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INTRODUCTION
Pantoea vagans C9-1 (C9-1) is a registered biological control agent for fire
blight suppression in apple and pear cultivars (Johnson & Stockwell 1998). Fire
blight is a devastating disease caused by Erwinia amylovora, a bacterium that
colonizes host flowers, thriving on nutrient-rich stigmas prior to infection through
the nectarthodes (Johnson & Stockwell 1998). After establishing large
populations, E. amylovora can move from the stigma to the receptacle and enter
the vascular tissue of the tree, causing necrosis as it travels through the plant
(Thomson 2000). The principal control materials for fire blight are antibiotics,
copper, and biological control agents (Johnson & Stockwell 2000, Psallidas &
Tsiantos 2000). Once E. amylovora enters the host vascular tissue system,
control is difficult to achieve, so effort has been focused on suppressing
populations of E. amylovora on floral surfaces prior to its infection (Johnson &
Stockwell 1998). The importance of biological control agents are increasing for
fire blight control as the frequency of antibiotic-resistant isolates of E. amylovora
increases (Jones & Schnabel 2000).
Pantoea spp. reduce the incidence of fire blight and are available to
growers as commercial biological control products (Johnson & Stockwell 2000).
The current strains used for fire blight management include P. agglomerans
strains E325, Eh252, and P10c (Rezzonico et al. 2009). C9-1 is a registered
biological control agent through the United States Environmental Protection
Agency, but C9-1 has not been commercialized by NuFarm Americas, the
company that holds the registration. De Maayer et al. (2012) discovered that all
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Pantoea’s sequenced to date contain a common, large Pantoea plasmid (LPP-1),
which was named pPag3 in P. vagans C9-1 (Smits et al. 2010). Plasmid LPP-1
was proposed to originate from an ancestral plasmid that had undergone
extensive diversification among the Pantoea spp. (De Maayer et al. 2012). De
Maayer et al. (2012) concluded LPP-1 has played a major role in the ability of
Pantoea spp. to occupy a wide array of ecological niches and various
specializations (as pathogens, biocontrol agents, or saprophytes) in the
environment. Study of pPag3 in C9-1 as a representative of the LPP-1 group
may provide insight into the ecological significance of similar plasmids in other
Pantoea spp.
As a biological control agent, C9-1 is sprayed on flowers to reduce
colonization of flowers by E. amylovora (Johnson & Stockwell 1998). C9-1 is
proposed to control E. amylovora by production of two antibiotics, herbicolin O
and herbicolin I, and pre-emptive exclusion by the establishment of large
populations that compete with the pathogen for niches and nutrients (Johnson &
Stockwell 1998, Johnson & Stockwell 2000, Kamber et al. 2012). Genes for
production of herbicolin I and various putative fitness factors are carried by the
three native plasmids of C9-1 (Smits et al. 2011). Table 1 contains a list of
phenotypes of each plasmid that may be important for epiphytic fitness and
stress tolerance based on bioinformatic prediction. The phenotypes of interest in
this study follow:
Resistance factors. An operon for tellurite resistance is encoded on pPag2
(Smits et al. 2011). Tellurite is present in copper ore and can be used as an
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antimicrobial agent (Taylor 1999). Tellurite is relatively rare in the environment,
and it is not understood why environmental microbial isolates carry genes for
resistance to tellurite compounds (Taylor 1999). Genes for β-lactamase (Bla) and
its regulator AmpR, are encoded on pPag3 (Smits et al. 2011). A derivative of
C9-1 lacking pPag3 (C9-1 ∆pPag3) is sensitive to ampicillin and is tolerant of
tellurite (Smits et al. 2011). Resistance factors for tellurite and ampicillin were
used to confirm phenotypic similarity to C9-1 ∆pPag3 isolates used by Smits et
al. (2011) and determine whether loss of plasmids, other than those encoding
known resistance genes, unexpectedly influences resistance.
Ultraviolet radiation tolerance. Pigmentation can play a role in ultraviolet
(UV) radiation tolerance (Armstrong 1994, Johler et al. 2010, Poplawsky et al.
2000). Transformation of Escherichia coli to express the yellow pigment
zeaxanthin increased tolerance to UV radiation (Sandmann et al. 1998). Colonies
of C9-1 are yellow-colored and the genes for biosynthesis of the yellow pigment
(zeaxanthin diglucoside) are carried on pPag3 (Smits et al. 2010). These authors
proposed that production of zeaxanthin diglucoside may protect C9-1 against
environmental stresses, such as reactive oxygen species and UV radiation. The
absorption spectrum of the zeaxanthin molecule is between 350 and 550 nm,
which corresponds to UV-A and visible light (Sujak et al. 2000). Tolerance to UVC was tested to determine whether pPag3 and/or pPag2 play a role in UV
damage repair, and confirm that zeaxanthin diglucoside is not important for UV-C
irradiation tolerance.
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Swarming. Swarming is the rapid multicellular movement of bacteria
across a semi-solid surface, such as culture media solidified with low to
moderate concentrations of agar (0.3-1.0% w/v) (Kearns 2010). Swarming
motility directs cells to the edge of the swarm front, reducing competition for
nutrients, and thus increasing growth. Active swarming movement is observed
near the periphery of the colony, while cells in the interior of the colony are less
motile (Kaiser 2007). Despite many years of study, the cause and mechanism of
swarming is not well understood. Flagella are thought to be important for
swarming movement, though swarming behavior also may be influenced by exoand lipopolysaccharide production, chemotaxis systems, quorum sensing, and
other bacterial factors (Harshey 2003, Kaiser 2007, Kearns 2010, Rashid &
Kornberg 2000). C9-1 has peritrichous flagella that are encoded by genes on the
chromosome of C9-1 (De Maayer et al. 2012). The numerous flagella may
enable C9-1 to swarm. Additional genes that are implicated in swarmingassociated traits, such as quorum sensing, are encoded on pPag3 (Smits et al.
2010). Swarming behavior may allow C9-1 to colonize and spread over the
stigma surface rapidly.
Swimming. Swimming is important for microorganisms because it allows
cells to quickly colonize areas across a fluid film (Harshey 2003), such as a
stigma surface with dew or rain droplets, and can also play a role in cell
attachment and biofilm formation (Weller-Stuart et al. accepted article).
Swimming depends upon flagella (Harshey 2003). Swimming can be observed in
culture media with concentrations of agar that are lower than that used to detect
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swarming (Harshey 2003). To my knowledge, no one has examined whether
plasmid content of C9-1 impacts its swimming motility.
Exopolysaccharide Production (EPS). Biosynthesis genes for an Oantigen-type exopolysaccharide are present on the chromosome of C9-1 (Smits
et al. 2011). The predicted proteins of the operon have between 78.5% and
93.4% protein sequence identity with that of the stewartan (an EPS) operon of
Pantoea (formerly Erwinia) stewartii, a pathogen of corn (Smits et al. 2011). The
structure of EPS of C9-1 has not been determined and may or may not be
chemically similar to that of P. stewartii. EPS production increases biofilm
formation, which in turn increases virulence of EPS-producing bacteria (Koczan
et al. 2009). While C9-1 is not a plant pathogen, the capability to produce EPS
may allow the bacterium to adhere to plant surfaces during rain or provide
protection from desiccation in exposed environments.
Biofilm Formation. Biofilm formation involves attachment to a surface and
cell-to-cell aggregation, which are common ways bacteria protect themselves
from their environment (Koczan et al. 2009). Pathogenic bacteria exploit
adherence to cause disease (Koczan et al., 2009, Rashid et al., 2000). EPS
production, specific growth media, as well as factors that influence motility, can
affect biofilm formation (Koczan et al., 2009, Rashid et al., 2000). If plasmid
content of C9-1 affects EPS and/or motility, then formation of biofilms by C9-1
also may be affected by plasmid content.
Siderophore Production. The chromosome of C9-1 encodes for the
biosynthesis of enterobacterin, a catecholate siderophore, and pPag3 encodes
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for desferrioxamine E, a hydroxamate siderophore (Smits et al., 2010).
Bioavailable iron is a limited nutrient on stigmas (Temple et al. 2004), and the
ability to acquire iron in iron-deficient environments may give C9-1 a competitive
advantage over other microorganisms on stigmas, such as E. amylovora (Smits
et al. 2011). E. amylovora produces desferrioxamine E as well, which is related
to the desferrioxamine E siderophore produced by C9-1 (Smits & Duffy 2011).
However, C9-1 also has the additional catecholate siderophore, as well as a
much larger number of TonB-dependent siderophore receptors for recognition
and iron uptake compared to E. amylovora (Smits et al. 2011). Smits et al. (2011)
hypothesized that C9-1 may be a more effective competitor for iron compared to
E. amylovora. Loss of pPag3, and consequently the desferrioxamine E
biosynthesis operon, may negatively impact C9-1’s ability to acquire iron and
subsequently may reduce epiphytic fitness on the stigma.
Indole Production. Indoleacetic acid (IAA) is a molecule within a class of
plant growth regulators termed ‘auxins’ that promote plant growth. IAA secretion
on plant surfaces can increase nutrient leakage from plant cells, thus providing
substrates supporting microbial growth in the phyllosphere (Brandl & Lindow
1998). However, production of IAA by epiphytic bacteria is also associated with
fruit russet (Lindow et al. 1998). The chromosome of C9-1 encodes the gene for
indole-3 pyruvate decarboxylase (Smits et al. 2011), a key enzyme of one
pathway of IAA biosynthesis. In addition, plasmid pPag2 encodes a gene cluster
for IAA biosynthesis from plant-derived aldoximes (Smits et al. 2011). In culture,
C9-1 produces indoles in tryptophan-amended media (Smits et al. 2011);
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however, russet on fruit surfaces from flowers that have been treated with C9-1 is
not greater than that on trees not treated with C9-1 (Stockwell, personal
communication).
Bioinformatic predictions indicate that plasmids have genes of potential
importance for colonization and competition on flowers by C9-1; however, these
hypotheses have not been tested in an orchard. Determining the importance of
these plasmids in colonization and survival, as well as other phenotypes that may
be involved in the bacterium’s fitness, is crucial to understand how to better use
C9-1 and other members of the Pantoea genus as biological control agents, and
therefore is the focus of this study.

