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Highlights 1 

- Longitudinal characterisation of the gut microbiome and virome in 30 mothers 2 

during pregnancy, at birth and 3 months after birth and in 32 infants from birth 3 

across the first year of life. 4 

- The maternal gut bacteriome changes from the first to the second trimester and 5 

then remains stable through birth and the first 3 months after birth. 6 

- The maternal gut virome remains stable during late pregnancy, birth and the first 3 7 

months after birth. 8 

- The infant gut virome is highly dynamic during the first year of life and is shaped by 9 

infant feeding mode and place of delivery. 10 

- The infant gut harbours more temperate bacteriophages than the maternal gut, but 11 

their relative abundance decreases with increasing infant age. 12 

- Gut viral strains and their bacterial host strains are co-transmitted from mothers to 13 

their infants. 14 

- Gut viral strains are transferred from mother to infant around birth directly or via 15 

transfer of their bacterial hosts followed by the induction of prophages. 16 
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Abstract 17 

Early development of the gut ecosystem is crucial for lifelong health. While infant gut 18 

bacterial communities have been studied extensively, the infant gut virome remains under-19 

explored. We longitudinally assessed the composition of gut viruses and their bacterial hosts 20 

in 322 total metagenomes and 205 metaviromes from 30 mothers during and after 21 

pregnancy and from their 32 infants during their first year of life. While the maternal gut 22 

virome composition remained stable during late pregnancy and after birth, the infant gut 23 

virome was dynamic in the first year of life and contained a higher abundance of active 24 

temperate phages compared to the maternal gut viromes. The infant gut virome 25 

composition was also influenced by infant feeding mode and place of delivery. Lastly, we 26 

provide evidence of viral-bacterial strains co-transmission from mothers to infants, 27 

demonstrating that infants acquire some of their virome from their mother’s gut. 28 
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Introduction 29 

The human early-life gut ecosystem has garnered much interest in recent years because of its 30 

links to health and disease later in life, but core aspects of its origin and development remain 31 

poorly understood.1 Previous studies have characterised the development of the infant gut 32 

microbiome through the first 2–3 years of life, after which the gut microbiome reaches a state 33 

of high microbial richness and diversity that is similar to that of an adult2–6. While the focus 34 

of research thus far has been the developing gut bacteriome, the gut ecosystem also 35 

comprises viruses, archaea and eukaryotes, whose role in the early gut ecosystem is perceived 36 

to be very important but whose composition and development over time has received little 37 

attention. 38 

Microbes from the maternal gut, skin and vaginal tract have been described as sources 39 

of the infant gut microbiota7,8, and recent studies provide increasing support for the maternal 40 

gut bacterial reservoir as a key source of microbes transmitted from mothers to infants9–15. 41 

While mother-to-infant transmission of human viruses such as human immunodeficiency 42 

virus, cytomegalovirus and herpes simplex virus has been established in the context of 43 

maternal and infant morbidity16, little is known about the transmission of bacteriophages 44 

(bacteria-infecting viruses) from the maternal to the infant gut. Studies of viral transmission 45 

have been hindered by difficulties in isolating and annotating metaviromes17. As 46 

environmental studies have demonstrated that bacteriophages are key players in the 47 

modulation of bacterial communities18,19, it is crucial to study them in the context of the 48 

developing human gut ecosystem as the bacterial community is established in the months 49 

following birth. To this end, a crucial Liang et al. study examining virus-like particle (VLP) data 50 

representative of metaviromes in 20 healthy infants provided evidence that the 51 

bacteriophages colonising the infant gut arise from excisions from pioneering infant gut 52 
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bacteria20. However, the origin of these pioneering bacteriophages, as well as their hosts and 53 

possible roots in the maternal gut ecosystem, have remained elusive. In the limited number 54 

of studies to examine both maternal and neonatal samples, infant faecal samples collected 55 

within 4 days postpartum shared 15% of their viruses with the respective maternal samples21. 56 

Another study, which focused on bifidobacterial phages, showed that infants acquire 57 

Bifidobacterium phages from their mother7. Contrastingly, a recent study concluded that 58 

maternal exposure does not directly impact the development of the infant gut virome22.  59 

In this study, we investigate the composition of the maternal and infant gut virome 60 

during pregnancy and the first year after birth, associate it to host and environmental factors 61 

and investigate whether infants and their mothers share some viruses. To do so, in 30 62 

mothers and their 32 infants, including two twin pairs, we sequenced 322 total metagenomes 63 

obtained by isolating total microbial DNA from stool and 205 metaviromes obtained using a 64 

VLP-enrichment isolation protocol. We found that the composition of the infant virome is 65 

highly dynamic during the first year of life and remains very different from the maternal 66 

virome at 1 year of age. In contrast, the maternal virome is relatively stable during late 67 

pregnancy and after birth. At early timepoints, the infant viromes are dominated by active 68 

temperate bacteriophages, the abundance of which decreases over time. Lastly, we show 69 

evidence for the transmission of viruses from mothers to infants in related mother-infant 70 

pairs, indicating that infants derive some of their virome from their mothers.   71 
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Results 72 

Study population 73 

We profiled the gut microbiome (primarily referred to as the bacteriome) in 322 metagenome 74 

samples and the double-strand DNA (dsDNA) gut virome in 205 metavirome samples from 30 75 

mothers and their 32 term-born infants (including 2 twin pairs) collected longitudinally from 76 

pregnancy to 12 months after birth (Fig. 1a; Supplementary Fig. 1a,b). The infants had a 77 

median birth weight of 3705 g (range 2462–5055 g). A significant majority of the children, 78 

87.5% (28 infants), were delivered vaginally, and 28.1% (9 infants) were born at home 79 

(Supplementary Fig. 1c). Median maternal age at childbirth was 32 years (range 24–40 years). 80 

Breastfeeding behaviour showed a gradual decline over the initial 3 months of life 81 

(Supplementary Fig. 1d,e). In the first month, half of the infants were exclusively breastfed, 82 

falling slightly to 43.8% in the second month and to 33.3% by the third month. After 83 

processing all samples through our metagenome and metavirome pipelines (Methods), we 84 

characterised the maternal gut virome during pregnancy, at birth and in the first 3 months 85 

after birth and the infant gut virome over the first year of life, along with the predicted 86 

bacterial hosts. We then related the infant virome composition with feeding mode and birth-87 

related factors and described the infant virome acquisition by means of transmission from 88 

the mother. 89 

 90 

The infant gut virome is dynamic during the first year of life 91 

To characterise the infant virome directly after birth, we first attempted to sequence the VLP-92 

enriched metavirome and total microbial DNA from meconium. However, none of the 17 93 

virome DNA isolations from meconium could be sequenced, and only 7% (n=2) of the total 94 

metagenomic samples yielded viable sequencing data (microbial read depth >5 million reads). 95 
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These outcomes highlight the remarkably low microbial biomass present in meconium 96 

samples, further reinforcing the prevailing consensus that the gut remains sterile before 97 

birth.23,24 98 

To investigate temporal changes in the infant virome after birth across the first year 99 

of life, we sequenced metaviromes from five timepoints (months 1, 2, 3, 6 and 12) and total 100 

metagenomes (mainly comprising bacteria) from six timepoints (months 1, 2, 3, 6, 9 and 12) 101 

from faecal samples from 32 infants. From 205 metaviromes, we reconstructed 102,270 102 

species-level viral operational taxonomic units (vOTUs) from all available timepoints. Of 103 

these, 10.7% (n=10,959) of vOTUs were infant-specific (detected only in infants) and 76.1% 104 

were mother-specific. The average number of vOTUs in infants (889, 95%CI: [719, 1060]) was 105 

lower than in mothers (5182, 95%CI: [4294, 6096]; p-value=1.6e-07, beta=-4304). Over the 106 

course of infancy, the average number of vOTUs in infants increased from an average of 675 107 

(95% confidence interval (CI, Methods): [299.0, 1234.9]) at age 1 month to an average of 108 

1,352.9 (95% CI: [977.0, 1732.2]) at 12 months. The overall composition of both viruses and 109 

bacteria in the infants underwent significant changes over time (Bray-Curtis dissimilarity, 110 

NMDS with one dimension, p-value=1.1e-03, beta=-5.3e-04, for virome and p-value=2.0e-07, 111 

beta=-1.8e-03, for microbiome), moving towards a mother-like state (Fig. 1b,c). Both the 112 

overall virome and bacteriome composition were significantly different between mothers and 113 

infants (p-value=1.5e-10, beta=-0.2, for virome and p-value=3.6e-36, beta=-1.3, for 114 

microbiome). 115 

We investigated the temporal changes in the maternal virome at five different 116 

timepoints (month 7 of pregnancy, birth and months 1, 2 and 3 after birth) and observed that 117 

the maternal virome did not change significantly with time (p=0.6, beta=-0.005). The bacterial 118 

composition also did not change significantly during late pregnancy, birth and the first 3 119 
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months after birth, but we did observe a significant change in the bacterial composition from 120 

month 3 to month 7 of pregnancy, which agrees with previous findings25,26 (p-value=2.3e-4, 121 

beta=0.02, Fig. 1d, e). 122 

Gut viral and bacterial alpha diversity were higher in mothers than in infants in the 123 

first year of life (p-value=1.1e-09, beta=2.5; p-value=5.9e-29, beta=1.8). The alpha diversity 124 

of both the infant gut virome and bacteriome increased with infant age, approximating but 125 

not reaching the alpha diversity of mothers by 1 year of life (p-value=4.1e-4, beta=4.7e-03, 126 

