameters of Swiss-Modelling between JN.1, XEC and LB.1.7 spike protein variants using template 

7cn8.1.A (Pangoline origin) 

Protein id QMQE QSQE Identity MolProbity 

score 

Clash 

score 

Ramchandran 

favoured 

Bad 

bonds 

Bad 

angles 

XDF23570 0.68 0.97 88.90% 1.45 0.90 94.90% 0 125 

XHC86854 0.68 0.97 88.74% 1.37 0.67 95.02% 5 110 

XEQ70659 0.68 0.97 88.72% 1.48 0.94 94.66% 0 151 

XHP24317 0.69 0.96 88.23% 1.44 0.84 94.9% 0 126 

Spike protein Swiss Modelling parameters of XEC variant omicron corona virus using 8y5j.1.B template 

Protein id 

 

QMQE QSQE Identity MolPrabity 

score 

Clash 

score 

Ramchandran 

favoured 

Bad 

bonds 

Bad 

angles 

XHC86854 0.63 0.92 99.00% 1.30 0.48 90.13% 7 188 

XEQ70659 0.66 0.93 99.08% 1.21 0.45 89.90% 1 181 

XHP24317 0.66 0.92 99.07% 1.27 0.68 90.06% 2 172 

Discussion 

The XEC variant was originated from KP.3.3 and KS.1.1 JN.1 

lineages but we showed that FL.15 subvariant was also involved 

in the process [25-27]. In otherwards, spike N-terminal amino 

acid sequence from KS.1.1 made the XEC virus more unique. So 

far spike amino acids 315-510 (RBD domain) have been 

implicated in ACE-2 binding. With our model, we have seen the 

modulation of surface interacting spike amino acids in omicron 

variants [28].  Indicated universal mutation G142D and common 

mutation Q146H and R158G as well as A83V to A83F, V90L to 

V90Y in the NTD domain and T346R/ T346I in the RBD domain 

of spike of JN.1 variant would possibly contribute to the ongoing 

evolution of viral lineages, and their overall fitness and 

adaptability [29]. Coronavirus replicative RNA recombination 

may be involved in the entire genome [30]. Non-replicative RNA 

recombination of an animal plus-strand RNA virus might be 

possible in the absence of efficient translation of viral proteins 

and solely mediated by cellular recombination proteins [31]. 

Certainly, RNA virus populations are diverse due to a variety of 

factors, including lack of proofreading of the viral RNA-

dependent RNA polymerase (RdRP) [32]. There are 11 shared 

common mutations G339D, S373P, S375F, K417N, N440K, 

S477N, T478K, E484A, Q493R, Q498R, and N501Y in RBD 

Omicron sub‐variants that may contribute significantly to change 

the host spectrum of SARS‐CoV‐2 in immune evasion and 

potential transmission. The BA.1 variant has 18 unique mutations 

A67V, H69del, V70del, T95I, V143del, Y144del, Y145del, 



 Chakraborty, SunText Rev Virol (2024), 5: 1 

    

Citation: Chakraborty AK (2024) Genesis of Recombinant XEC Variant and Comparable SWISS-Modelling of Spike of LB.1.7 and KP.3.1.1 
Subvariants Coronaviruses. SunText Rev Virol 5(1): 152. 

  

N211I, L212V, V213R, ins214EP, R216E, S371L, G446S, 

G496S, T547K, N856K, and L981F. Whereas, BA.2 has 10 

unique mutations T19I, L24del, P25del, P26del, A27S, V213G, 

S371F, T376A, D405N, and R408S. The Omicron sub‐variants 

(BA.1.1, BA.2 and BA.3) are likely more transmissible than 

omicron (BA.1) and Delta. This may facilitate RBD interaction 

with the negatively charged ACE2, hence enhancing the ACE2 

receptor's affinity [33]. Kumar et al also predicted that the T95I, 

N211I, and V213R mutations to be deleterious in BA.1 while 

Y505H, N786K to be deleterious both BA.1 and BA.2 for ACE-2 

interactions. Parsons and Acharya recently reported that omicron 

trimeric 3-D spike structure was more compact to interact with 

ACE-2 receptor. They have not used the 3-D JN.1 or XEC spike 

proteins and have compared the 3-D structure with PDB IDs; 

Alpha, PDB: 7R13; Beta, PDB: 7LYL; Delta B.1.617.2, PDB: 

7TOU; D614G, PDB: 7KDK; BA.1, PDB: 7TL1; BA.2, PDB: 

