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A B S T R A C T

Blue mold caused primarily by Penicillium expansum and to a lesser extent other Penicillium spp. is the
most destructive disease of stored apples in the US and worldwide. It was recently shown that resistance
to blue mold exists in wild apple germplasms, Malus sieversii, from Kazakhstan and in other species from
different regions maintained as a collection in Geneva, NY. We initiated studies to determine the
durability and the mechanism(s) of resistance to P. expansum in select wild apple accessions. Wound
responses (up to 96 h in 24 h intervals), affecting P. expansum infection, and related cytological changes
were determined in accessions with varying levels of resistance. In general, the more resistant the
accession, the quicker the wound response that prevented the fungus from infecting tissue and causing
decay. No decay developed on immune apple accessions, even when inoculated immediately after
wounding at the inoculum concentration of 105 conidia/mL. On a moderately resistant accession, a 24 h
interval between wounding and inoculation was sufficient to avert decay. Reactive oxygen species (ROS)
were detected at high levels immediately after wounding in the immune as well as susceptible
accessions. Callose and lignin/suberin appears to play a minor role in resistance responses. Our results
indicate the presence of a high level of durable resistance/immunity in the wild apples which is governed
by several mechanism(s). This presents a new challenge for explaining the observed resistance and at the
same time creates an opportunity for exploiting these resistant mechanisms in breeding programs to
incorporate resistance to fruit decays into commercial cultivars.

Published by Elsevier B.V.

Contents lists available at ScienceDirect

Postharvest Biology and Technology

journal home page: www.elsevier .com/ locat e/postharvbio
1. Introduction

Apple is a major crop in the United States with an annual
production of 6.3 billion pounds of fruit with a fresh market value
of $2.5 billion (USDA National Agricultural Statistics Service, 2014).
Current production is based on a limited number of cultivars which
face significant challenges with respect to control of diseases,
pests, and adaptation to environmental stresses. There is a growing
consumer demand for fruit free of pesticides (Volk et al., 2015).
Significant progress has been made in finding alternatives to
synthetic fungicides during the past three decades including
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biological control, substances generally regarded as safe (GRAS),
and various physical treatments (Janisiewicz and Korsten, 2001;
Lurie et al., 1998; Ramanazzi et al., 2012; Soliva et al., 2014; Wilson
et al., 1994). In general, these alternatives do not have as wide a
spectrum of activity and curative ability as the synthetic
fungicides; however, in combination they can provide consistent
control under a broad spectrum of conditions often rivaling the
synthetic fungicides (Cunningham, 2010; Janisiewicz and Conway,
2011). Thus, the combination of a moderate level of resistance in
the fruit to postharvest decays with biocontrol agents or other
alternatives may tilt the balance against the pathogens and result
in adequate control of decay. Resistance in apples to various field
diseases and insects has been explored in breeding programs;
however, this is not the case for postharvest diseases (Volk et al.,
2015). The apple gene pool has encountered a genetic bottleneck
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following centuries of domestication. Currently cultivated apples
have practically no resistance to fungi causing fruit decay as
breeders seldom evaluate their crosses for resistance to posthar-
vest diseases (Ahmadi-Afzadi et al., 2013; Cornille et al., 2012). In
the late 1980 to mid-1990 the USDA supported four expeditions to
Central Asia including Kazakhstan to collect wild Malus sieversii,
the progenitor of the cultivated apple Malus domestica (Forsline
et al., 2003; Volk et al., 2015). This resulted in establishing a
collection of these accessions at the Plant Genetic Research Unit in
Geneva, NY as a part of the USDA-ARS National Plant Germplasm
System. The entire collection includes many accessions from
Central Asia and other parts of the world with great variation in
many horticultural traits (Dzhangaliev, 2003; Janick, 2003; Volk
et al., 2015). The wild apples from the M. sieversii Kazakhstan
collection and from several other species obtained from Central
Asia and Europe, were evaluated for resistance to Penicillium
expansum and Colletotrichum acutatum and several immune and
resistant accessions were discovered (Janisiewicz et al., 2008;
Jurick et al., 2011). These accessions can be exploited in breeding
programs for resistance against pathogens causing fruit decays
after harvest. Most postharvest decays of apples originate from the
infection of wounds made during harvest and handling. Some
pathogens, such as Penicilliun spp., infect fruit exclusively through
wounds. Thus, resistance of the apple fruit wounds to infection
becomes of paramount importance. Knowing the mechanism(s) of
the resistance in mature apples, especially at the wound site, can
be very important in selecting accessions for breeding programs
and evaluating future crosses.