Fig. 2a; p-value=1.6e-12, beta=2.7e-03, Fig. 2b). However, even at age 1 year, there was still 127 

a significant difference between the viromes of infants and their mothers (p-value=1.7e-3, W-128 

statistic=802). The alpha diversity of the maternal gut virome and bacteriome showed no 129 

significant changes, remaining stable throughout pregnancy and after delivery (p-value=1, 130 

beta=4e-04; p-value=0.3, beta=1.1e-02, Fig. 2a,b). 131 

We then sought to determine whether the increase in viral alpha diversity in infants 132 

over time was a result of retention of the initial coloniser vOTUs paired with the introduction 133 

of new species over time. To address this, we investigated the persistence of the viruses 134 

initially detected in the infant gut at month 1. By month 2, an average of 37.8% (95% CI: [19.1, 135 

58.8]) of the vOTUs present at month 1 were retained, and these retained vOTUs on average 136 

accounted for 42.2% of vOTUs detected at month 2 (Fig. 2c). Both the proportion of retained 137 

month 1 vOTUs and the percentage of richness these vOTUs occupied per sample decreased 138 

significantly over time, along with their relative abundance (p-value=1.3e-02, beta=-2.8e-02; 139 

p-value=9.1e-04, beta=3.4e-02; p-value=7.0e-3, beta=-3.6, Fig. 2c,d)). In contrast, the 140 

maternal virome remained relatively stable compared to that of infants, as birth and 141 

postpartum samples, on average, retained 42.9% of the vOTUs detected at month 7 of 142 

pregnancy, with the relative abundance of these retained vOTUs accounting for on average 143 
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for 74.7% (Fig. 2c,d). We observed similar trends for the bacteriomes, i.e., a dynamic infant 144 

bacteriome over the first year and a stable maternal bacteriome (Supplementary Fig. 2g-j). In 145 

summary, the infant gut virome and microbiome were highly dynamic during the first year of 146 

life, whereas the maternal gut virome and microbiome were relatively stable. 147 

Previous studies have demonstrated that adults possess a unique and stable 148 

collections of viruses, termed the personal persistent virome (PPV), that plays a crucial role in 149 

shaping the diversity and stability of the virome between different individuals17,27. 150 

Considering the highly dynamic nature of the infant gut, we investigated whether the 151 

development of the PPV begins during infancy. For this analysis, we focused on the 14 infants 152 

for whom at least three stool sample metaviromes were available and categorised the vOTUs 153 

present in these infants into PPVs, i.e., vOTUs present in ≥75% of an individual’s samples. The 154 

remaining, much-less-stable part of the virome can include phages of low abundance, those 155 

infecting transient microbiota members and plant viruses of dietary origin, which are together 156 

termed the transiently detected virome (TDV) 27. We defined the TDV as those present in 157 

<75% of an individual’s samples. In infants, PPVs were individual-specific, as 50.5% of all infant 158 

PPVs (n=1,054) were attributed only to a single infant. PPVs in infants accounted for an 159 

average of 16.4% (95% CI: [11.7, 21.9]) of the vOTUs present per sample (Fig. 2g), whereas 160 

the TDV accounted for an average of 83.6% (95% CI: [78.5, 88.0], Fig. 2g). The average 161 

cumulative relative abundance of the PPV per sample was 35.1% (95% CI: [26.6; 44.6]) and 162 

lower than that of the TDV (p-value=8.8e06, beta=-29.8, Fig. 2h). However, it must be noted 163 

that infant metaviromes showed a large amount of inter-individual variation in the fractions 164 

occupied by PPVs and TDVs. In contrast to infants, the PPVs in mothers accounted for an 165 

average of 43.8% (95% CI: [39.2, 48.0]) of the vOTUs detected per sample, with the cumulative 166 
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relative abundance per sample accounting for an average of 72.3% (Supplementary Fig. 2c, 167 

d). 168 

Similar to the infant gut metaviromes, transiently detected bacteriomes (TDB) were 169 

the most prevalent in the infant gut bacteriomes (mean 67.6% per sample, p-value=2.1e-62, 170 

beta=35.2, Supplementary Fig. 2a). However, the cumulative relative abundance of personal 171 

persistent bacteria (PPBs) reaching on average 68.4% (95%CI: [63.5, 73.1]) outnumbered the 172 

relative abundance of TDB on average accounting for 31.8%, 95%CI: [26.9, 36.8] (p-173 

value=3.4e-23, beta=36.6, Supplementary Fig. 2b). The maternal bacteriome, like the 174 

maternal virome, showed remarkable conservation and stability. It was dominated by PPBs at 175 

both the richness (p-value=2.1e-131, beta=-53.4, Supplementary Fig. 2e) and abundance (p-176 

value=7.5e-238, beta=-92.7, Supplementary Fig. 2f) levels. We thus concluded that the infant 177 

gut ecosystem contains persistent viruses, but they do not fully define the infant gut virome 178 

due to the large variability and high virus turnover with time. 179 

 180 

Virus–host interactions in the maternal and infant gut 181 

We next predicted bacterial hosts for viruses based on vOTU representatives using the iPHoP 182 

framework 28. We could assign 85,135 (82.9%) vOTUs to their 4,572 bacterial hosts at the 183 

species level and 68,299 vOTUs to 826 host genera (Fig. 2i, j; Methods). We then observed 184 

that the composition of the virome based on its predicted host closely resembles the bacterial 185 

composition and that the dynamics of the relative abundance of viruses closely mirror that of 186 

the host genera (Supplementary Fig. 3a-d). For example, over the first year of life in infants, 187 

we observe an increase in the relative abundance of bacteriophages predicted to infect the 188 

genus Faecalibacterium (Supplementary Fig. 3c, FDR=2.1e-12, beta=0.5) and a decrease in 189 

bacteriophages infecting bacteria from Bifidobacterium (Supplementary Fig. 3c, FDR=1.8e-4, 190 
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beta=-0.3) and Klebsiella (Supplementary Fig. 3c, FDR=3e-04, beta=-0.2) genera. We also see 191 

similar trends for the abundance of corresponding bacteria (Supplementary Fig. 3b,d). We 192 

next checked if the predicted hosts of the PPVs were also, in fact, found in the PPBs, and we 193 

found that the overlap between predicted hosts of PPVs (210 species) and taxonomy of PPBs 194 

(69 species) was 35 species (Supplementary Fig. 3e). We noticed that despite the individual 195 

specificity of PPVs at the vOTU level, the majority of PPVs were predicted to infect bacterial 196 

species from the genus Bacteroides (56.3%) and Phocaeicola (10.1%).  197 

To further establish the bacteria-virus dynamics, we focused on temperate 198 

bacteriophages because they have the ability to integrate their DNA into the host bacterium's 199 

genome, potentially influencing the bacterial phenotype and contributing to long-term 200 

interactions between bacteria and viruses. The relative abundance of active temperate 201 

bacteriophages (detected in VLP-enriched metaviromes) in infants was higher than that in 202 

mothers (p-value=1e-09, beta=22.2, Fig 3a). The average relative abundance of temperate 203 

phages was high in the first 3 months (45.9, 95% CI: [36.6, 55.4]) and decreased drastically by 204 

6 months after birth (22.6, 95% CI: [13.3, 31.8], p-value=2.9e-04, beta=-8.7e-02, Fig. 3a). By 205 

12 months, the relative abundance of active temperate bacteriophages was only slightly 206 

higher than that observed in maternal samples (on average 20.0, 95% CI: [13.4, 27.4] in infants 207 

vs on average 11.0, 95% CI: [9.8, 12.3] in mothers, p-value=0.045, W-statistic = 1731). Given 208 

that the majority of temperate bacteriophages in the adult gut are in the form of prophages27, 209 

we compared the percentage of temperate bacteriophages in mothers and infants using the 210 

vOTUs detected in whole metaviromes, created by aligning the reads from whole 211 

metagenomes aligned to vOTU database reconstructed from metaviromes, thus representing 212 

the prophage content of the virome. In whole metaviromes, we again observed that the 213 

relative abundance of temperate bacteriophages in the form of prophages was slightly higher 214 
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in infants than in mothers (p-value=0.04, beta=2.1, Supplementary Fig. 4a). Overall, our 215 

findings demonstrate a higher relative abundance of temperate bacteriophages, both in 216 

active metaviromes and as prophages, in infants compared to mothers, indicating their large 217 

potential impact on the dynamic interplay between bacteria and viruses in the infant gut. 218 

 219 

Infant gut virome composition is influenced by infant feeding mode and place of delivery 220 

We next explored the effects of maternal age, infant sex, place of birth, birthweight, feeding 221 

mode and gestational age on infant gut viral and bacterial composition. The alpha diversity of 222 

vOTUs was associated with infant feeding mode throughout the first year of life, with 223 

exclusively formula-fed infants showing higher alpha diversity than breastfed infants (p-224 

value=0.02, beta=0.9, Fig. 3b). This effect held true even after correcting for bacterial diversity 225 

((p-value=0.01, beta=0.8). Feeding mode was also associated with the richness of active 226 

temperate bacteriophages, as exclusively formula-fed infants consistently showed a higher 227 

richness of temperate bacteriophages over time compared to breastfed infants (p-228 

value=3.0e-3, beta=45.4, Fig. 3c), also after correcting for viral alpha diversity (p-value=0.03, 229 

beta=22.3). The richness of temperate phages in whole metaviromes also showed a 230 

significant association with formula feeding even after correction for bacterial alpha diversity 231 

(p-value=0.02, beta=38.8, Supplementary Fig. 4b). We then looked at the effect of feeding 232 

mode on vOTUs aggregated on the basis of their host. Intriguingly, for some phages there are 233 

indications that the association can be attributed to the phage itself and not just its host. 234 

Compared to breastfed infants, exclusively formula-fed infants had more active temperate 235 

phages of bacteria from the genus Bacteroides, with the most significant association 236 

belonging to Bacteroides fragilis (FDR=2.1e-3, beta=1.4, Fig. 3d), Phocaeicola vulgatus 237 

