
ABSTRACT 

SMITH, AMBER MICHELLE. Bacteriophage Isolation, Characterization, Ecological Niches 

in Peach Orchards, and Phage Sensitivity of Their Bacterial Host Xanthomonas arboricola 

pv. pruni. (Under the direction of David F. Ritchie). 

 

 

Bacteriophages are ubiquitous, yet there is limited research assessing their evolutionary 

interaction with their bacterial hosts in nature.  Xanthomonas arboricola pv. pruni (Xap), 

which causes bacterial spot on Prunus spp., including peach, is susceptible to infection by 

phages. Peach trees, as perennials, allow seasonal and multiyear monitoring of phage-

bacterial interactions as Xap survives on this host and causes epidemics during the growing 

season. The first objective of this research was to determine if phage were associated with 

Xap diseased peach trees and if so, to characterize selected isolated phages. The second 

objective was to determine the niches and times phage could be detected on peach trees from 

spring through dormancy and to determine if bacterial sensitivity to the phages changed over 

an 18-month monitoring period. Five bacterial-spot diseased peach trees across two orchards 

were selected for monitoring and five diseased leaves were sampled from each tree monthly 

during two growing seasons. Multiple plaque types were observed from each sample period. 

A large, clear plaque (2.5 mm diameter) was the most common plaque morphology observed, 

while a small, turbid plaque (0.5 mm diameter) was the least commonly observed. Host range 

assays revealed that 21 of 26 Xap isolates from a historical collection were sensitive to ten 

single-plaque-purified phage. Transmission electron microscopy of four single-plaque-

purified phage isolates showed three tailed phages and one filamentous phage. DNA 

sequencing of phage isolate XapNC10 indicated a genome of 45,699 base pairs with an 

average G+C content of 63.0%. Sixty-four open reading frames (ORFs) were predicted using 



DNA Master and a blastn analysis indicated 68% sequence identity with Xanthomonas 

oryzae phage OP2. Phages were detected from attached leaves, defoliated decomposing 

leaves in autumn and winter, diseased fruit, spring cankers, dormant buds, and from soil. 

Phages were most consistently isolated from attached diseased leaves, with 80% and 76% of 

samples containing phage in 2012 and 2013, respectively. Bacterial host sensitivity did not 

change over the monitoring period. Ten single-plaque-purified phage isolates caused lysis 

zones on 20 Xap isolates that were isolated concurrently with the 10 phages from 2011-2013.  

The Xap population remained sensitive to a continuous phage population, with both bacterial 

hosts and phages coexisting in common niches. 
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CHAPTER 1. Isolation and Characterization of Bacteriophages Infecting Xanthomonas 

arboricola pv. pruni. 

 

ABSTRACT 

 

Xanthomonas arboricola pv. pruni (Xap) causes bacterial spot on Prunus spp., 

including peach. As with other bacteria, Xap is susceptible to infection by viruses known as 

bacteriophages. The objectives of this research were to isolate phage from peach trees with 

bacterial spot and to characterize selected isolated phages, including determination of host 

range and genome organization. Serial dilutions used to obtain individual plaques revealed 

multiple plaque types. A large, clear plaque (2.5 mm diameter) was the most common plaque 

morphology observed, while a small, hazy plaque (0.5 mm diameter) was the least commonly 

observed. Host range assays revealed that 21 of 26 Xap isolates from a historical collection 

were sensitive to 10 single-plaque-purified phages. Transmission electron microscopy of four 

single-plaque-purified phage revealed that three were tailed phages and one was a 

filamentous phage. DNA sequencing of phage isolate XapNC10 indicated a genome of 

45,699 base pairs with an average G+C content of 63.0%. Sixty-four open reading frames 

(ORFs) were predicted using DNA Master and a blastn analysis indicated 68% overall 

sequence identity with Xanthomonas oryzae phage OP2.   
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INTRODUCTION 

 

Bacterial spot was first described in Michigan on Japanese plum in 1902 (Smith, 

1903). It affects various Prunus species, including peach, nectarine, almond, apricot, and 

plum (Ritchie, 1995). Bacterial spot has been reported worldwide and is a quarantined 

pathogen in parts of Europe (Ritchie, 1995; Stefani, 2010).  

Bacterial spot is caused by the yellow-pigmented, gram-negative bacterium 

Xanthomonas arboricola pv. pruni (Xap) (Vauterin, 1995). Symptoms of bacterial spot occur 

on multiple tissues, including leaves, fruit, and twigs (Ritchie, 2005). On leaves, angular, 

water-soaked lesions are usually the first symptom observed on emerging tissue in spring. 

These lesions, initially 1-3 mm, expand and can eventually coalesce with other lesions, 

causing chlorosis of the leaves, as well as possible abscission of the lesions or defoliation of 

the leaves. This abscission of the lesions gives a shot-hole appearance. Symptoms also occur 

as lesions on the fruit. These lesions can form at various times of fruit development, with 

early season infections (prior to pit hardening) potentially resulting in lesions a centimeter or 

more in depth, while later season infections tend to be shallow (Ritchie, 2005).  

Another symptom of the disease is the formation of spring cankers, in which the 

previous year’s growth serves as an overwintering site for Xap. Dark, necrotic areas develop 

on the preceding year’s twig growth in late winter to early spring. Infection occurs when the 

pathogen enters twigs through leaf scars, and ultimately may be expressed as a spring canker 

during the late winter to spring (Ritchie, 1995). The pathogen may also survive epiphytically 

in association with dormant buds and in other protected niches of the tree (Shepard, 1994).  
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As with other bacteria, X. arboricola pv. pruni is susceptible to infection by bacterial 

viruses known as bacteriophages.  Bacteriophages were discovered independently in 1915 by 

F.W. Twort (Twort, 1915) and then in 1917 by Felix d’Herelle (d’Herelle, 1917); however, 

d’Herelle was the originator of the term bacteriophage (Duckworth, 1976). These bacterial 

viruses, also referred to as phages or bacterial virions, are conceivably the most abundant 

entities on the planet, with the global number of tailed phages alone estimated at 10
30

 

particles (Hendrix, 2002). Phages have a nucleic acid core that is encased in a proteinaceous 

capsid housing either single-stranded or double-stranded DNA or RNA (Gill, 2003). There 

are four common morphologies among phages: tailed, polyhedral, filamentous, and 

pleomorphic. Tailed phages are by far the most numerous, making up 96% of the total phage 

population (Ackermann, 2001).  

Phage can exhibit one of three life cycles. In the lytic life cycle, phage replication 

occurs immediately following infection and the bacterial host is lysed with release of new 

phage virions. Such phage are termed lytic. In the lysogenic life cycle, most infections result 

in immediate host lysis; however, during some infections, the phage genome is incorporated 

as a prophage into the bacterial genome, resulting in a bacterial lysogen. The phage genome 

is replicated with the bacterial genome until conditions trigger excision and replication of 

phage DNA and ultimately release of virions. Phage exhibiting the lysogenic life cycle are 

considered temperate (Haq, 2012). Filamentous phage differ in that their single-stranded 

DNA genome is replicated via a rolling circle mechanism and virions are assembled on the 

internal membrane of the host. After virion assembly, they form adhesion zones and are 
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extruded through the membrane without killing their host in most instances but do slow the 

growth of their host causing small, hazy plaques (Aksyuk, 2011; Marvin, 1998). 

While phages were initially discovered in 1915 and 1917, phages were not detected 

for Bacterium pruni (Xap) until 1928 (Anderson). Phage were isolated from soil beneath 

bacterial spot diseased peach trees, but not from diseased leaves. Research continued for 

several decades on the bacterial pathogen and its phages, focused mostly toward 

characterization of the phages. It was demonstrated that Xap phage would lyse host Xap 

regardless of the plant from which the bacterium was isolated; however, Xap phage did not 

lyse other Xanthomonas species, although these xanthomonads could only be differentiated 

from Xap through pathogenicity assays (Thornberry, 1948; Thornberry, 1949). More than 

200 strains of various Xanthomonas species tested against six Xap phages revealed only Xap 

to be lysed by the Xap phages. Three strains of Xap were not lysed by the phage, and it was 

determined that these strains were lysogenic (Eisenstark, 1955). 

 Distinct plaque types were observed for phage of Xap. These included three main 

plaque types: a small plaque (1 mm in diameter), a large plaque (3 mm in diameter), and a 

plaque surrounded by a halo. These different plaque types suggested genetic variations 

among Xap phage (Eisenstark, 1950). Electron microscopy was utilized to characterize phage 

particle morphology. Electron micrographs revealed phage with polyhedral heads and 

contractile tails (Ghei, 1968; Thornberry, 1948).  

Further characterization of Xap phages Xp3-A and Xp3-I by Civerolo revealed 

differences between these two phages. These phages, which were distinguished by plaque 

morphology, varied in host lysis rates, bacterial host adsorption rates, and their effect on 
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bacterial spot. Xap cells infected with Xp3-I caused less disease severity than Xap cells 

infected with Xp3-A; however, peach leaves treated with Xp3-A lysates had a greater 

reduction in disease than did leaves treated with Xp3-I lysates (Civerolo, 1970).   

Due to limited effective chemicals to treat various bacterial diseases in plants, as well 

as a growing interest in biological control, bacteriophages have been researched as a possible 

means of disease control. Phages have been isolated that infect several species of 

phytopathogenic bacteria, including Xanthomonas  campestris pv. vesicatoria, X. oryzae, 

Agrobacterium tumefaciens, Ralstonia solanacearum, and Erwinia amylovora, in the hopes 

of using these as viable plant disease control agents (Jones, 2007).  

Efficacy of Xap phage as control for bacterial spot of peaches has been evaluated 

previously (Civerolo, 1969). Experiments on cv. Sunhigh peach seedlings demonstrated that 

application of phage was successful in reducing disease only when phage were sprayed on 

peach leaves prior to inoculation with Xap or incubated with Xap prior to inoculation. The 

average number of diseased leaves was reduced from 58% (non-inoculated control) to 21.6% 

when phage were applied before inoculation. Applying phage one hour after Xap inoculation 

reduced the average number of diseased leaves to 51.3% while applying phage 24 hours after 

Xap inoculation gave no reduction in disease severity (Civerolo, 1969). Additional 

experiments corroborated results indicating that co-inoculating Xap and phage reduced the 

amount of disease (Civerolo, 1973). This research indicated that while phage can be effective 

when exposed to their bacterial host within a short time, application of phage is relatively 

ineffective if bacteria have time to colonize and infect; therefore, the efficacy of phage as a 

disease control method may be very limited.   
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   The objectives of this research were to 1) determine if phage could be isolated from 

peach trees with bacterial spot and if so 2) to characterize the phages, including 

determination of their host range. 

