/0/1 02 /3

455 6 510623/35 7 000899022

' ' . 860 :

3;1< 455 6 510611=>5 801>= 0/1 01022 $

13/?>9

(&<




Zind et al. Microbiome (2021) 9:77
https://doi.org/10.1186/s40168-021-01033-w

RESEARCH Open Acce

High throughput sequencing provides ")
exact genomic locations of inducible
prophages and accurate phage-to-host

ratios in gut microbial strains

Mirjam Ziind, Hans-Joachim Ruschew&y@hristopher M. Fidid\Natalie Meyér Miguelangel Cuenta
Daniel Hoces Wolf-Dietrich Hartland Shinichi Sunagawie

Abstract

Background: Temperate phages influence the density, diversity and function of bacterial populations. Histotfically,
they have been described as carriers of toxins. More recently, they have also been recognised as direct mpdulators
of the gut microbiome, and indirectly of host health and disease. Despite recent advances in studying prophages
using non-targeted sequencing approaches, methodological challenges in identifying inducible prophages in
bacterial genomes and quantifying their activity have limited our understanding of prophage-host interactions.

Results:We present methods for using high-throughput sequencing data to locate inducible prophages, including
those previously undiscovered, to quantify prophage activity and to investigate their replication. We first usg¢d the
well-establishe@almonella enterisgrovar Typhimurium/p22 system to validate our methods for (i) quantifying
phage-to-host ratios and (ii) accurately locating inducible prophages in the reference genome based on phage-to-
host ratio differences and read alignment alterations between induced and non-induced prophages. Investigating
prophages in bacterial strains from a murine gut model microbiota known as OligdoeMIMDMDMm?2, we
located five novel inducible prophages in three strains, quantified their activity and showed signatures of lateral
transduction potential for two of them. Furthermore, we show that the methods were also applicable to
metagenomes of induced faecal samples from Oliga-Mhce, including for strains with a relative abundance
below 1%, illustrating its potential for the discovery of inducible prophages also in more complex metagengmes.
Finally, we show that predictions of prophage locations in reference genomes of the strains we studied were
variable and inconsistent for four bioinformatic tools we tested, which highlights the importance of their
experimental validation.
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(Continued from previous page)
Conclusions:This study demonstrates that the integration of experimental induction and bioinformatic analygis
presented here is a powerful approach to accurately locate inducible prophages using high-throughput seqpencing
data and to quantify their activity. The ability to generate such quantitative information will be critical in helging us
to gain better insights into the factors that determine phage activity and how prophage-bacteria interactions
influence our microbiome and impact human health.

Keywords: Prophage localisation, Prophage induction, Phage activity, Phage replication, High-throughput
sequencing, Phage-to-host ratio, Gut microbiota

