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multivorans, Burkholderia cenocepacia, Burkholderia dolosa andBurkholderia contaminans [9-
11]. Because of the potential for these organisms to spread among a susceptibiopopd&
culture-positive patients are isolated from other individuals with CF, a neetisirnas serious
social and psychological implications [12,13]. Finally, BCC bacteriaemistant to most
antibiotics. These species have a variety of resistance mechanismagbHletitamases, efflux
pumps and biofilm formation [14-16]. The most effective anti-BCC antibiotics — whftee,
meropenem and minocycline — only inhibit between 23-38% of clinical isolates [17].
Because conventional antibiotics are largely ineffective against te gtage therapy
is being explored as a possible alternative treatment. Phage therapylir¢hkeazministration
of bacteriophages (or phages) to prevent and/or to treat bacterial infet8pnal{hough
phages have been used therapeutically for almost a century, this treatnmmartdéfiavor in
North America and Western Europe when penicillin and other chemical antibiateErnée
widely available in the 1940s [18]. However, there has been renewed interesfigldhis
following the emergence of multidrug resistant bacteria such as thoseBECD [18]. Three
recent studies have shown that phages are active against thia B&& Seed and Dennis
showed that treatment 8f cenocepacia-infectedGalleria mellonella larvae with phages KS14,
KS4-M or KS12 increased survival 48 hours post-infection, even when treatment withethe lat
two phages was delayed for 6 to 12 hours [19]. Carmody et al. showed that intraperitoneal
administration of phage BceplL02 Bo cenocepacia-infected mice decreased bacterial density in
the lungs and led to decreased expression of the pro-inflammatory cytokin@savitPFNFa
[20]. Lynch et al. published the first description of an engineered BCC phage and shatved t
this mutant (a repressor knockout of phage KS9) was able to increase surivedmakcepacia-

infectedG. mellonella 48 hours post-infection [21].



Before a phage can be safely used clinically, its complete genome sequestde
determined to assess whether the phage is obligately Iytic or temperdie datelfmine by
homology whether the phage genome encodes any putative virulence fac®repohi
describes the genome sequence of three novel BCC phages and their relatedness t
enterobacteria phage P2. P2 is a temperate myovirus that was isolatéd @alnstrain Li by
Bertani in 1951 [22]. P2 has recently been classified as part of a novel subfdaaiyg it in
the orderCaudoviralesfamily Myoviridag subfamilyPeduovirinaeand genus “P2-like viruses”
[23]. This genus includes phages PZ,,\1186 and PsP3 of enterobacteria, L-413F @fsinig
Fels-2 and SopEof Salmonellaf -MhaA1-PHL101 ofMannheimiaf CTX of Pseudomonas
RSA1 ofRalstonia f E202 ofBurkholderia thailandensiandf 52237 and E12-2 of
Burkholderiapseudomallej23]. Based on sequence analysis, it is proposed that the BCC-
specific phages KS5 (vB_BceM-KS5 or vB_ BmuZ-ATCC 17616), KS14 (vB_BceM-KS14) and

KL3 (vB_BamM-KL3 or vB_BceZ-CEP511) should also be classified as part of thissd24].

Results and Discussion
Isolation, host range and morphology

Seed and Dennis isolated KS5 from an extract of onion soil platBdeaanocepacia
K56-2 [25]. This phage produces clear plagues on K56-2 with a diameter of 0.5-1.0 mm [25].
Previously, KS5 was tested for its ability to form plaques on K56-2 LPS mutantsveas it
determined that it could efficiently lyse wildtype K56-2 (EOP = 1), XO&d@dL::pGPWTp,
EOP = 0.8), XOA15WabR:pGPWTp, EOP = 1.3), XOA17
(wabS:pGPWTp, EOP = 1.1) and RSF1@/xE:pGPWTp, EOP = 0.5), but not XOA8

(wabQ:pGPNTp) or CCB1 aaC:pGP\Tp) [21,26,27]. Based on these results, it was









database except for gp43. The proteins with the most similarity to othersdat#t@se are the
terminase large subunit (gp41) and the portal protein (gp42) that have 99% identity with
Burkholderia glumae BGR1 proteins and the hypothetical protein gp50 which has 99% identity
with a B. ambifaria MEX-5 protein. Aside from gp43, the least similar protein is the hypothetical
protein gp14, which has 50% identity with the hypothetical protein BuboB_27112 of
Burkholderia ubonensis Bu (Table 3).