MATERIALS AND METHODS 

 

Media. Sucrose peptone broth (SPB) [20.0 g sucrose, 5.0 g proteose peptone, 0.5 g 

potassium phosphate dibasic, 0.25 g magnesium sulfate, 1 L deionized water; autoclaved 30 

minutes] was used for growth of Xap cultures and for enrichment of phage. Three ml SPB 

were aliquoted into 15 ml glass tubes and autoclaved for 30 minutes. Tubes were stored in a 

plastic bag at 4ºC to prevent dehydration. Sucrose peptone agar (SPA) [SPB plus 15.0 g 

Difco Agar; Becton, Dickinson, and Co, Sparks, MD] was used to grow Xap isolates and for 

the bottom layer of the two-layer agar plates. The agar for the top layer was made by 

dissolving 0.6 g agar in 100 ml deionized water and aliquoting three ml into 15 ml glass test 

tubes. Tubes were autoclaved for 30 minutes and stored in a plastic bag to prevent 

dehydration. Sterile deionized water (SDW) was autoclaved for 30 minutes.     

Phage Collection and Isolation. Samples were taken from peach trees in North 

Carolina at the Sandhills Research Station (SHRS) near Jackson Springs and from a grower’s 

orchard in Montgomery County approximately 15 km from the SHRS. At the SHRS, five 

trees exhibiting bacterial spot symptoms but not treated for the disease were selected as 

monitor trees for phage sampling. All five trees are the highly susceptible cultivar O’Henry. 

Two trees were located in orchard D2A3 and three trees were located in orchard B2E; the 

orchards were approximately 200 meters apart. Samples were collected from each tree 

monthly from May 2012 to October 2013, except in August 2012 and April 2013. Five 
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diseased leaves were arbitrarily collected from each tree, with leaves spaced evenly around 

the canopy. Leaves were approximately 1.5 meters from the ground and leaves from each 

tree were combined into one sample. At the orchard in Montgomery County, three samples 

were collected during September 2012 from three locations within the orchard. All collected 

leaf samples were stored at 4
o 
C in plastic bags until assayed for phage and bacteria. X. 

arboricola pv. pruni strain Xap1 was used as the indicator host for all phage assays as well as 

enrichment of phage. Enrichment allowed detection of phages at low titre as adding host 

bacteria allowed phage replication to occur.  Xap1, isolated in 1984 from a nectarine spring 

canker, was selected as the indicator because its pathogenicity had been confirmed by 

inoculation of peach leaves. Additionally, Xap1 has the typical colony characteristics of Xap, 

and in 1984 was shown to be sensitive to all pruniphages tested (Ritchie, unpublished). 

Non-enrichment and enrichment isolation methods were used. With the non-

enrichment, lesions were excised from the five leaves and diced with a sterile scalpel. Diced 

leaf samples from each tree were placed in a 150 ml flask with 25 ml SPB and placed on a 

shaker for 10 minutes at 28
o 
C. After incubation, 1.5 ml of broth were withdrawn without 

filtering and stored in sterile 1.7 ml microcentrifuge tubes. Enrichment of samples consisted 

of one 10 µl loopful of Xap1 added to the remaining broth in each flask; flasks were 

incubated for an additional six hours. After incubation, non-filtered 1.5 ml of broth was 

stored in sterile microcentrifuge tubes at 4
o 
C. Beginning with September 2012 samples, the 

non-enrichment wash method was used exclusively. Five leaves from each monitor tree were 

combined in a separate plastic bag with 10 ml SDW and lightly squeezed by hand. Leaves 

remained covered by water for 15 minutes at room temperature. After resting, 1.5 ml of the 
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suspension was removed, filtered with a 0.22 µm syringe-driven filter (Millipore 

Corporation, MA 01821), placed into sterile microcentrifuge tubes, and stored at 4˚C. Phage 

suspensions isolated from various tissues were filtered with 0.22 µm syringe-driven filters, 

1.5 ml were transferred to sterile microcentrifuge tubes and stored at 4ºC unless noted 

otherwise. All samples to be assayed for phage were stored approximately 1 to 5 days before 

assaying. 

Assaying for Phage. A spot method was used for initial phage assays. To make the 

culture for the bacterial host lawn, a three ml sterilized SPB tube was inoculated with 

approximately a quarter of a 10 µl loop of Xap1 taken from a culture grown on SPA. The 

broth tubes were placed on the shaker and incubated for three hours to achieve an 

exponentially growing culture with a cell density of approximately 10
8 

cfu/ml. For assays, the 

double-layer agar method was used. The top agar was remelted in storage tubes and tubes 

were placed into a Fisher isotemp dry bath and cooled to 45
o 
C. One hundred µl of the Xap1 

culture were pipetted into each tube and the mixture was gently swirled. Contents were 

immediately poured onto separate SPA plates with a labeled grid on the bottom and rocked to 

ensure even plate coverage. After pouring, agar plates dried on the bench for 30 to 60 

minutes. Once the plates were dry, 10 µl of each phage sample were spotted onto the agar 

surface using the grid on the plate as a guide. Plates were incubated overnight at 28
o 
C and 

checked for phage presence after 24 hours. Samples with phage formed an area of lysis or a 

clear margin around the spotted area, while negative samples did not. 

Dilution and Plaque Purification. Serial dilutions and plating were used to obtain 

individual plaques for samples that had a lysis zone or lytic margin. Non-filtered samples that 
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were positive for phage yielded a small margin of host lawn lysis (lytic margin) as non-Xap 

bacteria grew in the area where phage samples were spotted. A 10-fold dilution series was 

made from 10
-2 

to 10
-7

. After dilution, 100 µl were removed from each dilution and plated 

using the method described previously. Plates were incubated at 28
o 
C for 24 hours before 

plaque morphologies were evaluated. A sterile toothpick or pipet tip was touched to selected 

individual plaques, and then placed in a microcentrifuge tube containing 500 µl SDW. One 

hundred µl of this suspension were plated onto top agar plates with an Xap1 lawn and the 

dilution and plating steps were repeated for the second and third purifications. Purified 

samples were stored in SDW at 4ºC. 

Isolating Suspected Filamentous Phage. A bacterial lawn made from a historical 

Xap strain revealed 100s of small hazy plaques less than 1 mm in diameter, suggesting the 

presence of filamentous phage. A small section of the agar containing these plaques was 

excised and suspended in 1.5 ml SDW in a microcentrifuge tube. The tube was incubated at 

room temperature for 30 minutes, then 250 µl of the suspension was added to a fresh broth 

culture made with the original bacterial strain from which the plaques were obtained. The 

culture was incubated for two hours on the shaker, then 100 µl of broth were pipetted into a 

top agar tube and incubated at 28˚C for 24 hours. After incubation, the plate was flooded 

with five ml SDW and incubated at 4˚C overnight. The washate was filtered with a 0.22 µm 

filter into a sterile 15 ml conical tube and stored at 4˚C. The lysate was diluted and plated to 

ensure that the plaques were the same morphology as originally observed.  

Chloroform Sensitivity Assays. Initial non-purified phage samples from attached 

leaves and purified plaque samples were incubated with 10% chloroform to assess sensitivity 
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to chloroform. Fifty non-purified phage samples and 11 single-plaque-purified phage 

samples were tested. For the initial non-purified phage samples, 50 µl of chloroform were 

added to 450 µl of phage lysate and 10 µl of chloroform were added to 90 µl of each purified 

phage lysate. Additionally, the suspected filamentous phage was treated with 10% 

chloroform. All chloroformed samples were vortexed, incubated at room temperature for one 

hour, and assayed for ability to form a lysis zone on a lawn of Xap1.  

Increasing Phage Titre. The titre for ten single-plaque-purified phage isolates was 

increased to make a stock solution. Phage stocks were made by consolidating 10 plates on 

which complete host lysis had occurred. Each plate was flooded with five ml SDW and 

incubated at 4˚C overnight. After incubation, the liquid was removed and filtered using 0.22 

um filters. Filtered lysates were placed into sterile conical tubes and stored at 4˚C. Ten-fold 

serial dilutions were made for each phage to determine the final phage titre. Final 

concentrations ranged from 10
7 

to 10
10 

pfu/ml. 

Host Range Assays. Ten single-plaque-purified phages were selected for host range 

assays based on date of isolation, sample tree of isolation, and plaque morphology. To 

conduct the assays, 26 Xap strains from a historical Xap collection were selected. In addition 

to the Xap strains, 13 bacterial isolates representing other genera were assayed. These 

included:  Xanthomonas arboricola pv. corylina (one isolate), X. campestris pv. campestris 

(two isolates), X. fragariae (two isolates), X. campestris pv. zinniae (two isolates), 

Pseudomonas syringae (three isolates), Erwinia amylovora (one isolate), Pectobacterium 

carotovorum (one isolate), and Ralstonia solanacearum (one isolate). Cultures of each 

bacterium were made by adding half a loopful of bacteria to a glass tube containing three ml 
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sterile SPB. The broth was incubated for three hours until cell concentration was 

approximately 10
8 

cfu/ml in order to achieve log growth phase. One hundred µl were 

withdrawn from each culture and pipetted into a previously re-melted and cooled (45ºC) 

0.6% 3 ml top agar tube. The tube was gently swirled and poured over the SPA plate labeled 

with a grid. Plates were dried on a lab bench for 60 minutes, then 10 µl from each phage 

lysate were spotted onto each bacterial lawn. Plates were incubated at 28˚C for 24 hours. 

Reaction to individual phage isolates was determined by presence or absence of a lysis zone. 

The phage titre used for these assays ranged from 10
3 

to 10
6 

pfu/ml.
  

Electron Microscopy. Transmission electron microscopy was performed by the 

North Carolina State University Center for Electron Microscopy. Phages XapNC2, XapNC3, 

XapNC10 and XapSC1f were selected for electron microscopy. Ten ul of each sample was 

placed on a carbon-coated 400-mesh copper grid, negative stained with 2% uranyl acetate 

and air dried. Grids were viewed using a JEOL JEM-1200EX (JEOL U.S.A., Peabody MA) 

transmission electron microscope at 80kV. 

