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SUMMARY

Rotavirus vaccines (RVVs) have substantially diminished mortality from severe rotavirus (RV) gastroenteritis
but are significantly less effective in low- and middle-income countries (LMICs), limiting their life-saving po-
tential. The etiology of RVV’s diminished effectiveness remains incompletely understood, but the enteric mi-
crobiota has been implicated in modulating immunity to RVVs. Here, we analyze the enteric microbiota in a
longitudinal cohort of 122 Ghanaian infants, evaluated over the course of 3 Rotarix vaccinations between 6
and 15 weeks of age, to assess whether bacterial and viral populations are distinct between non-serocon-
verted and seroconverted infants. We identify bacterial taxa including Streptococcus and a poorly classified
taxon in Enterobacteriaceae as positively correlating with seroconversion. In contrast, both bacteriophage
diversity and detection of Enterovirus B and multiple novel cosaviruses are negatively associated with
RVV seroconversion. These findings suggest that virome-RVV interference is an underappreciated cause

of poor vaccine performance in LMICs.

INTRODUCTION

Rotavirus (RV) is the leading cause of diarrheal mortality among
children globally (GBD 2016 Causes of Death Collaborators,
2017; GBD 2016 Diarrhoeal Disease Collaborators, 2018). The
burden of RV disease is borne disproportionately, with more
than 90% of RV deaths in sub-Saharan Africa and southeast
Asia (Tate etal., 2016; Troeger et al., 2018). Numerous live, atten-
uated oral rotavirus vaccines (RVVs) have been licensed for use
since 2006, and their introduction in more than 100 countries has
helped to substantially decrease RV deaths from more than
500,000 prior to vaccine introduction to approximately 120,000
deaths per year in children under five years of age (Li et al.,
2021a; Troeger et al., 2018; ROTA Council, 2020). Despite this
enormous public health accomplishment, the potential of RVVs
has been limited by their diminished performance in low- and
middle-income countries (LMICs). RVVs do not protect infants
in high-income countries (HIC) and LMIC settings equally against
severe RV gastroenteritis (RVGE) and death. In high-income
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countries, vaccine effectiveness is 84%-90%, while infants
from LMICs only benefit from 45%-57% vaccine effectiveness
(Jonesteller et al., 2017). This diminished performance helps
explain why infants remain at risk for this life-threatening disease
despite vaccine availability, as RV has remained the leading eti-
ology of diarrheal hospitalizations and death in LMICs even after
vaccine introduction (Jonesteller et al., 2017; Li et al., 2021a). In
LMIC settings, improving RVV efficacy by even 15% could save
an estimated 400,000 children’s lives in the next two decades
(Atherly et al., 2009; PATHCenters for Disease Control and Pre-
vention CDC and World Health Organization WHO., 2006). This
underscores the urgent public health need to understand and
improve RVV performance in LMICs.

The etiology of the diminished performance of RVVs in LMICs
remains elusive (Church et al., 2019a; Parker et al., 2018a).
Numerous risk factors for vaccine failure, such as maternal anti-
bodies, histo-blood group antigens, and malnutrition, have been
identified and tested, but they fail to correspond with vaccine
performance consistently across studies and geographic
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Figure 1. Study schematic
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settings (Church et al., 2019b; Grassly et al., 2016; Parker et al.,
2018a, 2020; Praharaj et al., 2019). The intestinal microbiota is
known to play a fundamental role in the development, education,
and regulation of the host immune system and is also an impor-
tant driver of inter-individual variation in immunity (Belkaid and
Harrison, 2017; Neil and Cadwell, 2018). Mouse models have
highlighted the importance of transkingdom bacterial-viral-im-
mune interactions in the replication and control of enteric viruses
(Baldridge et al., 2015; Erickson et al., 2018; Kuss et al., 2011;
Pfeiffer and Virgin, 2016; Robinson et al., 2014; Stefan et al.,
2020). Building on these findings, clinical studies have evaluated
potential correlations between the bacterial microbiota and RVV
immunogenicity in children in LMICs (Harris et al., 2018b; Kim
et al., 2021). Previously, we reported that among infants in
Ghana, the relative abundance of Bacteroidetes correlated
negatively and bacteria related to Streptococcus bovis corre-
lated positively with RVV immunogenicity (Harris et al., 2017).
Yet, subsequent studies in India, Malawi, the UK, and Nicaragua
have not replicated these findings, and few consistent correla-
tions between bacterial microbiota and RVV immunogenicity
have been found (Fix et al., 2020; Parker et al., 2018b, 2020;
Sindhu et al., 2017).

Although the bacterial microbiota has been a major focus of
research, infants host a remarkable diversity of eukaryotic vi-
ruses and bacteriophages (Holtz et al., 2014; Liang et al.,
2020; Lim et al., 2015). These communities are dynamic over
time, and children in LMICs have higher eukaryotic viral abun-
dance and carriage when compared with infants in high-income
settings (Gregory et al., 2020; Holtz et al., 2014; Reyes et al.,
2015). Research to date has focused on testing whether spe-
cific enteric viruses, such as non-polio enteroviruses or oral
polio vaccine, may impact RVV performance (Holtz et al.,
2014; Parker et al., 2018b; Patel et al., 2012; Tan et al., 2020;
Taniuchi et al., 2016). However, diverse communities of viruses
inhabit the infant intestine and may also be considered as
colonizers with the capacity to disrupt or promote immune
development and homeostasis. By extension, these viral com-
munities may alter immune responses to and replication of live
oral attenuated RVVs (Dallari et al., 2021; Kernbauer et al.,
2014; Neil and Cadwell, 2018). Unbiased evaluation of interac-
tions between the infant virome and RVV performance is, there-
fore, warranted.

In this study, we aimed to evaluate the interactions of the bac-
terial microbiome and the eukaryotic and prokaryotic virome
with host immunity to the Rotarix, an orally administered, live
attenuated G1P8 RVV, in a retrospective, longitudinal cohort of
infants from 6 to 15 weeks of age in Ghana. We employed unbi-

Subjects

(B) Post-vaccination IgA titer from 122 subjects
colored by serostatus.

ased metagenomic sequencing of the RNA and DNA virome in
conjunction with 16S rRNA gene analysis of the bacterial micro-
biome. Our analysis reveals numerous constituents of the
bacteriome and virome associated with seroconversion, thus
identifying components of the microbiota that may influence
development of effective RVV immune responses.

RESULTS

Study design and participants

This study retrospectively evaluated serially collected fecal sam-
ples from infants in Navrongo, a rural setting in northern Ghana,
who were enrolled in a previously reported phase IV randomized
clinical trial. The trial evaluated the immunogenicity of the Rotarix
vaccine after different dosing schedules (NCT01575197,
clinicaltrials.gov) (Armah et al., 2016). This nested study (Fig-
ure 1A), approved by the institutional review board of the Noguchi
Memorial Institute for Medical Research in Ghana (#1492),
included healthy infants enrolled in the three-dose Rotarix (at 6,
10, and 14 weeks) trial arm who were sero-negative for anti-RV
IgA at baseline and who had at least one fecal sample available
at 6, 10, or 14 weeks, with fecal samples collected 48 h prior to
and 7 days following each vaccine dose. No significant difference
was observed between 14 matched pre- and post-dose 1 vacci-
nation samples in bacteriome composition (Figures S1A-S1C). In-
fants concomitantly received standard immunizations including
the trivalent oral poliovirus vaccine (OPV) and pneumococcal con-
jugate and pentavalent vaccines. Serum samples were collected
at 6 and 18 weeks of age. Seroconversion was defined as the
detection of an anti-RV IgA concentration > 20 U/mL at 18 weeks
in infants who were seronegative (IgA < 20 U/mL) at the time of
receipt of their first RVV (6 weeks) (Figures 1A and 1B) (Patel
etal., 2013).

