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Introduction

Actinidia spp. are, with very few exceptions, 
dioecious plants: female plants bear fruits only 
when pollenated by male plants. In nature, pol-
lination of kiwifruit plants is mainly anemophil-
ous, since flowers are not very attractive to bees 
or other pollinating insects, although bee satura-
tion pollination may be used in commercial or-
chards, by keeping large numbers of bee colonies 

nearby (Matheson, 1991). Artificial pollination of 
kiwifruit plants is an agricultural practice which 
has been extensively used by orchardists during 
the last 15 years, in order to obtain both greater 
fecundation rates of flowers and fruits of larger 
size, and, usually, approx. 30% increase in fruit 
weight (Hopping and Hacking, 1983; Gonzales et 
al., 1998). The application of pollen in kiwifruit 
orchards might follow two techniques: either pol-
len dusting with dry pollen applicators or applica-
tion of pollen in water suspensions with pumping/
spraying devices. In both cases, usually, 400–500 g 
of pollen (250 to 750 g) are applied per ha, dusting 
or spraying under the canopy. 

A few phytopathogenic bacteria might be asso-
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Summary. The role of pollen in disseminating Pseudomonas syringae pv. actinidiae (Psa ) in kiwifruit or-
chards was investigated and the survival of the pathogen as an epiphyte on leaves and fruits was followed, 
from pollination time until the pre-harvest season. Pollen with natural inoculum was obtained from an in-
fected orchard and pollen harvested without any contamination by Psa was experimentally inoculated at 
approximately the same contamination level. Two pollination techniques were used in glasshouse experi-
ments: dusting and spraying. In parallel, field trials in commercial orchards were carried out: two plots were 
designed in two orchards, where bacterial canker was present at low incidence. From petal fall to 3 weeks 
before harvesting, leaf and fruit samples were taken and analysed for the presence of Psa, using two differ-
ent PCR protocols and direct isolation. Results confirmed the dissemination of Psa through pollen, especially 
when using the aqueous suspensions. Both in glasshouse experiments and in the orchards Psa was found 
as an epiphyte for several weeks after pollination. Pathogen populations on leaves were, initially, 10 to 100 
times less than on fruitlets. As the summer continued, the epiphytic contamination levels of fruits decreased 
constantly, being no more detectable from early August, whereas Psa was present at detectable levels on 
leaves until early October, approx. 20 days before harvesting time. Our results confirmed the role of pollen in 
disseminating Psa, the long epiphytic survival of the pathogen on kiwifruit leaves and the increasing unsuit-
ability of fruits to harbour detectable, epiphytic populations of the bacterium through the summer season in 
commercial orchards with low disease incidence, when they are reaching the final development stage. Thus, 
kiwifruit surfaces do not appear to be a suitable niche for a long term survival of Psa as an epiphyte and, 
therefore, kiwifruits should not represent a pathway for Psa dissemination and pose a negligible risk for the 
introduction of the pathogen into new areas.
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ciated with pollen, with pollen a means of patho-
gen dispersal in orchards. Examples are Erwinia 
amylovora, the causal agent of fireblight of pome 
fruits (van der Zwet and Bell, 1992) and Xan-
thomonas arboricola pv. juglandis, the causal 
agent of the bacterial canker of walnut (Garcin 
et al., 2001; Giovanardi et al., 2010). In the case 
of pollen from Actinidia spp., contamination by 
Pseudomonas syringae pv. actinidiae (Psa), the 
causal agent of bacterial canker of kiwifruit, was 
repeatedly found in samples collected from com-
mercial orchards or from male plant orchards with 
visible symptoms of the disease or from fields, ap-
parently without the disease, which later in the 
season reported outbreaks (Vanneste et al., 2011). 
Thus, long distance dissemination of Psa through 
pollen lots is possible, as reported by Biosecurity 
New Zealand (2010). A pest risk analysis (PRA) 
prepared by Australian Phytosanitary Authori-
ties emphasized the high likelihood of Psa intro-
duction into Australia through pollen (Biosecurity 
Australia, 2011). Nevertheless, the role of pollen 
transmission of the pathogen in orchards, and es-
tablishment of epiphytic populations on kiwifruit 
plants have not been demonstrated.  Indeed, es-
pecially for fruits, Psa survival as an epiphyte, 
after artificial pollination, might pose some risks 
for a long distance spread of the pathogen. Thus, 
it is particularly important to study the fate of the 
pathogen as an epiphyte after artificial pollination 
on leaves and, especially, on fruits. This short pa-
per outlines a single season study (May to early 
October 2011) on the role of pollen in disseminat-
ing Psa and its survival as an epiphyte, both under 
controlled conditions (glasshouse) and in commer-
cial orchards.