Background imaging-based approache&¥, 26]. As an alternative, re-
The gut microbiome of humans and other mammals is cent advances have enabled researchers to identify and
composed of a diverse range of eukaryotic microorgan-characterise phages by analysing high-throughput
isms, archaea, bacteria and viruse§. [Compared to the sequencing (HTS) data, including in uncultured gut
different types of microorganisms identified in the gut, microbial community (i.e. faecal) sample£,[27]. One
viruses that infect bacteria (phages) are suggested to bapproach is to enrich virions from cultures or communi-
numerically dominant, highly diverse, individual-specific ties of host bacteria, extract the DNA of viral genomes
and stable over time4-5]. Of the gut phages that have and subject it to shotgun metagenomic sequencing. This
been identified to date, many display ‘eemperaté, lyso- approach makes it possible to reconstruct entire viral ge-
genic life cycle in which they replicate as either genome-nomes from shotgun sequence data, has led to increased
integrated or extrachromosomal prophages within host expansion of viral genome sequences in public databases
bacterial cells §]. Upon induction, temperate phages can [28] and provided an improved ability to identify active
enter the lytic cycle, during which they replicate within prophage producing virions29]. However, the choice of
the host cell and produce new infective particles (vi- enrichment methods was shown to influence the num-
rions) that are released upon lysis of the host cdf].| ber of recovered virus types3p] and the low yield of
The widespread manifestation of lysogeny amongstDNA isolated from virions usually necessitates an add-
phages found in the gut microbiome suggests an import-itional amplification step, which is prone to generating
ant role for prophages in controlling the density, diver- uneven or chimeric representations of genomic frag-
sity and function of gut bacterial populations8-10]. ments [31, 32]. Together, the pre-treatment steps before
Prophages can be induced to enter the lytic cycle eithewirion sequencing thus commonly lead to biases in the
spontaneously 11], or by stress stimuli 12-15. The relative abundance estimation of viruses.
subsequent production and release of virions is usually To overcome the limitation of low DNA yields from
lethal to bacterial host cells, and may also impact non-enriched virions, an alternative approach is to extract
susceptible species within a gut bacterial communityDNA from whole cultures or community samples with-
through cascading effects that owe to the disturbanceout an enrichment step and shotgun sequence the entire
caused to bacterial interaction networkd §]. The activ- community. Using this approach, the activity of pro-
ity and abundance of phages may thus cause substantigdhages in the entire culture can be quantified by asses-
alterations to gut microbial community compositions sing the relative copy number of phage genomes per
[17] and in turn, impact host-microbe interactions. In- host genome—known as the phage to host (PtoH) ratio.
deed, phages are increasingly recognised to have an eBor example, using HTS data from human gut micro-
sential role in the health and disease of mammalsbiome samples, Waller et al. (2014) sought to quantify
Alteration in the abundance and composition of viral PtoH ratios by aligning sequencing reads to prophage re-
populations have been detected, for example, in the congions in sequenced reference genome33|[ This ap-
text of gastrointestinal disorders18-20]; after dietary proach relies on the use of bioinformatics tools, such as
perturbation in humans R1] and mice R2, 23], as well VirSorter [34], VIBRANT [35], PHASTER B6] and Pro-
as in response to antibiotic administration in pig4.4]. phage Hunter B7], which predict prophage regions in
Whilst the importance of prophages as mobile geneticfragmented or complete microbial genomes by using in-
elements P4] and modulators of the gut microbiome§] formation from virus databases and testing for the pres-
is now evident, methodological challenges in identifyingence of viral hallmark genes 3B]. However, these
prophages in bacterial genomes and in assessing their inmethods rely on similarity searches within existing data-
ducibility still limit our understanding of prophage-host bases or machine learning using known phage sequences
interactions. For example, studying prophages can be lafor training. This may bias the prediction of novel pro-
borious when relying on targeted cultivation- and phages in favour of those that are most similar to
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previously reported prophages. Furthermore, to ourcombination, are indicative of naiveS Tm LT2P?2

knowledge, no attempts have been made to assess tharains if flanking attB (both primers target bacterial
accuracy of different tools in predicting the genomic co- DNA), integrated prophages if flankingattL (primers
ordinates (i.e. locations) of prophages and to experimentarget bacterial and viral DNA) and circularised (or
tally validate whether HTS-derived PtoH ratios are in concatenated) p22 phage genomes if flankiagP (both
congruence with established quantitative methods, suchprimers target viral DNA) (Fig.1a/b). In control cul-
as quantitative PCR (gPCR). tures, we determined a PtoH ratio of 1.07 (+).01 sd),
Here, we describe the development and validation ofreflecting a low level of spontaneous phage induction
methods (i) to test the inducibility, (ii) to determine the [44]. Upon induction by mitomycin C, the PtoH ratio in-
precise genomic location and (iii) to explore the replica- creased to 14.56 (+/1.18 sd). The difference of PtoH ra-
tion mode of prophages, and (iv) to accurately quantifytios between induced and control cultures PtoH
PtoH ratios. We subsequently applied these methods toratio), calculated as the mean lgdold change (}fc) of
identify, locate and characterise several inducible pro-PtoH ratios (Fig.1c; see also theMethods section: for-
phages in gut microbial model strains. We further show mula iii), was 3.65 (+/0.13 sd).
that this approach can also be used to analyse prophage Next, we sought to compare PtoH values based on
activity in ex vivo-cultured gut microbial communities. shotgun-sequenced short insert DNA libraries, from the
Based on experimentally validated data, we finally dissame samples to the reference values established by
cuss the variability amongst and limited accuracy of sev-gPCR (see the‘Methods section). To this end, we

