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We report here the isolation and recombinational cloning of a large plasmid, pZL12, from endophytic
Streptomyces sp. 9R-2. pZL12 comprises 90,435 bp, encoding 112 genes, 30 of which are organized in a large
operon resembling bacteriophage genes. A replication locus (rep4) and a conjugal transfer locus (traA-traC)
were identified in pZL12. Surprisingly, the supernatant of a 9R-2 liquid culture containing partially purified
phage particles infected 9R-2 cured of pZL12 (9R-2X) to form plaques, and a phage particle (bZL12) was
observed by transmission electron microscopy. Major structural proteins (capsid, portal, and tail) of $pZL12
virions were encoded by pZL12 genes. Like bacteriophage P1, linear ¢ZL12 DNA contained ends from a largely
random pZL12 sequence. There was also a hot end sequence in linear ¢bZL12. $ZL12 virions efficiently
infected only one host, 9R-2X, but failed to infect and form plaques in 18 other Streptomyces strains. Some
9R-2X spores rescued from lysis by infection of ¢ZL12 virions contained a circular pZL12 plasmid, completing
a cycle comprising autonomous plasmid pZL12 and lytic phage $ZL12. These results confirm pZL12 as the

first example of a plasmid-phage in Streptomyces.

Streptomyces species, a major source of antibiotics and phar-
macologically active metabolites, are Gram-positive, mycelial
bacteria with high G+C content in their DNA (15). They
usually harbor conjugative circular and/or linear plasmids,
propagating in autonomous and/or chromosomally integrated
forms (14). Most Streptomyces circular plasmids reported are
small (8 to 14 kb), including rolling-circle-replication (RCR)
plasmids (pIJ101, pJV1, pSGS, pSN22, pSVHI, pSB24.2,
pSY10, pSNAL, pSLG33, pEN2701, etc.) (12, 14) and chromo-
somally integrating/autonomous plasmids (SLP1 and pSAM?2)
(4,27, 28). Some theta replication plasmids are of intermediate
size (31 to 39 kb), such as SCP2, pFP1, and pFP11 (13, 40).
These theta replication loci comprise a rep gene and an adja-
cent noncoding or iteron sequence, to which Rep protein
binds specifically in vitro (10, 40). The occurrence of an
~163-kb large plasmid, pSV1, in Streptomyces violaceoruber
SANK95570 was confirmed (1, 37), but this plasmid could not
be physically isolated by standard procedures for plasmid prep-
aration (17). In contrast to more than 30 genes for conjugal
transfer on the Escherichia coli F plasmid (20), Streptomyces
plasmids usually need a single #ra gene (encoding a DNA
translocase containing a cell division FtsK/SpolIIE domain)
(15, 29). The transfer of Streptomyces circular plasmids involves
binding of the nonnicked double-stranded DNA (dsDNA) by
multimers of Tra proteins at a noncoding sequence and ATP
hydrolysis-dependent translocation of this DNA through the
hyphal tips of the Streptomyces mycelium (15, 32).

Numerous Streptomyces phages have been described, includ-
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ing $C31 (22), SAtl (26), TG1 (11), FP43 (24), $SPK1 (19),
$SCo623 (34), DAH2/DAH4/DAHS5/DAHG (6), and mul/6 (9).
They range in size from 36 kb (19) to 121 kb (6), with 50 to
71.2% GC content (9, 23, 35). Streptomyces phages often have
a wide host range; for example, 16 of 27 Streptomyces strains
are susceptible to infection by $SPK1 (19), and phage FP43
transduces species of Streptoverticillium, Chainia, and Sac-
chropolyspora (24). $C31 is the most-studied Streptomyces
phage and cloning vector (8). The sequences of the $C31 head
proteins (e.g., portal, capsid, and head protease) resemble
those of other bacterial dsSDNA phages, suggesting evolution-
ary relationships to other viruses (35).

We report here the isolation and recombinational cloning of
a 90,435-bp plasmid, pZL12, from endophytic Streptomyces sp.
9R-2 and the characterization of its replication and transfer.
Surprisingly, the supernatant of 9R-2 liquid culture infected
9R-2 cured of pZL12 to form plaques. A cycle comprising
autonomous plasmid pZL12 and lytic phage $ZL12 is de-
scribed.

