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ABSTRACT
McManus, P. S., and Jones, A. L. 1994. Role of wind-driven rain, aerosols, and contaminated

budwood in incidence and spatial pattern of fire blight in an apple nursery. Plant. Dis. 78:1059-
1066.

The role of wind-driven rain, rain-generated aerosols, and Erwinia amylovora contaminated
budwood in the epidemiology of fire blight in a Michigan apple (Malus X domestica) nursery
was investigated in 1992 and 1993 and in a simulated nursery planting at Michigan State University
(MSU) in 1993. A degree-day model, MARYBLYT, was used to assess whether fire blight
outbreaks were associated with storms containing wind-driven rain. Most outbreaks, especially
those occurring early in the season, were associated with previous storms. Spatial lag autocor-
relation analysis indicated that when fire blight was initially detected in the nursery each season,
significant autocorrelations among spatial lags generally were within-row or formed tight clusters.
Following storms containing wind-driven rain, autocorrelation matrices showed significant values
across rows, often at high-order, noncontiguous spatial lags. Ordinary runs analysis indicated
strong within-row aggregation of fire blight in the MSU nursery throughout the season, whereas
significant across-row aggregations were apparent only later in the season following storms
containing wind-driven rain. The possibility that E. amylovora becomes suspended in aerosols
during rain was investigated by collecting air samples using a six-stage microbial impaction
air sampler. All air samples collected during rain contained E. amylovora, whereas samples
collected during dry periods contained very few or no colony-forming units of the pathogen.
Using traditional plating techniques, E. amylovora was not detected in 115 10-bud samples
collected in 1992 from a budwood orchard. In 1993, E. amylovora was detected in 6 and
16% of washings from budsticks and leaves by plating and a polymerase chain reaction method,
respectively. We conclude that wind-driven rain was the most important factor involved in

spreading E. amylovora in the nursery.

Fire blight, caused by Erwinia amylo-
vora (Burrill) Winslow et al, is the most
destructive bacterial disease affecting
apple (Malus X domestica Borkh.), pear
(Pyrus communis L.), and rosaceous
ornamentals. E. amylovora is difficult to
control and nearly impossible to erad-
icate, because once established in its host,
low populations persist and overwinter
in symptomless tissue (5,7,24,34,38,45).
Despite intense efforts to prevent its
introduction, E. amylovora is often
present in pome tree nurseries (3,42,48).
Nursery trees are at high risk for fire
blight since regular fertilization and
irrigation promote succulent growth,
which is especially vulnerable to the
pathogen (3,8,12,27,42,48). Contami-
nated propagation wood and nursery
stock are potential means of long-distance
dispersal of E. amylovora (2,9,38,42,46).
Maintaining uncontaminated nursery
stock is crucial in preventing the intro-
duction of E. amylovora into areas where
blight is not known, and in limiting the
introduction of new genotypes of the
pathogen to areas where blight is already
established.
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Few studies have attempted to deter-
mine how E. amylovora enters nurseries
or how it is disseminated after introduc-
tion. Pear trees in a nursery in New York
succumbed to blight after E. amylovora
was apparently introduced on budwood
and disseminated by means of contami-
nated budding knives (42). Internally
infested scionwood was implicated as the
source of E. amylovora when three of
600 pear rootstock seedlings became
infected after being grafted with surface-
sterilized, symptomless buds (47).
Pruning tools have also been reported
to transmit the blight organism (42,
44.48). Bauske (3) reported that the
incidence of fire blight in pear nurseries
in Iowa was directly related to the degree
of exposure of trees to prevailing
southerly winds, and spread of blight was
reduced by the use of windbreaks. More-
over, winds of 3-6 m/sec moved water-
borne E. amylovora at least 1 m, the
distance between nursery rows (3,4).
While the pattern of blighted trees in the
nursery was affected by the weather,
comprehensive weather data were not
recorded. Thus, a correlation between
wind-driven rain and disease incidence
was not established. Also, no attempt
was made to identify the original sources
of E. amylovora.