Modular organization: The genome maps of KS5, KS14 and KL3 are shown in Figure 2.
Each of these phages has a modular organization, with genes for tail formatvn (8
purple), lysis (shown in light blue) and head formation (shown in dark blue) clusteredhin eac
phage (Figure 2). In KS5, geng$-19, 22-27, 29-30 and36 encode tail proteins, gengs-35
encode lysis proteins and ge?&s43 encode capsid proteins (Table 1, Figure 2). In KS14, genes
10-24 and30 encode tail proteins, gen2$-29 encode lysis proteins and ge3ds36 encode
capsid proteins (Table 2, Figure 2). In KL3, gehg7, 29-30 and36 encode tail proteins,
genes?/-35 encode lysis proteins and ge@s42 encode capsid proteins (Table 3, Figure 2). In
addition, KL3 has a three-gene DNA modification module (discussed below)4gemecoding
an EcoRII-C restriction endonuclease, géficencoding a Vsr endonuclease and génhe

encoding an EcoRIl methylase (Table 3, Figure 2).

Similarity to P2

KS5, KS14 and KL3 all show similarity to enterobacteria phage P2
[GenBank:NC _001895.1]. A four-way comparison of the P2, KS5, KS14 and KL3 genomes
prepared using PROmer/MUMmer/Circos is shown in Figure 3. In this compaegoms of

similarity on the same strand are shown in green, while regions of siyndarthe opposite



strand are shown in red. The majority of similar regions among these phagadlaesame
strand, except for a short conserved region in KS5 and KL3 containing DNA methglass
(KS520 and KL328, discussed below) on the minus strand in KS5 and on the plus strand in
KL3 (Tables 1 and 3). KS5, KS14 and KL3 all encode proteins similar to phage P2 D, U, T, E,
E+E’, FIl, FI, I, J, W, V, S, R and X (involved in tail formation) and L, M, N, O, P and Q
(involved in capsid formation) (Table 4). In addition, KS5 gp8 and KL3 gp9 are similarto Og
(transcriptional activator), KS5 gp28 is similar to Old (phage immunity prot€B)4 gpl7 is
similar to G (tail fiber assembly protein) and KS14 gp26/gp25 and KL3 gp32/gp31ales &b
LysBC (Rz/Rz1-like lysis proteins, discussed below) (Table 4). The qadsantity of the
similar proteins ranges from 25-64% in KS5, 24-64% in KS14 and 31-62% in KL3 (Table 4).
The genes in common between P2 and the P2-like BCC phages are almost exclusively
limited to structural genes involved in virion formation (Table 4). Other P2 gsuels as those
involved in DNA replication, phage immunity, lysogeny and lysis are dissimilangrthese
phages. A similar pattern is observed (with some exceptions) following Core@slgsis of
the P2-like phageBE202 ofB. thailandensis andf52237 andfE12-2 ofB. pseudomallei (data
not shown) [23]. A likely explanation for this pattern is that, while phage structurglarents
predominantly interact with each other, components from other phage systenmterast with
host-specific proteins (such as those involved in transcription and DNA repiicfi,32].
KS5, KS14 and KL3 appear to have retained P2 modules for the closely interactidgaoaps
tail proteins, while acquiring new modules for carrying Butkholderia host-specific processes.
These genes replace P2 genes at the right end of the P2 genome (the TO-regidm) (P2 Z-

region) and P2rf30 (Table 4) [33]. As it is very common for genes not found in P2 to be






a threonine tRNA gene: bp 1 of the KL3 prophage corresponds to bp 32 of the tRNA based on
comparison with a 76 bp threonine tRNA gend®.afenocepacia H12424 chromosome 1
(Bcen2424 RO0015, bp 491047-491122). Other phages that integrate into threonine tRNA genes
include enterobacteria phage PRRigella flexneri phage StV andalmonella enterica serovar
Typhimurium phage ST104 [36-38]. KL3 integration should not affect threonine tRNA synthesis
as bp 1-45 of KL3 has an identical sequence to bp 32-76 of the tRNA gene.

