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e Stool virome analysis was performed on 53 infants from birth
to age 3 and their mothers

e Human-host viruses, particularly picornaviruses, are
prevalent in the infant virome

e Sequence-divergent viruses were detected in the maternal
but not infant virome

e Virome development in early life is not determined by direct
maternal acquisition
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In brief

Walters et al. examine the evolution of the
infant virome in early life in comparison to
the maternal virome. The infant virome
remained dissimilar from the maternal
virome to age 3, showing that the infant
virome is not maternally acquired but is
rather determined by dietary, infectious,
and environmental factors.

¢? CellPress


mailto:charles.chiu@ucsf.�edu
https://doi.org/10.1016/j.chom.2023.01.003
http://crossmark.crossref.org/dialog/?doi=10.1016/j.chom.2023.01.003&domain=pdf

Cell Host & Microbe ¢ CelPress

OPEN ACCESS

Longitudinal comparison of the developing
gut virome in infants and their mothers

William A. Walters,'-¢ Andrea C. Granados,?¢ Catherine Ley,® Scot Federman,? Doug Stryke,? Yale Santos,?
Thomas Haggerty,® Alicia Sotomayor-Gonzalez,? Venice Servellita,> Ruth E. Ley,’ Julie Parsonnet,3*7

and Charles Y. Chiu25:7:8.*

1Department of Microbiome Science, Max Planck Institute for Biology, Tiibingen, Germany

2Department of Laboratory Medicine, University of California San Francisco, San Francisco, CA 94143, USA

3Division of Infectious Diseases and Geographic Medicine, Department of Medicine, Stanford University School of Medicine, Stanford,
CA 94305, USA

“Department of Epidemiology and Population Health, Stanford University School of Medicine, Stanford, CA 94305, USA
5Division of Infectious Diseases, Department of Medicine, University of California San Francisco, San Francisco, CA 94143, USA
8These authors contributed equally

7Senior author

8Lead contact

*Correspondence: charles.chiu@ucsf.edu

https://doi.org/10.1016/j.chom.2023.01.003

SUMMARY

The human gut virome and its early life development are poorly understood. Prior studies have captured sin-
gle-point assessments with the evolution of the infant virome remaining largely unexplored. We performed
viral metagenomic sequencing on stool samples collected longitudinally from a cohort of 53 infants from
age 2 weeks to 3 years (80.7 billion reads), and from their mothers (9.8 billion reads) to examine and compare
viromes. The asymptomatic infant virome consisted of bacteriophages, nonhuman dietary/environmental vi-
ruses, and human-host viruses, predominantly picornaviruses. In contrast, human-host viruses were largely
absent from the maternal virome. Previously undescribed, sequence-divergent vertebrate viruses were de-
tected in the maternal but not infant virome. As infants aged, the phage component evolved to resemble
the maternal virome, but by age 3, the human-host component remained dissimilar from the maternal virome.
Thus, early life virome development is determined predominantly by dietary, infectious, and environmental

factors rather than direct maternal acquisition.

INTRODUCTION

Within hours of delivery, infants are colonized by bacteria and vi-
ruses.'® A growing body of literature indicates that the structure
and function of the microbiome early in life influences immuno-
logic development and, potentially, clinical outcomes later in
life.*:> Although viral particles in the gut vastly outnumber bacte-
ria, little is known about the infant gastrointestinal virome (bacte-
riophages, archaeal, and eukaryotic viruses), its variability, and
its influence on growth and development in early childhood.
Several technical limitations have hampered virome descrip-
tion. In prior metagenomic analyses, a large proportion of viral
sequences have not aligned to known reference genomes,° likely
due to high viral genome sequence diversity and/or poor repre-
sentation of viruses such as bacteriophages (phages) in existing
databases such as National Center for Biotechnology Informa-
tion (NCBI)’s GenBank.” RNA viruses have been poorly studied
because RNA is less stable in samples collected primarily for
DNA-based metagenomic studies, and RNA and/or DNA
contamination from laboratory reagents can also interfere with
virome analyses.® Thus, RNA viruses remain under-sampled in
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most virome studies.”'® To address these challenges, targeted
viral enrichment methods using thousands of biotinylated
probes to capture the diversity of the virome have been
used,"" but these approaches have generally focused on enrich-
ment of mammalian viruses and not phages. Improved bioinfor-
matics methods for annotating sequences and analyzing meta-
genomic data, including protein prediction, de novo assembly
of contiguous sequences (contigs), filtering to remove spurious
alignments, and more accurate taxonomic classification algo-
rithms, have also been developed.® %3

Most studies in infants that investigate the early development
of the virome have included small sample sizes over short time
frames (a few months to a year).”*'* These studies have identi-
fied the appearance of phages such as Siphoviridae, Inoviridae,
Myoviridae, Podoviridae, and Microviridae, as well as the spo-
radic occurrence of eukaryotic viruses such as Adenoviridae,
Astroviridae, Caliciviridae, Parvoviridae, Picornaviridae, and
Polyomaviridae.?®"'>"'" Longer longitudinal investigations of
the virome in healthy and diverse populations and comparative
studies in children and adults can expand our knowledge
of human-microbe interactions in childhood development. In
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Table 1. Age and visit ID details for STORK subjects (mothers and
infants)

