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Objectives: To characterize the timing and genotype distribution of symptomatic and asymptomatic 
sapovirus infections and re-infections in a Nicaraguan birth cohort.
Methods: Infants (N ¼ 444) were enrolled at 10e14 days of life and observed weekly until 2 years of age. 
Stool samples were collected for each acute gastroenteritis (AGE) episode, and routine stool samples 
were collected monthly. Stool samples were tested for sapovirus using RT-qPCR, and positive samples 
were genotyped.
Results: A total of 348 children completed 2 years of AGE weekly surveillance; 93 (26.7%) of them 
experienced sapovirus AGE. Most infections occurred after 5 months of age and mainly during the second 
year of life (62.4%, 58/93) and early in the rainy season. Sapovirus screening in all stools from a subset of 
67 children who consistently provided samples showed sapovirus infections in 91 of 330 (27.6%) AGE 
episodes and in 39 of 1350 (2.9%) routine stools. In this subset, the median age at the first sapovirus AGE 
was 11.2 months (95% CI, 9.3e15.9 months); 38 of 67 (57%) children experienced re-infections, 19 
symptomatic and 19 asymptomatic. On average, sapovirus re-infections were reported 7.2 months after 
symptomatic and 5.3 months after asymptomatic infections. Genogroup GI (64%, 69/108) was the most 
common detected. Sapovirus GI.1 was more frequently detected in AGE stool samples than in routine 
stool samples (47.2%, 43/91 vs. 25.6%, 10/39; p 0.005), and re-infection with the same genotype was 
uncommon.
Discussion: The first sapovirus infections occurred at approximately 11 months of age, whereas the 
median time to symptomatic re-infection was 7.2 months. Re-infections with the same sapovirus ge-
notype were rare during 2 years of life suggesting genotype-specific protection after natural infection. 
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Introduction

Acute gastroenteritis (AGE) is an important cause of global
mortality accounting for 9% of all deaths in children under 5 years
of age [1]. The global burden of rotavirus-associated AGE declined
after the widespread introduction of rotavirus vaccines, making
caliciviruses, such as norovirus and sapovirus, the leading cause of
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paediatric AGE [2]. A multi-site international birth cohort study
found that among all enteric pathogens, sapovirus had the third
highest attributable incidence of diarrhoea among children
younger than 12 months and the second highest among children
12e24months of age [3]. In another birth cohort study in Peru, 64%
of the children had experienced at least one sapovirus AGE episode
by the age of 2 years [4]. In Central America, the prevalence of
sapovirus ranges from 7% to 17% [5e7]. Despite this high disease
burden, little is known about the natural history of sapovirus in-
fections, including the dynamics of re-infection and naturally
induced protection.

Sapoviruses are genetically diverse single-stranded RNA viruses
belonging to the genogroups GI, GII, GIV and GV that infect humans
[8,9]. Viruses in these four genogroups can be further divided into
18 genotypes (GI.1e7, GII.1e8, GIV.1 and GV.1e2), with GI.1 viruses
reported most frequently globally [10]. To date, few studies have
examined and genotyped sapovirus in stool samples obtained from
asymptomatic children [11]. In the Peruvian birth cohort previously
mentioned, GI sapoviruses were found to be more common in
symptomatic children, whereas GII sapoviruses were more com-
mon in asymptomatic children [4]. There is limited knowledge
about the patterns of sapovirus re-infections [4] and whether the
first infection provides protection against re-infections.

We previously reported the risk factors and clinical character-
istics during the first 2 years of life in a Nicaraguan community
birth cohort [12]. Here, we characterized the timing of symptomatic
and asymptomatic sapovirus infections, determined the sapovirus
genotypes and characterized the patterns of re-infection. The data
presented in this study could be used to help guide the timing of
targeted interventions to prevent sapovirus and increase our un-
derstanding of protection after natural infection.

Materials and methods

Study design

The Sapovirus-Associated Gastro-Enteritis study is a
population-based birth cohort study conducted in Le�on, Nicaragua,
which has been described previously [12].

The present study was conducted in the Perla Maria Norori
(PMN) Health Sector, one of the three Health Sectors in Le�on. PMN
includes both urban and peri-urban areas. Pregnant women living
in the PMN sector were invited to participate in this study in the
third trimester of their pregnancy, and new-born infants were
enrolled within 14 days of delivery. Before the enrolment, all
mothers signed an informed consent. The enrolled children were
monitored weekly for AGE symptoms until 2 years of age. AGE was
defined as an increase in stool frequency to at�3 stools per 24-hour
period or a substantial change in the stool consistency (bloody, very
loose, watery) and/or vomiting. A new AGE episode was defined
when a child had experienced at least 3 days without diarrhoea or
vomiting before the onset of AGE symptoms [13,14]. Stool samples
and clinical data were collected for each AGE episode, and routine
stool samples were collected monthly.