(FDR=0.01, beta=1.5), and Bacteroides caccae (FDR=0.02, beta=0.7), even after correction for 238 
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the abundance of their bacterial hosts. The hosts of these bacteriophages were not associated 239 

with feeding mode themselves (B. fragilis: p-value=0.3, beta=2.0; P. vulgatus: p-value=0.9, 240 

beta=-0.4; B. caccae: p-value=0.9, beta=-0.3). When corrected for both the host abundance 241 

and the estimated number of prophages from whole metaviromes, the differential prevalence 242 

of active temperate phages of B. fragilis remained significantly higher in formula-fed infants 243 

(FDR=0.02, beta=1.1). This suggests that formula feeding might be associated with the 244 

induction of bacteriophages in B. fragilis, independent of changes in bacterial abundances. 245 

Since only two mothers gave birth to their infants by caesarean section, we did not 246 

have sufficient power to explore the effect of birth mode on virome composition 247 

(Supplementary Fig. 1c). However, as 28% of the infants were born by vaginal delivery at 248 

home, we investigated if home versus hospital delivery was associated with specific vOTUs, 249 

aggregated by the microbial host or microbial taxa themselves. Here we observed that the 250 

bacterial species Akkermansia muciniphila (Supplementary Fig. 4c) was more abundant in 251 

infants born at home compared to those born at the hospital (FDR=0.04, beta=2.5). 252 

Concomitantly, the phages of A. muciniphila were also more abundant in infants delivered at 253 

home (p=0.02, beta=1.5, Supplementary Fig. 4d). This shows the importance of accounting 254 

for the birth environment when considering the early development of the infant virome and 255 

its interactions with its host(s). 256 

 257 

Infants can acquire gut viruses and bacterial hosts from the maternal gut 258 

Despite the large difference in adult and infant gut microbes, related mother-infant pairs have 259 

previously been shown to share gut bacterial species11,12, but limited information is available 260 

about sharing of viruses between maternal and infant guts. We therefore investigated if the 261 

gut ecosystem of mothers and their infants harbours the same viruses. We first compared the 262 
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percentage of infant vOTUs that were shared with the pooled pre-birth (Month 7, Birth) and 263 

pooled post-birth (Month 1, 3) maternal samples. Infants shared a higher percentage of 264 

vOTUs with post-birth maternal samples (32.3%) compared to the pre-birth maternal samples 265 

(26.6%) across all infant timepoints (p=0.04, beta=3.3e-02, Fig. 3e). As pioneer viruses in the 266 

infant gut are thought to be primarily temperate phages induced from the first gut bacterial 267 

colonisers20, we next assessed the sharedness of maternal to infant vOTUs while accounting 268 

for prophages detected in whole metaviromes. Notably, sharedness increased significantly 269 

when considering prophages in both the maternal and infant gut (p=0.001, mean increase of 270 

4.9%, Fig. 3f, Supplementary Fig. 4f). We then sought to explore whether infant feeding mode, 271 

place of delivery and infant gestational age influenced the percentage of shared vOTUs 272 

between mother and infant, but this was not the case. On average, the relative abundance of 273 

vOTUs shared with maternal gut virome in infants was 32.7% (95% CI: [28.1, 37.4]). These 274 

findings suggest that sharing of vOTUs between mothers and infants is more likely attributed 275 

to cohabitation rather than direct seeding of these viruses during birth. Additionally, the 276 

higher degree of sharedness observed when considering the whole metavirome provides 277 

support for the notion that the presence of shared bacteria containing prophages contributes 278 

to the colonisation process in infants. 279 

We next sought to see if there were cases of strain-sharing within mother-infant pairs. 280 

To do so, we selected vOTUs that were shared between mother and infant and passed strict 281 

cut-offs for completeness and coverage (Methods), resulting in 51 vOTUs for downstream 282 

analysis. For these 51 vOTUs, we reconstructed consensus sequences from quality-trimmed 283 

reads aligned to vOTUs from metagenomes and metaviromes and calculated pairwise genetic 284 

distances (Kimura) between consensus sequences corresponding to the same vOTUs. We 285 

compared these genetic distances between the viruses shared across an infant and their own 286 
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mother as compared to unrelated mothers. We found that, for 28 of the 51 vOTUs (55%), the 287 

genetic distance between related mother-infant sample pairs was significantly lower than 288 

that of unrelated mother-infant sample pairs (Fig. 4a). We then defined strain-sharing using 289 

a distance cut-off estimated assuming strain retention in longitudinal samples (Methods, 290 

Supplementary Fig. 4g). In 26 of these 28 viruses, we observed 841 strain transmission events 291 

between samples from related mothers and infants (Methods). Of the 26 transmitted viruses, 292 

23 were shared with higher frequency within related mother-infant pairs compared to 293 

unrelated pairs (FDR<0.05, Fig. 4b). Seven of these were found among PPVs in 50% of infants 294 

with more than 3 timepoints available. These persistent transmitted colonizers were 295 

predicted to infect bacteria from genera Phocaeicola, Bacteroides and Parabacteroides. Next, 296 

we explored the transmission of the predicted bacterial hosts of the shared viruses. For the 297 

26 transmitted viruses, we constructed 37 strains of their 29 bacterial hosts in both maternal 298 

and infant faecal samples (see Methods). Our findings indicate that, for 26 of the 30 (86.7%) 299 

reconstructed bacterial host strains present in both mother and infant, the distances between 300 

related mother-infant pairs were lower than those observed between unrelated mother-301 

infant pairs (Fig. 4c, FDR<0.05). Of those 26 bacterial strains, 24 were shared with higher 302 

frequency within related mother-infant pairs compared to unrelated pairs (Fig. 4d, FDR<0.05, 303 

Supplementary Fig. 5). These bacterial strains mostly belong to the genera Alistipes, 304 

Bacteroides, Bifidobacterium, Faecalibacterium, Parabacteroides, Phocaeicola and Sutterella. 305 

 306 

To establish whether viral transmission occurred during or after birth, we investigated 307 

if there was a difference in viral strain-sharing between infant samples (at all timepoints) and 308 

maternal pre-birth (pregnancy month 7, birth) versus post-birth (month 1, month 3) samples. 309 

Here, we found one significant difference in viral strain-sharing between pre-birth and post-310 
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birth samples (FDR < 0.05, Table S39). In concordance with this, the host of this virus, 311 

Parabacteroides distasonis, was also shared with a higher frequency between infant samples 312 

and post-birth maternal samples as compared to pre-birth maternal samples (p-value < 0.05), 313 

suggesting a higher probability that this bacterium and its phage were transmitted after birth. 314 

Subsequently, we tested whether bacteriophages were preferably co-transmitted alongside 315 

their bacterial hosts, as opposed to other bacteria, by correlating their strain-sharing events 316 

in concurrent samples (Methods). Our observations revealed that bacteriophages were 317 

predominantly co-transmitted in conjunction with their bacterial hosts (p-value=0.01, Fig. 5a–318 

b, Table S41). An example of one such bacteriophage is L85266_LS0, whose host Bacteroides 319 

uniformis shows a very similar topological pattern in its phylogenetic tree (Fig 5c). We also 320 

found evidence for non-random co-occurrence of phages and their bacterial host in 14/32 321 

virus–host pairs (linkage FDR<0.05, Methods, Table S40), indicating a common co-322 

transmission mechanism throughout different mother-infant pairs. This co-occurrence was 323 

more often seen between phage–host pairs than between phage–unrelated bacterium pairs 324 

(Fisher test, p-value=0.02, Fig. 5b). This co-transmission was observed for multiple species of 325 

the genus Bacteroides (7), Bifidobacterium bifidum and Sutterella wadsworthensis.  326 

 327 

Possible mechanisms for the origin of the early-life virome 328 

Having established that there are cases of viral strain transmission from mother to infant, we 329 

sought to explore the mechanisms underlying the colonisation of bacteriophages in the infant 330 

gut. Among the 26 transmitted viruses, 21 were identified as virulent bacteriophages. Based 331 

on their predicted lifecycle, it is likely that they were transmitted through direct seeding of 332 

VLPs from the maternal to infant gut. 333 
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 We next focused on investigating the origin of temperate phages in the infant gut. 334 

One of the strongest cases of co-transmission between bacteriophages and bacteria was B. 335 

bifidum and its predicted temperate bacteriophage L34922_LS1 (r=1, p-value=0.02, Fig. 5a). 336 

The phylogenetic trees of this temperate phage and its bacteria are topologically very similar 337 

(Fig. 6a). We postulated that the high co-transmission rate we observed might be attributed 338 

to the temperate nature of L34922_LS1, which enables it to integrate and be transmitted 339 

within the genome of its host. As we observed L34922_LS1 in both metaviromes and 340 

metagenomes (Fig. 6b), it could also suggest possible phage induction from its transmitted 341 

host. To investigate this hypothesis, we initially reconstructed the genome of B. bifidum from 342 

metagenomes in which the presence of L34922_LS1 was detected. Next, we mapped the 343 

L34922_LS1 genome sequence to the genome of B. bifidum and observed a high identity 344 

(>99%) and coverage (100%) for the L34922_LS1 sequence (Fig. 6c), which confirmed that this 345 

phage could be observed in the prophage form within the B. bifidum genome. Additionally, 346 

we detected both the integrase and viral recombination genes in the L34922_LS1 sequence 347 

(Fig. 6d), further confirming the phage’s ability to integrate into the host genome and undergo 348 

recombination. Metagenomic read alignment to the genome of B. bifidum containing 349 

