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“Our preliminary results suggest 
that the genetics of a cultivar and 
its interaction with differences in 
virulence and aggressiveness levels 
of bacterial strains, plus weather, can 
impact severity of fire blight in apple 
orchards.”
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Fire blight, caused by the bacterium Erwinia amylovora, 
is a major threat to apple and pear production in New 
York State.  Cultivated apple varieties have varying levels 

of susceptibility 
to f ire blight .  
However, at any 
one time, many 
E .  amy l o v o ra 
s t r a i n s  w i t h 
v a r y i n g 
aggressiveness 
exist  in apple 
orchards, so the 
same cultivar can 
have dif ferent 

levels of fire blight infection (Norelli et al. 1984, 1986).  T he 
severity of a fire blight infection is the result of the interaction 
between resistance genes and the genetics of pathogen strains, as 
well as the phenological stage of host cultivars.  The presence of 
primary inoculum and the pathogenicity levels of those bacterial 
strains are critical factors in infection severity.  The unique 
growth characteristics of different strains of E. amylovora also 
affect the rate of internal movement in infected tissue in a given 
length of time.  As a result, orchards in one geographical area 
may experience more severe fire blight infection than in another, 
even if the same apple cultivars are present that growing season.  
Furthermore, environmental conditions, such as humidity and 
temperature, significantly influence infection severity.  However, 
if weather conditions are unfavorable for fire blight development, 
susceptible cultivars could be symptomless even though bacteria 
are present in the orchard or in the host tissue (Kellerhals et 
al. 2008).  If one pruning cut does not remove the bacteria in 
the infected tissue completely, it can move into the main stem 
and rootstock, potentially killing high-value trees, as well as 
becoming a new source of inoculum in the orchard.  In this case, 
pruning infected tissue, which is costly and labor-intensive, is 
ineffective because of the unique interaction between the strain 
and cultivar.  In high-density orchards, where fruit spurs are 
kept very close to the main stem, the threat is greater if infection 
is not completely removed.  Therefore, a better understanding 
of cultivar × strain interactions can help improve fire blight 
management by precise pruning of fire blight-infected tissue.  
Infecting apple cultivars with multiple bacteria strains can test 
the stability and effectiveness of their resistance to a large number 
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of bacterial strains, leading to the identification of novel resistance 
genes from host plants.  
 In this experiment, we characterized the response of three 
apple cultivars; i.e., Gala, Golden Delicious, and Empire, to fire 
blight infection using three E. amylovora strains: Ea273, E2002A, 
and E4001A, individually and in combination.  Characterization 
of cultivars with multiple strains of fire blight bacteria highlighted 
the importance of strain and cultivar interaction to design an 
effective strategy to improve resistance and manage losses due 
to fire blight.

Material and methods
 Historical weather data and spatial analysis.  Weather data 
was downloaded from 51 stations across NY State from NEWA 
(Network of Environment and Weather Applications) for 2014, 
2015, and 2016, from April to October.  Weather parameters 
included: average temperature (°F), maximum temperature 
(°F), minimal temperature (°F), temperature range (°F), relative 
humidity (RH), and latitude & elevation (ft) for each station.  A 
multiple Co-inertia analysis (MCOA) was performed on this data 
using the mcoa function of the ade4 library in R software (Chessel 
and Hanafi 1996; R Core Team 2014), followed by a hierarchical 
clustering (hclust function) to define groups of weather stations 
based on their similarities.
 Plant Material and Bacterial Strains.  Three scion cultivars; 
i.e., Gala, Golden Delicious, and Empire, grafted in 5 replications/
cultivar on 1/4-inch M.7 rootstocks, were used in this study.  
Grafted plants were grown in the greenhouse.  Inoculum was 
prepared for three E. amylovora strains: Ea273, E2002A, and 
E4001A, at a concentration of 10-8 in PBS,  as described in Khan 
et al. (2006).  Inoculum of two or three strains was mixed at a 
ratio of 1:1 or 1:1:1, respectively, to keep the concentration of 
each individual strain at 1/2 or 1/3, for a final total concentration 
of 1 × 108 cfu/ml for each treatment.  A 1x PBS solution without 
bacteria was used as a control for each cultivar.
 Inoculation and Data Collection.  Each cultivar was inocu-
lated with each treatment or control as described above, once the 
shoot length of most plants was above 20 cm on average (Figure 
1).  The inoculation was performed by cutting a young leaf at 
the tip of the shoot with scissors dipped in inoculum.  During 
inoculation, high humidity above 75% and temperature at 25–27 
°C was maintained for successful infection.  The total length of 
the shoot from graft union to the tip of the shoot and length of 
necrosis (cm) was measured at 15 days post-infection (DPI).  
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Percent lesion length (PLL) was calculated by dividing the necrosis length (cm) by the 
shoot length (cm).
 Assessment of cultivar × strain and interactions between E. amylovora strains.  
Fire blight data was analyzed in R software to assess interactions between cultivars and 