DNA Extraction and Sequencing. XapNC10 was selected for DNA sequencing due 

to its unusual halo-like plaque morphology. DNA was extracted using the Promega Wizard 

Genomic DNA Purification Kit (Promega, Wisconsin, 53711). Nine ml of XapNC10 phage 

lysate were pipetted into a 15 ml conical tube and one ml 1X phage buffer was added. Forty 

µl of RNase/DNase mix were pipetted into the tube and the tube was gently inverted multiple 

times. The tube was incubated for 30 minutes at 37
o 
C, then removed and incubated for one 

hour at room temperature. Four ml of polyethylene glycol were pipetted into the tube, then 

gently inverted. The tube was incubated at 4
o 
C for 48 hours, then centrifuged for 30 minutes 
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at 10,000xg. The supernatant was decanted and the tube was inverted on a paper towel for 

three minutes. The pellet was re-suspended by adding 0.5 ml sterile ddH2O and gently 

pipetting up and down. The tube sat for five minutes at room temperature, then two ml 

Promega DNA Clean Up Resin pre-warmed to 37
o
C were added. The solution was pipetted 

up and down and gently swirled to ensure mixing. The tube sat for 15 minutes at room 

temperature to ensure uncoating of phage DNA. Two columns from the Promega Kit were 

attached to syringes and 1.25 ml of phage DNA solution was pipetted into each syringe. The 

solution was pushed through the column with a syringe plunger. Two ml of 80% isopropanol 

were pipetted into each column and pushed through. Each column was removed, placed into 

a lidless microcentrifuge tube, and centrifuged for five minutes at 13,000 rpm. Columns were 

placed into new lidless microcentrifuge tubes and centrifuged for one minute at 13,000 rpm. 

The columns were moved to new microcentrifuge tubes. Fifty µl sterile ddH2O pre-warmed 

to 80
o 
C was pipetted onto each column, which sat for 60 seconds. Tubes were centrifuged, 

the column was removed, and contents were consolidated into a single tube. The DNA was 

then quantified using a NanoDrop spectrophotometer. The tube with DNA was stored at 4
o 
C. 

DNA sequencing was performed by the North Carolina State University Genomic 

Sciences Laboratory. The Illumina MiSeq 2 x 250 paired-end system was used. The DNA 

sequence was assembled using CLC Bio Workbench (http://www.clcbio.com/products/clc-

genomics-workbench/). The DNA Master program (http://cobamide2.bio.pitt.edu/) was used 

for genome annotation and analysis. Potential open reading frames (ORFs) were auto-

annotated with DNA Master that used both Glimmer and GeneMark. Start codons for each 

potential ORF were manually validated using coding potential generated from a GeneMark 

http://cobamide2.bio.pitt.edu/
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output. BlastP (http://blast.ncbi.nlm.nih.gov/Blast.cgi) analysis was performed in DNA 

Master and manually through the NCBI website (http://www.ncbi.nlm.nih.gov/). 

 

RESULTS 

 

Phage Assays. Attached leaves from the five monitor trees were collected at least 

once a month during the growing season, excluding August 2012 and April 2013. Detection 

of phage was indicated by lysis of an Xap1 lawn. For non-enriched isolations from the 2012 

growing season, 80% (32 of 40) of samples were positive for phage from attached leaves 

(Table 1A). During the 2013 growing season, attached leaf samples were taken each month 

from May to October. Seventy-six percent (38 of 50) of these samples were positive for 

phage (Table 1B). The enrichment method was used from May to September 2012 and 84% 

(21 0f 25 samples) were positive for presence of phage (Table 2). Phage were consistently 

isolated from leaves ranging from 10
4
 to 10

6 
pfu/ml. 

Plaque Morphology. Large (2.5mm diameter) clear plaques were the most common 

plaque morphology, while small (0.5mm diameter) hazy plaques were the least common 

plaque morphologies observed (Figure 1).  

Isolating Suspected Filamentous Phage. Numerous very small (<1 mm), hazy 

plaques were observed on a lawn made from a historical Xap isolate, indicating the 

possibility of a filamentous phage (Figure 1.4D). These plaques were not observed at all 

times when using this Xap isolate for lawns, thus it was postulated that a filamentous phage 

was present. Electron microscopy confirmed a filamentous phage (Figure 2). This phage was 

sensitive to 10% chloroform when exposed for 60 minutes. Additionally, measurements from 

http://blast.ncbi.nlm.nih.gov/Blast.cgi
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electron microscopy indicated that the filaments are approximately 661 (±31) nm long 

(n=11).  

Phage Sensitivity to Chloroform. Fifty phage lysates from 2012 were tested for 

sensitivity to 10% chloroform. None of the phage lysates were diluted to assess the plaque 

morphologies, thus the samples had the potential to contain more than one phage type. Of the 

50 phage lysates tested, 40 produced lysis zones on the Xap1 lawn. Additionally, the ten 

phages selected for host range assays were all chloroform insensitive.   

Host Range Assays. Twenty-six Xap isolates were selected from a historical 

collection for use in host range assays (Table 3). Twenty of the historical Xap isolates were 

sensitive to all 10 phages. Seventeen historical USA isolates were sensitive to the 10 phage 

isolates, while only four of seven Xap isolates from Brazil were sensitive to the phages. 

Neither Xap isolate from Uruguay was sensitive to any of the phages (Table 4). Furthermore, 

no bacterial isolate that was a presumed non-host for the phages was lysed by any of the 

phage isolates. In addition to the non-hosts, X. arboricola pv. corylina (Xac) was tested for 

sensitivity to phage as this pathovar is in the same species as Xap. All 10 phage isolates 

produced lysis zones on Xac. Two phage isolates resulted in lysis zones that were hazy with 

bacteria growing in the lysis zone, while three of the phage isolates resulted in clear lysis of 

the lawn (Figure 3).   

Plaque Size and Transmission Electron Microscopy. Four phages were selected for 

detailed characterization based on their plaque morphology. The large, clear plaque was the 

most commonly noted morphology, thus the large plaque producing phage XapNC3 was 

selected as the standard plaque type. Phage XapNC2 was selected to represent the small 
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plaque type.  Phage XapNC10 was selected due to the production of a halo-forming plaque. 

Phage XapNC3 produced a large plaque with an average plaque size of 2.5 mm at 24 hours 

(n=25). Phage XapNC2 produced a small plaque with an average plaque size of 0.6 mm at 24 

hours (n=25). Phage XapNC10 produced a plaque with an expanding “halo”. This halo has a 

non-uniform, undulating margin. Additionally, the inner portion of the plaque is clear and 

spherical, while the margin appears hazy. At 24 hours, the average plaque size was 1.5 mm 

(n=25) (Figure 4). At 48 hours, the “halo” had expanded, resulting in an average plaque size 

of 3.0 mm (Figure 5). Transmission electron microscopy indicated that phages XapNC2, 

XapNC3, and XapNC10 are tailed phage (Figure 6). Phage XapNC2 had an average tail 

length of 92 nm and an average head diameter of 65 nm (n=7). Phage XapNC3 had an 

average tail length of 89 nm and an average head diameter of 62 nm (n=6). Phage XapNC10 

had an average tail length of 98 nm and an average head diameter of 64 nm (n=2) (Table 5). 

From electron microscopy phage morphology, it was determined that phages XapNC2, 

XapNC3, and XapNC10 belong to the family Myoviridae while the filamentous phage 

belongs to the family Inoviridae (Ackermann, 2007). 

 DNA Sequencing and Analysis. Using CLC Bio Workbench, XapNC10 was 

assembled into one contig of 45,699 base pairs with an average G+C content of 63.0%. 

Sixty-four open reading frames (ORFs) were predicted using DNA Master, which employs 

Glimmer and GeneMark gene-calling programs. Thirty-five ORFs were predicted with 

forward direction and 29 with reverse direction. A blastn analysis indicated 68% sequence 

identity with Xanthomonas oryzae phage OP2 (Accession: AP008986) (Inoue, 2006) with an 

e-value of 0.0. Forty-one of the 64 predicted ORF products had e-values less than 3.3e-3, 
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with thirty-four predicted ORFs with similarity to Xanthomonas oryzae phage OP2 genes. 

Additionally, several ORFs had similarity to phage-related genes from phage CP1 of 

Xanthomonas axonopodis pv. citri (Accession: AB720063), phage Xp15 of Xanthomonas 

campestris pv. pelargonii (Accession: NC_007024), phages Bcep1 (Accession: NC_005263) 

and Bcep781 (Accession: NC_004333) of Burkholderia cepacia, and phage eiDWF of 

Edwardsiella ictaluri (Accession: ADV36496) (Table 6). 

 

DISCUSSION 

 

Initial work on phages infecting Xap revealed multiple plaque types, including small 

plaques, large plaques, and plaques with haloes (Eisenstark, 1950). Our results support this 

early report on plaque morphology from Xap, with large, clear plaques being the most 

common morphology observed on the indicator strain Xap1. Small, hazy plaques were the 

least commonly observed and were not observed with all phage samples during initial 

purification. When purified three times, plaques remained consistent with the initial plaque 

morphology. The medium plaque morphology, however, did not remain consistent, and when 

purified, these plaques often became large in size. It is possible these were actually large 

plaques that did not have adequate time or space to expand before observations were initially 

taken.   

 Most phages tested for chloroform sensitivity retained ability to cause lysis after 

exposure to 10% chloroform. Of the 50 initial samples assayed, only one phage lysate gave 

no lysis after incubation with chloroform. Four phage samples were positive for lysis after 

the addition of chloroform. It is possible that these phage were in a low concentration, and 
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therefore were not detected through initial spot assays. It is important to note that these 

samples were not filtered prior to spotting and due to possible low titre, other 

microorganisms may have masked the presence of phage.   

 Ten phage strains utilized for host range assays were selected based on their location 

and date of isolation, as well as plaque morphology. Six of the phage used [XapNC1, 

XapNC4, XapNC5, XapNC6, XapNC8, XapNC9] were isolated from Tree 1 beginning 22 

May and continuing until 1 Nov 2012. Two additional phage [XapNC2, XapNC3] were 

isolated from the other trees in the B2E orchard in 2012. Phage XapNC7 was isolated in 

September 2012 from a grower’s orchard in North Carolina. Phage XapSC1 was isolated in 

June 2011 from a grower’s orchard in South Carolina. All of the phages except for XapNC2 

exhibited large and clear plaque morphology, while XapNC2 exhibited small and hazy 

plaque morphology. Phage XapNC3 produces large plaques with an average plaque size of 

2.5 mm at 24 hours, while Phage XapNC2 produces small plaques with an average plaque 

size of 0.6 mm at 24 hours. Phage XapNC7, another large plaque-producing phage, produces 

plaques with an average size of 2.6 mm at 24 hours.    

 Host range assays included Xap isolates from an historical collection that varied in 

time and location of isolation and host plant of isolation. All USA isolates were lysed by 

phage isolates while four of nine South American Xap isolates were lysed by the phage. 

Interestingly neither Uruguay Xap isolate was lysed by phage, but three of seven Brazil 

isolates were lysed by phage. The only other bacterium lysed by these phages was the closely 

related Xanthomonas arboricola pv. corylina. This isolate was confirmed to be Xanthomonas 

arboricola by Biolog; pathovar level was determined to be Xac as this strain was isolated 
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from diseased hazelnut. These results are particularly interesting in this instance as Xac is in 

the same species as Xap. Xac seemed to have differing reactions to the different phage as 

indicated by differing levels of clearing (Figure 3). This may indicate a level of resistance 

that Xac has to the different phage isolates. Furthermore, phages from tree 1 (XapNC1, 

XapNC4,XapNC5, XapNC6, XapNC8, XapNC9) had a similar reaction on Xac, perhaps 

demonstrating that Xac is more resistant to the phage from this tree versus phage from other 

trees. Interestingly, earlier experiments indicated that Xac was not lysed by an Xap phage 

(Thornberry, 1949).  

