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ABSTRACT To provide food security, innovative approaches to preventing plant
disease are currently being explored. Here, we demonstrate that lytic bacteriophages
and phage lysis proteins are effective at triggering lysis of the phytopathogen Agro-
bacterium tumefaciens. Phages Atu_ph02 and Atu_ph03 were isolated from wastewa-
ter and induced lysis of C58-derived strains of A. tumefaciens. The coinoculation of A.
tumefaciens with phages on potato discs limited tumor formation. The genomes of
Atu_ph02 and Atu_ph03 are nearly identical and are ~42% identical to those of T7
supercluster phages. In silico attempts to find a canonical lysis cassette were unsuc-
cessful; however, we found a putative phage peptidoglycan hydrolase (PPH), which
contains a C-terminal transmembrane domain. Remarkably, the endogenous expres-
sion of pph in the absence of additional phage genes causes a block in cell division
and subsequent lysis of A. tumefaciens cells. When the presumed active site of the
N-acetylmuramidase domain carries an inactivating mutation, PPH expression causes
extensive cell branching due to a block in cell division but does not trigger rapid
cell lysis. In contrast, the mutation of positively charged residues at the extreme C
terminus of PPH causes more rapid cell lysis. Together, these results suggest that
PPH causes a block in cell division and triggers cell lysis through two distinct activi-
ties. Finally, the potent killing activity of this single lysis protein can be modulated,
suggesting that it could be engineered to be an effective enzybiotic.

IMPORTANCE The characterization of bacteriophages such as Atu_ph02 and Atu_ph03,
which infect plant pathogens such as Agrobacterium tumefaciens, may be the basis of
new biocontrol strategies. First, cocktails of diverse bacteriophages could be used as
a preventative measure to limit plant diseases caused by bacteria; a bacterial patho-
gen is unlikely to simultaneously develop resistances to multiple bacteriophage spe-
cies. The specificity of bacteriophage treatment for the host is an asset in complex
communities, such as in orchards where it would be detrimental to harm the symbi-
otic bacteria in the environment. Second, bacteriophages are potential sources of
enzymes that efficiently lyse bacterial cells. These phage proteins may have a broad
specificity, but since proteins do not replicate as phages do, their effect is highly lo-
calized, providing an alternative to traditional antibiotic treatments. Thus, studies of
lytic bacteriophages that infect A. tumefaciens may provide insights for designing
preventative strategies against bacterial pathogens.
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rop damage caused by bacterial phytopathogens poses a threat to food security
worldwide (1). Agrobacterium tumefaciens is one of the top three scientifically and
economically most important bacterial plant pathogens (2) and is responsible for
significant economic losses in stone fruit and nut production (3, 4). A. tumefaciens
causes crown gall disease by transforming plant cells to constitutively express genes for
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the production of phytohormones and opines. Opines serve as a custom food source
for the bacteria. Increased hormone production causes plant cells to locally overpro-
liferate (5, 6), leading to tumor formation and the reduced transport of water and
nutrients throughout the plant. Thus, infected plants often do not achieve maximal
crop yields.

Current commercially available biocontrol involves the application of Agrobacterium
radiobacter strain K84, which releases a bacteriocin called agrocin to outcompete A.
tumefaciens. However, only a limited number of A. tumefaciens strains are sensitive to
agrocin (7, 8), and sensitive strains of A. tumefaciens can become resistant (9). Therefore,
alternative methods of biocontrol are emerging, including the selection and breeding
of resistant crops (10-12), chemical treatments (13), and the isolation of additional
antagonist organisms (14). In this work, we consider the possibility of lytic bacterio-
phages and phage-encoded lysis proteins as options for A. tumefaciens biocontrol.

Bacteriophages and phage-derived proteins have recently been employed against
several plant pathogens (15, 16). Lytic phages contain a large reservoir of genes
specifically involved in killing their host cells and are attractive as biocontrol agents.
Lytic bacteriophages have shown promise in protecting tomato plants from wilting
caused by Ralstonia solanacearum (17, 18), protecting oranges from citrus canker
caused by Xanthomonas axonopodis (19), protecting leeks from bacterial blight caused
by Pseudomonas syringae pv. porri (20), and protecting kiwi from canker caused by
Pseudomonas syringae pv. actinidiae (21). While these studies indicate the potential of
bacteriophages to serve as biocontrol agents, further optimization of phage replication
and lysis will be necessary to effectively scale for use in crop fields and orchards. As of
yet, bacteriophages have not been employed as a biocontrol against A. tumefaciens.

As research on bacteriophages as biocontrol agents has recently grown in popu-
larity, so has the study of the phage proteins responsible for their antimicrobial activity
(22). The term “enzybiotics,” first coined in 2001, refers to the direct application of
phage endolysins, peptidoglycan hydrolase enzymes that target the bacterial cell wall,
to susceptible hosts (23). The benefits of using endolysins include their direct mode of
action, low incidence of resistance, and potential for protein optimization (24). The use
of exogenously applied peptidoglycan hydrolases to directly kill bacteria is more
established for Gram-positive bacteria, since they lack an outer membrane barrier;
however, in at least some cases, the exogenous application of endolysins has been
shown to effectively lyse Gram-negative bacteria (25). Additional strategies for target-
ing Gram-negative pathogens include the coapplication of an endolysin with an outer
membrane permeabilizer such as EDTA (26) or engineering an endolysin to gain the
ability to lyse bacteria from the outside by absorption through the outer membrane
(27).

Lytic bacteriophages that infect A. tumefaciens have been isolated from soil and
sewage samples (28-30), suggesting that there is untapped potential for using bacte-
riophages or endolysins as biocontrol agents against the pathogen; however, only
Agrobacterium sp. strain H13-3 phage 7-7-1 has been subject to genomic characteriza-
tion (31). In this work, we isolate and describe 2 lytic bacteriophages that specifically
infect a subset of A. tumefaciens strains. These bacteriophages are closely related and
contain a novel endolysin with potential antimicrobial activity.

RESULTS AND DISCUSSION

Isolation and characterization of bacteriophages that infect A. tumefaciens
strain C58. Wild-type strains of A. tumefaciens are well known for their ability to cause
crown gall disease, and this ability is dependent on the presence of the tumor-inducing
plasmid, pTi (3, 32, 33). In this work, A. tumefaciens strain C58 was selected as the host
strain for the isolation of bacteriophage, since it was isolated from a cherry tree tumor
(34), the complete genome sequence is available (35, 36), and it has been widely
studied as a pathogen (37).

