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Evolutionary Relationships among Actinophages and a Putative
Adaptation for Growth in Streptomyces spp.
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The genome sequences of eight Streptomyces phages are presented, four of which were isolated for this study. Phages R4, TG1,
¢Hau3, and SV1 were isolated previously and have been exploited as tools for understanding and genetically manipulating
Streptomyces spp. We also extracted five apparently intact prophages from recent Streptomyces spp. genome projects and, to-
gether with six phage genomes in the database, we analyzed all 19 Streptomyces phage genomes with a view to understanding
their relationships to each other and to other actinophages, particularly the mycobacteriophages. Fifteen of the Streptomyces
phages group into four clusters of related genomes. Although the R4-like phages do not share nucleotide sequence similarity
with other phages, they clearly have common ancestry with cluster A mycobacteriophages, sharing many protein homologues,
common gene syntenies, and similar repressor-stoperator regulatory systems. The R4-like phage ¢Hau3 and the prophage
StrepC.1 (from Streptomyces sp. strain C) appear to have hijacked a unique adaptation of the streptomycetes, i.e., use of the rare
UUA codon, to control translation of the essential phage protein, the terminase. The Streptomyces venezuelae generalized trans-
ducing phage SV1 was used to predict the presence of other generalized transducing phages for different Streptomyces species.

Bacteriophages are the most abundant and diverse genetic en-
tities on planet Earth. Despite this, it has been proposed that
all double-stranded DNA (dsDNA) phages share the same gene
pool and that there are clear examples where common ancestry is
evident between orthologous gene pairs from very different
phages (for example, the capsid-encoding genes from coliphage
HK97 and Streptomyces phage $C31) (1, 2). Understanding the
mechanisms through which phages generate such vast diversity is
still a challenge, but the drivers of selection and adaptation to
growth in different bacterial hosts are clearly strong influences.
We are interested in the adaptations of phages that infect the Ac-
tinobacteria, a class of high-GC, Gram-positive bacteria that have
very diverse morphology, physiology, and growth properties.
Actinobacteria, particularly those in the genus Streptomyces,
have a remarkable capacity to synthesize a diverse array of second-
ary metabolites of all the major classes. Indeed, 70% of clinically
useful antibiotics come from Streptomyces spp. Genetic tools de-
rived from Streptomyces phages have been invaluable in investiga-
tions aimed at understanding the fundamental biology of these
bacteria and in manipulating antibiotic pathways (3, 4). Phages
were used initially as cloning vectors, but since the early 1990s,
integrating plasmid vectors based on phage-encoded site-specific
recombination systems have been widely used, enabling the stable
insertion of gene constructs into a defined site (atfB) in the chro-
mosome (5, 6). Moreover, as streptomycetes are mycelial and un-
dergo a developmental cycle, phages that infect this group of bac-
teria are likely to have undergone host-specific evolutionary
adaptations. Sequence databases currently include 223 genomes
of actinophages that infect another member of the Actinobacteria,
Mycobacterium smegmatis (see the Mycobacteriophage Database
[http://phagesdb.org/]). Comparison of these with the genomes
of phages infecting streptomycetes will add insights into the
mechanisms of evolution and the nature of phage genomes.
Prior to this work, six Streptomyces phage genomes were in the
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sequence databases, all from double-stranded DNA phages with
siphoviral morphology, i.e., long, flexible, noncontractile tails.
$»C31 and dBT1 are very closely related, with extensive nucleotide
sequence similarity and generally high levels of amino acid iden-
tity between homologous gene products (7, 8). $SASD1 encodes
distant homologues to several of the $C31/bBT1 early region
genes, while VWB, Mul/6, and the plasmid/phage chimera pZL12
are unrelated to other Streptomyces phages (9-12). To gain further
insights into the Streptomyces phage population, we have se-
quenced eight more phage genomes. Four of these (R4, ¢Hau3,
TG1,and SV1) had been isolated previously for use as genetic tools
for different Streptomyces spp. (13—-16). The remaining four,
ELB20, Zemlya, Lika, and Sujidade, were isolated for this study.
We have also extracted the sequences of five apparently intact
prophages from sequenced Streptomyces genomes. Together, the
analysis of these phages and prophages shows the presence of a
dominant phage cluster that includes R4 and six other phage ge-
nomes. We present evidence that the R4 cluster phages are related
to mycobacteriophages from subclusters Al and A2, suggesting
conservation of an ancestral genome architecture. Adaptations to
growth in the streptomycetes were identified, including the prob-
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able hijacking of the rare leucine codon, UUA, to control the
translation of phage genes.

MATERIALS AND METHODS

Isolation of novel Streptomyces phages. ELB20 was isolated from unfer-
tilized garden soil from Erskine, Renfrewshire, Scotland, United King-
dom. Phages were extracted from soil in Difco nutrient broth (containing
0.1% egg albumin, pH 8; incubation at 4°C for 16 h) that, after centrifu-
gation and filtration, was plated directly on an agar plate containing 3.2
mM Ca(NO;), and Streptomyces lividans strain 1326 as a host (3, 17).
Zemlya, Sujidade, and Lika were isolated after enrichment of phages with
S. lividans spores; 1 g of soil from Houston, TX, was mixed with 10 ml
Difco nutrient broth [containing 0.5% glucose and 4 mM Ca(NO,),] to
which fresh spores of S. lividans were added, and the mixtures incubated
with shaking (30°C for 24 h). The enriched phages were then separated
from soil and bacteria by centrifugation and filtration and mixed with S.
lividans spores for plating on Difco nutrient agar plates containing 0.5%
glucose and 4 mM Ca(NO,),. Plates were incubated at 30°C. All phages
obtained went through several rounds of single-plaque purification, and a
high-titer stock was established.

Sequencing of phage genomes. The phages were purified by banding
in a CsCl gradient, and the virion DNA was extracted as described in
Kieser etal. (3). bHau3 and R4 were both grown on Streptomyces coelicolor
J1929 (ApglY) (59), while TG1 and SV1 were prepared using Streptomyces
avermitilis and Streptomyces venezuelae, respectively. ELB20, Zemlya,
Lika, and Sujidade were prepared using S. lividans 1326 as the host.

