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Phages are prevalent in diverse environments and play major ecological roles attributed to their tremendous diversity and
abundance. Among these viruses, transposable phages (TBPs) are exceptional in terms of their unique lifestyle, especially their
replicative transposition. Although several TBPs have been isolated and the life cycle of the representative phage Mu has been
extensively studied, the diversity distribution and ecological functions of TBPs on the global scale remain unknown. Here, by mining
TBPs from enormous microbial genomes and viromes, we established a TBP genome dataset (TBPGD), that expands the number of
accessible TBP genomes 384-fold. TBPs are prevalent in diverse biomes and show great genetic diversity. Based on taxonomic
evaluations, we propose the categorization of TBPs into four viral groups, including 11 candidate subfamilies. TBPs infect multiple
bacterial phyla, and seem to infect a wider range of hosts than non-TBPs. Diverse auxiliary metabolic genes (AMGs) are identified in
the TBP genomes, and genes related to glycoside hydrolases and pyrimidine deoxyribonucleotide biosynthesis are highly enriched.
Finally, the influences of TBPs on their hosts are experimentally examined by using the marine bacterium Shewanella psychrophila
WP2 and its infecting transposable phage SP2. Collectively, our findings greatly expand the genetic diversity of TBPs, and
comprehensively reveal their potential influences in various ecosystems.
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INTRODUCTION
Bacteriophages, which are viruses that infect and parasitize
bacteria, are the most abundant biological entities and critical
ecological regulators in diverse natural and artificial environments
[1, 2]. Among bacteriophages, temperate phages are capable of
both lytic and lysogenic infections, and they typically integrate
their own genomes into the host genome to form prophages
during lysogenic infection [3]. Prophages are widespread in
bacterial genomes, which is well supported by a previous analysis
in which 46% of 2110 analyzed bacterial genomes were infected
by a total of 2246 prophages [4]. In-depth studies on temperate
phages that infect some model microorganisms, such as
Escherichia coli and Salmonella enterica, have shown that they
significantly influence a variety of physiological functions and
basic cellular life activities of the bacterial host, including DNA
replication, gene transcription, protein expression, growth, moti-
lity, biofilm formation, and environmental stress resistance
[3, 5–7].
Among temperate phages, transposable bacteriophages (TBPs)

are unique in that they replicate by transposition [8, 9]. Phage Mu,
the representative TBP, was isolated nearly 60 years ago from E.
coli strain K-12 [10]. Mu phage taxonomically classified into
Myoviridae historically, has a genome size of ~38 kb, terminated by
a 5′-TG-CA-3′ inverted repeat [9, 11]. After integration into the host
genome and upon entering the lytic cycle, Mu initiates a “copy-
and-paste” (replicative) transposition, a process that is conducted

by a complex known as the transpososome, which mainly involves
a DDE family transposase (MuA) and an AAA+ ATPase (MuB) [12].
Replicative transposition results in the random integration of
multiple copies of Mu into different loci in the host genome,
thereby potentially causing a variety of host gene mutations,
including inversions, duplications, deletions, and gene fusions
[8, 9]. The headful mechanism is used for Mu phage DNA
packaging. Specifically, the initial packaging site (pac) is located
50–150 bp upstream of the left end of the Mu DNA (attL),
while the packaging terminates nonspecific locations after the
phage head is filled with DNA, which leads to a host DNA
sequence (normally 1–1.5 kb, up to 3 kb in some cases) that is
downstream of the right end of the Mu DNA (attR) and is also
packaged into the head [13, 14]. The extra packaging of host
chromosomal and plasmid DNA into phage particles thus makes
Mu to be a generalized transducing phage [15].
In addition to Mu, several other TBPs, such as D108, B3, BcepMu,

RcapMu, SuMu, SfMu, and ФSHP3, which infect E. coli, Pseudomo-
nas aeruginosa, Burkholderia cenocepacia, Rhodobacter capsulatus,
Haemophilus parasuis, Shigella flexneri, and Stenotrophomonas
maltophilia, respectively, have been successively isolated and
characterized [16–22]. Although not yet isolated, some Mu-like
prophages have been found in multiple bacterial genomes
[23–25]. Moreover, the isolation niches of TBPs are diverse,
including the human microbiome, marine water, hydrothermal
vents and plateau wetlands [26–29]. Previously, two Mu-like
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phages encoding diguanylate cyclase and UDP-sulfoquinovose
synthase were identified in viromes from the Cariaco Basin,
indicating a potential impact of TBPs on microbial processes in
oxygen-deficient marine seawater [30]. Altogether, these results
suggest that TBPs are widespread in natural environments.
Previously, based on the characteristic features of 26 sequenced
TBP genomes, a new family, “Saltoviridae”, with two subfamilies,
“Myosaltovirinae” and “Siphosaltovirinae”, was proposed [31].
Subsequently, four conserved proteins of TBPs (Mor, GemA, portal
protein and transposase) were used as markers for the screening
of TBPs in Enterobacteria, Pseudomonas, and Leptospiraceae
genomes, leading to the discovery of hundreds of predicted
transposable prophages [32, 33]. These pioneering works expand
the TBP genome dataset and further support the existence of the
newly proposed family “Saltoviridae”. Despite this progress, the
distribution and diversity of TBPs in a wide range of prokaryotic
genomes and environments remain unknown. The genes encod-
ing transposases, which are conserved marker proteins of TBPs,
have been shown to be the most abundant and widespread genes
in microbial genomes and metagenomes [34]. Based on the above
evidence and clues, it is reasonable to hypothesize that TBPs are
widely distributed in various environments and microorganisms
and have potentially important ecological functions.
In this study, to address this hypothesis, we first collected and

curated genomic information of all isolated TBPs and identified six
conserved proteins by comparative genome analysis. Subse-
quently, we mined TBPs from publicly available microbial
genomes and established the first TBP genome dataset (TBPGD).
The distribution, diversity, and gene content of TBPs were
systematically evaluated, and the influences of TBPs on their
hosts were experimentally examined by using the marine
bacterium Shewanella psychrophila WP2 and its integrated
transposable prophage SP2. The results of this study greatly
contribute to a comprehensive understanding of the genetic and
life-history traits of TBPs and their ecological importance.