MATERIALS AND METHODS

Bacterial strains, plasmids, and general methods. The strains and plasmids
used in this work are listed in Table 1. The isolation of endophytic actinomycetes
from Chinese medicinal herbs was done in accordance with the method of Cao
et al. (7). The 16S rRNA genes were amplified by PCR with primers (5'-AGA
CTTTGATCCTGGCTCAG-3" and 5'-CGGCTACCTTGTTACGACTTC-3").
Plasmid isolation, transformation of Escherichia coli, and Southern hybridization
were done in accordance with the method of Sambrook et al. (33). Plasmids
pSP72, pQC578, and pQC156 were used as cloning vectors (30). E. coli DH5«
was used as a cloning host. Streptomyces lividans ZX7 (41) was the host for
propagating plasmids. Streptomyces culture, plaque formation, phage isolation,
pulsed-field gel electrophoresis, plasmid isolation, preparation of protoplasts,
transformation, and conjugation were done in accordance with the method of
Kieser et al. (18). Shotgun cloning and sequencing of pZL12 were performed
with the FLX 454 genome sequencer system (Roche) at the Chinese Human
Genome Center in Shanghai. Analysis of Streptomyces protein coding regions was
performed with FramePlot 3.0 beta (http:/watson.nih.go.jp/~jun/cgi-bin
/frameplot-3.0b.pl). Sequence comparisons were done with software from the
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TABLE 1. Strains and plasmids used in this study

J. BACTERIOL.

Strain or plasmid

Genotype or description

Source or reference

Strains
S. coelicolor M145 SCP1™ SCP2™ 18
S. lividans X7 pro-2 str-6 rec-46 dnd SLP2~ SLP3™ 41
S. venezuelae 1SP5230 Jadomycin B producer 38
S. glaucescens GLA 4-26 Tetracenomycin C producer 25
S. violaceoruber SANK95570 Contains pSV1 1
S. avermitilis MMR630 Avermectin producer 36
S. hygroscopicus 5008 Validoxylamine A producer 2
Endophytic Streptomyces
13 strains (9R-2, 14R-10, Isolated from Chinese medicinal herbs in the Shanghai Botanical Garden, This work
14R-3-2, 13R-3A, 21R-9- harboring pZL1-pZL14
1A, 37L-3, 9L-2A, 9R-4C,
7R-9-2, 41S-1, H2GS-3B,
56LL-1, and 75R-4B)
9R-2X Strain 9R-2 cured of pZL12 This work

Escherichia coli
DH5a

F~ deoR recAl endAI hsdR17(r,~ m,") phoA supE44 N~ thi-1 gyrA96 relAl

Life Technologies

ET12567 (pUZ8002) dam dcm hsdM cm kan 18
Plasmids
pSP72 amp colEI-ori Life Technologies
pBluescript II SK amp colEl-ori lacZ Stratagene
plJ702 melC tsr plJ101 origin 16
pQC156 2.6-kb Bcll-fragment of melC tsr cloned in pSP72 30
pQC578 6-kb Mlul fragment of pSLA2 rep-rirA-rorA cloned in pQC156 30
pHAQ31 amp colEI-ori cos melC tsr 36
pSET152 Streptomyces phage $C31-derived integration vector; Apr" 5
pQX17 Fragment containing apr-oriT of pSET152 cloned in a fragment containing This work
rep-sopABC of the F plasmid (PCR)

pZQ104 3.5-kb BamHI fragment of pZL12 cloned in pQX17 This work
pZQ107 pZQ104 integrated in pZL12 via a 3.5-kb BamHI fragment of pZL12 This work
107c16 32.1-kb Sau3A1l fragment of pZL12 cloned in pHAQ31 (BamHI) This work
pZQ140 3-kb Sau3A1l fragment of pZL12 cloned in pQC156 (BamHI) This work
pZQ149 2.1-kb EcoRI fragment (PCR) of pZL12 cloned in pQC156 This work
pZQ150 1.6-kb EcoRI fragment (PCR) of pZL12 cloned in pQC156 This work
pZQ141 1.4-kb EcoRI fragment (PCR) of pZL12 cloned in pQC156 This work
pZQ155 6.5-kb HindIII fragment (PCR) of pZL12 cloned in pQC578 This work
pZQ157 6-kb HindIII fragment (PCR) of pZL12 cloned in pQC578 This work
pZQ159 4.9-kb HindlIII fragment (PCR) of pZL12 cloned in pQC578 This work
pZQ158 2.4-kb HindIII fragment (PCR) of pZL12 cloned in pQC578 This work
pZQ162 5.3-kb HindIII fragment (PCR) of pZL12 cloned in pQC578 This work

National Center for Biotechnology Information (http:/www.ncbi.nlm.nih.gov
/Blast.cgi).

Isolation and recombinational cloning of Streptomyces large circular plasmids.
Isolation of Streptomyces large circular plasmids were done in accordance with
the method of Kieser (17), with slight modification. About 0.5 g mycelium was
resuspended in 10 ml lysozyme solution (2 mg/ml lysozyme, 10.3% sucrose, 25
mM Tris-HCI, 25 mM EDTA at pH 8.0) at 37°C for 30 min. Five milliliters of 0.3
M NaOH-2% SDS solution was added, mixed thoroughly, and incubated at 55°C
for 30 min. After cooling, the DNA solution was extracted with 5 ml acid
phenol-chloroform and then with 15 ml neutral phenol-chloroform and centri-
fuged at 12,000 rpm for 10 min. DNA was precipitated from the supernatant with
isopropanol, washed twice with 70% ethanol, and dissolved in 100 pl Tris-EDTA
(TE) buffer.