 Of the ten phages used for host range assays, XapNC2, XapNC3, XapNC10, and 

XapSC1f were selected for further characterization. Phage XapNC3 and XapNC2 were 

selected as “standards” because XapNC3 exhibits large, clear plaques while XapNC2 

exhibits small, somewhat hazy plaques. Phage XapNC2, XapNC3, and XapNC10 were 

revealed to be tailed phage when viewed with transmission electron microscopy (TEM). This 

is not surprising despite their differing plaque morphologies, as 96% of phages are estimated 

to be tailed (Ackermann, 2001). Phages with a polyhedral head morphology and unattached 

tails were the first phage morphology described from electron micrographs (Thornberry, 

1948). Additional electron microscopy revealed a phage with polyhedral heads attached to 

tails with contractile sheaths (Ghei, 1968).  

Phage XapSC1f was suspected to be filamentous based on plaques in the lawn of an 

historical isolate and its sensitivity to chloroform. It was confirmed to be filamentous through 

transmission electron microscopy. Filamentous phage were previously discovered in Xap 

strains in the late 1980s (Ritchie, unpublished). Filamentous phages have also been 



 

19 

discovered in other phytopathogenic bacteria, including Xanthomonas campsetris pv. 

vesicatoria (Xcv), Xanthomonas citri, X. oryzae pv. oryzae (Xo), and Ralstonia 

solanacearum (Lin, 1994; Dai, 1980; Kuo, 1969; Murugaiyan, 2011). Phage ØXv of Xcv and 

phage ØXo of Xo were considerably longer than XapSC1f, with lengths of 1120 (±200) nm 

and 1290 (±200) nm, respectively (Lin, 1994).  

 In addition to electron microscopy, DNA sequencing was performed for phage 

XapNC10. Results revealed the genome to be 45,699 bases with a G+C content of 63.0%. 

These results are corroborated by the G/C content of Xanthomonas pruni phage Xp5 which 

was calculated to be 61.5% (Ghei, 1968). DNA Master, with Glimmer and GeneMark, 

predicted 64 open reading frames (ORFs), with the genome showing 68% sequence 

similarity to Xanthomonas oryzae phage OP2 (Inoue, 2006). Multiple ORFs also shared 

similarity with Burkholderia phages Bcep1 and Bcep781.  

 In conclusion, different plaque morphologies were observed, including large plaques 

and small plaques, as well as plaques with an expanding halo-like morphology. Despite 

differences in these plaque morphologies, three tailed phages resembling Myoviridae were 

observed through transmission electron microscopy. Additionally, a filamentous phage was 

observed with electron microscopy. High throughput sequencing of phage XapNC10 

revealed a genome with sequence similarity to Xanthomonas oryzae phage OP2.     
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Table 1.1. A) Detection of phage from attached diseased leaves from 2012 growing season 

through non-enriched isolation. B) Detection of phage from attached diseased leaves from 

2013 growing season through non-enriched isolation. Trees 1-3 were in orchard B2E; trees 4 

and 5 were in orchard D2A3. A (+) indicates lysis occurred, while a (-) indicates no lysis 

occurred. 

 

 

 

  

A. 

2012 Tree 

 1 2 3 4 5 

22 May + + - - - 

5 June + + + - + 

21 June + - + - + 

5 July + + + - - 

26 July + + + + + 

13 September + + + + + 

4 October + + + + + 

1 November + + + + + 
 

 

B. 

2013 Tree 

 1 2 3 4 5 

7 May - - - - - 

14 May - - - - + 

23 May - - + + + 

5 June - + + + + 

13 June + + + + + 

27 June + + + + + 

18 July + + + + + 

27 August + + + + + 

24 September + + + + + 

23 October + + + + + 
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Table 1.2. Detection of phage from attached diseased leaves from 2012 growing season 

through enrichment. Trees 1-3 were in orchard B2E; trees 4 and 5 were in orchard D2A3. A 

(+) indicates lysis occurred, while a (-) indicates no lysis occurred. 

 

 

  2012 Tree 

 1 2 3 4 5 

22 May + + + - - 

5 June + + + - + 

21 June + + + - + 

5 July + + + - + 

26 July + + + + + 
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Table 1.3. Historical Xap isolate collection, source, date of isolation, and host plant. 

 

 

  
Xcp Isolate Location Date of Isolation Host Plant 

Xcp 27 NC 1 July 1981 Peach 

Xcp 3 NC 1 July 1984 Prune 

Xcp 37 NC 1 Jun 1988 Peach 

Xcp 42 NC 30 May 1989 Apricot 

Xcp 45 NC 9 Aug 1989 Peach 

Xcp 51 NC 3 May 1990 Peach 

Xcp 63 NC 10 Jun 1991 Plum 

Xcp 68 NC 2 Aug 1993 Nectarine 

Xcp 86 NC 15 April 1995 Peach 

 

Xcp 35 SC 1 Sep 1987 Peach 

Xcp 94 SC 6 Oct 1998 Peach 

Xcp 578 SC May 2002 Peach 

Xcp 579 SC May 2002 Peach 

Xcp 800 SC 2007 Peach 

Xap 125 SC 2007 Peach 

 

Xcp 15 GA 1 July 1986 Nectarine 

 

Xcp 32 VA 1 Sep 1987 Peach 

    

Xcp 70 Brazil 9 Feb 1990 Nectarine 

Xcp 71 Brazil 15 Mar 1990 Peach 

Xcp 75 Brazil 16 Nov 1990 Plum 

Xcp 72 Brazil 11 Jan 1991 Plum 

Xcp 74 Brazil 16 Jan 1991 Peach 

Xcp 73 Brazil 11 Aug 1993 Plum 

Xcp 76 Brazil 20 Dec 1993 Peach 

    

Xcp 77 Uruguay Unknown Peach 

Xcp 78 Uruguay Unknown Peach 



 

26 

Table 1.4. Lysis of historical Xap collection by the 10 phage isolates. A (+) indicates lysis 

occurred, while a (-) indicates no lysis occurred. 

 

  

Phage Isolate and Date of Isolation 

Xap Isolate 

and Location 

XapSC1 

17 Jun 

2011 

XapNC1 

22 May 

2012 

XapNC2 

22 May 

2012 

XapNC3 

05 Jun 

2012 

XapNC4 

21 Jun 

2012 

Xcp 27, NC + + + + + 

Xcp 3, NC + + + + + 

Xcp 37, NC + + + + + 

Xcp 42, NC + + + + + 

Xcp 45, NC + + + + + 

Xcp 51, NC + + + + + 

Xcp 63, NC + + + + + 

Xcp 68, NC + + + + + 

Xcp 86, NC + + + + + 

Xcp 35, SC + + + + + 

Xcp 94, SC + + + + + 

Xcp 578, SC + + + + + 

Xcp 579, SC + + + + + 

Xcp 800, SC + + + + + 

Xap 125 + + + + + 

Xcp 15, GA + + + + + 

Xcp 32, VA + + + + + 

Xcp 70, Brazil + + + + + 

Xcp 71, Brazil - - - - - 

Xcp 75, Brazil + + + + + 

Xcp 72, Brazil + + + + + 

Xcp 74, Brazil + + + + + 

Xcp 73, Brazil - - - - - 

Xcp 76, Brazil - - - - - 

Xcp 77, 

Uruguay 
- - - - - 

Xcp 78, 

Uruguay 
- - - - - 
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Table 1.4 (continued). 

 

Phage Isolate and Date of Isolation 

Xap Isolate 

and Location 

XapNC5 

26 July 

2012 

XapNC6 

13 Sep 

2012 

XapNC7 

13 Sep 

2012 

XapNC8 

04 Oct 

2012 

XapNC9 

01 Nov 

2012 

Xcp 27, NC + + + + + 

Xcp 3, NC + + + + + 

Xcp 37, NC + + + + + 

Xcp 42, NC + + + + + 

Xcp 45, NC + + + + + 

Xcp 51, NC + + + + + 

Xcp 63, NC + + + + + 

Xcp 68, NC + + + + + 

Xcp 86, NC + + + + + 

Xcp 35, SC + + + + + 

Xcp 94, SC + + + + + 

Xcp 578, SC + + + + + 

Xcp 579, SC + + + + + 

Xcp 800, SC + + + + + 

Xap 125 + + + + + 

Xcp 15, GA + + + + + 

Xcp 32, VA + + + + + 

Xcp 70, 

Brazil 
+ + + + + 

Xcp 71, 

Brazil 
- - - - - 

Xcp 75, 

Brazil 
+ + + + + 

Xcp 72, 

Brazil 
+ + + + + 

Xcp 74, 

Brazil 
+ + + + + 

Xcp 73, 

Brazil 
- - - - - 

Xcp 76, 

Brazil 
- - - - - 

Xcp 77, 

Uruguay 
- - - - - 

Xcp 78, 

Uruguay 
- - - - - 
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Table 1.5. Average Phage Plaque Size on Xap1 at 24 hours, Tail Length, and Head 

Diameter. 

Phage Plaque Size (mm) Tail Length (nm) Head Diameter (nm) 

XapNC2  0.6 ± 0.10 92 ± 8.0 65 ± 2.0 

XapNC3 2.5 ± 0.3 89 ± 17.5 62 ± 2.5 

XapNC10 1.5 ± 0.4 98 ± 4.0 64 ± 0.75 
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Table 1.6. XapNC10 predicted open reading frames (ORFs) and their putative functions. 

  

ORF Position Length Direction Putative Function Best Match 
Accession 

Number 
E-value 

ORF_1 12-311 300 + 
Hypothetical 

protein 

hypothetical protein 

OP2_ORF59 [Xanthomonas 

phage OP2] 

YP_453676 4.4e-10 

ORF_2 315-908 594 + Unknown    

ORF_3 1587-1156 432 - 
Hypothetical 

protein 

hypothetical protein 

OP2_ORF1 [Xanthomonas 

phage OP2] 

YP_453618 0.0e0 

ORF_4 3086-1599 1488 - 
Hypothetical 

protein 

hypothetical protein 

OP2_ORF2 [Xanthomonas 

phage OP2] 

YP_453619 0.0e0 

ORF_5 3643-3116 528 - 
Hypothetical 

protein 

hypothetical protein 

OP2_ORF3 [Xanthomonas 

phage OP2] 

YP_453620 0.0e0 

ORF_6 4083-3643 441 - 
Hypothetical 

protein 

hypothetical protein 

OP2_ORF4 [Xanthomonas 

phage OP2] 

YP_453621 0.0e0 

ORF-7 4589-4080 510 - 
Putative RNA 

polymerase 

putative RNA polymerase 

[Xanthomonas phage OP2] 
YP_453622 0.0e0 

ORF_8 5092-4586 507 - 
Hypothetical 

protein 

hypothetical protein 

OP2_ORF6 [Xanthomonas 

phage OP2] 

YP_453623 1.4e-36 

ORF-9 5524-5108 417 - 
Hypothetical 

protein 

hypothetical protein 

OP2_ORF7 [Xanthomonas 

phage OP2] 

YP_453624 0.0e0 

ORF_10 5633-7348 1716 + 
Hypothetical 

protein 

hypothetical protein 

OP1_ORF16 [Xanthomonas 

phage OP1] 

YP_453574 0.0e0 
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Table 1.6. (continued). 