Study procedures

Stool samples from AGE episodes were collected within 4 days
after symptom onset and tested for sapovirus. A subset of children
who completed 2 years of weekly AGE monitoring, consistently
contributed stool samples from AGE episodes and monthly routine
stools and experienced at least one sapovirus AGE episode were
selected to investigate the timing of infections, frequency of
symptomatic and asymptomatic re-infections and genotype dis-
tribution. Specimens from the AGE episodes and from the monthly
routine stools were transported on ice packs to the Microbiology
Department of UNAN-Le�on where a 10% (wt/vol) clarified stool
suspension in phosphate-buffered saline (pH ¼ 7.2) was prepared
and stored frozen at �20 �C.

Real-time RT-qPCR

Sapovirus screening in the AGE episodes was performed in
Nicaragua, and sapovirus detection in routine stools was performed
at CDC; both laboratories follow the method described by Oka et al.
[15]. In brief, viral RNA was extracted using the QIAamp Viral RNA
Mini Kit (Qiagen, Valencia, CA) following the manufacturer's in-
structions. Sapovirus was detected using RT-qPCR as described
previously [15], with bacteriophageMS2 (ATCC 15597-B1) included
as an internal amplification control. RT-qPCR was performed using
the AgPath-ID kit (Thermo Fisher Scientific, Waltham, MA) on a
Roche Lightcycler 96. A sample was considered positive for sap-
ovirus if the Ct value was �35.

Sapovirus genotyping

Sapovirus RT-qPCRepositive samples were amplified by a hemi-
nested conventional RT-PCR [16] that targeted the N-terminal and
shell (NS) region of the capsid gene. The RT-PCR products were
purified using ExoSAP-IT (Affymetrix, USB, Cleveland, OH) or QIA-
quick PCR purification kit (Qiagen) and were submitted for Sanger
sequencing (Eurofins MWG Operon, Louisville, KY). Sequences
were typed using the online human calicivirus typing tool [17]. The
nucleotide sequences homology from the children experiencing
consecutive infections with the same genotype was calculated us-
ing the BioEdit sequence alignment editor, version 7.2.

Ethics statement

The study was approved by the institutional review boards of
the UNAN-Le�on (acta No. 4, 2017), UNC-CH (Study #: 16-2079) and
CDC (project ID: 0900f3eb81c526a7). Each mother provided writ-
ten informed consent for her infant's participation.

Measures

In addition to quantifying the number of symptomatic and
asymptomatic stool samples that were infected with sapovirus, we
assessed the child's age at each sapovirus infection, the season
when the infection occurred, the time elapsed between infections
and the genogroup and genotype of each sapovirus infection.

Statistical analysis

Descriptive statistics for continuous variables are presented as
median plus 95% CI. For categorical variables, we quantified the
number and percentage in each category and compared the dif-
ferences between asymptomatic and symptomatic sapovirus AGE
episodes using the Fisher's exact tests. The non-parametric Wil-
coxon Mann-Whitney test was used to compare the median age
between the first symptomatic and first asymptomatic infections.
Differences were statistically significant when the level of two-
tailed test was p < 0.05. We used multiple imputations to esti-
mate sapovirus incidence, including symptomatic stools that were
not collected from approximately 10% of AGE episodes, assuming
that infection data were missing completely at random. SPSS
(Statistical Program for Social Science version 21.0 for Windows;
Chicago, IL) was used for statistical analyses, and Graph Prism 9.0
(GraphPad Software 2365 Northside Dr. Suite 560 San Diego, CA
92108 ) was used for figures.



Results

Epidemiological profile of sapovirus AGE in children aged �2 years

Sapovirus AGE was observed in 93 of 348 (26.7%) children who
completed 2 years of household weekly surveillance (Fig. 1). More
infections occurred in the second year of life (62.4%, 58/93) than in
the first year, with high frequencies of detection between 6e9 and
18e23 months of age (Fig. 1b). Sapovirus infection was more
common during JuneeJuly and SeptembereOctober, the rainy
season in Nicaragua.

Symptomatic and asymptomatic sapovirus infections

To investigate the burden of symptomatic and asymptomatic
infection during 2 years of life, a total of 330 AGE episode stools and
1350 routine stool specimens from a subset of 67 children who
experienced at least one sapovirus AGE episode during the two-
year study period were tested for sapovirus (Fig. 2). Sapovirus
was detected in 91 of 330 (27.6%) specimens collected during AGE
episodes and in 39 of 1350 (2.9%) routine stool specimens (Fig. 3).
Among the 67 children, 38 (56.7%) experienced symptomatic
(n ¼ 19) or asymptomatic (n ¼ 19) re-infections (Fig. 4a). Monthly
routine stool specimens collected from 9 (13.4%) children tested
positive before their first sapovirus AGE episode (Fig. 4a). Of note,
although 29 (43.2%) children experienced only one symptomatic
infection during 2 years of life, 18 (26.9%) experienced three or
more infections, amongwhich one child experienced five sapovirus
AGE episodes; all infections were of a different genotype (Fig. 4a).