Recombinational cloning of pZL12 from Streptomyces into E. coli included the
following steps. pZL12 was digested with BamHI, ligated to an E. coli BAC-
derived pQX17 containing the apr selection marker and the oriT site, and intro-
duced by transformation into E. coli DH5a. A plasmid (pZQ104) containing a
3.5-kb fragment of pZL12 was obtained. pZQ104 was introduced by transfor-
mation into E. coli ET12567 containing pUZ8002 and was mixed with 10°
Streptomyces sp. 9R-2 spores in MS medium (18) containing 25 pg/ml nalidixic
acid and 50 pg/ml apramycin at 30°C for 3 days. Apramycin-resistant colonies in
9R-2 were obtained by recombination between pQX17 containing the 3.5-kb

pZL12 sequence and intact pZL12. The cointegrated plasmid was isolated and
introduced by electroporation into E. coli DH5a.

Identification of a replication locus in pZL12. A cosmid library for pZL12 was
constructed in pHAQ31 (36) by using a Giga-pack III XL Gold packaging extract
kit (Stratagene). DNA from 40 cosmids was mixed and introduced by transfor-
mation into S. lividans ZX7. Thiostrepton-resistant colonies were obtained, and
a cosmid (107¢16) containing a 32.1-kb pZL12 sequence was able to propagate
in S. lividans ZX7. Various fragments of 107c16 were cloned in an E. coli plasmid
(pQC156), and the resulting plasmids (pZQ140, pZQ141, pZQ149, and
pZQ150) (Table 1) were introduced by transformation into ZX7. To compare
the transformation frequencies of plasmids in different experiments, we used 0.1
ng DNA of Streptomyces plasmid plJ702 (16) and took 1 X 10° transformants per
g DNA as a control frequency.

Identification of a locus for conjugal transfer of pZL12. Various PCR frag-
ments of pZL12 were cloned in pQC578, and the resulting plasmids (pZQ155,
pZQ57, pZQ158, pZQ159, and pZQ162) (Table 1) were introduced by trans-
formation into ZX7. About equal numbers (107) of spores of ZX7 containing
these plasmids and ZX7 containing a chromosome-integrated pSET152 plasmid
were mixed in MS medium at 30°C for 4 days. Spores were harvested, diluted in
water, and plated on MS medium containing thiostrepton, MS medium contain-
ing apramycin, and MS medium containing thiostrepton plus apramycin. The
frequency of plasmid transfer was defined as 100 times the ratio of the number
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of colonies in MS medium containing thiostrepton plus apramycin to the number
of colonies in MS medium containing apramycin.

Curing of indigenous plasmid of strain 9R-2. Strain 9R-2 was inoculated into
3 ml tryptone soy broth (TSB) liquid medium containing 0.002% SDS at 30°C for
24 h, and 0.1 ml culture was transferred to 3 ml fresh TSB at 37°C for 48 h.
Mycelium was harvested, diluted in TSB (10 to 10° times), and plated in MS
medium at 30°C for 4 days. Individual colonies were picked for detection of
possible plasmids on a gel.

9R-2 culture containing partially purified phage particles and formation of
plaques on 9R-2X. To isolate suspected phage particles, ~10% spores of 9R-2
were inoculated into 100 ml YMB liquid medium (yeast extract, 4 g; malt extract,
10 g; glucose, 4 g; trace element solution, 0.2 ml; H,O, 1,000 ml; pH 7.2) and
incubated with shaking at 30°C for 48 h. Supernatant was obtained by centrifu-
gation at 12,000 rpm for 15 min and was filtered through a 0.45-um membrane.
DNase I (1 pg/ml) and RNase (1 pg/ml) were added at room temperature for 30
min, and then 5.84 g NaCl was added and stirred on ice for 1 h. Cell debris was
removed by centrifugation at 12,000 rpm for 10 min. Ten percent polyethylene
glycol (PEG) was added to the supernatant and the mixture kept on ice for 3 h.
The precipitated material was obtained by centrifugation at 12,000 rpm for 10
min. The pellet was dissolved by addition of 0.8 ml SM buffer for 1 h, extracted
with chloroform for 30 s, and centrifuged at 3,000 rpm for 15 min to obtain an
approximately 700-pul aqueous solution.

To detect possible plaques, an approximately 250-pl solution was plated on
DNB medium and overlaid with 2 ml soft nutrient agar containing 10% spores of
9R-2X before incubation at 30°C for 60 h. The phage particles were soaked out
of plagues by using liquid nutrient broth and plated onto DNB medium and
overlaid with soft nutrient agar containing spores of 9R-2X to obtain phage
particles. About 10° PFU/ml of phage was employed for observation by trans-
mission electron microscopy.

