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Rotaviruses are the leading etiologic agent of viral gastroenteritis in infants and young children worldwide1. 
Rotavirus contains segmented, double stranded RNA genome. !e rotavirus protein VP7 makes up the outer 
capsid protein shell and VP4 forms the spikes that emanate through the outer capsid. VP7 is a glycoprotein that 
determines the G-type antigen while VP4 is a protease-sensitive protein that determines the P-type antigen2. !e 
common rotavirus classi"cation involves their genome composition and their serological reactivity, so the scien-
ti"c community uses the VP7, VP4 and VP6 proteins to classify them. Rotaviruses are classi"ed into 7 groups (A 
to G) based in the immunological reactivity of the VP6 (middle layer viral protein). Rotaviruses from the groups 
A to C have been isolated from humans but the most prevalent is the group A.

!e two outer capsid protein, VP7 and VP4, are used to classify rotavirus in G and P types (genotypes and/or 
serotypes). Nowadays we can count more than 36 di#erent G-genotypes and 51 P-genotypes (https://rega.kuleu-
ven.be/cev/viralmetagenomics/virus-classi"cation/rcwg). !e most prevalent genotypes in humans infections 
are G1P[8], G2P[4], G3P[8] and G4P[8]. More recently a classi"cation using the eleven segments of the genome 
has been settled up. !is new classi"cation allows a more in deep knowledge of rotavirus epidemiology to better 
study the occurrence of genetic reassortants3.

ͷ���������������������������ǡ�	������������������ǡ�����������������������ǡ���Ǥ�����������Ó���ͷͽǡ�ͺͼͶͷͶǡ���������ǡ�
Spain. ͸���������������������������������ǣ������������Ǧ�������������������
������Ǧ������Ǥ�ᅒ�Ǧ����ǣ�Jesus.
rodriguez@uv.es

OPEN

https://doi.org/10.1038/s41598-020-64767-x
https://rega.kuleuven.be/cev/viralmetagenomics/virus-classification/rcwg
https://rega.kuleuven.be/cev/viralmetagenomics/virus-classification/rcwg
mailto:Jesus.rodriguez@uv.es
mailto:Jesus.rodriguez@uv.es
http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-020-64767-x&domain=pdf


2SCIENTIFIC REPORTS |         (2020) 10:7753  | �����ǣȀȀ���Ǥ���ȀͷͶǤͷͶ͹;Ȁ�ͺͷͻͿ;ǦͶ͸ͶǦͼͺͽͼͽǦ�

www.nature.com/scientificreportswww.nature.com/scientificreports/

!e spike protein VP4 is processed by proteolytic cleavage into two subunits, VP5* and VP8*. VP8* is mainly 
involved in the virus - cell attachment process, while VP5* is involved in the translocation of the virus into 
the cytoplasm of host cells. For more than 30 years sialic acid was considered the glycoside receptor for ani-
mal rotaviruses4. Interestingly, human strains were considered sialic acid independent. !e discovery that the 
VP8* from human rotavirus strains also interacts with sugars, components of the histo-blood group antigens 
(HBGAs), broke the paradigm of the understanding of rotavirus biology, showing that the "rst steps of infection 
of human rotaviruses are mediated by speci"c carbohydrate-virus interactions5,6. HBGAs synthesis occurs by a 
sequential addition of monosaccharides to a disaccharide precursor. !e precursor contains the sugars galactose 
and N-acetylglucosamine (GlcNAc) linked by a β-1,3 or β-1,4 linkage. Depending on the linkage the sugars are 
classi"ed as type I containing β-1,3 linkage whereas type II includes β-1,4 linkage. To synthesize the H antigen is 
needed the addition of a fucose in the α-1,2 position by the enzyme FUT2. Lewis antigens are synthesised by the 
addition of a fucose residue in the position α-1,4 or α-1,3 to the terminal GlcNAc or H type I and II precursors 
respectively to create the di#erent Lewis a, b, x and y antigens7. !e secretor status is de"ned by the FUT2 gene, 
non-secretor individuals are those that lack functionality in both FUT-2 alleles and subsequently do not express 
H-antigen structures (Fig. 1).

Several studies suggested that non-secretor status reduces the susceptibility to RV infections mostly related 
to the P[8], P[4] and P[6] rotavirus genotypes8–10. !is is true in our area where the non-secretor infants are less 
prone to su#er symptomatic rotavirus infections11.

