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Abstract

Closely related prophages are frequently found in phylogenetically distant bacteria in the human gut,
despite limited evidence of productive phage infections across broad host ranges. Thus, it remains
unclear how the wide distribution of prophages could emerge. Here, we identify a potential mechanism
of prophage dissemination. We describe two deeply diverged groups of conjugative megaplasmids
(>300 kilobases) in the human gut microbiome, which we named Hodors. Hodors encode conserved
replication, partitioning, and type IV secretion systems, together with a complex surface-associated gene
module. A subset of Hodors harbor complete, intact prophage genomes, and closely related prophages
are detected across phylogenetically distant lineages within the bacterial phylum Bacillota, including
both Bacilli and Clostridia. We show that Hodor-associated prophages can exist as extracellular particles
and demonstrate their transcriptional activity. Our findings support a model in which conjugative
megaplasmids act as composite mobile platforms that disseminate prophage genomes across bacterial
lineages, providing a mechanistic explanation for the widespread occurrence of closely related
prophages in phylogenetically distant gut bacteria and effectively decoupling lysogenic host range from
infective host range.

Introduction

Viruses are the most abundant biological entities on Earth, with virus particles outnumbering cells
several-fold in many habitats '~3. Phages are integral components of microbial ecosystems and play
central roles in shaping bacterial population dynamics, genome evolution, and horizontal gene transfer .
Experimental infection assays have consistently shown that most phages have narrow host ranges,
typically restricted to the bacterial strain or species level °, and on some occasions, to different species
from different genera in the same family 678 whereas infection across bacterial families is extremely
rare. Long-term persistence of phages is commonly achieved through lysogeny within a limited set of
related hosts ®'°. Numerous studies of the human gut microbiome have reported that the majority of
prophages rarely enter productive lytic cycles and instead remain stably integrated within host genomes
1112 However, culture-independent analyses have revealed an apparent contradiction, with several
recent studies reporting that closely related prophages are frequently found integrated into genomes of
phylogenetically distant bacteria (cross-family) in the human gut '3~1°. This pattern challenges the
classic views of phage host specificity and raises a fundamental question: how can temperate phage
genomes become broadly distributed across divergent hosts despite limited evidence of productive
infection in the human gut?

Here, we report a previously unrecognized mechanism that can provide an explanation for this
phenomenon. We identify two deeply diverged groups of conjugative megaplasmids exceeding 300 kbp
in size in the human gut microbiome, which we term Hodors. A subset of these megaplasmids carries
complete, intact prophage genomes, some of which are integrated in genomes of distantly related
Bacillota lineages, including both Bacilli and Clostridia, while exhibiting only limited genomic divergence.
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These observations suggest that temperate phage genomes can be disseminated across the bacterial
diversity via plasmid-mediated transfer and subsequently integrated into the host chromosomes, without
requiring the capability to infect an unusually broad range of hosts. Thus, our findings establish
conjugative megaplasmids as vehicles for temperate phage dispersal and provide a plausible
mechanistic framework for understanding how broadly distributed prophages can arise in the human gut
and other microbiomes.

Results

Hodors are megaplasmids inhabiting the human gut, with some harbouring complete, intact prophage
genomes

In our analysis of the huge phage genome collection (HPGC) ', we noticed that, within two groups of
genomes, only two genomes in each group encoded a large terminase subunit (TerL), a conserved,
hallmark gene present in all tailed phages, that was identified using sequence and structural searches,
although paired-end reads mapping indicated that some genomes lacking TerL genes were circular
(Supplementary Table 1). These two groups of genomes were defined at 290% nucleotide identity and
across =80% genome length, and consisted of 9 (G1) and 10 (G2) genomes, respectively. These
genomes were 211-389 kilobase pairs (kbp) in size and were all reconstructed from human gut
metagenomic samples '/~1°. Gene prediction and annotation confirmed that they encoded canonical
plasmid functions, including a replication module with an initiation protein (Rep_3) and partitioning
proteins such as ParA, ParB, and ParM/StbA (Supplementary Table 2). Thus, we concluded that these

genomes represented megaplasmids. Notably, all of the 19 genomes encoded multiple sortases,

transpeptidases that covalently anchor surface proteins to the cell envelope in Gram-positive bacteria 2°.

We designate this set of megaplasmids “Hodors” hereafter as an operational label reflecting their shared
genomic features and unusually large size. The name is inspired by the fictional character Hodor from A
Song of Ice and Fire by George R. R. Martin, known for “holding the door,” and is used here as a
mnemonic reference to their large and cohesive genomic structure.

Manual genome curation showed that one of the TerL genes was associated with a Hodor due to
chimeric assembly (Supplementary Figure 1), but the other three genomes (Hodor01, 02, and 10) each
contained a complete prophage genome (Supplementary Figure 2). Using Pebblescout search 2! and do
novo assembly, we sought to curate additional Hodor genomes (Methods). As a result, we obtained 38
high-quality Hodor genomes (25 were curated to completeness), with an average length of 356.8 kbp
(Supplementary Table 1). Among these, 11 fell within G1, and 27 belonged to G2, with G1 genomes
having a slightly higher GC content than G2 ones (47.1% vs 44.6%).

We compared the protein sequences encoded by the Hodors to the UniProtKB database and found that
>35% of these were most similar to homologs from Clostridia and Bacilli, the two large, well-
characterized classes of the phylum Bacillota (previously, Firmicutes) (Figure 1a), for example, the class
B sortases (Supplementary Figure 3, Supplementary Table 3), suggesting these bacteria could be the
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hosts of the Hodors. Although we removed the prophage genomes from the Hodors before conducting
the database search, phage-related proteins accounted for 3.3% of all hits, on average (2.5-4.4%). Among
the phage-related proteins, TnpB nucleases (actually, encoded by insertion sequences, that is,
transposable elements integrated in phage genomes) and Phage_lysozyme2 domains were frequently
identified (Supplementary Table 4).

To explore the distribution of Hodors across microbiomes, we searched 10 plasmid databases that
collectively contain >852k plasmid genomes 22 and found only 3 distant Hodor relatives (Figure 1b,
Supplementary Table 5). However, we detected 147 Hodors (excluding those with >99% identity to
curated ones) and 4 distant relatives in viral databases VIRE 23, CGVR 24, and metaVR 2°. The phylogeny
built from concatenated multiple alignments of Rep_3, ParA, and ParB proteins of Hodors and the seven
distant relatives suggests deep divergence of G1 and G2 Hodors (Figure 1c). We then used all 38 curated
Hodor genomes individually as queries to search all the indexed NCBI metagenomic databases (all SRA
made public before the end of 2023) using Pebblescout (%coverage = 30; Figure 1d) and identified 9349
non-redundant metagenomic samples containing Hodor-related reads, all from human gut or wastewater
microbiomes (Supplementary Table 6). We subsequently downloaded the Logan-assembled contigs of
these 9349 samples 2%, and compared the contigs =1 kbp to the curated Hodor genomes. By detecting
single-copy marker genes of Hodors in the Logan assemblies (Supplementary Tables 2 and 6,
Supplementary Figure 4), we obtained 1,625 draft Hodor genomes by grouping the matched Logan
contigs from the corresponding samples with only one G1 or G2 Hodor member (Methods), with each
genome =175 kbp and each contig =5 kbp (Supplementary Table 7). These genomes, including 681 from
Hodor G1 and 944 from Hodor G2, had an average length of 236.1 kbp, consisting on average of 18
contigs with a mean length of 13.5 kbp (Figure 1e), dramatically increasing the number of genes and
genomes from both groups for more detailed downstream analyses.

Among the 38 curated Hodor genomes, 6 (three from each group) harboured complete, intact prophages
(Figure 1f). Notably, although Hodor01 and Hodor02 were both from G1, they contained different
prophages inserted at different positions in their genomes (39,529 vs 46,358 bp in length), and only
12.5% identity between their TerL proteins. Conversely, despite Hodor02 from G1 being distantly related
to Hodor10, Hodor29, and Hodor34 from G2, all these Hodors shared closely similar prophage genomes
with 97.2-98.7% average nucleotide identity (ANI) (Figure 1f, Supplementary Figure 5), and with a
conserved core integration site sequence (Supplementary Figure 6), suggesting that these prophages
could be horizontally transferred between different Hodors or acquired by these Hodors from closely
related bacteria. Among the 147 Hodors identified from VIRE 23, CGVR 24, and metaVR 2°, seven
contained integrated prophage genomes. In addition, we de novo assembled 478 of the 1625 Logan
samples containing Hodors (Methods), and found that 31 of these Hodor genomes harbored prophages
(Supplementary Table 8). These results indicate that, although prophages are integrated in a minority of
Hodor genomes, they are not rare.

Both G1 and G2 groups of Hodors harbor a conserved, complex surface-associated gene module
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We clustered the protein-coding genes encoded by all 38 curated genomes and the 1625 draft Hodor
genomes based on amino acid sequence similarity. The presence-absence matrix of the protein clusters
supported the definition of the two Hodor groups (Figure 2a). Both G1 and G2 Hodors encode the
plasmid marker genes, including Rep_3 replication initiation protein, and ParA, ParB, and ParM/StbA
involved in partitioning (Supplementary Table 2). They also encode several toxin and anti-toxin genes,
and a type I-C CRISPR-Cas system with an apparently degraded repeat array (Supplementary Figure 7).

Each G1 Hodor genome encodes three sortases of classes A, B, and C, and each G2 genome encodes
two sortases of classes A and B (Supplementary Table 2). In both groups, the class B sortase gene is
located within a region encompassing several genes implicated in protein secretion, including SecY,
SecG, SecE, and a trigger factor (Figures 2b and c). They are among the limited number of genes that are
shared by both Hodor groups (Supplementary Table 2). Other shared genes include one encoding a giant
uncharacterized protein (7309-7704 amino acids; aa), and the three downstream neighbor genes, one of
which encodes another huge protein of ~2642 aa. These two giant proteins from G1 and G2 Hodors
were assigned to the same protein clusters (Figure 2a), reflecting their high conservation.
Metatranscriptome analysis of a G2 Hodor genome (i.e., Hodor23) indicated that the genes for the >7300
aa protein and its three neighbor genes were co-transcribed, apparently comprising an operon (Figure 2d,
Supplementary Figure 8). Two other sets of co-transcribed genes comprising putative operons near the
giant protein-encoding region are the trigger factor and class B sortase genes, and the SecY, SecG, and
SecE genes.

