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ABSTRACT
The gram-negative bacterium Erwinia amylovora is the causal agent of fire blight, a
destructive disease of apples, pears, and other Rosaceae species. This study seeks to further
elucidate the trophic aspects of the host-pathogen parasitic interaction and which metabolic
pathways are required for pathogenicity. Auxotrophic mutants of E. amylovora were generated
via Tn5 transposon mutagenesis followed by plating mutagenized bacterial cells on a selective
minimal media on which auxotrophs could not grow. Forty-seven confirmed auxotrophic
mutants were then inoculated onto immature ‘Gala’ apple fruits in order to evaluate their
pathogenicity. The mutated genes were identified by Sanger sequencing of E. amylovora DNA
flanking the Tn5 insertion in each auxotrophic mutant. Characterization of transposon insertion
sites showed that the following biosynthetic pathways or cellular functions were disrupted: amino
acid biosynthesis (19), nucleotide biosynthesis (12), sulfur metabolism (5), nitrogen metabolism
(2), survival protein biosynthesis (2), exopolysaccharide biosynthesis (3), and a selection of
uncharacterized proteins (4) (the number of mutants of each type is listed in parentheses). We
hypothesize that if an auxotrophic mutant is able to cause disease, the mutant must be able to
derive the missing metabolites from host tissues. If an auxotrophic mutant is not able to cause
disease, this suggests that it cannot derive the missing metabolites from their host. It was
determined that the disruption of amino acid biosynthesis, such as for the production of arginine,
leucine, and methionine, and nucleotide biosynthesis, such as for the production of purines and
pyrimidines, resulted in reduction or elimination of pathogenicity. These two groups of mutants
are unable to obtain sufficient amounts of the missing metabolic products from the host tissue in
order to complement their metabolism and grow normally. Conversely, mutants with disrupted
sulfur metabolism remained pathogenic, indicating that these mutants were able to obtain
sufficient amounts of sulfur and sulfur metabolites from the host tissue. In addition, mutants
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defective in several survival proteins and exopolysaccharide biosynthesis were identified during
screening as possible auxotrophs, and they displayed reduced or absent disease expression. The
question of why these mutants are auxotrophs is still being investigated. In summary, this genetic
study revealed new details of the profile of pathogen-accessible metabolites in colonizing the host
tissues and furthered understanding of which metabolic pathways are needed for disease
development.
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Chapter 1
Introduction
1.1 Rationale and Objectives
Erwinia amylovora is the causal agent of fire blight, a bacterial disease of plants
in the order Rosaceae that causes significant and ongoing economic losses, particularly in the
apple and pear industries. Erwinia amylovora was the first bacterial pathogen of plants to be
identified over 200 years ago, and was the first plant pathogenic bacterium demonstrated to be
transmitted by insects (Baker, 1971; Burrill, 1880). From the time of its first description in the
late 18th century until its 1919 discovery in New Zealand, the disease was only found in North
America (Jones and Aldwinckle, 1990). Since then fire blight has been described in nearly every
major apple producing region across the globe.
Economic losses caused by fire blight are difficult to track, as yearly losses are not
reported if they are not on epidemic levels. However economic losses are often greater than meets
the eye, as the impact can last up to seven years if trees are a total loss. This is the typical amount
of time for newly planted trees to grow to full production level (Bonn and Van der Zwet, 2000).
Losses due to fire blight incidences can be measured both as direct perennial crop losses, as well
as all costs related to the raising of trees to the age of productivity.
Yearly costs due to fire blight and its control can amount to upwards of $100 million in
the U.S. (Norelli et al, 2003). A notably severe epidemic in Michigan in 2000 led to an estimated
total economic loss of $42 million for the entire region and losses of 350,000 to 450,000 trees
(Longstroth, 2000). Erwinia amylovora is an incredibly difficult pathogen to predict and control
due to its spread by wind, rain and insects, especially bees and other pollinator species (Miller
and Schroth, 1972). Genetics approaches to the control of Erwinia amylovora may be a great
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solution as current control techniques, such as antibiotics, lose their efficacy or are no longer
permitted due to rising environmental and health concerns (Loper et al. 1991; Kümmerer, 2008).
Throughout the 20th century, a great deal of research was conducted on the nutritional
needs of Erwinia amylovora in laboratory in vitro settings (Holt et al., 1994; Starr and Mandel,
1950; Slade and Tiffin, 1978). While this information is integral to optimizing pathogen growth
for laboratory research, it tells us very little about the nutritional needs of Erwinia amylovora in
vivo and tells us nothing about the nature of the host-pathogen relationship in terms of nutrient
acquisition and potential parasitism. Further research into the interactions between the pathogen
and its apple host tissues in situ will enhance the understanding of how disease is shaped by the
pathogen’s ability to access the nutrient profile within the host. The purpose of this research is to
further examine the parasitic relationship of Erwinia amylovora to its host plant by utilizing Tn5
transposon mutagenesis to disrupt at random the biosynthetic pathways that are necessary for
prototrophy in E. amylovora. This disruption will create auxotrophic mutant strains that may, or
may not, be virulent in apple tissues. The predicted function of the disrupted gene(s) can then be
used to identify which biosynthetic and functional pathways are affected in the auxotrophs. This
information will allow deductions to be made about which metabolites and nutrients E.
amylovora can acquire from host tissues, based on the virulence phenotype of the auxotroph.
Auxotrophic mutants that are able to grow in planta are able to extract the missing metabolite(s)
from the plant tissues, whereas auxotrophs that cannot grow in planta must not be able to extract
sufficient quantities of the missing metabolite(s) from the host and must synthesize their own
supply de novo (Ramos et al., 2015). This will provide insight into how the parasitic interaction
of E. amylovora with its hosts is shaped by the available nutrients and molecules in the host
tissue, and provide information about the physiological status of the plant tissue during infection.
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This project aims to address the following major questions:
1. What bacterial biosynthetic and functional pathways must be intact for E. amylovora to
cause disease in immature apple fruits?
2. What metabolites and nutrients can E. amylovora obtain from host tissues, and which
metabolites and nutrients are unavailable or insufficiently available to the bacteria
growing in the host?

1.2 Literature Review
1.2.1 Fire Blight
Fire blight, so named because of the burnt appearance of infected leaves and branches,
affects plants in the Rosaceae family, including the economically important crops: apple, pear,
raspberry, and quince. The host range includes more than 180 plant species across 39 genera
within the rosaceous plants (Van der Zwet et al, 2012). The disease occurs in at least 27 countries
globally, across four continents.
There are five distinct phases of disease caused by the fire blight pathogen, Erwinia
amylovora. These types are: blossom blight, shoot blight, canker blight, trauma blight, and
rootstock blight (Turechek and Biggs, 2014). The pathogen is able to enter the host plant interior
through both wound sites and natural openings, including the nectarthodes, hydathodes, stomata,
and lenticels (Heald, 1915; Rosen, 1929; Tullis, 1929).
Blossom blight is generally the earliest symptom to occur in the disease cycle. It is the
direct infection of open, intact flowers leading to water-soaking of the petiole and possible
infection of the entire blossom-bearing twig or branch, generally via the nectarthodes (Rosen,
1935; Hildebrand, 1937). Infected blossoms appear water-soaked and eventually wilt and turn
dark. They may exude ooze from the peduncle under high humidity conditions (Thomson, 1986).
Movement from the stigma (the site of initial colonization) to other flower parts is generally
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facilitated by rain or dew accumulation, allowing E. amylovora to accumulate a relatively large
population in the nectaries before spreading to the rest of the tree (Thomson, 1986). This
characteristic is important in that it allows the pathogen to multiply on the stigma from a fairly
small population up to numbers close to 106-7 cells per flower within 1 to 2 days if growthconducive temperatures occur (Johnson et al., 2006; Slack et al., 2017).
Shoot blight results from a direct infection of the young shoot tips from re-activated
nearby overwintered cankers from the previous season or wounding events (Keil et al., 1966).
Blighted shoots develop into necrotic “shepherd's crooks”, an identifying feature of fire blight
where shoots appear burnt and bent into a crook because of rapid collapse of parenchyma tissue.
Shoot infections can be induced with surprisingly small numbers of cell. Crosse et al. determined
that as few as 35-100 cells could induce cause infection under controlled conditions (Crosse et al.
1972).
Canker blight symptoms develop at the margins of the previous year’s cankers as
overwintering bacteria re-activate at the start of a new season and serve as the primary inoculum
source (Beer and Norelli, 1977). The first symptom to appear is water-soaking along old canker
margins which then develop into darkened vascular tissues and eventually spread to nearby
shoots and branches. Canker blight re-occurs every season in areas where fire blight is well
established. When ooze occurs on the surface of cankers it can be carried to new inoculation sites
by rain, ants, and, flies (Thomas and Ark, 1934; Eden-Green, 1972). This ooze, comprised of
bacterial cells and exopolysaccharides, serves as primary and secondary inoculum and each
droplet has been determined to carry an average of 108 CFU/μl (colony forming units) of bacteria
(Slack et al., 2017). Once ooze from the cankers has infected flowers, the pathogen is quickly
dispersed to other host tree flowers by pollinators (Steiner, 2000).
Trauma blight is the development of blight on any host tissue caused by the entrance of
bacteria to said tissue following trauma such as wind or hail damage, late or early frosts, and in-
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season pruning (Turechek and Biggs, 2014). Populations of E. amylovora on the leaf tissue are
able to opportunistically invade injured foliar tissue after trauma events up to approximately 48
hours post injury (Crosse et al., 1972). This occurrence can have huge potential for leading to
epidemic spread. Trauma-induced infections are of particular importance because they are able to
induce symptoms in more resistant varieties by circumventing cultivar resistance mechanisms
(Steiner, 2000; Suleman, 1992).
Rootstock blight is the development of fire blight cankers just below the graft union after
bacteria have moved systemically from the scion into a susceptible rootstock. This canker can
eventually girdle and kill the tree. Bacteria reach the graft-union through three methods of
transport: washing down the trunk from existing exterior infection sites, infection of suckers, or
internal movement via the vascular tissues (Momol et al., 1998).
Fire blight is a polycyclic disease, meaning that the causal pathogen is capable of
completing several infection cycles within one growing season. The disease cycle of fire blight
can be broken down into four steps (CABI, 2016). First, bacteria arrive on the blossom and
proliferate on the floral stigma, eventually entering the vascular tissues through the hypanthium
(Hildebrand, 1937). The stigma is the only external site that E. amylovora is able to proliferate; it
is therefore, not a true epiphyte (Thomson, 1986). Next, as the season progresses, the bacteria
continue to enter and proliferate within the host via small wounds on young leaves and shoot tips
caused by wind or insects or through natural openings (Crosse et al., 1972). Then, the internal
infection continues to spread to healthy shoots, fruits, and branches from the initial sites of
infection (Momol et al., 1998). The bacteria move through the intercellular spaces of parenchyma
and, later in the disease cycle, probably via the xylem vessels (Van der Zwet and Keil, 1979).
During this time the bacteria are also being transmitted to new trees via dispersal of ooze
(Thomson, 2000). Finally, as the season comes to a close, the bacteria induce the development of
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protective overwintering cankers in the woody tissues, from which primary inoculum emerges
again the following season (Rosen, 1929).
The ability of E. amylovora to move throughout the various plant nutrient niches is a
notable characteristic, one which makes it a fine candidate as a model system for the study of
nutrient acquisition. This ability to migrate in the host tissues is not shared by many plant
pathogenic bacteria. Other pathogens tend to be localized in parts of the plant, even when the
entire plant appears to be affected (Vanneste and Eden-Green, 2000). During blossom infection
bacteria tend to occupy mainly the intercellular spaces, and will tend to migrate through the
xylem vessels after wound infection (Vanneste, 1995). GFP (green fluorescent protein)-labeled E.
amylovora were utilized to better track the pathogen movement in situ through the xylem and into
the parenchyma and root system (Bogs et al., 1998). Stem inoculations of three week old apple
seedlings indicated that the bacteria were able to rapidly colonize at least part of the root system.
Leaf inoculations led to detection of bacteria mainly in the leaf parenchyma, though some
migrated to the xylem vessels. Movement from the vasculature into the parenchyma is not
restricted to the site of inoculation. As the pathogen migrated through the vascular tissue, cells
had a tendency to break out of the xylem vessels into the intercellular spaces of the parenchyma.
Interestingly, it was also discovered that bacteria tended to aggregate around the base of root hairs
in the leaf, which apparently helps to create new entryways for the pathogen. Some of this
movement may be due to nutrient attractants. The xylem carries nutrients and amino acids,
including aspartate, which has been described previously as an attractant for E. amylovora, as
well as the organic acids, fumarate, malate, maleate, malonate, oxaloacetate, and succinate by the
mechanism of positive chemotaxis (Raymundo and Ries, 1980). Erwinia amylovora has only one,
highly specific chemoreceptor site for this purpose (Raymundo and Ries, 1980).
Fire blight is often spread by wind and rain or vectored by insects, in particular bees and
other Hymenopterans. Because one cannot control the weather or suppress pollinator species
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populations, the control of fire blight is mostly focused on preventative measures, chemical
controls, and exclusion and quarantine methods. Control is further complicated by the fact that
once E. amylovora has entered the vascular system, foliar application methods of control become
ineffective (Psallidas and Tsiantos, 2000). Preventative measures are primarily best cultural
practices to reduce the rate of infection, including pruning during the pathogen dormant period,
disinfection of all pruning tools, and the prompt removal of infected tissues (Turechek and Biggs,
2014). The benefits of these practices, however, have not been able to compete with the increase
in fire blight susceptibility in commercial orchards caused by other cultural practices adopted in
the last century (Norelli et al., 2003). The apple and pear industries have shifted toward highdensity planting systems, which improve fruit quality but increase fire blight incidence. Orchards
are also primarily planted with the M.9 and M.26 rootstocks, which confer the dwarfing that
makes high-density planting possible, but are highly susceptible to fire blight. And finally, the
most desirable and delicious cultivars are also the most susceptible. Cultural controls must be
supplemented with secondary control approaches in order to combat these issues.
Chemical controls generally come from one of four groups of products: antibiotics,
copper solutions, growth regulators, and elicitors. These chemicals must be applied three times
throughout the growing season in order to successfully control inoculum: when trees are dormant,
during bloom, and post-bloom (Psallidas and Tsiantos, 2000). After fire blight has been
established chemicals have no demonstrable effect because of the systemic distribution of the
bacteria in the plant (Psallidas and Tsiantos, 2000). Antibiotics, most often streptomycin, have
historically been the most successful chemical control method as they are less phytotoxic than
copper/bordeaux mixtures; however in recent years resistances have rapidly developed to the
most commonly used antibiotics such as streptomycin (Loper, 1991). Moreover, these chemicals
are often prohibitively costly and have raised some environmental and health concerns (Aćimović
et al, 2015).
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Research on the use of the growth regulators, prohexadione-calcium and trinexapac-ethyl,
has shown that their application can reduce migration of E. amylovora in the host tissues by
suppressing gibberellin biosynthesis which inhibits vegetative growth, however they require a
cost-prohibitively high dosage, lack reliability due to environmental influences, and must be
applied prophylactically (Spinelli, et al., 2007).
Some success has also been found in biocontrol research with the application of
antagonistic bacterial populations, primarily with strains of Pseudomonas agglomerans, P.
fluorescens, and some Pantoea species (Johnson and Stockwell, 2000). These antagonistic
populations are sprayed during bloom and interact with E. amylovora on the stigma and
hypanthium in order to prevent blossom blight. The short persistence period of the pathogen in
the flowers makes it a good candidate for the application of biological controls, since biocontrol
populations need only occupy the stigma for around one week in order to be effective. However,
this control approach does not always translate as well from the lab and greenhouse to field
conditions (Beattie and Lindow, 1994). Antagonistic bacteria can be difficult to apply in the field,
though once established have been shown to become partially self-sustaining (Nuclo et al., 1998).
Biological control with avirulent strains of E. amylovora has been found to have some protective
effect, depending on the virulence of the pathogen and the population concentration (Tharaud et
al. 1997). The most recent research into biological control involved the use of 12 bacteriophage
isolates from E. amylovora. These strains were each characterized and, in combination, were
found to suppress pathogen growth in lab conditions (Schwarczinger et al., 2017). Over all,
biological control approaches have a lot of potential for successful control, especially in
combination with other methods.
Genetic controls, including both traditional breeding methods and genetic engineering
approaches are at the forefront of fire blight research. Developing plant resistances in fruits is a
particularly difficult task for several reasons. First, orchard crops have a long production life,
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throughout which pathogen populations can build to destructive levels each season or over the
course of many seasons (Lespinasse and Aldwinckle, 2000). Disease resistances must be
incredibly stable and durable to combat this, an issue which is not present in other non-perennial
crops. Second, E. amylovora is able to occupy nearly every possible niche in the host plant.
Although certain organs are more strategic for disease prevention, such as the blossom, this
ability still presents a challenge in terms of resistance gene expression (Bogs et al., 1998). And
last, genetic engineering approaches are not well received by the public. Despite engineering
approaches possibly having a higher potential for control than conventional breeding, the public
is distrustful of these products and consequently, producers may resist adopting engineered
cultivars, even if they are resistant to fire blight (Emeriewen et al., 2017; Hallman et al., 2003).
As of this year, only one functionally proven gene for resistance has been demonstrated
in the Malus species, although several quantitative loci have been identified (Emeriewen et al.,
2017). The more aggressive naturally-occurring strains of E. amylovora have already successfully
overcome this gene, so a more pyramided approach leading to more durable resistance is needed.
Research identifying more quantitative loci from various Malus species is essential for
determining the resistance mechanisms that exist in some of these species (Emeriewen et al.,
2017; Durel et al., 2009; Le Roux et al., 2010).
Expression of a viral depolymerase gene for degradation of the exopolysaccharide
capsule in transgenic apple seedlings resulted in lower levels of colonization in preliminary
screens (Hanke et al., 2002). Yet another novel genetic approach involved the development of a
cisgenic resistant apple line, where a cisgene from wild apple (Malus ×robusta) is inserted into a
cultivated apple gene via Agrobacterium tumefaciens-mediated transformation (Kost et al., 2015).
A cisgenic plant is defined as a plant that has been genetically modified with one or more genes
isolated from a crossable donor plant, and contains no transgenes (Schouten et al., 2006).
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These novel genetic engineering approaches have only been demonstrated in small-scale
laboratory conditions. It remains to be seen how they will perform in mature apple trees in
commercial orchard production. These approaches can all be improved as they develop by a
better understanding of how E. amylovora and the host are interacting on a genetic and metabolic
level. Greater knowledge of the in planta interaction between E. amylovora and its apple hosts
will be invaluable to developing genetic approaches for use in the field.

