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ABSTRACT

Johnson, K. B., Stockwell, V. O., and Sawyer, T. L. 2004. Adaptation of fire blight forecasting
to optimize the use of biological controls. Plant Dis. 88:41-48.

We investigated adaptation of fire blight forecasting concepts to incorporate and optimize the
use of biological agents for disease suppression. The effect of temperature on growth of the
bacterial antagonists, Pseudomonas fluorescens A506 and Pantoea agglomerans C9-1S, and of
the pathogen Erwinia amylovora 153N, on pear and apple blossoms was evaluated in growth
chamber and screenhouse experiments. New blossoms were inoculated with the strains and
subsequent growth was measured over 96 h. Bacterial growth rates on blossoms were described
as functions of temperature. A degree hour-based “bacterial growth index” (96-h moving total
of degree hours >10°C) was created to assess conduciveness of orchard environments for an-
tagonist colonization. A comparison of this index to a disease risk index indicated that biocon-
trol treatments could be timed such that the antagonists could be expected to grow to an effec-
tive population size before the disease index shifted from “low” to “moderate” risk. For six
pear- and apple-production areas of Oregon and Washington, regression of actual values of the
bacterial growth and disease risk indices on index values derived from 4-day temperature fore-
casts resulted in coefficients of determination that averaged 0.75. The “bacterial growth index”
and its estimation via temperature forecasts were incorporated into a decision matrix designed

to guide optimal treatment timing.

Fire blight, caused by the bacterium Er-
winia amylovora, is an important disease
of pear and apple grown in the United
States and in other regions of the world.
Management of fire blight focuses on pre-
vention of infection combined with prun-
ing of diseased branches to maintain tree
health and to eliminate sources of inocu-
lum (4,18,29). Suppression of blossom
infection is key in fire blight management
because the running cankers that originate
from diseased blossoms can cause signifi-
cant damage to a tree, and these cankers
provide the inoculum for secondary phases
of the disease. Blossom infection requires
the development of an epiphytic population
of the pathogen on floral surfaces (27). In
the United States, streptomycin sulfate is
applied commonly during bloom to suppress
epiphytic growth of E. amylovora and sub-
sequent disease. In several regions of the
country, however, E. amylovora has become
resistant to this antibiotic (7), and alternative
chemicals provide only partial control (24).

In addition to chemical methods, bio-
logical suppression of blossom infection
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can be achieved by inoculating floral sur-
faces with strains of bacteria antagonistic
to E. amylovora (4,5,8,9,30). For example,
the bacterium Pseudomonas fluorescens
strain A506 is registered as a microbial
pesticide  (BlightBan A506; NuFarm
Americas Inc., Houston, TX) for fire blight
suppression, and other bacteria (notably
strains of Pantoea agglomerans) are being
developed for the same purpose (4). Adop-
tion of biological control of fire blight by
orchardists has been moderately success-
ful. Extensive adoption, however, has been
hindered by variation in efficacy and by a
lack of knowledge as to how to optimally
utilize biocontrol technologies within con-
ventional management systems (4). For
numerous foliar diseases suppressed by
chemicals, environmentally based warning
systems have been developed and adopted
to time of the use of chemical agents (31).
Potentially, development of similar sys-
tems for microbial agents could improve
the effectiveness of biocontrol strategies
(19).

Temperature regulates epiphytic growth
and blossom-to-blossom spread of E. amy-
lovora and, thus, is an important predictor
of fire blight risk (2,13,18,20,22,28). Sev-
eral temperature-based predictive models
have been developed to assess the risk of a
blossom infection and, therefore, aid deci-
sions on the need for chemical control. For
example, the COUGARBLIGHT model
(20) uses a 4-day moving total of degree
hours above 15.5°C to assess infection
risk. Similarly, the MARYBLYT model
(22) assesses infection risk by summing

degree hours above 18°C, starting at the
bloom stage of “full pink”. These models,
however, are not as useful for timing appli-
cations of biological agents because the
bacterial antagonists must be introduced to
the target sites with sufficient lead time to
allow for growth of the microbes to an
effective population size (4). Consequently,
any model developed to optimize biologi-
cal control of fire blight must utilize envi-
ronmental information in such a way as to
maximize the potential for the introduced
agent to interact effectively with the
pathogen.

Little research has been done to address
the question of how to optimize the use of
forecasting models when restricted by
agents that require time after application to
achieve optimal effectiveness. For biologi-
cal control of fire blight, specifically,
knowledge of temperature relationships
among bacterial biocontrol agents and the
pathogen could provide two benefits lead-
ing to improved use of this technology: (i)
the ability to identify conditions favorable
for establishment and growth of bacterial
antagonists in pear and apple blossoms,
and (ii) the ability to introduce antagonists
into orchards with the lead time required
for these bacteria to preemptively colonize
floral surfaces prior to a period of high fire
blight risk. Therefore, the first objective of
this study was to conduct a comparative
analysis of the effects of temperature on
growth of two species of antagonistic bac-
teria on apple and pear blossoms relative to
growth of E. amylovora. This knowledge
then was combined with an analysis of the
accuracy of extended temperature fore-
casts, with the goal of developing rules to
guide timings of antagonist treatments in
orchard environments.