The >7300 and >2600 aa proteins harbor multiple S-layer and/or MBG (YGX type) domains that are
present in a variety of bacterial extracellular proteins (Supplementary Figure 9). These proteins contain
predicted signal peptides and thus are predicted to be secreted into the extracellular space, probably,
through a membrane pore formed by the proteins encoded by the sec operon. The class A and/or B
sortases might position the two large proteins at the membrane, whereas the other sortases could be
involved in the assembly of secreted proteins. The trigger factor likely functions as a chaperone for the
giant proteins. The consistent detection of sortases and the two huge proteins predicted to be secreted
with the help of the sortases suggests that the surface-associated gene module is a conserved function
important for plasmid spread in both Hodor groups.

Hodors of both G1 and G2 groups are conjugative megaplasmids

The Hodor genomes were analyzed in detail for genes implicated in plasmid replication, partitioning,
mobility, and conjugation. As described above, the replication initiation protein Rep_3 and the
partitioning proteins ParA, ParB, and ParM/StbA were identified in both groups of Hodors
(Supplementary Figure 4). In both G1 and G2, a large AT-rich non-coding region is adjacent to the Rep_3
replication initiation gene (Figures 3a and b), which is predicted to be the origin of plasmid replication

(oriV).

Among the core type IV secretion system (T4SS) components, VirB4 is highly conserved in both groups
of Hodors, with ~48% identity between G1 and G2 (Supplementary Table 2). In contrast, VirB6 was
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detected only with the help of structure prediction and transmembrane domain analysis, showing no
significant sequence similarity to known VirB6 proteins (BLASTp e-value threshold = 1e-5) and low
similarity between G1 and G2 Hodors (Supplementary Figure 10). VirD4, which couples the relaxosome
to the T4SS, was identified in both groups of Hodors with ~40% identity (Figures 3a and b). In addition, a
putative MOB-like relaxase, with the nuclease domain belonging to the HD superfamily of

phosphohydrolases 27, and a helicase encoded by a separate gene were identified in both groups
(Supplementary Figure 11). A comparative analysis of both the nuclease and the helicase domains
showed that, although they are both similar to the homologous domains in MOBy relaxases
(TIGR03760), they form separate clades in the respective phylogenetic trees (Supplementary Figures 11f
and g), suggestive of ancient radiation from the rest of the family, followed by vertical evolution within
the Hodors. These two genes are located in a compact region of the Hodor genomes containing plasmid
replication, partitioning, and other conjugation-related genes, including VirB4, VirD4, and VirD6.
Furthermore, a non-coding region upstream of the MOB,-like relaxase gene was predicted to be the
origin of translocation, oriT, which is essential for initiating conjugation. The putative oriT is 171-172 bp
in length in G1 and 268-381 bp in G2, with an AT content of 63.2% and 63.0% on average, respectively.
Thus, Hodors encode a nearly complete conjugation machinery, including T4SS components and a
MOB-like relaxase—helicase module, consistent with a functional conjugative system.

Interestingly, one G1 (Hodor37) and one G2 (Hodor38) Hodor each harbored an additional complete
conjugative apparatus (Figures 3c and d, Supplementary Figures 12 and 13). The two systems included a
relaxase of the MOBp family (PF03432), a relaxosome protein (MobC), coupling protein (VirD4), T4SS
ATPase (VirB4), and VirB6 protein of the T4SS. We also detected an additional relaxase of the MOB,
family (PF03389), associated with a RecA-family ATPase in Hodor37. Notably, the MOB, family relaxase

and MobC of Hodor37 and Hodor38 shared =96.4% and =95.4% identity, respectively. Further analysis
confirmed that these complete conjugative systems were most similar to those in integrative conjugative
elements (ICEs) of Bacillota, with the system in Hodor38 apparently being actively horizontally
transferred in the corresponding sample (Supplementary Figure 14). These findings suggest that Hodors
can acquire additional, autonomous conjugation modules through horizontal transfer from other mobile
genetic elements (MGEs) co-existing in the same bacterial hosts.

Hodor-associated prophages infect Bacillota and harbor diversity-generating retroelements

The 6 prophage genomes identified in the curated Hodor genomes are 39.5-47.2 kbp in length, with a GC
content of 47.6-58.9% (Supplementary Table 1). They belong to three groups defined with 295% identity
across =85% of genome length (Figure 4a). We denoted them prophage01, 02, and 03, respectively, with
prophage01 represented by 4 genomes. vConTACT3 analysis assigned all these prophages to class
Caudoviricetes, with prophages 01 and 02 representing distinct families in a putative new order and
prophage03 assigned to another putative new order (Supplementary Table 9). Comparison to reference
phage genomes confirmed this taxonomic assignment and showed that prophage01 and prophage02
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were closely related to unclassified phages infecting Bacillota (Supplementary Figure 15). Furthermore,
the UHGV-classifier assigned Bacillota as the hosts for all 6 prophages (Supplementary Table 10).

The prophages encode all the essential phage protein modules, including lysis, virion structure,
packaging, and DNA replication (Figure 4a). Both prophage01 and prophage03 encode a serine
integrase. In prophage01, the integrase gene was missed in the linear prophage genome, but could be
predicted from the circular form or when integrated into the Hodor genome. Notably, the integrase in the
prophages integrated in the Hodor genome is 22 aa shorter than the version from the circularized phage
genome (Supplementary Figure 16). Prophage02 encodes an 1S30 family transposase at the left end,
with a truncated transposase at the right end, indicating that this prophage belongs to the recently

identified IScream phages '°, in which the 1S30 transposases function as integrases.

Beyond the structural and packaging modules, such as the major capsid protein and the large terminase
subunit, the prophages also encode diverse DNA metabolism-related genes (Figure 4a). Prophage01
harbors a replication cassette including a DNA primase, a PrimPol-domain protein, a DNA polymerase B
catalytic domain protein, and a superfamily Il helicase, suggesting the potential for autonomous DNA
replication following excision. Prophage03 encodes a ParAB-like partitioning module positioned between
the structural genes and the integrase, as well as a VRR_NUC-domain nuclease of the PD-(D/E)XK
superfamily, indicative of DNA processing functions and possible maintenance during an
extrachromosomal phase. In contrast, prophage02 lacks a recognizable complete replication cassette
and instead carries 1IS30 elements at its termini, indicative of transposition-mediated mobilization. In
prophage01 genomes, we additionally identified a MazF-family endoribonuclease gene. However, no
canonical adjacent antitoxin was detected, leaving its functional role unresolved. The presence of these
DNA replication, recombination, and maintenance modules, together with complete structural gene sets,
suggests that the Hodor-associated prophages retain the capacity for both lytic replication and
lysogenic persistence.

Across all three prophage groups, we identified a reverse transcriptase (RT) gene located between the
lysis and structural modules, with an upstream accessory variability determinant (Avd) gene that is
characteristic of diversity-generating retroelements (DGRs) (Figure 4a, Supplementary Figure 17). To
support this inference and to delineate the DGR architecture, we ran DGRscan 28, which identified the
associated template regions (TRs), variable regions (VRs), and predicted target genes (Figure 4b). The
alignment of the four prophage genomes within the prophage01 group confirmed our prediction of the
VRs, as the targeted genes showed high divergences in this region. The other two groups of prophages
contain VRs within the 3’ region of an adjacent gene.

Although the DGR-targeted phage genes had no obvious homologs detectable by sequence similarity,
structural predictions for the encoded proteins revealed a conserved modular architecture across
prophage01-03 (Figure 4c). The targeted proteins of prophage01 genomes contain a C-type lectin
domain, fused to elongated N-terminal scaffolds with variable topology. In prophage02 and prophage03,
the C-type lectin domain is further associated with an additional BppU-like N-terminal domain,
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suggesting these could be tail proteins, given that this domain comprises the distal tail proteins of phage
TP901-1 %2,

Hodor-associated prophages are widely detected across diverse Bacillota genomes

To assess the distribution of Hodor-associated prophages in the human gut microbiome, we screened
HRGMZ2, >20,000 assembled human gut metagenomes, and Logan assemblies (Figure 5a; Methods). In
total, we identified 2351, 7861, and 219 sequences containing prophages related to prophage01,
prophage02, and prophage03, respectively (Figure 5b). Protein family analysis revealed highly conserved
gene content within each group, including frequent presence of DGRs. The sequences lacking DGRs were
predominantly partial genomes, largely derived from Logan assemblies (Figure 5c).

Among the prophage-containing contigs, 114 (prophage01), 283 (prophage02), and 41 (prophage03)
contained =10 kb of host-derived genomic sequences, enabling confident host taxonomic assignment
(Figure 5b, Supplementary Figure 18, Supplementary Table 11). Clustering of these prophage sequences
at 295% nucleotide identity across =85% alignment length identified two cross-family clusters related to
prophage01 (cluster01a and cluster01b), one related to prophage02 (cluster02), and one related to
prophage03 (cluster03) (Figure 5d). The host ranges of cluster02 and cluster03 were dominated by
bacteria of the Ruminococcaceae family, with only rare hosts from Lachnospiraceae. By contrast, the
hosts assigned for cluster01a and cluster01b spanned two Bacillota classes (Clostridia and Bacilli) and
multiple families, including Lachnospiraceae, Ruminococcaceae, Oscillospiraceae, and
Acutalibacteraceae from Clostridia, and Erysipelotrichaceae from Bacilli. Notably, the two prophage01-
related clusters showed a relatively uniform distribution across host families, consistent with a broader
lysogenic host range. To determine whether the relationships among the hosts could explain the
prophage genomic similarity, we examined within-cluster ANI patterns. In clusterO1a, phage genomes
associated with different host families were intermingled throughout the ANI dendrogram, with no clear
family-specific partitioning (Supplementary Figure 19a). A finer-scale analysis of cluster02 showed a
similar pattern at the genus level within Ruminococcaceae, with extensive overlap in ANI values among
prophages associated with different bacterial genera (Supplementary Figure 19b).

Consistent with these findings, a recent long-read analysis by Wirbel et al. '° identified three prophage

clusters spanning different Bacillota families, which are among the host-families identified in this study
(Figure 5d), and three out of six of the analyzed individuals studied had Hodors in their gut
(Supplementary Figure 12). In addition, another previous study identified two prophage clusters in
different Bacillota families, which is also in line with our observation (Figure 5d). Together, these
analyses indicate that prophage genomic similarity in Hodor-associated bacterial lineages is largely
uncoupled from the host taxonomy, supporting the existence of prophage populations with broad
lysogenic host ranges across Bacillota.

