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Abstract 17 

Early-life gut microbiome dynamics are increasingly recognized as important determinants of 18 

microbiome maturaƟon, yet the ecological dynamics of its associated bacteriophages remain poorly 19 

resolved. Here, we performed bulk and virus-like parƟcle (VLP)–enriched metagenomic sequencing 20 

and fecal metabolomic proĮling of longitudinal fecal samples from 32 mother–infant dyads, 21 

incorporaƟng an exogenous phage spike-in to enable absolute quanƟĮcaƟon of viral loads. Our results 22 

show that early infant gut phageome is deĮned by a profound lack of virulent phage genome copies 23 

while temperate phages remain relaƟvely stable, challenging previous assumpƟons. We further 24 

idenƟĮed extensive maternal sharedness of mainly virulent phages predicted to infect Bacteroidaceae, 25 

which could explain recovery of virulent phage absolute abundances. Virulent phage concentraƟons 26 

were further associated with several fecal metabolites including primary bile acids. These Įndings 27 

revise the current model of infant phageome assembly highlighƟng the underappreciated role of 28 

virulent phages.  29 



IntroducƟon 30 

While the infant gut microbiome is increasingly recognized as a key determinant of healthy 31 

development, the contribuƟon of bacteriophages (phages) is yet understudied. Phages can alter 32 

bacterial abundances, diversity and community funcƟon through predaƟon, lysogeny and horizontal 33 

gene transfer, suggesƟng they may be important drivers of microbiome assembly and infant health1–5. 34 

Thus, it is important to beƩer understand how the infant gut phage community (phageome) is 35 

established during infancy. 36 

Phageome assembly begins at birth alongside bacterial colonizaƟon. Although studies of infant gut 37 

phageome remain relaƟvely scarce, a consistent observaƟon is the apparent dominance of acƟve 38 

temperate phages during early life compared to adulthood6–11. This has led to the current model that 39 

the pioneering phages in the infant gut originate from prophages that are being induced from the 40 

iniƟally colonizing bacteria7. Evidence suggests that the abundance of acƟve temperate phages 41 

decreases over the Įrst year of life as the microbiome stabilizes and virulent phages become more 42 

abundant9,11–13. However, previous studies have largely relied on relaƟve abundances, and it remains 43 

unclear whether apparent temperate-phage dominance reŇects acƟve expansion of temperate phages 44 

or scarcity of virulent phages in infancy. Absolute measurements of phage abundances are hence 45 

required to disƟnguish between these alternaƟve explanaƟons and to fully understand the ecological 46 

processes underlying phageome development. 47 

Maternal transmission contributes to early microbiome assembly. For bacterial communiƟes, mother-48 

to-infant transmission plays a major role in microbiota establishment and infant development, as a 49 

substanƟal fracƟon of infant colonizing strains originate from maternal reservoirs and are implicated 50 

with infant health14–18. TransmiƩed taxa like BiĮdobacterium and Bacteroides are thought to persist 51 

because they have adaptaƟons that promote successful colonizaƟon of the infant gut, including 52 

eĸcient uƟlizaƟon of ingested substrates, surface adhesion and iron acquisiƟon18,19. Similar ecological 53 

Įltering may also shape phage transmission. Emerging evidence suggests that a subset of pioneering 54 

phages are maternally transmiƩed and can persist throughout infancy9,17,20. Several genomic and 55 

ecological features, including bacterial immune evasion, alternaƟve codon usage and adaptaƟons 56 

aīecƟng host recogniƟon have been proposed to facilitate persistence in the gut20–22. Although 57 

prophages have been proposed as a major source of maternally transmiƩed phages9,23, few studies 58 

have directly invesƟgated the characterisƟcs of maternally transmiƩed phages, and it is not enƟrely 59 

known how they aīect phage community maturaƟon. 60 

Beyond regulaƟng microbial community assembly, phage predaƟon and lysogeny may also inŇuence 61 

microbiome funcƟons. For example, phage predaƟon could select for bacteria that have acquired anƟ-62 

phage defense systems from mobile geneƟc elements24–26. Furthermore, phage infecƟon can alter the 63 

physiology and metabolic acƟvity of the bacterial hosts, which could result in measurable changes in 64 

gut metabolite proĮles4. Indeed, experimental studies have demonstrated that temperate and virulent 65 

phages alter bile acid and other metabolic outputs in vitro and in vivo4,27. Metabolites such as bile acids 66 

are of parƟcular interest as they are involved in complex bacterial metabolic pathways and important 67 

for host health28,29. However, the relaƟonship between phage acƟvity and gut metabolites has not 68 

been invesƟgated in infants, leaving unclear how phage dynamics might contribute to funcƟonal 69 

maturaƟon of the early-life gut metabolome. 70 

In this study we combined absolute abundance virus-like parƟcle (VLP) metagenomics, bulk 71 

metagenomics and metabolomic proĮling of longitudinal samples from 32 mother-infant dyads to 72 

invesƟgate phage populaƟon dynamics during early life. We show that infant phageome development 73 

is primarily driven by a lack of virulent phages rather than an excess of temperate phages as previously 74 



thought. AddiƟonally, mother-infant sharing of virulent Bacteroidaceae phages helps explain the 75 

phage populaƟon recovery in infants. Finally, we Įnd that virulent phages associate with primary bile 76 

acid metabolomics likely indirectly via their host bacteria. These results highlight the power of absolute 77 

abundances and provide a revised framework for understanding early phageome development, 78 

suggesƟng that virulent phages inherited from mothers could play a greater role in infant microbiome 79 

development than previously implied. 80 

  81 



Methods 82 

Cohort and DNA extracƟons 83 

Maternal and infant fecal samples were collected in the EDIA study30,31. Inclusion criteria included 84 

informed consent signed by the parents and an eligible HLA genotype of the newborn conferring 85 

increased risk for type 1 diabetes. The study protocol was approved by the Ethical CommiƩee of the 86 

Joint Municipal Authority of the Pirkanmaa Hospital District. VLP metagenome sequencing was 87 

performed on 167 fecal samples from 32 mother-infant dyads. Sequenced samples were taken from 88 

mothers at the Ɵme of delivery and from infants at 0.5, 1, 2, 3, and 6 months of age. The enrichment 89 

and sequencing were performed using a modiĮed protocol reported previously with nine parallel 90 

negaƟve controls for the enrichment 6. BrieŇy, 100 mg of fecal sample was thawed on ice and 91 

homogenized in 1mL SM buīer. The slurry was centrifuged at 4,000 g at 4  ̊C for 30 minutes and the 92 

supernatant was Įltered with a 0.45 μm PES Įlter (Sarstedt). This was followed by a second ĮltraƟon 93 

step with a 0.45 μm Spin-X centrifuge tube (Merck) by centrifuging 13,000 g at 4  ̊C for 15 minutes. The 94 

400 μl Filtrate was mixed with a Lactococcus phage Q33 (NC_049809.1) spike-in to a Įnal concentraƟon 95 

of 106 PFU/ml. A spike in of the same concentraƟon was added to SM buīer and processed in parallel 96 

as a negaƟve control. To remove non-encapsulated nucleic acids, 8 U of TURBO DNase and 20 U of 97 

RNase I were added to the samples and incubated for 2 hours at 37  ̊ C with intermiƩent mixing, 98 

followed by an incubaƟon at 70  ̊C for 10 minutes. Next, parƟcles were disrupted with proteinase K 99 

and nucleic acid was extracted with Qiagen Blood and Tissue Kit as manufacturer’s instrucƟons. To 100 

detect RNA viruses, 11 microliters of template RNA/DNA elute was used for cDNA synthesis using 101 

SuperScript IV First Strand Synthesis System (Invitrogen/ThermoFisher) with random hexamer 102 

oligonucleoƟdes as per manufacturer’s instrucƟons. Nucleic acid samples were stored at -20  ̊C. 103 

Library preparaƟon and sequencing 104 

VLP DNA library preparaƟon was performed in-house beginning with nucleic acid fragmentaƟon using 105 

the M220 Focused-Ultrasonicator (Covaris) with peak power 50 W, duty factor 20 %, 200 cycles per 106 

burst, duraƟon 35 seconds. Fragmented libraries were concentrated with Zymo Research Genomic 107 

DNA Clean & Concentrator columns. Libraries were prepared using the xGen™ ssDNA & Low-Input DNA 108 

Library PreparaƟon Kit (IDT) as per manufacturer’s instrucƟons, allowing us to amplify both single and 109 

double stranded DNA. Library quality and quanƟty was checked with the Agilent 4200 TapestaƟon and 110 

Qubit Ňuorometer respecƟvely. Samples were sequenced by Azenta Life Sciences using the Illumina 111 

Novaseq X plus plaƞorm according to manufacturer’s instrucƟons. Samples were sequenced with 2 x 112 