Sero-epidemiological studies are of importance to elucidate the di#erent viral agents and genotypes that are 
circulating in a particular area, for this reason the main aim of this work was to determine the serum antibody 
prevalence and titer to a panel of VP8* proteins from di#erent rotavirus genotypes (P[4], P[6], P[8], P[9], P[11], 
P[14] and P[25]) in children and adults. !e second aim was to determine if the secretor status (FUT2G428A pol-
ymorphism) was related to di#erential antibody response as a measure of susceptibility to the di#erent rotavirus 
genotypes utilised here.

Results
�������������������Ƥ��������������������������;*�������������������������������Ǥ� !e VP8* 
protein from P[4], P[6], P[8], P[9], P[11], P[14] and P[25] genotypes were produced in E. coli as described in the 
Material and methods section. !e puri"ed proteins were analysed by SDS-PAGE in a 12% polyacrylamide gel 
(Fig. 2) and con"rmed by Western blot using an anti-GST antibody. !e purity of each protein reached 90% and 
their sizes were as expected.

������������������������Ǧ������������;*�����������Ǥ� The results of the present study show that 
ninety-three per cent of the serum samples were positive for at least one of the VP8* antigens (82/88). Di#erent 
prevalence was found for each of the genotypes both in adults and children (Table 1). !e higher prevalence 
was found against the P[4] and P[8] genotypes, while the lower prevalence was against the P[11] genotype. 
Considering the total prevalence, no di#erences were found among children 88% (36/41) and adults 98% (46/47) 
(Table 1). Most interesting, the prevalence to P[4], P[8] and P[11] genotypes was higher in children than in adults 
(P < 0.05) (Table 1). Contrarily, not signi"cant di#erences were found for any of the other tested genotypes.

!e number of di#erent genotypes recognised by a single serum sample was also studied. !e results show 
that children serum samples recognize a higher number of genotypes (3.90 ± 0.26) compared to adults (2.94 ± 
0.24) (P < 0.05) (Fig. 3).
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Figure 1. HBGA biosynthesis pathway of the type I precursor. !e secretor status depends on the presence 
of FUT2 enzyme that adds a fucose in α-1,2 position of the galactose from the disaccharide precursor. Non-
secretor individuals show a lack of functionality of this enzyme and they are not able to synthesise the H type 
antigen. In this case, FUT3/4 adds a fucose in the α-1,4 position leading to the generation of Lea antigen.
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Figure 2. Coomassie blue stained 12% SDS-PAGE gel showing the di#erent GST::VP8* proteins used in this 
work. !e genotype of each one of the proteins is indicated in the upper part of the gel. !e molecular weights 
(kDa) of the marker (Mw) are indicated on the right of the gel.

VP8* Genotype Adults Children χ2 test
P[4] 26/47 (56%) 33/41 (80%) P = 0.01*
P[6] 32/47 (68%) 28/41 (68%) P = 0.98
P[8] 23/47 (49%) 29/41 (70%) P = 0.04*
P[9] 16/47 (34%) 22/41 (53%) P = 0.06
P[11] 0/47 (0%) 11/41 (27%) P = 0.0006*
P[14] 27/47 (57%) 18/41 (44%) P = 0.2
P[25] 14/47 (30%) 20/41 (49%) P = 0.06
Any genotype 46/47 (98%) 36/41 (88%) P = 0.6

Table 1. Seroprevalence of anti-rotavirus VP8* proteins in adults and children in Valencia, Spain. !e 
signi"cance levels are indicated for each genogroup. P < 0.05 is considered statistically signi"cant (*).

3.90 ± 0.26 N=41 2.93 ± 0.24 N=47 

Figure 3. Number of genotypes recognised by serum samples from children and adults. !e children 
population recognised a mean 3.90 genotypes while the adult population recognize a lower number of 
genotypes (2.93). P-value indicates that the di#erence is signi"cant between both populations (P < 0.05).
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�������������������������������������;*���������Ǥ� !e serum samples from the present study had 
di#erent antibody titers against each of the di#erent VP8* genotype studied (Fig. 4A). !e higher antibody titers 
were detected against the P[4] and P[8] genotypes and the lower antibody titers towards the P[11] genotype 
(P < 0.0001). !ese di#erences were observed both among children and adults (Fig. 4B,C respectively).

!e comparison of the antibody titers between adults and children (Fig. 5), showed that the children have 
higher titers against P[4], P[8] and P[11] genotypes compared to adults (P = 0.014, P = 0.0024 and P < 0.0001 
respectively). !e antibody titers to P[6], P[9] and P[25] genotypes were similar in both groups, and the titer 
against P[14] genotype was higher in the adults group, but not signi"cative. Also, no di#erences were found 
between children and adults when the complete rotavirus Wa viral particle was used as antigen (Fig. 5H).