Multi-state coexistence of Hodor-associated prophages in the human gut
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To investigate the in situ dynamics of the Hodor—prophage system, we mapped paired-end
metagenomic reads to curated Hodor genomes containing integrated prophages. Read mapping
revealed three co-occurring molecular populations within the same sample (Figures 6a and b), i.e., (i)
Hodors lacking the prophage insertion, indicated by reads mapping exclusively to the Hodor backbone
(Figure 643, case 1), (ii) Hodors carrying an integrated prophage, supported by reads spanning the
prophage—Hodor boundaries (Figure 6a, case 2), and (iii) excised circular prophage genomes, supported
by reads spanning the prophage termini (Figure 63, case 3). Thus, Hodors with and without the prophage
insertion, together with circular prophage forms, can coexist within a single microbial community (see
example in Supplementary Figure 2).

To quantify the prevalence of excised forms, we concatenated the terminal 1 kb sequences of each of
the six reconstructed linear prophages and screened Hodor-associated phage sequences for high-
identity matches spanning the artificial junction (=95% identity across 1.5 kb) (Figure 6c; Methods).
Among 141 related prophage sequences retrieved from HRGM2, our metagenomic assembilies, and
Logan datasets, 1.7-6.3% (3.6% on average) matched the circular junction, consistent with
extrachromosomal circular genomes (Figure 6d). In multiple cases, paired-end reads directly supported
the circular configuration (Supplementary Figure 20), ruling out assembly artifacts. Metatranscriptomic
data further showed transcription of holin and amidase-type phage endolysin genes in a subset of
samples (Supplementary Figure 21), consistent with episodic induction.

We also identified reads extending beyond the prophage boundaries that did not map to Hodors (Figure
6a, case 4), but instead aligned with independently assembled bacterial scaffolds within the same
sample (Figure 6€). For example, in sample ERR3451245, Hodor10 (average depth 134.4x) co-occurred
with two scaffolds (35,278 bp and 460,073 bp; comparable sequencing depth) assigned to
Hominenteromicrobium (belonging to Bacillota; Figure 5d). Furthermore, these two scaffolds and the
prophage could be assembled into a continuous contig, suggesting the prophage was integrated into the
Hominenteromicrobium genome as well. Thus, within the same microbiome sample, the same prophage
can be present (i) integrated in Hodors, (ii) integrated in a bacterial chromosome, and (iii) in the circular
form.

In addition, we mapped paired-end reads from virion-enriched metagenomic datasets subjected to
filtration and DNase/RNase treatment 3 to the prophage genomes in curated Hodor genomes
(Supplementary Tables 12-14). These datasets showed broad and continuous coverage across the
entire prophage genomes, including structural and packaging modules (Supplementary Figure 22),
compatible with the presence of virion-associated genomes in at least a subset of samples.

Discussion

In this work, we describe a distinct class of conjugative megaplasmids, Hodors, that often harbor
integrated, intact prophages and likely mediate prophage spread across highly diverse bacteria. These
findings provide a plausible explanation for the previously enigmatic observations on the presence of
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closely related prophages in taxonomically distant bacteria in the human gut microbiome '3~1°. Although
Hodors share individual features with previously described MGEs, they are mechanistically distinct from
both ICEs 3132 and phage-plasmids (P-Ps) 33. ICEs are characterized by their ability to excise from and
reintegrate into host chromosomes and rely on chromosomal insertion for long-term maintenance 3132,
Although ICEs can mediate horizontal transfer, they are not stably maintained as autonomous replicons
and are therefore not regarded as durable extrachromosomal reservoirs for complete viral genomes. In
contrast, Hodors persist as large, autonomously replicating megaplasmids (Figures 3a and b) and do not
depend on chromosomal integration for their maintenance. Although some Hodors occasionally acquire
ICE-like conjugative modules (Figures 3c and d), these appear to be secondary insertions rather than

defining features, and Hodors themselves remain stable extrachromosomal replicons.

P-Ps represent a different strategy, combining plasmid-like replication with phage-like induction and
virion production 4. P-Ps typically lack conjugation machinery and disseminate primarily through phage-
mediated infection, with their genomes maintained as intact units across life cycle transitions. Hodors
differ fundamentally in that they encode complete conjugation systems and are confidently predicted to
disseminate via plasmid transfer (Figure 3), while carrying prophage genomes as embedded
components rather than as the principal replicative unit (Figure 1f). Thus, unlike P-Ps, Hodors decouple
prophage dissemination from phage infection and instead link it to plasmid conjugation.

These distinctions position Hodors as a previously unrecognized class of composite MGEs that
integrate stable plasmid maintenance, cell-to-cell transfer, and prophage carriage, providing a
mechanistic framework for understanding how highly similar prophages can be distributed across
phylogenetically distant bacterial lineages without invoking unusually broad and hence unlikely infective
host ranges.

Hodors were likely overlooked in previous metagenomic surveys for several reasons. First, their overall
gene content that includes virus-like components (Figure 1a) causes them to be consistently classified
d 3% and VirSorter2 3,
leading to their exclusion from plasmid- or host-centred analyses at early filtering stages. Second, key
genetic determinants related to conjugative transfer in Hodors are difficult to identify using standard
annotation approaches based on sequence similarity. For example, the T4SS component VirB6 lacks
detectable homologs in curated reference databases and was only confidently annotated here through
protein structure prediction combined with comparisons against multiple structural resources

as viral sequences by widely used virus identification pipelines, including geNoma

(Supplementary Figure 10). Furthermore, most Hodors lack the most common relaxases, such as those
of the MOBF family, instead encoding an HD nuclease (MOBy, family relaxase) and a helicase in separate
genes (Supplementary Figure 11). Third, Hodor genomes that carry prophages are inherently challenging
to recover from short-read assemblies 3. Phage genomes can coexist in multiple contexts, including
bacterial chromosomes and/or as free viral particles, preventing co-assembly of plasmid and prophage
sequences into a single sequence if the prophage is present in only a small subset of the plasmid
(Figures 1 and 6, Supplementary Table 1). Although long-read sequencing offers an opportunity to
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recover longer and more complete Hodor or Hodor-like genomes (Supplementary Figure 12), its full
potential will likely be realized only when combined with short-read mapping to resolve heterogeneous
population states of the associated prophages (Supplementary Figure 14). Together, these factors
explain why Hodors have escaped detection in previous metagenomic datasets and highlight the
importance of integrative analytical strategies for uncovering such composite and potentially
ecologically impactful mobile elements.

Beyond their role in prophage carriage, Hodors exhibit ecological and evolutionary features that
distinguish them from previously described MGEs 38. Although they form two deeply diverged groups of
megaplasmids, Hodors share highly conserved gene modules, including, apart from the closely related
prophages, a large gene module encoding surface-associated proteins, in particular, two giant proteins
(>7300 aa and >2600 aa), predicted to be secreted, and likely anchored on the cell surface via Hodor-
encoded sortases 3°. The conservation of these features across divergent Hodor groups suggests that
all Hodors occupy related ecological niches and are hosted by bacteria sharing similar cell envelope
architectures. Consistently, most Hodor-encoded genes show the highest similarity to homologs from
Bacillota, indicating lineage-level constraints on plasmid persistence and transfer.

Within individual Hodor groups, distinct prophages associate with closely related plasmid backbones,
and conversely, closely related prophages are found in divergent Hodors from different groups (Figure
1f), indicating horizontal mobility of prophages among Hodors and/or between Hodors and host bacteria
rather than strict co-evolution. Moreover, a subset of Hodors carry complete ICE-like conjugative
systems (Figures 3c and d). This observation suggests two non-exclusive evolutionary scenarios:
Hodors might act as vehicles for ICE dissemination, or alternatively, might hijack ICE-encoded
conjugation systems to enhance their own mobility 3. Such interactions imply that Hodors participate in
dynamic networks of MGEs, blurring boundaries between plasmids and other integrative elements.

From an evolutionary perspective, Hodors combine deep sequence divergence with strong functional
constraints. Core replication and partitioning modules are moderately conserved between groups
(Figures 3a and b), whereas relaxase-related components exhibit greater sequence divergence yet retain
structural similarity (Supplementary Figure 11), consistent with functional conservation. Together, these
features position Hodors as adaptable, composite elements embedded within broader exchange
networks of MGEs and serving as vectors for prophages and possibly other MGEs.

Our findings suggest that conjugative megaplasmids facilitate cross-lineage dissemination of temperate
phage genomes across Bacillota. Despite plasmids being well known for carrying diverse small MGEs “°,
such as transposable elements, reports of plasmids harboring complete prophages are scarce 4142, We
identified a subset of Hodors carrying complete, intact prophages (Figure 1) that are highly similar
despite being associated with bacterial hosts spanning different Bacillota families and, in some cases,
different classes (Figure 5). Within cross-family clusters, prophage genomes show extensive overall
similarity and are intermingled across host taxa (Supplementary Figure 19), consistent with recent or
recurrent movement across phylogenetic boundaries rather than strict host-linked divergence.
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In this scenario, prophages would be disseminated as embedded components of conjugative plasmids
and subsequently integrate into recipient chromosomes following plasmid transfer. Conjugation thus
provides a route for temperate phage genomes to enter new host lineages without requiring immediate
productive infection, effectively decoupling lysogenic host range from infective host range. It has been
shown that conjugative plasmids usually exhibit broad host range, establishing horizontal gene transfer
networks across distant bacterial taxa 344374, This promiscuity contrasts with the typically narrow
infection ranges of phages and provides a mechanistic basis for plasmid-mediated dissemination of
prophage genomes across phylogenetically distant hosts. This mechanism provides a plausible
explanation for the widespread occurrence of closely related prophages across phylogenetically distant
bacteria in the human gut 37°.

Notably, all three groups of Hodor-associated prophages encompass DGRs, and the predicted variable
regions map to proteins with conserved, tail-associated architectures, including C-type lectin domains
(Figure 4c). Such DGR-linked, structurally constrained variability is consistent with ongoing selection on
proteins acting on the phage-host interface #4#’. We therefore propose that plasmid-mediated transfer
and infection-mediated spread are complementary rather than mutually exclusive. Hodors would
facilitate cross-lineage delivery and chromosomal integration of prophage genomes, whereas DGR-
driven diversification could then facilitate subsequent adaptation of the phage’s host-recognition
interface, enabling formation of phage particles that would be capable of infecting cells of the new host
taxon, becoming effectively decoupled from the carrier Hodor. The detection of circular forms (Figure 6)
and virion-associated reads (Supplementary Figure 22), together with transcriptional signatures of lysis-
related genes in a subset of samples (Supplementary Figure 21), supports the potential for lytic
amplification of Hodor-associated prophages once compatibility is achieved.