L34922_LS1 revealed that 96.2% of B. bifidum strains do not contain L34922_LS1 at the 350 

determined region of prophage insertion (Fig. 6e). However, in B. bifidum genomes detected 351 

in samples from mother-infant pairs where L34922_LS1 transmission was observed, the 352 

prophage insertion region was sufficiently covered by reads. Metaviromic read-alignment 353 

profiles demonstrated a consistent increase in read coverage at the region of prophage 354 

insertion compared to the rest of the B. bifidum genome, confirming prophage induction in 355 

infant and maternal samples (Fig. 6f). Overall, these observations suggest that L34922_LS1 356 

originated from the B. bifidum of the mother. 357 
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 We next attempted to find the origin of temperate bacteriophages that were not 358 

shown to be significantly transmitted from mother to infant. One of these was a temperate 359 

bacteriophage identified in infant samples, L37775_LS1, that is predicted to infect multiple 360 

species of the Bifidobacterium genus. After mapping the genome sequence of L37775_LS1 to 361 

patched Bifidobacterium genomes reconstructed from metagenomes concurrent to 362 

metaviromes carrying L37775_LS1, we narrowed down the host range to Bifidobacterium 363 

scardovii (qcov 100%, e-value<0.005), which was absent in maternal samples. Metagenomic 364 

and metaviromic read-alignment profiles to the B. scardovii genome revealed that 365 

L37775_LS1 is present at the indicated prophage region and can be induced from its host 366 

(Supplementary Fig. 6 a,b,c). As B. scardovii was only present in infant gut metagenomes and 367 

metaviromes, our observations suggest that its phage L37775_LS1 does not originate from 368 

the maternal gut. Gene annotation showed that, in addition to carrying an integrase gene, 369 

L37775_LS1 also carries a CAZyme (Glycosyl hydrolases family 25, Supplementary Fig. 6d), 370 

indicating that this phage might be associated with infant feeding. 371 
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Discussion 372 

In this study, we characterised the faecal microbiome and virome in 30 mothers and their 32 373 

infants longitudinally during pregnancy, at birth and during the first year of life. To our 374 

knowledge, this is the only study to look at the maternal virome longitudinally during 375 

pregnancy, birth and after birth. In the maternal total microbiome, we observed a notable 376 

shift in composition between the first and second trimesters of pregnancy. This is in line with 377 

the findings of Koren et al., who proposed that hormonal shifts, immune system adaptations 378 

and dietary variations during pregnancy can impact the composition of gut bacteria25,26. 379 

During late pregnancy, birth and after birth, however, we observed that the overall 380 

composition of the maternal gut microbiome and virome do not change. These results suggest 381 

that once established during the second trimester of pregnancy, the maternal gut microbiome 382 

and virome remain consistent throughout this critical period of maternal and infant health. 383 

We demonstrated that the infant gut virome during the first year of life was highly 384 

dynamic, and while it progressively transitioned to resemble an adult-like virome with time, 385 

it was still very different from that of the mother at the age of one year. We show that the 386 

infant gut has a high proportion of temperate phages in the first 3 months of life and that this 387 

proportion decreases drastically at 6 months. We thus hypothesise that temperate phages 388 

are fundamental in seeding the gut virome, most likely through prophage induction of 389 

pioneering gut bacteria. However, even at the age of one year, the abundance of prophages 390 

still remained higher than that observed in adults, indicating ongoing viral development. 391 

Altogether, our results indicate there is a high degree of prophage induction in the gut during 392 

the first 3 months of infancy that is followed by stabilisation of the gut environment at a later 393 

age as the availability of more bacterial hosts allows for more prophage integration. 394 
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Our results highlight the influence of infant feeding mode on infant virome 395 

composition. The higher alpha diversity we observed in exclusively formula-fed infants may 396 

be attributed to the different composition of formula compared to breast milk. The increased 397 

richness of active temperate bacteriophages in exclusively formula-fed infants suggests that 398 

formula feeding may provide specific nutrients or environmental conditions that promote the 399 

proliferation of temperate phages. The consistent association observed in both active 400 

metaviromes and prophages supports the notion that formula feeding has a lasting impact on 401 

the acquisition and maintenance of temperate phages in the infant gut. Our investigation into 402 

vOTUs grouped by their host bacteria reveals an intriguing finding related to Bacteroides 403 

fragilis. Although the relative abundance of B. fragilis itself was similar between feeding 404 

groups, formula feeding was associated with a higher presence of active temperate phages 405 

specifically targeting B. fragilis. This suggests that formula feeding may induce the production 406 

of bacteriophages that target this bacterial species, independent of changes in bacterial 407 

abundances. The mechanisms underlying this association warrant further investigation. 408 

Only a few studies have addressed infant gut viromes in relation to maternal 409 

viromes7,21,22. Duranti et al. focused entirely on the transmission of Bifidobacterium phages 410 

from mother to infant gut and showed that these could be transmitted7. Our study showed 411 

that not only Bifidobacterium phages but numerous phages predicted to infect bacteria from 412 

other genera like Bacteroides were also transmitted from mother to infant. A recent study by 413 

Walters et al. in 53 infants showed that the overall infant gut virome composition was not 414 

driven by exposure to mothers but rather by dietary, environmental and infectious factors22. 415 

However, in this study, no direct comparison was made between infant and maternal gut 416 

microbial strains. Another study by Maqsood et al. comparing virus scaffold presence-absence 417 

between mother and infant in 28 infant twin pairs showed that, on average, 15% of the infant 418 
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virome was shared with their own mother’s gut virome21. Our study revealed that, despite 419 

significant distinctions between the infant and maternal gut viromes, infants shared on 420 

average 32.7% of vOTUs with their mothers. This difference in sharedness may be attributed 421 

to the fact that our study encompassed longitudinal samples from both mother and infant for 422 

a longer timeframe, whereas Maqsood et al. looked at the sharing of vOTUs between mother 423 

and infant cross-sectionally around birth. However, to make definitive claims about 424 

transmission, one cannot merely rely on virus sequence co-occurrence in maternal and infant 425 

viromes, and it is essential to examine the genetic makeup of viral strains, their sequence 426 

similarity and to define a strict strain identity discrimination threshold, an aspect not explored 427 

in the above-mentioned studies. For vOTUs shared between the infant and maternal guts, we 428 

constructed strains and showed that more than half of the strains were shared more 429 

frequently within related mother-infant pairs compared to unrelated mother-infant pairs. 430 

This shows that, while it might not be the most defining factor of the infant gut virome, infants 431 

do share viral strains with their mother’s gut. In microbiome transmission studies, 432 

determining the directionality of strain inheritance poses a fundamental challenge. Although 433 

it is theoretically possible for an infant to acquire a strain and transmit it to the mother, this 434 

scenario is improbable given the greater diversity and stability of the adult gut microbiota. 435 

The acquisition of a shared strain by both individuals from a common environmental source 436 

is another plausible explanation. However, the prevailing consensus in the field suggests that 437 

the primary direction of transmission is from mother to infant12 which is what we assume in 438 

this paper. Our findings suggest that some viral and bacterial strains are co-transmitted 439 

between related mother-infant pairs, and this holds especially true for species of the genus 440 

Bacteroides, Bifidobacterium bifidum and Suttertella wadsworthensis. We then show 441 

examples of how this occurs via direct transmission of bacteriophages and prophage 442 
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induction following transmission of their bacterial hosts. We also show how infants obtain 443 

some viral strains from induction from bacteria that did not come from their mothers. 444 

Our study has several strengths. Firstly, our quantitative approach (avoidance of 445 

amplification techniques during the isolation and sequencing of VLP DNA) allowed accurate 446 

quantification of viruses and led to minimal bias in our estimation and characterisation of 447 

dsDNA viruses. Furthermore, by utilising both total and viral-enriched metagenomes, we 448 

could characterise the whole virome, including prophages. Additionally, our dense 449 

longitudinal sampling design in both mothers and infants allowed us to study viral 450 

compositional dynamics in critical periods such as pregnancy, birth and post-birth. Our study 451 

also addressed previously unstudied factors for maternal-to-infant gut microbial transmission 452 

such as the place of delivery. As home deliveries constitute 12.7% of the total deliveries (2018) 453 

in the Netherlands and 28% in our samples, we had a unique opportunity to explore the effect 454 

of place of birth on the viral and bacterial communities of the gut, although we note that our 455 

sample size is small and larger studies are needed to make strong conclusions about this. 456 

Our study has several limitations. Firstly, due to our isolation method, we focused 457 

solely on the dsDNA viruses present in the gut and overlooked the single-stranded DNA 458 

viruses and RNA viruses. While RNA viruses are typically perceived to have a lower abundance 459 

in the healthy human gut, it is crucial for future investigations to delve into this under-studied 460 

aspect of the infant virome. Including single-stranded DNA viruses and RNA viruses in future 461 

research will shed light on their potential roles within the gut ecosystem. Our sample size was 462 

also small, which hampers associations with phenotypes and limits the generalizability of the 463 

findings to the whole population. Due to the small number of participants who had C-sections, 464 

we could not study the effect of this important factor on the gut virome even though an 465 

impact of birth mode on the early-life gut virome has previously been described29. Thirdly, 466 
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while we use the term “human gut virome” throughout this study to be consistent with earlier 467 

studies, we acknowledge that this result may be biased as faecal samples do not accurately 468 

take into account the viruses residing in the gut mucosa. Hence our results regarding the gut 469 

virome are limited to faecal viromes. Finally, despite our best efforts, we cannot guarantee 470 

that the viral scaffold database is free from bacterial contamination. 471 

In conclusion, we characterised the total gut microbiome and gut virome in 30 472 

mothers and their 32 infants from birth to the first year of life using a complementary 473 

approach examining both total metagenomes and viral metagenomes. We show that the 474 

maternal virome composition does not change significantly during late pregnancy, birth and 475 

after birth, whereas the infant gut virome composition is highly dynamic in the first year of 476 

life and is influenced by the infant’s feeding mode and place of delivery. Initially, infants' 477 

viromes have a high proportion of active temperate bacteriophages, which decrease over 478 

time but remain higher than in adults at one year of life. Lastly, we provide evidence of viral 479 

and bacterial strain co-transmission from mothers to infants, indicating that infants acquire 480 

some of their virome from their mothers. Moving forward, future investigations should focus 481 

on elucidating the functional implications of these findings and their potential impact on the 482 

long-term health and development of infants. 483 
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Methods 484 

