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Abstract. The genus Streptomyces is the most extensively studied group within
actinobacteria, which are widely used for the production of antibiotics and other
metabolites. Streptomyces bacteriophages attract a lot of interest to study phage-
host coevolution. One of the probable interactions is a bacteriophage-mediated
horizontal transfer of genes encoding bacterial metabolites, which are important for
humans. In this study, a search for Streptomyces bacteriophages having capacities
necessary for efficient horizontal transfer was performed. Groups of bacteriophages
of actinobacteria and their plasmids with relatively long GC-rich sequences
containing both genes related to viral morphogenesis and plasmid-associated genes
were revealed by comparative genome analysis. In one of these groups, homologs
of proteins of DNA packaging into a capsid of Punavirus genus phages, that
representatives are capable to perform a horizontal transfer of genes with high
frequency were identified. Taking it into account, as well as the peculiarities of
their genomic structure, horizontal gene transfer by this group of viruses and
plasmids was assumed to occur. Considering the genome length and GC-content, it
is thought that these viruses could be useful for producers construction. Moreover,
some given examples showing the chimerical origin of phage-plasmids allow
suggesting that recombination events between considered phages-plasmids occur at
high frequency. New representatives of viruses with low similarity to known phage
genomes were also detected among plasmids. A wide diversity of actinobacterial
phage-plasmids that is related to their variability and a probable existence of a
great number of sequences of this type of viruses in databases were found out.

Key words: Actinobacteria phages, comparative genome analysis, transduction,
Streptomyces bacteriophages, phage-plasmids.

INTRODUCTION

The Actinobacteria belong to one of the largest bacterial phylum. They are distributed
almost in all terrestrial, freshwater and marine biotopes [1, 2]. Most of the actinobacteria can
form both mycelium inside substrate and aerial mycelium [3]. Currently, Actinobacteria are
divided into 400 genera (NCBI taxonomy) by estimate [4]. The genus Streptomyces (phylum
Actinobacteria) is the largest in terms of the number of species represented in it, the other
large genera are Actinomyces, Kitasatospora, Micromonospora, Nocardia, Micrococcus,
Arthrobacter, Rhodococcus [5].
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Actinobacteria have capability of producing most of physiologically active bacterial
metabolites that are used by humans. Majority of antibiotics applied for therapy in humans
and for agriculture are produced by actinomycetes. Actinobacteria are used in
pharmaceuticals, biotechnology, food industry, agriculture and as a source for industrial
enzymes [5, 6]. Due to the capability of actinobacteria to utilize many pollutants contributing
to their growth, they have the prospect of application in biological treatment of wastes
generated because of human activity [7].

Actinobacteriophages are viruses that infect actinobacteria. Actinobacteriophages usually
have mosaic genomes with high divergence among DNA sequences. Genomic diversity can
be a result of the interactions between bacterial viruses and their hosts. Actinobacterial
prophages can be involved in different systems of lysogenic conversion including defense
systems protecting against infection of other phages.

When phages propagate, they can sometimes encapsidate host bacterial DNA to form
transducing particles, which are inject bacterial DNA instead of a viral genome into the cell
during infection of other bacteria. The DNA can then integrate into the chromosome by
recombination or replicate as a plasmid in the new host cell.

This process of transferring bacterial DNA from one bacterium to another is known as
genetic transduction [8]. The genetic information carried in transducing particles may have a
strong influence on the bacterial recipients. Bacteria can acquire genes encoding antibiotic
resistance or virulence factors by this route. Other genes acquired by bacteria can impart new
capabilities and open new ecological niches for the bacterial recipients. This pathway
promotes the formation of new bacterial strains, for examples, those that become more
virulent and resistant to antibiotics.

It is suggested that through the process of transduction bacteria often acquire genes that
allow them to quickly and efficiently adopt to changing environmental conditions. It was
previously thought that the whole phage-mediated gene transfer occurs by one of two well-
described mechanisms [9], generalized and specialized transduction, discovered in the 1950s
[8]. With the recent discovery of lateral transduction [10] three mechanisms have been
identified.

P1-mediated phage transduction is a standard approach for construction of new bacterial
strains [11, 12]. One of the main aspects of this construction is the potential size of the phage
head, which depends on the length of DNA packaged into capsid. Phage transduction
potential is still not explored fully so far with regard to the genetics of actinobacteria.

In present research, the genomic features of bacteriophages of Streptomyces in the order
Caudovirales with large genomes and related viruses of other bacteria were studied. The main
goal of this work is to search for taxonomic groups of large bacteriophages capable of
carrying out horizontal transfer of genetic information between genomes of Streptomyces. The
large sizes of phage genomes can mediate horizontal transfer both of short DNA sequences
and of long DNA sequences such as clusters of genes responsible for metabolism of any
substance as a physiological compound, which is significant in medicine. These
bacteriophages as well as methods of classical bacterial genetics and genome editing may
become an essential tool for genetic manipulation with the genomes of Streptomyces.

MATERIALS AND METHODS

Genomes and annotation

Initially, genome sequences of Streptomyces bacteriophages from NCBI nr and
Actinobacteriophage Databases [13] with sizes of more than 100 kbp were used.