RESULTS
Transposable phages (TBPs) are prevalent globally
According to the designed bioinformatic workflow (Supplemen-
tary Figs. S1, S2), we first searched the literature for previously
isolated TBPs. A total of 48 TBPs were retained after manual
curation, and they were used as the reference dataset for
subsequent TBP detection (Supplementary Table S1). We
performed gene annotation and protein family analysis of these
reference TBP genomes and found that 6 proteins (GemA, Mor,
portal protein, head-tail connector protein, virion morphogenesis
protein, and transposases) were encoded by all the reference
TBPs, and they were therefore considered to be conserved
proteins of TBPs (Supplementary Fig. S3). Specifically, although the
gene encoding DDE_2-type transposase (PF02914.17) was absent
in 9 TBPs, all of them encoded the IS240 transposase (PF13610.8,
HHblits-probability >87.6%), which also belongs to the DDE family.
Moreover, these IS240 transposases shared high sequence and
structural similarity with transposases in other reference TBPs,
especially the transposase encoded by phage B3 (pairwise identity
>40%, Z score >27.3), indicating that the transposase (including
two protein families, according to the Pfam categories) is one of
the conserved proteins of TBPs (Supplementary Fig. S4). The six
identified conserved proteins are critical in the TBP life cycle,
including in replicative transposition, transcription, and assembly
(Fig. 1a). To verify the reliability of these conserved proteins for
TBP identification, we used them as queries to search the RefSeq
virus database (n= 11,080), obtaining in a total of 40 viral
genomes. Among them, 35 were already present in our reference
TBP genomes, and the remaining five genomes exhibited high
similarity to the reference TBPs (Supplementary Fig. S5), indicating
that no false positives were produced in the search and that these

six conserved proteins can be used for mining TBP genomes in
large-scale datasets.
Given that all TBPs found thus far are integrated into the host

genome and exist as prophages [8], we identified TBPs mainly
from prokaryotic genomes (n= 216,709 for bacteria and n= 1156
for archaea) in the RefSeq database by performing a two round
search (Supplementary Figs. S1, S2, and see Methods for further
details). In addition, the currently largest virus database, IMG/VR
v2.0 [35] (n= 760,445), and the largest marine virus dataset, GOV
2.0 [36] (n= 488,128), were combined as the query datasets for
TBP mining. Overall, 18,449 TBP genomes were obtained, thereby
expanding the quantity of TBP genomes 384-fold.
The TBPs identified to date are widely distributed in a variety of

different geographic locations and biomes worldwide, including
host-associated, aquatic, terrestrial and sediment biomes (Fig. 1b
and Supplementary Table S3). In the TBPGD, host-associated TBPs
accounted for the majority of the genomes, and most of them
were derived from human-associated samples (Fig. 1c), which was
probably due to the high enrichment of prokaryotic genomes
from these environments in the database. Despite these
preferences, our data unprecedentedly show that TBPs cover
extremely diverse environments (Supplementary Table 3). In
particular, we obtained 297 TBP genomes from oceans, which
represent the largest ecosystem on Earth. The recruitment analysis
showed that some of them were widespread in various marine
areas, and multiple TBPs exhibited a high abundance in specific
ocean zones (Supplementary Fig. S6), indicating that the oceans
are important habitats for TBPs.

Vast genetic diversity of TBPs
In the TBPGD, more than half of the TBPs (52.9%) were genome
ends-defined (gdTBPs), representing TBPs with complete genome
sequence, and the remaining TBPs (47.1%) were encoding region-
defined (edTBPs) (Fig. 2a). Among gdTBPs, classical TG-CA genome
ends accounted for the highest proportion (77.59%), followed by
GT-CA (3.41%) and TG-AC (3.26%) ends. Furthermore, CheckV
assessment revealed that the majority (74.51%) of the TBP
genomes were of complete or high quality, and this proportion
was higher for gdTBPs (87.75%) than that for edTBPs (59.59%)
(Supplementary Fig. S7). Most TBPs were located in host
chromosomes, although several of them (n= 24) were present
in plasmids; this phenomenon has also been observed in
Leptospira weilii strains [33]. Further analysis indicated that some
of these TBP-plasmid host genomes were simultaneously inte-
grated with diverse TBPs, corresponding to either different copies
or different species (Supplementary Fig. S8), suggesting that these
TBP plasmids originated from either replicative transposition of a
chromosomal copy or independent infection events.
The genome size of gdTBPs were concentrated between 33 and

40 kb (90.05%) (Fig. 2b), and the GC content of these TBPs ranged
from 26 to 71%. The density plot of the GC content showed four
significant peak intervals: low GC content (26–35%, n= 557),
intermediate GC content (35–45%, n= 1420; 45–60%, n= 4968),
and high GC content (60–71%, n= 2821), suggesting the presence
of different clades within TBPs (Fig. 2c). Generally, the distribution
of genome size and GC content among the newly identified TBPs
was consistent with that of the reference TBPs (Supplementary
Fig. S9), indicating their intrinsic association and the reliability of
our TBP screening strategy.
To assess the diversity of TBPs, we grouped all the gdTBPs into

3488 viral operational taxonomic units (vOTUs), equivalent to a
species-level taxonomy. Furthermore, these vOTUs were clustered
by vConTACT2 via protein-sharing networks (Fig. 3a, b and
Supplementary Table S4), in which 2952 vOTUs formed 132 viral
clusters (VCs). In addition, 536 vOTUs belonged to the overlap
(n= 378), outlier (n= 153), or clustered/singleton (n= 5) types in
the network and could thus not be assigned to VCs. Among the
132 VCs, only 6 contained viruses with assigned taxonomy, while
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Fig. 1 The distribution of transposable bacteriophages (TBPs) across Earth’s biomes. a Schematic life cycle of the TBPs. The six conserved
marker proteins of TBPs are indicated in red. For clarity, the phage genomic DNA and virions are not to scale relative to the bacterial host cell
and chromosome. b Geographic distribution of TBPs. Each point represents a geographic site, and only the TBP genomes (n= 5320) with
available geographic coordinates are shown. The size of each point is proportional to the number of genomes found at that site, and the
colors differentiate the derived environments: host-associated (orange), aquatic (blue), terrestrial/sediment (brown) or other (environmental
information unavailable, green). c Distribution of TBPs across biomes and sub-biomes, based on environmental metadata of their derived host.
The values in each pie chart represent the number of TBP genomes derived from the specific biomes and sub-biomes.
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the other 126 VCs could not be classified (Fig. 3a). Furthermore,
among the 28 genome-enriched VCs (TBP genomes >30), only 4
(14.3%) harbored viruses with known taxonomy (Fig. 3b). Speci-
fically, VC_189 contained the highest number of vOTUs (n= 201),
21 of which belonged to the genus Casadabanvirus, and the
remaining 180 were newly identified herein. Three other vOTU-
enriched VCs containing taxonomically classified viruses were
VC_191 (Beetrevirus, n= 100), VC_52 (Muvirus, n= 85), and VC_211
(Bcepmuvirus, n= 31), and the numbers of known vOTUs they
contained were expanded 32.3, 41.5,- and 14.5-fold, respectively,
by the TBPGD. Collectively, these results strongly suggested a high
unknown diversity of TBPs.