Together, these findings suggest an expanded conceptual framework for temperate phage ecology “2.
Hodors represent composite mobile genetic platforms that integrate stable plasmid maintenance, cell-
to-cell transfer, and prophage carriage, thereby potentially facilitating cross-lineage movement of viral
genomes. By coupling conjugative dissemination with adaptive diversification of host-recognition
proteins, this system reconciles the apparent paradox of narrowly infective phages whose prophages
nonetheless display broad phylogenetic distributions. Conjugative megaplasmids thus might constitute
an underappreciated driver of viral persistence, diversification, and host-range evolution in complex
microbial ecosystems. Experimental validation will be essential to determine the frequency and
ecological impact of this plasmid-mediated dissemination route relative to infection-mediated spread.

Conclusion

This study uncovers conjugative megaplasmids containing complete, intact prophages, revealing a class
of composite mobile elements that expand the current views of phage dissemination in complex
microbiomes. By enabling prophages to overcome host-range barriers and integrate into diverse
bacterial genomes, Hodors suggests a plasmid-mediated route for cross-lineage viral spread. Future
work should focus on experimental validation of Hodor-mediated transfer, chromosomal integration
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dynamics, and induction competence, as well as direct tests of host range and DGR-driven adaptation of
phage proteins involved in host recognition. Systematic identification and experimental characterization
of Hodor-like elements across environments will be essential to quantify the ecological impact of
plasmid-mediated phage dissemination. Such efforts will help establish a mechanistic framework for
understanding viral dispersal, persistence strategies, and host-range evolution in microbial ecosystems.

Methods

Identification of Hodor megaplasmids. In our analysis of the huge phage genome collection (HPGC) ',
two groups of genomes caught our attention because they encompass genes for sortases, which have
not been reported in phages previously. Sortases are transpeptidases that covalently anchor surface
proteins to the cell envelope in Gram-positive bacteria 2°. These two groups of genomes were defined at
>90% nucleotide identity and across =80% genome length, and contained 9 and 10 genomes each group,
respectively. We defined them as group1 (G1) and group2 (G2). All of the genomes were originally

reconstructed from human gut metagenomic samples '/~1°. Only two genomes in each group encoded a
large terminase (TerL), a conserved, hallmark gene present in all tailed phages, that was identified using
sequence and structural searches, although paired-end reads mapping indicated that some genomes
lacking TerL genes are circular.

Manual genome curation. To curate the Hodor genomes, the corresponding paired-end read files were
retrieved via Pebblescout 2! online search with default parameters. The corresponding paired-end reads
of each draft Hodor genome were determined if the Pebblescout “%coverage” was >99. The paired-end
reads were downloaded from NCBI and assembled using metaSPAdes version 3.15.2 #° with the kmer
set of “21,33,55,77,99"” (when read length is 100 bp) or “21,33,55,77,99,127" (when read length is 150 bp).
Among the 19 draft Hodor genomes, 17 had paired-end reads available. The de novo assembled
scaffolds were then searched against the corresponding draft Hodor genome using BLASTn for related
scaffold(s). Then the paired-end reads were mapped to the identified scaffold(s) to identify and fix any
assembled errors or gaps (i.e., Ns in scaffolds), and also to extend the scaffolds to a circular genome if
possible, as previously described °C. The details are available at https://ggkbase-
help.berkeley.edu/genome_curation/scaffold-extension-and-gap-closing/. The scaffold extension is
based on the unplaced paired-end reads, which are, for example, within paired reads of read_1 and
read_2. If read_1 is mapped to the reference and read_2 is not, then read_2 is called the unplaced paired-
end read. The tool of shrinksam (available at https://github.com/bcthomas/shrinksam) was previously
developed to output both reads when only one read is well mapped, without saving paired reads that are
not mapped. Once a Hodor genome was manually curated to a circular genome (that is, with paired-end
reads spanning the two ends of the scaffold) or could no longer be extended any more, the reads were
mapped to the scaffold, allowing no mismatch, to confirm that no more errors exist.

Identification and curation of additional Hodor genomes. To obtain more high-quality Hodor genomes
with inserted prophage or with metatranscriptomic data available, we searched Pebblescout ' for the 19
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Hodor genomes from HPGC (Supplementary Table 1). The output tables were manually checked for
metagenomic samples with paired metatranscriptomic datasets, and identified at least several from
three NCBI projects, i.e., PRINA492158, PRUNA354235 °' and PRINA818303 °2. The metagenomic
reads were downloaded and de novo assembled. And we also randomly picked and assembled the
paired-end assembled around 100 of the identified metagenomic samples with a Pebblescout
“%coverage” of >70. All the paired-end reads were quality controlled using fastp with default parameters
53 and the clean reads were assembled using metaSPAdes as described above.

The short reads and long sequencing reads from a recent study '° were re-analyzed for Hodor genomes.
Long reads were quality-controlled using fastplong version 0.3.0 with default parameters °*. The cleaned
long reads were assembled using metaFlye version 2.9.6-b1802 using default settings °°. The
assembled contigs were compared against the curated Hodor genomes from HPGC using BLASTn. Any
contigs with >90% sequence identity over an aligned length exceeding 175 kb were retained for further
manual genome curation. The manual curation and extension of additional Hodor genomes were the
same as described earlier, except that the search for target scaffold(s) for curation was based on a
BLASTn search against the HPGC Hodor genomes.

Protein-coding gene prediction, protein structure prediction, and analysis. The protein-coding genes
from the 38 curated Hodor genomes were predicted using Prodigal version 2.6.3 (-m -p meta) °¢. The
predicted protein sequences were clustered with >70% identity across =80% length of the shorter ones
using MMseqs2 version 15.6f452 (-min-seg-id 0.7 -c 0.8 --cov-mode 1 --cluster-mode 2) *’. The
clustering output was transferred into a matrix (Supplementary Table 2), and the protein clusters in at
least three genomes were analyzed using hierarchical clustering based on Euclidean distance
(Supplementary Figure 4).

Protein structures of the protein cluster representatives (1290 in total) were predicted using ColabFold 8
with the parameters ‘-num-recycle 3, --use-gpu-relax, -amber, and --stop-at-score 70'. For each protein,
only the rank_001 model with an average predicted local distance difference test (pLDDT) score = 70
was retained for functional annotation. The structures were searched against the Big Fantastic Virus
Database (BFVD) °?, the Protein Data Bank (PDB) °®°, and the NCBI protein families (NCBIfam) ®', using
Foldseek version 9.427df8a with the easy-search workflow (-c 0.7 -cov-mode 0) 2. Only those with an
alntmscore = 0.5 and e-value < 1e-5 were thought to be reliable matches.

We also predicted the functional domains of the protein cluster representatives using local-cd-search
(available at https://github.com/apcamargo/local-cd-search) against the COG and CDD databases, and
hmmsearch from HMMER version 3.3.2 (-cut_ga) %2 against the Pfam HMM database *. The output file

of hmmsearch was parsed using cath-resolve-hits version 0.16.10-0-g99edb28 ©° and only domains with
an indp-evalue of <1e-5 were retained.
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Some of the key genes described in the Results are manually confirmed based on both protein structure
comparison and predicted functional domains. All these results are summarized and included in
Supplementary Table 2 or displayed in the corresponding figures and tables.

Identification and confirmation of prophage genomes in Hodor genomes. The complete, intact
prophage genomes in the Hodor genomes were determined and confirmed by the annotation of protein-
coding genes in the corresponding regions. The exact insertion boundaries of the prophage genomes
were determined by mapping the paired-end reads to the curated Hodor genomes. There are several
types of paired-end reads mapping information that provide information that are useful in the
determination (see Supplementary Figure 2 for examples), including (1) junction reads, (2) paired-end
reads spanning the two ends of the prophage region, and (3) paired-end reads mapped to the Hodor
genomes while spanning the prophage region.

Analysis of Hodor genes similar to those from Bacillota. We compared the protein-coding genes
encoded by all 38 curated Hodor genomes (with those from prophages excluded) against the reference
proteins in the UniProtKB database © using MMseqs?2 version 15.6f452 °’. The taxonomy information of
each Hodor protein was based on the first UniProtKB hit. To evaluate the relatedness of the Hodor
proteins most similar to those from Bacillota, phylogenetic analyses of several proteins were performed,
including sortase B and the Sec translocon components SecY, SecG, and SecE. Protein sequences from
Hodors were first searched against the HRGMv2_100 protein database 7 using BLASTP, with no E-value
cutoff applied and a maximum of 2,000 target sequences retained per query. The resulting HRGMv2_100
protein sequences were searched against the Pfam database using hmmsearch, and only those
assigned to the same Pfam family as the corresponding Hodor gene were retained. The filtered
HRGMv2_100 protein sequences were then clustered using CD-HIT version 4.8.1 8 with parameters ‘c
0.9-aS 0.8-G 0. The representative HRGMv2_100 protein sequences and the Hodor protein sequences
were aligned using MUSCLE version 5.3.linux64 [d9725ac] 69 Poorly aligned positions were trimmed
with TrimAL version v1.4.rev15 with the parameter set as -gt = 0.2 7. Maximum-likelihood phylogenetic
trees were inferred using 1Q-TREE version 2.4.0 (-m LG+G4 -bb 1000) 7.

Identification of Hodor and relatives in public databases. To reveal the distribution of the two groups of
Hodors and their relatives, we first searched the 10 plasmid databases in PlasmidScope %2, which
contain the plasmids from PLSDB 72, COMPASS 73, mMGE 74, IMG/PR 7%, TPA 7®, and those from ENA 77,

Kraken2 78, GenBank ’°, DDBJ &°, and RefSeq 87, and collectively have over 852,600 plasmid genomes.
The plasmid genomes from all these databases were downloaded from https://plasmid.deepomics.org/,
and protein-coding genes were predicted using Prodigal version 2.6.3 (-m -p meta) °°. Then the predicted
protein sequences were searched against the sequences of Rep_3 replication initiation protein, ParA,
ParB, and ParM/StbA from the 38 curated Hodor genomes. Once a query plasmid genome has at least
one protein with 250% identity to any of the four Hodor proteins, the plasmid genome will be retained for
further analysis. If a retrieved plasmid genome shared =90% similarity with =10 kbp genomic length to
any of the 38 curated Hodor genomes, it was assigned as a Hodor genome and was subsequently
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clustered with curated Hodor genomes for group assignment; otherwise, it was assigned as a distant
relative of Hodors. The same analysis was conducted for Hodors and their relatives in public viral
databases, including VIRE 23, CGVR %4, and metaVR 2°. To reveal the phylogenetic relatedness of the two
groups of Hodors, a phylogenetic tree was built using the concatenated protein sequences of Rep_3,
ParA, and ParB (in this order) from all curated Hodor genomes and their distant relatives. The identified
Rep_3, ParA, and ParB were respectively aligned using MUSCLE version 5.3.linux64 [d9725ac] with
default parameters ©%; the alignments were concatenated and filtered to remove any columns
comprising 290% gaps using TrimAL version v1.4.rev15 /0 The tree was constructed using IQ-TREE
version 2.4.0 with “-bb 1000” and “-m LG+G4" 1.