Using a modified phage enrichment protocol (38), we isolated two bacteriophages,
called Atu_ph02 and Atu_ph03, from samples obtained from the Columbia, MO,
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FIG 1 Characterization of plaque and bacteriophage morphologies. (A) Plaques formed on a lawn of Agrobacterium
tumefaciens strain C58 are shown for each bacteriophage. Bars, 10 mm. (B) Transmission electron micrographs
reveal the morphology of each bacteriophage. Bars, 100 nm. (C) Specificities of bacteriophages were determined
by spotting dilutions of phage on a lawn of the host bacterium. The + indicates that plaques were observed and
— indicates that plagques were not observed. *, plaques were observed only at titers ~1,000 times higher than
required for plaque formation on other host strains. Strain AGL1 contains an insertion mutation in recA to stabilize
recombination plasmids.

regional wastewater treatment plant. The presence of bacteriophage in supernatants
from cleared A. tumefaciens cultures was confirmed by spot and classic plaque assays.
Virions were concentrated and partially purified by precipitation with polyethylene
glycol (PEG) and differential centrifugation. Phages Atu_ph02 and Atu_ph03 form large
and clear plaques on a lawn of A. tumefaciens (Fig. 1A). Transmission electron micros-
copy (TEM) of the virions revealed icosahedral heads with diameters of ~58 nm and
short tails (Fig. 1B). Subterminal tail fibers are not visible through TEM. This morphology
suggests that these bacteriophages are podoviruses (39).

The host ranges of the phages were assessed by spotting phage stock dilutions on
a range of bacteria (Fig. 1C). Each bacteriophage exhibits a narrow host range, only
infecting a subset of A. tumefaciens strains. Both phages infected C58-derived strains
(C58, EHA105, EHA101, GV3101, and NTL4) with the exception of AGL1, which carries a
mutation in recA (40). This suggests that RecA, an enzyme responsible for homologous
recombination and DNA repair, may be required for efficient bacteriophage infection.
Atu_ph02 and Atu_ph03 did not infect A. tumefaciens strains that were not derived
from C58 (i.e.,, LBA4404 and Chry5) or other tested species, including Agrobacterium
vitis, Sinorhizobium meliloti, Caulobacter crescentus, and Escherichia coli. A narrow host
range is considered to be an important asset when assessing the potential of bacte-
riophages as biocontrol agents against phytopathogens, as it minimizes harm to other
beneficial microbes in the rhizosphere. Ideally, a cocktail of lytic bacteriophages requir-
ing different host factors would be deployed to reduce the incidence of host resistance
(21).

Phage treatment causes cell lysis and results in reduced pathogenicity of A.
tumefaciens. To further assess the potential of these bacteriophages as biocontrol
agents, we measured the effect of phage infection on A. tumefaciens grown in liquid
medium and on agarose pads, as well as A. tumefaciens-induced tumor formation on
potato discs. Bacterial growth curves indicate the rate at which phages can inhibit the
growth of their bacterial hosts. A. tumefaciens cells infected with Atu_ph02 or Atu_ph03
at a multiplicity of infection (MOI) of 0.001 grew for ~3 h postinfection prior to the
onset of cell lysis (Fig. 2A). Time-lapse microscopy showed uninfected wild-type (WT)
cells form microcolonies within 7 h (Fig. 2B, top; see also Movie S1 in the supplemental
material), whereas cells infected with Atu_ph02 (Fig. 2B, center; see also Movie S3) or
Atu_ph03 (Fig. 2B, bottom; see also Movie S2) at an MOI of 0.01 initially grew and
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FIG 2 Bacteriophages Atu_ph02 and Atu_phO03 lyse A. tumefaciens cells. (A) Growth curves of A. tumefaciens strain C58 (WT) infected with Atu_ph02 and
Atu_ph03 at MOlIs of 0.001. Results from representative growth curves are shown. Each line is the average from four replicate wells. (B) Time-lapse microscopy
showing the growth of uninfected WT cells (top), WT cells infected with Atu_ph02 at an MOI of 0.01 (middle), and WT cells infected with Atu_ph03 at an MOI
of 0.01 (bottom). Bars, 5 um. (C) Representative potato discs treated with medium (top left), WT A. tumefaciens cells (top right), a mixture of WT A. tumefaciens
cells and Atu_ph02 at an MOI of 1.0 (bottom left), and a mixture of WT A. tumefaciens cells and Atu_ph03 at an MOI of 1.0 (bottom right) after 14 days of
incubation in a humid chamber. White spots on the potato discs are A. tumefaciens-induced tumors.

divided but began lysing 5 h after infection. Since phages are released after the first cell
lyses, the remaining cells are subsequently infected, and all cells in the field are lysed
within the next 2 h (Fig. 2B, center and bottom; Movie S2). In other representative fields
(Movies S2 and S3), cells which were not initially infected formed relatively large
microcolonies; however, cells on the periphery of these microcolonies later lysed. Since
this lysis event was never observed in the absence of phage, we inferred that these cells
were susceptible to the phage particles which had likely diffused through the agarose.

The qualitative potato tumor assay uses potato discs to mimic wound sites and
evaluate the virulence of A. tumefaciens cells on plant hosts (41). Potato discs inoculated
with A. tumefaciens formed tumors after 14 days of infection (Fig. 2C, top right). A
coinoculation with Atu_ph02 or Atu_ph03 at an MOI of 1.0 reduced the number of
tumors formed on the potato disc (Fig. 2C, bottom). Since bacteria readily evolve
resistance to individual bacteriophages, phage Atu_ph02 or Atu_ph03 alone is unlikely
to be an effective biocontrol agent. However, these phages may be valuable as
components of a bacteriophage cocktail. Together, the results from the growth curve,
microscopy, and potato tumor assay in Fig. 2 show that Atu_ph02 and Atu_ph03 are
lytic phages capable of rapidly killing A. tumefaciens and potentially protecting plants
from infection.
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FIG 3 Genome organization of Atu_ph02 and Atu_ph03. (A) Genome alignments of Atu_ph02 and Atu_ph03 created using the MUSCLE plugin in Geneious.
Consensus identities: green, 100% identical; gold, 30 to 100%; red, <30%; no color, 0%. (B) Gene annotations for the Atu_ph03 phage genome. Color coding
indicates functional classifications of the open reading frames. Protein PPH, which is classified as both a peptidoglycan hydrolysis protein (red) and a
transmembrane protein (pink), is colored red with pink stripes.

