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Citrus canker, incited by Xanthomonas axonopodis pv. citri and X. axonopodis pv. 

aurantifolii, is one of the most damaging citrus diseases in the world. Citrus canker was 

reintroduced to Florida in the 1990s and threatens the state’s $9 billion citrus industry. This work 

focused on a biological control approach to use bacteriophages for reducing bacterial pathogen 

populations and disease severity on citrus. Bacteriophages isolated from citrus canker lesions in 

Florida and Argentina were evaluated based on plaque morphology, chloroform sensitivity, host 

range, genome size, DNA restriction profile and virion morphology. The phage isolates showed a 

lack of diversity, as 61 of 67 bacteriophages were nearly identical and the remaining six were 

identical to each other. Mixtures of bacteriophages were evaluated for controlling citrus canker 

in greenhouse trials in Florida and in nursery trials in Argentina. Bacteriophages reduced citrus 

canker disease severity both in greenhouse and field trials. The level of control was inferior to 

chemical control with copper bactericides. The combination of bacteriophage and copper 

treatments did not result in increased control. Citrus canker field trials in Florida have been 

prohibited until recently, as the disease was under eradication. For this reason we evaluated the 

efficacy of phage treatment on a similar bacterial citrus disease, citrus bacterial spot, incited by 

X. axonopodis pv. citrumelo. Bacteriophages reduced citrus bacterial spot severity. The level of 
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control was equal or inferior to chemical control with copper bactericides. The combination of 

bacteriophage and copper treatments did not result in increased control. In experiments 

monitoring the fate of bacteriophages on the citrus foliage following bacteriophage application, 

phage populations stayed steady on the foliage during nighttime but were drastically reduced 

within hours after sunrise. The rate of reduction varied among the phages. The ability of 

bacteriophages to multiply on the plant foliage in the presence of their bacterial host was 

investigated. Phages varied in their ability to multiply, and the ones that successfully increased in 

populations on the bacterial host on the leaf surface also reduced disease severity, whereas the 

ones that were unable to multiply in the target environment did not reduce disease severity. In 

summary, bacteriophages show significant promise as part of an integrated management strategy 

for controlling citrus canker. 
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CHAPTER 1 
CITRUS CANKER 

The Citrus Industry 

Citrus species originate from the southeast Asia-India region. They were introduced to the 

Americas by Portuguese and Spanish explorers in the 16th century (21). Today citrus is produced 

in 140 countries (122), mainly between the North and South 40º latitudes (121), and citrus fruits 

are first among fruit crops in the international trade based on value (122). Citrus production has 

been on the rise throughout the second half of the 20th century, and the total citrus production of 

the world is around 105 million tons per year (122). Orange (Citrus sinensis) accounts for almost 

two thirds of the total citrus production (65%), followed by tangerine (C. reticulata) (21%), 

lemon (C. limon) (6%) and grapefruit (C. paradisi) (5.5%) (124). Other significant commercially 

grown species are lime (C. aurantifolia), pummelo (C. grandis) and citron (C. medica). The 

largest citrus producers are Brazil (20%), United States (14%), China (12%), Mexico (6%) and 

the countries of the Mediterranean Basin (15%) (122). Most citrus fruits are produced for fresh 

market consumption and only around 30% is processed (122). Most of the processing is orange 

juice production that is carried out almost exclusively in São Paulo state of Brazil and in Florida 

(122). 

Citrus is a perennial evergreen with around 50 years of commercial production (121). 

While originally it was grown on its own root system, in modern commercial production the 

producing plants are grafted onto rootstocks (121). Rootstocks influence adaptation to soil types, 

tree size, production characteristics and can provide cold hardiness and resistance to diseases, 

nematodes and insects (53, 54, 105, 111). Some important rootstock species are sour orange (C. 

aurantium L.), trifoliate orange (Poncirus trifoliata) and citrumelo (C. paradisi ×P. trifoliata) 

(111). 
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The total citrus production of the United States was 11.6 million tons ($2.68 billion value) 

in the 2005-06 growing season (125). Florida is the biggest citrus producer in the country 

providing 68% of the total production, followed by California (28%), Texas (4%) and Arizona 

(4%).  

Florida’s $9 billion citrus industry (49) is in a rather precarious situation presently. It was 

heavily hit in 2004 and 2005 by hurricanes; as a result the total citrus production fell 40% 

compared to the pre-hurricane 2003-04 season and the producing area shrunk to the lowest since 

1994 with 576,400 bearing acres (125). Another effect of the two consecutive extreme hurricane 

seasons was the large scale dissemination of the citrus canker bacterium throughout the state, 

which eliminated hopes of eradicating the disease (34). The permanent presence of citrus canker 

is expected not only to reduce production volume, increase prices and cause market losses (139), 

but also to completely eliminate grapefruit production from the state (49). Moreover, citrus 

greening, another devastating citrus disease, was detected in Florida in 2005 (60) and is known 

to be present in 12 counties in south Florida (36). Citrus greening is caused by a phloem limited 

bacterium, Liberibacter asiaticus, and unlike citrus canker it kills the infected trees (60). Due to 

its epidemiology and the presence of its vector, the Asian citrus psyllid (Diaphorina citri) in 

Florida, its eradication is not feasible (35). 

Symptoms, Etiology and Epidemiology 

Citrus canker is one of the most devastating diseases affecting citrus production worldwide 

(49). Its center of origin is the southeast Asia-India region (21), similar to its host plants. By the 

20th century it was present in most citrus growing areas around the globe: Asia, South and 

Central Africa, North and South America, Australia, New Zealand and the Pacific islands (71).  

Citrus canker causes erumpent lesions on fruit, foliage and young stems (Figures 1-1, 1-2, 

1-3) (21). The earliest symptoms on leaves are minuscule, slightly raised blister-like lesions that 
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appear around 7 days after inoculation under optimum conditions (Figure 1-1). Optimum 

temperature for disease development is 20-30°C (71). The lesions expand over time and their 

color turns light tan and then tan-to-brown (49). Subsequently, water-soaked margins appear 

around the lesions frequently surrounded by a chlorotic halo (Figure 1-2) (49). The center of the 

lesion becomes raised and corky and the touch of the lesions feels like sand paper (106). 

Eventually the lesions form a crater-like appearance (106) and in some hosts they fall out leaving 

a shothole appearance (106). Severe disease can cause defoliation (47), dieback and fruit drop 

(49, 71). 

A single, plasmid-encoded bacterial protein, PthA, is responsible for inciting the symptoms 

(30). It is delivered into the cytoplasm of plant cell by the type 3 secretion system of the 

pathogen, from where it is transported into the nucleus (136). This protein is believed to be 

important in inciting cell division, cell enlargement and cell death (20, 30). 

The bacterium multiplies to high populations in the lesions and in the presence of free 

moisture the cells will ooze out to the plant surface. Rain water collected from diseased leaves 

contains high bacterial concentrations ranging from 104 to 105 cfu/mL (108). The inoculum is 

then dispersed by wind driven rain to new growth on the same plant or to other plants (19,49). 

Wind blown inoculum was disseminated up to 32 meters in Argentina (107); however, in Florida 

rainstorms move the pathogen much further with estimates of up to 7 miles (50). Long distance 

spread of inoculum occurs mostly as a result of human involvement either by moving diseased 

plant material or on contaminated equipment (50). Extreme weather conditions, such as 

hurricanes and tornadoes have also been shown to facilitate long distance disease spread (51,57).  

Bacteria enter the tissues through stomatal openings (48,49) or wounds. Wind speeds 

above 18 mph aid in penetration of bacterial cells through the stomatal pores (48). Wounding 
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often occurs by thorns, blowing sand or insect damage (49). Asian leafminer (Phyllocnistis 

citrella), an insect that was introduced to Florida in 1993, creates wounds that expose the 

mesophyll tissues allowing entry of bacterial inoculum (Figure 1-4, 1-5) (51). Leafminer itself is 

not a vector of the disease (17), but its actions can lead to significant field infection even on 

highly resistant cultivars and species (49). 

Bacteria multiply in the expanding lesions (49) and survive only in the margins of old 

lesions. The pathogen persists in lesions in the leaves or fruits until the tissues decompose; 

however, long term survival, up to a few years, occurs in lesions in woody tissues (49). Outside 

of plant tissues the bacterium is quickly eliminated by desiccation or sunlight irradiation (49), 

and it cannot survive longer than a few days in the soil, probably due to competition with 

saprophytes (43). 

The two main determinants of host susceptibility are the stage of leaf expansion and the 

resistance of mesophyll tissue (48,58). All above ground citrus tissues of susceptible genotypes 

are sensitive when they are young, especially at the second half of the expansion phase of growth 

(108). 

Disease Impact 

Citrus canker impacts the citrus industry on several levels. It reduces both fruit yield and 

quality. While yield reduction has an effect in all spheres of citrus production, the quality 

problems affect mostly the fresh fruits as the blemishes caused by the disease (Figure 1-3) render 

the fruit aesthetically undesirable and thus unmarketable (50). Additional economic damages 

result from market losses due to the disease exclusion policies in canker-free citrus growing 

regions. Those regions and countries where citrus canker is not present ban importation of fruits 

from canker inflicted areas because of the fear of introduction of the pathogen (50). Furthermore, 

if citrus canker becomes endemic, commercial production of the most susceptible citrus species, 
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such as grapefruit, will cease as it becomes impossible to grow them profitably (50). More 

resistant species such as tangerines will likely take their place (71,103). 

Disease Management 

Countries that are free of citrus canker apply quarantine measures to stop the introduction 

of the pathogen. As a disease exclusion measure, they prohibit importation of fruits and plant 

material from canker inflicted areas (50). Introduction of the disease is generally met by 

eradication programs in which all infected and exposed citrus is destroyed (50). The disease was 

subject to eradication with varying degrees of success; it was successfully eradicated from 

Mozambique, New Zealand, Australia, South Africa, the Fiji Islands and twice from the US, 

while eradication efforts failed in Argentina, Uruguay, Paraguay, and more recently in Florida 

(98,103,106). The disease is currently under active eradication in Australia and São Paulo state 

in Brazil (39,103). In endemic situations the emphasis has shifted to implementing integrated 

management programs (76). The disease is under management in all Asian countries, Argentina, 

Uruguay, Paraguay, several states of Brazil and Florida (49,76,109). These programs rely on 

• planting resistant citrus cultivars (76),  
• production of disease-free nursery stock by locating nurseries outside of citrus canker areas 

and/or indoors (Figure 1-6) (76), and 
• restricting disease spread by establishing windbreaks (Figure 1-7) and fences around 

groves, using preventative copper bactericides (76,109) and by controlling Asian 
leafminer.  

 
Additionally, in order to ensure that fresh fruit destined for internal and export markets is 

disease free, producing groves are regularly inspected for the presence of citrus canker and 

sanitation protocols are established in the packing houses (75).  

Genetic Variation of the Pathogen 

Citrus canker is not a disease caused by a single pathogen but rather a of group similar 

diseases caused by closely related Xanthomonas species (49). The Asiatic type (Canker A) is 
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caused by X. axonopodis pv. citri (Xac) strains that originated from Asia. This is the most 

geographically widespread pathogen, which also has the widest host range and by far the biggest 

impact. Almost all commercially grown citrus varieties are susceptible to this bacterium to a 

certain level. Grapefruit, Key lime and lemon are most susceptible. Sweet oranges range from 

highly susceptible (Hamlins and Navels) to moderately susceptible (Valencias). Tangerines and 

mandarins are moderately resistant while only calamondin (C. mitus) and kumquats (Fortunella 

spp.) are highly resistant. The B type of citrus canker (cancrosis B or false canker) was present in 

Argentina, Uruguay and Paraguay (103) from the 1920s to 1980s, and eventually was eliminated 

by strains of the A pathotype. The causal agent, X. axonopodis pv. aurantifolii (Xaa) , has 

limited host range compared to canker A: it is only pathogenic on lemon, Key lime, sour orange, 

and pummelo. It was not pathogenic on grapefruit. The C type of citrus canker (cancrosis C) is 

also caused by X. axonopodis pv. aurantifolii. It has only been found in São Paulo state in Brazil 

and its only two known hosts are Key lime and sour orange. A fourth group of strains (A* 

pathotype) was isolated in southwest Asia in the 1990s (126). These strains constitute a subgroup 

of the A pathotype, X. axonopodis pv. citri, but their host range is limited to Key lime (5). The 

different pathotypes can be distinguished by host range, cultural and physiological characteristics 

(49), bacteriophage sensitivity (21), serology (6), plasmid fingerprints (94), DNA-DNA 

homology (32), and by various RFLP and PCR analyses (26). 

Citrus Canker in Florida 

Citrus canker was first introduced into Florida in 1912 on rootstocks imported from Japan 

(29). It spread to all Gulf states between Texas and South Carolina. A strict eradication program 

was implemented and the disease was eliminated from Florida by 1933 and from the entire 

United States by 1947 (29). The second eradication program began in 1984, when Xanthomonas 

was isolated from lesions from nursery stock (102,103). Research later showed that this pathogen 
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differed from xanthomonads causing citrus canker. The bacterium was determined to be 

endemic, exclusive to Florida, and considerably less aggressive than Xac (103,106). The disease 

was named citrus bacterial spot (CBS), the pathogen was named X. axonopodis pv. citrumelo, 

and the eradication efforts for CBS were cancelled in 1990 (103). By that time 20 million citrus 

plants were destroyed and $94 million was spent (103). In 1986 genuine citrus canker was 

discovered in the Tampa Bay area. An eradication effort was begun and the pathogen was 

declared eradicated in 1994 (103). Another introduction was discovered in urban Miami in 1995. 

The pathogen, called Miami genotype, is determined to be genetically related to Xac strains from 

several geographical areas from Southeast Asia and South America (50). The Miami genotype 

later spread throughout the state despite the eradication program (26,103) and was responsible 

for the majority of post 1997 outbreaks (50). In 1997 there was a new outbreak in the Tampa Bay 

area. The pathogen, called Manatee genotype, was identical to Xac strains from China and 

Malaysia, based on rep-PCR analysis (26). Also, it was indistinguishable from Xac strains that 

caused the outbreak in the 1980s in the Tampa Bay region (26,103), implying that the earlier 

eradication effort was not successful. Interestingly, the Manatee genotype disappeared again in 

1999 and then reappeared in 2005 (113). In 2000, a new genotype of Xac was identified and was 

designated the Wellington genotype. It was discovered in the Palm Beach area. Its host range 

was limited to Key Lime (114). Wellington genotype is closely related to the A* strains and thus 

likely originates from South-west Asia (26). It was later determined that the inability of this 

genotype to infect grapefruit was due to the presence of an avirulence gene, avrGf1, in its 

genome (98). The latest introduction of an exotic strain was in 2003 in Orange County. These 

strains were found in a residential area on an Etrog citron tree (Citrus medica) that was probably 
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brought to Florida from Pakistan illegally (Etrog genotype) (X. Sun, D. Jones, R.E. Stall, 

personal communication). 

Citrus Canker Eradication Program 

The Citrus Canker Eradication Program (CCEP) was established in 1995 in response to the 

Miami outbreak by the Florida Department of Agriculture and Consumer Services (FDACS), 

Division of Plant Industry (DPI) and the USDA, Animal and Plant Health Inspection Service 

(APHIS) (49). The original quarantine area was 14 square miles in the urban Miami area (103). 

After the discovery of citrus canker in the Tampa Bay area in 1997, the quarantine area was 

extended to that region as well (49). Citrus trees infected by the disease or located within the 

exposure area were uprooted and burned in the commercial groves, or cut down and chipped in 

urban areas (49). The exposure area was originally 125 feet radius of a diseased tree, based on 

data collected from Argentina (108). Later research showed that the inoculum spreads further 

than 125 feet under the Florida conditions (50,51), and the exposure radius was extended to 1900 

feet in January 2000 based on epidemiological data collected in the Miami area (50,51). The 

eradication program was hindered by strong public resistance; the ensuing legal battles often 

delayed the surveying and tree removal (103). The legal challenges were overcome in spring 

2004, but then the hurricanes of 2004 and 2005 spread the pathogen from areas awaiting 

eradication widely throughout the citrus growing area. On January 10, 2006, APHIS 

discontinued the CCEP (24,123), because its continuation in the new situation was judged 

infeasible (i) due to financial constraints associated with the tree removal and reimbursement 

programs, and (ii) because the citrus industry could not survive the loss of such a large 

production area (24,123). During the program 16.5 million trees were destroyed, including 11.3 

million trees from commercial groves, equaling 15% of the total bearing acreage (34). The total 

costs of CCEP exceeded $600 million (138). In March 2006 APHIS released a Citrus Health 
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Response Plan, which outlined procedures for managing citrus production in the permanent 

presence of the disease (34). 