���������������������������������������������������������;*���������Ǥ� Genomic DNA was 
extracted directly from serum samples and the FUT2 genotype could be determined in 55 of them. !e remaining 
33 samples did not present enough DNA or it was too damaged to perform the genotyping. !e Supplementary 
Table S1 shows a compilation of the antibody response and secretor status of each of the analysed samples. Of the 
55 samples 43 were secretor positive (78%) and 12 were secretor negative (21%); these percentages are similar to 
those previously published by us for the general population in the study area11,12. Many comparations were stab-
lished to study the di#erences in prevalence (Table 2), in antibody titers (Fig. 6) and in the number of di#erent 

Figure 4. Mean values of serum antibody titers from adults and children (n = 88) in panel A, from only 
children (n=41) in panel B and from adults (n=47) in panel C, against each rotavirus VP8* genotype. !e error 
bars indicate the standard error of the mean (SEM). Statistical analyses (one way ANOVA) were performed and 
show that in the three populations the antibodies against P[6], P[9], P[14] and P[25] are signi"cantly lower than 
against P[4] and P[8] (P < 0.05a). !e lower antibody titers were found to the P[11] genotype compared to any 
of the other genotypes (P < 0.0001b).

Figure 5. Comparison of the rotavirus VP8* antibody titers in children and adults. From A to G panels, the IgG 
titer against each VP8* protein is shown. Y axis represents the mean titer of IgG reached in the serum samples 
from adults or children against the VP8* protein. !e error bars represent the standard error of the mean 
(SEM). Only for P[4], P[8] and P[11] the di#erences obtained between adults and children were statistically 
signi"cant (P < 0.05). !e H panel shows the results using the whole rotavirus particle from the Wa strain, a 
P[8] strain.
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genotypes recognised between secretors and non-secretors (Fig. 7). Interestingly, P[25] genotype showed a higher 
prevalence in secretors compared to non-secretors (P = 0.045). !e other genotypes showed similar frequencies 
between these two populations (Table 2).

!e comparison of the antibodies titers between secretors and non-secretors did not showed any di#erence 
between both groups (Fig. 6). Moreover, the genotypes recognised by each serum sample in secretor (3.39 ± 0.28) 
and non-secretor (3.66 ± 0.33) population did not show signi"cant di#erences (P = 0.626) (Fig. 7). Interestingly, 
when the whole viral particle of the rotavirus Wa strain, a P[8] strain, was used as antigen in the ELISA experi-
ments, signi"cant di#erences were found between secretors and non-secretors (P = 0.037) (Fig. 6H).

Discussion
Rotaviruses are a major cause of acute gastroenteritis in children under 5 years of age worldwide and rotavirus 
infections are responsible of approximately 128.000 deaths per year13. !e prevalence is similar in developed and 
developing countries, but the majority of deaths occur in developing countries, where rotavirus vaccines are not 
available or are less e%cient than in developed countries14. In the present study the reactivity of 88 serum samples 
from adults and children was analysed against seven di#erent rotavirus VP8* proteins from di#erent P genotypes, 
some from common rotavirus genotypes, P[4], P[6], P[8] and P[9] but others from uncommon such as P[11], 
P[14] and P[25]15. To our knowledge, this is the "rst time that seven di#erent GST::VP8* protein have been used 
in a sero-epidemiological study, providing a high capacity of screening.

Our study reveals the presence of serum IgG antibodies against all the genotypes assessed, indicating that 
the exposure to rotavirus is habitual in all age stages. !e most common G genotypes distributed worldwide are 
represented by G1, G2, G3, G4, G9 and G12 in combination with mostly P[8] and P[4] (approximately 88%)16. 
!ese genotypes are responsible for almost 90% of the rotavirus infections globally15 and also in our study area11. 
In two recent publications addressing the molecular epidemiology of human rotavirus in Valencia (Spain), it was 
shown that 98.5% of the samples were from the P[8] genotype and only 1.5% belonged to the P[4] genotype11,17. 
None of the other genotypes assayed on the present study were found in clinical samples (P[6], P[9], P[11], P[14], 
P[25]). Accordingly, the results of the present study show a higher prevalence and titers to the P[8] and P[4] geno-
types. Interestingly, the P[11] genotype was only recognised by the serum samples from children, reinforcing the 
evidence that P[11] genotype has a higher age restriction than other genotypes, probably due to the ability of this 
genotype to recognize non fucosylated receptors18.