MATERIALS AND METHODS
Bacterial strains. Pseudomonas fluo-
rescens strain A506 (A506), Pantoea ag-
glomerans strain C9-1S (C9-18S, synonym
E. herbicola C9-1S), and E. amylovora
strain 153N (Eal53N) were used in all
experiments described below. A506, iso-
lated by S. Lindow (8,9), is used commer-
cially for fire blight suppression (Blight-
Ban A506; NuFarm Americas Inc.). C9-1S
is derivative of strain C9-1, which was
isolated by C. Ishimaru (3). Both A506 and
C9-1S are resistant to streptomycin and
rifampicin. Eal53N is a spontaneous,
nalidixic, acid-resistant derivative of a
strain obtained from an Oregon apple or-
chard (5). Freeze-dried preparations of all
three strains were prepared using methods
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described previously (23) and stored at
—50°C; titers of these preparations ranged
from 1 x 10!° to 1 x 10! CFU g! and
were reevaluated periodically by dilution
plating.

Growth chamber experiment. Experi-
ments to measure the effect of constant
temperatures on growth rates of bacterial
strains on stigmatic surfaces of pear and
apple blossoms were conducted during
spring 2000 and 2001 in four or five
nonlighted growth chambers (VWR Scien-
tific Model 2105; Sheldon Mfg., Inc., Cor-
nelius, OR). At the start of an experimental
replication, temperature treatments of 6, 9,
12, 15, and 18°C were assigned randomly
to each of the growth chambers (18°C was
a treatment in 2001 only). The temperature
in each chamber was monitored with a
mercury thermometer as well as a re-
cording, electronic temperature sensor
(Hobo Temp; Onset Computer Corp., Po-
casset, MA). The experiment was arranged
as a randomized complete block design
with four (2000) or five (2001) tempera-
ture treatments, three bacterial strain
treatments, and six (2000) or eight (2001)
replications blocked over time. Individual
replications were inoculated between 23
March and 23 April 2000, and between 3
April and 1 May 2001. Pear blossoms (cv.
Bartlett) were used for the first two repli-
cations in the 2000 experiment and for the
first four replications in 2001. Apple blos-
soms (cv. Red Delicious) were used for the
final four replications in both years.

Blossoms for the experiments were ob-
tained from field-grown trees located at the
Oregon State University Department of
Botany and Plant Pathology Field Labora-
tory near Corvallis, OR. Blossom-bearing
branches were pruned from trees 4 to 5
days before first bloom and stored at 5°C
with the basal ends submerged in water. At
the start of an experimental replication,
branches were removed from the cold
room and incubated in the laboratory (20 to
23°C), where blossoms opened within 1 to
2 days. Following protocols of Pusey (16),
new blossoms (cupped petals and red an-
thers) were harvested with peduncle intact
(1.5 cm in length) and placed onto 80-well,
polypropylene microcentrifuge tube racks
(Fisher Scientific, Pittsburgh, PA) with the
basal ends of the peduncles submerged in
sterile 10% sucrose. Suspensions of A506,
C9-1S, and Eal53N were prepared by
resuspending freeze-dried preparations in
sterile distilled water to achieve a concen-
tration of 1 x 10’7 CFU/ml. These suspen-
sions were misted onto blossoms to near
runoff using a reagent atomizer (Kontes
Glass Co., Vineland, NJ). Racks holding
inoculated blossoms were transferred to
10-liter plastic, lidded boxes (Rubbermaid,
Wooster, OH), the floors of which were
flooded with 1 liter of a 40% glycerol solu-
tion (vol/vol) to maintain a relative hu-
midly of 93 to 94% (17). Boxes containing
the racks of blossoms then were placed
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into growth chambers. For each replica-
tion, 15 blossoms were inoculated within
each strain—temperature combination.

Population sizes of the bacterial strains
on individual blossoms were determined
by dilution plating. Sampling times were 0,
24, 48, 96, and 144 h (i.e., 0, 1,2, 4, and 6
days) after inoculation; three blossoms
were sampled at each sampling time. For
each blossom, the pistils, including the
stigmas (24), were removed and placed
into 1 ml of sterile 10 mM potassium
phosphate buffer, pH 7.0. Racks of test
tubes holding the pistils in buffer were
sonicated and vortexed (5) to dislodge the
bacteria from the plant surfaces. Subse-
quently, the blossom wash and two serial
100-fold dilutions were spread onto selec-
tive culture media as described previously
(5,23).