Figure 1.  Method for inoculation of apple trees with the fire blight pathogen in the greenhouse.  A) 
Sterile scissors are dipped into the bacterial inoculum to cut the youngest leaf of the shoot.  
The bacteria then enter through the wounded mid-vein.  B) Fire blight symptoms, such as 
tissue necrosis and shepherd’s hook wilting, occur after a few days in the greenhouse.  C) 
Bacterial ooze, an exopolysaccharide (EXP), that provides a secondary source of inoculum for 
the bacteria to disseminate.

Figure 2.  Summary of the spatial grouping of the 51 weather stations in apple orchards across New York 
State.  Groups were defined by multiple Co-inertia analysis and hierarchical clustering based 
on weather data for average temperature, maximal temperature, minimal temperature, range 
of temperature, and relative humidity (RH), and the latitude and elevation for each station.  
These data were accessed from NEWA (Network of Environment and Weather Applications) 
for 2014, 2015, and 2016 from April to October

strains at 15 DPI (R Core Team 2014).  
The effects of different strains on fire 
blight response of three cultivars were 
tested using PLL as defined above.  The 
data was fit to a linear regression model 
to determine the relationship between 
the different inoculation treatments 
and cultivars.  An ANOVA (p < 0.001) 
was performed to test whether there 
is a significant difference in PLL at 15 
DPI between inoculation treatments 
for each of the cultivars.  To test pair-
wise comparisons of the mean PLL for 
each treatment combination, the data 
was analyzed using a Tukey’s HSD test.  
Tukey’s test allowed for comparing PLL 
based on strain × strain interactions for 
each cultivar test.

Results and Discussion
 Weather Data Provides Insight 
for Fire Blight Risk and Management.  
Weather parameters divided 51 stations 
into six regions corresponding to their 
geographical location; i.e., stations from 
Long Island, Hudson Valley, Champlain 
Valley, Lake Ontario, Lake Erie, Eastern 
Finger Lakes, and Western Finger Lakes 
regions (Figure 2).  Grouping of all sta-
tions based on the same parameters 
using MCOA shows the relationship of 
individual stations with each other from 
each geographical region.  A heatmap 
(Figure 3) of this analysis indicates 
that, although stations within each 
geographical group cluster together, 
they also frequently group with another 
station from a different geographical 
region.  These weather parameters can 
be useful in predicting fire blight risk 
based on these groupings.  For example, 
data of weather stations from Roches-
ter and Sodus from the Lake Ontario 
regions show more than 50% frequency 
of grouping with most of the stations 
from the Eastern Finger Lakes stations 
(Figure 3).  We also see frequent group-
ing of weather data of the Niagara Falls 
station from the Lake Ontario group and 
stations from the Western Finger Lakes 
region (Figure 3).  These results indi-
cate that weather in some regions and 
orchards could be similar even though 
they are geographically distant.  These 
similar patterns could favor some strains 
of the fire blight pathogen and result in 
similar levels of fire blight severity in 
geographically isolated orchards in the 
presence of inoculum and a susceptible 
host.  By better characterizing strain × 