Phages R4, $Hau3, TGI, SV1, and ELB20 were sequenced by dye
terminator methodology at the University of Pittsburgh, Department of
Biological Sciences. The virion DNA was sheared into 1- to 3-kbp frag-
ments which were then ligated into the EcoRV site of the pBluescript II
KS+ vector. Individual plasmids were purified using QiaPrep plasmid
purification kits, and these were sequenced from both ends of the inserted
DNA by using Applied Biosystems BigDye version 3.0 dye terminator
chemistry and universal sequencing primers. Sequences were analyzed
using an ABI Prism 3100 DNA analyzer. Approximately 8-fold coverage
was obtained; oligonucleotide primers were synthesized and used to
prime sequencing reactions with whole-genome templates to provide se-
quence coverage of underrepresented regions and to fill gaps in the se-
quence assembly.

Zemlya, Sujidade, and Lika were sequenced by 454 pyrosequencing
technology at the University of Pittsburgh Genomics and Proteomics
Core Laboratories (GPCL) as described previously (18). The reads were
assembled using Consed (58), where the 11-bp overhang ends were ap-
parent.

Extraction of prophage sequences from the genome databases.
$SAV is a prophage in S. avermitilis and was extracted previously using
the Fouts PhagePhinder program (19). The prophages Shyg.1, SPB78.1,
SrosN11.1, and StrepC.1 were extracted from Streptomyces hygroscopicus
ATCC 53653, Streptomyces sp. strain SPB78, Streptomyces roseosporus
NRRL11379, and Streptomyces sp. strain C genome sequences, respec-
tively (from sequences provided by the Broad Institute). The prophages
were detected by BLAST searches with proteins encoded by SV1, VWB,
and R4. The endpoints for the prophages were estimated; attL was pre-
dicted to lie next to the integrase gene, int, as the attP site is usually located
adjacent to int. The end containing attR was localized to a position where
the predicted genes change from encoding many hypothetical proteins
(likely to be phage genes) to genes encoding obvious cellular functions
(likely to be host genes). In the case of SrosN11.1, the attR was predicted to
lie after SrosN1_10673, a gene that has no predicted function and few
homologues in the databases. In fact, this region contained a 44-bp direct
repeat that overlapped a predicted tRNA in the S. roseosporus genome and
lay in both the predicted attL and attR regions. This sequence was there-
fore considered most likely to comprise the core of the attachment sites, so
this genome was joined at this repeat and the repeat designated attP. The
contig encoding prophage SPBP78.1 also had a 42-bp repeat that flanked
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the predicted prophage genome. In this case, the sequence was identical to
the core sequence in the VWB attP site (20), and the adjacent integrase
(WP_009066700) also has very high identity to the VWB integrase. This
sequence was therefore designated attP for prophage SPBP78.1. For the
remaining prophages (StrepC.1 and Shyg.1), assigning the position of
attR was done with lower confidence than was the case for attL. All the
phage/prophage maps were permuted so that they had at the 5’ ends of
their top strands either the small or large terminase subunit genes, except
for StrepC.1 prophage, where the left end was designated by matching
homologues with R4 and $Hau3 phage. These permutations facilitated a
comparison of phage genome organization.

Genome analysis. The analysis of genomes followed a general pipe-
line: gene identification using Glimmer (21) and/or GeneMark (22) and,
in a few cases, manual adjustment gene starts to favor those proximal to a
possible ribosome binding site. Nucleotide sequence similarities between
phage/prophage genomes were found using Gepard (23) and BLASTn
(24). All the phage gene products were analyzed by BLASTp searches
against the NCBI nr protein database (http://blast.ncbi.nlm.nih.gov/Blast
.cgi) and/or tBLASTn against the Mycobacteriophage Database (http:
//phagesdb.org/) to identify homologues. Finally, general identification of
major capsid proteins, tail proteins, endolysins, integrases, putative early
and late genes, and regulators was performed, and phage genome maps
were exported from DNA Master files (Jeffrey Lawrence, http://phagesdb
.org/DNAMaster/). The program Phamerator was used to identify rela-
tionships between phage genomes (25). To use the Phamerator pro-
gramme, all nineteen Streptomyces phage and prophage genomes were
compiled into a database entitled “Streppys_19.” tRNA genes were found
with Aragorn (26) and tRNAscan-SE (27). Calculation of the ratio of
nonsynonymous to synonymous differences, K /K, was carried out
within the DNA Master program.

Nucleotide sequence accession numbers. Nucleotide sequence
accession numbers in GenBank are JX262376 ($ELB20) for
ELB20, KC700556 for Lika, NC_018836 for dHau3, NC_019414
for R4, KC700557 for Sujidade, NC_018848 for SV1, NC_018853
for TG1, and KC700558 for Zemlya.

RESULTS AND DISCUSSION

The genome sequences obtained for R4, ¢Hau3, and TG1 were
consistent with previously reported estimates of genome size and
locations of restriction endonuclease recognition sites (Table 1)
(14, 16, 28, 29). However, the DNA of the generalized transducing
phage SV1 had previously been estimated to be around 45 kbp
(29), which is significantly bigger than the 37,612 bp of unique
sequence reported here. SV1 virion DNA is therefore likely to be
circularly permuted and terminally redundant, which is typical of
generalized transducing phages. R4, dHau3, TGI1, and SV1 all
encode an integrase and at least one putative regulator (discussed
below), consistent with previous reports that these phages are
temperate (13, 14, 16, 29). The new phages, ELB20, Zemlya, Lika,
and Sujidade, were all isolated with S. lividans as the host from soil
of Scotland (ELB20) or Texas (Zemlya, Lika, and Sujidade). These
phages all produced a turbid plaque morphology.