Phages Atu_ph02 and Atu_ph03 belong to the T7 supercluster. Although
Atu_ph02 and Atu_ph03 are similar in morphology (Fig. 1B), lysis rate (Fig. 2A), and
genome size (see Fig. S1A), the genomes are not identical on the basis of a restriction
fragment pattern analysis (Fig. S1B). Therefore, we sequenced both genomes to gain
insights into the mechanism of phage-mediated host cell lysis.

Phages Atu_ph02 and Atu_ph03 contain nearly identical small genomes of ~45 kbp
comprising 55 and 58 open reading frames (ORFs), respectively (Fig. 3, Table 1; see also
Table S1). A dot plot analysis of the Atu_ph02 and Atu_ph03 sequences revealed that
these genomes are almost entirely syntenic, with only a few regions indicative of small
deletions or insertions (see Fig. S2A). A comparison of the 52 shared protein sequences
revealed a high degree of similarity; 23 are 100% identical, another 23 are 90 to 99.88%
identical, and the remaining 6 are 49% to 88% identical (Fig. S2B and Table S1).

The genomes of Atu_ph02 and Atu_ph03 are organized in functional blocks (Fig. 3;
see also Table S2) including genes encoding DNA-associated proteins (Fig. 3B, light
blue arrows) and genes predicted to function in phage morphogenesis (Fig. 3B, purple
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TABLE 1 Summary of key genomic features

No. of
Genome GC content No. of Coding hypothetical No. of
Bacteriophage length (bp) (%) ORFs density (%) proteins ORFans?
Atu_ph02 45,423 54.8 55 92.9 32 23
Atu_ph03 45,175 547 58 93.8 36 26

a0RFans are predicted proteins that do not have significant hits in the nonredundant (nr) database.
Hypothetical proteins share homology with proteins in the nr database (42).

arrows). Remarkably, 60% of the ORFs encode hypothetical proteins of unknown
function (Fig. 3B, white and gray arrows), ~70% of which (23 in Atu_ph02 and 26 in
Atu_ph03) are ORFs with no significant homology to existing proteins in the nonre-
dundant database (ORFans) (Fig. 3B, white arrows) (42).

Whole-genome comparisons using the Atu_ph03 nucleic acid sequence revealed
that this phage genome is ~42% identical to both the T7-like Rhizobium etli phage
RHEph02 and phage MedPE-SWcel-C56. Whole-genome alignments identified syntenic
regions among these phage genomes (Fig. 4A). Similar to Rhizobium etli phages
RHEph02, RHEph03, RHEph08, and RHEphO09 (38), phages Atu_ph02 and Atu_ph03 can
be classified as members of the T7 supercluster on the bases of the similarity of their
genome organizations and the presence of core T7 genes. There are 4 conserved core
T7 genes, which are predicted to encode the T7-like RNA polymerase, large terminase,
and structural proteins (Table S2). These 4 core genes are also present in RHEph02,
RHEphO08, and phage MedPE-SWcel-C56 (Table S2). A phylogenetic analysis using the
gene encoding the large terminase revealed that Agrobacterium phages Atu_ph02 and
Atu_ph03, Rhizobium etli phages, and phage Med-SWcel-C56 form a distinct clade and
share an ancestor with other T7-like bacteriophages that target nonenteric hosts,
including Pseudomonas phage ¢KMV (Fig. 4B). Furthermore, this phylogeny supports
the classification of these Agrobacterium phages within the $KMV-like cluster of
phages, which includes characterized phages that infect Alphaproteobacteria such as
Caulobacter phages ¢$Cd1 (43) and Percy (44), and Ralstonia phage ¢RSB1 (45). Fur-
thermore, whole-genome comparisons using Atu_ph03 and Pseudomonas phage $pKMV
revealed that the genomes are 42% identical. A total of 13 of the predicted proteins in
the Atu_ph03 genome have homologous proteins in ¢$KMV that share at least 24%
identity, including key proteins that function in DNA metabolism and virion structure
and assembly (Table S2).

Phages Atu_ph02 and Atu_phO03 contain a putative A1 protein. A surprising
observation within the genomes of Atu_ph02 and Atu_ph03 is the presence of a
homolog of the A1 protein from phage T5 (Fig. 3B; Table S2). The probable A1 protein
is conserved within the clade containing the Rhizobium etli phages and phage MedPE-
SWcel-C56, suggesting that the ancestor of these phages acquired the gene horizon-
tally, since it is not prevalent among ¢pKMV-like bacteriophages (Fig. 4C; Table S2). The
putative A1 protein (Gp10) from Atu_ph03 is 486 amino acids and is 38% identical to
the phage T5 A1 protein (Table S2). In phage T5, AT mutants are defective in multiple
processes, including degrading host DNA, downregulating pre-early gene expression
(46), and completing T5 DNA transfer into the host cell (47). The probable A1 proteins
have no readily identifiable functional domains, transmembrane domains, or signal
peptides; thus, we cannot speculate on the function of the A1 protein in phages
Atu_ph02 and Atu_ph03. Homologs to the A1l protein are found in other non-T5
phages, including Caulobacter phage ¢CBK (48, 49) (Fig. 4C). In phage ¢CBK and related
phages, the A1 protein is located with the DNA replication module, suggesting that this
protein may function to alter ¢CBK gene expression through an interaction with the
host RNA polymerase (49). The putative A1 proteins in Agrobacterium phages Atu_ph02
and Atu_ph03 join a small family of Al-related proteins found in distinct clades of
non-T5-like phages (Fig. 4C) and bacterial genomes, though the function remains
uncharacterized in all cases (48).
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Atu_ph02 and Atu_ph03 phage lysis proteins. Many bacteriophages that infect
Gram-negative hosts contain lysis cassettes consisting of endolysins and accessory
proteins (50). Most of these endolysins have globular structures, each containing a
single enzymatic active domain (EAD), and cannot reach the periplasm independently
(50-52). In the canonical holin-endolysin system, endolysins accumulate in the cyto-
plasm until sufficient quantities of holins are inserted in the inner membrane to form
homooligomeric pores that allow endolysins to enter the periplasm (50). An alternative
strategy is used by signal-arrest-release (SAR) endolysins that contain an N-terminal
type Il signal anchor, which embeds the inactive enzyme in the inner membrane until
pinholins cause membrane depolarization and release of the endolysin to the periplasm
(50). Both the holin-endolysin and pinholin-SAR endolysin systems rely on spanins to
fuse the inner and outer membranes to complete cell lysis. In addition to these
strategies, in silico and experimental analyses suggest that some endolysins contain
N-terminal signal sequences that may enable delivery to the periplasm via the Sec
machinery (51, 53, 54).

