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Abstract 

Background: Bacteriophages are the most abundant biological entity on the planet, 

and are key components of any ecosystem they are present in. The gut virome is 

increasingly being implicated in disease states although these studies largely focus 

on lytic phages in adults. Here we identify prophages from a large infant cohort and 

investigate their potential functions. 

Results: We identified 10645 vOTUs from 662 metagenomes. No core virome was 

found: the most prevalent vOTU was identified in 70% of the samples. The most 

abundant and prevalent group of phages are a novel group closely related to 

Bacteroides phage Hanky p00’. Functional annotation of this group revealed the 

presence of genes in the dDTP-L-rhamnose pathway, possibly involved in the 

production of capsular polysaccharides. We also found an abundance of diversity 

generating retroelements in the phages. Additionally, paired virome data allowed us 

to show that the majority of prophages are induced in at least one sample and that this 

is not affected by the use of antibiotics in the 4 weeks prior to sampling. 

Conclusions: Prophages in the infant gut are largely unique to the individual and not 

shared. Most of them appear to be induced and so may be key drivers in shaping the 

bacterial microbiome. The most abundant group of phages are novel, and possess 

elements that may allow them to maintain differentially susceptible subpopulations of 

their host bacterium; whilst also containing diversity generating retroelements that 

could expand their host range. Prophages are important components of the infant gut 

that may have far reaching influences on the composition and function of the 

microbiome. 

Key words: Phages, Microbiome, Virome, Diversity-generating retroelements, 

Induction, Antibiotics. 
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Introduction 

The human gut microbiome is a complex and diverse environment that is established 

soon after birth and becomes increasingly diverse over the following few years, until a 

stable ‘adult-like’ composition is reached during the preschool years [1–5]. Within this 

period of maturation, a number of factors have been associated with differential 

development of the gut microbiome. The most well studied of these is birth mode[6, 

7], but factors such as medication use[8], diet [2, 9, 10], rural or urban environments 

[11, 12], and the influence of siblings and pets have also been found to have an effect 

on bacterial composition [13]. The early bacterial microbiome has been associated 

with a range of disease outcomes in later life including asthma [14], allergy [15], and 

inflammatory bowel disease [16]. Our understanding of the development of the 

bacterial microbiome and its role in disease states has greatly improved over recent 

years, and we now recognise it as a key component of these states. Whilst much work 

has been done on the bacterial component, recent studies have also shown the viral 

community to be altered in certain diseases [17], suggesting that they may also play 

a role. The viruses that make up a large proportion of the microbiome are collectively 

referred to as the ‘virome’, and in recent years their contribution to this environment 

has been increasingly investigated although comparatively much less is still known.  

 

Though the virome consists of both bacteriophages (phages), as well as eukaryotic 

viruses, we will refer to phages only when talking about the virome here. Shifts in the 

phage composition of the gut have been associated with an increasing number of 

diseases such as Crohn’s disease and Ulcerative Colitis [17] as well as other 

conditions such as arthritis [18]. These phages are thought to be virulent, but previous 

work has suggested that the gut virome contains a significant proportion of temperate 
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phages as well [19, 20]. Temperate phages can integrate into the genomes of their 

bacterial hosts and be maintained through generations either as a part of the host 

genomes or as a plasmid-like object; but can also return to the lytic cycle if the bacterial 

host is stressed by external factors [21]. Up to 20% of the phages found by Reyes et 

al in faecal samples from adults were predicted to be temperate [20], and previous 

studies have found that multiple strains of bacteria from the gut contain prophages, 

suggesting that lysogeny is a widespread phenomenon [22]. Whilst virulent phages 

infect and kill their host cell, temperate phages that have become incorporated into 

the genome of their host may therefore be under a selective pressure to provide 

something useful to their bacterial hosts.  

 

Temperate phages provide an opportunity to influence the metabolism and function of 

their bacterial hosts by harbouring morons [23]. These genes are not essential for the 

phage itself, but may benefit the bacterial host by providing additional functionality 

[23]. These can include antibiotic resistance genes [24–26], and toxins or virulence 

genes that increase the fitness of pathogenic bacteria during infection [27–29]. The 

presence of a prophage within a bacteria also has the added benefit of being protective 

from infections. Superinfection exclusion is a method by which prophages prevent 

infection of their host by related or more distant phages [30–32]. This is achieved by 

a variety of methods including alterations to the cell membrane [33, 34], repressor-

based immunity [35], and inhibition of DNA translocation into the cell cytoplasm [36, 

37], amongst others. Whilst there are a number of potential benefits to the bacterium 

from the possession of a prophage, negative effects have also been identified in some 

cases. For example, in a monoxenic mouse model system the carriage of lambda 

prophage in Escherichia coli (E.coli) was detrimental to the host bacterium due to 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted June 25, 2021. ; https://doi.org/10.1101/2021.06.25.449885doi: bioRxiv preprint 

https://doi.org/10.1101/2021.06.25.449885
http://creativecommons.org/licenses/by-nc-nd/4.0/


frequent reactivation of the prophage [38]. Additionally, in Streptococcus pneumoniae 

the carriage and expression of prophage element Spn1 has been shown to be 

detrimental to the fitness of the pathogen, by reducing its ability to colonise the 

nasopharynx [39]. Whether their effects are positive or negative, a growing body of 

evidence points to temperate phages being key components of the gut microbiome 

that have the ability to greatly influence the host assemblage diversity and functional 

potential [20, 22, 40, 41]. 

In this work we utilise a set of 662 infant metagenomes coupled with viromes 

to identify and characterise the temperate phages in the gut at 1 year of age and 

evaluate degree of induction. The samples originate from subjects of the Copenhagen 

Prospective Studies on Asthma in Childhood 2010 (COPSAC2010) cohort, an ongoing 

mother-child cohort study followed since pregnancy and throughout early life with 

exhaustive phenotyping and sample collection. By using the paired metagenome and 

virome data we are able to address the role of prophages in this system; we were able 

to estimate if these phages are actively induced and whether this is affected by 

external variables such as antibiotic usage, and start to address the question of what 

their potential function might be through the analysis of accessory genes. Our work 

supports the current hypothesis that virome diversity is high in early life due to the 

induction of prophages and goes on to start to address the question of what their role 

in this environment might be. 
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Methods 

Sample Collection. 

Samples were collected from the COPSAC2010 mother-child cohort that forms the basis 

of an ongoing cohort study of 738 pregnant women and 700 children that have been 

followed from week 24 of pregnancy. The infant faecal samples studied here were 

collected at 1 year of age either at the research clinic or at home by the parents 

following detailed instructions. All samples were mixed with 1mL of 10% glycerol broth 

at the laboratory and stored at -80°C until use.  

Ethics. 
 
The study was approved by the Capital Region of Denmark’s Local Ethics Committee 

(H-B-2008-093) and the Danish Data Protection Agency (2015-41-3696). The study 

was conducted following the guiding principles of the Declaration of Helsinki. Before 

enrolment, parents gave their oral and written informed consent. 

Metagenome and Virome Sequencing and Assembly. 

The same samples were used for both metagenome and virome sequencing. For 

virome sequencing they were filtered through a 0.45 µm pore size PES filter (Minisart® 

High Flow Syringe Filter, Sartorius, Göttingen, Germany). For the metagenome 

sequencing DNA was extracted using the method of Mortensen et al [42] and the DNA 

was sequenced, and genomes assembled as described in Li et al [43]. Sequencing 

reads have previously been deposited in the SRA under the accession: 

PRJNA715601. DNA for sequencing of the virome was extracted and sequenced as 

previously described in Deng et al [44]. The virome sequencing reads will be deposited 

upon submission.  
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Putative Prophage Contig Identification, and classification. 

Putative prophage sequences were identified using a combination of two methods: 

DeepVirFinder (v1.0) [45] and VIBRANT(v1.0.1) [46]. Assemblies from all 662 

metagenomes were concatenated into a single pool and filtered to those above a 

minimum length of 4 kb. These assemblies were run through DeepVirFinder (v1.0) 

using default parameters after creating models from all known phage genomes, 

downloaded from the Millardlab database in September 2019 [47]. Resulting contigs 

were filtered to include only those with a p-value of <0.05 after FDR correction. The 

assemblies were also run through VIBRANT (v1.0) using the nucleotide input and 

parallelisation options. Only those predicted phages of ‘medium quality’ and above 

were used further. Both sets of output were compared to the Refseq+plasmid 

database with a cut off of 95% identity using MASH (v2.2) [48] and any contigs with 

matches that might be contamination were removed. Resulting contigs from both 

methods were then combined and dereplicated at 95% ANI with dedupe2.sh [49]. This 

set was also run through CheckV(v0.7.0) [47] to give the details required for the 

minimum information about uncultivated viral genomes (MIUViG) [50]. 