From the three-dose Rotarix trial arm of the original study, 122
(51 [42%] seroconverters and 71 [58%] non-seroconverters) of
the 143 infants had fecal samples available and were included
in the nested cohort. Baseline characteristics were similar be-
tween seroconverters and non-seroconverters (Table 1). From
this cohort in which 53% of subjects (64/122) were females,
460 fecal samples were available, with 177 at dose 1 (6 weeks),
155 at dose 2 (10 weeks), 127 at dose 3 (14 weeks), and 1 which
was not assigned to any dose

Different bacterial taxa are associated with
seroconversion over a longitudinal timecourse

We performed sequencing-based analysis of the V4 region of
the 16S rRNA gene for fecal samples obtained from both
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Table 1. Characteristics of Ghanaian infant cohort

Total Non-

subjects Seroconverters  seroconverters
Age (days) 43.09 43.02 43.14
Subjects, n (%) 122 (100%) 51 (42%) 71 (58%)
Female 64 (53%) 23 (36%) 41 (64%)
Nankam 40 (33%) 16 (40%) 24 (60%)
Kassem 80 (66%) 35 (44%) 45 (56%)
Other 2 (2%) 0 (0%) 2 (100%)
Malnutrition (z <—2), n (%)
stunting (hfaz) 11 (9%) 4 (36%) 7 (64%)
wasting (wfhz) 5 (4%) 2 (40%) 3 (60%)
underweight (wfaz) 12 (10%) 3 (25%) 9 (75%)

Age indicated at the time of first vaccination (DS1). Nankam and Kassem
are the predominant ethnicities in Navrongo, Ghana. Malnutrition indi-
cated if height for age z-score (hfaz), weight-for-height z-score (wfhz),
and/or weight-for-age z-score (wfaz) was less than —2.

non-seroconverters and seroconverters at doses 1, 2, and 3 of the
vaccination time course. Analysis of the phylum-level composition
demonstrated the presence of members of the phyla Actinobacte-
ria, Bacteroidetes, Firmicutes, and Proteobacteria. There were no
significant differences in the relative abundance of each bacterial
phylawhen comparing seroconverters to non-seroconverters (Fig-
ures 2A and S1D). Similarly, minimal changes in the relative abun-
dance of each phyla were observed when examined over the
course of the 3-dose regimen (Figure S1E). Consistent with these
observations, no significant differences in alpha diversity (richness
or Shannon diversity) over the longitudinal time course or beta di-
versity (weighted UniFrac distances) at any time point were
observed between non-seroconverters and seroconverters (anal-
ysis of covariance [ANCOVA] and permutational multivariate anal-
ysis of variance [PERMANOVA], respectively, all p > 0.05; Figures
2B and 2C).

We performed DESeqg2 analysis to identify taxa associated
with seroconversion at each time point. We identified six am-
plicon sequence variants (ASVs) over the three time points
that discriminated between non-seroconverters and sero-
converters (Figure 2D; Table S1). The abundance of an unclas-
sified taxon within the bacterial family Enterobacteriaceae
(ASV 3) at dose 1 was associated with seroconversion. At
dose 2, two taxa within the genus Streptococcus (ASV 4 and
5) as well as Lactobacillus fermentum (ASV 45) were associ-
ated with seroconversion, while another taxon in Strepto-
coccus (ASV 6) was negatively associated. At dose 3, the
same taxon in Enterobacteriaceae (ASV 3) again emerged as
a biomarker for seroconversion, accompanied by Rothia muci-
laginosa (ASV 32), an Actinobacteria (Figure 2D). We also
performed multiple Pearson’s correlation analyses between
bacterial taxa and post-vaccination IgA titer. We identified 1
ASV significantly correlated with post-vaccination IgA titer
(Figure 2D). Specifically, at dose 3, Eggerthella lenta was posi-
tively correlated with post-vaccination IgA titer (Pearson’s
rho = 0.453, p value = 0.0484). These data indicate that while
the overall composition of the bacterial microbiota over the
time course of vaccination does not vary between non-sero-
converters and seroconverters, specific taxa belonging to the
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orders Enterobacteriales and Lactobacillales and the Actino-
bacteria phylum are consistently or periodically associated
with seroconversion.

Phageome richness and diversity is negatively
associated with seroconversion and decreases

over time

We next explored whether prokaryotic viruses (bacteriophage)
may be implicated in RVV seroconversion by analyzing the phag-
eome in our cohort. Shotgun sequencing was performed on both
DNA and RNA isolated from virus-like particle (VLP) preparations
from the longitudinally collected fecal samples. Per-sample
abundances were determined for all contigs longer than 1,000
bases that were assigned to a phage taxonomic lineage (Fig-
ure S2). We found that the phageome was dominated by phages
from the order Caudovirales, represented by the families Acker-
mannviridae, Myoviridae, Podoviridae, and Siphoviridae (Fig-
ure 3A). Microviridae were only detected in 6 samples (4 samples
at dose 2 and 2 samples at dose 3) and were, therefore, excluded
from additional analysis. Analysis of the relative abundances of
the Caudovirales families did not reveal any differences specific
to seroconversion (Wilcoxon signed-rank test, p > 0.05; Fig-
ure S3A). Similarly, the presence or absence of any one family
of phage was not associated with seroconverter status (Fisher’s
exact test, all p > 0.05; Figure S3B). Interestingly, Podoviridae
were the most prevalent phages identified in samples at doses
1 and 2, but by dose 3, Siphoviridiae overtook the community
(Figure S3C). Similarly, Ackermannviridae were only detected
at doses 1 and 2 but were absent by dose 3, indicating a trans-
formation in the enteric phageome between 6 and 15 weeks of
life in Ghanian infants (Figure S3C).

Phage richness and Shannon diversity decreased, on average,
in all samples over time (ANOVA, richness: p = 2.98 x 107,
Shannon diversity: p = 1.04 x 10~5; Figure 3B). Samples from
non-seroconverters had significantly increased richness and
Shannon diversity, most strikingly at dose 1, when compared
with seroconverters (ANCOVA, richness: p = 0.004, Shannon di-
versity: p = 0.006; Figure 3B). Similarly, beta diversity (Bray-Cur-
tis dissimilarity, non-metric multi-dimensional scaling [NMDS])
was also significantly different between seroconverters and
non-seroconverters at dose 1 (PERMANOVA, p = 0.049, permu-
tations = 1 x 10%; Figure 3C). However, this p value ranged from
0.063 to 0.046 over 10 permutations, suggesting that phageome
beta diversity is only marginally different between seroconvert-
ers and non-seroconverters. PERMANOVA analysis at doses 2
and 3 consistently resulted in p > 0.5, suggesting that the phag-
eome community composition was similar between sero-
converters and non-seroconverters between 10 and 14 weeks
of life.

We compared phage richness and Shannon diversity with
bacterial richness and Shannon diversity and found that at
dose 1, phage Shannon diversity was positively correlated
to bacterial Shannon diversity when examining all samples
(Spearman rho = 0.302, p = 0.007) and for non-seroconverters
(Spearman rho = 0.424, p = 0.002; Figure 4D). These correlations
were not significant at doses 2 or 3 (p > 0.05; Figures 4E and 4F).
Phage richness (ANCOVA, p = 0.029) and Shannon diversity (AN-
COVA, p = 0.020) were higher in samples from non-seroconvert-
ers than in seroconverters at dose 1 only (Figure 4D). Taken
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Figure 2. Specific bacterial taxa are associated with serostatus over a longitudinal time course
(A) Average proportions of each bacterial phylum in the total bacteriome composition for Ghanaian infants identified as non-seroconverters (“no”) or sero-

converters (“yes”) over three doses (doses 1, 2, and 3).

(B) Bacterial richness and diversity at each dosing period with linear models showing correlation with each serostatus across dosing periods. p values for across
dosing period and serostatus comparisons were calculated using one-way ANOVA and ANCOVA tests, respectively. Lines depict the linear model while greyed

areas indicate the 95% confidence level interval of the model for each group.