Among the phage lysis proteins, endolysins are most readily identified in phage
genomes due to the presence of peptidoglycan hydrolase domains. Thus, the genomes
of Atu_ph02 and Atu_ph03 were searched for putative endolysin proteins. All of the
predicted ORFs were translated and searched for the presence of domains encoding
peptidoglycan hydrolases. Two candidate peptidoglycan hydrolases were identified
(Fig. 3, red arrows; Table S2). Gp35 contains a putative cell wall hydrolase (pfam07486)
and is located in close proximity to the putative tail proteins and internal virion
proteins, suggesting that this hydrolase may function as a virion-associated lysin. Gp3
contains a putative N-acetylmuramidase domain (DUF3380), suggesting that it may
hydrolyze peptidoglycan.

To determine if either Gp35 or Gp3 is part of a canonical lysis cassette, we searched
for potential accessory proteins, such as holins or pinholins, by screening each putative
protein sequence for the presence of transmembrane domains. Phage genome
Atu_ph03 encodes a total of 6 predicted transmembrane proteins (Fig. 3, pink arrows);
however, none of these proteins are in close proximity to the putative peptidoglycan
hydrolases. This observation suggests that Atu_ph03 may not contain a canonical lysis
cassette. Remarkably, one of the transmembrane-containing proteins also contains the
putative phage peptidoglycan hydrolase domain DUF3380 (Fig. 3, red and pink-striped
arrows). The sequences of this phage peptidoglycan hydrolase (PPH) in phages
Atu_ph02 and Atu_ph03 are 100% identical (Fig. 3A; Table S1), and it is not present in
the genomes of the closely related Rhizobium etli phages or phage MedPE-SWcel-C56
(Table S2). To determine if PPH contributes to cell lysis, pph (encoding Gp3) was
subjected to bioinformatic and genetic characterizations.

Phage peptidoglycan hydrolase is sufficient to induce A. tumefaciens cell lysis.
PPH contains a domain (DUF3380) found in bacterial and viral proteins that binds
peptidoglycan (Fig. 5A; see also Fig. S3). A recent characterization of an endolysin
(Gp110) from a Salmonella phage 10 containing DUF3380 revealed that this domain
functions as an N-acetylmuramidase and cleaves the B1 to 4 glycosidic bond between
N-acetylmuramic acid and N-acetylglucosamine in peptidoglycan (55). The predicted
PPH transmembrane topology according to a hidden Markov model (56) oriented the
transmembrane domain with the EAD in the periplasm and the short C-terminal tail in
the cytosol (Fig. 5A). Remarkably, if PPH functions as an endolysin, this suggests that
PPH may utilize an atypical mechanism of entering the periplasm and cause host cell
lysis.

In light of these observations, we sought to determine if the expression of PPH is
sufficient for cell lysis. A plasmid containing pph under the control of a lac promoter
(pSRKKm-Plac-PPH) was introduced into WT A. tumefaciens cells, enabling observations
of cell viability, cell growth, cell morphology, and cell lysis under conditions where pph
is induced by the presence of isopropyl-B-p-thiogalactopyranoside (IPTG) (Fig. 5). A
growth curve analysis showed that the induction of pph led to growth inhibition within
4 h (Fig. 5C), in contrast to the normal growth exhibited by the uninduced cells (see Fig.
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FIG 5 Characterization of phage peptidoglycan hydrolase (PPH) and its effect on A. tumefaciens. (A) Predicted PPH protein topology. Arrows indicate
sites subject to point mutagenesis. (B) Zymogram of 30-ug whole-cell lysates from A. tumefaciens lacking PPH, expressing PPH, and expressing PPHg; 4.
(C) Growth curves of A. tumefaciens growth when expressing plasmid pSRKKm-Plac with variants of pph under induced conditions. (D) Cell viability of
A. tumefaciens containing plasmids to express unmutated and variant PPH grown under induced conditions. Time-lapse microscopy of an A.
tumefaciens cell containing an empty pSRKKm-Plac vector (E), pSRKKm-Plac-PPH (F), pSRKKm-Plac-PPHc;,, (G), pSRKKM-Plac-PPH, 3,5 «334a k3354 (H),
PSRKKM-Plac-PPHgs; 4 ka28a k33aakassa (1) and pSRKKm-Plac-PPH, _,, (J). Cells were induced for PPH expression for 1 h prior to initiation of time-lapse

microscopy. Bars, 5 um.
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S4A). To measure viability, we grew A. tumefaciens cells containing pSRKKm-Plac-PPH in
the absence of IPTG to mid-exponential phase. Next, we spotted dilutions of A.
tumefaciens containing pSRKKm-Plac-PPH onto plates with and without IPTG. In the
presence of the inducer, there was a 5-log loss in viability of A. tumefaciens cells (Fig.
5D) compared to that of the same strain in the absence of inducer (Fig. S4B). These
results suggest that an accumulation of PPH is sufficient to inhibit A. tumefaciens
growth. Next, time-lapse microscopy was used to determine if pph induction triggers
the lysis of A. tumefaciens cells. A. tumefaciens cells with an empty pSRKKm-Plac plasmid
grew and divided to form microcolonies (Fig. 5E; see also Movie S4). In contrast to cells
infected with Atu_ph02 or Atu_ph03, which lyse rapidly with little change in cellular
morphology (Fig. 2C; Movies S2 and S3), PPH induction causes cells to elongate and
branch prior to cell lysis (Fig. 5F; see also Movie S5). The branching phenotype observed
when pph was induced in A. tumefaciens cells is reminiscent of cells exhibiting a block
in cell division (57-63). This observation suggests that PPH may have a dual function,
namely, blocking cell division and triggering cell lysis.