Annotation or reannotation of nucleotide sequences of genomes and plasmids was
performed with the Annotation service of the integrated PATRIC database [14, 15] including
the following parameters: Domain [Bacteriophages], Annotation recipe [Bacteriophage].
Also, DFAST was used for the initial set of genomes [16].
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Genome analysis

Clustering of homologous translated reading frames was carried out using
GET_HOMOLOGUES [17] with parameters: COGtriangle (-G) algorithm [18], percentage of
sequences identity 50 (-S), coverage 40 (-C), to include sequences with the same similarity
into several clusters (-x), the remaining parameters without changes. The parameters were
optimized manually, depending on the homologous clusters formed.

The pan-genome tree was obtained according to a matrix of the presence/absence of
homologous clusters in GET_PHYLOMARKERS [19] using the
estimate_pangenome_phylogenies script, the number of replications of the tree (-r) was 100.
Visualization of the trees was performed with FigTree.

Phylogenomic trees were inferred based on pairwise distance matrices calculated using
our own software IGPDE (InterGenomic Pairwise Distance Estimator), and were compared
with trees obtained on the server VICTOR (comparison was carried out only for 71
Streptomyces phages with large genomes due to server limitation) [20]. The alignment-free
method was applied, based on the k-mers (short oligonucleotides with a length of k bases). It
should be noted that for double-stranded DNA, direct and inverted (reverse complement)
sequences are considered as identical. To begin with, a set of oligonucleotides with a fixed
length of k was generated for each genome or plasmid (k = 10). Moreover, k-mers were taken
with a shift of one nucleotide. Then, for each pair of k-mer sets (A and B, for example), a
similarity index S was calculated using the Sorensen (or Bray-Curtis) formula [21, 22], as in
[23]:

s 2n(ANB)
" n(A)+n(B)

Here n(A~B) stands for the number of elements in the intersection of two sets. The distance

between two k-mer sets was estimated as: D =1-S . The obtained pairwise distances matrices
were used to construct trees in MEGA X [24] with neighbor joining method [25].

To search for sequences homologous to Gilgamesh bacteriophage proteins, BLASTp [26]
was used (matrix BLOSUM45 [27], word size: 2).

EasyFig 2.2.5 [28] with the use of BLASTn [26] was applied to compare genomic
sequences. ORFs associated with virion morphogenesis, segregation, plasmid formation, etc.
were extracted. The search for homologous sequences was carried out according to the
detected homologous regions, homologous clusters and with using the BLASTp [26].

Network analysis

The bipartite network was constructed based on the presence/absence of homologous
clusters, clusters consisting of sequences of only one genome were removed. For the network
construction Cytoscape [29] was used with the following options: Prefuse Force Directed
Layout algorithm, 10000 iterations, Default Spring length 100, Default Node Mass 10, the
rest parameters remained unchanged.

For more effective visualization the nodes, whose genomes form known clusters/genus, as
well as genomes located in common clades on the pan-genome tree and close to the network,
were collapsed into common nodes. The size of such nodes reflects the number of nodes of
the genomes included in it (each genome increases the size of the node by one unit of the
standard size). The analysis of bipartite networks was carried out with the NetworkX Python
package [30] using of Bipartite [31] and Distance Measures modules. To analyze the
statistical significance of changes in network metrics, Wilcoxon test was used with the
stat_compare_means() and compare_means() functions from the ggpubr package. P-values
were adjusted with the Holm method [32]. The box plots were constructed using ggplot2.
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Phylogenetic analysis

A tree based on the alignment of the amino acid sequences of large terminase subunit was
inferred with maximum likelihood method [33] in IQ-TREE [34]. Alignment was obtained
with MUSCLE [35]. Before phylogenetic reconstruction optimal substitution model was
determined with ModelFinder [36], implemented in IQ-TREE (this test based on the bayesian
information criterion [37]). Branch support levels were calculated with ultrafast bootstrap
approximation [38].

RESULTS
Analysis of Streptomyces phages with large genomes

Initially, 71 genomes of Streptomyces bacteriophages, having the lengths of more than
100 kbp, were found. Almost all of them belonged to the Siphoviridae family; with the
exception of Streptomyces phage BRock (refers to the Myoviridae family). When comparing
the lengths of their genome sequences with GC-content (Figure 1), it was found that
Streptomyces phage Gilgamesh and genomes of the BM cluster have the highest percentage
of GC-pairs. Moreover, the Gilgamesh had the highest GC-content (71.3 %).
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Fig. 1. Correspondence between the GC-content and genome size of Streptomyces phages with a genome
length of more than 100 kbp.

Many of the Streptomyces genomes themselves have the same high level of GC-pairs [39—
41], as a result of which it can be assumed that the pool of genes of Streptomyces phage
Gilgamesh highly correlates with Streptomyces. Also, a phylogenomic tree for these phages
was inferred (Figure 2).

According to the results, the branch of the Gilgamesh bacteriophage was located near the
branch of the BM cluster, however the distance between them was large. So, it was decided to
study the Streptomyces phage Gilgamesh and genomes containing homologous sequences of
this virus.