Phage genomes cluster largely due to sequence conservation
in the packaging/head genes and early region genes. DNA-DNA
comparisons performed with both Phamerator and a dot plot be-
tween Streptomyces phage genomes indicate various degrees of
contiguous sequence similarities (Fig. 1; see also Fig. S2 in the
supplemental material). Where there is sufficient sequence simi-
larity to detect a diagonal from a dot plot spanning more than 50%
of the genome lengths (30), phage genomes can be clustered
(Fig. 1). The cluster containing most members is represented by
R4 and contains six phage genomes, R4, dHau3, ELB20, Zemlya,
Lika, and Sujidade (Fig. 1, blue box). Two of these, R4 and ELB20,
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TABLE 1 Summary of Streptomyces phage and prophage genomes

No. of Phage isolation host or
Phage or prophage Length (nt) ORFs tRNA %GC Cluster prophage host genome Accession no.
Phages
ELB20 51,160 82 tRNAP(AGA) 67.0 R4 S. lividans JX262376
Lika 51,252 82 0 65.8 R4 S. lividans KC700556
Mul/6 38,196 55 0 71.2 S. aureofaciens B96 NC_007967
$BT1 41,831 55 tRNA™(AAG) 62.8 $C31 S. lividans NC_004664
HC31 41,491 53 tRNATM(ACG) 63.6 HC31 S. lividans NC_001978
bHau3 50,255 77 tRNA'™(CCA) 67.8 R4 S. hygroscopicus 10-22 NC_018836
$SASD1 37,068 43 0 66.2 S. avermitilis ATCC 31267 NC_014229
pZL12 90,435 112 0 69.5 Streptomyces sp. strain 9R-2 NC_013420
R4 51,071 86 tRNAPP¢(GAA) 67.0 R4 Streptomyces albus G NC_019414
Sujidade 51,552 81 0 65.7 R4 S. lividans KC700557
SV1 37,612 55 0 72.7 SV1 S. venezuelae NC_018848
TGl 40,474 54 tRNA™(CGT) 64.7 $C31 Streptomyces cattleya NC_018853
VWB 49,220 74 0 71.1 VWB S. venezuelae ETH14630 NC_005345
Zemlya 51,077 79 0 65.7 R4 S. lividans KC700558
Prophages
StrepC.1 51,578 77 0 67.4 R4 Streptomyces sp. strain C NZ_ACEW00000000.1
SPB78.1 51,282 78 0 71.2 VWB Streptomyces sp. strain SPB78 NZ_ACEU00000000.1
Srosl11.1 48,399 77 tRNASY(CCC) with intron 70.3 VWB S. roseosporus NRRL11379 NZ_ABYX00000000.1
Shyg.1 39,945 58 tRNAY*(GAC) 70.0 SV1 S. hygroscopicus ATCC 53653 NZ_ACEX00000000.1
$SAV 41,529 61 0 67.2 S. avermitilis MA4690 NC_003155

are almost identical in sequence, despite being isolated about 30
years apart and from geographically different locations (Norwich
and Glasgow, respectively). Moreover, phage Ba, isolated in Japan
from the culture broth of Streptomyces lavendulae S283, has a re-
striction fragment map almost identical to those of ELB20 and R4,
suggesting widespread occurrence of these highly similar phage

— -~ ) —
o o 5 8 B S e =
- _ @ I3 2= SakT 98> o
SEos <8228 es5zRos23F |
=) X <t
TerF&X W S NONI®ND>SNNONNZ S Q

#C31
oBT1
TG1
9SASD1

R4
ELB20
¢Hau3

StrepC.1
Zemlya
Lika
Sujidade
VWB
SPB78.1

Sros11.1
SV1
Shyg.1
Mu1/6
$SAV

pzZL12

FIG 1 Nucleotide sequence similarities between Streptomyces phages and pro-
phages. Dot plot (created with Gepard) of 19 Streptomyces phage and prophage
DNA sequences. The continuous diagonal line indicates where the phage ge-
nomes have aligned with themselves, and the diagonals off center indicate
DNA similarity between different phage genomes. Phages with DNA similarity
are clustered (indicated by colored boxes).
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genomes (31); see further discussion below. A second cluster, rep-
resented by $C31, contains three closely related genomes, $bC31,
$BT1,and TG1 (Fig. 1, red box). The distant relative $SASD1 has
insufficient nucleotide similarity to be clustered with the $C31
cluster and therefore is a singleton (Fig. 1, pink box; see also Fig.
S2). Phages VWB, SV1, Mul/6, and pZL12 did not show nucleo-
tide sequence similarity with other phages.

Using Phamerator and BLASTp searches with the amino acid
sequences of predicted proteins from phages R4, SV1, and VWB,
prophages residing within recently sequenced Streptomyces ge-
nomes from the Broad Institute were detected. Prophage StrepC.1
was extracted from Streptomyces sp. C, and it clusters with the R4
group; Shyg.1 was extracted from S. hygroscopicus ATCC 53653
and is related to SV1; and prophages SPB78.1 and SrosN11.1 were
extracted from Streptomyces sp. SPB78 and S. roseosporus
NRRL11379, respectively, and have sequence similarities to VWB.
The locations of the prophage endpoints were estimated (see Ma-
terials and Methods), and these were joined to form a circle and
then reopened at a locus close to the small or large terminase
subunit genes to resemble the organization of a typical virion ge-
nome (see Fig. S1 and S2 in the supplemental material). The rela-
tionships of the extracted prophages StrepC.1, Shyg.l, and
SPB78.1/Sros11.1 to R4, SV1, and VWB, respectively, can be de-
tected at the DNA-DNA level (Fig. 1, blue, yellow, and green box-
es; see also Fig. S2).

Sequence comparisons between related phage and prophage
genomes provide information on which parts of the phage ge-
nomes maintain nucleotide sequence similarity when all other
sequences have diverged beyond detectable limits. The most-con-
served regions observed in pairwise comparisons of phage ge-
nomes are packaging/head genes and presumed early region
genes, and the most variable regions are between presumed tail
and tail fiber genes, recombination and regulatory genes, and or-
thologues in the variable regions (see Fig. S2 and S3 in the supple-
mental material). Sequence comparisons with $SASD1 proteins
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are exceptional, as they suggest different ancestry for the early and
late regions; early gene products have sequence similarity with
several from $C31 early proteins (further discussed below; see
also Fig. S2), and several of the proposed late products with VWB
or SPB78.1 (10). The relationships between ¢C31, bSASD1, and
VWB are reminiscent of genomic chimeras that have been seen in
some other phages, such as Escherichia coli phage N15 of the lamb-
doid phages (32):in N15 the head and tail genes are very similar to
those of phage N, but the early genes clearly have a different origin.

The overall genome organization of all the Streptomyces phages
is well conserved, comprising the genes for terminase/heads-tails,
lysis, regulation, and the early proteins, including many involved
in DNA metabolism (Fig. 2; see also Fig. S1 in the supplemental
material). All the phage genomes have a region that is much more
variable in gene content, a hypervariable region, although this is
reduced to a minimum in Mul/6. The elements that move the
most relative to structural, early, and hypervariable regions are the
genes encoding integrase (int) and the cos sites (Fig. 2; see also Fig.
S1). cos sites are generally close to the terminase genes, but in the
R4-like phages, there are several genes between cos and fer, placing
the cos sites within hypervariable regions. Although the SV1,
VWB, and Mul/6 genomes do not have detectable nucleotide se-
quence similarity, they have a similar genome organization as
characterized by the positions of their int genes (Fig. 2; see also
Fig. S1).