Timing of sapovirus infections

Themedian age atwhich the children had their first symptomatic
sapovirus episode was 11.2 months (n ¼ 67; 95% CI,
9.3e15.9 months) and 18.4 months (n¼ 19; 95% CI, 12e19.4 months,
p 0.001) for their second symptomatic infection (Fig. 4b). Three
children (subjects 14, 19 and 28; Fig. 4b) experienced a third
symptomatic sapovirus episode at a median age of 20.8 months. The
median age at which children experienced their first sapovirus
infection (either symptomatic or asymptomatic) and the time
elapsed to symptomatic re-infection was investigated in 38 of 67
children with �2 infections (Fig. 4b). There was no difference be-
tween the age at which the children had their first symptomatic or
asymptomatic infection (median, 11.2 vs. 11.5; p > 0.05) (Fig. 4b). The
time elapsed between an asymptomatic infection followed by the
first sapovirus AGE episode was 6.2 months, similar to the observed
time between two consecutive symptomatic infections (first and
second sapovirus AGE, 7.2 months).
Fig. 1. Cumulative incidence of the first acute gastroenteritis (AGE) episode (n ¼ 348) and fir
the Sapovirus-Associated Gastro-Enteritis birth cohort in Nicaragua. The bar scale indicates t
the monthly cumulative incidence of (a) AGE and (b) sapovirus AGE episodes.
Genotype diversity in symptomatic and asymptomatic sapovirus
infections

Of the 130 sapovirus infections (91 samples from AGE episodes
and 39 from routine stool examination), 108 (83%) were success-
fully genotyped into four genogroupsdGI (64%), GII (27%), GIV (2%)
and GV (7%)dand eight genotypes (Fig. 3). GI viruses, primarily GI.1,
were more commonly detected in AGE stool samples than in the
routine stool samples (47.2%, 43/91 vs. 25.6%, 10/39; p 0.005),
whereas GII.1 viruses were more frequently found in the asymp-
tomatic monthly stool specimens (10.2% vs. 2.2%, p � 0.05) (Fig. 3).
Of the 19 symptomatic re-infections, 17 (89.5%) had a different
genotype than the first infection (Table 1). The most common ge-
notype during re-infection was GI.2 (7/19) (Table 1 and Fig. 4a). No
asymptomatic sapovirus infection was detected in 29 of 67 (43.2%)
children with at least sapovirus AGE episode (Fig. 4a). Of note, in
27% of the sapovirus-positive routine stools, no genotype could be
determined because of the poor sequence quality or low viral load.
Co-infections with multiple genotypes were not observed in this
study. Pairwise alignment of the nucleotide sequences from chil-
dren experiencing consecutive infections with the same genotype
within 42 days showed 100% nucleotide homology, with two ex-
ceptions (subjects 5 and 29).
Discussion

We used clinical data and stool specimens from a birth cohort
study (Sapovirus-Associated Gastro-Enteritis cohort) conducted at
a community level in Nicaragua to determine the timing of symp-
tomatic and asymptomatic sapovirus infections in the first 2 years
of life and described the genotype distribution and patterns of re-
infections. Our findings extend knowledge on the importance and
natural history of sapovirus infections in early childhood. After the
introduction of rotavirus vaccine, sapovirus has been increasingly
acknowledged as a leading cause of AGE in children in Nicaragua
and other countries [6,18e20]. Thus, the incidence of norovirus,
sapovirus and rotavirus was 21.9, 13.3 and 5.9 cases per 100 child-
years after the rotavirus vaccine implementation in Nicaragua,
respectively [5,12,21].

We found that the first symptomatic or asymptomatic sapovirus
infections occurred at 11 months of age on average. The median
time between the first infection (whether symptomatic or
asymptomatic) and re-infection was approximately 6 months,
suggesting that children may develop broad short-lived immunity
against sapovirus. These observations may have implications for
future vaccine strategies.

Comparable to the data from previous studies, sapovirus in-
fections were rarely observed during the first 5 months of life
st sapovirus AGE episode per month in children aged up to 2 years (n ¼ 93) enrolled in
he number of (a) AGE and (b) sapovirus AGE episodes. The secondary Y axis represents



Fig. 2. Flowchart of the subset from the Sapovirus-Associated Gastro-Enteritis (SAGE) cohort and samples analysed in this study. AGE, acute gastroenteritis.