We subsequently sought to explore the taxonomy of TBPs at
the family level. The PhaGCN2 assessment showed that gdTBPs
in the TBPGD belonged mainly to Peduoviridae (n= 3930) and
Casjensviridae (n= 2381), followed by Mesyanzhinovviridae
(n= 30) and other viral families (Fig. 3c and Supplementary
Table S5). Previously, Hulo et al. proposed the establishment of
the new family Saltoviridae of Caudovirales for transposable
phages, with two subfamilies, Myosaltoviridae and Siphosaltovir-
idae, included in Saltoviridae [31]. However, the order Caudovir-
ales has been abolished and reclassified as the class
Caudoviricetes, and the existing subfamilies in Caudovirales have
accordingly been tentatively elevated to families [37]. Based on

Fig. 2 Genome properties of the TBPs. a Composition of the genome ends of TBPs. The left pie chart indicates the proportion of TBPs for
which exact genome ends were defined (gdTBPs), and the right pie chart shows the percentages of different genome ends among the
gdTBPs. b, c Density plots of the genome size (b) and GC content (c) distributions of TBPs.
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the above evidence and the current situation, we propose the
categorization of TBPs into different candidate subfamilies,
named Peduosaltovirinae, Casjenssaltovirinae, and other Salt-
ovirinae. Those TBPs (n= 3410) that could not be categorized
into current viral taxa, were tentatively classified as Miscsaltovir-
inae (“Misc” for miscellaneous) (Fig. 3d). To further examine the
differences among the four TBP groups, we compared their
genome sizes and GC contents, and significant differences were
observed (Fig. 3e, f), consistent with the aforementioned four
distinct peak intervals of GC content (Fig. 2c). Moreover, the
distribution of viral protein families among the four groups
indicated that proteins related to integration and excision, the
head and packaging, transcription regulation, the connector, the
tail and lysis were broadly shared across these groups
(Supplementary Fig. S10), indicating that they could be placed
in a same higher taxon.

TBPs infect multiple bacterial phyla
When we analyzed the phylogenetic distribution of TBP hosts
(Supplementary Table S3), the host range of TBPs was found to
cover 14 bacterial phyla (according to the Genome Taxonomy
Database [38], GTDB), while no TBP-infecting archaea were found
(Fig. 4a). The majority of TBPs infect Proteobacteria, and they
maintained a high occurrence (12.42%) in this phylogenetic clade.
In addition, TBPs also have a high incidence in Spirochaetota and
Desulfobacterota, but due to the low number of genomes in these
two phyla, only 215 and 53 TBPs infecting these phyla,
respectively, were identified. Then, we examined the TBP host
distribution at different taxonomic levels (Fig. 4b). The families
Enterobacteriaceae, Pseudomonadaceae, Pasteurellaceae, and Bur-
kholderiaceae contributed many TBP hosts. At the genus level, the
TBP-infecting hosts were highly enriched in Haemophilus_B
(100%), Rhodophyticola (99.07%), Manheimia (87.20%), and

Fig. 3 Diversity and taxonomic classification of the TBP genome dataset (TBPGD). a, b Taxonomic compositions of the TBPs at the viral
cluster (VC) level. a The left pie chart indicates the percentage of TBP vOTUs that could be clustered into VCs, and the right pie graph shows
the percentage of TBP VCs with assigned taxonomy. b TBP VCs with enriched genomes. The orange and blue circles indicate VCs with and
without assigned taxonomy, respectively. For clarity, only TBP VCs with >30 genomes are shown. c, d Taxonomic compositions of the TBPs at
the subfamily level. The number of genomes belonging to each family are indicated in different portions of the diagram. e, f Comparison of
TBPs belonging to different subfamilies in terms of genome size (e) and GC content (f). The black horizontal lines in the box plots correspond
to the median. The differences between different TBP families were assessed by the two-tailed Student’s t test, and p values are shown for
each comparison.
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Fig. 4 Host distribution of TBPs. a Phylogenetic distribution of TBP hosts in different bacterial phyla. The values next to each circle represent
the number of recovered TBP genomes (left panel) or TBP occurrence (right panel) for the specific bacterial phylum. b Phylogenetic
distribution of TBP hosts at different taxonomic levels. The percentage in parentheses represents the proportion of TBP-containing genomes
out of all genomes in each specific taxon. For clarity, only the genera with >30 TBP host genomes are shown. c Host range of gdTBPs. The
number of TBP genomes and corresponding host ranges at different taxonomic levels are displayed. d Estimation of host ranges (at the
species level) for TBPs (n= 3488) and non-TBPs (n= 3611). Host ranges were estimated by matching gdTBP genomes and prokaryotic CRISPR
spacers.
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Epibacterium (58.73%). In terms of the number of genomes,
Escherichia, Pseudomonas, Salmonella, Acinetobacter, and Campy-
lobacter_D are the dominant host genera of TBPs.
We further noted that multiple TBPs were present in single host.

Among the 15,476 TBP host bacteria, 1721 contained at least two
TBPs (with a maximum of 12) in their genomes (Supplementary
Fig. S11). In some cases, the TBPs existing in these polylysogens
belonged to different phage species (up to 6). For example, for
one of the polylysogens of TBPs (Klebsiella pneumoniae RHBSTW-
00832) (Supplementary Fig. S12), the genomic analysis demon-
strated that its chromosome was integrated with 4 TBP genomes
(total length= 156.43 kb). Among these genomes, TBP_3382,
TBP_3383, and TBP_3384 showed the same genome, while
another TBP (TBP_3381) was significantly distinct from these TBPs.
Different TBP subfamilies were found to have different host

profiles (Supplementary Fig. S13), among which, Peduosaltovirinae
and Casjenssaltovirinae mainly infected Escherichia and Pseudomo-
nas, respectively, while the dominant hosts of the Miscsaltovirinae
were Escherichia, Salmonella, and Acinetobacter. We compared the
host genome sizes and GC content of different TBP families and
found significant differences among them (Supplementary
Fig. S14), implying that both TBPs and their hosts may have
differentiated during their coevolutionary history.
In addition to the original hosts in which the TBPs were