ORF Position Length Direction Putative Function Best Match 
Accession 

Number 
E-value 

ORF_11 8385-7378 1008 - 
Putative structural 

protein 

putative structural protein 

[Xanthomonas phage OP2] 
YP_453625 0.0e0 

ORF_12 8957-8424 534 - 
Putative structural 

protein 

putative structural protein 

[Xanthomonas phage OP2] 
YP_453626 0.0e0 

ORF_13 10115-8982 1134 - 
Hypothetical 

protein 

hypothetical protein 

OP2_ORF10 [Xanthomonas 

phage OP2] 

YP_453627 0.0e0 

ORF_14 
10220-

10561 
342 + Unknown    

ORF_15 
10558-

10722 
165 + Unknown    

ORF_16 
11590-

10697 
894 - 

Putative head 

protein 

putative head protein 

[Xanthomonas phage OP2] 
YP_453628 0.0e0 

ORF_17 
13172-

11565 
1608 - 

Hypothetical 

protein 

hypothetical protein 

OP2_ORF12 [Xanthomonas 

phage OP2] 

YP_453629 0.0e0 

ORF_18 
13885-

13169 
717 - 

Hypothetical 

protein 

hypothetical protein 

[Xanthomonas phage CP1] 
YP_007238073   1.2e-31 

ORF_19 
15387-

13918 
1470 - 

Putative terminase 

large subunit 

putative terminase large 

subunit [Xanthomonas 

phage OP2] 

YP_453630 0.0e0 

ORF_20 
15854-

15384 
471 - 

Hypothetical 

protein 

hypothetical protein 

OP2_ORF14 [Xanthomonas 

phage OP2] 

YP_453631 0.0e0 
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Table 1.6. (continued). 

ORF Position Length Direction Putative Function Best Match 
Accession 

Number 
E-value 

ORF_21 16159-17424 1266 
 

+ 

Hypothetical 

protein 

OP2_ORF15 hypothetical 

protein [ Xanthomonas phage 

OP2 ] 

YP_453632 0.0e0 

ORF_22 17825-17640 186 - Unknown    

ORF_23 17910-18566 657 + 
Hypothetical 

protein 

hypothetical protein 

OP2_ORF17 [Xanthomonas 

phage OP2] 

YP_453634 1.6e-26 

ORF_24 19006-19440 435 + Unknown    

ORF_25 19442-19801 360 + Unknown    

ORF_26 19809-20333 525 + Lytic enzyme 
lytic enzyme [Xanthomonas 

phage OP2] 
YP_453642 0.0e0 

ORF_27 20358-20777 420 + Holin 
holin [Xanthomonas phage 

Xp15] 
YP_239294 1.7e-11 

ORF_28 20767-21453 687 + Holin 
holin [Stenotrophomonas 

maltophilia] 
WP_019182743 1.2e-31 

ORF_29 21450-22229 780 + 
Hypothetical 

protein 

hypothetical protein 

[Xanthomonas phage CP1] 
YP_007238092 2.0e-41 

ORF_30 22222-22542 321 + Unknown    

ORF_31 22539-22718 180 + Unknown    

ORF_32 24136-22754 1383 -  
gp33 [Burkholderia phage 

Bcep1] 
NP_944342 0.0e0 

ORF_33 24832-24149 684 - 
Hypothetical 

protein 

hypothetical protein 

OP2_ORF29 [Xanthomonas 

phage OP2] 

YP_453646 0.0e0 
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Table 1.6. (continued). 

ORF Position Length Direction Putative Function Best Match 
Accession 

Number 
E-value 

ORF_34 26102-24834 1269 
 

- 
Hypothetical protein 

hypothetical protein 

OP2_ORF30 [Xanthomonas 

phage OP2] 

YP_453647 0.0e0 

ORF_35 26803-26123 681 - 
Putative Baseplate 

Protein 

Putative baseplate protein 

OP2_ORF31 [Xanthomonas 

phage OP2] 

YP_453648 0.0e0 

ORF_36 27024-26800 225 - Hypothetical protein 

Hypothetical protein 

OP2_ORF32 [Xanthomonas 

phage OP2] 

YP_453649 6.1e-6 

ORF_37 27907-27008 900 - Hypothetical protein 

hypothetical protein 

OP2_ORF33 [Xanthomonas 

phage OP2] 

YP_453650 0.0e0 

ORF_38 29721-27904 1818 - 
Putative tail length 

tape measure protein 

putative tail length tape 

measure protein 

[Xanthomonas phage OP2] 

YP_453651 0.0e0 

ORF_39 30327-29725 603 -  
Gp46 [Burkholderia phage 

Bcep1] 
NP_944355 0.0e0 

ORF_40 30762-30331 432 - Hypothetical protein 

Hypothetical protein 

OP2_ORF36 [Xanthomonas 

phage OP2] 

YP_453653 4.6e-20 

ORF_41 31352-30759 594 - Hypothetical protein 

Hypothetical protein 

OP2_ORF37 [Xanthomonas 

phage OP2] 

YP_453654 0.0e0 

ORF_42 32113-31418 696 - 
Putative tail fiber 

protein 

putative tail fiber protein 

[Xanthomonas phage OP2] 
YP_453655 8.4e-28 

ORF_43 32538-32113 426 -  
gp50 [Burkholderia phage 

Bcep781] 
NP_705673 3.0e-26 
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Table 1.6. (continued). 

ORF Position Length Direction Putative Function Best Match Accession Number E-value 

ORF_44 32921-32535 387 - 
Hypothetical 

protein 

hypothetical protein 

OP2_ORF40 [Xanthomonas 

phage OP2] 

YP_453657 4.1e-38 

ORF_45 33240-33578 339 + Unknown    

ORF_46 33617-36100 2484 + 
Hypothetical 

protein 

hypothetical protein 

OP2_ORF41 [Xanthomonas 

phage OP2] 

YP_453658 0.0e0 

ORF_47 36177-36362 186 + Unknown    

ORF_48 36384-36674 291 + 
Hypothetical 

protein 

hypothetical protein 

OP2_ORF44 [Xanthomonas 

phage OP2] 

YP_453661 1.8e-9 

ORF_49 36674-36868 195 + Unknown    

ORF_50 36903-37886 984 + Unknown    

ORF_51 37890-38393 504 +  
gp27 [Edwardsiella phage 

eiDWF] 
ADV36496 9.7e-14 

ORF_52 38390-38569 180 + Unknown    

ORF_53 38569-38937 369 + 
Hypothetical 

protein 

hypothetical protein 

[Xanthomonas campestris] 
WP_010381468 3.3e-3 

ORF_54 39089-39295 207 + Unknown    

ORF_55 39292-39693 402 + Unknown    

ORF_56 39683-39805 123 + Unknown    

ORF_57 39802-39939 138 + Unknown    

ORF_58 39967-40293 327 + Unknown    

ORF_59 40293-40424 132 + Unknown    

ORF_60 40486-42315 1830 + 
Putative phage 

helicase 

putative phage helicase 

[Xanthomonas phage OP2] 
YP_453670 0.0e0 
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Table 1.6. (continued). 

ORF Position Length Direction Putative Function Best Match 
Accession 

Number 
E-value 

ORF_61 
42308-

43036 
728 + 

Hypothetical 

protein 

Hypothetical protein 

[Xanthomonas phage CP1] 
YP_007238100 2.1e-14 

ORF_62 
43074-

45056 
1983 + 

Putative DNA 

polymerase I 

Putative DNA polymerase I 

[Xanthomonas phage OP2] 
YP_453672 0.0e0 

ORF_63 
45081-

45272 
192 + Unknown    

ORF_64 
45272-

45658 
387 + 

Hypothetical 

protein 

Hypothetical protein 

OP2_ORF58 [Xanthomonas 

phage OP2] 

YP_453675 3.5e-5 
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Figure 1.1. Xap1 lawn with multiple plaque morphologies: small (S), medium (M), 

large (L), and small/hazy (S,H). 
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Figure 1.2. Electron micrograph of the filamentous phage, XapSC1f. 

100 nm 
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Figure 1.3. Ten phage isolates on Xanthomonas arboricola pv. corylina.  
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Figure 1.4. Plaque morphologies of (A) XapNC2; (B) XapNC3; (C) XapNC10; (D) 

XapSC1f 
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Figure 1.5. Enlargement of XapNC10 plaques at A) 24 hours; B) 72 hours. 

A B 
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Figure 1.6. Electron micrographs of (A) XapNC2; (B) XapNC3; (C) XapNC10; (D) 

XapSC1f. 
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CHAPTER 2. Ecological Niches and Potential Evolutionary Role of Bacteriophages 

Infecting Xanthomonas arboricola pv. pruni. 

 

ABSTRACT 

 

Bacteriophages are ubiquitous, yet there is limited research assessing their 

evolutionary role with their bacterial hosts in nature.  Xanthomonas arboricola pv. pruni 

(Xap) causes bacterial spot on Prunus spp., including peach.  Peach trees as perennials allow 

monitoring of phage-bacterial interactions throughout the year as Xap survives on this host 

and causes epidemics during the growing season. The objectives of this research were to 

determine niches and times that phage can be found on peach trees from spring through 

dormancy, as well as to determine if bacterial sensitivity to the phages changed over the 18-

month monitoring period. Five bacterial spot diseased peach trees in two orchards were 

selected for sampling and five diseased leaves were sampled from each tree monthly during 

the growing season. Phages were also detected from defoliated, decomposing leaves in 

autumn and winter, diseased fruit, spring cankers, dormant buds, and from soil. Phages were 

most consistently isolated from attached diseased leaves, with 80% and 76% of samples 

containing phage in 2012 and 2013, respectively. Bacterial host sensitivity did not change 

over the monitoring period. Ten single-plaque-purified phage isolates caused lysis zones on 

20 Xap isolates that were isolated concurrently with the 10 phages from 2011-2013.  The 

Xap population remained sensitive to a continuous phage population although both microbes 

coexisted in common niches.  
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INTRODUCTION 

 

Bacterial spot was first described in Michigan on Japanese plum in 1902 (Smith, 

1903). It affects various Prunus species, including peach, nectarine, almond, apricot, and 

plum (Ritchie, 1995). Bacterial spot has been reported worldwide and is a quarantined 

pathogen in parts of Europe (Ritchie, 1995; Stefani, 2010).  