Isolation and determination of proteins of the $ZL12 virion. About 10*
PFU/ml of $ZL12 solution was plated on DNB medium, overlaid with soft
nutrient agar containing 10% spores of 9R-2X, and incubated at 30°C for 60 h.
The complete lysate was soaked into 4 ml DNB solution at room temperature for
4 h and centrifuged at 55,000 X g for 75 min. The pellet was resuspended in
170-pl SM buffer, mixed with 5X loading buffer in boiling water for 3 min, and
electrophoresed in a 15% SDS-polyacrylamide gel at 100 V for 1.5 h. Coomassie
blue-stained bands were cut from the gel. Each band was digested with trypsin
and characterized by using a model 4800 matrix-assisted laser desorption ion-
ization-tandem time of flight (MALDI-TOF/TOF) analyzer (Applied Biosys-
tems). The data were analyzed with the Turbo SEQUEST program in the
BioWorks 3.0 software suite.

Isolation of ¢pZL12 DNA and sequencing of a free end. The complete plate
lysate was prepared as described above. The pellet was digested with RNase (50
pg/ml) at 37°C for 20 min, then mixed with SDS solution (0.1 M Tris-HCI, pH
9.6, 0.05 M EDTA, pH 7.5, 0.5% SDS), and kept at 70°C for 30 min. Potassium
acetate (1.5 M final concentration) was added, and after 15 min at 4°C, the
mixture was centrifuged at 12,000 rpm for 10 min to collect the supernatant.
After extraction with phenol-chloroform, precipitation with isopropanol, and
washing with 70% ethanol, DNA was dissolved in TE buffer. $ZL12 DNA was
digested with Clal, and a ca. 8-kb band was recovered from the gel. After
treatment with T4 DNA polymerase, the 8-kb DNA was cloned in pBluescript II
SK (EcoRYV, blunt end) and sequenced with T7 and T3 primers.

“Lysogenization” by $ZL12. About 10 9R-2X spores were plated on R2YE
medium, dried, and overlaid (marked) with 20 ul phage suspension (10° PFU/
ml). After 5 days at 30°C, spores were collected from the marked area, washed
twice with 25 mM sodium pyrophosphate, diluted in water, and plated on R2YE
medium at 30°C before incubation for 4 days. About 100 colonies were observed
after 10X dilution.

The supplemental material for this article consists of Table S1, Fig. S1, and
Fig. S2.

Nucleotide sequence accession number. The complete nucleotide sequence of
pZL12 was deposited in GenBank under accession number GQ919031.

RESULTS AND DISCUSSION

Abundance of large circular plasmids among endophytic
Streptomyces strains. We isolated 560 endophytic actinomyce-
tes strains from 87 Chinese medicinal herbs during 2005 and
2006 (unpublished data). By using a modified procedure for
isolation of actinomycete large circular plasmids (see Materials
and Methods), we detected 16 plasmids from 14 of 200 strains.

STREPTOMYCES PLASMID-PHAGE pZL12 3749

TABLE 2. Newly detected circular plasmids among endophytic
Streptomyces strains

Size (kb) of plasmid

Strain Plant source detected (name)
14R-10 Saxifraga stolonifera 120 (pZL1)
14R-3-2 Saxifraga stolonifera 85 (pZL2); 11 (pZL3)
13R-3A Duchesnea indica 110 (pZL4)
21R-9-1A Sambuci chinensis 110 (pZL5)
37L-3 Ginkgo biloba 100 (pZL6)
9L-2A Ajuga decumbens 95 (pZL7)
9R-4C Ajuga decumbens 92 (pZL11)
9R-2 Ajuga decumbens 90 (pZL12)
7R-9-2 Ranunculus kaponicus 92 (pZL13)
41S-1 Allium sativum 20 (pZL14)
H2GS-3B Taxus chinensis 13 (pZL8)
S6LL-1 Lonicera japonica 13 (pZL9)
75R-4B Salvia miltiorrhiza 6.5 (pZL10)

Sequencing of their 16S rRNA genes showed that 13 plasmid-
harboring strains resembled known Streptomyces species
strains (>98% identity) and that 1 strain was a Mycobacterium
sp. strain. Among 14 Streptomyces plasmids (Table 2), 9 were
large (85 kb to 120 kb) (see Fig. S1 in the supplemental ma-
terial), while 5 others were small (6.5 kb to 20 kb). Thus, large
plasmids are frequent among the endophytic Streptomyces
strains. By using this modified procedure, we isolated and
detected pSV1 (~163 kb) in an agarose gel (unpublished data).