The impact of living with the endemic citrus canker situation in the Florida is estimated at 

$254.2 million annually (139) and may result in elimination of grapefruit production (49). The 

acceptance of citrus canker as an endemic disease will also result in losses in interstate and 

international commerce of the state’s fresh citrus fruit, which currently represents 20% of the 

state’s $9 billion dollar citrus industry (88). 

Bacteriophages Associated with Citrus Canker 

There are several reports on bacteriophages found in association with citrus canker. Phages 

CP1 and CP2 have been isolated in Japan (45). Goto found that both CP1 and CP2 had wide host 

ranges and more than 97% of Xac strains present in Japan were sensitive to one of these two 

phages (44). In fact, the Japanese Xac strains comprised two groups: the strains in the first one 

originated mostly from Unshu orange (Citrus unshu) and were sensitive to CP2 only, whereas 

the members of the second group had a variety of hosts and were sensitive only to CP1. These 

phages have been used for detection of the pathogen (45). Bacteriophage CP3, which was also 

isolated in Japan, had a tadpole shape with a spherical head and long tail (46). Goto et al. (46) 

found that strains of the B pathotype (X. axonopodis pv. aurantifolii) could be distinguished from 

type A strains (Xac) based on sensitivity to phage CP3, with all B strains being sensitive to CP3 

and all A strains being resistant. Canker C strains were differentiated from canker A strains by 

their resistance to both CP1 and CP2 (106).  

Filamentous phage Cf was isolated in Taiwan (27). It has a very narrow host range (44), 

contains single stranded DNA that is approximately 1 kb long, produces small and clear plaques 

and is a temperate phage (27). The product of pilA gene, a type 4 prepilin of the host bacterium is 

required for infection of Cf (27). Phages CP115 and CP122, isolated from citrus canker lesions 
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in Taiwan, tested for their ability to lyse Taiwanese strains of Xac, lysed 97.8% of them when 

used in combination (135). These phages, however, did not lyse Xanthomonas strains that did not 

cause citrus canker, or any other bacteria tested. The authors concluded that these phages could 

be used for specific detection of Xac strains in Taiwan. Temperate phage PXC7 that was isolated 

from Japanese Xac strain XCJ18 produces small turbid plaques with irregular borders and is 

sensitive to chloroform (134). When Xac strain XCJ19 was lysogenized with the phage, its 

colony morphology changed from smooth to dwarf and became resistant to phage CP2 (134). 

Bacteriophages were also found in citrus canker lesions in Argentina in 1979 (R.E. Stall, 

personal communication).  

Citrus Bacterial Spot 

Citrus bacterial spot (CBS) was discovered in 1984 as a new Xanthomonas disease of 

citrus nursery stock that causes canker-like symptoms (102). Citrus bacterial spot differs from 

citrus canker in that it causes flat or sunken lesions (Figure 1-8) instead of the corky, raised ones 

and is generally less aggressive than citrus canker (106). The pathogen, Xanthomonas 

axonopodis pv. citrumelo (Xacm) only exists in Florida (103) and is genetically different than 

Xanthomonas strains causing citrus canker (26). Xacm strains are genetically diverse (26) and 

comprise three groups based on aggressiveness as measured by rate of lesion expansion and the 

ability to multiply in citrus leaves (56). Only the most aggressive strains are able to maintain 

high populations in the lesions. Graham et al. (56) questioned if the less aggressive strains 

should be considered a citrus pathogen at all. The most aggressive strains are disseminated by 

wind driven rain, whereas strains of intermediate and low aggressiveness are spread mainly by 

mechanical means (56). Wounding caused by thorns and citrus leafminer (Figure 1-9) facilitates 

pathogen entry and increases CBS disease incidence and severity. The disease causes a reduction 

in photosynthetically active leaf area and in severe cases can induce leaf drop. Xacm infection 
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also causes bud failure in Swingle citrumelo plants (55). The CBS bacteria are most aggressive 

on trifoliate orange, Swingle citrumelo and grapefruit (103,106). 

Project Goal and Objectives 

The goal of this project was to develop a bacteriophage-based disease control strategy that 

could be used as part of an integrated management program against citrus canker in Florida. The 

objectives were (i) establishment of a bacteriophage collection against Xac strains present in 

Florida, (ii) collection and characterization of bacteriophage associated with citrus canker in 

Florida and Argentina; (iii) determination of bacteriophage sensitivity of Xac strains present in 

Florida, and (iv) evaluation of bacteriophages for suppression of citrus canker in greenhouse 

experiments in Florida and in field experiments in Argentina, and for suppression of citrus 

bacterial spot, as a model disease system, in field experiments in Florida. 
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Figure 1-1.  Young citrus canker lesions on grapefruit. 
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Figure 1-2.  Severe citrus canker infection on Key lime. 
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Figure 1-3.  Citrus canker lesions on lemon fruit. 

 

 
Figure 1-4.  Asian leafminer (Phyllocnistis citrella) tunnels on Swingle citrumelo foliage. 



 

27 

 
Figure 1-5.  Citrus canker infection in Asian leafminer tunnels. 

 
Figure 1-6.  Covered citrus nursery in Argentina. 
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Figure 1-7.  Windbreaks outline an orange grove in Argentina. 
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Figure 1-8.  Citrus bacterial spot lesions on grapefruit leaves. 
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Figure 1-9.  Citrus bacterial spot lesions in Asian leafminer tunnels. 
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CHAPTER 2 
THE USE OF BACTERIOPHAGES FOR CONTROLLING PLANT DISEASES 

Early History 

Bacteriophages were discovered in the beginning of the 20th century independently by 

Twort in 1915 and by d’Herelle in 1917 (112). There were differences in interpretation about the 

nature and origin of this “lytic principle”. Twort proposed that a bacterial enzyme caused the 

lysis, while d’Herelle speculated that a virus was responsible for the phenomenon. A direct 

consequence of d’Herelle’s concept was the idea of using phages for controlling bacterial 

diseases. Soon after the first medical (112) and veterinary (28) applications, phages were 

evaluated for control of plant diseases.  

In 1924 Mallman and Hemstreet (79) isolated the “cabbage-rot organism”, Xanthomonas 

campestris pv. campestris, from rotting cabbage and demonstrated that the filtrate of the liquid 

collected from the decomposed cabbage inhibited in vitro growth of the pathogen. The following 

year Kotila and Coons (73) isolated bacteriophages from soil samples that were active against the 

causal agent of blackleg disease of potato, Erwinia carotovora subsp. atroseptica. They 

demonstrated in growth chamber experiments that co-inoculation of E. carotovora subsp. 

atroseptica with phage successfully inhibited the pathogen and prevented rotting of tubers (73). 

These workers also isolated phages against Erwinia carotovora subsp. carotovora and 

Agrobacterium tumefaciens from various sources such as soil, rotting carrots and river water 

(25). Thomas (120) treated corn seeds that were infected with Pantoea stewartii, the causal agent 

of Stewart’s wilt of corn, with bacteriophage isolated from diseased plant material. The seed 

treatment reduced disease incidence from 18% to 1.4%. Despite the promising early work, phage 

therapy did not prove to be a reliable and effective means of controlling phytobacteria. Several 

workers questioned if positive results were possible. In 1963, Okabe stated, “in general, the 



 

32 

phage seems to be ineffective for [controlling] the disease development” (91). Three decades 

later, Goto concluded, “practical use of phages for control of bacterial plant disease in the field 

has not been successful.” (44). Chemical control with antibiotics and copper compounds became 

the standard for controlling bacterial plant diseases (31,81). 

Other Uses of Phages in Plant Pathology 

Bacteriophages still remained in use in plant pathology and have been used as tools for 

detection, identification, classification, and enumeration of pathogenic bacteria and were also 

used for disease forecasting. Phage typing, as a method of differentiating different races or 

pathovars of the same bacterial species became a standard method in plant epidemiological 

studies (70). Phages CP1 and CP2 of Xanthomonas axonopodis pv. citri, the causal agent of 

citrus canker, were used for species-specific identification and classification of strains of the 

pathogen in Japan (44). These two phages in combination with phage CP3 were used for 

differentiating worldwide strains causing citrus canker (46). Wu et al. (135) used phages CP115 

and CP122 for identification of X. axonopodis pv. citri strains in Taiwan. Phages were used for 

detection of the host bacterium from crude samples and seed lots (68) and directly from lesions 

on the plant foliage (91) by monitoring increases in homologous phage concentration. Okabe and 

Goto (91) demonstrated that phages could be used for quantifying bacterial cells based on the 

number of newly produced phages and average burst size. They developed a method for 

indirectly forecasting bacterial leaf blight by monitoring phage titers in rice fields (91). 

Reliability of this latter method was questioned later by Civerolo (22). 

Return of Phage-Based Disease Control 

Several factors have contributed to the re-evaluation of phage therapy for plant disease 

control. The use of antibiotics has been largely discontinued in agriculture due to the emergence 

of antibiotic-resistant bacteria in the field (80,84,119) and because of concerns of possible 
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transfer of antibiotic resistance from plant pathogens to human pathogens. The feasibility of 

reliance on copper compounds is questioned, because of the emergence of copper-tolerant strains 

among phytobacteria (81,129); phytotoxicity caused by ionic copper (85,109) and soil 

contamination from extended heavy use (72). Additionally, concerns about food safety and 

environmental protection and the goal of achieving sustainable agriculture necessitated 

development of safer, more specific and environment-friendly pesticides (96). These factors, 

together with the expanding knowledge base about phage application in medicine (13,31,74), led 

to renewed interest in bacteriophage-based disease control in modern agriculture. 

Considerations About Phage Therapy 

Greer (59) and Kutter (74) identified the several advantages of using phages for disease 

control. 

1. Phages are self-replicating and self-limiting; they replicate only as long as the host bacterium 
is present in the environment, but are quickly degraded in its absence (74). 

2. Bacteriophages are natural components of the biosphere; they can readily be isolated from 
everywhere bacteria are present, including soil, water, plants, animals (2,52,133) and the 
human body (93).  

3. Phages could be targeted against bacterial receptors that are essential for pathogenesis, so 
resistant mutants would be attenuated in virulence (74). 

4. Bacteriophages are non-toxic to the eukaryotic cell (59). Thus, they can be used in situations 
where chemical control is not allowed due to legal regulations, such as for treatment of peach 
fruit before harvest (137) or for control of human pathogens in fresh-cut produce (77,78). 

5. Phages are specific or highly discriminatory, eliminating only target bacteria without 
damaging other, possibly beneficial members of the indigenous flora. Thus their use can also 
be coupled with the application of antagonistic bacteria for increased pressure on the 
pathogen (117); or they can be used to promote a desired strain against other members of the 
indigenous flora (14).  

6. Phage preparations are fairly easy and inexpensive to produce and can be stored at 4 ºC in 
complete darkness for months without significant reduction in titer (59). Application can be 
carried out with standard farm equipment and since phages are not inhibited by the majority 
of agrochemicals (9, 137), they can be tank-mixed with them without significant loss in titer. 
Copper-containing bactericides have been shown to inactivate phages (9,66); however, 
inhibition was eliminated if phages were applied at least three days after copper (66). 

A number of disadvantages and concerns have been raised in relation to phage therapy 

(59,74,127); moreover, additional problems specific to agricultural applications have surfaced. 
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1. Limited host range can be a disadvantage, as often there is diversity in phage types of the 
target bacterium (59). Several approaches have been tried for addressing this problem: using 
broad host range phages (99,115), using host range mutant phages (37,38,89), applying 
phages in mixtures (38) or even to breed them (62). 

2. The requirement of threshold numbers of bacteria (104-106 cfu/mL) may limit the impact of 
phages (131). 

3. Emergence of phage resistant mutants can render phage treatment ineffective. However, 
using mixtures of phages that utilize distinct cell receptors can suppress the emergence of 
resistance (118). Also, phage resistance often comes at some metabolic cost to the bacteria. 
Loss of virulence was observed with phage-resistant mutants of Ralstonia solanacearum 
(61), Xanthomonas campestris pv. pruni (95), and Pantoea stewartii (120). 

4. Environmental effects, such as temperature, pH and physiology of bacterium can hinder 
control. Civerolo (22) observed that Xanthomonas phaseoli phages attacked Xanthomonas 
and Pseudomonas species only at temperatures above 20ºC. Vidaver (128) suggested that P. 
syringae and P. phaseolicola, causal agents of halo blight and brown spot of bean, may be 
more prevalent below 22ºC because of phage resistance. Leverentz (78) noted that phage 
treatment caused a significant population reduction of the Listeria monocytogenes on melons 
but not on apples, because phages were unstable on apple slices, possibly due to low pH 
(4.37 in apple vs. 5.77 in melon) (78). 

5. Unavailability of target organism can hinder control. Plant pathogenic bacteria often occur in 
non-homogenous masses surrounded by extracellular polysaccharides that protect them from 
phage attachment (44,91), or reside in protected spaces on the surface, or inside the plant and 
unavailable for the control agents (22).  

6. There is a concern that phages have the potential of transducing undesirable characteristics, 
such are virulence factors, between bacteria (127).  

7. Lysogenic conversion, alteration of phenotypic characteristics of lysogenized bacteria by 
their prophages, have been found to have undesirable consequences, such as resistance to 
bacteriophages, toxin production or even increased virulence. When Xanthomonas 
axonopodis pv. citri strain XCJ19 was lysogenized with temperate phage PXC7, it became 
resistant to phage CP2 (134). Phage-associated toxin production has not been documented 
amongst phytobacteria, but such cases are known amongst human pathogens (130) and in 
bacteria of plant associated nematodes (92). Goto (44) reported that Xanthomonas campestris 
pv. oryzae strains lysogenized by phages Xf or Xf-2 became more virulent on rice.  

8. Consumer perception of adding viruses to food products also could become an issue (59). 
9. Vidaver (127) raised the concern that “transducing phages can introduce active prokaryotic 

genes into plant and animal cells”. 
10. Despite the generally narrow host ranges of phages, negative side effects due to inhibition of 

beneficial bacteria are possible. Examples for negative phage impact in agriculture include 
studies in which the phage-incited reduction in symbiotic nitrogen fixing bacteria reduced 
growth and nitrogen content of cowpea (4) and in which biocontrol ability of Pseudomonas 
flourescens was abolished by a lytic bacteriophage (69). 

 
Factors Influencing Efficacy of Phages as Biological Control Agents 

Goodridge stated that the efficacy of phage therapy depends on the ability of a phage to 

find its host before it is destroyed (42). According to Johnson (67) the success of a particular 
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biocontrol treatment is influenced by agent and target densities. A component of Johnson’s 

model is the possibility that the target resides in spatial refuges where the biocontrol agent 

cannot penetrate. Gill and Abedon (40) proposed several additional factors specifically in 

relation to phage therapy: the location in which the target pathogen resides; the presence of 

adequate water as a medium for virus diffusion; rates of virion decay; timing of phage 

application; phage in situ multiplication ability; and relative fitness of phage-resistant bacterial 

mutants.  

Gill and Abedon (40) looked at the factors that could contribute to success or failure of 

phage therapy in the rhizosphere and in the phyllosphere. They suggested that phage therapy 

might meet with more success in the rhizosphere because phages are readily isolated from there 

and can survive longer in the soil than on the leaf surface. However, they identified several 

factors that can hinder success of disease control in the rhizosphere. The rate of diffusion through 

the heterogeneous soil matrix is low and changes as a function of available free water. Phages 

can become trapped in biofilms (110) and reversibly adsorb to particles of the soil, such as clay 

(132). Low soil pH can also inactivate them (116). Physical refuges can protect bacteria from 

coming into contact with phages, and due to the low rates of phage diffusion and high rates of 

phage inactivation only a low number of viable phages is available to lyse target bacteria (40). 