Whilst measures have been taken to remove potential bacterial contamination in these 

sequences by applying appropriate cut-offs with the tools used, there is always the 

possibility that some bacterial data still remains and this should be considered in any 

future analysis. Additionally, whilst the phages identified in this work are referred to as 

prophages, it is important to remember that this assignment is putative, as the 

discovery of virulent phages is still possible from metagenomic data.  

Predicted prophages were clustered using a network analysis performed with 

vCONTACT2 (v0.9.8) [51], using the RefSeq. 88 database, with all other sequenced 

bacteriophages included using the Millardlab database as of January 2021[47]. The 
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resulting network was visualised in Graphia (v2.1) [52] with nodes of vOTUs identified 

in this work coloured in blue and those that were reference sequences coloured in 

grey, key viral families were manually annotated.     

Prophage Annotation and Functional Analysis. 

Sequences were annotated using prokka (v1.14.5) [53] and a custom database made 

from all phage genes using the Millardlab database from September 2019. The –add-

genes and –locus-tags options were also used. Resulting amino acid files were 

clustered at 90% identity using CD-Hit (v4.8.1) [54] and representative sequences 

from each cluster were analysed using EggNOG-mapper(v2.0) [55] and default 

parameters. Phage lifestyle prediction was calculated in the same way as Cook et al  

[56] using HMM profiles for proteins that indicate a temperate lifestyle, and hmmscan 

(v3.3) [57].  

Identification of previously isolated temperate phages. 

The genome sequences of a set of  E. coli temperate phages that were isolated from 

the same infant faecal samples used here [58], were used to evaluate how well the 

temperate phage identification methods worked, and as reference genomes for 

comparison. To identify if any of the predicted sequences were those of the previously 

identified coliphages the reference genomes were dereplicated at 95% ANI to match 

that of the predicted contigs. The dereplicated contigs and the prophage contigs were 

then mapped against each other with minimap2 using the -asm20 option [59]. The 

sequences of any hits with >70% of the target contig covered was then extracted and 

clustered using Cluster_genomes.pl (v5.1) [60] to agglomerate contigs that were 

>95% similar over 90% of the genome a cut-off previously accepted as the same 

genome [61], and the longest representative of the cluster was kept as the 

representative sequence. 
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Distribution of prophages in individuals. 

A set of reference contigs was constructed using the vOTUs identified from the 

metagenomes. The genomes of any remaining temperate coliphages isolated from 

the samples that had not been identified as vOTUs using the method described above 

were also added. Additionally, a set of 249 reference crAss genomes were 

downloaded from the dataset constructed by Guerin et al  [62], to try and capture the 

diversity of the crAss-like family of viruses that are abundant in the gut. This set of 

predicted phages, coliphages and crAss phages were then dereplicated at 95% ANI 

using dedupe2.sh to remove any remaining redundancy [46].  

Trimmed and QC’d reads from individual metagenomes were mapped against the set 

of reference contigs using bbsplit.sh with random mapping of ambiguous reads, and 

a minimum identity of 0.95, the covstats option was also implemented [49]. A contig 

was considered to be present in a metagenome if there was coverage of >=1X across 

>=70% a similar cut off used by Roux et al [61]. Abundances were then calculated as 

counts per million (CPM). To determine how often the phages are present in the 

metagenomes a binary presence/absence matrix was used so that extreme outliers in 

abundance would not skew results. The sum of the presence for each phage was 

calculated and sorted to identify the phages present in the most metagenomes. 

Alternatively, to identify how many prophages appeared in each child, the sum of 

presence in each metagenome was calculated. 

When characterising the distribution of crAssphages in the samples the reference 

genomes along with any vOTUs that clustered together with them in vCONTACT were 

considered crAss-like phages. The sum of presence of this subset of phages was 

calculated from the presence/absence matrix. 
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Host Prediction. 

Bacterial hosts of the phages were predicted using CrisprOpenDB (v1.0) [63] with 1 

mismatch allowed, and the host with the most prophages predicted to infect them were 

identified in R and the host with more than 1% of the prophages predicted to infect 

them were visualised. 

Functional Analysis of the most abundant prophage cluster. 

Proteins from all members of cluster1819 were extracted and clustered at 90% ANI 

using CD-Hit [52] to remove redundancy. These were then analysed with EggNOG-

mapper(v2.0) [55] as previously described to assign Clusters of Orthologous Groups 

(COG) categories. Additionally, resulting Kegg Orthology (KO) codes were mapped 

onto metabolic pathways using KEGGmapper [64].  

Phylogenetic Analysis of the most abundant prophage cluster. 

An initial blast search showed that Bacteroides phage Hanky p00’ (Hankyphage) was 

the only phage with significant sequence similarity to the cluster members: the high 

quality vOTU_03578 was used as a representative of the cluster and had 99.90% 

identity and 74% query coverage with Bacteroides phage Hanky p00’; therefore, 

putative terminase genes from all cluster members were identified through analysis of 

the Hankyphage p00’ genome. The terminase protein sequence of Hankyphage p00’ 

was downloaded and used to identify the same protein in the cluster members using 

HMMsearch [57], as no protein had been annotated as such. The protein sequences 

were aligned with MEGA(v10.1.8) and a maximum likelihood tree was also produced 

in MEGA using the JTT model and 100 bootstraps [65]. The tree was visualised and 

manually coloured in iTOL [66].  
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Identification of Diversity Generating Retroelements in the most abundant 

prophage cluster. 

Diversity generating retroelements were identified in members of cluster1819 by using 

both the myDGR web server [67] and MetaCSST(v1.0) [68] tools. To predict whether 

the target genes identified were putative tail fibre genes, as has previously been 

suggested [69], the proteins from all members were analysed with PhANNs(v1.0.0) 

[70] and the most significant hit to a tail fibre gene was carried forward. These were 

then compared with the results from the previous tools.  

Determining ‘active’ prophages. 

Utilising the paired nature of the metagenome and virome sequencing of the samples 

allowed for a novel exploration of whether the predicted prophages were induced at 

the time of sampling. Individual virome sample reads were mapped against the original 

metagenome assemblies containing the prophages that had been excised by the 

prediction tool VIBRANT [46]. A total of 4291 prophages were able to be used in this 

analysis. Using the predicted coordinates of the prophages, the coverage of each 

background bacterial and predicted prophage region of an assembly was extracted 

from a bam file that had been sorted and indexed using samtools [71]. For this analysis 

it was assumed that there was only a single prophage region per contig; there were 

only a minority of cases where multiple prophage regions had been predicted for a 

contig and had passed the quality cut-offs used in this work. The assumption of a 

single prophage region may lead to a small number of false negatives in the induction 

analysis. A small number of virome samples were also mapped against three large 

chromosomal contigs that were not predicted to contain any prophages as a negative 

control. The number of reads mapped to sections of 40kb (the mean size of prophages 

in this work) were extracted from different regions of the assembly, in the same way 
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as described above to mimic the presence of a prophage and allow us to test for 

induction in these negative controls. 

 To determine statistically if prophages were induced the number of reads 

mapped to the bacterial part of the assembly and the number of reads mapped against 

the predicted prophage part were tested for a binomial distribution using pbinom in 

R(version 3.6.1), and the resulting p-values were corrected for multiple testing using 

Bonferroni method. A linear model was used to test if the fraction of children where a 

prophage was significantly induced associated with the mean reads per kilobase 

(RPK) of the prophages to make sure that higher significance was not the purely result 

of an assembly that had more coverage. The induction significance was compared 

across predicted hosts of the prophages, and within Bacteroides phages those that 

belong to cluster1819 were compared against the rest. The induction significance of 

cluster1819 phages was also compared to all other prophages.  
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Results 
 
Identification and Classification of novel Prophages in the Infant Gut. 

From the 662 infant metagenomes obtained at age 1 year, we identified 10645 vOTUs 

after dereplication (Supplementary Table 1).  