FRUIT QUARTERLY .  VOLUME 26  .  NUMBER 2  .  SUMMER 2018 17

Figure 3. Regional grouping using Multiple Co-inertia Analysis (MCOA) and hierarchical clustering 
for 51 orchards across New York State based on weather parameters, average temperature, 
maximal temperature, minimal temperature, range of temperature, and relative humidity 
(RH) for each station.  Weather data was accessed from NEWA (Network of Environment and 
Weather Applications) for 2014, 2015, and 2016 from April to October.

strain and cultivar × strain interactions in conjunction with weather data across New 
York State, we can increase the resolution of fire blight risk assessment and management 
for orchards.  For instance, if it is determined that two geographically distant regions of 
New York share similar weather conditions favorable for a specific strain of the bacteria, 
growers in those regions may adopt a common management strategy in their orchard.  
Examining historical records of fire blight outbreaks and collecting E. amylovora strains 
across these orchards to test whether they have the same strains and similar patterns of 
fire blight outbreaks will confirm some of these speculations.  
 Strain × Strain and Cultivar × Strain Interactions are Significant for Fire Blight 
Risk.  Disease severity of the host depends primarily on the interaction of its resistance 
genes and aggressiveness of the corresponding pathogen strains.  Our results show that 
the three cultivars have different levels of susceptibility to fire blight, depending on the 
bacterial strain or combination of strains (Figure 3).  The strains E2002A, Ea273, and 
E4001A, characterized in the literature as aggressive, moderately aggressive, and less ag-
gressive, respectively, are used in fire blight studies because of their varying pathogenicity 
levels.  While the data overall validate these characterizations, our data further shows 
that a strain’s pathogenicity is influenced by other strains present and the host response 
to infection.  In particular, our data show that the aggressiveness of E2002A is signifi-
cantly influenced by the other strains present and the cultivar.  When Gala, Empire, and 
Golden Delicious are infected with E2002A separately, the results are as expected, with 
Gala having the highest PLL and Empire and Golden Delicious having lower PLL (Figure 
4).  However, when E2002A is co-infected with both Ea273 and E4001A, a significant 
reduction in PLL is observed in all three cultivars (Figure 4).  This may suggest competi-
tion of host resources between these strains.  Interestingly, when E2002A is co-infected 
with either Ea273 or E4001A, respectively, in Gala and Empire, there is little difference 
in PLL.  However, when E2002A is co-infected with E4001A in Golden Delicious, PLL 
reduces dramatically.  This may be the result of non-specific minor resistance.  The 
dynamic between strains and host can be elucidated by a better understanding of the 
genetic interactions of the strains and host response.
 Depending on aggressiveness of the strain present in an orchard, a cultivar can be very 
susceptible, moderately susceptible, or resistant.  Difference in percent lesion length (PLL) 