Very recent evolutionary events are revealed in very similar
genomes. The genomes of phages R4 and ELB20 are more than
96% identical at the nucleotide level, and comparing them pro-
vides a particularly clear picture of recent evolutionary events that
would be lost in a background of mutational differences in a more
highly diverged pair. Figure 3 shows the distribution of single-
nucleotide differences and small indels across an alignment of the
two genomes. Despite the overall high similarity, it is evident that
the degree of difference between the two sequences varies dramat-
ically across the alignment. We can ask, what is the basis of that
variation?

The greatest similarity between the two genomes is in the re-
gion from nucleotide (nt) 700 to 23,000 (the “left” halves), where
there are only 12 nucleotide differences across the whole region.
The near identity of this part of the two genomes suggests a very
recent common ancestor in evolutionary terms. Starting at about
coordinate 23,500 through the cos ends to nucleotide 700 (the
“right” halves), there are appreciable, though still moderate dif-
ferences between the two genomes, and the levels of those differ-
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ences vary across the region. The common ancestor(s) of the
right halves of the genomes must be more distant than the
common ancestor of the head and tail genes in the left halves of
the genomes, because of the significant differences in the num-
ber of point mutations accumulated in the two regions. In
other words, the genomes are mosaic with respect to each
other, with a junction (at about nucleotide 23,000) separating
the two halves.

We can then ask whether the different levels of mutational
differences between regions within the right halves of the genomes
also reflect mosaicism or, alternatively, reflect different rates of
mutational accumulation. If a gene were experiencing positive
selection, for example, we would expect that mutations would be
retained more frequently and so accumulate more rapidly than for
a gene experiencing purifying selection. The ratio of nonsynony-
mous to synonymous differences, K,/K,, between homologous
genes provides an indication of whether a gene is under positive
selection (in which case the K /K, ratio is >1). There are three
pairs of orthologous genes in the R4/ELB20 comparison, R4 genes
46, 53, and 56, that are different enough to allow calculation of a
meaningful K /K ratio. For these, the K, /K, ratio ranges from 0.23
to 0.36, indicating that they are experiencing purifying selection.
This conclusion is incompatible with the hypothesis that R4 g46,
¢53, and g56 and the ELB20 homologues are more diverged than
the others in the right arms of these two genomes because they
have been accumulating mutations faster. Rather, it suggests that
the differences in divergence represent mosaicism resulting from
recombination. This pattern is reminiscent of the mosaicism re-
ported in comparisons of genomes that are much more exten-
sively diverged than R4 and ELB20, including the relative lack of
mosaic junctions among the virion structural genes. However, in
those cases, analysis of the sequences implies that the mosaic junc-
tions arose from nonhomologous recombination (2), whereas in
the R4/ELB20 comparison, it seems plausible that most or all of
the mosaic junctions arose through homologous or near-homol-
ogous recombination.

The R4-like phage cluster is related to the mycobacterio-
phages of the Al and A2 subclusters. Among the actinobacteria,
the only other genus for which a large number of phage genomes
have been sequenced and analyzed is Mycobacterium. At the time
of writing, there are 223 mycobacteriophage genomes in public
databases. There are a substantial number of proteins with recog-
nizable homologues encoded in both Mycobacterium and Strepto-
myces phage genomes. These shared proteins include not only
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those with conserved functional motifs, such as proteins used in
DNA packaging (e.g., terminase and portal protein) and DNA
replication (e.g., primases and DNA polymerases), but less-well-
conserved proteins with no known homologues outside the acti-
nophages. R4 gp25, for example, has a domain of unknown func-
tion (DUF2746) that is only present in the actinophages (Fig. 4).
Other conserved hypothetical proteins encoded in both Strepto-
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myces and mycobacteriophages are represented by R4 gp31, gp37,
and gp45 and Zemlya gp70.

Conservation of gene order (i.e., synteny) likely also reflects
common ancestry. There is evidence of shared synteny between
the R4-like phages and the subcluster A1 and A2 mycobacterio-
phages, illustrated by alignment of the R4 and mycobacteriophage
Rockstar genomes (Fig. 4). R4 and Rockstar share 16 pairs of re-
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FIG 4 Synteny between R4 and mycobacteriophage Rockstar. The red lines indicate orthologous gene products that lie in the same order in both genomes, taking
into account a proposed inversion that has occurred in an ancestral genome (yellow area). The positions of the putative stoperator sequences are shown on the
R4 genome: + indicates a sequence on the plus strand and # on the minus strand. pol, polymerase.
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lated proteins (detected through BLASTp searches), albeit at dif-
ferent levels of amino acid similarity, distributed over most of the
lengths of their genomes (Fig. 4). There may be additional homo-
logues that have diverged sufficiently to fall below BLASTP cutoff
values of significance. All of the gene pairs in the left halves of the
genomes are syntenous, but this is not surprising given the widely
conserved synteny of virion structural and assembly genes shared by
all phages with siphoviral morphologies. However, except for one
pair, the shared homologues in the right halves of the genomes also
have shared syntenies, notwithstanding a large inversion in one lin-
eage relative to the other (corresponding to the yellow region in Fig.
4). One end of this inversion could conceivably be adjacent to the
homologous repressor genes, 29in R4 and 73 in Rockstar, as Zemlya,
a phage closely related to R4, has a homologue of Rockstar 74 (i.e.,
Zemlya 70) that is not part of the inverted region.

The exception to the syntenous layout of Rockstar and R4 is the
dCMP deaminase genes (Fig. 4). Genes coding for dCMP deami-
nase are sporadically distributed among phage genomes (for ex-
ample, subcluster A2 mycobacteriophage Pukovnik lacks this
gene), and their locations show no consistent relationship to the
other genes in the phage genomes in which they appear. Other
notable exceptions to the shared synteny of R4-like phages and
cluster A mycobacteriophages are the positions of the lysis genes
and int genes, and there may have been advantageous adaptations
associated with the current locations of these functions. In the
R4-related phages, it is also striking that about 25% of the DNA is
transcribed right to left (reminiscent of the cluster A mycobacte-
riophages, in which about 50% of the genes are transcribed right
to left), whereas, with the exception of pZL12, the other Strepto-
myces phage genomes have a much stronger bias toward left to
right (as shown) transcription (see Fig. S1 and S2 in the supple-
mental material).

