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ABSTRACT 

McGrath, M. J., Koczan, J. M., Kennelly, M. M., and Sundin, G. W. 2009. 
Evidence that prohexadione-calcium induces structural resistance to fire 
blight infection. Phytopathology 99:591-596. 

Mechanisms of fire blight control by the shoot-growth regulator 
prohexadione-calcium (ProCa) were investigated by comparing disease 
development in ProCa-treated potted apple trees (cv. Gala) to paclo-
butrazol (another shoot-growth regulator)-treated and nontreated trees and 
in ProCa-treated cv. McIntosh trees in the field. Twenty-eight days after 
inoculation with Erwinia amylovora Ea110, disease incidence on ProCa- 
and paclobutrazol-treated shoots was significantly reduced compared with 
that on nontreated shoots. Disease severity (percent shoot length infected) 
was also significantly lower on both ProCa- and paclobutrazol-treated 
shoots than on nontreated shoots. However, bacterial populations within 

inoculated shoots were high and bacterial growth occurred in all treat-
ments. In addition, the mean cell wall width of the cortical parenchyma 
midvein tissue of the first and second youngest unfolded leaves of ProCa- 
and paclobutrazol-treated shoots was significantly wider both 0.5 and  
2 cm from the leaf tips compared with the cell walls of the nontreated 
tissue. Taken together, these results suggest that reduction of fire blight 
symptoms by ProCa and paclobutrazol is not the result of reduced 
populations of E. amylovora in shoots. Moreover, because paclobutrazol 
also reduced disease severity and incidence, changes in flavonoid 
metabolism induced by ProCa but not paclobutrazol does not appear to be 
responsible for disease control as suggested in recent literature. Finally, 
although this study did not directly link disease control to the observed 
cell wall changes, the possibility that an increase in cell wall width 
impedes the spread of E. amylovora should be investigated in more depth. 

 
Fire blight, caused by the bacterium Erwinia amylovora, is a 

destructive and economically important disease of apple and pear. 
There are several distinct phases of the disease, including blossom 
blight, shoot blight, and rootstock blight (21). The diversity of 
susceptible host tissues, combined with the limited number of 
management tools available to control the disease, has made it 
difficult to stop or slow the progress of fire blight epidemics. 
Streptomycin has been the primary material for the effective 
control of blossom blight but resistance to streptomycin occurs 
widely in the western United States and has developed in some 
regions of Michigan (2,14,16,18). The blossom blight phase of 
fire blight is initiated in the spring following the epiphytic coloni-
zation of blossom stigmas (10,32). Surface-associated populations 
of E. amylovora on blossoms remain the only effective target for 
control attempts utilizing bactericides (25). Alternative blossom 
blight control materials such as the antibiotic oxytetracycline or 
biological control agents, including Serenade MAX, BlightBan 
A506, and Bloomtime E325, are typically less effective than 
streptomycin (18,31). 

After bloom, blossom blight infections and active limb cankers 
provide the inoculum for shoot blight infections, which are most 
severe on actively growing shoots. Succulent new growth is 
vulnerable to damage during storms, especially those with wind-
driven rain (17). Wounding is an important predisposition factor 
for fire blight infection (1,4), and trauma events such as wind or 
hail storms not only wound trees but also introduce E. amylovora 
cells to internal tissues. These internalized populations are not 
affected by streptomycin unless applications are made optimally 
within 4 to 6 h of the trauma event (22,33). Antibiotics are not 

recommended for shoot blight control due to antibiotic resistance 
concerns (11). Thus, the lack of tools available for shoot blight 
management is a critical limiting factor in overall fire blight 
management, and alternate tools for shoot blight management 
would be beneficial for growers. 

A number of chemicals have been developed to regulate growth 
in apple (24), including prohexadione-calcium (ProCa) (6). ProCa 
is a plant growth regulator that acts as a structural mimic of  
2-oxoglutaric acid and inhibits late steps of gibberellin biosynthe-
sis, resulting in reduced shoot growth (6,26). In addition to 
growth control, ProCa has been observed to reduce the incidence 
of shoot blight in apple (19–21,34) and pear (3). ProCa reduced 
both disease incidence and severity on inoculated shoots and 
secondary spread from the inoculated shoots to noninoculated 
shoots (7). 