Interestingly, antibodies against all the tested genotypes were found, indicating that even if they are not found 
in clinical samples these viruses are also circulating in the population at a subclinical level. Some of the less fre-
quent genotypes including P[11], P[14] and P[25] are considered reassortant strains between animal and human 
rotaviruses or even transmitted directly from animals to humans19. !is fact might explain a lower viral "tness in 
the human host causing less severe or asymptomatic infections, in fact the RotaTeq vaccine is a bovine – human 
reassortant.

Histo-blood group antigens (HBGAs) are found in the gastric mucine and in the surface of the epithelial cells 
in the gut. Many investigations have shown that VP8* from rotavirus are able to recognize di#erent HBGAs in a 
genotype depending manner7. !e P[9] and P[14] genotypes belong to genogroup III and are able to recognize 
the A blood group antigen20. P[19] genotype (a genotype that infects pigs and humans), belongs to the genogroup 
II and binds to the H antigen and to the mucin core 2 glycan21. In the same manner, P[4], P[6] and P[8] that also 
belong to the genogroup II, are able to recognize H type related antigens and the type I precursor5,22. Finally the 
P[11] genotype interacts with the H type II precursor molecule18. Several studies have demonstrated a di#erent 
susceptibility to rotavirus infections depending in the ability to produce the H antigen. In a recent epidemiolog-
ical study performed in the same geographic region it was shown that 98% of the clinical samples belonged to 
secretor positive children indicating that rotaviruses from the P[8] and P[4] genotypes infect more severally these 
children11.

!e serology presented here shows that the antibody titers against all the VP8* from the di#erent P types do 
not depend on the secretor status. Interestingly, when the whole rotavirus Wa particle was used, signi"cant higher 
titers against rotavirus was found in secretors, compared to non-secretors. !ese data con"rm a previous report 
of higher anti-rotavirus titers in secretor individuals in Sweden23. It is important to mention that structural and 
non-structural proteins such as VP2,VP6 and NSP2 are immunodominant24, while VP8* is poorly recognised by 
serum antibodies25. !ese di#erences in immunodominance might explain why the di#erences between secretors 
and non-secretors can only be observed when the whole viral particle containing VP2 and VP6 (plus VP4 and 

VP8* Genotype Secretors Non-secretors χ2 test
P[4] 28/43 (65%) 10/12 (83%) P = 0.22
P[6] 26/43 (60%) 9/12 (75%) P = 0.35
P[8] 23/43 (53%) 9/12 (75%) P = 0.18
P[9] 20/43 (46%) 6/12 (50%) P = 0.83
P[11] 4/43 (9%) 1/12 (8.3%) P = 0.93
P[14] 24/43 (56%) 6/12 (50%) P = 0.72
P[25] 21/43 (49%) 2/12 (16%) P = 0.045*
Any genotype 39/43 (90%) 12/12 (100%) P = 0.6

Table 2. Seroprevalence of anti-rotavirus VP8* proteins in secretors and non-secretors in Valencia, Spain. !e 
signi"cance levels are indicated for each genogroup. P < 0.05 is considered signi"cative (*).
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VP7) are used as the antigen to determine antibody titers. !ese results are highly relevant, in the context of vaccine 
development, since a VP8* subunit vaccine is under development26. Common vaccines such as Rotarix (G1P[8]) 
and RotaTeq (G1-G4 P[8]) are protective against a broad range of rotavirus G and P genotypes, even against those 
not included in the vaccines27. !is might be due to the cross immunity raised to the immunodominant VP6 and 
VP2 proteins that are more conserved in group A rotaviruses, independently of the G and P genotypes2. !is might 
explain, as well, the level of protection achieved with the Rotavac vaccine which is composed of a G9P[11] geno-
type28. In regard to the VP8* subunit vaccine, it has been demonstrated that the VP8* protein can elicit neutralising 
and protective antibodies29–31. However it has also been demonstrated that the protection is homotypic31, indicating 
that this vaccine might only protect against the rotavirus carrying the genotypes included in the formulation. On 
the other hand, one of the advantages of the VP8* subunit vaccine is that it is administered by the parenteral route, 
shortcutting the di#erences in the vaccine uptake observed between secretors and non-secretors26.

Figure 6. Relationship between the secretor status and the antibody titer against each VP8* genotype, panels A 
to G. !e data analysed include 43 secretor and 12 non-secretor individuals. Statistical analyses were performed 
(U Mann Whitney to unpaired samples) to determine the di#erences between the antibodies titers. !e H panel 
shows the results using the whole rotavirus particle from the Wa strain, a P[8] strain. !e error bars represent 
the standard error of the mean (SEM). !e samples did not show any signi"cant di#erences between these two 
populations for the VP8* proteins (P > 0.05). Signi"cant di#erences (P = 0.037) were found when the complete 
rotavirus particle was used (panel H).