Similarly, there are six recognizable homologues shared by
phage VWB and mycobacteriophage Marvin, and these also share
syntenies (see Fig. S4A). The conservation of synteny is not evi-
dent in all genome comparisons, as seen by the alignment of the
Streptomyces phages R4 and ¢$C31 (see Fig. S4B). Thus, phages
infecting the same bacterial host can be more diverged with re-
spect to their genome organizations than genomically distinct
phages that infect different hosts. Genome similarities between
phages infecting different bacterial genera have been seen previ-
ously, including the Mu-like phages, P2-like phages, and the
lambdoid phages. Furthermore, we note that the Rhodococcus equi
phage ReqiPine5 and mycobacteriophage Rosebush (cluster B
bacteriophage) share multiple homologous gene pairs located
syntenously along their genomes, indicating that these phages are
likely to be related (33).

The sequence similarity between the Mycobacterium and Strep-
tomyces phage proteins is detectable only at the level of the en-
coded amino acid sequence, arguing that genetic exchange be-
tween these two groups of phages is either infrequent or spans a
broad period of evolutionary time. Host specificity normally in-
terferes with phages with hosts from phylogenetically different
genera undergoing frequent recombination, but Jacobs-Sera et al.
(34) showed that transfection of Zemlya genomic DNA into elec-
trocompetent M. smegmatis and plating the transfectants in the
presence of S. lividans spores can yield plaques at low frequency.
Thus, if the barrier to injection of phage DNA into a noncognate
host can be overcome, a phage growth cycle might occur, with the
possible establishment of novel phage genome architectures in
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FIG 5 The R4 cluster Streptomyces phages encode an L5-like repressor pro-
tein. An alignment of all the R4 family putative repressors with the L5 and
Pukovnik repressors was performed with ClustalW, and the tree plotted with
TREEVIEW.

different host genera (34). Alternatively, if the shared features of
the R4-like and mycobacteriophage A1 and A2 subcluster phages
do indeed reflect common ancestry, then the ancestors preceded
the migration between the Streptomyces and Mycobacterium hosts.
The evolutionary processes that maintain specific genome archi-
tectures within a milieu of rampant recombination events, both
homologous and illegitimate, remain unclear. However, the com-
parison between R4 and ELB20 (discussed above) suggests that
purifying selection is a strong evolutionary force and is likely to
play a role in maintaining phage clusters.

Conservation of a repressor-stoperator regulatory system.
The relationship between the cluster A mycobacteriophages and
the R4-like Streptomyces phages is strengthened by conservation
of the regulatory mechanism that silences phage transcription
during lysogeny. The head-tail-lysis genes and the putative early
region genes (which include the major DNA metabolism genes)
are separated by a conserved regulator gene with sequence simi-
larity to the mycobacteriophage L5 repressor (Fig. 5). The obser-
vation that the R4 cluster phages encode homologues of the my-
cobacteriophage L5 repressor was followed up with a search for
possible repressor-binding sites. The L5 repressor acts by binding
to 24 short (13-bp) directional sequences located across the ge-
nomes, usually in intergenic regions (35); this is conserved among
all of the cluster A phages (35). The repressor binds to these se-
quences and blocks the movement of RNA polymerase, and
hence, they are called stoperators. A feature of the stoperators is
that they only block RNA polymerase movement in one direction
and they are correspondingly oriented on the phage genome de-
pending on the direction of transcription (34). Multiple candidate
stoperator sequences were discovered in the R4, ELB20, dbHau3,
and Zemlya genomes and are both similar in length to the L5
stoperators and mostly intergenic (Fig. 4; see also Table S1 and Fig.
S1 in the supplemental material). The stoperator consensus
sequences are similar in the Streptomyces phages, and all, in-
cluding those from L5, have a highly conserved 5" GTG trinu-
cleotide (Table 2) (35, 36).

Regulatory signals in ¢C31, éBT1, TG1, and GbSASD1. The
regulatory signals in ¢$C31 have been characterized previously
(37-40). The repressor-binding sites (conserved inverted repeats,
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TABLE 2 Consensus sequences of stoperator-like sequences in R4
family phages

Phage Stoperator-like sequence”
R4 tGTGcAAGTGtngC
$Hau3 agtGTGttAGnengac
ELB20 tgtGcAAgtgtngca

Zemlya gTgTGeaAccTtcegta

L5 GGtGgcTGTcAAg

@ Uppercase and lowercase indicate 100% and >50% conservation of the base,
respectively. Data for L5 are from Brown et al. (35).

CIRs), the phage-specific promoters, and the terminators are all
well conserved in $C31, BT1, and TG1 (see Fig. S5 and S6 in the
supplemental material). Previous work has shown that three re-
pressor proteins, all encoded by the ¢ gene in $C31, bind the CIR
sequences (38, 41). The three in-frame but N-terminally different
repressors all contain a putative helix-turn-helix (HTH) DNA-
binding motif close to the C terminus (42, 43). The predicted
repressor proteins from ¢C31, $BT1, and TG1 are noticeably
diverged in their N-terminal halves and much more highly
conserved in the C-terminal regions, consistent with the HTH
DNA-binding motif contacting the conserved CIR sequences.
The promoters and terminators in $C31 have also been
mapped (39, 40). The consensus sequences for phage promot-
ersin ¢C31 $BT1, and TGl differ by only a few base pairs, and
the positions of the regulatory signals are conserved (see Fig. S1
and S6). Even where there has been an indel, the regulatory
elements are either coinserted or codeleted, suggesting that
genetic exchange may normally be with another phage of the
$C31 family (see Fig. S1).