Reconstruction and analysis of draft Hodor genomes. To obtain more Hodor genomes for further
analyses and to reveal their distribution as well, we searched all 38 curated Hodor genomes using

Pebblescout 2

against the “Metagenomic, Volume 1" and “Metagenomic, Volume 2" databases. The hit
SRA samples with a minimum Coverage% of 30 were retained. All the retained hit SRA samples from all
curated Hodor genomes were duplicated to obtain a non-redundant sample list (Supplementary Table 6).
The Logan assembled contigs 2° of these samples were downloaded and filtered to keep those with a
minimum length of 1000 bp. The Logan contigs = 1000 bp were then searched against the 38 curated
Hodor genomes using BLASTn. The contigs with a minimum similarity of 90% with the curated Hodor
genomes across at least 70% of contig length were considered as hits. We also predicted protein-coding
genes from the Logan contigs =1000 bp using Prodigal version 2.6.3 (-m -p meta) °°, and compared the
predicted proteins against the Rep_3 replication initiation protein, ParA, ParB, and ParM/StbA of the two
groups of Hodor using BLASTp, allowing =90% identity. If a given sample had only one type of Hodor,
which was based on the BLASTp results, then the BLASTn hits from that sample were grouped together
to represent the draft Hodor genome. Only those draft Hodor genomes with a collective contig length of
175 kbp were retained for further analyses. Here, a genome with at least 175 kbp represents >50%
identity, given that the complete Hodor genomes have an average length of approximately 351 kbp.

Protein family analysis. Protein family analyses were performed for three sets of genomes in this study,
including (1) the 38 curated Hodor genomes, (2) the 38 curated Hodor genomes along with the 1625
Logan-retrieved draft Hodor genomes, and (3) the 10,431 Hodor-associated prophage genomes. The
protein-coding genes were predicted using Prodigal version 2.6.3 (-m -p meta) °°, then clustered into
protein families using MMseqs2 version 15.6f452 (“-min-seq-id 0.7 -c 0.8 -cov-mode 1 --cluster-mode
2") %7 For each set of genomes, the presence/absence matrix of the defined protein families was
hierarchically clustered based on Euclidean distance.

Architectural analysis of two putative sortase-anchored surface proteins. Sortase-anchored surface
proteins typically exhibit a conserved architectural paradigm comprising an N-terminal signal peptide for
secretion and a C-terminal cell wall sorting signal (CWSS) that includes a sorting motif, a hydrophobic
transmembrane (TM) helix, and a positively charged tail. Across 38 Hodor genomes, we consistently
identified two large proteins (>7300 aa and >2600 aa) that conform to this paradigm. Signal peptides
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were predicted using DeepTMHMM v1.0 (https://services.healthtech.dtu.dk/services/DeepTMHMM-
1.0/). The TM helix in the CWSS was identified as a ~15-25-aa continuous hydrophobic segment (rich in
I/L/V/F/M/A). The positively charged tail was defined as the K/R-enriched residues immediately
following the TM helix. Candidate sorting motifs were annotated from the upstream of the TM helix
based on conserved sequence patterns within multiple alignments using MUSCLE °. To further
characterize the functional region, the consensus sequences were searched against the NCBI nr
database using online BLASTp, and conserved-domain annotations were extracted from the
corresponding graphic summaries.

Analysis of HD nuclease relaxase and helicase genes. We did not identify any canonical relaxase-
encoding genes in most curated Hodor genomes. Instead, we detected a short MOBH-like relaxase (HD
nuclease) gene and a helicase gene in both G1 and G2 Hodors, supported by structural similarity to a
TIGR03760 representative structure ®' and by HHsearch 82 hits to the TIGR03760 HMM. These genes
were consistently located adjacent to the plasmid replication, partitioning, and conjugation-associated
T4SS genes. To reveal the conservation of the key catalytic residues of the HD nucleases, we first
recruited homologs through a PSI-BLAST search with 1 round, with the cutoffs being E-values < 1E-20
and coverage >92.5%. Then, we produced multiple sequence alignments using MUSCLE (version 5.3) ©°
and generated sequence logos using the genotypst Typst package
(https://github.com/apcamargo/genotypst). To reveal the phylogenetic relatedness of the HD nucleases
with MOBH relaxases, we retrieved close homologs using BLASTp. Then a phylogeny was reconstructed
from the Hodor HD nucleases, the retrieved proteins, and the known MOBH relaxases using IQ-TREE
(version 3.0.1) 83, The functional domains of the Hodor helicases were predicted using InterProScan
(https://www.ebi.ac.uk/interpro/search/sequence/), and the diagram was made based on the prediction
results. The structures of Hodor HD nucleases and helicases were predicted using ColabFold °8 with the
parameters ‘--num-recycle 3, --use-gpu-relax, -amber, and -stop-at-score 70’, and visualized and aligned
in ChimeraX version 1.11 84,

Prediction of putative oriV and oriT. In plasmids, the origin of replication (oriV) is typically located
adjacent to replication initiation protein—encoding genes. In all curated Hodor genomes from both
groups, we identified a non-coding region exceeding 2000 nt immediately upstream of the Rep_3 genes,
which was therefore considered a putative oriV region based on genomic context. The putative oriT
regions were identified based on their proximity to the HD nuclease (MOBH-family relaxase) genes. In G1
Hodors, a non-coding region of 171-172 bp was consistently detected immediately upstream of the HD
nuclease gene. In G2 Hodors, a conserved non-redundant region ranging from 268 to 381 bp was
identified upstream of the HD nuclease gene, separated by a hypothetical protein-coding sequence. The
secondary structure folding of the candidate oriV and oriT regions was performed using UNAFold
(https://www.unafold.org/) under default DNA folding parameters to evaluate the presence of stable
stem—loop structures. The AT content of the predicted oriV and oriT regions was calculated and
compared with that of the complete Hodor genomes. As these predictions were based solely on
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genomic context and computational analyses, the exact boundaries and functional validation of oriV and
oriT could not be determined.

Metatranscriptomic analyses of Hodors. Paired metatranscriptomic data are available for three of the
G2 curated Hodor genomes (Hodor23, Hodor35, and Hodor36), which made it possible to evaluate their
transcriptional activities. In detail, three RNA samples were for Hodor26, two for Hodor35, and one for
Hodor23. The RNA data were downloaded and quality controlled using fastp with default parameters.
The quality RNA reads were mapped to the corresponding curated Hodor genomes using Bowtie2
version 2.5.4 85 The Shriksam tool (https://github.com/bcthomas/shrinksam) was applied to exclude
unmapped pairs from the SAM file, and was subsequently sorted and converted to the BAM format using
SAMtools 8. The obtained BAM format file was imported into Geneious Prime Build 2025-03-24 8/ for
visualization and analysis. The RNA reads were remapped in Geneious Prime using the “Map to
Reference(s)” function, allowing no mismatch. The resulting RNA reads mapping profiles were shown
accordingly.

Identification of hijacked conjugative systems in Hodor genomes. The hijacked conjugative systems
were first identified in Hodor37 (G1) and Hodor38 (G2) via comparing their genomes against other
curated Hodor genomes from the same group (Supplementary Figure 12). In each of these two
genomes, we found a region that was absent in other curated Hodor genomes, and conjugation-related
genes were encoded by the region. Long reads mapping confirmed that the presence of the additional
conjugative systems in these two genomes was not due to assembly errors (Supplementary Figure 13).
Comparison of the genes encoded in the region of Hodor37 via online BLASTp, and mapping the paired-
end short reads to the curated Hodor38 genome, suggested that these systems were from integrative
conjugative elements (ICEs) (Supplementary Figure 14). Notably, the additional conjugative system
identified in Hodor38 was also identified in a bacterial genome in the same sample, and the
corresponding bacteria had a lower relative abundance than Hodor38 (ratio was ~1:3 according to the
sequencing coverage calculated using paired-end short reads).

Identification of Hodor-associated prophage genomes in public databases. To assess the distribution
of Hodor-associated prophages in bacterial genomes and microbiomes, we searched three resources,
i.e.,, HRGM2, >20,000 human gut metagenomic assemblies (hereafter “metaG”, which were assembled
for other research projects), and Logan assembled contigs 2. The 6 prophage genomes identified from
curated Hodor genomes were used as references (Supplementary Table 1). For HRGM2 and metaG
scaffolds, BLASTn searches were performed using the 6 Hodor-associated prophage genomes as
references. Scaffolds sharing 295% nucleotide identity over =10 kbp were considered candidate
matches. For Logan contigs, we first searched the first 1000 bp (the N-terminal) of the large terminase
subunit genes from the 6 prophages against the Logan database (https://logan-search.org/dashboard).
Contigs from samples with k-mer coverage =0.7 were retrieved and filtered to retain sequences =1000
bp. These contigs were subsequently searched against the 6 prophage genomes using BLASTnh, and
sequences with =95% identity across =10 kbp were considered matches. All matched scaffolds or
contigs were analyzed using CheckV 88 version 1.0.3 to separate viral and host fractions where
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applicable. The viral fractions were re-aligned to the 6 reference prophage genomes using BLASTn (295%
identity across =10 kbp) to confirm their assignment. The samples having these contigs are listed in
Supplementary Tables 12-14.

For sequences containing host-associated regions =10 kbp, host taxonomy was inferred. Protein-coding

genes were predicted from the host fraction using Prodigal v2.6.3 (-m -p meta) °® and searched against

the UniProtkKB database using MMseqs2 v15.6f452 (—-search-type 1 --orf-filter-e 1e-4 -max-seqs 1) *’.