Spatial lag autocorrelation analysis
has been used to test whether the value
of a variable at one location in a field

plot is dependent on values of the vari-
able at neighboring locations (10,11,16,
17,19,20,36). Spatial pattern analyses,
including lag autocorrelation and ordi-
nary runs, have been used to relate inci-
dence and aggregation of bacterial dis-
eases in citrus nurseries in Florida and
Argentina to biological and environ-
mental factors, including cultural prac-
tices (16,18,19,21). In the citrus nursery
studies, factors affecting spatial patterns
of disease included host susceptibility,
aggressiveness of the pathogen strain,
defoliation and regrowth of the host,
introduction of the pathogen on con-
taminated rootstock, bactericide appli-
cation, mechanical spread during routine
maintenance operations, and wind-
driven rain. Within-row aggregation of
disease was generally attributed to
cultural and mechanical factors, whereas
across-row aggregation of disease was
related to wind-driven rain.

The purpose of this study was to
identify factors involved in the introduc-
tion and spread of fire blight at an apple
nursery by analyzing spatial patterns of
disease and relating these patterns to
weather phenomena and cultural prac-
tices. In addition, entry of E. amylovora
into the nursery on contaminated bud-
wood was investigated.

MATERIALS AND METHODS

In 1992, three plots were established
at an apple nursery in Michigan. Plots
were 30 m long and consisted of 10, 11,
or 13 rows running north-south. Trees
were spaced about 25 cm apart within
rows, with 1.5 m between rows. Thus,
a plot of 10, 11, or 13 rows contained
approximately 1,200, 1,320, or 1,560
trees, respectively. Trees were fire blight
susceptible cultivars grafted to M.26
rootstock, also susceptible to fire blight.
In 1993, four plots were established in
a nursery block 1.6 km from the 1992
site. Plots were 30 m long and consisted
of 15 rows running east-west, and
spacing of trees and rows was the same
as for the 1992 plots. Each plot contained
approximately 1,800 trees. Trees were
fire blight susceptible cultivars on M.9
or Mark rootstocks, both susceptible to
fire blight. In all nursery plots, the scion
cultivar was uniform within rows but
varied among rows within a plot. The
trees were trickle-irrigated, and fertilizer
and pesticides, including copper bacteri-
cides and streptomycin, were applied as
needed to maintain vigorous growth.
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Plots were monitored for fire blight at
least once per week from June through
August of each year. On each census
date, the position of each blighted tree
was mapped within the plot and then the
tree was removed from the nursery.

A simulated nursery planting of four
plots, each consisting of five rows of 22
I-yr-old apple trees, was established at
the Botany and Plant Pathology Farm
of Michigan State University (MSU) at
East Lansing on 3 June 1992. Trees were
planted 30 cm apart within rows, with
1.5 m between rows, which ran north-
south. Trees were fire blight susceptible
cultivars on M.26 rootstock. In 1993,
trees were cut back to 5-7 cm above the
graft union, and the scion was trained
to a single shoot. The trees were trickle-
irrigated, and fertilizer and pesticides (no
bactericides) were applied as needed until
late August. A nalidixic acid resistant
mutant of E. amylovora was selected
from plates of King’s B medium (25)

supplemented with nalidixic acid at 100
ug/ml inoculated with 0.1 ml of a sus-
pension of E. amylovora containing
approximately 10° cfu/ml. Two trees in
the center of each plot were inoculated
with the nalidixic acid resistant strain on
15 June 1993 by wounding succulent
apical tissue with a dissecting needle and
smearing bacteria into the wounds. After
symptoms developed on inoculated trees,
the plots were monitored two to three
times per week for fire blight symptoms,
and the locations of diseased trees were
recorded. Bacterial ooze or water-soaked
tissue was streaked onto CCT, the
differential medium of Ishimaru and
Klos (23), supplemented with nalidixic
acid at 25 ug/ml and cycloheximide at
100 ug/ml (CCTnc) to verify that the
marked strain was present in blighted
trees.

Relation of meteorological events to
fire blight incidence. In 1992, tempera-
ture and precipitation at the nursery were
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Fig. 1. Relation of weather to the incidence of fire blight at an apple nursery in Michigan
in 1992. Arrows in each graph originate on dates when storms occurred and span the period
required to accumulate 57 degree days >12.7 C according to the MARYBLYT model (41).
Numbers above arrows in the top graph are mean hourly wind speeds (m/sec) recorded during
the storms. Blighted trees in plots N92-1, N92-2, and N92-3 are new fire blight infections detected
on each assessment date. A zero indicates that no blighted trees were detected. Disease was