1.2.2 Erwinia amylovora
E. amylovora is the type species of its genus, described as members of the
Enterobacteriaceae that are gram-negative, mobile, aerobic to facultative anaerobic, nonsporulating, and associated with plants (Brenner, 1984). The taxonomy of Erwinia amylovora is
as follows:
Domain: Bacteria
Phylum: Proteobacteria
Class: Gammaproteobacteria
Order: Enterobacteriales
Family: Enterobacteriaceae
Genus: Erwinia
Species: amylovora

The Erwinia amylovora bacterium is gram negative, rod-shaped and approximately 0.3 x
1.3 μM in size. Each cell is covered in 2-7 peritrichous flagella. When grown on sucrose nutrient
media the colonies are mucoid, domed, and circular (Billing et al, 1960). E. amylovora has an
obligate requirement for nicotinic acid, to such a degree that it has been proposed as a
biochemical test for its identification from other Erwinia species (Holt et al., 1994). Erwinia
amylovora is differentiated from other species within the genus by positive attributes described
by Holt et al.: motility, weak anaerobic growth, mucoid growth, reducing substance from sucrose,
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production of acetoin (in shaken culture) and liquefaction of gelatin. Though E. amylovora can
grow utilizing a variety of carbon sources, it prefers sorbitol and grows optimally at 28C. A
great effort was made through the course of the 20th century to describe in detail the biochemical,
serological, metabolic, and nutritional characteristics of E. amylovora in vitro, and yet its trophic
relationship to the host largely remains a mystery. To quote Jean-Paul Paulin: “E. amylovora can
be considered both as a well-known bacterial species and as a poorly known bacterial plant
pathogen” (Paulin, 2000).

1.2.3 Bacterial Access to Plant Nutrient Niches
An essential aspect of plant-pathogen interactions is the parasitic nature of the
relationship, wherein the pathogen must acquire various biological molecules and nutrients from
the host tissues in order to survive and induce disease (Beattie and Lindow, 1995; Fatima and
Senthil-Kumar, 2015). All plant pathogenic bacteria are chemoheterotrophs, meaning they must
obtain their energy from the metabolism of carbohydrates, amino acids, or other carbon
compounds because they are unable to utilize carbon dioxide to form their own organic
compounds (Goto, 1992). The plant cell is a nutrient dense environment, therefore one can
hypothesize that nutrient availability and the specific nutrient profile of a plant tissue will have a
strong influence on bacterial pathogen population dynamics and disease incidence. Nutrients are
acquired by: 1) the use of transporters to uptake available nutrients, 2) modifying less available
nutrients with extracellular enzymes, 3) secreting effectors via the type III secretion system to
modify host cell metabolism, and 4) secreting cell wall degrading enzymes (Delmotte et al., 2009;
Jacobs et al., 2012; Gohre and Robatzek, 2008; Barras et al., 1994).
Plants and pathogens are engaged in an evolutionary struggle, with the plant limiting
accessibility of nutrients and initiating immune responses, and the pathogen adapting in order to
better access nutrients and overcome or escape harsh conditions and immune responses (Rico and
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Preston, 2008; Fatima and Senthil-Kumar, 2015). Because nutrients are distributed unevenly
throughout plant tissues and within cells, pathogens have further adapted to gain entry to host
nutrient niches (Beattie and Lindow, 1995). Initial pathogen presence on the host begins by
populating the phyllosphere and rhizosphere, obtaining nutrients from the surface (Crosse, 1959;
Bonkowski et al., 2009). The phyllosphere is a site of inhomogeneous nutrient availability, with
deposits of nutrients available via leakage from stomata, hydathodes, trichomes or wounds, or
deposition of honeydew, pollen, or microbial debris, and the passive leakage of small amounts of
metabolites (Leben, 1988; Mew and Vera Cruz, 1986). Because of this, bacteria are more likely
to be found in crevices between epidermal cells, near the base of trichomes, in the proximity of
stomata, and along veins (Bashan et al., 1981; Blakeman, 1985; Mansvelt and Hattingh, 1987).
Eventually, populations may then invade the interior spaces and vascular tissues in search of
greater nutrient accessibility and asylum from harsh and variable phyllosphere environmental
conditions (Wilson et al. 1999; Mercier and Lindow, 2000).
The primary site of bacterial invasion is the apoplast due to relatively high nutrient
availability, though some species will penetrate further into the vascular tissues (Sattelmacher and
Horst, 2007; Rico and Preston, 2008). Though nutrients are in greater abundance in this space,
they are not as readily available as they are in the phyllosphere and bacteria must adopt strategies
to release them from their binding in the region of the cell wall (Rico and Preston, 2008; Rico,
2009; Thornton and Macklon, 1989; Ae and Otani, 1997). Furthermore, the apoplast is slightly
acidic and has less water availability compared to the phyllosphere, reducing the ability of
bacteria to multiply (Wright and Beattie, 2004; Yu et al., 2013). Some species, such as
Pseudomonas syringae pv. syringae, promote alkalinization in order to boost their ability to
multiply in the space. This is accomplished by activating a host plasma membrane K+ efflux/H+
influx exchange, resulting in a pH increase from 5.5 to 7.5 (Atkinson and Baker 1987; Hutchison,
1995). Bacterial pathogens can express specific nutrient utilization pathways to utilize the most
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abundant nutrient present in the apoplast. For example, P. syringae pv. tomato inhabiting the
tomato (Solanum lycopersicum) apoplast uses GABA (gamma-aminobutyric acid), the most
abundant amino acid present in tomato apoplast (Rico and Preston, 2008).
The two vascular tissues, the phloem and xylem, are incredibly different nutrient niches
for bacterial invasion. Sugars are loaded from the mesophyll into the apoplast, then from the
apoplast into the phloem companion cells and sieve elements (Riesmeier et al., 1994). This
phloem sap is an abundant source of sugars and sugar alcohols, organic acids, amino acids, and
some minerals (Aldridge et al. 1997; Weibull et al., 1990; Fiehn, 2003). Many bacterial species
take advantage of the phloem loading mechanism to acquire their preferred carbon source by
producing effectors that target the efflux transporters which are mediated by genes in the SWEET
family (Chen, 2014). Pathogen effectors bind directly to the SWEET gene promoter and induce
expression, leading to increased sugar efflux from the cytoplasm into the apoplast for bacteria to
utilize. By contrast, the xylem tissues carry the lowest amount of available carbon sources of all
plant nutrient niches (Press and Whittaker, 1993; Zuluaga et al., 2013). Because the xylem is
composed of dead and lignified cells it carries some cell wall degradation products which may be
harmful to bacteria (Pieretti, 2012). This niche is a source of low amounts of amino acids, sugars
and organic acids, but is an important source for necessary inorganic ions, especially potassium
(Canny, 1995; Conti and Geiger, 1982).
Different plant niches are comprised of different levels of nutrients and metabolites,
which are of variable availability to invading plant pathogens. In the context of this work,
Erwinia amylovora has been illustrated to occupy nearly all of the above mentioned nutrient
niches (all but for the phloem). As the pathogen progresses through its life cycle and moves
through these niches, different metabolites become available or unavailable for use in satisfying
metabolic requirements.
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1.2.4 Iron Acquisition
The unique importance of iron in nearly all biological systems, macro and micro, means
that the element has great influence on the relative success of an organismal population. In plant
pathogens, iron acquisition basically controls pathogen activity, as the low bioavailability in
planta dictates how, where, and when bacterial or fungal populations can grow (Expert, 1999).
Iron plays an important role in multiple key biosynthetic pathways in all cells, and is a cofactor
for numerous proteins and enzymes (Hantke, 2001). Its importance is due to the ability of iron to
undergo reversible changes through several oxidation states which only differ by one electron
(Culotta and Scott, 2016).
In planta, iron has a low bioavailability for pathogens because it is predominantly found
as Fe+3 ions, which have a very low solubility and are delivered to the various iron-binding
molecules upon absorption (Crichton 1991; Lindsay, 1991; Smits and Duffy, 2011). Plants
acquire iron through the roots via the following biochemical processes: release of reducing
compounds, release of hydrogen ions (making iron more available by lowering soil pH),
reduction of Fe+3 to Fe+2 in the root, and increased production of organic acids, especially citrate
(Brown, 1978). Iron is then mobilized in the xylem by citrate or transported in the phloem by the
non-proteogenic amino acid, nicotianamine (Brown, 1978; Pich et al., 1997). Once iron has been
distributed throughout the plant it must be stored in cell organelles in order to ensure iron
availability and prevent toxicity (Culotta and Scott, 2016). At the subcellular level, iron is mainly
transported into the chloroplasts (80% of cellular iron), where it is utilized in photosynthesis and
heme synthesis, the mitochondria, where it us used in respiration and heme synthesis, and the
vacuole, where it is sequestered in order to maintain cytosolic iron levels (Culotta and Scott,
2016). The status of iron availability within the apoplast, where the majority of bacterial
populations reside, is still unclear. Long distance iron transport from the root to the leaf cells is
mediated by the citrate effluxer, FRD3 (ferric chelate reductase defective 3). Mutants defective in
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frd3 showed iron accumulation in the apoplast and vascular tissues, indicating that FRD3 plays a
role in mediating citrate release into the apoplast, which allows iron to move between
symplastically disconnected tissues (Roschzttardtz et al., 2011). Fe+3 must be reduced in order to
be transported into the cell, but a portion of these ions do remain insoluble in the apoplast of the
mesophyll cells (Graziano et al. 2002).
Once bacteria have entered the host tissues, they must scavenge iron from the irontransporting ligands, citrate and nicotianamine, by producing siderophores that will form soluble
Fe+3 complexes that will then be taken up by active transport mechanisms. Siderophores are low
molecular weight compounds (in the range of 400–1,000 Da) with a high affinity for Fe+3, which
bind and transport iron ions which are then absorbed by the pathogen via highly selective
membrane-associated ATP-dependent transport systems (Otto et al., 1992; Köster, 1995; Smits
and Duffy, 2011). The manufacture of siderophores and the uptake proteins that recognize them is
triggered by the derepression of specific genes as a response to low iron environments. In gramnegative bacteria, E. amylovora included, this process is usually a function of proteins in the
ferric uptake regulator (Fur) family, encoded by fur genes (Hantke, 1981). The low iron
concentration causes Fe2+ ions to dissociate from repressors that are bound to the DNA upstream
from siderophore production genes. The repressor then dissociates from the DNA, leading to gene
transcription and subsequent siderophore production and secretion.
The fact that many bacterial plant pathogens are dependent on siderophore iron
acquisition systems seems to indicate that iron is not readily available at the sites of infection,
primarily the apoplast and xylem vessels, which may indicate that the plant host is utilizing a
system of iron-withholding in order to combat pathogen colonization, further evidenced by the
fact that iron is never in a readily available form outside of the host intracellular processes
(Expert, 1999; Graziano et al. 2002).
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The specific iron uptake system of Erwinia amylovora is dependent on the production of
the major siderophore desferrioxamine-E (DFO-E), although D2, X1–7 and G1 are also produced at
significantly lower levels (Feistner et al., 1993). The genes that code for the production of DFO
and its receptors are clustered together on the E. amylovora genome (Dellagi et al., 1998).
Ferrioxamines are passed from the environment into the periplasm by the ferrioxamine receptor,
FoxR (Kachadourian et al., 1996). Studies on the role of DFO and their receptors in the
development of pathogenesis have found that foxR-deficient and dfo-deficient mutants are
significantly less able to colonize floral tissues and cause floral necrosis, resulting in reduced
virulence. This indicates that DFO-E, its receptors, and by extension iron itself, are necessary for
colonization of flowers and the onset of infection, and that siderophores are important virulence
factors (Dellagi et al., 1998). It also indicates that iron is not available for pathogen uptake
without this system.
Infectious diseases occur as a result of a competitive interaction between the host and a
pathogen. Investigation is underway into disease control methods via iron withholding by the
host, utilizing current understanding of biological iron scarcity and high-affinity iron-binding
molecules. These concepts may also be applied to nutrient withholding and acquisition in the
future. The absorption of metabolites by bacterial pathogens is always parasitic by nature.

1.2.5 Tn5 Mutagenesis
Transposable elements are short nucleic acid sequences that are capable of moving to
new locations on a chromosome, without the need for close homology or the activity of the rec
genes that are required for classical crossing over events (Berg, 1977; Berg and Berg, 1983).
They were first described by the pioneering female scientist, Barbara McClintock, for which she
won the Nobel Prize in 1983 (McClintock, 1950). They are found naturally occurring in both
prokaryotes and eukaryotes (including complex organisms, like corn and humans), where they
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cause mutations both at the site of insertion and alterations in the pattern of genes surrounding the
site (McClintock, 1950; Mills et al., 2007). In bacteria, transposable elements can be found in the
chromosome, plasmids and temperate phages. Bacterial transposable elements, or transposons,
encode for a variety of functions, including antibiotic resistance, factors important in
pathogenicity, as well as proteins necessary for transposition. Tn5 is an artificial bacterial DNA
transposon of approximately 5.7 kb that is frequently used in in vitro experimentation for random
gene knockouts and genetic tagging because it is both highly transposable when introduced into a
cell and fairly stable once integrated into the chromosome (Shaw and Berg, 1979). The insertion
of the Tn5 transposon is highly random and successful insertion confers resistance to the
antibiotic kanamycin, making selection of mutants very simple using antibiotic selection plates.
The transposon insertion results in the expression of the incorporated genes and the disruption of
a random gene at the point of host chromosome insertion. Tn5 transposition occurs through a “cut
and paste” mechanism catalyzed by a transposase, in which the transposon is excised from the
donor DNA segment and inserted into the target DNA at random, resulting in the duplication of 9
base pairs of the target sequence (Reznikoff, 2003). The Tn5 transposase transposes the DNA
segment contained between its 19 base pair mosaic end recognition sequences.
Tn5 mutagenesis is a useful tool for analysis of metabolic processes because it can be
utilized to quickly and easily generate large libraries of random mutants which can then be
selected for desirable traits (Shaw and Berg, 1979). The transposon insertion site can be identified
without difficulty by plasmid rescue and genetic sequencing because artificial transposons can be
excised from the chromosome by cutting with a restriction enzyme that does not cut the mosaic
ends (Bruijn, 1987). This allows for a large-scale forward genetics approach to the
characterization of gene function across the genome.
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1.2.6 Nutritional Auxotrophy
Insertional mutagenesis using Tn5 transposition is a powerful experimental tool for
molecular genetic analysis (Shaw and Berg, 1979). One such application is as a knockout
mutagen, where the random insertion of the Tn5 transposon is used to generate a large library of
randomly mutated bacteria which can then be selected for the expression of desirable traits, such
as auxotrophy (Meade et al., 1982; O’Hoy and Krishnapillai, 1985). Nutritionally auxotrophic
strains of bacteria have been used to explore the intricacies of growth and disease requirements
for many years, in both animal and plant systems (Bertels et al., 2012; Hoffman and Erbe, 1976;
Ramos et al., 2015; Reznikoff, 2003). An auxotrophic strain can be described as a strain that is
incapable of synthesizing one or more compounds or molecules that it requires for growth, as
compared to a prototrophic strain which is fully capable of producing all of the compounds
needed. Previous studies have utilized this method to generate non-pathogenic mutants of plant
pathogenic bacteria, including Agrobacterium tumefaciens, Xanthomonas oryzae pv. oryzae, and
Erwinia amylovora, however, these studies have been small-scale and did little to illustrate how
auxotrophic and non-pathogenic mutants behave in planta, if mutant strains were tested in plants
at all (Belleman and Geider, 1992; Collens et al., 2004; O’Hoy and Krishnapillai, 1985; Park et
al. 2007; Ramos et al. 2014, 2015). Table 1 (below) summarizes some of the previous work on
nutritional auxotrophy in plant-associated bacteria that have been tested in planta. Table 1 does
not represent all of the work done in this regard, but it illustrates the approaches taken and the
gaps in knowledge that remain. Much of this work has focused on the relationship of auxotrophy
and nodulation in nitrogen-fixing soil bacteria (too many to be summarized in full here). By
analyzing the genetic and metabolic causality of impaired nodulation, researchers can develop
strains with greater nodulation and nitrogen-fixing capabilities for use in agriculture (diCenzo et al.
2015; de las Nieves Peltzer et al., 2008; Kummer and Kuykendall, 1989). Attempts have also been
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made to develop antibiotic resistant strains of rhizobia that are still capable of nodulation at equal
or greater levels as the wild type (Pain, 1978).
Only screens of auxotrophic mutants that are very large in scale and include in planta
inoculations will characterize the trends in the metabolic habits of a pathogen in the context of the
host cell. This is a novel approach for the analysis of Erwinia amylovora and its relationship to
the host. Much of the initial work with nutritional auxotrophy was also performed before the
technological capability to determine the exact gene in the biosynthetic pathway that each mutant
is auxotrophic for (Belleman and Geider, 1992; Lippencott and Lippencott, 1966). This capability
allows for greater understanding of the host-pathogen exchange at the biochemical level and
reveals more detail regarding which specific genetic products are not being synthesized.
Table 1. Nutritional Auxotrophy in Plant-Associated Bacteria
Pathogen
Pseudomonas
fluorescens
strain 267
Acidovorax
citrulli
Xanthomonas
oryzae pv. oryzae

Red
Clover

Not identified

Thiamine;
Niacin

Reduced root colonization;
lack of plant growth
promotion

Cucurbits

hisC

His

Reduced and delayed
disease; No HR in tobacco

Literature
Source
Marek-Kozaczuk
and
Anna Skorupska,
2001
Wang et al.,
2011

Rice

purD

Purine

Reduced virulence

Park et al., 2007

proC,
smb200031;
ilvI, ilvC,
ilvD2, leuA1,
leuC, leuD,
leuB2

Pro1;
Ile, Val, Leu2

Impaired symbiosis1;
Reduced nodulation and
infection2

diCenzo et al.
20151; de las
Nieves Peltzer et
al., 20082

Schwinghamer,
1970

Host

Affected
Gene(s)

Gene
Product(s)

Phenotype

Sinorhizobium
meliloti

Legumes

Rhizobium
leguminosarum
bv.
trifolii

Trifolium
spp.