Study cohort  485 

The samples for this study were obtained from the Lifelines NEXT cohort, a birth cohort 486 

designed to study the effects of intrinsic and extrinsic determinants on health and disease in 487 

a four-generation design30. Lifelines NEXT is embedded within the Lifelines cohort study, a 488 

prospective three-generation population-based cohort study recording the health and health-489 

related aspects of 167,729 individuals living in the Northern Netherlands26. In Lifelines NEXT, 490 

we included 1,450 pregnant Lifelines participants and intensively followed them, their 491 

partners and their children up to at least 1 year after birth. During the Lifelines NEXT study, 492 

biomaterials, including maternal and neonatal (cord) blood, placental tissue, faeces, breast 493 

milk, nasal swabs and urine are collected from the mother and child at ten timepoints. 494 

Furthermore, data on medical, social, lifestyle and environmental factors are collected via 495 

questionnaires at 14 different timepoints and via connected devices27. The current study is a 496 

pilot study of the first samples collected in the Lifelines NEXT project, without prior selection. 497 

Informed consent 498 

The Lifelines NEXT study was approved by the Ethics Committee of the University Medical 499 

Center Groningen, document number METC UMCG METc2015/600. Written informed 500 

consent forms were signed by the participants or their parents/legal guardians. 501 

Sample collection 502 

Mothers collected their faeces during pregnancy at weeks 12 and 28, very close to birth and 503 

during the first 3 months after birth (Fig. 1a). Faeces from infants were collected from diapers 504 

by their parents at 1, 2, 3, 6, 9 and 12 months of infant age. Parents were asked to freeze the 505 

stool samples at home at -20°C within 10 min of stool production. Frozen samples were then 506 

collected and transported to the UMCG in portable freezers and stored in a -80°C freezer until 507 

extraction of microbial and viral DNA. For this study, we collected 361 samples for total 508 

microbiome analysis. 509 

DNA extraction from total microbiome 510 

Total microbial DNA was isolated from 0.2–0.5 g faecal material using the QIAamp Fast DNA 511 

Stool Mini Kit (Qiagen, Germany) using the QIAcube (Qiagen) according to the manufacturer’s 512 
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instructions, with a final elution volume of 100 μl. Additionally, DNA was extracted from two 513 

negative controls consisting of Milli-Q water. The exact same procedure was used for the 514 

negative controls. DNA eluates were stored at -20°C until further processing. 515 

 516 

DNA extraction from VLPs 517 

Out of 361 faecal samples, 259 were selected for VLP enrichment and VLP DNA extraction 518 

based on the amount of faecal material collected. This included maternal samples from 28 519 

weeks of pregnancy, birth and months 1, 2 and 3 after delivery and infant samples at birth 520 

and months 1, 2, 3, 6 and 12 after birth (Fig. 1a). To study the gut virome, DNA was extracted 521 

from VLPs as described in Shkoporov et al. 2018. Briefly, 0.5 g faecal material was 522 

resuspended in a 10 ml SM buffer (50 ml 1 M UltraPure™ 1 M Tris-HCI Buffer, pH 7.5 523 

(Invitrogen™ #15567027); 20 ml 5 M NaCl (Sigma-Aldrich Cat#221465); 8.5 ml 1 M MgSO4 524 

(Sigma-Aldrich Cat#230391); 921.5ml H2O), then centrifuged at 4,800 rcf for 10 min at 4°C, 525 

followed by supernatant collection and repeated centrifugation. The supernatant was filtered 526 

twice through a 0.45-μm pore polyethersulfone membrane filter to obtain the VLPs. The VLPs 527 

were concentrated with Polyethylene glycol 8000 (Sigma-Aldrich, Cat#P2139), overnight 528 

precipitation and purification by chloroform treatment. The resulting fraction was treated 529 

with 8 U of TURBO DNase (Ambion/Thermo Fisher Scientific Cat#AM2238) and 20 U of RNase 530 

I (Thermo Fisher Scientific Cat#10568930) at 37°C for 1 h before inactivating enzymes at 70°C 531 

for 10 min. Subsequently, proteinase K (40 μg, Sigma-Aldrich, Cat#2308) and 20 μl of 10% SDS 532 

were added to the samples and incubated for 20 min at 56°C. Finally, VLPs were lysed by the 533 

addition of 100 μl of Phage Lysis Buffer (4.5 M guanidinium isothiocyanate (Sigma-Aldrich 534 

Cat#50983), 44 mM sodium citrate pH 7.0 (Sigma-Aldrich Cat#C8532), 0.88% sarkosyl (Sigma-535 

Aldrich Cat#5125), 0.72% 2-mercaptoethanol (Sigma-Aldrich Cat#M6250) and incubated at 536 

65°C for 10 min. Nucleic acids were extracted twice from lysates using 537 

Phenol/Chloroform/Isoamyl Alcohol 25:24:1 (ThermoFisher Scientific Cat#10308293) 538 

treatment followed by centrifugation at 8,000 g for 5 min at room temperature. The resulting 539 

aqueous phase was subjected to the final round of purification using the DNeasy Blood & 540 

Tissue Kit (Qiagen Cat#69506) with a final elution volume of 50 μl. For the negative controls, 541 

four samples of SM buffer alone were run through the VLP enrichment and DNA extraction 542 

process. The resulting viral DNA eluates were stored at -20°C until further processing. 543 
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Genomic library preparation and sequencing 544 

Faecal microbial DNA and viral DNA samples were sent to Novogene, China, for genomic 545 

library preparation and shotgun metagenomic sequencing. Sequencing libraries were 546 

prepared using the NEBNext® Ultra™ DNA Library Prep Kit or the NEBNext® Ultra™ II DNA 547 

Library Prep Kit, depending on the sample DNA concentration, and sequenced using HiSeq 548 

2000 sequencing with 2 × 150 bp paired-end chemistry (Illumina). On average, 30.2±5.0 549 

million paired-end total metagenome reads, and 27.4±6.9 million paired-end VLP reads were 550 

generated per sample. Of 361 samples prepared for total microbiome analysis, 326 were 551 

successfully sequenced, and 86% (n=30) of the failed samples were meconium. Following this, 552 

low read-depth samples (<5 million reads) and one mislabelled sample were excluded, leaving 553 

322 samples for analysis. For virome analysis, 205 of 255 samples were successfully 554 

sequenced. As with the total microbiome, the meconium samples failed sequencing. Three 555 

out of four negative metavirome controls failed to be sequenced, and the only successfully 556 

sequenced one had 24.4 million paired-end reads and was used to remove contaminating 557 

reads from the rest of metaviromes (see below in “Profiling of gut virome composition”). The 558 

positive negative control had a high genomic bacteria DNA contamination (36.5%, see below) 559 

and consisted mainly of Sphingomonas spp. and Human adenovirus C. 560 

 561 

Profiling of total gut microbiome composition 562 

Total microbiome sequencing reads were trimmed, and Illumina sequence adaptor sequences 563 

were removed using BBMap (v38.98) 31 and KneadData tools (v0.7.4) 32and on average 564 

resulted in a PHRED quality score of 33. Following trimming, the KneadData-integrated 565 

Bowtie2 tool (v2.4.2)33 was used to remove reads that aligned to the human genome 566 

(GRCh37/hg19), and the quality of the processed data was examined using the FastQC toolkit 567 

(v0.11.9)34. Taxonomic composition of metagenomes was profiled using the MetaPhlAn4 tool 568 

with the MetaPhlAn database of marker genes mpa_vJan21 and the ChocoPhlAn SGB 569 

database (202103)35. 570 

Profiling gut virome composition 571 

Metavirome sequencing reads underwent quality trimming and human read removal, as 572 

described above. Bacterial contamination of metaviromes was assessed by aligning reads to 573 
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the single copy chaperonin gene cpn60 database36. On average, metaviromes contained 8.3% 574 

(95% CI: [7.2; 9.6]) of bacterial genomic DNA per sample. 575 

We used a de novo assembly approach to annotate the composition of the gut virome. 576 

Specifically, SPAdes (v3.14.1)37 was utilised in metagenomic mode (-meta) with default 577 

settings to perform de novo assembly per metavirome. The average number of assembled 578 

scaffolds was 283,893 for maternal samples and 103,192 for infant samples. Scaffolds smaller 579 

than 1 kbp were removed. Scaffolds that were at least 1 kbp underwent rigorous filtering per 580 

sample for the following gut virome annotation. The Open Reading Frames (ORFs) in these 581 

scaffolds were predicted using Prodigal v2.6.338 in metagenomic mode. Ribosomal proteins 582 

were identified using a BLASTp 39 search (e-value threshold of 10-10) against a subset of 583 

ribosomal protein sequences from the COG database (release 2020). We used a Hidden 584 

Markov Model (HMM) algorithm (hmmsearch from HMMER v3.3.2 package)40 to compare 585 

amino acid sequences of predicted protein products against the HMM database Prokaryotic 586 

Virus Orthologous Groups (pVOGs)41. Hits were considered significant at an e-value threshold 587 

of 10-5. To detect viral sequences, VirSorter v1.0.3 42 was run with its expanded built-in 588 

database of viral sequences (‘–db 2’ parameter) in the decontamination mode (--virome). 589 

Scaffolds larger than 1 kbp were considered viral if they fulfilled at least one of six criteria, 590 

similar to those described previously : (1) BLASTn alignments to a viral section of NCBI RefSeq 591 