150 bp paired-end reads conĮguraƟon v1.5. Image analysis and base calling were conducted by the 113 

NovaSeq Control SoŌware on the NovaSeq instrument. Raw sequence data (.bcl Įles) generated from 114 

Illumina NovaSeq was converted into fastq Įles and de-mulƟplexed using Illumina bcl2fastq program 115 

version 2.20. One mismatch was allowed for index sequence idenƟĮcaƟon. All VLP samples were 116 

successfully sequenced.  117 

Viral operaƟonal taxonomic unit (vOTU) catalogue assembly 118 

To idenƟfy viral operaƟonal taxonomic units (vOTUs) in our dataset, Illumina sequenced raw paired-119 

end reads of samples and controls were inspected using FastQC (32 v. 0.11.5) and processed with a 120 

custom snakemake pipeline. Reads were Įrst adapter and quality trimmed using trim galore (v.0.6.10, 121 

33, params: --paired –length 50) and seqtk (v.1.2-r94, 34, params pair1: -e 10 -b 10, params pair2: -b 15). 122 

Next, Kneaddata (v. 0.12.0, 35, params –trimmomaƟc-opƟon MINLEN:70, --bypass-trf) was used to 123 

remove human and phiX174 DNA by mapping reads to the human genome database (hg37) and the 124 

reference phiX174 genome (NC_001422.1).  125 



Quality and human Įltered reads were next assembled into de novo assembled conƟgs using megahit 126 

(v1.2.9, 36, default parameters). These resulƟng conƟgs were extended using COBRA (37, v1.2.3, 127 

params: cobra-meta -a megahit -mink 21 -maxk 141) with bowƟe2 (38, v. 2.5.4) and coverm (39, 0.7.0, 128 

params: coverm conƟg --methods metabat). ConƟgs under 3 kbp were excluded from further analysis. 129 

These VLP assembled conƟgs and bulk assembled conƟgs from all samples of the EDIA cohort 31 were 130 

analysed with a custom snakemake pipeline to idenƟfy viral conƟgs . SpeciĮcally, viral conƟgs were 131 

idenƟĮed with a Įrst run of geNomad (v1.7.4, database v1.7, params: default) 40 followed by CheckV 132 

(v1.0.1, database v1.5, params: default) 41 to quanƟfy virus quality and idenƟfy prophages. The conƟgs 133 

that were idenƟĮed as prophages with CheckV were submiƩed to a second pass of the pipeline. 134 

ConƟgs labelled as at least medium quality (i.e. completeness >50%) by CheckV were included in 135 

further analysis. In addiƟon, we included VLP assembled conƟgs that were >10 kbp and had <=1 136 

bacterial ORFs as being potenƟally viral. These viral conƟgs were next clustered with 773 196 viral and 137 

proviral sequences from MGV v2021.07.08, GPD v2020.09.02, ELGV v2023.12.11, Viral Refseq 138 

v10.1.2025, Prophage_DB v.7.18.2024 and the assembled viruses from an addiƟonal Įve studies 8,13,42–
139 

48 by 95 % ANI over 85 % alignment fracƟon using CheckVs anicalc.py and aniclust.py scripts. The 140 

resulƟng 707 092 clusters were considered the vOTU catalogue with which we conƟnued our analysis. 141 

The catalogue was inspected for medium to complete quality representaƟve sequences that were 142 

assembled from the EDIA cohort, excluding those that clustered with conƟgs assembled from negaƟve 143 

controls, and their informaƟon is collected in table S1 according to the Minimum InformaƟon about 144 

an UnculƟvated Virus Genome (MIUViG) standard 49. The representaƟve vOTUs that did not cluster 145 

with any viral sequences outside those assembled from the EDIA cohort were considered novel phage 146 

genome species. 147 

AnnotaƟon of vOTUs 148 

To annotate vOTUs, the longest conƟg in the cluster was treated as a representaƟve and annotated 149 

with an assortment of tools. The broad taxonomy of the vOTUs was determined by the taxonomy 150 

output of geNomad. The lifestyles of the vOTUs were Įrst determined to be temperate if the 151 

representaƟve sequence was annotated as a prophage by geNomad or CheckV, the remaining vOTUs 152 

were predicted to be either temperate or virulent using PhaTYP (50 version 3.2.2025, params: default) 153 

by inpuƫng amino acid sequences predicted from geNomad. The host of each vOTU was predicted 154 

using iPHoP (51 v.1.3.3, params: --min_score 75) using a custom database that included 155 

iPHoP_db_Aug23_rw and all MAGs with a quality >50 % from the EDIA cohort assembled previously 156 

31. The custom database was built using gtdbtk de_novo_wf (2.7.2, 52 params: --bacteria --157 

outgroup_taxon p__Patescibacteriota, --force) and iphop add_to_db. To simplify further analyses we 158 

retained only one predicted host assignment per vOTU, which was the best hit according to the 159 

predicƟon tools. 160 

Viral auxiliary metabolic genes (AMGs) were idenƟĮed by running the DRAM-v pipeline of DRAM 161 

(v1.4.6,53, params: default). BrieŇy, vOTUs were Įrst processed using Virsorter2 (v.2.2.3, --seqname-162 

suĸx-oī, --viral-gene-enrich-oī, --provirus-oī, --prep-for-dramv, --include-groups 163 

dsDNAphage,ssDNA, --min-length 1000, --min-score 0.5, 54). Processed vOTUs were annotated and 164 

summarized with DRAM-v (DRAM-v annotate, DRAM-v disƟll, default parameters) assigning AMGs to 165 

each vOTU.  Defense systems were idenƟĮed using DefenseFinder 2.0.0 (params: default, 55–57) with 166 

CasFinder 3.1.0 and defense-Įnder 2.0.2 models and Padloc v2.0.0 (params: default, 58) with padloc 167 

database release v2.0.0. Defense systems labelled as phage defense candidate (PDC) and Hma-168 

embedded candidate (HEC) were excluded to only include validated systems. Padloc output was 169 

processed to match and align to defense Įnder using code from a previous study 59 and outputs were 170 

manually combined and dereplicated. In the case of contradictory overlaps from both tools, the output 171 



of defense Įnder was used. AnƟdefense systems were idenƟĮed with the anƟdefense Įnder extension 172 

of DefenseFinder. 173 

Bacteria and funcƟonal abundance esƟmaƟon 174 

Processed bulk metagenome sequencing reads that were from the same samples with VLPs extracƟon 175 

were obtained from SRA under bioproject PRJNA821542. Bacterial species genome bin (SGB) relaƟve 176 

abundance was quanƟĮed using MetaPhlAn4 (v 4.1.1, 60, params: default) with 177 

mpa_vJun23_CHOCOPhlAnSGB_202403 database. Abundance of microbial funcƟonal potenƟal was 178 

esƟmated using HUMAnN 3.0 (v.3.9, 61). The funcƟons were regrouped into Clusters of Orthologous 179 

Genes (COG) and Non-supervised Orthologous Groups (NOG) terms with the human_regroup_table 180 

command and normalized to relaƟve abundance with humann_renorm_table. 181 

vOTU abundance esƟmaƟon 182 

To esƟmate the relaƟve and absolute abundances of vOTUs in each sample, we Įrst mapped cleaned 183 

VLP reads to the catalogue of 707 092 vOTUs with bowƟe2. ConƟgs with a coverage breadth of at least 184 

75% were considered present and reads per kilobase million (rpkm) were calculated for each using 185 

coverm (params: --min-covered-fracƟon 75 --methods rpkm) revealing 3419 vOTUs. vOTUs that were 186 

also present in any of the negaƟve control samples were considered contaminants and removed from 187 

further analysis leaving 3272 vOTUs present. AŌer removal of contaminants, rpkm values were used 188 

to calculate vOTU relaƟve abundances. We used the relaƟve abundance of Lactococcus phage Q33, 189 

which was present in the vOTU catalogue, and had known PFU/ml allowing us to calculate the absolute 190 

viral abundances in each sample and for each vOTU. The calculated absolute abundances were all 191 

log10 transformed for visualizaƟon and further analyses. All diluƟons were taken into consideraƟon in 192 

calculaƟons. Five infant samples did not pass quality assessment and were leŌ out of all analyses. 193 

Microbial diversity and abundance analyses 194 

Shannon diversity was calculated for vOTUs and bacterial SGBs with vegan package (2.7-5, 62). 195 

AssociaƟons with Shannon diversity and richness were assessed with GLMMs using the glmmTMB (v. 196 

1.1.14, 63) package with Tweedie and generalized poisson distribuƟons respecƟvely. Including all 197 

samples, alpha diversity metrics were modelled with mother-infant idenƟty and read depth (viral 198 

models include DNA concentraƟon) as covariates and family ID as a random eīect. Using only infant 199 

samples, alpha diversity metrics were modelled with infant age in months, exclusive breasƞeeding and 200 

read depth (viral models include DNA concentraƟon) as covariates with family ID as a random eīect. 201 