Not identified

Riboflavin

Ineffective symbiosis

Agrobacterium
tumefaciens

Tobacco1;
Bean2

Not
identified1,2

Ade, Leu,
Cys1; Ade,
Met, Asp2

Growth limitation in
culture1; Reduced
infectivity

Erwinia
amylovora

Apple1,2;
Pear3

argD1; pyrC2;
Not identified3

Arg1;
Pyrimidine2;
Leu3

Nonpathogenicity1; No
effect on disease2;
Nonpathogenicity3

Bradyrhizobium
japonicum

Soybean

Not identified

His, Leu, Pro,
Trp, Ile

Leu and Ile: normal
nodulation; His, Pro, Trp:
abortive nodules

Collens et al.,
20041;
Lippencott and
Lippencott,
19662
Ramos et al.,
20141, 20152;
Belleman and
Geider, 19923
Kummer and
Kuykendall,
1989
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1.2.7 Erwinia amylovora-Host Interactions
Much of the Erwinia amylovora-apple interaction is dependent upon and influenced by
the ability of the pathogen to induce fire blight disease. It is now understood that this ability is
predicated on the expression of the hrp type III secretion system, secretion of the type III effector
DspA/E, and the production of the exopolysaccharide amylovoran (Malnoy et al., 2012).
The application of transposon-mediated mutagenesis for the deduction of genes required
for Erwinia amylovora revealed the existence of several classes of genes involved in
pathogenesis. The largest of these classes was comprised of genes that are required for both
pathogenesis and the induction of the hypersensitive reaction in non-host plants (Willis et al.,
1991). These genes were named hrp genes, for HR and pathogenicity. The second group was
found to be required for pathogenicity but not for HR and were designated dsp because of their
‘disease-specific’ function (Barny et al. 1990). The final group of genes was named ams as they
are required for the synthesis of amylovoran, which is a virulence factor in E. amylovora (Ayers
et al. 1979).
The E. amylovora hrp and dsp genes are essential for the induction of disease. These two
sets of genes are clustered in the genome within the Hrp pathogenicity island (PAI) (Oh et al.,
2005). Like many other gram-negative bacteria, E. amylovora utilizes a type III secretion system
(TTSS) to release effector proteins into host cells in order to manipulate the cellular machinery
and induce disease. The main role of hrp genes is to encode the proteins that comprise and
regulate the TTSS. The Hrp PAI contains three type III secretion operons (hrpA, hrpC and hrpJ)
and three regulatory operons (hrpXY, hrpS and hrpL)(Oh et al., 2005). The expression of the
genes in these operons is activated by the perception of plant apoplast conditions (or simulacra of
said conditions), including pH, temperature and carbon and nitrogen levels (Wei et al. 1992). The
induced signal cascade generates the Hrp type III secretion system which forms the basis for all
Erwinia species pathogenesis (Frederick et al., 1993; Nizan et al., 1997). The TTSS is constructed
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around the major protein HrpA, which forms the structure of the external pilus. From the pilus
harpins, such as HrpW and HrpN, and effectors, such as DspA/E, are injected into the host (Wei
et al., 1992). These proteins and their complex interactions are essential to E. amylovora
pathogenicity by disrupting plant metabolism, components of the cell, or signaling pathways
(Acsoy et al., 2017; Boureau et al., 2006; Bocsanczy et al., 2008). To date, 12 proteins have been
described that are excreted by the TTSS (Nissinen et al., 2007).
Erwinia amylovora has two dsp genes (dspA/E and dspB/F) which are clustered
neighboring the hrp cluster within a two gene operon (Bogdanove et al., 1998). The secretion of
the DspA/E effector protein via the TTSS is dependent on DspB/F, which acts as a highly specific
chaperone (Gaudriault et al., 2002). DspA/E function is essential for pathogenesis partially
because it blocks callose deposition, which strengthens cell walls at the site of infection as a form
of basal defense, which is mediated by salicylic acid (DebRoy et al., 2004). Four serine/threonine
protein receptor kinases from the apple host have been identified as DspA/E-interacting proteins
(Meng et al., 2006). These kinases interact directly with DspA/E and are highly conserved across
apple cultivars, indicating targeting potential for new genetic control approaches. The role of
DspA/E was also investigated via the expression of the β-glucuronidase (GUS) reporter system in
transgenic Arabidopsis thaliana seedlings (Aksoy et al., 2016). Comparison of a mutant ΔdspA/E
strain of E. amylovora to the wild type by monitoring of GUS activity indicated that expression of
dspA/E is required to induce HR in non-host plants like A. thaliana.
The harpins, HrpN and HrpW, are glycine-rich proteins lacking in cysteine, that are
involved in the induction of HR in non-hosts (Wei et al., 1992). HrpN is required for full
virulence in the plant. More specifically, it has been shown that the C-terminal half of HrpN is
essential for its secretion by E. amylovora, for its virulence activity on apple and pear (Sinn et al.,
2008). Conversely, HrpW has not been shown to have a virulence function, in fact hrpW mutants
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were equally as pathogenic as the wild type and acted as a negative HR effector in the non-host
(Barny et al., 1999).
The bacterial ooze synthesized by E. amylovora is primarily comprised of the
polysaccharides, amylovoran, a pathogenicity factor, and levan, a virulence factor (Ayers et al.,
1979). Exopolysaccharides protect bacterial populations from desiccation, but are also thought to
play a role in facilitate multiplication and movement through the host, and bypass the host plant
defense systems (Belleman and Geider, 1992; Bogs et al., 1998; Ordax et al., 2010). Amylovoran
mutants are fully non-pathogenic and are unable to multiply or move in the host, which
emphasizes the essential role amylovoran plays in E. amylovora virulence. The 12 ams genes that
code for amylovoran production are arranged on a single operon, controlled by the regulatory
proteins RcsA and RcsB (Bugert and Geider, 1995). Higher amylovoran production is also
positively correlated with greater virulence (Lee et al., 2010).
Amylovoran is the main factor in biofilm formation by E. amylovora (Koczan et al.,
2009). The formation of biofilms is advantageous for bacteria because it allows communication
easily via quorum sensing, enables greater nutrient acquisition, and creates a degree of protection
from environmental factors that is not possible for a planktonic bacterium (Ramey et al., 2004).
Biofilm formation is also positively correlated with bacterial virulence in planta (Lee et al.,
2010). Biofilms have been demonstrated to form in planta and may play an active role in both
pathogenesis and xylem colonization (Koczan et al., 2009; 2011).
A genome-wide examination of gene expression patterns during in vivo infection of pear
fruits to uncover pathogenesis strategies of the organism, described 394 genes that were active
during the process of infection (Zhao et al., 2005). These genes were identified based on sequence
homology and divided based on putative function. Most notable in the context of this work is that
20.3% of the genes were involved in metabolism and 15.5% were involved in nutrient
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acquisition. This clearly illustrates that our understanding of Erwinia amylovora, its relationship
to the host, and its ability to derive resources from the host tissues, is far from complete.

1.2.8 Auxotrophy of Erwinia amylovora Illustrates Details of the Host Interactions
This work is directly built upon the work of a previous graduate student in the McNellis
laboratory, Laura Ramos. Her work focused on the characterization of a pathogenic and a nonpathogenic auxotrophic E. amylovora mutant and the implications of those phenotypes in the
context of the host tissue.
An arginine auxotroph with the Tn5 insertion in the argD gene exhibited complete nonpathogenicity in apple and reduced pathogenicity in pear (Ramos et al., 2014). This indicates that
E. amylovora is unable to obtain enough arginine from immature apple and pear tissues in order
to induce disease development. The characterization of the argD mutant strain also facilitated the
development of a novel plasmid that can be stably maintained in pathogen cells populating host
tree tissues over extended periods of time. Long-term stable plasmids in host tissues had
previously only been demonstrated in animal pathogenic systems.
The other mutant strain was a pyrimidine auxotroph with the Tn5 insertion in the pyrC
gene. Interestingly, this mutation had almost no effect on E. amylovora pathogenicity, indicating
that there are sufficient supplies of pyrimidine in apple and pear tissues for the pathogen to
function normally and induce full symptoms (Ramos et al., 2015).
The juxtaposition of these two mutant strains demonstrates the variability of the effects of
auxotrophy on bacterial fitness. Furthermore, it sheds some light on the parasitic interaction of E.
amylovora with the host. Some amino acids, molecules, and compounds can be acquired from the
host, while others must be manufactured by E. amylovora de novo. Discovering which molecules
are or are not available from the host will be an essential part of understanding the host-pathogen
relationship as it occurs in situ. There remains a gap in the scientific knowledge regarding plant
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pathogenic bacteria and their metabolic relationships with the host, relationships based on
complex parasitic approaches and adaptions. Erwinia amylovora is an attractive model system for
the study of host-pathogen interactions. It has the fascinating ability to occupy and migrate freely
throughout the majority of the host plant nutrient niches. It is an easy pathogen to culture in the
laboratory setting and its genome is easy to manipulate and well understood. As a cousin to wellstudied animal pathogens like Escherichia, Salmonella, and Shigella, there are many resources
for the comparison of genomic or metabolic traits. This work is a genome-wide, forward genetics
approach to understanding the parasitic nature of the interactions between Erwinia amylovora, the
fire blight pathogen, and its apple host.
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Chapter 2
Methodology
2.1 Research Design
The goal of this research was to utilize a forward genetics approach to determine the
essential biological molecules (metabolites) that Erwinia amylovora can and cannot obtain from
the apple host tissues by analysis of how mutants with different biosynthetic pathways affected by
the Tn5 insertion express varying pathogenic phenotypes. In order to answer the objective
questions (see Introduction pg. 2) a large pool of E. amylovora mutants were generated via Tn5
mutagenesis, selected for auxotrophy with a selective media, confirmed as auxotrophic in a liquid
selective media, and tested for virulence in immature apple fruits. Finally, the site of the Tn5
insertion was by determined by isolating the genomic DNA from each mutant, cutting the
genomic DNA with a restriction enzyme, ligating the DNA to itself, and inserting it as an
artificial plasmid into electrocompetent E. coli. Circularized DNA containing the Tn5 transposon
behaves as a replicating plasmid conferring kanamycin resistance, and this process is called
plasmid rescue. The rescued plasmid obtained from each auxotrophic mutant was then sent to the
Genomics Core Facility at The Pennsylvania State University, University Park campus for Sanger
sequencing of the E. amylovora DNA flanking the Tn5 insertion (Fig. 1).

Figure 1. Work flow diagram.
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2.2 Data Collection Techniques
The mutant library was generated via electroporation of an engineered Tn5 transposon
into a sample of electrocompetent E. amylovora, Pennsylvania strain HKN06P1, according to the
manufacturer’s instructions (EZ-Tn5<R6K γoriKan-2> transposome kit; Epicentre, Madison,
WI). The mutant library was then stored in a suspension of 15% glycerol in a cryovial at -80C
from which subsamples were subsequently screened for auxotrophy on a selective media with
kanamycin.

Figure 2. Fifty Tn5 mutants screened on an LB Kan50 plate with grid (left); an auxotrophic
mutant (red) did not grow on the M9 minimal media (right).

The preliminary auxotrophy screen was done by inoculating 100 μL of liquid Lysogeny
broth (LB) with a loopful of bacteria from the frozen mutant library and spreading on an LB plate
with 50 μL/mL kanamycin (Kan50) plate using the Copacabana method of spreading aqueous
solutions on an agar plate surface with sterilized glass beads, incubated at 28C for 2 days then
stored at 4C while in use. LB media consists of 10g NaCl, 20g tryptone, 15g agar, and 5g yeast
extract per liter of water. Individual colonies of mutant bacteria were then transferred with a
sterile toothpick to two comparative grid plates, one an LB Kan50 plate, the other an M9 minimal
selection media plate and incubated overnight at 28C (Fig. 2). Mutants with an auxotrophic
phenotype (that did not grow on the M9 minimal media) were transferred from the LB Kan50
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plate, suspended in sterile 15% glycerol and stored at -80C. M9 media consists of M9 salts
(Na2HPO4-7H2O, KH2PO4, NaCl, and NH4Cl), agar, MgSO4, sorbitol, nicotinic acid, and CaCl2.
Mutants identified as auxotrophic in the primary screen were then rescreened, this time in
a liquid M9 minimal media supplemented with 50µg/ml kanamycin in order to confirm their
auxotrophic status (Fig. 3). This was done both as a secondary confirmation and because the
suspension of bacterial cells in liquid media assures that they are coming into contact with the
media and antibiotic. Cells were transferred directly from the frozen glycerol suspension on a
sterile toothpick in a roughly “colony-sized” amount (non-quantified) into 2 mL of liquid M9 plus

Figure 3. Experimental replications of a Prototrophic mutant (left) and an auxotrophic mutant
(right) from secondary auxotrophic screen.

kanamycin (M9Kan50) broth and incubated in a shaker at approximately 250 rpm overnight at
28C. Three replications were done for each mutant strain and strains that appeared to be partially
auxotrophic, where only one or two of the tubes had bacterial growth, were subsequently retested.
The protocol for the secondary screen was later determined to be inefficient for the
confirmation of mutants as auxotrophic as it allowed for many false positives (i.e. prototrophic
mutants falsely described as auxotrophic). The transfer of bacteria directly from the frozen
suspension yields a less consistent number of bacteria than transfer from bacteria grown on agar
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plates so this assay was re-screened, resulting in a far smaller collection of auxotrophic mutants.
For the rescreen, potentially auxotrophic mutants were streaked out on LB Kan50 agar plates with
a sterile loop and incubated for 2 days at 28ºC. An approximated “colony-sized” amount of
bacteria was then transferred into 2 mL of M9 minimal media plus kanamycin with a sterile
toothpick and incubated in a shaker at approximately 250 rpm overnight at 28C. Two
replications were done per mutant along with a known prototroph as a positive control and a
mock inoculation with a sterile toothpick as a negative control. Mutants rated as prototrophic
were discarded, while those perceived as fully or partially auxotrophic were kept for the fruit
pathogenicity screen.
Mutant strains that were confirmed as auxotrophic were then inoculated into immature
‘Gala’ apple fruits harvested from the Fruit Research and Extension Center in Biglerville,
Pennsylvania, and incubated in a high humidity environment for 7 days at 22ºC (Fig. 4). It has
been demonstrated that symptom development in immature apple fruits are a reliable indicator of
E. amylovora virulence in apple trees (Lee et al. 2010). Daily qualitative symptoms were
recorded based on the presence of water-soaked tissue, bacterial ooze from the lenticels or
inoculation point, or necrotic tissue. The apples were prepared by surface disinfestation in 10%
bleach for 10 minutes then rinsed 4-5 times with tap water. Then the blossom end was removed,
the apple cut in half, and a small hole made on the upper surface with a sterile pipette tip. Two

Figure 4. Pathogenicity assay in immature ‘Gala’ apple halves.
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replications for each mutant strain were inoculated into the apple halves using sterile toothpicks
from 2 day cultures on LB Kan50 plates at a non-quantitative rate of about “one colony” worth.
The apples were arranged on vellum sheets sterilized with 70% EtOH over damp paper towels
and stored in trays covered with humidity domes in a Conviron plant growth chamber in order to
maintain high humidity for optimal bacterial growth. To maintain humidity distilled water was
added daily to the damp paper towels and sprayed on the inside surface of the humidity domes.
Because the fruit pathogenicity screen results were qualitative rather than quantitative, it
was decided that a re-screening of the mutants with a larger pool of experimental replicates would
be more indicative of the effects of the Tn5 insertion on symptom development. Furthermore, a
new numerical rating system, rather than a descriptive one, would generate data that could be
analyzed statistically. Five replicates per mutant were inoculated into immature ‘Gala’ apple
fruits as per the previously described methods. The symptoms were then rated seven days postinoculation on a 0 to 5 scale (Table 2). It was determined that the previous method of rating daily
was unnecessary and that rating fruits at seven days post-inoculation was representative of full
symptom development before secondary opportunistic infections began.
Table 2. Auxotrophic Tn5 Mutant Symptom Rating Metric
Numerical
Rating
0
1
2

Description of symptom development
0% coverage: No symptoms present
10-15% coverage: Minor water-soaking and possible oozing from lenticels near the
inoculation point
Up to 25% coverage: Water-soaking, if present, covers 25-30% of the apple surface; ooze
from lenticels covers approximately 25% of the surface; possible minor necrosis around the
inoculation point

3

Up to 50% coverage: 30-50% of the apple surface is producing ooze; major water-soaking
covering approximately 50% of the surface; 25-50% of the tissue has necrotized

4

75% coverage: Severe water-soaking covering upwards of 75% of the surface; 50-80%
necrotic tissue and significant oozing

5

90%+ coverage: Nearly the entire surface of the apple shows symptoms; may be fully
water-soaked; major oozing and ooze may have filled the inoculation hole; greater than
75% necrotic tissue
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Tn5 plasmid rescue was performed for all auxotrophic mutants, regardless of their
pathogenicity, and sequencing was performed in order to determine the location of the Tn5
transposon insertion. First, genomic DNA (gDNA) was isolated from each mutant strain (Wizard
Genomic DNA purification kit, Promega, Madison, WI). The isolated gDNA concentration was
measured using a Nanodrop 2000 spectrophotometer and samples with a high concentration of
DNA (>120 μL/ mg) and low impurities (260/280 and 260/230 of ~2.00) were then cut using a
restriction enzyme that does not cut the Tn5 transposon insertion, such as EcoRI or EcoRV. The
restriction enzyme product was then self-ligated using T4 DNA Ligase and transformed into
pir116 electrocompetent Escherichia coli cells at 2,500 V and grown overnight at 37C on an LB
Kan50 plate. If any colonies grew, indicating a successful transformation, an individual colony
was inoculated into 2.5 mL LBKan50 broth and incubated in a shaker at approximately 250 rpm
overnight at 28C. A miniprepartion was then performed to isolate the inserted artificial plasmid
from this culture (E.Z.N.A.® Plasmid Mini Kit I, Omega Bio-Tek, Norcross, GA) and sent to the
Penn State Genomics Core Facility at the Huck Institutes of the Life Sciences for Sanger
sequencing.
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Chapter 3
Results
10,750 total mutants from the generated Tn5 mutant library were screened for auxotrophy
over the course of this work, compared to the approximated 20,000 needed to represent genetic
saturation, wherein every gene can be assumed to have been affected by the Tn5 insertion.
Genetic saturation was calculated to determine the amount of Tn5 mutants to screen in order to
have over 99.5% likelihood that the transposon was inserted into every gene. This calculation was
based on the equation demonstrated in Figure 5. The initial auxotrophy confirmation screen,
which had allowed for a high number of false negatives, resulted in 213 auxotrophic mutants (a
rate of approximately 1.9%). The rescreening of these mutants with the refined protocol narrowed
this pool to 47 confirmed auxotrophic mutants, for a final rate of 0.4%.

Figure 5. Equation for the determination of theoretical genetic saturation.

3.1 Sequence Data
The results of the plasmid rescue and sequencing indicated that the auxotrophic mutants
each bore the transposon insertion at some point along one of seven different metabolic or
functional pathways: amino acid biosynthesis, nucleotide biosynthesis, nitrogen metabolism,
sulfur metabolism, exopolysaccharide biosynthesis, survival protein biosynthesis, or encoding a
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hypothetical or as yet undescribed protein (Fig. 6). All of the sequences received from the
Genomics Core Facility were analyzed using the National Center for Biotechnology Information
(NCBI) Basic Local Alignment Search Tool (BLAST) for nucleotide sequence comparison to
known genomes, against the Erwinia amylovora CFBP1430 complete genome sequence, which
has historically been the standard strain in many genetic and biochemical studies (Gaudriault et
al. 1997; Dellagi et al. 1998).

Figure 6. Distribution of pathway types affected by the insertion of the Tn5 transposon.