We grouped these viral contigs into approximate genus or subfamily-level 

classifications using vCONTACT2 and included the genomes of all sequenced 

bacteriophages as references, resulting in 2934 clusters with 364 singletons and 2221 

outliers. Of all the clusters identified 953 were comprised solely of vOTUs identified in 

this work and of these 953 clusters, 177 were made up of a single member (Fig 1). 

Here reference genomes are in grey and vOTUs identified in this work are in blue to 

highlight their distribution throughout viral clusters. Key viral families and groups of 

interest in this paper have been annotated (Fig 1). The hosts of 65% of the vOTUs 

could be predicted; the most common assignment at the genus level was Bacteroides 

(12.2%), followed by Salmonella (6.3%) and Bifidobacterium (5.8%) (Fig 2A) 

Previous work using these samples were able to isolate 35 Escherichia temperate 

phages, and sequenced their genomes [58]. There were five vOTUs that shared 

significant similarity with these isolated phages (Table 1). The longest representative 

from each cluster was kept as representative, resulting in four predicted sequences 

being replaced with the isolated phage genomes and one isolated phage genome 

replaced by a predicted phage genome. The ability to identify five vOTUs with similarity 

to previously isolated phages may reflect a level of mosaicism or alternatively, 

microdiversity between this group of closely related phages. Both of which are known 

to cause problems with assembly and may explain why more were not found [72, 73]. 

It may also be a reflection of the fact that the phages able to be isolated may not be 

abundant enough in the sequence data to assemble fully. 
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Table 1 Percent identity of vOTUs identified in this work, and Escherichia coli temperate phages isolated in 
previous work. 

Sequence Kept Lengt
h (bp) 

Sequence Replaced Lengt
h (bp) 

% 
Identit

y 
Escherichia coli phage 
Lambda ev017 

50126 vOTU_10421 43620 99.2 

Escherichia phage mEp460 
ev081 

45865 vOTU_01494 44384 99.6 

Escherichia coli phage P2 
2H1 

32662 vOTU_09503 32101 99.9 

vOTU_05922 32386 Escherichia coli phage P2 4C9 32150 99.9 
Escherichia coli phage 
ESSI2 ev015 

30584 vOTU_03208 26975 88.8 

 

 

Figure 1 vCONTACT2 network analysis of vOTUs from this study and a database of phage genomes extracted 
from millardlab.org in January 2021. vOTUs identified here are coloured in blue and reference genomes are grey. 
The largest and key viral families have been annotated. 
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Abundance Analysis Suggests no ‘Core’ Virome is Established in Infants. 

The distribution of the number of phages in each sample shows that the average 

number of prophages per child is ~100, with values as low as four and as high as 400. 

This is corroborated by the finding that no single phage vOTU was found in all of the 

children. The most widespread vOTU was found in 71% of the children (Fig 2B), far 

below the 95% cut off used in this work to designate a phage as ‘core’. Using the 50% 

cut off that has been used in previous work for the same designation [74] results in 

one additional vOTU. Whilst no individual phage could be found in all samples, the top 

50 most widespread phages are spread between only eight viral clusters (excluding 

those without an assigned cluster) (Fig 2B), showing more conservation of the 

genus/subfamily level than of individual viral contigs. 

CrAss-like phages were present in 195 (29%) of the samples sequenced, and 

if a sample had crAss-like phages identified, it was likely to possess only one type, as 

only 38% of the crAss-positive subjects contained two or more types. The identification 

of 109 vOTUs that clustered together with the reference crAssphage genomes has 

also expanded our knowledge of crAssphage and crAss-like phages. 
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Figure 2 A) Host prediction for the putative prophages. Only those that make up greater than 1% of the predicted 
hosts are shown. B) Top 50 most prevalent vOTUs coloured by their viral cluster.  

 

The Functional Potential of Viral OTUs showed no significant patterns on 

the individual phage level. 

The percentage of all proteins involved in the different COG categories showed that 

the majority (64.9%) of proteins were assigned to category S – those of Unknown 

Function. Followed by categories reflecting viral replication – Replication, 

Recombination, and Repair (12.9%); Transcription (6.6%), and Cell Wall/Membrane 

Biogenesis (3%). Other categories were present in very small percentages of the total 

protein amount.  
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Cluster1819 is the most abundant phage cluster and contains an 

abundance of DGRs and morons. 

Cluster1819, containing 82 members, was found to be the most abundant in the 

samples (Fig 3A) and within the top 50 most widespread vOTUs it was one of the two 

most prevalent clusters represented and so was characterized in more detail. 

Phylogenetic analysis of the large terminase gene revealed a single relative: 

Bacteroides Hankyphage p00’ (Accession BK010646) (Fig 3B). The bacterial host for 

Hankyphage was previously identified as a Bacteroides which is the same as the 

predicted host for many members of this cluster [66]. However, there are variations on 

this with some vOTUs predicted to infect Prevotella and Butyricimonas.  

The combination of MetaCSST and MyDGR identified 53 diversity-generating 

retroelements (DGR) in the cluster, an element that was found to be present in 

Hankyphage. Of the cluster members 49/82 were found to contain a DGR, as some 

contained multiple, and the target sequences were used to predict the gene it would 

generate diversity in. PhaNNs was used to predict the structural genes for the cluster 

members including the tail fibre genes, commonly a target for DGRs; when the target 

gene sequences were compared to the structural gene predictions all target genes 

were predicted to be tail fibres. 

The majority of identified proteins in cluster 1819 belong to category S – those 

of unknown function (Fig 3C). This is followed by category L and represents proteins 

involved in replication, recombination, and repair; categories O and V are equally 

abundant and represent those proteins involved in post-translational modification, and 

defence mechanisms respectively. Cell cycle control and nucleotide transport and 

metabolism are also categories of note. Combining these COG codes with the KEGG 

pathway database gave a much clearer overview of what pathways could be affected 
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by these phages. These pathways included dTDP-L-rhamnose biosynthesis, and 

menaquinone biosynthesis amongst others. 

 

 

Figure 3 Characterisation of cluster1819. A) Cumulative abundance of the top 10 most abundant viral clusters. B) 
Phylogenetic tree based on a terminase protein alignment for members of cluster1819 and including the 
Bacteroides phage Hankyp00'. Only bootstrap values >70% are shown as circles. The next most closely related 
phages were used as an outgroup due to their limited genome similarity. Any known taxonomy has been highlighted 
in red. C) COG Category assignments for proteins belonging to members of cluster1819. The ‘other’ group  is 
made up of those categories that comprised less than 1% of the total assignments.  

 

Estimation of the proportion of ‘active’ prophages. 

Next, we used the results of the virome reads mapped against the large metagenome 

contigs containing prophages, to discover prophages that were potentially induced 

and present in the samples as free phages. A subset comprising 4291 of the predicted 

prophages were able to be tested for induction via a read mapping approach, as they 

had been excised from a larger assembly in the prediction process, thus allowing for 
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a comparison against the bacterial background. We quantified and tested induction as 

a degree of preferential mapping of virome reads inside the predicted bounds of the 

prophage compared with the rest of the contig; for examples see Fig 4A+B. The 

results of this approach showed that induction is a widespread phenomenon; 4041 

(94.2%) of the prophages were induced in at least one sample and remained 

significantly so (p=<0.05) after Bonferroni correction, resulting in 4.59% significant 

prophage-sample pairs, see Fig 4C. Only 250 prophages were never found to be 

significantly induced in any sample, see Fig 4D. When only considering contigs 

attracting 100 reads or more in a sample, 83418 out of 321232 pairs (26.0%) were 

found to be significant. 
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Figure 4: Evaluating induction in prophages using virome read mapping. A+B) Looking across the entire prophage 
carrying contig, we assessed induction as differential virome read coverage inside the predicted prophage region 
(red lines) versus the rest of the contig, which was considered as background. These two examples were chosen 
to illustrate this phenomenon as a positive (A) and negative (B) example. C) Volcano plot showing log2-fold 
induction vs. p-value (double log scale) distribution of all prophage/sample pairs. All prophage/sample pairs with 
an induction value > 1 and passing the Bonferroni cutoff were considered significant (red dots), which comprised 
4.59% of the entire set. The red area looks larger due to massive overplotting in the lower part of the panel. D) 
Histogram of all prophages by how many children they were significantly induced in, ranging from 0% (no children, 
250 prophages) to ~60% of all the children. 
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Comparing prophages across different predicted hosts, we found differences in 

the fraction of induced samples (Fig 5A, log linear model p < 2e-16). Among the 

genera with highest rates of induction were Blautia, Bifidobacterium, and 

Erysipelatoclostridium. Similarly, we found similar patterns of induction across 

prophages belonging to the same viral cluster (Fig 5B), in terms of which samples 

they were significantly induced in, suggesting that specific clusters of prophages are 

induced together within a sample.  