(C) Bacterial beta diversity (weighted UniFrac distance) of samples at doses 1, 2, and 3. Wilcoxon tests and permutational multivariate analysis of variance
(ADONIS) were used to compare between serostatus groups in alpha and beta diversity analyses, respectively.

(D) Summary plot showing bacterial ASVs identified using DESeq2 or multiple Pearson’s correlation analyses between abundance of all bacterial ASVs at both
genus and species level and postvaccination IgA titers at each dosing period. Log fold change (symbols; dose 1: @, dose 2: B, dose 3: A) and log fold change
standard error of the mean (line) are indicated. Black symbols indicate markers selected from DESeq?2 analyses, and gray symbol indicates markers selected from
multiple Pearson’s correlation analysis. Wald test was used to compare groups and Pearson’s correlation coefficient analysis was used for multiple Pearson’s
correlation analyses. n = 148 averaged non-seroconverter samples (dose 1: 60, dose 2: 49, dose 3: 39) and 99 averaged seroconverter samples (dose 1: 35, dose

2: 35, dose 3: 29).

together, increases in phage alpha diversity (both richness and
Shannon diversity), marginal differences in beta diversity, and
differential relationships to bacterial alpha diversity indicate a
unigue phageome at dose 1 associated with a lack of serocon-
version to the RVV.

Virome analysis reveals temporal shifts in eukaryotic
viruses across age

We next evaluated the eukaryotic virome. Evidence for the pres-
ence of seven dominant viral families (Picornaviridae, Parvovir-
idae, Reoviridae, Astroviridae, Anelloviridae, Adenoviridae, and
Caliciviridae), which include both single- and double-stranded
RNA and DNA viruses, was found across the cohort (Figures
5A-5C). Of these, reads assigned to the family Picornaviridae
were the most abundant (Figure 5A). With the exception of
reads assigned to the family Anelloviridae, the majority of reads

were assigned to each viral family with greater than 70% iden-
tity to a sequence in the reference database (quadrant 1 [Q1]:
56.2%, Q2: 35.0%) (Figure 5B). Most Anelloviridae reads were
assigned with lower (< 70%) identity (Q3: 40.6%, Q4: 40.8%),
with alignment statistics suggesting that Anelloviridae detected
in this cohort were likely novel (low % ID to a sequence in the
reference database over long lengths), while those from the
other six families were similar to viral sequences previously
deposited into reference databases. The average number of
viral genera detected per infant at each dose were 6.23 at
dose 1, 5.97 at dose 2, and 6.87 at dose 3. There was no signif-
icant difference in the number of viral taxa detected between
seroconverters and non-seroconverters at any dose (Fisher’s
exact test, p = 1 at all doses).

Analysis of each viral family over time indicated that reads
assigned to Reoviridae, which include RVs (p = 0.022 [dose 2
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Figure 3. Phage alpha diversity at dose 1 is negatively associated with seroconversion
(A) Average proportions of each phage family in the total phageome composition for Ghanaian infants identified as non-seroconverters (“no”) or seroconverters

(“yes”) over three doses (doses 1, 2, and 3).

(B) Phage richness and diversity at each dosing period with linear models showing correlation with each serostatus across dosing periods. p values for across
dosing period and serostatus comparisons were calculated using one-way ANOVA and ANCOVA tests, respectively. Lines depict the linear model while greyed

areas indicate the 95% confidence level interval of the model for each group.

(C) Phage beta diversity (non-metric multi-dimensional scaling [NMDS]) of samples at dose 1, dose 2, and dose 3. Statistical differences of beta diversity and
alpha diversity between serostatus groups were evaluated using and the Wilcoxon test and permutational multivariate analysis of variance (ADONIS), respec-
tively. n = 216 averaged non-seroconverter samples (dose 1: 54, dose 2: 84, dose 3: 78) and 162 averaged seroconverter samples (dose 1: 30, dose 2: 72, dose

3: 60).

to dose 3]) and Astroviridae (p = 4.34 x 10~° [dose 1 to dose 3]
and p = 0.015 [dose 2 to dose 3]) increased in abundance over
time, while the abundance of reads assigned to other viral fam-
ilies remained the same (Figure 5C). We also assessed whether
changes in the abundance over viral genera over time might be
due to novel infections or persistence of infections within indi-
vidual infants. The analysis was constrained by the number of
infants with samples available at every dose (Figures S4A and
S4B); however, Enterovirus and Betatorquevirus had high
persistence with higher numbers of infants with viral reads pre-
sent across doses 2 and 3, as compared with dose 1 alone
(Fisher’s exact test, p > 0.05; Figure S4C).

We assessed whether mean abundances or the presence
(percentage of samples detected) of each viral family was asso-
ciated with RVV seroconversion and found no significant differ-
ences at the viral family level between non-seroconverters and
seroconverters at all 3 doses (Wilcoxon signed-rank test, p >
0.05, Fisher’s exact test, p > 0.05; Figures S4D and S4E).

To assess if the RVV itself altered viral composition, seven
paired pre- and post-vaccine samples were analyzed for the
prevalence of viral families (Picornaviridae, Reoviridae, Astrovir-
idae, Anelloviridae, Adenoviridae, and Caliciviridae) (Figure S4D).

114 Cell Host & Microbe 30, 110-123, January 12, 2022

The prevalence of each viral family was similar in both pre- and
post-vaccine samples (Fisher’s exact test adjusted p > 0.05).
However, due to the sampling deficit in pre-vaccine samples
(n=7,8.4% of total samples), this analysis is a minimal represen-
tation of the total patient population and should be interpreted
accordingly.

Non-vaccine strain Reoviridae increases over time

In order to determine if all of the reads assigned to the Reovir-
idae were originating from the Rotarix vaccine or from other
Reoviridae, we examined assembled contigs to obtain more
genetic information than that were available from individual
reads. Fifteen Reoviridae contigs were identified, all of which
were assigned to different protein coding segments of rota-
virus genomes (Figure S5). Contigs with sequence similar to
8 different segments of the rotavirus genome were identified
(NSP1-3 and VP1-4 and VP7) (Figure S5). Phylogenetic anal-
ysis revealed that each contig could be placed into either a
G1P or G2P clade. The Rotarix vaccine strain is in the G1P
clade, so those placed in the G2P clade are likely non-vaccine
naturally circulating RV strains. Non-vaccine strains in the G1P
clade cannot be ruled out. Due to the random region of each
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Figure 4. Phage diversity significantly correlated with bacterial diversity at dose 1
The correlation analysis of phage and bacterial (A—C) richness and (D-E) Shannon diversity at three doses (doses 1, 2, and 3) using analyses of Spearman’s rank-
order correlation (Spearman rho) and covariance (ANCOVA). Lines depict the linear model while grayed areas indicated the standard error of the mean for

each group.

gene segment obtained via metagenomic assembly, it was not
possible to determine if substrains of G1P or G2P were present
in each sample. When examining the prevalence of G1P or
G2P strains over time, there was a clear emergence of G2P
strains at doses 2 and 3 with the majority being identified in
dose 3 samples; however, there was no significant difference
between seroconversion status at any dose (Figure 5E). We
compared the prevalence of G1P or G2P strains between
doses. G1P strain detection was significantly decreased in
dose 2 compared with dose 1 (Fisher’s exact test, p = 0.038)
and increased in dose 3 compared with dose 2 (Fisher’s exact
test, p = 0.045) only in non-seroconverters. G2P strain detec-
tion was significantly increased in dose 3 compared with
dose 1 or dose 2 in both non-seroconverters (Fisher’s exact
test, p = 0.01 [dose 1 to dose 3] and p = 0.004 [dose 2 to
dose 3]) and seroconverters (Fisher's exact test, p = 0.011
[dose 1 to dose 3] and p = 0.019 [dose 2 to dose 3]; Figure 5F).