integrated, the host range of the TBPs was further quantitatively
assessed by clustered regularly interspaced short palindromic
repeat (CRISPR) spacer matching. Although most TBPs show
relatively narrow host ranges, we identified numerous multitaxon-
infecting TBPs (Fig. 4c). For instance, we found a gdTBP (TBP_3566,
genome length= 36,774 bp) belonging to Peduosaltovirinae,
whose original host was affiliated with Morganella. CRISPR spacer
matching indicated that its hosts also included three Escherichia
albertii strains and the Salmonella enterica strain BCW_2822
(Supplementary Fig. S15), suggesting that this TBP is able to
infect at least three genera. Since TBPs can infect a variety of
bacterial hosts, we sought to examine whether TBPs have a wider
host range than other phages. We selected 3488 vOTUs belonging
to gdTBPs. As a control, we collected a total of 3611 phages
belonging to Caudoviricetes from the ICTV database as the non-
TBP group. The comparison results showed that TBPs had a
significantly wider host range at the species level (mean= 1.38)
than non-TBPs (mean= 0.68, p= 4.19e−76) (Fig. 4d), suggesting
that TBPs show stronger infectivity across host species.

GSIEs and DGRs probably do not contribute to the wide host
range of TBPs
Previous studies have indicated that some TBPs, such as Mu
phage, possess tropism-switching genetic cassettes (i.e., G
segment inversion elements, GSIEs) [39, 40]. GSIEs play a critical
role in allowing TBPs to modify their tail fiber proteins, thus
expanding host ranges [40]. To investigate whether GSIEs are
related to the wide host range of TBPs, we detected GSIEs in the
genomes of TBPs and non-TPBs and found that their occurrence in
the former (18.8%) was considerably higher than that in the latter
(0.6%) (Supplementary Fig. S16a). Furthermore, we compared the
host ranges (at the species, genus, and family level) of TBPs with
and without GSIEs. However, the number of hosts was significantly
lower for the GSIE-encoding TBPs than for the GSIE-lacking TBPs,
suggesting that GSIE do not contribute to the broad host range of
TBPs (Supplementary Fig. S16b–d).
In addition, we analyzed the contribution of diversity-

generating retroelements (DGRs) to the broad host range of TBPs.
Although the occurrence of DGRs was higher (3.8%) among gdTBP
genomes than among non-TBPs (0.78%), the host ranges of TBPs
with DGRs were significantly narrower than those of TBPs without
DGRs at the species, genus, and family levels (Supplementary
Fig. S17), implying that DGRs are not a major contributor to the
broad host range of TBPs.

Potential ecological influences of TBPs
Although numerous TBPs have been identified, systematic
assessment of their potential impacts in ecosystems is lacking.
To this end, we identified auxiliary metabolic genes (AMGs) carried
in gdTBP and edTBP genomes (Fig. 5 and Supplementary Fig. S18).
In total, 413 AMGs were identified from the 9,766 gdTBP genomes,
of which 339 AMGs could be assigned to functional modules
(according to the DRAM-v category) [41], and they covered 24
KEGG Orthology (KO) pathways (Supplementary Table S6). In
particular, Miscsaltovirinae showed the highest AMG coverage
(7.12%) among the TBP subfamilies (Fig. 5a). In terms of the
environmental distribution, TBPs from plant (5.46%), humans
(4.51%), and animals (2.08%) showed a relatively high incidence of
AMGs. Among different host taxa, AMGs were relatively enriched
in TBPs infecting Bacteroides (84.95%), Neisseria (24%), and
Acinetobacter (20.92%).
We analyzed the specific functions of AMGs encoded by TBPs

(Fig. 5b). Overall, the dominant AMGs were related to carbon
utilization and miscellaneous (MISC) functions. Specifically, the
genes involved in glycoside hydrolases and pyrimidine deoxyr-
ibonucleotide biosynthesis were highly enriched. The types and
abundances of AMGs enriched in different TBP families showed
significant differences. For example, glycosyl transferase
and methionine degradation-encoding genes were the most
abundant AMGs in Peduosaltovirinae and Casjenssaltovirinae,
respectively. Moreover, the AMGs encoded by TBPs derived from
different environments and hosts were also significantly different.
These data suggest that the occurrence of AMGs in TBPs is likely
influenced by a combination of viral clades, environmental factors
and host taxa.
Given that all TBPs can be integrated as prophages, we sought

to identify “hotspot” sites for TBP integration (Supplementary
Table S7). Most of the TBPs (68.5%) were located in noncoding
regions of the host genome, and 26.1% and 5.0% of the TBPs were
integrated into protein-encoding genes and tRNAs, respectively.
TBPs were preferentially integrated into genes related to
transporters, and the threonine tRNA seemed to be a hotspot
tRNA integrated by transposable prophages (Supplementary
Fig. S19).

TBPs influence the transcriptomes of marine bacterial hosts
To further assess the impacts of TBPs on hosts, the marine
bacterium S. psychrophila WP2 (hereafter referred to as WP2)
[42, 43], which was isolated from deep-sea sediment in the
western Pacific Ocean and harbors a transposable phage SP2
(TBP_18194, genome size= 38.9 kb), was used as a representative
TBP-host system. The SP2 genome contains 45 open reading
frames (ORFs), but the functions of 56% of them are unknown
(Fig. 6a). The recruitment analysis showed that SP2-like TBPs are
prevalent in the Pacific Ocean (Supplementary Fig. S20).
To investigate the impacts of SP2 on the host, we deleted SP2

from the WP2 genome to obtain the WP2ΔSP2 strain. Although
SP2 did not significantly influence the growth of WP2 (Supple-
mentary Fig. S21), it had a substantial effect on the transcriptome
of WP2. The transcriptomic data were validated via RT-qPCR
analysis, which revealed a high correlation coefficient (r2= 0.92)
(Supplementary Fig. S22), indicating that the transcriptomic data
were reliable and could be used for follow-up analysis. Overall, 71
differentially expressed genes (DEGs) (false discovery rate [FDR] <
0.05 and fold change > 2) were identified (WP2ΔSP2 versus WP2)
(Supplementary Table S8). The majority of the DEGs (n= 58,
81.7%) were upregulated. The transcriptional levels of 4 genes
(pgl, edd, eda, and pyk) and 2 genes (phbB and phbP) involved in
glycolysis and polyhydroxybutyrate (PHB) synthesis, respectively,
were significantly increased in WP2ΔSP2 compared with
WP2(Fig. 6b). Moreover, the genes participating in central dogma
processes (DNA replication, transcription, and translation), includ-
ing dnaQ, infB, araC, marR, and rpmE were upregulated, and the
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transcription levels of multiple genes involved in protein folding
and degradation were significantly higher in WP2ΔSP2 than in
WP2. DEGs responsible for the electron transfer chain (nqrM),
membrane phospholipid synthesis (pgpA), chitin utilization
(sps1460), and talocin production (sps1467–1483) were also
discovered by transcriptome analysis. In addition, we identified
five downregulated DEGs associated with secretion systems (type
III and VI) and transporters (porin and LysM). These results
suggested that TBPs can significantly alter a variety of host
physiological functions, especially central carbon metabolism and
several basic cellular activities.