7UB6. Important question if the three RBD domains are down or 

one RBD is up to interact first with ACE-2 receptor as postulated 

with recent JN.1 omicron viruses. According to deep mutational 

scanning, ELISA, and SPR analysis, some of these mutations 

increased affinity for ACE-2 (N440K, S477N, T478K, G496S, 

Q498R, N501Y) while others decreased ACE-2 affinity (R346K, 

K417N, G496S, E484A, G496S, Y505H) [34]. We postulated 

His442, Pro482, Lys480, Lys478 might be involving amino acids 

to first interact with ACE-2 receptors. The 31S deletion decreases 

nAb titers of LB.1, KP.2.3 and KP.3.1.1 in bivalent mRNA-

vaccinated healthcare workers and causes escape of antibodies in 

BA.2.86/JN.1-wave convalescent sera [12]. The JN.1 subvariants, 

including LB.1, KP.2.3, and KP.3.1.1, are completely resistant to 

neutralization by S309, one of the most broadly neutralizing 

antibodies have tested. The Q493E mutation in KP.3.1.1 was 

thought to be important for recent higher infectivity of KP.3.1.1 

similar to L455S and F456L enhanced the ACE-2 binding. 

Mutations within CD8+ epitopes in N protein (M322I and 

L331F), M protein (L90F) and the spike protein (L270F) and 

Nsp3 T504P were reported within minority variants during the 

course of acute infections, resulting in loss of epitope-specific 

responses and pathogenesis [10]. The M-protein I82T and N-

protein R203M/R203K mutations were also reported worldwide 

[35]. We found D3H, A63T and A104V mutation in the M-

protein of JN.1 variants. Thus, convergent evolution in JN.1 

subvariants with R346, L455, and F456 mutations in the RBD of 

spike has further exacerbated immune escape, underscoring an 

urgent need for updated vaccine development during 2024 [36]. 

Interestingly, Paxlovid drug was quite satisfactory reducing the 

symptoms of omicron coronaviruses [37,38]. Surely, XEC and 

KP.3.1.1 should be studied more carefully using whole genome 

sequencing and new vaccine development with modified spike 

must be continued. 

Conclusion 

We concluded and reviewed the genesis of XEC variant and 

KP.3.1.1 variant that had favorable compact 3-D conformation for 

higher transmission. The main differences XEC variant had no 

31S deletion in spike while most KP.3.1.1 and LB.1.7 variants 

had 31S spike deletion. The important 17MPLF spike insertion 

was found in most (>95%) omicron JN.1 lineages. The 49nt 

deletion in the 3’-UTR of JN.1-related variants is minimum 

(<1%) and few scientists are not sequencing that region as getting 

conflict data. 

Acknowledgement 

We thank free CLUSTAL-Omega software, free Swiss Model 

server and free SARS-CoV-2 Database (NIH, USA). AKC is a 

retired associate professor. 

References 

1. Panahi Y, Gorabi AM, Talaei S, Beiraghdar F, Akbarzadeh A, 

Tarhriz V. An overview on the treatments and prevention against 

COVID-19. Virol J. 2023; 20. 

2. Chakraborty AK. Coronaviruses have reached at pre-elimination 

stage with nine amino acid spike deletions and forty-nine nucleotide 

3’-utr deletions. Int J Clin Virol. 2024; 8: 31-44. 

3. Mousavizadeh L, Ghasemi S. Genotype and phenotype of COVID-

19: Their roles in pathogenesis. J Microbiol Immunol Infect. 2021; 

54: 159-163. 

4. Giovanetti M, Benedetti F, Campisi G, Ciccozzi A, Ceccarelli G, 

Tambone V, et al. Evolution patterns of SARS-CoV-2: Snapshot on 

its genome variants. Biochem Biophys Res Commun. 2021; 538: 

88-91. 

5. Chakraborty AK. Coronavirus Nsp2 Protein Homologies to the 

Bacterial DNA Topoisomerase I and IV Suggest Nsp2 protein is a 

unique RNA Topoisomerase with novel target for drug and vaccine 

development. Virol Mycol. 2020; 9: 185. 

6. Chakraborty AK. Multi-Alignment Comparison of Coronavirus 

non-structural proteins Nsp13-16 with ribosomal proteins and other 

DNA/RNA modifying enzymes suggested their roles in the 

Regulation of Host Protein Synthesis. International J Clinic Med 

Informatics. 2020; 3: 7-19. 

7. Jackson CB, Farzan M, Chen B, Choe H. Mechanisms of SARS-

CoV-2 entry into cells. Nat Rev Mol Cell Biol. 2022; 23: 3-20. 

8. Cherian S, Potdar V, Jadhav S, Yadav P, Gupta N, Das M, et al. 

Sars-cov-2 spike mutations, l452r, t478k, e484q and p681r, in the 

second wave of covid-19 in Maharashtra, India. Microorganisms. 

2021; 9.  

9. Chakraborti S, Gill J, Goswami R, Kumar S, Chandele A, Sharma 

A, et al. Structural Profiles of SARS-CoV-2 Variants in India. Curr 

Microbiol. 2022; 80. 