Screenhouse experiment. Growth rates
of the selected bacterial strains also were
examined under fluctuating temperature
conditions on pear and apple trees growing
in an unheated, 15.5-by-60-m screenhouse
located at the Oregon State University
Department of Botany and Plant Pathology
Field Laboratory near Corvallis, OR during
spring 2001 and 2002. Trees in the screen-
house ranged from 3 to 7 years old and
were protected from rain and ultraviolet
radiation by a translucent, fiberglass roof,
and from insect visitations by a 2-by-2-mm
steel screen walls. As in the growth cham-
ber experiments, blossoms of pear (Pyrus
calleryana cv. Aristocrat or P. communis
cv. Bartlett) or apple (Malus x domestica
cvs. Snowdrift or Golden Delicious) were
spray inoculated with suspensions of A506,
C9-18S, or Eal53N. Cultivars in the screen-
house were chosen to create a nearly con-
tinuous, 5- to 6-week period of bloom,
which allowed an inoculation/96-h incuba-
tion protocol to be repeated nine times
each year (two or three sequential inocula-
tions per cultivar). An additional tempera-
ture treatment was created by enclosing
some replicates of individual trees in clear,
polyethylene sheeting (0.15-mm thick-
ness), and warming them continuously
with a 100-W light bulb. The enclosures
had dimensions of 1.7 by 1.7 by 2.0 m
(height) with frames constructed of 2.5-
cm-diameter polyvinyl chloride pipe; the
sheeting was secured to the frames with
spring-loaded clamps immediately after the
inoculation. All replications of the inocula-
tion/incubation protocol were initiated in
the morning between 8:00 and 10:00 A.M.

To initiate an experimental replication,
individual branches on each of six trees
(three enclosed and three nonenclosed)
randomly were assigned a bacterial strain
treatment. On each branch, eight new blos-
soms (red anthers) were marked by secur-
ing color-coded tape around the peduncle.
Suspensions of bacterial strains (1 x 107
CFU/ml) were prepared as described above
and misted onto blossoms to near runoff
with hand-held, adjustable trigger sprayers

(0.2-liter capacity). For each strain, 24
marked blossoms (4 from each of the en-
closed trees and 4 from each of the nonen-
closed trees) were sampled 30 min after
inoculation; the other 24 blossoms were
sampled after 96 h of incubation. Samples
were transported to the laboratory; the
population sizes of inoculated strains on
individual blossoms were estimated as
described above (5,23).

Ambient screenhouse and enclosure
temperatures were monitored and recorded
with electronic temperature sensors (Hobo
Temp) set to hourly sampling intervals.
Two to four sensors that measured ambient
temperatures in the vicinity of treated trees
were suspended from the roof at a height
of 1.5 m. Similarly, two sensors were hung
on tree branches in each of the enclosures.
A subset of these sensors also recorded
relative humidity inside and outside of the
chambers.

Bacterial growth rate analysis. Data
from the growth chamber experiments
were subjected to two analyses to examine
effect of temperature on growth of the
bacterial strains on stigmas of pear and
apple. In the first analysis, estimates of
bacterial population size (i.e., CFU) on
individual blossoms were transformed
log;o (y) (11) and mean population size for
each combination of strain and temperature
treatment was plotted in temporal arrays as
a function of hours after inoculation. Rela-
tive area under curve for mean population
size (Apop) Was computed from the log-
transformed data:

Apop = é[()’; + )26 =), - 1)

where y and ¢ are the values of mean popu-
lation size (log-transformed) and hours
after inoculation, respectively, for the ith
sample date, and n is the total number of
sample dates during the experiment. Values
of Ap., were subjected to analysis of vari-
ance (ANOVA) (Proc GLM ver. 7.0; SAS
Institute, Inc., Cary, NC) to determine the
effects of strain and temperature.

For the second analysis, natural log and
logit (In[y/(K — y)]) transformations were
applied to the population size data. An
intrinsic growth rate (proportional increase
of bacterial population per hour; h™') was
computed for each strain at each tempera-
ture by regressing (Proc REG; SAS Insti-
tute) the overall means of transformed data
on hours after inoculation. Because of
difficulty in choosing or estimating a
common value of K (i.e., the upper, asymp-
totic limit to population size) among
strains, temperatures, and experiments, we
based further analyses on growth rates
computed from natural log-transformed
data sampled during the first 96 h of the
experiment. Estimates of growth rates
derived from natural log transformations
were regressed on incubation temperature
and examined for linearity and for tem-
peratures below which little growth was



observed (i.e., lower or base temperature
limits). Indicator variable regression (14)
was used to evaluate if the observed
growth rate responses to temperature dif-
fered among the bacterial strains.

For the screenhouse experiment, esti-
mates of bacterial population size on indi-
vidual blossoms (CFU/blossom) were
transformed log;, (v). Mean population
sizes for each combination of strain and
temperature treatment were plotted against
total degree hours accumulated during each
96-h incubation period. Total degree hours
were obtained by averaging measurements
obtained for each hour across all sensors
from the same environment (i.e., ambient
or enclosed), and then summing over the
96-h period the positive differences ob-
tained after subtraction of a chosen base
temperature (e.g., 10°C) from each hourly
mean. Again, estimates of intrinsic growth
rate (h™') for a bacterial strain during an
incubation period were computed from the
exponential function as

r=1/96 - [In(y96) — In(yzer0)]

where y,., and yg¢ are the mean bacterial
population sizes near the time of inocula-
tion and after 96 h, respectively. Growth
rate estimates were related to total degree
hours experienced during each 96-h incu-
bation period with second-order polyno-
mial regression models. Because of the
difficulty of comparing polynomial models
statistically, differences in growth rate
estimates among bacterial strains were
compared visually and with a paired ¢ test
procedure (21).