We hypothesized that the peptidoglycan hydrolase activity is necessary for PPH
induction to trigger cell lysis. Alignments of DUF3380 sequences from bacterial and
viral proteins revealed the presence of a conserved glutamate (E), which is presumed
to be a catalytic residue, followed by a conserved serine (S) (55) (Fig. S3). To determine
if the predicted catalytic glutamate functions in cell lysis during PPH induction, we
mutated this residue in PPH (PPHg5,,) and characterized the cell growth (Fig. 5C), cell
viability (Fig. 5D), and cell lysis of the PPHg;,, strain (Fig. 5G; see also Movie S6).
Cultures of A. tumefaciens cells producing PPHg;,, became turbid and increased in
optical density on the basis of the growth curve analysis (Fig. 5C), but were not viable
when spotted on medium containing the inducer (Fig. 5D). Time-lapse microscopy of
cell growth when PPH¢;,, was induced explains these seemingly contradictory obser-
vations (Fig. 5G; Movie S6). When PPH,,, is expressed, A. tumefaciens cell division is
blocked and large extensively branched cells form. This unusual morphology causes
both an increase in light scattering in the growth curve analysis and a marked decrease
in cell viability. Cells lysed ~4 h later postinduction when expressing PPHg;,, than
when they expressed PPH (compare Fig. 5F to G; Movies S5 and S6). Together, these
observations suggest that the predicted N-acetylmuramidase domain contributes to
PPH-mediated cell lysis. To further test this hypothesis, we assessed the ability of PPH
to clear peptidoglycan embedded in an SDS-PAGE gel. A zymogram loaded with equal
amounts of protein from whole-cell lysates of WT cells, WT cells expressing PPH, and WT
cells expressing PPHg3,, revealed bands of clearing at the expected size of 35 kDa
when PPH was expressed (Fig. 5B; see also Fig. S5). A smaller band of clearing (~25 kDa)
was also observed when PPH was expressed and may indicate a degradation product
of the PPH. In contrast, no clearing was observed when the PPH.;,, variant was
expressed (Fig. 5B; Fig. S5). The lack of clearing for the PPHg5,, variant shows the
important role this residue plays in peptidoglycan cleavage. These results suggest that
PPH has peptidoglycan hydrolyzing activity, although it is possible that PPH stimulates
other peptidoglycan hydrolases in A. tumefaciens. Future work using purified proteins
will be necessary to confirm these results.

The observation that the expression of PPHg;,, causes a dramatic cell morphology,
including very large branched cells (Fig. 5G), suggests that PPH causes a block in cell
division that is independent of the peptidoglycan hydrolase activity. Since divisome
assembly is initiated in the cytoplasm (64) and the predicted topology of PPH suggests
that only the C-terminal tail would extend into the cytoplasm, we examined this
sequence for any remarkable features and observed that this region is lysine rich. To
determine if the positively charged C terminus functions in the regulation of cell
division and the timing of cell lysis, we constructed a plasmid encoding a PPH variant
in which the lysines have been mutated to alanines (PPHy;,5a k3344 x3354) @nd assessed
cell growth (Fig. 5C), cell viability (Fig. 5D), and cell lysis (Fig. 5H; see also Movie S7). The
growth curve revealed that expression of PPHy;,5a k334a k3354 CaUsed a growth defect
that is significantly more pronounced than that of the wild-type PPH (Fig. 5C) and that
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spotting of cells expressing PPH, 5554 k3344 k3354 UNder inducing conditions resulted in
a decrease in cell viability (Fig. 5D). Remarkably, time-lapse microscopy revealed that
cells producing PPHy3,54 k3344 k3354 lysed rapidly (Fig. 5H; Movie S7). This phenotype
is strikingly similar to that of cells infected with phages Atu_ph02 and Atu_ph03
(Fig. 2C; Movies S2 and S3). Unlike the cells expressing PPH, cells that expressed
PPHys08a k334a k3354 lysed rapidly without a block in cell division. This observation
suggests that the positively charged lysines function in the regulation of PPH-mediated
cell killing by contributing to the block in cell division but are not required for lysis.

To confirm the roles of the catalytic E32 and the positively charged lysine residues,
the loss-of-function mutations were combined to create PPH:3;a k328a k334 K335 THE
induction of PPHg;54 k3284 k3344 k3354 Festored normal growth (Fig. 5C) and viability (Fig.
5D). Time-lapse microscopy revealed that cells producing PPHgs;a ks28ak334ak3ssa
continued to elongate and divide, producing microcolonies (Fig. 5; see also Movie S8).
Some cells expressing PPHes,4 k3284 k3344 k3354 aPPeared to be overly curved, swollen,
or bulging, suggesting that this variant of PPH causes relatively minor defects in the cell
wall or cell growth. Together, these data suggest that we have identified important
residues responsible for the PPH-mediated block in cell division and cell lysis.

Finally, we sought to determine the contribution of the C-terminal transmembrane
domain in PPH-mediated cell lysis. We truncated PPH to remove the C-terminal TM
domain and cytosolic tail and expressed PPH,_5,, in A. tumefaciens. The expression of
PPH,_50, did not impair growth (Fig. 5C), viability (Fig. 5D), or the ability to form
microcolonies (Fig. 5J; see also Movie S9). Consistent with the predicted topology of
PPH, these observations suggest that the cells do not lyse, since the peptidoglycan
hydrolase does not reach the periplasm. We hypothesize that these cells do not exhibit
a block in cell division, since the positively charged residues at the extreme C terminus
of PPH are also absent.

While the possibility of a dual function of PPH in peptidoglycan hydrolysis and
blocking cell division is intriguing, additional work is needed to determine if a block in
cell division occurs during infection with phage Atu_ph02 or Atu_ph03 and if PPH
contributes to a delay in cell division. Since we are artificially expressing PPH in A.
tumefaciens, we cannot yet determine if this phenotype is an artifact of protein expression
or representative of PPH induction during phage infection; however, the ability to abolish
the cell division defect and induce rapid lysis by mutating the positively charged C
terminus may suggest a biological role for this region of the peptide. Dual functions for
PPH in peptidoglycan hydrolysis and blocking cell division are consistent with descrip-
tions of single lysis proteins in phages with smaller genomes. For example, coliphages
$X174, MS2, and Q3 encode lysis proteins E, L, and A,, respectively (65-68). Protein E
causes host cell lysis by inhibiting the activity of a host protein involved in peptidogly-
can biosynthesis (66). The C terminus of PPH may have a similar function leading to the
inhibition of a cell division protein. Indeed, A. tumefaciens cells expressing PPH exhib-
ited a branching phenotype similar to that in FtsZ-depleted cells (63) (Fig. 5F; Movie S5).
The inhibition of cell division causes cells to increase in volume, which may benefit the
phage by maximizing burst size (69). While it remains unclear if or how the phages
Atu_ph02 and Atu_ph03 regulate the timing of lysis during infection, it appears that
the C terminus of PPH may contribute to the regulation of cell lysis.

Overall, we find that PPH is a potent inhibitor of A. tumefaciens cell growth and
viability, revealing the possibility that this protein may be engineered to be an even
more potent antimicrobial. Future studies will be aimed at characterizing the enzymatic
activity of PPH, identifying host factors required for PPH-mediated cell division block-
ade, and addressing the specificity of PPH as an antimicrobial.