10. Carabelli AM, Peacock TP, Thorne LG, Harvey WT, Hughes J. 

COVID-19 Genomics UK Consortium; et al. SARS-CoV-2 variant 

biology: immune escape, transmission and fitness. Nat Rev 

Microbiol. 2023; 21: 162-177.  

https://link.springer.com/article/10.1186/s12985-023-01973-9
https://link.springer.com/article/10.1186/s12985-023-01973-9
https://link.springer.com/article/10.1186/s12985-023-01973-9
https://www.researchsquare.com/article/rs-4935374/v1
https://www.researchsquare.com/article/rs-4935374/v1
https://www.researchsquare.com/article/rs-4935374/v1
https://www.sciencedirect.com/science/article/pii/S1684118220300827
https://www.sciencedirect.com/science/article/pii/S1684118220300827
https://www.sciencedirect.com/science/article/pii/S1684118220300827
https://www.sciencedirect.com/science/article/pii/S0006291X20320313
https://www.sciencedirect.com/science/article/pii/S0006291X20320313
https://www.sciencedirect.com/science/article/pii/S0006291X20320313
https://www.sciencedirect.com/science/article/pii/S0006291X20320313
https://osf.io/preprints/osf/tc9us
https://osf.io/preprints/osf/tc9us
https://osf.io/preprints/osf/tc9us
https://osf.io/preprints/osf/tc9us
https://www.mdpi.com/2076-2607/9/7/1542
https://www.mdpi.com/2076-2607/9/7/1542
https://www.mdpi.com/2076-2607/9/7/1542
https://www.mdpi.com/2076-2607/9/7/1542
https://link.springer.com/article/10.1007/s00284-022-03094-y
https://link.springer.com/article/10.1007/s00284-022-03094-y
https://link.springer.com/article/10.1007/s00284-022-03094-y
https://www.nature.com/articles/s41579-022-00841-7
https://www.nature.com/articles/s41579-022-00841-7
https://www.nature.com/articles/s41579-022-00841-7
https://www.nature.com/articles/s41579-022-00841-7


 Chakraborty, SunText Rev Virol (2024), 5: 1 

    

Citation: Chakraborty AK (2024) Genesis of Recombinant XEC Variant and Comparable SWISS-Modelling of Spike of LB.1.7 and KP.3.1.1 
Subvariants Coronaviruses. SunText Rev Virol 5(1): 152. 

  

11. Wang Q, Ye SB, Zhou ZJ, Song AL, Zhu X, Peng JM, et al. Key 

mutations in the spike protein of SARS-CoV-2 affecting 

neutralization resistance and viral internalization. J Med Virol. 

2023; 95.  

12. Wang Q, Iketani S, Li Z, Liu L, Guo Y, Huang Y, et al. Alarming 

antibody evasion properties of rising SARS-CoV-2 BQ and XBB 

subvariants. Cell. 2023; 186: 279-286. 

13. Khatri R, Siddqui G, Sadhu S, Maithil V, Vishwakarma P, Lohiya 

B, et al. Intrinsic D614G and P681R/H mutations in SARS-CoV-2 

VoCs Alpha, Delta, Omicron and viruses with D614G plus key 

signature mutations in spike protein alters fusogenicity and 

infectivity. Med Microbiol Immunol. 2023; 212: 103-122. 

14. Parsons RJ, Acharya P. Evolution of the SARS-CoV-2 Omicron 

spike. Cell Rep. 2023; 42. 

15. Tamura T, Ito J, Uriu K, Zahradnik J, Kida I, Anaraku Y, et al. 

Virological characteristics of the SARS-CoV-2 XBB variant derived 

from recombination of two Omicron subvariants. Nat Commun. 

2023; 14.  

16. Chakraborty AK. Higher omicron JN.1 and BA.2.86.1coronavirus 

transmission due to unique17MPLF spike insertion compensating 

24LPP, 69HV, 145Y, 211N and 483Vdeletions in the spike. J Future 

Med Healthcare Innovation. 2024; 2: 1-20. 

17. Chakraborty AK. The G36s, M147I, G265S, T568I, N852S New 

Mutations in the Spike of Omicron JN.1 Subvariants: New 

Subvariants JN.1.1 to JN.1.5 nomenclature and Oligonucleotides 

Design for JN.1 Subvariants Detection. J Emr Virol Infec Dis. 2024; 

1. 

18. Aggarwal NR, Beaty LE, Bennett TD, Fish LE, Carlson NE, Ginde 

AA, et al. Real-world use of nirmatrelvir-ritonavir in covid-19 

outpatients during bq.1, bq.1.1. And xbb.1.5 predominant omicron 

variants in three u,s health systems: a retrospective cohort study. 

Lancet Reg Health Am. 2024; 31. 

19. Choi HS, Choi AY, Kopp JB, Winkler CA, Cho SK. Review of 

COVID-19 therapeutics by mechanism: from discovery to approval. 