Streptomyces phage Gilgamesh and far-related phages

Streptomyces phage Gilgamesh (MN234216.1) is a singleton (according to data from the
Actinobacteriophage Database [13]), that is, a phage that does not have closely related
organisms. It belongs to the Siphoviridae family. To characterize the genome composition of
this phage, the homologs of its 156 proteins were searched among the translated ORFs of viral
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genome sequences available in the nr database. It was found that 62 ORFs have homologs in
other viruses. Then, genomes of bacteriophages containing at least 5 homologs of proteins of
Gilgamesh were selected from the nr database. All together 546 genomes were found in the
GenBank nucleotide collection database (accessed 1 October 2020). The supplementary file
Table S1.xlIsx includes accession numbers, belonging to a group of viruses, genome lengths,

host bacterial strains for phages. For convenience, the genomes called uncultured
Caudovirales phage were numbered.
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Fig. 2. A phylogenomic tree of Streptomyces phages, with a genome length of more than 100 kbp. The
tree constructed with the neighbor joining method [25] from the pairwise distance matrix (see details in
“Materials and Methods™) calculated for 71 sets of 10-mers. The same color code as in Figure 1

corresponds to the clusters and subclusters from Actinobacteriophage Database [13]. The scale bar shows
the Sorensen distance as a percentage.
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Most viruses (439) with these genomes infected bacteria of the Actinomycetia class. The
genomes of most of these viruses (about 430) are deposited in the Actinobacteriophage
Database (Date of access: 1 October 2020). Most of the viruses (230) were phages infecting
Mycobacterium and belonging to clusters E, J, L, N, Y, W, subcluster K1. The remaining
genomes belong to phages of Pseudomonas (13), Enterobacteriaceae (13), Aeromonas (1),
Bacilli (4), Alteromonadales (6), Marinomonas (1), Streptococcus (4), Staphylococcus (9),
Flavobacterium (1), Paracoccus (1), Vibrio (1), Pontimonas (1). The rest 52 genomes were
isolated from metagenomes.

Genome clustering was carried out. Altogether there were 9999 clusters. Core- and
softcore-genomes were not formed. According to the results of clustering, there were 32
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homologous clusters of translated ORFs (see supplementary Data S1.zip).
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Fig. 3. A collapsed pan-genome tree for Streptomyces phage Gilgamesh genome and genomes of phages
containing homologs of its proteins. The scale bar represents the number of expected substitutions per site
under the binary GTR2+FO+ASC+R4 substitution model. The complete tree is given in Figure S1.
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Fig. 4. Collapsed bipartite genome network of Streptomyces phage Gilgamesh and phages containing its

homologs. The edges reflect the homologous protein clusters for Gilgamesh. Nodes of genomes and
groups of viruses are marked with colored circles, nodes of homologous clusters are not marked. The
node of phage Gilgamesh is marked with red ellipse. The complete network is shown in Figure S2.

On the pan-genome tree (Figure 3 and Figure S1) (the best model: GTR2+FO+ASC+R4,
log-likelihood of the consensus tree: -79394.082) it is seen that the closest clade to the branch
of the phage Gilgamesh is a BM cluster, as well as on the phylogenomic tree (Figure 2).
Unique features of the viruses in this cluster are a relatively large size of genomes for
bacteriophages (more than 180 kbp), and a long capsid length (about 285 nm) with a small
capsid width (about 47 nm). Only the lytic cycle of reproduction was found in these phages.
They are bacteriophages infecting Streptomyces. However, the distance between the branch of
Gilgamesh and the BM clade is very large, which also indicates that this virus is a singleton.

In addition, a visual inspection of the bipartite network (Figure 4 and Figure S2) reveals
that the node representing Gilgamesh is located separately from the node of the BM cluster.
The BM node itself is located remotely from other nodes of the network.

Also, the Gilgamesh’s node does not form a separate dense subnetwork with any genome
nodes, which is less connected to the rest of the network, which is typical of cluster genome
nodes. Visually, this can be seen in Figure 5 and Figure S3, where only the edges are left, part
of which is the Gilgamesh’s node and/or nodes of clusters of homologous proteins with which
it is connected.

In total, a complete bipartite network was formed by 5642 nodes and 58993 edges. The
diameter of the network is 6, the radius is 3. The remaining network characteristics are
presented in Table S2.xlIsx.
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network is represented in Figure S3.

The central nodes (whose eccentricity is equal to the radius of the network) are two
genome nodes, namely Streptomyces phage Gilgamesh and Gordonia phage Schmidt. The
cluster of homologs of the large terminase subunit (a protein of phage Gilgamesh was not
included into this cluster) had the largest number of edges (358) among the nodes of clusters
of homologous translated ORFs. Portal protein (a protein of phage Gilgamesh was included
into this cluster) was next according to the number of nodes (356).

While considering the homologs of the translated ORFs, as well as the annotation of the
genome of bacteriophage Gilgamesh, it was found that proteins associated with the formation
of the plasmid form are present. Taking into account that some of the homologs of these
proteins were found in bacteriophages, for which the existence of the plasmid form was
determined (e.g, Streptomyces phage ZL12 [42]), a search for the homologous sequences of
the translated ORFs of Gilgamesh genome among the plasmids from the nr database was
performed. We focused on plasmids characterized as complete genome, which contained at
least 5 homologs of Gilgamesh proteins. As a result, 25 plasmids were found (see Table
S1.xlsx) satisfying the requirements. Their sequences were annotated or reannotated. Table S1
demonstrates the lengths and access numbers for this plasmids.
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Streptomyces phage Gilgamesh and related plasmids

Repeated clustering with previously used genomes of phages and plasmids was carried
out. There were 15114 clusters. As before, core- and softcore-genome were not formed.
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containing homologs of its proteins. The scale bar represents the number of expected substitutions per site
under the binary GTR2+FO+ASC+R5 substitution model. The complete tree is given in Figure S4.