Bacterial spot is caused by the yellow-pigmented, gram-negative bacterium 

Xanthomonas arboricola pv. pruni (Xap) (Vauterin, 1995). Symptoms of bacterial spot occur 

on multiple tissues, including leaves, fruit, and twigs (Ritchie, 2005). On leaves, angular, 

water-soaked lesions are usually the first symptom observed on emerging tissue in spring. 

These lesions, initially 1-3 mm, expand and can eventually coalesce with other lesions, 

causing chlorosis of the leaves, as well as possible abscission of the lesions or defoliation of 

the leaves. This abscission of the lesions gives a shot-hole appearance. Symptoms also occur 

as lesions on the fruit. These lesions can form at various times of fruit development, with 

early season infections (prior to pit hardening) potentially resulting in lesions a centimeter or 

more in depth, while later season infections tend to be shallow (Ritchie, 2005).  

Another symptom of the disease is the formation of spring cankers, in which the 

previous year’s growth serves as an overwintering site for Xap. Dark, necrotic areas develop 

on the preceding year’s twig growth in late winter to early spring. Infection occurs when the 

pathogen enters twigs through leaf scars, and ultimately may be expressed as a spring canker 

during the late winter to spring (Ritchie, 1995). The pathogen may also survive epiphytically 

in association with dormant buds and in other protected niches of the tree (Shepard, 1994).  
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As with other bacteria, X. arboricola pv. pruni is susceptible to infection by bacterial 

viruses known as bacteriophages.  Bacteriophages were discovered independently in 1915 by 

F.W. Twort (Twort, 1915) and then in 1917 by Felix d’Herelle (d’Herelle, 1917); however, 

d’Herelle was the originator of the term bacteriophage (Duckworth, 1976). These bacterial 

viruses, also referred to as phages or bacterial virions, are conceivably the most abundant 

entities on the planet, with the global number of tailed phages alone estimated at 10
30

 

particles (Hendrix, 2002). Phages have a nucleic acid core that is encased in a proteinaceous 

capsid housing either single-stranded or double-stranded DNA or RNA (Gill, 2003). There 

are four common morphologies among phages: tailed, polyhedral, filamentous, and 

pleomorphic. Tailed phages are by far the most numerous, making up 96% of the total phage 

population (Ackermann, 2001).  

Phage can exhibit one of three life cycles. In the lytic life cycle, phage replication 

occurs immediately following infection and the bacterial host is lysed with release of new 

phage virions. Such phage are termed lytic. In the lysogenic life cycle, most infections result 

in immediate host lysis; however, during some infections, the phage genome is incorporated 

as a prophage into the bacterial genome, resulting in a bacterial lysogen. The phage genome 

is replicated with the bacterial genome until conditions trigger excision and replication of 

phage DNA and ultimately release of virions. Phage exhibiting the lysogenic life cycle are 

considered temperate (Haq, 2012). Filamentous phage differ in that their single-stranded 

DNA genome is replicated via a rolling circle mechanism and virions are assembled on the 

internal membrane of the host. After virion assembly, they form adhesion zones and are 
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extruded through the membrane without killing their host in most instances but do slow the 

growth of their host causing small, hazy plaques (Aksyuk, 2011; Marvin, 1998). 

While phages were initially discovered in 1915 and 1917, phages were not detected 

for Bacterium pruni (Xap) until 1928 (Anderson). Phage were isolated from soil beneath 

bacterial spot diseased peach trees, but not from diseased leaves. Research continued for 

several decades on the bacterial pathogen and its phages, focused mostly toward 

characterization of the phages. It was demonstrated that Xap phage would lyse host Xap 

regardless of the plant from which the bacterium was isolated; however, Xap phage did not 

lyse other Xanthomonas species, although these xanthomonads could only be differentiated 

from Xap through pathogenicity assays (Thornberry, 1948; Thornberry, 1949). More than 

200 strains of various Xanthomonas species tested against six Xap phages revealed only Xap 

to be lysed by the Xap phages. Three strains of Xap were not lysed by the phage, and it was 

determined that these strains were lysogenic (Eisenstark, 1955). 

Due to limited effective chemicals to treat various bacterial diseases in plants, as well 

as a growing interest in biological control, bacteriophages have been researched as a possible 

means of disease control. Phages have been isolated that infect several species of 

phytopathogenic bacteria, including Xanthomonas  campestris pv. vesicatoria, X. oryzae, 

Agrobacterium tumefaciens, Ralstonia solanacearum, and Erwinia amylovora, in the hopes 

of using these as viable plant disease control agents (Jones, 2007).  

Efficacy of Xap phage as control for bacterial spot of peaches has been evaluated 

previously (Civerolo, 1969). Experiments on cv. Sunhigh peach seedlings demonstrated that 

application of phage was successful in reducing disease only when phage were sprayed on 
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peach leaves prior to inoculation with Xap or incubated with Xap prior to inoculation. The 

average number of diseased leaves was reduced from 58% (non-inoculated control) to 21.6% 

when phage were applied before inoculation. Applying phage one hour after Xap inoculation 

reduced the average number of diseased leaves to 51.3% while applying phage 24 hours after 

Xap inoculation gave no reduction in disease severity (Civerolo, 1969). Additional 

experiments corroborated results indicating that co-inoculating Xap and phage reduced the 

amount of disease (Civerolo, 1973). This research indicated that while phage can be effective 

when exposed to their bacterial host within a short time, application of phage is relatively 

ineffective if bacteria have time to colonize and infect; therefore, the efficacy of phage as a 

disease control method may be very limited.   

The objectives of this research were to 1) determine the niches in which phages can 

be detected on peach trees, 2) determine times phages may be detected during an 18-month 

monitoring period, and 3) determine if bacterial host sensitivity to phages changes over the 

18 month monitoring period. 

 

MATERIALS AND METHODS 

 

Media. Sucrose peptone broth (SPB) [20.0 g sucrose, 5.0 g proteose peptone, 0.5 g 

potassium phosphate dibasic, 0.25 g magnesium sulfate, 1 L deionized water; autoclaved 30 

minutes] was used for growth of Xap cultures and for enrichment of phage. Three ml SPB 

were aliquoted into 15 ml glass tubes and autoclaved for 30 minutes. Tubes were stored in a 

plastic bag at 4ºC to prevent dehydration. Sucrose peptone agar (SPA) [SPB plus 15.0 g 

Difco Agar; Becton, Dickinson, and Co, Sparks, MD] was used to grow Xap isolates and for 
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the bottom layer of the two-layer agar plates. The agar for the top layer was made by 

dissolving 0.6 g agar in 100 ml deionized water and aliquoting three ml into 15 ml glass test 

tubes. Tubes were autoclaved for 30 minutes and stored in a plastic bag to prevent 

dehydration. Sterile deionized water (SDW) was autoclaved for 30 minutes.     

Phage Collection and Isolation. Samples were taken from peach trees in North 

Carolina at the Sandhills Research Station (SHRS) near Jackson Springs and from a grower’s 

orchard in Montgomery County approximately 15 km from the SHRS. At the SHRS, five 

trees exhibiting bacterial spot symptoms but not treated for the disease were selected as 

monitor trees for phage sampling. All five trees are the highly susceptible cultivar O’Henry. 

Two trees were located in orchard D2A3 and three trees were located in orchard B2E; the 

orchards were approximately 200 meters apart. Samples were collected from each tree 

monthly from May 2012 to October 2013, except in August 2012 and April 2013. Five 

diseased leaves were arbitrarily collected from each tree, with leaves spaced evenly around 

the canopy. Leaves were approximately 1.5 meters from the ground and leaves from each 

tree were combined into one sample. At the orchard in Montgomery County, three samples 

were collected during September 2012 from three locations within the orchard. All collected 

leaf samples were stored at 4
o 
C in plastic bags until assayed for phage and bacteria. X. 

arboricola pv. pruni strain Xap1 was used as the indicator host for all phage assays as well as 

enrichment of phage. Enrichment allowed detection of phages at low titre as adding host 

bacteria allowed phage replication to occur.  Xap1, isolated in 1984 from a nectarine spring 

canker, was selected as the indicator because its pathogenicity had been confirmed by 
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inoculation of peach leaves. Additionally, Xap1 has the typical colony characteristics of Xap, 

and in 1984 was shown to be sensitive to all pruniphages tested (Ritchie, unpublished). 

Attached and defoliated leaves. Non-enrichment and enrichment isolation methods 

were used. With the non-enrichment method, lesions were excised from the five leaves and 

diced with a sterile scalpel. Diced leaf samples from each tree were placed in a 150 ml flask 

with 25 ml SPB and placed on a shaker for 10 minutes at 28
o 
C. After incubation, 1.5 ml of 

broth were withdrawn without filtering and stored in sterile 1.7 ml microcentrifuge tubes. 

Enriched samples consisted of one 10 µl loopful of Xap1 added to the remaining broth in 

each flask; flasks were incubated for an additional six hours. After incubation, non-filtered 

1.5 ml of broth was stored in sterile microcentrifuge tubes at 4
o 
C. Beginning with September 

2012 samples, the non-enrichment wash method was used exclusively. Five leaves from each 

monitor tree were combined in a separate plastic bag with 10 ml SDW and lightly squeezed 

by hand. Leaves remained covered by water for 15 minutes at room temperature. After 

incubation, 1.5 ml of the suspension was removed, filtered with a 0.22 µm syringe-driven 

filter (Millipore Corporation, MA 01821), placed into sterile microcentrifuge tubes, and 

stored at 4˚C. During the non-enrichment wash and enrichment methods, one 10 µl loopful of 

broth or water was removed from the flask or bag prior to filtration. This was streaked onto 

SPA plates to assay for Xap. These plates were incubated for up to three days at 28
o
 C. Any 

Xap strains collected were stored at -80ºC for use in bacterial sensitivity assays. Phage 

suspensions isolated from various tissues were filtered with 0.22 µm syringe-driven filters, 

and 1.5 ml transferred to sterile microcentrifuge tubes and stored at 4ºC unless noted 

otherwise. All samples were stored approximately 1 to 5 days before assaying for phage. 



 

48 

Assays for phage also included individual diseased whole leaves and individual 

lesions from dissected leaves. For individual leaves, each leaf was washed in its own plastic 

bag with five ml SDW and incubated for 15 minutes at room temperature. For isolations from 

two-lesion samples, two leaf discs from the same leaf were removed using a sterile cork 

borer. These samples were stored in a microcentrifuge tube with 250 ul SDW. For single 

lesions, a sterile cork borer was used to cut out a disk containing the single lesion. Each leaf 

disk was placed into a sterile microcentrifuge tube with 250 µl SDW. Single leaf, two-lesion 

and single lesion samples were not filtered before storing. The non-enrichment wash method 

was used for decomposing leaves collected from the ground, with wash volumes ranging 

from 10 to 30 ml. The most decomposed leaves collected in late autumn/winter were washed 

with 30 ml as the leaves absorbed a large portion of water. These samples were filtered.   