In bothB. multivorans ATCC 17616 an®. cenocepacia C6433, KS5 integrates into the
3’ end of an AMP nucleosidase gene. AMP nucleosidases convert AMP into adenine and ribose
5-phosphate [39]. This gene has not been previously identified as a phage integrat®bsite
bases 1-815 (including the integration site and the integrase gene seghencg)slarity to
sequences encoding pairs of adjacent AMP nucleosidase and integrase genesal
Burkholderia genomes. For example, Ba pseudomallei K96243 chromosome 2, the AMP
nucleosidase (BPSS1777) and integrase (BPSS1776) genes are adjacent to getes amnnota
encoding a putative phage capsid related protein (fragment) (BPSS1775) and phtdere
related tail protein (fragment) (BPSS1774A). SimilarlyBipseudomallei 1106a chromosome
2, the AMP nucleosidase (BURPS1106A A2416) and integrase (BURPS1106A_A2415) genes
are adjacent to genes annotated as encoding a phage portal domain protein
(BURPS1106A_A2414) and phage tail completion protein (BURPS1106A_A2413). The
identification of phage related genes at this site in ®hetholderia genomes suggests that the
AMP nucleosidase gene may be a conserved integration site amongws@mederia-specific
temperate phages.

KS14 is different from other P2-like phages in that it does not encode a tyrosine

integrase. Most temperate phages use a tyrosine recombinase (or, isearacrine



recombinase) to facilitate recombination between the phtigeite and the hostttB site [40].
KS14 encodes a serine recombinase (gp6), but this protein is unlikely to mediate prophage
integration for three reasons. First, gp6 is more closely related to investa$eas Mu Gin

(49% identity, E-value: 8&) and P1 Cin (49% identity, E-value: “®pthan to integrases such as
those fromStreptomyces lividanshagef C31 (29% identity, E-value: 1.2) attiycobacterium
smegmatiphage Bxbl (29% identity, E-value:9d41-44]. Second, gp6 lacks the conserved
cysteine-rich and leucine/isoleucine/valine/methionine-rich regions fouother serine
integrases [45]. Third, gp6 is only 225 aa in length, which is substantially sthaltethe serine
integrases that are typically between 450-600 aa in length [45]. We did not beiédadbe
obligately lytic because it encodes a putative repressor protein (gp5) andebgeaisusly
collected KS14-resistant C6433 isolates were predicted to be lysogenized bag#ion P
positivity with KS14-specific primers (Figure 4) [19].

Phages such as P1, P7 and N15 of enterobadt2@iafBacillus anthracisf BB-1 of
Borrelia burgdorferi LE1 of Leptospira biflexapGILO1 ofBacillus thuringiensiand pKO2 of
Klebsiella oxytocdysogenize their hosts as plasmids [46-53]. Because KS143@areodes a
putative ParA protein (involved in partitioning in other plasmid prophages), we predhatetie
KS14 prophage might exist as a plasmid [54,55]. To test this hypothesis, we usethedsta
protocol for the QlAprep Spin Miniprep plasmid isolation kit with cells of C6433 (a KS14, host)
ATCC 17616 (a KS5 lysogen), CEP511 (a KL3 lysogen), K56-2 (a lysogen of KS10, a
previously characterized BCC-specific phage) and five putativelgérsmed KS14-resistant
C6433 isolates [19,56]. These preparations were then treated with EcoRI arsililiegre
fragments were separated using agarose gel electrophoresis. For sacfoof control strains,

no distinct bands were observed (Figure 5, left). In contrast, preparations trioof ¢lae five



putatively lysogenized strains contained identical distinct bands (Figugh§, Furthermore,
these bands were the same size as those predicted and observed for an Ec¢aiR Kbdds
DNA (with predictions based on a circular genome sequence) (Figure 5, far ndisgguences
from selected bands matched the KS14 genome sequence. Based on these resultst thatpredic
KS14 is a temperate phage that, in contrast to other P2-like phages, lysogesizgins as a
plasmid.