Variable Visit® Median (Q1-Q83) [range]

Infants - -

Total number of - 454

samples used

Samples per infant - 9 (8-9) [5-10]

Age in months at B1 2.8 (1.7-3.2) [0.3-4.9]

each stool collection B2 6.7 (5.7-7.1) [4.4-8.6]

time point B3 10.7 (9.4-11.1) [7.8-13.3]
B4 14.7 (13.5-16.7) [12.4-16.7]
B5 18.6 (17.4-19.0) [16.5-24.3]
B6 22.6 (21.5-23.1) [20-26.8]
B7 26.6 (25.4-27.0) [24.1-29.2]
B8 30.6 (29.2-31.0) [28.2-33.4]
B9 34.5(33.1-35.0) [ 32.1-37.9]

For infants with illness - 59 (27-89) [0-275]

visits, days from a visit

to the next collection

time point

Mothers - -

Total number of — 232

samples used

Samples per mother - 4 (4-5) [2-5]

Age in years at each MTrim2 32.2 (27.7-36.2) [18.4-42.6]

stool collection time MTrim3  32.9 (29.4-38.6) [18.7-42.8]

point MB1 34.1 (30.0-36.9) [19.1-43.1]
MB2 34.7 (32.5-36.9) [25.8-42.7]
MB3 35.2 (30.8-39.6) [21.7-43.8]

3Visits MTrim2 and MTrim3 occurred before delivery (maternal sampling
only); B1-B9 occurred post-delivery (maternal sampling for infant’s first
year of life only).

addition, prior studies of infant and maternal viromes to date
have focused on single time points, such as at birth® and thus
longitudinal comparative studies of the evolution of infant and
maternal viromes are lacking.

In this study, we utilized metagenomic viral sequencing
to characterize the gastrointestinal virome in longitudinally
collected stools from an ethnically and socioeconomically
diverse cohort of infants in California over the first 3 years of
life. The availability of this cohort offers a unique opportunity
to study the longitudinal progression of the infant virome in
early childhood and to compare the viromes of mother-
infant pairs.

RESULTS

The study included 53 infants born between August 2011 and
July 2015 (Table S1). Mothers were primarily Hispanic/LatinX
(58.5%), and more than a quarter (26.4%) of mothers did not
complete high school. The median household size was four peo-
ple, with approximately 25% having no other children in the
household. Of the 53 infants, 45% were female, and 98.1%
(52/53) identified with a similar race and ethnicity as the mother.
Two-thirds of infants were delivered vaginally; all but one had
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received at least some breast milk. Almost all infants (48/53;
90.6%) had at least one identified medical care visit for iliness,
and 60% of these were prescribed antibiotics at least once.
The most common diagnoses at physician offices were upper
respiratory infection (n = 252), “viral syndrome” or “fever, un-
specified” (n = 99), rash including eczema (n = 94), otitis media
(n = 69), and gastroenteritis (n = 55) (Table S2).

Infants provided a median of 9 stool samples over 3 years,
starting from 2 to 3 months after birth and every 4 months after
that until their third birthday (Table 1). Among those with medical
care visits for illness, the mean time between the visit date and
the next stool sampling date was 59 days. Mothers provided a
median of 5 stool samples over approximately 15 months, start-
ing in the third trimester (1-2 samples), and a paired sample
alongside the infants in the first year.

Viral metagenomic sequencing analysis of 454 stool samples
from the infants yielded a total of 80.7 billion sequence reads,
with an average of 177.8 million reads per sample (Table S3).
Metagenomic sequence data were analyzed using the SURPI+
(sequence-based ultra-rapid pathogen identification) bioinfor-
matics pipeline.'® The mean percentages of mapped viral, bac-
terial, human, and other (archaea, fungi, protists, or plants) pre-
processed reads across all samples were 6.3%, 23.5%, 13.7%,
and 23.5%, respectively. An average of 33.0% of reads did not
map to any reference sequence in NCBI nucleotide (NT).

Analysis of 233 stool samples belonging to mothers yielded a
total of 9.8 billion sequence reads, with an average of 42.4 million
reads per sample (Table S4). The mean percentages of matched
viral, bacterial, and human reads across all samples were
7.0%, 45.0%, and 10.0% of preprocessed reads, respectively.
An average of 37.1% of reads did not map to any reference
sequence in NCBI NT.