The DNA region between the $SASD1 gp43 and gp1 lacks a
repressor gene homologue that is present in the equivalent re-
gions in $C31, éBT1, and TG1. However, $SASD1 encodes a
homologue, gp13, of the putative activator of the phage-spe-
cific promoter in $C31, gpl12 (10), and this prompted us to
look for sequences with similarity to CIRs and phage-specific
promoter sequences in $SASD1. Knowing that the phage re-
pressor from the $C31 group binds to CIRs located upstream
from $C31 gp12 (38), we looked for a CIR sequence upstream
from gp13 in $SASDI1. A 16-bp CIR perfect palindrome was
identified and then used to search the whole of $SASDI. In
addition to the CIR upstream from gp13, there are 4 other CIRs
located in the right arm of the $SASD1 genome (see Fig. S5 in
the supplemental material). We also tried to identify a putative
phage-specific promoter in $SASD1, and an 18-bp sequence
upstream from both the DNA polymerase gene (g12) and the
putative activator gene (g13) was found (see Fig. S6). We do not
know whether either of these two sequences is functional. Al-
though $SASD1 appears to contain CIR sites, none of the pro-
teins encoded are predicted to be repressors. Furthermore,
$SASD1 encodes a truncated and probably nonfunctional ser-
ine integrase containing only part of the C-terminal domain
and having lost the entire N-terminal catalytic domain. Taken
together, these observations further support the idea that the
GSASDI genome is a mosaic, with the right half derived from a
temperate phage related to the $C31-like phages and the left
half derived from a VWB-like phage (suggested above). Possi-
bly $SASD1 evolved rapidly to become a lytic phage during the
failed fermentation that led to its isolation (10).
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Adaptations to growth in Streptomyces spp. (i) A putative
mechanism to control the translation of phage proteins using
the rare codon UUA. Terminase is an essential protein for phage
replication, as it provides the motor and DNA cleavage activity
required for packaging the virion genomes into the phage capsids.
We noticed that $Hau3 has three consecutive genes (g6, g7, and
g8) encoding products that each show similarity to the large ter-
minase proteins from other phages in BLASTp searches. Closer
examination revealed that the three proteins encoded by these
genes (gp6, gp7, and gp8) were almost identical to the beginning
(amino acids 1 to 100), the middle (amino acids 101 to 200), and
the end (amino acids 201 to 553) of the putative large terminase
encoded by R4 g6 (Fig. 6A; see also Fig. S7 in the supplemental
material). Thus, it appears that the large terminase subunit of
¢Hau3 is, unusually, encoded by three separate genes. The se-
quence of the dHau3 in this region was verified, indicating that
this genetic fragmentation of what is a single open reading frame
(ORF) in almost all other phage genomes was not due to sequenc-
ing errors. Examination of the genes encoding the large terminase
of other phages and prophages revealed a second example of a split
terminase ORF in the StrepC.1 prophage, encoded by StrepC.1 g8
and g9 (nt 41080 to 42729 in Streptomyces sp. strain C contig
ACEW01000274.1) (Fig. 6A; see also Fig. S8). Remarkably, the
position at which the alignment between R4 gp6 and the StrepC.1
gp8 ends is exactly the same as the endpoint between $pHau3gp6
and R4gp6, indicating that the fragmentation of the terminase
genes in both ¢Hau3 and StrepC.1 has occurred at the same place.

In both $Hau3 and StrepC.1, a contiguous sequence with near
identity to the entire R4 terminase could be generated by the in-
troduction of a ribosomal shift to another ORF and the skipping of
either 8 or 10 nucleotides of coding sequence to join éHau3 gp6
and gp7, $Hau3 gp7 and gp8, and the StrepC.1 gp8 and gp9 (Fig.
7). While the genetic fragmentation of the terminase gene in
StrepC.1 could be due to an evolutionary drift toward a defective
prophage, this cannot be true for $Hau3 because the sequenced
virion DNA was prepared from an infected S. coelicolor lysate.
How then can the expression of these fragmented terminases pro-
duce an active terminase? Possibly the three polypeptides pro-
duced by ¢Hau3 could be protein domains that fold separately
and interact to regenerate an active terminase. Large terminase
proteins generally consist of two domains, the N-terminal domain
that provides the ATPase motor for translocating the DNA and the
C-terminal domain for cutting and unwinding the cos ends (44).
The conserved motifs in the ATPase domain have been well char-
acterized and comprise four conserved sequences; the adenine-
binding motif, the Walker A and B boxes, and an ATPase coupling
motif, or C motif. Alignments of P22, T4, and \ terminase pro-
teins with R4 terminase failed because they are too highly di-
verged. Instead, we aligned R4 and Zemlya terminase proteins
with the related L5 gp13 and Pukovnik gp14 proteins (both cluster
A mycobacteriophages) to identify conserved amino acids and
then looked by eye for candidate functional motifs located at the
appropriate distances (Fig. 6B). The positions of the discontinui-
ties in the large terminase proteins in ¢Hau3 and StrepC.1 pro-
phage were found to map within the most likely Walker A box
motifand immediately adjacent to the Walker B box. It seems very
likely, therefore, that these breaks do not mark the boundaries of
protein domains and that a continuous polypeptide must be gen-
erated for a functional terminase.

Formally, there are two ways to generate a continuous poly-
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terminase-encoding genes in pHau3 are in different reading frames, as are the two in StrepC.1. (B) An alignment of the N-terminal regions of the large terminase
proteins from R4, Zemlya, L5, and Pukovnic indicates the positions of conserved sequences, including the likely Walker A and Walker B boxes. The conserved
sequences comprise the adenine binding motif (A-binding), the Walker A and B boxes, and the ATPase coupling motif (C-motif). The corresponding motifs from
phage P22 terminase are shown for comparison (57). The positions of the discontinuities in the ¢Hau3 and StrepC.1 terminase-encoding genes are shown by the
down-pointing vertical arrow (bHau3 g6/7 and the StrepC.1 g8/9 (nt 41080 to 42729 in Streptomyces sp. strain C contig ACEW01000274.1) and the up-pointing

arrow (dHau3 g7/8).

peptide that has the same sequence as the R4 terminase: either 8 or
10 nucleotides must be spliced out of the mRNA at each interrup-
tion prior to translation to create a continuous open reading
frame in the mRNA or, if the mRNA retains the interrupting se-
quences, the ribosome must shift frames and skip over either 8 or
10 nucleotides of the mRNA at each of the interruptions. Al-
though there is currently no biochemical evidence to discriminate
between these two general models, we strongly favor the second,
“ribosome hopping” model, both because we are not aware of any
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precedent for splicing out such short sequences and, more impor-
tantly, because of a striking similarity between these sequences
and the well-studied 50-base ribosome hop in phage T4 gene 60,
an essential T4 gene encoding a subunit of topoisomerase (45, 46).
We present here a model based on that for the T4 g60 bypass for
how the ribosomes might navigate past the interruptions in the
¢Hau3 and StrepC.1 ter genes to produce a functional terminase.