Conclusions. Our laboratory has isolated and characterized two closely related
bacteriophages that specifically infect A. tumefaciens strains derived from C58. These
phages, Atu_ph02 and Atu_ph03, are lytic and lead to host cell lysis. While the potato
tumor assay shows that these phages offer partial protection from tumor formation, the
use of these phages for biocontrol may be limited unless additional lytic phages are
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used in combination therapies. To investigate the mechanism of host cell lysis, the
genomes Atu_ph02 and Atu_phO3 were sequenced, revealing the presence of a
putative atypical endolysin, termed phage peptidoglycan hydrolase (PPH). PPH is
sufficient for the lysis of A. tumefaciens cells and appears to have a dual function in
disrupting the divisome assembly or function and triggering cell lysis. Mutational
analyses suggest that a putative N-acetylmuramidase domain contributes to cell lysis,
while a positively charged C terminus causes a block in cell division. The transmem-
brane domain is hypothesized to aid in delivering the peptidoglycan hydrolase domain
to the periplasm and is necessary for rapid PPH-induced cell lysis. Understanding the
mechanism by which PPH blocks cell division, the specific host factor it targets, and its
enzymatic activity on the cell wall will elucidate the mode of action of PPH and
determine if PPH shows promise as an enzybiotic. More detailed characterization will be
necessary to confirm if PPH disrupts cell division during phage infection and to
determine if PPH functions as an endolysin late during the phage infection cycle. This
work demonstrates that bacteriophages have evolved additional mechanisms to kill
their host cells and illustrates the value of exploring bacteriophage genomes as a
source of candidate enzybiotics.

MATERIALS AND METHODS

Bacterial strains and culture conditions. The bacterial strains used in the study are listed in Table
2. Agrobacterium tumefaciens strains and Sinorhizobium meliloti were cultured in Luria-Bertani (LB) broth,
with the exception of A. tumefaciens LBA4404, which was cultured using yeast mannitol (YM) medium
(70). Agrobacterium vitis was grown in potato dextrose media (Difco), and Caulobacter crescentus was
cultured on peptone-yeast extract (PYE) medium (71). All of these strains were grown in liquid cultures
at 28°C with shaking. Escherichia coli was cultured in LB broth at 37°C. When necessary, solid medium was
prepared with 1.5% agar. Kanamycin was used at a working concentration of 300 pg/ml for A.
tumefaciens and 50 ug/ml for E. coli. Isopropyl-B-p-thiogalactopyranoside (IPTG) was used as an inducer
at a concentration of 1 mM.

Clonal isolation of bacteriophage strains. Bacteriophages capable of infecting A. tumefaciens strain
C58 were isolated from wastewater samples using an enrichment protocol adapted from Santamaria et
al. (38) and described in detail in the supplemental material.

Plaque assays. Classic whole-plate plaque assays were performed using the soft agar overlay
method (72). To complete whole-plate plaque assays, 100 ul cells (optical density at 600 nm [ODg,] of
~0.2) were incubated with 100 ul of diluted phage for 15 min at 28°C. Phage solutions were serially
diluted in phage dilution buffer, Dulbecco’s phosphate-buffered saline with calcium and magnesium
(DPBS; Mediatech, Inc., Manassas, VA, USA) and 0.1% gelatin. The mixtures of cells and phage were each
then added to 3 ml of soft agar prior to overlay. The soft agars containing bacteriophage and cells were
poured onto room-temperature LB plates containing 1% agar and were swirled gently to spread the soft
agar evenly across the plates. For host range testing, plaque assays were completed by spotting phage
on lawns of bacterial cells. In the spot assays, 100 ul cells (ODg,, of ~0.2) was added to 0.3% soft agar
and overlaid on solid medium. After solidification, 10 ul samples of phage serial dilutions in phage
dilution buffer were spotted on the soft agar. Plates were incubated for 1 to 2 days and observed for
plaque formation. Spot assays were used for host range testing with appropriate adjustments to the base
medium and soft agar. The media used for each of the strains are listed in Table 2.

Partial purification of virions and preparation of virion DNA. Virions from 1-liter cleared lysates
were enriched and concentrated to 1.5 ml by 2 successive precipitations with 10% polyethylene glycol
(73) and differential centrifugation (17,000 X g for 10 min and 288,000 X g for 2 h), as detailed in the
supplemental material. Since some nonvirion lysate components copurify with virions during this
procedure, we consider these virions to be only partially purified. Virion DNA was prepared from partially
purified virions by 2 phenol extractions, chloroform extraction, and ethanol precipitation, as detailed in
the supplemental material.

Transmission electron microscopy. Virion morphology was observed by applying a small volume
of concentrated partially purified virions onto a carbon-coated Formvar grid and negatively staining
them with 2% uranyl acetate. Specimens were observed on a JEOL JEM-1400 transmission electron
microscope at 120 kV. Capsid diameters of 10 virions from each phage strain were measured using
ImagelJ (74).

Growth curves. Growth curves were performed in LB medium by infecting C58 cells at an optical
density (ODgq,) of 0.05 with bacteriophage at an MOI of 0.001 in liquid culture. The turbidity of these
cultures, represented by their OD,,, was recorded every 5 min during a 24-h interval while the cells grew
at 28°C. Cultures were shaken for 1 min prior to each reading. The ODg,, Was measured using a BioTek
Synergy H1 Hybrid reader. For the growth curve with induction of PPH or PPH variants, cells were grown
in LB medium without inducer for 16 h, and then diluted to an OD, of 0.05. Where indicated, 1 mM IPTG
was added to the cultures just prior to taking the initial reading.