AssociaƟons were assessed using the lmerTest package (v. 3.2-1, 64). 202 

To overcome issues with extremely low vOTU prevalence, vOTUs were grouped by bacterial families 203 

they are predicted to infect (phage host families, PHF 65). For fair comparison, bacterial SGBs were also 204 

grouped by bacterial families. PHF prevalences were invesƟgated to see if they were associated with 205 

infant or maternal samples using GLMMs with a binomial distribuƟon. The models had the same 206 

covariates and random eīects as the alpha diversity models described above. NMDS ordinaƟon of 207 

Bray-CurƟs dissimilarity matrices were calculated for bacterial families and PHF abundances using 208 

vegdist and metaMDS funcƟons from vegan. AssociaƟon between maternal and infant samples, infant 209 

age and NMDS coordinates on the x and y axes was assessed using LMMs using the lme4 package 210 

(v2.0-6, 66) as described above without the read depth or exclusive breasƞeeding as covariates. Bray-211 

CurƟs dissimilarity values for each mother-infant pair in each Ɵmepoint was used to see if dissimilarity 212 

changed over Ɵme. This was done with LMMs where infant age was a covariate and family ID the 213 

random eīect. AssociaƟons between bacterial family and their corresponding PHF relaƟve 214 

abundances in infants were invesƟgated with GLMMs using ordered beta regression. SpeciĮcally, 215 



bacterial family associaƟons with their corresponding PHFs were invesƟgated with infant age and 216 

exclusive breasƞeeding as covariates and family ID as random eīect. PHFs and bacterial families with 217 

a prevalence <20 were not included in these models. 218 

To model diīerence in total VLP absolute abundance between mothers and infants and over infant 219 

age, we built LMMs with the same covariates and random eīects as with Shannon diversity analyses. 220 

Temperate and Virulent absolute abundances were compared between mothers and infants at each 221 

Ɵmepoint using paired Wilcoxon test. Longitudinal change in Temperate and Virulent absolute 222 

abundance in infants was done with LMMs as with Shannon diversity analyses. 223 

AssociaƟons with PHF absolute abundances were assessed for virulent and temperate phages 224 

separately. This was done by running mulƟple LMMs using MaAsLin3 (v.00.99.16, (Nickols et al. 2026) 225 

params: normalizaƟon NONE, median_comparison_abundance FALSE, max_signiĮcance 0.25) with 226 

infant age, exclusive breasƞeeding and gender as covariates and family ID as random eīect. 227 

AssociaƟons with bacterial family’s relaƟve abundance was done with the same covariates but with 228 

default MaAsLin3 parameters.  229 

Bacterial and viral diversity and relaƟve abundance associaƟons with virulent phage content were 230 

explored using GLMM and LMMs respecƟvely with infant age, exclusive breasƞeeding, gender and 231 

virulent phage content as covariates and family ID as a random eīect. The GLMM was built with a 232 

tweedie distribuƟon and the LMMs were run with default MaAsLin3 parameters using bacterial SGB 233 

relaƟve abundances. PFDR>=0.25 was considered signiĮcant for exploraƟon analysis.  234 

Prophage inducƟon analysis 235 

Bulk metagenome assembled conƟgs that were predicted to contain a prophage by geNomad or 236 

checkV and were medium to complete quality (by checkV) were used for inducƟon analysis. This was 237 

done by mapping bulk metagenome reads back to the conƟgs and using the genome coordinates of 238 

the prophages with PropagAtE (67 v1.1.0, default parameters). The outpuƩed mean coverage of each 239 

prophage region was natural log transformed and subtracted by the natural log transformed mean 240 

coverage of the background conƟg, giving us the log transformed coverage diīerence (logRi). The 241 

eīect of infancy on logRi was assessed using an LMM that had maternal-infant idenƟty as a covariate 242 

and sample ID and family ID as random eīects. We did not perform staƟsƟcal tests with prophages 243 

that were labeled as acƟve by PropagAtE (i.e. prophage-host coverage raƟo >2) as only 24 prophages 244 

passed this threshold from 22 samples. 245 

Phage sharedness analysis 246 

We counted a vOTU as being shared if it had a relaƟve abundance exceeding zero in the mother and 247 

their corresponding infant at any Ɵmepoint. To include possible dormant prophages, we further 248 

mapped the clean bulk metagenome reads to the 3272 vOTUs and once again considered them present 249 

if they had a coverage breadth over 75 % using coverm. A permutaƟon analysis (n=1000) was 250 

performed to see that the amount of vOTU sharing events was not random. To further get the 251 

proporƟon of shared acƟve vOTUs we counted how many of the vOTUs that were present with VLP 252 

reads in infants were also detected in their corresponding mothers with VLP reads or bulk reads. This 253 

would account for vOTUs that were dormant in mothers and became acƟve in infants or were acƟve 254 

in both mother and infant. We incorporated the proporƟon of shared virulent and temperate vOTUs 255 

as an addiƟonal covariate in the virulent and temperate absolute abundance LMM models menƟoned 256 

in the previous secƟon to see if sharedness inŇuenced abundance. 257 

Metabolomic analysis 258 



Metabolomic data generated by liquid chromatography - mass spectrometry (LC-MS), was retrieved 259 

from 31. A wide screen using all metabolites was used to assess whether fecal metabolites were 260 

aīected by infant total VLP, temperate and virulent absolute abundance using mulƟple LMMs with 261 

MaAsLin 2 68 (v.1.15.1, default parameters, R version 4.4.2). For these models the same covariates and 262 

random eīects as the MaAsLin3 analysis menƟoned previously were used, with the addiƟon of the 263 

absolute abundance that was tested as another covariate.  264 

Primary bile acids idenƟĮed by the C18 neg method menƟoned in 31 were the main focus for the 265 

following analyses. The four primary bile acids (glycocholate, taurocholate, glycochenodeoxycholate 266 

and taurochenodeoxycholate) used to assess if speciĮc PHFs and bacterial families aīected their 267 

concentraƟons. This was done by running mulƟple LMMs with the same parameters as the previous 268 

models but replacing the lifestyle straƟĮed absolute abundances with PHF absolute abundances (with 269 

prevalence exceeding 20 %) and centered log-raƟo (CLR) transformed bacterial family relaƟve 270 

abundances with a pseudocount of 10-8 (same families as the PHFs). All associaƟons were FDR adjusted 271 

using the Benjamini-Hochberg procedure. To test whether the eīect of PHF abundance on the primary 272 

bile acids was mediated by their host abundance, a mediaƟon analysis was performed using 273 

piecewiseSEM69 (v.2.3.1). Both CLR transformed bacterial family relaƟve abundances and PHF absolute 274 

abundances were used. The relaƟonship between mediator (bacterial family) and predictor (PHF) was 275 

modelled with an LMM with infant age as a covariate and family ID as a random eīect. The full model 276 

was an LMM with bacterial family, PHF and infant age as covariates and family ID as random eīect. 277 

Total, direct and indirect eīects with 95% conĮdence intervals were esƟmated using 1000 non-278 

parametric resampling iteraƟons with semEī70 (v.0.7.2, params: R=1000). 279 

HUMAnN quanƟĮed funcƟons were regrouped into KO groups with the human_regroup_table 280 

command and normalized to relaƟve abundance with humann_renorm_table, which was further log10 281 

transformed. The log10 transformed relaƟve abundances of bile salt hydrolase (BSH, K01442) and its 282 

BiĮdobacterium longum straƟĮed abundances were used to assess their eīects on primary bile acid 283 

concentraƟons. This was done with LMMs with infant age, exclusive breasƞeeding and chololylglycine 284 

hydrolase abundance as the covariates and family ID as the random eīect. 285 

FuncƟonal potenƟal analyses 286 

Bimodality of the virulent phage relaƟve abundances in each infant Ɵmepoint was tested using 287 

HarƟgans dip test for mulƟmodality using the package Įtdistrplus v.1.2-4. Infants with cumulaƟve 288 

virulent phage relaƟve abundance >50% and <=50% were labeled with the categorical variables high 289 

virulent phage content and low virulent phage content respecƟvely. The COG funcƟons were tested 290 

for associaƟon with virulent phage content by running mulƟple LMMs using MaAsLin2. The models 291 

had virulent phage content, exclusive breasƞeeding, infant age and gender as covariates and family ID 292 

as random eīects. The non-straƟĮed COG funcƟons that associated with phage virulence level and 293 

had an PFDR<0.25 were considered signiĮcant. To narrow down on funcƟons related to phages, mobile 294 

geneƟc elements, phage defense and anƟmicrobial resistance, descripƟons with the strings “mobile, 295 

transpos, integr, plasmid, recomb, vir, symbio, phag, conju, resist, defen, tox, crisp, tail, RM, Restric, 296 

caps, head, base, sheath and tape” were used to choose the signiĮcant COG categories to visualize.   297 