Figure 7. Number of genotypes recognised by serum antibodies. In secretor individuals (n = 43) the data show 
that these serum samples contain antibodies against 3.3 genotypes as a mean. Besides, non-secretor population 
serum samples (n = 12) were able to recognize 3.6 genotypes. !ese data were analysed statistically (non-
parametric test from unpaired samples) to con"rm that there are non-di#erences between secretor and non-
secretor (P > 0.05). Error bars represent the standard mean error (SEM).
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Our research group has recently elucidated the molecular bases of P[8]::H antigen interactions and we demon-
strated that rotavirus can bind both the H antigen and its precursor (H-type I, Lacto-N-Biose) but this interaction 
is weaker when the fucose is lacking5 reinforcing the idea that the secretor status is a key host factor in rotavirus 
infections. Furthermore, when the VP8* binding pocket was compared between di#erent genotypes and lineages 
it was found that the VP8* from the Rotarix vaccine possesses a mutation (L167F) that disrupts the binding 
pocket providing an explanation for the attenuation of this strain5. More surprisingly, we found signi"cative dif-
ferences in the prevalence of antibodies against the P[25] genotype in secretors and non-secretors. !is genotype 
is known to bind to the blood group A antigen5. !e presence of the A group antigen depends on the A enzyme 
coded in the ABO locus. !e A enzyme utilizes the H antigen as substrate, this means that secretor negative indi-
viduals are unable to synthesize the A blood group antigen in their mucosae, giving an explanation to the lower 
susceptibility of non-secretors to a virus that binds to the A antigen instead of the H antigen.

As a conclusion we show here the usefulness of sero-epidemiological studies to understand the circulation 
of common (P[4] and P[8]) and uncommon (P[6], P[9], P[11], P[14], P[25]) rotavirus genotypes in a given 
population and showed for the "rst time a relationship between the secretor status and the susceptibility to the 
rotaviruses of the P[25] genotype.

Material and Methods
�������������������Ƥ������������������������;*Ǥ� !e VP8* protein from P[4], P[6], P[8], P[9], 
P[11], P[14] and P[25] genotypes were produced as described previously5. Brie&y, the di#erent E.coli clones were 
cultured in LB medium with ampiciline and kanamycine ("nal concentration 100 µg/ml and 25 µg/ml respec-
tively) at 37 °C with vigorous shacking until the culture reached an O.D.600 = 0.5, then the cultures were induced 
with IPTG to a "nal concentration of 0.1 mM. !e cultures were maintained at 25 °C overnight. A'er induction, 
the cells were recovered by centrifugation at 5,000 × g for 20 minutes. !e cells from 1 L of culture medium were 
lysed in 15 mL of lysis bu#er (PBS with 0.5% of protease inhibitor cocktail (Sigma), lysozyme 1 mg/ml, 125U 
DNAseI (!ermo Fischer Scienti"c) and 0.5 mM DTT). !e lysates were centrifuged at 15,000 × g for 30 min-
utes and the supernatants were "ltered through 0.45 µm syringe "lters (Millipore). !e proteins were puri"ed 
in an Äkta prime FPLC system (GE, Healthcare) carrying a GST-Trap (GE, Healthcare) column in PBS. !e 
elution bu#er consisted in 50 mM Tris-HCl, 10 mM glutathione, pH 8.0. GST::VP8* proteins were desalted using 
a HiTrap Desalting Column (GE, Healthcare) in the same Äkta prime FPLC system according to manufacturer’s 
protocol.

�����������������Ǥ� Serum samples were obtained from Hospital Clínico Universitario de Valencia. A total 
of 88 serum samples were collected from adults and children from general population. Samples were from 3.5 
years old kids in average and from 58 years old adults in average. !e information about the samples is shown in 
Supplementary Table 1.

���������������Ǥ� !is study was conducted with the approval of the Ethics Committee of the University of 
Valencia (code H1544010468380). !e ethic committee waived the need of informed consent since human blood 
samples from Hospital Clínico Universitario de Valencia were anonymised previously to their inclusion in the 
present study. !e study was performed following the declaration of Helsinki on ethical principles for medical 
research involving human subjects.