There are a variety of resistance mechanisms reported to
operate in harvested fruits (Johnson et al., 1998; Prusky, 2003).
They can be constitutive or induced and can be manipulated by
chemical, biological and/or physical treatments. The induction is
generally transient and inadequate to use alone for commercial
decay management in harvest mature fruit; however, the research
in this area provides important information about the nature of the
mechanism of resistance (Bi et al., 2007; Moscoso-Ramirez and
Palou, 2013; Prusky, 2003; Quaglia et al., 2011; Sanzani et al., 2010;
Spadoni et al., 2015; Wilson et al., 1994). In the case of cultivated
apples, as the fruit ripens, resistance of the wounds to infection by
P. expansum,Botrytis cinerea or C. acutatum declines quickly
(Ahmadi-Afzadi et al., 2013; Buron-Moles et al., 2015a; Su et al.,
2011; Vilanova et al., 2014a). This has not been the case with some
recently evaluated M. sieversii apples from the Kazakhstan
collection and several other wild apple species, where a high
level of resistance and even immunity was detected in mature fruit
(Janisiewicz et al., 2008; Jurick et al., 2011; Janisiewicz and Jurick,
unpublished).

The decline in apple resistance associated with fruit matura-
tion, often manifested by a decline in resistant wound responses,
has been explained by: (a) increasing pH that causes the
dissociation of benzoic acid to a non-toxic form in ‘Bramleys’
apples infected with Gloeosporium perennans and Diaporthe
perniciosa (Brown and Swinburne, 1973; Swinburne, 1975); (b)
declining buffering capacity to resist pH changes induced by
“alkaline” (e.g., C. acutatum) and “acidic” (e.g., P. expansum)
pathogens (Prusky et al., 2013); (c) a decline in inducible host-
defense responses, especially in oxidative burst (production of
H2O2), phenolics, and various enzymes including those from the
phenylpropanoid pathway, as well as chitinases and B-1, 3 gluca-
nases (Buron-Moles et al., 2015a,b; Schovankova and Opatova,
2011; Su et al., 2011; Torres et al., 2003). A histochemical study of
the wound responses to P. expansum and B. cinerea infection in
preclimacteric ‘Golden Delicious’ apples revealed thickening of the
cell wall and an increase in the accumulation of phenolic
substances, tannins, lignins and callose in the wounded tissue
as time after wounding increased and was coupled with a decline
in rot development (Lakshiminarayana et al., 1987). Lignin content,
implicated in apple resistance to decay, was significantly higher in
wounds of immature than mature ‘Golden Smoothee’ apples
(Vilanova et al., 2012, 2014a), and was negatively correlated with
the incidence of blue mold on ‘Golden Delicious’ apples (Valentines
et al., 2005).

In order to explain the mechanisms involved in apple resistance
to postharvest pathogens a comprehensive approach involving
temporal and spatial regulation of the transcriptome, proteome
and metabolome combined with histochemical and pathological
analysis must be undertaken (Prusky et al., 2013). Significant
strides have been made in determining the transcriptomic and
proteomic factors that may lead to an explanation of the
mechanism of resistance in cultivated apples (Buron-Moles
et al., 2015a,b; Spadoni et al., 2015; Vilanova et al., 2014b), and
in the genetic analysis of wild apples from the Kazakhstan
collection (Norelli, 2013).