Bacterial growth index. The analysis of
bacterial growth rates indicated that a de-
gree hour model with a base temperature
lower than that used commonly for predic-
tion of fire bight risk could be potentially
valuable for predicting conditions favor-
able for introduction of bacterial antago-
nists into orchard environments. To exam-
ine the utility of such a model, we
compared 4-day moving totals of degree
hours base 10°C, termed the ‘“bacterial
growth index”, to similar degree hour to-
tals at base 15.5°C, which we termed the
“disease risk index” (note: this is the same
concept and base temperature used to as-
sess disease risk in the COUGARBLIGHT
model [20], but we employed a different
method of degree hour estimation that
results in slightly different values). Tem-
perature data were from six apple- or pear-
production areas in the Pacific Northwest:
Rogue Valley near Jacksonville in south-
western Oregon, Hood River Valley near
Pine Grove in north-central Oregon, Walla
Walla Valley near Milton-Freewater in
northeastern Oregon, Yakima Valley near
Yakima in south-central Washington, Co-
lumbia Valley near Wenatchee in central
Washington, and the Okanogan Valley near
Okanogan in north-central Washington.
Records of daily maximum and minimum
temperature measured at a field station in

each production area were obtained for
periods of pear and apple bloom (late-
March to mid-May) during 1999, 2000,
and 2001 (these data are available online
from the Pacific Northwest Cooperative
Agricultural Weather Network, United
States Bureau of Land Reclamation, Boise,
ID). Daily maximum and minimum tem-
peratures were converted to degree hour
estimates with the following algorithm:

DHy,g = 1/2 * MAX(T ax — Tpases 0.0) *
({(Tmax - Tbase)/[(Tmax - today’s Tmin)/1 0]} +
{(Tmax - Tbase)/[(Tmax — tomorrow’s Tmin)/14] })

where T, and T;, are daily minimum
and maximum temperatures, Ty, is the
selected base temperature, and DH,, is
the estimated degree hours at the selected
base temperature. Prior to application to
the 1999 and 2000 data, the algorithm was
evaluated with daily and hourly tempera-
ture records for Medford and Corvallis,
OR over the period from mid-March to
early May 1998. After this evaluation,
estimated values of the bacterial growth
index were regressed on the estimated
disease risk index values. In addition, pre-
dicted values of the bacterial growth index
at key values of the disease risk index were
noted; these values approximated transi-
tions in the COUGARBLIGHT model (20)
from low to moderate and moderate to high
disease risk.

Accuracy of indices estimated from
extended temperature forecasts. Accu-
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Fig. 1. A, Logarithm (base 10) of the popula-
tion size (CFU/blossom) of Erwinia amylovora
strain 153N on detached blossoms of pear or
apple after 0, 24, 48, 96, and 144 h of incuba-
tion at constant temperatures of 6 (A), 9 (M),
12 (O), 15.5 (#), or 18°C (). Blossoms were
forced from field-grown branches, and main-
tained detached with peduncle in 10% sucrose.
The inoculum suspension (I x 107 CFU/ml)
was misted onto blossoms to near runoff. B,
Natural log of the population size of E. amylo-
vora strain 153N regressed on hours of incuba-
tion. Regressions equations are: 6°C, y = 8.12 +
0.005x (> = 0.14); 9°C, y = 7.90 + 0.019x (+*> =
0.72); 12°C, y = 8.21 + 0.039x (2 = 0.96);
15.5°C, y = 8.03 + 0.063x (> = 0.96); and
18°C, y = 8.37 + 0.082x (1> = 0.95).

racy of 3- and 4-day forecasts of degree-
hour totals were evaluated for the same six
Oregon and Washington pome fruit-
production areas listed above. Forecasts of
daily maximum and minimum tempera-
tures for each production area were ob-
tained from a commercial forecasting ser-
vice (P. Volker, Extended Range Fore-
casting, Portland, OR). To fill in for
occasional missing values, backup sets of
forecasts for each production area were
obtained by archiving data published daily
on a weather information website (The
Weather Channel Enterprises, Inc., Atlanta,
GA). As with the actual temperature data,
daily degree hour forecasts (base 10 and
15.5°C) were estimated with the algorithm
described above. Index values derived
from actual and forecasted temperatures in
each production area were plotted in
graphical arrays. For each spring season,
actual daily index values were regressed on
the corresponding 3- and 4-day forecasts of
each index.