3.2 Pathogenicity Data
Over the course of the winter of 2016, about 50 of the original confirmed auxotrophic
mutants were rated for pathogenicity in immature ‘Gala’ apples based on the initial descriptive
daily rating system, however these results were not reliable due to the effects of long-term cold
storage on the immature apples, in addition to the decision to create a more refined rating system.
After so many months in the cold room physiological changes in the apples coupled with a high
rate of secondary fungal infection skewed the rate of pathogenicity in the assay. All of the
pathogenicity assays were redone in the spring of 2017 using the scaled rating metric (Table 2)
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and five replications, rather than two per mutant. The entirety of the pathway and phenotype data
can be found in the Appendix.
A very high majority of the auxotrophic mutants had reduced pathogenicity (61.7%) or
were completely asymptomatic (31.9%) in the pathogenicity fruit screens, as could be expected
after disabling major biosynthetic pathways. This means that the pathogenicity was affected in
approximately 93.6% of the auxotrophic mutants screened.
Table 3. Distribution of Pathogenicity Phenotypes by Affected Pathway
Affected Pathway
Pathogenicity Phenotype
or Gene Type

Total

Asymptomatic

Reduced Pathogenicity

Fully Pathogenic

Amino Acid
Biosynthesis

7

12

0

19

Nucleotide
Biosynthesis

5

7

0

12

Exopolysaccharide
Biosynthesis

1

2

0

3

Sulfur Metabolism

0

2

3

5

Nitrogen Metabolism

0

2

0

2

Survival Protein

1

1

0

2

Hypothetical Protein

1

3

0

4

15

29

3

47

Total

Most of the transposon insertion sites were in the biosynthesis pathways for either amino
acids or nucleotides. Approximately 40% of the generated mutants were auxotrophic for an amino
acid, which makes sense in the context of plant cellular metabolism. Only seven of the 20
proteinogenic amino acids were represented: cysteine, methionine, tryptophan, arginine, leucine,
threonine, and histidine, as well as the pathways encoding precursors for the branched-chain
amino acids (leucine, isoleucine, and valine) (Table 3). All five of the insertions into the arginine
biosynthesis pathway were asymptomatic.
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Figure 7. Variations in pathogenicity phenotype are divided by the biosynthesis pathway type.

Table 4. Mutants Auxotrophic for Amino Acid Biosynthesis
Mutant # Affected
Gene Product(s)
Gene
Acetylornithine/
argD succinyldiaminopimelate
M161.21
aminotransferase
argE
Acetylornithine deacetylase
M154.46

Biosynthesis Pathway

Disease
Phenotype

Arginine

Asymptomatic

Arginine

Asymptomatic

S1.36

argG

Argininosuccinate synthase

Arginine

Asymptomatic

M131.23

argH

Argininosuccinate lyase

Arginine

Asymptomatic

S7.13

argH

Argininosuccinate lyase

Arginine

Asymptomatic

M163.4

cysQ

Inositol-1-monophosphatase

Cysteine

Reduced

M129.18

hisD

Histidinol dehydrogenase

Reduced

ilvC

Ketol-acid reductoisomerase

ilvC

Ketol-acid reductoisomerase
Branched chain amino acid
aminotransferase
3-isopropylmalate dehydrogenase

Histidine
Branched-chain amino acids
(leucine, isoleucine, valine)
Branched-chain amino acids
Branched-chain amino acids

Reduced

Leucine

Reduced

Leucine

Asymptomatic

Leucine

Asymptomatic

Cysteine and methionine

Reduced

M105.46
M123.10
M4.47

ilvE1

M140.10

leuB

M160.2

leuB

M134.35

leuC

3-isopropylmalate dehydrogenase
3-isopropylmalate dehydratase large
subunit
Methionine gamma-lyase

Reduced
Reduced

M106.50

mdeA1

M129.46

metA

homoserine transsuccinylase

Methionine

Reduced

M157.1

metB

Cystathionine gamma-synthase

Methionine

Reduced

M157.42

thrB

Homoserine kinase

Threonine

Reduced

M126.35

trpB

Tryptophan synthase beta chain

Tryptophan

Reduced

M198.17

trpE

Anthranilate synthase component I

Tryptophan

Reduced
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Twelve of the mutants were auxotrophic for a nucleotide, for a rate of 25.5% (Table 5).
No bias toward purines versus pyrimidines was identified. Seven were in the pyrimidine
biosynthesis pathway, and five were in the purine biosynthesis pathway. The transposon insertion
into the pyrD gene occurred four times. Of these, three had reduced pathogenicity, and one was
asymptomatic.
The remaining insertion pathway types followed the same trend of reduced or
asymptomatic pathogenicity as in the amino acid and nucleotide biosynthesis mutants (Tables 57), with the exception of mutants auxotrophic for the sulfur metabolism pathway. Though only
five mutants were in this group, they represent an interesting variation from the trend (Table 6).
Three were fully pathogenic, while two had reduced pathogenicity. Mutants occurred in several
unexpected pathways, as well (Table 7). These mutants were either for hypothetical or
uncharacterized protein synthesis or were in pathway types that were not expected to result in an
auxotrophic phenotype.

Table 5. Mutants Auxotrophic for Nucleotide Biosynthesis
Mutant # Affected
Gene Product(s)
Gene
Carbamoyl-phosphate synthase small
carA
M5.4
chain
purA Adenylosuccinate synthetase
M.6.45
M110.31
M128.36

purA
purK

M36.1

purU

M158.18

purU

Biosynthesis Pathway

Disease
Phenotype

Pyrimidine and Arginine Asymptomatic
Purine

Asymptomatic

Adenylosuccinate synthetase
Phosphoribosylaminoimidazole
carboxylase ATPase subunit
Formyltetrahydrofolate deformylase

Purine

Reduced

Purine

Asymptomatic

Purine

Reduced

Purine

Reduced

Pyrimidine

Asymptomatic

M46.31

pyrD

Formyltetrahydrofolate deformylase
Aspartate carbamoyltransferase catalytic
subunit
Dihydro-orotate dehydrogenase

Pyrimidine

Asymptomatic

M129.28

pyrD

Dihydro-orotate dehydrogenase

Pyrimidine

Reduced

M142.31

pyrD

Dihydro-orotate dehydrogenase

Pyrimidine

Reduced

M156.9

pyrD

Dihydro-orotate dehydrogenase

Pyrimidine

Reduced

S5.45

pyrD

Dihydro-orotate dehydrogenase

Pyrimidine

Reduced

M191.44

pyrB
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Table 6. Mutants Auxotrophic for Nitrogen and Sulfur Metabolism
Mutant
#
M155.32
M158.40
M5.1

Affected
Gene
gltB
gltB
cysN

M45.2

cysI3

M131.39

cysI1

M148.15

cysI1

M151.13

nuoG

Gene Product(s)
Glutamate synthase (NADPH)
Glutamate synthase (NADPH)
ATP sulfurylase
Sulfite reductase (NADPH)
flavoprotein beta-component
Sulfite reductase (NADPH)
flavoprotein alpha-component
Sulfite reductase (NADPH)
flavoprotein alpha-component
NADH dehydrogenase I chain G

Nitrogen metabolism
Nitrogen metabolism
Sulfur metabolism

Disease
Phenotype
Reduced
Reduced
Pathogenic

Sulfur metabolism

Reduced

Sulfur metabolism

Pathogenic

Sulfur metabolism

Pathogenic

Sulfur metabolism

Reduced

Biosynthesis Pathway

Table 7. Unexpected Mutants: Mutants Auxotrophic for Exopolysaccharide Biosynthesis,
Survival Proteins, and Uncharacterized Proteins
Mutant
#

Affected
Gene

M150.35

amsB

Glycosyltransferase amsB

M16.4

amsC

Exopolysaccharide biosynthesis
protein

M10.29

amsE

Putative glycosyltransferase

M11.31
M36.10
M92.41

EAMY_
3259
EAMY_
3259
EAMY_
3259

Gene Product(s)

Biosynthesis Pathway
Exopolysaccharide
biosynthesis
Exopolysaccharide
biosynthesis
Exopolysaccharide
biosynthesis

Disease
Phenotype
Reduced
Reduced
Asymptomatic

Hypothetical protein

Hypothetical

Reduced

Hypothetical protein

Hypothetical

Asymptomatic

Hypothetical protein

Hypothetical

Reduced

M8.17

surA

Survival protein SurA precursor

Survival

Asymptomatic

M105.9

surA

Survival protein SurA precursor

Survival

Reduced

M206.13

yibP

Uncharacterized protein

Uncharacterized

Reduced
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Chapter 4
Discussion
This work reveals several common recurrences in affected biosynthetic pathways, leading
to greater understanding of how nutrient acquisition plays a role in disease development in the
context of the host tissues. These findings can provide a more comprehensive view of the host
metabolites that are accessible to E. amylovora, which is poorly understood at this time. Although
the ability to derive metabolites directly from the host tissues when a biosynthetic pathway is
disabled does not necessarily indicate that the pathogen will parasitize the host tissues in this way
under normal disease conditions, this study reveals greater details about the complex hostpathogen interactions that potentially occur. Biosynthetic pathways are highly regulated, such that
metabolites may only be generated when concentrations are low. This study may indicate new
details of the profile of available metabolites in the host tissues and how that influences bacterial
biosynthetic processes as disease develops. As the bacteria colonize host tissues they may forgo
certain biosynthetic pathways in favor of the absorption of intermediates from the host tissues.
The potential metabolic parasitism occurring between the pathogen and host is a fascinating
aspect of their relationship and illustrates the acclimative ability of the pathogen. Plant pathogenic
bacteria are chemoheterotrophs, meaning that they must derive energy by ingesting intermediates
(e.g. from the metabolism of amino acids, carbohydrates, etc.) (Goto, 1992). This characterization
indicates that the host-pathogen interaction will always be dictated by the parasitic absorption of
various molecules by the pathogen; a process which is influences by the availability of
metabolites from the host tissues and by the ability of the pathogen to successfully parasitize
them.
The various groups of mutants and affected biosynthesis pathways described and
discovered in this work will serve an excellent indicator of the direction that further study in this
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Table 8. Summary of Auxotrophic Mutants from Previous Tn5 Virulence Screens
(*=not screened in fruit)
Recurrence
in Virulence
Screen

Affected
Gene

1

amsA

1

amsF-J
precursor

2

amsH

2

argD

3
4

argG
argH

2

carB

2

cyaA
EAMY_
3259

1

Biosynthesis
Pathway

Present
in this
screen?

Disease
Phenotype

EPS

No

Asymptomatic

EPS

No

*

EPS

No

*

Arginine

Yes

*

Arginine
Arginine

Yes
Yes

Asymptomatic
Asymptomatic

Arginine

No

*

cAMP

No

*

Hypothetical protein

Hypothetical

Yes

*

Nitrogen
metabolism

No

*

Purine

No

*

No

*

Yes

Asymptomatic

Yes

*

Yes
No
No
No

*
*
*
*

No

*

No

*

Purine

No

*

Purine

No

*

Pyrimidine
Pyrimidine
Threonine
Threonine
Threonine
Pyrimidine
Tryptophan

No
Yes
No
Yes
No
No
Yes

*
*
*
*
Reduced
*
*

Gene Products
Putative tyrosine-protein
kinase

phosphoribosylformylglycinea
mide synthetase
bifunctional acetylornithine
delta-aminotransferase /
Nsuccinyldiaminopimelate
aminotransferase
Argininosuccinate synthase
Argininosuccinate lyase
Carbamoyl-phosphate synthase
large chain
Adenylate cyclase

1

glnA

glutamine synthetase

1

guaB

Inosine-5'-monophosphate
dehydrogenase

1

ilvD

Dihydroxy-acid dehydratase

3

leuB

3-isopropylmalate
dehydrogenase

1

mdeA1

1
1
2
1

metB
N/A
N/A
porF

2

proA

1

pstI

2

purL

1

purM

1
3
1
2
2
1
1

pyrC
pyrD
thrA
thrB
thrC
thyA
trpE

methionine gamma-lyase
Cystathionine gamma-synthase
Ornithine biosynthesis
Phosphoenolpyruvate Hpr
Gamma-glutamyl phosphate
reductase
Phosphoribosylformylglycinamidine synthase
Phosphoribosylaminoimidazole synthetase
Dihydroorotase
Dihydroorotate dehydrogenase
Homoserine dehydrogenase I
Homoserine kinase
Threonine synthase
Thymidylate synthase
Anthranilate synthase

Branched-chain
amino acids
Branched-chain
amino acids
Cysteine and
methionine
Methionine
Ornithine

Proline
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vein should head. Thirty of the mutants identified as auxotrophic in this work were not previously
described as such in virulence screens of approximately 12,000 Tn5 mutants performed in the
McNellis laboratory (Table 8) or in any Erwinia amylovora literature. These represent both the
disruption of new genes in pathways that have had other gene disruptions previously described as
leading to an auxotrophic phenotype, and genes in pathways that have never been characterized
as resulting in auxotrophy. Combined these auxotrophic mutants represent a very large-scale,
representative study of auxotrophy, metabolism, and pathogenicity in Erwinia amylovora.
The experimental approach taken in this work made it possible to examine mutants with
intermediate phenotypes by avoiding the bias toward strong phenotypic expression that may have
occurred had a reverse genetics or other approach been taken. The intermediate phenotypes, those
of reduced pathogenicity, are of interest because eliminating bias toward clearer impacts caused
by the transposon insertion gives a more accurate picture of the overall trends in metabolic
activities that are occurring during the E. amylovora-apple interaction. These intermediate
phenotypes tell the story of the rich complexities of biochemical interactions that are interwoven
in parasitic relationships.
The very low incidence of auxotrophy may indicate that most genes that received the Tn5
insertion were not involved in metabolic processes, or when they are, they are redundant.
Alternatively, the metabolites required may potentially be obtained through the rearrangement of
metabolites from other, related pathways, or the pathogen may be able to otherwise adjust to
survival without the gene product(s). Previous studies concerning auxotrophic mutants of Erwinia
amylovora found similarly low rates of auxotrophy, as follows: 1.6% (Steinberger and Beer,
1988) and 2.7% (Vanneste, et al, 1989). This low rate is also present in further unrelated
organisms, as evidenced by the rate of auxotrophy of 0.5% in the filamentous cyanobacterium,
Anabaena variabilis (Currier, et al, 1976). These auxotrophic mutant populations were generated
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with a variety of approaches other than Tn5 mutagenesis, indicating that the low rate of
auxotrophy is not a result of only the mutagenic approach.
Other than the works of Ramos, very little work has been done to investigate auxotrophy
and nutrient acquisition specifically in Erwinia amylovora (Ramos 2014, 2015). Even less
genomic and metabolic information is available for other Erwinia species. Consequently, some
genes and metabolic pathways described in this work were inferred by comparison to other
bacteria, primarily Escherichia coli. Fortunately, bacteria in the family Enterobacteriaceae are
quite similar to one another. E. amylovora is only distinguished from others in this family in
terms of physiology and serology by its ability to grow weakly under anaerobic conditions, its
requirement for nicotinic acid, and its inability to reduce nitrate to nitrite (Vanneste, 2000). This
similarity is also reflected in the sequence analysis of the 16S rRNA genes, indicating a close
relationship to enterobacteria including Salmonella enterica and Escherichia coli (Zhao, 2014).
The data indicate that the disruption of amino acid biosynthesis, nucleotide biosynthesis,
survival protein biosynthesis, nitrogen metabolism, and exopolysaccharide biosynthesis pathways
result in reduced or asymptomatic disease expression. This indicates that mutants with these
disrupted pathways are unable to obtain sufficient amounts of the required metabolic products
from the host tissue in order to complete the biosynthetic pathway and grow normally.
Conversely, mutants with disrupted sulfur metabolism remained pathogenic, indicating that these
mutants were able to obtain sufficient amounts of sulfur and sulfur metabolites from the host
tissue in order to complete the biosynthetic pathway and grow normally.

4.1 Amino Acid Biosynthesis
The high rate of 40% is very illustrative of the importance of amino acids and possibly
the metabolism of nitrogen. Amino acids are the initial products of nitrogen assimilation in plants,
which are then transported to the various resource sink tissues, including fruits (Ortiz-Lopez et al,
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2000). As evidenced by the reduction or complete lack of pathogenicity in these mutants, it is
apparent that these amino acids must be synthesized de novo. Either E. amylovora lacks the
ability to absorb extracellular amino acids or the metabolites necessary for their synthesis in the
host plant environment (because they can on LB media), or the apple tissue does not have
sufficient amounts of that particular amino acid in order to provide for the metabolic requirement.
Full pathogenicity can only occur when the pathways for the synthesis of these amino acids
(Table 4) are intact. In this regard, E. amylovora closely parallels the needs of other
phytobacteria. Amino acid biosynthesis was found to be required for colonization by
Pseudomonas tolaasii (Chung et. al, 2014), and X. campestris pv. campestris (Qian et. al, 2005)
and by the rhizosphere colonizer Pseudomonas fluorescens (Simons et. al, 1997). In Erwinia
species the major amino acids are alanine, glutamate, aspartate, and glycine, none of which
appeared in this screen, with all other amino acids present at far lower levels (Goto, 1992). It is
unusual that auxotrophic mutants for the amino acids most prevalent in E. amylovora cells did not
occur in this screen, although this may coincidental, in that genetic saturation was not reached.
Interestingly, the most frequently disabled pathway, arginine biosynthesis, resulted in an
asymptomatic phenotype in all five of the replications of the five mutants that occurred. This
repetition affirms that the disabling of this pathway at any point leads to a truly auxotrophic
mutant and affirms the complete lack of symptom development caused by this disruption, as
previously reported (Ramos, 2014).
The occurrence of auxotrophic mutants in this group with a reduced pathogenicity may
be a result of only partially reduced pathogenicity caused by the transposon insertion, or may be
select cases of cross-contamination from other strains in the tray. While every effort was taken to
prevent cross-contamination, it is still possible that the pathogen, which is highly motile, could
have moved through water on the surface of the vellum sheets and spread to unintended apples.
Further quantitative inoculations in the fruit would clarify these phenotypes. The reduced
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pathogenicity phenotype may also have been a result of some level of alleviation of auxotrophy
by metabolites involved in the biosynthesis of other amino acids or even by only partial gene
disruption by the transposon. This ambiguity could be removed by making full deletions of the
genes in question.
Amino acids are often grouped by their properties, including charge, polarity, functional
groups, size, and hydrophicity/-philicity. These characteristics are important in the formation of
protein structures and in protein-protein interactions (Creighton, 1993). There are a few possible
trends in property types from the amino acid mutants generated in this screen, although because
genetic saturation was not reached it is not clear if amino acids in groups currently not
represented would appear if the screen had been complete. All but one of the amino acid
biosynthetic pathway types (those auxotrophic for arginine) are for hydrophobic amino acids. All
three of the branched-chain amino acids, which comprise the aliphatic group, are represented.
Five of the nine amino acids represented have nonpolar side chains. Further investigation would
be needed into whether or not hydrophobicity, side chain type, or aliphatic composition are
important factors in whether or not a mutant expresses an auxotrophic phenotype. Perhaps every
amino acid would have at least one auxotrophic mutant upon reaching genetic saturation.