Bulk metagenome assembled conƟgs were annotated with DefenseFinder as previously described. The 298 

number of defense systems were tallied for each infant sample to esƟmate defense system richness. 299 

Bacterial defense system richness associaƟon with temperate phage abundance was assessed with 300 

two separate GLMMs with generalized poisson distribuƟon. Both had infant age, log transformed bulk 301 

reads, exclusive breasƞeeding and gender as covariates and family ID as random eīect. One had 302 

virulence level and the other log transformed absolute temperate abundance as covariates.    303 



StaƟsƟcal analyses 304 

All staƟsƟcal analyses were performed in R version 4.6.1 (2026-06-24 ucrt) unless otherwise stated. 305 

Linear mixed models were performed for lme4 v2.0-6. Generalized linear mixed models were executed 306 

with glmmTMB v.1.1.14. SigniĮcance of covariates was assessed using lmerTest v.3.2-1 and model 307 

validity was invesƟgated by ploƫng residuals. 308 

Data visualizaƟon 309 

All plots were produced in R version 4.6.1 (2026-06-24 ucrt) with ggplot2 v. 4.0.3 71. 310 
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Results 312 

Maternal and infant vOTU characterisƟcs were predominantly disƟnct 313 

We invesƟgated the virus like parƟcle (VLP) enriched and bulk metagenomes of longitudinal fecal 314 

samples from 32 mother infant dyads from the EDIA cohort to characterize the acƟvely replicaƟng and 315 

dormant fecal viral populaƟons in infants and their mothers (Fig. 1A). All the infants were breasƞed, 316 

four were born by c-secƟon and three were administered anƟbioƟcs at some point. Clustering of de 317 

novo assembled conƟgs from VLP metagenomes and viral genomes from several databases revealed 318 

1445 species-level virus operaƟonal taxonomic units (vOTUs; medium to complete quality by checkV) 319 

aŌer contaminaƟon removal within the EDIA cohort (Table S1, Fig S1). Of these, 453 (31.3%) vOTUs 320 

were not found in exisƟng databases and were thus novel. While the sequencing of VLP samples 321 

included a reverse transcripƟon step, we only detected 12 RNA vOTUs that were plant, human and 322 

fungal viruses (orders Martellesvirales, Durnavirales, Patatavirales, Tymovirales and Picornavirales). 323 

We addiƟonally idenƟĮed only Įve DNA vOTUs that infect humans (families Adenoviridae, 324 

Anelloviridae and Circoviridae) and two that could not be idenƟĮed by geNomad. The remaining vOTUs 325 

were all bacteriophages with the majority within the class Caudoviricetes (realm Duplodnaviria) and 326 

the family Microviridae (realm Monodnaviria). Notably, most of the Microviridae vOTUs were 327 

assembled from maternal samples, suggesƟng that these phages were predominantly maternal and 328 

less common in infants. 329 

By further mapping the VLP enriched reads to the de novo assembled genomes and a catalogue of 330 

approximately 700 000 vOTUs, excluding those that mapped to our negaƟve controls, we idenƟĮed 331 

3272 acƟvely replicaƟng vOTUs present in our cohort (Fig. 1B). Slight majority of these vOTUs were 332 

predicted to be virulent (51.8 %) although they were not evenly distributed between the hosts they 333 

were predicted to infect. For example, most of Caudoviricetes phages infecƟng Bacteroidaceae were 334 

classiĮed as virulent (66.2 %, Fig. 1C). On the other hand, most vOTUs belonging to Caudoviricetes 335 

infecƟng Lachnospiraceae and Clostridiaceae were predominantly temperate (69.3 % and 84 % 336 

respecƟvely). Diīerent phage types were more common in mothers or infants. For example, 337 

Microviridae phages were almost exclusively found in maternal samples and predicted to mostly infect 338 

Bacteroidaceae. Further, Caudoviricetes phages predicted to infect BiĮdobacteriaceae, Clostridiaceae, 339 

Enterobacteriaceae and Enterococcaceae were more prevalent in infant samples (GLMM, p<0.05).  340 

These data show the majority of the vOTUs in human gut microbiomes were Caudoviricetes and 341 

Microviridae but were not evenly distributed by lifestyle or infected host predicƟons. AddiƟonally, we 342 

note that vOTUs seem to be mostly restricted to being in either mothers or infants with only a small 343 

number being present in both (3.9 % of vOTUs). To understand how these viral dynamics change 344 

between mothers and infants, we next explored viral abundance changes between mothers and their 345 

infants. 346 
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 348 

Figure 1. Cohort informaƟon and viral OperaƟonal Taxonomic Unit (vOTU) characterizaƟon. A. Types of 349 

samples obtained from mothers and infants at diīerent Ɵmepoints. Timepoints are displayed in black numbers 350 

at the top and boƩom and refer to maternal samples taken relaƟve to delivery and infant samples taken at 351 

diīerent ages (in months) respecƟvely. Numbers in purple and green represent the amount of bulk and VLP-352 

enriched metagenome samples obtained from feces at each Ɵmepoint respecƟvely while numbers on orange 353 

represent the number of stool samples where metabolomic proĮling was done. B. The ringplot represents the 354 

characterisƟcs of the 3272 representaƟve vOTUs found in our samples by mapping VLP reads to our catalogue. 355 

The ring layers represent a diīerent annotaƟon the vOTU was given and has eight separate layers. Lifestyle: 356 

Indicates if predicƟon soŌware annotated vOTU as virulent, temperate or unknown. Phage taxa: Indicates phage 357 

taxonomical classiĮcaƟon at class and family level. Bacterial host: Indicates the bacterial host family that the 358 

vOTU is predicted to infect. AMGs, Defense systems and AnƟdefense systems: Indicate if the representaƟve vOTU 359 

encodes at least one Auxiliary metabolic gene (AMG), defense system or anƟdefense system. Quality: Indicates 360 

the predicted quality of the vOTU based on checkv categories. Sample type presence: Indicates if the vOTU was 361 

present in an infant sample, maternal sample or both. The ring plot is arranged primarily by phage taxa, 362 

secondarily by bacterial host and Įnally by quality. C. Stacked barplot showing the number of Caudoviricetes 363 

vOTUs predicted to infect diīerent bacterial hosts straƟĮed by lifestyle. The green color represents the number 364 

of virulent phages while light blue represents the number of temperate phages with that PHF. 365 
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Highly personal viromes mirror bacteriome structure 367 

To explore temporal phage-bacteria dynamics, we compared viral and bacterial relaƟve abundances in 368 

mothers and infants. As expected, the total viral and bacterial richness and Shannon diversity indices 369 

were signiĮcantly higher in mothers compared to infants (GLMM, p<0.001). AddiƟonally, we observed 370 

an increase in bacterial but not viral Shannon diversity in infants over Ɵme (Fig. 2A, B, GLMM, β=0.045, 371 

p=0.002). Furthermore, bacterial and phage Shannon diversiƟes were not correlated in mothers nor 372 

infants. There were also no diīerences in viral diversity metrics according to any of our infant metadata 373 

even though we did detect lower bacterial richness in exclusively breasƞed infants (GLMM, β=-0.169, 374 

p=0.047). 375 

Infant viromes were highly variable and personal with the vast majority of vOTUs being singletons and 376 

the most prevalent vOTU was present in only 20% of the samples (Fig. S2A, B). Thus, to compare 377 

bacterial and viral populaƟon structures, we compared abundances of bacterial families and vOTUs 378 

based on their predicted host family (PHF). Non-metric MulƟdimensional Scaling (NMDS) analyses of 379 

the Bray-CurƟs dissimilarity of bacterial families and PHF populaƟon structures revealed similar 380 

paƩerns (Fig. 2C, D). SpeciĮcally, the mothers clearly separated from their oīspring by both the PHF 381 

and bacterial family composiƟon (LMM, p<0.001). In addiƟon, we found that both bacterial families 382 

(LMM, p<0.001) and PHF (LMM, p<0.001) signiĮcantly developed toward maternal proĮles over Ɵme. 383 

This was further supported by the bacterial and viral Bray-CurƟs dissimilariƟes between mothers and 384 

infants signiĮcantly decreasing with infant age (LMM, β=-0.018, p<0.001 and β=-0.014, p=0.049, Fig. 385 