According to the clustering results, 81 translated ORFs of the Gilgamesh genome had
homologs among the translated ORFs of plasmids. Totally, 85 translated ORFs of the
Gilgamesh genome had homologs among the translated ORFs of all genomes used (see Data
S2.zip). It is worth noting that some of the homologs of one protein did not form a common
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cluster, which is most likely due to the features of the COGtriangle algorithm [18], which
requires at least 3 sequences to be similar to each other in terms of established parameters in
order to form a cluster.

Then a common pan-genome tree has been obtained (Figure 6 and Figure S4) (best model:
GTR2+FO+ASC+R5, best score: -113605.489).

As a result, the genome of bacteriophage Gilgamesh was turned out into a clade formed
by 3 sequences, among which there were 2 plasmids: Streptomyces sp. ETH9427 plasmid
pETH2, Streptomyces sp. MBT27 plasmid unnamed. If we take a common clade of the higher
level, it consists of 13 plasmids and 2 phages. Gilgamesh was one of these phages and
Streptomyces phage ZL12 was second. It has been already mentioned previously [42] that
ZL12 is a phage-plasmid. Phage-plasmids are extrachromosomal elements that possess the
genes of both phages and plasmids and are capable of forming a virion and existing in the
host cell in plasmid form [43].

Thereafter, a bipartite network with all genomes, including plasmids has been created

(Figure 7 and Figure S5).

@ Vhulanivirus
B Streptococcus phages
| DA

e,

Fig. 7. A collapsed bipartite genome network of Streptomyces phage Gilgamesh and phages and plasmids
containing its homologs. The nodes of separate genomes and groups of viruses are marked with colored
circles; the nodes of homologous clusters are not marked. The node of phage Gilgamesh is marked with
the red ellipse. The whole network is shown in Figure S5.

The number of nodes was equal to 6482, the number of edges was 61614, and the network
diameter was 6, the radius was 3. Table S3.xlIsx represents other characteristics for the
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network and separate nodes. When looking at the subnetwork generated by genome nodes of
Gilgamesh, homologous clusters of its proteins, and the nodes of other genomes (Figure 8 and
Figure S6), a network densification formed by genome nodes of Gilgamesh, Streptomyces sp.
MBT27 plasmid unnamed, Streptomyces sp. ETH9427 plasmid pETH2 and their edges is
viewed.

[J Group E
B Group L
@ Group BE
[ Group N
[ Group EB
@ Group W
& Group J
[ Group AZ
@ Group DN
@ Group Y
[ Group AL
[ Group DQ
[ Group DU
[ Group EC
. [] Group EI
[J Group AP
Il Unknown phages
[ Group BG
” °. » [ Group CU
& 7 ;i ° [J Group BV
5 I Group CD
[ Staphylococus phages
[ Group Hendrixvirus
[ Group Punavirus
[J ADLER phages
[ Group BM
[ Group BC
. & B Group AS
n O Group BX
[ Group CZ
B Kayvirus
[ Przondovirus
l BQ
Vhulanivirus
[ Streptococcus phages
DA
B K1
[ Myoviridae groups
[ Caudovirales groups
[ Siphoviridae groups
[ Pseudoalteromonas phages
[ SF phages
[ Pseudomonas phages vB_Pae_
[ singletons
[ Plasmids

Fig. 8. A collapsed bipartite network reflecting nodes of genomes and edges of homologous Gilgamesh
clusters and the node of the Gilgamesh genome. The nodes of phage genomes are marked with colored
circles; the nodes of clusters are not marked. The node of Streptomyces phage Gilgamesh is marked with
the red ellipse. The whole network is given in Figure S6.

The genome node of bacteriophage Gilgamesh with eccentricity equaled to the network
radius was the central node. The cluster of homologs of the large terminase subunit
(Gilgamesh protein was not included in this cluster) had maximum number of edges (388)
among cluster nodes of homologous translated ORFs. In second place in the number of nodes
(359) there was the portal protein (Gilgamesh protein was not included in this cluster).

Effect of plasmids addition on bipartite network characteristics

A comparison of metrics for two networks (without and with plasmids) led to the
following results. Total average clustering coefficient for the network without plasmids was
approximately 0.43, for the network with plasmids it was 0.4. The average clustering
coefficient of genome nodes for the network without plasmid genomes was approximately
0.077, for the network with plasmids it was 0.072. The average clustering coefficient of
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homologous cluster nodes for the network without plasmids was approximately 0.464, for the
network with plasmids it was 0.436. The diameters and radiuses of the networks were the
same and equal to 6 and 3, respectively. The central nodes of the networks were described
above, in both cases one of or the only central node was the node of the genome of
Streptomyces phage Gilgamesh.