eral prophage prediction tools. aligned paired-end (PE) reads from control and induced
cultures to a re-sequenced genome (Fig) of S Tm

Results LT2P?? (see Material, Additional filel: Supplementary

High throughput sequencing reflects accurate PtoH ratios  Figure 1). The mean PtoH ratio for p22 [1.14 (+0.04

in mitomycin C-induced S. Typhimurium cultures sd)], calculated as the fragment coverage of the p22 re-

As a model organism for prophage induction, we used agion divided by the median fragment coverage of 10 uni-
Salmonella entericaserovar Typhimurium LT2 strain &  versal, single-copy, phylogenetic marker genés,[46]
Tm LT2P?3). In addition to its original prophages (FELS- across replicates, was similar to the PtoH ratio of p22
1, FELS-2, Gifsy-1 and Gifsy-25 Tm LT2P?? carries measured by gPCR. In mitomycin C-induced cultures,
the prophage p2239). Treatment of S Tm LT2P??cul- the PtoH ratio increased to 14.94 (+.73 sd) and the
tures with mitomycin C has previously been shown to PtoH ratio (Fig.3a/b) was 3.71 (+/0.19 sd). The PtoH
result in DNA damage, leading to inactivation of pro- ratios of p22 measured by gPCR and HTS for both con-
phage repressorslB, 40] and subsequent induction of trol (p=0.10, Welch test;p=0.19 pairedt test) and in-
p22 [13, 40]. The induction and replication mode of p22 duced =0.77, Welch testp=0.40 pairedt test) S Tm
involves the excision and subsequent circularisation ofLT2P?? cultures showed no significant difference be-
the phage genome by recombination of homologous seiween the two methods regardless of assuming equal
guences present at the attachment sitesttC and attR) (pairedt test) or unequal (Welch test) variances between
of the prophage genome4fl]. Upon excision of the the groups. The same was true for thePtoH ratio be-
phage genome, recombined attachment sites are genertween induced and control culturespc0.74, Welch test;
ated in the phagedttP) and host 4ttB) genomes result- 0.56 pairedt test) when measured by gPCR or HTS. The
ing in a circular phage genome and a nai® Tm close agreement with the measured gPCR values, there-
LT2P?2 strain not carrying the prophage p22 in its gen- fore, validates our HTS method to determine accurate
ome anymore. In the lytic cycle, concatemeric phagePtoH ratios.
DNA is formed as a result of rolling circle amplification ~ To determine whether mitomycin C induces pro-
[42], which is packaged into capsids via a mechanismphages other than p22, we tested for significanPtoH
named headful packaging4p]. During this process, ratios as meanjfc of all genes inS Tm LT2P?? using
DNA is packaged into procapsids initiated from pac the DESeq2 packagelf]. In addition to significantly in-
site and proceeding unidirectionally until the carrying creased [§<0.05) bfcs for each gene in p22 [mean=3.76
capacity of the first procapsid is reached before continu-(+/ 0.13 sd)], we identified Fels-1 as a second induced
ing with packaging DNA into the next procapsid starting prophage (Fig3a) with a significantly p<0.05) increased
wherever the previous one finishedJ]. mean bfc of 1.93 (+/ 0.22 sd). This result is in accord-
Using this system, we first established quantitative ref-ance with previous findings demonstrating the inducibil-
erence values for PtoH ratios by performing gPCR mea-ty of Fels-1 by mitomycin C 48]. We also detected
surements using induced and non-induced (contro§  some genes within the region of Fels-2 with significant
Tm LT2P%2 cultures. We designed four qPCR primers I fc (Fig. 3a). However, no significant PtoH ratio was
(see the‘Methods section), which, depending on their observed for either Gifsy-1 or Gifsy-2, which is in
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Fig. 1 Establishment of quantitative reference values for the induction of prophage S22rmLT%?2 a The schema illustrates the different
primer combinations that were used to amplify genomic regions that are indicative of circularised and concatemeric prophage p22 genpmes
(top), naive&s Tm LT?2genomes lacking the p22 prophage (middle) and lysog&nian LTZ?genomes (bottom) owing to the primers
targeting either bacterial (grey) or viral (red) DNA sequence present next to the attachment site seajtRat@sandattL (turquoise),
respectively. The three different primers pairs are shown as black arrows. Sall and Sal2 target bacterial and p1 and p2 viral DNA seqpences.
Quantitative PCR readouts from non-induaeeB( control) and mitomycin C-inducen=@, induced)s Tm LT?%2cultures. The different primer
combinations targetingttP,attB andattL allow for determining the quantity of naigeTm LT?2 S Tm LT%2and induced p22 within a single
culture. The transformed cycle threshold (CT) values are proportional to the amount of template DNA in each sample. The data suggest that
upon induction, p22 and naivé Tm LT??genome copy numbers increase as a consequence of p22 excision. A non-homogeneous indyction
of S Tm LT??cells in the treated culture with growth of non-induc&dTm LT%?cells over the period of 24 h is most likely the explanatior|
for unchanged CT values between control and indugefim LT%? culturesc PtoH ratios measure the activity of p22 by assessing the relatjve
copy number of phage genomes per host genomes. To this end, we compared the amount of viral DMATIOIIT? (using primers Sall &
p2) and induced p22 (using primers p1 & p2) genomes to the combined amount of bacterial DN& Tionh. T2 (using primers Sall & p2)
and naiveS Tm LT%2(using primers Sall & Sal2) genomes within control and induced cultures. PtoH differences were calculated as the mean
log,-fold change ¢fc) between induced and control culturesRtoH ratio)