Fig. 3. Distribution of sapovirus genotypes in acute gastroenteritis (AGE) episodes and routine stool samples from 67 sapovirus-positive children from the Sapovirus-Associated
Gastro-Enteritis birth cohort followed from birth up to 2 years of age. NT, not typed.
[4,22,23], probably because of the protection conferred by trans-
placental antibodies in the first months of life [24,25]. Other factors
contributing to protection in early childhood may include adaptive
and innate immune factors transferred by oligosaccharides or the
microbiome in breast milk [26] or high IgA titres as has been re-
ported for norovirus [27,28]. Finally, during early infancy, exposure
to sapovirus may be prevented by caregivers, and when children
start crawling and exploring their environment, the risk for expo-
sure may increase [29].

Understanding which sapovirus genotypes infants are exposed
to may help informwhich strains to include in a future vaccine. The
most common genogroups found in this study were GI (64%) and



Fig. 4. Chronological order and timing of sapovirus genotypes infections until 2 years of age. (a) Sapovirus genotypes of 130 infections in 67 children. Circles order is chronological,
with the inner circle representing debuting infection and external circle representing consecutive infections. Red and blue squares represent the symptomatic and asymptomatic
infections, respectively, and numbers represent the subject IDs. *Consecutive samples were collected <23 days. **Children (n ¼ 9) debuting with an asymptomatic infection are also
included in the re-infection group. (b) Red and blue dots represent the symptomatic and asymptomatic infections (n ¼ 38), respectively. The Y- and X-axes show children who
experienced more than one infection and children's age in months, respectively. Asymptomatic infections occurring within 23 days (ID 16, 29, 32 and 35) were excluded. NT, not
typed.
GII (27%), which aligns with the percentages reported in a meta-
analysis that included data from 35 countries [30]. GI sapoviruses
were more commonly detected in symptomatic infections than in
asymptomatic infections (62% vs. 34%), as previously observed in
studies conducted in Nicaragua, Peru, Burkina Faso and South Africa
[4,6,31,32]. Of note, the most prevalent genotype (GI.1) in symp-
tomatic children was less commonly detected in asymptomatic
infections (47% vs. 26%), suggesting that some genotypes might be
less pathogenic or that infection with GI.1 might confer protective
genotype-specific immunity. After infection with any given geno-
type, some children seem to remain susceptible to subclinical
infection with uncommon genotypes, which might result in
broadening of the immune response.

There are limited data about the correlation between sapovirus
antigenicity and genetic diversity [33,34]. There is some evidence
that the four human sapovirus genogroups are antigenically
different and that different genotypes within the same genogroup
have distinct antigenicity based on data from binding virus-like
Table 1
Distribution of sapovirus genotypes in the first and secondary symptomatic infections in

First symptomatic sapovirus
infection

Genotype of secondary symptomatic sapoviru

Genotype Frequency GI.1 GI.2 GII.1 GII.2
GI.1 40 1 3
GI.2 5
GII.1 2 1
GII.2 5 1
GII.3 1
GII.4 1
GIV.1 0
GV.1 4 1
NT 9 2 1 1
All genotypes 67 3 7 0 1

NT, not typed.
a Three children experienced >2 re-infections.
particles to rabbit hyperimmune sera [35]. Herein, repeated AGE
episodes of the same genotype were very rare, suggesting genotype-
specific immunity.

Our data also contribute to a better understanding of asymp-
tomatic sapovirus infections in children for which there are limited
data. In this cohort, asymptomatic sapovirus infections were
detected in 2.9% of the 1350 monthly stools from a subgroup of 67
children. A Canadian cross-sectional study reported almost iden-
tical findings [36], and in the United States, sapovirus was detected
in 3.0% of stools from 272 healthy children under 2 years of age [37].
Children in a day-care centre in Denmark experienced sapovirus
symptomatic and asymptomatic infections year-round [38]. Alto-
gether, asymptomatic sapovirus infections in children may
contribute to household transmission, serve as a possible reservoir
and potentially increase the immune responses.

Our study has several limitations. First, we focused our study on
samples from 67 children who experienced at least one symp-
tomatic sapovirus infection AGE during the first 2 years of life and
children until 2 years of life

s re-infections (n ¼ 19)a

GII.3 GII.4 GIV.1 GV.1 NT All re-infections
2 1 2 9
1 1

1
1

1 1
0
0
1

1 5
1 3 1 1 2 19



who had consistently contributed stools throughout the study
period. Therefore, we cannot extrapolate our data to children who
did not experience symptomatic sapovirus infections. However,
this approach allowed us to understand the frequency and geno-
typemake-up of re-infections. Second, because of the low viral load
and poor nucleotide sequence quality, we were unable to deter-
mine the genotype in 27% of asymptomatic sapovirus infections.
Furthermore, we may have missed asymptomatic infections
because the duration of sapovirus shedding has been found to be
approximately 23 days, whereas the stool samples in our study
were collectedmonthly [4,39]. Third, the timing to infection and re-
infections and genotypes diversity analysis are limited to 2 years of
surveillance. Serological studies would be needed to better un-
derstand the duration of protection against sapovirus infection and
disease after natural infection and to define a possible correlate of
protection. All efforts were made to retain children in surveillance,
including allowing generous windows for contributing stool sam-
ples; completing visits by phone when home visits were not
possible and maintaining constant contact and positive relation-
ships with field staff.