Recombinational cloning and sequencing of pZL12 from
endophytic Streptomyces sp. 9R-2. Although large circular plas-
mids could be isolated and detected on gels, preparation on a
large scale for shotgun cloning and sequencing was difficult. To
clone and sequence pZL12 (~90 kb), we developed a strategy
of recombination in Streptomyces and transfer by electropora-
tion into E. coli (see Materials and Methods; see also Fig. S2 in
the supplemental material). An ~100-kb pZL12/pQX17
cointegrated plasmid (pZQ107) was obtained. After BamHI
digestion and electrophoresis, most bands resembled those of
BamHI-digested pZL12 (data not shown), confirming that
pZL12 was cloned in E. coli. By using a similar strategy, we
cloned six Streptomyces large circular plasmids in E. coli (un-
published data), suggesting that this is a useful method.

Sequencing of pZQ107 showed that pZL12 comprised
90,435 bp, with 69.5% G+C content. Of 112 open reading
frames (ORFs) predicted by FramePlot 3.0 beta (see Table S1
in the supplemental material; also Fig. 1), 22 resembled genes
of known function and 90 were hypothetical genes. Notably, 30
clustered genes (pZL12.39c-pZL12.68c) with the same tran-
scription direction resembled known or hypothetical phage
genes, including phage tail, capsid, and portal genes (e.g.,
pZL12.47¢c, pZL12.51c, pZL12.63c, and pZL12.66c). Another
large putative operon in pZL12 contained 41 genes (pZL12.1c-
pZL12.30 and pZL12.102c-pZL12.112c), some of which en-
coded Ssb (single-stranded DNA-binding proteins), ParAB,
and RuvC, presumably having roles in inheritance and recom-
bination. No genes in pZL12 resembled any known to be in-
volved in replication. pZL12.71c, located within a gene cluster
(pZL12.70c-pZL12.79c), encodes a cell division FtsK/SpolIIE-
like protein and is presumptively involved in DNA transloca-
tion or transfer.
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FIG. 1. Schematic map of pZL12. Predicted ORFs and their tran-
scriptional directions are indicated by open arrowheads and some
relevant genes mentioned in the text by filled arrowheads. A phage
homology region in pZL12 is indicated.

Identification of a replication locus in pZL12. We con-
structed a cosmid library for pZL12 and identified a cosmid,
107c16, capable of propagation in S. lividans ZX7 (see Mate-
rials and Methods). Cosmid 107¢16 was subcloned in pQC156
containing #sr and melC selection markers (30). As shown in

TABLE 3. Identification of a pZL12 locus for replication
in Streptomyces”

Transformation
frequency in S.
lividans ZX7

Plasmid DNA fragment cloned in pQC156” (no. of
transformants/
ug DNA)
18¢ 19c¢ 20c
. — F_ ..........
pZL12 r '
1 10408 11601 12986 90435
e <o -
107c16 r 1. 2 X 10°
1 22586 80875
3
pZQ140 10207 13223 110
pZQ149 5 10!
11159 13214
pZQ150 7 X 10?

11601 13214

=
pZQl41 11601 12986 0

“ Plasmids were constructed in E. coli (see Materials and Methods) and intro-
duced by transformation into ZX7. The positions of these cloned fragments on
pZL12 and the transformation frequencies are shown. Relevant genes are indi-
cated by open arrowheads, and a replication gene is indicated by filled arrow-
heads.

b I8¢, 19¢, and 20c represent ORFs pZL12.18c, pZL12.19¢, and pZL12.20c,
respectively.

¢ pZL12 comprises 90,435 bp.

J. BACTERIOL.

TABLE 4. Identification of a pZL12 locus for conjugal transfer
in Streptomyces®

Transfer
frequency
Plasmid DNA fragment cloned in pQC578 in S.
lividans
(%)
pZL12.70c 71c 72¢ 73c 74c 75¢
______ TCH—q:C} seswes
57968 58658 60835 63158 64545 65253
pZQI155 ——— 51
58501 65033
ZQ157 J 10
PZQ 58501 64584
ZQ159 0.02
pZQ 58501 63380
=
pZQIS8 58501 60904 0.001
7Q162 J 0.0004
pZQ 59707 65033
pQC578 0.0003

¢ Plasmids were constructed in E. coli and introduced by transformation into
strain ZX7, and about equal amounts of transformed spores were mated with
ZX7 containing pSET152 (see Materials and Methods). Spores were harvested,
diluted, and plated on MS medium containing apramycin, thiostrepton, and
apramycin/thiostrepton. The percent frequency of conjugal transfer was deter-
mined as the ratio of Thio* Apr" colonies to Apr* colonies, multiplied by 100.
Relevant genes are indicated by open arrowheads and conjugal transfer genes by
filled arrowheads.

Table 3, plasmids pZQ140, pZQ149, and pZQ150 containing
only pZL12.20c (designated repA) and a 230-bp upstream se-
quence were able to propagate in ZX7, but deletion of the
230-bp sequence (pZQ141) abolished propagation.