���������������������Ǧ��;*���
����������������������������Ǥ� IgG antibodies from 88 serum sam-
ples were analysed by ELISA against seven di#erent VP8* genotypes, P[4], P[6], P[8], P[9], P[11], P[14] and 
P[25] as previously described with modi"cations32. ELISA plates were coated by each GST::VP8* proteins (P[4], 
P[6], P[8], P[9], P[11], P[14] and P[25]). !e puri"ed proteins were diluted in carbonate/bicarbonate bu#er pH 
9.6 at 1µg/ml. One-hundred µl of solution was added to each well and incubated overnight at 4 °C. In parallel, 
wells in the same plates were coated with the GST protein (1 µg/ml) as reference protein to establish the cut-o# 
for each sample. !e plates were blocked by adding 200 µl PBS containing 0.05% Tween 20 (PBS-T) and 3% BSA 
for 1 hour at 37 °C. A'er blocking, the plates were washed three times with PBS-T. !e serum samples were seri-
ally diluted two-fold from 1/100 to 1/6,400 and were added to the plates in triplicate and incubated for 1 hour at 
37 °C. A'er three washes a goat anti-human-IgG antibody (1:1,000) conjugated with HRP was added for 1 hour 
at 37 °C. One hundred µl of the o-phenylenediamine (OPD-Fast reagent. Sigma) were added to each well and the 
reaction was stopped adding 50 µL of 3 M of H2SO4 and incubating for 10 minutes. !e absorbance was recorded 
at 492 nm. !e dilution was considered positive when the absorbance in the GST::VP8* well was higher than the 
same dilution against GST plus three standard deviations.

���������������������Ǧ���������������
����������������������������Ǥ� IgG antibodies from the 55 
serum samples that could be FUT2-genotyped were analysed by ELISA against the whole rotavirus from the Wa 
strain, a human G1P[8] genotype. Rotavirus particles were puri"ed as previously described5 and ELISA plates 
were coated with 100 µl per well of a solution containing 2.5 µg/ml of puri"ed virus in carbonate/bicarbonate 
bu#er pH 9.6. !e ELISA was performed as described above but, in this case, the cut-o# was calculated in wells 
coated with 100 µl of BSA at 1 µg/ml in carbonate/bicarbonate bu#er pH 9.6. !e dilution was considered positive 
when the absorbance in the rotavirus Wa well was higher than the same dilution against BSA plus three standard 
deviations.


�������������������������Ǥ� Genomic DNA was extracted from serum samples with a commercial kit 
(JetFlex Genomic DNA Puri"cation kit, Genomed, Vilnius, Lithuania) following the manufacturer’s instructions. 
!e FUT2G428A polymorphism was determined by PCR and RFLP as previously described33,34.

https://doi.org/10.1038/s41598-020-64767-x
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��������������������Ǥ� Categorical data were analysed using the χ2 test. Di#erences in the antibody response 
to all the VP8* tested genotypes was analysed with the one-way anova test. Di#erences in the mean titers and in 
mean number of genotypes between two groups were analysed by the non-parametrical test Mann-Whitney U. 
!e analyses were performed with the GraphPad Prism 6 so'ware for MacOsX. P values lower than 0.05 were 
considered statistically signi"cant.

Received: 21 November 2019; Accepted: 22 April 2020;
Published: xx xx xxxx

References
 1. Parashar, U. D., Alexander, J. P., Glass, R. I., Advisory Committee on Immunization Practices (ACIP), C. for D. C. & (CDC), P. 

Prevention of rotavirus gastroenteritis among infants and children. Recommendations of the Advisory Committee on Immunization 
Practices (ACIP). MMWR Recomm Rep (2006).

 2. Buesa, J. & Rodriguez-Díaz, J. !e Molecular Virology of Enteric Viruses. in Viruses in Foods 59–130 (Springer International 
Publishing, https://doi.org/10.1007/978-3-319-30723-7_3 (2016).

 3. Matthijnssens, J. et al. Uniformity of rotavirus strain nomenclature proposed by the Rotavirus Classi"cation Working Group 
(RCWG. Arch. Virol. 156, 1397–1413 (2011).

 4. Ramani, S., Hu, L., Venkataram Prasad, B. V. & Estes, M. K. Diversity in Rotavirus-Host Glycan Interactions: A ‘Sweet’. Spectrum. 
Cmgh 2, 263–273 (2016).

 5. Gozalbo-Rovira, R. et al. Unraveling the role of the secretor antigen in human rotavirus attachment to histo-blood group antigens. 
PLOS Pathog. 15, e1007865 (2019).