DISCUSSION
Since Mu phage, a representative transposable phage, was
discovered in the type strain of E. coli [10], in-depth investigations
have revealed its life cycle and the underlying molecular
mechanisms, including replicative transposition and transposo-
some structures [12, 44–47]. Subsequently, a variety of TBPs have
been isolated and characterized (Supplementary Table S1)
[16–22, 48–53]. In recent years, with the rapidly expanding
number of prokaryotic genomes available, by means of marker
protein and genomic analyses, the existence of TBPs in some
microbial taxa, such as Firmicutes, P. aeruginosa and Leptospira, has
been surveyed [33, 54, 55]. Despite these advances, we still lack an
understanding of the global-scale distribution of TBPs across a
broad range of prokaryotic taxa. In this study, we performed

comprehensive and systematic mining of TBPs by using massive
microbial genome sequences and their environmental information
and constructed a TBPGD, containing 18,449 TBP genomes and
their host and environmental information. These TBPs cover a
wide range of genome sizes, and they are not only present in
bacterial chromosomes but also integrated into plasmids, as
previously reported [33]. Building on the seminal works of the Mu
research community and the recent proposed taxonomy for
transposable phages [8, 31], we now provide evidence to support
the expansion of TBP taxa to several candidate subfamilies. In
addition, our TBPGD contains a large number of taxonomically
unclassified TBPs that shared relatively low similarity with known
viruses. We tentatively classified them as Miscsaltovirinae, allowing
further amendments and refinements in the future when more
evidence is available. Considering that the TBPs isolated to date
account for only 0.29% of the total number of genomes in
the TBPGD, undoubtedly, these discovered TBPs, especially
the representative TBPs, still need to be isolated and characterized
in the future to study the life-history traits of these new TBP taxa in
depth. These findings notwithstanding, accumulative analysis
showed that the TBPGD was not saturated at the protein cluster
(PC), species, and viral cluster (VC) levels (Supplementary Fig. S23),
suggesting that there is still an enormous unknown diversity
awaiting discovery. It is worth noting that all the TBPs isolated to
date were found to exclusively infect bacteria. However,
considering that the number of archaeal genomes in the RefSeq
dataset used in this study was only equivalent to 0.5% of the

Fig. 5 Distribution of auxiliary metabolic genes (AMGs) encoded by TBPs. a AMG coverage in different groups, divided by TBP families,
derived environments and host taxa. The number of phage genomes contained in each group is shown at the top of the bar chart. b The
heatmap shows the relative abundance and functional category of AMGs in each grouping. Only the AMG-encoding TBPs were included in
the analysis. The number of TBP genomes contained in each group is shown at the top of the heatmap. The AMGs were identified and
annotated by DRAM-v [41]. MISC, miscellaneous.
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number of bacterial genomes, the existence of TBPs infecting
archaea remains to be explored.
It is well known that bacteriophages are critical genetic

information carriers and transporters in horizontal gene transfer
(HGT) [56]. Among the diverse phage taxa, the unique features of
TBPs likely make prominent players in HGT. First, TBPs exhibit a
significantly wider host range than other phages (non-TBPs)
belonging to Caudoviricetes (Fig. 4). Second, replicative transposi-
tion allows them to randomly insert themselves at multiple sites
on the host genome [8, 9] so that the host DNA sequences
flanking both ends of the TBP genomes are more diverse than
those of other phages with relatively fixed insertion sites.
Furthermore, TBPs carry multiple functional AMGs (Fig. 5), and
these metabolically important AMGs undoubtedly confer signifi-
cant effects on the physiological functions of the host. Based on
the above evidence, we strongly believe that TBPs function as
“super messengers” in HGT, thus representing an important
driving force for microbial gene exchange, genetic diversification
and the formation of new species in various ecosystems.
Previously, the Mu lysogens of E. coli have been shown to have a

higher growth rate than nonlysogens in glucose-limited chemostats,
and this phenomenon was believed to be correlated with the higher
metabolic activity of the lysogens [57]. Nevertheless, the effects of
TBPs on host physiology have not been explored in environmental
microorganisms, especially under natural conditions. In this study,

we addressed this issue by using a marine TBP and its host S.
psychrophilaWP2 as representatives, and transcriptome analysis was
performed under simulated in situ environmental conditions for a
deep-sea bacterium (20MPa and 4 °C). Previously, several marine
TBPs have been isolated and characterized [29, 31, 58], and two
Mu-like phages were identified in viromes from marine seawater
from the Cariaco Basin [30]. Moreover, Shewanella is a proteobacter-
ial genus that is prevalent in diverse marine environments [59, 60]. In
addition, recruitment analysis indicated that SP2-like TBPs are
prevalent in the Pacific Ocean virome (POV). Therefore, the
transcriptome analysis executed in this study very likely reflects
the potential effects of TBPs on their hosts in natural environments.
SP2 significantly affected the expression of multiple important
functional genes in the host (Fig. 6b), albeit it does not harbor
identifiable AMGs in the genome (Fig. 6a). This result suggests that
AMG-lacking TBPs, which account for a majority of genomes in the
TBPGD (97.92%), can probably have profound effects on their
corresponding hosts.
Compared with other phages, TBPs encode a variety of typical

conserved proteins, such as the DDE family transposase, GemA,
and Mor, and feature unique life cycle processes, such as
replicative transposition [8, 9, 40]. The origin and evolutionary
history of TBPs are intriguing and worth further exploration. This
issue has been addressed for Leptospiraceae TBPs but remains
challenging owing to the frequent horizontal transfer and