The mechanism by which ProCa reduces fire blight infection is 
unknown, although there is a correlation between disease control 
and growth control (21). However, reductions in fire blight have 
been observed without any concomitant reduction in shoot growth 
(7). There are many potential mechanisms of control; however, 
one possible mechanism that has been proposed is that ProCa 
induces resistance in the host by triggering alternate biosynthetic 
pathways leading to the production of flavonoid antimicrobial 
compounds such as luteoflavin and luteoforol (8,9,29). Luteoforol 
is a transiently occurring flavonoid that is not normally produced 
in rosaceous species but is apparently produced in apple treated 
with ProCa (8,27,29). This compound has been shown to inhibit 
E. amylovora in vitro (29). Another growth regulator, paclobu-
trazol, blocks earlier steps (compared with ProCa) in the gibberel-
lin biosynthesis pathway, and is not known to induce the produc-
tion of luteoflavin or luteoforol (8). As a result, if the antimi-
crobial activity of luteoforol is responsible for the control of shoot 
blight, reductions in disease incidence and severity would not be 
expected with the application of paclobutrazol. 
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Other possible mechanisms for ProCa-mediated fire blight 
control center on effects related to reductions in tree vigor. For 
example, the sorbitol content of young, actively growing apple 
tissue is significantly reduced compared with nongrowing tissue 
(13), and lower sorbitol content in shoots is associated with in-
creased fire blight susceptibility (30). Another possibility is through 
the occurrence of anatomical changes in plant tissue associated 
with reduced growth. Young, expanding shoot tissue is charac-
terized by the formation of protoxylem; as tissue expansion stops, 
protoxylem is converted to metaxylem elements which contain 
uniformly thickened cell walls that are more lignified (5). Paclo-
butrazol has been shown to cause structural changes in the leaf 
tissue of rape (36), maize (28), and Chinese potato (12). Changes 
in the cellular anatomy of apple shoot tissue could potentially 
impede the movement of E. amylovora through shoot tissue. 

Our overall goal in this study was to investigate the potential 
mechanism of shoot blight control by ProCa. Our first objective 
was to compare symptom development and E. amylovora popu-
lation growth in ProCa-, paclobutrazol-, and nontreated trees. Our 
second objective was to use scanning electron microscopy to 
compare the width of cell walls from midvein cortical tissue from 
ProCa-, paclobutrazol-, and nontreated leaves. 

MATERIALS AND METHODS 

Bacterial strain and growth conditions. The virulent, rifam-
picin-resistant strain E. amylovora Ea110 (15) was used for all 
experiments. The bacterium was cultured on Luria-Bertani agar 
medium amended with rifampicin at 100 µg/ml (LB+rif) at 28°C 
unless otherwise noted. For inoculations and bacterial enumera-
tion, cells were diluted in 0.5× phosphate-buffered saline (PBS). 

Plant material. Experiments with potted apple trees were 
conducted using 2-year-old apple cv. Gala on M-9 rootstock (Hill-
top Fruit Trees, Hartford, MI). These trees were potted in 11.3-
liter pots in a 3:1 mixture of Bacto Hi-porosity soil mix (Michi-
gan Peat Company) to field soil. Trees were placed in a Michigan 
State University (East Lansing, MI) greenhouse and watered and 
pruned (experiments conducted ≈6 weeks after pruning, on actively 
growing tissue) as necessary until experiments were conducted. 
Trees selected to study disease development were randomized and 
placed outside the greenhouse. Trees used for microscopy studies 
were placed in a growth chamber (12 h of light and 12 h of dark 
conditions maintained at 25°C). Field experiments were con-
ducted using 26-year-old apple cv. McIntosh trees located in a 
Michigan State University orchard. 