accordance with a lack of virion production of Gifsy-1 case, the identification of OPRs in reference genome
and Gifsy-2 after mitomycin C-treatment in Frey et al. alignments provides information about the original loca-
(2005). This could be due to mitomycin C having re- tion of the sequenced constructs. Thus, we expected that
duced efficiency in Gifsy-1 and Gifsy-2 induction com- for induced prophages following this mode of replica-
pared to other substances like hydrogen peroxide and/ortion, OPRs would accumulate at the attachment sites of
that the presence of Gifsy-1 may decrease the efficiencprophages &ttL/R) and that once corroborated, identify-

of Gifsy-2 induction inS.Tm LT2 strains (49, 50]. ing OPRs would be a suitable approach to experimen-
tally validate the presence of inducible prophages. In

Outward-oriented and clipped sequencing reads reveal addition, sequencing reads that overlap with the begin-

genomic locations of phages inS Tm LT2??2 ning or the end of homologousatt core sequences in

The products of sequencing DNA libraries that contain lytic phages are expected to be only partially aligned (i.e.
circularised or concatenated phage genomes, as expectetlipped) at the correspondin@ttR andattL sites in the

in induced cultures of S. Tm LT2P%2 should be com- reference genome (Fi@). Inspecting these clipped reads
posed of PE reads and abnormally distant, outward-should, therefore, allow for identifying the recombining
oriented PE reads (OPRs) when aligned to the referencatt core sequences of p25]], and thus, the exact gen-
genome of the lysogenic host (Fig). This expectation is omic coordinates of p22 and other inducible prophages.
in accordance with in vitro molecular biology protocols In line with these expectations, we observed that mito-
that are used to construct circularisetinate-pair DNA  mycin C-induction led to an increased count of OPRs
libraries of genomic fragments several kb in size. In thisper cell around the respectivattL and attR sites of p22,
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Fig. 2 Localisation and quantification of inducible prophages by HTS reads. In our study, DNA templates from either integrated prophapes (i.e.
within host genomes) or induced prophages (i.e. from circularised and concatenated phage genomes) were subjected to HTS. Depending on the
type of template DNA, HTS generates paired-end (PE) reads of bacterial (dark purple), viral (red) or combination of both (mixture of dark purple,
turquoise and red) origin. Alignment of PE-reads from prophages to the host reference genome is expected to result in an even read doverage
and a PtoH ratio around one. PE-reads from circularised and concatenated phage genomes are expected to increase the read coverage at the
prophage region compared to the remainder of the reference genome resulting in a PtoH ratio larger than one. The read coverage of the
reference genomes was calculated as the median read coverage of 10 universal, single-copy, phylogenetic marker genesRktEsatiche
represents the change in the prophage activity between induced and non-induced prophages measured afcniReads originating from
regions containing thattL orattR sites of prophages (turquoise) reveal usual PE read characteristics (F-R orientation, standard insert size) when
being aligned to the reference genome. However, PE-reads originating from regions contaiwittg 8ie of circularised and concatenated
phage genomes (turquoise) are outward-oriented (R-F orientation) and have an enlarged insert size (approximating the genome size qf the
respective phages) when being aligned to reference genomes. These PE-reads are referred to as outward-oriented paired-end reads (OPRs). PE-