Examination of the sequences indicated the presence of the
UUA leucine codon within all three of the interrupting sequences
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A.

R4 g6:
ACCGGAGUCCUCCAGCGCCUGAAGGGCUGGGGCAAGGACCCGCUCCUGGCG
T G Vv L Q R L K G W G K D P L L A

StrepC.1 prophage g8/9:
AAGGGAGUUCUCCAGCGCUUGAAGGGCUGGGGC UUACCGGC AAGGACCCUCUCCUCGCG

K G v L.Q R L K G W G +8 K D P L L A
¢Hau3 g6/7:
AAGGGCGUUCUUCAGCGGCUGAAGGGUUGGGGC UUACUCCGGU AAGGACCCCCUCCUUGCA
K G v L. Q R L K G W G +10 K D P L L A
B.
R4 g6:
AGCUCGUACCGGGCGAUCGAGGGUAAGCGAACCACCUUCACCCUGCUC
s s Y R A I E G K R T T F T L L
¢Hau3 g7/8:
AGUAGCUACCGGGCCCUUGAGGGGGCCCGGUCU UUAACGGUCC ACGUUCGUAGUGCUCAAC
s S Y R A L E G A R S +10 T F V V L N

FIG 7 Model for the mechanism of translation of the fragmented terminase
ORFs from ¢Hau3 and StrepC.1 prophage. (A) The sequence of R4 g6 mRNA
and its translated sequence that spans the proposed Walker A motif and the
equivalent sequences in StrepC.1 prophage and in ¢Hau3 are shown. The
translated sequence that would generate a peptide almost identical to the R4
terminase is shown. The UUA where a ribosomal pause is predicted to occur is
shown in boldface. The codon before the UUA (so-called take-off codon) and
the codon that precedes the continuation of the terminase peptide (so-called
landing codon) are in green. Inverted repeats are indicated by underlined
sequences, and complementarity to the 16S rRNA is indicated in pink. (B) The
sequence of R4 g6 and its translated sequence at the putative Walker B motif
are shown along with the equivalent region in $Hau3 (g7/8). Annotation is the
same as for panel A.

(Fig. 7). UUA codons are extremely rarely used in GC-rich Strep-
tomyces, so much so that the gene (bldA) encoding the corre-
sponding tRNA™Y(UAA) can be deleted in S. coelicolor because
there are no UUA codons in essential genes (47). We propose that
when the ribosome encounters the UUA codon in the ribosomal A
site, it pauses, with the A site empty because of the low abundance
of the corresponding tRNA and with the preceding codon (the
“take-off” codon, in the terminology of the T4 g60 hop) in the P
site paired with its tRNA. A secondary structure forms between
inverted repeats found upstream from and extending into the P
site codon. The formation of the secondary structure initiates
movement of the ribosome forward along the mRNA by a combi-
nation, we suggest, of stripping the mRNA off the tRNAs in the E
and P sites and pulling the mRNA through to position the “land-
ing codon” in the P site. This positions the ribosome to continue
translation in the correct frame and at the right place in the se-
quence to generate a terminase of the same size as and with a
sequence similar to that of R4 terminase. An upstream sequence
complementary to the 16S rRNA may act to anchor the mRNA
during hopping. The mechanism of the T4 g60 hop, which has
been studied in detail, uses a UAG stop codon to pause translation,
the same arrangement of takeoff and landing codons, an mRNA
secondary structure to draw the mRNA through the ribosome,
and complementarity to 16S RNA to stabilize the translocating
complex (46).

An implication of using the UUA codon to stimulate a ribo-
somal hop is that it connects the expression of the terminase pro-
teins to the physiological state of the streptomycete host. Transla-
tion of UUA-containing genes in S. coelicolor is thought to be
efficient only in the later stages of growth, coinciding with sporu-
lation and antibiotic biosynthesis (48, 49). Indeed, the S. coelicolor
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bldA mutant, which lacks tRNA™"(UAA), shows normal vegeta-
tive growth but is defective in both sporulation and antibiotic
biosynthesis (50). During a $Hau3 infection, the terminase might
be expressed efficiently during growth in young mycelium, when
the tRNA™"(UAA) is either lacking or inactive. In contrast, in
older mycelium, final maturation of the phage could be limited by
decreased expression of the terminase, stalling the infection while
the host sporulates and sequestering the ¢Hau3 genome into
spores. Outgrowth would once again provide optimal conditions
for phage maturation and propagation.

The observation of a putative ribosome hop in the ter genes of
¢Hau3 and StrepC.1 prophage prompted a search for other UUA
codons in the phage and prophage sequences. There are 19 UUA
codons distributed among the 19 phage and prophage genomes
examined here. Ten of these are in genes coding for proteins of
unknown function and most likely include recently acquired
genes that have not yet adapted to the skewed codon usage of
Streptomyces hosts. However, four UUA-containing genes encode
putative regulators (g7 in Mul/6 and the putative L5-like repres-
sor genes g31 in Zemlya, g33 in Sujidade, and ¢33 in Lika) and two
encode integrases (the int gene in Shyg.1 [GenBank accession no.
WP_009713684] and Sujidade g53). The UUA codons in these
genes could have a role in regulating the developmental fate of the
phage through differences in the efficiency of translation in young
versus old mycelium; i.e., in young mycelium, lysis would be fa-
vored due to poor translation of the regulator or integrase, and in
older mycelium, when the tRNA™Y(UUA) is active, lysogeny
would be favored.

(ii) Conserved Streptomyces phage proteins. The head and
tail genes of virtually all tailed phages are syntenically arranged,
and for some of these, the sequences are well-enough conserved
that they can be identified on that basis. For the Streptomyces
phages and prophages considered here, we are able to identify
genes for terminase large subunit, the portal protein, major capsid
protein, and tail length tape measure protein, occurring in that
relative order in each of the phages and prophages (see Fig. S1 in
the supplemental material). In some but not all of the sequences,
we find plausible candidates for genes encoding a head assembly
accessory factor (a homologue of phage SPP1 gp7 or phage Mu
gpG), a prohead maturation protease, a scaffolding protein, and
the pair of tail assembly chaperones produced as the result of a
translational frameshift. All of the head and tail genes that can be
identified in this group of phages are in the same order along the
genome as has been seen for the corresponding genes in tailed
phages (see Fig. S1).