Table 1. Increase or decrease in metrics for groups and singletons of phage depends on the
number of added plasmids. | - value decrease, 1 - value increase, 1| - some of values decreased
and some of values increased. Singletons are represented separately from each other
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Table 1 presents changes in metrics of the known groups (families, genera, clusters and
singletons). Table S4.xIsx presents metrics of each node of phage genomes before and after
addition of plasmids.

Figure 9 shows the box plots of metric values for all nodes of bacteriophage genomes
before and after addition of plasmids. Figure S7 shows changes in the metric values of all
nodes of bacteriophage genomes before and after addition of plasmids.

$‘Vith plasmids without plasmids
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Fig. 9. The box plots of metrics for genome nodes of bacteriophages depends on whether plasmids are
added or not. The colored lines denote the most substantial changes. The red line indicates a change in the
index for a node of Streptomyces phage Gilgamesh, the green line depicts Streptomyces phage ZL12.

The Wilcoxon test revealed that addition of plasmids had a statistically significant effect
on all measured network index values (p < 2.2e-16).

Having studied the genome node metrics, it was found that the greatest changes occurred
in two nodes such as Streptomyces phage Gilgamesh and Streptomyces phage ZL12.
Probably, it is so because the proteins of the Gilgamesh were used as reference while
searching for plasmids and the ZL12 is phage-plasmid.

Phages-plasmids

A phylogenomic tree with plasmids and phages was constructed (Figure 10 and Figure
S8).

According to the results, the clade mentioned earlier contains not only plasmids and two
genomes of the phages but also the genome of Saccharomonospora phage PIS 136. The
difference between the pan-genome tree and phylogenomic tree in this case could be because
PIS 136 has many genes that show no similarity to other genomes. As a result, this virus is
located separately on the pan-genome tree. Moreover, with an increase in the values of two
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network metrics regarding the node of the genome of PIS 136, a betweenness centrality value,
and a degree centrality value (in this case, it reflects the number of homologous clusters), we
can assume that the phylogenomic tree in this case better matches the evolutionary relation of
PIS 136 to the genomes of phage-plasmids mentioned above.
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Fig. 10. A collapsed phylogenomic tree for Streptomyces phage Gilgamesh and phages and plasmids
containing its homologs. The tree constructed with the neighbor joining method [25] from the pairwise
distance matrix calculated for 572 sets of 10-mers. The scale bar shows the Sorensen distance as a
percentage. A complete tree is shown in Figure S8.

Further, the search for homologous proteins between the phages and plasmids which were
included in the common clade was carried out to determine whether they belonged to phage-
plasmids or not.

Having explored a similarity of plasmid proteins to the Gilgamesh proteins, we have
found that Streptomyces sp. MBT27 plasmid unnamed, Streptomyces sp. ETH9427 plasmid

336

Mathematical Biology and Bioinformatics. 2023. V. 18. A2 2. doi: 10.17537/2023.18.323


https://www.matbio.org/2023/FigureS8.pdf

COMPARATIVE ANALYSIS OF ACTINOBACTERIA PHAGE-PLASMIDS AND THEIR TRANSDUCTION POTENTIAL

pETH2 have homologs of all known Gilgamesh morphogenesis proteins. Figure 11
demonstrates that these plasmids exhibit high similarity of the sequences to Gilgamesh;
moreover, they have a similar system which is necessary for the formation of plasmid, its
segregation etc. (DNA translocase, RusA-like resolvase, ParB, ParA, Cre) but is partly
different in homology of the proteins and location of its genes. Additionally, these plasmids,
as well as Gilgamesh, contains a large ORF (near the gene of portal protein) with unknown
functions and low homology between the plasmids. Only pETH2, according to annotation,
has adenine-specific DNA methylase domain, N12 class, helicase superfamily C-terminal
domain, prolipoprotein diacylglyceryl transferase, Superfamily I DNA or RNA helicase,
DNA polymerase 111 subunits gamma and tau (in this case the size of ORF is approximately
23 kbp).

Gilgamesh has the following homologs with the other plasmids, which may point to its
possible ability to exist in plasmid form: DNA translocase, RusA-like resolvase, Cre
recombinase, ParB, ParA, tyrosine integrase.

Phage ZL12, as well as Gilgamesh (Figure 11), has genomic regions that are similar to
plasmids located in the same dense subnetwork. A comparison between genome of phage-
plasmid ZL12 and 9 Streptomyces plasmids is shown in Figure S9. Also, these plasmids have
all virion morphogenesis proteins, and typical plasmid-associated proteins (relating to the
formation, segregation, replication, etc.).

ZL.12 has the homologs with the other plasmids, that point to its ability to exist in plasmid
form. They are resolvase, Cre recombinase, tyrosine integrase, ParB, ParA.

Streptomyces phage Gilgamesh

Its

J,.Ni“» m, 7 {

parA parB

Streptomyces phage Gilgamesh

1\ |
‘}'l-l

T

Streptomyces sp. ETH9427 plasmid pETH2 ki S par/A pirB '“m

63%

Fig. 11. A comparison between genome of phage Gilgamesh and 2 Streptomyces plasmids. Red color
denotes the known ORFs of virion morphogenesis; blue — plasmid formation, segregation etc.; green —
giant ORFs; Its — large terminase subunit, ti — tyrosine integrase, tr — DNA translocase, rusA — RusA-like
resolvase, cre — Cre protein, p — portal protein, pp — prohead protease, mc — major capsid protein, majt —
major tail protein, hta — head-to-tail adaptor, minc — minor capsid protein, tt — tail terminator, tp — tail
protein, tac — tail assembly chaperone, tm — tape measure protein, mt — minor tail protein, parB — ParB-
like dsDNA partitioning protein, sts — small terminase subunit, lys — endolysin, parA — ParA-like dSDNA
partitioning protein.