S3A, B). Several bacterial families and PHF relaƟve abundances had staƟsƟcally signiĮcant posiƟve 386 

correlaƟons across all infant samples (Fig. 2E, F, Table S2), indicaƟng that phage and bacterial 387 

structures mirrored each other. These results show that while infant viromes were highly personal, 388 

clustering phages based on predicted hosts reveals how phage and bacterial populaƟon structures 389 

reŇect each other.  390 



 391 

Figure 2: Viral and bacterial diversity and populaƟon structures in mothers and their infants. Samples are 392 

divided into groups based on whether they are mothers or infants at diīerent ages. M mothers, I 0.5 two-week-393 

old infants, I 1 one month old infants, I 2 two-month-old infants, I 3 three-month-old infants, I 6 six-month-old 394 

infants. A, B. Boxplots showing bacterial and vOTU Shannon diversity index by group, respecƟvely. Boxplots are 395 

colored based on groups and visualize the median and the interquarƟle range (IQR). Generalized linear mixed 396 

eīects models demonstrate a signiĮcant eīect of infant age on bacterial but not vOTU Shannon diversity. Model 397 

results are represented by the black lines above the boxplots. Line covering all sample groups represents model 398 

comparing Shannon diversity between mothers and infants. Line covering all infant sample groups represents 399 

model comparing Shannon diversity change in Ɵme. C, D. NMDS plots of Bray-CurƟs distances of bacterial family 400 

and vOTU Predicted Host Family (PHF) abundances respecƟvely. Colors represent the groups each sample 401 

belongs to and both NMDS axes have boxplot showing the median, IQR and 1.5 x IQR (whiskers) of these values. 402 

Linear mixed models demonstrate that maternal samples and infant age have a signiĮcant eīect to bacterial 403 

family NMDS 1 and PHF NMDS 2. E, F. Stacked barplot showing mean relaƟve abundances of bacterial families 404 

and PHFs per group. GLMMs show that several bacterial families and their corresponding PHFs have signiĮcant 405 

posiƟve correlaƟons (Table S2). 406 
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Virulent, not temperate, phage dynamics deĮne early infancy phageome assembly 408 

By factoring in the phage spike-in in the sequencing protocol, we esƟmated the total VLP genome 409 

copies per gram of feces as a measure of absolute abundance. Leveraging this, we found that maternal 410 

samples had a median of 4.89 x 108 VLP genome copies per gram, which is within the range of previous 411 

reports 6,72,73. On the other hand, maternal viral loads were signiĮcantly higher compared to infants 412 

(LMM, β=0.739, p<0.001, Fig. S4), with a median of 3.05 x 107 genome copies per gram. AddiƟonally, 413 

VLP concentraƟons gradually increased with infant age (LMM, β=0.075, p=0.009) from a median of 414 

1.22 x 107 genome copies per gram in two-week-old infants to a median of 8.76 x 107 in six-month-old 415 

infants. These results suggest that the infant virome concentraƟons do not yet reach stable adult levels 416 

by the age of six months. 417 

We further invesƟgated the VLP genome copies of temperate and virulent phages in relaƟon to the 418 

virome development. CumulaƟve relaƟve abundances of temperate phages were higher in infants 419 

compared to mothers, as observed in previous studies (Fig. S5). However, there was no staƟsƟcally 420 

signiĮcant diīerence in temperate phage absolute abundance between mothers and infants when all 421 

infant Ɵmepoints were pooled together (LMM, p=0.812). Cross-secƟonally, there was a small 422 

diīerence in temperate phage concentraƟons between the mothers and infants at Ɵmepoints 0.5 and 423 

1 (Paired Wilcoxon, p<0.05, Fig. 3A), having medians of 2.53 x 107, 8.65 x 106 and 6.37 x 106 genome 424 

copies per gram respecƟvely. This eīect disappeared by month 2 (Paired Wilcoxon, p=0.090). On the 425 

other hand, virulent phage concentraƟons were signiĮcantly higher in mothers compared to infants 426 

across all Ɵmepoints (Paired Wilcoxon, p<0.001, Fig. 3B), with mothers and infants having a median of 427 

4.66 x 108 and 7.11 x 106 genome copies per gram, respecƟvely. AddiƟonally, while both virulent and 428 

temperate phages signiĮcantly increased in concentraƟon with infant age, the increase was more 429 

prominent with virulent phages (LMM, β=0.187, p=0.001 and β=0.079, p=0.045). This data indicates 430 

that infant gut phageome development is characterized by a lack of virulent phages, rather than an 431 

increase in temperate phage abundances. 432 

We next invesƟgated diīerences in prophages inducƟon between mothers and infants. This was 433 

achieved by inspecƟng log transformed coverage diīerences (logRi) between each medium to high-434 

quality prophage and its background conƟg. We found that there was no signiĮcant diīerence in logRi 435 

between mothers and infants (LMM, p=0.809, Fig. 3C). AddiƟonally, only 24/705 prophage (3.4 %) 436 

passed the threshold to be considered signiĮcantly induced, suggesƟng that inducƟon was not 437 

common throughout the cohort. However, the prevalence of induced prophages was higher in infancy 438 

given that 23 of these prophages were signiĮcantly induced in 16 out of the 32 infants in this study. 439 

This suggests that inducƟon occurred at low overall frequencies in both mothers and infants. 440 

Finally, we invesƟgated the characterisƟcs of the temperate and virulent PHFs whose abundance 441 

changed over Ɵme. We found that the increases in virulent phage copies along with infant age were 442 

driven by Bacteroidaceae phages (LMM, PFDR<0.25, Fig. 3D), which were predominantly unknown 443 

Caudoviricetes. While Microviridae phages did contribute to this increase in Bacteroidacea phage 444 

abundance, they were only present in 6/29 infants by the sixth month. On the other hand, temperate 445 

Lachnospiraceae, Oscillospiraceae and Lactobacillaceae phage prevalences increased with infant age 446 

(GLMM, PFDR<0.25, Fig. 3D). InteresƟngly, these paƩerns were not reŇected in the bacterial populaƟon 447 

as Bacteroidaceae and Lactobacillaceae did not signiĮcantly change over Ɵme (GLMM, PFDR<0.25, Fig. 448 

3D). These results suggest that there are speciĮc phage groups that increase in concentraƟon in 449 

relaƟon to infant age and that they do not necessarily follow their host abundance paƩerns. 450 



 451 

 452 

Figure 3. Temperate and virulent phage genome copy concentraƟons and prophage inducƟon levels in mothers 453 

and infants. A, B. EsƟmated fecal temperate and virulent phage concentraƟons in mothers and in infants over 454 

Ɵme. Four samples <104 copies per gram were excluded to improve clarity. Boxplots are colored based on sample 455 

groups and visualize the median and IQR. Infant age had a staƟsƟcally signiĮcant correlaƟon with the temperate 456 

and virulent phage absolute abundances (LMM, p=0.45 for temperate phage, p=0.001 for virulent phage). All 457 

infant samples had lower virulent phage abundances and infant samples collected at 0.5 and 1 month of age had 458 

lower temperate phage abundances compared to the maternal samples (Paired Wilcoxon signed rank test; 459 

*p<0.05, **p<0.01, ***p<0.001). C. Sequencing read coverage diīerence between prophages and their Ňanking 460 

genomic sequence in maternal and infant samples. The dots represent each prophage-conƟg pair and are colored 461 

by maternal and infant sample Ɵmepoint it originated from. Boxplot shows median, IQR and IQR x 1.5. The 462 

dashed red line represents the threshold coverage diīerence to be considered signiĮcantly induced by the 463 

Propagate. There was no signiĮcant diīerence between mothers and infants (LMM, p=0.809). D. CorrelaƟons 464 

between infant age and bacterial or phage abundances and prevalences as determined linear mixed models in 465 

MaAsLin3. Three secƟons visualize the model coeĸcients (β) of temperate PHF concentraƟons, virulent PHF 466 

concentraƟons and bacterial family relaƟve abundances. The triangles (green) and circles (purple) represent the 467 

coeĸcients of prevalences and abundances, respecƟvely. The intensity of the color represents the FDR corrected 468 

p-value (PFDR) of the associaƟon, and an asterisk represents values with PFDR<0.25. 469 
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Maternal transmission is dominated by virulent phages 471 

To observe if phage verƟcal transmission from mothers to infants or prevalence could help explain the 472 

lyƟc and temperate phage abundance in infants, we analysed the idenƟty of vOTUs that were present 473 

in mothers and their infants across the whole data. This revealed that only 58 out of 3272 vOTUs were 474 

shared within 19 of the 32 mother-infant pairs. To include uninduced prophages to this comparison, 475 

we compared the shared vOTUs between mothers and infants using bulk metagenome reads. We 476 

found that 390 vOTUs were shared between 31 mother-infant pairs for 1154 Ɵmes across all Ɵme 477 

points and a further permutaƟon analysis veriĮed that this sharing was not random (P <0.001, Fig. S6). 478 