Materials and methods
Plant material

Two years old A. deliciosa plants, cv. Hayward, 
were used in the glasshouse experiments. Three 
plots of three plants each were designed in a con-
tainment glasshouse (nine plants in total). Tem-
perature was set at approx. 26±3°C. Plants were 
manually watered according to their need and they 
received a fertilizer complex (N, P, K) three times 
during the experiments. Pollen samples were pro-
vided by the Plant Protection Service of the Emilia 
Romagna Region and obtained from infected and 

non-infected orchards. Several pollen samples 
were accurately analysed by both PCR and direct 
plating, as detailed below. A total of three pollen 
samples were chosen for pollination. The first one 
had a natural load of Psa at a calculated rate of 
approx. 4×106 cfu g-1; the second sample, which 
gave negative results for the pathogen with both 
the specific PCR assays (Koh and Nou, 2002; Rees-
Georg et al., 2010) and negative direct isolation, 
was used as a negative control. The third pollen 
sample was prepared as follows: from the natural-
ly contaminated pollen mentioned above, a pure 
culture of Psa was obtained by direct isolation and 
it was used to contaminate the Psa-free pollen 
sample at approximately the same inoculum rate 
of the naturally contaminated one. Thus, three 
pollen samples were used to pollinate the three ki-
wifruit plots: one with natural Psa contamination 
and one free from Psa, both used for dry pollina-
tion. The third sample, with artificial contamina-
tion, was sprayed as an aqueous pollen suspen-
sion. Additionally, two commercial kiwifruit cv. 
Hayward orchards, located in the Marzeno valley 
(eastern Emilia Romagna Region of Italy) and 
with low disease incidences, were chosen for the 
study of Psa as an epiphyte. For each orchard a 
five plant plot was designed, where no antibacte-
rial treatments had been applied throughout the 
period of the experiments. 

Pathogen isolation, identification and pollen conta-
mination

Pollen samples were analysed according Van-
neste et al. (2011). Direct isolation from PCR posi-
tive pollen samples was done on modified nutrient 
sucrose agar (NSA) (Crosse, 1959), supplemented 
with 80 ppm cephalexin and 200 ppm cyclohex-
imide. Psa-like colonies were screened by hyper-
sensitivity response (HR) on tobacco leaves, and 
HR positive colonies were identified with repeti-
tive-sequence PCR (rep-PCR) using the BOXA1R 
primer (Versalović et al., 1991; Louws et al., 1994; 
Scortichini et al., 2002; Vanneste et al., 2010). 
Three reference strains were used as controls for 
plating, simplex PCR and BOX-PCR: Pan NCPPB 
3739, Pan ISF-ACT1 and Pseudomonas syringae 
pv. syringae (Psy) strain DAFS 427, isolated from 
symptomatic A. deliciosa leaves. The Psa isolate 
from the naturally contaminated pollen was used to 
experimentally inoculate a Psa-free pollen sample.
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Pollination

Three pollen samples were used to pollinate 
the three kiwifruit plots in the glasshouse: the 
naturally contaminated pollen, the Psa-free pollen 
experimentally contaminated with approx. 4×106 
cfu g-1 and a Psa-free pollen sample; thus, each 
plot (three plants) was pollenated with a differ-
ent pollen sample. During blossoming, the natu-
rally contaminated and the Psa-free pollen were 
dusted on their plots, whereas a pollen suspension 
was prepared in an aqueous suspension of Psa 
at the concentration of approx. 4×106 cfu mL-1. 
The quantity of pollen used for each plot was 1.5 
g. Commercial orchards, where the disease was 
already present at low incidence, were not artifi-
cially pollenated.