Fig. 6 Influences of the marine transposable phage SP2 on the host transcriptome. a Genomic map of the prophage SP2 in the marine
bacterium Shewanella psychrophilaWP2. The arrows depict the location and direction of predicted proteins on the phage genomes, and the fill
colors indicate different functional categories of genes, as indicated in the legend. b Graphic display of differentially expressed genes (DEGs)
categorized by function in S. psychrophila WP2 after SP2 deletion. The transcriptome data represent three biologically independent samples
for each strain (WP2 and WP2ΔSP2). Normalized differential expression levels (fold changes of WP2ΔSP2 versus WP2) are represented by
heatmaps in boxes according to the scale bar (log2 scale) from most upregulated (red) to most downregulated (blue). The proteins encoded
by the DEGs are shown in each box.
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recombination of TBP genes [33]. In terms of viral and host
taxonomy, the TBPs discovered thus far all belong to Caudovir-
icetes and mainly infect Proteobacteria, suggesting a putative
evolutionary scenario in which an ancient tailed phage occasion-
ally acquired transposition elements (TnpA and TnpB), thereby
fostering the origination of TBPs. It remains unknown whether
TBPs originated in Proteobacteria and then gradually spread to
other prokaryotes. Owing to the obvious bias of the genome
composition in public databases, we cannot rule out the
possibility that TBPs originally originated from other phyla
(particularly those with high TBP occurrence) and then spread to
different microbial clades within the proteobacteria. Previously, the
Mu-like head phage group, which was represented by two deep
seawater-derived phages (vB_ThpS-P1 and vB_PeaS-P1), was
proposed and found to be common in the marine environment
[26]. This phage group displayed distinct features from the Mu and
Mu-like phages, including a lack of the Gam (host nuclease
inhibitor)- and Mor (transcription activator)- encoding genes and
the absence of random host-derived sequences at its genomic
DNA termini [26]. The Mu-like head phage group seems to have
originated via recombination between TBPs and other phages.
However, whether these phages are capable of replicative
transposition, thereby belonging to the TBP family, is currently
unknown. Transposases are among the most abundant genes in
microbial genomes and harbor great diversity [34, 61]. None-
theless, all the identified transposases belong exclusively to the
DDE family. Are there TBPs that contain other types of
transposases? In fact, abundant transposases have been found
to exist in the genomes of other viral groups, such as Inovirus [62].
Can they perform replicative transposition? If so, the definition
and membership of TBPs is expected to be further expanded. If
not, why did TBPs specifically select the DDE family of
transposases? We believe that these issues are worth exploring
in future studies.

METHODS
Identification of the conserved protein families of TBPs
The genomic sequences of isolated TBPs were retrieved from the NCBI
GenBank database [63]. To avoid missing putative TBPs in our screen, we
searched the literature and the ICTV database [64]. The literature for
isolated TBPs was searched using databases, including Google Scholar,
PubMed, and Web of Science. The searches were limited to peer-reviewed
publications written in English. All the putative TBPs were carefully curated
to ensure that they met the criteria for TBPs previously defined by experts
in the research field [8, 9], according to their genomic features and
annotation information. The protein families of the 48 reference TBPs were
identified by HHblits from HH-Suite3 [65] using the Pfam database [66],
and the best hit with a probability >95% was considered the homologue of
the query protein, according to the instructions of HH-Suite [65]. The
Sequence Demarcation Tool (SDT, v1.2) [67] was used to calculate the AAI
matrix of all TBP transposases. AlphaFold (v2.1) [68] was used to predict the
structures of these transposases, and then DALI (online version, http://
ekhidna2.biocenter.helsinki.fi/dali/) [69] was used to calculate the similarity
matrix of these structures.

Identification of TBPs in prokaryotic and viral databases
The prokaryotic genome sequences were downloaded from the NCBI
RefSeq Bacteria (n= 216,709) and Archaea (n= 1156) databases (Release
206) [70]. The viral genome sequences in the RefSeq Viral Database
(Release 206, n= 11,080) [70], IMG/VR (v.2.0, n= 760,445) [35], and Global
Ocean Viromes 2.0 (GOV 2.0, n= 488,128) [36] were downloaded from the
NCBI database [71], the Joint Genome Institute’s (JGI) Genome Portal
[72, 73], and iVirus [74], respectively.
The ORFs of genomes from the four datasets mentioned above were

predicted by Prodigal (v2.6.3) [75] using the parameter “-p meta”. All the
predicted proteins were compared with the conserved protein families of
TBPs using hmmsearch (v3.3.2) from HMMER [76] with the threshold
“score ≥30 and e ≤0.001”. For viruses from the RefSeq Viral Database, IMG/
VR v2.0, and GOV 2.0, only the viral genomes containing all six conserved

protein families were considered as putative TBPs. For genomes from the
NCBI RefSeq Bacteria and Archaea databases, we set the following
criterion: if there were six conserved TBP proteins in a genomic region of
40 kb (the length of isolated TBPs is generally between 35 and 40 kb), then
that region was considered to contain a potential TBP. The smallest
fragment containing six TBP marker proteins was referred to as the core
TBP region. To determine the TBP boundaries, the core TBP region was
extended to the left and right to obtain an 80 kb genomic region
containing potential TBPs, referred to as the candidate TBP region. This
region contained both potential TBP and host sequences at both ends.
Next, we delimited the boundaries of transposable prophages by searching
for its attachment sites (att) in the host genome. Specifically, BLASTn
(v2.5.0+ ) [77] was used to align the candidate TBP region with all the
other genomes in the same bacterial genus. If two fragments (queries)
flanking the core TBP region could be aligned with two fragments
(subjects) in another bacterial genome and they were identified as
homologous sequences (cut-off e-value of 1e−5), and showed a 5 bp or
6 bp overlap at their ends (subjects), then they were identified as attB (in
the subject genome), attL, or attR (in the query genome). Through this
comparison, genome ends-defined (gd) TBPs were obtained (supplemen-
tary Fig. S2). Based on these obtained gdTBPs, we used BLASTn (cut-off
e-value of 1e−5) to determine the genome boundaries in other candidate
TBP regions. We compared gdTBPs with candidate TBP regions whose
genome boundaries could not be determined by this method using
BLASTp (v2.5.0) [77] (cut-off value of 1e−5) to obtain encoding region-
defined (ed) TBPs. To further exclude possible false positives in edTBPs, all
genomes with lengths >45 kb (n= 77) and <30 kb (n= 1031) as well as
those harboring abnormal TBP regions (n= 316) were carefully manually
curated.
To explore more diverse TBPs, we further searched for TBPs that were

more distantly related to gdTBPs. Firstly, we extracted the sequences of
transposases within gdTBPs, and we then compared them with the
bacterial and archeal proteins in Refseq by BLASTp searches using
DIAMOND (v2.0.2.140) [78] in ultra-sensitive mode with cut-offs of a
coverage >50% and e-value <1e−3. Then the candidate TBP regions were
obtained by using these homologous transposases in the bacterial
genome as anchor points. The proteins in these regions were annotated
using the PHROG database [79], and only the regions containing viral
structural proteins were used for further analysis. We used the same
procedure described above (Supplementary Fig. S2) to identify the gdTBPs
contained in these candidate TBP regions. All TBPs from the RefSeq Viral
Database were considered as genome boundary defined TBPs (gbTBP), as
they have complete genome sequences.