An additional problem is the need for high population of both phage and bacterium in order to 

start the “chain reaction” of bacterial lysis (40).  

The phyllosphere is a harsh environment, because of high UV and visible light irradiation 

and desiccation (40). It has been noted that phages were harder to isolate from aerial plant tissue 

than from soil even for pathogens of aerial tissues (37,41,91). Phages applied to aerial tissues 

degrade extremely rapidly during the day (8,10,23,66,83). Additionally, the lack of moisture on 
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the leaf surfaces does not allow phage dispersion except for temporary leaf wetness periods after 

application, during rain events or when dew is present on the leaves at night and early morning. 

There were several approaches to increase efficacy of control in the phyllosphere environment, 

including applying treatments in the evening or early morning (10,38), using protective 

formulations that increase phage longevity on the foliage (8,10,66,89) and using carrier bacteria 

for phage propagation in the target environment (115). Using phages isolated from aerial tissues 

might be advantageous, as they might be better adapted for surviving and multiplying on the 

plant surfaces. A phyllosphere phage investigated by Iriarte et al. (66) turned out to be resistant 

to desiccation. 

Timing of bacteriophage applications relative to the arrival of the pathogen influenced 

efficacy of disease control in several instances. Civerolo and Keil (23) achieved a marked 

reduction of peach bacterial spot only if phage treatment was applied one hour or one day before 

inoculation with the pathogen. There was a slight disease reduction when phage was applied one 

hour after inoculation and no effect if applied one day later. Civerolo (22) suggested that bacteria 

were inaccessible to phage in the intercellular spaces, or there were not enough phages reaching 

the pathogen. Schnabel et al. (101) achieved a significant reduction of fire blight on apple 

blossoms when the phage mixture was applied at the same time as the pathogen, Erwinia 

amylovora. In contrast, disease reduction was not significant when phages were applied a day 

before inoculation. Berghamin Filho (18) investigated the effect of timing on the efficacy of 

phage treatment in greenhouse trials with two pathosystems: black rot of cabbage, caused by 

Xanthomonas campestris pv. campestris and bacterial spot of pepper, caused by Xanthomonas 

campestris pv. vesicatoria. Phage treatment was applied once varying from 7 days before to 4 

days after pathogen inoculation. On cabbage significant disease reduction was achieved if the 
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phage treatment was applied 3 days before to 1 day after inoculation, whereas on pepper it was 

achieved when applied from 3 days before to the day of inoculation. The greatest disease 

reduction occurred with application of phages the same day as inoculation in both pathosystems. 

The effect of phage concentration on disease control efficacy has also been investigated. 

Balogh (8) treated tomato plants with phage mixtures of 104, 106 and 108 PFU/mL before 

inoculating with Xanthomonas perforans, causal agent of tomato bacterial spot. The two higher 

concentrations significantly reduced disease severity, whereas the lowest concentration did not. 

Current Research 

There has been considerable amount of work on the use of phages for control of bacterial 

spot of peach, caused by Xanthomonas campestris pv. pruni. Civerolo and Keil (23) reduced 

bacterial spot severity on peach leaves under greenhouse conditions with a single application of a 

single-phage suspension. Zaccardelli et al. (137) isolated eight phages active against the 

pathogen, screened them for host range and lytic ability, and selected a lytic phage with the 

broadest host range for disease control trials. Biweekly spray-applications of the phage 

suspension in producing orchards significantly reduced bacterial spot incidence on fruits (99).  

Tanaka et al. (117) treated tobacco bacterial wilt, caused by Ralstonia solanacearum, by 

co-application of an antagonistic avirulent R. solanacearum strain and a bacteriophage that was 

active against both the pathogen and the antagonist. The avirulent strain alone reduced the ratio 

of wilted plants from 95.8% to 39.5%, whereas the co-application of the avirulent strain and the 

phage resulted in 17.6% wilted plants.  

Control of Erwinia amylovora, the fire blight pathogen of apple, pear and raspberry, with 

bacteriophages is currently under investigation in Canada and the USA. Schnabel et al. (101) 

used a mixture of three phages for controlling fire blight on apple blossoms and achieved 

significant (37%) disease reduction. Gill et al. (41) isolated 47 phages capable of lysing E. 
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amylovora and categorized them based on plaque morphology and host range. Later the phages 

were evaluated for disease control ability in pear blossom bioassays, and the ones with broad 

host ranges and best disease control ability were selected for subsequent orchard trials (115). 

Pantoea agglomerans, a bacterial antagonist that was also sensitive to the phages, was used to 

deliver and propagate them on the leaf surface. Disease control comparable to streptomycin was 

achieved (115). 

There has been extensive research on suppressing tomato bacterial spot with phage. 

Flaherty et al. (38) effectively controlled the disease in greenhouse and field experiments with a 

mixture of four host-range mutant phages active against the two predominant races of the 

pathogen, X. campestris pv. vesicatoria. Balogh et al. (10) enhanced the efficacy of phage 

treatment with protective formulations that increased phage persistence on tomato foliage. 

Obradovic et al. (89,90) used formulated phages in combination with other biological control 

agents and systemic acquired resistance inducers, as a part of integrated an disease management 

approach. Phage-based integrated management of tomato bacterial spot is now officially 

recommended to tomato growers in Florida (85), and bacteriophage mixtures against the 

pathogen are commercially available (Agriphage from OmniLytics Inc. Salt Lake City, UT, EPA 

Registration # 67986-1).  

Other important work includes the reduction of incidence of bacterial blight of geranium 

with foliar applications of a mixture of host-range mutant phages (37), disinfection of 

Streptomyces scabies-infected seed potatoes using a wide host range phage (82), and a reduction 

in the loss of cultivated mushrooms caused by bacterial blotch with phage applications (86,87). 

Outlook for the Future 

Use of bacteriophages for controlling plant diseases is an emerging field with great 

potential. The concern about environment-friendly sustainable agriculture and the rise of organic 
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production necessitates improvements in biological disease control methods, including the use of 

bacteriophages against bacterial plant pathogens. On the other hand, the lack of knowledge about 

the biology of phage-bacterium-plant interaction and influencing factors hinders progress in the 

field. Much research in these areas is needed before phages can become effective and reliable 

agents of plant disease management. 
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CHAPTER 3 
CHARACTERIZATION OF BACTERIOPHAGES ASSOCIATED WITH CITRUS CANKER 

IN FLORIDA AND ARGENTINA 

Introduction 

In order to develop a phage based disease control strategy it is necessary to (i) establish a 

collection of phages that could be used for control; (ii) evaluate diversity of the target organism, 

and, (iii) determine if there are phages associated with the pathogen in nature and if so, assess 

their impact. 

Xanthomonas strains causing citrus canker have been classified based on phage sensitivity 

in the past. Goto (44) categorized Xanthomonas axonopodis pv. citri (Xac) strains present in 

Japan, causing A type of citrus canker, into two groups based on their sensitivity to phages CP1 

and CP2. More than 97% of Xac strains were sensitive to one of these two phages, but none to 

both of them. The strains that were sensitive to CP2 originated mostly from Unshu orange 

(Citrus unshu), whereas the ones sensitive only to CP1 had a variety of hosts. Goto et al. (46) 

found that strains of the B pathotype of citrus canker (X. axonopodis pv. aurantifolii (Xaa)) 

could be distinguished from type A strains (Xac) based on sensitivity to phage CP3, with all B 

strains sensitive to CP3 and all A strains resistant. Strains of the C pathotype (Xaa) were also 

differentiated from A strains by their resistance to both CP1 and CP2 (106). 

There is known diversity amongst Xac strains in Florida. Four distinct genotypes have 

caused outbreaks since 1993 (49): the Miami, the Manatee, the Wellington and the Etrog 

genotypes. Cubero et al. (26) used rep-PCR protocol for distinguishing these genotypes and to 

determine their geographic origin. They determined that (i) the Miami genotype was related to 

Xac strains from several geographical areas in southeast Asia and South America; (ii) the 

Manatee genotype was identical to Xac strains from China and Malaysia and also to Xac that was 

present in Florida in the 1980s and was supposedly eradicated; and (iii) the Wellington genotype 
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was related to A* strains (Xac) from southwest Asia. There has not been any genetic analysis 

published in relation to the Etrog strains, but it is suspected that they were brought into Florida 

on plant material from Pakistan.  

The objective of this project was to assemble a phage collection active against citrus 

canker, partly from academic and commercial sources, and partly by isolating them from plant 

tissue showing citrus canker symptoms in Florida, where the disease was under eradication, and 

in Argentina, where the disease is endemic. Once a collection was established and the phages 

were grouped based on host range, they were used to type the prevalent Xac strains in Florida. 

The typing results provided information about the diversity of the pathogen and determined 

which phages could be used for disease control. Changes in phage sensitivity of Xac strains 

isolated in different years may provide information on what impact naturally occurring phages 

have on the pathogen. 

Materials and Methods 

Bacterial Strains and Bacteriophages 

Bacterial strains were grown on nutrient agar (NA) medium (0.8% (wt/V) nutrient broth 

(NB) (BBL, Becton Dickinson and Co., Cockeysville, MD) and 1.5% (wt/V) Bacto Agar (Difco, 

Becton Dickinson and Co., Sparks, MD)) at 28°C. For bacteriophage detection and propagation 

either semisolid nutrient agar yeast extract medium (NYA), (0.8% Nutrient Broth, 0.6% Bacto 

Agar and 0.2% Yeast Extract (Difco, Becton Dickinson and Co., Sparks, MD)) or liquid nutrient 

broth medium was used. Sterilized tap water or SM buffer (0.05 M Tris-HCl (pH 7.5), 0.1 M 

NaCl, 10 mM MgSO4 and 1% (w/V) gelatin) was used for preparing phage suspensions. 

Bacterial strains used in this study (Table 3-1) were stored at -80ºC in NB supplemented with 

30% glycerol. Bacteriophages (Table 3-2) were stored at 4ºC and protected from light.  
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Standard Bacteriophage Techniques 

Purification and storage. Phages were purified by three subsequent single plaque 

isolations. Single plaque isolations were carried out by transferring phages from isolated plaques 

to a fresh lawn of the host bacterium using sterile toothpicks and then quadrant streaking them 

with sterile plastic transfer loops. Following purification the phages were propagated by mass 

streaking on fresh lawns of the host. After a 24-h incubation at 28ºC, the phages were eluted by 

pouring 5 mL sterilized tap water into the 100 mm×15 mm Petri dishes (Fischer Scientific Co. 

LLC, Suwannee, GA) and gently shaking the plates (~20 rpm) for 30 min. The eluate was 

centrifuged (10,000 g, 10 min), treated with chloroform or filter-sterilized, depending on the 

phage, then quantified as described below, and stored in 2-mL plastic vials at 4°C in complete 

darkness. The concentrations of these suspensions were approximately 109 plaque forming units 

(PFU) per mL. 

Determination of titer. Phage concentrations were determined by dilution-plating-plaque-

count assay on NYA plates without bottom agar as previously described (97). One hundred 

microliter aliquots of dilutions of phage suspensions were mixed with 100 µL of concentrated 

bacterial suspension in empty Petri dishes and then 12 mL warm (48°C) NYA medium was 

poured in each dish. The dishes were gently swirled to evenly distribute the bacteria and the 

phages within the medium. After the medium solidified, the plates were transferred to 28°C 

incubators and the plaques were counted on the appropriate dilutions after 24 or 48 hours. The 

phage concentration was calculated from the plaque number and specific dilution and was 

expressed as PFU/mL. 

Phage propagation. Phages were recovered from storage, purified by single plaque 

isolations and then mass streaked on the freshly prepared lawn of the propagating host. The next 

day phages were eluted from the plate, sterilized and enumerated, as described above. The eluate 
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was used for infecting 500 mL actively growing culture of the propagating strain (108 cfu/mL) 

grown in NB liquid medium in 1 liter flasks, at 0.1 multiplicity of infection (MOI), (i.e., the 

phage concentration at the beginning of the incubation was 107 PFU/mL). After addition of the 

phage and 5-min incubation on the bench top, the culture was shaken at 150 rpm at 28ºC for 18 

h. The resulting culture was sterilized; phages were enumerated and stored at 4 ºC in the dark 

until use. This method yielded phage titers of approximately 1010 PFU/mL. 

Phage concentration by high speed centrifugation. High titer phage lysates (~1010 

PFU/mL) were concentrated and purified according to methods described by Hans-W. 

Ackermann (personal communication). One hundred milliliters of the sterilized lysate was 

centrifuged at 10,000 g for 10 min to sediment the bacterial debris. Forty milliliters of the 

supernatant was transferred to a new centrifuge tube and centrifuged at 25,000 g for 60 min to 

sediment the phage particles. The supernatant was discarded and replaced with 0.1 M ammonium 

acetate solution (pH 7.0). Following an additional centrifugation (60 min, 25,000 g) the 

supernatant was discarded and the pellet was resuspended in 1.5 mL SM buffer. The final phage 

concentration was approximately 1012 PFU/mL. 

Evaluation of bacterial sensitivity. Sensitivity of a bacterial strain to phages was 

determined based on the ability of the phage to produce plaques on the bacterial lawn, and the 

level of sensitivity was evaluated based on efficiency of plating (EOP) on the test strain in 

comparison with the propagating host strain of the phage as follows. A phage suspension of 

known concentration was plated simultaneously on the test and the host strains and EOP was 

calculated as the number of plaques on the test strain divided by the number of plaques on the 

host strain. For example, if the phage produced 55 plaques on the host and 36 plaques on the test 

strain, then EOP = 36/55 = 0.65. The higher the EOP, the more efficient the phage is in initiating 
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disease of the bacterium. Consequently, the more sensitive the bacterial strain is to the phage. If 

the EOP was higher than or equal to 0.1, the test strain was considered sensitive; if the EOP was 

less than 0.1, but more than or equal to 0.01 the strain was considered moderately sensitive. If 

EOP was less than 0.01, the strain was considered resistant. 

Phage Isolation from Diseased Plant Tissue 

Bacteriophages were isolated from leaves and fruits with characteristic citrus canker 

lesions in Florida and in Argentina. In Florida, phage was isolated from diseased tissue received 

from the Florida Department of Agriculture & Consumer Services, Division of Plant Industry, 

Gainesville, FL, between May and August 2003, as a part of the Citrus Canker Eradication 

Program (53). In Argentina, diseased tissue was collected directly from infected trees located at 

the Instituto Nacional de Tecnología Agropecuaria (INTA) research center in Bella Vista, 

Corrientes, and from commercial citrus groves in Corrientes province. The tissue samples were 

placed in plastic freezer bags or 125 mL flasks and after the addition of 50 mL deionized (DI) or 

sterilized tap water were shaken for 20 min. Two milliliters were collected and centrifuged at 

10,000 g for 10 min to remove debris. The supernatants were either treated with chloroform or 

filter-sterilized and then were checked for the presence of bacteriophages by spotting 20 µL onto 

freshly prepared lawns of the indicator bacteria. In Florida three Xac strains were used for 

detection: Xac65, a Miami type; Xac60, a Manatee type, and Xac66, a Wellington-type. In 

Argentina a battery of 11 Xac strains of diverse origins plus one Xaa strain were used (1622-4, 

1528-7-3, 1635, 1660-1, 94-358-1, 1319, 1617, 1604, 1322, 2525, 78-4-3-2-4B and 1311) (Table 

3-1). If lysis was observed after 24 h incubation at 28°C, the phage was purified by three 

successive single plaque isolations and then propagated and stored, as described above. 
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Phage Typing of 81 Xanthomonas Strains 

Twelve phages were used in the phage typing study: α-MME, Φ5536, ΦXacm4-11, 

ΦXv3-21, ΦXaacA1, ΦXaacF1, ΦXaacF8, Φcc19-1, Φcc13-2, CP1, CP2 and CP3 (Table 3-2). 