Application of shoot-growth regulators. ProCa (formulated 
as Apogee, 27.5% a.i. prohexadione calcium, BASF) and paclo-
butrazol (Cambistat Rainbow Treecare Scientific Advancements, 
22.3% a.i. paclobutrazol) were applied to eight potted apple trees 
on 7 July 2006. The ProCa treatment was applied at 0.9 g of 
Apogee with 1.2 ml of Regulaid (Kalo Inc.) and 0.9 g of 
ammonium sulfate per 946.1 ml of water (0.26 mg a.i/ml). Leaves 
and shoots were sprayed to run-off with this mixture. The paclo-
butrazol treatment was applied to the soil of each potted tree 
(basal drench) at 12.5 ml of Cambistat with 0.18 ml of Regulaid 
and 0.14 g of ammonium sulfate per 137.5 ml of water (21.7 mg 
a.i./ml). Eight additional trees were left untreated. This was 
repeated on both 7 July and 7 September 2007 with ProCa and 
paclobutrazol applied to 10 and 8 trees/treatment, respectively. On 
6 November 2007, ProCa and paclobutrazol were applied to four 
potted apple trees each, with three trees left untreated. These trees 
were used to generate tissue for microscopy. 

ProCa treatments for field experiments were assigned in a 
completely randomized design, and ProCa was applied to trees to 
run-off using a handgun sprayer. The high-concentration ProCa 
treatment was applied to six trees with Apogee at 250 mg/liter on 
23 May 2005. The low-concentration treatment was applied to six 
trees as a split application, with Apogee at 125 mg/liter applied on 

23 May and a second application on 2 June 2005. Regulaid  
(1.25 ml/liter) and ammonium sulfate (0.9 g/liter) were mixed 
with Apogee prior to application. Six trees were left untreated. 

Bacterial inoculation. Potted apple tree shoots were inoculated 
with E. amylovora Ea110 or 0.5× PBS (control) by cutting 1 cm 
from the tips of the two newest unfolded leaves on each shoot 
using a scissors dipped in the bacterial suspension (108 CFU/ml) 
before each cut (scissor-cut inoculation method). Shoots were 
inoculated on 17 July 2006, 23 July 2007, and 21 September 
2007. Following inoculation, plastic bags were placed over shoots 
and removed the following day. 

On 17 June 2005, six randomly selected shoots from each field 
tree were inoculated with Ea110 (3 × 105 CFU/ml) and six addi-
tional shoots/tree were inoculated with a higher concentration of 
Ea110 (3 × 105 CFU/ml). All shoots were inoculated by the 
scissor-cut inoculation method. 

Disease evaluation and recovery of bacteria from sampled 
leaves. Shoot length, disease incidence (presence or absence of a 
shoot lesion), severity (length of lesion/current season’s growth × 
100), and conditional severity (assessed by determining severity 
of diseased shoots only) were assessed over the course of each 
potted tree experiment. 

CFU were determined by destructively sampling 5 randomly 
chosen shoots/treatment in the first potted tree experiment, 10 
shoots/treatment in the final potted tree experiments, and 2 
shoots/treatment in the field tree experiments. For each shoot, the 
inoculated leaf, its petiole, and 2 cm of shoot basal to the petiole 
were homogenized with a Polytron PT 10-35 blender (Brinkmann 
Instruments, Inc.) in 10 ml of chilled 0.5× PBS, and 10-fold serial 
dilutions were plated on LB+rif+cycloheximide. After 72 h, 
bacterial populations in inoculated shoots were determined using 
dilution plating. 

Determination of cell wall widths in midvein cortical tissue. 
On 13, 19, and 27 November 2007, five shoots per treatment were 
randomly selected and the first, second, and seventh youngest 
unfolded leaves of each shoot were removed. Leaf sections (1 by 
1 cm, bisected by the midvein) 0.5 and 2 cm from each leaf tip 
were removed and fixed in paraformaldehyde/glutaraldehyde, 
2.5% each in 0.1 M sodium cacodylate buffer (Electron Micro-
scopy Sciences, Hatfield, PA) overnight. Tissue was then dehy-
drated successively in 25, 50, 75, and 90% ethanol for 30 min 
each, and 100% ethanol three times for 15 min. Samples were 
subsequently dried with a critical point drier (Balzers CPD, Lich-
tenstein). One 0.5-mm cross-section of the midvein was removed 
from the center of each block of tissue and mounted on aluminum 
mounting stubs (Electron Microscopy Sciences, Hatfield, PA), 
which were coated with gold using a gold sputter coater 
(EMSCOPE SC500 Sputter coater, Ashford, Kent, Great Britain). 
Images were captured using a scanning electron microscope 
(JEOL 6400V; Japan Electron Optics Laboratories) with a LaB6 
emitter (Noran EDS) using analySIS software (Soft Imaging Sys-
tem, GmbH). Fifty random cell-wall measurements per section of 
the cortical parenchyma were made using analySIS software. 