J Korean Med Sci. 2024; 39.  

20. Muller NF, Kistler KE, Bedford T. A Bayesian approach to infer 

recombination patterns in coronaviruses. Nat Commun. 2022; 13.  

21. Li L, Liao H, Meng Y, Li W, Han P, Liu K, et al. Structural basis of 

human ACE2 higher binding affinity to currently circulating 

Omicron SARS-CoV-2 sub-variants BA. 2 and BA. 1.1. Cell. 2022; 

185: 2952-2960. 

22. Abulsoud AI, El-Husseiny HM, El-Husseiny AA, El-Mahdy HA, 

Ismail A, Elkhawaga SY, et al. Mutations in SARS-CoV-2: Insights 

on structure, variants, vaccines, and biomedical interventions. 

Biomed Pharmacother. 2023; 157. 

23. Zhao Z, Zhou J, Tian M, Wang Q, Wang P, Gao GF, et al. Omicron 

SARS-CoV-2 mutations stabilize spike up-RBD conformation and 

lead to a non-RBM-binding monoclonal antibody escape. Nat 

Commun. 2022; 13.  

24. Xu C, Wang Y, Liu C, Zhang C, Han W, Hong X, et al. 

Conformational dynamics of SARS‐CoV‐2 trimeric spike 

glycoprotein in complex with receptor ACE2 revealed by cryo‐EM. 

Sci Adv. 2021; 7. 

25. Bentley K, Evans DJ. Mechanisms and consequences of positive-

strand RNA virus recombination. J Gen Virol. 2018; 99: 1345-1356. 

26. Focosi D, Maggi F. Recombination in Coronaviruses, with a Focus 

on SARS-CoV-2. Viruses. 2022; 14. 

27. Wells HL, Bonavita CM, Navarrete-Macias I, Vilchez B, 

Rasmussen AL, Anthony SJ.et al. The coronavirus recombination 

pathway. Cell Host Microbe. 2023; 31: 874-889.  

28. Ignatieva A, Hein J, Jenkins PA. Ongoing recombination in sars-

cov-2 revealed through genealogical reconstruction. Mol Biol Evol. 

2022; 39.  

29. Selvavinayagam ST, Sankar S, Yong YK, Murugesan A, 

Suvaithenamudhan S, Hemashree K, et al. Emergence of SARS-

CoV-2 Omicron Variant JN.1 in Tamil Nadu, India - Clinical 

Characteristics and Novel Mutations. Sci Rep. 2024; 14. 

30. Keck JG, Makino S, Soe LH, Fleming JO, Stohlman SA, Lai MM, 

et al. RNA recombination of coronavirus. Adv Exp Med Biol. 1987; 

218: 99-107. 

31. Buning MK, Meyer D, Austermann-Busch S, Roman-Sosa G, 

Rümenapf T, Becher P, et al. Nonreplicative RNA Recombination 

of an animal plus-strand RNA Virus in the absence of efficient 

translation of viral proteins. Genome Biol Evol. 2017; 9: 817-829. 

32. Janissen R, Woodman A, Shengjuler D, Vignuzzi M, Cameron C, 

Dekker NH, et al. Induced intra- and intermolecular template 

switching as a therapeutic mechanism against RNA viruses. Mol 

Cell. 2021; 81: 4467-4480. 

33. Kumar S, Karuppanan K, Subramaniam G. Omicron (BA.1) and 

sub-variants (BA.1.1, BA.2, and BA.3) of SARS-CoV-2 spike 

infectivity and pathogenicity: A comparative sequence and 

structural-based computational assessment. J Med Virol. 2022; 94: 

4780-4791. 

34. Stalls V, Lindenberger J, Gobeil SMC, Henderson R, Parks R, Barr 

M, et al. Cryo-EM structures of SARS-CoV-2 Omicron BA.2 spike. 

Cell Rep. 2022; 39. 

35. Abavisani M, Rahimian K, Mahdavi B, Tolhanbigli S, Siasakht 

MM, Farhadi A, et al. Mutations in SARS-CoV-2 structural 

proteins: a global analysis. Virol J. 2022; 19: 220.  

36. Li P, Faraone JN, Hsu CC, Chamb M, Liu Y, Zheng YM, et al. 

Neutralization and Stability of JN.1-derived LB.1, KP.2.3, KP.3 and 

KP.3.1.1 Subvariants. bioRxiv. 2024; 5.  

37. Najjar-Debbiny R, Gronich N, Weber G, Khoury J, Amar M, Stein 

N, et al. Effectiveness of Paxlovid in reducing severe Coronavirus 

disease 2019 and mortality in high-risk patients. Clin Infect Dis. 

2023; 76: 342–349. 