The bacterium-phage interactions were scored as sensitive = 2, moderately sensitive = 1 and 

resistant = 0. Similarity matrix was calculated from the phage typing scores using the Pearson 

correlation, and a dendrogram of relatedness was prepared in which the clustering was achieved 

by UPGMA (unweighted pair group method using arithmetic averages) with Bionumerics 

software package version 3.0 (Applied Math, Kotrijk, Belgium).  

Electron Microscopy 

Transmission electron microscopy (TEM) was carried out at the Electron Microscopy 

Laboratory of the Microbiology and Cell Science Department of the University of Florida, 

Gainesville, FL. The phages were visualized using negative staining protocol with 1% aqueous 

uranyl acetate, as follows. A drop of the phage suspension was applied to a 300 mesh formvar-

coated copper grid. After 2 min the liquid was blotted away and the grid was rinsed with DI 

water. A 1% uranyl acetate solution was applied to the grid and blotted away after 1 min. The 

phages were observed and photographed on a Zeiss EM-10CA transmission electron microscope 

operating at 100 kV. 

Molecular Techniques 

Phage DNA extraction. Fifteen hundred microliters of concentrated and purified 

bacteriophage suspensions (~1012 PFU/mL, SM buffer) were treated with nuclease (12.3 

unit/sample DNase I (Qiagen Inc., Valencia, CA) and 6.3 units/sample RNase A (Qiagen), 30 

min, 37ºC) to digest any contaminating bacterial nucleic acids. Subsequently, samples were 

divided into 500 µL subsamples, placed in 1.5 mL microcentrifuge tubes, and 375 µL of a 

phenol-chloroform-isoamyl alcohol mixture (25:24:1) was added. The samples were vortexed 
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and centrifuged for 5 min at 10,000 g. The top, aqueous layer was transferred into a new 

microfuge tube and the organic layer was discarded. The sample volume was brought up to 500 

µL again with the addition of sterile DI water and was subjected to phenol-chloroform-isoamyl 

alcohol extraction two more times. Sterilized DI water was added to the sample to bring the 

volume up to 500 µL and then the solution was subjected to chloroform-isoamyl alcohol 

extraction once by adding 250 µL of a chloroform-isoamyl alcohol mixture (24:1), vortexing and 

then centrifuging for 5 min at 10,000 g. The top, aqueous phase was saved and transferred to a 

new tube, while the remainder was discarded. The DNA was then precipitated by adding 40 µL 

sodium acetate (3 M, pH 5.2) and 800 µL of cold (-4°C) 95% ethanol to the tube, vortexing and 

incubating at -80°C for 30 min. The sample was then centrifuged (10,000 g, 20 min) at 4°C and 

the supernatant was discarded and replaced with 1 mL of 70% ethanol. After another 

centrifugation (10,000 g, 5 min) the supernatant was gently removed by pipetting and the pellet 

containing the precipitated DNA was allowed to air dry. The pellet was resuspended in 20 µL 

sterile DI water and stored at 4°C.  

Digestion of DNA with restriction enzymes. One microliter of the phage DNA was mixed 

with 7 µL sterile DI water, 1 µL enzyme buffer and 1 µL restriction enzyme (EcoRI or BamHI) 

in a 1.5 mL microcentrifuge tube. The mixture was incubated at 37°C for 90 minutes. 

Immediately following the incubation, the entire mixture was subjected to agarose gel 

electrophoresis (100) using 1% agarose gel (SeqKem GTG agarose, Cambrex Bio Science 

Rockland Inc., Rockland, ME) to separate restriction fragments. EcoRI plus HinDIII digested 

Lambda phage DNA (Promega Co., Madison, WI) was used as size marker. The gel was 

photographed after 15 min ethidium bromide staining.  
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Results 

Bacteriophage Isolations 

Bacteriophages were isolated from leaf samples exhibiting citrus canker symptoms in 

spring and summer 2003, in Florida. Phages were detected in 37 of the 138 samples (27%). 

Bacteriophages were isolated from leaf and fruit tissues with characteristic citrus canker lesions 

in December 2003 in Corrientes province, Argentina. Phages were detected in 30 of 56 samples 

tested (54%). An attempt was made to isolate phages in Florida in 2006; none were detected in 

62 samples. 

Classification of Isolated Phages Based on Chloroform Sensitivity, Plaque Morphology, 
Host Range and Virion Morphology 

Chloroform sensitivity, plaque morphology and host range were determined for each 

newly isolated phage and for CP1, CP2 and CP3 phages originating in Japan. The phages 

isolated in Florida comprised two groups. Thirty one of 37 phages (group A) were resistant to 

chloroform, produced clear plaques of 2-3 mm in diameter on strain Xac65 and had identical 

host ranges (Table 3-3). Virion morphology of four members of this group was determined: they 

were all tailed phages with symmetrical heads and short tails (Figure 3-2, Table 3-4), which is 

characteristic of phages in the Podoviridae family. The remaining six phages (group B) were 

chloroform sensitive, produced 1 mm turbid plaques on Xac65 and had an identical host range, 

which was different than the host range of group A phages. Virion morphology of one phage in 

this group, ΦXaacF8, was found to be filamentous, similar to members of Inoviridae (Figure 3-1, 

Table 3-4). The 30 phages collected in Argentina were all chloroform resistant, produced 3-4 

mm clear plaques on Xac65 and had an identical host range, which only differed from the host 

range of group A phages in the reaction on Argentina Xac strain BV42. The Argentina phages 

lysed BV42 whereas the Florida group A phages did not (Table 3-3). One Argentina phage, 
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ΦXaacA1, belonged to Podoviridae based on virion morphology (Figure 3-1, Table 3-4). CP1, 

CP2 and CP3 were all resistant to chloroform. CP1 did not lyse any strains tested, while CP3 

only lysed its propagating strain, XC90. CP2 had the same host range as the Florida phage group 

A, produced clear, 3 mm plaques on Xac65 (Table 3-3) and belonged to Podoviridae based on 

virion morphology (Figure 3-2, Table 3-4). 

Comparison of Florida Group A Phages and CP2 Based on Genome Size and RFLP Profile 

Genome sizes of all 31 members of Florida phage group A and CP2 were identical and 

were approximately 22 kb (Figure 3-3). However, the group A phages constituted seven groups 

based on RFLP profile after BamHI digestion (Figures 3-4, 3-5, Table 3-5). The RFLP profile of 

CP2 was different from that of all seven groups (Figure 2-4, panel B). Restriction profiles based 

on EcoRI digestion resulted in six groups, five of which matched five BamHI groups; whereas 

the sixth one contained two BamHI groups (data not shown). Virion morphology of members of 

different BamHI groups, ΦXaacF1 (group 1), ΦXaacF2 (group 7), ΦXaacF3 (group 2) and 

ΦXaacF5 (group 3) did not differ considerably (Figure 3-1, Table 3-4). 

Phage Typing of 81 Xanthomonas Strains 

Sixty nine xanthomonads of worldwide origin causing citrus canker were phage typed on a 

battery of 12 phages: 49 Xac strains of pathotype A, three Xac strains of type A*, eight strains of 

type B (Xaa) and nine strains of type C (Xaa). Also included were eight strains of X. axonopodis 

pv. citrumelo (Xacm), causal agent of citrus bacterial spot, one strain each of X. perforans, X. 

vesicatoria and X. euvesicatoria, causal agents of bacterial spot of tomato, and one strain of X. 

axonopodis pv. dieffenbachiae, causal agent of anthurium bacterial blight.  

In general, citrus canker strains of the same genotype did tend to cluster together (Figure 

3-2). On the other hand, Xacm strains showed considerable diversity. Most of Etrog strains were 

in one group (G1), clustering together with a Pakistani A strain. Two Etrog strains comprised an 
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independent group (G6), however. Most of the B strains clustered together (G2) and were 

sensitive to phage CP3, however strains 6B, 7B (G7) and 8B differed from the rest and were not 

sensitive to CP3. Wellington strains clustered together with the A* strains in groups G3 or G5. 

The majority of Miami strains and the majority of A strains of various geographical origins 

clustered together and were sensitive to at least 8 of 12 phages (G4). However, three Miami 

strains and one Brazilian A strain constituted another group (G8) and were resistant to all but two 

phages, including ΦXaacF1 and ΦXaacF8 that are naturally present in Florida. All C strains 

clustered in group G9 and were resistant to CP1 and CP2. None of the Manatee strains were 

sensitive to any phages tested (G11). On the other hand, strain ATCC 49118 (G10), which was 

isolated from the 1980s Tampa Bay outbreak was sensitive to 4 phages. Two A strains, isolated 

in Florida in 2005 (XC2005-00344-1) and in 2006 (XI2006-00204), have not been classified into 

any of the Florida genotypes by genetic methods. One of them had an identical profile to most 

Miami types (G4), whereas the other one was resistant to 11 of 12 phages tested. Host ranges of 

phages CP2 and ΦXaacA1 were identical and were almost identical to that of ΦXaacF1: the only 

difference was ΦXaacF1 was not able to lyse strain XC427 from Thailand.  

Discussion 

In this study bacteriophages were frequently associated with citrus canker lesions in 

Argentina, where the disease is endemic. Also phages were widespread in Florida in 2003, where 

citrus canker was under eradication and was located in relatively concise location, mainly in the 

Miami-Palm Beach area. It seems that there are near identical population of phages around the 

world, as all phages isolated from Argentina and the majority of the ones isolated in Florida were 

almost identical to phage CP2 originating in Japan. It is possible that CP2, or a progenitor of CP2 

spread around the world with the Xac strains. Interestingly, attempts to isolate phages in Florida 

in 2006 were unsuccessful. Since 2003 citrus canker was spread by hurricanes widely within 



 

50 

Florida, and it may be that the bacteria managed to escape its pathogens in the process. Also, this 

study showed the presence of strains resistant to the phages isolated in Florida and it is possible 

that their prevalence resulted in decline of phage.  

Results of this study also showed that phages can be used for distinguishing Xac genotypes 

present in Florida. Our results generally supported the findings of Cubero et al. (26); however 

based on phage typing results, the representative strain associated with the 1980s outbreak and 

strains from the 1997 Manatee outbreak were different. This finding contradicts the theory that 

the 1997 citrus canker outbreak in Manatee County was caused by strains of the 1980s outbreak 

that survived the eradication program. Strain XC2005-00344-1, which is an A strain isolated in 

Polk County in 2005 and is unclassified genetically, was resistant to 11 of 12 phages, which 

indicates the possibility of a population shift to phage resistance. That in turn could mean that the 

naturally occurring phages pose a selection pressure on the pathogen populations, that is, they 

have a significant impact on the pathogen’s life. Thus, artificial introduction of exotic 

bacteriophages, phage therapy, may well be effective for reducing pathogen populations and 

suppressing disease.  

The slight differences in host ranges of the Argentina phages, Florida group A phages and 

CP2 could be caused by minor differences in phage DNA sequences: the presence or absence of 

DNA sequence patterns in the phage genome that are recognized by the host bacterial 

restriction-modification system. 
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Table 3-1.  Bacterial strains used in this study 
Strain Origin Genotypea Provided by 
X. axonopodis pv. citri    
1311 Pakistan  Canteros, B.I.b 

1319 India  Canteros, B.I. 
1322 Brazil  Canteros, B.I. 
1604 Argentina  Canteros, B.I. 
1617 Argentina  Canteros, B.I. 
1635 Argentina  Canteros, B.I. 
2525 Argentina  Canteros, B.I. 
1528-7-3 Argentina  Canteros, B.I. 
1622-4  Argentina  Canteros, B.I. 
1660-1 Paraguay  Canteros, B.I. 
306 Brazil  Hartung, J.S.c 

94-358-1 Argentina  Canteros, B.I. 
BV38 Argentina  Canteros, B.I. 
BV42 Argentina  Canteros, B.I. 
RF2f Florida Miami This study 
Xac5 Florida Miami Sun, X.d 

Xac6 Florida Miami Sun, X. 
Xac7 Florida Miami Sun, X. 
Xac8 Florida Manatee Sun, X. 
Xac15 Florida Wellington Sun, X. 
Xac25 Florida Miami Sun, X. 
Xac30 Florida Miami Sun, X. 
Xac31 Florida Miami Sun, X. 
Xac41 Florida Manatee Sun, X. 
Xac51 Florida Miami Sun, X. 
Xac65 Florida Miami Sun, X. 
Xac66 Florida Wellington Sun, X. 
Xac71 Florida Wellington Sun, X. 
Xc05-2592 Argentina  Canteros, B.I. 
XC62 Japan  Hartung, J.S. 
XC63 Japan  Hartung, J.S. 
XQ05-1-2 Florida Miami Sun, X. 
   
X. axonopodis pv. aurantifolii    
78-4-3-2-4B Argentina  Canteros, B.I. 
XC 90 Mexico  Hartung, J.S. 
   
X. axonopodis pv. citrumelo   
Xacm 36 Florida  This study 
Xacm 45 Florida  This study 
Xacm 47 Florida  This study 
S4 Florida  This study 
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Table 3-1.  Continued 
Strain Origin Genotypea Provided by 
S4mg Florida  This study 
    
X. vesicatoria    
MME   Jones, J.B.e 

X. perforans    
ΔopgH:ME-B   Jones, J.B. 

 
a Genotype of X. axonopodis pv. citri strains isolated in Florida.  
b Instituto Nacional de Tecnología Agropecuaria, Bella Vista, Corrientes, Argentina. 
c United States Department of Agriculture, Agricultural Research Service, Fruit Laboratory, 
Beltsville, MD. 
d Florida Department of Agriculture and Consumer Services, Division of Plant Industry, 
Gainesville, FL. 
e University of Florida, Plant Pathology Department, Gainesville, FL. 
f RF2 is a phage-resistant mutant of Xac65. 
g Chloramphenicol and Rifamycin-resistant mutant of S4. 
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Table 3-2.  Bacteriophages used in the study 
Phage Host Source Origin Provided by 
CP1 XC62  Japan Hartung, J.S.a 

CP2 XC63  Japan Hartung, J.S. 
CP3 XC90 soil Japan Hartung, J.S. 
CP31 Xac65   Hartung, J.S. 
ΦXaacF1 to 37 Xac65 citrus, aerial Florida This study 
ΦXaacA1 to 30 BV42 citrus, aerial Argentina This study 
ccΦ5 Xac65   Jackson, L.E.b 

ccΦ7 Xac65   Jackson, L.E. 
ccΦ13-2 Xac65   Jackson, L.E. 
ccΦ19-1 Xac65   Jackson, L.E. 
ccΦ24 Xac65   Jackson, L.E. 
ccΦ25 Xac65   Jackson, L.E. 
ccΦ28 Xac65   Jackson, L.E. 
ccΦ35 Xac65   Jackson, L.E. 
ccΦ36 Xac65   Jackson, L.E. 
ΦXV3-21 Xac65   Jackson, L.E. 
α-MME MME lake water Florida Minsavage, G.V.c 

Φ5536 Xacm 47   Jackson, L.E. 
ΦXv3-3-13h ΔopgH:ME-B   Jackson, L.E. 
ΦX44 Xacm47   Jackson, L.E. 
ΦXacm4-4 Xacm36 citrus, aerial Florida This study 
ΦXacm4-16 Xacm36 citrus, aerial Florida This study 
ΦXacm4-11 Xacm36 citrus, aerial Florida This study 

a United States Department of Agriculture, Agricultural Research Service, Fruit Laboratory, 
Beltsville, MD. 
b OmniLytics, Inc., Salt Lake City, UT. 
c University of Florida, Plant Pathology Department, Gainesville, FL. 
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Table 3-3.  Chloroform sensitivity, plaque morphology and host range of bacteriophages 
originating in Florida, Argentina and Japan 