in response to the mixture of strains 
indicates different resistance mecha-
nisms.  In our experiment, most of the 
variation in shoot blight is explained by 
interaction of fire blight bacterial strains 
and cultivars.  The three cultivars alone 
explain a small amount of the variation 
in shoot blight, likely due to similar 
mechanisms of resistance.  The three 
bacterial strains used display different 
pathogenicity levels, which could be due 
to differences in their origins (Figure 5).  
An example would be if a strain found 
in an orchard of resistant cultivars was 
transferred, whether by humans, insects, 
or abiotic conditions, to an orchard of 
susceptible cultivars.  Through muta-
tions resulting from interacting with a 
resistant host, this strain may be more 
aggressive in an orchard with hosts 
lacking a specific genetic resistance 
mechanism for this strain.  Strains alone 
explain more variation than cultivars or 
days post-inoculation.  This indicates 
that there is potential to use genetic 
resistance of cultivars and pathogenic-
ity levels of strains to improve disease 
forecasting models.  Infection with a 
mixture of strains for Empire shows that 
the presence of multiple strains facili-
tates the propagation of each, such as 
E2002A co-infecting with either E4001A 
or Ea273 (Figure 5).  Our results show 
that different apple cultivars have vary-
ing levels of genetic susceptibility to fire 
blight, and this susceptibility response 
is specific to particular E. amylovora 
strains.  In addition, aggressiveness and 
virulence of strains differ and could con-
tribute to the loss of a cultivar during an 
epidemic.
 Understanding the interaction be-
tween genetics of host resistance and 
bacterial strains can help to optimize 
application of chemicals and antibiot-
ics during high-risk periods to prevent 
epidemics.  Disease forecasting models 
like CougarBlight (Smith 1998) and 
Maryblyt (Steiner 1989) use weather 
data, degree hours, precipitation, and 
history of fire blight to identify high-risk 
periods and recommend use of chemi-
cal sprays.  The CougarBlight model has 
already been implemented in NEWA to 
identify disease risk levels and schedule 
sprays, but does not include susceptibil-
ity levels of cultivars or their interac-
tion with bacterial strains to forecast 
risk levels.  Since commercial orchards 
have different cultivars and different E. 
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amylovora strains, identification and characterization of strains 
present early in the growing season is crucial for fire blight risk 
forecasting and management. While many technologies for on-
site assays to detect plant pathogens are available, accurate and 
pre-symptom detection continues to be a challenge (Lau et al. 
2017).  Prediction efficiency and accuracy of a disease forecast-
ing model can be increased by including the disease resistance 
level of the cultivar and the virulence level and aggressiveness 
of the strain.  Including these two components in forecasting 
risk levels and severity can refine fire blight forecasting models 

Figure 4. Assessment of the statistical difference in percent lesion length 
(PLL) at 15 DPI between treatments to compare strain × strain in-
teractions when cultivars are inoculated with E. amylovora strains 
separately or in combination at a total inoculation concentration 
of 1x108 CFU/mL.  The package ‘multcompView’ was used in R 
software to group treatments with insignificant differences from 
a Tukey’s HSD (a=0.05) test.

Figure 5. Scatterplot illustrating the relationship between strain × strain 
interactions (Ea273, E2002A, and E4001A) at 15 days post infection 
(DPI) for the three cultivars (Empire, Gala and Golden Delicious).  
The size of the dots is proportional to 0, 25, 50, 75, and 100% le-
sion length (PLL) for each treatment.  Empire is illustrated in red, 
Gala in green, and Golden Delicious in blue.  This figure was made 
using the package ‘ggplot2’ in R software.

and reduce recommended use of sprays to only when absolutely 
needed, leading to 1) effective disease management, 2) reduced 
antibiotic applications, and 3) decreased risk for the emergence 
of antibiotic resistant strains.  

Conclusions
 Fire blight disease severity depends on resistance genes and 
phenological stage of the host cultivar, genetics of pathogen 
strains present in the orchard, and environmental conditions.  
Genetic resistance of apple cultivars to fire blight is generally 
specific to a single strain of E. amylovora.  Characterizing ag-
gressiveness of the fire blight strains present in apple orchards in 
New York can help deploy appropriate management options.  Our 
preliminary results suggest that the genetics of a cultivar and its 
interaction with differences in virulence and aggressiveness levels 
of bacterial strains, plus weather, can impact severity of fire blight 
in apple orchards.  This can help fine-tune fire blight management 
strategies, including existing pruning recommendations, risk as-
sessment models, and development of new models for accurate 
and precise disease prediction and antibiotic recommendations, 
avoiding unnecessary antibiotic applications.  An effective and 
sustainable management strategy for fire blight requires an in-
tegrated control strategy aimed at reducing primary inoculum 
through precision pruning, interfering with infection through the 
application of antibiotics, biological agents or chemicals, as well 
as enhancing host resistance.  Apple cultivars with improved fire 
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blight resistance, either to specific E. amylovora strains or wide 
resistance across strains, can reduce losses, increase orchard 
profitability, and limit the impact and cost of antibiotic use, for 
a positive economic effect on apple production globally.  
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