not assessed on other dates.
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measured with a wet/dry bulb thermom-
eter and tipping bucket rain gauge,
respectively; and data were recorded with
an RSS 411 apple scab predictor (Reuter-
Stokes, Inc., Cleveland, OH). Wind
speed was measured with a three-cup
totalizing anemometer and was averaged
hourly with a CR10 micrologger
(Campbell Scientific, Inc., Logan, UT)
at a station 15 km from the nursery. In
1993, temperature, precipitation, wind
speed, and wind direction were moni-
tored at the nursery every minute with
a thermistor probe, tipping bucket rain
gauge, three-cup totalizing anemometer,
and wind vane, respectively, and aver-
aged hourly with a 21X micrologger
(Campbell Scientific, Inc.). Temperature
and precipitation at MSU were measured
with a thermistor probe and a tipping
bucket rain gauge, respectively; and data
were recorded with an EnviroCaster
(Neogen Corp., Lansing, MI). Wind
speed and direction data were obtained
from a National Weather Service station
located 12 km from the MSU plots. The
MARYBLYT computer program (28,
40, 41) was used to link major outbreaks
of fire blight with weather events that
occurred approximately 57 cumulative
degree days >12.7 C prior to the out-
breaks. This is the number of degree days
from inoculation required for the appear-
ance of symptoms (41). For both 1992
and 1993, predictions were initiated when
rain fell during an hour when the mean
wind speed was =6.5 m/sec. In 1993, the
fastest 1-min mean wind speed for each
day, as well as hourly mean wind speeds,
were recorded. Therefore, predictions
were also initiated when rain fell during
an hour in which a 1-min mean wind
speed was =7.7 m/sec and hourly mean
wind speed was =4.0 m/sec. Our goal
was not to compare disease incidence
among plots, but rather to evaluate dis-
ease incidence on each assessment date
and then, using MARYBLYT, determine
if major outbreaks were correlated with
previous storms containing wind-driven
rain. Thus, disease incidence was stan-
dardized by defining it as the number
of new infections in a plot expressed as
a percentage of the seasonal total number
of blighted trees in that plot.

Spatial pattern analyses. After data
were collected, nursery plots were parti-
tioned into 1.5-m’ quadrats, each con-
taining approximately six trees within
one row. The number of blighted trees
in each quadrat was determined. Disease
assessment dates were grouped according
to the observed clumping of fire blight
outbreaks. Spatial lag autocorrelation
analysis was performed using the
LCOR2 computer program (20) to assess
autocorrelation among counts of dis-
eased trees within each quadrat. Auto-
correlation matrices were generated in
which each quadrat count was compared
to counts in all proximal quadrats. Auto-
correlation matrices and their associated



two-dimensional proximity patterns
were interpreted as described previously
(11,16,17,19,20,36). Because the MSU
plots were relatively small, quadrat-
based analysis was not appropriate.
However, trees were arranged in a lattice
of rows and across-row columns, and the
status (i.e., diseased or healthy) of every
tree was known, permitting the use of
ordinary runs (30) to analyze the spatial
pattern of disease. Disease assessment
dates were grouped as described above.
In each plot, within-row runs were calcu-
lated by treating the five rows of trees
as a single continuous row by counting
runs up one row and down the next
(10,31). Similarly, across-row runs were
calculated by treating the 22 columns of
trees as a single column. A continuity
correction (0.5) was added to the ob-
served number of runs prior to calcu-
lating Z-statistics (15). A nonrandom
distribution of diseased trees was indi-
cated if the probability of the Z value
was <0.050.

Air sampling. An Andersen six-stage
microbial impaction sampler (1)
(Andersen 2000 Inc., Atlanta, GA) was
used in 1993 to sample air in an MSU
apple orchard with fire blight and, later
in the season, in the simulated nursery
plantings at MSU. Glass petri dishes
designed for use with the air sampler were
filled with 27 ml of CCT supplemented
with cycloheximide (CCTc) at 100 ug/
ml for sampling in the orchard, or CCTnc
for sampling in the plots. The sampler
was supported in a horizontal position
and placed among foliage with conspic-
uous bacterial ooze. A battery-powered
vacuum pump drew air through the
sampler for 20 min at a flow rate of 0.028
m®/min. Eleven samples were collected
during rain, and 10 samples were col-
lected during dry weather; although in
some cases, leaves were wet from dew
or previous rain. During rain, the sam-
pler was shielded from above with an
umbrella to minimize splashing near the
sampler orifice. Counts for each stage
were summed to determine total counts
per air sample and expressed as cfu per
cubic meter.