(release 211) with e-value≤10-10, covering >90% of sequence length at >50% Average 592 

Nucleotide Identity (ANI), (2) having at least three ORFs, producing HMM-hits to the pVOG 593 

database with an e-value≤10-5, with at least two ORFs per 10 kb of scaffold length, (3) being 594 

VirSorter-positive (all six categories, including suggestive), (4) being circular43, (5) BLASTn 595 

alignments (e-value≤10-10, >90% query coverage, >50% ANI) to 1,489 Crassvirales 596 

dereplicated sequences (99% ANI and 85% length) larger than 50 kbp from the NCBI database 597 

(taxid:1978007) and published datasets44–47 and (6) being longer than 3 kbp with no hits 598 

(alignments >100 nucleotides, 90% ANI, e-value of 10-10) to the nt database (release 249). 599 

281,789 scaffolds fulfilled at least one of these six criteria. 600 

To remove putative cellular contamination from the virus sequences, scaffolds 601 

meeting the filtering criteria were dereplicated at 99% ANI with all negative control scaffolds 602 

with no filtration applied other than the size of the scaffold (larger than 1 kbp) using CheckV 603 

at 85% alignment fraction (relative to the shorter sequence). Sequence clusters containing 604 

negative control scaffolds were excluded from further consideration. The remaining 280,633 605 
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putative virus scaffolds were dereplicated at 95% ANI and 85% length to represent vOTUs at 606 

the species level.48 The resulting 110,526 vOTU representatives were screened for the 607 

presence of ribosomal RNA (rRNA) genes using a BLASTn search in the SILVA 138.1 NR99 rRNA 608 

genes database49 with an e-value threshold of 10-3. An rRNA gene was considered detected 609 

in a scaffold if the gene and the scaffold produced a hit covering >50% of the gene length. 610 

Additionally, vOTU representatives were clustered with 1,489 dereplicated Crassvirales 611 

sequences larger than 50 kbp and the genomes of the reference database 612 

“ProkaryoticViralRefSeq211-Merged” using vConTACT2 v0.11.3 with default parameters50. 613 

Sequences assigned the status ‘Overlap’, ‘Singleton’ and ‘Outlier’ by vConTACT2 were treated 614 

as genus viral clusters consisting of a single scaffold in all subsequent analyses. The resulting 615 

viral clusters (VCs) of putative viral scaffolds were subjected to a second decontamination 616 

procedure based on the following criteria. VCs were excluded if any of the cluster members: 617 

(1) contained an rRNA gene, (2) contained ≥1 ribosomal protein gene and < 3 pVOGs per 10 618 

kb, was VirSorter-negative and non-circular and (3) contained >3 ribosomal protein genes. 619 

Specific members of VCs were retained if they satisfied any of the following criteria: (1) 620 

circular and had ≥1 pVOGs, (2) circular and VirSorter-positive or (3) VirSorter-positive and had 621 

no ribosomal protein genes. The final curated database of virus sequences generated from 622 

our dataset included 102,280 vOTU representatives ranging in size from 1 kbp to 476 kbp. 623 

To align quality-filtered metavirome reads to the final curated vOTU representatives, 624 

we used Bowtie2 v2.4.5 in ‘end-to-end’ mode. A count table was then generated using 625 

SAMTools v1.14.51 The sequence coverage breadth per scaffold was calculated per sample 626 

using the SAMTools v1.14 ‘mpileup’ command. To remove spurious Bowtie2 alignments, read 627 

counts with a breadth of sequence coverage less than 1 × 75% of a scaffold length were set 628 

to zero44. Consequently, 102,210 virus sequences were utilised for the construction of the 629 

final count table, recruiting on average 89.3% of quality-trimmed reads per metavirome 630 

sample. A reads per kilobase per million reads mapped (RPKM) value transformation was 631 

applied to the final count table, which was then used for downstream analyses. 632 

Temperate bacteriophages were identified using either the presence of integrase 633 

genes or the co-presence of recombinase genes with CI-repressor-like protein genes from the 634 

pVOGs annotation within a vOTU representative. The complete list of pVOGs used for 635 

temperate phage assignment is available at https://github.com/GRONINGEN-MICROBIOME-636 
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CENTRE/Lifelines_NEXT/blob/main/NEXT_pilot_microbial_transmission_mother_infant/Viro637 

me_discovery/list_VOGs_repressor_halmarks.txt. 638 

 639 

Virome annotation in total metagenomes 640 

Quality-trimmed reads from 322 total metagenomes were aligned to the curated virus 641 

database on a per sample basis using Bowtie2 v2.4.5 in ‘end-to-end’ mode30. A count table 642 

was generated and transformed as for metaviromes. 643 

 644 

Prediction of viral hosts 645 

Virus host assignment was performed using the iPHoP (v1.2.0) framework with the default 646 

settings (FDR<10%) and the database "Sept_2021_pub"28. In total, the microbial host was 647 

predicted for 68,299 of 102,210 viral scaffolds (67.3%) at the genus level and for 85,135 648 

(82.9%) of all vOTUs at the species level. In cases where multiple hosts were predicted for a 649 

virus sequence at the genus or species level, we selected the host taxonomy with the highest 650 

Confidence.score from iPHoP. To ensure consistency with the bacterial taxonomic annotation 651 

of MetaPhlAn4, the predicted host taxonomy from iPHoP was manually curated. For 652 

associations with phenotypes, the RPKM counts of vOTUs were aggregated based on the 653 

genus and species levels of the predicted host taxonomy provided by iPHoP. 654 

 655 

Ecological measurements and statistical analyses 656 

To assess bacterial and viral alpha diversity, no filters were applied to the relative abundance 657 

(bacteria) and RPKM counts (viruses). The alpha diversity for both the bacteriome and virome 658 

was calculated using the Shannon diversity index using the diversity() function in R package 659 

‘vegan’ v.2.6-4. 52 660 

 Beta diversity analysis of the virome and microbiome communities was performed at 661 

the vOTU and bacterial species levels using Bray-Curtis dissimilarity. The Bray-Curtis 662 

dissimilarity between samples was calculated using the function vegdist() from the R package 663 

‘vegan’. We used NMDS to visualise the similarity of bacteriome and virome samples. For that, 664 

the function metaMDS() from the R package ‘vegan’ was employed with 2 dimensions for 665 

visualisation purposes and 1 dimension for the analyses related to biome composition 666 
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changes. Additionally, envfit() with 999 permutations was used to determine the correlation 667 

between NMDS and timepoint along with the vector coordinates for Fig, 1b-e. 668 

 To test the difference in overall composition of virome and total microbiome (between 669 

mothers and infants and between different timepoints), we used a linear mixed model using 670 

lmerTest (3.1-3)53. The outcome was NMDS1 (dimension). The predictor variable was 671 

timepoint (expressed as exact ages in years or days after birth), and we corrected for the 672 

number of quality-trimmed reads and DNA concentration as fixed effects. Individual ID was 673 

incorporated as a random effect. 674 

To test the difference in the Shannon diversity index between mothers and infants for 675 

bacterial and viral abundances, we used a linear mixed model. Here the variable tested was 676 

sample type (mother or infant), and we corrected for the number of quality-trimmed reads 677 

and DNA concentration as fixed effects and considered individual ID as a random effect. A 678 

similar linear mixed model was employed to analyse the effect of timepoint on Shannon 679 

diversity in mothers and infants separately, with timepoint (expressed as exact ages in years 680 

or days after birth) being the predictor variable, and we corrected for the number of quality-681 

trimmed reads and DNA concentration as fixed effects and individual ID as a random effect. 682 

Similar linear mixed models were used for the vOTUs richness (number of detected vOTUs 683 

per sample) comparison between mothers and infants. 684 

To compare virome Shannon indices between mothers and infants at 1 year of age, 685 

we performed a Wilcoxon rank sum test. To analyse changes in the abundance of vOTUs 686 

aggregated at the level of host genus and microbial genus over the first year of an infant’s life, 687 

a centred log-ratio (clr) transformation was applied using the function decostand() from the 688 

R package ‘vegan’. The pseudo count specific to the biome, expressed as half of the minimal 689 

abundance in community data, was utilised. Only microbial genera and host genera vOTU 690 

aggregates present in more than n (10%) of infant samples were considered. Subsequently, a 691 

linear mixed model was used with timepoint (expressed as exact ages in days after birth) as 692 

the predictor variable and correction for the number of quality-trimmed reads, DNA 693 

concentration and mode of delivery as fixed effects and individual ID as a random effect. 694 

We employed a bootstrap resampling approach with replacement to calculate the 695 

95% CIs for the metrics of interest. The goal was to estimate the range within which the true 696 

population values for the metrics were likely to fall. We calculated the mean value from each 697 

bootstrap sample and repeated this process multiple times (n=1000). A 95% CI was 698 
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determined by computing the quantiles corresponding to the lower and upper bounds of the 699 

distribution (0.025 and 0.975 quantiles, respectively). 700 

 

Association of vOTUs aggregated by predicted host and bacterial species with phenotypes 701 

The association analysis with phenotypes was conducted on infant samples using a linear 702 

mixed model, focusing exclusively on bacterial species and vOTU aggregates by bacterial hosts 703 

present in at least 10% of the infant samples. In each model, we tested the predictor 704 