The main objectives of this study were to: (a) determine the
dynamics of the resistance response in wounds of wild Malus
sieversii apples from Kazakhstan and a two other species from
England and Macedonia with various levels of resistance to P.
expansum; and (b) determine the major histochemical changes in
the wounded area during the resistance response to P. expansum.

2. Materials and methods

2.1. Fruit

Apples were harvested at the USDA-ARS orchard in Geneva, NY,
that maintains the apple germplasm collection (1), and brought to
the USDA-ARS AFRS laboratory in Kearneysville, WV. Because
conventional fruit maturity indices developed for commercial
cultivars could not be applied to wild apples (Janisiewicz et al.,
2008; Jurick et al., 2011) and frequently fruit with high starch
content would drop off the trees within period of a few days, we
decided to harvest fruit at the onset of formation of abscission layer
(fruit starting to drop off the trees). This harvest time was related to
a certain number of days after bloom. It was determined with close
accuracy after a few years of observation for all accessions, except
for PI 589391 and PI 3698553 that hung on the tree until the end of
the growing season and were harvested just before the first frost.
Apples from resistant/immune (GMAL 3684.c, GMAL 3688.h,
GMAL 4317.f, PI 589391, and PI 369855), moderately resistant
(GMAL 4304.d) and susceptible (GMAL 3623.i, and GMAL 4049.n,
GMAL 4309.b) accessions were selected for the experiment
(Janisiewicz et al., 2008; Jurick et al., 2011; Janisiewicz, unpub-
lished). Accessions GMAL 3684.c was harvested 97 days post bloom
(DPB), GMAL 4317.f at 115 DPB, GMAL 3623.i, GMAL 3688.h, GMAL
4049.n, GMAL 4304.d, and GMAL 4309.b at 130 DPB, and PI 589391,
and PI 369855 �150 DPB. The fruit were placed on fruitpack trays in
plastic boxes and wounded within 24 h. In the replication of the
experiment the fruit was stored for up to two months at 1 �C before
it was subjected to wounding.

2.2. Pathogen

P. expansum isolate MD8, one of the most aggressive isolates in
our collection, was originally isolated from a decayed apple and
maintained on PDA (Janisiewicz, 1987). Conidia were collected
from 7 to 10 day old cultures by adding 5 mL of 0.05% Tween 20 to
the top of the culture. The conidial suspension was collected,
vortexed for 30 s to disrupt conidial chains, centrifuged for 3 min at
13,793 � g, the pellet was resuspended in sterile distilled water.
The conidia concentration was adjusted to 1 �105 conidia/mL
using a hemacytometer and a 1:10 dilution was made for the
second suspension of 1 �104 conidia/mL.



Fig. 1. Progression of decay development (A), and content of ROS, lignin/suberin, and callose (B–F) in resistant/immune wild apple accession from Kazakhstan and from
England and Macedonia collections (PI accessions). For decay development, apples were inoculated with Penicillum expansum conidial suspensions at 105 conidia/mL at
different times post wounding (0, 24, 48, 72, and 96 hpw) and incubated at 24 �C for up to 7 days post inoculation. The decay data was collected from 4 to 7 days after
inoculation. No lesion has developed on any of the inoculated apples. For ROS, lignin/suberin and callose tests the wounded areas were sampled immediately after wounding
and in 24 h intervals until 96 h post wounding (hpw), stained and observed under a fluorescent microscope where Pixel Mean Intensity (PMI) was recorded for the area to a
distance of 1.86 mm from the edge of the wound into the flesh. Results from the wound inoculation and cytological tests are presented as means with � standard error of three
replications. Means from the cytological tests were separated using LSD test (P = 0.05). For clarity, means for accessions where no significant differences in lignin/suberin
occurred were not labelled.
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2.3. Fruit wounding and inoculation