Screening of budwood for E. amylo-
vora. Budwood from various cultivars of
apple in the main budwood orchard for
the nursery was collected during late July
through August of 1992 and 1993. Al-
though the trees were symptomless at the
time of collection, fire blight infections
had been pruned from trees in this
orchard during June and July of both
years. In 1992, 10-bud samples from each
of 115 trees were ground in 5 ml of 0.01
M potassium phosphate buffer (PPB),
pH 7, enriched with 5 ml of CCT pre-
pared without agar, and shaken for 12-16
hr at room temperature. Aliquots (100
ul) and 107" and 107 dilutions of each
sample were spread onto plates of CCTc.
In 1993, 106 approximately 50-cm bud-
sticks were defoliated and cut into several

pieces. Leaves and stems were shaken in
100 ml of PPB for 1-2 hr. Samples were
filtered (Whatman No. 1) to remove
debris, concentrated by centrifugation
for 15 min at 6,000 rpm, and resuspended
in 210 ul of water. Aliquots (100 ul) and
10~" and 1072 dilutions of the suspension
were spread onto plates of CCTc. Ali-
quots (10 pl) of the concentrated sample
were subjected to the polymerase chain
reaction (PCR) to detect E. amylovora
(6). Primers were 17-mer oligonucleo-
tides from the borders of a 0.9-kb Pstl
fragment of a plasmid common to all
strains of E. amylovora (6,14), and were
synthesized at the Macromolecular
Facility Laboratory at MSU with an
automatic 380B DNA Synthesizer
(Applied Biosystems, Foster City, CA).
PCR was carried out in a total volume
of 50 ul containing (final concentrations)
25 pmol of each primer; 2 U of Tag DNA
polymerase (Gibco, BRL, Gaithersburg,
MD);0.2 mM eachdATP,dCTP,dGTP,
and dTTP (Promega Corp., Madison,
WI); 20 mM Tris-HCl, pH 8.4; 50 mM
KCI; 1.5 mM MgCl,; 10 mM 2-mercapto-
ethanol; 8 ug of bovine serum albumin;
5% dimethyl sulfoxide; and 1% Tween
20. Sterile water (10 ul) and 10 ul of
a suspension containing E. amylovora at
approximately 10* cfu/ml were run as
negative and positive controls, respec-
tively. A dilution series of E. amylovora
and a series put through the centrifuga-
tion, filtering, and resuspension steps
were run to determine the sensitivity of
the assay. Samples were overlaid with
a drop of light mineral oil, and PCR was
performed in a Coy TempCycler (Coy
Corp., Grass Lake, MI). Denaturation

was at 93 C (in first cycle for 2 min and
in subsequent cycles for 1 min), annealing
was at 52 C for 2 min, and polymerization
was at 72 C for 2 min. After 37 cycles,
the PCR products were separated on
1.09% agarose gels, stained with ethidium
bromide, and photographed on a UV
transilluminator. The presence of a 0.9-
kb DNA fragment was indicative of E.
amylovora (6).

Pathogen identification. Representa-
tive colonies characteristic of E. amylo-
vora on CCTc or CCTnc were tested with
an E. amylovora specific DNA probe
(14,33). Pathogenicity of putative strains
of E. amylovora was tested by inocu-
lating immature pear fruit.

RESULTS

Relation of meteorological events to
fire blight incidence. Disease sufficient
for analysis developed at the nursery in
three plots (N92-1, N92-2, and N92-3)
in 1992, and in one plot (N93-3) in 1993.
Since diseased trees were removed
immediately after the detection of fire
blight, data for each assessment date
represented only new infections and not
cumulative counts of blighted trees. At
MSU, disease sufficient for analysis
developed in two plots (MSU2 and
MSU3).

Most major outbreaks of fire blight
in the nursery plots were associated with
wind-driven rain; however, some out-
breaks did not appear to be storm
related. Conversely, wind-driven rain did
not always result in major outbreaks
(Figs. 1-3, Table 1). In 1992, three severe
storms occurred at the nursery during
mid-June through mid-July, and fire
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Fig. 2. Relation of weather to the incidence of fire blight at an apple nursery in Michigan
in 1993. Arrows in both graphs originate on dates when storms occurred and span the period
required to accumulate 57 degree days >12.7 C according to the MARYBLYT model (41).
Numbers above arrows in the top graph are mean hourly wind speeds followed by maximum
I-min mean wind speeds (m/sec) recorded during the storms. Blighted trees in plot N93-3
are new fire blight infections detected on each assessment date. A zero indicates that no blighted
trees were detected. Disease was not assessed on other dates.
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blight symptoms were expected on 1
July, 12 July, and 20 July (Fig. 1, Table
). On 1 July, following the storm on
17 June, the incidences of blighted trees
in plots N92-1, N92-2, and N92-3 were
22, 8, and 14%, respectively, based on
seasonal totals of 121, 197, and 155
blighted trees, respectively. On the com-
bined dates of 20 and 24 July, following
the storm on 13 July, the incidences of
new infections were 32, 73, and 57% in
the three respective plots. However, little
blight was found in any of the plots on
15 July following the storm on 4 July.