38. Chakraborty AK. Hyper-variable Spike Protein of Omicron Corona 

Virus and its differences with Alpha and Delta Variants: Prospects 

of RT-PCR and new Vaccine. J Emerg Dis Virol. 2022; 7: 1. 

https://onlinelibrary.wiley.com/doi/full/10.1002/jmv.28407
https://onlinelibrary.wiley.com/doi/full/10.1002/jmv.28407
https://onlinelibrary.wiley.com/doi/full/10.1002/jmv.28407
https://onlinelibrary.wiley.com/doi/full/10.1002/jmv.28407
https://www.cell.com/cell/fulltext/S0092-8674(22)01531-8?rss=yes&amp%3Butm_source=dlvr.it&amp%3Butm_medium=twitter
https://www.cell.com/cell/fulltext/S0092-8674(22)01531-8?rss=yes&amp%3Butm_source=dlvr.it&amp%3Butm_medium=twitter
https://www.cell.com/cell/fulltext/S0092-8674(22)01531-8?rss=yes&amp%3Butm_source=dlvr.it&amp%3Butm_medium=twitter
https://link.springer.com/article/10.1007/s00430-022-00760-7
https://link.springer.com/article/10.1007/s00430-022-00760-7
https://link.springer.com/article/10.1007/s00430-022-00760-7
https://link.springer.com/article/10.1007/s00430-022-00760-7
https://link.springer.com/article/10.1007/s00430-022-00760-7
https://www.cell.com/cell-reports/fulltext/S2211-1247(23)01456-0
https://www.cell.com/cell-reports/fulltext/S2211-1247(23)01456-0
https://www.nature.com/articles/s41467-023-38435-3
https://www.nature.com/articles/s41467-023-38435-3
https://www.nature.com/articles/s41467-023-38435-3
https://www.nature.com/articles/s41467-023-38435-3
https://www.opastpublishers.com/open-access-articles/higher-omicron-jn1-and-ba2861-coronavirus-transmission-due-to-unique17-mplf-spike-insertion-compensating-24lpp-69hv-145y.pdf
https://www.opastpublishers.com/open-access-articles/higher-omicron-jn1-and-ba2861-coronavirus-transmission-due-to-unique17-mplf-spike-insertion-compensating-24lpp-69hv-145y.pdf
https://www.opastpublishers.com/open-access-articles/higher-omicron-jn1-and-ba2861-coronavirus-transmission-due-to-unique17-mplf-spike-insertion-compensating-24lpp-69hv-145y.pdf
https://www.opastpublishers.com/open-access-articles/higher-omicron-jn1-and-ba2861-coronavirus-transmission-due-to-unique17-mplf-spike-insertion-compensating-24lpp-69hv-145y.pdf
https://europepmc.org/article/ppr/ppr790773
https://europepmc.org/article/ppr/ppr790773
https://europepmc.org/article/ppr/ppr790773
https://europepmc.org/article/ppr/ppr790773
https://europepmc.org/article/ppr/ppr790773
https://www.thelancet.com/journals/lanam/article/PIIS2667-193X(24)00020-6/fulltext
https://www.thelancet.com/journals/lanam/article/PIIS2667-193X(24)00020-6/fulltext
https://www.thelancet.com/journals/lanam/article/PIIS2667-193X(24)00020-6/fulltext
https://www.thelancet.com/journals/lanam/article/PIIS2667-193X(24)00020-6/fulltext
https://www.thelancet.com/journals/lanam/article/PIIS2667-193X(24)00020-6/fulltext