It is important to note that, although one of these phages has been shown to e active
Vivo, temperate phages are generally considered to be suboptimal for use in a phage therap
protocol [19,21]. In contrast to obligately Iytic phages, temperate phagesaceatsd with
superinfection immunity, lysogenic conversion and specialized transduaioevied in 21]. In
a previous study, we have shown that temperate BCC-specific phages cambereddo their
Iytic form by inactivating the repressor gene [21]. This strategy coulaipatg be used with

the three phages described here, thus making them more appropriate candidatesafiouszini

Morphogenesis genes

As discussed above, the KS5, KS14 and KL3 structural genes are related tootinose f
P2 and function to construct a P2-like myovirus with a contractile tail. The only virion
morphogenesis genes of P2 that these phages laGk(areoding the tail fiber assembly
protein, missing in KS5 and KL3) ahtl(encoding the tail fiber protein) (Table 4). Because the
tail fibers are involved in host recognition, it is expected that these proteins walikkieilar
in phages infecting. coliand those infecting the BCC.

A commonly identified characteristic in tailed phages is the expressiarodéil

proteins from a single start codon via a translational frameshift [57]. Theteengr(encoded in



gene and they each encode proteins that a) have three transmembrane dontbars base
OCTOPUS analysis and b) show similarity to other phage holins.

Antiholins such as P2 LysA inhibit holin activity and delay lysis of infected celbrder
to optimize the phage burst size [59,62]. Although some phages slidxpsess antiholins
from a second translational start site two codons upstream of the holin start codes, qien
as P2 and01205 ofStreptococcus thermophilus encode an antiholin from a separate gene
[63,59,64]. The location of the putative antiholin genes K§35KS1429 and KL335 is similar
to that infO1205, in which the holin and antiholin genes are adjacent immediately upstream of
the endolysin gene (as opposed to P2, in which geseparate¥ andlysA) [64,59]. Based on
OCTOPUS analysis, KS5 gp35 has three transmembrane domains, while KS14 gp29, KL3 gp35
and P2 LysA have four. Based on gene organization and protein transmembrane stristu
predicted that the P2-like BCC phages have separate antiholin genes in ihenokysles.

P2 encodes two proteins, LysB and LysC, that are predicted to function sinulhiRz
and Rz1 [60]. Rz is an inner membrane protein with an N-terminal transmembrane dotha
Rz1 is a proline-rich outer membrane lipoprotein [65]. Rz/Rz1 pairs fuse the inner and outer
membranes following holin and endolysin activity and facilitate phage e2|6ak The P2ysC
start codon is in the +1 frame within theB gene, while théysC stop codon is out of frame in
the downstream tail gere[66]. In contrast, th&z/ gene inl is entirely contained within thgz
gene [67]. KS14 and KL3 LysBC pairs (gp26/gp25 and gp32/gp31, respectively) aeg tomil
that of P2 (Table 4). In KS14 and KL3, theC genes start approximately 160 bp upstream from
thelysB stop codon and extend into the first 8 bR ¢fene24 in KS14 and30 in KL3) (Figure
7). Both KS14 and KL3 LysC proteins are predicted to have a signal peptidasedheleite

between positions 20 (alanine) and 21 (cysteine). Signal peptidase Il cleavdg@reduce a



72 aa lipoprotein with 7 prolines (9.7% proline) for KS14 LysC and a 74 amino acid lipoprotein
with 7 prolines (9.5% proline) for KL3 LysC.

In contrast to the P2-liklpsBCgene organization found in KS14 and KL3, the KS5
genes32/31 have a similar organization tloRZRz1 KS5 Rz1 is encoded in the +1 frame within
theRzgene (Figure 7). It is predicted to have a signal peptidase Il cleatapetsieen
positions 18 (alanine) and 19 (cysteine), which would produce a 46 amino acid lipoprotein with
12 prolines (26.1%). The differences in both gene organization and proline contennitévee
P2-like KS14 and KL3 LysC proteins and thdike KS5 Rz1 protein suggest that KS5 may have
acquired gene31 and32 — and potentially the entire lysis module — through horizontal transfer

from a phage similar tb.