In 1993, fire blight outbreaks were
expected at the nursery following storms
on 18 June, 27 June, 30 June, and 9 July
(Fig. 2, Table 1). No disease was observed
following the 18 June storm. Blight was
first observed in plot N93-3 on 6 July,
following the storms on 27 and 30 June.
Twenty-four percent of the seasonal total
of 97 blighted trees was recorded on 19
July, following the storm on 9 July.
Although 19% of the seasonal total of
blighted trees was recorded on 29 July,
no storm could be associated with this
outbreak (Fig. 2).

At MSU, symptoms on focus trees
were detected on 19 June. Fire blight
outbreaks were expected on 29 June, 16

July, 13 August, and 29 August (Fig. 3,
Table 1). Symptoms on nonfocus trees
in plots MSU2 and MSU3 were first
noted on 30 June, following the 19 June
storm. Later in the season, outbreaks of
fire blight were not clearly associated
with storms, and storms did not neces-
sarily result in disease outbreaks. In plot
MSU2, the incidence of blighted trees,
based on a seasonal total of 51 blighted
trees, was relatively constant through
mid-July and increased during late
August, with 229 of the seasonal total
recorded on 29 August. A similar trend
was detected in plot MSU3, with 22%
of the seasonal total of 55 diseased trees
recorded on 24 August.

Spatial pattern analyses. No consistent
pattern of significantly autocorrelated
spatial lags was noted early in the season,
with two plots (N92-1 and N92-2) show-
ing strong within-row patterns, while the
other two plots (N92-3 and N93-3)
showed tightly clustered patterns (Fig. 4).
On later dates, proximity patterns
showed a few significant across-row
autocorrelations, often noncontiguous
and at high-order spatial lags. Exami-
nation of the autocorrelation matrices
corresponding to diagonal directions
revealed significant high-order autocor-

640 o/es 5.9/(:_._2_> 5011
s o 74/7.7 6.1/98 0/88 40 E
3 05
2 20 -
e
510 10 =
g L1 Ly *

0 (o]

25
_ —
ggzo—MSUZ —_— T
O =
55 15+ > > T
32
:5)210— 7
Te ey L1l LI;

X0 0 0

o |

25 ——
 T» MSU3 — :
g§15__> — 7
23
Ié’w10‘ 1
53
2 s |

o Lxoo o] 1 I |

c c S = 24 2

: s = s i 2

0 8 - 3 &

Fig. 3. Relation of weather to incidence of fire blight in simulated nursery plots at Michigan
State University in 1993. Arrows in each graph originate on dates when storms occurred and
span the period required to accumulate 57 degree days >12.7 C according to the MARYBLYT
model (41). Numbers above arrows in the top graph are mean hourly wind speeds followed
by maximum I-min mean wind speeds (m/sec) recorded during the storms. The date on which
focus trees first showed symptoms is indicated by X. Blighted trees in plots MSU2 and MSU3
are new fire blight infections detected on each assessment date. A zero indicates that no blighted
trees were detected. Disease was not assessed on other dates.
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relations by mid-July in all plots (not
shown). Significant negative autocor-
relations were not detected. For plot
N92-1, there was extensive significant
autocorrelation among spatial lags
within field rows (north-south) and no
autocorrelation across rows (east-west)
when data from early assessment dates
were combined. Throughout July,
within-row autocorrelations decreased,
and across-row autocorrelations were
detected. Later in the season, matrices
for the diagonal directions indicated
significant autocorrelations among high-
order, noncontiguous spatial lags at an
oblique (southwest-northeast) angle
across rows. For plot N92-2, extensive
within-row (north-south) autocorrela-
tions and first-order across-row (east-
west) autocorrelations among spatial
lags were detected on 1 July. On later
dates, matrices for diagonal directions
indicated significant autocorrelations
among high-order, noncontiguous spa-
tial lags at an oblique (southwest-
northeast) angle across rows. For plot
N92-3, a large, tight cluster of signifi-
cantly autocorrelated spatial lags noted
on I July disintegrated by mid-July
despite extensive disease in the plot.
However, matrices for both diagonal
directions indicated several significant
autocorrelations at high-order spatial
lags. Late-season infections resulted in
first-order autocorrelation in a diagonal
direction, second-order autocorrelation
across rows (east-west), and at the ninth
spatial lag within rows (north-south).
For plot N93-3, first-order autocorrela-
tions were initially significant within
(east-west) and across (north-south)
rows. The cluster of quadrats with signifi-
cant autocorrelations expanded during
July. However, later in the season, the
pattern of new infections resulted in sig-
nificant autocorrelations at high-order,
discontiguous spatial lags. Matrices for
the diagonal directions indicated signif-
icant autocorrelations among high-
order, discontiguous spatial lags at an
oblique (southwest-northeast) angle.