 6. Hu, L. et al. Cell attachment protein VP8* of a human rotavirus speci"cally interacts with A-type histo-blood group antigen. Nature 
485, 256–9 (2012).

 7. Monedero, V., Buesa, J. & Rodríguez-Díaz, J. !e Interactions between Host Glycobiology, Bacterial Microbiota, and Viruses in the 
Gut. Viruses 10, 96 (2018).

 8. Ramani, S. et al. !e VP8* domain of neonatal rotavirus strain G10P[11] binds to type II precursor glycans. J. Virol. https://doi.
org/10.1128/JVI.03518-12 (2013).

 9. Liu, Y. Y. et al. Rotavirus VP8*: phylogeny, host range, and interaction with histo-blood group antigens. J. Virol. https://doi.
org/10.1128/JVI.00979-12 (2012).

 10. Nordgren, J. et al. Both lewis and secretor status mediate susceptibility to rotavirus infections in a rotavirus genotype-dependent 
manner. Clin. Infect. Dis. 59, 1567–1573 (2014).

 11. Pérez-Ortín, R. et al. Histo-Blood Group Antigens in Children with Symptomatic Rotavirus Infection. Viruses 11, 339 (2019).
 12. Rodriguez-Diaz, J. et al. Relevance of secretor status genotype and microbiota composition in susceptibility to rotavirus and 

norovirus infections in humans. Sci. Rep., https://doi.org/10.1038/srep45559 (2017).
 13. Troeger, C. et al. Rotavirus Vaccination and the Global Burden of Rotavirus Diarrhea Among Children Younger !an 5 Years. JAMA 

Pediatr. 172, 958 (2018).
 14. Jonesteller, C. L., Burnett, E., Yen, C., Tate, J. E. & Parashar, U. D. E#ectiveness of Rotavirus Vaccination: A Systematic Review of the 

First Decade of Global Postlicensure Data, 2006-2016. Clin. Infect. Dis. 65, 840–850 (2017).
 15. Sadiq, A., Bostan, N., Yinda, K. C., Naseem, S. & Sattar, S. Rotavirus: Genetics, pathogenesis and vaccine advances. Rev. Med. Virol. 

28, e2003 (2018).
 16. Iturriza‐Gómara, M. et al. Rotavirus Surveillance in Europe, 2005–2008: Web‐Enabled Reporting and Real‐Time Analysis of 

Genotyping and Epidemiological Data. J. Infect. Dis. 200, S215–S221 (2009).
 17. Pérez-Ortín, R. et al. Rotavirus symptomatic infection among unvaccinated and vaccinated children in Valencia, Spain. BMC Infect. 

Dis. 19, 998 (2019).
 18. Liu, Y. et al. Poly-LacNAc as an Age-Speci"c Ligand for Rotavirus P[11] in Neonates and Infants. PLoS One 8, e78113 (2013).
 19. Santos, N. & Hoshino, Y. Global distribution of rotavirus serotypes/genotypes and its implication for the development and 

implementation of an e#ective rotavirus vaccine. Rev. Med. Virol. 15, 29–56 (2005).
 20. Azad, M. B., Wade, K. H. & Timpson, N. J. FUT2 secretor genotype and susceptibility to infections and chronic conditions in the 

ALSPAC cohort. Wellcome Open Res. 3, 65 (2018).
 21. Liu, Y. et al. Structural basis of glycan speci"city of P[19] VP8*: Implications for rotavirus zoonosis and evolution. PLoS Pathog 13, 

e1006707 (2017).
 22. Hu, L. et al. Glycan recognition in globally dominant human rotaviruses. Nat. Commun. 9, 2631 (2018).
 23. Günaydın, G., Nordgren, J., Sharma, S. & Hammarström, L. Association of elevated rotavirus-speci"c antibody titers with HBGA 

secretor status in Swedish individuals: !e FUT2 gene as a putative susceptibility determinant for infection. Virus Res. 211, 64–68 
(2016).

 24. Colomina, J., Gil, M. T., Codoñer, P. & Buesa, J. Viral proteins VP2, VP6, and NSP2 are strongly precipitated by serum and fecal 
antibodies from children with rotavirus symptomatic infection. J. Med. Virol. 56, 58–65 (1998).

 25. Svensson, L. et al. Serum antibody responses to individual viral polypeptides in human rotavirus infections. J. Gen. Virol. 68(Pt 3), 
643–51 (1987).

 26. Groome, M. J. et al. Safety and immunogenicity of a parenteral P2-VP8-P[8] subunit rotavirus vaccine in toddlers and infants in 
South Africa: a randomised, double-blind, placebo-controlled trial. Lancet Infect. Dis. 17, 843–853 (2017).