The most abundant group of prophages in the metagenomes, cluster1819, was 

among the most commonly induced (Fig 5C). Comparing the cluster against the rest 

of the predicted Bacteroides phages showed that the phages belonging to cluster1819 

were more often significantly induced than the rest of the group, and to all prophages 

with different predicted hosts.  

The significance of induction was also associated with the mean RPK of the 

prophages (Supplemental fig 1), however adjusting for this did not change the 

conclusions above. The use of antibiotics in the 4 weeks prior to sampling did not 

result in any significant difference in the proportion of induced prophages per child 

(Fig 5D).  
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Figure 5: Comparing induction frequencies across vOTU and sample characteristics. A) Induction fraction by 
predicted host of the prophages, showing sizable differences between hosts (overall p < 2e-16), even when 
adjusted for mean RPK of the prophages. B) Principal Component Analysis (PCA), each dot is a prophage 
ordinated according to their induction pattern, ie. which children these prophages were induced in. Points which 
are close together signify prophages that tend to be induced in the same children. Points were colored according 
to some of the major Viral Clusters that show homogenous inductions patterns, notably including cluster 1819. C) 
Highlighting the induction frequencies of cluster 1819 prophages are much higher than other prophages with 
Bacteroides as their predicted host, as well as all other prophages with different predicted hosts. D) Children did 
not differ due to recent antibiotic exposure in terms of how many prophages that were found to be induced in their 
samples. 
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Discussion 

This work has sought to characterise prophages in the infant gut in greater detail than 

has previously been achieved, and to highlight novel aspects of the associated phage 

biology. By combining machine learning based approaches we maximised our ability 

to identify integrated prophages from metagenomic assemblies. Of those identified, 

no single prophage could be found in more than 70 % of the samples suggesting that 

there is no ‘core virome’ of prophages in the infant gut. Much debate has taken place 

previously over the existence of a ‘core virome’ with early work on the topic identifying 

23 phage contigs shared by at least 50% of samples from 62 individuals [74]; however, 

more recent studies with a larger sample size found that the most ubiquitous viral 

population was only present in 39% of the metagenomes used, and most of the 

populations were only sporadically detected at all [75]. This is something we see in 

our work corroborating their finding that most viral sequences were only sporadically 

identified throughout the samples; together these results suggest that infant viral 

communities are more unique to the individual than they are commonly shared. The 

infant microbiome has been shown to be a highly dynamic environment that constantly 

evolves until a more stable adult-like composition is reached around preschool age 

[1–5]. Considering this high degree of turnover, it may not be surprising to find 

prophages distributed sporadically throughout the samples as they adapt to changing 

bacterial host abundances, possibly reflecting ‘kill’ or ‘piggyback-the-winner’ dynamics 

[76, 77].  

We were able to assign predicted hosts to ~65% of the prophages identified 

here, and these results found Bacteroides, Salmonella, and Bifidobacterium to be the 

most common hosts. Bacteroides and Bifidobacterium are well established as key 

members of the infant gut microbiota at one year of age in our samples [14] as well as 
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in others [3, 4, 78], and so it would make sense for a large proportion of the prophages 

to infect these bacteria. The high proportion of Salmonella predictions may be an 

overestimation due to the tool used, which due to the high number of Salmonella 

spacers available may struggle to distinguish between Escherichia and Salmonella as 

predicted hosts and lead to an overprediction in the amount of Salmonella-infecting 

phages [63]. It is therefore important to remember that these are only predictions and 

whilst they largely make sense in the given environment there is no experimental 

evidence for hosts of these novel phages.  

We also specifically looked at the prevalence of crAssphages, a well-known 

and large family of phages that are widespread in gut viromes [62]. In addition to the 

reference crAss-like phages that were used we also identified 109 additional vOTUs 

that clustered together and so were considered part of the crAss-like group. Our 

results strongly support previous work that has suggested that crAssphages are not 

abundant or prevalent in infants, and that this increases with age; they also support 

the suggestion that some of the crAss-like phages might be temperate [79]. 

 

Classification of the putative phages combined with the sequences of all sequenced 

bacteriophage genomes reported in the creation of 2934 clusters with 364 singletons. 

Of all the clusters identified, 953 were comprised solely of vOTUs identified in this 

work and of these 953 clusters, 177 were made up of a single member. 

A more in-depth analysis of the most abundant cluster of prophages revealed 

an interesting perspective into their potential role in the infant gut setting. The most 

abundant group, Cluster1819, was comprised of 80 prophages closely related (genus 

or sub-family level) to Bacteroides phage Hanky p00’, a phage that was originally 

identified as an integrated prophage of Bacteroides dorei from metagenomic data [69]. 
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Hankyphage was predicted to be present in half of the human population from 

geographically distant regions, and was found to lysogenize at least 13 different 

species of Bacteroides [69]. Our work utilises a large infant cohort study to further 

support the view that this group of phages is not only present in a large proportion of 

the population, but they are also abundant in these individuals.  

 The broad host range of these Hankyphage and other isolates in the work by 

Benler et al was found to be due to the possession of diversity generating 

retroelements (DGRs) that target tail fibres [69]; this was also something we identified 

in this work. Over half of the members of the viral cluster identified here were found to 

contain at least one DGR, all of which were predicted to target tail fibres. An increased 

diversity generated in the tail fibre sequence could lead to a host expansion as found 

originally, and therefore suggests that the most abundant group of prophages in the 

infant gut may have the potential to infect different strains of predicted host 

Bacteroides, a tactic that may be vital for their success in this dynamic environment. 

The relatives of Hankyphage identified here were also predicted to infect a few 

different hosts; whilst this may be an artifact of the host prediction method used it may 

also reflect an expansion of host range due to changing tail fibres. Without 

experimental evidence this cannot be validated but is an interesting possibility.  

 In addition to harbouring DGRs, members of the cluster also possessed a 

number of morons that may prove beneficial to their host or influence bacterial 

metabolism in some way. In this cluster we found evidence of genes involved in the 

dTDP-L-rhamnose biosynthesis pathway, which is responsible for biosynthesis of the 

O antigen of lipopolysaccharide in Gram negative bacteria [80–82]. Bacteroides in 

particular are known to produce a number of phase-variable capsular polysaccharides 

(CPS) [83, 84]. It has recently been shown that the expression of these CPS plays a 
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role in the phage-host interaction of Bacteroides, being responsible for host-tropism of 

targeting phages [83]. The phase-variable expression of these CPS creates diversity 

within the otherwise homogenous population of Bacteroides and this may help to 

ensure their survival by maintaining subpopulations that are differentially susceptible 

to phage infection, and also making them better equipped to survive environmental 

changes [83]. The possession of genes involved in the LPS biosynthesis pathway is 

an established mechanism of some phages such as Pseudomonas aeruginosa phage 

D3 and Streptococcus thermophilus phage TP-J34 to ensure superinfection exclusion 

of other phages [33, 34]. In this way we probably witness a piggy-back-the-winner 

model of infection, something that has recently been proposed for the crAss-like phage 

crAss01 and its Bacteroides host [85].  

  This is, however, only one of a number of reasons as to why these phages 

could possess genes in this pathway. In addition to being a receptor site for the 

attachment of phages the O-antigen is of importance for recognition of the human 

immune system and the pathogenicity of the bacterium [86, 87] . Modification of the 

O-antigen in some instances has also been shown to affect the bacteria’s ability to 

establish infection through its ability to bind to epithelial cells, such is the case in 

Pseudomonas aeruginosa containing the FIZ15 prophage [88]. 

 Another gene of interest found in the cluster was menA: a component of the 

menaquinone biosynthesis pathway. Menaquinone (vitamin K2) is an important part 

of the electron transfer pathway in prokaryotes and is vital in humans in the blood 

clotting process, and bone and nervous system health [89–93]. Whilst the importance 

of microbially synthesised vitamin K is debated due to the low amount of total vitamin 

K it would be contributing [94–96]. This may be different in infants where there are 

risks of deficiency in early life due to the limited diet [97]. In these instances, the 
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microbially synthesised portion may be of more importance: Bacteroides in particular 

are known to be one member of the gut microbiota that produces menaquinone [89], 

and so the presence of a component of the pathway in a Bacteroides prophage 

suggests that they could also influence production. 