4.2 Nucleotide Biosynthesis
25% of the total mutants generated were auxotrophic for nucleotides. Purines and
pyrimidines are the components of nucleic acid polymers, essential components of signal
transduction pathways, and ATP (adenosine triphosphate), a nucleotide, is the universal currency
of energy (Samant et al, 2008). The disruption of the biosynthetic pathways for their creation
prevents normal cellular function, reproduction and survival.
A previous study found that a pyrimidine auxotrophic mutant with the transposon
insertion in the pyrC gene retained full pathogenicity in trees and partial pathogenicity in fruits
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(Ramos et al., 2015). During the course of infection it would seem that free nucleotides would
become available to the pathogen as cellular degradation occurred. The study also indicated that
some de novo pyrimidine biosynthesis was required in order for full pathogenicity in fruits. By
contrast, the pyrimidine mutants from this work all expressed a reduced or asymptomatic disease
phenotype, and as such were unable to obtain the nucleotides or precursors from the host
necessary for full pathogenicity. Unfortunately, there were no pyrC mutants in order to make a
direct comparison; however, this may be an instance of variation in the necessity for specific gene
function in a pathway. Perhaps certain genes must function, while others are less necessary for
disease development, due to redundancy or auxotrophy alleviation via specific metabolites. This
could also be attributed to variation in inoculation concentration caused by lack of quantitative
screening in this work. The declining state of the apples in cold storage is also an influence on
fruit susceptibility, which could cause marked variation in pathogenicity. Immature fruits have
also been demonstrated to have a higher susceptibility to storage diseases than fully mature fruits
(Powell and Fulton, 1903).
The recurrence of five total mutants with the transposon insertion in the pyrD gene in this
pathway, all with reduced pathogenicity, strongly supports the conclusion that the pyrimidine
synthesis pathway is required for full virulence in fruits. In light of this work representing a
survey of an estimated halfway point toward genetic saturation, perhaps this repeated incidence of
insertion in the same gene may not be coincidence. This may be a case of transposon insertion
bias based on the sequence. A small degree of Tn5 transposon insertion bias toward G+C rich
sequences has been described previously, however this bias has been suggested to have more
relevance in organisms with a particularly A+T rich genome, such as Saccharomyces cerevisiae
or humans (Green et al., 2012; Herold et al., 2008). Further investigation into the auxotrophy of
pyrimidines in E. amylovora may be needed to clarify the level of pyrimidine accessibility to the
pathogen.
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4.3 Sulfur Uptake and Metabolism
The auxotrophic mutants in the sulfur uptake and metabolism pathways have transposon
insertions in the cysI1, cysI3, cysN and nuoG genes. CysI genes encode components of the sulfite
reductase complex, which synthesizes hydrogen sulfide from sulfite (Barrett and Chang, 1979).
CysN encodes the production of sulfate adenylyltransferase subunit 1, which is involved in the
synthesis of sulfite from sulfate. Both of these are steps in the hydrogen sulfide biosynthesis
pathway, which metabolizes inorganic sulfur. The product of the nuoG gene is NADH-quinone
oxidoreductase subunit G, which shuttles electrons from NADH (nicotinamide adenine
dinucleotide, a coenzyme) via metal-binding to iron-sulfur centers, to quinones in the respiratory
chain. This is a part of cellular redox reactions (Weidner et al., 1993).
Unlike several of the other affected pathway types, sulfur metabolic pathways always
depend on at least some absorption of resources from the host tissues, as sulfur cannot by
synthesized de novo. These mutants are likely defective in the assimilation of extracellular
inorganic sulfur, which would explain why these mutants were unable to grow on the minimal
media, which provides sulfur in the form of sulfate (SO4). The presence of reduced or full
pathogenicity despite the lack of inorganic sulfur uptake and metabolic processes means either
that sulfur metabolism is not completely necessary in order for disease to occur or that some
compounds or activities within the apple tissues were able to supplement the lack of gene
function related to sulfur metabolism in these mutants. Sulfur is one of the six macronutrients
required by plants and, though it is available at a rate of only 3-5% of that of nitrogen, it will still
be present in plant host cells and intercellular spaces (Leustek, 1999). The low concentration of
sulfur in planta is almost always in the form of the sulfur containing amino acids, cysteine and
methionine, or their oxidation products or metabolites (Kocsis et al, 1998). It is likely that these
sulfur mutants are incorrectly perceived as auxotrophs in minimal media because they are unable
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to absorb or assimilate the inorganic sulfur provided, while in the plant tissue there is enough
organic sulfur available to satisfy metabolic requirements.
Related to sulfur metabolism, four of the reduced pathogenicity mutants from the amino
acid auxotrophic group were auxotrophic for methionine and cysteine. During the course of sulfur
metabolism extracellular sulfate first reacts with ATP to form adenylyl sulfate which is then
converted to 3'-phosphoadenylyl sulfate (PAPS). Finally, PAPS is reduced to sulfite, and then
further reduced to sulfide. Sulfide molecules are incorporated into the structure of the sulfurcontaining amino acids (Kanehisa, 2017). The necessity of Erwinia amylovora to absorb and
metabolize extracellular sulfur sources may have contributed to the reduced pathogenicity
phenotype for these mutants, rather than producing an asymptomatic mutant. Access to essential
metabolites for these specific amino acids might have allowed partial or full completion of their
biosynthesis pathways, leading to the limited ability to induce symptoms. Some plant-pathogenic
bacteria require extracellular absorption of cysteine and methionine, such as several pathovars of
Xanthomonas campestris, because of an inability to synthesize them from inorganic sulfur
sources (Goto, 1992).

4.4 Nitrogen Metabolism
Two mutants auxotrophic for genes involved in nitrogen assimilation and metabolism
were generated. The transposon insertion site for both mutants was gltB, which produces
glutamate synthase, the enzyme that catalyzes the reaction which produces L-glutamate and
NADP+. The glutamate produced is utilized in the glutamine sythetase reaction which forms the
amino acid glutamine, an essential component for nitrogen assimilation and metabolism (Temple
et al, 1998). Both had a reduced pathogenicity in the fruit screen. Inorganic nitrogen is provided
in the minimal media, in the form of ammonium (NH4+) so it is not unexpected that few
auxotrophic mutants would appear in this screen. Only select points in the synthesis pathway
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would result in a complete inability to absorb and process extracellular nitrogen. Others would
disable only the synthesis into more specific products, such as amino acids or nucleotides.
The pathogen was able to derive at least some of the requisite nitrogen sources from the
host tissues in order to induce a reduced pathogenicity phenotype, as evidenced by the partial
virulence of these mutants. In the context of the nutrient sources provided, the auxotrophic
mutants may have struggled to assimilate the inorganic nitrogen provided by the minimal media,
because of the disabling of the gltB gene which is part of the biosynthesis pathway for the
assimilation of inorganic nitrogen. Yet in the plant, as evidenced by the reduced pathogenicity
genotype, the gltB- mutants were able to derive some level of organic nitrogen via amino acids in
the tissues, or were able to derive other intermediates in order to complete the inorganic nitrogen
assimilation pathway. The assimilation of organic nitrogen seems to make more sense in that
these mutants were able to grow on the rich media which provided amino acids in the form of
tryptone and yeast extract. Erwinia amylovora is unable to reduce nitrate to nitrite, therefore all
assimilation of nitrogen by the pathogen will be via the ammonia pathway or via the absorption of
amino acids (Vanneste, 2000).
The disabling of the inorganic nitrogen assimilation pathway has been described in other
microorganisms, as well. Mutants of Escherichia coli and Klebsiella aerogenes that are deficient
in glutamate synthase activity grow very poorly on nitrogen sources other than ammonia
specifically due to glutamate starvation, supporting the findings in this work (Goss et al., 2001).
Glutamate plays an essential role in all bacterial cellular metabolism and is consequently the most
abundant metabolite (Commichau et al., 2006). It serves as an amino donor for nearly all
nitrogen-containing metabolites and is highly regulated. Further investigation into the importance
of glutamate in the metabolism, parasitism, and pathogenicity of Erwinia amylovora would be of
great interest.
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4.5 Hypothetical Proteins
Four mutants generated in this work were auxotrophic and encoded hypothetical or
uncharacterized proteins. The three hypothetical proteins are predicted to exist but lack
experimental evidence to identify their function. Similarly, the uncharacterized protein lacks
experimental evidence, but it has a name, yibP, a putative function, and a predicted subcellular
localization. This gene is a putative membrane protein. Membrane proteins are a structurally and
functionally diverse group. The reduced pathogenicity of the yibP mutant would indicate that at
least partial functionality of this protein is required in order for full pathogenicity to occur. The
pathogen is unable to satisfy the need for whatever metabolites are required in full functionality
of yibP. Further study of this this gene and others in the yib gene family may be of interest.
Initial investigation into the role of the EAMY_3259 gene indicates some similarity to the
translation factor sua5, which is essential in Saccharomyces species, based on comparison of the
amino acid sequence. A database of orthologous proteins indicates that this is the uncharacterized
protein sua5/yciO/yrdC (OmaBrowser). The yrdC/sua5 is a universal protein family which is
essential for the production of threonylcarbamoyladenosine, which is a modification of the tRNA
that aids in binding of the anticodon loop to ribosomes. Expression of yrdC is essential in E. coli
(El Yacoubi et al., 2009).
The hypothetical protein, designated EAMY_3259, was also identified as auxotrophic in
the previous Tn5 mutant virulence screen in the McNellis lab, which further validates this
designation. In the present study, two mutants in this gene had a reduced pathogenicity phenotype
and one was asymptomatic. Despite the lack of information regarding these genes and their
products, their identification in this work is of interest and may be of value as further research
into uncharacterized genes in the E. amylovora genome continues.
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4.6 Exopolysaccharide Biosynthesis
The mutant screen identified mutations in the amsB, amsC, and amsE genes. The ams
operon is known to be required for the synthesis of the exopolysaccharide amylovoran by E.
amylovora (Bugert and Geider, 1995). Does the disabling of the EPS biosynthesis pathway create
a pathogen that is unable to derive these resources from the host tissue or a mutant that is unable
to utilize cellular metabolites to construct and excrete the polysaccharides? Why does the lack of
an EPS coat prevent full pathogenicity from developing? These are questions that are not yet fully
answered. Some exopolysaccharides are synthesized de novo, but are constructed from
extracellular resources, especially carbon (Bennett and Billing, 1977). Because EPS is a
component of the regulatory network via which E. amylovora would communicate through
quorum sensing, perhaps an EPSˉ mutant is unable to signal amongst the population (Piqué et al,
2015). This could prevent the regulation of population dynamics required for colonization
(Molina et al., 2005). Alternatively, the disruption of steps in the amylovoran pathway could have
led to the accumulation of products which eventually interfere with other metabolic processes, as
was described in mutations of the cps genes in Erwinia stewartii (Dolph et al., 1988).
Other affected pathway groups in this work have a mixed population of mostly absolute
auxotrophic mutants and some partial auxotrophic mutants. The EPSˉ mutants, however, are all
partials. Because these inoculations were non-quantitative and were categorized based a
perceived rating of reduced opacity in the growth media compared to prototrophic mutants, their
characterization is speculative. It is possible that these mutants have a reduced ability to grow in
minimal media due to the transposon insertion, but it is also possible that these specific
replications happened to have a great enough variation in inoculation amount in order to be
falsely perceived as partially auxotrophic. Further quantitative screenings could determine
whether or not EPSˉ mutant can be partial or fully auxotrophic. Previous Tn5 virulence screens in
the literature and generated in the McNellis laboratory have identified auxotrophic ams mutants,
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so it is not unprecedented, however this ambiguity due to the non-quantitative inoculation
approach does merit further investigation (Belleman and Geider, 1992).
Finally, there is also a possibility that the ams mutants were confirmed as auxotrophic in
the preliminary screens because they might have been less able to survive on the media, prior to
testing for auxotrophy. The lack of exopolysaccharide production could severely impact survival
of these mutants when grown on agar media rather than broth, due to rapid desiccation (Roberson
and Firestone, 1992).

4.7 Survival Protein Biosynthesis
In the closely related species, E. coli, surA was initially described as having a role in
survival in the stationary phase, when bacteria are metabolically active, but non-dividing (Tormo
et al, 1990). In normal disease conditions, most bacteria will spend most of their cycle in a nondividing phase due to nutrient availability as a limiting factor. Upon onset of the stationary phase,
the synthesis of many genetic products is increased. Tormo et al found that surA was only
required during the stationary phase, with the implication that some metabolic processes only
occur during this phase. However, more recent publications regarding surA have described the
protein product as a primary chaperone for the transport of integral β-barrel proteins synthesized
in the cytoplasm for incorporation into the outer membrane (Sklar, et al, 2007). A lack of surA
production resulted in a reduced outer membrane density. It was hypothesized that the disabling
of the surA gene resulted in a compromised outer membrane. SurA was demonstrated to have
some flexibility in the transport of non-specific proteins to the outer membrane.
The role of survival genes has not been heavily investigated in Erwinia amylovora, but
the similar roles they play in both E. coli and Dickeya dadantii indicate that surA should have the
same or similar function (Rondelet and Condemine, 2012). Of the two surAˉ mutants in this work,
one was a partial auxotroph with reduced pathogenicity and the other was an asymptomatic, full
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auxotroph. The pathogen, then, was unable to obtain the required metabolites in order to complete
its metabolic processes and pathways. Perhaps the compromised outer membrane reduced the
bacteria’s ability to survive in the low pH environment of the apple apoplast or affected the
ability of the bacterium to uptake metabolites. This gene could also have a pleiotropic effect.
Further exploration of how reduced outer membrane concentration affects pathogenicity could
shed more light on this subject.

4.8 In the Context of the Plant Host Tissue
This work not only reveals insights into how bacterial metabolism occurs as disease
develops, but also how the physiology and metabolism of the apple tissues is shaped by infection.
This work must be examined in the context of the plant host tissues.
A preliminary assay of the amino acid profile of apple fruit tissues detected glycine,
threonine, alanine, arginine, proline, tyrosine, the branched-chain amino acids, phenylalanine,
lysine, and most likely, tryptophan, while a more contemporary examination suggested that nine
free amino acids were available in measurable levels above ~50 nmoles/g fresh weight (Hulme,
1951; Fish, 2012). The amino acids detected in ‘Golden Delicious’ and/or ‘Red Delicious’ apple
tissues were as follows: Ala, Asn, Asp, Glu, Gln, Pro, Ser, and Thr. The highest reported amino
acid levels were for glutamine and threonine. Other studies have detected levels of at least 18
proteinogenic amino acids in apple fruit tissues, indicating that amino acid levels vary widely
across cultivar, growing season, and fruit age (Sugimoto et al., 2011). Available nitrogen was also
detected as ammonia (NH3) at a rate of 2.5 mmoles/kg dry weight, a percentage of 20% of the
total dry weight. The ability of an auxotrophic mutant to parasitize the tissue for a specific amino
acid is dependent on the free availability of that amino acid. An analysis of protein changes in
apple during ripening and senescence found that approximately 34% of the proteins in the tissue
were involved in energy and metabolism (Shi, 2014). That is to say, the apple tissue is neither a
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minimal nor a rich media for pathogen nutrition. It is complex and variable. Further exploration
of this relationship, with special attention to the shifting availability of metabolites would be of
value, both in this disease system and in others. Furthermore, detection of amino acids by tissue
analysis might not reflect whether these are actually available for pathogen uptake.
The changes caused by ripening and senescence are of particular relevance to this work.
As the apple fruit ripens levels of isoleucine increase in the tissue to levels 20-fold those initially
measured, while other amino acids fluctuated wildly throughout the apple aging processes
(Sugimoto et al., 2011). The influence of changing amino acid levels and availabilities, coupled
with changes in phytohormone expression and increased respiration will have a great impact on
the ability of invading pathogens to colonize tissues and absorb nutrients. Investigation into how
E. amylovora colonization and parasitism is impacted by changing apple physiology may be
informed by the findings in this work in the future. Perhaps nutrient availability is a contributing
factor in the ability of E. amylovora to infect immature apples, but not mature apples. It has been
demonstrated that the immature apple fruits have higher nutrient concentrations (Nachtigall and
Dechen, 2006).
In the context of the apple tree as a whole, the fruit serves as a sink in resource allocation.
How does this shape resource availability in the fruit tissues? Are resources in greater quantity or
in forms that are more bioavailable for pathogen uptake due to the need of the plant to transport
resources to the fruit efficiently? Analyses of nutrient availability as apple fruits develop on the
tree from blossom to harvest indicate that nutrients are at their highest levels during initial fruit
development, followed by an abrupt initial drop in nutrients in the first three weeks (Nachtigall
and Dechen, 2006). Nutrients then continue to drop as the fruit grows until stabilizing at about 10
weeks post-bloom. This drop in nutrient concentration is caused by chemical dilution, where
increases in fruit biomass lead to dilution of nutrient concentrations. Nutrients measured
accumulated in the quantities as follows (from highest to lowest): K> N> P> Mg = Ca> Fe> Mn>
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B> Cu> Zn. The immature apple fruits utilized in this work were harvested approximately six
weeks after full bloom, meaning that the nutrient concentration was well into decline at the time
of harvest.
Less information is available regarding sulfur concentrations and availability in the apple
fruit tissue. It has been demonstrated that methionine, the sulfur-containing amino acid, is
converted to ethylene, the phytohormone implicated in fruit ripening via the ethylene precursor 1aminocyclopropane-1-carboxylic acid (Knee, 1984). It is also evident that sulfur intermediates are
available in sufficient quantities to be utilized by E. amylovora auxotrophs from this work.
The mutants with genes disabled in the hydrogen sulfide biosynthesis pathway (cysN,
cysI1, and cysI3) were able to colonize the apple tissues at a rate comparable to that of the wild
type. Why then does E. amylovora retain this metabolic pathway? There are many examples of
naturally-occurring auxotrophic mutants that are at times able to even outcompete prototrophic
strains in certain environments, such as in the work of Zamenhof and Eichhorn, in which Bacillus
subtilis mutants auxotrophic for histidine and tryptophan were found to have a selective
advantage when grown on media in which the amino acids required by the respective auxotrophs
were provided in excess (Zamenhof and Eichhorn, 1967). They hypothesized that this advantage
was due to saving energy because of fewer biosynthetic steps. This advantage is only conferred in
highly specific environments, where the auxotroph is able to fully satisfy the requirement, which
as demonstrated in this work, includes immature apple tissues in the context of sulfur metabolites.
It can be inferred that Erwinia amylovora must stably maintain these genes because of its
complex lifestyle, which throughout a growing season requires the ability to retain populations
epiphytically on floral and leaf tissues, as well as within a variety of internal plant tissues, such as
the xylem and fruit tissues (Rosen, 1929; Miller and Schroth, 1972). Each of these niches requires
different metabolic functions adaptable to the profile of intermediates that the pathogen is able to
derive from each. This variation in gene expression in different host niches is illustrated in the life
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cycle of Salmonella enterica, a human enteric pathogen. Salmonella species are able to colonize
both the human gut and some fruits and vegetables. It was found that the pathogen expresses a
distinct set of plant-associated genes when inoculated in tomatoes, which only partially overlap
with those expressed in the animal host (Moraes, et al, 2016). This variation may be present in
Erwinia amylovora as well, where subsets of genes are differentially expressed in different
environments, though perhaps not the degree required for the occupation of both plants and
animals. The advantage conferred by auxotrophy is highly contextual.