Fruit were wounded using a cylindrical wounding tool (3 mm
deep � 3 mm dia.) and the tissue plugs were removed. All fruit
were wounded at the same time with one wound per fruit at the
mid-point between calyx and stem end. The wounds were
inoculated with a suspension of P. expansum conidia immediately
after wounding or 24, 48, 72 or 96 h after wounding. After
inoculation, boxes were covered with lids and incubated at 24 �C
for 7 days. The severity (lesion expansion) of blue mold decay was
determined daily beginning 4 days post inoculation (dpi) until the
end of the experiment. For each inoculation, fresh P. expansum
conidia were harvested from 7 to 10 day old cultures and the
conidial suspensions were prepared as described above. Each fruit
wound was inoculated with 25 mL of the 104 or 105 conidia/mL
suspension. There were three replications of 20 fruit for each
treatment and the experiment was repeated.



Fig. 2. Progression of decay development (A, C, E, G) and content of ROS, lignin/suberin, and callose (B, D, F, H) in moderately resistant and susceptible wild apple accession
from Kazakhstan. For decay development, apples were inoculated with Penicillum expansum conidial suspensions at 105 conidia/mL at different times post wounding (0, 24,
48, 72, and 96 hpw) and incubated at 24 �C for up to 7 days post inoculation. The decay data was collected from 4 to day 7 days after inoculation. For ROS, lignin/suberin and
callose tests the wounded areas were sampled immediately after wounding and in 24 h intervals until 96 h post wounding (hpw), stained and observed under a fluorescent
microscope where Pixel Mean Intensity (PMI) was recorded for the area at the distance of 1.86 mm from the edge of the wound into the flesh. Results from the wound
inoculation and cytological tests are presented as means with � standard error of three replications. Means from the cytological tests were separated using LSD test (P = 0.05).
For clarity, means for accessions where no significant differences in lignin/suberin occurred were not labelled.
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2.4. Cytological changes

In conjunction with the inoculation test, a second set of apples
was wounded, placed on cardboard fruit pack trays in plastic
boxes and covered with lid. The wound areas 1 cm2 with the
wound in the center and to a depth of 1 cm were cut with a scalpel
immediately after wounding and in 24 h intervals (0, 24, 48, 72,
and 96 h) until 96 h. The wound area from each apple was hand
sectioned to produce three sections for staining to detect the
production of reactive oxygen species (ROS), and for deposition of
callose, and lignin/suberin. The sections were made with a scalpel
with No. 10 blade (Feather Safety Razor Co., Osaka, Japan) across
the wound from the top to the bottom and were approximately
0.5 mm thick. There were three fruit for each of the five time
points for each accession examined.

Determination of the production of ROS was obtained by
staining for 10 min with 10 mM 2, 7-dichlorofluorescin deacetate
(H2DCF-DA) (Sigma, St. Louis, MO), dissolved in DMSO and diluted
in 50 mM MES buffer pH 6.5. Then, samples were washed two
times in 50 mM MES and mounted on slides with 100–200 mL of
fresh MES buffer for microscopic observation using the Zeiss Axio
Zoom V16 Fluorescent Microscope System with the excitation at
470 nm, beamsplitter 495 nm (38HE filter cube) and emission at
525 nm. The intensity of the fluorescence was observed and the
average intensity of the pixels was recorded for the area at a
distance of 1.86 mm from the edge of the wound into the flesh.

Callose deposition was detected using aniline blue stain which
was prepared as a 1% aqueous solution in sterile distilled deionized
water (SDDW) from aniline blue powder (Sigma), filtered
(0.22 mm) and stored in the dark. The wound sections were
stained for 1 h, washed with SDDW for 10 min, mounted on glass
slides and observed using Zeiss Axio Zoom V16 Fluorescent
Microscope System with the excitation at 550 nm, beamsplitter
570 nm (43HE filter cube) and emission at 605 nm. The intensity of
the fluorescence was observed and average intensity of the pixels
for a standard area around the wound was recorded the same as
above.