MATERIALS AND METHODS
Bacterial isolates, curing plasmids, and confirmation of plasmid
content. Pantoea vagans C9-1 was isolated from an apple tree in Michigan
(Ishimaru et al. 1988) and kindly provided by Carol Ishimaru (Department of Plant
Pathology, University of Minnesota, St. Paul). Isolates of C9-1 in our culture
collection were tested for presence of each of the three plasmids with a sole
carbon source utilization assay, as described by Smits et al. (2010). Briefly,
bacteria were placed on 925 minimal medium amended with different carbon
sources (sucrose, sorbitol, or maltose) (Appendix A). The presence or absence
of growth is an indicator of which plasmids are present or absent, because each
plasmid carries genes which code for metabolism of specific sugars (Tables 1 &
2). Sucrose metabolism is encoded on pPag1, sorbitol metabolism is encoded on
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pPag2, and maltose metabolism is encoded on pPag3. The plasmid profile of the
selected derivatives was confirmed with PCR assays (Table 3).
One isolate of P. vagans C9-1 from the culture collection (LA445) did not
grow on 925 containing sorbitol (Smits et al. 2010). The PCR and carbon source
utilization assays confirmed that LA445 lacked pPag2 and retained pPag1 and
pPag3; this isolate is designated C9-1 ∆pPag2 (Table 2). Derivatives lacking
pPag3 were selected by methods described by Smits et al. (2010). C9-1 or C9-1
∆pPag2 were cultured overnight in Luria Bertani broth (LB) (37°C, 200 rpm) and
10-5 and 10-6 dilutions of the broth cultures were spread onto solidified LB and
incubated at 27°C. White-colored variants were selected from among the
numerous yellow-colored colonies on the solidified LB media after five days. The
loss of pPag3 from selected white colonies of C9-1 or C9-1 ∆pPag2 was verified
by inability to grow on 925 medium with maltose as a sole carbon source. The
maltose utilization operon is present on pPag3 (Smits et al. 2010).
For 2015 field trials, spontaneous rifampicin-resistant mutants of the
derivatives were selected on LB agar plates containing 100 µg/ml rifampicin
(Table 2). Plasmid content was retested via PCR and carbon source utilization
assays (described above), and growth of mutants in LB broth was compared to
growth of parental strains, to confirm similarity to parental strains. Rifampicinresistant C9-1 was generated in a prior study by Stockwell et al. (1996).
Expression of phenotypes associated with bioinformatic predictions
for genes carried on plasmids of C9-1. For each assay, C9-1 and derivatives
varying in plasmid content were cultured overnight in LB broth at 27°C at 200
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rpm. Cells were washed twice with sterile milli-Q water and adjusted to a cell
density of 0.1 OD600 in sterile milli-Q water prior to assays, unless stated
otherwise. Results of quantitative assays were analyzed via SAS (Statistical
Analysis Systems Institute, Cary, NC) General Linear Model procedure, LSD test,
to determine whether there was a significant difference between treatments (P=
0.05).
Thiamine auxotrophy. Growth of C9-1 and derivatives on MOPS,
Gluconate, Asparagine (MGA) medium (Appendix A) was compared with growth
on MGA that lacked exogenous thiamine. Three replicate 10 μl droplets of cell
suspensions were placed onto MGA with and without 0.1 mM thiamine.
Ampicillin resistance. Ampicillin was added to LB agar at concentrations of
25, 50, and 100 µg/ml, with 0 µg/ml as the control medium. Three replicate 10 μl
droplets of cell suspensions were placed onto LB amended with ampicillin.
Growth was measured after 24 hours and compared with growth on the nonamended medium. The experiment was repeated 5 times with similar results.
Tellurite resistance. Sodium tellurite was added to LB agar at
concentrations of 5, 10, 20, and 50 µg/ml, with 0 µg/ml as the control medium.
Three replicate 10 μl droplets of cell suspensions were placed onto LB amended
with tellurite. Growth was measured after 24 hours and compared with growth on
the non-amended medium. The experiment was repeated 3 times with similar
results. Pseudomonas syringae strains JL2562 and JL2574, with presumed
resistance to tellurite (Taylor 1999), were used as positive controls.
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Ultraviolet radiation tolerance. UV radiation tolerance was measured by
methods described by Whistler et al. (2000). Molten LB with cycloheximide (50
µg/ml) was poured at 20 ml per plate to ensure consistent agar thickness. Cell
suspensions were serially diluted in sterile phosphate buffer (Appendix A) and
dilutions were spread on solidified LB. Two replicate plates were used per
bacterial strain per UV dose. The lids were removed, dilutions were allowed to
adsorb into the medium in a laminar flow hood, and cells on the agar surface
were exposed to varying doses of UV-C generated from a germicidal 254-nm λ
lamp. The UV tolerance experiment also was repeated using a 6-Watt hand-held
254-nm λ lamp. After exposure, the plates were incubated in complete darkness
for 48 to 72 hours to minimize photoreactive repair of DNA, and then colonies
were counted. Similar results were obtained with the experiment done three
times with UV exposure in the laminar flow hood and three times with the handheld lamp.
Swarming. Swarming motility was measured by methods described by
Rashid and Kornberg (2000). Nutrient broth (Difco) with 5% w/v glucose and
solidified 0.5% w/v agar was used as swarming medium base. Additionally, a
vitamin stock (Appendix A) with 0.1 mM thiamine and nicotinic acid was added to
determine whether these vitamins affected swarming. The exogenous vitamins
were not required for growth of each isolate in the complex medium. Twenty
milliliters of media were poured in each plate on a level, flat bench and allowed to
solidify overnight. Prior to inoculation, Petri dish lids with visible condensation
were replaced with sterile, dry lids. A 2 μl droplet of each strain was placed in the
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center of each Petri dish. Five replicates were used per strain for each medium.
Petri dishes were incubated at room temperature undisturbed on a flat bench for
up to 72 hours. Photographs were taken periodically to document swarm shapes
and sizes over time. The experiment was repeated twice with similar results.
Relative swarming area of C9-1 and derivatives was calculated for one
experiment by printing photographs of three replicate sets of time points per
treatment, with consistent Petri dish diameters, onto copy paper (75 g/m2).
Swarming zones were cut out from the printed photographs and the weight of the
paper was determined with an analytical balance. The surface area of the swarm
was estimated by converting the weight of the paper cut-outs to surface area
(Bigelow 2009), and the relative swarm area of three replicates per strain were
averaged for each sample time point.
Swimming. Swimming motility was assessed on freshly poured LB
solidified with 0.3% w/v Bacto agar at a volume of 20 ml per plate (Rashid &
Kornberg 2000). A 5 μl droplet of each cell suspension was placed onto the
center of three replicate plates per bacterial strain. The diameter of growth
across the medium was measured periodically over 48 hours. The experiment
was repeated three times with similar results.
Exopolysaccharide production. Exopolysaccharide (EPS) production was
measured by methods described by Zhao et al. (2009), with some modification.
MBMA with 1% sorbitol is traditionally used for the amylovoran assay; however,
derivatives lacking pPag2 cannot utilize sorbitol as the sole carbon source. To
permit growth of all isolates, EPS production also was evaluated in MBMA with
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1% glucose. Erwinia amylovora strain Ea153N (Table 2) was used as a positive
control for EPS production and non-inoculated MBMA was the negative control.
Cell suspensions of Ea153N and C9-1 and its derivatives were adjusted to 0.2
OD600 and 100 μl of the cell suspension was mixed in a sterile test tube with 10
ml MBMA broth (Appendix A) with two replicate cultures per strain. Cultures were
incubated at 27°C at 200 rpm for 48 hours. Cell densities were measured at
OD600, then two 1-ml samples of each MBMA broth culture were centrifuged to
remove cells, filter-sterilized with a 0.2 µm pore filter (Pall Corporation, NY), and
combined with 50 µl of 50 mg/ml (0.147 M) aqueous solution of cetylpyridinium
chloride. Solutions were then incubated at room temperature for 10 minutes. To
measure optical density, four replicate 200 µl subsamples per solution were
transferred to a 96-well PVC plate. An Infinite M200 Pro (Tecan, Switzerland) 96well plate reader was used to measure the optical density at 600 nm. Relative
EPS synthesis was calculated by dividing the optical density of the spentmedium-cetylpyridinium chloride suspension by the optical density of cell growth
at 48 hours. The experiment was repeated three times with similar results.
Biofilm formation. The influence of plasmid content and culture media on
biofilm formation was measured by methods described by O’Toole et al. (1999),
with some modification. C9-1 and derivatives were incubated overnight in LB,
King’s medium B (KB), and MGA broth (Appendix A) at 27°C at 200 rpm. Cells
were harvested and washed twice with sterile milli-Q water. 10 μl of a 0.5 OD600
cell suspension was mixed with 100 μl of the same fresh medium and placed in
wells of a 96-well PVC plate. Non-inoculated broth media served as negative