The MMseqs?2 UniProtKB database ©° was built and linked to NCBI taxonomy, and taxonomic
annotations were extracted directly from the best hits. Host taxonomy was assigned using a last
common ancestor (LCA) approach: if 250% of genes were assigned to the same genus, that genus was
reported; otherwise, the assignment was determined at the family, order, class, or phylum level using the
same =50% criterion. All predicted hosts were classified within Bacillota. Because NCBI taxonomy is not
fully synchronized with the updated GTDB framework, we constructed an independent validation
database. One representative genome from each Bacillota genus in GTDB &° (v226) was randomly
selected, and protein-coding genes were predicted using Prodigal (-m -p meta) °°. Taxonomic
information was embedded in protein headers, and a BLASTp database (Bacillota_proteins) was
constructed. Host-derived proteins were searched against this database using BLASTp (e-value <1e-5),
and taxonomy was reassigned using the same LCA strategy. To validate this approach, we leveraged the
fact that HRGM2 is a genome-resolved dataset: each prophage-matching scaffold is associated with a
specific HRGM2 genome. We therefore compared our inferred host taxonomy (from the host fractions)
against the GTDB-Tk taxonomy (version 2.4.1) °° of the corresponding HRGM2 genomes and found
complete agreement (Supplementary Table 11). The full workflow is illustrated in Supplementary Figure
18.

The taxonomy and potential hosts of Hodor-associated prophages. To reveal the taxonomy and
potential bacterial hosts of the prophage identified in Hodor genomes, we submitted the prophage
genomes to viptree (https://www.genome.jp/viptree/) °', which uses protein families from both uploaded
phages and dsDNA phages for inference. The taxonomy and potential hosts of Hodor-associated
prophages were accordingly predicted based on the most closely related reference phages.

Identification and analysis of diversity-generating retroelements. To identify diversity-generating
retroelements (DGRs) encoded by prophages within Hodors, we employed the DGRscan tool 28 using a
set of 20,082 sequences from unique reverse transcriptases previously determined to be within DGRs °2.
We determined genes targeted by DGRs by identifying CDSs that cover 290% of a variable region
determined by DGRscan.

To characterize the functional domains of typical DGR-targeted C-type lectin domains, a hierarchical
annotation strategy combining sequence- and structure-based approaches was applied. Protein
sequences were analyzed using InterProScan version 5.62—-86.0 to identify Pfam, InterPro, or other
conserved domains. AlphaFold2 was used to predict the three-dimensional structures of the target
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proteins. Given that tail-associated host-recognition proteins commonly assemble as oligomers,
structural predictions were performed using AlphaFold-Multimer. For each target protein, three identical
amino acid sequences were provided to generate trimeric models, and the highest-confidence trimer
structure was selected for subsequent structural analyses.

To assess structural homology independent of sequence similarity, each predicted structure was
compared against the PDB using DALI to evaluate potential folds and modular features. Merizo version
1.0 was applied to partition each protein into discrete folding modules, which were then cross-
referenced with InterPro/Pfam annotations: modules with clear sequence-based domains (e.g., BppU_N)
were labeled accordingly, while modules lacking sequence annotation were labeled based on structural
features alone. All modules were visualized and annotated in PyMOL version 3.0.3 (Schrodinger, LLC),
with N-terminal scaffolds and lectin modules distinguished by color.

Circular signal of Hodor-associated prophages. To detect excised circular forms independent of
integration context, we concatenated the start 1000 bp and end 1000 bp of the complete linear prophage
genomes that we reconstructed from Hodor genomes as a reference for comparison. The retrieved
phage sequences related to Hodor-associated prophages were searched against this 2000 bp fragment,
and those with a region having over 95% similarity across over 1500 bp were considered as being
phages in circular form.

Declarations

Acknowledgments

We thank A. Murat Eren for the insightful discussion in the initial stage. We thank Eduardo Rocha for
helpful discussion on plasmid mobility analysis. We thank Simon Roux for insightful discussion. We
thank Dr. Jillian F. Banfield for commenting on the manuscript. We thank Junhyeong Kim for providing
helpful suggestions on protein structure analysis. We thank Ami S. Bhatt and Jakob Wirbel for sharing
the long sequencing datasets. E.V.K. is funded through the Intramural Research Program of the National
Institutes of Health of the USA. L-X.C. is supported by the Research Program of the University of Science
and Technology of China (KY2400000036, KY2400000040, and GG2400007010). A.P.C. is supported by
the Sao Paulo Research Foundation (FAPESP, grant 2021/10577-0). We thank the Supercomputing
Center at the University of Science and Technology of China for its support of ColabFold analyses.

Author contributions

L.Y.,, A.PC., E.V.K, and L-X.C. designed the study. L.Y. and L-X.C. performed the metagenomic assemblies
and curated the genomes. Y.Q., A.P.C,, E.V.K,, and L-X.C. analyzed the plasmid marker genes. L.Y., JJW-R,
and L-X.C. performed the analyses of the surface-associated gene module. L.Y. and L-X.C. reconstructed
the draft Hodor genomes from Logan assemblies and performed all related analyses. Y.Q., A.P.C., and L-
X.C. performed the DGRs-related analysis. L.Y. and L-X.C. mined the Hodor-associated prophage
sequences from public and assembled metagenomic datasets and performed all related analyses. H.W.

Page 21/33



and Y.Z. performed the assembly of over 20,000 human gut metagenomic samples. L.Y,, Y.Q., A.P.C,,
E.V.K,, and L-X.C. drafted the manuscript. K.A. and Y.D. provided suggestions on analyses and
commented on the manuscript. All authors finalized and approved the manuscript.

Competing interests
The authors declare no competing interests.
Data availability

The curated Hodor genomes, the draft Hodor genomes, the complete Hodor-associated prophage
genomes, and the similar (pro)phage sequences are available at Figshare
(https://doi.org/10.6084/m9.figshare.31385365).

References

1. Cobian Giemes, A. G. et al. Viruses as Winners in the Game of Life. Annu Rev Virol 3, 197-214
(2016).

2. Suttle, C. A. Marine viruses—-major players in the global ecosystem. Nat Rev Microbiol 5, 801-812
(2007).

3. Paez-Espino, D. et al. Uncovering Earth’s virome. Nature 536, 425-430 (2016).

4. Salmond, G. P. C. & Fineran, P. C. A century of the phage: past, present and future. Nat. Rev.
Microbiol. 13, 777-786 (2015).
5. Piel, D. et al. Phage-host coevolution in natural populations. Nat. Microbiol. 7, 1075-1086 (2022).
6. Murooka, Y. & Harada, T. Expansion of the host range of coliphage P1 and gene transfer from enteric
bacteria to other gram-negative bacteria. Appl. Environ. Microbiol. 38, 754-757 (1979).
7. Wong, F. H. & Bryan, L. E. Characteristics of PR5, a lipid-containing plasmid-dependent phage. Can.
J. Microbiol. 24, 875-882 (1978).
8. Olsen, R. H., Siak, J. S. & Gray, R. H. Characteristics of PRD1, a plasmid-dependent broad host range
DNA bacteriophage. J. Virol. 14, 689-699 (1974).
9. Lopez-Leal, G. et al. Mining of Thousands of Prokaryotic Genomes Reveals High Abundance of
Prophages with a Strictly Narrow Host Range. mSystems 7, e0032622 (2022).
10. Tenorio-Carnalla, K. et al. Host population structure and species resolution reveal prophage
transmission dynamics. mBio 15, 0237724 (2024).
11. Guerin, E. & Hill, C. Shining light on human gut bacteriophages. Front. Cell. Infect. Microbiol. 10, 481
(2020).
12. Lopez, J. A. et al. Abundance measurements reveal the balance between lysis and lysogeny in the
human gut microbiome. Curr. Biol. 35, 2282-2294.e11 (2025).

13. Pei, Z. et al. A universe of human gut-derived bacterial prophages: unveiling the hidden viral players

in intestinal microecology. Gut Microbes 16, 2309684 (2024).
Page 22/33



14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Dahlman, S. et al. Isolation, engineering and ecology of temperate phages from the human gut.
Nature 647, 698-705 (2025).

Wirbel, J. et al. Long-read metagenomics reveals phage dynamics in the human gut microbiome.
Nature 649, 982-990 (2026).

Chen, L. et al. Animal-associated jumbo phages as widespread and active modulators of gut
microbiome ecology and metabolism. Sci Adv 12, eaeb6265 (2026).

Nayfach, S. et al. Metagenomic compendium of 189,680 DNA viruses from the human gut
microbiome. Nat Microbiol 6,960-970 (2021).

Camargo, A. P. et al. IMG/VR v4: an expanded database of uncultivated virus genomes within a
framework of extensive functional, taxonomic, and ecological metadata. Nucleic Acids Res. 51,
D733-D743 (2023).

Carter, M. M. et al. Ultra-deep sequencing of Hadza hunter-gatherers recovers vanishing gut
microbes. Cell 186, 3111-3124.e13 (2023).

Mazmanian, S. K., Liu, G., Ton-That, H. & Schneewind, O. Staphylococcus aureus sortase, an enzyme
that anchors surface proteins to the cell wall. Science 285, 760-763 (1999).

Shiryey, S. A. & Agarwala, R. Indexing and searching petabase-scale nucleotide resources. Nat
Methods 21, 994-1002 (2024).

Li, Y. et al. PlasmidScope: a comprehensive plasmid database with rich annotations and online
analytical tools. Nucleic Acids Res 53, D179-D188 (2025).

Nishijima, S., Fullam, A., Schmidt, T. S. B., Kuhn, M. & Bork, P. VIRE: a metagenome-derived, planetary-
scale virome resource with environmental context. Nucleic Acids Res 54, D902-D911 (2026).

Wang, X. et al. The genetic diversity and populational specificity of the human gut virome at single-
nucleotide resolution. Microbiome 13, 188 (2025).

Fiamenghi, M. B. et al. Meta-virus resource (MetaVR): expanding the frontiers of viral diversity with
24 million uncultivated virus genomes. Nucleic Acids Res 54, D801-D812 (2026).

Chikhi, R. et al. Logan: Planetary-scale genome assembly surveys life’s diversity. bioRxivorg (2025)
doi:10.1101/2024.07.30.605881.

Aravind, L. & Koonin, E. V. The HD domain defines a new superfamily of metal-dependent
phosphohydrolases. Trends Biochem Sci 23, 469-472 (1998).

Ye, Y. Identification of diversity-generating retroelements in human microbiomes. Int J Mol Sci 15,
14234-14246 (2014).

Veesler, D. et al. Structure of the phage TP901-1 1.8 MDa baseplate suggests an alternative host
adhesion mechanism. Proc Nat/ Acad Sci U S A 109, 8954-8958 (2012).

Zhang, F. et al. Critical Assessment of Whole Genome and Viral Enrichment Shotgun Metagenome
on the Characterization of Stool Total Virome in Hepatocellular Carcinoma Patients. Viruses 15,
(2022).

Page 23/33



31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

Johnson, C. M. & Grossman, A. D. Integrative and Conjugative Elements (ICEs): What They Do and
How They Work. Annu Rev Genet 49, 577-601 (2015).