Viral taxonomic assignment and network analysis
A total of 9766 gdTBP genomes were compiled and clustered by CD-HIT
(v4.8.1) [80] using the widely recognized cut-off value of 95% average
nucleotide identity (ANI) over an 85% alignment fraction [81], and the
produced 3488 vOTUs were approximately at the species level. Protein-
sharing network analysis of viral populations was performed by vConTACT
(v2.0) [82]. In brief, the protein sequences of the vOTUs were grouped into
PCs via all-to-all BLASTp by DIAMOND (v0.9.14.115) [78] with the default
parameters of vConTACT (v2.0) [82]. The degree of similarity between the
vOTUs was calculated based on the number of shared PCs. Then, pairs of
closely related vOTUs with a similarity score of ≥1 were grouped into viral
clusters (VCs), which were approximately at the genus level. The viral
genomes from the class Caudoviricetes in ICTV (VMR_21-221122_MSL37)
[64] were included in the networks used as references. The networks were
visualized by Cytoscape (v3.8.2) [83] using a prefuse force-directed model.
For cumulative analysis, 100 random TBP genome sets were generated,
and the total number of PCs, vOTUs, and VCs identified from this set was
calculated.
The family-level taxonomy of TBPs was assigned by PhaGCN (v2.0) [84]

using a recommended cut-off score >0.5. Subsequently, all taxonomic
assignments were subjected to manual inspection. To examine the gene
contents of the TBPs, all protein sequences were aligned to the PHROG
database [79] by BLASTp (v2.5.0) with an e-value cut-off of 1e−5.

Determining the distribution of TBPs in the biome and host
The taxonomic classification of all bacterial genomes was performed by
GTDB-Tk (v1.5.0) [85] using the “classify_wf” pipeline. Briefly, 120 marker
proteins in the bacterial genomes were identified, concatenated and
aligned [75, 76]. Then, the maximum likelihood placement of each genome
in the GTDB-Tk reference tree was determined [86]. The placement in the
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reference tree, relative evolutionary divergence and/or ANI to reference
genomes were combined to classify each given bacterial genome [85]. For
TBPs derived from prokaryotic genomes, their biomes were determined by
extracting the biosample information of the host genomes from the NCBI
database [71]. For TBPs derived from IMG/VR, this information was
retrieved from the JGI Genome Portal [72, 73]. As previously reported [36],
all the biomes of GOV 2.0-derived TBPs were categorized as seawater
biomes.

Detection of GSIEs and DGRs
To identify functional GSIEs, we first retrieved the UniProt database [87] for
the experimentally verified serine recombinase gin (Gin), and then the Gin
protein sequences of the Escherichia phage Mu and D108 were used as
references for subsequent detection. In addition, the tail fibre protein
sequences were retrieved from the PHROG database [79]. The Gin and tail
fibre proteins in viral genomes were identified by BLASTp using DIAMOND
(v2.0.2.140) [78] with cut-off e-value of 1e−5. Only a Gin protein with an
adjacent tail fibre protein (within two proteins downstream or upstream of
Gin) was considered a functional GSIE. The virus-encoded DGRs, including
reverse transcriptases (RTs), known template sequences (TRs), and variable
repeats (VRs), were predicted by MetaCSST (v1.0) based on the Generalized
Hidden Markov Model (GHMM) with default parameters [88].

Estimation of host range for bacteriophages
The putative phage hosts were predicted based on sequence similarity
between spacers in prokaryotic CRISPR regions and protospacers in the
phage genomes, as previously described [89]. Specifically, the CRISPR
regions of all the prokaryotic genomes in the RefSeq database (Release
206) [70] were identified using the CRISPR Recognition Tool (CRT, v1.2) [90]
with optimized parameters of “-minRL 20, -maxRL 50, -minSL 20, -maxSL
60, -searchWL 7”. As previously described [91], the ratio of the spacer
lengths to the repeat lengths was limited to between 0.6 and 2.5, and
CRISPR regions with <3 spacers were ignored. The retained CRISPR spacers
were aligned with the phage genomes using BLASTn (v2.10.1) to identify
protospacers in the phage genomes, and only matches satisfying the
thresholds of ≥95% identity and ≤2 SNPs were selected. The CRISPR spacer
matches were then used to estimate the species-level host range for each
phage. Host range (number of host species) was compared between
different groupings. Only gbTBPs were included in the analysis. Accord-
ingly, we collected phages belonging to Caudoviricetes in the ICTV
database [64], and they were regarded as the non-TBP group (n= 3611).

Identification of AMGs
The 18,449 TBPs were first run through the “--prep-for-dramv” function in
VirSorter2 (v2.2.2) [92] to produce affi-contigs.tab files. DRAM-v, the viral
mode of DRAM (v1.2.0) [41], was used to annotate all VirSorter 2-produced
files and identify AMGs encoded by TBP genomes. The putative AMGs
were distilled from the annotations based on their metabolic flag and their
AMG score. All the qualified AMGs from TBPs had an AMG score of 1 or 2,
which meant that the AMGs were flanked by two viral hallmark genes or
flanked by one viral hallmark gene and one viral-like gene, respectively
[41]. Only the AMGs assigned functional modules were used for further
analysis.

Identification of integration sites
The attachment sites attL and attR, which are utilized for TBP integration
into the host genome, normally displaying 5 bp or 6 bp direct repeats (DRs)
close to the prophage boundaries [8, 9], were identified as described
above. Hence, the sequences of noncoding regions flanking both ends of
TBPs were extracted from host genomes, and the putative integration sites
of TBPs were identified by inhouse scripts. The sequences were subjected
to tBLASTx alignment against the KEGG database [93] online with an
e-value cut-off of 1e−5 to predict protein-coding genes. In addition,
tRNAscan-SE (v2.0.9) [94] in the “B” model was used to predict tRNAs at the
integration loci.