 Chloroform Plaque typeb,  Host ranged 

 sensitivity diameter (mm) BV38 XC90 Xac41 Xac65 Xac15 
ΦXaacF1  Ra clear, 2-3 -c - ++ ++ - 
ΦXaacF2 R clear, 2-3 - - ++ ++ - 
ΦXaacF3 R clear, 2-3 - - ++ ++ - 
ΦXaacF4 R clear, 2-3 - - ++ ++ - 
ΦXaacF5 R clear, 2-3 - - ++ ++ - 
ΦXaacF6 R clear, 2-3 - - ++ ++ - 
ΦXaacF7 S turbid, 1 ++ - - ++ ++ 
ΦXaacF8 S turbid, 1 ++ - - ++ ++ 
ΦXaacF9 S turbid, 1 ++ - - ++ ++ 
ΦXaacF10 R clear, 2-3 - - ++ ++ - 
ΦXaacF11 S turbid, 1 ++ - - ++ ++ 
ΦXaacF12 R clear, 2-3 - - ++ ++ - 
ΦXaacF13 S turbid, 1 ++ - - ++ ++ 
ΦXaacF14 R clear, 2-3 - - ++ ++ - 
ΦXaacF15 R clear, 2-3 - - ++ ++ - 
ΦXaacF16 R clear, 2-3 - - ++ ++ - 
ΦXaacF17 R clear, 2-3 - - ++ ++ - 
ΦXaacF18 R clear, 2-3 - - ++ ++ - 
ΦXaacF19 R clear, 2-3 - - ++ ++ - 
ΦXaacF20 R clear, 2-3 - - ++ ++ - 
ΦXaacF21 R clear, 2-3 - - ++ ++ - 
ΦXaacF22 R clear, 2-3 - - ++ ++ - 
ΦXaacF23 R clear, 2-3 - - + ++ - 
ΦXaacF24 R clear, 2-3 - - ++ ++ - 
ΦXaacF25 S turbid, 1 ++ - - ++ ++ 
ΦXaacF26 R clear, 2-3 - - ++ ++ - 
ΦXaacF27 R clear, 2-3 - - ++ ++ - 
ΦXaacF28 R clear, 2-3 - - ++ ++ - 
ΦXaacF29 R clear, 2-3 - - ++ ++ - 
ΦXaacF30 R clear, 2-3 - - ++ ++ - 
ΦXaacF31 R clear, 2-3 - - ++ ++ - 
ΦXaacF32 R clear, 2-3 - - ++ ++ - 
ΦXaacF33 R clear, 2-3 - - ++ ++ - 
ΦXaacF34 R clear, 2-3 - - ++ ++ - 
ΦXaacF35 R clear, 2-3 - - ++ ++ - 
ΦXaacF36 R clear, 2-3 - - ++ ++ - 
ΦXaacF37 R clear, 2-3 - - ++ ++ - 
ΦXaacA1 R clear, 3-4 ++ - ++ ++ - 
ΦXaacA2 R clear, 3-4 ++ - ++ ++ - 
ΦXaacA3 R clear, 3-4 ++ - ++ ++ - 
ΦXaacA4 R clear, 3-4 ++ - ++ ++ - 
ΦXaacA5 R clear, 3-4 ++ - ++ ++ - 
ΦXaacA6 R clear, 3-4 ++ - ++ ++ - 
ΦXaacA7 R clear, 3-4 ++ - ++ ++ - 
ΦXaacA8 R clear, 3-4 ++ - ++ ++ - 
ΦXaacA9 R clear, 3-4 ++ - ++ ++ - 
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Table 3-3.  Continued 
 Chloroform Plaque typeb,  Host ranged 
 sensitivity diameter (mm) BV38 XC90 Xac41 Xac65 Xac15 
ΦXaacA10 R clear, 3-4 ++ - ++ ++ - 
ΦXaacA11 R clear, 3-4 ++ - ++ ++ - 
ΦXaacA12 R clear, 3-4 ++ - ++ ++ - 
ΦXaacA13 R clear, 3-4 ++ - ++ ++ - 
ΦXaacA14 R clear, 3-4 ++ - ++ ++ - 
ΦXaacA15 R clear, 3-4 ++ - ++ ++ - 
ΦXaacA16 R clear, 3-4 ++ - ++ ++ - 
ΦXaacA17 R clear, 3-4 ++ - ++ ++ - 
ΦXaacA18 R clear, 3-4 ++ - ++ ++ - 
ΦXaacA19 R clear, 3-4 ++ - ++ ++ - 
ΦXaacA20 R clear, 3-4 ++ - ++ ++ - 
ΦXaacA21 R clear, 3-4 ++ - ++ ++ - 
ΦXaacA22 R clear, 3-4 ++ - ++ ++ - 
ΦXaacA23 R clear, 3-4 ++ - ++ ++ - 
ΦXaacA24 R clear, 3-4 ++ - ++ ++ - 
ΦXaacA25 R clear, 3-4 ++ - ++ ++ - 
ΦXaacA26 R clear, 3-4 ++ - ++ ++ - 
ΦXaacA27 R clear, 3-4 ++ - ++ ++ - 
ΦXaacA28 R clear, 3-4 ++ - ++ ++ - 
ΦXaacA29 R clear, 3-4 ++ - ++ ++ - 
ΦXaacA30 R clear, 3-4 ++ - ++ ++ - 
CP1 R clear, 4-5 - - - - - 
CP2 R clear, 3 - - ++ ++ - 
CP3 R clear, 1 - ++ - - - 

Summary 
32 phages R clear - - ++ ++ - 
30 phages R clear, 3-4 ++ - ++ ++ - 
6 phages S turbid, 1 ++ - - ++ ++ 
1 phage R clear, 1 - ++ - - - 
1 phage R clear, 4-5 - - - - - 
 
 
a S: sensitive, R: resistant. 
b Plaque morphology was evaluated on the propagating host (Table 3-2) after 36 h. 
c ++: sensitive, -: resistant. 
d Strains Xacm36, Xacm45, Xacm47 and 306 were resistant to all phages. Strain BV42 had 
identical profile to Xac65. 
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Figure 3-1.  Transmission electron micrographs of representative phages. A) CP2, B) ΦXaacA1, 
C) ΦXaacF1, D) ΦXaacF2, E) ΦXaacF3, F) ΦXaacF5, G) ΦXaacF8. 
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Table 3-4.  Summary of morphological characteristics of phage virions. 

Phage Head shape 
Head 

(Lengtha, nm) Tail shape Classificationb 

CP2 symmetrical 50.8 short Podoviridae 
ΦXaacA1 symmetrical 53.3 short Podoviridae 
ΦXaacF1 symmetrical 58.3 short Podoviridae 
ΦXaacF2 symmetrical 51.2 short Podoviridae 
ΦXaacF3 symmetrical 56.6 short Podoviridae 
ΦXaacF5 symmetrical 62.5 short Podoviridae 
ΦXaacF8    Inoviridae 

a Length measurement represents the average value obtained by measuring three virions per 
phage. 
b Classification based on virion morphology as described by Ackermann Fig. 4.1 (1). 
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Figure 3-2.  Dendogram and phage sensitivity matrix showing relationship amongst 

Xanthomonas strains causing citrus canker and citrus bacterial spot based on 
similarity of sensitivity profile against a battery of 12 phages. Typing phages: 
1:ΦXacm4-11, 2:ΦXV3-21, 3:ccΦ19-1, 4:Φ5536, 5:ΦXaacF8, 6:ΦCP2, 7:ΦXaacA1, 
8:ΦXaacF1, 9:α-MME, 10:CP3, 11:ccΦ13-2, 12:CP1. Percent similarity values were 
calculated using the Pearson correlation, and clustering was achieved by UPGMA 
using Bionumerics software package version 3.0. Black rectangle = sensitive; grey 
rectangle = moderately sensitive; no rectangle = resistant. Xac=Xanthomonas 
axonopodis pv. citri; Xaa: Xanthomonas axonopodis pv. aurantifolii; Xacm= 
Xanthomonas axonopodis pv. citrumelo. 
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Figure 3-3.  Undigested bacteriophage DNA. Panel A: Lanes (from left to right) 1:λ, 2:ΦXaacF1, 

3:ΦXaacF2, 4:ΦXaacF3, 5:ΦXaacF4, 6:ΦXaacF5, 7:ΦXaacF6, 8:ΦXaacF10, 
9:ΦXaacF12, 10:ΦXaacF14, 11:ΦXaacF15, 12:ΦXaacF16, 13:ΦXaacF17, 14:λ. 
Panel B: 1:λ, 2:CP2, 3:ΦXaacF18, 4:ΦXaacF19, 5:ΦXaacF20, 6:ΦXaacF21, 
7:ΦXaacF22, 8:ΦXaacF23, 9:ΦXaacF24, 10:ΦXaacF26, 11:ΦXaacF27, 
12:ΦXaacF28, 13:λ, 14: ΦXaacF29. Panel C: 1:λ, 2:ΦXaacF30, 3:ΦXaacF31, 
4:ΦXaacF32, 5:ΦXaacF33, 6:ΦXaacF34, 7:ΦXaacF35, 8:ΦXaacF36, 9:ΦXaacF37, 
10:λ, 11:ΦXaacF2. Arrows indicate size marker 21,226 bp. 
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Figure 3-4.  Bacteriophage DNA digested with BamH I. Panel A: Lanes (from left to right) 1:λ, 

2:ΦXaacF1, 3:ΦXaacF2, 4:ΦXaacF3, 5:ΦXaacF4, 6:ΦXaacF5, 7:ΦXaacF6, 
8:ΦXaacF10, 9:ΦXaacF12, 10:ΦXaacF14, 11:ΦXaacF15, 12:ΦXaacF16, 
13:ΦXaacF17, 14:λ. Panel B: 1:λ, 2:ΦXaacF18, 3:ΦXaacF19, 4:ΦXaacF20, 
5:ΦXaacF21, 6:ΦXaacF22, 7:ΦXaacF23, 8:ΦXaacF24, 9:ΦXaacF26, 10:CP2, 
11:ΦXaacF27, 12:ΦXaacF28, 13: ΦXaacF29, 14: ΦXaacF30, 15: ΦXaacF31, 16:λ. 
Panel C: 1:ΦXaacF32, 2:ΦXaacF33, 3:ΦXaacF34, 4:ΦXaacF35, 5:λ, 6:ΦXaacF36, 
7:ΦXaacF37, 8:ΦXaacF2. Arrows indicate size marker 21,226 bp. 
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Table 3-5.  Grouping of Florida bacteriophages based on BamH I RLFP profile. 
Group 1 Group 2 Group 3 Group 4 Group 5 Group 6 Group 7 
ΦXaacF1 ΦXaacF3 ΦXaacF5 ΦXaacF27 ΦXaacF31 ΦXaacF34 ΦXaacF2
ΦXaacF6 ΦXaacF4   ΦXaacF32 ΦXaacF36  
ΦXaacF12 ΦXaacF10   ΦXaacF33 ΦXaacF37  
ΦXaacF15 ΦXaacF14      
ΦXaacF16 ΦXaacF17      
ΦXaacF18 ΦXaacF30      
ΦXaacF19       
ΦXaacF20       
ΦXaacF21       
ΦXaacF22       
ΦXaacF23       
ΦXaacF24       
ΦXaacF26       
ΦXaacF28       

 
 

 

 
Figure 3-5.  Representatives of the 7 RFLP groups based on BamH I. digestion profile. Lanes 

(from left to right) 1:λ, 2:ΦXaacF24 (group 1), 3:ΦXaacF30 (group 2), 4:ΦXaacF5 
(group 3), 5:ΦXaacF27 (group 4), 6:ΦXaacF31 (group 5), 7:ΦXaacF34 (group 6), 
8:ΦXaacF2 (group 7), 9:λ. Arrow indicates size marker 21,226 bp. 
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CHAPTER 4 
CONTROL OF CITRUS CANKER AND CITRUS BACTERIAL SPOT WITH 

BACTERIOPHAGES 

Introduction 

The traditional control strategies for managing bacterial plant diseases have utilized 

chemical control with reliance on antibiotics and copper bactericides (3,81,119). However, the 

use of antibiotics has been largely discontinued in agriculture due to the emergence of antibiotic-

resistant bacteria in the field (119) and due to concerns that phytobacteria can harbor and transfer 

antibiotic resistance to human pathogens. The extended heavy use of copper compounds led to 

soil contamination (72) and the emergence of copper-tolerant strains amongst phytobacteria (81) 

led to reduced efficacy of copper treatments. High doses of ionic copper also can cause 

phytotoxicity (85,109). These factors have prompted a search for identifying novel, effective 

means for managing bacterial diseases of plants. Additionally, concerns about food safety and 

environmental protection, and the growing organic production necessitate development of safer, 

more specific and environment-friendly pesticides (96). 

Bacteriophages have been used effectively for controlling several Xanthomonas diseases. 

Severity of bacterial spot of peach, caused by X. campestris pv. pruni, has been reduced both on 

foliage (23) and on fruits (99) with phage treatment. Phage applications decreased geranium 

bacterial blight severity, caused by X. campestris pv. pelargonii (37). Tomato bacterial spot 

disease severity was reduced and fruit yield was increased by phage applications (10,38,89,90). 

Phage-based integrated management of tomato bacterial spot is recommended to tomato growers 

in Florida (85), and bacteriophage mixtures against the pathogen are commercially available 

(Agriphage from OmniLytics Inc., Salt Lake City, UT, EPA Registration # 67986-1). However, 

phage therapy has not been evaluated for the control of citrus diseases.  
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Our objective was to evaluate phage therapy for treatment of citrus canker. Additionally, 

we wished to investigate the effect of protective formulations on efficacy of bacteriophage 

treatment and also to use phages in combination with chemical bactericides as a part of an 

integrated approach. Skim milk-based protective formulations have been used to increase phage 

persistence on plant foliage and contributed to enhanced control of tomato bacterial spot (10). 

Ionic copper is toxic to all cells, since it interacts with sulfhydryl (-SH) groups of amino acids 

and causes denaturation of proteins ((3), p.345). Ionic copper reduces bacteriophage populations 

(11, 66); however, it only persists on plant foliage a short time and does not affect bacteriophage 

survival if applied three or more days in advance of phage application (66). 

Citrus canker until recently has been under eradication in Florida, and field trials in groves 

could not be carried out in the state. Therefore, we conducted disease control trials (i) in the 

greenhouse of the citrus canker quarantine facility of the Florida Department of Agriculture & 

Consumer Services, Division of Plant Industry (DPI) and (ii) in Argentina, where disease canker 

is endemic in cooperation with researchers of the Instituto Nacional de Tecnología Agropecuaria 

(INTA). Additionally, we carried out field trials in Florida for suppressing citrus bacterial spot 

(CBS), another Xanthomonas disease of citrus (102). CBS, incited by X. axonopodis pv. 

citrumelo (Xacm), is similar to citrus canker, as both diseases cause lesions on citrus leaves and 

stems, infect young tissue, spread by wind driven rain and their severity is greatly increased by 

Asian leafminer (Phyllocnistis citrella) tunneling activity. CBS differs from citrus canker in that 

it does not affect full grown plants, causes flat or sunken lesions (Figure 1-8) instead of the 

corky, raised ones of canker (Figure 1-1) and is generally less aggressive than citrus canker 

(106). Additionally, CBS is not regulated allowing the implementation of field trials. 
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Materials and Methods 

Bacterial Strains and Bacteriophages 

Bacterial strains (Table 3-2) were grown on nutrient agar (NA) medium (0.8% (wt/V) 

Nutrient Broth (NB) (BBL, Becton Dickinson and Co., Cockeysville, MD) and 1.5% (wt/V) 

Bacto Agar (Difco, Becton Dickinson and Co., Sparks, MD)) at 28°C. For preparation of 

bacterial suspensions 24 h cultures were suspended in sterile tap water, their concentration was 

adjusted to 5×108 cfu/mL (A600=0.3), and then were diluted appropriately. Bacterial inoculations 

were carried out by misting the bacterial suspension on the plant foliage with a hand-held 

sprayer. For detection and propagation of bacteriophages (Table 3-1) either semisolid, soft 

nutrient agar yeast extract medium (NYA), (0.8% Nutrient Broth, 0.6% Bacto Agar and 0.2% 

Yeast Extract (Difco, Becton Dickinson and Co., Sparks, MD)), or liquid nutrient broth medium 

was used. Sterilized tap water or SM buffer (0.05 M Tris-HCl (pH 7.5), 0.1 M NaCl, 10 mM 

MgSO4 and 1% (w/V) gelatin) was used for preparing phage suspensions. Bacterial strains used 

in this study (Table 3-2) were stored at -80ºC in NB supplemented with 30% glycerol. 