InteresƟngly, despite most of the shared vOTUs being detected from the bulk metagenome data, the 479 

most shared vOTUs were virulent Caudoviricetes phages predicted to infect Bacteroidaceae (34.6% of 480 

shared vOTUs, Fig. 4A).  481 

The composiƟon of the shared vOTUs did not change over Ɵme, with Bacteroidaceae infecƟng virulent 482 

Caudoviricetes phages being the most shared across all Ɵmepoints (Fig. S7). Given this temporal 483 

stability, we next invesƟgated whether maternal sharedness inŇuenced infant viral loads. To do this, 484 

we focused on acƟvely replicaƟng infant vOTUs that were shared with mothers. The proporƟon of 485 

shared virulent vOTUs had a strong posiƟve correlaƟon with virulent VLP concentraƟon in infants 486 

(LMM, β=0.788, p=0.004). We also observed an interacƟon with infant age, where the associaƟon 487 

between proporƟon of shared virulent vOTUs and virulent VLP concentraƟons was stronger at three 488 

and six months of age (LMM, β=0.225, p=0.039, Fig. 4B). In contrast, the proporƟon of shared 489 

temperate phages and temperate VLP concentraƟons were negaƟvely correlated (LMM, β=-0.666, 490 

p=0.022, Fig. 4C). Together, these results suggest that virulent phages were more oŌen shared 491 

between mothers and infants than temperate phages and that the proporƟon of shared phages 492 

correlates with infant absolute phage abundance with diīerent paƩerns. 493 
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 495 

Figure 4. Inherited and persistent vOTUs and their characterisƟcs. A. The frequency of vOTUs shared between 496 

mothers and infants broken down by phage lifestyle (dark yellow text), PHF (dark red text) and taxonomy (dark 497 

blue text). Bacteroidiaceae infecƟng virulent Caudoviricetes were the most frequently shared category. B. LMM 498 

model of the relaƟonship between the proporƟons of maternal shared virulent vOTUs, virulent vOTU 499 

concentraƟons and infant age. C. Visual representaƟon of LMM modelling of the relaƟonship between the 500 

proporƟons of maternal shared temperate vOTUs, temperate vOTU concentraƟons and infant age. Both 501 

visualizaƟons show Įve scaƩerplots of proporƟon of acƟve vOTUs shared with mothers and vOTU genome copies 502 

per gram by each infant Ɵmepoint separately to show how the relaƟonship changes by the third and sixth 503 

months. Each scaƩerplot shows a line of best Įt for each infant Ɵmepoint with a 95% conĮdence interval in gray. 504 

The result of the eīect of temperate and virulent sharedness on VLP copies according to our LMMs are displayed 505 

on each Įgure. 506 
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Inverse relaƟonship between phage replicaƟon and primary bile acids 508 

Given that phage lyƟc replicaƟon can impact microbiome metabolic pathways, we next explored if 509 

there were correlaƟons between phage absolute abundances and fecal metabolites. We found 2075 510 

fecal metabolomic features that correlated with total phage absolute abundances (LMM, PFDR<0.25, 511 

Table S3), although only Įve were annotated metabolites. Exploring lifestyle speciĮc associaƟons, we 512 

ran the same model using virulent and temperate absolute abundances and found 1843 and 900 fecal 513 

metabolite hits with seven and one being annotated, respecƟvely (Table S3). InteresƟngly, virulent but 514 

not temperate phage absolute abundances were inversely correlated with primary bile acids 515 

glycocholate and taurodeoxycholate (Fig 5A, LMM, PFDR<0.25). Since gut bacteria convert primary bile 516 

acids into secondary bile acids through bile salt hydrolase (BSH) acƟvity, we hypothesized that phage-517 

associated variaƟon in primary bile acid could be mediated by BSH AMGs. However, no phage encoded 518 

BSH homologs were detected. In contrast, the abundance of BSH gene in the bulk metagenome was 519 

inversely correlated with all tested primary bile acids (LMM, p<0.001, Fig 5B). InvesƟgaƟon of the SGB 520 

straƟĮcaƟon by carrier bacteria revealed that BiĮdobacterium longum BSH gene was the most 521 

prevalent across the cohort and negaƟvely correlated with the primary bile acids (LMM, p<0.001, Fig 522 

5C).  523 

As phage-encoded BSH could not explain the observed associaƟons, we next asked whether the 524 

relaƟonship with primary bile acids was driven by speciĮc PHFs. Indeed, we found that Clostridiaceae 525 

phage absolute abundance and prevalence were posiƟvely associated with several primary bile acids, 526 

while BiĮdobacteriacea and Lactobacillaceae phages were inversely associated with them (LMM, 527 

PFDR<0.25, Fig 5D). These paƩerns were largely mirrored by the corresponding bacterial hosts. 528 

SpeciĮcally, BiĮdobacteriaceae and Clostridiaceae CLR transformed relaƟve abundances and 529 

prevalences matched the direcƟon of the phage associaƟons with primary bile acids (LMM, PFDR<0.25, 530 

Fig 5E). While phages could be inŇuencing primary bile acid concentraƟons by infecƟng BSH encoding 531 

taxa like BiĮdobacterium longum, it could also be that the phages reŇect host abundances. Indeed, 532 

mediaƟon analyses suggested that bile acid associaƟons in Clostridiaceae and BiĮdobacteriaceae were 533 

completely mediated by the respecƟve predicted hosts of the phages (Table S4). We therefore suspect 534 

these phage-bile acid associaƟons are not biologically direct but instead arise from covariance with 535 

hosts involved in bile acid metabolism. 536 

  537 



 538 

 539 

Figure 5. CorrelaƟons between fecal metabolites and microbes. A. Annotated infant fecal metabolites that 540 

correlated with virulent phage concentraƟons (LMM, PFDR<0.25). B. Linear models between bile salt hydrolase 541 

(BSH, K01442) relaƟve abundance and four primary bile acids concentraƟons measured by C18-neg LC-MS as 542 

modeled by LMMs. The numbers above each graph show the p-value for the eīect in each model. C. Linear 543 

model between BiĮdobacterium longum BSH relaƟve abundance and four primary bile acids concentraƟons 544 

measured by C18-neg LC-MS as modeled by LMMs. The numbers above each graph show the p-value for the 545 

eīect in each model. Each scaƩerplot in B and C shows a line of best Įt with a 95% conĮdence interval in gray. 546 

D. AssociaƟons between PHF absolute abundance and four primary bile acids concentraƟons measured by C18-547 

neg LC-MS modeled using LMMs. E. AssociaƟons between relaƟve abundance of bacterial families and four 548 



primary bile acids concentraƟons measured by C18-neg LC-MS modeled using LMMs. Heatmaps in D and E 549 

represent the beta coeĸcients from models controlling for infant age, exclusive breasƞeeding and gender.  550 
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Phage lifestyle and abundance implicated in community funcƟons 552 

Finally, we aimed to understand how virulent phages contribute to microbiome maturaƟon since their 553 

concentraƟon changed the most as infants aged. To this end, we leveraged the fact that in our dataset 554 

the relaƟve abundances of virulent phages followed a bimodal distribuƟon in most Ɵmepoints 555 

(HarƟgans’ dip test, p<0.05, Fig. 6A). Thus, we deĮned samples as having either “high” (>50%) or “low” 556 

(<=50%) virulent phage content based on relaƟve abundances in the VLP fracƟon. Samples with low 557 

virulent phage content had a lower total VLP concentraƟon (LMM, β=-0.292, p=0.004), concordant 558 

with our previous observaƟon that virulent phages were more abundant than temperate phages. Total 559 

phage Shannon diversity was lower in high virulent content group (GLMM, β=0.277, p=0.016). Bacterial 560 

diversiƟes did not diīer between the groups. Bacterial abundances had only staƟsƟcally weak 561 

diīerences between the groups (Table S5). These results suggest that diīerences in phage lifestyles in 562 

infants do not appear to be strongly associated with changes in bacterial community structure. 563 

We next tested for diīerences in bulk metagenome funcƟonal potenƟal, esƟmated by HUMAnN3, 564 

between low and high virulent phage groups. We found 3195 COGs and ENOGs with staƟsƟcally 565 

signiĮcant abundance diīerences between the groups (LMM, PFDR<0.25, Fig. 6B). Focusing on 566 

funcƟonal terms related to phages, mobile geneƟc elements (MGEs), anƟmicrobial resistance genes 567 

and phage defense systems, we found that these funcƟons were more abundant in infants with low 568 

virulent phage acƟvity (LMM, PFDR<0.25, Fig. 6C). These results could reŇect increased abundance of 569 

lysogens, inducing prophages or both. SupporƟng this, we found that temperate, not virulent phages 570 

encoded more phage defense genes across most PHFs (Fig. 6D). Hence, we checked if defense system 571 

richness directly predicted from our bulk metagenome assemblies correlated with temperate phage 572 

abundances. While we found that defense system richness increased with infant age (GLMM, β=0.073, 573 

p<0.001), there was no evidence that it correlated with temperate or virulent phage abundances 574 