The infant virome consists of various eukaryotic viruses, nearly
all presumptively human-host, and prokaryotic viruses (phages).
The most abundant viruses were phages in the Microviridae and
Siphoviridae families and vertebrate host viruses in the Picorna-
viridae and Anelloviridae families (Figure 1B). In contrast, the
maternal virome consisted predominantly of dietary/environ-
mental viruses (e.g., tomato mosaic virus), including Virgaviridae,
and phages such as Microviridae and Inoviridae (Figure 1C). Over
3 years, the relative proportions of human-host viruses in the
infant virome decreased, while those of dietary/environmental vi-
ruses and phages increased, with phages remaining as the most
abundant (Figure 1D). In contrast, the maternal virome had a
consistently low level of human-host viruses before (MTrim2
and MTrim3) and after (M1-M3) giving birth.

Using linear mixed models, we observed that phage abun-
dance, normalized per million preprocessed reads, increased
over time, while phage alpha diversity (Shannon diversity metric)
decreased over time in infants’ stools during the first 3 years of
life (Figures 2A and 2B; Table S5). For human-host viruses,
however, we observed overall decreases in abundance during
this time frame and no significant change in viral diversity
(Figures 2C and 2D; Table S5). Mothers’ samples showed no sig-
nificant change in either abundance or diversity over their five
visits (MTrim2, MTrim3, and M1-MQ) (Table S5).

Using principal coordinates analysis (PCoA), we observed
Lactococcus/Vibrio and gokushovirus phages driving the ordina-
tion of the younger and older infant prokaryotic viromes,
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Figure 1. Overview of STORK sample and data collection and virome composition in infants and mothers over time

(A) Stool samples for mothers and infants were collected at each household visit. Time points are shown by visit, including visits to the mother during the second
trimester (Mtrim2), third trimester (Mtrim3), and in year 1 of infant life (M1-M3) and visits to the infant in year 1 (B1-B3), year 2 (B4-B6) and year 3 (B7-B9) of infant
life. Medical records for the infants were reviewed and clinical metadata extracted at the time points indicated by “Chart Review.”

(B) Distribution of the most abundant phage/viral families in infants based on mean relative abundance. P indicates prokaryotic host range, while E indicates
eukaryotic host range.

(C) Distribution of the most abundant viral families in mothers based on mean relative abundance. P indicates prokaryotic host range, while E indicates eukaryotic
host range.

(D and E) Fractional abundance of eukaryotic (human pathogenic), diet/environmental, and prokaryotic viruses in infants and mothers.
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Figure 2. Abundance (log4o), alpha diversity, and beta diversity over the first 3 years of life
(A-D) Box and whiskers plot, by DNA or RNA genome, of (A) phage abundance, (B) phage Shannon diversity, (C) human-host virus abundance, and (D) human-

host virus Shannon diversity.

(E) Principal coordinate analysis (PCoA) plot showing infants clustered by Jaccard distances from bacteriophage.

(F) PCoA plot of infants clustered by Jaccard distances of human-host viruses. Samples are colorized with an age gradient (light to dark orange representing the
visits of B1-B9, see Table 1 for age ranges). The top 5 taxa driving clustering are shown as a biplot. Abbreviations: AN, Anelloviridae sp.; EA, Enterovirus A; GO:
human gut gokushovirus; GW, gokushovirus WZ-2015a; LP, Lactococcus phage 936 sensu lato; PA, parechovirus A; PO, Poophage MBI-2016a; TT, torque teno
virus-like mini virus; TV, Torque teno virus; VI, Vibrio phage JSF5. *p < 0.01, **p < 0.001, NS, no significance. Wald test (see Table S5).
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respectively (Figure 2E). The ordination for human-host viruses
did not exhibit a viral taxa gradient that was as pronounced as
that seen for phages (Figure 2F). We did not observe any change
in the abundance of DNA dietary/environmental viruses as the in-
fants aged (p = 0.637, Wald test). In contrast, RNA viruses signif-
icantly increased in abundance (p < 0.001, Wald test), perhaps
reflecting the transition to a solid food diet harboring plant RNA
virus such as pepper mild mottle virus and tomato mosaic virus
(Figures S1A and S2A; Table S5). Diversity, however, did not
significantly increase over time for infant dietary and environ-
mental viruses (p = 0.0757, Wald test) (Figure S1B; Table S5).
Although analyses of beta diversity did not reveal any definitive
patterns with age, we did observe tomato mosaic virus in the
family Virgaviridae associated with clusters of older infants
(Figure S1C).

Ininfants, the viral families over the study period primarily con-
sisted of Siphoviridae, Microviridae, Picornaviridae, Virgaviridae,
and Anelloviridae (Figure 3). The dominant individual virus spe-
cies identified in infants were gokushovirus (Microviridae), pare-
chovirus (Picornaviridae), other Microviridae sp., pepper mild
mottle virus (Virgaviridae), and other phages such as Sk1virus
and CrAssphage sp. (Figure S3). In general, gokushovirus WZ-
2015a and Microviridae sp. increased in proportion over the
3-year study period, whereas parechovirus A decreased in pro-
portion (Figure S3).