Statistical analysis
Student’s t test was adopted to test the significance of all differences
between groupings, using the R package ggsignif (v0.6.3) [95] and the
Python function “ttest_ind” from Scipy (v1.6.2) [96]. For the DEGs in the
transcriptomic analysis, the averaged fold changes (FCs) of transcription
levels were based on three biologically independent samples. p values

corresponding to differential gene expression tests were calculated by
edgeR based on an overdispersed Poisson model [97]. The false discovery
rate (FDR) was used in the multiple hypothesis testing to correct p value by
the Benjamini-Hochberg (BH) method [98].

Recruitment analysis
The recruitment analysis of SP2 was performed as previously described
[99]. Briefly, the raw reads of the POV [100] were downloaded from iVirus
[74], and then the SP2 genome was compared to raw reads of POV by
BLASTn (v2.10.1) with a cut-off e-value of 1e−3. Only reads that had ≥50%
identity (nucleic acid) were considered in the recruitment plots.

Culture conditions and growth assays
The Shewanella strains (Supplementary Table S9) were cultured in modified
2216E marine (2216E) medium (5 g/L tryptone, 1 g/L yeast extract, 0.1 g/L
FePO4, 34 g/L NaCl) with shaking at 220 rpm at different temperatures
(15 °C or 4 °C) or using stainless steel pressure vessels for cultivation at high
hydrostatic pressure (20 MPa). The E. coli strain was incubated in lysogeny
broth (LB) medium (10 g/L tryptone, 5 g/L yeast extract, 10 g/L NaCl)
supplemented with 50 μg/mL DL-α, ε-diaminopimelic acid (DAP) (Sigma,
St. Louis, USA) at 37 °C. For solid media, agar-A (Bio Basic Inc., Ontario,
Canada) was added at a concentration of 1.5% (w/v). When needed, the
antibiotic chloramphenicol (Cm) (Sigma, St. Louis, USA) was added to the
media at final concentrations of 25 μg/mL and 12.5 μg/mL for E. coli and
Shewanella, respectively. Growth assays of the Shewanella strains were
performed using turbidity measurements at 600 nm with a spectro-
photometer (UV-2550, Shimadzu, Kyoto, Japan).

Construction of the prophage SP2 deletion strain
The SP2 prophage deletion mutant was constructed by a recombination
knock-out method as described previously [101]. Briefly, the upstream and
downstream fragments flanking both ends of SP2 were amplified with PCR
primer pairs (Supplementary Table S110). These two fragments were used
as templates in a second round of fusion PCR, resulting in a fusion
fragment containing the flanking sequence of SP2. Then, the PCR product
was cloned into the suicide plasmid pRE112, yielding pRE112-SP2. This
plasmid was transformed into E. coli WM3064 and then into WP2 by two-
parent conjugation. The transconjugant was selected by chloramphenicol
resistance and verified by PCR. The WP2 strain with pRE112-SP2 inserted
into the chromosome was plated on 2216E agar medium supplemented
with 10% sucrose. Finally, the successful prophage deletion mutant
WP2ΔSP2 was screened and confirmed by PCR and subsequent DNA
sequencing.

RNA isolation and RT-qPCR
The cultures of S. psychrophila WP2 strains were collected and frozen in
liquid nitrogen immediately when the cells reached late exponential
phase. Total RNA was isolated with a TRI reagent-RNA isolation kit
(Molecular Research Center, Cincinnati, USA) and treated with DNase I at
37 °C for 1 h to remove DNA contamination. The purified RNA was reverse
transcribed to cDNA by a RevertAid First Strand cDNA Synthesis Kit
(Fermentas, Maryland, USA). The primer pairs used to amplify the selected
genes for RT-qPCR were designed using Primer-BLAST [102], and PCR
cycling was conducted using a StepOnePlus real-time PCR system (Thermo
Fisher Scientific) in 20 μl reaction mixtures that included 1× SYBR Green I
Universal PCR Master Mix (Thermo Fisher Scientific), 0.5 μM each primer,
and 1 μl of cDNA template.

Transcriptomic analysis
Strand-specific transcriptome sequencing was performed at Magigene
Biotechnology Co., Ltd. (Guangdong, China) as described previously [103].
First, rRNA was removed using an Epicentre Ribo-Zero rRNA Removal Kit
(Epicentre, Madison, WI, USA), and a cDNA library was prepared with a
NEBNext Ultra II Directional RNA Library Prep Kit for Illumina (NEB, Ipswich,
MA, USA) according to the manufacturer’s instructions. The initial
quantification of the library was carried out using a Qubit Fluorometer
(Life Technologies, Carlsbad, CA, USA), and the insertion fragment size of
the library was determined with an Agilent 2100 Bioanalyzer (Agilent
Technologies, Palo Alto, CA, USA). The effective concentration of the library
was quantified accurately via qPCR (effective concentration > 2 nM). The
different libraries were pooled together in a flow cell according to the
effective concentration and the target offline data volume. After clustering,
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the HiSeq System (Illumina, San Diego, USA) was used for paired-end
sequencing. The raw data were filtered and evaluated by FASTp software
(v0.19.7) [104], after which the clean reads were mapped to the S.
psychrophila WP2 genome (NZ_CP014782.1) by HISAT software (v2.1.0)
[105]. RSEM (v1.3.1) [106] was used to calculate the read counts per
sample, and the sequencing results were evaluated in terms of quality,
alignment, saturation, and distribution of reads on the reference genome
by DEGseq (v1.36.0) [107]. Gene expression was calculated on the basis of
the number of reads mapped to each gene using the fragments per
kilobase per million mapped reads (FPKM) method [108] and analyzed by
edgeR (v3.20.2) [97]. The DEGs were identified according to the following
standards: FDR < 0.05 and FPKM fold change (FC) ≥ 2 between two
samples. For each strain, three biologically independent samples were
used for the RNA-seq analysis.

DATA AVAILABILITY
All the identified TBP genomic sequences (n= 18,449) have been deposited in
CyVerse (available at https://data.cyverse.org/dav-anon/iplant/home/zhangmujie/
TBPGD/TBPGD.zip) and in the National Omics Data Encyclopedia (NODE) under
project ID OEP003495. The transcriptomic data from the current study have been
deposited in NODE under project ID OEP002984.
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