13

controls. The plate was incubated in a plastic box lined with damp paper towels
at 27°C for 48 hours. An Infinite M200 Pro (Tecan, Switzerland) 96-well plate
reader was used to measure the cell density at 600 nm. Broth was discarded,
and 200 μl of 0.1% crystal violet was added to each well and incubated for 15
minutes. The plate wells were washed with tap water to remove excess stain,
dried, and residual dye adhering to wells was solubilized with 95% ethanol. An
Infinite M200 Pro (Tecan, Switzerland) plate reader was used to measure the
optical density of the solubilized stain at 595 nm. Relative biofilm formation was
calculated by dividing the concentration of residual crystal violet by the cell
density at 48 hours. The experiment was repeated three times with KB broth and
KB broth with 0.1 mM FeCl3, twice with LB broth, and once with MGA broth, with
seven replicate wells per strain and medium per experiment.
Siderophore production. To detect siderophore production, C9-1 and
derivatives were cultured on KB agar (Appendix A), a medium with low
concentrations of iron, supplemented with the indicator CAS dye (Appendix A).
Cells were incubated overnight in KB broth at 27°C at 200 rpm. A 5 μl droplet of
washed cells (0.1 OD600) was placed on the center of the medium in a Petri plate.
Growth was monitored for several days after inoculation, noting presence or
absence of orange ‘halo’ in medium surrounding the area of growth. The orange
color indicates that iron was removed from the CAS dye. The experiment was
repeated twice with similar results.
Indole production. Production of indoles was measured by methods
described by Smits et al. (2011). C9-1 and derivatives were cultured at 27°C at
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200 rpm for 48 hours in triplicate tubes of KB broth amended with 0.2 mg/ml
(0.98 mM) L-tryptophan. Non-inoculated KB with L-tryptophan was the negative
control. After 48 hours, indole production was measured using methods from
Gordon and Weber (1950). The cell density was estimated by measuring the
optical density at 600 nm. Cells were removed from spent media via
centrifugation and discarded. The supernatant solution was added to Salkowski
reagent (Appendix A) in a 2:1 ratio (reagent: supernatant), vortexed, and the
reaction mixture was incubated at room temperature for 30 minutes. The OD530
was measured using a Thermo Spectronic 20+ spectrophotometer (Thermo
Fisher Scientific, Waltham, MA). The experiment was repeated three times with
similar results.
Epiphytic fitness on apple and pear flowers and fruit. The ability of
C9-1 and derivatives to colonize and persist on apple and pear flowers through
fruit development was tested on apple (Malus × domestica Borkh. cvs. ‘Gala’,
‘Golden Delicious’, and ‘Red Delicious’) and pear (Pyrus communis L. cv.
‘d’Anjou’) trees at the Oregon State University Botany and Plant Pathology Farm.
Each experiment was arranged as a complete randomized block design. Table 4
summarizes the treatments, timing and method of application, blocks, and
sample sizes. Inoculum was prepared by culturing C9-1 and derivatives lacking
pPag2 and/or pPag3 at room temperature for at least two days on nutrient agar
amended with 1% glycerol. Bacterial lawns were scraped from the surface of the
agar and suspended in milli-Q water to a cell density of ca. 0.1 OD600, or
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approximately 1 X 108 CFU/ml, which was sprayed onto to open flowers on trees
in experimental orchards.
To measure bacterial populations, flowers or fruit were randomly picked
from treated trees. Flowers were placed in individual wells of 12-well sterile
plastic plates (Corning, NY) and fruit was placed in sterile resealable plastic bags
until processing. Flowers and fruit were processed that day or refrigerated
overnight. To process flowers, the stigmas, styles, and nectary (or stigmas and
styles only for cv. ‘Golden Delicious’ 2014 trial) were removed with forceps from
individual flowers and placed in 1 ml phosphate buffer (Appendix A). To process
apple fruit, sepals were removed, and the calyx end of the fruit was excised and
cut in half to expose the original floral tissues. For pear, the same procedure was
followed, but the excised calyx was not cut in half. Fruit samples were placed in 1
or 2 ml sterile phosphate buffer, sonicated in a Sonix IV Ultrasonic Cleaner
(Inglewood, CA) water bath for three minutes and then vortexed. The flower or
fruit wash was diluted 100-fold and samples of each concentration were spread
on ½ strength Tryptic Soy Agar (Difco) amended with 50 µg/ml cycloheximide
and 50 µg/ml rifampicin (or cycloheximide only for cv. ‘Golden Delicious’ 2014
trial). Colonies were counted after two or more days at room temperature.
Verification of identity. To verify strain identity of colonies recovered from
treated trees, colonies were cultured on 925 minimal medium (Appendix A)
amended with sucrose, sorbitol, or maltose to test for the phenotypes associated
with the plasmids of C9-1. Ten colonies per treatment per collection day were
cultured on 925 minimal medium from 2014 Golden Delicious trial, and five
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colonies per flower sampled were cultured on 925 minimal media from all 2015
trials. Three field isolates from each treatment were tested with PCR assays to
verify identity as C9-1 and plasmid content. Primers used in PCR assays are
described in Table 3.
Weather. Environmental data was obtained from an AgriMet weather
station (Northwest Cooperative Agricultural Weather Network, Bonneville Power
Administration, and the U.S. Bureau of Reclamation, Boise, ID) located near
Corvallis, OR. Between each sample day, the average daily maximum or
minimum temperature was calculated. The number of days with measurable
precipitation and the total rainfall between sampling points also were calculated.
Statistical analyses of field trials. The colony counts were converted into
colony forming units (CFU) per flower or fruit. Population data were subjected to
log10-transformation. Logarithmic transformed values were first used to calculate
the average Log CFU/flower per replication (tree) and standard error, and then
average Log CFU/flower per replication was averaged to determine a single
summary mean for each treatment for each sampling day. Summary data points
were graphed to compare colonization on tissues over time for each treatment
and between treatments. Average Log CFU/flower per replication was analyzed
via SAS (Statistical Analysis Systems Institute, Cary, NC) General Linear Model
procedure to determine whether there was a significant difference between
populations of each block for each treatment (P=0.05). SAS also was used to
determine whether differences observed among summary means for each
treatment each day were significant. Flowers or fruits with populations that were
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under the limit of detection were not considered in the bacterial population size
calculations, as per methods of Stockwell et al. (1998). Incidence of recovery of
C9-1 and derivatives, indicating the proportion of flowers from which these were
detected, is presented to compare recovery between C9-1 bacterial strains over
time.