reads originating from excised prophages and coveringattfe site align only partially to the reference genome of the lysogen; thus, they give

rise to reads we refer to as clipped reads. The accumulation of clipped reads and OPRatis@asdand increasedPtoH ratio allow to
identify and locate inducible prophages

Fels-1 and Fels-2 (Fig3b-d). For all three phages, Different replication modes are reflected in distinct

similar counts at the attR and attL sites provided shapes of read coverage within and adjacent to prophage
strong evidence that these OPRs originated fromlocations

intra-cellular circularised or concatenated phage ge-In addition to analysing OPRs and clipped reads, we
nomes or mature virions (Additional file2: Supple- observed characteristic patterns within and adjacent
mentary Table S1). By inspecting clipped reads, wedo the genomic locations of p22 and Fels-1 in mito-
mapped the coordinates of the p22 prophage 8. mycin C-induced cultures. For example, when com-
Tm LT2P?? to range from 1,213,987 to 1,255,756. Fur-paring control and induced cultures, a stepwise
thermore, we found the homologous core sequence ofincrease in sequenced DNA fragments was observed
the att site to be in perfect agreement to the one re- at the pac site of p22, followed by a gradual decrease
ported initially [51]. When applying the same ap- towards the attR site (Fig.3b). The higher coverage
proach to Fels-1 and Fels-2, we mapped the genomiof DNA sequencing reads downstream of theac site
coordinates of Fels-1 to range from 1,849,458 to 1,s an expected result of the headful packaging mech-
892,188 and verified by clipped read analysis its 8 bmnism, which leads to some redundancy of the phage
long att core sequence, TCCTTTCAH2]. The coor- genome within procapsids 43]. Moreover, we ob-
dinates of Fels-2 range from 3,731,215 to 3,764,954erved a significant increase in read coverage of bac-
and we identified a 47 bp longatt core sequence terial host genes downstream of theattR site,
(Additional file 2: Supplementary Table S3). resembling a one-sided tent when plotting read
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Fig. 3 PtoH ratio and replication modes of induc®dm LT2%? prophages determined by high-throughput sequencimy. (PtoH ratio of
each gene in mitomycin C-inducen=@) S.Tm LT®?2cultures shown as meagfd. The fold change in read coverage for each gene was
evaluated using the DESeq2 package. Statistical significance required both a significant change of read coverage between induced arnd control
cultures (Wald tegp; value<0.05 after Benjamin Hochberg correction) anft &igher than one standard deviation of the megfo bf all non-
prophage genes. Data points in plots represent all protein-cd8ifimm LT??2genes and are shown in orange if théck were statistically
significant (otherwise in grey). Thie$ along theS.Tm LT*?genome resemble a one-sided and a two-sided tent-like shape around the
genomic locations of the phages p22 (1,213,987-1,255,756) and FELS-1 (1,849,458-1,892,188). The grey dashed lines indicate the lotations of the
prophages Gifsy-2 and Gifsy-1. Detailed views of the genomic locations of the prophad®s p&2-(cf and Fels-2d). Mean OPR counts in
induced (red) and control (dark purple) cultures are shown in the upper panel. Each bar represents the normalised mean count of OPRs that
were aligned within the shown regions. The individual OPR counts per sample were normalised by the sample-specific median insert goverage of
10 single-copy MGs to yield OPR counts per cell before the overall mean OPR counts was calculated. The lower panel shows the patierns of the
PtoH ratio for each prophage and adjacent host regions. Orange data points with grey borders denote the genes containing the packiaging site