Enterovirus B and novel Cosavirus A are associated with
a lack of seroconversion

Because enteroviruses and OPV strains have previously been
implicated in limiting RVV efficacy, we closely examined the
Picornaviridae family in our cohort (Figure 6) (Parker et al.,
2018b; Patel et al., 2012; Taniuchi et al., 2016). Reads were pri-
marily assigned to four Picornaviridae genera: Enterovirus, Pare-
chovirus, Salivirus, and Cosavirus (Figure 6A). We separated
reads assigned to Enterovirus C and Enterovirus B, as Entero-

virus C reads are likely to originate from OPV strains (Sabin 1,
2, and 3). In addition, small numbers of reads were also assigned
to other Picornaviridae including the genera Sapelovirus (n = 52),
Cardiovirus (n = 45), and Kobuvirus (n = 26) but were excluded
from further analysis due to their overall rarity (0.002%-0.001%
of analyzed reads). While reads summed at the family level of Pi-
cornaviridae exhibited no change over time (Figure 5C), when
split into individual genera, the abundance of reads assigned
to Enterovirus, including both Enterovirus C (p = 0.026 [dose 2
to dose 3]; p = 5.6 x 107 [dose 1 to dose 3]) and Enterovirus
B (p =4.79 x 1072 [dose 1 to dose 3]) as well as Salivirus (p =
3.99 x 1073 [dose 1 to dose 2]; p = 1.25 x 107 [dose 2 to
dose 3]; p = 1.04 x 10~° [dose 1 to dose 3]), decreased over
time (Figure 6A). In contrast, reads assigned to Parechovirus
and Cosavirus were consistently abundant over time (p >
0.05), indicating independent longitudinal trajectories for individ-
ual Picornaviridae genera during early life development.

We next explored the relationships between the detection
(presence or absence) of Picornaviridae species in the stool
with RVV seroconversion. We observed that at dose 1, the
detection of Enterovirus B (Fisher’s exact test, p = 0.002) or
Cosavirus A (p = 0. 039) was more frequent in samples from sub-
jects that did not seroconvert (Figure 6B). Parechovirus A was
detected less frequently in seroconverters but only at dose 3
(Fisher’s exact test, p = 0.02; Figure 6B).

Contigs from the 3 Enterovirus C strains (Sabin 1, 2, and 3)
used in the OPV were identified and quantified using per-sample
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Figure 5. Infant eukaryotic enteric viruses. Analysis of DNA and RNA virus sequences obtained from VLP sequencing

(A) The total number of reads assigned to each eukaryotic viral family from all samples (n = 316).

(B) Scatterplot showing alignment statistics of reads assigned to viral families, with each point representing a single metagenomic sequence plotted in relation to
the percent identity to the reference database sequence (y axis) and the reference alignment length (x axis). Alignment lengths longer than 250 are due to
reference alignments with interspersed insertions relative to the query. A dashed line is provided at 70% ID on the y axis and 150 bases on the x axis as a guide for
high/low identity and short/long alignment lengths. This breaks each plot into four reference quadrants (Q1, Q2, Q3, and Q4).

(C) Viral family abundance at each vaccine dosing period, with mean and standard error of the mean (SEM) depicted. Points are colored based on Baltimore

classification in (A-C).

(D) Rotavirus proteins encoded in assembled rotavirus contigs and their G1P/G2P assigned taxonomy.
Prevalence of each rotavirus contig at each dose comparing between (E) seroconversion status and (F) doses. Means are compared using the Kruskal-Wallis test
followed with Dunn’s post-hoc test. Adjusted p values are indicated with an asterisk. Prevalence is compared using Fisher’s exact test followed by Bonferroni test

(*p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001, ns = not significant).

read mapping (Figures 6C and 6D). These contigs were
truncated at both 5 and 3’ ends, but we were able to recover
complete or near-complete sequences of the Enterovirus C pol-
yprotein gene (Figure S6). Assembly recovered a Sabin 1 contig
containing a full-length polyprotein with two amino acid muta-
tions (c.2040K>E in VP3 and ¢.5994E>K in RD3) when compared
with published Sabin 1 genomes. The recovered Sabin 2 contig
was full length and identical to the reference Sabin 2 polyprotein.
The recovered Sabin 3 contig was 3’ truncated by 32 amino
acids of the 3D (RNA-directed RNA polymerase) and had 3 mu-
tations (c.584T>1in VP2, c.1348S>Ain protein B, and c.2172E>G
in 3D). Abundances of these OPV contigs decreased over time
and at similar rates in both seroconverters and non-
seroconverters with 71.5% of samples having one or more
strains at dose 1 compared with 59.0% at dose 2 and 34.8%
at dose 3 (Fisher’'s exact test, dose 1, p = 1.000; dose 2,
p = 0.647; dose 3, p = 0.611; Figures 6C and 6D).
Metagenomic assembly recovered 5 Cosavirus contigs with
relatively low percent identity to reference database cosavi-
ruses (Figure 6D). Phylogenetic analysis of the full-length
polyprotein open reading frame revealed that 4 contigs (320,
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337, 328, and 339) make up a sub-clade to Cosavirus A. While
one contig (336) was closely related to Cosavirus D, it was
still distinct (Figure 6E). Overall, these data suggest that the
presence of “competing” enteroviruses early in the vaccina-
tion time course may negatively affect RVV seroconversion
and highlight a potentially important role for the understudied
enterovirus Cosavirus.

Parvoviridae and Reoviridae abundance associate with
higher post-vaccination IgA titer

Lastly, we performed multiple Pearson’s correlation analyses
between the abundance of detected viral taxa and post-vaccina-
tion IgA titers. We observed significant correlations between IgA
and Parvoviridae (Pearson’s rho = 0.426, p = 0.0433) and Reovir-
idae (Pearson’s rho = 0.420, p = 0.0433) at dose 1 (Figure 6F).
Parvoviridae genus Bocaparvovirus (Pearson’s rho = 0.431, p =
0.0000955), but not Dependoparvovirus, was positively corre-
lated with post-vaccination IgA titers (Figure 6G). The Reoviridae
at dose 1 is exclusively reflective of vaccine strain G1P (Fig-
ure 5F). These data suggest that higher levels of RVV as well
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Figure 6. Enterovirus B and Cosavirus A are negatively associated with seroconversion

(A) Abundance of each genera read within the Picornaviridae family at each vaccine dosing period.

(B) The percentage of samples positive for each species of Picornaviridae at each dosing period.

(C) The percentage of samples positive for OPV, specifically Sabin 1, Sabin 2, and Sabin 3, at each dosing period. Means are compared using the Kruskal-Wallis
test followed with Dunn’s post-hoc test. Adjusted p values are indicated with an asterisk. Prevalence is compared using Fisher’s exact test followed by Bonferroni
test (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, ns = not significant)

(D) Percent identity and assembled contig

length of Pircornavirus species.

(E) Phylogenetic comparison of novel cosavirus sequences identified with reference cosaviruses. The tree was computed using trimmed, full-length aligned
polyprotein sequences using maximum likelihood inference (General Time Reversible [GTR] + gamma distribution) and branch stability assessed using 100

bootstrap replicates.

(F) Correlation between viral taxa at family level and post-vaccination IgA titers.
(G) Correlation between two genera belonging to Parvoviridae and post-vaccination IgA titer. Adjusted p values were attained for each viral taxa by performing
Pearson’s correlation analysis followed by correction using the Bonferroni method. Lines depict the linear model while greyed areas indicate the 95% confidence

level interval of the model.

as Bocaparvovirus in early phases of vaccine administration may

enhance RVV responses.

DISCUSSION

RV remains a major killer of young children in LMICs, and un-
derstanding the determinants of RVVs’ diminished performance

in these settings is a global health priority. We describe the in-
teractions of the bacterial and viral fecal microbiome with RVV
immunogenicity in a longitudinal cohort of 6- to 15-week-old in-
fants in rural Ghana. We found that numerous components of
the human microbiota, including specific bacterial taxa, bacte-
riophage diversity, and known and novel eukaryotic viruses,
correlate significantly with RVV immunogenicity in early life,
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underscoring the importance of the microbiota in determining
early human immune responses to enteric pathogens and oral
vaccines.