Monitoring and sampling

The glasshouse plants were monitored every 
week throughout the experiment for checking 
possible disease outbreak and development. First 
samples were taken 48 h after pollination, each 
consisting in ten leaves and five flowers per plot. 
Second samples were taken 3 weeks after polli-
nation and all other samples were taken every 3 
weeks, until early October, for a total of eight sam-
ples for leaves and eight for fruitlets per plot. The 
commercial orchards were inspected weekly to ob-
serve possible increase in disease development in 
the selected plots. From the end of May to early 
October, samples were collected every 3 weeks 
(seven samplings in total). Two replicate samples, 
consisting in ten leaves and ten fruits each, were 
taken for each orchard at each sampling. All sam-
ples were analysed within 1 h from sampling, to 
allow maximum recovery of Psa.

Pathogen detection and identification

Leaf, flower and fruit samples were analysed 
according to the following procedure: the samples 
were put into Erlenmeyer flasks of suitable size, 
with 80–150 mL (according to leaf and fruit size) 
of sterile saline solution (0.85% NaCl), containing 
0.1% of Tween 20 and then maintained at room 
temperature on a rotary shaker at 180 rpm for 1 h. 
Washing fluids were then filtered through sterile 
gauze into large centrifuge tubes and centrifuged 
at 10,000 rpm for 20 min at 6°C. Each resulting 
pellet was then suspended with 1.5–2.0 mL of 
sterile saline to obtain a final concentrate (FC). 

Thirty ml of the FC and its 10- and 100-fold dilu-
tions were plated onto modified NSA and plates 
were incubated at 25°C and observed every 12 
h for 4 days. Psa -like colonies were considered 
those developing on agar plates after 3–4 days, 
pale-whitish in colour, dull, elevated and with 
entire margins. For each plate, five Psa putative 
colonies were chosen and purified for further iden-
tification. First discrimination was performed by 
HR on tobacco leaves, and positive isolates were 
further identified by rep-PCR using the BOXA1R 
primer (Versalović et al., 1991; Louws et al., 1994; 
Scortichini et al., 2002; Vanneste et al., 2010). The 
above mentioned reference strains Pan NCPPB 
3739 and ISF-ACT1 as well as Psy strain DAFS 
427, isolated from symptomatic leaves of A. deli-
ciosa, cv. Hayward, were used as controls. PCR 
protocols according Koh and Nou (2002) and Rees-
George et al. (2010), the latter using both primer 
pairs, were applied to the FC and its dilutions, 
after DNA extraction using the Qiagen Dneasy 
Plant Mini Kit (Qiagen GmbH, Hilden, Germany) 
and following the manufacturer’s guide. 

Results and discussion
Glasshouse experiments

Results of glasshouse experiments are sum-
marized in Table 1. Artificial pollination in the 
glasshouse was effective and plants produced 
several fruits. Plants pollenated with aqueous 
pollen suspensions developed approx. 20% more 
fruits than plants simply dusted with pollen. First 
leaf and flower samples were collected 48 h after 
pollination. Samples taken from plots pollenated 
with the contaminated pollen and analysed with 
both PCR protocols gave the specific amplicons ex-
pected, thus confirming the detection of Psa. Leaf 
and flower samples taken from the plot pollenated 
with the Psa -free pollen failed to show any of the 
predicted, specific bands, thus confirming the ab-
sence of the pathogen. Direct isolation from leaf 
and flower samples sprayed with aqueous pollen 
suspensions was successful in both cases and the 
bacteria contamination was calculated to be ap-
prox. 3×104 and 7×106 cfu mL-1 of the resulting 
concentrated washing fluids of leaves and fruits, 
respectively. Thus, first observation on survival of 
Psa showed that colonisation was more effective 
on flowers than on leaves, indicating that flow-
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ers are better niches for maintaining rather high 
Psa populations, approx. 100 times greater than 
on leaves during the first days after aqueous pol-
linations. From plants pollenated with the dust-
ing applicator, direct isolation of Psa was possible 
from flowers, but not from leaves, although both 
extracts gave positive response with both PCR 
protocols used, as described above. Thus, dry pol-
lination appears to be less suitable for the estab-
lishment of detectable epiphytic populations of the 
pathogen. 