(GLMM, p>0.05). Together, phage lifestyle and abundances were associated with community 575 

funcƟonal potenƟal, emphasizing the necessity of integraƟng phage proĮling into microbiome studies.   576 



 577 

Figure 6. StraƟfying viral communiƟes by relaƟve abundance of virulent phages. A. RelaƟve abundances of 578 

virulent phages in each Ɵme point. Boxplots are colored based on Ɵme points and the median and IQR. Violin 579 

plot shows the distribuƟon of relaƟve abundances in each group and the asterisk above each Ɵme point refers 580 

to the group having a bimodal distribuƟon (HarƟgans’ dip test, P<0.05). B. Volcano plot of associaƟons between 581 

abundance of HUMAnN3 esƟmated COG and NOG abundances and virulence groups (high/low). The black 582 

horizontal line indicates PFDR< 0.25 and the red dots indicate terms related to mobile geneƟc elements and phage 583 

defense with PFDR<0.25. C. COG and ENOG terms related to mobile geneƟc elements and phage defense with 584 

abundance diīerences between virulence groups (red points in panel B). The plot shows each COG and ENOG 585 



descripƟon, model coeĸcient (β) and the number of metagenomes encoding funcƟon. D. Phage defence system 586 

carriage straƟĮed by phage lifestyles and PHFs. The heatmap color intensity indicates prevalence between 587 

vOTUs. The size of the yellow circles on the right hand side indicate to the number of vOTUs per PHF. 588 

  589 



Discussion 590 

In this study, we provide a revised model of infant gut virome assembly by employing absolute viral 591 

quanƟĮcaƟon across the Įrst six months of life. Contrary to the established paradigm that early infancy 592 

is deĮned by a peak in temperate phage replicaƟon, our data demonstrates that the concentraƟon of 593 

acƟve temperate phages in infants is at Įrst lower compared to mothers but is already comparable to 594 

maternal levels by two months of age. We show that the perceived dominance of temperate phages 595 

in early life is an arƟfact of relaƟve abundance data, arising from a profound scarcity of virulent phages 596 

in the neonatal gut. We found that the maturaƟon of the virome is primarily driven by the expansion 597 

of virulent phage populaƟons, parƟcularly those targeƟng Bacteroidaceae, which are signiĮcantly 598 

shaped by maternal transmission. Furthermore, we demonstrate that viral absolute abundances were 599 

implicated in faecal metabolite levels, including primary bile acids, possibly by mirroring bacterial hosts 600 

that deconjugate them into secondary bile acids. Finally, our results suggest that successful lysogen 601 

colonizaƟon may limit the niche space available for virulent phage expansion. Together, these Įndings 602 

highlight that the early life virome is not primarily deĮned by large inducƟon events but rather by the 603 

dynamic acquisiƟon of maternally derived virulent phages. 604 

Our observed maternal VLP genome counts were comparable to exisƟng data from adults. However, 605 

the observed infant VLP genome counts and their increase throughout infancy were lower compared 606 

to a previous study that calculated 1.6x109 VLPs per gram in one month old infants by Ňuorescence 607 

microscopy 7. While there could be both technical and biological reasons for diīerences between 608 

studies, diīerences in study design and the lack of maternal samples in their study further complicates 609 

comparisons between studies. One important technical diīerence is that our method idenƟĮed and 610 

quanƟĮes viruses through sequencing and bioinformaƟc while the Liang et al. counted DNA containing 611 

small parƟcles, which include non-viral parƟcles 74. In contrast, it could also be that our genome copy 612 

concentraƟon in mothers is an underesƟmate given that mothers have higher abundance of 613 

Microviridae phages and thus could bring the average genome size of phages in their samples below 614 

that of the Q33 spike-in.  615 

With the VLP spike in, we obtained a more precise esƟmate of changes in concentraƟons of phages 616 

with diīerent lifestyles and gained more biological insight into the dynamics of the infant gut virome. 617 

SpeciĮcally, we were able to show that temperate phage VLP concentraƟons dropped slightly in early 618 

infancy, but the concentraƟons recovered quickly to maternal levels. Conversely virulent phage VLP 619 

concentraƟons dropped more prominently, and although steadily increased with infant age, did not 620 

yet reach maternal levels by the end of sampling period. This accounts for previous observaƟons where 621 

acƟve temperate phages are at higher relaƟve abundances in early infants compared to adults and 622 

decrease with infant age 9,11,75. These Įndings could be potenƟally explained by a transmission 623 

boƩleneck, where the transfer of a small fracƟon of maternal phages leads to a decrease of geneƟc 624 

diversity and populaƟon size in infants. Furthermore, these results indicate that virulent phages may 625 

be relaƟvely more suscepƟble to such transmission boƩlenecks compared to temperate phages. This 626 

could be explained by a relaƟvely low chance of a free virion encountering a host in the newly colonized 627 

gut while prophages enter the new environment with their host allowing immediate replicaƟon or 628 

survival in lysogeny. Another reason could be due to the carrying capacity of the populaƟon. If a 629 

virulent phage enters a populaƟon before their hosts reach a suĸciently high concentraƟon, they may 630 

negaƟvely regulate their own resource and thus only reach relaƟvely low concentraƟons at Įrst. If this 631 

is the case, this could hint at a fundamental ecological paƩern where temperate phages are more Įt 632 

during early colonizaƟon of an environment while virulent phages have an inherent disadvantage. 633 

QuanƟfying VLP absolute abundances is therefore important for ecological studies of community 634 

dynamics, especially in the infant gut microbiome assembly as relaƟve abundances can be misleading. 635 



For example, recent study reported that temperate phages are at higher relaƟve abundance in cesarian 636 

born infants compared to vaginal delivered ones 11. This could equally be explained by the abundant 637 

virulent phages from the mother not being able to colonize the infant gut. Another opƟon is that 638 

virulent phages simply do not exist for hosts that are abundant in the infant gut. Indeed, it is known 639 

that virulent BiĮdobacteria phages are diĸcult to isolate in vitro and only a handful of isolates exists. 640 

On the other hand, in our dataset about half of the BiĮdobacteria phages are predicted to be virulent 641 

and their abundances remained relaƟvely stable over. Thus, the drop in virulent phage abundance in 642 

infancy cannot be explained by the abundance of BiĮdobacteria phages in our dataset.   643 

We observed small and temporary diīerences in temperate VLP concentraƟon between mothers and 644 

infants, suggesƟng that temperate phage concentraƟons are comparable between infants and adults. 645 

We also found comparable prophage inducƟon (measured by sequencing read coverage) between 646 

mothers and infants. Together these data suggests that temperate phage VLPs are maintained by low 647 

frequency of spontaneous inducƟon and low amount of lyƟc replicaƟon in the infant gut similar to 648 

adults 67,76. This interpretaƟon is contradicted by one study where inducƟon was esƟmated to be 649 

higher in infants than adults, although there was no staƟsƟcal test to verify this77. However, since 650 

prophages can have very speciĮc inducƟon signals, a more granular inspecƟon may reveal individual 651 

phage clades that are induced during iniƟal colonizaƟon condiƟons78. More research with diīerent 652 

cohorts, controlled studies of microbiome transfer and lysogen culturing is needed to conĮrm these 653 

hypotheses. 654 

The majority of vOTUs that were shared between mothers and infants were predicted to infect 655 

Bacteroidaceae, suggesƟng that these phages are commonly verƟcally transmiƩed from mothers. 656 

Indeed, this is expected given that these bacteria and phages have oŌen been suggested to be co-657 

inherited14,15,18,20,79. Maternally shared virulent phages were also associated with increased viral load 658 

in infants, suggesƟng that maternal inheritance of virulent phages is important for the maturaƟon of 659 

the infant virome. The associaƟon became more pronounced during weaning, suggesƟng that diet 660 

interacts with the virome development. SpeciĮcally, solid foods include substrates that beneĮt taxa, 661 

such as Bacteroidaceae, that can uƟlize diverse diet derived substrates. 662 

Temperate phages were less frequently shared between mothers and infants than virulent phages 663 

despite that they were at higher relaƟve abundances in infants right aŌer birth. This suggests that 664 

temperate phages are not commonly inherited from mothers. Indeed, a previous study found that out 665 

of 26 verƟcally transmiƩed viruses, 21 were predicted to be virulent9. The fact that few temperate 666 

phages are shared and that there is a negaƟve associaƟon with concentraƟon could reŇect that when 667 

there is inheritance, these phages are more likely to become stable prophages compared to those that 668 

are not inherited from mothers. Such phages would include those that were found to be very common 669 

in infant metagenomes and increase in prevalence over Ɵme like Lachnospiraceae and 670 