Sapovirus is increasingly recognized as an important cause of
AGE in children in both low- and high-income settings [20,40],
which is supported by our study. Because sapovirus GI.1 is consis-
tently the most common genotype and associated with symptom-
atic disease and infection might result in homotypic protection,
inclusion of this antigen in a multivalent calicivirus vaccine may
present a reasonable strategy in the future to reduce the overall
burden of childhood gastroenteritis [19].

In summary, sapoviruses are a common cause of symptomatic
infections in young children during the first 2 years of life in
Nicaragua. Furthermore, this study showed that children become
susceptible to sapovirus infections at around 6 months of age, the
time to re-infection varies from 5.3 to 7.2 months and re-infections
with the same genotype are rare suggesting the generation of im-
mune protection against the infecting genotype.

Author contributions

F.B., S.B.-D. and J.V. were responsible for the conception and
design of the study. F.G. performed analysis and interpretation of
the data and wrote the original draft. M.D.-V. and H.B. performed
and developed the experiments. Y.R., O.Z., E.C.C. and P.B. ran the
laboratory analyses. C.T. and L.G. handled the data and biological
samples. N.A.V., N.M.B. and S.V. assisted with critical revising and
editing. S.B.-D. and F.B. are co-senior authors. All authors approved
the final version of the manuscript.

Transparency declaration

The authors declare that they have no conflicts of interest. This
study was supported by the National Institute of Allergy and In-
fectious Diseases award R01AI127845. F.G., Y.R., O.Z. and L.G. were
supported by an international research capacity-building award
from the Fogarty International Center D43TW010923. The authors
have no conflicts of interest to disclose.

Acknowledgements

The authors appreciate the perseverance and contribution of the
parents and their children in the Sapovirus-Associated Gastro-En-
teritis cohort. The authors acknowledge all the hard work of the
field and laboratory teams (Merling Balmaceda, Vanessa Bola~nos,
Nancy Corea, Jhosselyng Delgado, Marvel Fuentes, Yadira Hernan-
dez, Llurvin Madriz, Patricia Mendez, Yuvielka Martinez, Maria
Mendoza, Ruth Neira, Xiomara Obando, Veronica Pravia, Yorling
Picado, Aura Scott and Mileydis Soto). The findings and conclusions
in this article are those of the authors and do not necessarily
represent the official position of the CDC.
Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.cmi.2022.11.013.
References

[1] Liu L, Oza S, Hogan D, Chu Y, Perin J, Zhu J, et al. Global, regional, and national
causes of under-5 mortality in 2000-15: an updated systematic analysis with
implications for the Sustainable Development Goals. Lancet 2016;388:
3027e35. https://doi.org/10.1016/S0140-6736(16)31593-8.

[2] Burke RM, Mattison CP, Marsh Z, Shioda K, Donald J, Salas SB, et al. Norovirus
and other viral causes of medically attended acute gastroenteritis across the
age spectrum: results from the Medically Attended Acute Gastroenteritis
Study in the United States. Clin Infect Dis 2021;73:e913e20. https://doi.org/
10.1093/cid/ciab033.

[3] Platts-Mills JA, Liu J, Rogawski ET, Kabir F, Lertsethtakarn P, Siguas M, et al. Use
of quantitative molecular diagnostic methods to assess the aetiology, burden,
and clinical characteristics of diarrhoea in children in low-resource settings: a
reanalysis of the MAL-ED cohort study. Lancet Glob Health 2018;6:e1309e18.
https://doi.org/10.1016/S2214-109X(18)30349-8.

[4] S�anchez GJ, Mayta H, Pajuelo MJ, Neira K, Xiaofang L, Cabrera L, et al. Epide-
miology of sapovirus infections in a birth cohort in Peru. Clin Infect Dis
2018;66:1858e63. https://doi.org/10.1093/cid/cix1103.

[5] Becker-Dreps S, Bucardo F, Vilchez S, Zambrana LE, Liu L, Weber DJ, et al.
Etiology of childhood diarrhea after rotavirus vaccine introduction: a pro-
spective, population-based study in Nicaragua. Pediatr Infect Dis J 2014;33:
1156e63. https://doi.org/10.1097/INF.0000000000000427.