Further sampling of leaves and fruitlets (or 
developing fruits) from plants pollenated with 
aqueous pollen suspensions always resulted in 
PCR positive detection of Psa until early August. 
From the first week of August, until early Octo-

ber (21 weeks after pollination) PCR assays from 
leaf washing fluids was always positive, whereas 
PCR assays of fruits washing fluids gave contra-
dictory results in August (sometimes negative and 
sometimes positive), being always negative in Sep-
tember and October. This might indicate that the 
epiphytic population of Psa in those fruit samples 
was quantitatively around the detection level of 
both PCR tests used during August, and that the 
pathogen eventually disappeared during Septem-
ber and early October. 

Direct isolation from leaves was possible 
throughout the whole experimental period (May–
October), although sometimes it was not possible 
to isolate Psa from a few samples. The calculated 
cfu mL-1 of concentrated leaf washing fluid was 

Table 1. Detection of epiphytic populations of Pseudomonas syringae pv. actinidiae (Psa) in glasshouse experiments 
and in commercial orchards, where the pathogen was applied in different pollen applications.

Experiments
Time of sampling after pollenationa

48 h 3 wks 6 wks 9 wks 12 wks 15 wks 18 wks 21 wks

Glasshouse
(aqueous poll.,
leaves)

PCRb +
DIb +

PCR +
DI +

PCR +
DI +

PCR +
DI +

PCR +
DI +/-

PCR +
DI +

PCR +
DI +/-

PCR +
DI +

Glasshouse
(aqueous poll., fruits)

PCR +
DI +

PCR +
DI +

PCR +
DI +

PCR +
DI -

PCR +/-
DI -

PCR +/-
DI -

PCR -
DI -

PCR -
DI -

Glasshouse
(dusting, leaves)

PCR +
DI -

PCR +
DI -

PCR +/-
DI -

PCR +/-
DI -

PCR -
DI -

PCR +
DI -

PCR -
DI -

PCR -
DI -

Glasshouse (dusting, fruits) PCR +
DI +

PCR -
DI -

PCR -
DI -

PCR -
DI -

PCR -
DI -

PCR -
DI -

PCR -
DI -

PCR -
DI -

Field plots
(leaves)

NT PCR +
DI +

PCR +
DI +

PCR +
DI +/-

PCR +
DI +/-

PCR +/-
DI -

PCR +
DI +/-

PCR +
DI +

Field plots
(fruits)

NT PCR +
DI +

PCR +
DI +

PCR +/-
DI +

PCR +/-
DI -

PCR -
DI -

PCR -
DI -

PCR -
DI -

a Times are the hours/weeks after pollination. Artificial pollination was done on May 9th, 2011; last sampling was done on October 
2nd, 2011.
b �PCR, Detection of the pathogen by PCR assays. PCR+ indicates a positive amplification (two protocols; see text). PCR +/- indicates  
some of the replicates gave no amplification with either protocol. 

c �DI, Detection of Psa by isolation. DI+ indicates that Psa -like colonies were detected on agar plates and further identified as Psa 
with HR on tobacco and BOX-PCR. DI- indicates that either no Psa -like colonies were observed on agar plates or Psa -like colonies 
selected from plates failed to be identified as Psa.

NT, Not tested.
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barely above the detection threshold for direct iso-
lation, being between 104 and 3×102. Direct iso-
lation from fruitlets was constantly positive until 
the end of July, showing a decrease of Psa popula-
tions: last detectable contamination of Psa showed 
a population of 3×102 cfu mL-1 of FC. No isolation 
was obtained in August, September and October.

Leaves and fruitlets or developing fruits from 
plants pollenated with the dusting applicator al-
ways gave contradictory results during the first 11 
weeks of sampling. This might indicate that, when 
dusting with contaminated pollen, survival of Psa 
as an epiphyte is more troublesome during the 
early development of fruits, with the populations 
detected being around the sensitivity threshold of 
the PCR assays applied. From the 12th week up 
to the end of the experiments (21st week) only one 
positive PCR sample for leaves, and no positive 
samples for fruits, were detected, thus indicat-
ing a possible disappearance of Psa as a fruit epi-
phyte. Direct isolation from dusted plants never 
detected the pathogen, with the exception of those 
samples collected 48 h after dusting pollen. The 
kiwifruit plants dusted with the Psa -free pollen 
never gave a positive response to the PCR assays 
applied, both from washing fluids from leaves or 
from fruitlets. Direct isolation always failed to de-
tect Psa -like colonies on agar plates. 