BiĮdobacteriaceae. Indeed, a recent publicaƟon found that prophages in the genus BiĮdobacterium 671 

and BlauƟa are among the bacterial genera with highest proporƟons of inducƟon in one year old 672 

infants10. Since the BiĮdobacteriaceae and Lachnospiraceae PHFs do not seem to be from maternal 673 

faecal samples, these phage groups may be acquired mainly from other sources such as breastmilk or 674 

siblings14,15,23,80. More transmission studies are necessary to understand where these phages originate 675 

from. 676 

To our knowledge, this is the Įrst study to link faecal metabolite proĮles to bacteriophages in the 677 

healthy infant gut. The inverse associaƟon between virulent phage abundance and primary bile acids 678 

is intriguing since bile acids are involved in hormonal, anƟmicrobial and immunological processes28,29. 679 

Our data suggests that this relaƟonship may be driven by bacterial hosts involved in or aīected by bile 680 

acid metabolism rather than direct phage-mediated eīects. This is supported by B. longum BSH gene 681 



abundance having inverse associaƟon with bile acids and mediaƟon analysis indicaƟng that the 682 

observed phage-bile acid associaƟons of BiĮdobacteriaceae and Clostridiaceae were explained by 683 

bacterial hosts. As BiĮdobacterium species are known to encode BSH proteins that deconjugate 684 

primary bile acids and channel them into downstream metabolic pathways81–84, the negaƟve 685 

associaƟon between virulent phages and primary bile acids may reŇect phages tracking ŇuctuaƟons in 686 

bacterial populaƟons.  However, alternaƟve explanaƟons cannot be excluded. Bile acids are known to 687 

inŇuence bacterial growth, phage replicaƟon and phage-host interacƟons28,85–87, raising the possibility 688 

that elevated bile acid concentraƟons may directly or indirectly suppress total virulent phage 689 

propagaƟon. Conversely, previous experimental work has demonstrated that administraƟon virulent 690 

phages can alter bile acid proĮles in vivo, including reducƟons of taurochenodeoxycholate 7-sulphate 691 

in mice4, suggesƟng that some phages may contribute to shaping bile acid proĮles. Thus, although our 692 

analysis suggests a host-mediated explanaƟon, the direcƟonality and mechanisms underlying phage-693 

bile acid associaƟons remain unresolved. These Įndings highlight a connecƟon between phages and 694 

bile acid metabolism, emphasizing the need for mechanisƟc studies that can disentangle direct phage 695 

eīects from indirect host-mediated responses. 696 

Finally, we found evidence that virulent phage relaƟve abundance followed a bimodal distribuƟon and 697 

that funcƟons encoded by mobile geneƟc elements (MGEs) were more abundant in samples with less 698 

virulent phages. This could be either a reŇecƟon of more inducƟon occurring in these infants or there 699 

being more lysogens, which may be diĸcult to ascertain. While interpretaƟons should be taken with 700 

cauƟon, it could be that infants are colonized by either prophages or virulent phages in a stochasƟc 701 

manner. Another alternaƟve is that temperate phages resist the colonizaƟon of virulent phages by 702 

encoding defense systems more oŌen. Indeed, temperate phages, prophages and adjacent regions on 703 

bacterial chromosomes are known to encode defense systems 25,26. However, we found no correlaƟon 704 

with the virulent phage content and bulk metagenome defense system richness. Discovery of new 705 

defense systems and improvement of related bioinformaƟcs could help resolve phage compeƟƟon and 706 

colonizaƟon dynamics from metagenomes.  707 

These results highlight maternally derived virulent phages as previously underappreciated players of 708 

the early gut ecosystem, increasing our insight into potenƟal roles of phages in the infant gut 709 

microbiome. UlƟmately, understanding how these inherited viral populaƟons overcome or coexist with 710 

resident lysogens and inŇuence metabolite proĮles provides a new framework in understanding how 711 

phages impact microbiome assembly. Further exploring early-life viral dynamics in relaƟon to diīerent 712 

lifestyles and virus-bacterial-host interacƟons and Įguring out how they impact the stool metabolome 713 

could provide new strategies to guide the assembly of a healthy gut microbiome during the most 714 

criƟcal window of human development. 715 
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Supplementary informaƟon 736 

 737 

Supplementary Figure 1. Assembled representaƟve quality vOTUs. Ringplot represents the 738 

characterisƟcs of the 1445 medium, high and complete quality vOTUs de novo assembled from VLP 739 

and bulk metagenome reads and clustered to 95% average nucleoƟde idenƟty (ANI) by 85 % 740 

coverage. The ring layers represent a diīerent annotaƟon the vOTU was given and has eight separate 741 

layers. Lifestyle: Indicates if predicƟon soŌware annotated vOTU as virulent, temperate or unknown. 742 

Phage taxa: Indicates phage taxonomical classiĮcaƟon in class and family level. Bacterial host: 743 

Indicates the bacterial host family that the vOTU is predicted to infect. AMGs, Defense systems and 744 

AnƟdefense systems: Indicate if the representaƟve vOTU encodes at least one AMG, defense system 745 

or anƟdefense system. Novel species: Indicates if the assembled vOTU clustered with vOTUs from 746 

other databases or not. Assembly host: Indicates what sample the vOTU was assembled from. 747 

  748 



 749 

Supplementary Figure 2. vOTU prevalence staƟsƟcs. A. Bar plot shows the top 13 most prevalent 750 

vOTUs in the cohort and how many samples each of the vOTUs was found based on VLP read 751 

mapping. B. Histogram showing the frequency of vOTUs found in one sample or more. 752 

  753 



 754 

Supplementary Figure 3. Bacterial and phage community similarity between mother-infant pairs 755 

across infant age. A. Bar plot shows the bacterial family Bray-CurƟs dissimilarity between infants at 756 

each Ɵmepoint and their mothers. B. Bar plot shows the PHF Bray-CurƟs dissimilarity between 757 

infants at each Ɵmepoint and their mothers. The staƟsƟcs above each plot represent the eīect of 758 

infant age on the change in dissimilarity according to the LMMs. Boxplots show the median, IQR and 759 

IQR x 1.5. 760 
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 762 

Supplementary Figure 4. VLP concentraƟon across samples. Boxplot showing the esƟmated VLP 763 

genome copies per gram of feces in log10 scale for diīerent groups. LMMs show there is a signiĮcant 764 

increase in VLP genome copy concentraƟons with infant age and that there is a signiĮcant diīerence 765 

between VLP concentraƟons between mothers and infants. Boxplots are colored based on sample 766 

groups and show the median and IQR. LMM results are represented by the black lines above the 767 

boxplots. Line covering all sample groups represents model comparing VLP genome copy 768 

concentraƟons between mothers and infants. Line covering all infant sample groups represents 769 

model comparing VLP genome copy concentraƟon change in Ɵme. 770 

771 



 772 

Supplementary Figure 5. Viral lifestyle relaƟve abundance across samples. Boxplot showing the 773 

relaƟve abundance of acƟve temperate phages in diīerent groups. Boxplots are colored based on 774 

sample groups and show the median and IQR. 775 
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 777 

Supplementary Figure 6. Mother-Infant shared vOTU permutaƟon analysis. Histogram shows 778 

results of the permutaƟon analysis with 1000 replicaƟons. Histogram in blue depicts the frequency of 779 

vOTUs being shared between mother and their child if they were randomly shuŋed. The red line is 780 

the observed amount of vOTU sharing events and is signiĮcantly diīerent from the permuted values 781 

(P<0.001). 782 
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 784 

Supplementary Figure 7. ComposiƟon of mother-infant shared vOTUs across infant age. Stacked 785 

barplot showing the proporƟon of grouped vOTU shared with mothers at each Ɵmepoint. The vOTUs 786 

were grouped by their predicted taxonomies, lifestyle and PHF (same as Fig 4A). The top fourteen 787 

most shared groups are shown, and the rest are grouped as other. 788 
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Supplementary tables 790 

Table S1: CollecƟon of the MiUVIG metadata of the 1445 representaƟve vOTUs assembled from this 791 

cohort. 792 

Table S2: GLMM results of bacterial family and PHF correlaƟons. 793 

Table S3: PFDR Įltered LMM results of fecal metabolites aīected by phage, virulent phage and 794 

temperate phage VLP concentraƟons. 795 

Table S4: MediaƟon analyses results of phage, bacteria and primary bile acid LMMs for 796 

Clostridiaceae and BiĮdobacteriaceae families and PHFs. 797 

Table S5: PFDR Įltered LMM results of bacterial SGBs aīected by infant age, virulent phage content 798 

and exclusive breasƞeeding covariates.799 
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