https://pesquisa.bvsalud.org/gim/resource/enauMartinsNetoViviana/wpr-1043496
https://pesquisa.bvsalud.org/gim/resource/enauMartinsNetoViviana/wpr-1043496
https://pesquisa.bvsalud.org/gim/resource/enauMartinsNetoViviana/wpr-1043496
https://www.nature.com/articles/s41467-022-31749-8
https://www.nature.com/articles/s41467-022-31749-8
https://www.cell.com/cell/fulltext/S0092-8674(22)00728-0
https://www.cell.com/cell/fulltext/S0092-8674(22)00728-0
https://www.cell.com/cell/fulltext/S0092-8674(22)00728-0
https://www.cell.com/cell/fulltext/S0092-8674(22)00728-0
https://www.sciencedirect.com/science/article/pii/S075333222201366X
https://www.sciencedirect.com/science/article/pii/S075333222201366X
https://www.sciencedirect.com/science/article/pii/S075333222201366X
https://www.sciencedirect.com/science/article/pii/S075333222201366X
https://www.nature.com/articles/s41467-022-32665-7
https://www.nature.com/articles/s41467-022-32665-7
https://www.nature.com/articles/s41467-022-32665-7
https://www.nature.com/articles/s41467-022-32665-7
https://www.science.org/doi/full/10.1126/sciadv.abe5575
https://www.science.org/doi/full/10.1126/sciadv.abe5575
https://www.science.org/doi/full/10.1126/sciadv.abe5575
https://www.science.org/doi/full/10.1126/sciadv.abe5575
https://www.microbiologyresearch.org/content/journal/jgv/10.1099/jgv.0.001142
https://www.microbiologyresearch.org/content/journal/jgv/10.1099/jgv.0.001142
https://www.cell.com/cell-host-microbe/fulltext/S1931-3128(23)00196-8
https://www.cell.com/cell-host-microbe/fulltext/S1931-3128(23)00196-8
https://www.cell.com/cell-host-microbe/fulltext/S1931-3128(23)00196-8
https://academic.oup.com/mbe/article/39/2/msac028/6519867
https://academic.oup.com/mbe/article/39/2/msac028/6519867
https://academic.oup.com/mbe/article/39/2/msac028/6519867
https://www.nature.com/articles/s41598-024-68678-z
https://www.nature.com/articles/s41598-024-68678-z
https://www.nature.com/articles/s41598-024-68678-z
https://www.nature.com/articles/s41598-024-68678-z
https://link.springer.com/chapter/10.1007/978-1-4684-1280-2_11
https://link.springer.com/chapter/10.1007/978-1-4684-1280-2_11
https://link.springer.com/chapter/10.1007/978-1-4684-1280-2_11
https://watermark.silverchair.com/evx046.pdf?token=AQECAHi208BE49Ooan9kkhW_Ercy7Dm3ZL_9Cf3qfKAc485ysgAAA0kwggNFBgkqhkiG9w0BBwagggM2MIIDMgIBADCCAysGCSqGSIb3DQEHATAeBglghkgBZQMEAS4wEQQMzhtyuds5mEUPpzQHAgEQgIIC_NNNkM7Gigb0pDSttkhwOLdQ-jTi4jVT08O0IN4ff7EqoqWKi3H6QlXHuTBwRPZRHl5RX0VtURnm1Cep4OJTsDu8md0Uh7zpfPClZWoljNIiKZcXXvvcWkmU2gFJ7wK3Ecjbe0k_DIUfqyBku2mFlQbbYH2IBePBHtRd_nhNAhQQk7rctIknIZEF3oOo31V6WVrgpexy3FFvA4TsfZyxBDrZLyXUcnZ3JYoAhCK9JNBqCHBkIAbocR37crxApJqnL1omBsiA1mwxGXxK01y-OQy3wpYhwqwnInAXDGVVTTbm11EPhgGMyEm9mgTRFvjqS7ShoDZKFPB3M54C4wDy5zoSRteRg7tQdu0VjwP7TZcdvWp82oeCo9YbbmNoa7LRniFzRl1YbgugIe4MN9t7AysIGd-B8bDXcmUoi1VWDRh8DXJfdR-TSxs8GN5llVuUQ5k8OpSxBIeH8lgIUFfkm1bBW6gGbY_gknkyQSDAcUv9KXSixLMRkvo0m-9JzpD_P-J_0t-2IRXTKvwE6otCOYKhQE0ix0oeRnRFDANoqzzZ6OLY7C2CMtqRKBxkSwpflq8NTci5uX2w5aQ7w1fXpgqBAeb4Uz8kjqSo3WpYLJbJxZmgh_c44XJL65-FLjYCmgTeB_oANbMeBv-0DpCex7-rVg167nQ25WzF--nu0H-6SrxqDDj_I95oI_iTDE885t7CQN9s5O90jJsSypu4rbvl8KROC1q-M37td4jE1FVOUq8sAl9o6ryRMW522QwPFz-fyHmTJrI7KEq0VKcREVlCJj0WLN3XYtbCC5IgC4sXJCwu189JthbTo4EcOW-WU37eQUYAmoOQ1TLW9_YO_pgyCfR3-wlMgd-HrAHuaNglNT4I3UacWTWTjq03-rrbjr8aBY0A8cYboj8T4SslJ-7E6kuFq_zJPuxDHvlY_gE8_csbrgn5GK-KKqHmZGd0y0kWsM46bKZYitDdEjb8Pc3FwNb0EydvA9tsGxT1I_1vFyoSfO1rfrrCiXXZ
https://watermark.silverchair.com/evx046.pdf?token=AQECAHi208BE49Ooan9kkhW_Ercy7Dm3ZL_9Cf3qfKAc485ysgAAA0kwggNFBgkqhkiG9w0BBwagggM2MIIDMgIBADCCAysGCSqGSIb3DQEHATAeBglghkgBZQMEAS4wEQQMzhtyuds5mEUPpzQHAgEQgIIC_NNNkM7Gigb0pDSttkhwOLdQ-jTi4jVT08O0IN4ff7EqoqWKi3H6QlXHuTBwRPZRHl5RX0VtURnm1Cep4OJTsDu8md0Uh7zpfPClZWoljNIiKZcXXvvcWkmU2gFJ7wK3Ecjbe0k_DIUfqyBku2mFlQbbYH2IBePBHtRd_nhNAhQQk7rctIknIZEF3oOo31V6WVrgpexy3FFvA4TsfZyxBDrZLyXUcnZ3JYoAhCK9JNBqCHBkIAbocR37crxApJqnL1omBsiA1mwxGXxK01y-OQy3wpYhwqwnInAXDGVVTTbm11EPhgGMyEm9mgTRFvjqS7ShoDZKFPB3M54C4wDy5zoSRteRg7tQdu0VjwP7TZcdvWp82oeCo9YbbmNoa7LRniFzRl1YbgugIe4MN9t7AysIGd-B8bDXcmUoi1VWDRh8DXJfdR-TSxs8GN5llVuUQ5k8OpSxBIeH8lgIUFfkm1bBW6gGbY_gknkyQSDAcUv9KXSixLMRkvo0m-9JzpD_P-J_0t-2IRXTKvwE6otCOYKhQE0ix0oeRnRFDANoqzzZ6OLY7C2CMtqRKBxkSwpflq8NTci5uX2w5aQ7w1fXpgqBAeb4Uz8kjqSo3WpYLJbJxZmgh_c44XJL65-FLjYCmgTeB_oANbMeBv-0DpCex7-rVg167nQ25WzF--nu0H-6SrxqDDj_I95oI_iTDE885t7CQN9s5O90jJsSypu4rbvl8KROC1q-M37td4jE1FVOUq8sAl9o6ryRMW522QwPFz-fyHmTJrI7KEq0VKcREVlCJj0WLN3XYtbCC5IgC4sXJCwu189JthbTo4EcOW-WU37eQUYAmoOQ1TLW9_YO_pgyCfR3-wlMgd-HrAHuaNglNT4I3UacWTWTjq03-rrbjr8aBY0A8cYboj8T4SslJ-7E6kuFq_zJPuxDHvlY_gE8_csbrgn5GK-KKqHmZGd0y0kWsM46bKZYitDdEjb8Pc3FwNb0EydvA9tsGxT1I_1vFyoSfO1rfrrCiXXZ
https://watermark.silverchair.com/evx046.pdf?token=AQECAHi208BE49Ooan9kkhW_Ercy7Dm3ZL_9Cf3qfKAc485ysgAAA0kwggNFBgkqhkiG9w0BBwagggM2MIIDMgIBADCCAysGCSqGSIb3DQEHATAeBglghkgBZQMEAS4wEQQMzhtyuds5mEUPpzQHAgEQgIIC_NNNkM7Gigb0pDSttkhwOLdQ-jTi4jVT08O0IN4ff7EqoqWKi3H6QlXHuTBwRPZRHl5RX0VtURnm1Cep4OJTsDu8md0Uh7zpfPClZWoljNIiKZcXXvvcWkmU2gFJ7wK3Ecjbe0k_DIUfqyBku2mFlQbbYH2IBePBHtRd_nhNAhQQk7rctIknIZEF3oOo31V6WVrgpexy3FFvA4TsfZyxBDrZLyXUcnZ3JYoAhCK9JNBqCHBkIAbocR37crxApJqnL1omBsiA1mwxGXxK01y-OQy3wpYhwqwnInAXDGVVTTbm11EPhgGMyEm9mgTRFvjqS7ShoDZKFPB3M54C4wDy5zoSRteRg7tQdu0VjwP7TZcdvWp82oeCo9YbbmNoa7LRniFzRl1YbgugIe4MN9t7AysIGd-B8bDXcmUoi1VWDRh8DXJfdR-TSxs8GN5llVuUQ5k8OpSxBIeH8lgIUFfkm1bBW6gGbY_gknkyQSDAcUv9KXSixLMRkvo0m-9JzpD_P-J_0t-2IRXTKvwE6otCOYKhQE0ix0oeRnRFDANoqzzZ6OLY7C2CMtqRKBxkSwpflq8NTci5uX2w5aQ7w1fXpgqBAeb4Uz8kjqSo3WpYLJbJxZmgh_c44XJL65-FLjYCmgTeB_oANbMeBv-0DpCex7-rVg167nQ25WzF--nu0H-6SrxqDDj_I95oI_iTDE885t7CQN9s5O90jJsSypu4rbvl8KROC1q-M37td4jE1FVOUq8sAl9o6ryRMW522QwPFz-fyHmTJrI7KEq0VKcREVlCJj0WLN3XYtbCC5IgC4sXJCwu189JthbTo4EcOW-WU37eQUYAmoOQ1TLW9_YO_pgyCfR3-wlMgd-HrAHuaNglNT4I3UacWTWTjq03-rrbjr8aBY0A8cYboj8T4SslJ-7E6kuFq_zJPuxDHvlY_gE8_csbrgn5GK-KKqHmZGd0y0kWsM46bKZYitDdEjb8Pc3FwNb0EydvA9tsGxT1I_1vFyoSfO1rfrrCiXXZ