pacfor p22 andcosfor Fels-1

J

coverage against genome position (Figa). This pat- to excision of Fels-1, as previously described§].
tern is likely the result of delayed prophage excisionThe ‘escape replicationcould provide a fithess advan-
(relative to packaging initiation) resulting in unidirec- tage to the phage by increasing the excision success
tional headful packaging of integrated viral and adja-of Fels-1 or to enhance the change of gene exchange
cent host DNA, which has recently been described ashetween Fels-1 and Gifsy-2 that is replicated along
lateral transduction p3]. For Fels-1, we observed a with Fels-1. Notably, Frye et al. (2005) detected no
similar stepwise increase within the prophage region,adjacent host genes in Fels-1 phage particles isolated
only this time located downstream of a&ossite (Fig. from mitomycin C-inducedS Tm LT2 cultures, which is
3c). In contrast to p22, however, host gene DNA frag- expected upon excision andossite-mediated unit-length
ments were significantly increased both up- and packaging of phage procapsid$4. However, the ob-
downstream of theattL and attR sites, respectively, served stepwise increase in read coverage downstream of
resulting in a characteristic two-sided tent-like shape the cos site may rather indicate that immature virions pro-
in the corresponding coverage plot (Figa). This pat- tecting the viral DNA from degradation were produced
tern is likely a result of ‘escape replication during during escape replication as previously described in
which DNA is bi-directionally amplified in situ prior excision-defective prophages$5).
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OPRs and clipped reads reveal inducible murine gut Table S4). In addition to a significant PtoH ratio of
bacterial prophages 3.51 (+/ 0.13 sd) in the prophage region (Figid),
Having validated our HTS-based methodology to assessvhich was validated by gPCR (3.53 +0.16 sd), a
the inducibility of prophages, to quantify PtoH ratios second region of 229,846 bp length showed a signifi-
and to map the genomic location of prophages, wecantly (p<0.05) increased PtoH ratio of 0.73
sought to apply this approach to investigate previously(+/ 0.14 sd). However, whereas prophage induction
uncharacterised gastrointestinal prophages. Specificallyesults in an increase in OPRs around the attach-
we chose to study a set of 12 gut bacterial strains, knowrment sites of the prophage, no OPR accumulation
as Oligo-MM*? [also termed sSDMDMm?2 (Additional file was observed for the second region (Fide). Func-
2: Supplementary Table S2)], that serve as a representaional annotation of the genes in this region revealed
tive, defined and experimentally tractable gut microbiota two 1S3 family transposases at the start and end of
in mice [56, 57]. Although genome sequences havethe region.
already been generated, the presence, inducibility and The read coverage patterns of the newly identified
putative replication modes of prophages in these strainsphages in YL44 resembled those we previously ob-
have not been characterised to date. In addition, we anaserved forS. Tm LT2P?? Fels-1, that is, a two-sided
lysed a human commensal straigscherichia colHS (E. tent suggesting bi-directional escape replication and
coli HS) [58], one of the predominant facultative anaer- concomitant production of virions (Fig.4a). Align-
obic organisms in the gastrointestinal trac6]. ment of sequencing reads from enriched virions to
We aimed to induce putative prophages in cultures of the reference genome of YL44 showed a substantial
Oligo-MM *? strains during the logarithmic growth coverage increase at the locations of both prophages.