We compared the alpha and beta diversity of the infants and
the mothers in the first year of life (visits B1/M1, B2/M2, and
B3/M3). DNA phages were significantly more abundant in infant
than maternal samples (p < 0.001, Wald test), whereas RNA

phages showed no significant differences (p = 0.980, Wald
test) (Figure 4A; Table S5). Infant samples also exhibited higher
phage diversity than maternal samples (p < 0.0001 for DNA
phages and p = 0.0017 for RNA phages, Wald test) (Figure 4B;
Table S5). The infant virome also harbored more abundant hu-
man viruses than the maternal virome (p < 0.001, Wald test,
DNA and RNA viruses), with human DNA virus diversity signifi-
cantly higher in infants compared with mothers (p < 0.001,
Wald test); human RNA virus diversity was not significantly
different (p = 0.55, Wald test) (Figures 4C and 4D; Table S5).

The beta diversity of phages from infants was observed to
cluster in parallel with that from mothers as the infants aged
(Figure 4E). The greater dispersion from the mothers of younger
infants (B1) versus older (B2-B3) infants was driven by the pres-
ence of Lactococcus phage, likely acquired from breast feeding.
Clustering of phages from older infants (B2-B3) and their
mothers (M1-M3) was driven by the presence of gokushovi-
ruses, poophages, and other species in the Microviridae family
(Figure 4E).

In contrast to phages, there was much stronger separation of
human-host viruses between infants and their mothers that per-
sisted over time (Figure 4F). This separation was driven by the
presence of parechovirus A and torque teno virus (TTV)-like
mini virus, a non-pathogenic virus in the Anelloviridae family, in
the infants, versus picobirnavirus and circular rep-encoding sin-
gle-stranded (CRESS) virus, a circovirus with a broad eukaryotic
host range, in the mothers (Figure 4F). Alpha diversity of dietary
and environmental viruses in the mothers remained stable during
and after pregnancy, predominated by RNA plant viruses
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Figure 4. Comparison of viral abundance, alpha diversity, and beta diversity between infants and mothers
(A-D) Box and whiskers plot of (A) prokaryotic phage abundance, (B) prokaryotic phage Shannon diversity, (C) human-host-virus abundance, and (D) human-

host-virus Shannon diversity.
(E) PCoA plot of infant and mother samples, clustered by Jaccard distances of bacteriophage and archaeal viral counts.

(legend continued on next page)
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(Figures S2A and S2B; Table S5). Infants largely clustered apart
from mothers based on differences in the composition of dietary/
environmental viruses, with tomato mosaic virus driving the clus-
tering in the mothers (Figure S2C).

Next, we compared the infant virome near the end of the third
year (B9) with the mother’s last sequenced time point (M3)
(Figures 5A-5H). DNA and RNA human virus and phage commu-
nities had higher abundance in infants compared with mothers
(p < 0.001 for DNA human-host viruses, p < 0.001 or RNA hu-
man-host viruses, p = 0.0030 for DNA phages, p = 0.0064 for
RNA phages, Kruskal-Wallis test), but differences in Shannon
alpha diversity were significant only for human DNA viruses
(p = 0.023, Kruskal-Wallis test) and not for human RNA viruses
(p = 0.44, Kruskal-Wallis test), DNA phage (p = 0.93, Kruskal-
Wallis test) or RNA phage (p = 0.34, Kruskal-Wallis test). Both
mothers and infants had high abundance of Microviridae, Virga-
viridae, Siphoviridae, and crAssphage. Mothers harbored fewer
Anelloviridae, Caliciviridae, Picornaviridae, and Podoviridae
than infants (Figure 5I).

By analysis of similarities (ANOSIM) testing, we compared the
similarity or dissimilarity of younger (B1-B3) and older (B9) infant
to maternal viromes (Table S6). RNA viruses and human-host
DNA viruses showed significant differences between infants at
both younger and older time points and their mothers (p = 0.001,
999 ANOSIM permutations), indicating that dissimilarities between
groups were greater than within groups. However, the viromes of
the infants and mothers became more similar as the infants
aged, as indicated by a decline in ANOSIM R values (Table S6).

Finally, to identify sequence-divergent vertebrate viruses in-
fecting infants and mothers, we performed de novo assembly
of all viral and unmatched reads, the latter defined as reads that
failed to match any taxonomic identifier in GenBank. The de
novo assembly was followed by NT and translated NT (amino
acid) alignments of the assembled contiguous sequences (con-
tigs) to the GenBank NR viral protein database (Figure 6A). Viral
or unmatched reads from babies (n ~ 2 billion) and mothers (n
~ 440 million) were assembled into ~790k and ~2.2 million con-
tigs, respectively. Among the assembled contigs, 146,663 con-
tigs (N50 = 941 bp) and 64,046 contigs (N50 = 1,470 bp) from in-
fants and mothers, respectively, mapped with high (>90%) NT
identity to known vertebrate viral genomes (Figure 6B). The
breadth of viral taxa identified from the contigs (Figure 6B) was
comparable to those identified from read-level alignments (Fig-
ure 1B; Data S1). A total of 1,610 contigs (N50 = 254 bp) and 37
contigs (N50 = 369 bp) from infants and mothers, respectively,
mapped with low (52%-90%) identity, thus representing previ-
ously undescribed vertebrate viruses (Figure 6C). In infants, the
1,610 contigs all mapped to divergent regions of known viral ge-
nomes (Figure 6C, left). However, in mothers, the 37 contigs ex-
hibited weak homology to sequence regions from three viruses:
chicken picobirnavirus, a circovirus species, and an unclassified
picornavirus. Notably, contigs from these 3 viruses did not align

¢ CellP’ress

to any reference viral genome in GenBank at the NT level and
aligned with only 30%-70% identity at the amino acid level (Fig-
ure 6C, right), suggesting the detection of previously unde-
scribed, sequence-divergent viruses in mothers but not infants.