4.9 Experimental Pitfalls
There are several pitfalls that prevent the formation of more definite conclusions from the
data that come from both the experimental design and from characteristics inherent to the
processes involved.
Mutagenesis via the insertion of the Tn5 transposon is not a true deletion of the gene, but
rather a disruption that can lead to greater variation in phenotype. The insertion of the transposon
may not fully disable the gene, leading to a false phenotype classification caused by partial gene
function. False phenotypes could also be generated if the disruption of a gene does not fully
disable the biosynthetic pathway, allowing metabolites to interact or accumulate. Furthermore,
the insertion of the Tn5 transposon is not completely random. The transposon inserts with a bias
toward sequences containing higher levels of the nucleotides, guanine and cytosine, which could
clearly lead to bias toward select segments of the DNA sequence and prevent total genetic
saturation at a large scale (Green, et al., 2012).
There is potential for the alleviation of auxotrophy by metabolites from similar pathways,
particularly with auxotrophic mutants in the pathways for the biosynthesis of amino acids and
nucleotides, as compounds for their pathways can come from a particularly broad range of carbon
and nitrogen sources.
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Although the mutant pool tested represents over halfway to the point of assumed genetic
saturation, the small subset of auxotrophic mutants addressed in this work may not be large
enough for the interpretations of pathways and phenotypes to be deemed statistically significant.
Particularly, the variation in test group size and lack of replications per mutant in the fruit
pathogenicity assay may not be statistically meaningful data. Ten replications per mutant may
have given a better indication than five.
The varying ages and sizes of the apples could have had an effect on pathogen success.
This variation, coupled with their long term cold storage, means that there was possibly
significant variation in the availability of metabolites in the tissues. This is not necessarily an
experimental pitfall and may be an interesting point for further study. The relationship of
changing metabolic rates as the fruit ages may have interesting effects on the ability of a pathogen
to colonize the tissues. This aspect would be of particular interest in the context of post-harvest
pathology and storage.
Due to the large scale approach taken in this work, genetic complementation was not
performed for each mutant. Rather, the larger numbers of mutants were interpreted as verification
of each phenotype. When the transposon is inserted into the same gene several times, it can be
inferred that the resulting phenotype is caused by the disruption of that gene with greater
confidence. However, without genetic complementation, none of the phenotypes can be
confidently verified. There is no proof that the phenotype is caused by the transposon insertion in
the gene and that no other defects in the genetic code are occurring. Future work could verify the
auxotrophy of the mutants generated in this work in order to indicate that defects outside of the
intended transposon-induced disruptions are not affecting the mutant phenotype.
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Chapter 5
Future Work and Conclusions
In a more general sense, this research may serve as a fantastic jumping off point for
further examination of nutritional parasitism in Erwinia amylovora and other bacterial plant
pathogens. Genetic solutions for the control of fire blight and other bacterial diseases of perennial
crops have great potential for circumventing the troubles presented by traditional means of
control, such as antibiotic applications. Further understanding of the nutritional needs and
parasitic behaviors of Erwinia amylovora may eventually contribute to the development of
successful resistant apple and pear cultivars, or non-pathogenic biocontrol strains which function
by competitive inhibition.
As previously mentioned, this survey represents an approximation of the halfway point to
genetic saturation. The previous identification of pyrC as an auxotrophic mutant in E. amylovora,
which was not found in this screen, indicates that complete genetic saturation was not achieved.
Further screening will be essential to generating a holistic understanding of the host-pathogen
trophic interactions that occur in this system.
Future work could include:
-

Testing mutants auxotrophic for amino acids on minimal media supplemented with
those amino acids as a way to confirm the nature of the auxotrophy.

-

Quantitative inoculations in order to get a more accurate representation of the rate of
pathogenicity, including revealing instances of reduced pathogenicity in some mutant
strains, which may have been inaccurately reported here.

-

Quantification of bacterial populations during of the fruit assay would also indicate if
the asymptomatic mutants were able to survive in the fruit, despite their inability to
cause disease. The various auxotrophic mutants may have retained a certain level of
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infectivity (ability to invade and replicate in the host tissues) that is not indicated by
the level of pathogenicity.
-

Inoculating select mutants from each pathway type in immature pear fruits. Pears
tend to have a higher susceptibility to Erwinia amylovora than apples, however some
Tn5 mutants have been found to cause disease differently (or not at all) in pear fruits
(Ramos et al., 2014). This variability in pathogenicity may be of interest.

-

Inoculating mutants in young (approx. 2 years old) apple trees would indicate mutant
strains’ ability to induce fire blight symptoms in woody tissues. Different tissues
mean different forms and bioavailability of metabolites and other compounds. Will
nutrient and metabolite availability in the vascular tissues differ significantly from
availability in the fruit, a resource sink? And is that difference enough to cause
variations in phenotype?

-

Comparing auxotrophic mutant growth in immature apples to their ability to grow in
isolated fruit extract from immature apples may shed more light on whether or not
amino acids or other metabolites are in readily available forms for the pathogen to
absorb. Analysis of tomato root exudate indicated that the amino acids necessary for
colonization by Pseudomonas fluorescens were present, but the levels of bioavailability were too low for colonization to occur (Simons et. al, 1997). This may be
the case for E. amylovora colonization as well.

-

There is potential for harnessing nutritional immunity in the development of resistant
apple cultivars that could be influenced by this study. Plant hosts attempt to sequester
nutrients in order to restrict the growth of invading pathogens. There is precedence
for this approach with iron uptake, however the same principles could be utilized in
researching the mechanisms by which bacteria attain nutrients, amino acids, and
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other metabolites from the host and how these processes can be mitigated
(Terwilliger et al, 2015).
In conclusion, this work will have been the most comprehensive look into Erwinia
amylovora nutrient acquisition potential in planta to date. The large scale and broad spectrum
approach can help to initiate further study of the facets of metabolism and parasitism involved in
this complex host-pathogen interaction.

58

CITATIONS

Aćimović, Srđan G., Quan Zeng, Gayle C. Mcghee, George W. Sundin, and John C. Wise. (2015)
"Control of Fire Blight (Erwinia Amylovora) on Apple Trees with Trunk-injected Plant
Resistance Inducers and Antibiotics and Assessment of Induction of Pathogenesis-related Protein
Genes." Frontiers in Plant Science 6.
Ae, N. and Otani, T. (1997) The role of cell wall components from groundnut roots in
solubilizing sparingly soluble phosphorus in low fertility soils. Plant and Soil 196: 265–270.
Aksoy, H.M., Kaya, Y. and Hamid, T.H.T.A. (2017) Expression of the dspA/E gene of Erwinia
amylovora in non-host plant Arabidopsis thaliana. Biotechnology & Biotechnological Equipment
31:1 85-90.
Aldridge P., Metzger M., Geider K. (1997). Genetics of sorbitol metabolism in Erwinia
amylovora and its influence on bacterial virulence. Mol. Gen. Genet. 256 611–619.
Atkinson M. M., Baker C. J. (1987). Alteration of plasmalemma sucrose transport in Phaseolus
vulgaris by Pseudomonas syringae pv. syringae and its association with K /H exchange.
Phytopathology 77 1573–1578.
+

+

Ayers, A.R., Ayers, S.B. and Goodman R.N. (1979) Extracellular polysaccharide of Erwinia
amylovora: a correlation with virulence. Applied and Environmental Microbiology 38 659-666.
Baker, K.F. (1971) Fire Blight of pome fruits: the genesis of the concept that bacteria can be
pathogenic to plants. Hilgardia 40, 603-633.
Barny, M.-.A., Gaudriault, S., Brisset, M.-.N. and Paulin, J.-.P. (1999) Hrp Secreted proteins:
their role in pathogenicity and HR elicitation. Acta Horticulturae 489, 353-358.
Barras F., Van Gijsegem F., Chatterjee A. K. (1994). Extracellular enzymes and pathogenesis of
soft-rot Erwinia. Annual Review of Phytopathology 32 201–234.
Barrett, E.L., and Chang, G.W. (1979) Cysteine auxotrophs of Salmonella typhimurium which
grow without cysteine in a hydrogen/carbon dioxide atmosphere. General Microbiology.
Bashan Y, Sharon E, Oleon Y, Henis Y. (1981). Scanning electron and light microscopy of
infection and symptom development in tomato leaves infected with Pseudomonas tomalo.
Physiol. Plant Pathology 19:13944.
Beattie, G.A. and Lindow, S.E. (1994) Comparison of the behavior of epiphytic fitness mutants of
Pseudomonas syringae under controlled and field conditions. Applied and Environmental
Microbiology 60 3799-3808.
Beattie G. A., Lindow S. E. (1995). The secret life of foliar bacterial pathogens on leaves.
Annual Reviews of Phytopathology 33 145–172.
Beer, S.V. and Norelli, J.L. (1977) Fire Blight Epidemiology: Factors Affecting Release of
Erwinia amylovora by Cankers. Ecology and Epidemiology 67 1119-1125.

59
Bellemann, P., and K. Geider (1992) Localization of Transposon Insertions in Pathogenicity
Mutants of Erwinia Amylovora and Their Biochemical Characterization. Journal of General
Microbiology 138:5 931-40.
Bennett, R.A. and Billing, E. (1978) Capsulation and virulence in Erwinia amylovora. Annals of
Applied Biology 89 41-45.
Berg, D. (1977). Insertion and excision of the transposable kanamycin resistance determinant
Tn5. In: DNA Insertion Elements, Plasmids, and Episomes pp. 205-212. Cold Spring Harbor
Press, New York.
Berg, Douglas E., and Claire M. Berg (1983) The Prokaryotic Transposable Element Tn5.
Bio/Technology Nat Biotechnol 1:5 417-35.
Bertels, F., Merker, H., Kost, C. (2012) Design and Characterization of Auxotrophy-Based
Amino Acid Biosensors. PLOS One.
Billing, Eve (1960) An Association between Capsulation and Phage Sensitivity in Erwinia
Amylovora. Nature 186:4727 819-20.
Blakeman JP. (1985) Ecological succession of leaf surface microorganisms in relation to
biological control. In: Biological Control on the Phylloplane, (ed. CE Windels, SE Lindow)
pp. 6-30. St.Paul, MN: Am. Phytopathol. Soc
Bocsanczy, A.M., Nissinen, R.M., Oh, C.S. and Beer, S.V. (2008), HrpN of Erwinia amylovora
functions in the translocation of DspA/E into plant cells. Molecular Plant Pathology, 9: 425–434.
Bogs, J., Bruchmuller, I., Erbar, C. and Geider, K. (1998) Colonization of host plants by the fire
blight pathogen Erwinia amylovora, labeled with genes for bioluminescence and fluorescence.
Phytopathology 88 416-421.
Bonkowski, M., Villenave C. and Griffiths B. (2009) Rhizosphere fauna: the functional and
structural diversity of intimate interactions of soil fauna with plant roots. Plant Soil 321:213–233
Bonn WG, van der Zwet T. (2000) Distribution and economic importance of fire blight. In: Fire
blight: the disease and its causative agent, Erwinia amylovora [ed. by Vanneste JL] Wallingford,
UK: CABI, 37-53.
Boureau, T., El Maarouf-Bouteau, H., Garnier, A., Brisset, M.-N., Perino, C., Pucheu, I., and
Barny, M.-A. (2006) DspA/E, a Type III Effector Essential for Erwinia amylovora Pathogenicity
and Growth In Planta, Induces Cell Death in Host Apple and Nonhost Tobacco Plants. Molecular
Plant-Microbe Interactions 19:1 16-24.
Brenner, D.J. "Family I. Enterobacteriaceae." Bergey’s Manual of Systematic Bacteriology. Vol.
1. Baltimore: Williams & Wilkins, 1984. pp. 408-20.
Brown JC. (1978) Mechanism of iron uptake by plants. Plant Cell Environment 1: 249– 57.
Bruijn, F.J., (1987) Transposon Tn5 mutagenesis to map genes. Methods in Enzymology 154 175196.

60
Bugert, P. and Geider, K. (1995) Molecular analysis of the ams operon required for
exopolysaccharide biosynthesis of Erwinia amylovora. Molecular Microbiology 183(22): 6607–
6619.
Bugert, P. and Geider, K. (1995) Molecular analysis of the ams operon required for
exopolysaccharide synthesis of Erwinia amylovora. Mol. Microbiol. 15 917–933.
Burrill, T.J. Anthrax of fruit trees; or the so-called fire blight of pear, and twig blight of apple
trees. Am. Assoc. Adv. Sci. Proc. 29 (1880): 583-97.
CABI, 2016. "Fire Blight." Invasive Species Compendium.Wallingford, UK: CAB International.
Canny, M.J. (1995). Potassium Cycling in Helianthus: Ions of the Xylem Sap and Secondary
Vessel Formation. Philosophical Transactions: Biological Sciences. 348:1326 457-469.
Chen, L.-Q. (2014) SWEET Sugar Transporters for Phloem Transport and Pathogen Nutrition."
New Phytologist New Phytol 201:4 1150-155.
Chung, I.Y., Kim, Y.K., Cho, Y.H. (2014) Common virulence factors for Pseudomonas tolaasii
pathogenesis in Agaricus and Arabidopsis. Research in Microbiology 165:2 102-109.
Collens, J.I., Lee, D.R., and Seeman, A.M. (2004) Development of auxotrophic agrobacterium
tumefaciens for gene transfer in plant tissue culture. Biotechnology Progress 20.3.
Commichau, F. M., K. Forchhammer, and J. Stülke. (2006) Regulatory links between carbon and
nitrogen metabolism. Current Opinions in Microbiology 9167-172.
Conti, T.R. and Geiger, D.R. (1982) Potassium nutrition and translocation in sugar beet. Plant
Physiology 70 168-172.
Coplin, D.L., Frederick, R.D., and Majerczak, D.R. (1992) New pathogenicity loci in Erwinia
stewartii identified by random Tn5 mutagenesis and molecular cloning. Mol. Plant-Microbe
Interact. 5 266-68.
Creighton, T.H. (1993) "Chapter 1". Proteins: structures and molecular properties. San
Francisco: W. H. Freeman. ISBN 978-0-7167-7030-5.
Crichton R.R. (1991) In Inorganic Biochemistry of Iron Metabolism (ed.) Ellis Horwood, pp. 90–
163.
Crosse, J.E., Goodman, R.N., and Shaffer, W.H.J. (1972) Leaf damage as a predisposing factor in
the infection of apple shoots by Erwinia amylovora. Phytopathology 62 176-182.
Crosse, J.E. (1959) Bacterial canker of stonefruits. IV. Investigation of a method for measuring
the inoculum potential of cherry trees. Ann. Appl. Biology 47:306-17.
Culotta, V. and Scott, R.A. (2016) “Iron in Plants” In: Metals in Cells. John Wiley & Sons.
DebRoy S, Thilmony R, Kwack YB, Nomura K, He S.Y. (2004) A family of conserved bacterial
effectors inhibits salicylic acid–mediated basal immunity and promotes disease necrosis in plants.
Proc. Natl. Acad. Sci. USA 101:9927–32.

61
de las Nieves Peltzer, M., Roques, N., Poinsot, V., Aguilar, O.M., Batut, J. and Capela, D. (2008)
Auxotrophy Accounts for Nodulation Defect of Most Sinorhizobium meliloti Mutants in the
Branched-Chain Amino Acid Biosynthesis Pathway. Molecular Plant-Microbe Interactions 21:9
1232-1241.
Dellagi, A., M.N. Brisset, J.P. Paulin, and D. Expert (1998) Dual role of desferrioxamine in
Erwinia amylovora pathogenicity. Molecular Plant-Microbe Interactions 11.
Delmotte N., Knief C., Chaffron S., Innerebner G., Roschitzki B., Schlapbach R., et al. (2009).
Community proteogenomics reveals insights into the physiology of phyllosphere bacteria. Proc.
Natl. Acad. Sci. U.S.A. 106 16428–16433.
de Moraes M.H., Desai P., Porwollik S., Canals R., Perez D.R., Chu W., McClelland M.,
Teplitski M. (2017) Salmonella persistence in tomatoes requires a distinct set of metabolic
functions identified by transposon insertion sequencing. Appl Environ Microbiol 83:03028-16.
Dolph, P.J., Majerczak, D.R. and Coplin, D.L. (1988) Characterization of a gene cluster for
exopolysaccharide biosynthesis and virulence in Erwinia stewartii. Journal of Bacteriology 170:2
865-71.
Durel, C.-E., Denancé, C., Brisset, M.-N. (2009) Two distinct major QTL for resistance to fire
blight co-localize on linkage group 12 in apple genotypes ‘Evereste’ and Malus floribunda clone
821. Genome 52:2 139-147.
Eden-Green, S.J. (1972) Studies in fireblight disease of apple, pear, and hawthorn (Erwinia
amylovora (Burrill) Winslow et al.). PhD thesis, University of London, 189 pp.
El Yacoubi B, Lyons B, Cruz Y, Reddy R, Nordin B, Agnelli F, Williamson JR, Schimmel P,
Swairjo MA, de Crécy-Lagard V. (2009) The universal YrdC/Sua5 family is required for the
formation of threonylcarbamoyladenosine in tRNA. Nucleic Acids Res. 37:9 2894-909.
Expert, D. Withholding and Exchanging Iron: Interactions between Erwinia Spp. and Their Host
Plants (1999) Annual Reviews of Phytopathology 37 307-34.
Fatima, U., and Senthil-Kumar, M. (2015) Plant and Pathogen Nutrient Acquisition Strategies.
Frontiers in Plant Science Front. Plant Sci. 6.
Feistner, G.J., Stahl, D.C., and Gabrik, A.H. (1993) Proferrioxamine siderophores of Erwinia
amylovora: A capillary liquid chromatographic/electrospray tandem mass spectrometry study.
Org Mass Spectrom 28 163–175.
Fiehn O. (2003) Metabolic networks of Cucurbita maxima phloem. Phytochemistry 62 875–886.
Fish, W. (2012) A Reliable Methodology for Quantitative Extraction of Fruit and Vegetable
Physiological Amino Acids and Their Subsequent Analysis with Commonly Available HPLC
Systems. Food and Nutrition Sciences 3 863-871.
Frederick, R. D., Majerczak, D. R. and Coplin, D. L. (1993), Erwinia stewartii WtsA, a positive
regulator of pathogenicity gene expression, is similar to Pseudomonas syringae pv. phaseolicola
HrpS. Molecular Microbiology, 9: 477–485.