Sequence elements unique to KS5 and/or KL3

Insertion sequencemsertion sequences (ISs) are short genetic elements that can insert
into nonhomologous regions of DNA [68]. These elements, comprised of a transposaselgene a
inverted repeats, create flanking direct repeats following insertion [68ly khatants of well-
characterized phages have been found to carry ISs, includind Mu [69,70]. However, it is
relatively rare for wildtype phages to carry ISs because they caferstevith gene expression
[71]. Sakaguchi et al. determined the genome sequence Gfasieidium botulinunphage c-st
and determined that it carries 12 ISs (5 of which are incomplete) [71]. Of the 284 genome
sequenced at the time, one IS was found in each of eight pBagklkolderiaphaged E125
and Bcep22, enterobacteria phages P1 and HHGR2pbacillusphaged AT3 and LP65,

Rhodothermuphage RM378 an8higellaphage Sf6 [71].



A novel insertion sequence (named#4%:23 in vB_BmuZ-ATCC 17616) is found in the
KS5 genome between geh2, encoding a membrane protein and géheencoding the talil
protein D (Table 1). This IS does not appear to disrupt any putative ORFs and so magnot ha
any significant effect on phage gene expressiaBml&3 is 1210 bp in length and contains two
imperfect 16 bp inverted repeats (Table 1, Figure 8). In KS5, it is flanked byopwesof a 5 bp
direct repeat, CCTAA. IBnu23 encodes a 330 aa transposase that has the conserved domain
COG3039 (transposase and inactivated derivatives, IS5 family; E-valti: Beis protein is
most similar to the transposase oB#&:2 (85% identity), an I1S5-like IS present in nine copies in
ATCC 17616 [72]. IBmu2 and IBmu23 are very similar as they a) are present in the same
genome, b) are both 1210 bp in length, ¢) encode similar 330 aa transposases, d) hau® similar
bp inverted repeats (the right inverted repeats Bi& and 1Bmu23 are identical, while the
left repeats differ by 3 bp) and e) preferentially integrate into CTAAesezps (Figure 8).
Ohtsubo et al. found that the transposition of ISs in ATCC 17616 increased when thereells we
grown at high temperatures [72]. Because these temperatures aretsinvitat the cell may
encounter during infection of an animal or human, it is suggested that this change nas @rovi
selective advantage to ATCC 17616 by modifying its genome undéro conditions [72].
Further experiments are required to determineBil&23 transposition is affected by
temperature and if this IS may provide a selective advantage to KS5 lysogaias

Reverse transcriptases: Reverse transcriptases (RTs) are RNA-dependent DNA
polymerases most commonly associated with retroviruses and retrotranspo$drR$ $t&ave
also been identified in several phage genomes, including those of P2-like phages [74-76]. One
function of these proteins was extensively characteriz8dnstetella bronchiseptica phage

BPP-1. This phage has the ability to change its host range by making amino attidt&uissin






DNA methylation, restriction and repair. DNA methylase and endonuclease genes are
commonly found in phage genomes. Methylases modify the DNA such that it becontestresis
to bacterial restriction systems [79]. Although P2 does not encode any putatiydased, such
proteins are encoded by both KS5 and KL3 (KS5 gp20 and KL3 gp28 and gp47) (Tables 1 and
3). All three methylases are predicted to belong to the AdoMet_MTaseaupggrfcl12011; S-
adenosylmethionine-dependent methyltransferases). KS5 gp20 is most simiRNA
methylase N-4/N-6 domain protein Bf ambifaria MEX-5 (89% identity). KL3 gp28 is most
similar to a site-specific DNA methyltransferasaBopseudomallei K96243 (78% identity).
Both of these proteins have the conserved domain pfam01555 (N6_N4 Mtase, DNA methylase;
KS5 gp20 E-value: 5¢, KL3 gp28 E-value: 4&’). Because this domain is associated with both
N-4 cytosine and N-6 adenine methylases, these proteins may have edbgrecgt adenine
methylase activity [80]. KL3 gp47 shows similarity to a modification mese/EcoRIl from
several bacterial species, with E-values as low d5*4€his protein has the conserved domain
cd00315 (Cyt_C5_DNA_methylase, Cytosine-C5 specific DNA methylasedpE: &%) and
so can be classified as a cytosine-C5 methylase. KS5 gp20 and KL3 gp28 wiieVikeked in
protecting the phage DNA from BCC restriction systems. As discussed, libfunction of
KL3 gp47 is likely to protect the phage DNA from a phage-encoded restrictiomenzy