DISCUSSION

We used metagenomic sequencing of fecal viromes derived from
a cohort of 53 infants sampled quarterly over 3 years (July 2011 to
August 2015) to characterize the progression of the infant gut vi-
rome. We also described the gut viromes of their mothersin the in-
fants’ first year to compare composition, abundance, and diver-
sity. Unlike the maternal virome, consisting primarily of phage
and nonhuman dietary/environmental viruses, the infant virome
consisted of a mixture of phage and human-host viruses. As in-
fants aged, the phage component of the virome shifted from being
dominated by Lactococcus phage to gokushoviruses, pooph-
ages, and Microviridae species, resembling the composition of
the maternal phage virome. In contrast, the eukaryotic compo-
nents of the infant virome, consisting of human-host and
nonhuman dietary/environmental viruses, remained distinct from
those of the maternal virome, both in abundance and composition.

The presence of Lactococcus phage at the earliest time point
(B1) drove the separation of the phage component of the infant
compared with maternal virome. These phages belong to the
Siphoviridae family and infect the bacterium Lactococcus lactis
an organism that is vital for the fermentation of milk/dairy prod-
ucts.'® Our cohort reported breastfeeding in 98% of infants,
with 89% breastfeeding for at least 3 weeks; the high prevalence
of Lactococcus spp. phage demonstrates how diet can establish
the virome early in life.

As the children aged, viruses in the family Microviridae, primar-
ily gokushoviruses and poophages, became the dominant
phages in the gut.”*'? Although little is known about the recently
identified poophages,’ gokushoviruses have been character-
ized in several recent publications.”’?® These phages were
initially identified in Bdellovibrio and Chlamydophila bacteria
but have now been described in Escherichia coli, surviving in
the cytoplasm.?” The use of multiple, disparate survival strategies
permits these phages to persist in many environments, suggest-
ing that they may have been acquired by the infants from various
dietary and environmental sources. Future analyses are needed
to determine how an increase in abundance of these microvi-
ruses affects the development of the bacterial microbiome. In
contrast to infants, we observed that the maternal virome is sta-
ble in composition for at least a year, from the second trimester to
1-year post-partum. However, unlike in the virome, changes in
the bacterial microbiome have been documented during preg-
nancy trimester,>* with an increase in proteobacteria and actino-
bacteria and reduced richness from the first to third trimester.

Breast milk is known to have a protective effect against dis-
ease from human pathogenic viruses and is associated with

(F) PCoA plot of infant and mother samples using human virus counts clustered with Jaccard distances. Samples are colorized with an age gradient, with a light to
dark orange representing the visit ID of the infants, and a range of light to dark blue representing samples from the mothers (infants B1-B9, mothers MTrim2-
MTrim3 and M1-M3, see Table 1 for age ranges). The top 5 taxa driving clustering are shown as a biplot. Abbreviations: CR, circular rep-encoding single-stranded
(CRESS) virus sp.; GW, gokushovirus WZ-2015a; GO, human gut gokushovirus; HP, human picobirnavirus; LP, Lactococcus phage 936 sensu lato; MI, Mi-
croviridae sp.; PA, parechovirus A; PI, picobirnavirus sp.; PO, Poophage MBI-2016a; TT, torque teno virus-like mini virus. D, DNA virus/phage; R, RNAvirus/

phage, *p < 0.005, **p < 0.0001, NS, no significance. Wald test (see Table S5).
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Figure 5. Comparison of mothers (M3) and infants (B9) sampled at the last time point

Box and whiskers plot of (A) phage DNA abundance, (B) phage RNA abundance, (C) phage DNA Shannon diversity, (D) phage RNA Shannon diversity, (E) DNA
human virus abundance, (F) RNA human virus abundance, (G) DNA human virus Shannon diversity, (H) RNA human virus Shannon diversity, (I) heatmap of phage/
viral family abundances at B9 for infants and M3 for mothers (see Table 1 for visit ID details). Black indicates zero counts. Significance is via Kruskal-Wallis tests.
*p < 0.05, *p < 0.005.

decreased infant mortality in developed and developing coun-  gut."?*” Comparable to what was previously described in
tries.” Many studies, however, have also identified asymptom- infants from Bangladesh,”” we found that picornaviruses,
atic carriage of these human pathogenic viruses in the infant  particularly parechoviruses and enteroviruses, dominated the
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human-host virome in infants from California, suggesting
that these viruses commonly colonize the gut regardless of
geographic region. Infants also asymptomatically shed calicivi-
ruses (noroviruses and sapoviruses), astroviruses, and rotavi-
ruses in their stools. In the current study, although 48 (92.3%)
of 52 infants reported an episode of acute respiratory or gastro-
intestinal illness during the first 3 years of life, all infants were
asymptomatic at the time of sample collection, indicating that
our results were likely not skewed by an active infection.