A growing body of literature has evaluated correlations be-
tween the fecal bacterial microbiota and RVV immunogenicity,
with results varying substantially by study and geographic set-
tings. Here, we show that while bacterial diversity indexes do
not correlate with RVV immunogenicity, specific taxa are associ-
ated with RVV immunogenicity over time in rural Ghanaian
infants. These include a poorly classified taxon in Enterobacteri-
aceae at doses 1 and 3 and two taxa within the Streptococcus
genus at dose 2. There is some overlap in these taxonomic find-
ings with our previous work evaluating a parallel cohort of Gha-
naian infants (from the same phase IV trial), wherein the bacterial
microbiome was evaluated using chip technology rather than
sequencing (Harris et al., 2017). In this parallel cohort, bacteria
belonging to the Streptococcus bovis group correlated positively
with seroconversion, whereas several Bacteroidetes were nega-
tively correlated. We have also identified positive correlations
between Enterobacteriaceae and RVV immunogenicity in a small
urban cohort of infants in Karachi, Pakistan (Harris et al., 2018a).
Interestingly, in a large well-conducted study evaluating determi-
nants of RVV immunogenicity in the UK, Malawi, and India,
Escherichia (Enterobacteriaceae) and Streptococcus were
the two microbiota variables that were the most predictive of
anti-RV IgA concentration among RV-naive infants in India
(Parker et al., 2020).

Other microbiota correlations with RVV immunogenicity have
been less reliably recapitulated across geographic settings;thus,
the broad applicability of our study may be limited by our use of a
single location. In aggregate, our findings suggest that selected
bacterial taxa correlate with increased RVV immunogenicity in
settings like Ghana; however, if they are causal to RVV immunity,
their effect size may be limited or context-specific to this
geographic setting. Further, these positive bacterial correlations
are insufficient to explain the poor performance of RVVs in LMIC
settings which, as our data suggest, may be better explained by
viral-viral interference.

Our study represents the first unbiased, metagenomics-based
exploration of the role of the virome in RVV immunogenicity.
Interestingly, we found that increased phage alpha diversity at
the time of the first dose of RVV correlated with poor RVV sero-
conversion. Bacteriophages can be both temperate, integrating
into the bacterial chromosome or lytic, infecting and exploiting
bacterial machinery to produce more virions to be released by
host cell lysis (Federici et al., 2021). Bacteriophage-bacterial mi-
crobiome interactions can therefore have both predator-prey
reciprocal and linear relationships (Lim et al., 2015). Other
studies in early childhood suggest that bacteriophages accom-
pany colonizing bacteria in early months of life followed by a
contraction over time and may progress in a stepwise fashion
with eukaryotic viruses (Liang et al., 2020; Lim et al., 2015). We
found that phage diversity decreases only in non-seroconverters
over this narrow window of 6 to 15 weeks of age, with no corre-
sponding alterations in bacterial diversity. This finding raises two
hypotheses for the role of bacteriophages in determining RVV
immunogenicity. First, phages may alter RVV seroconversion
through their interactions with specific bacterial taxa. Alterna-
tively, phages may interact with RVV immune responses inde-
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pendently of the bacterial microbiota. Some phages have been
shown to increase host antiviral cytokines, such as IFN-vy, inde-
pendent of bacteria (Gogokhia et al., 2019), and expanded
phage populations have also been linked to inflammatory enteric
diseases such as Crohn’s disease (Gogokhia et al., 2019; Nor-
man et al., 2015). This capacity for phage-specific effects on
the host suggests that phages could modulate host immunity
to RVV in a manner independent of their bacterial hosts (Federici
et al., 2021).

Despite its likely impacts on early host immunity, the eukary-
otic virome has been insufficiently characterized in young
infants, particularly in LMICs (Gregory et al., 2020). Factors
determining the composition of the infant enteric eukaryotic vi-
rome in LMICs are poorly understood, but environmental expo-
sures are likely important and include administration of oral
viral vaccines (RVV/OPV), breastfeeding (Liang et al., 2020;
Parker et al., 2020), seasonality, and living conditions, particu-
larly animal exposures, sanitation, and water quality (Altan
et al., 2018; Gregory et al., 2020; Liang and Bushman, 2021;
Lim et al., 2015, 2016; Magsood et al., 2019; Tan et al.,
2020). Our findings suggest that LMIC infants may have earlier
and more frequent eukaryotic infections than HIC infants.
Among the 6- to 15-week-old infants in our cohort, the eukary-
otic virome was extraordinarily rich and diverse. This is in line
with research suggesting higher fecal carriage of eukaryotic vi-
ruses in LMIC as compared with high-income settings. These
Ghanaian infants may also have earlier prominence of eukary-
otic viral infections than western infants, as eukaryotic viruses
become prominent in western cohorts around 4 months of life
(Gregory et al., 2020; Holtz et al., 2014; Liang et al., 2020; Ram-
pelli et al., 2017). Virome comparisons across populations and
ages are limited by differences in study methodologies,
including extraction techniques, frequent omission of analysis
of RNA viromes, and lack of paired, longitudinal sampling stra-
tegies (Wang, 2020).

Picornaviridae dominated the virome of these Ghanaian in-
fants, a finding consistent with a limited number of other studies
characterizing the virome in similarly aged LMIC infants (Altan
et al., 2018; Liang et al., 2020; Mogotsi et al., 2020; Tan et al.,
2020). Viral family abundance in these infants was dynamic,
even over a 9-week time frame. Select Picornaviridae family
abundance, namely enteroviruses and saliviruses, contracted
between 6 and 15 weeks of life. Enterovirus decreases were
driven in part by decreased shedding of exogenously adminis-
tered OPV strains across vaccination doses. In contrast, astrovi-
ruses and reoviruses increased over time.

As expected, because infants received Rotarix, many ex-
hibited detectable levels of the G1P strains over time. Dose 1
G1P Reoviridae shedding also correlated significantly with anti-
RV IgA titers, in line with previous literature (Cowley et al.,
2017; Taniuchi et al., 2016). However, the total Reoviridae family
shedding increased significantly at dose 3, primarily due to
increased detection of G2P or natural circulating RV. This sug-
gests that RV vaccination protects poorly against asymptomatic
natural G2P RVs, even as early as 4 weeks after vaccination.
While there were no differences in G1P and G2P shedding
over time and seroconversion, it is possible that naturally circu-
lating non-vaccine rotaviruses are important confounders of
post-vaccination anti-RV IgA, complicating the use of this
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readout as a correlate of RVV protection. Similar findings were
recently shown in India where neonatal RV exposure was the
most important determinant of post-vaccination anti-RV IgA
(Parker et al., 2020). This confounding suggests that while anti-
RV IgA seroconversion is a widely used correlate of RVV immu-
nogenicity, it has limitations when used as a correlate of RVV
protection against severe RVGE (Patel et al., 2013). Studies us-
ing disease endpoints (prevention of severe RVGE) rather than
immunologic correlates to understand determinants of RVV pro-
tection are lacking and greatly needed.

Alongside the importance of naturally circulating Reoviridae in
boosting anti-RV IgA, our work suggests that RVV immunoge-
nicity in LMIC is significantly constrained by viral-viral interfer-
ence of select Picornaviridae strains. Picornaviridae is a viral
family consisting of 17 genera including Enterovirus, Parechovi-
rus, Salivirus, and Cosavirus (Fauquet and Fargette, 2005). They
are non-enveloped, positive-stranded RNA viruses that exhibit
considerable genetic variability driven by both mutation and
recombination (Zell, 2018). Several studies have shown that
co-administration of OPV, an Enterovirus C, may lower RVV
immunogenicity (Holtz et al., 2014; Parker et al., 2018b; Patel
et al., 2012; Tan et al., 2020; Taniuchi et al., 2016). Inconsistent
with those previous studies, the presence of poliovirus (Entero-
virus C) was not significantly associated with RVV seroconver-
sion in this study. Importantly, other Picornaviridae strains
appeared to have more significant negative correlations with
seroconversion. Specifically, the presence of Enterovirus B
strains and several novel strains of Cosavirus A correlated nega-
tively with seroconversion. The findings are consistent with
reports that recent or concurrent infection with non-polio entero-
virus is correlated with lower immunogenicity for both OPV and
RVV (Cusick et al., 2014; Kernbauer et al., 2014; Parker et al.,
2014; Praharaj et al., 2019; Taniuchi et al., 2016).