Phage ZL12 and FDAARGOS 1210 plasmid unnamedl, WAC08241 strain WAC8241
substr. delta strl plasmid unnamedl, KCTC 9819 plasmid unnamed, JCM17656 plasmid
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unnamed3, pSAML1, pCQ4, pCQ3, pSP90, A01 plasmid unnamed form a common branch on
a phylogenomic tree, a pan-genome tree, and the nodes of these genomes form dense
subnetwork on bipartite network.

Saccharomonospora phage PIS 136 has 1 common homolog with the known proteins of
ZL12 morphogenesis and plasmids — the large terminase subunit.

PIS 136 has homolog with other plasmids which may point to the ability of this phage to
exist in plasmid form. It is XerC integrase, however, no homologs of proteins that could point
directly to this ability were found.

Interestingly, PIS 136 has DNA methylase, which is similar to cytosine-specific
methyltransferase in the phages of the genus Pseudotevenvirsus (it is specific for the
representatives of this genus). In addition, the gene of this methyltransferase is located
between the genes of DNA polymerase and helicase. It has been shown in our previous study
[44] that this region usually includes genes for the synthesis of some non-canonical DNA
bases and their modifications. Taking into account that in Pseudotevenvirsus this gene is
located in the other region, further study of the homologs of the genes of this
methyltransferase and the regions of bases synthesis may extend our knowledge about
diversity of phages due to non-canonical bases.
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Fig. 12. A comparison between genomes of Streptomyces phage ZL12 and/or Streptomyces phage
Gilgamesh and plasmids. The abbreviations are given in the legend to Figure 11. Red color marks the
known (found) genes of virion morphogenesis, blue depicts genes associated with the plasmid part, green
denotes large ORFs. A — Streptomyces sp. NA02950 plasmid unnamed (in the center). B —
Thermobispora bispora strain ZC4 plasmid unnamed, ruvC — Holliday junction resolvase RuvC, | —
endolysin, vs — virion structure protein, traA, traB, traC — conjugal transfer protein.
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Phages from the BM cluster have large terminase subunits which are similar to ones of
Gilgamesh and plasmids, as well as endolysins, which are similar to ZL12 and plasmid
endolysins.

The genomes of Streptomyces sp. NA02950 plasmid unnamed and Thermobispora
bispora strain ZC4 plasmid unnamed are interesting cases (Figure 12).

Streptomyces sp. NA02950 plasmid unnamed on the bipartite network (Figure 7) is
located between two dense subnetworks formed by the genome nodes of phage Gilgamesh,
phage ZL12 and plasmids. This is also seen in the homology of virus morphogenesis genes
and plasmid part (Figure 12,A). Some genes have a high homology to the ones typical of
phage ZL12 and related plasmids and other genes were similar to Gilgamesh and related
plasmids. This fact may indicate a chimerical origin of NA02950 plasmid.

On the network, Thermobispora bispora strain ZC4 plasmid unnamed was located
remotely from plasmids and phages-plasmids, closer to the network of other phages. ZC4
showed the highest similarity to the genes of morphogenesis and plasmid part of phage
Gilgamesh, but there were not so many homologs (Figure 12,B). Most of the morphogenesis
genes exhibited similarity to other phages. It was found that this plasmid can be repeated,
probably because of incorrect annotation, due to a suggested mechanism of the DNA
packaging into a capsid (headful packaging). This plasmid as well as Gilgamesh has a long
ORF next to the portal protein gene.

The presence of proteins relating to morphogenesis of bacteriophages may indicate that
the studied plasmids are also phages or defective phages, taking into account that most of
them are isolated from the bacteria of the genus Streptomyces, have other homologs with the
bacteriophages (totally 345 homologous clusters with all the phages). Especially in this case it
is worthy to mention plasmids Streptomyces sp. MBT27 plasmid unnamed, Streptomyces sp.
ETH9427 plasmid pETH2, which have the greatest amount of protein homologs with
Gilgamesh and 9 plasmids forming the common branch with ZL12 described earlier.
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Fig. 13. The size and GC-content of plasmids and related phage genomes. The related sequences are
marked with the same color. The plasmids are indicated by empty circles.

It is also notable that we failed to find homologs of the proteins associated with
morphogenesis of phages in plasmids that form a separate clade above the clade of BM
cluster on the pan-genome tree. Nevertheless, on the phylogenomic tree these plasmids form a
common clade with genomes of Gilgamesh and the related plasmids (Figure 10). On the
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network they are located separately from plasmids without forming a dense subnetwork
(Figure 7 and Figure S5).

We compared GC-content and size of the plasmids, which are related to phage ZL12 and
phage Gilgamesh, as well as Streptomyces sp. NA02950 plasmid unnamed, Thermobispora
bispora strain ZC4 plasmid unnamed, with phage genomes used previously (Figure 13).