Time-lapse microscopy. A. tumefaciens strain C58 cells were grown to an ODg, of 0.2 and infected
with Atu_ph02 and Atu_ph03 at MOls of 0.01. Infected cells were incubated at room temperature for 15
min to allow phage attachment before 1-ul portions were added to a 1% agarose pad containing LB as
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Growth
Strain or plasmid Relevant characteristic(s) medium Reference or source
Plasmids
pSRKKm-Plac-sfgfp Kmr, broad host range vector containing lac/? and 63
lac promoter
pSRKKm-Plac-PPH PPH¢ inserted into pSRKKm-Plac-sfgfp This study
pSRKKm-Plac-PPHg;, PPH predicted catalytic residue mutated This study
PSRKKM-Plac-PPHys 564 k334a k335 PPH regulatory residues mutated This study
PSRKKM-Plac-PPHg3a k328a k334A k3354 PPH catalytic and regulatory residues mutated This study
PSRKKmM-Plac-PPH, _3q,4 PPH truncation to remove TM domain This study
E. coli strains
DH5«a Cloning strain, gammaproteobacterium LB Life Technologies
S17-1 Smr, RP4-2, Tc:Mu, Km-Tn7, for plasmid mobilization LB 83
A. tumefaciens strains
c58 Nopaline type strain; pTiC58; pAtC58 LB 32
C58(pSRKKm-Plac-sfgfp) C58 transformed with empty pSRKKm plasmid LB 63
C58(pSRKKm-Plac-PPH) C58 transformed with pSRKKM-Plac-PPH LB This study
C58(pSRKKm-Plac-PPH;,,) C58 transformed with pSRKKm-Plac-PPH;,, LB This study
C58(pSRKKmM-Plac-PPHys56a k334 k335A) C58 transformed with LB This study
PSRKKM-Plac-PPHyz284 k334a k3354
C58(pSRKKM-Plac-PPHe3;4 k328a k33aak335a) €58 transformed with LB This study
PSRKKM-Plac-PPHes5 k328a k3348, K335A
C58(pSRKKm-Plac-PPH,_5,,) C58 transformed with pSRKKm-Plac-PPH, _q, LB This study
EHA105 C58 derived, succinamopine strain, T-DNA deletion LB MU plant transformation
derivative of pTiBo542 core facility
EHA101 C58 derived, nopaline strain, T-DNA deletion LB MU plant transformation
derivative of pTiBo542 core facility
GV3101 C58 derived, nopaline strain LB MU plant transformation
core facility
NTL4 C58 derived, nopaline-agrocinopine strain, AtetRA LB 84
AGL-1 C58 derived, succinamopine strain, T-DNA deletion LB MU plant transformation
derivative of pTiBo542 ArecA core facility
LBA4404 Ach5 derived, octopine strain, T-DNA deletion YM MU plant transformation
derivative of pTiAch5 core facility
Chry5 Succinamopine strain, pTiChry5 LB 85

Other bacterial strains
Agrobacterium vitis S4
Sinorhizobium meliloti RM41
Caulobacter crescentus CB15

Vitopine strain, pTiS4, pSymA, pSymB
Rhizopine strain, pSymA, pSymB, pRme41a
Alphaproteobacterium

Potato dextrose 86

LB
PYE

87
88

aPPH, phage peptidoglycan hydrolase.

described previously (57, 75). Cells were imaged using a 60X oil immersion objective (1.4 numerical
aperture [NA]) by differential interference microscopy every 5 to 10 min for 24 h using a Nikon Eclipse
TiE equipped with a QImaging Rolera EM-C? 1 K electron-multiplying charge-coupled-device (EMCCD)
camera and Nikon Elements imaging software. Cells containing pSRKKm, pSRKKm-PPH, pSRKKm-PPH, ,,
PSRKKM-PPHy 365 k33aa k335 PSRKKM-PPHes;0 k308n k3348 k3354 @ND PSRKKM-PPH, _;,, were grown to
ODyg,, values of 0.2 and induced with 1 mM IPTG. Cells were placed in the 28°C shaker for 1 h prior to
imaging.

Potato tumor assay. To test for phage protection from A. tumefaciens-mediated plant transforma-
tion, potato tumor assays adapted from Morton and Fuqua (41) were used. Briefly, red-skinned organ-
ically grown potatoes were rinsed, peeled, and sterilized prior to cutting discs. Sterilization consisted of
soaking the potatoes in 1.05% sodium hypochlorite for 20 min and exposing each side to UV light for 20
min using a Cole-Parmer SK-97505-30 lamp emitting at 254 nm with an irradiance of 900 uW/cm? at the
work surface. Potatoes were then cut into cylinders and sliced into discs with diameters of 2 cm and
thicknesses of 0.5 cm. Discs were overlaid with 100 ul cells (ODg,, of 0.2) resuspended in DPBS-gelatin.
When indicated, cells were premixed with Atu_ph02 or Atu_ph03 at MOIs of 1.0. Potatoes were
incubated at room temperature for 10 to 20 days in a humid chamber and tumor formation was
observed.

Cell viability assays. Serial dilutions of A. tumefaciens cells containing plasmids for the expression
of pph and pph variants were spotted on plates in the presence and absence of IPTG to test cell viability
during pph induction. Colonies were inoculated overnight in LB with kanamycin and diluted to an ODg,
of 0.05. Cells were then serially diluted, and 4 ul of each dilution was spotted onto LB plates containing
kanamycin (Kan) and either IPTG (for induction) or 1% glucose (for maximal repression). Plates were
grown for 2 days at 28°C and imaged.
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TABLE 3 Synthesized DNA primers used in this study

Synthesized DNA primer Sequence

PPH Ndel F 5'-GTA CCA TAT GTG CAA CCA AAG-3’

PPH BamHI R 5'-TCA GGA TCC TTA TTT CTT CCA-3’
PPH,_;5,BamHI R 5'-TCA GGA TCC TTG AGG AAC-3’

PPH K328A F 5'-GCG GCA TAC ATC CAC-3’

PPH K328A R 5’-GTA CCC TGC GTA GGC-3'

PPH K334A F 5'-GCG AAA TAA GGA TCC-3’

PPH K334A R 5’-CCA GTG GAT GTA TGC-3’

PPH K335A F LacGFP 5’-GCA TAA GGA TCC GCT-3'

PPH K335A R 5'-CGC CCA GTG GAT GTA-3’

PPH E32A F 5'-GCG AGT GCA GGC AAA-3’

PPH E32A R 5'-CTT GTC CAC GAT GGC-3’

PSRK forward sequencing 5'-AAT GTG AGT TAG CTC ACT CAT TAG GCA-3’
PPH 31 For Ndel 5’-ATA CAT ATG GGG GCT GGT GCC-3’
PPH linker for Ndel 5’-ATA CAT ATG AGC AAG GCT GGT AAT-3’

Genome sequencing and assembly. Libraries for genome sequencing were constructed from virion
DNA following the manufacturer’s protocol and reagents supplied in lllumina’s TruSeq DNA PCR-free
sample preparation kit (FC-121-3001). Briefly, 1 ug of DNA was sheared using standard Covaris methods
to generate average fragmented sizes of 350 bp. The resulting 3’ and 5’ overhangs were converted to
blunt ends by an end repair reaction using 3’'-to-5' exonuclease and polymerase activities, followed by
size selection (350 bp) and purification with magnetic sample purification beads. A single adenosine
nucleotide was added to the 3" ends of the blunt fragments followed by the ligation of lllumina indexed
paired-end adapters. The adaptor-ligated library was purified twice with magnetic sample purification
beads. The purified library was quantified using a KAPA library quantification kit (KK4824), and library
fragment sizes were confirmed by Fragment Analyzer (Advanced Analytical Technologies, Inc.). Libraries
were diluted, pooled, and sequenced using a paired-end 75-base read length according to Illumina’s
standard sequencing protocol for the MiSeq. Library preparation and sequencing were conducted by the
University of Missouri DNA core facility.