The hand sections of the fruit wound were stained with
berberine (Brundrett et al., 1988) for lignin/suberin deposition.
Berberine stain was prepared as a 0.1% w/v aqueous solution in
SDDW using berberine hemisulfate salt (Sigma, St. Louis, MO) and
filtered (0.22 mm). The staining procedure was the same as the
aniline blue staining and the observation of fluorescent intensity
was as described for ROS.

2.5. Statistical analysis

Results from the wound inoculation and cytological tests are
presented as means with � standard error of three replications.
Results from the cytological tests were also analyzed using
general linear model (GLM) of the Statistical Analysis System
version 9.4 (SAS Institute Inc., Cary, NC, USA), and the last
significant difference (LSD) test (P = 0.05) was used to separate
means from the individual tests (ROS, callose, and lignin/suberin)
for each accession.

3. Results and discussion

3.1. Wound resistance response

We realized from the onset of our investigations that the
accessions from Kazakhstan and other parts of Central Asia were
unusual regarding their phenological and physiological character-
istics (Janisiewicz et al., 2008). Harvest dates were based on the
onset of abscission layer development (fruit dropping off the tree).
Delaying harvest to the last possible moment provided assurance
that the fruit was not harvested prematurely and that observed
resistance was not related to the immaturity of the fruit. It was a
compromise which may have resulted in missing some resistance
that was lost as fruit matured on the tree. These variabilities and
numerous instances of differential resistant responses of individ-
ual accessions to P. expansum and C. acutatum inoculation (Jurick
et al., 2011) indicated a complexity of the resistance and a need to
determine its durability before further (future) studies are
undertaken to explain the basis for this resistance and its use in
breeding programs.

Wound responses to infections have been a good estimator of
resistance to postharvest decays in various harvested crops
including pome fruits (Brown, 1989; Janisiewicz, 1988; Spotts
et al., 1998; Su et al., 2011; Vilanova et al., 2014a,b). In general, the
responses are much stronger in less mature fruit resulting in little
or no decay, even after inoculation with high concentrations of
pathogens, and decline as maturity progresses (Su et al., 2011;
Torres et al., 2003; Vilanova et al., 2014a). Thus, it is important that
the fruit are tested at proper (harvest) maturity. In our study, all
immune accessions of the M. sieversii (GMAL 3684.c, GMAL 3688.h,
GMAL 4317.f), Malus � soulardii (PI 589391), and Malus sylvestris (PI
369855) did not develop any lesions after inoculation of mature
apples with either concentration, 104 or 105 conidia/mL, of P.
expansum regardless of the time of inoculation after wounding
(only results from the 105 are shown in Fig. 1A). Challenges with
these two concentrations of the pathogen allowed for good
separation of the wound resistant responses among accessions in
the germplasm collection with a wide spectrum of resistance. It
also indicates a high level of resistance in these accessions
compared to currently used commercial cultivars where inocula-
tion with a suspension of 104 conidia/mL overcame resistance,
even on less mature more “resistant” ‘Golden Delicious’ apples
(Torres et al., 2003). In addition, inoculum concentrations above
105 conidia/mL did not reduce onset of lesion development in
‘Golden Smoothee’ apples indicating a failure of the host resistance
at this concentration (Vilanova et al., 2012). Also, immature
‘Golden Smoothee’ apples needed more than 72 h healing time to
completely prevent decay development; however, on commer-
cially mature (harvest mature) apples even after this healing
period they developed small lesions (Vilanova et al., 2014a). In our
“moderately resistant” accession (GMAL 4304.d) a very strong
wound response occurred 24 h after wounding and only small
lesions developed on fruit inoculated 48 h after wounding (Fig. 2A).
Two susceptible accessions, GMAL 4049.n and GMAL 4309.b,
required 96 h healing time before inoculation with the pathogen to
develop a wound response that prevented decay development
(Fig. 2C, E). The other susceptible accession GMAL 3623.i had
somewhat similar responses; except that an additional strong
wound response occurred after 48 h (Fig. 2G). These results
indicate that the resistance in the five resistant accessions of wild
apples is durable and will likely be maintained when they
encounter similar inoculum loads under commercial conditions.