RESULTS
Bacterial isolates and testing. Pantoea vagans C9-1 (strain LA388)
contained three plasmids, which was confirmed with phenotypic and PCR assays
(Table 2). A white-colored variant (LA642) of LA388 did not contain pPag3 but
retained the other two plasmids. The C9-1 derivative (LA445) from our culture
collection lacked pPag2 but contained pPag1 and pPag3. A white variant
(LA643) selected from LA445 lacked both pPag2 and pPag3. C9-1 and all of the
derivatives, including selected rifampicin-resistant spontaneous mutants,
contained pPag1. Similar growth rates of C9-1 and derivatives, including
rifampicin-resistant mutants, were observed in LB broth.
Thiamine auxotrophy. C9-1 and derivatives containing pPag3 were able to
grow on minimal media without exogenous thiamine; however, derivatives
lacking pPag3 were thiamine auxotrophs (Figure 1).
Ampicillin resistance. C9-1 and C9-1 ΔpPag2 were able to grow on up to
100 µg/ml ampicillin, displaying weak growth at concentrations as high as 100
µg/ml. C9-1 derivatives lacking pPag3 were unable to tolerate more than 25
µg/ml ampicillin but displayed weak growth within 24 hours on 25 µg/ml, which
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continued to grow into a bacterial lawn after 24 hours (Figure 2). 50 µg/ml
ampicillin differentiated resistant versus sensitive C9-1 strains.
Tellurite resistance. A 10 µg/ml concentration of sodium tellurite
differentiated resistant versus sensitive C9-1 derivatives (Figure 3). Derivatives
possessing pPag2 appeared black in color. Occasionally, derivatives lacking
pPag2 also had black mutant colonies that appeared on concentrations of up to
10 µg/ml (not shown); however, these were small with limited growth.
Pseudomonas syringae positive control strains JL2562 and JL2574 were
resistant to sodium tellurite at a concentration of 10 µg/ml (Figure 3).
Ultraviolet radiation tolerance. C9-1 ∆pPag3 and C9-1 ∆pPag2 ∆pPag3
exhibited similar tolerance to UV-C irradiation (254 nm) as C9-1 (Figure 4).
Increased radiation energy resulted in decreased levels of survival. Results were
repeatable with both UV exposure devices.
Swarming. At each time point, C9-1 significantly exhibited the largest
swarms (Figure 5). After 31 hours, the swarm surface area of C9-1 increased
significantly on medium with 0.1 mM thiamine and nicotinic acid (vitamins);
however, on medium lacking vitamins, the swarm edges became toothed (Figure
6).
C9-1 ∆pPag2 showed similar swarming patterns to C9-1 on each medium
(Figure 6); however, the surface area of the swarm of C9-1 ∆pPag2 was
significantly reduced compared to C9-1 at 24, 31, and 48 hours. The addition of
0.1 mM thiamine and nicotinic acid significantly increased the surface area of C91 ∆pPag2, compared to non-amended media, after 31 hours. After approximately
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31 hours, the swarm edges became toothed on medium lacking vitamins, similar
to the pattern observed with C9-1.
Both C9-1 derivatives lacking pPag3 exhibited different swarming behavior
compared to C9-1 and C9-1 ∆pPag2 (Figure 6). Swarms of C9-1 and C9-1
∆pPag2 formed wide dendrites that coalesced as the swarm moved outward
radially, whereas derivatives lacking pPag3 formed thin dendrites. Swarms of
derivatives lacking pPag3 were significantly reduced compared to C9-1 and C9-1
∆pPag2. Without the presence of vitamins, derivatives lacking pPag3 swarmed
further outward (Figure 6).
Swimming. C9-1 and derivatives exhibited similar rates of swimming
through 35 hours. Within 20 hours, motile cells of C9-1 extended to 23
millimeters from the Petri dish center, then extended to 28 millimeters by 24
hours, then within 35 hours the swimming radius extended to edge of the Petri
dish (42 millimeters). Loss of plasmids pPag2 and pPag3 singly or in combination
did not significantly change the rate of swimming over time compared to the
parental strain C9-1.
Exopolysaccharide production. The concentration of EPS produced by
Erwinia amylovora strain Ea153N was significantly greater than EPS produced
by C9-1 and derivatives in MBMA with sorbitol, as well as MBMA with glucose
(Figure 7). Ea153N showed a significant increase in EPS production in MBMA
with glucose, compared to MBMA with sorbitol.
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C9-1 produced EPS in MBMA with sorbitol and MBMA with glucose
(Figure 7). In MBMA with glucose, C9-1 showed a small but significant decrease
in EPS production compared to MBMA with sorbitol.
EPS production of C9-1 ΔpPag3 in sorbitol and glucose was similar to that
of C9-1 (Figure 7), as significant differences were inconsistent between trials.
EPS production of C9-1 ΔpPag2 in glucose was also similar to that of C9-1 and
C9-1 ΔpPag3 (Figure 7), as significant differences in EPS production were
inconsistent between trials.
EPS production was significantly greater by C9-1 ΔpPag2 ΔpPag3 in
MBMA with glucose compared to C9-1 and other derivatives (Figure 7).
Biofilm formation. Addition of 0.1 mM ferric chloride to KB significantly
increased biofilm formation of C9-1.
Significant differences between C9-1 and C9-1 derivatives lacking solely
pPag2 or pPag3 were not consistent between repeated experiments with KB with
and without ferric chloride.
C9-1 ΔpPag2 ΔpPag3 showed significantly higher biofilm formation in KB
broth, compared to C9-1 and derivatives lacking solely pPag2 or pPag3 (Figure
8). Addition of 0.1 mM ferric chloride to cultures of C9-1 ΔpPag2 ΔpPag3
significantly decreased biofilm formation, an opposite effect of what was
observed with C9-1 and derivatives lacking solely pPag2 or pPag3.
Biofilms were not formed in LB broth with C9-1 and each of the
derivatives; therefore, results for LB are not shown in Figure 8.
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Results from the single experiment with MGA medium show similar biofilm
formation comparison trends between C9-1 and derivatives to KB broths;
however, isolates adhere significantly more to the PVC plate-well when cultured
in MGA medium compared to KB (Figure 8).
Siderophore production. An orange ‘halo’ in the medium surrounding
growth was observed with C9-1 and C9-1 ΔpPag2, indicating desferrioxamine E
siderophores were secreted into the media and removed iron from the CAS dye
(Figure 9). Derivatives lacking pPag3 lacked an orange ‘halo’ surrounding
growth, indicating siderophores were either not produced or not visible with this
assay (as may be the case with enterobacterin, the chromosomal siderophore)
and instead showed a blue ‘halo’ in the medium. Halos of each respective color
did not significantly differ in size.
Indole production. Production of indoles by C9-1 and C9-1 ∆pPag2 was
two-fold greater than that of C9-1 derivatives lacking pPag3 (Figure 10).
Differences in indole production by C9-1 and C9-1 ∆pPag2 were not significant.
Differences in indole production by C9-1 ∆pPag3 and C9-1∆pPag2 ∆pPag3 were
not significant between trials. Similar concentrations of IAA were observed in all
trials.
Epiphytic fitness of C9-1 and C9-1 ∆pPag2 on flowers through to fruit
formation. Spray inoculation of fresh C9-1 and C9-1 ∆pPag2 cells (1 x 108
CFU/ml) resulted in statistically similar population sizes and detectable
populations throughout the season among all apple and pear trials (Figures 11,
12, 13, 14). On apple, populations peaked just prior to petal fall at approximately
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106 cells per flower, then declined one logarithm unit during the season on ‘Gala’
and ‘Red Delicious’ apple fruit to approximately 105 cells per fruit (Figures 11-A,
12-A, 13-A). On apple, percent of tissues with detectable populations remained
above 85% throughout trials (Figures 11-B, 12-B, 13-B). On ‘d’Anjou’ pear
flowers and fruit, populations peaked at just over 105 cells per flower prior to
petal fall, then declined throughout the season to 10 3 per fruit at final harvest
(Figure 14-A). On pear, percent of tissues with detectable populations began
above 80%, gradually declining to 70% by the end of the trial (Figure 14-B).
Epiphytic fitness of C9-1 ∆pPag3 on flowers through to fruit formation.
Spray inoculation of both apple and pear flowers with fresh C9-1 ∆pPag3 cells (1
x 108 CFU/ml) resulted in similar initial population sizes to that of C9-1 and
derivatives (Figures 11, 12, 13, 14). Among hosts, population size trends were
similar throughout trials. On apple, populations peaked prior to petal fall at just
below 106 cells per flower (Figures 11, 12, 13). On ‘Gala’ and ‘Red Delicious’
apple fruit, populations of C9-1 ∆pPag3 were significantly lower, with between
103 and 104 cells per fruit at final harvest, compared to populations of C9-1 and
C9-1 ∆pPag2 that were between one and two logarithm units higher. (Figures 11A, 12-A, 13-A). Percent of apple flowers and fruit with detectable populations was
not significantly different from those of C9-1 and C9-1 ∆pPag2, remaining above
80% throughout trials (Figures 11-B, 12-B, 13-B). On ‘d’Anjou’ pear flowers and
fruit, populations peaked at 105, nearly one logarithm unit lower than populations
established on apple flowers, then declined to 10 2 cells per fruit (Figure 14-A).
On pear, percent of tissues with detectable populations began above 80%, a
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percent not significantly different from C9-1 and C9-1 ∆pPag2; however,
detectable populations declined steadily over the season to nearly 40%, a