Ordinary runs analysis of data from
plots MSU2 and MSU3 showed signif-
icant within-row (north-south) aggrega-
tion throughout the season (Table 2).
There was no evidence of across-row
aggregation until late July through early
August. The Z-values calculated from
across-row runs were much less negative
than Z-values calculated from within-
row runs.

Air sampling. All 11 air samples col-
lected during rain contained E. amylo-
vora; the mean was 103 cfu/m’ with a
standard deviation of 106. Three of 10
air samples collected during dry weather
contained E. amylovora; the mean was
2.4 cfu/m’ with a standard deviation of
1.0. Eighty-two percent of aerosols con-
taining E. amylovora were deposited on
stages 1-3 and were therefore >2.1 um
in diameter, while 189 of aerosols



containing E. amylovora were deposited
on stages 4-6 and were therefore <2.1
pm in diameter. Representative colonies
were identified as E. amylovora.

Screening of budwood for E. amylo-
vora. E. amylovora was not detected in
any of 115 10-bud samples collected in
1992. In 1993, E. amylovora was detected
in 6% of 106 samples using traditional
plating and identification methods, and
in 16% of the samples using PCR. All
samples testing positive on plates also
tested positive by PCR. Bacterial popu-
lations of the plate-positive samples
ranged from 2 X 10* to 2 X 10° cfu/
ml, corresponding to 2 X 10 to 2 X 10’
cfu per PCR reaction, assuming a plating
efficiency of 100%. The lower detection
limit of the PCR assay was 1 X 10 cfu/
ml when E. amylovora was added
directly to the reaction buffer and 5 X
10® cfu/ml when bacteria were put
through the manipulations that field
samples underwent.

DISCUSSION

Wind-driven rain was the most impor-
tant factor involved in spreading E.
amylovora after the initial detection of
disease in the nursery. Severe outbreaks
of fire blight could often be traced back

to a storm containing wind-driven rain.
When blight was initially detected in the
nursery each season, significant autocor-
relations among spatial lags generally
were within-row or formed tight clusters
(Fig. 4). However, after severe weather,
autocorrelation matrices for directions
parallel with and at diagonals to the plots
often showed significant values at high-
order, noncontiguous spatial lags. For
example, proximity patterns for plots
NO92-1 and N92-2 indicated high-order,
across-row spatial lag autocorrelations
aligned not only with the east-west axis
(Fig. 4), but also with the southwest-
northeast axis following summer storms.
Such patterns are consistent with strong
southwesterly winds, which are capable
of blowing inoculum several meters and
are typical in summer storms in
Michigan.

The role of weather in the incidence
and spatial pattern of fire blight at the
nursery was more easily discerned early
in the summer when disease was first
detected and following the first major
storm of the season. By late July and
throughout August, interpretation of
data was complicated by the formation
of secondary foci. In our study, second-
ary foci did not expand because diseased

trees were continually removed by
nursery personnel. This is in contrast to
studies of Xanthomonas campestris pv.
citri in citrus nurseries, where extensive
secondary foci coalesced by later assess-
ment dates (19,21). It was suggested that
spatial lag distances between primary
and secondary foci might provide an
estimate of the distance that inoculum
is splash-disseminated (19). Secondary
foci increased the amount of bacteria-
laden ooze available to initiate new
infections and might be associated with
an increase in epiphytic E. amylovora
(13,35,43,45). As ooze became more
abundant, dispersal of the pathogen to
healthy trees probably occurred even in
the absence of severe storms. It was also
possible for disease to occur throughout
a plot with no significant autocorrela-
tions among spatial lags (Fig. 4, N92-3).
This might be expected if disease were
randomly dispersed among quadrats.
The MSU plots were established to
evaluate the development and spread of
fire blight when diseased trees were not
removed. A buildup of bacterial ooze and
epiphytic E. amylovora was probably the
reason that new infections steadily in-
creased as a percentage of the seasonal
total in the MSU plots. Within-row