Bacteriophages were stored at 4ºC and protected from light.  

Plant Material and Cultural Conditions in the Greenhouse 

Duncan grapefruit plants were grown from seed in 15 cm plastic pots in Terra-Lite® 

agricultural mix (Scott Sierra Horticultural Products Co., Marysville, OH) and fertilized as 

needed using Osmocote® Outdoor & Indoor Smart Release® Plant Food (Scott Sierra 

Horticultural Products Co.) controlled release fertilizer (NPK 19-6-12). The plants were kept in 

the glasshouse of the citrus canker quarantine facility of the Division of Plant Industry in 

Gainesville, Florida at temperature ranging from 25-30ºC.  
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Standard Bacteriophage Techniques 

Determination of titer. Phage concentrations were determined by the dilution-plating-

plaque count assay on NYA plates without bottom agar as previously described (97).  

Propagation. Phages were recovered from storage, purified by single plaque isolations and 

then mass streaked on the freshly prepared lawn of the propagating host. The following day the 

phages were eluted from the plate, sterilized and enumerated. The eluate was used for infecting 

500 mL of actively growing culture of the propagating strain (108 cfu/mL) grown in NB liquid 

medium in 1 liter flasks, at 0.1 multiplicity of infection (MOI). After addition of the phage and 5 

min incubation on the bench top, the culture was shaken at 150 rpm at 28ºC for 18 h. Then the 

culture was sterilized, enumerated and stored at 4 ºC in the dark until use. This method yielded 

phage titers of approximately 1010 PFU/mL. 

Phage concentration by high speed centrifugation. High titer phage lysates (~1010 

PFU/mL) were concentrated and purified according to methods described by Hans-W. 

Ackermann (personal communication). One hundred milliliters of the sterilized lysate was 

centrifuged at 10,000 g for 10 min to sediment the bacterial debris. Forty milliliters of the 

supernatant was transferred to a new centrifuge tube and centrifuged at 25,000 g for 60 min to 

sediment the phage particles. The supernatant was discarded and replaced with 0.1M ammonium 

acetate solution (pH 7.0). Following an additional centrifugation (60 min, 25,000 g) the 

supernatant was discarded and the pellet was resuspended in 1.5 mL of SM buffer. The final 

phage concentration was approximately 1012 PFU/mL. 

Disease Assessment and Data Analysis 

The ratio of diseased leaf surface area was estimated using the Horsfall-Barratt (HB) scale 

(12): 1=0%, 2=0-3%, 3=3-6%, 4=6-12%, 5=12-25%, 6=25-50%, 7=50-75%, 8=75-87%, 9=87-

94%, 10=94-97%, 11=97-100%, 12=100%. The HB values were converted to estimated mean 
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percentages by using the Elanco Conversion Tables for Barratt-Horsfall Rating Numbers 

(ELANCO Products Co., Indianapolis, IN), as described in Appendix A. If disease was assessed 

more than once, the area under the disease progress curve (AUDPC) was computed by 

trapezoidal integration of disease percentage values taken at different timepoints using the 

formula proposed by Shaner and Finnley (104), as described in Appendix A. 

Analysis of variance (ANOVA) and subsequent separation of sample means by the Waller-

Duncan K-ratio t Test (for balanced data) or by least square means method (for unbalanced data) 

was carried out using SAS System for Windows program release 8.02 (Cary, NC).  

Greenhouse Citrus Canker Control Trials 

Control with phage mixture applied with or without skim milk formulation. Duncan 

grapefruit plants were heavily pruned and fertilized to induce a new flush of growth that is highly 

susceptible to citrus canker infection. Approximately three weeks later the emerging-uniform-

new-foliage was treated with a equal mixture of phages CP2, CP31, ccΦ7 and ccΦ13-2 (test 1 - 

5×109 PFU/mL, test 2 - 1×109 PFU/mL, test 3 - 1×108 PFU/mL of each phage) in the evening 

and the plants were covered with white plastic bags. Phages were applied with or without skim 

milk formulation (0.75% (wt/V) non-fat dry milk powder). The goal of placing in plastic bags 

was to maintain high relative humidity, simulate dew conditions and also to contribute to the 

opening of the stomata that increases the penetration of bacteria into the leaf tissues. On the next 

morning the bags were removed from the plants, and the plants were inoculated with Xac65 (test 

1 - 1×108 cfu/mL, tests 2 and 3 - 5×106 cfu/mL). After inoculation the plants were placed inside 

the bags for an additional 24 h of high moisture. After removal from the bags and after the 

foliage was allowed to dry the plants were arranged in a completely randomized pattern on a 

greenhouse bench. The disease was assessed 3-4 weeks after inoculation. Four plants were used 

per treatment. 
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Control of disease caused by phage-sensitive strain and its phage-resistant mutant. A 

mutant of Xac65, designated RF2, which was selected for resistance to phage ΦXaacF2, was 

found also to be resistant to CP2, CP31, ccΦ7 and ccΦ13-2. In three tests grapefruit plants were 

inoculated either with Xac65 or RF2, at 5×106 cfu/mL 12 h after treatment with the mixture of 

CP2, CP31, ccΦ7 and ccΦ13-2, each at 1×108 PFU/mL. These tests were carried out similarly to 

the previous ones. 

Citrus Canker Nursery Trials in Argentina 

The trials were conducted at the experimental nursery of the Instituto Nacional de 

Tecnología Agropecuaria (INTA) research center in Bella Vista, Corrientes (Figure 4-1) from 

January to April 2006 in cooperation with scientists of INTA. The experiment was set up in a 

split-plot design: there were two main treatments, phage and no phage, and within them there 

were two sub-treatments, copper-mancozeb and no copper-mancozeb. The sub-treatments were 

randomly replicated four times within the main treatments. The replications were 5-m long plots. 

The main plots were replicated twice. The plants were inoculated with a copper-resistant Xac 

strain, Xc05-2592 in January 2006 and then re-inoculated in February. The phage treatment 

(ΦXaacA1, ~106 PFU/mL) was mixed with a protective formulation (0.75% (wt/V) non-fat dry 

milk powder) and spray-applied twice weekly in. Copper-mancozeb (3 g/L Caurifix WG (BASF) 

(a.i. 84% copper oxychloride) plus 2 g/L Dithane M80 (a.i. 80% mancozeb)) was also spray-

applied twice weekly. Disease assessment was carried out once, after 12 weeks of phage and 

copper-mancozeb applications. All diseased leaves were collected and the average number of 

lesions per leaf was determined. This experiment was carried out at two sites at the nursery 

simultaneously.  
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Citrus Bacterial Spot Disease Control Trials at Dilley and Son Nursery in Avon Park, 
Florida 

The experiment was carried out at Roland L. Dilley & Son, Inc., a citrus nursery in Avon 

Park, FL (Figure 4-2), which had a long history of CBS, caused by X. axonopodis pv. citrumelo. 

The cultural methods and the high plant density in the nursery resulted in active plant growth, 

long leaf-wetness periods and easy pathogen spread, all contributing to CBS development. Three 

test sites were established in the nursery:  two were set in a section containing Valencia orange 

scions on Volkamer lemon (Citrus volkameriana) rootstock (Figure 4-2), and the third one was 

set in a section of Ray Ruby grapefruit scions on Cleopatra mandarin (C. reticulata Blanco) 

rootstocks. In each test site a row was divided into six 6-m-long plots, spaced 3 m apart, with 

three receiving phage-treatment (phage), and three not (control). The phage-treated plots were 

sprayed twice-weekly at dawn with a mixture of three bacteriophages (ΦXacm2004-4, 

ΦXacm2004-16 (both isolated from the nursery), and ΦX44 (OmniLytics Inc., Salt Lake City, 

UT), 2.4 × 108 PFU/mL each) blended in a suspension of 0.75% (wt/V) non-fat dry milk powder 

using a non-CO2, backpack sprayer. The treatment was applied from August 9 until November 

11, 2004. The high winds associated with the hurricanes caused a great deal of physical damage 

to the plants opening up entry for pathogen ingress. Disease severity, caused by natural 

inoculum, was evaluated five times during the experiment (biweekly between September 16 and 

November 11). 

Citrus Bacterial Spot Disease Control Trials at the Plant Science Unit of the University of 
Florida in Citra, Florida. 

Two trials were carried out during summer and fall of 2006 at the Plant Science Unit of the 

University of Florida in Citra, Florida (Figure 4-3). Swingle citrumelo plants, donated by Dilley 

and Son, Inc. (Avon Park, FL) were transplanted in April 2005 and were fertilized monthly with 

Osmocote® Outdoor & Indoor Smart Release® Plant Food (Scott Sierra Horticultural Products 
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Co., Marysville, OH) and irrigated as needed using an overhead irrigation system. The 

experiment was set up in a split-plot design: there were two main treatments, phage and no 

phage, and within them there were two sub-treatments, copper-mancozeb and no treatment. The 

sub-treatments were randomly replicated five times within the main treatments. Each replicate 

was one plot consisting of nine plants spaced 25 cm apart. The plots were separated by 2 m. The 

plants were pruned and heavily fertilized to achieve uniform emerging young foliage before 

inoculation with S4m, an antibiotic resistant mutant of a Xacm strain, S4 (Table 3-2). Inoculation 

was carried out by spraying plants with the suspension of the pathogen (107 cfu/mL) amended 

with 0.025% Silwet L-77 (Loveland Industries, Co., Greely, CO), a wetting agent, for increased 

inoculum penetration. In the first trial every plant was inoculated, and pruned back after 

developing disease symptoms, and then the emerging foliage rated for disease. This was done to 

simulate the situation similar to that of the Dilley’s nursery, where the pathogen is present in the 

nursery but is not directly inoculated on the plants. Since the disease pressure was extremely low 

using this method, in the second trial the middle plant of every plot was inoculated and then the 

disease was assessed on the inoculated foliage.  

Phage and copper-mancozeb applications started before inoculations and continued until 

the last rating was taken. The phage treatment was applied twice weekly in the evenings. It 

consisted of a mixture of three phages, (ccΦ13-2, α-MME and Φ5536, 1×108 PFU/mL each) 

applied with skim milk formulation (0.75% (wt/V) non-fat dry milk powder) using a non-CO2, 

backpack sprayer. The copper-mancozeb treatment (2.5 g/L Manzate 75DF (Griffin Co., 

Valdosta, GA) (a.i. 75% mancozeb) and 3.6 g/L Kocide 2000 ( E. I. du Pont de Nemours & Co.) 

(a.i. 53.8% copper hydroxide)) was applied once a week, 2 days apart from the phage 
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applications. Disease severity was assessed weekly using the Horsfall-Barratt scale, as described 

above.  

Results 

Effect of Bacteriophage Application and Use of Protective Skim Milk Formulation on 
Citrus Canker Disease Development in the Greenhouse 

In order to evaluate whether the presence of high populations of bacteriophages on the 

grapefruit foliage suppresses citrus canker disease development, a mixture of four bacteriophages 

(CP2, CP31, ccΦ7 and ccΦ13-2) was applied on grapefruit plants 12 h before inoculation with X. 

axonopodis pv. citri (Xac) strain, Xac65. The phage mixture was applied with or without a skim 

milk formulation. Three tests were carried out and in two of them there were significant 

differences between treatments (Table 4-1). In both of those tests the application of phage 

mixture without skim milk significantly reduced disease severity (Table 4-1). No phages could 

be recovered two days after application from plants if they were applied without skim milk 

formulation, whereas if applied with the formulation phage populations ranged from 104 to 107 

PFU/mL. However, interestingly, formulated phage treatment did not decrease disease severity 

(Table 4-1). 

Effect of Phage Application on Disease Severity Incited by a Phage-Sensitive Xac Strain 
and Its Phage-Resistant Mutant 

In order to reduce possible cross-treatment interference caused by phage spread between 

plants, the effect of phage treatment on the development of citrus canker incited by a phage 

sensitive strain, Xac65, and its phage resistant mutant, RF2 were compared in three experiments. 

The disease caused by the two strains was not significantly different (Table 4-2), indicating that 

the mutation to phage resistance did not affect pathogenicity of RF2. Phage application 

significantly reduced the disease severity incited by Xac65 in all three experiments (Table 4-2). 

Interestingly, the phage treatment also decreased disease severity incited by the RF2 in of one of 
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three tests (Table 4-2). It is likely that this resulted from an error during the execution of the 

experiment: the plants may have been inoculated with Xac65 instead of RF2, or the phages may 

have been contaminated with a phage that was able to lyse RF2. 

Effect of Phage and Copper-Mancozeb Applications on Citrus Canker Disease 
Development in a Citrus Nursery 

The effect of bacteriophage treatment, copper-mancozeb treatment, and their combination 

was evaluated for reducing citrus canker disease development under field conditions in an 

experimental citrus nursery in Argentina (Figure 4-1). Nursery plants were inoculated with a 

copper tolerant Xac strain and were treated (i) twice weekly with a suspension of phage 

ΦXaacA1; or (ii) twice weekly with a copper-mancozeb solution, or (iii) both with phage and 

copper-mancozeb. Phage application alone significantly reduced citrus canker disease severity, 

but it was not as effective as the copper-mancozeb treatment (Table 4-3). The combination of 

phage and copper-mancozeb treatments did not result in increased control (Table 4-3); to the 

contrary it reduced the efficacy of copper treatment in one of two trials. 

Effect of Bacteriophage Treatment on Citrus Bacterial Spot Disease Development in a 
Commercial Citrus Nursery 

Disease control trials were set up in the summer and fall of 2004 in a commercial citrus 

nursery in Florida to evaluate the effect of preventative bacteriophage applications on CBS 

disease development incited by naturally occurring Xacm populations. A mixture of three phages 

was applied twice weekly in skim milk formulation at three sites. Two sites were established in 

sections of Valencia orange, which is moderately sensitive to CBS, whereas the third site was in 

a grapefruit section, which is highly susceptible to the disease. Phage treatment contributed to a 

significant disease reduction in both Valencia sites (Table 4-4). Some disease suppression also 

occurred at the grapefruit site, but it was not significant (p = 0.1585) (Table 4-4).  
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Effect of Bacteriophage and Copper-Mancozeb Treatments on Citrus Bacterial Spot 
Disease Development in an Experimental Nursery 

The effects of bacteriophage treatment, copper-mancozeb treatment and their combination 

were evaluated for reducing CBS disease development in an experimental citrus nursery. Phage 

treatment contributed to significant disease reduction (Table 4-5); however, it provided less 

control than the copper-mancozeb in one of two trials. The combination of phage and copper 

treatments did not result in increased disease control, but did not result in reduced control, either. 

Discussion 

Phage treatments proved to be effective means of disease reduction both under greenhouse 

and field conditions, both for citrus canker and citrus bacterial spot. Their efficacy would likely 

be further increased if the phage mixtures were carefully designed and consisted of higher 

number of phages with distinct cell receptor specificities. In these studies the number of phages 

included in the mixture ranged from one to four and their receptor specificity was not evaluated 

at all.  

The greenhouse trials provided a good example of what could happen if phages with 

similar receptor specificity are used. Strain RF2 became resistant to all four phages used in the 

greenhouse trials with presumably a single mutation. It indicates that those four phages had the 

same receptor specificity. Mutation to resistance by RF2 resulted in abolishment of disease 

control by the phage treatment without loss in aggressiveness of the pathogen. This phenomenon 

also underscores the need for constant stringent monitoring of pathogen populations in a phage-

based disease management program. 

Skim milk formulation, despite its effect of increasing phage longevity on plant foliage, 

totally abolished disease control achieved by the phages. It is possible that skim milk, which acts 

as a wetting agent and breaks down surface tension, helped in the pathogen ingress. It could have 
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also served as a carbon source for the bacterium. There is clearly a need for further research on 

developing protective formulations that give protection without the adverse effects. 

The twice weekly spray schedule used in this study might be too frequent for a practical 

application in a commercial grove setting. The relation of application frequency and control 

efficacy is an economically important factor and should be investigated before considering 

commercialization. 