Botelho, J. & Schulenburg, H. The role of integrative and conjugative elements in antibiotic
resistance evolution. Trends Microbiol. 29, 8—18 (2021).

Pfeifer, E. & Rocha, E. P. C. Phage-plasmids promote recombination and emergence of phages and
plasmids. Nat. Commun. 15, 1545 (2024).

Garcillan-Barcia, M. P, de la Cruz, F. & Rocha, E. P. C. The extended mobility of plasmids. Nucleic
Acids Res 53, (2025).

Camargo, A. P. et al. Identification of mobile genetic elements with geNomad. Nat. Biotechnol.
(2023) doi:10.1038/s41587-023-01953-y.

Guo, J. et al. VirSorter2: a multi-classifier, expert-guided approach to detect diverse DNA and RNA
viruses. Microbiome 9, 37 (2021).

Chen, L. & Banfield, J. F. COBRA improves the completeness and contiguity of viral genomes
assembled from metagenomes. Nat. Microbiol. 9, 737-750 (2024).

Frost, L. S,, Leplag, R., Summers, A. O. & Toussaint, A. Mobile genetic elements: the agents of open
source evolution. Nat Rev Microbiol 3, 722-732 (2005).

Spirig, T., Weiner, E. M. & Clubb, R. T. Sortase enzymes in Gram-positive bacteria. Mol. Microbiol. 82,
1044-1059 (2011).

Heuer, H. & Smalla, K. Plasmids foster diversification and adaptation of bacterial populations in soil.
FEMS Microbiol Rev 36, 1083-1104 (2012).

Gongalves, O. S, Souza, F. de 0., Bruckner, F. P, Santana, M. F. & Alfenas-Zerbini, P. Widespread
distribution of prophages signaling the potential for adaptability and pathogenicity evolution of
Ralstonia solanacearum species complex. Genomics 113, 992-1000 (2021).

Sharon, B. M., Hulyalkar, N. V., Zimmern, P. E., Palmer, K. L. & De Nisco, N. J. Inter-species diversity
and functional genomic analyses of closed genome assemblies of clinically isolated, megaplasmid-
containing Er676 and ATCC49464. Access Microbiol 5, (2023).

Redondo-Salvo, S. et al. Pathways for horizontal gene transfer in bacteria revealed by a global map
of their plasmids. Nat. Commun. 11, 3602 (2020).

Smillie, C., Garcillan-Barcia, M. P, Francia, M. V., Rocha, E. P. C. & de la Cruz, F. Mobility of plasmids.
Microbiol Mol Biol Rev 74, 434-452 (2010).

Klimper, U. et al. Broad host range plasmids can invade an unexpectedly diverse fraction of a soil
bacterial community. ISME J 9, 934-945 (2015).

Macadangdang, B. R., Makanani, S. K. & Miller, J. F. Accelerated Evolution by Diversity-Generating
Retroelements. Annu Rev Microbiol 76, 389-411 (2022).

Macadangdang, B. R. et al. Targeted protein evolution in the gut microbiome by diversity-generating
retroelements. Science 390, eadv2111 (2025).

Page 24/33



48.

49.

50.

o1.

52.

93.

o4.

99.

56.

57.

58.

99.

60.

61

62.

63.
64.

65.

66.

Howard-Varona, C., Hargreaves, K. R., Abedon, S. T. & Sullivan, M. B. Lysogeny in nature:
mechanisms, impact and ecology of temperate phages. ISME J 11, 1511-1520 (2017).

Nurk, S., Meleshko, D., Korobeynikov, A. & Pevzner, P. A. metaSPAdes: a new versatile metagenomic
assembler. Genome Res. 27, 824-834 (2017).

Chen, L.-X., Anantharaman, K., Shaiber, A., Eren, A. M. & Banfield, J. F. Accurate and complete
genomes from metagenomes. Genome Res. 30, 315-333 (2020).

Abu-Ali, G. S. et al. Metatranscriptome of human faecal microbial communities in a cohort of adult
men. Nat Microbiol 3,356-366 (2018).

Yan, A., Butcher, J., Schramm, L., Mack, D. R. & Stintzi, A. Multiomic spatial analysis reveals a distinct
mucosa-associated virome. Gut Microbes 15, 2177488 (2023).

Chen, S, Zhou, Y., Chen, Y. & Gu, J. fastp: an ultra-fast all-in-one FASTQ preprocessor. Bioinformatics
34,i884-i890 (2018).

Chen, S. Ultrafast one-pass FASTQ data preprocessing, quality control, and deduplication using
fastp. Imeta 2, e107 (2023).

Kolmogorov, M. et al. metaFlye: scalable long-read metagenome assembly using repeat graphs. Nat.
Methods 17, 1103-1110 (2020).

Hyatt, D. et al. Prodigal: prokaryotic gene recognition and translation initiation site identification.
BMC Bioinformatics 11, 119 (2010).

Steinegger, M. & Soding, J. MMseqs2 enables sensitive protein sequence searching for the analysis
of massive data sets. Nat. Biotechnol. 35, 1026-1028 (2017).

Mirdita, M. et al. ColabFold: making protein folding accessible to all. Nat. Methods 19, 679-682
(2022).

Kim, R. S., Levy Karin, E., Mirdita, M., Chikhi, R. & Steinegger, M. BFVD-a large repository of predicted
viral protein structures. Nucleic Acids Res. (2024) doi:10.1093/nar/gkae1119.

Berman, H. M. et al. The Protein Data Bank. Nucleic Acids Res. 28, 235-242 (2000).

. Camargo, A. P. et al. A genomic atlas of the human gut virome elucidates genetic factors shaping

host interactions. bioRxiv (2025) doi:10.1101/2025.11.01.686033.

van Kempen, M. et al. Fast and accurate protein structure search with Foldseek. Nat. Biotechnol. 42,
243-246 (2024).

Potter, S. C. et al. HMMER web server: 2018 update. Nucleic Acids Res. 46, W200-W204 (2018).

Finn, R. D. et al. The Pfam protein families database: towards a more sustainable future. Nucleic
Acids Res. 44, D279-85 (2016).

Lewis, T. E,, Sillitoe, |. & Lees, J. G. cath-resolve-hits: a new tool that resolves domain matches
suspiciously quickly. Bioinformatics 35, 1766-1767 (2019).

Boutet, E. et al. UniProtKB/Swiss-Prot, the Manually Annotated Section of the UniProt
KnowledgeBase: How to Use the Entry View. Methods Mol Biol 1374, 23-54 (2016).

Page 25/33



67.

68.

69.

70.

/1.

72.

73.

74.

75.

76.

77.

78.

79.
80.

81.

82.

83.

84.

85.

Ma, J. et al. A human gut metagenome-assembled genome catalogue spanning 41 countries
supports genome-scale metabolic models. Nat. Microbiol. 11, 317-334 (2026).

Li, W. & Godzik, A. Cd-hit: a fast program for clustering and comparing large sets of protein or
nucleotide sequences. Bioinformatics 22, 1658-1659 (2006).

Edgar, R. C. MUSCLE: multiple sequence alignment with high accuracy and high throughput. Nucleic
Acids Res. 32,1792-1797 (2004).

Capella-Gutiérrez, S., Silla-Martinez, J. M. & Gabalddn, T. trimAl: a tool for automated alignment
trimming in large-scale phylogenetic analyses. Bioinformatics 25, 1972-1973 (2009).

Minh, B. Q. et al. IQ-TREE 2: New Models and Efficient Methods for Phylogenetic Inference in the
Genomic Era. Mol. Biol. Evol. 37, 1530-1534 (2020).

Galata, V., Fehlmann, T,, Backes, C. & Keller, A. PLSDB: a resource of complete bacterial plasmids.
Nucleic Acids Res. 47, D195-D202 (2019).

Douarre, P-E., Mallet, L., Radomski, N., Felten, A. & Mistou, M.-Y. Analysis of COMPASS, a new
comprehensive Plasmid database revealed prevalence of multireplicon and extensive diversity of
IncF plasmids. Front. Microbiol. 11, 483 (2020).

Lai, S. et al. MMGE: a database for human metagenomic extrachromosomal mobile genetic
elements. Nucleic Acids Res 49, D783-D791 (2021).

Camargo, A. P. et al. IMG/PR: a database of plasmids from genomes and metagenomes with rich
annotations and metadata. Nucleic Acids Res 52, D164-D173 (2024).

Cochrane, G. et al. Evidence standards in experimental and inferential INSDC Third Party Annotation
data. OMICS 10, 105-113 (2006).

Kulikova, T. et al. EMBL Nucleotide Sequence Database in 2006. Nucleic Acids Res 35, D16-20
(2007).

Lu, J. et al. Metagenome analysis using the Kraken software suite. Nat Protoc 17, 2815-2839
(2022).

Benson, D. A. et al. GenBank. Nucleic Acids Res 46, D41-D47 (2018).

Ogasawara, 0., Kodama, Y., Mashima, J., Kosuge, T. & Fujisawa, T. DDBJ Database updates and
computational infrastructure enhancement. Nucleic Acids Res 48, D45-D50 (2020).

O’Leary, N. A. et al. Reference sequence (RefSeq) database at NCBI: current status, taxonomic
expansion, and functional annotation. Nucleic Acids Res 44, D733-45 (2016).

Steinegger, M. et al. HH-suite3 for fast remote homology detection and deep protein annotation.
BMC Bioinformatics 20, 473 (2019).

Wong, T. K. F. et al. IQ-TREE 3: Phylogenomic Inference Software using Complex Evolutionary
Models. (2025).

Pettersen, E. F. et al. UCSF ChimeraX: Structure visualization for researchers, educators, and
developers. Protein Science 30, 70—82 (2021).

Longmead, B. & Salzberg, S. L. Fast gapped-read alignment with Bowtie2. (2012).

Page 26/33



86. Li, H. et al. The Sequence Alignment/Map format and SAMtools. Bioinformatics 25, 2078-2079
(2009).

87. Kearse, M. et al. Geneious Basic: an integrated and extendable desktop software platform for the
organization and analysis of sequence data. Bioinformatics 28, 1647-1649 (2012).

88. Nayfach, S. et al. CheckV assesses the quality and completeness of metagenome-assembled viral
genomes. Nat. Biotechnol. (2020) doi:10.1038/s41587-020-00774-7.

89. Parks, D. H. et al. GTDB: an ongoing census of bacterial and archaeal diversity through a
phylogenetically consistent, rank normalized and complete genome-based taxonomy. Nucleic Acids
Res. 50, D785-D794 (2022).