62
Gaudriault, S., Malandrin, L. and Barny, M.A. (1997) DspA, an essential pathogenicity factor of
Erwinia amylovora showing homology with AvrE of Pseudomonas syringae, is secreted via the
Hrp secretion pathway in a DspB-dependent way." Molecular Microbiology 26.
Gaudriault S., Paulin, J.P., and Barny M.A. (2002) The DspB/F protein of Erwinia amylovora is a
type III secretion chaperone ensuring efficient intrabacterial production of the Hrp-secreted
DspA/E pathogenicity factor. Mol. Plant Pathol. 3 313–320.
Gohre V. and Robatzek S. (2008) Breaking the barriers: microbial effector molecules subvert
plant immunity. Annu. Rev. Phytopathol. 46 189–215.
Goss, T.J., Perez-Matos, A., Bender, R.A. (2001) Roles of Glutamate Synthase, gltBD, and gltF
in Nitrogen Metabolism of Escherichia coli and Klebsiella aerogenes. Journal of Bacteriology
183:22 6607–6619.
Goto, M (1992) Fundamentals of Bacterial Plant Pathology. University of Michigan, Academic
Press. ISBN0122934652, 9780122934650
Graziano, M., Beligni, M.V., and Lamattina, L. (2002) Nitric Oxide Improves Internal Iron
Availability in Plants. Plant Physiology 130:4 1852–1859.
Green, B., Bouchier, C., Fairhead, C., Craig, N.L., Cormack, B.P. (2012) Insertion site preference
of Mu, Tn5, and Tn7 transposons. Mobile DNA 3:3.
Hallman, W. K., Hebden, W. C., Aquino, H.L., Cuite, C.L. and Lang, J.T.. 2003. Public
Perceptions of Genetically Modified Foods: A National Study of American Knowledge and
Opinion. (Publication number RR-1003-004). New Brunswick, New Jersey; Food Policy
Institute, Cook College, Rutgers -The State University of New Jersey
Hanke, V., Kim, W.-.S. and Geider, K. (2002). Plant transformation for induction of fire blight
resistance: transgenic apples expressing viral EPS-depolymerase. Acta Horticulturae 590 393395.
Hantke, K. (2001) Iron and metal regulation in bacteria. Current Opinions in Microbiology 4 172177.
Hantke, K. (1981) Regulation of ferric iron transport in Escherichia coli K12: isolation of a
constitutive mutant. Mol Gen Genet 182:288–292.
Hildebrand, E.M. (1937) The Blossom-blight phase of Fire Blight and Methods of Control.
Cornell University Agriculture Experiment Station Memoirs 207, Ithaca, New York.
Hoffman RM, Erbe RW. (1976) High in vivo rates of methionine biosynthesis in transformed
human and malignant rat cells auxotropic for methionine. PNAS 73:1523.
Holt, J.G., Krieg, N.R., Sneath, P.H.A., Staley, J.T., Williams, S.T. (1994) Bergey’s Manual of
Determinative Bacteriology, 9th ed. Williams and Wilkins, Baltimore, MD, USA.
Hulme, A.C. (1951) The amino acids present in the protein of the apple fruit." Journal of the
Science of Food and Agriculture 2.

63
Hutchison, M.L. (1995) Role of Biosurfactant and Ion Channel-Forming Activities of
Syringomycin Tranransmembrane Ion Flux: A Model for the Mechanism of Action in the PlantPathogen Interaction." MPMI Molecular Plant-Microbe Interactions 8:4 610.
Jacobs J. M., Babujee L., Meng F., Milling A., Allen C. (2012). The in planta transcriptome of
Ralstonia solanacearum: conserved physiological and virulence strategies during bacterial wilt of
tomato. Mol. Biol. 3.
Johnson, K. B., Sawyer, T. L., and Temple, T. N. (2006). Rates of epiphytic growth of Erwinia
amylovora on flowers common in the landscape. Plant Disease 90 1331-1336.
Johnson K.B., Stockwell, V.O., (2000) Biological control of fire blight. In: Vanneste JL, ed. Fire
blight the disease and its causative agent, Erwinia amylovora. Wallingford, UK: CABI
Publishing, 235-251.
Jones, A. L., and H. S. Aldwinckle (1990) Compendium of Apple and Pear Diseases. St. Paul,
MN: APS Print.
Kachadourian R, Dellagi A, Laurent J, Bricard L, Kunesch G, Expert D (1996) Desferrioxaminedependent iron transport in Erwinia amylovora CFBP 1430: cloning of the gene encoding the
ferrioxamine receptor FoxR. Biometals 9:143–150
Kanehisa, M. "Sulfur Metabolism - Reference Pathway." Kyoto Encyclopedia of Genes and
Genomes. Genome Net, 23 Feb. 2017.
Keil H.L., Smale, B.C., and Wilson, R.A. (1966) Role of injury and longevity of Erwinia
amylovora in the epidemiology of fireblight in pear. Phytopathology 56, 4464-465.
Kim J.F.Beer S.V. (1998) HrpW of Erwinia amylovora, a new harpin that contains a domain
homologous to pectate lyases of a distinct class. J. Bacteriol. 180, 5203–5210.
Klement, Z. (1982) Hypersensitivity. In: Mount, M.S. and Lacy, G.S. (ed.) Phytopathogenic
Prokaryotes. Vol. 2. Academic Press, New York, pp. 149-177.
Knee, M. (1984) 1-Aminocyclopropane-1-Carboxylic Acid Levels in Ripening Apple Fruits.
Journal of Experimental Botany 35:161, 1794-1799.
Kocsis, M.G., Nolte, K.D., Rhodes, D., Shen, T.L., Gage, D.A. and Hanson, A.D. (1998)
Dimethylsulfoniopropionate biosynthesis in Spartina alterniflora1. Evidence that Smethylmethionine and dimethylsulfoniopropylamine are intermediates." Plant Physiology 117.1
Koczan, J.M., Lenneman, B.R., McGrath, M.J. and Sundin, G.W. (2011) Cell Surface Attachment
Structures Contribute to Biofilm Formation and Xylem Colonization by Erwinia amylovora.
Applied and Environmental Microbiology 77:19 7031-7039.
Koczan J.M., McGrath M.J., Zhao Y., Sundin G.W. (2009) Contribution of Erwinia amylovora
exopolysaccharides amylovoran and levan to biofilm formation: Implications in pathogenicity.
Phytopathology 99:1237–1244.
Köster W. (1991) Iron(III) hydroxamate transport across the cytoplasmic membrane of
Escherichia coli. Biol Met 4:23–32.

64
Kummer, R.N. (1989) Symbiotic properties of amino acid auxotrophs of Bradyrhizobium
japonicum. Soil Biology and Biochemistry 21:6 779-782.
Kümmerer, K. (2008). Antibiotics in the Environment pp. 75-93 In: Pharmaceuticals in the
Environment. Ed: Kümmerer, K. Springer Berlin Heidelberg.
Leben C. (1988) Relative humidity and the survival of epiphytic bacteria with buds and leaves of
cucumber plants. Phytopathology 78:179-185
Lee, S. A., Ngugi, H. K., Halbrendt, N. O., O’Keefe, G., Lehman, B., Travis, J. W., Sinn, J. P.,
and McNellis, T. W. (2010). Virulence characteristics accounting for fire blight disease severity
in apple trees and seedlings. Phytopathology 100:539-550.
Le Roux, P.-M.F., Khan, M.A., Broggini, A.L., Duffy, B., Gessler, C., Patocchi, A. (2010)
Mapping of quantitative trait loci for fire blight resistance in the apple cultivars ‘Florina’ and
‘Nova Easygro’. Genome 53, 9 710-722
Lespinasse, Y. and Aldwinckle, H.S. (2000). Breeding for Resistance to Fire Blight in: Fire
Blight: The Disease and Its Causative Agent, Erwinia amylovora. J. L. Vanneste, ed. CABI
Publishing, Oxon, UK. Pages 253-274.
Lindsay WL. (1991) Iron oxide solubilization by organic matter and its effect on iron availability.
In: Iron Nutrition and Interactions in Plants, ed. Y Chen, Y Hadar, 43: 29– 36.
Lippencott, B.B. and Lippencott, J.A. (1966) Characteristics of Agrobacterium tumefaciens
Auxotrophic Mutant Infectivity. Journal of Bacteriology 92:4 937-945.
Longstroth, M. (2000) The Fire Blight Epidemic in Southwest Michigan." Michigan State
University Web post.
Loper, J.E., Henkels, M.D., Roberts, R.G., Grove, G.G., Willett, M.J. and Smith, T.J. (1991).
Evaluation of streptomycin, oxytetracycline, and copper resistance in Erwinia amylovora isolated
from pear orchards in Washington State. Plant Disease 75 287-290.
Malnoy, M., Martens, S., Norelli, J.L., Barny, M.A., Sundin, G.W., Smits, T.H.M., Duffy, B.
(2012) Fire Blight: Applied Genomic Insights of the Pathogen and Host. Annual Review of
Phytopathology 50 475-494.
Mansveit, E.L. and Hattingh M.J. (1987) Scanning electron microscopy of colonization of pear
leaves by Pseudomonas syringae pv. syringae. Canadian Journal of Botany 65: 25 17-22.
Marek-Kozaczuk, M. and Skorupska (2001) Production of B-group vitamins by plant growthpromoting Pseudomonas fluorescens strain 267 and the importance of vitamins in the
colonization and nodulation of red clover. Biology and Fertility of Soils 33:2 146-151.
McClintock, Barbara (1950) The origin and behavior of mutable loci in maize. Proc Natl Acad
Sci U S A. 36 (6): 344–55.
Meade H.M., Long S.R., Ruvkun G.B., Brown S.E., Ausubel F.M. (1982) Physical and genetic
characterization of symbiotic and auxotrophic mutants of Rhizobium meliloti induced by
transposon Tn5 mutagenesis. Journal of Bacteriology 149:1 114-122.

65
Meng X. D., Bonasera J. M., Kim J. F., Nissinen R. M., Beer S. V. (2006). Apple proteins that
interact with DspA/E, a pathogenicity effector of Erwinia amylovora, the fire blight pathogen.
Mol Plant Microbe Interact 19, 53–61.
Mercier, J., and S. E. Lindow. (2000) Role of leaf surface sugars in colonization of plants by
bacterial epiphytes. Appl. Environ. Microbiol. 66:369-374.
Mew TW, Vera Cruz CM. (1986). Epiphytic colonization of host and non-halt plants by
phytopathogenic bacteria. In Microbiology of the Phyllosphere. pp. 269-82. New York:
Cambridge University Press.
Miller, T.D. and Schroth, M.N. (1972) Monitoring the epiphytic population of Erwinia
amylovora on pear with a selective medium. Phytopathology 62, 1175-1182.
Mills, R.E., Bennett, E.A., Iskow, R.C. and Devine, S.E. (2007) Which transposable elements are
active in the human genome?. Trends in Genetics. 23 (4): 183–191.
Molina, L., Rezzonico, F., Défago, G., and Duffy, B. (2005) Autoinduction in Erwinia
amylovora: Evidence of an Acyl-Homoserine Lactone Signal in the Fire Blight Pathogen. Journal
of Bacteriology 187(9): 3206–3213.
Momol, M.T., Norelli, J.L., Piccioni, D.E., Momol, E.A., Gustafson, H.L., Cummins, J.N. and
Aldwinckle, H.S. (1998) Internal movement of Erwinia amylovora through symptomless apple
scion tissues into the rootstock. Plant Disease 82, 646-650.
Nachtigall, G.R. and Dechen, A.R. (2006) Seasonality of nutrients in leaves and fruits of apple
trees. Sci. agric. (Piracicaba, Braz.) vol.63 no.5.
Nissinen R. M., Ytterberg A. J., Bogdanove A. J., Van Wijk K. J., Beer S. V. (2007). Analyses of
the secretomes of Erwinia amylovora and selected hrp mutants reveal novel type III secreted
proteins and an effect of HrpJ on extracellular harpin levels. Mol Plant Pathol 8, 55–67.
Nizan R, Barash I, Valinsky L, Lichter A, Manulis S. (1997) The presence of hrp genes on the
pathogenicity-associated plasmid of the tumorigenic bacterium Erwinia herbicola pv.
Gypsophilae. Mol Plant Microbe Interact.10(5):677-82.
Norelli, J. L., H. T. Holleran, W. C. Johnson, T. L. Robinson, and H. S. Aldwinckle (2003)
Resistance of Geneva and Other Apple Rootstocks to Erwinia Amylovora." Plant Disease 87.1
pp. 26-32.
Nuclo, R.L., Johnson, K.B., Sugar, D. and Stockwell, V.O. (1998) Secondary colonization of pear
blossoms by two bacterial antagonists of the fire blight pathogen. Plant Diseases 82, 661-668.
Oh, C.-S., Kim, J.F., and Beer, S.V. (2005) The Hrp Pathogenicity Island of Erwinia Amylovora
and Identification of Three Novel Genes Required for Systemic Infection. Molecular Plant
Pathology 6:2 pp.125-38.
Ordax M., Marco-Noales E., López M. M., Biosca E. G. (2010) Exopolysaccharides favor the
survival of Erwinia amylovora under copper stress through different strategies. Res Microbiol
161, 549–555.

66
Ortiz-Lopez, A., H.C. Chang, and D.R. Bush (2000) Amino acid transporters in plants.
Biochimica et Biophysica Acta (BBA) - Biomembranes 1465.1.
Otto BR, Verweij-van Vught AMJJ, MacLaren DM. (1992) Transferrins and heme-compounds as
iron sources for pathogenic bacteria. Crit. Rev. Microbiol. 18: 217– 33.
Pain, A.N. (1979) Symbiotic Properties of Antibiotic-Resistant and Auxotrophic Mutants of
Rhizobium leguminosarum. Journal of Applied Bacteriology 47 53-64.
Park, Y.-J., Song, E.-S., Kim, Y.-T., Noh, T.-H., Kang, H.-W., Lee, B.-M. (2007) Analysis of
virulence and growth of a purine auxotrophic mutant of Xanthomonas oryzae pathovar oryzae.
FEMS Microbiol Lett 276 (1): 55-59.
Paulin, J.P. (2000), Erwinia amylovora: General Characteristics, Biochemistry and Serology. In:
Fire Blight. The Disease and its Causative Agent, Erwinia amylovora (Vanneste J. L., ed.). CABI
Publishing, Wallingford, United Kingdom, pp. 87-116.
Pich, A., Hillmer, S., Manteuffel, R., Scholz, G. (1997) First immunohistochemical localization
of the endogenous Fe2+-chelator nicotianamine J. Exp. Bot. 48: 759– 67.
Pieretti, Isabelle, et. al. (2012) Genomic Insights into Strategies Used by Xanthomonas
Albilineans with Its Reduced Artillery to Spread within Sugarcane Xylem Vessels. BMC
Genomics 13.1 pp. 658.
Piqué, N., Miñana-Galbis, D., Merino, S., and Tomás, J.M. (2015) Virulence Factors of Erwinia
amylovora: A Review. International Journal of Molecular Sciences 16.
Powell, G.H. and Fulton, S.H. (1903) The Apple in Cold Storage. Issue 48 of Bulletin, United
States. Bureau of Plant Industry, U.S. Government Printing Office, 66 pages.
Press M. C., Whittaker J. B. (1993). Exploitation of the xylem stream by parasitic organisms.
Philos. Trans R. Soc. Lond. B Biol. Sci. 341 101–111.
Psallidas, P.G. and Tsiantos, J. (2000) Chemical control of fire blight. In: Vanneste JL, ed. Fire
blight the disease and its causative agent, Erwinia amylovora. J. L. Vanneste, ed. CABI
Publishing, Oxon, UK.
Qian, W., Jia, Y., Ren, S.X., He, Y.Q., Feng, J.X., Lu, L.F., Sun, Q., Ying, G., Tang, D.J., Tang,
H., Hao, P., Wang, L., Jiang, B.L., Zeng, S., Gu, W.Y., Lu, G., Rong, L., Tian, Y., Yao, Z., Fu,
G., Chen, B., Fang, R., Qiang, B., Chen, Z., Zhao, G.P., Tang, J.L., He, C. (2005) Comparative
and functional genomic analyses of the pathogenicity of phytopathogen Xanthomonas campestris
pv. campestris. Genomic Research 15, pp. 757-767.
Ramey, B. E., Koutsoudis, M., von Bodman, S. B., and Fuqua, C. (2004) .Biofilm formation in
plant-microbe associations. Curr. Opin. Microbiol. 7:602-609.
Ramos, L.S., Lehman, B., Peter, K. and McNellis, T. (2014) Mutation of the Erwinia Amylovora
ArgD Gene Causes Arginine Auxotrophy, Nonpathogenicity in Apples, and Reduced Virulence in
Pears. Applied and Environmental Microbiology 70.21 pp. 6739-749.