Statistical analysis. In order to conduct statistical analyses, all 
data sets were assessed for normality and equality of variance. E. 
amylovora population data were log (x + 1) transformed prior to 
analysis. Differences among treatments in populations (CFU/ 
shoot) from field experiments were assessed using a one-way 
analysis of variance (ANOVA) followed by Tukey’s multiple 
comparison test (with P ≤ 0.05). In the potted tree experiments, 
differences among treatments in CFU/shoot, severity, and condi-
tional severity were assessed via the Kruskal-Wallis (nonpara-
metric) ANOVA test followed by the post-hoc Tukey’s multiple 
comparison test. Disease incidence was compared among treat-
ments using Fisher’s exact test. Differences in cell wall width 
among treatments were assessed via the Kruskal-Wallis ANOVA 
test followed by the post-hoc Games-Howell multiple comparison 
test. The Mann-Whitney rank sum test was used to compare shoot 
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length at the beginning and conclusion of all trials for each 
treatment. All statistical analyses were conducted with SYSTAT 
(v.12.02.00; SYSTAT Software, Inc., San Jose, CA). 

RESULTS 

Effect of ProCa on disease development and bacterial 
populations in potted apple trees. Potted apple trees were used 
to compare the effects of the two shoot-growth regulators on 
disease development. The size of these trees allowed for full 
coverage of ProCa, which was applied by spray to trees, and for 
even application of paclobutrazol, which was applied via basal 
drench to pots containing each tree. In addition, the size of these 
trees allowed for shoots to be inoculated uniformly and for 

accurate assessment of incidence and severity over time. Results 
from the three potted tree trials were consistent; therefore, only 
the results from the final trial are presented. Mean shoot length 
increased significantly only in nontreated shoots (4.4 ± 0.7 cm at 
0 days postinoculation to 10.4 ± 2.4 cm at 28 days postinocu-
lation). Mean shoot lengths at 28 days postinoculation in ProCa-
treated (3.7 ± 1.1 to 5.1 ± 1.4 cm) and paclobutrazol-treated trees 
(5.1 ± 1.4 to 7.3 ± 1.9 cm) were not significantly different (P ≤ 
0.05) from 0 days postinoculation. 

Disease incidence at 28 days postinoculation was significantly 
reduced on both ProCa- and paclobutrazol-treated shoots com-
pared with nontreated shoots (Fig. 1A). There were no significant 
differences in disease incidence between the paclobutrazol-treated 
shoots and the ProCa-treated shoots. Disease severity at 14, 21, 
and 28 days postinoculation was lower on both ProCa- and paclo-
butrazol-treated shoots compared with nontreated shoots (Fig. 
1B). When conditional severity was assessed, there were no sig-
nificant differences among treatments at 7, 21, and 28 days post-
inoculation (Fig. 1C). Mean E. amylovora populations increased 
after inoculation in shoots of all treatments (Fig. 2) with no 
significant differences at 0 or 28 days postinoculation. E. amylo-
vora cells were distributed throughout ProCa-, paclobutrazol-, and 
nontreated shoots as detected by sampling and plating excised 
tissue (data not shown). 

Effect of ProCa on bacterial populations in apple shoots in 
the field. Shoot-growth regulators are commonly applied to 
mature trees; therefore, bacterial populations were also assessed 
on field trees to determine whether results were comparable with 
potted apple trees. Similar results were obtained when the mature 
trees treated once with Apogee at 250 mg/liter and twice with 
Apogee at 125 mg/liter were compared with nontreated trees 
inoculated with E. amylovora at 3 × 105 CFU/ml or 3 × 107 
CFU/ml (Fig. 3A and B) in that, by the third day after inoculation, 
growth of E. amylovora was observed in all treatments and, by the 
conclusion of the experiment, populations of E. amylovora were 
extremely high in all treatments. In shoots inoculated with  
3 × 107 CFU/ml, there were significant differences in subsequent 
population size only on day 7 (Fig. 3A). On day 7, the nontreated 
control shoots had significantly higher populations than shoots 
treated with high doses of ProCa (Fig. 3A). In shoots inoculated 
with 3 × 105 CFU/ml, the shoots treated with Apogee at 250 
mg/liter supported slightly lower populations than the untreated 