Our findings are limited by indirect comparisons of the infant to
the adult virome in the third year, a lack of early pregnancy sam-
ples in the mothers or samples from other household members,
as well as limited racial diversity in our sampled population.
Nevertheless, the multiple time points collected in both infants
and mothers allow us to observe meaningful trends in the virome.
Future investigations of the Stanford’s Outcomes Research
in Kids (STORK) cohort will investigate the mechanics of
bacterial and viral interactions, infection and the virome, and
the relationship between the virome and weight gain and im-
mune development.

In conclusion, we determined that the infant virome changes
dramatically in early life, although remains distinct in composi-
tion and diversity from the maternal virome by age 3. Viral abun-
dance in infants increased over time, as reported in other
studies.®?® Although the infant prokaryotic virome became
more “adult-like” in composition by the third year, the infant hu-
man-host virome remained distinct, predominated by picornavi-
ruses and anelloviruses in infants but not in mothers. Interest-
ingly, although human-host viruses were much more prevalent
in infants than mothers, we identified several sequence-diver-
gent, possibly novel vertebrate viruses in mothers but none in in-
fants. Potential explanations for this finding include detection of
novel animal viruses that are merely dietary components or the
acquisition of infections from novel, human-host viruses, given
the expanded diet in mothers and increased time of exposure
to viruses in mothers compared with infants. A previous report
determined that the neonatal virome is only 15% related to the
mother’s virome® and concluded that colonization most likely
occurs through other environments such as breast milk, skin,
and contaminated surfaces. Similarly, we found that the diversity
of the infant virome was not driven by exposure to the mother but
is more likely determined by dietary, environmental, and infec-
tious exposures. Future studies are needed to determine how
the presence/absence or persistence of certain pathogenic vi-
ruses ultimately contributes to disease later in life.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Biological samples
Stool samples Obtained from mothers and infants N/A

under IRB-approved collection and

biobanking protocols
Extraction and Sequencing Reagents
TURBO DNase Thermo Fisher Cat #AM2238
Baseline Zero DNase Thermo- Fisher Cat #NC1424104
Benzonase Novagen Cat #70-664-3
RNaseA Roche Cat #11119915001
EZ1 Virus Mini Kit 2.0 Qiagen Cat #955134
Superscript lll reverse transcriptase Invitrogen Cat #18080044
Sequenase Thermo Fisher Cat #70775Y200UN
AMPure XP beads Beckman- Coulter Cat #A63880
Nextera Flex kit lllumina Cat #20025523
Qubit dsDNA HS Assay Thermo Fisher Cat #Q33231

Metagenomic sequencing data from stool
samples consisting of preprocessed FASTQ
reads with human sequences removed

QIIME2 ommands and scripting code for

de novo assembly and translated nucleotide
(amino acid) alignment for identification of
sequence-divergent viruses

NIH BioProject accession number
PRJNA916952

Data S1

https://www.ncbi.nlm.nih.gov/bioproject/916952

N/A

Software and algorithms

Rv3.6.2

SURPI+ software for pathogen identification
from metagenomic sequencing data

QIIME2 (2021.11 release)

Open-source software

In-house software developed by
University of California,
San Francisco (UCSF)

Open-source software

https://www.R-project.org/

code can be made available upon request to the
UCSF Office of Technology Management.

https://qiime2.org/

RESOURCE AVAILABILITY

Lead Contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Charles

Chiu (cchiu@ucsf.edu).

Materials Availability

This study did not generate new unique reagents.

Data and Code Availability

® Metagenomic sequencing data consisting of preprocessed reads with human sequences removed by local alignment of the
human genome (GRChg38 build) using Bowtie2>° have been deposited into the National Center for Biotechnology Information
(NCBI) Sequence Read Archive (SRA) (BioProject accession number PRINA916952, under umbrella BioProject accession
number PRINA171119), and are publicly available as of the publication date. Count tables by virus type and QIIME2 compatible

tab-delimited counts, metadata, and taxonomy files are provided in Data S1.