Genome annotation. Protein-coding regions were annotated by RAST server (76). Proteins of
interest were analyzed by TMHMM (56) and SignalP 4.1 (77). Whole-genome alignments were created
using the Mauve (78) plugin in Geneious version 8.1. Phylogenetic trees were constructed using a
ClustalW (79) protein alignment and PhyML version 3.0 (80) as a Geneious plugin using the Geneious Tree
Builder with the settings set for a Le Gascuel substitution model with 100 bootstrap models. Nucleotide
alignments were used to determine the percent identities between genomes using the MUSCLE (81)
alignment in Geneious.

Construction of plasmids for characterization of PPH. See Table 3 for a list of all primers used in
plasmid construction and sequencing. All variants of pph were cloned into the vector pSRKKm-Plac-sfgfp,
which allows for inducible expression of target genes under the control of the lac promoter using IPTG
as the inducer (63). To construct pSRKKm-PPH, PCR using Phusion high-fidelity DNA polymerase (Thermo
Scientific) was performed on the Atu_ph02 genomic DNA using primers PPH Ndel F and PPH BamHI R.
PCR products were gel purified using the GeneJET gel extraction kit (Thermo Scientific). Amplified gene
products and the pSRKKm-Plac-sfgfp plasmid (63) were digested with Ndel and BamHI overnight at 37°C
and subsequently gel purified. The digested vector and insert were ligated using T4 DNA ligase
(Invitrogen). The ligation reaction mixture was incubated at 4°C overnight. The ligation was transformed
into DH5a chemically competent E. coli cells (Invitrogen) and selected for on LB agar plates containing
kanamycin. Plasmid DNA was extracted using the GeneJET plasmid miniprep kit (Thermo Scientific) prior
to electroporating competent A. tumefaciens cells as described previously (82). The pSRKKm-PPH vector
was sequenced using the pSRK forward sequencing primer at the MU DNA core facility. To perform
site-directed mutagenesis on PPH, the Q5 site-directed mutagenesis kit was used according to the
manufacturer’s protocol (New England BioLabs). To construct PPHs,,, primers PPH E32A F and PPH E32A
R were used. For PPH, 5,54 k3344 k3354 the PPH K328A F and PPH K328A R primers were used first, followed
by primers PPH K334A F and PPH K334A R, and lastly PPH K335A F and PPH K335A R. To construct
PPH, 50, the PPH Ndel F and PPH, o, BamHI R primers were used. Generated constructs were
sequenced at the MU DNA core facility using the pSRKKm forward sequencing, PPH Ndel F, and PPH
linker for Ndel primers.

SDS-PAGE and zymography. Whole-cell lysates were prepared using 100-ml cultures of
exponential-phase cells (ODg,, of 0.3 to 0.6) grown with inducer for 3 h for WT cells, WT cells expressing
PPH, or WT cells expressing PPHg;,,. Cells were centrifuged at 4,300 X g for 15 min at 4°C, and the cell
pellets stored at —20°C overnight. The next day, pellets were resuspended in 8 ml B-PER bacterial protein
extraction reagent (Thermo Scientific) with the addition of one-sixth of a crushed protease inhibitor
tablet (Thermo Scientific). Cells were lysed by sonication (4 pulses comprising a 10-s burst, followed by
a 20-s burst). Cell debris were pelleted at 17,000 X g for 15 min at 4°C. The soluble proteins in the
supernatants were quantified using the Pierce BCA protein assay kit (Thermo Scientific). Thirty micro-
grams of total protein from each whole-cell lysate sample was boiled for 5 min and loaded onto two gels
(one with embedded peptidoglycan), which ran at 30 V for 30 min, followed by 100 V for 90 min. For
zymography, SDS-PAGE gels were embedded with peptidoglycan. A 1-liter culture of A. tumefaciens
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strain C58 was autoclaved, and peptidoglycan was harvested by centrifugation at 7,000 X g for 20 min
at 4°C. The pellets containing peptidoglycan were resuspended in 10 ml 1X DPBS with calcium and
magnesium (Corning Cellgro). Five hundred microliters of peptidoglycan was added to a 12% SDS
polyacrylamide gel. After running the gel, the running gel was incubated in 25 mM Tris (pH 8) with 1%
Triton X-100 at 28°C overnight to renature the proteins and enable peptidoglycan hydrolysis. The gels
were stained in 1:50 0.1% methylene blue in 0.01% KOH for 3 h and destained in 0.01% KOH. For
SDS-PAGE, the running gels were incubated in Coomassie blue dye (0.25% [wt/vol] brilliant blue R-250
[FisherBiotech], 10% acetic acid, 5% methanol) for 30 s, and then destained (7.5% acetic acid, 50%
methanol) overnight with shaking.
Accession number(s). Genome sequences of phages Atu_ph02 and Atu_ph03 have been deposited
in the GenBank database with nucleotide accession numbers MF403005 and MF403006, respectively.

SUPPLEMENTAL MATERIAL

Supplemental material for this article may be found at https://doi.org/10.1128/AEM
.01498-17.

SUPPLEMENTAL FILE 1, PDF file, 5.1 MB.
SUPPLEMENTAL FILE 2, MOV file, 5.9 MB.
SUPPLEMENTAL FILE 3, MOV file, 5.0 MB.
SUPPLEMENTAL FILE 4, MOV file, 6.0 MB.
SUPPLEMENTAL FILE 5, MOV file, 12.8 MB.
SUPPLEMENTAL FILE 6, MOV file, 13.1 MB.
SUPPLEMENTAL FILE 7, MOV file, 3.8 MB.
SUPPLEMENTAL FILE 8, MOV file, 5.9 MB.
SUPPLEMENTAL FILE 9, MOV file, 13.2 MB.
SUPPLEMENTAL FILE 10, MOV file, 12.8 MB.
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