90. Chaumeil, P-A., Mussig, A. J., Hugenholtz, P. & Parks, D. H. GTDB-Tk v2: memory friendly
classification with the genome taxonomy database. Bioinformatics 38, 5315-5316 (2022).

91. Nishimura, Y. et al. ViPTree: the viral proteomic tree server. Bioinformatics 33, 2379-2380 (2017).

92. Roux, S. et al. Ecology and molecular targets of hypermutation in the global microbiome. Nat
Commun 12, 3076 (2021).

Figures

Page 27/33



) IMG-PR M 3 i
2 a5 Clostridia (29.4-34.4%) b COMPASS X c Tree Sc_ale. 0.1
) J DDBJ x
£ 30 Bacili (2.2-5.2%) EMBL o Mesell 100
© . repositories 100
o 251 - Plasmid GenBank x - 100
£ Caudoviricetes databases Kraken? contained
S 204 (2 5-4.4%) rakens X 5852 800
S MMGE X lasmid
2 154 Gamma- PLSDB x P
by 10 (0.8-2.3%) RefSeq x  Jenomes.
% Bacteroidia VTIISE a 100
= i 1 80 . I
g 10 mom LOSm il COVR I
0 L | databases metavR I 7 G1 Hodors
d 38 Pebblescout aws L e [ .
curated search SRA downfoad CO??I?F; Predicted = 0] G 304 0.48
Hodor |, ID list > 98 = proteins s :
genomes Jocoverage = ' - s
=30 = 5 = 047
) E 300 3 =
c o [
@ o 204 =
—_— - 2 S 046
1,625 . £ 2501 5 5
Fr|1r3ﬁ fitering  fillering  BLASTn gcf:j“oer _ BLASTp % © B 0451
odor - < « ]
genomes | 290% ID,  contigs Hodor se’ljrﬁznle Hodor O 2001 10
(2175 kbp) | 270% AL =5 kbp genomes marker genes 0.444
—
f 39,529 bp 46,358 bp 46,561 bp
o 3;%’/ (GC =59.0%) (GC = 47 6%) a0 (GC = 47 7%)
sk _Jo7 Prophege T g, .
virD4 Y

Hodor01 ‘ E
(403,494 bp;
GC = 48 0%)

0000

oo

AP

47,199 bp
(GC = 57.9%)

e

46,205 bp
(GC=481%) X\ om

o

Hodor02

GC = 46.8%) B

i

_Prophage -

2 Hodor10
(409,900 bp; B (361,797,
GC = 450%) 5

A
Prophages are
highly similar
(ANI- 97 2-98.7%)

v N

%
%,
2,

46,710 bp
(GC = 47 5%)

o o
o (%
¥

s Hodor22 . Hodor29 Hodor34 )
(383,976 bp; P (396.756 bp; (349,825,
GC = 48.2%) & GC = 44.9%) 2 GC = 44.9%) :

4a000

i

Figure 1

Legend not included with this version.

By

IN':MI)

Page 28/33



1663 Hodor genomes
I [ | [ | Source

I Group

R R W T Source

[ Curated (38)
Logan {1,625)

e e e Group

i B Group1 (692)
,,,,, Group2 (971)

Key genes

695 Protein families

v+ || Plasmid marker
genes

Lk e TR TR . Sortases

[l FPutative sortase
anchored proteins

e St R e e e L as
CRISPR C
proteins

>7300 aa and
>2600 aa proteins

class B sortase
|

b Hodor01 (G1) 2000 bp

SecY/G/E N

>2600 aa protein  hyp hyp trigger factor

>7300 aa protein

€ Hodor10{(G2) 2000 bp clasx-:.| B sortase

=>7300 aa protein >2600 aa protein ParM/StbA SecY/G/E AN trigger

factor
d Hodor23 (G2), RNA sample (SRR7880364)

1.728 175,656 165,656 155,656 145,656 126,656 124,656 122,656 120,656
1 1 1 1 1 1 1 1

| adlaisindiadeseniuiingiol, IR am.o Al aede.. A
— D R B 0|
[N

I ™~
SecY/G/E ingger factor sortase

=>/300 aa protein =>7600 aa protein hyp hyp

Figure 2

Legend not included with this version.

Page 29/33



a i 2000 bp 2,187 nt non-coding region with 65 6% AT (putative Oriv)
Parb |
N
| | -
i Hodor01 ParMiSbA ParA P
& - Relaxase (MOB_-ike) Rep_3 / Helicase
z g N '
| | | |
VirB4 wvirD4 Virke Putative OniT {(171-172 bp, 63.2% AT)
b 2000 bp 2,043 nt non-coding region with 63 2% AT (puftative OnV)
Relaxase (MOB, Hike) - |
AY
5 o | LN i
= Hodor10 Putative OriT (268-381 bp, 63.0% AT) ParA ParB H
- Rep 3 1
e S S S D (D 4 D SO S S0 0 0 CO T S S S
I I I I
Virg4 VirD4 VirBe Helicase
5147
Cc L0000 ~44 263 bp (GC = 50 2%, whole Hodor GC = 47 3%)
2500 bp MobC  Relaxase (MOB_, PF03432)
+HEHS)EH—dll (O ¢l Ul O U O 9l D s
g % RecA-family ATPase E
| :
(& | | |
U ¥ Relaxase (MOB_, PF03389) virb4 VirBe  virB4
435t
d 31,913 bp (GG = 51 2%, whole Hodor GC = 45 1%)
fsq
& 2000 bp Antirestriction protein (ArdA)
&
& e —D O D) D ) D D ) S ),
= '
Hodor38 g I I :
G2 VirD4 VirB6 VirB4 Mole :
<, S SO S S S O S S SR
4 | |
- Serine recombinase Relaxase (MOB_, PF03432)
300000
Figure 3

Legend not included with this version.

Page 30/33



a 2 kbp OCNA polymerase B Holliday junction resclvase

Prophageot | HHHER @R R | (¢ (@ 4R €3 (@ {4 ER U S BT a4« - ——
{Hodor0z2,
10,29,34) | +CO4@9O¢ D ¢ B4 €D (O OER I @ aTEB TR« OH—

Reverse franscriptase DNA primase Primpol Endonuclease  Helicase

1830 transposase Avd protain

Prophage02 ‘
{Hodorz2) EBEDWE<¢EWHOGHES OGS ¢ ¢ @8 W9 EHHEER EDE @I B EHHIIHE ¢S @ISHH

Prophage03 Tuncated 1830
(Hgdofm) YOI R 1 6B T R4 (N EE M @ U OO fransposase

7 AN
ParB ParA Nuclease with VRR-NUC domain

Functional modules Lysis . Transcripion . Structure . Packaging . CNA replication and modification . Integration . Others or unannotated

Lo prophage01 prophage02 prophagen3

E e e R ———
g I L] 1 [ I M-terminal
g - [ scaffold
J O D C-iype
= | - B R T actn deman Ctype
S I G S Fein doman
£
% I ! - w1 [ RN |
f o G
- [

o
o

C-type lectin domain BpplJ, N-terminal damain BppU, N-terminal domain
- OO
03 - — < -
RT (truncated TR Avd VR Targeted gene 250 bp
for display)

Figure 4

Legend not included with this version.

Page 31/33



a ® Scaffolds 2 10 kbp

from HRGM2 genomes host
fraction [BLASf_T" Related g0 within
BLASTn filterim removal o confirm Glusteiin
Scaffolds 2 10 kbp from > g > > » Prophage Y C'ﬁlosé?f
>20k metaG samples Hodor ~ 295% 1D,  checkV Hodor ~ SEUENCES 5950, 1D, | taxonomy
prophage  z10kbp AF prophage 285% AL
—>» © Logan search for contigs genomes genomes )
(kmer cov = 0.7) Y Host taxonomy inference
o Host fraction 210kbp? es based on gene similarity
b prophage01 prophage02 prophage03
I ' ' Source Number of related
prophage sequences
14 283 M I HRGM2 with host fraction 210 kbp
e— - —_— metaG
2,351 7.861 219 Logan Total number of related
prophage sequences
c 10,431 (Pro)phage genomes

Source
Groups

7] || e 1
2
E
8 Source Groups Key genes -
% . Hodor meta . Prophagent . Prophage02 RT . DGR targeted gens
e Logan Il HRGMZ Prophage0? B Ava [ 1830 ransposase
=}
o
N
= ¢
i=]
X
£
=) 25]
o
<
—1 &0
d This study Wirbel et al. 2026 Pei et al. 2024
Phylum Class Order Family C01a CO1b coz C03 01 02 03 01 02
Lachnospiraceae 37 2 2 1 2 2
Lachnospirales /_ P o o o o o g

/_ Ruminococcaceaec €@ 8 ®1 ®231 @20 @1 [ R ®s
Clostridia K
Bacillota /- \ ~—— Oscilospiraceae @10 @1 ®1 @1 @1

Oscillospirales
Acutalibacteraceae @21 @1 @1

Bacilli
¥ Butyricicoccaceae 91 [ N

Erysipelotrichales \
Erysipelotrichaceae @12 @ 3

Figure 5

Legend not included with this version.

Page 32/33



a Hodor Prophage Hodor b @ @ [ ] L] @ @ ]
100
.
- i _ z 80
1 -_— == Hodor without prophage <
| | & 60
I I 5
2 - - Hodor with prophage & 40
== °
3 3 & 20
3 | ] Prophage in circular form
i - 0
- - Hodor01 02 03 Hodor10 29 34
4 a2z g Prophags inserted in others B without prophage [l Integrated prophage  [Ji] Circular form
c — BLASTn - 295% 1D, 21500 AL d prophags01 prophage)2 prophage03
I

Related reference l 74 (6.3%) 62 (1.7%) 5(2.9%)

phage sequences (2kbp) (1) ==
start (1kbp)  end (1kbp) T 2)

‘ | O (3) e

e ————

Singal of phage
linear prophage circular prophage in circular form W with singal B without singal

BLASTn 35,278 bp Taxonomic winner for both scaffolds:
e » assembled - ) ) i :
into one Hominenteromicrobium (Bacillota)

I Prophage > T
BLASTn 460,073 bp
—_—

Prophage

]

Figure 6
Legend not included with this version.
Supplementary Files

This is a list of supplementary files associated with this preprint. Click to download.

e SupplementaryTables.xlsx

e SupplementaryFigures.pdf

Page 33/33


https://assets-eu.researchsquare.com/files/rs-9077750/v1/723623057bc4b2bc4cbc103d.xlsx
https://assets-eu.researchsquare.com/files/rs-9077750/v1/33233954d97d4c1d9b8a4d60.pdf