o QIIME2 commands and scripting code for de novo assembly and translated nucleotide (amino acid) alignment for identification
of novel and/or divergent viruses are provided in Data S1.
® Any additional information required to re-analyze the data reported in this paper is available from the lead contact upon

request.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human Subjects

Stanford’s Outcomes Research in Kids (STORK) is a multiethnic cohort of mothers and their infants from the second trimester of
pregnancy through their third birthday. Demographics of mothers and infants can be found in Table 1 and age at the time of sample
collection can be found in Table S1. As previously described,*® subject recruitment for the cohort was performed at two obstetric
clinics, one at the Stanford School of Medicine and the other within Santa Clara Valley Medical Center, via posters and flyers. Any
healthy pregnant woman aged 18-42 with a single fetus who wished to participate was enrolled in the study; infants were enrolled
approximately 2 weeks post-delivery. A randomized intervention of triclosan and triclocarban-containing (TC) household and per-
sonal cleaning products over the first 12 months of life was nested within the cohort.®’

Relative to the overall population of the United States, the cohort is overrepresented by Hispanic/LatinX families and families of
lower socioeconomic status. Households were visited during the mother’s second and third trimesters and every four months for
3 years after birth of the infant (Figure 1, mother: Mtrim2, Mtrim3, M1-3; babies, B1-9). At the initial second trimester household visit,
the mothers were given a detailed household questionnaire including demographic information, information on the household struc-
ture (including inhabitants), and indicators of socioeconomic status. Starting at the first household visit after delivery (B1/M1) (Fig-
ure 1A), stool, urine, and blood samples were obtained from both the mother (M1-3, collected only in trimester 2 and 3 and the first
year of life) and the infant (B1-9, collected over the first 3 years of life), placed on ice packs, and frozen within 24 h of collection. Frozen
stool samples were stored at —80 °C before processing. Weekly automated telephone or email surveys were used to assess for signs
of infectious disease in the children. These surveys recorded total days per week of vomiting, fever, diarrhea, and symptoms sug-
gesting upper respiratory infection (URI), including cough, nasal congestion, and ear pulling. If the children were reported as healthy,
parents were asked about milk intake and amount of sleep to ensure equal amounts of time were spent answering questions regard-
less of the child’s health status. A review of physicians’ medical records from any well-baby visits or visits for illness reported by the
mother at each household visit was performed every six months as available.

Recruitment of subjects, documentation of informed consent, collection of stool samples, sample processing, and metagenomic
analyses were carried out with Institutional Review Board approval from Stanford University (Stanford, CA, USA), the Santa Clara
Valley Medical Center (SCVMC) (San Jose, CA, USA) and University of California, San Francisco (San Francisco, CA, USA).

METHOD DETAILS

Extraction

Stool samples (200 pg) were diluted 20% in phosphate-buffered saline (PBS) to a final volume of 1000 mL and and centrifuged for
5 min at 10,000g, followed by filtration using a 0.45 um filter and treatment utilizing a nuclease cocktail of TURBO DNase (Thermo
Fisher), Baseline Zero DNase (Thermo Fisher), Benzonase (Novagen) and RNase A (Roche) for 30 min at 37°C. This procedure di-
gested host cells and non-protected (naked) viral nucleic acids while maintaining viral nucleic acids in particles protected from
the action of nucleases. Nuclease activity was immediately inactivated by adding guanidium-thiocyanate containing lysis buffer (Qia-
gen), followed by total nucleic acid extraction of 400 uL of pretreated stool using the EZ1 Virus Mini Kit v2.0 (Qiagen). Extracts were
eluted in 60 pL volume.

Library Preparation

Amplified complementary DNA (cDNA) was prepared from RNA as previously described.'? Briefly, extracted RNA was converted to
cDNA using random nonamer primers attached to a linker adapter sequence in a reverse transcription reaction with Superscript Ill
reverse transcriptase (Thermo Fisher) followed by second-strand synthesis using Sequenase 2.0 (Thermo Fisher) and 25 cycles of
PCR amplification using the linker adapter as both a forward and reverse primer. Amplified cDNA was purified using AMPure XP
beads (Beckman-Coulter) on the EpMotion 5075 (Eppendorf). The cDNA (from extracted RNA) or extracted DNA was then used
for NGS library generation using the Nextera Flex Library Preparation Kit (lllumina) and purified using AMPure XP beads (Beckman
Coulter) on the EpMotion 5073 (Eppendorf). Libraries were quantified using the Qubit dsDNA HS Assay (Thermo Fisher) on the Qubit
Flex (Thermo Fisher). Samples were sequenced on the NovaSeq 6000 (lllumina) using 150 bp paired-end sequencing at the UCSF
Center for Advanced Technology (CAT). Samples were batched (80-96 per lane), with negative control (nuclease-free water) and a
positive control containing six microorganisms non-pathogenic to humans (virus — cyprinid herpesvirus 3, gram-negative bacterium
Rhodobacter sphaeroides, gram-positive bacterium Streptococcus uberis, yeast — Millerozyma farinosa, mold — Aspergillus oryzae,
and parasite — Neospora caninum). This control was previously validated and used as an external positive control in a next-generation
sequencing assay for metagenomic pathogen detection from body fluids.®* Environmental and laboratory contaminants found in the
negative control such as murine leukemia virus®® were excluded from further analysis.