[6] Bucardo F, Reyes Y, Svensson L, Nordgren J. Predominance of norovirus and
sapovirus in Nicaragua after implementation of universal rotavirus vacci-
nation. PLoS One 2014;9:e98201. https://doi.org/10.1371/journal.pone.
0098201.

[7] Gaensbauer JT, Lamb M, Calvimontes DM, Asturias EJ, Kamidani S, Contreras-
Roldan IL, et al. Identification of enteropathogens by multiplex PCR among
rural and urban Guatemalan children with acute diarrhea. Am J Trop Med Hyg
2019;101:534e40. https://doi.org/10.4269/ajtmh.18-0962.

[8] Yinda CK, Conceiç~ao-Neto N, Zeller M, Heylen E, Maes P, Ghogomu SM, et al.
Novel highly divergent sapoviruses detected by metagenomics analysis in
straw-colored fruit bats in Cameroon. Emerg Microbe. Infect 2017;6:e38.
https://doi.org/10.1038/emi.2017.20.

[9] Oka T, Wang Q, Katayama K, Saif LJ. Comprehensive review of human sap-
oviruses. Clin Microbiol Rev 2015;28:32e53. https://doi.org/10.1128/
CMR.00011-14.

[10] Diez-Valcarce M, Castro CJ, Marine RL, Halasa N, Mayta H, Saito M, et al. Ge-
netic diversity of human sapovirus across the Americas. J Clin Virol 2018;104:
65e72. https://doi.org/10.1016/j.jcv.2018.05.003.

[11] Becker-Dreps S, Gonz�alez F, Sapovirus Bucardo F. An emerging cause of
childhood diarrhea. Curr Opin Infect Dis 2020;33:388e97. https://doi.org/
10.1097/QCO.0000000000000671.

[12] Vielot NA, Gonz�alez F, Reyes Y, Zepeda O, Blette B, Paniagua M, et al. Risk
factors and clinical profile of sapovirus-associated acute gastroenteritis in
early childhood: a Nicaraguan birth cohort study. Pediatr Infect Dis J 2021;40:
220e6. https://doi.org/10.1097/INF.0000000000003015.

[13] Gladstone BP, Ramani S, Mukhopadhya I, Muliyil J, Sarkar R, Rehman AM, et al.
Protective effect of natural rotavirus infection in an indian birth cohort. N Engl
J Med 2011;365:337e46. https://doi.org/10.1056/NEJMoa1006261.

[14] Mihala G, Grimwood K, Lambert SB, Ware RS. The initial timing and burden of
viral gastrointestinal infections in Australian infants: a birth cohort study.
J Pediatr Gastroenterol Nutr 2022;74:e27e30. https://doi.org/10.1097/
MPG.0000000000003309.

[15] Oka T, Katayama K, Hansman GS, Kageyama T, Ogawa S, Wu F, et al. Detection
of human sapovirus by real-time reverse transcription-polymerase chain re-
action. J Med Virol 2006;78:1347e53. https://doi.org/10.1002/jmv.20699.

[16] Okada M, Yamashita Y, Oseto M, Shinozaki K. The detection of human sap-
oviruses with universal and genogroup-specific primers. Arch Virol 2006;151:
2503e9. https://doi.org/10.1007/s00705-006-0820-1.

[17] Tatusov RL, Chhabra P, Diez-Valcarce M, Barclay L, Cannon JL, Vinj�e J. Human
calicivirus typing tool: a web-based tool for genotyping human norovirus and
sapovirus sequences. J Clin Virol 2021;134:104718. https://doi.org/10.1016/
j.jcv.2020.104718.

[18] Hoque SA, Nishimura K, Thongprachum A, Khamrin P, Thi Kim Pham N,
Islam MT, et al. An increasing trend of human sapovirus infection in Japan,
2009 to 2019: an emerging public health concern. J Infect Public Health
2022;15:315e20. https://doi.org/10.1016/j.jiph.2022.01.019.

[19] Ballard SB, Requena D, Mayta H, Sanchez GJ, Oyola-Lozada MG, Colquechagua
Aliaga FD, et al. Enteropathogen changes after rotavirus vaccine scale-up.

https://doi.org/10.1016/j.cmi.2022.11.013
https://doi.org/10.1016/S0140-6736(16)31593-8
https://doi.org/10.1093/cid/ciab033
https://doi.org/10.1093/cid/ciab033
https://doi.org/10.1016/S2214-109X(18)30349-8
https://doi.org/10.1093/cid/cix1103
https://doi.org/10.1097/INF.0000000000000427
https://doi.org/10.1371/journal.pone.0098201
https://doi.org/10.1371/journal.pone.0098201
https://doi.org/10.4269/ajtmh.18-0962
https://doi.org/10.1038/emi.2017.20
https://doi.org/10.1128/CMR.00011-14
https://doi.org/10.1128/CMR.00011-14
https://doi.org/10.1016/j.jcv.2018.05.003
https://doi.org/10.1097/QCO.0000000000000671
https://doi.org/10.1097/QCO.0000000000000671
https://doi.org/10.1097/INF.0000000000003015
https://doi.org/10.1056/NEJMoa1006261
https://doi.org/10.1097/MPG.0000000000003309
https://doi.org/10.1097/MPG.0000000000003309
https://doi.org/10.1002/jmv.20699
https://doi.org/10.1007/s00705-006-0820-1
https://doi.org/10.1016/j.jcv.2020.104718
https://doi.org/10.1016/j.jcv.2020.104718
https://doi.org/10.1016/j.jiph.2022.01.019