Unique from Enterovirus B and C, Cosavirus is a relatively
underexplored genus of Picornaviridae. Cosaviruses have been
identified in children with diarrheal illness in Africa, South Amer-
ica, and Asia but have not been identified as causative agents in
acute gastroenteritis. Their true pathogenicity and disease
burden remains poorly understood (Ayouni et al., 2016; Stocker
etal., 2012; Yu et al., 2017). In this study, multiple novel cosavi-
rus contigs were detected, and novel Cosavirus A correlated
significantly with lack of seroconversion at dose 1, suggesting
a potential interaction between this poorly characterized family
of viruses and RVV immunity.

The underappreciated abundance and richness of Picorna-
viridae strains in these asymptomatic Ghanaian infants suggest
that orally administered RVVs is arriving in a complex intestinal
milieu with almost certain viral co-infection. The mechanisms
underlying a possible interference between Picornaviridae
strains and RVVs are as yet unknown but may include viral
competition or alteration of host receptors and cell entry, acute
innate immune modulation, or innate immune training (Divan-
gahi et al., 2021; Makimaa et al. 2020; Pinky and Dobrovolny,
2016; Raman et al.,2016; Ramani et al., 2018). Enteroviruses
and other positive-strand RNA viruses can hijack host cell ma-
chinery, potentially outcompeting attenuated RVV strains
(Drummond et al., 2017; Hsiung, 1961; Li et al., 2020). Alterna-
tively, recent viral infection may modulate innate immunity to
RVV. In vitro studies showed marked reduction of RV replica-
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tion, coupled with altered IFN and cytokine expression, when
RV was mixed with astroviruses or enteroviruses in cell culture
(Wang et al., 2012). Finally, early viral exposures may train
innate immunity to RVVs through epigenetic remodeling (Di-
vangahi et al., 2021). This phenomenon has been shown for
the live attenuated measles vaccine that can provide heterolo-
gous protection against unrelated pathogens in early life (Hig-
gins et al., 2016; Netea et al., 2020).

Therefore, our data, which is derived from an unbiased, meta-
genomic approach, suggest that even previously unknown viral
strains, such as novel cosaviruses, may have important roles in
limiting RVV immunogenicity. However, our virome analysis
had several key limitations. Analysis of the prokaryotic and eu-
karyotic virome is fundamentally limited by the significant num-
ber of viral reads that we were unable to assign, belonging to
the “dark matter” of the virome (Li et al., 2021b). Additional
biases may have been introduced by the use of VLPs and ampli-
fication procedures, but a major strength of our analysis was
assessment of both RNA and DNA viromes (Gregory et al.,
2020). A possible study limitation is that RVV administration is
altering microbiome composition, potentially confounding mi-
crobiota associations with RVV immunogenicity. Previous
studies have demonstrated negligible effects of RVVs on gut
bacteriome composition (Ang et al., 2014; Garcia-Lopez et al.,
2012), consistent with our bacteriome analysis from matched
pre- and post-vaccination samples (Figures S1A and S1B). We
were limited by the low number of pre-vaccination virome sam-
ples for dose 1 to evaluate whether the virome composition is
similarly robust to any effects of RVVs.

There are public health implications of our work. We find that
prokaryotic and eukaryotic viral interference may limit RVV per-
formance in LMICs where the virome is likely richer and more
diverse than the virome of infants from high-income countries.
Improving RVV performance in the face of such interference
may be complex, but two solutions may be possible. The first
is moving RVV administration to earlier ages in LMICs, where
there may be lower prokaryotic and eukaryotic viral carriage
and potential for interference. Administration of RVVs in neo-
nates has been shown in LMIC clinical trials to offer significantly
higher protection than adminstration at later ages, suggesting
this early administration may be an effective strategy to over-
come viral interference (Bines et al., 2018). Alternatively, paren-
teral and non-oral RVVs may avoid enteric viral interference.
The safety and efficacy of trivalent P2-VP8 subunit vaccine is
currently being tested and may offer hope for improved protec-
tion against serious RVGE in LMICs (NCT04010448, clinicaltrials.
gov) (Groome et al., 2020).

In conclusion, young Ghanaian infants have rich and complex
prokaryotic and eukaryotic viromes, and bacteriophage diversity
alongside known and novel Picornaviridae strains may be impor-
tant adverse determinants of oral RVV immunogenicity. Our find-
ings suggest that infants in LMICs may have earlier and more
diverse viral infections than those in high-income countries and
that RVV performance is likely limited by these enteric viral infec-
tions. Our work indicates that vaccination strategies such as
neonatal vaccine administration or parenteral RVV administra-
tion are urgently needed to improve RVV protection in LMICs,
where the morbidity and mortality of RV disease remains unac-
ceptably high among young children.
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Antibodies

biotinylated goat anti human IgA
hyperimmune rabbit serum made
from rabbits immunized with several
different purified rotavirus strains

Jackson Laboratories

Laboratory of Specialized

Clinical Studies, Cincinnati Children’s
Hospital

Cat# 109-005-011; RRID: AB_2337535
N/A

Bacterial and virus strains

rotavirus lysate strain 89-12, a G1P8 Laboratory of Specialized Clinical N/A

strain that was used to develop Studies, Cincinnati Children’s

Rotarix ® (GlasxoSmithKline), Hospital

Biological samples

460 fecal samples Rotarix trial, NCT01575197, N/A
clinicaltrials.gov

122 serum samples, anti-RV IgA analysis Rotarix trial, NCT01575 N/A

performed previously at Cincinnati Children’s 197, clinicaltrials.gov,

Hospital Medical Center Laboratory for Ward et al., 1990,

Specialized Clinical Studies (Cincinnati, Bernstein et al., 1998

Ohio, USA) by enzyme-linked immunoassay

(ELISA) as previously described to detect and

quantify serum anti-rotavirus IgA or IgG antibody

concentrations (U/mL).

Chemicals, peptides, and recombinant proteins

Total Nucleic Acid Isolation Kit Roche Diagnostics Cat# 3337928190

100mM dNTP Set
M MLV Reverse Transcriptase
Sequenase V2.0 T7 DNA Pol (1000 UN)

AccuPrime Taq DNA Polymerase System

Qubit dsDNA HS Assay Kit

NEBNext Ultra DNA Library Prep Kit for
lllumina - 96 rxns

NEBNext Multiplex Oligos for lllumina
(Index Primers Set 1) - 24 rxns

NEBNext Multiplex Oligos for lllumina
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Agencourt AMPure XP 60mL
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DNeasy 96 Blood & Tissue Kit (4)
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substrate O-phenylenediamine (OPD)

Fisher Scientific
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Life Technologies
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Agilent Technologies
Qiagen
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Vector Laboratories
Sigma Aldrich
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Cat# A-2014-5
Cai#t P9029
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Continued
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Deposited data
16S rRNA sequencing data This paper European Nucleic Acid
Archive, ENA: PRJEB39845
Unprocessed virome sequencing data This paper European Nucleic Acid
Archive, ENA: PRJEB39845
Full analysis workflows for microbiome, This paper
virome, dada2 ASV resolution, Zenodo: https://doi.org/10.5281/
statistical analysis and plotting zenodo.5711741; Github:
https://github.com/shandley/rotabiome
Oligonucleotides
Read 1 Sequencing Primer, TATGGTAA This paper N/A
TTGTGTGCCAGCMGCCGCGGTAA
Read 2 Sequencing Primer, AGTCAGTC This paper N/A
AGCCGGACTACHVGGGTWTCTAAT
Index Sequence Primer, ATTAGAWACC This paper N/A
CBDGTAGTCCGGCTGACTGACT
Primer For PCR, AATGATACGGCGACCA This paper N/A