3.2. Cytological wound responses

The involvement of reactive oxygen species (ROS) in the
resistance of apple to decays has been suggested for some time
(Buron-Moles et al., 2015a,b; Castoria et al., 2003; Su et al., 2011;
Torres et al., 2003). Various roles have been ascribed to ROS in
plants including acting as a signaling molecule that activates
various genes involved in resistant reactions, mediating senes-
cence of the fruits, directly killing or inhibiting pathogens, and
creating barriers by strengthening the cell wall by an oxidative
processes involved in the formation of lignin and suberin (Tian
et al., 2013; Wu et al., 1997). Studies in harvested apples have been
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focused on ROS production in response to wounding and invasion
of pathogens because the most important pathogens causing
postharvest decays, including Penicillium spp., invade through
wounds. Factors such as stages of maturity, environmental
conditions, stress, and cultivars all had significant effects on the
production of ROS and susceptibility of the wound to infection
(Shao et al., 2010; Su et al., 2011; Torres et al., 2003; Vilanova et al.,
2014a). In some cases an increase in ROS may not correspond to an
increase in the resistance of apple wounds to infection. For
example, heat stress causes an increase in production of ROS in
‘Gala’ apples that was associated with increasing susceptibility to
Fig. 3. Fluorescent images of tissue around the wound from immune apple accessions fr
dichloro-dihydro-fluorescin deacetate for reactive oxygen species (ROS). (A, C, E, G, I) T
wounding.
decay, while no increase in ROS occurred in ‘Red Fuji’ that become
more resistant to decay under the same conditions (Shao et al.,
2010).

In our studies, the ROS production after wounding varied
among accessions regardless of their wound resistance response
(Figs. 1–4). For immune accessions, ROS declined from a very high
level of 1835, 1248, 943, 755 Pixel Mean Intensity (PMI) for GMAL
3684.c, PI 589391, GMAL 3688.h and GMAL 4317.f, respectively,
immediately after wounding to 481, 675, 359, 256 PMI, respec-
tively, during the first 24 h post wounding (hpw) (Fig. 1B, D, E, F). A
measurable but not statistically significant increase occurred
om Kazakhstan and from England and Macedonia (PI accessions) stained with 2,7-
issue stained immediately after wounding; (B, D, F, H, J) Tissue stained 96 h after
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48 hpw followed by a slight decline in all of these accessions, but in
the case of GMAL 3688.h, after further significant decline at
72 hpw, a significant increase to 718 PMI occurred at 96 hpw
(Fig. 1F). In the immune accession PI 369855 the ROS production
was consistently detected at very low level (Fig. 1C).

No increase in ROS was observed over the entire course of the
experiment in accession GMAL 4304.d which had a very strong
wound response (Fig. 2B). However, a high ROS intensity appears to
be localized only in some cells scattered throughout the fruit tissue
(Fig. 4A, B). A similar phenomenon was observed in one susceptible
accession GMAL 4049.n, although these scattered cells were at a
further distance from the wound area (Fig. 4C, D). Perhaps the most
unusual case was observed with susceptible accession GMAL 4309.
b where ROS intensity of 2420 PMI immediately after wounding
was the highest of all the accessions tested (Fig. 2F). It declined
rapidly to 222 PMI at 24 hpw and rose to 432 PMI at 96 hpw
resulting in distinctly higher ROS intensity area around the wound
(Fig. 4E, F). In the case of other susceptible accessions, GMAL 3623.
i, an intensity of ROS of 168 PMI was the lowest of all the accessions
tested and increased to 1201 PMI at 96 hpw (Fig. 2H) resulting in
Fig. 4. Fluorescent images of tissue around the wound from moderately resistant and sus
fluorescin deacetate for reactive oxygen species (ROS). (A, C, E, G) Tissue stained imme
the strongest density of ROS around the wound area of all
accessions at that time point (Fig. 4G, H).