 

Our induction analysis shows that out of the subset of phages we were able to test, 

most prophages that were identified as present in this work were also induced at least 

once. This suggests that these phages are an active part of the community and may 

play a prominent role in the shaping of the bacterial community in the gut. Previous 

work has suggested that the infant gut in particular may be dominated by temperate 

phages that may be induced due to the high turnover rate/constant maturation of the 

bacterial community during the first few years of life [19, 20, 22].  

Environmental conditions can lead to the induction of prophages from their 

bacterial hosts, leading to lytic replication and the production of progeny phages. A 

number of factors have been shown to induce prophages such as certain chemicals 

(mitomycin c) and antibiotics such as fluoroquinolones [98–100]. More recently, the 

use of common oral medications such as nonsteroidal anti-inflammatory drug 

diclofenac, and other antibiotics including ampicillin, norfloxacin, and ciprofloxacin 

were shown to induce prophages from bacterial isolates of the human gut [101]. Whilst 

our work showed no effect of antibiotics on the proportion of induced prophages this 

may be due to time limitations of the method. Evidence of induction may have already 

been turned over in the 4 weeks preceding sampling, and this may be why we cannot 

see it here. The free phages produced by induction may have been broken down in 

the environment in this amount of time. This highlights the need to be careful of 
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interpreting the ‘snapshot in time’ of a population from a single time point and indicates 

the need for more longitudinal data for work such as this.  

Conclusions 

In summary, our results show that prophages of the infant gut form a diverse 

community that is different in each individual; no conserved ‘core’ virome of temperate 

phages was apparent. Our work utilises a large infant cohort to support the previous 

observation that crAss-like phages are present in small numbers early in life and 

become more dominant later. We also identified a novel cluster of phages that are the 

most abundant in the metagenomes, which are genetically similar to Bacteroides 

phage Hanky p00’. The possession of DGRs targeting tail fibres in members of this 

cluster suggest they may be able to infect a range of bacterial hosts. We also found 

evidence that they may modify host LPS through possession of components of the 

dDTP-L-Rhamnose pathway. Therefore, this group of phages possess elements that 

may allow them to maintain differentially susceptible subpopulations of their host 

bacterium, whilst also containing DGRs that could expand their host range. By utilising 

the paired metagenome and virome sequencing we were able to show that out of those 

phages we were able to test, the majority of them were induced at least once. 

However, testing induction against antibiotic usage revealed no association between 

the two factors, although this may be a reflection of the speed at which the evidence 

of induction is turned over in the gut. This highlights the need for more longitudinal 

data in the field to ensure that associations are not based on a single moment in time, 

that may not be representative.  

 

 

 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted June 25, 2021. ; https://doi.org/10.1101/2021.06.25.449885doi: bioRxiv preprint 

https://doi.org/10.1101/2021.06.25.449885
http://creativecommons.org/licenses/by-nc-nd/4.0/


References 

1. Roswall J, Olsson LM, Kovatcheva-Datchary P, Nilsson S, Tremaroli V, Simon M-

C, et al. Developmental trajectory of the healthy human gut microbiota during the first 

5 years of life. Cell Host Microbe. 2021;0. doi:10.1016/j.chom.2021.02.021. 

2. Koenig JE, Spor A, Scalfone N, Fricker AD, Stombaugh J, Knight R, et al. 

Succession of microbial consortia in the developing infant gut microbiome. Proc Natl 

Acad Sci U S A. 2011;108 SUPPL. 1:4578–85. doi:10.1073/pnas.1000081107. 

3. Yatsunenko T, Rey FE, Manary MJ, Trehan I, Dominguez-Bello MG, Contreras M, 

et al. Human gut microbiome viewed across age and geography. Nature. 

2012;486:222–7. doi:10.1038/nature11053. 

4. Palmer C, Bik EM, DiGiulio DB, Relman DA, Brown PO. Development of the 

human infant intestinal microbiota. PLoS Biol. 2007;5:1556–73. 

doi:10.1371/journal.pbio.0050177. 

5. Bergström A, Skov TH, Bahl MI, Roager HM, Christensen LB, Ejlerskov KT, et al. 

Establishment of intestinal microbiota during early life: A longitudinal, explorative 

study of a large cohort of Danish infants. Appl Environ Microbiol. 2014;80:2889–900. 

doi:10.1128/AEM.00342-14. 

6. Dominguez-Bello MG, Costello EK, Contreras M, Magris M, Hidalgo G, Fierer N, 

et al. Delivery mode shapes the acquisition and structure of the initial microbiota 

across multiple body habitats in newborns. Proc Natl Acad Sci U S A. 

2010;107:11971–5. doi:10.1073/pnas.1002601107. 

7. Stokholm J, Thorsen J, Chawes BL, Schjørring S, Krogfelt KA, Bønnelykke K, et 

al. Cesarean section changes neonatal gut colonization. J Allergy Clin Immunol. 

2016;138:881-889.e2. doi:10.1016/j.jaci.2016.01.028. 

8. Tanaka S, Kobayashi T, Songjinda P, Tateyama A, Tsubouchi M, Kiyohara C, et 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted June 25, 2021. ; https://doi.org/10.1101/2021.06.25.449885doi: bioRxiv preprint 

https://doi.org/10.1101/2021.06.25.449885
http://creativecommons.org/licenses/by-nc-nd/4.0/


al. Influence of antibiotic exposure in the early postnatal period on the development 

of intestinal microbiota. FEMS Immunol Med Microbiol. 2009;56:80–7. 

doi:10.1111/j.1574-695X.2009.00553.x. 

9. Fallani M, Amarri S, Uusijarvi A, Adam R, Khanna S, Aguilera M, et al. 

Determinants of the human infant intestinal microbiota after the introduction of first 

complementary foods in infant samples from five European centres. Microbiology. 

2011;157:1385–92. doi:10.1099/mic.0.042143-0. 

10. Fan W, Huo G, Li X, Yang L, Duan C. Impact of diet in shaping gut microbiota 

revealed by a comparative study in infants during the first six months of life. J 

Microbiol Biotechnol. 2014;24:133–43. doi:10.4014/jmb.1309.09029. 

11. Ayeni FA, Biagi E, Rampelli S, Fiori J, Soverini M, Audu HJ, et al. Infant and 

Adult Gut Microbiome and Metabolome in Rural Bassa and Urban Settlers from 

Nigeria. Cell Rep. 2018;23:3056–67. doi:10.1016/j.celrep.2018.05.018. 

12. Dhakal S, Wang L, Antony L, Rank J, Bernardo P, Ghimire S, et al. Amish (rural) 

vs. Non-amish (urban) infant fecal microbiotas are highly diverse and their 

transplantation lead to differences in mucosal immune maturation in a humanized 

germfree piglet model. Front Immunol. 2019;10 JULY:1509. 

doi:10.3389/fimmu.2019.01509. 

13. Laursen MF, Zachariassen G, Bahl MI, Bergström A, Høst A, Michaelsen KF, et 

al. Having older siblings is associated with gut microbiota development during early 

childhood. BMC Microbiol. 2015;15:154. doi:10.1186/s12866-015-0477-6. 

14. Stokholm J, Blaser MJ, Thorsen J, Rasmussen MA, Waage J, Vinding RK, et al. 

Maturation of the gut microbiome and risk of asthma in childhood. Nat Commun. 

2018;9. doi:10.1038/s41467-017-02573-2. 

15. Björkstén B, Sepp E, Julge K, Voor T, Mikelsaar M. Allergy development and the 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted June 25, 2021. ; https://doi.org/10.1101/2021.06.25.449885doi: bioRxiv preprint 

https://doi.org/10.1101/2021.06.25.449885
http://creativecommons.org/licenses/by-nc-nd/4.0/


intestinal microflora during the first year of life. J Allergy Clin Immunol. 

2001;108:516–20. doi:10.1067/mai.2001.118130. 

16. Quince C, Ijaz UZ, Loman N, Eren AM, Saulnier D, Russell J, et al. Extensive 

modulation of the fecal metagenome in children with Crohn’s disease during 

exclusive enteral nutrition. Am J Gastroenterol. 2015;110:1718–29. 

doi:10.1038/ajg.2015.357. 