(maternal age, infant sex, feeding mode, birthweight, place of birth and gestational age) as a 705 

fixed effect. We further corrected for timepoints (expressed as exact ages in days after birth), 706 

the number of quality-trimmed reads, DNA concentration and mode of delivery as fixed 707 

effects. Individual ID was included as a random effect. 708 

For all analyses, an FDR correction was applied to correct for multiple testing, with 709 

changes considered statistically significant at FDR<0.05 using the Benjamini-Hochberg 710 

method. All statistical tests are two-sided unless explicitly stated. 711 

 712 

vOTU and bacterial strain-specific analysis 713 

To study viral strain-sharing within mother-infant pairs, we focused on a subset of vOTU 714 

representatives that were covered by reads at over 95% of the genome length and shared 715 

between maternal metaviromes and/or metagenomes and infant metaviromes. This subset 716 

consisted of 4,965 vOTUs. We then selected vOTU representatives for further analysis based 717 

on the following criteria: 1) a high-quality or complete genome predicted by CheckV or 718 

circularised genomes43, 2) sequence length ≥3 kbp and 3) present in samples from at least five 719 

different families. There were 51 vOTU representatives fulfilling these criteria. For each 720 

selected vOTU, we reconstructed consensus sequences for all samples where the vOTU of 721 

interest was covered at over 95% of the genome length. We employed the function 722 

`consensus` with flags `-m simple -r` from SAMTools on the read alignments from Bowtie2 723 

output that were used for the RPKM table construction. 724 

 We next performed global alignments of consensus sequences per vOTU using kalign 725 

v1.0454. To improve alignment quality, we trimmed 100 bp from both ends of the global 726 

alignment, which were enriched in gaps. Pairwise genetic distances were then calculated 727 

using the dist.dna() function from the R package ape v.5.7-155 with default parameters 728 
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resulting in Kimura 2-parameter (pairwise nucleotide substitution rate between strains) 729 

pairwise distances. To compare the pairwise Kimura distances for virus strains between 730 

samples of related individuals, we used a one-sided Wilcoxon rank sum test with an 731 

alternative hypothesis that the distances between strains identified in samples of related 732 

individuals are smaller than the distances between unrelated samples. Significance of the 733 

distance comparison was derived in a permutation test with 1,000 iterations, designed to 734 

account for the highly unequal number of distances between strains of related and unrelated 735 

individuals. FDR correction for multiple testing was applied as described above. 736 

 To investigate strain-sharing between mothers and infants, we selected those viruses 737 

with lower distances between strains of related individuals compared to unrelated 738 

individuals. To define strain-sharing events within mother-infant pairs, we used an approach 739 

similar to that used in Valles-Colomer et al.56. In short, we compared the median-normalised 740 

distances within individual strains over the entire study period (maximum 9 months for 741 

maternal samples and maximum 12 months for infants) to the normalised distances between 742 

strains of unrelated individuals, per vOTU. The strain identity cut-off was calculated using the 743 

cutpointr() function from the R package cutpointr v.1.1.257. For the identification of the 744 

optimal cutpoint, we used the oc_youden_kernel parameter along with the youden metric. 745 

Additionally, empirical FDR was defined as the 5th percentile of the unrelated individual 746 

comparisons when Youden’s index was above 5%. We then compared the percentage of 747 

shared versus different dominant strains in related and unrelated mother-infant pairs (all 748 

timepoint pairs) using the defined strain identity cut-off. If normalised distances between 749 

strains were greater than the cut-off, the strains were deemed different. If they were smaller, 750 

this was considered a strain-sharing event. This allowed us to calculate a percentage of 751 

dominant strain-sharing between related and unrelated mother-infant pairs, which we then 752 

tested for significance using the one-sided Fisher’s exact test with subsequent FDR correction 753 

for multiple testing using Benjamini-Hochberg. 754 

We found 26 viruses to be shared between mothers and infants. Bacterial hosts for 25 755 

of the 26 transmitted viruses were predicted at the species level using iPHoP. All predicted 756 

hosts of viruses were used for co-transmission analysis. 757 

 758 

Bacterial-species-specific strain analysis 759 
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We reconstructed bacterial strain SNP haplotypes for the predicted hosts of 25 transmitted 760 

viruses using StrainPhlAn435, resulting in 37 bacterial strain SNP haplotypes. This method is 761 

based on reconstructing consensus sequence variants within species-specific marker genes 762 

and using them to estimate strain-level phylogenies50. We then performed multiple sequence 763 

alignment and used the Kimura 2-parameter method from the ‘EMBOSS’ package51 to create 764 

phylogenetic distance matrices that contain the pairwise nucleotide substitution rate 765 

between strains. We next employed the same methods for the identification of strain-sharing 766 

events as described above. 767 

 768 

Virus–host co-transmission from mothers to infants 769 

To determine if the shared viruses were co-transmitted with their predicted bacterial hosts, 770 

we employed the Mantel partial test on modified genetic distance matrices for bacterial and 771 

virus strains. This test assessed the correlation between the strain-sharing events for bacteria 772 

and phages while controlling for longitudinally collected samples. 773 

First, constructed Kimura genetic distance matrices were normalised by the median 774 

genetic distance per bacterial strain and vOTU, respectively. Next, the normalised values of 775 

genetic distances were replaced with 0 if the distance did not exceed the vOTU- or bacterial-776 

strain-specific cut-off for individual strain variation (Youden index or 5% FDR), otherwise, it 777 

was replaced with 1. This modification allowed us to focus on strain-sharing events rather 778 

than on the correlation between genetic distances themselves. 779 

Next, for each vOTU and bacterial strain, we selected subsets of concurrent samples 780 

where both the vOTU and bacterial strain were reconstructed. For bacterial strains, only total 781 

metagenomes were used. For the viral strains, strains reconstructed from both total 782 

metagenomes and metaviromes were included. If both types were available for the same 783 

individual and timepoint, strains from metavirome samples were prioritised. 784 

To account for repeated measurements, we created control matrices for the selected 785 

subsets of concurrent samples. In this matrix, we assigned a value of 0 when the strain was 786 

reconstructed in samples from the same individual and a value of 1 when the strain was 787 

reconstructed in samples from different individuals. In this analysis, mothers and their infants 788 

were treated as different individuals. 789 

The Mantel partial test, using mantel.partial() function from the R package vegan was 790 

performed on the modified genetic distance matrices for bacteria and viruses. We used the 791 
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Pearson correlation method and 999 permutations to assess the significance of the 792 

correlation while controlling for longitudinal samples using the control matrix. In cases when 793 

virus and bacterium distance matrices were collinear, we used mantel() function from the R 794 

package vegan. In cases when one of the distance matrices was collinear with the control 795 

distance matrix (e.g., in the subset of concurrent samples, the strain-sharing pattern repeated 796 

the structure of the longitudinal samples belonging to the same/different individuals), it was 797 

not possible to calculate the Mantel partial test while accounting for the repeated 798 

measurements. These pairs of virus-bacterium were not used for the testing of co-799 

transmission frequency. The p-values obtained from the Mantel partial test were adjusted for 800 

multiple testing using FDR correction using the Benjamini-Hochberg method.  801 

Additionally, we conducted a one-sided Fisher's exact test to compare the frequency 802 

of co-transmission events between phage-bacteria pairs connected by a virus–host 803 

relationship and random phage-bacteria pairs. 804 

To further test the non-randomness of co-sharing patterns of viruses and their 805 

bacterial hosts, we calculated the difference between the observed frequency of co-806 

transmission of virus and bacterial strains (i.e. the proportion of concurrent samples where 807 

both virus and bacterial strain had a modified genetic distance equal to 0) and the expected 808 

frequency based on independent strain sharing events (the product of the fractions of 809 

samples with a modified genetic distance of 0 for viruses and bacteria independently). The 810 

difference between the observed and expected frequencies is computed and termed “linkage 811 

disequilibrium”. The significance of linkage was calculated using a chi-squared test. 812 

 813 

Bacterial genome binning and read alignment to patched genomes  814 

Scaffolds were assembled from total metagenomes in the same way as for metaviromes. All 815 

scaffolds were then used for genome binning using metaWRAP58. Taxonomy was assigned to 816 

these bins using GTDB-Tk v259. Bacterial genomic bins were then patched and scaffolded using 817 

RagTag 60 using ‘scaffold’ option, and the genomes of isolates from MGnify, if available, or 818 

metagenome-assembled genomes61 (MGYG000132487 for Bifidobacterium bifidum and 819 

MGYG000003383 for Bifidobacterium scardovii). vOTU representatives of interest were then 820 

mapped to the patched bacterial genomes using minimap2 62 using `-X -N 50 -p 0.1 -c` flags to 821 

locate the prophage region. Next, quality-trimmed reads from total metagenomes and 822 

metaviromes were aligned to the patched genomes using Bowtie2 as described above. The 823 
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sequence coverage breadth per scaffold was calculated per sample using the SAMTools 824 

‘mpileup’ command. A 1001 nt window with 1001 nt step was used to calculate mean 825 

coverage depth; the most 3′-terminal window was extended to include up to 1001 3′-terminal 826 

nucleotides. 827 

Gene annotation of vOTU representatives of interest was performed using VIBRANT in `-828 

virome` mode63. 829 

 830 

Data visualisation 831 

Results were visualised in graphical form using a set of custom R scripts, including calls to 832 

functions from the following packages: ggplot2 v.3.4.264, ggrepel v.0.9.365, ggforce v.0.4.166, 833 

patchwork v.1.1.267, tidyverse v.2.0.068, EnhancedVolcano v.1.16.069, ggforestplot v.0.1.070, 834 

corrplot v.0.9271 and ggtree v.3.6.272. All boxplots were prepared using ggplot2 and represent 835 

standard Tukey type with interquartile range (IQR, box), median (bar) and Q1 – 1.5 × IQR/Q3 836 

+ 1.5 × IQR (whiskers). Phylogenetic trees were built based on the Kimura 2-parameter 837 

distance matrices. First, hierarchical clustering was applied to the distance matrices using the 838 

function hclust() from the R package ‘stats’ v.4.2.173. Clustering trees were then converted 839 

into phylogenetic trees with function as.phylo() from R package `ape` v.5.7.-1. Visualisation 840 

of the phylogenetic trees was done using the function ggtree() from the R package ‘ggtree’72. 841 