Table 1. Weather data in relation to dates of predicted and observed outbreaks of fire blight in nursery trees*

Date of symptoms

Location Date of Rain Wind speed (m/sec)’
Year storm (mm)° and direction® Predicted Observed® Plot:incidence (%)’
Nursery
1992 17 June 32.5 10.8 1 July 1 July* N92-1: 22
na N92-2: 8
N92-3: 14
1992 4 July 9.7 6.5 12 July 15 July N92-1: 3
na N92-2: 1
N92-3: 1
1992 13 July 29.5 6.5 20 July 20 and N92-1: 32
na 24 July N92-2: 73
N92-3: 57
1993 18 June 9.4 4.5;8.6 25 June 28 June N93-3: 0
SW
1993 27 June 15.2 4.5;9.0 4 July 6 July" N93-3: S
SW
1993 30 June 7.1 5.0; 8.1 S July 6 July" N93-3: 5
SE
1993 9 July 0.8 5.4; 8.6 16 July 19 July N93-3: 24
Michigan State University )
1993 19 June 19.3 7.4;71.7 29 June 30 June' MSU2: 4
SW MSU3: 4
1993 9 July 5.1 6.1;9.8 16 July 19 July MSU2: 8
SW MSU3: 15
1993 3 Aug. 2.0 4.0, 8.8 13 Aug. 16 Aug. MSU2: 14
SW MSU3: IS
1993 24 Aug. 4.1 5.9;6.2 29 Aug. 29 Aug. MSU2: 22
S MSU3: 13

“In 1992 and 1993, predictions were initiated on dates when rain fell during an hour when mean wind speeds were =6.5 m/sec; in 1993,
predictions were also initiated on dates when rain fell during an hour in which a 1-min mean wind speed was =7.7 m/sec and hourly mean

wind speed was =4.0 m/sec. Predicted dates for fire blight outbreaks were ap

storm (41).
*Total rainfall on date of storm.

proximately 57 cumulative degree days >12.7 C following each

“Maximum mean hourly wind speed (m/sec) recorded during rain; fastest 1-min mean wind speed recorded during rain.
45 = south; SW = southwest; SE = southeast; na = not available.

* Disease assessment dates within 4 days following the date that symptoms were predicted.
"The number of new infections expressed as a percentage of the seasonal total number of blighted trees.
Date on which fire blight was first detected in plots N92-2 and N92-3.

"Date on which fire blight was first detected in plot N93-3.

i Date on which fire blight was first detected on nonfocus trees in plots MSU2 and MSU3.

Plant Disease/November 1994 1063



aggregation of disease was noted
throughout the season (Table 2). The
distance between trees within rows was
much less than that across rows, allowing

more frequent contact and transfer of
" inoculum among trees in the same row.
Across-row aggregation of disease was
significant only later in the season,

Lags across rows (E-W)

possibly because of a storm on 9 July.
Although total precipitation from the
storm was not great (5.1 mm), it fell in
a short period of time (approximately
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Fig. 4. Proximity patterns of significant spatial lag autocorrelations of fire blight in an apple nursery in Michigan. Black squares denote significant
positive autocorrelations (P < 0.050) at the indicated spatial lag positions. For plots N92-1, N92-2, and N92-3, lags north-south (N-S) are
within field rows; for plot N93-3, lags east-west (E-W) are within field rows. Plots N92-1, N92-2, N92-3, and N93-3 contained 11, 13, 10,

and 15 field rows, respectively.
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20 min) and was accompanied by strong
gusts of wind from the southwest.
Alternatively, across-row aggregation
may have been due to the simultaneous
spread of disease within adjacent rows.

Differences in the degree of suscepti-
bility among trees within a plot were
probably minor and had little or no
consequence in our spatial analyses. In
1992, disease pressure was high due to
abundant inoculum and favorable
environmental conditions, and cultivars
believed to be moderately resistant
became blighted. Thus, differences in
susceptibility among the highly suscep-
tible trees in the plots were likely masked.
Furthermore, when blight spread across
rows, there was no evidence that trees
in particular rows consistently escaped
the disease.

