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Received: 31 December 2025 Abstract: Prophages play key roles in bacterial evolution, yet their diversity in the

Revised: 22 May 2026 genus Tsukamurella remains poorly characterized. In this study, we analyzed 55
Accepted: 10 June 2026 publicly available Tsukamurella genomes and identified eight high-quality
Published: 22 June 2026 prophages, including seven high-quality draft genomes and one complete circular

genome, distributed among 7. asaccharolytica (n = 1), T. paurometabola (n = 1),
T. tyrosinosolvens (n = 2), T. soli (n = 1), and T. ocularis (n = 3). Comparative
genomic analyses revealed three major clusters: the previously described
Tsukamurella phages TIN2, TIN3, TIN4; the three 7. ocularis prophages; and
prophages from 7. paurometabola and T. tyrosinosolvens. The remaining
prophages showed limited similarities to known phages or prophages, highlighting
their novelty. Despite substantial genomic divergence, key lysis-associated
modules, particularly endolysin and holin families, were relatively conserved
among phage and prophage genomes. These findings expand current understanding
of Tsukamurella phage diversity and provide new insights into the evolutionary
dynamics of actinobacteriophages.
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1. Introduction

The advent of high-throughput sequencing has dramatically accelerated bacterial genome analysis, enabling
in-depth investigations into microbial diversity, evolution, and host-virus interactions [1]. Prophages, viral
sequences integrated within bacterial chromosomes, are highly prevalent, with up to 75% of bacterial genomes
containing prophage-derived sequences [2]. These prophages can influence bacterial physiology, virulence,
antimicrobial resistance, and horizontal gene transfer, serving as indicators of past viral infections and contributors
to genomic diversification, thereby driving growing interest in phage biology and evolution [3].

Despite their widespread biological significance, prophage diversity remains underexplored in many bacterial
lineages. Systematic characterization of prophages across bacterial genomes is therefore essential for
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understanding viral evolution and diversity [4]. Within Actinomycetota, an ecologically and clinically important
bacterial phylum, investigations into phage research has primarily focused on Mycobacterium, driven by initiatives
such as SEA-PHAGES that have generated over 3000 complete phage genomes, while recent large-scale meta-
analyses of over 9000 mycobacterial genomes revealed 61 prophage clusters, including 18 singletons [5]. These
studies have set a benchmark for understanding actinomycete viral diversity, yet they also highlight the vast “viral
dark matter” residing in related, less-characterized genera.

Tsukamurella, a member of the Actinomycetota, with mycolic acid-rich cell walls similar to Mycobacterium,
remains one such understudied genus. The genus occupies a unique position at the intersection of environmental
and clinical microbiology. They are widely distributed in soils, activated sludge, arthropods, and are also
increasingly recognized as opportunistic human pathogens causing bacteraemia, conjunctivitis, keratitis and
catheter-related bloodstream infection [6—11]. Owing to their high prevalence in wastewater systems, to date phage
research in this genus has been largely focusing on foaming control in wastewater treatment using a small handful
of characterized isolates (TIN2, TIN3, TIN4, TPA2, and TPA4) [12-14]. However, the genomic diversity of
prophages within clinically relevant Tsukamurella species remains almost entirely unknown.

Systematically characterizing the prophage landscape of Tsukamurella is critical for understanding the
genus’s pathobiology. In clinical isolates, prophages may harbor genes that enhance host fitness during infection,
while in environmental strains, they likely mediate the exchange of metabolic genes within the wastewater
microbiome. As our research group has recently identified and characterized multiple novel Tsukamurella species
associated with human infections [7-10,15], a comprehensive analysis of the “prophage-ome” is warranted to
determine how these viral elements contribute to the genomic diversification of this genus.

We hypothesized that the Tsukamurella pangenome harbors a vast, largely uncharacterized reservoir of
prophages that are evolutionarily distinct from currently sequenced lytic phages. To test this, we performed a
systematic comparative genomic analysis of prophages across all publicly available Tsukamurella genomes to
define the taxonomic diversity and distribution of prophages across the genus and to quantify the genomic
divergence between these integrated prophages and previously characterized Tsukamurella phage isolates.