 

Fig. 1. A, Disease incidence; B, mean disease severity; and C, mean con-
ditional severity on nontreated, (diagonal bars), prohexadione-calcium 
(ProCa)-treated (black bars), or paclobutrazol-treated (white bars) potted 
‘Gala’ apple trees. Incidence was determined by the presence of a lesion on
individual shoots. Severity was ascertained by taking the length of lesion per
current season’s growth × 100, and conditional severity was determined by
taking the length of lesion per current season’s growth × 100 on diseased
shoots only. Different letters indicate statistical differences (P ≤ 0.05). Error 
bars (B and C) display one standard error of the mean. All shoots were
inoculated with the virulent strain Erwinia amylovora Ea110 using the scissor-
cut method. 

Fig. 2. Mean log (x + 1) CFU/shoot on nontreated (diagonal bars), prohexa-
dione-calcium (ProCa)-treated (black bars), or paclobutrazol-treated (white 
bars) potted ‘Gala’ apple trees at 0 days (initial inoculation), and 28 days 
postinoculation with the virulent strain Erwinia amylovora Ea110 using the 
scissor-cut method. No significant differences (P ≤ 0.05) among treatments at 
0 or 28 days postinoculation were found. Error bars display one standard error 
of the mean. 
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shoots (Fig. 3B), and nontreated control shoots had significantly 
higher populations than shoots treated with Apogee at 250 mg/liter 
at two sampling dates. 

Determination of cell wall width in midvein cortical tissue. 
Microscopy was used to assess whether anatomical changes 
occurred after the application of shoot-growth regulators. At 7, 
13, and 21 days after treatment, the mean midvein cell wall width 
(cortical parenchyma tissue) of the first and second unfolded 
leaves of ProCa- and paclobutrazol-treated shoots was signifi-
cantly wider both 0.5 and 2 cm from the leaf tips compared with 
the cell walls of the nontreated tissue (Fig. 4A to C; Table 1). 
However, the thickened walls were not uniform across the tissue 
viewed. The cell wall widths of the seventh leaf at 7 days after 
application were not significantly different among treatments. At 
13 days after treatment, the cell walls (seventh unfolded leaves) of 
the ProCa- and paclobutrazol-treated shoots were significantly 
thicker both 0.5 and 2 cm from the leaf tips. At 21 days after 
treatment, there were no differences among treatments 0.5 cm 
from the leaf tip but, at 2 cm, the cells walls of the ProCa- and 
paclobutrazol-treated tissue were thicker than the nontreated cell 

 

Fig. 3. Mean log CFU/g in shoots of cv. McIntosh treated with one application
of prohexadione-calcium (ProCa) (Apogee at 250 mg/liter), two applications
of ProCa (Apogee at 125 mg/liter), or shoots left untreated after inoculation
with the virulent strain Erwinia amylovora Ea110. Shoots were inoculated
with either A, 3 × 107 CFU/ml or B, 3 × 105 CFU/ml using the scissor-cut 
method. Different letters indicate differences (P ≤ 0.05) among treatments.
Where letters are not present, there were no differences (P ≤ 0.05). 

 

Fig. 4. Apple midvein tissue 2 cm from the leaf tip of the second-youngest 
unfolded leaves, 13 days after treatment with A, prohexadione-calcium; B, 
paclobutrazol; or C, trees left untreated. Scale bars (in white) are 100 µm in 
length. Arrows (A to C) indicate general regions where cell walls were 
measured. 
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walls. Finally, the cell walls of the seventh leaves were compared 
with the first and second unfolded leaves of the nontreated tissue 
over time. The cell walls of the seventh leaf were significantly 
thicker than the first and second leaves at both 0.5 and 2 cm from 
the leaf tip at each sampling date, with the exception of the first 
leaf at 13 days (after treatment), 2 cm of the leaf tip, where the 
cell walls did not significantly differ from the seventh leaf. 