percentage that is significantly lower than isolates that contain pPag3 (Figure 14B).
Epiphytic fitness of C9-1 ∆pPag2 ∆pPag3 on flowers through to fruit
formation. Spray inoculation of apple flowers with fresh C9-1 ∆pPag2 ∆pPag3
cells (1 x 108 CFU/ml) resulted in initial population sizes which were not
significantly different from those of C9-1 and other derivatives (Figures 11, 12).
However; shortly after petal fall, when fruit formation began, populations declined
significantly below those of C9-1 and other derivatives. Ultimately, population
declining trends were not significantly different from those of C9-1 ∆pPag3, when
fruit began to grow (Figure 12-A). The percent of tissues with detectable
populations of C9-1 ∆pPag2 ∆pPag3 was not significantly different from those of
C9-1 and other derivatives at 80% or above, excluding a single time point when
incidence dropped to 70% (Figures 11-B, 12-B).
Notable differences in weather observed among field trials. During the
2014 ‘Golden Delicious’ apple trial, there was much more rainfall compared to
the rainfall observed during the beginning of the 2015 trials. All long-term trials
were completed within 2015, so each trial in 2015 experienced the same weather
conditions throughout fruit maturation. Table 5 summarizes weather conditions
prior to petal fall, as well as maximum populations reached by C9-1 and
derivatives, for each field trial.
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DISCUSSION
Our field research with flowers questions general bioinformatic hypotheses
that the large Pantoea plasmid LPP-1, known here as pPag3, encoding over 10%
of Pantoea vagans C9-1’s total genome, is important for epiphytic fitness.
Plasmid pPag3 had no detectable role in fitness short-term in a nutrient rich
environment, prior to fruit formation when the biological control agent’s
populations are critical for successful control of fire blight. Over the season while
fruit matured and the floral parts declined, populations of C9-1 derivatives lacking
pPag3 declined more than did those of C9-1, suggesting pPag3 is implicated with
epiphytic fitness on fruit or longer term survival in stressful environments, but not
with short term fitness on flowers. Plasmid pPag2 is not implicated with
environmental fitness on apple and pear flowers and fruit, and loss of both
plasmids pPag2 and pPag3 does not result in a compounded loss of fitness.
However, each of C9-1’s plasmids pPag2 and pPag3 do impact specific
phenotypic traits, both individually and together.
Influence of pPag3 on fitness
Experimental findings agree with both bioinformatic hypotheses and prior
research (De Maayer et al. 2012, Smits et al. 2010, Smits et al. 2011) that pPag3
encodes genes for thiamine biosynthesis, ampicillin resistance, and the
hydroxamate siderophore desferrioxamine E. Our research complements prior
hypotheses that the yellow pigment zeaxanthin absorbs wavelengths of light in
the UV-A and visible light spectrums, as derivatives lacking pPag3 were able to
tolerate UV-C similarly to C9-1. Our research also shows that C9-1’s ability to
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repair damage from UV irradiation is not dependent upon genes encoded on
pPag2 or pPag3. Further research is needed to determine whether the yellow
pigmentation of C9-1 impacts tolerance to other UV radiation wavelengths (UV-A
and UV-B), or which other genes in C9-1’s genome are contributing to UV
radiation tolerance. Our research also shows that pPag3 is implicated in
swarming behavior, as derivatives lacking pPag3 exhibited thin dendritic
patterns, in contrast to wide dendritic swarms when pPag3 was present. Thin
dendritic swarms may be attributed to quorum sensing or an attempt to increase
surface area to mitigate the effects of starvation. Also, our results suggest that
pPag3, which was not predicted to influence production of indole acetic acid
(IAA), increases production of IAA.
Despite losses in specific phenotypic traits, in planta trials on apple and
pear did not support a role for pPag3 in short-term fitness on flowers; rather,
fitness of isolates lacking pPag3 is slightly compromised a short period of time
after fruit begins to develop. Derivatives of C9-1 lacking pPag3 are present
through to fruit harvest; however, populations are close to one logarithm unit
lower than wild-type populations. On pear, where the stigma and nectary
surfaces are exposed throughout the season, subjecting the bacteria to rain, UV
rays, cold and heat, etc., populations decline to smaller numbers compared to
populations on apple fruit, where the sepals enclose most of the aged floral
tissue. Seasonal trends are similar for all C9-1 isolates on pear fruit; however,
incidence of tissues with detectable populations of derivatives lacking pPag3
decline more than derivatives containing pPag3, suggesting these derivatives
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were either unable to reach (due to compromised motility) a protected microsite
on the stigma tissue to survive longer periods of time, or they were unable to
make vital nutrients on the plant surface (i.e. thiamine) and therefore starved.
Influence of pPag2 on fitness
This study is the first to evaluate the influence of pPag2 on fitness of C9-1.
Experimental findings agree with both bioinformatic hypotheses and prior
research (Smits et al. 2011) that pPag2 encodes an operon for resistance to
tellurite. Our findings indicate pPag2 influences the size of radial distribution of
swarming, as derivatives lacking pPag2 displayed similar swarming patterns to
C9-1, but were unable to swarm to similar distances.
In planta, loss of pPag2 did not compromise epiphytic fitness on apple and
pear flowers and fruit.
Influence of pPag2 and pPag3 interaction on fitness
Our findings indicate that the production of a stewartan-like O-antigen-type
exopolysaccharide, encoded on the chromosome of C9-1 (Smits et al. 2011), is
suppressed by an interaction between pPag2 and pPag3. The increased
production of the EPS compound by C9-1 ΔpPag2 ΔpPag3 may, in part,
contribute to the increase in biofilm formation that was observed with this
derivative. Increased production of an exopolysaccharide, in addition to the
corresponding ability to adhere to surfaces, may provide the derivative lacking
both pPag2 and pPag3 with a competitive advantage on floral surfaces against
environmental stresses such as desiccation and rain.
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In planta, loss of both pPag2 and pPag3 together may confer a small
additional loss of fitness over time, as C9-1 ΔpPag2 ΔpPag3 showed a decrease
in population size directly after petal fall, one time point sooner than the
derivative solely lacking pPag3. Additional in planta trials are needed to verify
whether the population decline one time point sooner than C9-1 ΔpPag3 is
significant, as this derivative lacking both pPag2 and pPag3 was only tested in
two trials—one through to fruit harvest and one through petal fall. Beyond the
single time point difference, though, C9-1 ΔpPag2 ΔpPag3 exhibited similar
epiphytic growth and survival trends compared to C9-1 ΔpPag3.
Conclusions
The large Pantoea plasmid LPP-1 (De Maayer et al. 2012), referred to as
pPag3 in P. vagans C9-1 (Smits et al. 2010), does not confer loss of epiphytic
fitness on apple and pear flowers, which is the time that fitness is important to
controlling populations of E. amylovora. This suggests that while pPag3 can be
lost at low frequencies during broth replication in nutrient-rich, high temperature
conditions (Smits et al. 2010, this study), loss of pPag3 should not be of large
concern to those who are using C9-1 as a biological control agent. Unimportance
of this large Pantoea plasmid LPP-1 for the efficacy of other Pantoea biocontrol
agents may also be true, though further study is needed to verify this. Disease
efficacy trials are needed to determine whether the same population sizes of C91 and C9-1 ∆pPag3 are able to limit infection by Erwinia amylovora to similar
levels. A derivative lacking pPag3 still contains genes for herbicolins I and O,
antibiotics effective against E. amylovora (Johnson & Stockwell 1998, Johnson &
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Stockwell 2000, Kamber et al. 2012), though other traits such as quorum sensing
abilities, which are lost with loss of pPag3 (Smits et al. 2010), may impact
biocontrol success.
Loss of pPag2 did not affect fitness and survival on flowers or fruit. Loss of
pPag2 would result in a loss of C9-1’s ability to synthesize herbicolin I, which has
been suggested to contribute to success of the biocontrol agent (Kamber et al.
2012). Also, C9-1 lacking pPag2 would no longer be able to use sorbitol (Smits et
al. 2011), one of the major sugars available on stigma tissues (Pusey et al.
2008), which would leave this valuable carbon source available to other
organisms on the stigma tissue, such as E. amylovora. Future studies may
conduct disease efficacy trials with derivatives lacking pPag2 to determine
whether loss of this plasmid confers a loss in biocontrol effectiveness despite
presence of the same population sizes as C9-1. Spontaneous loss of pPag3 is
visible on culture media via differences in colony pigmentation (Smits et al.
2010); however, loss of pPag2 is not easily visible, and therefore the frequency
of loss is unknown.
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Table 1. Bioinformatic predictions of phenotypes associated with each plasmid of Pantoea vagans C9-1