Analysis of the 19 Streptomyces phages and prophages using the
Phamerator and BLASTp programs identified proteins that are
unique to and commonly encoded in the Streptomyces phages. The
Phamerator program groups phage proteins that are related into
“phams” (see Fig. S2 in the supplemental material). Many phams
only contain members derived from phages that belong to one
particular cluster, but some phams contain members shared in
phages derived from two or more clusters. For example, phams 1
(encoding putative HNH endonucleases) and 5 (putative large
terminases) contain related gene products from the R4 and VWB
clusters and pham 98 (putative tail tape measure protein) from
members of the $C31, VWB, and SV1 clusters. Pham3 is shared by
the members of the R4 and ¢bC31 clusters and $SASD1 and con-
tains $C31 gp29. In $pC31, g29 is the first gene in the late operon
and is of unknown function, but gp29 is predicted to have a mem-
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brane-spanning helix. As the gp29 homologues are all encoded
close to the terminase genes, it is possible that this protein might
be involved in DNA packaging, perhaps tethering the packaging
apparatus to the membrane. The endolysins from the R4 and
$C31 clusters are related, belonging to pham 25.

Sequence comparisons with BLASTp detected more-distant
relatedness between other phage proteins. In the early region, two
genes appear to be prevalent in Streptomyces phage genomes, the
$C31 g1 and g3 homologues. $C31 gp1 is an early-expressed pro-
tein of unknown function with close homologues in other $C31
cluster phages. The presence of $C31 gpl homologues in Mul/6
(SPMV1_gp13), VWB (VWB_gp8), SPB78.1 gp49 (GenBank ac-
cession no. WP_009066686), and $SASD1 (dSASD1 gpl) suggest
a common and possibly necessary function in all these phages. A
PSI-BLAST search with R4 gp31, a protein that has homologues in
the other R4 cluster phages and in many mycobacteriophage pro-
teins, also revealed similarity to $C31 gpl. In $C31, g1 is the first
gene in the early region cluster, and there is a g1 homologue in the
Arthrobacter phage AAU2. gpl therefore appears to be a highly
conserved protein in the actinophages, but we do not yet know its
function.

We showed recently that $C31 gp3 functions as the recombi-
nation directionality factor (RDF) with integrase (51). VWB and
Mul/6 both encode integrases of the tyrosine recombinase family,
and the RDFs that control tyrosine integrases are normally basic,
small, DNA-binding proteins encoded by genes adjacent to
their respective int genes. The homologues of ¢$C31 gp3 in
VWB (VWB_gp9) and in Mul/6 (SPMV1_gp14) may therefore
have roles in phage replication rather than controlling the di-
rectionality of integrase.

$C31 g44, 45, and 46 are putative tail or tail fiber proteins, and
their variations may provide insight into the phage receptor inter-
action during infection. Previously, we identified a substitution in
$»C31 gp44 that compensated for a host receptor mutation (52).
We find distant homologues of gp44, gp45, and gp46 within Strep-
tomyces phages from different clusters, in particular in SV1, in
pZL12 (a recently reported plasmid/phage) (12), and in Mul/6,
suggesting that these proteins could be involved in specific phage-
Streptomyces cell surface interactions. PSI-BLAST with $C31 gp44
also reveals homologues in the R4 cluster (e.g., in StrepC.1
[WP_007264265]).

SV1—arare transducing phage for Streptomyces species. SV1
is a generalized transducing phage with a narrow host range, lim-
ited to S. venezuelae (15, 29). Generalized transducing phages in
Streptomyces are rare, and despite a report of transducing phages
for S. coelicolor (53), SV1 remains the only one to date that has
usefully been applied for genetic studies (although a new general-
ized transducing phage for S. coelicolor, $CAM, should be noted
[54]). Can we use the sequence of SV1 to predict which other
Streptomyces phages might be generalized transducers? Most gen-
eralized transducing phages package DNA through a headful
packaging mechanism. DNA packaging using this type of mecha-
nism normally initiates by recognition of a pac site or region and
then packages more than a single genome length per phage head,
resulting in terminal redundancy. Mistakes in this process lead to
occasional packaging of host DNA. The DNA in SV1 virions ap-
pears to be terminally redundant and circularly permuted, given
that the genomic DNA in the virions is about 20% longer than the
unique sequence. SV1 probably, therefore, packages through a
headful mechanism. In all dsDNA phages, the terminase appara-
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tus, comprising the large and small subunits, mediates packaging,
and terminases with similar sequences generally package DNA by
the same mechanism (55). Indeed, Casjens et al. (55) showed that
it might be possible to predict whether a phage packages by a
headful mechanism using a phylogenetic analysis of the terminase.
We therefore examined the relatedness of the SV1 large terminase
to other terminases in the database and to our collection of Strep-
tomyces phages.

Shyg.1 is a prophage with considerable sequence similarity to
SV1. The amino acid identity between the SV1 and Shyg.1 large
terminase subunits (SV1 gpl and the Shyg.1 gpl with accession
number WP_009713708) is the highest (82% identical) of any
protein pair in these two phages. Small terminase subunits are
required for DNA recognition (for both sequence-specific and
nonspecific binding), and there is a clear difference in the require-
ments for cos site recognition, which is always sequence specific,
and recognition of DNA in pac site/headful packaging. Although
small terminase subunits are diverse in sequence, they can usually
be identified as they tend to lie just upstream from the large ter-
minase genes. gp55 from SV1 and its homologue in Shyg.1 (gp53;
GenBank accession no. WP_009713707) are encoded upstream
from their respective large terminase genes and are highly similar
(66% identity), as are the portal proteins (62% identical), pro-
posed to be part of the mechanism that signals headful packaging
to the terminase (56). A BLAST search with SV1 gp1 against the
dsDNA viruses indicates that, of the top 12 hits, 6 have headful
packaging mechanisms, and there is no information on the DNA-
packaging mechanism of the other six. An amino acid sequence
alignment confirms that SV1 terminase is much more similar to
the headful packaging terminases than to the other Streptomyces
terminase proteins (see Fig. S9 and S10 in the supplemental ma-
terial). If the nature of the terminase is an indicator of whether the
phage packages DNA by a headful mechanism, then BLAST
searches against the microbial database suggest that there are pro-
phages in Streptomyces genomes that may also be headful packag-
ers and, therefore, candidate generalized transducers. These pro-
phages include Shyg.1 and putative prophages in Streptomyces sp.
strain SA3_ActG and Streptomyces sp. strain Tii6071.
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