The combination of phage treatment and copper-mancozeb did not prove to be 

advantageous. It was expected that the presence of ionic copper may reduce phage efficacy as it 

generally inactivates proteins. However, phage application also reduced copper efficacy in these 

trials. It is possible that phage virions and the proteins in the skim milk formulation tied up a 

significant part of free copper ions thus reducing the copper concentration available for 

eliminating the bacterial pathogen. The phage sprays also could have washed off a considerable 

amont of copper from the plant foliage. If phages are to be used as a part of an integrated pest 

management program, they likely will perform better together with other biological control 

methods or with chemical methods of different modes of action such as systemic acquired 

resistance inducers. 
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Figure 4-1.  Experimental citrus nursery, the location of the 2006 citrus canker trials, at the 

INTA research station in Bella Vista, Corrientes, Argentina.  

 

 
Figure 4-2.  Disease control plots in Dilley and Son Nursery, Avon Park, Florida. 
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Figure 4-3.  Field plots at the Plant Science Research and Education Unit of the University of 

Florida in Citra, Florida. 
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Table 4-1. Effect of bacteriophage treatment and use of skim milk formulation on citrus canker 
disease development incited by Xanthomonas axonopodis pv. citri strain Xac65 on 
grapefruit plants in the greenhouse 

 Percent disease severity 
Treatment Phagey Formulated phage Water pz 

Test 1x 53b 75a 72a 0.0116 
Test 2 6b 12ab 16a 0.1967 
Test 3 13b 23a 24a 0.0211 

x Inoculum concentration was 1×108 cfu/mL in test 1 and 5×106 cfu/mL in tests 2 and 3. 
y Means within the same row followed by the same letter are not significantly different according 
to the Waller-Duncan K-ratio t Test at p=0.05 level. 
z p = Probability that there are no differences in treatment means according to analysis of 
variance.  
 
Table 4-2. Effect of bacteriophage treatment on citrus canker disease development incited by 

phage sensitive Xanthomonas axonopodis pv. citri strain Xac65 and its phage-
resistant mutant, RF2 on grapefruit plants in the greenhouse 

 Percent disease severity 
Pathogen Xac65 RF2 
Treatment Phagey Water Phage Water pz 

Test 1 16b 55a 47a 51a 0.0454 
Test 2 17b 39a 8b 48a 0.0052 
Test 3 5b 42a 46a 36a 0.0262 

y Means within the same row followed by the same letter are not significantly different according 
to the Waller-Duncan K-ratio t Test at p=0.05 level. 
z p = Probability that there are no differences in treatment means according to analysis of 
variance.  
 
Table 4-3.  Effect of phage and copper-mancozeb application on citrus canker disease 

development, incited by Xanthomonas axonopodis pv. citri strain Xc05-2592 in 
nursery trial in Bella Vista, Corrientes, Argentina 

Disease intensityz  Treatment 
UTCy,x Phage Cu-Mzv Phage+Cu-Mz 

pw 

Test 1 2.6a 2.0b 1.6c 1.8bc <0.0001 
Test 2 3.1a 2.1b 1.6c 2.0b <0.0001 

v Cu-Mz = copper-mancozeb. 
w p = Probability that there are no differences in treatment means according to analysis of 
variance.  
x UTC = untreated control 
y Means within the same row followed by the same letter are not significantly different based on 
least square means differences at p=0.05 level. 
z Disease intensity = average number of lesions on diseased leaves. 
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Table 4-4.  Effect of bacteriophage treatment on citrus bacterial spot disease development incited 

by naturally occurring Xanthomonas axonopodis pv. citrumelo strains at Dilley and 
Son Nursery in Avon Park, Florida in 2004, as measured by area under the disease 
progress curve (AUDPC) 

 AUDPC  
 Phage Control pz 

Site 1y 173 331 0.0023 
Site 2 169 261 0.0357 
Site 3 128 154 0.1585 

y Sites 1 and 2 consisted of Valencia orange, site 3 of grapefruit. 
z Probability of equality of sample means according to t test. 

 

Table 4-5.  Effect of bacteriophage and copper-mancozeb treatment on citrus bacterial spot 
disease development incited by Xanthomonas axonopodis pv. citrumelo strain S4m at 
the UF Plant Science Unit in Citra, Florida in 2006, as measured by area under the 
disease progress curve (AUDPC) 

AUDPC Treatment 
UTCy,z Phage Cu-Mzw Phage+Cu-Mz 

px 

Test 1 0.53a 0.20b 0.08b 0.13b 0.0115 
Test 2 24.3a 14.9b 4.0c 2.0c <0.0001 

w Cu-Mz = copper-mancozeb. 
x p = Probability that there are no differences in treatment means according to analysis of 
variance. 
y UTC = untreated control. 
z Means within the same row followed by the same letter are not significantly different based on 
least square means differences at p=0.05 level. 
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CHAPTER 5 
INTERACTION OF BACTERIOPAHGES AND THE HOST BACTERIA ON THE 

PHYLLOPLANE 

Introduction 

Bacteriophages, when used as biological control agents for foliar plant diseases interact 

with the target organism on the leaf surface, the phylloplane. The phylloplane is a constantly 

changing environment; there are changes in temperature, sunlight irradiation, leaf wetness, 

relative humidity, osmotic pressure, pH, microbial flora, and in the case of agricultural plants, 

also chemical compounds (40). These factors are harmful to bacteriophages to varying extents. 

Sunlight irradiation, especially in the UV A and B range, is highly detrimental to 

microorganisms in general (4,65) and is mainly responsible for eliminating bacteriophages 

within hours of application (66). Different temperatures and levels of relative humidity have 

different effects on phage longevity. Water is necessary for disseminating phage virions and it 

provides the medium for phage-bacterium interactions. It also contributes to virion stability, 

since many phages are sensitive to desiccation. Microbial activity and enzymes degrade phages. 

Modern intensive agriculture relies heavily on application of pesticides for control of plant 

diseases and insect pests. Most chemicals tested did not affect bacteriophage persistence (9, 

137); however, copper compounds are clearly detrimental (9,66).  

Materials that increase the longevity of viruses in the field have been identified 

(7,8,15,16,63,64,65). The use of such protective materials also increased disease control 

achieved with bacteriophages (10). Timing phage treatments to apply in the evenings and early 

mornings when sunlight UV irradiation is minimal, also increased efficacy (10). One important 

factor that remains unexplored is the phages themselves. Bacteriophages used in previous studies 

and also for commercial phage products available for agricultural use were selected strictly based 

on in vitro tests (10, 89, 90, 99) without any evaluation in the target environment. It is not known 
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whether the different phages included in the mixture persist similarly on the plant surface, 

whether the ratio of active ingredients in the phage treatments changes in the target environment 

after application. It is not known if different phages in the phage mixture contribute equally to 

disease control. It is not known if there are such characteristics that make a phage more suitable 

to disease control on a leaf surface than others. The goal was to try to shed some light in this 

darkness. The two objectives were (i) to monitor the fate of bacteriophages, individual 

constituents of a phage mixture used for disease control in a real field situation after being 

applied to the leaf surface, and (ii) to test if the ability to multiply on the leaf surface influences 

phage disease control efficacy and makes a detectable difference on disease control.  

Material and Methods  

Standard Bacteriophage Techniques 

Determination of titer. Phage concentrations were determined by the dilution-plating-

plaque-count assay on nutrient agar yeast extract plates without bottom agar, as previously 

described (97).  

Phage propagation. Phages were recovered from storage, purified by single plaque 

isolations and then mass streaked on the freshly prepared lawn of the propagating host. After 

overnight incubation the phages were eluted from the plate, sterilized and enumerated, as 

described above. The eluate was used for infecting 500 mL of actively growing culture of the 

propagating strain (108 cfu/mL) grown in NB liquid medium in 1 liter flasks at 0.1 multiplicity of 

infection (MOI). After addition of the phage and 5-min incubation on the bench top, the culture 

was shaken at 150 rpm at 28ºC for 18 h. Then the culture was sterilized, enumerated and stored 

at 4ºC in the dark until use. This method yielded phage titers of approximately 1010 PFU/mL. 

Phage concentration by high speed centrifugation. High titer phage lysates (~1010 

PFU/mL) were concentrated and purified according to methods described by Hans-W. 
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Ackermann (personal communication). One hundred milliliters of the sterilized lysate was 

centrifuged at 10,000 g for 10 min to sediment the bacterial debris. Forty milliliters of the 

supernatant was transferred to a new centrifuge tube and centrifuged at 25,000 g for 60 min to 

sediment the phage particles. The supernatant was discarded and replaced with 0.1 M ammonium 

acetate solution (pH 7.0). Following an additional centrifugation step (60 min, 25,000 g) the 

supernatant was discarded and the pellet was resuspended in 1.5 mL SM buffer. The final phage 

concentration was approximately 1012 PFU/mL. 

Changes in Xanthomonas axonopodis pv. citrumelo Phage Populations on the Field 

The experiment was conducted at the Plant Science Unit of the University of Florida in 

Citra, Florida. A mixture of three bacteriophages was sprayed onto Swingle citrumelo plants at 8 

PM on July 18, 2006. The phages used were ccΦ13-2, α-MME and Φ5536, all adjusted to 1×108 

PFU/mL as determined on their common propagating bacterium, Xanthomonas axonopodis pv. 

citrumelo (Xacm) strain, S4m. The mixture was applied in skim milk formulation (0.75% (wt/V) 

non-fat dry milk powder) using a non-CO2, Solo backpack sprayer. The phage populations were 

monitored in the evening and the next morning as follows. Leaf samples were taken at 8:15 PM, 

7:45 AM, 9:00 AM, 10:00 AM and 11:00 AM. For each sample three trifoliate leaves, 

originating from a singe plant, were removed and placed into a plastic freezer bag (Hefty OneZip 

quart size, Pactiv Co., Lake Forest, IL). At each timepoint four samples were collected from 

plants within the same plot. The samples were placed on ice in a portable plastic cooler and 

immediately carried to the laboratory. The bags were then weighed and 50 mL of sterilized tap 

water was poured into each bag. The bags were shaken on a wrist action shaker (Burrel Co., 

Oakland, CA) for 20 min and then 1 mL of leaf-wash was removed from each bag and 

transferred into 1.5 mL microcentrifuge tubes containing 20 µL of chloroform. The tubes were 

stored at 4ºC until all samples were taken and processed and then transported to the Gainesville 
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laboratory for determination of phage titer. Phages were enumerated by dilution plating and 

plaque counts on three bacterial strains: MME (X. vesicatoria), Xacm45 (Xanthomonas 

axonopodis pv. citri) and S4m (Xacm). MME selectively detected phage α-MME, Xacm45 

selectively detected phage Φ5536, and S4m detected all three phages. Titers of phages α-MME 

and Φ5536 were calculated from the plaque number, dilution information and leaf weight and 

were expressed as PFU/g leaf tissue. Titer of phage ccΦ13-2 was determined indirectly, as 

described. The efficacy of plating of phage α-MME on strain MME versus strain S4m was 

determined concurrently to phage titer determinations by plating known concentration of phage 

α-MME on both strains (5 replication each) and dividing the average number of plaques 

produced on MME by the average number of plaques produced on S4m. EOP of phage Φ5536 

on Xacm45 versus S4m was determined similarly. The EOP values were multiplied with the 

phage concentrations determined on the appropriate selective host to calculate the phage 

concentration on S4m for each sample. The concentration of ccΦ13-2 in each sample was 

determined by the following equation: ccΦ13-2 concentration = total phage concentration (as 

determined on S4m) – α-MME concentration (calculated) - Φ5536 concentrated (calculated). 

Finally, the data were converted by the y=log10(x+1) function and were graphed. The sunlight 

irradiation data were downloaded from the Florida Automated Weather Network website 

(http://fawn.ifas.ufl.edu). 

Interaction of Xanthomonas perforans and Its Bacteriophage on the Tomato Foliage in the 
Greenhouse 

Population study. Six young tomato plants, in 3-4 leaf stage, were dipped in a suspension 

of X. perforans strain, ΔopgH:ME-B (105 cfu/mL), amended with 0.025% Silwet L-77 (Loveland 

Industries, Co., Greely, CO). Five days later three of the plants were sprayed with sterilized tap 

water and three with a suspension of bacteriophage ΦXv3-3-13h (108 PFU/mL). The plants were 
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placed in clear polyethylene bags for 1 day after phage application in a growth chamber (28ºC). 

Before removing the bags, the plants were transferred to a greenhouse where they remained 

throughout the experiment in a completely randomized arrangement. Phage populations were 

monitored daily for a week by removing three leaflets and recovering the phages from the 

leaflets.  

Disease control study. Phage ΦXv3-3-13h was also used for controlling tomato bacterial 

spot severity incited by ΔopgH:ME-B. Six young tomato plants were inoculated with strain 

ΔopgH:ME-B; and later three of them were sprayed with ΦXv3-3-13h and three were sprayed 

with sterilized tap water. Methods of bacterial inoculation and phage application were the same 

as for the population studies. The ratio of diseased leaf tissue was estimated on the bottom three 

fully expanded leaves of each plant twice, 19 and 22 days after inoculation using the Horsfall-

Barratt (HB) scale (12): 1=0%, 2=0-3%, 3=3-6%, 4=6-12%, 5=12-25%, 6=25-50%, 7=50-75%, 

8=75-87%, 9=87-94%, 10=94-97%, 11=97-100%, 12=100%. The HB values were converted to 

estimated mean percentages by using the Elanco Conversion Tables for Barratt-Horsfall Rating 

Numbers (ELANCO Products Co., Indianapolis, IN), as described in Appendix A. The area 

under the disease progress curve (AUDPC) was computed by trapezoidal integration of disease 

percentage values taken in different timepoints using the formula proposed by Shaner and 

Finnley (104), as described in Appendix A. The sample means of the phage-treated and non-

treated plants were compared by t-test using SAS System for Windows program release 8.02 

(Cary, NC).  

Interaction of Xanthomonas axonopodis pv. citri and Its Bacteriophages on Grapefruit 
Foliage in the Greenhouse  

Disease control studies. Two experiments were carried out at the greenhouse of the 

Department of Agriculture & Consumer Services, Division of Plant Industry, citrus canker 
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quarantine facility. Duncan grapefruit plants were heavily pruned and fertilized to induce the 

simultaneous boom of a new flush that is susceptible to citrus canker infection. Three weeks later 

the emerging uniform new foliage was treated with on of three different single-phage 

suspensions (ΦXV3-21, ΦXaacF1 or ccΦ19-1, 5x109 PFU/mL) or with sterilized tap water. Fifty 

milliliters of the phage suspension was spayed on each plant in the evening, and then the plants 

were placed in white plastic bags. On the next morning the bags were removed from the plants, 

and the plants were inoculated with Xac strain Xac65 (test 1×106 cfu/mL). After inoculation the 

plants were placed inside the bags for an additional 24 h of high moisture. After removal from 

the bags and after the foliage was allowed to dry the plants were arranged in a completely 

randomized pattern on a greenhouse bench. The disease was assessed 3-4 weeks after 

inoculation. Four plants were used per treatment. In the first experiment the phage suspensions 

were prepared by diluting high titer lysates, but because of concerns that the presence of nutrient 

broth in the phage lysate may contribute to increased disease severity, in the second experiment 

the phage lysates were concentrated in order to remove nutrient broth. The ratio of diseased leaf 

surface area was estimated using the Horsfall-Barratt (HB) scale (12). The HB values were 

converted to estimated mean percentages by using the Elanco Conversion Tables for Barratt-

Horsfall Rating Numbers (ELANCO Products Co., Indianapolis, IN), as described in Appendix 

A. Analysis of variance (ANOVA) and subsequent separation of sample means by the Waller-

Duncan K-ratio t Test was carried out using SAS System for Windows program release 8.02 

(Cary, NC).  