 27. Burnett, E., Parashar, U. D. & Tate, J. E. Global Impact of Rotavirus Vaccination on Diarrhea Hospitalizations and Deaths Among 
Children &amp;lt;5 Years Old: 2006–2019. J. Infect. Dis., https://doi.org/10.1093/infdis/jiaa081 (2020).

 28. Ella, R., Babji, S., Ciarlet, M., Blackwelder, W. C. & Vadrevu, K. M. A randomized, open-labelled, non-inferiority phase 4 clinical trial 
to evaluate the immunogenicity and safety of the live, attenuated, oral rotavirus vaccine, ROTAVAC® in comparison with a licensed 
rotavirus vaccine in healthy infants. Vaccine 37, 4407–4413 (2019).

 29. Feng, N. et al. Human VP8* mAbs neutralize rotavirus selectively in human intestinal epithelial cells. J. Clin. Invest. 129, 3839–3851 
(2019).

 30. Ruggeri, F. M. & Greenberg, H. B. Antibodies to the trypsin cleavage peptide VP8 neutralize rotavirus by inhibiting binding of 
virions to target cells in culture. J. Virol. 65, 2211–9 (1991).

 31. Gil, M. T., de Souza, C. O., Asensi, M. & Buesa, J. Homotypic protection against rotavirus-induced diarrhea in infant mice breast-fed 
by dams immunized with the recombinant VP8* subunit of the VP4 capsid protein. Viral Immunol. 13, 187–200 (2000).

 32. Rodríguez-Díaz, J., Montava, R., García-Díaz, A. & Buesa, J. Humoral immune response to rotavirus NSP4 enterotoxin in Spanish 
children. J. Med. Virol. 77, 317–22 (2005).

 33. Svensson, L., Petersson, A. & Henry, S. M. Secretor genotyping for A385T, G428A, C571T, C628T, 685delTGG, G849A, and other 
mutations from a single PCR. Transfusion 40, 856–860 (2000).

 34. Marionneau, S., Airaud, F., Bovin, N. V., Pendu, J. L. & Ruvoën‐Clouet, N. In&uence of the Combined ABO, FUT2, and FUT3 
Polymorphism on Susceptibility to Norwalk Virus Attachment. J. Infect. Dis., https://doi.org/10.1086/432546 (2005).

https://doi.org/10.1038/s41598-020-64767-x
https://doi.org/10.1007/978-3-319-30723-7_3
https://doi.org/10.1128/JVI.03518-12
https://doi.org/10.1128/JVI.03518-12
https://doi.org/10.1128/JVI.00979-12
https://doi.org/10.1128/JVI.00979-12
https://doi.org/10.1038/srep45559
https://doi.org/10.1093/infdis/jiaa081
https://doi.org/10.1086/432546


9SCIENTIFIC REPORTS |         (2020) 10:7753  | �����ǣȀȀ���Ǥ���ȀͷͶǤͷͶ͹;Ȁ�ͺͷͻͿ;ǦͶ͸ͶǦͼͺͽͼͽǦ�

www.nature.com/scientificreportswww.nature.com/scientificreports/

����������������
This work was supported by Spanish Government (Ministerio de Economía y Competitividad) grants 
AGL2017-84165-C2-2-R and RYC-2013-12442 to JRD. !is work was also supported by Valencian Government 
grant IDIFEDER/2018/056. RGR is the recipient of a postdoctoral grant from the Valencian Government 
APOST/2017/037. CSB is the recipient of a predoctoral grant FPI from the Spanish Government RE2018-083315. 
SVV is the recipient of a predoctoral grant from the Valencian Government ACIF/2016/437

��������������������
Conceptualization, J.R.D., C.M. and J.B.; Methodology, S.V.V., R.G.R., A.R.C., C.S.B., N.N.L. and C.M., Writing 
– Original Dra' Preparation, S.V.V., R.G.R. and J.R.D.; Review & Editing, S.V.V., R.G.R., A.R.C., C.S.B., N.N.L., 
C.M., J.B. and J.R.D., Project Administration J.R.D.; Funding Acquisition, J.R.D.

Competing interests
!e authors declare no competing interests.

����������������������
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-020-64767-x.
Correspondence and requests for materials should be addressed to J.R.-D.
Reprints and permissions information is available at www.nature.com/reprints.
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional a%liations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. !e images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© !e Author(s) 2020

https://doi.org/10.1038/s41598-020-64767-x
https://doi.org/10.1038/s41598-020-64767-x
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