a

Sole carbon source added to 925 minimal medium to detect presence of a plasmid in C9-1.
Data from Kamber et al. (2012), Smits et al. (2011), and Smits et al. (2010).

b
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Table 2. Bacterial strains

Bacterium
Pantoea
vagans

Strain

C9-1

C9-1
ΔpPag2

C9-1
ΔpPag3

Erwinia
amylovora

a

Strain
number

Plasmids

Characteristicsa

Source

LA388 /
LA639

pPag1,
pPag2,
pPag3

Wild-type Pantoea vagans C9-1;
yellow-colored; utilizes sucrose,
sorbitol, maltose; thiamine not
required

Ishimaru
et al.
(1988)

LA445

pPag1,
pPag3

C9-1 cured of pPag2; yellowcolored; utilizes sucrose and
maltose, but not sorbitol; thiamine
not required

Ishimaru
(CIR551)

LA642

pPag1,
pPag2

C9-1 cured of pPag3; whitecolored; utilizes sucrose and
sorbitol, but not maltose; thiamine
required

This
study

This
study

C9-1
ΔpPag2
ΔpPag3

LA643

pPag1

C9-1 cured of pPag2 and pPag3;
white-colored; utilizes sucrose,
but not sorbitol and maltose;
thiamine required

C9-1R

LA389

pPag1,
pPag2,
pPag3

Rif-spontaneous mutant of C9-1
(LA388)

Stockwell
et al.
(1996)

C9-1R
ΔpPag2

LA650

pPag1,
pPag3

Rif-spontaneous mutant of C9-1
∆pPag2 (LA445)

This
study

C9-1R
ΔpPag3

LA644

pPag1,
pPag2

Rif-spontaneous mutant of C9-1
∆pPag3 (LA642)

This
study

C9-1R
ΔpPag2
ΔpPag3

LA645

pPag1

Rif-spontaneous mutant of C9-1
∆pPag2 ∆pPag3 (LA643)

This
study

Nal-spontaneous mutant of
Erwinia amylovora Ea153;
pathogenic strain of E. amylovora
used in numerous field studies

Johnson
et al.
(1993)

Ea153N

LA520

NA

Colony color determined after 72 hours on solidified Luria Bertani medium; sucrose, sorbitol,
and maltose: sole carbon sources (2%) supporting growth on 925 minimal medium; requirement
for exogenous thiamine in minimal medium; Rif: rifampicin; Nal: naldixic acid.

Table 3. Primer sets used to detect Pantoea vagans C9-1 and its native plasmids

target

Primer
Name

Sequence (5’-3’)

pPag1
pPag1

ctg197R2-F
ctg160L2-R

CTGATAAAACGGGAAGTCAGCGT
GAAAGCATCTCAATGATGAAGCT

ddaD_F

GGATCTTGCATCGTTCGCAC

ddaD_R

CGATCGCCTGTGCGGTAGTA

pPag2
pPag2

Amplicon
Size Tanneal Target
(bp) (°C)
gene
Specificitya Source
Smits et
407
58
cvaB
P. vagans
al. (2010)

807

58

ddaD

pPag3
ctg187R-F
GCGCTGCAGTTATTGTCGAATCTG
757
65
fepA
pPag3
ctg008L-R
CTGGCGGTACCCAGTTGGAGTCG
a
Indicates whether amplicon amplifies a segment unique to Pantoea vagans C9-1 isolate.

herbicolin I
production

Kamber et
al. (2012)

P. vagans

Smits et
al. (2010)
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Table 4. Summary of field trialsa

a

Trials conducted at Oregon State University Botany and Plant Pathology Farm.

b

Isolates used are described further in Table 2. Isolates were applied onto flowers with sprayers at cell concentrations of 1 X 108
CFU/ml.
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Table 5. Summary of weather conditions and maximum population sizes from field trialsa

a

Trials conducted at Oregon State University Botany and Plant Pathology Farm.
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Figure 1. Thiamine auxotrophy. Pantoea vagans C9-1 and derivatives grown
on MOPS, gluconate, asparagine (MGA) minimal medium, with and without
thiamine. P. vagans C9-1 and the derivative C9-1 ∆pPag2 contain pPag3 and
were able to grow on minimal media. Derivatives of C9-1 lacking pPag3 were
unable to grow on minimal media without exogenous thiamine because these
derivatives lack the thiamine biosynthesis operon that is located on pPag3.
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Figure 2. Ampicillin resistance. Pantoea vagans C9-1 and derivatives grown
on LB agar with varying concentrations of ampicillin: 0, 25, 50, and 100 µg/ml.
Derivatives lacking pPag3 were unable to tolerate more than 25 µg/ml ampicillin,
as these derivatives lack β-lactamase, an ampicillin resistance gene on pPag3.
Derivatives containing pPag3 were able to tolerate up to 100 µg/ml ampicillin.