17. Norman JM, Handley SA, Baldridge MT, Droit L, Liu CY, Keller BC, et al. 

Disease-specific alterations in the enteric virome in inflammatory bowel disease. 

Cell. 2015;160:447–60. 

18. Mangalea MR, Paez-Espino D, Kieft K, Chatterjee A, Chriswell ME, Seifert JA, et 

al. Individuals at risk for rheumatoid arthritis harbor differential intestinal 

bacteriophage communities with distinct metabolic potential. Cell Host Microbe. 

2021;0. doi:10.1016/j.chom.2021.03.020. 

19. Sausset R, Petit MA, Gaboriau-Routhiau V, De Paepe M. New insights into 

intestinal phages. Mucosal Immunol. 2020;13:205–15. doi:10.1038/s41385-019-

0250-5. 

20. Reyes A, Haynes M, Hanson N, Angly FE, Heath AC, Rohwer F, et al. Viruses in 

the faecal microbiota of monozygotic twins and their mothers. Nature. 

2010;466:334–8. doi:10.1038/nature09199. 

21. Nanda AM, Heyer A, Krämer C, Grünberger A, Kohlheyer D, Frunzke J. Analysis 

of SOS-induced spontaneous prophage induction in Corynebacterium glutamicum at 

the single-cell level. J Bacteriol. 2014;196:180–8. doi:10.1128/JB.01018-13. 

22. Kim MS, Bae JW. Lysogeny is prevalent and widely distributed in the murine gut 

microbiota. ISME J. 2018;12:1127–41. 

23. Juhala RJ, Ford ME, Duda RL, Youlton A, Hatfull GF, Hendrix RW. Genomic 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted June 25, 2021. ; https://doi.org/10.1101/2021.06.25.449885doi: bioRxiv preprint 

https://doi.org/10.1101/2021.06.25.449885
http://creativecommons.org/licenses/by-nc-nd/4.0/


sequences of bacteriophages HK97 and HK022: Pervasive genetic mosaicism in the 

lambdoid bacteriophages. J Mol Biol. 2000;299:27–51. doi:10.1006/jmbi.2000.3729. 

24. Wendling CC, Refardt D, Hall AR. Fitness benefits to bacteria of carrying 

prophages and prophage-encoded antibiotic-resistance genes peak in different 

environments. Evolution (N Y). 2021;75:515–28. doi:10.1111/evo.14153. 

25. Kondo K, Kawano M, Sugai M. Prophage elements function as reservoir for 

antibiotic resistance and virulence genes in nosocomial pathogens. bioRxiv. 

2020;:2020.11.24.397166. doi:10.1101/2020.11.24.397166. 

26. López-Leal G, Santamaria RI, Cevallos MÁ, Gonzalez V, Castillo-Ramírez S. 

Letter to the Editor: Prophages Encode Antibiotic Resistance Genes in Acinetobacter 

baumannii. Microbial Drug Resistance. 2020;26:1275–7. 

doi:10.1089/mdr.2019.0362. 

27. O’Brien AD, Newland JW, Miller SF, Holmes RK, Smith HW, Formal SB. Shiga-

like toxin-converting phages from Escherichia coli strains that cause hemorrhagic 

colitis or infantile diarrhea. Science (80- ). 1984;226:694–6. 

doi:10.1126/science.6387911. 

28. Waldor MK, Mekalanos JJ. Lysogenic conversion by a filamentous phage 

encoding cholera toxin. Science (80- ). 1996;272:1910–3. 

doi:10.1126/science.272.5270.1910. 

29. Bae T, Baba T, Hiramatsu K, Schneewind O. Prophages of Staphylococcus 

aureus Newman and their contribution to virulence. Mol Microbiol. 2006;62:1035–47. 

doi:10.1111/j.1365-2958.2006.05441.x. 

30. Ptashne M, Backman K, Humayun MZ, Jeffrey A, Maurer R, Meyer B, et al. 

Autoregulation and function of a repressor in bacteriophage lambda. Science. 

1976;194:156–61. doi:10.1126/science.959843. 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted June 25, 2021. ; https://doi.org/10.1101/2021.06.25.449885doi: bioRxiv preprint 

https://doi.org/10.1101/2021.06.25.449885
http://creativecommons.org/licenses/by-nc-nd/4.0/


31. Cumby N, Edwards AM, Davidson AR, Maxwell KL. The bacteriophage HK97 

gp15 moron element encodes a novel superinfection exclusion protein. J Bacteriol. 

2012;194:5012–9. doi:10.1128/JB.00843-12. 

32. Susskind MM, Wright A, Botstein D. Superinfection exclusion by P22 prophage in 

lysogens of Salmonella typhimurium. IV. Genetics and physiology of sieB exclusion. 

Virology. 1974;62:367–84. 

33. Newton GJ, Daniels C, Burrows LL, Kropinski AM, Clarke AJ, Lam JS. Three-

component-mediated serotype conversion in Pseudomonas aeruginosa by 

bacteriophage D3. Mol Microbiol. 2004;39:1237–47. doi:10.1111/j.1365-

2958.2001.02311.x. 

34. McGrath S, Fitzgerald GF, Van Sinderen D. Identification and characterization of 

phage-resistance genes in temperate lactococcal bacteriophages. Mol Microbiol. 

2002;43:509–20. doi:10.1046/j.1365-2958.2002.02763.x. 

35. Shinedling S, Parma D, Gold L. Wild-type bacteriophage T4 is restricted by the 

lambda rex genes. J Virol. 1987;61:3790–4. doi:10.1128/jvi.61.12.3790-3794.1987. 

36. Mahony J, McGrath S, Fitzgerald GF, Van Sinderen D. Identification and 

characterization of lactococcal-prophage-carried superinfection exclusion genes. 

Appl Environ Microbiol. 2008;74:6206–15. doi:10.1128/AEM.01053-08. 

37. Sun X, Göhler A, Heller KJ, Neve H. The ltp gene of temperate Streptococcus 

thermophilus phage TP-J34 confers superinfection exclusion to Streptococcus 

thermophilus and Lactococcus lactis. Virology. 2006;350:146–57. 

doi:10.1016/j.virol.2006.03.001. 

38. De Paepe M, Tournier L, Moncaut E, Son O, Langella P, Petit MA. Carriage of λ 

Latent Virus Is Costly for Its Bacterial Host due to Frequent Reactivation in 

Monoxenic Mouse Intestine. PLoS Genet. 2016;12:e1005861. 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted June 25, 2021. ; https://doi.org/10.1101/2021.06.25.449885doi: bioRxiv preprint 

https://doi.org/10.1101/2021.06.25.449885
http://creativecommons.org/licenses/by-nc-nd/4.0/


doi:10.1371/journal.pgen.1005861. 

39. DeBardeleben HK, Lysenko ES, Dalia AB, Weisera JN. Tolerance of a phage 

element by Streptococcus pneumoniae leads to a fitness defect during colonization. 

J Bacteriol. 2014;196:2670–80. doi:10.1128/JB.01556-14. 

40. Waller AS, Yamada T, Kristensen DM, Kultima JR, Sunagawa S, Koonin E V., et 

al. Classification and quantification of bacteriophage taxa in human gut 

metagenomes. ISME J. 2014;8:1391–402. doi:10.1038/ismej.2014.30. 

41. Lugli GA, Milani C, Turroni F, Tremblay D, Ferrario C, Mancabelli L, et al. 

Prophages of the genus Bifidobacterium as modulating agents of the infant gut 

microbiota. Environ Microbiol. 2016;18:2196–213. 

42. Mortensen MS, Brejnrod AD, Roggenbuck M, Abu Al-Soud W, Balle C, Krogfelt 

KA, et al. The developing hypopharyngeal microbiota in early life. Microbiome. 

2016;4:70. doi:10.1186/s40168-016-0215-9. 

43. Li X, Stokholm J, Brejnrod A, Vestergaard GA, Russel J, Trivedi U, et al. The 

infant gut resistome associates with E. coli, environmental exposures, gut 

microbiome maturity, and asthma-associated bacterial composition. Cell Host 

Microbe. 2021. doi:10.1016/j.chom.2021.03.017. 

44. Deng L, Silins R, Castro-Mejía JL, Kot W, Jessen L, Thorsen J, et al. A Protocol 

for Extraction of Infective Viromes Suitable for Metagenomics Sequencing from Low 

Volume Fecal Samples. Viruses. 2019;11:667. 