RESULTS

Growth chamber experiment. Each
inoculated bacterial strain was established
on blossom surfaces and recovered in blos-
som washes over the time course of the
experiment. In general, measured popula-
tion sizes of the strains increased with
hours of incubation for all temperature
treatments, except for E. amylovora at 6°C.
All strains showed a similar pattern of
growth over time: initial population sizes
of 1 x 10° to 1 x 10* CFU/blossom, a rapid
increase in population size between 24 and
96 h after inoculation, and, at higher tem-
peratures (15 and 18°C), a dampening of
the growth rate between 96 and 144 h of
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Fig. 2. Estimates of intrinsic growth rates (h™!)
of Erwinia amylovora strain 153N (@), Pan-
toea agglomerans strain C9-1S (A), and Pseu-
domonas fluorescens strain AS06 (H) on de-
tached pear or apple blossoms regressed on
incubation temperature in growth chambers
held at constant temperatures of 6, 9, 12, 15.5,

or 18°C for experiments conducted in A, 2000
and B, 2001.
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incubation (data for E. amylovora is shown
as an example; Fig. 1A). At the higher
temperature treatments, E. amylovora at-
tained population sizes in the range of 1 x

35 -
\

25 4

15

Temperature (C)

5 T T T
24 48 72

Hour of incubation period
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Fig. 3. Example of the diurnal pattern of tem-
peratures measured in a screenhouse containing
pear and apple trees during one 96-h incubation
period in spring 2002. Lower curve is the ambi-
ent temperature as recorded by sensors sus-
pended from the screenhouse roof at a height of
1.5 m. Upper (boldface) curve is the tempera-
ture measured inside of 1.7 x 1.7 x 2 m poly-
ethylene film chambers within which some of
the trees inoculated with bacterial strains had
been enclosed. These chambers were heated
constantly with a 100-W light bulb. Each incu-
bation period was initiated at approximately
9:00 A.M.

10° to 1 x 107 CFU/blossom; maximum
population sizes of A506 and C9-1S did
not exceed 1 x 10® CFU/blossom. Analysis
of variance of relative area under the popu-
lation size curve resulted in a highly sig-
nificant (P < 0.0001) effect of temperature
and of strain, but a nonsignificant (P >
0.05) interaction term.

With two exceptions, regression of the
natural log of population size measured
over the first 96 h of incubation resulted in
linear models with significant (P < 0.05)
coefficients of determination (average 1> =
0.92; data for E. amylovora is shown as an
example; Fig. 1B); the two exceptions
were the 2000 and 2001 models derived for
E. amylovora at 6°C, where little increase
in population size was observed. Intrinsic
growth rates ranged from near 0.0% per
hour (E. amylovora at 6°C) to 8.2% per
hour (E. amylovora at 18°C). For all
strains, estimated intrinsic growth rates
could be described as a linear function of
incubation temperature (Fig. 2). Notably,
in both years, the regression of intrinsic
growth rate on temperature resulted in
similar slope parameters for strains A506
and C9-1, but a significantly (P = 0.009
and 0.002 for experiments conducted in
2000 and 2001, respectively) steeper
growth rate response for E. amylovora.
Compared with the pathogen, the antago-

nist strains had higher growth rates at 6
and 9°C, but, because of the steeper slope,
the growth rate of E. amylovora was simi-
lar to or surpassed the other strains at the
higher temperature treatments.

Screenhouse experiment. As expected,
temperatures in the screenhouse fluctuated
diurnally (one of the 96-h incubation peri-
ods is shown as an example; Fig. 3). Tem-
poral sequencing of experimental replica-
tions on different pear and apple cultivars
and enclosing some trees in heated plastic
chambers both were effective in increasing
the range of temperature variation ob-
served across the replicates. For example,
for trees growing under ambient condi-
tions, degree hours base 10°C (DH,y) per
96-h incubation period ranged from 99 to
487 for Aristocrat pear, 175 to 424 for
Bartlett pear, 85 to 331 for Snowdrift ap-
ple, and 239 to 716 for Golden Delicious
apple. Hourly temperatures measured in
the heated chambers were an average of
2.0°C greater than temperatures measured
under ambient conditions, which aug-
mented DH,, for enclosed trees an average
of 130 degree hour units per 96-h incuba-
tion period.

For all bacterial strains, final mean
population size (logjy-transformed CFU/
blossom) ranged from 2.4 to 7.8, and was
highly correlated to the number of degree
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Fig. 4. Upper panels: population size (log;o[CFU per blossom]) of A, Erwinia amylovora strain 153N, B, Pantoea agglomerans strain C9-18S, and C,
Pseudomonas fluorescens strain A506 on blossoms of screenhouse-grown pear or apple trees at 96 h after inoculation for experiments conducted in 2001
and 2002. Bacterial suspensions (1 x 107 CFU/ml) were misted onto to blossoms to near runoff. Variation in degree hour totals was obtained by repeating
the 96-h inoculation and incubation protocol nine times on four different pear and apple cultivars over a 5- to 6-week period. Enclosing some replicates of
trees in polyethylene film chambers and heating the chambers with a 100-W light bulb created an additional treatment. Lower panels: estimated intrinsic
growth rates (h™!) of D, E. amylovora strain 153N, E, Pantoea agglomerans strain C9-1S, and F, Pseudomonas fluorescens strain A506 on blossoms of
screenhouse-grown pear or apple trees blossom regressed on total degree hours (base 10°C) over a 96-h incubation period. Markers indicate the pear or
apple cultivar on which the bacterial growth rates were measured. Second-order polynomial regression functions (boldface lines) are shown in each panel;
for comparison, the regression function obtained for E. amylovora also is shown as a thin line in panels E and F containing data for Pantoea agglomerans

and Pseudomonas fluorescens.
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hours experienced during an incubation
period (strain-specific correlation coeffi-
cients ranged from r = 0.82 to 0.90, n = 36;
Fig. 4). Based on a paired ¢ test, blossoms
sampled from trees in enclosures supported
significantly (P < 0.001) higher final bac-
terial population sizes than those sampled
from nonenclosed trees.