LB only
LB + Amp25
LB + Amp50
LB + Amp100
∆pPag2,
∆pPag3

∆pPag3

∆pPag2

C9-1
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Figure 3. Tellurite resistance. Bacterial isolates were grown on LB agar with 10
µg/ml sodium tellurite. Pseudomonas syringae strains JL2562 and JL2574 were
used as positive controls and develop black colonies that are characteristic of
tellurite-resistant bacteria. Pantoea vagans C9-1 derivatives lacking pPag2 were
unable to grow on 10 µg/ml sodium tellurite, as these derivatives lack the tellurite
resistance operon that is encoded on pPag2. C9-1 isolates containing pPag2
were tolerant to sodium tellurite, and develop black colonies similar to those of P.
syringae strains.

10 µg/ml sodium tellurite

P. syringae
JL2562

P. syringae
JL2574

∆pPag2,
∆pPag3

∆pPag3

∆pPag2

C9-1
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Figure 4. Ultraviolet radiation tolerance. Pantoea vagans C9-1 and derivatives
were spread on LB and exposed to doses of UV-C. Graph depicts mean
culturable populations of wild-type P. vagans C9-1 (black diamond), C9-1
∆pPag3 (blue triangle), and C9-1 ∆pPag2 ∆pPag3 (orange diamond) after
exposure to UV radiation. Vertical bars indicate the standard error of the mean.
The experiment was repeated three times with similar results. The graph is
representative data from one experiment.

42

Figure 5. Swarming motility. Motility of Pantoea vagans C9-1 and derivatives
on nutrient agar with glucose solidified with 0.5% agar with and without thiamine
and nicotinic acid amendment. Graph represents one experiment of the relative
swarming area of C9-1 (black diamond), C9-1 ∆pPag2 (purple square), C9-1
∆pPag3 (blue triangle), and C9-1 ∆pPag2 ∆pPag3 (orange diamond). The
relative swarming area of irregular shapes was calculated by the weight method
(Bigelow, 2009). Vertical bars indicate the standard error of the mean. Solid lines
represent swarming on media amended with thiamine and dotted lines represent
swarming on media without exogenous thiamine. Experiment was repeated
twice, with five replicates per treatment per experiment, with similar results.
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Figure 6. Swarming motility, photograph summaries. Motility of Pantoea
vagans C9-1 and derivatives on nutrient agar with glucose solidified with 0.5%
agar with and without thiamine amendment. Pictures below represent one
replicate of one treatment from one experiment. Thiamine and nicotinic acid (10-4
M each) were added to medium on the right, and omitted from the medium on the
left. Blue, inner line represents the swarm front edges at 24 hours, purple line
represents the swarm front edges at 31 hours, and outermost edges depict the
final appearance of the swarm front at 48 hours. Experiment was repeated twice,
with five replicates per treatment per experiment, with similar results.
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Figure 7. Exopolysaccharide production. Bacterial isolates were grown in
MBMA with 1% glucose or sorbitol for 48 hours at 27°C. Filter-sterilized
supernatant solution was combined with 0.147 M cetylpyridinium chloride (CPC),
and OD600 was measured to determine the concentration of exopolysaccharide
(EPS). Erwinia amylovora strain Ea153N was used as a positive control to test
EPS production of Pantoea vagans C9-1. The experiment was repeated three
times. Graphs show one representative experiment. Graphs depict normalized
EPS production, which was calculated by dividing the concentration of EPS by
the optical density at 600 nm of culture growth at 48 hours. Vertical bars indicate
the standard error of the mean. Top graph (A) depicts a representative sample
from MBMA with sorbitol, and bottom graph (B) depicts a representative sample
from MBMA with glucose.
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Figure 8. Biofilm formation. Pantoea vagans C9-1 and derivatives were grown
in KB, KB + 0.1 mM ferric chloride, LB, and MGA broths, in a 96-well PVC plate
and a crystal violet method was used to measure biofilm formation. Graphs
depict relative biofilm, which was calculated by dividing the biofilm formation by
the optical density of cell growth at 48 hours. Vertical bars indicate the standard
error of the mean. The experiment was repeated three times with KB broths and
once with MGA broth, with seven replicates per treatment per experiment. Top
graph is representative data from one experiment, and bottom graph is
representative data from experiment when MGA broth was tested. Please note
differences in y-axis scale between graphs.
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Figure 9. Siderophore production. Pantoea vagans C9-1 and derivatives
grown on KB agar with CAS dye. Orange ‘halo’ indicates siderophores were
produced. P. vagans C9-1 derivatives lacking pPag3 produce a blue ‘halo’ that
may be indicative of the production of other compounds.

C9-1

∆pPag2

∆pPag3

∆pPag2, ∆pPag3
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Figure 10. Indole production. Pantoea vagans C9-1 and derivatives were
grown in KB broth with 0.98 mM L-tryptophan for 48 hours at 27°C. Supernatant
solution was combined with Salkowski reagent, incubated, then OD530 was
measured. The graph depicts optical density after reagent was added, indicating
auxin concentration. Letters indicate population groupings of significance,
obtained via SAS (Statistical Analysis Systems Institute, Cary, NC) General
Linear Model procedure (P=0.05). The bottom picture illustrates the color
intensity for each representative derivative. (Note: picture taken after three days
of growth to better visualize differences in color.) C9-1 and C9-1 ∆pPag2
produced the most auxin, as indicated by the deeper red suspension colors.

Reagent

KB control

C9-1

∆pPag2

∆pPag3

∆pPag2,
∆pPag3

A

B

C
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Figure 11. Population dynamics of Pantoea vagans C9-1 and its derivatives on ‘Golden Delicious’ apple flowers, 2014.
Bacterial suspensions (ca. 1 X 108 CFU/ml) were sprayed onto flowers at full bloom at the Oregon State University Botany and Plant
Pathology Farm. Bacterial populations on floral stigmas were evaluated over time. C9-1 ∆pPag3 was not sampled on day one. Graph
A depicts Log transformed culturable mean CFU/flower or fruit per replication (tree) of C9-1 (black diamond), C9-1 ∆pPag2 (purple
square), C9-1 ∆pPag3 (blue triangle), and C9-1 ∆pPag2 ∆pPag3 (orange diamond). Vertical bars indicate the standard error of the
mean. Graph B depicts the incidence of detection (i.e., the proportion of flowers or fruit with detectable populations) per derivative,
per time point. Table C summarizes the weather between sample time points, obtained from Corvallis area Agrimet weather station,
as well as the average population of each derivative. Letters indicate population groupings of significance, obtained via SAS
(Statistical Analysis Systems Institute, Cary, NC) General Linear Model procedure (P=0.05).