DISCUSSION 

Recent studies have suggested that ProCa triggers the produc-
tion of flavanoids, not normally found in rosaceous species, that 
provide antimicrobial activity against E. amylovora, and that it is 
this activity that is the primary mechanism of fire blight control 
by ProCa (8,29). Since luteoforol can be neither measured nor 
extracted from apple tissue due to its high reactivity (8), the 
results of this study provide strong support against this hypothe-
sis. Although disease incidence and severity were lowest in the 
ProCa-treated shoots compared with paclobutrazol- and non-
treated shoots, significant reductions in incidence and severity 
were also found with the paclobutrazol treatment. It is highly 
unlikely that these reductions are due to luteoforol, because the 
paclobutrazol treatment is not known to trigger luteoforol produc-
tion in apple shoots. It is possible that the ProCa treatment 
induces luteoforol production and the paclobutrazol treatment 
induces other novel flavanoids that result in disease control. 
However, this seems unlikely because E. amylovora populations 
were similarly high in ProCa-, paclobutrazol-, and nontreated 
tissue. Thus, even though luteoforol cannot be directly measured 
and we did not attempt to compare flavanoid content of ProCa-
treated apple shoots, our results suggest that ProCa treatment of 
apple shoots does not induce the production of chemicals with 
significant antimicrobial activity against E. amylovora. 

Although studies detailing reductions in disease incidence and 
severity after application with ProCa (7,19,20,21,34) are nu-
merous, these studies did not examine E. amylovora population 
size following inoculation. Moreover, studies examining the 
phytoalexin-like properties of luteoforol (8,29) did not assess 
effects on population size in planta. Examinations of populations 
of E. amylovora pathogenicity mutants in immature pear assays 
have shown that the mutant strains do not grow following inocu-
lation (35). However, assessments of E. amylovora pathogenicity 
or virulence mutants following inoculations into apple shoots 
have typically focused on the percentage of blighted shoot, 
similar to our data presented in Figure 1B, instead of on reduced 

population size in shoots. We have determined that populations of 
an amylovoran-deficient pathogenicity mutant of E. amylovora 
are rapidly reduced over 106-fold compared with a wild-type 
strain following apple shoot inoculation (J. M. Koczan and G. W. 
Sundin, unpublished information). Thus, the observation of 
extensive growth following inoculation and the finding of similar 
large populations of E. amylovora in symptomless shoots treated 
with growth regulators and symptomatic nontreated tissue was 
surprising. 

These findings led us to investigate the alternate possibility that 
ProCa treatment would induce anatomical changes in apple tissue 
that affected fire blight control. One such observed change was 
the thickening of the cell walls of the midvein in the treated tissue 
of the youngest unfolded leaves compared with nontreated tissue. 
It is possible that these thickened cell walls of the parenchyma 
serve as a physical barrier that E. amylovora must breach in order 
to enter the xylem from interveinal tissue. The systemic migration 
of E. amylovora in plants is dependent in part upon a functional 
type III secretion system (23), and we hypothesize that the 
pathogen is incapable of successful interaction with host cells that 
have thickened cell walls. 

Interestingly, it was also found that the mature seventh un-
folded leaves of the nontreated tissue tended to have thicker cell 
walls than the first and second leaves. Often, the youngest leaves 
are more susceptible to fire blight infection (4,30). In our 
preliminary studies, inoculations of the sixth leaf and beyond did 
not lead to shoot infections in mature apple tree cvs. Fuji and 
Gala (data not shown). Suleman and Steiner (30) found that 
sorbitol concentrations increased and solute potentials decreased 
with apple leaf age. They speculated that this helps maintain the 
turgidity of the host cells because the solute potential of E. 
amylovora in the intercellular spaces needs to be more negative 
than the surrounding cells of the host for plasmolysis to occur. 
The reduced susceptibility of older leaves may be due to 
increased cell wall thickness, increased solute potential, or other 
physiological changes as the leaf matures and shoot elongation 
ceases. The inhibition of gibberellin biosynthesis and shoot 
elongation by ProCa and paclobutrazol may trigger analogous 
physiological changes leading to similar reductions in suscep-
tibility. 