Estimates of intrinsic growth rate re-
gressed on total degree hours during a 96-h
incubation period resulted in significant (P
< 0.0001) models for each of the strains.
Intrinsic growth rates for E. amylovora
were best described by a second-order
polynomial function; significance of the
second-order term was P = 0.004 (Fig.
4D). For comparative purposes, second-
order polynomial functions also were fit to
growth rate data for A506 and C9-1S (Fig.
4E and F) although, in this case, the sec-
ond-order coefficients were marginally
significant (P = 0.10 and 0.04, respec-
tively). Compared with the regression
function that described the E. amylovora
growth rate response, the functions derived
for strains A506 and C9-1S were shifted to
the right (Fig. 4E and F), indicating that,
over the range of 200 to 900 cumulative
DH,, the growth rates of the antagonists
were consistently smaller than those ob-
served for the pathogen. Paired 7 test
analyses confirmed this observation, with
the differences in measured intrinsic
growth rates of the antagonist strains sub-
tracted from those obtained for Eal53N
averaging 0.014 h™! (standard error +
0.002, P < 0.001, n = 36) for A506 and
0.022 h™! (£ 0.002; P < 0.001) for C9-18.

Growth rate—degree hour relationships
obtained in the screenhouse (where tem-
peratures fluctuated diurnally) also were
shifted to the right of relationships derived
from the constant-temperature growth
chambers. For example, in growth cham-
bers, both A506 and C9-1S showed in-
creases in population size and positive
growth rates at the incubation temperature
of 6°C (Fig. 2); however, in the screen-
house, these strains grew relatively poorly
over the range of 0 to 200 cumulative DH|,
(Fig. 4D and E). Consequently, the most
appropriate choice of temperature at which
to base a degree hour model was dependent
on the data source. For the modeling ap-
proach described below, we chose a base of
10°C because it represented a compromise
between the results of the growth chamber
and screenhouse studies, and because this
temperature and its Fahrenheit equivalent
(50°F), both being multiples of ten, repre-
sent simple threshold values for implemen-
tation and discussion of this concept.

Relationship of bacterial growth in-
dex to fire blight risk index. For degree
hours based either 10 or 15.5°C, the re-
gression of actual degree hours measured
in Medford and Corvallis, OR in 1998 on
those estimated from the algorithm using
daily maximum and minimum tempera-
tures resulted in models where the y inter-

cept could be forced through zero with a
slope coefficient near 1.0 (slope equaled
1.023 for 10°C [+ = 0.98] and 0.9994 for
15.5°C [#? = 0.96]; n = 75).

Estimates of the bacterial growth index
(4-day moving degree hour total, base
10°C) during the bloom period in six pear-
and apple-production areas in 1999, 2000,
and 2001 ranged from 62 to 1,138, which
was comparable to the range of 96-h de-
gree hour totals observed in the screen-
house experiment (85 to 941). The bacte-
rial growth index regressed on the disease
risk index resulted in a linear relationship
with a y intercept of 240 DH, (Fig. 5). At
the critical disease risk index values of 100
DH,s5 (approximate shift from low to
moderate infection risk in the COUGAR-
BLIGHT model; 20) and 200 DH,ss (ap-
proximate shift from moderate to high
infection risk in the COUGARBLIGHT
model; 20), the regression model predicted
corresponding bacterial growth index val-
ues of 444 and 647 DH,, respectively.

Accuracy of indices estimated from
extended temperature forecasts. Tempo-
ral arrays of forecasted and actual values of
the bacterial growth and disease risk indi-
ces revealed a general correspondence of
pattern (Fig. 6). Regression of actual val-
ues of the bacterial growth index and of the
disease risk index on forecasted index
values confirmed this correspondence,
resulting in significant linear models (P <
0.01) for both 3- and 4-day temperature
forecasts in each of the observed seasons
(Fig. 7). For the bacterial growth index, the
actual values regressed on 4-day forecasts
resulted in coefficients of determination
that ranged from 0.59 (2000 season) to
0.81 (2001 season); coefficients of deter-
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Fig. 5. Values of the bacterial growth index
regressed on corresponding values of a disease
risk index patterned after the COUGAR-
BLIGHT model (20) as derived from daily
maximum and minimum temperatures collected
over 5- to 6-week periods of pear and apple
bloom in six valleys within Oregon (Hood
River, Rogue, and Walla Walla) and Washing-
ton (Okanogan, Wenatchee, and Yakima) dur-
ing 1999, 2000, and 2001. The bacterial growth
index represents a 4-day moving total of degree
hours base 10°C, whereas the disease risk
index represents a 4-day moving total of degree
hours base 15.5°C. Arrows in the figure indi-
cate where the disease risk index transitions
from low to moderate (left arrow), and moder-
ate to high (right arrow) infection risk (20).

mination for the actual disease risk index
regressed on the 4-day forecast ranged
from 0.77 (2000 season) to 0.84 (2001
season). Similar results were obtained
when actual index values were regressed
on 3-day forecasts on index values, except
that coefficients of determination were
increased by approximately 10% compared
with the 4-day forecast data.