A

B

C

*Weather data summarized between first spray and sample day one.
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Figure 12. Population dynamics of Pantoea vagans C9-1 and its derivatives on ‘Gala’ apple flowers through the season,
2015. Bacterial suspensions (ca. 1 X 108 CFU/ml) were sprayed onto flowers at 60% bloom, and again at full bloom, at the Oregon
State University Botany and Plant Pathology Farm. C9-1 ∆pPag2 and C9-1 ∆pPag2 ∆pPag3 were not sampled on day 34. Graph A
depicts Log transformed culturable mean CFU/flower or fruit per replication (tree) of C9-1 (black diamond), C9-1 ∆pPag2 (purple
square), C9-1 ∆pPag3 (blue triangle), and C9-1 ∆pPag2 ∆pPag3 (orange diamond). Vertical bars indicate the standard error of the
mean. Graph B depicts the incidence of detection (i.e., the proportion of flowers or fruit with detectable populations) per derivative,
per time point. Table C summarizes the weather between sample time points, obtained from Corvallis area Agrimet weather station,
as well as the average population of each derivative. Letters indicate population groupings of significance, obtained via SAS
(Statistical Analysis Systems Institute, Cary, NC) General Linear Model procedure (P=0.05).

A

B

C
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Figure 13. Population dynamics of Pantoea vagans C9-1 and its derivatives on ‘Red Delicious’ apple flowers through the
season, 2015. Bacterial suspensions (ca. 1 X 108 CFU/ml) were sprayed onto flowers at full bloom at the Oregon State University
Botany and Plant Pathology Farm. Graph A depicts Log transformed culturable mean CFU/flower per replication (tree) of C9-1 (black
diamond), C9-1 ∆pPag2 (purple square), and C9-1 ∆pPag3 (blue triangle). Vertical bars indicate the standard error of the mean.
Graph B depicts the incidence of detection (i.e., the proportion of flowers or fruit with detectable populations) per derivative, per time
point. Table C summarizes the weather between sample time points, obtained from Corvallis area Agrimet weather station, as well as
the average population of each derivative. Letters indicate population groupings of significance, obtained via SAS (Statistical
Analysis Systems Institute, Cary, NC) General Linear Model procedure (P=0.05).

A

B

C
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Figure 14. Population dynamics of Pantoea vagans C9-1 and its derivatives on ‘d’Anjou’ pear flowers through fruit, 2015.
Bacterial suspensions (ca. 1 X 108 CFU/ml) were sprayed onto flowers at 70% bloom at the Oregon State University Botany and
Plant Pathology Farm. Graph A depicts Log transformed culturable mean CFU/flower or fruit per replication (tree) of C9-1 (black
diamond), C9-1 ∆pPag2 (purple square), and C9-1 ∆pPag3 (blue triangle). Vertical bars indicate the standard error of the mean.
Graph B depicts the incidence of detection (i.e., the proportion of flowers or fruit with detectable populations) per derivative, per time
point. Table C summarizes the weather between sample time points, obtained from Corvallis area Agrimet weather station, as well as
the average population of each derivative. Letters indicate population groupings of significance, obtained via SAS (Statistical
Analysis Systems Institute, Cary, NC) General Linear Model procedure (P=0.05).
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Appendix A: Media recipes
CAS Dye 10x (per 100 ml)
Recipe from Schwyn & Neilands (1986)
Slowly add solution D (below) into solution C (below)
Solution C
60 ml deionized water
60.5 mg chromeazurol S from Fluka (CAS)
100 µl 1 M FeCl3
Solution D
40 ml deionized water
72.9 mg hexadecyl trimethyl ammonium bromide (HDTMA)
King’s medium B (KB) (per 1 L)
1 L deionized water
20 g proteose peptone #3
10 g glycerol
2 g K2HPO4 * 3H2O
1.5 g MgSO4 * 7H2O
pH to 7.2 with HCl
1.5% Bacto agar, when applicable
Luria Burtani (LB) (per 1 L)
1 L deionized water
10 g tryptone
10 g NaCl
5 g yeast extract
pH to 7.5 with NaOH
2% BiTek agar, when applicable
MBMA with 1% sorbitol (modification: 1% glucose) (per 1 L)
Original recipe from Zhao et al. (2009), modification to change sorbitol to
glucose from this paper
990 ml deionized water
3 g KH2PO4
7 g K2HPO4
1 g [NH4]2SO4
2 ml glycerol
0.5 g citric acid
0.03 g MgSO4
Autoclave, then add sterile:
10 ml 100X thiamine vitamin stock (Appendix A)
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1% sorbitol or glucose (final concentration, adjust original volume of water as
needed)
MOPS, Gluconate, Asparagine (MGA) medium (per 1 L)
Recipe from Ishimaru et al. (1988)
860 ml deionized water
1.32 g asparagine
15 g Bacto agar, when applicable
Autoclave, then add sterile:
100 ml 10X concentrated salts solution (below)
10 ml 0.132 M K2HPO4 (below)
20 ml 1 M potassium gluconate (below)
10 ml 100X thiamine vitamin stock (Appendix A)
Stock 1: 10X concentrated salts solution (1 L)
83.6 g MOPS into 400ml (1M) adjust pH to 7.4
7.17 g Tricine into 40ml (1M), adjust pH to 7.4
0.0278 g FeSO4 into 10ml (0.01 M)
5.08 g NH4Cl into 50ml (1.9 M)
0.48 g K2SO4 into 10ml (0.276 M)
0.00074 g CaCl2 into 10ml (5 x 104 M)
1.07 g MgCl2 into 10 ml (0.528 M)
29.2 g NaCl into 100 ml (5M)
0.1 ml 100X micronutrient stock (Stock 2)
Bring to volume with milli-Q water
Stock 2: 100X micronutrient stock (100 ml)
0.0371 g (NH4)6Mo7O24 * 6H2O
0.2474 g H3BO3
0.0714 g CoCl2 * 6H2O
0.0250 g CuSO4
0.1583 g MnCl2
0.0288 g ZnSO4
Bring to volume with milli-Q water
Stock 3: 0.132 M K2HPO4
2.29 g K2HPO4 into 100 ml milli-Q water
Stock 4: 1 M Potassium Gluconate
23.4 g Potassium gluconate into 100 ml milli-Q water
Final concentration of all components in MGA medium:
MOPS
Tricine
FeSO4
NH4Cl
K2SO4

4.0E-02 M
4.0E-03 M
1.0E-05 M
9.5E-03 M
2.8E-04 M
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CaCl2
MgCl2
NaCl
(NH4)6Mo7O24
H3BO3
CoCl2
CuSO4
MnCl2
ZnSO4
Thiamine HCl
Nicotinic acid
Asparagine
K2HPO4
Gluconate

5.0E-08 M
5.3E-04 M
5.0E-02 M
3.0E-07M
4.0E-07 M
3.0E-08 M
1.0E-08 M
8.0E-08 M
1.0E-08 M
1.0E-04 M
1.0E-04 M
1.0E-02 M
1.3E-03 M
2.0E-02 M

Phosphate Buffer (per 1 L)
800 ml deionized water
60 ml 0.2 M KH2PO4
140 ml 0.2 M K2HPO4
Salkowski Reagent (per 100 ml)
Recipe from Gordon & Weber (1950)
2 ml 0.5 ml 0.5 M FeCl3
50 ml perchloric acid
25 ml milli-Q water
Swimming medium (per 1 L)
Recipe from Rashid & Kornberg (2000)
1 L deionized water
10 g tryptone
5 g NaCl
3 g Bacto agar (0.3% w/v agar)
100X Thiamine Vitamin Stock (Vitamin Stock) (per 1 L)
Recipe from Ishimaru et al. (1988)
1 L milli-Q water
3.37 g thiamine HCl (10-2 M Thiamine)
1.23 g nicotinic acid (10-2 M Nicotinic acid)
Use 1 ml per 100 ml media
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925 minimal medium (per 1 L)
Recipe from Langley & Kado (1972)
970 ml deionized water
15 g BiTek agar
Autoclave, then add sterile:
10 ml 100X thiamine vitamin stock (Appendix A)
10 ml Stock A (below)
10 ml Stock B (below)
2% sucrose, sorbitol, or maltose (final concentration, adjust original volume of
water as needed)
Stock A (per 1 L):
1 L deionized water
393 g K2HPO4 * 3H2O
100 g NaH2PO4 (anhydrous)
Stock B (per 1 L):
1 L deionized water
100 g NH4Cl
30 g MgSO4 * 7H2O