phase with mitomycin C (Additional filel: Supplemen- Together with the accumulation of OPRs at the re-
tary Figure S2). To identify inducible prophages, we de-spective att sites (Fig.4f), these results suggest that
termined the location of OPRs and tested if thePtoH the sequenced DNA originated from mature virions.
ratio of the genes between OPR had a significapk( Notably, read coverages were increased upstream of
0.05) mean 4fc. We identified two inducible prophages YL44 phage 1 and downstream of YL44 phage 2, indi-
in Akkermansia muciniphilaYL44 (YL44), one inBlau- cating apac site-mediated lateral transduction poten-
tia coccoidesrL58 (YL58), and another one ii. coliHS tial of both phages (Fig.4g). These results were
(Fig.4a-c). By analysing clipped read locations, we detercorroborated using the software PhageTern6( to
mined the genomic coordinates for each of the identified predict the replication mode of these phages. By con-
prophages (Tablel) and used them as anchor points to trast, for the induced phage in YL58, we observed a
identify the homologous core sequence (Additional file sharp coverage increase (Figb), similar to the one
2: Supplementary Table S3,). For YL44, we detected abserved forE. coli HS; however, an accumulation of
significant (p<0.05) PtoH ratio of 4.41 (+/ 0.13 sd) for read start sites, as expected to originate frooossites
the first prophage and a significant PtoH ratio of 4.19 with a 5-cohesive end in linear phage genomes,
(+/ 0.14 sd) for the second prophage (F4p). To verify could not be readily identified.
the production of mature virions, we enriched mitomy-
cin C-induced YL44 cultures for viral particles, se- Gut prophages are inducible in ex vivo-cultured murine
guenced the extracted DNA (see thi#ethods section), gut bacterial community samples
and validated the predicted start and end sites of the in-Having experimentally validated inducible prophages in
ducible prophages by aligning the assembled phage gepure cultures of Oligo-MM" strains, we investigated the
nomes (Additional file3) to their host genome as well as inducibility of prophages from the intestinal community
by clipped read analysis. Although spontaneous induc-of gnotobiotic Oligo-MM*? mice. We evaluated whether
tion was observed in control cultures of YL58, we still the HTS-based approach could detect prophage induc-
detected a significant g<0.05) PtoH ratio of 0.61 tion in ex vivo-cultured communities and thus help to
(+/ 0.05 sd) per cell upon mitomycin C induction (Fig. evaluate several strains simultaneously. We used mito-
4b). For Acutalibacter muriskB18, we observed one and mycin C to induce faecal pellets resuspended in media
for and Flavonifractor plautii YL31 two additional OPR- and performed metagenomic sequencing (see the
flanked putative prophage region (Tablé). However, ‘Methods section). By aligning PE reads to the collection
PtoH ratios were not statistically significant (Additional of the respective reference genomes, we located OPRs
file 1: Supplementary Figure S3), since all of these pro-and could verify that the in vitro inducible prophages of
phages were detected not only in induced but also inYL44 and YL58 produced circular phage genomes when
control samples. In the case d&. coliHS, we identified induced in a community setting (Additional filel: Sup-
an inducible prophage with acossite (Fig.4d; see the plementary Figure S4). In addition to the OPRs detected
‘Methods section; Additional file 2. Supplementary for the putative prophages ir. plautii YL31 identified




