CCGAGATCTACACTATGGTAATTGTGTG
CCAGCMGCCGCGGTAA

Software and algorithms

GraphPad Prism 9
Rstudio
MegaHit assembler

DESeq2
MMseqgs2
Phyloseq
RcolorBrewer
Vegan

Knitr

Viridis

Rstatix

Remotes

Phylosmith

Reshape
Dada2

Tidyverse
Ggpubr

Data.table

ggplot2
Dplyr
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Glue
Ggrepel

GraphPad San Diego, CA
RStudio, Inc
Lietal., 2015

Love et al., 2014

Steinegger and Séding., 2017
McMurdie and Holmes., 2013
(Neuwirth, 2014)

(Oksanen et al., 2021)

(Xie et al., 2021)

(Garnier et al., 2021)
(Kassambara, 2021)

(Csardi et al., 2021)

(Smith, 2019)

(Wickham, 2018)
Callahan et al., 2016

(Wickham, 2021)
(Kassambara, 2020)

(Dowle et al., 2021)

(Wickham et al., 2021)
(Wickham et al., 2021)
(Elbers and Oldoni, 2020)
(Hester, 2020)
(Slowikowski et al., 2021)

Version 9.2.0; RRID: SCR_002798
Version 1.0.143; RRID: SCR_00432
MegaHit,

RRID: SCR_018551

DESeq2, RRID: SCR_015687
https://github.com/soedinglab/MMseqs2
phyloseq, RRID: SCR_013080
RColorBrewer, RRID: SCR_016697
vegan, RRID: SCR_011950

knitr, RRID: SCR_018533

viridis, RRID: SCR_016696

rstatix, RRID: SCR_021240

https://cran.r-project.org/web/
packages/remotes/index.html

https://github.com/schuyler-
smith/phylosmith

reshape, RRID: SCR_018983

https://github.com/benjjneb/dada2;
RRID: SCR_008205

tidyverse, RRID: SCR_019186

ggpubr,
RRID: SCR_008205

https://github.com/
Rdatatable/data.table

ggplot2, RRID: SCR_014601

dplyr, RRID: SCR_016708
https://github.com/elbersb/tidylog/
https://glue.tidyverse.org/

ggrepel, RRID: SCR_017393
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Vanessa C
Harris (v.c.harris@amsterdamumc.nl).

Materials availability
This study did not generate new unique reagents.

Data and code availability

® All sequencing (16S rRNA and unprocessed virome sequence) data has been deposited to the European Nucleic Acid Archive
(ENA) under project PRUEB39845 and are publicly available as of the date of the publication. Accession numbers are listed in
the key resources table.

@ All original code and a fully reproducible workflow for sequence processing as well as the analysis presented in this manuscript
and has been deposited at Zenodo and are publicly available as of the date of the publication. DOI is listed in the key re-
sources table.

® Any additional information required to reanalyze the data reported in this work paper is available from the Lead Contact upon
request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Study subjects and fecal samples

This study was nested in a previously-reported phase IV randomized clinical trial evaluating the immunogenicity of the Rotarix® vac-
cine after different dosing schedules (at age 6 and 10 weeks, 10 and 14 weeks, or 6, 10, and 14 weeks) (NCT01575197, clinicaltrials.
gov) (Armah et al., 2016). The original trial was conducted in Navrongo, a rural district in northern Ghana where >70% of the popu-
lation belong to the lowest wealth quintile in Ghana. The infant infant and under-5 mortality rates in northern Ghana at the time of the
study, in 2012, were 5341 and 111 deaths per 1,000 live births, respectively (Ghana Statistical Service, 2015). All participating infants
were healthy with a birth weight of > 2000 g and/or a gestational age > 38 weeks. Females and males were equally recruited and
represented in the study (Table 1).

METHOD DETAILS

Serum assays

Sera from the original trial were analyzed at Cincinnati Children’s Hospital Medical Center Laboratory for Specialized Clinical
Studies (Cincinnati, Ohio, USA) by enzyme-linked immunoassay (ELISA) to detect anti-RV IgA antibody titer as described previ-
ously, with values expressed in international units per milliliter (Armah et al., 2016; Bernstein et al., 1998; Ward et al., 1990). Briefly,
96-well EIA plates (Costar, (Fisher Scientific, Pittsburgh, PA)) were coated (100 pl well) with a 1:1,000 dilution of hyperimmune rab-
bit serum made in house from rabbits immunized with several different purified rotavirus strains . After overnight incubation at 4°C,
the plates were washed and rotavirus lysate strain 89-12, a G1P8 strain that was used to develop Rotarix ® (GlasxoSmithKline),
grown in MA104 cells and Mock Infected MA104 cell lysate used to determine nonspecific binding were added in alternate col-
umns to the coated microtiter plates and incubated. Following incubation on a rotating platform (60min, 37°C), the plates were
washed with phosphate buffered saline + 0.05% Tween 20 (Fisher Scientific) (PBST). The reference standard, controls and sam-
ples were diluted in diluent (PBST + 1% nonfat dry milk) and were added (50 pl well) and incubated (60min, 37°C, rotating plat-
form). The plates were washed and biotinylated goat anti-human IgA (Jackson Laboratories) was added and incubated. Plates
were washed and peroxidase conjugated avidin:biotin (Vector Laboratories, Inc., Burlingame, CA) diluted in wash buffer was
added and incubated. After a final wash, the substrate O-phenylenediamine (OPD) (Sigma Aldrich, St Louis, MO) was added.
Development was stopped after 30 minutes with 100 ul per well of 1.0M H,SO,. Plates were read at 492nm on a Molecular De-
vices SpectraMax 190 plate reader. A standard curve was modeled using a four parameter logistic regression function in the Soft-
Max software for the reader. The concentration of anti-rotavirus IgA in a sample was derived by extrapolation from the reference
standard curve. The reference standard is a pool of human sera collected from subjects know to be infected with rotavirus and
was assigned a value of 1,000 units of anti-rotavirus IgA per mL. The lower limit of quantitation was determined during validation of
the assay to be 7.5 units per mL for anti-rotavirus IgA.

Fecal sample collection

Fecal samples were collected by community health workers in infants’ homes, transported in a cool box, and frozen to —20°C within
24-48 hours of collection in Navrongo, Ghana. The samples were transported in coolers with freezing cartridges or dry ice for further
storage at —80°C in Accra, Ghana. All samples were stored in 3% glycerol in frost-free freezers. Routine temperature monitoring did
not indicate any freeze-thaw cycles.
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16S rRNA gene amplicon sequencing

16S rRNA gene amplicon sequencing was performed by extracting stool total nucleic acid from aliquots of pulverized human stool as
described previously (Reyes et al., 2013). Primer selection and polymerase chain reaction were performed following previously
described methods (Caporaso et al., 2011). Briefly, DNA was phenol/chloroform-extracted and amplified in triplicate with Golay-bar-
coded primers specific for the V4 region of the 16S rRNA gene. Amplicons were pooled and purified with 0.6 x Agencourt Ampure XP
beads (Beckman-Coulter) prior to sequencing at the DNA Sequencing Innovation Laboratory at the Edison Family Center for Genome
Sciences, Washington University School of Medicine using the 2 x 250-bp protocol on the lllumina MiSeq platform. All samples were
processed on the same day with one batch of reagents by the same technician and sequenced on a single MiSeq run to minimize
batch effects. All 16S rRNA gene sequences were uploaded to the European Nucleic Acid Archive (ENA) under project PRJEB39845.