Population studies. In order to determine if bacteriophages ΦXV3-21, ΦXaacF1 and 

ccΦ19-1 are able to multiply on the grapefruit foliage in the presence of their host, Xac65, 

grapefruit plants were sprayed with a mixture of the three phages at low concentration (5×106 
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PFU/mL) and immediately followed by application of the bacterial suspension at a much higher 

concentration (1×108 cfu/mL) or with sterilized tap water for control. Phage populations were 

monitored by removing three leaflets 0, 3, 6 and 9 h after application, recovering the phages 

from the leaflets and determining concentrations. In order to determine populations of the 

individual phages, the leaf washes were plated on three Xac strains that specifically detected 

each of the tree phages. These strains were only sensitive to one of three phages. Strain Xac41 

was used for specific detection of ΦXaacF1; Xac15 for ccΦ19-1 and Xac30 for ΦXv3-21.  

Results 

Persistence of Bacteriophages on Citrus Leaf Surface Under Field Conditions 

The fate of three phages, ccΦ13-2, α-MME and Φ5536, was monitored on citrus foliage. 

The mixture of these three phages was used for biological control of citrus bacterial spot, and 

was applied at 8 PM. The three phages were applied at equal concentrations, at 1×108 PFU/mL, 

in skim milk formulation. The sunlight irradiation at the sites was 0 until 6:30 AM then gradually 

increased to approximately 400 W/m2 at 9:45 AM (Figure 5-1). Then the irradiation suddenly 

jumped to almost 600 W/m2. The three phages persisted differently on the foliage (Figure 5-1). 

Φ5536 populations reduced slightly from 8 PM until 10 AM, 132 and 135 fold in sites 1 and 2, 

respectively (Figure 5-1). However, concurrently with the suddenly higher sunlight irradiation, 

Φ3356 populations sharply dropped between 10 AM and 11AM, decreasing 2159 and 801 folds, 

in sites 1 and 2, respectively, and were practically eliminated by 11 AM. The populations of 

phage ccΦ13-2 decreased 32 and 12 fold between 8 PM and 10 AM, in sites 1 and 2, respectively 

(Figure 5-1). The rate of population decline increased between 10 AM and 11 AM, but it was 

much lower than that of Φ3356, with 66 and 30 fold in sites 1 and 2, respectively (Figure 5-1). 

At 11 AM still there were, 632 and 142 PFU per leaf ccΦ13-2 at site 1 and site 2, respectively. 

ΦMME populations were lower from the beginning compared to the other two phages (Figure 
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5-1). The nighttime reduction was low, but the populations decreased earlier in the morning than 

other two phages. In site 1 there was no population reduction between 8 PM and 7:45 AM, but 

between 7:45 and 9 AM there was a 2490 fold decrease and from 9 AM or later the populations 

were hardly detectable, 19 PFU/leaf (Figure 5-1). In site 2, ΦMME populations reduced slightly, 

6 folds, between 8PM and 7:45AM, and more than 500 fold between 7:45 and 10 AM to 121 

PFU/leaf (Figure 5-1).  

Ability of Three Phages of Xanthomonas axonopodis pv. citri to Multiply on Grapefruit 
Foliage in the Presence of Their Bacterial Host, and Their Effect on Citrus Canker 
Disease Development  

In order to elucidate if a phage need to be able to multiply on the leaf surface for effective 

disease control, three phages active against Xac were evaluated for their ability to (i) multiply on 

grapefruit leaf surface in the presence of high populations of the host bacterium, and to (ii) 

reduce citrus canker disease severity under greenhouse conditions. The populations of phage 

ΦXV3-21 decreased in the absence of Xac65 to 1.6 and 1.9% of the original populations after 

nine hours on the grapefruit leaves in experiments 1 and 2, respectively (Figures 5-2A and 5-

3A). In the presence of Xac65 ΦXV3-21 populations persisted better than in the absence of the 

host, although they still decreased over time and after 9 hours were 4.2 and 26.2% of the starting 

populations. Populations of phage ΦXaacF1 also decreased in the absence of the Xac65 and were 

4.2 and 5.8% at the end of the experiment in experiment 1 and 2, respectively (Figures 5-2B and 

5-3B). However, in the presence of the host, ΦXaacF1 increased in population, to 324 and 557%, 

after nine hours in experiments 1 and 2, respectively (Figures 5-2B and 5-3B). The third phage, 

ccΦ19-1 decreased in populations in the absence of Xac65 to 0.4 and 1.5% by the end of the 

experiment (Figures 5-2B and 5-3B). In experiment 1, 6 hours after application ccΦ19-1 

populations were higher in the presence of the host than in its absence (35% vs. 9.2%); however 
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at nine hours no ccΦ19-1 was detected in the presence of the host (Figure 5-2C). In the second 

experiment the presence of Xac65 ccΦ19-1 populations were at 45% after 9 h (Figure 5-2C). 

These three phages were used to treat grapefruit plants before inoculating with the 

pathogen, Xac65, in two experiments. In the first experiment none of the phages reduced citrus 

canker disease severity (Table 5-1). On the contrary, ΦXV3-21 application resulted in significant 

disease increase compared to the water control (Table 5-1). However there were significant 

differences between plants treated with different phages: ccΦ19-1-treated plants had significantly 

less disease than ΦXV3-21-treated plants and significantly more disease than ΦXaacF1-treated 

ones (Table 5-1). It was suspected that the nutrient broth present in phage suspensions 

contributed to the disease increase on the ΦXV3-21 treated plants and it could have also caused 

the loss of control provided by the phages. Thus, for the second experiment nutrient broth was 

removed from phage suspensions before applications. In this experiment ΦXaacF1 treatment 

significantly reduced disease severity, while the other two phages did not have any significant 

effect.  

Ability of a Xanthomonas perforans Phage to Multiply on Tomato Foliage in the Presence of 
Its Bacterial Host, and Its Effect on Tomato Bacterial Spot Disease Development  

To investigate if the correlation between a phage’s ability to multiply on the plant surface 

and effectively reduce disease is a general and present in other pathosystems, the interactions of 

a X. perforans strain, the causal agent of tomato bacterial spot (Figure 5-4), and its bacteriophage 

were studied. The ability of phage, ΦXv3-3-13h, to multiply on tomato foliage in the presence of 

its host, ΔopgH:ME-B, was evaluated in greenhouse studies. ΦXv3-3-13h populations 

continuously decreased in the absence of the bacterial host and were under the detection limit 5 

or 6 days after application, in experiments 1 and 2, respectively (Figure 5-5). In the presence of 

ΔopgH:ME-B ΦXv3-3-13h populations increased 11 and 87 fold in the first 24 h, in experiments 
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1 and 2, respectively, and then declined at slower rate than without the host (Figure 5-5). After 7 

days, the populations were only 8.5 and 17 times lower than at the time of application.  

Phage ΦXv3-3-13h was evaluated for its ability to reduce bacterial spot of tomato disease 

development incited by ΔopgH:ME-B. Disease severity was significantly reduced on phage-

treated plants compared to water-treated plants (Table 5-2).  

Discussion 

Phages constituting a phage mixture were shown to persist differently in the phyllosphere. 

The phages in the mixture had different levels of persistence and in the morning soon after 

sunrise the phage diversity was reduced from three phages to two and by late morning to one. 

Experiments with formulations showed that increasing phage persistence contributes to increased 

disease control ability. Thus it seems likely that using phages that can persist longer on the 

foliage either by to resisting desiccation and sunlight irradiation better, or being more effective in 

multiplying in the presence of the pathogen would be better suited for disease control. 

The phage that was effective in multiplying on the leaf surface did control the disease. 

Conversely, the phages that were not able to multiply efficiently enough to even maintain their 

populations could not reduce the disease. We only showed this correlation with a limited number 

of phages and only in two pathosystems, and it would be interesting to continue such evaluations 

on a broader scale. If it is true that those phages are more effective, which persist longer and can 

multiply efficiently in the phyllosphere than the phages naturally inhabiting the phyllosphere 

should be the most effective ones. Thus the phyllosphere may be the best place for finding 

phages for disease control purposes. It is discouraging, however, that in this study we found no 

variability amongst the phyllosphere phages in host ranges. However, our results also showed 

that the phages sensitivity profiles of Xanthomonas species overlap, thus phage diversity may be 

increased by isolating phages from different Xanthomonas pathosystems.  
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Overall Summary and Conclusions 

Citrus canker, incited by Xanthomonas axonopodis pv. citri and X. axonopodis pv. 

aurantifolii, is one of the most damaging citrus diseases in the world. Citrus canker was 

reintroduced to Florida in the 1990s and threatens the state’s $9 billion citrus industry. This work 

focused on a biological control approach to use bacteriophages for reducing bacterial pathogen 

populations and disease severity on citrus. Bacteriophages isolated from citrus canker lesions in 

Florida and Argentina were evaluated based on plaque morphology, chloroform sensitivity, host 

range, genome size, DNA restriction profile and virion morphology. There was low diversity 

among the isolated phages, as 61 of 67 were nearly identical to each other and phage CP2 of 

Japan. Mixtures of bacteriophages were evaluated for controlling citrus canker in greenhouse 

trials in Florida and in nursery trials in Argentina. Bacteriophages reduced citrus canker disease 

severity both in greenhouse and field trials. The level of control was inferior to chemical control 

with copper bactericides. The combination of bacteriophage and copper treatments did not result 

in increased control. Citrus canker field trials in Florida have been prohibited until recently, as 

the disease was under eradication. For this reason we evaluated the efficacy of phage treatment 

on a similar bacterial citrus disease, citrus bacterial spot, incited by X. axonopodis pv. citrumelo. 

Bacteriophages reduced citrus bacterial spot severity. The level of control was equal or inferior 

to chemical control with copper bactericides. The combination of bacteriophage and copper 

treatments did not result in increased control. In experiments monitoring the fate of 

bacteriophages on the citrus foliage following bacteriophage application, phage populations 

stayed steady on the foliage during nighttime but were drastically reduced within hours after 

sunrise. The rate of reduction varied among the phages. The ability of bacteriophages to multiply 

on the plant foliage in the presence of their bacterial host was investigated. Phages varied in their 

ability to multiply, and the ones that successfully increased in populations on the bacterial host 
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on the leaf surface also reduced disease severity, whereas the ones that were unable to multiply 

in the target environment did not reduce disease severity.  

However there is a need for research in several areas before commercial phage application 

will become a feasible option. First of all, the diversity of the citrus canker phage library has to 

be increased, either by further isolations or by changing host ranges and receptor specificities of 

available phages. The protective formulation also need improvement: the 0.75% skim milk 

powder formulation increases phage longevity on the foliage, but it also provides carbon source 

to the microorganisms on the leaf surface, including the pathogen. Additionally, the protein 

content of skim milk may tie up a considerable amount of ionic copper thus reducing the efficacy 

of copper bactericides. Identification of formulations that provide protection without the adverse 

effects could potentially result in increased disease control efficacy. The optimal frequency of 

application and phage concentration also remains to be determined. Both of these factors greatly 

influence the cost of phage treatment, what in turn determines feasibility. In these field tests we 

applied phages twice weekly at ~108 PFU/ml, but it is not known if less frequent applications 

and lower phage concentrations would have achieved similar control. Combining phage 

treatment with other biological control methods and chemicals with different modes of action 

than copper also needs to be evaluated. It may be possible to increase disease control efficacy of 

individual bacteriophages by selection for increased persistence on the leaf surfaces and higher 

in vivo multiplication ability. Also, rapid screening methods could be developed to predict 

disease control ability of phages.  
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Figure 5-1.  Bacteriophage populations and sunlight irradiation in Citra, FL on July 18 and 19, 

2006. A) Bacteriophage populations at site 1. B) Bacteriophage populations at site 2. 
C) Sunlight irradiation. Phage was applied at 8:00PM. Error bars indicate the standard 
error. 
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Figure 5-2.  Changes in bacteriophage populations on grapefruit foliage in the presence or 

absence of the host, Xanthomonas axonopodis pv. citri strain Xac65. Experiment 1. 
A) Phage ΦXV3-21. B) Phage ΦXaacF1. C) Phage ccΦ19-1. Percent population = 
percent of population average at 0 hour. Error bars indicate the standard error. 
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Figure 5-3.  Changes in bacteriophage populations on grapefruit foliage in the presence or 

absence the host, Xanthomonas axonopodis pv. citri strain Xac65. Experiment 2. A) 
Phage ΦXV3-21. B) Phage ΦXaacF1. C) Phage ccΦ19-1. Percent population = 
percent of population average at 0 hour. Error bars indicate the standard error. 
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Table 5-1.  Effect of treatment with three phages on citrus canker disease development, incited 
by Xanthomonas axonopodis pv. citri strain Xac65, as measured by disease severity.  

 Average disease severity 
Treatment Controly ccΦ19-1 ΦXaacF1 ΦXV3-21 pz 

Test 1 22bc 33b 13c 51a 0.0018 
Test 2 28ab 24bc 18c 32a 0.0049 

y Means within the same row followed by the same letter are not significantly different based on 
least square means differences at p=0.05 level. 
z p = Probability that there are no differences in treatment means according to analysis of 
variance.  
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Figure 5-4.  Symptoms of tomato bacterial spot, incited by Xanthomonas perforans.  
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Figure 5-4.  Populations of bacteriophage ΦXv3-3-13h on tomato foliage in the presence or 

absence of its host Xanthomonas perforans strain ΔopgH:ME-B. A) Experiment 1. B) 
Experiment 2. Error bars indicate the standard error. 
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Table 5-2.  Effect of a curative application of bacteriophage ΦXv3-3-13h on tomato bacterial 

spot disease development, incited by Xanthomonas perforans strain ΔopgH:ME-B, as 
measured by area under the disease progress curve (AUDPC). 

 Treated Control pz 

AUDPC 12.5 27.3 0.0026 
z Probability of equality of sample means according to t test. 
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APPENDIX A 
CALCULATIONS 

Conversion of Horfall-Barratt Values to Mean Percentages 

The Horsfall-Barratt values (12) were converted to estimated mean percentages by using 

the Elanco Conversion Tables for Barratt-Horsfall Rating Numbers (ELANCO Products Co., 

Indianapolis, IN). The estimated mean percentage of certain experimental unit, one plant in the 

greenhouse experiments or one plot in the field trials, was determined by taking the arithmetic 

mean of the percentages of several ratings taken at one time, where each individual percentage 

was taken as the midpoint of the appropriate percentage interval (Table A-1). For example, if the 

following four HB ratings were assigned to a grapefruit plant, 10, 7, 5 and 10, then the estimated 

mean percentage was calculated as (95.31 + 62.5 + 18.75 + 95.31) / 4 = 78.5.  

Calculation of Area Under the Disease Progress Curve 

The area under the disease progress curve (AUDPC) (Figure A-1) was computed by the 

trapezoidal integration of disease percentage values taken in different timepoints using the 

formula proposed by Shaner and Finnley (104). Disease progress curve is graphed by plotting the 

diseases percentage values (y-axis) against the time of disease assessment (x-axis) (Figure A-1). 

The area under this curve consists of several trapezoids. The area of each trapezoid is determined 

as (y2+y1)/2*(x2-x1), where (x1,y1) are the coordinate of the earlier and (x2,y2) are the coordinates 

of the later observation. For example if four disease ratings were taken one week apart and the 

disease percentages are 5, 10, 20 and 25, then there will be three trapezoids. The area of the first 

trapezoid is (10+5)/2*7=52.5, the area of the second is 105, the area of the third one is 157.5, so 

the total area of the disease progress curve is 315.  
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Table A-1.  Horsfall-Barratt scale, the corresponding disease intervals and midpoint values. 

HB value Disease Percentage Midpointz 

1 0 0 
2 0-3 2.34 
3 3-6 4.68 
4 6-12 9.37 
5 12-25 18.75 
6 25-50 37.5 
7 50-75 62.5 
8 75-88 81.25 
9 87-94 90.63 
10 94-97 95.31 
11 97-100 97.66 
12 100 100 

z Midpoint values are as published in the Elanco Conversion Tables for Barratt-Horsfall Rating 
Numbers (ELANCO Products Co., Indianapolis, IN). 
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Figure A-1.  Visualization of the disese progress curve and of the area under the disease progress 

curve. A) Disease progress curve is prepared by plotting the diseases percentage 
values (y-axis) against the time of disease assessment (x-axis). B) Area under the 
disease progress curve (AUDPC) is one value describing the overall disease progress 
throughout the season. 
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