https://watermark.silverchair.com/evx046.pdf?token=AQECAHi208BE49Ooan9kkhW_Ercy7Dm3ZL_9Cf3qfKAc485ysgAAA0kwggNFBgkqhkiG9w0BBwagggM2MIIDMgIBADCCAysGCSqGSIb3DQEHATAeBglghkgBZQMEAS4wEQQMzhtyuds5mEUPpzQHAgEQgIIC_NNNkM7Gigb0pDSttkhwOLdQ-jTi4jVT08O0IN4ff7EqoqWKi3H6QlXHuTBwRPZRHl5RX0VtURnm1Cep4OJTsDu8md0Uh7zpfPClZWoljNIiKZcXXvvcWkmU2gFJ7wK3Ecjbe0k_DIUfqyBku2mFlQbbYH2IBePBHtRd_nhNAhQQk7rctIknIZEF3oOo31V6WVrgpexy3FFvA4TsfZyxBDrZLyXUcnZ3JYoAhCK9JNBqCHBkIAbocR37crxApJqnL1omBsiA1mwxGXxK01y-OQy3wpYhwqwnInAXDGVVTTbm11EPhgGMyEm9mgTRFvjqS7ShoDZKFPB3M54C4wDy5zoSRteRg7tQdu0VjwP7TZcdvWp82oeCo9YbbmNoa7LRniFzRl1YbgugIe4MN9t7AysIGd-B8bDXcmUoi1VWDRh8DXJfdR-TSxs8GN5llVuUQ5k8OpSxBIeH8lgIUFfkm1bBW6gGbY_gknkyQSDAcUv9KXSixLMRkvo0m-9JzpD_P-J_0t-2IRXTKvwE6otCOYKhQE0ix0oeRnRFDANoqzzZ6OLY7C2CMtqRKBxkSwpflq8NTci5uX2w5aQ7w1fXpgqBAeb4Uz8kjqSo3WpYLJbJxZmgh_c44XJL65-FLjYCmgTeB_oANbMeBv-0DpCex7-rVg167nQ25WzF--nu0H-6SrxqDDj_I95oI_iTDE885t7CQN9s5O90jJsSypu4rbvl8KROC1q-M37td4jE1FVOUq8sAl9o6ryRMW522QwPFz-fyHmTJrI7KEq0VKcREVlCJj0WLN3XYtbCC5IgC4sXJCwu189JthbTo4EcOW-WU37eQUYAmoOQ1TLW9_YO_pgyCfR3-wlMgd-HrAHuaNglNT4I3UacWTWTjq03-rrbjr8aBY0A8cYboj8T4SslJ-7E6kuFq_zJPuxDHvlY_gE8_csbrgn5GK-KKqHmZGd0y0kWsM46bKZYitDdEjb8Pc3FwNb0EydvA9tsGxT1I_1vFyoSfO1rfrrCiXXZ
https://www.cell.com/molecular-cell/fulltext/S1097-2765(21)00832-7
https://www.cell.com/molecular-cell/fulltext/S1097-2765(21)00832-7
https://www.cell.com/molecular-cell/fulltext/S1097-2765(21)00832-7
https://www.cell.com/molecular-cell/fulltext/S1097-2765(21)00832-7
https://onlinelibrary.wiley.com/doi/abs/10.1002/jmv.27927
https://onlinelibrary.wiley.com/doi/abs/10.1002/jmv.27927
https://onlinelibrary.wiley.com/doi/abs/10.1002/jmv.27927
https://onlinelibrary.wiley.com/doi/abs/10.1002/jmv.27927
https://onlinelibrary.wiley.com/doi/abs/10.1002/jmv.27927
https://www.cell.com/cell-reports/fulltext/S2211-1247(22)00798-7
https://www.cell.com/cell-reports/fulltext/S2211-1247(22)00798-7
https://www.cell.com/cell-reports/fulltext/S2211-1247(22)00798-7
https://link.springer.com/article/10.1186/S12985-022-01951-7
https://link.springer.com/article/10.1186/S12985-022-01951-7
https://link.springer.com/article/10.1186/S12985-022-01951-7
https://pmc.ncbi.nlm.nih.gov/articles/PMC11398412/
https://pmc.ncbi.nlm.nih.gov/articles/PMC11398412/
https://pmc.ncbi.nlm.nih.gov/articles/PMC11398412/
https://academic.oup.com/cid/article/76/3/e342/6599020
https://academic.oup.com/cid/article/76/3/e342/6599020
https://academic.oup.com/cid/article/76/3/e342/6599020
https://academic.oup.com/cid/article/76/3/e342/6599020