Pediatrics 2022;149:e2020049884. https://doi.org/10.1542/peds.2020-
049884.

[20] El-Heneidy A, Ware RS, Lambert SB, Grimwood K. Sapovirus infections in an
Australian community-based healthy birth cohort during the first 2-years of
life. Clin Infect Dis 2022. https://doi.org/10.1093/cid/ciac861. ciac861.

[21] Reyes Y, Gonz�alez F, Guti�errez L, Bland�on P, Centeno E, Zepeda O, et al.
Secretor status strongly influences the incidence of symptomatic norovirus
infection in a genotype-dependent manner in a Nicaraguan birth cohort.
J Infect Dis 2022;225:105e15. https://doi.org/10.1093/infdis/jiab316.

[22] Page N, Groome MJ, Murray T, Nadan S, Netshikweta R, Keddy KH, et al.
Sapovirus prevalence in children less than five years of age hospitalised for
diarrhoeal disease in South Africa, 2009-2013. J Clin Virol 2016;78:82e8.
https://doi.org/10.1016/j.jcv.2016.03.013.

[23] ThongprachumA,Takanashi S,KalesaranAFC,OkitsuS,MizuguchiM,HayakawaS,
et al. Four-year study of viruses that cause diarrhea in Japanese pediatric out-
patients. J Med Virol 2015;87:1141e8. https://doi.org/10.1002/jmv.24155.

[24] Moon SS, Groome MJ, Velasquez DE, Parashar UD, Jones S, Koen A, et al.
Prevaccination rotavirus serum IgG and IgA are associated with lower
immunogenicity of live, oral human rotavirus vaccine in South African infants.
Clin Infect Dis 2016;62:157e65. https://doi.org/10.1093/cid/civ828.

[25] Vielot NA, Brinkman A, DeMaso C, Vilchez S, Lindesmith LC, Bucardo F, et al.
Breadth and dynamics of human norovirus-specific antibodies in the first year of
life. J Pediatr InfectDis Soc2022;11:463e6. https://doi.org/10.1093/jpids/piac067.

[26] Ramani S, Stewart CJ, Laucirica DR, Ajami NJ, Robertson B, Autran CA, et al.
Human milk oligosaccharides, milk microbiome and infant gut microbiome
modulate neonatal rotavirus infection. Nat Commun 2018;9:5010. https://
doi.org/10.1038/s41467-018-07476-4.

[27] Dawod B, Marshall JS, Azad MB. Breastfeeding and the developmental origins
of mucosal immunity: how human milk shapes the innate and adaptive
mucosal immune systems. Curr Opin Gastroenterol 2021;37:547e56. https://
doi.org/10.1097/MOG.0000000000000778.

[28] Labayo HKM, Pajuelo MJ, Tohma K, Ford-Siltz LA, Gilman RH, Cabrera L, et al.
Norovirus-specific immunoglobulin A in breast milk for protection against
norovirus-associated diarrhea among infants. EClinicalMedicine 2020;27:
100561. https://doi.org/10.1016/j.eclinm.2020.100561.

[29] Rumbo H, Wichaikull S, Sanguanprasit B. Predictors of mothers’ behavior in
diarrhea prevention. Life Sci 2022:890e908. https://doi.org/10.18502/
kls.v7i2.10390.
[30] Diez Valcarce M, Kambhampati AK, Calderwood LE, Hall AJ, Mirza SA, Vinj�e J.
Global distribution of sporadic sapovirus infections: a systematic review and
meta-analysis. PLoS One 2021;16:e0255436. https://doi.org/10.1371/
journal.pone.0255436.

[31] Matussek A, Dienus O, Djeneba O, Simpore J, Nitiema L, Nordgren J. Molecular
characterization and genetic susceptibility of sapovirus in children with
diarrhea in Burkina Faso. Infect Genet Evol 2015;32:396e400. https://doi.org/
10.1016/j.meegid.2015.03.039.

[32] Magwalivha M, Ngandu JK, Traore AN, Potgieter N. Prevalence and genetic
characterisation of human sapovirus from children with diarrhoea in the rural
areas of Vhembe district, South Africa, 2017-2020. Viruses 2021;13:393.
https://doi.org/10.3390/v13030393.