DISCUSSION

Temperature can be an important factor
regulating the growth of bacterial popula-
tions; knowledge of this fact has been em-
ployed in forecasting fire blight outbreaks
for several decades (2,13,18,20,22,28).
Temperature also has been implicated as
contributing to variability in biocontrol of
this disease. For example, when daily tem-
peratures averaged 6°C, Nuclo et al. (15)
observed poor establishment of A506 and
C9-1S on pear blossoms. Similarly, John-
son et al. (6) observed that spread of C9-1S
from colonized blossoms to previously
unoccupied blossoms within the same tree
or on neighboring trees was greatly re-

1200
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Degree hour index

5-Apr 15-Apr  25-Apr  5-May  15-May
Date

Fig. 6. Temporal arrays showing daily values
of the actual bacterial growth index (@) and of
the disease risk index patterned after the
COUGARBLIGHT model (20) (®) compared
with values of the same indices derived from 4-
day forecasts of daily maximum and minimum
temperatures (open symbols). The bacterial
growth index represents a 4-day moving total
of degree hours base 10°C, whereas the disease
risk index represents a 4-day moving total of
degree hours base 15.5°C. Data were recorded
at or forecasted for A, the Okanogan Valley,
Washington in 1999, B, the Yakima Valley,
Washington in 2000, and C, the Walla Walla
Valley, Oregon in 2001.
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Fig. 7. Regression of actual values of A, B, and C, the bacterial growth index and D, E, and F, the disease risk index pattered after the COUGARBLIGHT
model (20) on values of the respective indices derived from 4-day forecasts of daily maximum and minimum temperature collected over 5- to 6-week peri-
ods of pear and apple bloom in six valleys within Oregon (Hood River, Rogue, and Walla Walla) and Washington (Okanogan, Wenatchee, and Yakima)
during A and D, 1999, B and E, 2000, and C and F, 2001. The bacterial growth index represents a 4-day moving total of degree hours base 10°C, whereas
the disease risk index represents a 4-day moving total of degree hours base 15.5°C.

duced during periods of cold weather. In
spite of these observations, quantification
of the effect of temperature on growth rates
of bacterial epiphytes on pear and apple
blossoms has received little research effort.
The results reported in this article represent
a primary effort to measure and model
growth rates of bacteria on floral surfaces,
and to apply the results to the problem of
optimizing the use of biological control for
fire blight suppression.

The effect of temperature on growth
rates of E. amylovora, Pseudomonas fluo-
rescens, and Pantoea agglomerans were
measured in two environments: constant-
temperature growth chambers and an un-
heated screenhouse, where the tempera-
tures fluctuated diurnally. The growth
chamber experiment, performed with de-
tached pear and apple blossoms, showed
that intrinsic growth rates for the bacterial
strains could be described as linear func-
tions of incubation temperature, which is a
general requirement for use the of degree-
hour concept to model biological processes
(1). The growth chamber experiment also
indicated that the two antagonists strains,
A506 and C9-1S, had higher growth rates
than the pathogen at the coldest tempera-
tures evaluated (6 and 9°C), but that this
advantage diminished at the high-
temperature treatments (15 and 18°C). This
result was not confirmed in the screen-
house experiment; however, in this envi-
ronment, the data analyses indicated that E.
amylovora had a higher growth rate than
either of the two antagonist strains when
exposed to the same heat unit accumulation
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(Fig. 4E and F). The growth rate compari-
sons support the observations of Wilson
and Lindow (30), who found that A506
suppressed epiphytic growth of E. amylo-
vora when inoculated onto pear blossoms
24 h prior to the pathogen, but did not slow
the growth rate of the pathogen when co-
inoculated onto floral surfaces.

The screenhouse experiment produced a
broad and representative range of 96-h heat
unit accumulations, and controlled for
several factors that may have impacted the
measured population sizes of bacteria in
blossoms (e.g., rain [6], insects [4,5], and
ultraviolet radiation [26]). The screenhouse
did not, however, control for differences
among the host cultivars in the suitability
of the blossom surfaces for bacterial
growth, or for variation in humidity among
inoculation dates or among enclosed and
nonenclosed trees. With regard to hosts, we
concluded that the differences among the
pear and apple cultivars as hosts for bacte-
rial epiphytes were not a significant source
of variation in this experiment (Fig. 4D—
F); this is an observation we also have
made previously (6). Humidity may be
important (17), although we could not
discern a consistent effect of this variable
on measured bacterial growth rates. Meas-
ured relative humidity varied diurnally
(typically from 40 to near 100%) and
among incubation periods owing to
weather conditions outside the screen-
house. At times, the relative humidity
measured for enclosed and nonenclosed
trees varied by up to 10%, with the ambi-
ent humidity measurements showing

greater variability than those measured
inside the plastic enclosures. Dew forma-
tion on blossoms was not observed during
any of the 18 incubation periods.