Diseased fruit. Three sections containing lesions were removed from each of 17 

diseased peach fruit and washed in a 50 ml beaker with either three or six ml SDW for 

approximately five minutes. Samples from 2012 were not filtered while samples from 2013 

were filtered. 

Spring cankers. Necrotic bark from 34 spring cankers was removed using a sterilized 

scalpel. The bark was placed in microcentrifuge tubes with one ml of SDW. The tubes were 

vortexed for approximately five seconds and stored. 

Lateral nodes. For each of the five trees at the SHRS, 10 twigs per tree were removed 

and bulked into one sample per tree. Samples were only collected once during the dormant 

season for a total of five samples. Three lateral nodes consisting of two flower buds, one leaf 

bud, and the leaf scar were randomly removed from each twig with a sterile scalpel. These 
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tissues were placed in a sterile petri dish and diced. Five ml of SDW were added and allowed 

to sit for five minutes. Finally, 1.5 ml of each sample was filtered.  

Terminal buds and twigs. Five twigs were removed from each monitor tree, with the 

five twigs bulked into one sample. The dormant terminal bud was removed from each twig 

with pruners. These buds were placed in 125 ml flasks with five ml SDW. The twigs were 

cut into pieces with pruners and a composite of twigs from each tree was placed in separate 

flasks and 25 ml SDW were added. Flasks with terminal buds and flasks with twigs 

containing lateral nodes were incubated at room temperature for one hour, then 1.5 ml of 

each sample were filtered. All flasks were placed in the refrigerator overnight and allowed to 

warm to room temperature the following morning in order for bacteria to actively grow. One 

loopful of washate was streaked from each flask onto SPA plates prior to enrichment to assay 

for presence of Xap. An additional 1.0 ml of each sample was transferred to microcentrifuge 

tubes without filtering. Next, 2 ml of an Xap1 suspension were added to each flask of twigs 

and one ml of Xap1 culture was added to each flask of terminal buds. All flasks were placed 

on the shaker and incubated for four hours. After incubation, one ml of suspension was 

transferred to a microcentrifuge tube without filtering. For terminal buds, this procedure was 

repeated, but modified by cutting the buds into quarters in order to expose the internal tissue 

of the bud before adding them to the flasks. A total of 15 non-enriched samples and 20 

enriched samples were made from terminal buds and a total of 11 non-enriched samples and 

10 enriched samples were made from twigs. 

Soil samples. Soil was collected from four quadrants beneath the canopy dripline of 

each tree. One to two cm of surface soil was removed and the next several cm to a depth of 
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approximately 5 cm was placed in a plastic bag. Approximately 100g of soil were collected 

under each tree. One hundred ml of SDW was added to each bag and allowed to sit for one 

hour at room temperature. From each bag, 1.5 ml of the suspension was removed without 

filtering. The tubes were centrifuged at 10,000 rpm for five minutes to remove soil and one 

ml of supernatant was pipetted into sterile microcentrifuge tubes and stored at 4˚C. 

Additionally, one ml of a Xap1 culture grown overnight was added to each bag of soil. After 

the addition of Xap1, samples were incubated overnight at room temperature. Then 1.5 ml of 

the suspension was removed from each bag, centrifuged for five minutes at 10,000 rpm, and 

one ml of non-filtered supernatant was transferred to a microcentrifuge tube and stored. A 

total of five non-enriched samples and five enriched samples were made. 

Assaying for Phage. A spot method was used for initial phage assays. To make the 

culture for the bacterial host lawn, a three ml sterilized SPB tube was inoculated with 

approximately a quarter of a 10 µl loop of Xap1 taken from a culture grown on SPA. The 

broth tubes were placed on the shaker and incubated for three hours to achieve an 

exponentially growing culture with a cell density of approximately 10
8 

cfu/ml. For assays, the 

double-layer agar method was used. The top agar was remelted in storage tubes and tubes 

were placed into a Fisher isotemp dry bath and cooled to 45
o 
C. One hundred µl of the Xap1 

culture were pipetted into each tube and the mixture was gently swirled. Contents were 

immediately poured onto separate SPA plates with a labeled grid on the bottom and rocked to 

ensure even plate coverage. After pouring, agar plates dried on the bench for 30 to 60 

minutes. Once the plates were dry, 10 µl of each phage sample were spotted onto the agar 

surface using the grid on the plate as a guide. Plates were incubated overnight at 28
o 
C and 
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checked for phage presence after 24 hours. Samples with phage formed an area of lysis or a 

clear margin around the spotted area, while negative samples did not. 

Assaying Asymptomatic Leaves for Phage.  Asymptomatic leaves were collected 

from two bacterial spot diseased trees. Five leaves were collected from both the highly 

susceptible cultivar O’Henry and the resistant cultivar Clayton. Five leaves were combined 

as one sample. The leaves were either asymptomatic with no visible lesions or had a few 

lesions. If leaves contained lesions, these lesions were excised before washing. Leaves were 

washed as described previously. A spot assay was then performed as previously described in 

order to test for presence of phage. Diseased leaves from cultivar Clayton variety were 

similarly assayed for presence of phage. 

Bacterial Host Sensitivity Assays. Ten single-plaque-purified phage isolates 

collected from the five monitor trees at the SHRS and trees from growers’ orchards were 

selected to assess if bacterial host sensitivity to phages changed over the course of the 18- 

month monitoring period. Twenty Xap isolates had been isolated concurrently with the 

phages (2011-2013) and stored in 20% glycerol at -80ºC. Lawns were made for each isolate 

and phage isolates were spotted using the methods previously described. 

 

RESULTS 

 

 Phage Assays. Attached and Defoliated Leaves. Attached leaves from the five 

monitor trees were collected at least once a month during the growing season, excluding 

August 2012 and April 2013. Presence of phage was indicated by lysis of an Xap1 lawn. For 

non-enriched isolations from the 2012 growing season, 80% (32 of 40) of samples were 
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positive for phage from attached leaves (Table 1A). During the 2013 growing season, 

attached leaf samples were taken each month from May to October. Seventy-six percent (38 

of 50) of these samples were positive for phage (Table 1B). Enriched samples were used 

from May to September 2012 and 84% (21 0f 25 samples) were positive for phage (Table 2). 

Five diseased leaves from each monitor tree were tested individually for a total of 25 leaves. 

Fourteen (56%) of the individual leaf samples were positive for phage: tree 1 had three 

positive leaves, tree 2 had five positive leaves, tree 3 had three positive leaves, tree 4 had one 

positive leaf, and tree 5 had three positive leaves (Table 3). Phage were consistently isolated 

from leaves ranging from 10
4
 to 10

6 
pfu/ml. In addition to testing individual whole leaves for 

phage, individual lesions were tested. Two lesions per individual leaf were excised and 

assayed for phage. Of 23 leaves, lesions from 21 leaf suspensions caused lysis zones. Single 

lesions were also assayed for phage with 76% of the single-lesion samples (13/17) causing 

lysis zones on the Xap1 lawn. For defoliated decomposing leaves collected from the soil 

surface, 100% (25/25) of the samples were positive for phage (Table 4).   

 Other Tissues. Seventeen individual diseased fruit samples were assayed for phage. 

Eight fruit samples were positive, while nine samples were negative for phage. Additionally, 

thirty-four spring cankers were assayed for presence of phage. Only two of the 34 were 

positive for phage. Furthermore, five samples of 30 lateral nodes (buds and leaf scar tissue) 

per sample were assayed for presence of phage. None of the lateral node samples were 

positive for phage. Furthermore, none (15/15) of the non-enriched terminal bud samples were 

positive for phage, while five of 20 enriched terminal bud samples were positive for phage. 

One of 11 non-enriched twig samples was positive for phage, while none (10/10) of the 
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enriched twig samples were positive for phage. Moreover, four of five non-enriched soil 

samples were positive for phage, while five of five enriched samples were positive for phage 

(Figure 1). 

  Assaying Asymptomatic Attached Leaves for Phage. No phage were detected from 

the asymptomatic leaf sample from either cultivar O’Henry or Clayton when spotted onto an 

Xap1 lawn. The diseased leaf sample from Clayton caused a clear lysis zone on the Xap1 

lawn. 

 Bacterial Host Sensitivity Assays. The 10 phage used for bacterial host sensitivity 

assays caused lysis on 20 of 20 (100%) bacterial strains isolated concurrently with the phages 

over the 18-month monitoring period (Table 5).  

 

DISCUSSION 

 

Bacteriophages were detected in multiple tissue types over the 18-month monitoring 

period. Phages were detected most consistently in diseased leaves, but were also detected 

readily in diseased fruit. Spring cankers did not appear to be reservoirs for phage despite 

these cankers functioning as overwintering sites for bacteria. In fall, numbers of colonizing 

bacteria may be few or phages may not successfully infect. These cankers are sites from 

which bacteria in early spring are disseminated to infect growing portions of the tree. It 

would seem likely phage would be detected where their bacterial hosts can be found, 

particularly as spring cankers form early in the growing season. Additionally, isolations from 

spring cankers early in the season yield abundant and essentially pure cultures of Xap; thus it 

would seem logical that phage could be detected in these spring cankers, but they were not. It 
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is possible that while spring cankers are the result of infection by Xap, these tissues are not 

conducive for the production of phage. Diseased leaves are the most constant symptom of 

bacterial spot on peaches and phage detection parallels the occurrence of lesions on leaves.   

Differences were seen between the same trees from 2012 to 2013. In 2012, tree 4 was 

negative for phage until 26 July, while in 2013 this tree was only negative for phage until 23 

May. Tree 1 also showed differences between the two seasons, being positive for phage 

every sample period during 2012, but negative for phage until 13 June 2013. Once detected, 

phage continued to be detected throughout the season. Isolation from individual lesions 

indicates that phage are actually associated with the lesions as opposed to only occurring on 

the surface of the leaf, which is reinforced by a lack of phage from asymptomatic leaves or 

leaves in which lesions were removed. It is possible phage may not survive on the leaf 

surface. Phage are at risk of deterioration from environmental factors, including UV 

irradiation, copper bacteriocides, temperature, and dessication. UV irradiation in particular 

can cause significant decreases in phage populations, as was observed on tomatoes when 

non-formulated phage applied as a spray in early morning were absent in the later afternoon 

(Iriarte, 2007). Therefore it seems likely that phage are actually associated with bacteria in 

lesions as environmental factors may make it difficult for their continued existence on the 

leaf surface. It is interesting to note that Anderson did not find phage when sampling from 

leaves, but was successful in isolating phage from soil gathered beneath infected trees 

(Anderon, 1927), while later research reported isolation of phage from leaves (Civerolo, 

1969) as also is reported in research here.   
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Attempts at isolation of phage from woody portions of the trees resulted in very low 

recovery of phage. In fact, assays of non-enrichment samples of nodes (dormant lateral buds 

and leaf scar) and non-enriched terminal buds resulted in no phage detection. Enrichment of 

terminal buds was successful in increasing the occurrence of phage detection but the effect 

was somewhat slight as only a quarter of terminal bud samples tested were positive for phage 

compared to the non-enrichment samples. The difference of phage detection between foliar 

tissue and woody tissue could result from a much greater number of bacteria readily found on 

leaves and fruit during the growing season. Phage replication is a function of state of the host 

bacterium and if bacteria are inactive during the dormant season, phage replication may be 

halted or slowed until conditions are most suitable for their host, particularly during the 

growing season.  