67
Ramos, L.S., Sinn, J.P., Lehman, B. and McNellis, T.W. (2015) "Erwinia Amylovora PyrC
Mutant Causes Fire Blight despite Pyrimidine Auxotrophy. Letters in Applied Microbiology 60
pp. 572-79.
Raymundo, A. K., and Ries, S. M. (1980) Chemotaxis of Erwinia amylovora. Phytopathology
70:1066-1069.
Reznikoff, W.S. (2003) Tn5 as a Model for Understanding DNA Transposition." Molecular
Microbiology 47.5 pp. 1199-206.
Rico, A., R., and Preston, G.M. (2009) Adaptation to the Plant Apoplast by Plant Pathogenic
Bacteria. Plant Pathogenic Bacteria: Genomics and Molecular Biology. By R.W. Jackson.
Norfolk, Norwich: Horizon Scientific Press, pp. 63-89.
Rico, A., and Preston, G.M. (2008) Pseudomonas Syringae Pv. Tomato DC3000 Uses
Constitutive and Apoplast-Induced Nutrient Assimilation Pathways to Catabolize Nutrients That
Are Abundant in the Tomato Apoplast. MPMI Molecular Plant-Microbe Interactions 21:2 26982.
Riesmeier J. W., Willmitzer L., Frommer W. B. (1994). Evidence for an essential role of the
sucrose transporter in phloem loading and assimilate partitioning. EMBO J. 13 1.
Roberson E.B., Firestone M.K. (1992) Relationship between desiccation and exopolysaccharide
production in a soil Pseudomonas sp. Applied Environmental Microbiology 58:1284–1291.
Rondelet, Arnaud, and Guy Condemine (2012) SurA Is Involved in the Targeting to the Outer
Membrane of a Tat Signal Sequence-Anchored Protein." Journal of Bacteriology 194:22.
Rosen, H.R. (1935) The mode of penetration of pear and apple blossoms by the fire-blight
pathogen. Science 81:26.
Rosen, H.R. (1929) The Life History of the Fire Blight Pathogen, Bacillus amylovorus, as
Related to the Means of Overwintering and Dissemination. Arkansas Agricultural Experiment
Station Bulletin 244, Fayetteville, Arkansas 96 pages.
Rschzttardtz, H., Séguéla-Arnaud, M., Briat, J.-F., Vert, G. and Curie, C (2011) The FRD3
Citrate Effluxer Promotes Iron Nutrition between Symplastically Disconnected Tissues
throughout Arabidopsis Development. The Plant Cell 23:7 2725-2737
Samant, S., Lee, H., Ghassemi, M., Chen, J., Cook, J., Mankin, A. and Neyfakh, A. (2008)
Nucleotide Biosynthesis Is Critical for Growth of Bacteria in Human Blood." PLOS Pathogens.
Sattelmacher B., Horst W. J. (2007). “The apoplast of higher plants: compartment of storage” In:
Transport and Reactions: The Significance of the Apoplast for the Mineral Nutrition of Higher
Plants (ed.) Sattelmacher B., Horst W. J., editors. (Berlin: Springer Science & Business Media).
Schouten H.J., Krens, F.A., Jacobsen, E. (2006) Cisgenic plants are similar to traditionally bred
plants—International regulations for genetically modified organisms should be altered to exempt
cisgenesis. Embo Rep.7:8 750–3.
Schwarczinger, I., Kolozsváriné Nagy, J., Künstler, A. et al. (2017) Characterization of
Myoviridae and Podoviridae family bacteriophages of Erwinia amylovora from Hungary -

68
potential of application in biological control of fire blight. European Journal of Microbiology pp.
1-14.
Schwinghamer, E.A. (1970) Requirement for Riboflavin for Effective Symbiosis on Clover by an
Auxotrophic Mutant Strain of Rhizobium trifolii. Aust. J. Bio. Sci. 23 1187-96.
Shaw, K.J. and Berg, C.M. (1979). Escherichia coli K-12 auxotrophs induced by the insertion of
the transposable element Tn5. Genetics 92: 741-747.
Simons, M., Permentier, H.P., de Weger, L.A., Wijffelman, CA., and Lugtenberg, B.J.J. (1997)
Amino Acid Synthesis Is Necessary for Tomato Root Colonization by Pseudomonas fluorescens
Strain WCS365. Molecular Plant-Microbe Interactions 1:10 pp. 102-106.
Sinn J.P., Oh C.S., Jensen P.J., Carpenter S.C.D., Beer S.V., McNellis T.W. (2008). The Cterminal half of the HrpN virulence protein of the fire blight pathogen Erwinia amylovora is
essential for its secretion and for its virulence and avirulence activities. Mol Plant Microbe
Interact 21 1387–1397.
Slack, S.M., Zeng, Q., Outwater, C.A., Sundin, G.W. (2017) Microbiological Examination of
Erwinia amylovora Exopolysaccharide Ooze. Phytopathology 107:4 pp. 403-411.
Slade, M.B. and Tiffin, A.I. (1984). Biochemical and serological characterization of Erwinia. In:
Bergon, T. (ed.) Methods in Microbiology Vol. 15. Academic Press, London. pp. 228-293.
Smits, T.H.M., and Duffy, B. (2011) Genomics of Iron Acquisition in the Plant Pathogen Erwinia
Amylovora: Insights in the Biosynthetic Pathway of the Siderophore Desferrioxamine E. Arch
Microbiol Archives of Microbiology 193:10 pp. 693-99.
Spinelli, F., Vanneste, J. L., Ciampolini, F., Cresti, M., Rademacher, W., Geider, K. and Costa,
G. (2007) Potential and limits of acylcyclohexanediones for the control of blossom blight in apple
and pear caused by Erwinia amylovora. Plant Pathology 56: 702–710.
Steinberger, E. M. and Beer, S.V. (1988) Creation and Complementation of Pathogenicity
Mutants of Erwinia Amylovora. MPMI Molecular Plant-Microbe Interactions 1:3 pg. 135.
Steiner, P. W. (2000) The Biology and Epidemiology of Fire Blight. Presented at the Illinois
Horticultural Society Meeting, January, 2000.
Sugimoto, N., Jones, A.D., Beaudry, R. (2011) Changes in Free Amino Acid Content in
‘Jonagold’ Apple Fruit as Related to Branched-chain Ester Production, Ripening, and
Senescence. Journal for the American Society of Horticultural Science 136:6 429–440.
Suleman, P. (1992) Factors affecting the development of fire blight symptoms in vegetative apple
tissues. Ph. D. Diss., Univ. of Maryland, College Park, MD.
Temple, S.J., Vance, C.P., and Gantt, J.S. (1998) Glutamate synthase and nitrogen assimilation.
Trends in Plant Science 3:2.
Terwilliger, A., Swick, M., Pflughoeft, K., Pomerantsev, A., Lyons, C.R., Khoeler, T., and
Maresso, A. (2015) Bacillus anthracis Overcomes an Amino Acid Auxotrophy by Cleaving Host
Serum Proteins. Journal of Bacteriology 197:14.

69
Tharaud, M., Laurent, J., Faize, M., Paulin, J.-P. (1997) Fire blight protection with avirulent
mutants of Erwinia amylovora. Microbiology 143: 625-632.
Thomas, H.E. and Ar, P.A. (1934) Fire Blight of Pears and Related Plants. University of
California Agricultural Experiment Station Bulletin 586, Berkeley, California.
Thomson, S. V. (2000). Epidemiology of fire blight. in: Fire Blight: The Disease and Its
Causative Agent, Erwinia amylovora. J. L. Vanneste, ed. CABI Publishing, Oxon, UK. Pages 936
Thomson, S.V. (1986) The role of the stigma in fire blight infections. Phytopathology 76, 476482.
Thornton, B. and Macklon, A.E. (1989) Copper uptake by ryegrass seedlings: contribution of cell
wall adsorption. Journal of Experimental Botany 40: 1105–1111.
Tormo, A., Almiron, M., and Kolter, R. (1990) surA, an Escherichia coli gene essential for
survival in stationary phase. Journal of Bacteriology 172:8.
Turechek, W.W., and Biggs, A.R. (2014) Maryblyt v. 7.1 for Windows: An Improved Fire Blight
Forecasting Program for Apples and Pears. PHP Plant Health Progress.
van der Zwet, T., Orolaza-Halbrendt, N., and Zeller, Z. (2012) Fire Blight: History, Biology, and
Management. APS Press, St. Paul, MN.
van Der Zwet, T., and Keil, H.L. Fire Blight: A Bacterial Disease of Rosaceous Plants. USDA.
Vanneste, J.L., Paulin, J.P. and Expert D. (1990) Bacteriophage Mu as a Genetic Tool To Study
Erwinia amylovora Pathogenicity and Hypersensitive Reaction on Tobacco. Journal of
Bacteriology 172:2 932-941.
Vanneste, J. L. (1995) “Erwinia amylovora” Pages 21-41 In: Pathogenesis and Host Specificity in
Plant Disease: Histopathological, Biochemical, Genetic and Molecular Bases. Vol. 1.
Prokaryotes. (Ed) U. S. Singh, R. P. Singh, and K. Kohmoto, Pergamon Press, Oxford, London.
Vanneste, J.L. and Eden-Green, S. (2000) Migration of Erwinia amylovora in Host Plant Tissues
in: Fire Blight: The Disease and Its Causative Agent, Erwinia amylovora. J. L. Vanneste, ed.
CABI Publishing, Oxon, UK. Pages 73-84.
Vorholt J. A. (2012) Microbial life in the phyllosphere. Nat. Rev. Microbiol. 10 828–840.
Wang M., Han Z., Wu Z., Zhao Y., Gao D., Wang J., Qian G., Hu B. (2011) Relationship of
histidine auxotrophy of Acidovorax citrulli with pathogenicity. Acta Microbiologica Sinica 51:9
1185-1193.
Wei, Z.-M., Laby, R.J, Zumoff, C.H., Bauer, D.W., He, S.Y., Collmer, A. and Beer, S.V. (1992)
Harpin, elicitor of the hypersensitive response produced by the plant pathogen Erwinia
amylovora. Science 257, 85-88.
Wei, Z.M., Sneath, B.J. and Beer, S.V. (1992) Expression of Erwinia amylovora hrp genes in
response to environmental stimuli. Journal of Bacteriology 174, 1875-1882.

70
Weibull J., Ronquist F., Brishammar S. (1990) Free amino acid composition of leaf exudates and
phloem sap a comparative study in oats and barley. Plant Physiol. 92 222–226.
Weidner, U., Geier, S., Ptock, A., Friedrich, T., Leif, H., Weiss, H. (1993) The gene locus of the
proton-translocating NADH: ubiquinone oxidoreductase in Escherichia coli: Organization of the
14 genes and relationship between the derived proteins and subunits of mitochondrial complex I.
Journal of Molecular Biology 5:233 109-22.
Willis, D.K., Rich, J.J., and Hrabak, E.M. (1991) hrp genes of phytopathogenic bacteria.
Molecular Plant-Microbe Interactions 4, 132-138.
Wilson, M., S. S. Hirano, and S. E. Lindow. (1999) Location and survival of leaf-associated
bacteria in relation to pathogenicity and potential for growth within the leaf. Appl. Environ.
Microbiol. 65 1435-1443.
Wright C. A., Beattie G. A. (2004). Pseudomonas syringae pv. tomato cells encounter inhibitory
levels of water stress during the hypersensitive response of Arabidopsis thaliana. Proc. Natl.
Acad. Sci. U.S.A. 101 3269–3274.
Yu X., Lund S. P., Scott R. A., Greenwald J. W., Records A. H., Nettleton D., et al. (2013).
Transcriptional responses of Pseudomonas syringae to growth in epiphytic versus apoplastic leaf
sites. Proc. Natl. Acad. Sci. U.S.A.
Zamenhof, S. and Eichhorn, H.H. (1967) Study of Microbial Evolution through Loss of
Biosynthetic Functions: Establishment of ``Defective'' Mutants. Nature 216:5114, pp. 456-458.
Zhao, Y., Blumer, S.E. and Sundin, G.W. (2005) Identification of Erwinia amylovora Genes
Induced during Infection of Immature Pear Tissue. Journal of Bacteriology 187:23.
Zhao, Y. (2014) Genomics of Erwinia amylovora and Related Erwinia Species Associated with
Pome Fruit Trees. Genomics of Plant-Associated Bacteria pp 1-36.
Zuluaga A. P., Puigvert M., Valls M. (2013). Novel plant inputs influencing Ralstonia
solanacearum during infection. Front. Microbiol. 4:349.

71

APPENDIX
Appendix Table 1. Summary of all Tn5 Auxotrophic Mutant Insertion Sites and Pathogenicity Phenotypes Determined in this Study
Mutant

Sequence
Insertion
Qual20
Affects:
date
Site

M150.35

11/2/16

1043

amsB

Glycosyltransferase amsB

M16.4

11/2/16

1031

amsC

M10.29

11/2/16

1019

amsE

M161.21

11/2/16

1033

argD

M154.46

11/2/16

1034

argE

S1.36

3/29/17

1029

argG

M131.23

11/2/16

1043

argH

Argininosuccinate lyase

S7.13

3/29/17

972

argH

Argininosuccinate lyase

M5.4

11/2/16

1035

carA

Carbamoyl-phosphate
synthase small chain

M131.39

11/2/16

1043

cysI1

M148.15

11/2/16

1036

cysI1

Exopolysaccharide
biosynthesis protein
Putative
glycosyltransferase
Acetylornithine/
succinyldiaminopimelate
aminotransferase
Acetylornithine
deacetylase
Argininosuccinate
synthase

Sulfite reductase
(NADPH) flavoprotein
alpha-component
Sulfite reductase
(NADPH) flavoprotein
alpha-component

Pathway Disrupted

Averaged Auxotrophic
Symptom in virulence
Score
screen?

Pathway Type

Pathogenicity

EPS

Reduced

0.2

no

EPS

Reduced

2.4

no

EPS

Asymptomatic

0

no

Arginine
biosynthesis

Amino acid
metabolism

Asymptomatic

0

yes

Arginine
biosynthesis
Arginine
biosynthesis
Arginine
biosynthesis
Arginine
biosynthesis
Pyrimidine
biosynthesis;
glutamine metabolic
process

Amino acid
metabolism
Amino acid
metabolism
Amino acid
metabolism
Amino acid
metabolism

Asymptomatic

0

no

Asymptomatic

0

yes

Asymptomatic

0

yes

Asymptomatic

0

yes

Nucleotide
metabolism

Asymptomatic

0

no

Hydrogen sulfide
biosynthesis

Sulfur
metabolism

Pathogenic

3.2

no

Hydrogen sulfide
biosynthesis

Sulfur
metabolism

Pathogenic

3

no

Exopolysaccharide
biosynthesis
Exopolysaccharide
biosynthesis
Polysaccharide
biosynthesis

M45.2

3/29/17

1053

cysI3

Sulfite reductase
(NADPH) flavoprotein
beta-component

Hydrogen sulfide
biosynthesis

M5.1

10/2/16

N/A

cysN

ATP sulfurylase

Sulfur metabolism

M163.4

11/2/16

1007

cysQ

Inositol-1monophosphatase

Cysteine
biosynthesis

Sulfur
metabolism
Amino acid
metabolism

M11.31

11/2/16

1072

Hypothetical

M36.10

11/2/16

1029

M92.41

11/2/16

1014

M155.32

3/29/17

1029

M158.40

11/2/16

997

M129.18

11/2/16

1017

hisD

Histidinol dehydrogenase

M105.46

11/2/16

1022

ilvC

Ketol-acid
reductoisomerase

M123.10

11/2/16

1040

ilvC

Ketol-acid
reductoisomerase

M4.47

10/2/16

N/A

ilvE1

Branched chain amino
acid aminotransferase

M140.10

11/2/16

1037

leuB

M160.2

11/2/16

1031

leuB

M134.35

11/2/16

1019

leuC

M106.50

3/29/17

1041

mdeA1

EAMY_
Hypothetical protein
3259
EAMY_
Hypothetical protein
3259
EAMY_
Hypothetical protein
3259
Glutamate synthase
gltB
(NADPH)
Glutamate synthase
gltB
(NADPH)

3-isopropylmalate
dehydrogenase
3-isopropylmalate
dehydrogenase
3-isopropylmalate
dehydratase large subunit
Methionine gamma-lyase

Sulfur
metabolism

Reduced

0.8

no

Pathogenic

4.2

no

Reduced

1.4

no

Hypothetical

Reduced

0.6

yes

Hypothetical

Hypothetical

Asymptomatic

0

yes

Hypothetical

Hypothetical

Reduced

0.2

yes

Reduced

1.4

no

Reduced

2

no

Reduced

1.2

no

Amino acid
metabolism

Reduced

0.6

no

Amino acid
metabolism

Reduced

0.2

no

Amino acid
metabolism

Reduced

0.8

no

Reduced

0.2

yes

Asymptomatic

0

yes

Asymptomatic

0

no

Reduced

2.2

intermediate

Nitrogen metabolism
Nitrogen metabolism
Histidine
biosynthesis
Branched-chain
amino acid
biosynthesis
Branched-chain
amino acid
biosynthesis
Branched-chain
amino acid
biosynthesis
Leucine biosynthesis
Leucine biosynthesis
Leucine biosynthesis
Cysteine and
methionine

Nitrogen
metabolism
Nitrogen
metabolism
Amino acid
metabolism

Amino acid
metabolism
Amino acid
metabolism
Amino acid
metabolism
Amino acid
metabolism

biosynthesis
Homoserine
transsuccinylase
Cystathionine gammasynthase
NADH dehydrogenase I
chain G
Adenylosuccinate
synthetase
Adenylosuccinate
synthetase
Phosphoribosylaminoimid
azole carboxylase ATPase
subunit
Formyltetrahydrofolate
deformylase
Formyltetrahydrofolate
deformylase
Aspartate
carbamoyltransferase
catalytic subunit
Dihydro-orotate
dehydrogenase
Dihydro-orotate
dehydrogenase
Dihydro-orotate
dehydrogenase
Dihydro-orotate
dehydrogenase
Dihydro-orotate
dehydrogenase

M129.46

11/2/16

1042

metA

M157.1

11/2/16

1006

metB

M151.13

11/2/16

1019

nuoG

M.6.45

11/2/16

1013

purA

M110.31

11/2/16

1023

purA

M128.36

11/2/16

1023

purK

M36.1

11/2/16

1033

purU

M158.18

11/2/16

1020

purU

M191.44

3/29/17

1035

pyrB

M46.31

3/29/17

1017

pyrD

M129.28

11/2/16

1045

pyrD

M142.31

11/2/16

1040

pyrD

M156.9

11/2/16

998

pyrD

S5.45

3/29/17

1015

pyrD

M8.17

11/2/16

1045

surA

Survival protein SurA
precursor

M105.9

11/2/16

1031

surA

Survival protein SurA
precursor

Methionine
biosynthesis
Methionine
biosynthesis
metal binding; redox
reactions
AMP biosynthesis
AMP biosynthesis
Purine biosynthesis;
in operon with purE
Purine biosynthesis
Purine biosynthesis
Pyrimidine
biosynthesis
UMP biosynthesis
UMP biosynthesis
Pyrimidine
biosynthesis
Pyrimidine
biosynthesis
Pyrimidine
biosynthesis
Survival in
stationary phase (in
E. coli)
Survival in
stationary state (in E.

Amino acid
metabolism
Amino acid
metabolism
Sulfur
metabolism
Nucleotide
metabolism
Nucleotide
metabolism

Reduced

0.8

no

Reduced

0.2

yes

Reduced

1.4

no

Asymptomatic

0

no

Reduced

0.6

no

Asymptomatic

0

no

Reduced

2.8

no

Reduced

1.6

no

Asymptomatic

0

no

Asymptomatic

0

yes

Reduced

0.6

yes

Reduced

0.4

yes

Reduced

0.8

yes

Reduced

0.2

yes

Survival

Asymptomatic

0

no

Survival

Reduced

0.8

no

Nucleotide
metabolism
Nucleotide
metabolism
Nucleotide
metabolism
Nucleotide
metabolism
Nucleotide
metabolism
Nucleotide
metabolism
Nucleotide
metabolism
Nucleotide
metabolism
Nucleotide
metabolism

coli)
M157.42

11/2/16

1009

thrB

M126.35

11/2/16

1030

trpB

M198.17

3/29/17

1017

trpE

M206.13

3/29/17

1054

yibP

Threonine
biosynthesis
Tryptophan synthase beta Tryptophan
chain
biosynthesis
Anthranilate synthase
Tryptophan
component I
biosynthesis
Uncharacterized protein
Putative membrane
yibP
protein
Homoserine kinase

Amino acid
metabolism
Amino acid
metabolism
Amino acid
metabolism
Uncharacterized

Reduced

0.8

yes

Reduced

1.2

no

Reduced

0.2

no

Reduced

2.2

no