It turned out that the related ZL12 plasmids and the phage itself had a very high percent
similarity to GC-content and similar size. The related plasmids of Gilgamesh also had similar
GC-content and size. In the case of Streptomyces sp. NA02950 plasmid unnamed,
Thermobispora bispora strain ZC4 plasmid unnamed, as well as phages-plasmids and
plasmids described above, had a high GC-content and sufficiently large sizes, which were
different from the other phages and plasmids.

Another interesting point which is worth to mention is bacteriophage Gilgamesh has
circularly permuted ends (this characteristic was taken from Actinobacteriophage Database).
Moreover, a large terminase subunit of this phage is similar to terminases of phages of the
genus Punavirus and they can form a single clade on a phylogenetic tree (see Figure S10)
together with the phages of AL cluster (infecting Arthrobacter) which also have circularly
permuted ends, closely related plasmids and two phages from metagenomes. Escherichia
virus P1 is a type phage of this genus. Thus, we can assume that bacteriophage Gilgamesh
packages its DNA by a headful mechanism. Taking into account the characteristic features of
the ends, the packaging, and the ability to exist in plasmid form, it is possible to assume that
Gilgamesh is capable of transduction, which is at least general one, typical for Punavirus. In
addition, given that closely related plasmids Streptomyces sp. MBT27 plasmid unnamed,
Streptomyces sp. ETH9427 plasmid pETH2 show similarity to Gilgamesh morphogenesis
proteins, we may suggest these phage-plasmids also have the ability to transduce. Moreover,
genomes sizes of this phage and plasmids are similar (approximately 125-130 kbp, see
Figure 13).

DISCUSSION

For this study, we initially considered phage genomes with the largest length which were
amongst phages infecting Streptomyces. It was found that Streptomyces phage Gilgamesh
having a high GC-content but there were no closely related viruses observed within
Streptomyces phages.

Interestingly, the sequences of plasmids related to Gilgamesh and included in this study as
well as, according to known data, the bacteria, from which one of the plasmids has been
isolated, have similar GC-content. Moreover, analysis of Streptomyces genomes revealed that
representatives of this genus display high GC-content. The size of Gilgamesh and related
plasmids is over 100 kbp, it is similar to one of two patterns of sizes of the phage-plasmids
reported by [43]. This size, as it is predicted, is due to the presence of genetic modules both
phages and plasmids.

For the first time, the existence of the plasmid form was observed for the lambda
bacteriophage [45, 46]. Later, the plasmid prophage was detected and studied for
bacteriophage P1 and related viruses [47-49], as well as for satellite bacteriophage P4 [50,
51]. In addition, linear lambdoid phage-plasmid N15 was discovered and investigated [52—
54]. A number of artificial phage-plasmids were constructed for practical and research
purposes [55-57]. Recently, the global spread of the natural phage-plasmids in different
groups of bacterial plasmids and bacteriophages was shown [43].

When analyzing Gilgamesh, it was found that it has homologs of genes which are
necessary for the formation of a plasmid form, segregation, etc., moreover, the plasmids most
related to it have similar plasmid genes and genes of phage morphogenesis (Figure 11). As a
result, we suppose that Gilgamesh and 2 related plasmids (Streptomyces sp. MBT27 plasmid
unnamed, Streptomyces sp. ETH9427 plasmid pETH2) are the phage-plasmids. It was also
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reported that Streptomyces sp. MBT27 plasmid unnamed may belongs to phage-plasmids
[43].

The point of interest was the presence of giant ORFs in Gilgamesh and related plasmids.
According to the annotation of this ORF in pETH2 it contains domains of proteins associated
with replication, however, little homology to other giant ORFs located in the same region
does not make it possible to talk about the presence of the same domains in them. Moreover,
the network analysis showed that the addition of plasmids, that have the homologs of
Gilgamesh proteins, into the pan-genome network of phages, had the greatest impact on the
nodes of the Gilgamesh and Streptomyces phage ZL12 genomes. According to the data,
Streptomyces phage ZL12 is a phage-plasmid [42]. The 9 plasmids have the most related
sequences to it. After analysis of these plasmids, we found that they all have phage
morphogenesis genes, as well as plasmid genes, similar to the known ZL12 genes (Figure S9).
It was shown that one of the plasmids related to ZL12, namely KCTC 9819 plasmid unnamed,
belongs to phage-plasmids [43]. The possibility of existence in the form of a lytic phage was
detected for the pCQ4 plasmid [58]. It is also worth noting that all these plasmids have a high
GC-content.

As a result, we can assume that the sequences forming on the pan-genome tree a separate
clade, including the genomes of Gilgamesh, ZL12 and related plasmids, are the sequences of
phage-plasmids or descendants of phage-plasmids. In addition, the possibility of existence of
these phages and plasmids in the form of phage-plasmids is indicated by the following.

For genomes related to Gilgamesh, this may be indicated by a close homology of the large
terminase subunits with proteins of representatives of the genus Punavirus which are phage-
plasmids. Besides, Gilgamesh, as well as these representatives, has circular permutations,
which altogether points to a similar mechanism of DNA packaging into a capsid. Also,
Gilgamesh and related plasmids have Cre protein which is required to form a circular shape; it
is also typical for Punavirus. In addtion, they have ParA and ParB homologs necessary for the
plasmid segregation. However, it is interesting that, genes of these proteins are located in a
different genomic regions, which is more typical for ZL12 and its related plasmids. This
difference between related genomes was demonstrated in [59], using examples of related
actinobacteriophages with missing/present ParAB cassettes. It was suggested that differences
in these systems in closely related viruses may be necessary to diversify segregation systems
in order to avoid incompatibility [59].