It is possible that these Xap phage exhibit lysogeny or pseudolysogeny. While no 

laboratory experiments were conducted to confirm a lysogenic state, lack of phage during the 

dormant period followed by their consistent detection during the growing season raises the 

idea that these phage may be exhibiting some sort of latency until conditions are more 

suitable for host survival. Pseudolysogeny, in which the phage DNA unstably persists in the 

bacterial host cell without being incorporated into the genome, is a possible explanation of 

how these Xap phage infect their host so readily when they are mostly absent during the 

dormant period (Ripp, 1997).  

 Ten phage strains were selected to determine if bacterial host sensitivity changed over 

the 18-month monitoring period. Phages were selected based on the location of the orchard 

and date of isolation, as well as plaque morphology. Six of the phage [XapNC1, XapNC4, 
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XapNC5, XapNC6, XapNC8, XapNC9] were isolated from Tree 1 beginning 22 May and 

continuing through November 1, 2012. Two additional phage [XapNC3 and XapNC2] were 

isolated from other trees in the B2E orchard in 2012. Phage XapNC7 was isolated in 

September 2012 from a grower’s orchard in North Carolina. Phage XapSC1 was isolated in 

June 2011 from a grower’s orchard in South Carolina. All of these phages except XapNC2 

produce large, clear plaques similar to XapNC3 which produces plaques with an average 

diameter of 2.46mm at 24 hours. 

Twenty Xap isolates were isolated concurrently with the phages from 2011-2013. 

Nine of these were isolated from trees in orchard B2E, nine were from trees in orchard 

D2A3, and two were from trees in growers’ orchards in North Carolina and South Carolina. 

Bacterial isolates were used from both SHRS orchards in order to assess if bacterial 

sensitivity changed during the monitoring period. All 20 Xap isolates were lysed by phage 

regardless of date or orchard of isolation. The results indicate that bacteria remained sensitive 

to infection by phage throughout the growing season and 18-month monitoring period. If Xap 

strains resistant to the phages did occur, they did not increase to level of detection. These 

results are somewhat surprising as Civerolo observed that different Xap phage isolates did 

not lyse all Xap isolates assayed (Civerolo, 1973). Civerolo postulated that the bacteria may 

be concealed from phages, therefore phage are unable to adsorb to the host and initiate 

replication. Some bacteria must be continuing to propagate the phage population, however, 

as phage are readily isolated once symptoms and apparently the bacterial population reaches 

an appropriate density.  
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Results are also corroborated by a 2006 experiment in which bacteria remained 

sensitive to applied phage despite continuation of disease. Disease was not reduced after 11 

spray applications of formulated bacteriophage. Additionally, assays conducted at the end of 

the season revealed bacteria isolated from diseased foliage to be sensitive to these formulated 

phages. Phage were also isolated from the foliage (Ritchie, 2007). Interestingly, it was 

observed that phage-resistant bacteria occurred in laboratory experiments after as little as one 

or two exposures to phage. 

While Xap remained sensitive to the phages over the 18-month monitoring period, 

diseased leaves were observed both in 2012 and 2013. Earlier work demonstrated that disease 

could be reduced if phage were sprayed onto peach leaves just prior to Xap inoculation, but 

that disease was just as severe as with non-inoculated controls if phage were applied after 

Xap inoculation. It seems unlikely that phage would be an effective means of disease control 

in peach orchards as phage-sensitive Xap populations are observed, yet the disease epidemic 

continues throughout the growing season.   

In conclusion, apparently Xap remains sensitive to bacteriophage over the growing 

season although infective phages can be readily isolated in association with phage-sensitive 

host bacteria. This would seem counter-intuitive as a continually sensitive bacterial 

population should be eliminated by phage causing a selection for phage-resistant bacteria to 

increase in population number that should be detectable, yet sensitive Xap populations were 

repeatedly isolated along with phage. It is possible spatial refuges exist in which sensitive 

Xap are beyond reach of phage, as spatial refuges have been determined in laboratory 
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experiments with bacteria and phage (Schrag, 1996). Furthermore, it is possible phage-

resistant Xap do not survive as well as sensitive Xap due to a fitness penalty.     
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Table 2.1. (A) Detection of phage from attached diseased leaves during 2012 using the non-

enrichment isolation method. B) Detection of phage from attached diseased leaves 2013 

using the non-enrichment isolation method. Trees 1-3 were in orchard B2E; trees 4 and 5 

were in orchard D2A3. A (+) indicates lysis occurred, while a (-) indicates no lysis occurred. 

 

  

A. 

2012 Tree 

 1 2 3 4 5 

22 May + + - - - 

5 June + + + - + 

21 June + - + - + 

5 July + + + - - 

26 July + + + + + 

13 September + + + + + 

4 October + + + + + 

1 November + + + + + 
 

 

B. 

2013 Tree 

 1 2 3 4 5 

7 May - - - - - 

14 May - - - - + 

23 May - - + + + 

5 June - + + + + 

13 June + + + + + 

27 June + + + + + 

18 July + + + + + 

27 August + + + + + 

24 September + + + + + 

23 October + + + + + 
 



 

62 

Table 2.2. Detection of phage from attached diseased leaves from 2012 growing season 

through enrichment. Trees 1-3 were in orchard B2E; trees 4 and 5 were in orchard D2A3. A 

(+) indicates lysis occurred, while a (-) indicates no lysis occurred. 

 

 

  

2012 Tree 

 1 2 3 4 5 

22 May + + + - - 

5 June + + + - + 

21 June + + + - + 

5 July + + + - + 

26 July + + + + + 
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Table 2.3. Detection of phage from individual leaves, July 2012. Trees 1-3 were In orchard 

B2E; trees 4 and 5 were in orchard D2A3. Trees 1-3 were in orchard B2E; trees 4 and 5 were 

in orchard D2A3. A (+) indicates lysis occurred, while a (-) indicates no lysis occurred. 

 

 

 

Leaf Tree 1 Tree 2 Tree 3 Tree 4 Tree 5 

1 + + + - + 

2 + + - + - 

3 - + - - - 

4 - + + - + 

5 + + + - + 
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Table 2.4. Detection of phage from individual leaves, two lesions per leaf, and single lesions 

per leaf, August 2012. 

 

 

 Individual Leaves Two Lesions Single Lesion 

Positive 15 19 13 

Negative 10 4 4 

Number of Samples 25 23 17 
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Table 2.5. Lysis of 2011-2013 Xap isolates by the 10 phage isolates. A (+) indicates lysis, while a (-) indicates no lysis. 

 

 

  

Phage Isolate and Date of Isolation 

Xap Isolate and Date of 

Isolation 
XapSC1 

17 Jun 2011 

XapNC1 

22 May 2012 

XapNC2 

22 May 2012 

XapNC3 

05 Jun 2012 

XapNC4 

21 Jun 2012 

22312-T3 

23 Feb 2012 
+ + + + + 

R1T3 030812 

08 Mar 2012 
+ + + + + 

B2E 9-042612 

26 Apr 2012 
+ + + + + 

B2E-1-19-052212 

22 May 2012 
+ + + + + 

AMS 45 

26 July 2012 
+ + + + + 

AMS 53 

13 Sep 2012 
+ + + + + 

AMS 66 

01 Nov 2012 
+ + + + + 

Xap 126 

June 2011 
+ + + + + 

AMS 58 

13 Sep 2012 
+ + + + + 

RubiPrince 100412 

04 Oct 2012 
+ + + + + 

D2A3-1-6-091312 

13 Sep 2012 
+ + + + + 

AMS 57 091312 

13 Sep 2012 
+ + + + + 

AMS 64 100412 

04 Oct 2012 
+ + + + + 

AMS 65 100412 

04 Oct 2012 
+ + + + + 
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Table 2.5 (continued). 

  
AMS 69 110112 

01 Nov 2012 
+ + + + + 

AMS 70 110112 

01 Nov 2012 
+ + + + + 

AMS 47 072612 

26 July 2012 
+ + + + + 

AMS 120 051413 

05 May 2013 
+ + + + + 

AMS 127 060513 

05 Jun 2013 
+ + + + + 

AMS 133 061313 

13 Jun 2013 
+ + + + + 

 XapNC5 

26 July 2012 

XapNC6 

13 Sep 2012 

XapNC7 

13 Sep 2012 

XapNC8 

04 Oct 2012 

XapNC9 

01 Nov 2012 

22312-T3 

23 Feb 2012 
+ + + + + 

R1T3 030812 

08 Mar 2012 
+ + + + + 

B2E 9-042612 

26 Apr 2012 
+ + + + + 

B2E-1-19-052212 

22 May 2012 
+ + + + + 

AMS 45 

26 July 2012 
+ + + + + 

AMS 53 

13 Sep 2012 
+ + + + + 

AMS 66 

01 Nov 2012 
+ + + + + 

Xap 126 

June 2011 
+ + + + + 
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Table 2.5 (continued). 

 

  

AMS 58 

13 Sep 2012 
+ + + + + 

RubiPrince 100412 

04 Oct 2012 
+ + + + + 

D2A3-1-6-091312 

13 Sep 2012 
+ + + + + 

AMS 57 091312 

13 Sep 2012 
+ + + + + 

AMS 64 100412 

04 Oct 2012 
+ + + + + 

AMS 65 100412 

04 Oct 2012 
+ + + + + 

AMS 69 110112 

01 Nov 2012 
+ + + + + 

AMS 70 110112 

01 Nov 2012 
+ + + + + 

AMS 47 072612 

26 July 2012 
+ + + + + 

AMS 120 051413 

05 May 2013 
+ + + + + 

AMS 127 060513 

05 Jun 2013 
+ + + + + 

AMS 133 061313 

13 Jun 2013 
+ + + + + 
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Figure 2.1. Tissue types assayed for presence of phage. Non-enriched and enriched isolations are combined. 
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