Molecular detection of Psa and its isolation 
on semi-selective medium showed that the es-
tablishment of epiphytic Psa populations in the 
glasshouse experiments was much more difficult 
on dusted plants than on plants pollenated with 
an aqueous pollen suspensions. This might be due 
to long periods of leaf/flower wetness, which sup-
ported the early stages of Psa colonisation. Leaf/
flower wetness might have supported viability of 
Psa as a plant epiphyte, by possibly solubilising 
metabolites present on the surfaces and making 
them available to the pathogen for to sustain vi-
ability and growth.

During the first 3 weeks after pollination with 
aqueous suspensions of experimentally contami-
nated pollen, five leaf spots resembling typical 
symptoms of bacterial canker commonly visible in 
infected orchards were observed on a few leaves of 
the three treated plants. All these five spots were 
individually analysed and Psa was detected by both 
PCR assays and direct isolation on agar plates. No 
other symptoms developed on those plants until 

the end of the experiments. No spots were ever ob-
served on plants dusted with naturally contami-
nated pollen and on control plants dusted with Psa 
-free pollen. The fact that, although Psa was al-
ways detected and isolated from plants pollenated 
with aqueous suspensions, but no severe disease 
development was observed might indicate that Psa 
distributed with pollen has not sufficient fitness, or 
the number of bacteria was too low, (4×106 cfu g-1) 
to start infection processes. In other experiments, 
in a parallel containment glasshouse and under 
the same climatic conditions, the spraying of 20 
1-year-old kiwifruit plants with a Psa suspensions 
of 8×107 cfu mL-1 resulted in the development of 
a severe disease (Stefani, data not published). The 
differences between the two experiments might be 
due to a behaviour already reported for P. syrin-
gae pvs. and related to quorum sensing (Monier 
and Lindow, 2003; Dulla et al., 2010). Thus, pollen 
has been confirmed as a source of contamination 
and possible dispersal of Psa, which might be able 
to survive for long periods on kiwifruit leaves. To 
date, no report has been published demonstrating 
the role of contaminated pollen in the spread of 
the disease, but researchers are already testing 
disinfection methods to produce and certify Psa 
-free) pollen lots. A high-temperature treatment 
has been indicated as a possible solution to kill the 
bacteria without affecting pollen viability. Experi-
ments are under way in New Zealand, as reported 
in local newspapers (Bay of Plenty Times, on June 
16, 2011; Rotorua Daily Post, on June 21, 2011), 
but no scientific results have yet been published.

Field experiments

Results of field experiments are summarised in 
Table 1. Seven surveys were done in the two com-
mercial kiwifruit orchards for the detection of Psa 
as an epiphyte. Results showed consistency be-
tween the two orchards: all leaf samples collected 
from the end of May until early October harboured 
detectable populations of Psa, when tested with 
both PCR assays, throughout the whole sampling 
period. The specific PCR amplicons for Psa were 
detected from all fruit samples collected until ear-
ly August; from mid August all fruit samples were 
found negative for the presence of Psa until the 
end of the surveys, with the exception of one single 
sample in one plot detected at the end of August. 
Direct isolation on modified NSA plates was suc-
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cessful in nine leaf samples out of 14 and six fruit 
samples out of 14. Direct isolation from fruit sam-
ples was always positive until the 9th week after 
the natural occurring pollination, but were always 
negative for all later samples. For those leaf and 
fruit samples from which direct isolation of Psa 
was possible, a variable contamination level of 
washing fluids between 3×104 and 8×102 cfu mL-1 
was estimated by plate counting, thus an average 
bacterial population of less than 3×103 Psa cells 
per leaf or fruit. 

The semi-selective medium proved to be very 
good for the isolation of Psa, thus allowing the 
growth of the pathogen and a few other bacteria, 
some of them similar to Psa. The discrimination 
of Psa -like colonies by HR on tobacco leaves was 
very useful, since almost all of the HR positive col-
onies were identified as Psa with rep-PCR. In only 
one case was a HR positive colony further identi-
fied by BOX-PCR as Psy, a pathovar already de-
tected and reported on kiwifruits in the same area 
where experiments were conducted (Stefani, un-
published data). Direct isolation was only possible 
from a number of samples yielding the Psa-specific 
amplicons, although from several other samples 
giving a PCR positive result no Psa isolations were 
obtained. Therefore, an enrichment step applied to 
the FC might be appropriate, in order to enhance 
sensitivity of direct isolation, as already suggested 
by Rees-Georg et al. (2010). A number of PCR pro-
tocols for Psa are available in the literature (Koh 
and Nou, 2002; Rees-George, 2010; Gallelli et al., 
2011a). In the present work, the first two were as-
sayed and they proved to be equivalent, when the 
original protocol of Koh and Nou (2002) was used 
with some modifications in order to improve its 
specificity (Stefani, unpublished data). 