In general, in resistant apples a slight decline in lignin/suberin
occurred during the course of the experiments, with the exception
of moderately resistant GMAL 4304.d, where a small increase was
observed at 96 hpw (Fig. 2B). In susceptible apples the amount of
lignin/suberin fluctuated slightly except GMAL 4049.n, where a
gradual increase occurred between 24 and 96 hpw (Fig. 2D). This
agrees with observations on immature, commercially mature, or
over-mature ‘Golden Smoothee’ apples (Vilanova et al., 2014a), and
observations in wound tissue of ‘d’Anjou’ pear fruit (Spotts et al.,
1998) where no accumulation of lignin was observed during first
72 h after wounding.

No drastic changes in content of callose was observed in
resistant accessions although a significant gradual decline
occurred during the 96 h course of the experiments (Fig. 1).
However, the immune GMAL 3684.c consistently had the highest
content of callose of all accessions throughout the study (Fig. 1B).
Slight variations in callose occurred in susceptible accessions but
no specific patterns emerged (Fig. 2D, F, H).
ceptible wild apple accessions from Kazakhstan stained with 2,7-dichloro-dihydro-
diately after wounding; (B, D, F, H) Tissue stained 96 h after wounding.
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Although the results from lignin/suberin and callose production
do not negate earlier observations that they may play some role in
resistance on immature fruit (Lakshiminarayana et al., 1987; Spotts
et al., 1998; Vilanova et al., 2014a), the production of ROS indicates
that resistance in the wild apples is very complex and multifaceted.
The rapid decline of the high concentration of ROS in the resistant
accessions may actually prevent oxidative damage, mitochondrial
disfunction, and prevent host cell death. This may be advantageous
in developing host (fruit) resistance response to necrotrophic
pathogens such as P. expansum. On the other hand, a very high
concentration of ROS immediately after wounding may have a
detrimental effect on P. expansum by reducing conidia germination
and “pathogenic ability” (Tian et al., 2013; Qin et al., 2007).
Necrotrophs may also induce ROS accumulation to activate
programmed cell death in the host resulting in the release of
nutrients and disease development (Govrin et al., 2006). In
addition, ROS may also have a signaling function affecting host
resistance that further complicates the explanation of this
resistance (Glazebrook, 2005; Torres, 2010).

4. Conclusions

In accessions with rapid wound responses that prevented
development of the apple decay 24 hpw, an induced mechanism of
resistance appears to be of paramount importance. However, in
accessions with a high level of resistance/immunity from the onset
of wounding, and even on fruit after 10 months in air storage
(Janisiewicz, personal observation), innate immunity may be
responsible for the lack of decay development. Ahmadi-Afzadi
et al. (2015) demonstrated that “partial resistance” to blue mold in
cold tolerant apple cultivars in Scandinavia to great extent depends
on the presence of polyphenolic compounds. A similar phenome-
non may have occur in the resistant/immune wild apples;
however, it would be expected that the concentration of these
and perhaps some novel compounds will be at much higher level.
Differences in susceptibility to infection by P. expansum and C.
acutatum in some accessions (Jurick et al., 2011) is an additional
indication that resistance in the wild apples to postharvest decays
is multifaceted and much more complex than the “partial
resistance” demonstrated in immature and mature apples of
commercially used cultivars (Ahmadi-Afzadi et al., 2015; Tahir
et al., 2015; Vilanova et al., 2014a). This presents additional
challenges in explaining the basis of these resistance mechanisms
and it also may create unique opportunities for exploring these
resistance mechanisms in breeding programs to obtain decay
resistant cultivars.

Current economic constraints necessitate reduction in the size
of the wild apple collection in Geneva, NY, and maintenance of
most accessions represented by a single seedling will have to be
discontinued. Saving selected accessions with different mecha-
nisms of resistance, that may be valuable in studying these
mechanisms and eventually can be used in breeding programs
becomes of vital importance (Volk et al., 2015). Thus, accessions
from this study will be preserved in the permanent germplasm
collection and will be available for future study.
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