2. Methods
2.1. Genome Data, Prophage Identification and Annotation

Publicly available Tsukamurella genomes (n = 55), representing 12 validly published species and two
additional genomes from strains without validated species names, were retrieved from the NCBI GenBank
database. Genome of previously characterized bacteriophages, TIN2 (NC_028865.1), TIN3 (NC_028966.1), TIN4
(NC_041962.1), TPA2 (NC 015210.1), and TPA4 (NC_030916.1), were downloaded for comparative analysis.

Prophage sequences were identified using VIBRANT (v1.2.0) with default parameters [16]. Candidate viral
sequences were classified by VIBRANT as low-, medium-, or high-quality draft, or as complete circular genomes,
based on minimum viral criteria, including scaffold length >1 kb and at least four predicted open reading frames
(ORFs). Draft quality categories were assigned according to Virus Orthologous Groups (VOG)-based annotations.
High-quality draft genomes were defined by VIBRANT as sequences likely to contain most of the complete viral
genome and to include annotations informative for downstream analyses, such as phylogenetic inference and true-
positive verification [16]. For subsequent analyses, only viral elements classified as high-quality draft or complete
circular genomes were selected, as these were considered to represent near-complete or complete viral genomes.
These sequences were subsequently annotated using Pharokka v1.8.2 [17].

2.2. Virus Clustering and Comparative Genomics Analysis

To assess the genomic relatedness of identified Tsukamurella prophages and previously described
Tsukamurella phages (TIN2, TIN3, TIN4, TPA2, and TPA4), we applied both nucleotide- and protein-level
clustering approaches. Average nucleotide identity (ANI) was calculated using skani (v0.3.1) [18]. For protein-
level analyses, GenBank files generated through Pharokka (default parameters) were used as input for PhaMMseqs
v1.0.4 to assign proteins into phamilies (phams). Resulting phams were subsequently clustered with PhamClust
v1.3.3 [19,20], with default parameters, including a minimum cluster size of 6 for sub-clustering, a similarity
threshold of 0.6 for sub-clustering using single linkage, and a clustering similarity threshold of 0.25.

Representative phamilies were examined through synteny analysis with visualization of clinker v0.031 to
assess structural organization [21]. Sequence divergence within phamilies was evaluated in MEGA v12 using the
overall mean distance method with the p-distance substitution model and 1000 bootstrap replicates [22].

Comparative visualization of prophage relatedness and gene content was performed in RStudio [23]. Heatmaps
and bar plots were manually curated and generated using ANI values, PhamClust clustering results, and protein family
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counts obtained from the annotated prophage genomes. These data were integrated to visualize genomic similarity,
clustering patterns, and variation in protein family composition among the identified prophages.

3. Results and Discussion
3.1. Prevalence of Prophage Distribution

The 55 publicly available Tsukamurella genomes ranged from 3.1 to 5.7 Mb in size, with an average of 83
contigs and an N50 of 1,703,034 bp. Their GC content varied between 68.4% and 71.6% (Supplementary Table S1).

VIBRANT identified 210 viral fragments across the 55 Tsuakmurella genomes. Of these, 73.1% of scaffolds
met minimum viral criteria (>1 kbp and >4 ORFs), producing a total of 162 putative phages. The number of
putative phages per genome varied substantially, ranging from 0 to 16. Among the 162 putative phages, seven
were classified as high-quality draft prophages and one as a complete circular prophage (Table 1). These high-
quality elements were found in T. asaccharolytica (n = 1), T. paurometabola (n = 1), T. tyrosinosolvens (n = 2),
T. soli (n=1), and T. ocularis (n = 3) (Table 1). The prophage from T. paurometabola strain 30W was classified
as lytic, whereas the others were lysogenic. Genome sizes of high-quality prophages ranged from 47,404 to 71,033
bp, encoding 72 to 150 predicted ORFs, with GC contents from 59.5 to 70.2%. In addition, 56.9 to 83.9% of ORFs
encoded proteins with no known functional annotations, underscoring the novelty of Tsukamurella-associated viral
elements (Table 1).