Initially, the choice of the 96-h incuba-
tion period was dictated by the COU-
GARBLIGHT model (20), which is used
widely for assessing fire blight risk in the
Pacific Northwest. Over the course of the
experiments, we concluded that the 96-h
period was an excellent temporal unit for
this system. This unit of time allowed the
bacterial strains to colonize blossom sur-
faces under favorable temperature condi-
tions, and avoided stagnation of growth
rates, which occurred at high temperatures
when incubation periods were extended to
144 h. The 96-h incubation period allowed
us to estimate bacterial growth rates that
were comparable among strains and among
experiments.

The bacterial growth index was pat-
terned after the COUGARBLIGHT model
and was developed to identify orchard
conditions suitable for establishment and
growth of bacterial biocontrol agents.
Comparison of the bacterial growth index
to the disease risk index provided insight
as to how to optimize the timing of treat-
ments of antagonists for fire blight sup-
pression. For example, the approximate
COUGARBLIGHT threshold that shifts
disease risk from low to moderate (100
DH,ss) translates to a bacterial growth
index value of 444 DH, (Fig. 6). From the
screenhouse data (Fig. 4B and C), 444
DH,, over a 96-h period allowed an inocu-
lated antagonist to increase from near 103



Table 1. Decision matrix designed to optimize the timing of introduction of bacterial antagonists into pear and apple orchards for the purpose of fire blight

suppression

Timing of antagonist treatment relative to likelihood of effective disease suppression

Assessed variable

High likelihood

Intermediate

Low likelihood

Host bloom stage 25 to 90%
Bacterial growth index®

Disease risk index®

>400 degree-hours expected
<100 degree-hours accumulated

5 to 20% or after 95% bloom

200 to 400 degree-hours expected
100 to 200 degree-hours accumulated

Prebloom or after petal fall
<200 degree-hours expected
>200 degree-hours accumulated

4 Forecasted 4-day total of degree-hours base 10°C.

b Actual degree hours base 15.5°C. Patterned after the COUGARBLIGHT model (20) and corrected for when orchard comes into bloom.

CFU/blossom to a population size of 10° to
105 CFU/blossom; populations of this size
are in the range required to provide signifi-
cant disease suppression (4,5,9,16,24,30).

The second part of the optimization
strategy was to evaluate 4-day temperature
forecasts for their potential to provide an
accurate prediction of the bacterial growth
index and, consequently, the potential to
increase the lead time required for preemp-
tive establishment and growth of antago-
nist strains. Three seasons of spring tem-
perature forecasts were obtained for six
valleys in Oregon and Washington where
pear and apple are grown. When data for
these production areas were combined and
regressed by season, significant models
were developed relating actual values of
the bacterial growth and disease risk indi-
ces to the forecasted values. The signifi-
cance of these relationships led us to two
common conclusions regarding the use of
weather forecasts in disease management
(12,19). First, with 7> values ranging from
0.59 to 0.84 over three seasons, we con-
cluded that the 4-day forecast data con-
tained useful, predictive information. Con-
versely, with 16 to 41% unexplained
variation, temperature forecasts introduce
an additional uncertainty to decision mak-
ing, which must be weighed with other
situational factors in an orchard manage-
ment process (12).

Overall, the bacterial growth rate rela-
tionships, the development of a bacterial
growth index patterned after the COU-
GARBLIGHT model, and the temperature
forecast analysis indicate that a strategy
can be developed to optimize the use of
bacterial antagonists in fire blight man-
agement programs. This strategy is demon-
strated in a decision matrix (Table 1) that
promotes preemptive establishment of
bacterial antagonists in blossoms in three
ways: (i) treat the trees early in bloom,
prior to significant colonization of blos-
soms by the pathogen or other indigenous
bacterial epiphytes (4,10,25); (ii) use 4-day
forecasts of the bacterial growth index to
identify when orchard conditions will be
conducive to establishment and growth of
bacterial antagonist populations; and (iii)
use actual (and predicted) estimates of the
disease risk index to time antagonist treat-
ments early in the risk period. The decision
matrix also indicates intermediate timings
for treatment, recognizing that the high
likelihood indicators for all three criteria

may not occur in every situation. Although
this decision matrix requires further valida-
tion, the rules within the matrix are based
on years of observation (4-6,10,15,23-25),
experimentation (Fig. 4), and analysis
(Figs. 5-7). For example, in a previous
study (15), knowledge of the forecasted
bacterial growth index would have allowed
us to avoid poor conditions for antagonist
establishment and growth. Thus, we expect
that orchard managers who follow the
matrix guidelines to deploy the recom-
mended treatments of bacterial antagonists
(4,10) will achieve greater consistency in
fire blight suppression.
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