 842 

Data and code availability 843 

Sample information, basic phenotypes, family structure and quality-trimmed sequencing 844 

reads can be found in the EGA archive (study ID: EGAS00001005969). The datasets generated 845 

during this study including virus scaffolds and their metadata are available at the Figshare 846 

repository under https://doi.org/10.6084/m9.figshare.23926593.v1. All codes used in this 847 

study can be found at: https://github.com/GRONINGEN-MICROBIOME-848 

CENTRE/Lifelines_NEXT/tree/main/NEXT_pilot_microbial_transmission_mother_infant.  849 
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Figure legends 1041 

Figure 1: Overall composition of the maternal and infant gut virome and bacteriome during 1042 

pregnancy and over the first year of life.  1043 

a, Numbers of successfully sequenced maternal and infant faecal samples collected at 1044 

gestational weeks 12 and 28, at birth, and months 1, 2, 3, 6, 9 and 12 after birth (numbers in 1045 

grey circles). Timepoints are displayed in grey circles with a white background. Metavirome is 1046 

the VLP-enriched viral fraction of the microbial population. Total metagenome is the primarily 1047 

bacterial fraction. Numbers in green and yellow circles indicate the number of samples per 1048 

timepoint. b–e, Non-metric multidimensional scaling (NMDS) analysis based on Bray-Curtis 1049 

dissimilarity calculated at the level of b, infant vOTUs, c, infant bacterial species, d, mother 1050 

vOTUs and e, mother bacterial species. In all graphs, each point represents one sample, and 1051 

different colours indicate samples from various timepoints. In b and c, all maternal samples 1052 

from all timepoints are denoted in yellow. The distance between points reflects the level of 1053 

dissimilarity. The centroids for the clusters of samples from the same timepoint are 1054 

represented by diamonds of the respective colours. Boxed labels with arrows indicate 1055 

significant vectors determined by Envfit analysis. The boxplots on top of NMDS plots depict 1056 

the distribution of NMDS1 per timepoint. 1057 

Figure 2: Longitudinal dynamics of the infant and maternal gut virome and their bacterial 1058 

hosts. 1059 

a, b, Alpha diversity, as measured by the Shannon Diversity Index in a, virome at the vOTUs 1060 

level and b, bacteriome communities at the species level. Colours of boxplots represent the 1061 

sample type: infant (coral) and maternal (blue). c, Number and d, relative abundance of 1062 

vOTUs retained from month 1 in infants at months 2, 3, 6, and 12 after birth. e, Number and 1063 

f, the relative abundance of vOTUs retained from the 7th month of pregnancy in mothers at 1064 

birth and months 1 to 3 after delivery. In c-f, the 95% confidence intervals (CI) for the means 1065 

are depicted in grey and brown whiskers for retained and not present categories, respectively. 1066 

g, Percentage of vOTUs classified into fractions and h, the cumulative relative abundance of 1067 

vOTUs classified into biome fractions based on vOTUs prevalence in the metaviromes of 14 1068 

infants with at least three longitudinal samples. Personal persistent viromes (PPVs) are those 1069 

present in >= 75% of individual samples. Transiently detected viruses (TDVs) are those present 1070 
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in less than 75% of the samples of an individual). i, Stacked bar plot showing the top-10 most 1071 

abundant vOTU aggregated by their bacterial hosts at the genus level in infants and mothers. 1072 

The relative abundance of vOTU aggregates was rescaled to fit to 1 after removing Unassigned 1073 

and less abundant aggregates. Translucent stacked bars indicate the virome annotation in 1074 

whole metaviromes for the timepoints that were unavailable for the VLP-enriched 1075 

metavirome profiling (timepoints P3 and M9). Opaque stacked bars indicate the composition 1076 

of the metaviromes. j, Stacked bar plot of top-10 abundant bacterial genera in infants and 1077 

mothers. The relative abundance of these bacterial genera was rescaled as described above 1078 

after removing Unknown fraction. 1079 

 1080 

Figure 3: Infant gut virome in relation to diet and maternal factors over time.  1081 

 1082 

a, Relative abundances of active temperate phages in the infant gut at months 1, 2, 3, 6 and 1083 

12 after birth and maternal gut at gestational week 28, infant birth and months 1, 2, and 3 1084 

after delivery. b, Alpha diversity of metaviromes, as measured by the Shannon Diversity Index 1085 

for vOTUs, and c, Richness of active temperate phages in response to feeding mode. Boxplot 1086 

colours indicate the infant feeding type during sample collection: breastfed in red and 1087 

exclusively formula fed in blue. d, Volcano plot showing the results of the linear mixed model 1088 

testing for differential prevalence (present in more than 10% infant samples) vOTU 1089 

aggregates at the host species level based on the infant feeding mode. P-values were 1090 

corrected for multiple testing using the Benjamini-Hochberg method. The horizontal line 1091 

indicates an FDR cut-off of 0.05, and vertical lines indicate a log-fold change cut-off of -1 or 1. 1092 

Each dot represents a vOTU aggregate, and its color represents the FDR significance. e, 1093 

Percentage of infant vOTUs shared with pre-birth (orange) and post-birth (green) active 1094 

maternal virome. f, Percentage of sharedness of infant vOTUs taking into account the 1095 

prophages (based on the presence of temperate phages in whole metaviromes) with pre-birth 1096 

(orange) and post-birth (green) maternal samples.  1097 

 1098 

Figure 4: Sharing of gut bacterial and viral strains between mothers and infants.   1099 

 1100 

Log scaled Kimura 2-parameter distances of various a, viruses and c, bacterial strains with 1101 

significantly lower genetic distances in related mother-infant pairs (green) compared to 1102 
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unrelated mother-infant pairs (grey) mother-infant pairs. Asterisks denote FDR significance. 1103 

The panels on the right of a and c indicate the total number of pairwise distances for the 1104 

related and unrelated mother-infant pairs for the virus/bacterium. Percentage of mother-1105 

infant sample pairs sharing the same strain of (b) virus and (d) bacterial strains as defined by 1106 

the within-individual strain variation cut-off. Y-axis of a and b contain the labels of viruses 1107 

composed of scaffold length preceded by ‘L’ and predicted lifestyle (0 for virulent and 1 for 1108 

temperate preceded by ‘LS’). 1109 

Figure 5: Co-transmission of viral strains and their bacterial host strains from maternal to 1110 

infant guts.  1111 

a, Correlogram showing the Pearson correlation coefficient between virus and their bacterial 1112 

host transmission events in concurrent samples. Squares marked in red indicate the assigned 1113 

host of the virus. Circle size and colour intensity indicate the correlation's strength. A square 1114 

with an X indicates cases in which either no concurrent samples with both bacteria and virus 1115 

being present were available for the partial mantel test or when one of the distance matrices 1116 

was collinear with the repeated measurements control matrix. Blank squares and white 1117 

circles in red squares indicate the FDR-insignificant correlations (> 0.1). b, Mosaic plot of the 1118 

proportions of viruses co-transmitted (in green) and not co-transmitted (yellow) with their 1119 

predicted bacterial hosts. c, Phylogenetic trees of a virus (L85266_LS0) and its predicted host 1120 

(Bacteroides uniformis). Colours indicate the mother-infant pair they belong to. Shape 1121 

indicates the type of the sample (infant or mother). Symbol border indicates whether the 1122 

strain was reconstructed in a metagenomic (MGS, light grey) or metaviromic (VLP, black) 1123 

sample. 1124 

 1125 

Figure 6: Example of virus-host co-transmission: a temperate phage of Bifidobacterium 1126 

bifidum 1127 

 1128 

a, Phylogenetic trees of a virus (L34922_LS1) and its predicted host (Bifidobacterium bifidum). 1129 

Colours indicate the mother-infant pairs (family) affiliation, and shapes indicate the infants 1130 

and mothers. Symbol borders show whether the strain was reconstructed from metagenomic 1131 

(MGS, light grey) or metaviromic (VLP, black) samples. b, Presence patterns of L34922_LS1 1132 
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and B. bifidum in the samples of the mother-infant pair (FAM0234) where the transmission 1133 

of L34922_LS1 was detected. X-axis indicates timepoints, Y-axis shows the individuals within 1134 

the family (mother or infant). Polygon shape indicates the sample biome: total metagenome 1135 

(square), metavirome (triangle), whole metavirome (rotated triangle). Color of the shape 1136 

indicates the presence (red) or absence (white) of the virus or bacterial strain in the biome 1137 

sample, and the missing samples are colored in grey. c, Synteny plot of L34922_LS1 genome 1138 

sequence mapping to the fragment of the B. bifidum patched genome fragment. X-axis 1139 

indicates the genome coordinates (in megabases). Lines connecting the L34922_LS1 and B. 1140 

bifidum genome fragment indicate the prophage insertion. d, Genome organization of 1141 

L34922_LS1. X-axis depicts the genome coordinates in base pairs. A polygon represents every 1142 

predicted protein, and its orientation indicates the location of the predicted protein at the 1143 

positive (right-orientation) or negative (left-orientation) strands. Colors indicate the source of 1144 

protein annotation: Pfam (dark green), VOG (white), and proteins with no functional 1145 

annotations are shown in orange. Hypothetical proteins and annotated proteins of unknown 1146 

function are shown in respective colors without text annotation. e, Depth of the B. bifidum 1147 

patched genome fragment coverage by sequencing reads from total metagenomes that were 1148 

positive for B. bifidum, and f, metaviromes that were positive for L34922_LS1. Each 1149 

transparent grey line corresponds to a sample and represents mean depth in a 1,001-nt sliding 1150 

window. X-axis depicts the genome coordinate. Colored lines represent samples from the 1151 

mother-infant pair (FAM0234), and colors are associated with timepoints. Dashed lines 1152 

indicate the prophage insertion region. 1153 
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