45. Ren J, Song K, Deng C, Ahlgren NA, Fuhrman JA, Li Y, et al. Identifying viruses 

from metagenomic data by deep learning. 2018. 

https://www.ncbi.nlm.nih.gov/genome/browse. Accessed 30 Apr 2019. 

46. Kieft K, Zhou Z, Anantharaman K. VIBRANT: Automated recovery, annotation 

and curation of microbial viruses, and evaluation of viral community function from 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted June 25, 2021. ; https://doi.org/10.1101/2021.06.25.449885doi: bioRxiv preprint 

https://doi.org/10.1101/2021.06.25.449885
http://creativecommons.org/licenses/by-nc-nd/4.0/


genomic sequences. Microbiome. 2020;8:1–23. doi:10.1186/s40168-020-00867-0. 

47. Cook R, Brown N, Redgwell T, Rihtman B, Barnes M, Clokie M, et al. 

INfrastructure for a PHAge REference Database: Identification of large-scale biases 

in the current collection of phage genomes. bioRxiv. 2021;:2021.05.01.442102. 

doi:10.1101/2021.05.01.442102. 

48. Ondov BD, Treangen TJ, Melsted P, Mallonee AB, Bergman NH, Koren S, et al. 

Mash: Fast genome and metagenome distance estimation using MinHash. Genome 

Biol. 2016;17. 

49. BBMap download | SourceForge.net. https://sourceforge.net/projects/bbmap/. 

Accessed 6 May 2021. 

50. Roux S, Adriaenssens EM, Dutilh BE, Koonin E V., Kropinski AM, Krupovic M, et 

al. Minimum information about an uncultivated virus genome (MIUVIG). Nat 

Biotechnol. 2019;37:29–37. 

51. Bin Jang H, Bolduc B, Zablocki O, Kuhn JH, Roux S, Adriaenssens EM, et al. 

Taxonomic assignment of uncultivated prokaryotic virus genomes is enabled by 

gene-sharing networks. Nat Biotechnol. 2019;37:632–9. doi:10.1038/s41587-019-

0100-8. 

52. Freeman TC, Horsewell S, Patir A, Harling-Lee J, Regan T, Shih BB, et al. 

Graphia: A platform for the graph-based visualisation and analysis of complex data. 

bioRxiv. 2020;:2020.09.02.279349. doi:10.1101/2020.09.02.279349. 

53. Seemann T. Prokka: Rapid prokaryotic genome annotation. Bioinformatics. 

2014;30:2068–9. doi:10.1093/bioinformatics/btu153. 

54. Li W, Godzik A. Cd-hit: A fast program for clustering and comparing large sets of 

protein or nucleotide sequences. Bioinformatics. 2006;22:1658–9. 

doi:10.1093/bioinformatics/btl158. 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted June 25, 2021. ; https://doi.org/10.1101/2021.06.25.449885doi: bioRxiv preprint 

https://doi.org/10.1101/2021.06.25.449885
http://creativecommons.org/licenses/by-nc-nd/4.0/


55. Huerta-Cepas J, Forslund K, Coelho LP, Szklarczyk D, Jensen LJ, Von Mering 

C, et al. Fast genome-wide functional annotation through orthology assignment by 

eggNOG-mapper. Mol Biol Evol. 2017;34:2115–22. doi:10.1093/molbev/msx148. 

56. Cook R, Hooton S, Trivedi U, King L, Dodd CER, Hobman JL, et al. Hybrid 

assembly of an agricultural slurry virome reveals a diverse and stable community 

with the potential to alter the metabolism and virulence of veterinary pathogens. 

Microbiome. 2021;9:1–17. doi:10.1186/s40168-021-01010-3. 

57. Finn RD, Clements J, Eddy SR. HMMER web server: Interactive sequence 

similarity searching. Nucleic Acids Res. 2011;39 SUPPL. 2:W29. 

doi:10.1093/nar/gkr367. 

58. Mathieu A, Dion M, Deng L, Tremblay D, Moncaut E, Shah SA, et al. Virulent 

coliphages in 1-year-old children fecal samples are fewer, but more infectious than 

temperate coliphages. Nat Commun. 2020;11:1–12. 

59. Li H. Minimap2: Pairwise alignment for nucleotide sequences. Bioinformatics. 

2018;34:3094–100. doi:10.1093/bioinformatics/bty191. 

60. ClusterGenomes/Cluster_genomes_5.1.pl at master · simroux/ClusterGenomes · 

GitHub. 

https://github.com/simroux/ClusterGenomes/blob/master/Cluster_genomes_5.1.pl. 

Accessed 25 May 2021. 

61. Roux S, Emerson JB, Eloe-Fadrosh EA, Sullivan MB. Benchmarking viromics: 

An in silico evaluation of metagenome-enabled estimates of viral community 

composition and diversity. PeerJ. 2017;2017. 

62. Guerin E, Shkoporov A, Stockdale SR, Clooney AG, Ryan FJ, Sutton TDS, et al. 

Biology and Taxonomy of crAss-like Bacteriophages, the Most Abundant Virus in the 

Human Gut. Cell Host Microbe. 2018;24:653-664.e6. 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted June 25, 2021. ; https://doi.org/10.1101/2021.06.25.449885doi: bioRxiv preprint 

https://doi.org/10.1101/2021.06.25.449885
http://creativecommons.org/licenses/by-nc-nd/4.0/


63. Dion MB, Plante P-L, Zufferey E, Shah SA, Corbeil J, Moineau S. Streamlining 

CRISPR spacer-based bacterial host predictions to decipher the viral dark matter. 

Nucleic Acids Res. 2021;49:3127–38. doi:10.1093/nar/gkab133. 

64. Kanehisa M, Sato Y. KEGG Mapper for inferring cellular functions from protein 

sequences. Protein Sci. 2020;29:28–35. doi:10.1002/pro.3711. 

65. Kumar S, Stecher G, Li M, Knyaz C, Tamura K. MEGA X: Molecular Evolutionary 

Genetics Analysis across Computing Platforms. 

66. Letunic I, Bork P. Interactive Tree Of Life (iTOL) v5: an online tool for 

phylogenetic tree display and annotation. Nucleic Acids Res. 2021. 

doi:10.1093/nar/gkab301. 

67. Sharifi F, Ye Y. MyDGR: A server for identification and characterization of 

diversity-generating retroelements. Nucleic Acids Res. 2019;47:W289–94. 

doi:10.1093/nar/gkz329. 

68. Yan F, Yu X, Duan Z, Lu J, Jia B, Qiao Y, et al. Discovery and characterization of 

the evolution, variation and functions of diversity-generating retroelements using 

thousands of genomes and metagenomes. BMC Genomics. 2019;20:1–11. 

doi:10.1186/s12864-019-5951-3. 

69. Benler S, Cobián-Güemes AG, McNair K, Hung SH, Levi K, Edwards R, et al. A 

diversity-generating retroelement encoded by a globally ubiquitous Bacteroides 

phage. Microbiome. 2018;6:191. doi:10.1186/s40168-018-0573-6. 

70. Cantu VA, Salamon P, Seguritan V, Redfield J, Salamon D, Edwards RA, et al. 

PhANNs, a fast and accurate tool and web server to classify phage structural 

proteins. PLoS Comput Biol. 2020;16:e1007845. doi:10.1371/journal.pcbi.1007845. 

71. Li H, Handsaker B, Wysoker A, Fennell T, Ruan J, Homer N, et al. The 

Sequence Alignment/Map format and SAMtools. Bioinformatics. 2009;25:2078–9. 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted June 25, 2021. ; https://doi.org/10.1101/2021.06.25.449885doi: bioRxiv preprint 

https://doi.org/10.1101/2021.06.25.449885
http://creativecommons.org/licenses/by-nc-nd/4.0/


doi:10.1093/bioinformatics/btp352. 

72. Bellas CM, Schroeder DC, Edwards A, Barker G, Anesio AM. Flexible genes 

establish widespread bacteriophage pan-genomes in cryoconite hole ecosystems. 

Nat Commun. 2020;11. doi:10.1038/s41467-020-18236-8. 

73. Martinez-Hernandez F, Fornas O, Lluesma Gomez M, Bolduc B, de la Cruz Peña 

MJ, Martínez JM, et al. Single-virus genomics reveals hidden cosmopolitan and 

abundant viruses. Nat Commun. 2017;8:15892. doi:10.1038/ncomms15892. 