3.2. Virus Clustering and Taxonomic Classification of Tsukamurella Phages

ANTI analysis revealed strong clustering among the known lytic Tsukamurella phages TIN2, TIN3, and TIN4,
which shared 88 to 100% ANI, consistent with previous observations of their recent common ancestry (Figure
1A). However, these phages showed no detectable nucleotide similarity to VIBRANT-identified prophages or to
other known phages, suggesting distinct evolutionary trajectories. Similarly, phages TPA2 and TPA4 showed no
ANI-based relationships to other phages, reflecting their unique genomic backgrounds.
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Figure 1. Comparative genomic analyses of Tsukamurella phages and prophages. (A) Heatmap of ANI values
among known Tsukamurella phages (phages TIN2, TIN3, TIN4, TPA2, TPA4). (B) Proteomic clustering of phages
and prophages using PhamClust. Three major phage/prophage clusters are observed.

In contrast, high ANI values (97 to 100%) were detected among the three 7. ocularis prophages from strains
HKU63T, HKU64, and CIP111612, with the HKU63" and CIP111612’s prophage genomes exhibiting complete
identity, suggesting recent prophage integration events. A moderately distant relationship (90.2% ANI) was
identified between the prophages of T. paurometabola 30W and T. tyrosinosolvens ZCJ-230615. In contrast,
prophages from T. asaccharolytica HKU71", T. tyrosinosolvens PAYNI1, and T. soli JCM 17688" showed no close
ANI-based similarity to any known phages or prophages.
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Table 1. Genomic features and prophage characteristics of Tsukamurella strains containing high-quality prophages identified by VIBRANT.

Bacterial Genome

Prophage Genome

. . . Number of Genome NS0 GC Prophage Predicted  Prophage GC Total Hypotl!etlc

Accession Number Species/Strain Contigs Sizes (bp) (bp) (%) Combleteness Lifestvle Size (bp) (%) Number  Proteins

g P P ’ P y P *’ of ORFs (Number, %)
GCF 018335505 pa”g‘(’)"@mb ola 906 5,203,618 51,091 704  High-quality draft Lytic 47,404 595 137 115, 83.9
GCF 035871755 % rgf"g’,ﬁflvens 57 5,021,494 201,463  71.0  Complete circular ~ Lysogenic 50,312 70.2 76 46, 60.5
GCF 040790855 |- %OJS?;ggiV;"S 1 5,100,639 5,100,639 70.9  High-quality draft  Lysogenic ~ 71,033  60.7 150 106, 70.7
GCF_042666795  T. soli JICM 176887 2 5,699,607 5,648486 70.1  High-quality draft ~ Lysogenic ~ 70,017 644 120 70, 58.3
GCF 007858435 ”ﬁ‘ffg{f; 10? fica 83 4,123,067 413,707 702  High-quality draft ~ Lysogenic 65,709  69.8 99 62, 62.6
GCF 965138335 T ocularis CIP111612 72 4,927,858 131,669 71.3  High-quality draft  Lysogenic ~ 49,153  69.6 72 41,56.9
SAMN54270355 T, ocularis HKU63" 58 4,964,078 1,018,061 713  High-quality draft  Lysogenic ~ 49,153  69.6 72 41,56.9
SAMN54270356  T. ocularis HKU64 99 5,069,553 1,102,516 71.3  High-quality draft ~ Lysogenic 48,652  69.2 77 47,61.0
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Because phage genomes are highly mosaic due to frequent gene rearrangements, ANI-based comparisons
alone may underestimate their evolutionary relatedness. To complement this approach, we performed protein
family-based comparative analyses. Using PhaMMsegs, all proteins encoded by the Tsukamurella prophages and
phages were grouped into 899 phamilies (phams), with an average of 1.5 members per family, including 629
orphams (single member protein family lacking similar homolog). These results highlight the substantial protein-
level novelty within this group.