It is evident that migration of E. amylovora through leaf tissue, 
into the leaf midvein, and from leaves into stem tissue needs to be 
studied in more depth to determine whether cell wall changes 
impede movement. Our results demonstrated that when E. 
amylovora was (presumably) introduced directly into the xylem 

TABLE 1. Effect of prohexadione-calcium (ProCa) and paclobutrazol on the width of cell walls of the midvein cortical parenchyma tissue of apple cv. Gala 

 Midvein cell wall widths (µm) with standard error on sampling date (days after treatment)z 

 Veinal section 0.5 cm from leaf tip Veinal section 2 cm from leaf tip 

Leaf, treatmenty 7 days 13 days 21 days 7 days 13 days 21 days 

First       
Nontreated 0.90 ± 0.10 c 1.17 ± 0.11 c 1.29 ± 0.12 b 1.64 ± 0.11 c 2.04 ± 0.16 c 1.65 ± 0.09 c 
ProCa 1.67 ± 0.07 a 2.36 ± 0.07 a 1.81 ± 0.11 a 2.26 ± 0.30 b 2.97 ± 0.18 a 2.35 ± 0.09 a 
Paclobutrazol 1.18 ± 0.10 b 1.90 ± 0.18 b 1.70 ± 0.19 a 2.57 ± 0.17 a 2.45 ± 0.15 b 2.19 ± 0.18 b 

Second       
Nontreated 0.97 ± 0.02 c 1.82 ± 0.12 c 1.35 ± 0.19 c 1.65 ± 0.13 c 1.92 ± 0.03 c 1.75 ± 0.13 c 
ProCa 1.85 ± 0.05 a 2.56 ± 0.08 b 2.22 ± 0.25 b 1.91 ± 0.06 b 2.90 ± 0.06 a 3.13 ± 0.13 a 
Paclobutrazol 1.53 ± 0.13 b 2.75 ± 0.19 a 2.54 ± 0.13 a 2.07 ± 0.15 a 2.68 ± 0.06 b 2.79 ± 0.20 b 

Seventh       
Nontreated 1.89 ± 0.03 a 2.04 ± 0.01 c 2.32 ± 0.04 a 2.51 ± 0.05 a 2.22 ± 0.02 b 2.46 ± 0.05 b 
ProCa 1.92 ± 0.08 a 2.49 ± 0.19 a 2.37 ± 0.20 a 2.59 ± 0.06 a 2.82 ± 0.05 a 2.94 ± 0.06 a 
Paclobutrazol 1.94 ± 0.11 a 2.34 ± 0.17 b 2.44 ± 0.09 a 2.52 ± 0.04 a 2.86 ± 0.11 a 2.93 ± 0.14 a 

y The first-, second-, and seventh-youngest unfolded leaves were sampled from shoots. ProCa was applied as 0.9 g of Apogee with 1.2 ml of Regulaid and 0.9 g
of ammonium sulfate per 946.1 ml of water. Paclobutrazol was applied (basal drench) as 86.0 ml of Cambistat with 1.2 ml of Regulaid and 1.0 g of ammonium
sulfate per 946.1 ml of water. 

z Trees were treated on 6 November 2007. Differences among treatments, leaf, sampling date, and location from leaf tip were determined using the Kruskal-Wallis 
test followed by the post-hoc Games-Howell multiple comparison test when P ≤ 0.05. Different letters (for each treatment, leaf, sampling date, and location)
indicate significant differences (P ≤ 0.05). 
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by the scissor-cut method, disease incidence was reduced in 
ProCa-treated compared with nontreated tissue. However, if le-
sions developed, they continued to expand along the shoot regard-
less of treatment with ProCa or paclobutrazol. This could be 
explained if ProCa or paclobutrazol treatment did not lead to a 
uniform thickening of cell walls in all cases, which would allow 
sporadic pathogenesis and further casts doubt on the possible 
induction of antimicrobial substances by ProCa. In order to 
determine the mechanism of control, a comprehensive study to 
determine the role that migration (both to the xylem and through 
the xylem) plays in fire blight disease development is required. 

In summary, our results have led us to hypothesize that ProCa 
treatment leads to a decrease in apple shoot infection by E. amy-
lovora through an alteration in tree physiology resulting in 
thickened cell walls in the cortical parenchyma, creating a 
physical barrier capable of stopping infection and systemic spread 
of the pathogen. ProCa has become an important tool for fire 
blight control, especially for apple growers dealing with E. 
amylovora strains that are resistant to streptomycin and in regions 
where trauma conditions are prevalent. If we are able to under-
stand the mechanism of control by ProCa, it could aid in the 
development of additional materials for fire blight control. 
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