74. Manrique P, Bolduc B, Walk ST, Van Oost J Der, De Vos WM, Young MJ. 

Healthy human gut phageome. Proc Natl Acad Sci U S A. 2016;113:10400–5. 

75. Gregory AC, Zablocki O, Zayed AA, Howell A, Bolduc B, Sullivan MB. The Gut 

Virome Database Reveals Age-Dependent Patterns of Virome Diversity in the 

Human Gut. Cell Host Microbe. 2020;28:724–40. doi:10.1016/j.chom.2020.08.003. 

76. Thingstad TF. Elements of a theory for the mechanisms controlling abundance, 

diversity, and biogeochemical role of lytic bacterial viruses in aquatic systems. 

Limnol Oceanogr. 2000;45:1320–8. doi:10.4319/lo.2000.45.6.1320. 

77. Knowles B, Silveira CB, Bailey BA, Barott K, Cantu VA, Cobian-Guëmes AG, et 

al. Lytic to temperate switching of viral communities. Nature. 2016;531:466–70. 

78. Tanaka M, Nakayama J. Development of the gut microbiota in infancy and its 

impact on health in later life. Allergology International. 2017;66:515–22. 

79. Yutin N, Makarova KS, Gussow AB, Krupovic M, Segall A, Edwards RA, et al. 

Discovery of an expansive bacteriophage family that includes the most abundant 

viruses from the human gut. Nat Microbiol. 2018;3:38–46. 

80. Reeves P. Evolution of Salmonella O antigen variation by interspecific gene 

transfer on a large scale. Trends Genet. 1993;9:17–22. doi:10.1016/0168-

9525(93)90067-R. 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted June 25, 2021. ; https://doi.org/10.1101/2021.06.25.449885doi: bioRxiv preprint 

https://doi.org/10.1101/2021.06.25.449885
http://creativecommons.org/licenses/by-nc-nd/4.0/


81. Rajakumar K, Jost BH, Sasakawa C, Okada N, Yoshikawa M, Adler B. 

Nucleotide sequence of the rhamnose biosynthetic operon of Shigella flexneri 2a and 

role of lipopolysaccharide in virulence. J Bacteriol. 1994;176:2362–73. 

doi:10.1128/jb.176.8.2362-2373.1994. 

82. Tsukioka Y, Yamashita Y, Oho T, Nakano Y, Koga T. Biological function of the 

dTDP-rhamnose synthesis pathway in Streptococcus mutans. J Bacteriol. 

1997;179:1126–34. doi:10.1128/jb.179.4.1126-1134.1997. 

83. Porter NT, Hryckowian AJ, Merrill BD, Fuentes JJ, Gardner JO, Glowacki RWP, 

et al. Phase-variable capsular polysaccharides and lipoproteins modify 

bacteriophage susceptibility in Bacteroides thetaiotaomicron. Nat Microbiol. 

2020;5:1170–81. doi:10.1038/s41564-020-0746-5. 

84. Krinos CM, Coyne MJ, Weinacht KG, Tzianabos AO, Kasper DL, Comstock LE. 

Extensive surface diversity of a commensal microorganism by multiple DNA 

inversions. Nature. 2001;414:555–8. doi:10.1038/35107092. 

85. Shkoporov AN, Khokhlova E V, Stephens N, Hueston C, Seymour S, Hryckowian 

AJ, et al. Long-term persistence of crAss-like phage crAss001 is associated with 

phase variation in Bacteroides intestinalis. doi:10.1101/2020.12.02.408625. 

86. Reeves PR. Role of O-antigen variation in the immune response. Trends 

Microbiol. 1995;3:1–6. papers3://publication/uuid/59CD5B47-D329-4934-B613-

F7BB085FB262. 

87. Rahman MM, Guard-Petter J, Carlson RW. A virulent isolate of Salmonella 

enteritidis produces a Salmonella typhi-like lipopolysaccharide. J Bacteriol. 

1997;179:2126–31. doi:10.1128/jb.179.7.2126-2131.1997. 

88. Vaca-Pacheco S, Paniagua-Contreras GL, García-González O, De La Garza M. 

The clinically isolated FIZ15 bacteriophage causes lysogenic conversion in 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted June 25, 2021. ; https://doi.org/10.1101/2021.06.25.449885doi: bioRxiv preprint 

https://doi.org/10.1101/2021.06.25.449885
http://creativecommons.org/licenses/by-nc-nd/4.0/


Pseudomonas aeruginosa PAO1. Curr Microbiol. 1999;38:239–43. 

doi:10.1007/PL00006794. 

89. Ramotar K, Conly JM, Louie TJ. Production of menaquinones by intestinal 

anaerobes. J Infect Dis. 1984;150:213–8. doi:10.1093/infdis/150.2.213. 

90. Takahashi M, Naitou K, Ohishi T, Kushida K, Miura M. Effect of vitamin K and/or 

D on undercarboxylated and intact osteocalcin in osteoporotic patients with vertebral 

or hip fractures. Clin Endocrinol (Oxf). 2001;54:219–24. doi:10.1046/j.1365-

2265.2001.01212.x. 

91. Manfioletti G, Brancolini C, Avanzi G, Schneider C. The protein encoded by a 

growth arrest-specific gene (gas6) is a new member of the vitamin K-dependent 

proteins related to protein S, a negative coregulator in the blood coagulation 

cascade. Mol Cell Biol. 1993;13:4976–85. doi:10.1128/mcb.13.8.4976. 

92. Crivello NA, Casseus SL, Peterson JW, Smith DE, Booth SL. Age- and brain 

region-specific effects of dietary vitamin K on myelin sulfatides. J Nutr Biochem. 

2010;21:1083–8. doi:10.1016/j.jnutbio.2009.09.005. 

93. Ferland G. Vitamin K and the nervous system: An overview of its actions. 

Advances in Nutrition. 2012;3:204–12. doi:10.3945/an.111.001784. 

94. Lippi G, Franchini M. Vitamin K in neonates: Facts and myths. Blood 

Transfusion. 2011;9:4–9. doi:10.2450/2010.0034-10. 

95. Suttie JW. The importance of menaquinones in human nutrition. Annual Review 

of Nutrition. 1995;15:399–417. doi:10.1146/annurev.nu.15.070195.002151. 

96. Conly JM, Stein K, Worobetz L, Rutledge-Harding S. The Contribution of Vitamin 

K2 (Menaquinones) Produced by the Intestinal Microflora to Human Nutritional 

Requirements for Vitamin K. Am J Gastroenterol. 1994;89:915–23. 

97. Shearer MJ. VITAMIN K AND VITAMIN K-DEPENDENT PROTEINS. Br J 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted June 25, 2021. ; https://doi.org/10.1101/2021.06.25.449885doi: bioRxiv preprint 

https://doi.org/10.1101/2021.06.25.449885
http://creativecommons.org/licenses/by-nc-nd/4.0/


Haematol. 2008;75:156–62. doi:10.1111/j.1365-2141.1990.00156.x. 

98. Otsuji N, Sekiguchi M, Iijima T, Takagi Y. Induction of phage formation in the 

lysogenic escherichia coli K-12 by mitomycin C. Nature. 1959;184:1079–80. 

doi:10.1038/1841079b0. 

99. George J, Castellazzi M, Buttin G. Prophage induction and cell division in E. coli 

- III. Mutations sfiA and sfiB restore division in tif and lon strains and permit the 

expression of mutator properties of tif. MGG Mol Gen Genet. 1975;140:309–32. 

doi:10.1007/BF00267322. 

100. López E, Domenech A, Ferrándiz MJ, Frias MJ, Ardanuy C, Ramirez M, et al. 

Induction of prophages by fluoroquinolones in Streptococcus pneumoniae: 

Implications for emergence of resistance in genetically-related clones. PLoS One. 

2014;9:e94358. doi:10.1371/journal.pone.0094358. 

101. Sutcliffe SG, Shamash M, Hynes AP, Maurice CF. Common Oral Medications 

Lead to Prophage Induction in Bacterial Isolates from the Human Gut. Viruses. 

2021;13:455. doi:10.3390/v13030455. 

 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted June 25, 2021. ; https://doi.org/10.1101/2021.06.25.449885doi: bioRxiv preprint 

https://doi.org/10.1101/2021.06.25.449885
http://creativecommons.org/licenses/by-nc-nd/4.0/