The importance of rain in the release
and dispersal of E. amylovora was
further supported by the air sampling
data. Air samples collected during rain
always contained E. amylovora, whereas
samples collected during dry periods
contained few or no cfu of the pathogen,
consistent with studies in which aerosoli-
zation of plant-associated bacteria was
enhanced by rain (26,37), but in contrast
to reports of greater aerosolization dur-
ing warm, sunny periods (29,32). Whether
a pathogen is present as a leaf epiphyte
or is embedded in a matrix of bacterial
ooze probably affects its potential to be
aerosolized under various environmental
conditions. We shielded the sampler with
an umbrella to minimize the entry of
splash droplets, which would create
artificially high colony counts on stage 1
of the sampler. However, this may have
also reduced the number of bacteria-
laden aerosol particles near the sampler
orifice, since E. amylovora-containing
aerosol particles are probably generated
when raindrops hit bacterial ooze.

Southey and Harper (39) reported that
E. amylovora remained viable up to 2
hr in aerosol particles exposed to the
open air. Aerosols containing soft rot
Erwinia spp. remained suspended for at
least 1 hr (22). Thus, wind might result
in the dispersal of viable E. amylovora
even after rain has stopped. We assumed
a cfu represented at least one bacterium.
However, since cells of E. amylovora are
approximately 0.7 X 1.0 um (48), and
most colonies arose from aerosol
particles >2.1 um in diameter, it would
be possible for a single particle to carry
more than one cell. Under favorable envi-
ronmental conditions, bacteria would
multiply rapidly if aerosols landed on
highly susceptible wind-damaged shoot
tips (12,27). We observed that infection
was frequently associated with wind-
damaged leaves. Thus, aerosols could be
an epidemiologically significant source
of E. amylovora even if the number of
cells per particle were low.

Contaminated budwood has been
implicated as a means by which E.

amylovora enters pome tree nurseries (2,9,
42,47.48). Populations of E. amylovora
are apparently very low in buds from
symptomless shoots of apple and pear,
since numerous attempts to recover the
pathogen from such tissue have yielded
few positive results (7,9,35,45). Although
not a model epiphyte (35), E. amylovora
has commonly been isolated from the
surfaces of apparently healthy shoots of
apple and pear, but only after symptoms
were observed in the orchard (35,43,45).
Although we failed to isolate E. amylo-
vora from buds alone, we detected the
pathogen in samples of budsticks and
leaves by plating and PCR. Dueck and
Morand (13) reported that in Ontario,
Canada, populations of E. amylovora on
apple leaves were highest during mid-
July through August. If conditions were
similar in Michigan, then high popula-
tions of E. amylovora would coincide
with the collecting and grafting of buds.
In the budwood orchard, bundles of bud-
sticks with leaves are wrapped in wet
cheesecloth and stored for up to 3 days
before buds are grafted onto rootstocks.
Thus, E. amylovora might have entered
the nursery externally on budwood and
invaded the rootstocks after grafting with
contaminated, rather than infected,
buds.

Several lines of circumstantial evi-
dence support the premise that budwood
was a source of E. amylovora in the
nursery. Rootstocks in plots N92-1 and
N92-2 were budded in 1991, and there
was strong within-row aggregation of
disease on the earliest dates that blight
was detected during the 1992 season. In
plot N92-1, a few rootstocks within one
row had active cankers by mid-May. At
the other nursery location, we noted that
several rootstocks that had been budded
with the same cultivar exhibited fire
blight cankers at the graft union 2-4 wk
after budding in 1992. Infected trees were
not randomly dispersed down the row
but appeared to be aggregated, indicating
that they might have been budded from
the same budstick or bundle of budsticks.
Removal of infected trees in the autumn
of 1992 eliminated potential sources of
inoculum in the spring of 1993 and may

have contributed to the lower incidence
of fire blight in 1993.

Due to the large number of buds
required by nurseries and the limitations
in detection of E. amylovora in buds,
it would be impractical to screen all
budwood prior to grafting. Furthermore,
budwood sources are finite, and it may
be impossible to maintain a mature
budwood orchard completely free of the
pathogen, especially in apple-growing
regions. Thus, the introduction of E.
amylovora on budwood into nursery
plantings may be inevitable. However,
our study has demonstrated the urgency
of preventing the overwintering of inocu-
lum in rootstocks, because once E.
amylovora is established in the nursery,
it is readily disseminated by wind-driven
rain and becomes aerosol-borne during
rain with or without wind.
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