Phage nucleases have a number of functions, including degradation of the HabtArial
(to both inhibit the host and provide nucleotides for the phage), phage exclusion and DNA
processing [81]. KL3 encodes two endonucleases, gp45 and gp46. Gp45 is most similar to a type
Il restriction endonuclease, EcoRII-C domain proteid@@ididatus Hamiltonella defensa 5AT
(Acyrthosiphon pisum) (77% identity). This protein has the conserved domain pfam09019

(EcoRII-C, EcoRlII C terminal; E-value: 88. Gp46 is most similar to a DNA mismatch



endonuclease Vsr @urkholderia graminis CAD1M (77% identity). This protein has the
conserved domain cd00221 (Vsr, Very Short Patch Repair [Vsr] endonuclease; E-vaiue: 9e

The organization of gen&s-47 (encoding an EcoRII-C endonuclease, Vsr endonuclease
and EcoRIl methylase, respectively) in a single module suggests that thagtiot¢ithey
encode are functionally related. The EcoRII-C endonuclease (which ha&/&G@ecognition
sequence where W = A or T) is likely to degrade either bacterial DNA to tilhébhost during
the KL3 lytic cycle or superinfecting phage DNA [81,82]. KL3 DNA would be protefrtam
this cleavage by EcoRIl methylation at the second position in the EcoRtle@Gniéon sequence
(forming CC"WGG where € = 5-methylcytosine) [83]. Expression of the Dcm methylase,
which has an identical recognition sequence and methylation site as Ectiilase, is
mutagenic irE. coli because 5-methylcytosines are deaminated to thymines, causing T/G
mismatches [84,85]. EcoRIl methylase expression would presumably causdahesrstes in
KL3 with the sequence C(T/G)AGG. K coli, these mismatches are repaired by very short
patch (VSP) repair which starts with the recognition and nicking of the seg|@T/G)AGG by
a Vsr endonuclease [86]. As KL3 expresses a Vsr endonuclease, it could repaietysation
T/G mismatches using the same mechanism.

The proposed model for methylase and endonuclease interaction during the KL3 Iyti
cycle is as follows. Unmethylated host DNA (or, alternatively, supetinig phage DNA) is
degraded by gp45. KL3 DNA is protected from gp45 degradation by gp47-mediated conversion
of cytosine to 5-methylcytosine. These 5-methylcytosine bases are déshtim thymine, but
the resulting T/G mismatches are cleaved by gp46 and fixed using VSP, Adihaiugh further

experiments are required to test the validity of this model, KL3 appears to encetbgant



system for degradation of bacterial or superinfecting phage DNA, protectiba phage

genome and repair of resulting mutations.

Conclusions

This study is the first to identify and characterize P2-like phages ofGke Bke other
previously characterized P2-lilBurkholderiaphages, KS5, KS14 and KL3 share structural
genes with P2 but encode dissimilar accessory proteins. KS5, a 37236 bp profhage of
multivoransATCC 17616, integrates into an AMP nucleosidase gene, lIhdik@aRz/Rz1
cassette, carries anBBi2-like insertion sequence and encodes a reverse transcriptase. KS14, a
32317 bp phage previously shown to be active agBins¢nocepacia vivo, encodes a serine
recombinase but is maintained as a plasmid prophage [19]. KL3, a 40555 bp pro@age of
cenocepacidEP511, integrates into a threonine tRNA gene and encodes a series of proteins
capable of degrading bacterial or superinfecting phage DNA, methylagnghtge genome and
repairing methylation-induced mismatches. As KS14 has already been shbevadtiven
Vivo, characterization of these three related phages is an important prelinvapairy the

development of a phage therapy protocol for the BCC.