Identification of three genes for conjugal transfer of pZL12.
To investigate if pZL12.71c (encoding a cell division FtsK/
SpolIIE-like protein) and its adjacent genes might mediate
plasmid transfer, various fragments were cloned in pQCS578,
which contains a replication origin of pSLA2, rir4, and ror4
genes for stable inheritance and the tsr selection marker (30).
The resulting plasmids were introduced by transformation into
ZX7. About equal numbers of spores of ZX7 containing these
plasmids and ZX7 containing a chromosome-integrated
pSET152, conferring apramycin resistance (5), were mixed in
MS medium at 30°C for 4 days. As shown in Table 4, plasmids
(pZQ155 and pZQ157) containing pZL12.71¢c-pZL12.73c (des-
ignated traA, traB, and traC, respectively) transferred at high
frequencies between the two ZX7 strains. Deletion of traA,
traC, or traB and traC (in pZQ162, pZQ159, or pZQ158, re-
spectively) dramatically decreased transfer frequency. This in-
dicated that traA, traB, and traC of pZL12 were major transfer
genes for plasmid transfer.

Formation of plaques on 9R-2 cured of pZL12 but not on 18
other Streptomyces strains. As shown in Table S1 in the sup-
plemental material, 19 genes of pZL12 resembled known or
hypothetical genes of other bacteriophages. To investigate if
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A

FIG. 2. Plaques on a plate and a phage particle viewed by trans-
mission electron microscopy. (A) Formation of plaques. Lytic $ZL12
virions on a DNB plate were overlaid with soft nutrient agar containing
9R-2X spores. (B) Phage particle viewed by transmission electron
microscopy. Bar, 100 nm.

pZL12 also functioned as a phage, pZL12 was first cured from
9R-2 to obtain 9R-2X (see Materials and Methods). An ap-
proximately 250-ul solution of 9R-2 culture containing par-
tially purified phage particles was employed to infect 9R-2X
(see Materials and Methods). About 80 plaques were observed
in DNB medium containing the supernatant after being over-
laid with soft nutrient agar containing 9R-2X spores, but no
plaques arose with 9R-2. Soak-outs from the plaques were
used to reinfect 9R-2X. As shown in Fig. 2A, turbid plaques
were observed. Phage particles were further confirmed by
transmission electron microscopy. As shown in Fig. 2B, phage
particles had a more or less spherical (presumably icosahedral)
head and a long, flexible, noncontractile tail. Thus, a phage
(designated $ZL12) was released into liquid culture of 9R-2 at
a low frequency and was able to form turbid plaques on 9R-2
cured of pZL12.

To determine the host range of phage &bZL12, 18 Strepto-
myces strains (Streptomyces coelicolor M145, S. lividans ZX17, S.
violaceoruber SANK95570, S. venezuelae 1SP5230, S. glauce-
scens GLA 4-26, S. avermitilis MMRG630, S. hygroscopicus 5008,
and 11 randomly selected endophytic Streptomyces strains)
were examined. All these strains were resistant to infection by
$ZL12, although both high (10° PFU per ml) and low (10°
PFU per ml) titers of $ZL12 were used. Thus, $ZL12 had a
very narrow host range; only 9R-2X was infected and formed
turbid plaques. Nevertheless, the fact that no plaque was ob-
served does not mean that the phage does not infect the host.
Perhaps in some particular host, it can only exist mainly in the
lysogenic state, with very little phage produced from the lytic
cycle (and thus no plaque).

Determination of ¢pZL12 structural proteins. To understand
the composition of phage ¢ZL12 structural proteins, we iso-
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pZL12.65c—
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FIG. 3. Determination of $ZL12 proteins on a gel. Phage $ZL12
proteins were prepared and electrophoresed in a 15% SDS-polyacryl-
amide gel at 100 V for 1.5 h. Each band was determined by using a
model 4800 MALDI-TOF/TOF analyzer (see Materials and Methods)
and corresponded to the pZL12 genes shown.

lated total proteins from phage particles, recovered bands from
a denatured SDS-polyacrylamide gel, and employed MALDI-
TOF/TOF mass spectrometry to determine each protein (see
Materials and Methods). As shown in Fig. 3, 10 $ZL12 pro-
teins were confirmed from pZL12 genes (within a large
operon of 30 genes, pZL12.39c-pZL12.68¢), and two proteins
(pZL12.49C and pZL12.51c) were present twice on gel. The
most abundant $ZL12 structural protein was the major capsid
protein (pZL12.63c), and the second and third most abundant
were pZL12.64c and pZL12.65¢, respectively, both of unknown
function. Phage tail (pZL12.51c) and portal (pZL12.66¢) pro-
teins were the two largest $ZL12 structural proteins. Thus,
major structural proteins of $ZL12 virions (capsid, portal, and
tail) are encoded by pZL12 genes.