[33] HansmanGS,Oka T, SakonN, TakedaN. Antigenic diversity of human sapoviruses.
Emerg Infect Dis 2007;13:1519e25. https://doi.org/10.3201/eid1310.070402.

[34] Hansman GS, Natori K, Oka T, Ogawa S, Tanaka K, Nagata N, et al. Cross-
reactivity among sapovirus recombinant capsid proteins. Arch Virol
2005;150:21e36. https://doi.org/10.1007/s00705-004-0406-8.

[35] Oka T, Miyashita K, Katayama K, Wakita T, Takeda N. Distinct genotype and
antigenicity among genogroup II sapoviruses. Microbiol Immunol 2009;53:
417e20. https://doi.org/10.1111/j.1348-0421.2009.00133.x.

[36] Zhuo R, Ding X, Freedman SB, Lee BE, Ali S, Luong J, et al. Molecular epide-
miology of human sapovirus among children with acute gastroenteritis in
Western Canada. J Clin Microbiol 2021;59:e0098621. https://doi.org/10.1128/
JCM.00986-21.

[37] Hassan F, Kanwar N, Harrison CJ, Halasa NB, Chappell JD, Englund JA, et al.
Viral etiology of acute gastroenteritis in <2-year-old US children in the post-
rotavirus vaccine era. J Pediatr Infect Dis Soc 2019;8:414e21. https://doi.org/
10.1093/jpids/piy077.

[38] Hebbelstrup Jensen B, Jokelainen P, Nielsen ACY, Franck KT, Rejkjær Holm D,
Schønning K, et al. Children attending day care centers are a year-round
reservoir of gastrointestinal viruses. Sci Rep 2019;9:3286. https://doi.org/
10.1038/s41598-019-40077-9.

[39] McMurry TL,McQuade ETR, Liu J, KangG, KosekMN, LimaAAM, et al. Duration of
postdiarrheal enteric pathogen carriage in young children in low-resource set-
tings. Clin Infect Dis 2021;72:e806e14. https://doi.org/10.1093/cid/ciaa1528.

[40] Becker-Dreps S, Bucardo F, Vinj�e J. Sapovirus: an important cause of acute
gastroenteritis in children. Lancet Child Adolesc Health 2019;3:758e9.
https://doi.org/10.1016/S2352-4642(19)30270-6.

https://doi.org/10.1542/peds.2020-049884
https://doi.org/10.1542/peds.2020-049884
https://doi.org/10.1093/cid/ciac861
https://doi.org/10.1093/infdis/jiab316
https://doi.org/10.1016/j.jcv.2016.03.013
https://doi.org/10.1002/jmv.24155
https://doi.org/10.1093/cid/civ828
https://doi.org/10.1093/jpids/piac067
https://doi.org/10.1038/s41467-018-07476-4
https://doi.org/10.1038/s41467-018-07476-4
https://doi.org/10.1097/MOG.0000000000000778
https://doi.org/10.1097/MOG.0000000000000778
https://doi.org/10.1016/j.eclinm.2020.100561
https://doi.org/10.18502/kls.v7i2.10390
https://doi.org/10.18502/kls.v7i2.10390
https://doi.org/10.1371/journal.pone.0255436
https://doi.org/10.1371/journal.pone.0255436
https://doi.org/10.1016/j.meegid.2015.03.039
https://doi.org/10.1016/j.meegid.2015.03.039
https://doi.org/10.3390/v13030393
https://doi.org/10.3201/eid1310.070402
https://doi.org/10.1007/s00705-004-0406-8
https://doi.org/10.1111/j.1348-0421.2009.00133.x
https://doi.org/10.1128/JCM.00986-21
https://doi.org/10.1128/JCM.00986-21
https://doi.org/10.1093/jpids/piy077
https://doi.org/10.1093/jpids/piy077
https://doi.org/10.1038/s41598-019-40077-9
https://doi.org/10.1038/s41598-019-40077-9
https://doi.org/10.1093/cid/ciaa1528
https://doi.org/10.1016/S2352-4642(19)30270-6

	Timing and genotype distribution of symptomatic and asymptomatic sapovirus infections and re-infections in a Nicaraguan bir ...
	Introduction
	Materials and methods
	Study design
	Study procedures
	Real-time RT-qPCR
	Sapovirus genotyping
	Ethics statement
	Measures
	Statistical analysis

	Results
	Epidemiological profile of sapovirus AGE in children aged ≤2 years
	Symptomatic and asymptomatic sapovirus infections
	Timing of sapovirus infections
	Genotype diversity in symptomatic and asymptomatic sapovirus infections

	Discussion
	Author contributions
	Transparency declaration
	Acknowledgements
	Appendix A. Supplementary data
	References