Methods
Bacterial strains and growth conditions

BCC strains used for phage isolation and propagation were obtained from Belgium
Coordinated Collection of Microorganisms LMG Bacteria Collection (GhegigiBm) and the
CanadiarBurkholderia cepaci@omplex Research and Referral Repository (Vancouver, BC).

Many of the strains used are from Bwrkholderia cepaci@omplex experimental strain panel



and updated experimental strain panel [29,87]. Strains were grown aerobically ovatrBigkt
on half-strength Luria-Bertani (LB) solid medium or in half-strength L&Hbvith shaking.
Transformations were performed with chemically-competent®iBvitrogen, Carlsbad, CA),
plated on LB solid medium containing 1@8/ml ampicillin and grown aerobically overnight at

37°C. Strains were stored in LB broth containing 20% glycerol &G80

Electron microscopy

To prepare samples for transmission electron microscopy, phage lysatefdter
sterilized using a Millex-HA 0.45m syringe driven filter unit (Millipore, Billerica, MA),
incubated on a carbon-coated copper grid 5 minutes at room temperature and sthigéd wi
phosphotungstic acid for 2 minutes. Micrographs were taken with the assistémee of
University of Alberta Department of Biological Sciences Advanced ddmopy Facility using a
Philips/FEI (Morgagni) transmission electron microscope with charge-etwgvice camera at

140,000-fold magnification.

Phage isolation, propagation and DNA isolation

Isolation of KS5 from onion soil and KS14 frabracaena sp. soil has been described
previously [25,19]. KL3 was isolated from a single plaque on a lav @fnocepacia CEP511.
The plaque was isolated using a sterile Pasteur pipette, suspended in 1 ml of susphsion m
(50 mM Tris-HCI [pH 7.5], 100 mM NaCl, 10 mM MgS(.01% gelatin solution) with 20l
CHCI; and incubated 1 hour at room temperature to generate a KL3 stock. KL3 was propagated

on B. ambifaria LMG 17828 in soft agar overlays: 1@0of phage stock and 108 of liquid






named!/ and the integrase was named gp1l). Relatedness of the predicted proteins wed asses
using BLASTP (http://blast.ncbi.nim.nih.gov) [90]. Protein transmembrane domainslosiem
structures and signal peptide cleavage sites were identified using QSTOP
(http://octopus.cbr.su.se), mfold (http://mfold.bioinfo.rpi.edu) and LipoP
(http://www.cbs.dtu.dk/services/LipoP), respectively [91-93]. Repeat seqenitee DNA
were identified using REPuter (http://bibiserv.techfak.uni-bielefeld.de/ngda4g. Restriction
sites were predicted using NEBcutter (http://tools.neb.com/NEBcut&sR)Whole genome
sequence comparisons were performed using CoreGenes with a stringency&éging
(http://www.binf.gmu.edu/genometools.html) [96,34]. Comparison figures were gotestr
using PROmer/MUMmer (http://mummer.sourceforge.net) Circos
(http://mkweb.bcgsc.calcircos) [97,98].

To identify the KS5 prophage insertion site in ATCC 17616, the assembled KS5
sequence was compared to the vB_BmuZ-ATCC 17616 sequence in a BLASTN search and the
left prophage junction was determined. Primers designed to this regioas{KIS5
TGCACGGCGAGCTGAAACTG, KSbifLR: GAAGGCACGCGAGGTAGAACG) were used
to amplify the C6433/KS5 prophage junction in C6433 lysogens. To identify the KL3 insertion
site in CEP511, the region proximal to the KL3 integrase gemas analyzed using BLASTN
and found to be similar to a region containing a tRNA-Thr gene in saéBtefidlolderia strains
includingB. ambifaria AMMD (Bamb_R0016; chromosome 1, bp 403358-403433). Primers
designed to this region (Kb&LF: AGCTGCAGATGGGTAACGAGTGG, KL3#LR:

CCACTCACGAAGGGCAAGCTG) were used to amplify the CEP511/KL3 prophageigunct
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