Characteristics of $pZL12 DNA. ®ZL12 DNA was isolated
from soft nutrient agar containing 9R-2X spores infected with
&ZL12 (see Materials and Methods) and electrophoresed in a
pulsed-field gel. As shown in Fig. 4A, an ~90-kb band of
&ZL12 was observed, while the 90-kb circular plasmid pZL12
of strain 9R-2 could not enter the gel during electrophoresis.
$ZL12 DNA was digested completely with BamHI and Xhol
and showed (Fig. 4B) that the expected sizes of bands of
circular plasmid pZL12 were present on gel (except of some
faint bands), suggesting that the $ZL12 sequence was indeed
from pZL12. Unlike for N-digested DNA, the patterns of the
digestion bands of $ZL.12 DNA were not changed on gel after
heat treatment (80°C for 10 min) (Fig. 4C), suggesting that
blunt or very short cohesive ends were in the linear $bZL12
DNA. To further characterize the ends of the linear ¢bZL12
DNA, we used double-stranded DNA end-specific enzymes E.
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FIG. 4. Characterization of $ZL12 DNA. (A) Detection of genomic DNA by pulsed-field gel electrophoresis. Plug-embedded $ZL12 DNA and
mycelia of 9R-2 and 9R-2X were electrophoresed in a 1.0% agarose gel at 120 V, with a 10-s to 60-s switch time, at 14°C for 20 h. Linear
chromosomes and linear $ZL12 are indicated by arrowheads. (B) Plasmid pZL12 and phage $ZL12 DNA were digested with BamHI and Xhol
and electrophoresed in a 0.6% agarose gel at 60 V for 10 h. The N\ HindIII and 1-kb ladder are markers. (C) $ZL12 DNA was digested with BamHI
and Xhol and was heated at 80°C for 10 min before being electrophoresed in a 0.6% agarose gel at 20 V for 20 h. (D) Aliquots of $ZL12 DNAs
(ca. 1 pg) were treated with 100 units of E. coli exonuclease III, 2 units of Bal31 nuclease, and 5 units of bacteriophage A exonuclease in a time
course experience, followed by treatment with 120 units of S1 nuclease at room temperature for 30 min. After ethanol precipitation, DNA was
dissolved in TE buffer, followed by addition of BamHI for digestion and electrophoresis in a 0.6% agarose gel at 50 V for 15 h. (E) Detection of
digested DNA by pulsed-field gel electrophoresis. $ZL12 DNA was digested with AclI plus Clal, Clal, EcoRV, and Xbal and electrophoresed in
a 1.0% agarose gel at 120 V, with a 10-s to 60-s switch time, at 14°C for 10 h. Relevant DNA bands are indicated by arrowheads. (F) Aliquots
of $ZL12 DNAs were treated with E. coli exonuclease III in a time course experiment, followed by addition of S1 nuclease. After ethanol
precipitation, DNA was dissolved in TE buffer, followed by addition of Clal for digestion and electrophoresis in a 0.6% agarose gel at 50
V for 10 h.

coli exonuclease III (which digests duplex DNA in a 3’ to 5’ were equally acting as ends of the linear DNA. Similar results
direction from a nick, a blunt end, or 3’-recessed end), A\ were obtained for the Xhol-digested bands (data not shown).
exonuclease (which digests one strand of a DNA duplex from Thus, like bacteriophage P1 (39), linear $ZL12 DNA contains
a 5’ phosphorylated end), and Bal31 nuclease (degrades both ends from largely random plasmid pZL12 sequences.

3" and 5’ termini of duplex DNA) and single-stranded DNA As shown in Fig. 4D, the appearance of a faint 6.9-kb
end-specific enzymes Bal31 nuclease and S1 nuclease. Aliquots BamHI band of $ZL12 DNA was not expected from the plas-
of $ZL12 DNAs were treated with E. coli exonuclease III, A mid pZL12 sequence. Similarly, besides the expected sizes of
exonuclease, or Bal31 nuclease in a time course experiment bands digested with Xbal (one site; 90.4 kb), EcoRV (one
and then with S1 nuclease and completely digested with site), and Clal (four sites; 31.6, 30, 28, and 0.6 kb), additional
BamHI or Xhol. As shown in Fig. 4D, all BamHI-digested faint (e.g., a 5-kb band of Clal-AcllI digestion as a reference)
bands were sensitive to the treatments with E. coli exonuclease bands (ca. 19, 22, and 8 kb for Xbal, EcoRV, and Clal, re-
III, N exonuclease, and Bal31 nuclease, suggesting that they spectively) were also detected on gel (Fig. 4E). $ZL12 DNA
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was digested with E. coli exonuclease III in a time course
experiment, and single-stranded DNA was removed with S1
nuclease and then digested with Clal. As shown in Fig. 4F, this
8-kb band was sensitive to treatment with E. coli exonuclease
111, suggesting that this band was not a contaminant but acted
as a free end of $ZL12 DNA. Cloning and sequencing of the
8-kb DNA in pBluescript II SK showed that one end was at bp
2679 of the pZL12 sequence. This “breakage end” in linear
$ZL12 DNA was also consistent with the appearance of addi-
tional, ca. 19- and 22-kb faint bands for Xbal (90.4, 71.9, and
18.5 kb) and EcoRV (90.4, 68.8, and 21.6 kb) on gel. Thus,
besides ends of linear $ZL.12 from a random pZL12 sequence,
there is also a hot end sequence in linear $ZL12.