Metagenomic Analysis

Metagenomic next-generation sequencing (MNGS) data from all samples were analyzed for viral nucleic acids using SURPI+ (v1.0.7-
build.4),">** a bioinformatics pipeline for pathogen detection and discovery from metagenomic data, modified to incorporate
enhanced filtering and classification algorithms. Briefly, reads were first preprocessed by primer trimming and removal of low-
complexity and low-quality sequences using a quality cutoff of 18. Preprocessed reads were then aligned to the human genome
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using the SNAP nucleotide aligner,** followed by the more sensitive Bowtie2 aligner,”® and aligned human reads were computation-
ally subtracted (removed) from the dataset. Next, the SNAP nucleotide aligner was used to align the remaining human-subtracted
reads against a subset of the comprehensive National Center for Biotechnology Information (NCBI) nucleotide (NT) database con-
sisting of all viral, bacterial, fungal, and parasitic reads in GenBank (release 230, February 2019). This alignment enabled the detection
of reads with >90% identity to reference sequences in the database. Aligned viral reads to the modified NT database were then
filtered to remove spurious hits using confirmatory nucleotide BLAST alignment to top scoring matches at an e-value cutoff of 10
8,36 and were classified to the species, genus, or family level, with the taxonomic level based on the lowest common ancestor of
matching taxa, as previously described.'® Final count data tables were separated into human-host virus, phage, and nonhuman di-
etary / environmental virus categories by taxonomy (Table S7). The pre-established criterion for viral detection by SNAP was the pres-
ence of reads mapping to at least three non-overlapping regions of the viral genome.'® SURPI normalized counts data were imported
into QIIME2 (2021.11 release)®’ to calculate Jaccard presence/absence distance matrices. These distances and the relative abun-
dances were used to create principal component analysis (PCoA) visualization artifacts with biplots showing the top 5 taxa driving
clustering. The values were not rarefied, as they were already fractional values normalized by reads per million preprocessed counts.
ANOSIM results were calculated using the diversity beta-group-significance plugin. Alpha diversity indices (Shannon index) was
calculated using the R package vegan2.5-3.%%

Contig de novo assembly and translated nucleotide (amino acid) alignment

De novo assembly of viral and unmatched reads into contiguous sequences (contigs) using de Bruijn graphs was performed using the
SPADES assembler at default settings using the “—sc” option for assembly of single-cell data®® and only retaining contigs with a
length of >200 bp, followed by translated nucleotide alignment of the assembled contigs to the viral amino acid (protein) database
in GenBank (release 230, February 2019) using the DIAMOND aligner,*° with an e-value significance cutoff of 0.001. Misalignments to
non-viral organisms were filtered out by DIAMOND alignment at an e-value cutoff of 0.001 to the GenBank (release 230, February
2019) non-redundant (NR) protein database. Based on amino acid sequence homology to the closest match in the virus reference
database, contigs were classified as derived from canonical viruses (e-value<1e-06) or candidate, sequence-divergent viruses
(e-value <0.0001 and > 1e-06). Contigs were manually spot checked against the NCBI NT database using the BLAST algorithm.*®
Results were parsed using in-house shell scripts, and data were visualized using GraphPad Prism (version 9.3.1) (pie charts) and
Microsoft Excel (line/bar plots).

QUANTIFICATION AND STATISTICAL ANALYSIS

Linear mixed models were performed in R 3.6.2.*" Abundance data (normalized SURPI data) were split into groups for linear fits (e.g.,
infant phage DNA samples for testing longitudinal changes or mother and infant visit B1-B3 phage RNA samples for testing between
mother and infant groups). These groups were then normalized via the bestNormalize 1.8.2 package.® The optimal data transforma-
tion selected by bestNormalize was used. Linear mixed models were then calculated by the gimmTMB 1.1.2.3 package with
“family=gaussian”*°.

The formula for fitting data over time was:

transformed_counts ~ VisitNum + (1 | SubjectID)
The formula for comparing infant and mother groups was:
transformed_counts ~ SampleType + VisitNum + (1 | SubjectID)

where VisitNum is a value of 1-9 corresponding to visits B1-B9, SubjectID is the identifier for the individual, and SampleType is the
mother or infant group.

Significant p-values (<0.05) for linear mixed models are reported from the Wald test output of ginmTMB and optimal data trans-
formation type were those calculated using bestNormalize (Table S5). Residuals of the model were tested for normality via the
DHARMa 0.4.4 package.** Residual normality was confirmed with the DHARMA residual test for dispersion, Kolmogorov-Smirnov
(KS) test, and by Q-Q plot visual inspection. In one case, infant RNA dietary/environmental virus Shannon diversity over visits, a sig-
nificant value was detected with a Wald test, but KS tests indicated that the residuals deviated significantly from normality. As mul-
tiple data transformations also yielded significant KS results, we considered this particular result as non-significant due to violation of
data distribution assumptions. Pairwise comparisons of virome log;o abundance data and alpha diversity between infant B9 and
mother M3 groups were analyzed using the Kruskal-Wallis test, using R’s kruskal.test() function.
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