Subsequent proteomic clustering using PhamClust revealed three major clusters (Figure 1B)—(1) the three
T. ocularis prophages, (2) phages TIN2, TIN3, and TIN4, and (3) The prophages from 7. paurometabola 30W
and 7. tyrosinosolvens ZCJ-230615. All remaining viral elements formed singletons, further underscoring the high
genomic diversity and limited relatedness among Tsukamurella-associated phages.

3.3. Conserved lysis Cassette in Tsukamurella Phages and Prophages

Manual annotation of the 10 most abundant protein families revealed that they predominantly encoded core
viral functions (Figure 2A), including two endolysin families (Pham land Pham 10), holins (Pham 3), minor tail
proteins (Pham 2), single-stranded DNA-binding proteins (Pham 4), membrane proteins (Pham 11), terminase
large subunits (Pham 13), and integrases (Pham 6).
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Figure 2. Conserved and divergent protein families in Tsukamurella phages and prophages. (A) Distribution of the
top 10 most abundant protein families (phams) identified across all phages and prophages. Core viral functional
categories dominate the protein landscape. (B) Synteny analysis of the lysis cassette region, revealing relatively
conserved genomic organization across Tsukamurella phages and prophages. Endolysin (Pham 1 and Pham 10) and
holin (Pham 3) are relatively conserved, whereas minor tail proteins (Pham 2) show higher variability, suggesting
differential selective pressures between structural and lytic modules. Minor tail protein genes (Pham 2) are
not shown for T. tyrosinosolvens ZCJ-230615 and T. soli JCM 17688" because they are located outside the lysis
cassette region.

Synteny analysis further showed that the lysis cassette was relatively conserved across both phages and
prophages (Figure 2B). Endolysin (Pham 1) was detected in 10 of the 13 phage/prophage genomes analyzed (n =
10, Figure 2A), including phages TIN2, TIN3, TIN4, TPA2, and TPA4, and the prophages of T. ocularis HKU63T
and CIP111612, T. tyrosinosolvens P4YN1, T. asaccharolytica HKU717T, and T. soli JCM 17688T (Figure 2B).
Notably, phages TPA2 and TPA4, despite lacking ANI similarity to other phages (Figure 1A), retained
homologous endolysin phamilies (Pham1 and Pham 10 in TPA2; Pham1 in TPA4), mirroring the synteny observed
in T. ocularis prophages HKU63T and CIP111612’s prophages (Figure 2B).

Holin (Pham 3), another key component of the lysis module, was detected in 8 of the 13 phage/prophage
genomes, including phages TIN2, TIN3, TIN4, the three T. ocularis prophages, prophage of 7. asaccharolytica
HKU717, and phage TPA4. The relatively frequent detection of endolysin and holin phamilies suggests that shared
lysis strategies may maintain among Tsukamurella phages/prophages despite substantial genomic divergence.
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In contrast, the minor tail protein family (Pham 2) was detected in 8 of the 13 phage/prophage genomes analyzed
(Figure 2A), including phage TPA4, and the prophages of T. ocularis HKU63T, HKU64, and CIP111612, T.
tyrosinosolvens P4YN1, ZCJ-230615, T. asaccharolytica HKU717, and T. soli JCM 17688". This protein family
exhibited higher sequence diversity (average pairwise p-distance = 0.65, SE = 0.01) than the lysis-associated families
(Pham 1, p-distance = 0.58 + 0.02 SE; Pham 3, p-distance = 0.56 + 0.02; Pham 10, p-distance = 0.40 + 0.01). These
results suggest stronger selective pressures may be associated with host interaction, recognition, and attachment.

4. Conclusions

This study provides a genome-based overview of prophage diversity in Tsukamurella. We identified eight high-
quality prophages, including distinct clusters among 7. ocularis isolates and several highly divergent elements with
limited similarity to previously described Tsukamurella phages or prophages. Although genome-wide nucleotide
similarity was generally low, lysis-associated protein families, particularly endolysins and holins, were relatively
conserved across phages and prophages. Together, these findings expand the current catalogue of Tsukamurella-
associated prophages and provide a foundation for future studies on their diversity and evolutionary relationships.
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