Cycle of autonomous plasmid pZL12 and lytic phage
$ZL12. pZL12 was able to propagate as both an autonomous
plasmid, pZL12, in 9R-2 and a plaque-forming phage, $ZL12,
in 9R-2X. To investigate how a lytic phage became an auton-
omous plasmid, we tried to obtain “lysogenic ¢$ZL12” in
9R-2X (see Materials and Methods). After 9R-2X was rescued
from lysis with $ZL12 virions and allowed to sporulate in
R2YE medium, 10 colonies were randomly selected. Circular
pZL12 was obtained from all 10 colonies, and no integrated
copy of pZL12 was detected in the host chromosome by South-
ern hybridization with a $ZL12 probe (data not shown). Thus,
phage ¢$ZL12 is able to directly generate an autonomously
circular plasmid, pZL12, again, completing a cycle of plasmid
and phage.

In summary, $ZL12 particles are released at a low frequency
from 9R-2 liquid culture, and plaques are formed on 9R-2
cured of pZL12. 9R-2X spores are susceptible to efficient lysis
by $ZL12 virions, while some 9R-2X spores rescued from lysis
contain a circular pZL12 plasmid obtained from largely ran-
dom linearization of $ZL12. Different frequencies of these
states indicate that there is a regulatory mechanism for con-
trolling a cycle of pZL12 and $ZL12.

Comparisons with other bacterial phage-plasmids. pZL12-
&ZL12 is the first example of a plasmid-phage in Streptomyces.
Plasmids functioning as phages have also been reported to
occur in other bacteria. Bacteriophage P1 infects and lysog-
enizes E. coli and several other enteric bacterial species. It
lysogenizes as a circular, low-copy-number plasmid. Infective
P1 virions contain a linear DNA with a terminal redundancy of
10 to 15 kb (21). The P1 package starts at the pac site and then
undergoes a processive headful mechanism (39). The lysogenic
stage and the package character of Streptomyces phage $bZ1L12
may resemble those of P1. The plasmid prophage N15 contains
a linear double-stranded DNA with covalently closed ends
(telomeres). A unique mechanism for telomere resolution by
protelomerase is required for conversion of circular phage
DNA to linear plasmid (31). $ZL12 DNA was sensitive to E.
coli exonuclease III and N\ exonuclease, indicating a linear
DNA with free 3’ and 5’ ends, probably in a blunt or 5'-
protruded structure.

Evolutionary implications. In this work, we have identified
the loci for replication, transfer, and phage formation on plas-
mid pZL12. Where do these functional components originate
from? The repA gene of pZL12 resembles SCPI1.85¢ and
SCP1.158 of Streptomyces large linear plasmid SCP1 (3), which
were experimentally confirmed as replication loci (our unpub-
lished data). However, a few genes of pZL12 (e.g., pZL12.80)
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resemble a gene of SCP1 (e.g., SCP1.91c). The repA gene of
pZL12 also resembles pCQ3.83 of the Streptomyces large cir-
cular plasmid pCQ3 (85,518 bp; GenBank accession number
GQ983381) of the endophytic Streptomyces sp. W9 and some
other Streptomyces chromosomal genes. The major transfer
gene traA of pZL12 resembles a gene of Frankia sp. strain Ccl3
containing a cell division FtsK/SpollIE domain. The fraB and
traC genes of pZL12 display no significant homology with
other Streptomyces or actinomycete genes. These results sug-
gest that the replication and transfer genes of pZL12 evolved
independently from different sources (e.g., the chromosome or
the linear or circular plasmids).

As for a phage component on pZL12, three major phage
structural proteins (capsid, portal, and tail) encoded by pZL12
genes (pZL12.63c, pZL12.66¢, and pZL12.51c) highly resem-
ble the genes (pCQO3.40, pCQO3.37, and pCQO3.51) of plasmid
pCQ3 and the genes (ShygA5 49102, ShygA5 49087, and
ShygAS5_48642) of S. hygroscopicus ATCC 53653. The liquid
culture of a pCQ3-harboring strain infected the strain cured of
pCQ3 and formed turbid plaques on plates (our unpublished
data). These results suggest that the phage formation loci of
pZL12 are closely related to those of pCQ3. The pZL12-
harboring strain Streptomyces sp. 9R-2 was isolated from the
herb Ajuga decumbens, while the pCQ3-harboring strain Strep-
tomyces sp. W9 was from Artemisia annua.

Taken together, these results imply that the formation and
evolution of pZL12 are very complicated and that recombina-
tions between the chromosome and the circular and linear
plasmids and phage, and even a host plant, may be involved in
the process.
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