The finding of detectable populations of Psa 
after artificial pollination with contaminated pol-
len confirms the epiphytic fitness of this pathovar, 
as already reported several times for P. syringae 
strains, which are frequently important compo-
nents of the epiphytic microflora of both culti-
vated and spontaneous plants (Hirano and Up-
per, 1990). Regarding Psa, not much information 
is available, although it has been reported that a 
low concentration of Psa cells is able to survive 
approx. 3 weeks on leaf surfaces before causing 
visible symptoms (Serizawa and Ichikawa, 1993). 
Our experiments showed that a few necrotic spots 

developed on some leaves in plants pollenated 
with aqueous pollen suspensions, suggesting the 
possibility that wet pollen applications might be 
involved not only in Psa dissemination, but also 
in the spread of the disease, although this needs 
further experimental confirmation, for instance on 
quorum sensing. On this point similar field experi-
ments will be conducted, in order to have consist-
ency with the true eco-pathological situation, as in 
the commercial orchards. Interestingly, the initial 
colonisation of the flowers by the pathogen was 
very effective, with a relevant number of detect-
able bacteria present in the first weeks of fruitlet 
development. Later, epiphytic populations of Psa 
on fruits decreased in approx. 2 months, being no 
longer detectable from early August until early 
October, i.e. 3 weeks before harvesting time in the 
Emilia Romagna Region. An increased fitness of 
Psa on flowers and young fruitlets, compared with 
leaf surfaces, might be due to the presence of plant 
exudates or waxes or metabolites from living fruit 
hairs: fruit hairs die during the early weeks after 
flowering, and becomes complete after about 50 
days (Dichio et al. 2004). Total hair death coin-
cides with the sharp reduction in fruit transpira-
tion (Dichio et al., 2004). Ontology and morphol-
ogy of kiwifruit hairs has been already described 
(White, 1986): hair development is initiated from 
epidermal cells, approx. 3 weeks after bud burst 
and continues to form until 107-114 days after 
bud burst, and after that period they desiccate. 
No stomata were observed on fruits (White, 1986). 
Then, fruitlets and young fruits are covered with 
living unicellular and multicellular hairs growing 
on amorphous layers of wax (Celano et al., 2009); 
5 weeks after fruit set hairs begin to collapse and 
the epidermal cells dehydrate and suberize with 
an increase of the total wax from 0.33 to 2.40 mg 
per fruit. In parallel fruit water loss declines. 
Thus, the fitness of Psa as a fruit epiphyte might 
be excellent just after fruit set (100 times great-
er populations than on leaves in our study), then 
gradually decreases when the fruit skins suberize 
and fruit water loss declines. This might explain 
why, 12 to 13 weeks after fruit set, no detectable 
Psa cells were found during our experiment. These 
data, when referred to the kiwi fruits as a possible 
pathway, might indicate a negligible risk for the 
introduction and spread of Psa into a territory just 
by transfer of fruit lots as a commodity.
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Different International and/or National Plant 
Protection Organisations have prepared or are pre-
paring both Pest Risk Analyses (PRA) and official 
detection protocols for Psa. This study suggests 
that pollen transmission should be considered as a 
possible threat because of its role in pathogen dis-
semination. In regard to fruits, our experimental 
data show that fruit lots as a commodity do not 
represent a biosecurity threat, since Psa has al-
most no chance to survive as an epiphyte on fruits 
from orchards with low disease incidence and se-
verity. In case of symptomless fruits collected in 
severely affected orchards, where several other 
fruits are symptomatic, Psa might survive some-
what longer as an epiphyte (Gallelli et al., 2011b). 
In this case further studies are needed to establish 
how long Psa is able to survive as an epiphyte af-
ter harvesting, during curing of fruits and their 
cold storage. 
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