The ZL12 phage has a locus for conjugal transfer, which includes traA, traB, traC genes
[42]. We demonstrated that most of its related plasmids have a TraA homolog (Figure S9),
however, TraB and TraC homologs were observed only in the most related plasmids such as
Streptomyces seoulensis strain A01 plasmid and Streptomyces libani subsp. rufus NBRC
15424 plasmid pSP90. In other plasmids, it was also possible to detect the presence of ORFs
with similar location and the same length of TraB and TraC, but we failed to identify
homology. This situation may be explained by the high frequency of recombination of these
genes. Moreover, related plasmids had most of the genes homologous to ZL12 genes of virion
morphogenesis, as reported earlier.

Having analyzed data on genes, phylogenomic and pan-genome network analyses, it can
be concluded with great probability that Gilgamesh, ZL12 and their most related plasmids
represent a group of phage-plasmids. In addition, the recombination processes between the
Gilgamesh and ZL12 groups can be indicated by the cases with the genes of the ParA, ParB
proteins in plasmids most related to Gilgamesh, which were mentioned above.

The genome nodes of the AL cluster showed a partial increase in closeness centrality. The
representatives of this cluster have Par-like genes which are necessary for segregation of
plasmids [60]. Moreover, they also have circular permutations of the ends and, according to
the results of phylogenetic analysis of the large subunit of terminase, they have similar
sequences of this protein with the proteins of Punavirus and Gilgamesh. Altogether, this may
indicate that they belong to phage-plasmids.

341

Mathematical Biology and Bioinformatics. 2023. V. 18. Ne 2. doi: 10.17537/2023.18.323


https://www.matbio.org/2023/FigureS9.pdf
https://www.matbio.org/2023/FigureS9.pdf

NIKULIN et al.

The nodes of the AP cluster exhibited an increase in clustering coefficient. Previously was
reported that these phages possess ParB-like proteins [60].

In the nodes of the BC cluster clustering coefficient and betweenness centrality became
greater. The cluster representatives have circularly permuted ends (according to
Actinobacteriophage Database [13]. Interestingly, one of the representatives of this cluster
(phage SV1) was the object of the study of transduction [61]. In the nodes of the W cluster
closeness centrality increased. The representatives of this cluster contain Par-like proteins, the
ends with circular permutations.

The BM cluster and Punavirus are described above. It should be noted that clustering
coefficient of the BM cluster increased slightly and Punavirus exhibited a negligible change
in closeness centrality. Saccharomonospora phage PIS 136 was also described above,
betweenness centrality and degree centrality of this node increased. It was showed that this
phage has a circular genome [62], that, taking into account previously reported data, could
give evidence in support of supposition that this phage is a phage-plasmid.

Betweenness centrality of the node of Thermobifida phage P1312 became higher.
According to [63] this phage has circular permutations of the ends, a headful packaging
strategy, a chromosome segregation gene, and circular DNA.

In the nodes of the related phages Mycobacterium phage Adler, Mycobacterium phage
ADLER F1725 closeness centrality increased. ParA-like protein is detected in these phages.
Thus, in some phages with increased metrics, we managed to identify similar DNA packaging
systems, genes associated with plasmid modules. Especially, it is worth noting, the AL cluster
and the Saccharomonospora phage PIS 136, which according to the results of other analyses
(phylogenetic and phylogenomic, respectively), have formed common clades with the phage-
plasmids analyzed earlier. These viruses can also be phage-plasmids.

The mechanism of generalized transduction is primarily related to the way DNA is
packaged into a capsid. Classical examples: generalized transduction by T4, P1 mutants etc.
[11, 64]. These phages have the headful packaging mechanism of the DNA packaging into a
capsid. It was shown [65] that with the phylogenetic analysis of the terminase, it is possible to
predict the mechanism of DNA packaging into a capsid. As it was demonstrated (Figure S10),
Gilgamesh and related plasmids, as well as phages of the AL cluster have the greatest
homology to Punavirus phages. Thus, taking into account their circular permutations of the
ends and the presence of genes similar to Cre, these phages share a similar packaging
mechanism with Punavirus. In this context, it is most likely that these phages are transducers.

In addition, given the size of the Gilgamesh genome and related plasmids, the heads of
these viruses can accommodate sufficiently large DNA fragments. As a result, these phage-
plasmids are very promising from the point of view of genetic manipulation with
Streptomyces. Moreover, taking into account their GC-content, evolutionary relations with
other viruses and plasmids, the presence of genes which are necessary for Cre-Lox
recombination, that can be used as a genetic tool, these phages are on the whole of interest to
genetic engineering.

In sum, the research has revealed a group of related phage-plasmids (or defective phages)
with various gene transfer mechanisms; genes share large homology with Streptomyces and
similar GC-content with ones. These phages were helpful to find out new opportunities in the
coevolutionary relationships between phages and bacteria.

The study was supported by the Russian Science Foundation grant No. 22-25-00669,
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