Bacteriome analysis

An average of 35,925 sequences with standard deviation of 27,860.81 per sample were obtained from 441 samples. A total of 59
samples with fewer than 10,000 sequences were removed from subsequent analysis. Amplicon sequence variants (ASV) were
selected from unrarefied data using DADA2 (Callahan et al., 2016). ASVs not assigned to the kingdom Bacteria or assigned to the
family of Mitochondria, the Class of Chloroplast or the Phylum of Cyanobacteria/Chloroplast were removed from the analysis.
The phyla Fusobacteria and Verrucomicrobia were removed from the analysis resulted from filtering low prevalence phyla. Following
removal of those ASVs, 1,349 ASVs remained. Taxonomy was assigned using the Ribosomal Database Project (RDP) 16S rRNA gene
sequence database (Cole et al., 2014). R packages including PhyloSeq were used to complete all subsequent analyses (McMurdie
and Holmes, 2013). Average proportions of each phylum in the total bacteriome composition for Ghanaian infants identified as non-
seroconverters (“No”) or seroconverters (“Yes”) over three doses (Dose 1, 2, 3) was used for relative abundance plot. Differences of
alpha-diversity (richness and Shannon diversity) and beta-diversity (weighted UniFrac distance) between groups were evaluated us-
ing the Wilcoxon test and Permutational Multivariate Analysis of Variance (ADONIS), respectively. ASVs differentially abundant be-
tween “No” and “Yes” of serostatus groups at each dosing period were identified by comparing their regularized log transformed
normalized abundances with selection criteria of adjusted p value < 0.05 and base mean (the average of the normalized counts
divided by size factors taken over all samples) > 100 using DESeq2 (Love et al., 2014).

Viral-like particle preparation

Stool viral-like particles (VLP) were prepared from 308 samples as previously described (Finkbeiner et al., 2009). In brief, approxi-
mately 100-200 mg of frozen stool were resuspended in buffer and filtered through 0.45 um filters until clarified. Clarified samples
were subsequently treated with lysozyme to liberate bacterial nucleic acid followed by DNase treatment to remove non-encapsidated
viral nucleic acid. Total nucleic acid (both RNA and DNA) was extracted on a COBAS AmpliPrep instrument (Roche) according to the
manufacturer recommendations. Purified total nucleic acid was reverse-transcribed and PCR amplified using barcoded primers con-
sisting of a base-balanced 16 nucleotide specific sequence and used for NEBNext library construction (New England BioLabs). Li-
braries were multiplexed (12 samples per flow-cell) on an lllumina MiSeq instrument (DNA Sequencing Innovation Laboratory at the
Edison Family Center for Genome Sciences, Washington University School of Medicine) using the paired-end 2x250 protocol. This
resulted in an average of 9.41 x 10° reads per sample (stdev = 6.76 x 10%). All unprocessed virome sequences were uploaded to the
European Nucleic Acid Archive (ENA) under project PRJEB39845.

Viral sequencing analysis

Unprocessed paired-end reads were processed through a multistage quality control procedure to remove primers and adapters, hu-
man and other contaminant and low-quality sequence data (Figure S2). Exact duplicate sequences were removed reserving a single
copy and all remaining sequence dereplicated allowing for 4 substitutions. These high-quality/low-redundancy sequences were sys-
tematically queried against protein or genomic reference databases using MMseqs2 translated and untranslated search strategies
(Figure S2) (Steinegger and Soding, 2017). Sequences assigned a eukaryotic viral taxonomic lineage were first identified using pri-
mary searches against virus sequence databases and subsequently confirmed in secondary searches using reference databases
with additional non-viral taxonomic lineages. Specific viral families were selected for subsequent analysis if they were represented
by more than 1,000 reads in the entire data set (0.03% of reads). Viral families were removed if < 1% of the sequences assigned to that
family had low percent identity (< 70%) over short (< 50 bases) alignments. Detection of small numbers of reads from the Virgaviridae
(n=319reads, plant virus), Endornaviridae (n = 17 reads, plant/fungal virus), Genomoviridae (n = 12 reads, fungal virus), Chrysoviridae
(n =10 reads, plant/fungal virus), Papillomaviridae (n = 9 reads, vertebrate virus) and Paramyxoviridae (n = 3 reads, vertebrate virus)
families were noted; and, these were excluded from further analysis due to their overall rarity (0.009 — 0.952%). In total we obtained
2.97 x 108 paired-end reads with an average of 9.41 x 10° (sd: 6.76 x 10°%) per sample. Quality control procedures removed an average
of 6.28 x 10* reads per sample, of which an average of 8.67 x 10° reads were clustered (allowing 4 substitutions) per sample. The
resulting 3.35 x 10° reads (average of 8.67 x 10° per sample) were used for taxonomic assignment and abundance estimation. Iter-
ative translated (nucleotide to protein) and untranslated (nucleotide to nucleotide) queries to viral protein and genomic reference da-
tabases assigned taxonomy to 1.54 x 10°% and 2.70 x 10* respectively for a total of 1.80 x 10° (5.37% of quality-controlled sequence).
A total of 2.52 x 10° reads (75.2%) were not classified as viral in either search (Figure S2).
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Metavirome assembly

Individual sample assemblies were generated by providing kmer normalized (bbnorm, target = 20, mindepth = 2) high-quality control
paired-end reads to MEGAHIT (default settings) (Li et al., 2015). A study-wide contig dictionary was generated by supplying
MEGAHIT output contigs to Flye (-meta), essentially assembling the assemblies (Kolmogorov et al., 2020). Contigs were assigned
taxonomy in the same way that individual reads were assigned taxonomy using iterative MMseqs2 searching as described above.
Abundance of each contig per sample was determined by mapping individual sample reads to the contig dictionary generated by Flye
using Kallisto (Bray et al., 2016).

Phylogenetic analysis

Multiple sequence alignment and phylogenetic tree calculation was completed using MEGA X (Kumar et al., 2018). Multiple sequence
alignment of either nucleic or amino acid sequence was completed using MUSCLE (default settings) (Edgar, 2004). Evolutionary his-
tory was inferred using the maximum likelihood method and JTT matrix-based model with uniform rates (Jones et al., 1992). Initial
seed tree was obtained using BioNJ (Gascuel, 1997). Tree inference heuristic used was the nearest-neighbor-interchange. Phylog-
eny was testing using the Bootstrap method with 100 replications.

Phageome analysis

Contigs and their abundances annotated to a phage lineage during metavirome assembly were selected for phageome analysis. Dif-
ferences in alpha diversity (richness and Shannon diversity) and beta diversity (non-metric multi-dimensional scaling) between “No”
and “Yes” of serostatus groups at each dosing period were evaluated using the Wilcoxon test and Permutational Multivariate Anal-
ysis of Variance (ADONIS), respectively.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses was performed as described in the figure legends and detailed in the results and corresponding method detail
section. Subject per dose averages was quantified as below. Statistical significance was calculated with either Prism version 8.4.3 or
R version 3.6.3. The statistical analyses did not evaluate the association between sex and bacterial or viral microbiome composition.

Subject per dose averages

For baceteriome analysis, each subject had a minimum of 1 and a maximum of 4 samples per vaccine dosing period (mean number of
samples per patient: dose 1 = 1.66, dose 2 = 1.51, dose 3 = 1.43). Per taxon counts were averaged for each taxonomic lineage to
integrate variance and compensate for uneven sampling. Per dose sample averaging resulted in 247 samples (dose 1: 95, dose
2: 84, dose 3: 68) which were used for all subsequent analyses. For virome analysis, each subject had a minimum of 1 and a maximum
of 3 samples per vaccine dosing period (mean number of samples per patient: dose 1 =1.49, dose 2 = 1.35, dose 3 = 1.22). Per taxon
counts were averaged for each taxonomic lineage to integrate variance and compensate for uneven sampling. Per dose sample aver-
aging resulted in 227 samples (dose 1: 84, dose 2: 78, dose 3: 69) which were used for all subsequent analyses.
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