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bstract

The objectives of this study were to examine the effect of several rates of 1-MCP from 10 to 100 nL L−1 on stem end decay caused by Botrytis
inerea and to evaluate the effects of prestorage treatment with 1-MCP, hexanal, and 1-MCP + hexanal on decay of d’Anjou pear (Pyrus communis
.) fruit in long-term cold storage. 1-MCP at 300 nL L−1 reduced bull’s-eye rot and Phacidiopycnis rot. Stem end gray mold also was reduced by
-MCP at 300 nL L−1, and reduction at rates from 10 to 100 nL L−1 was significant in one of two trials. Snow-mold rot was reduced by 1-MCP at
0 nL L−1. Hexanal alone reduced snow mold but increased blue mold caused by Penicillium expansum. The combination of 1-MCP and hexanal
ffected decay similar to 1-MCP. However, hexanal in combination with 1-MCP negated the effect of 30 nL L−1 1-MCP on firmness but did not

ounteract the effect of 300 nL L−1 1-MCP. Thus, a combination of 1-MCP and hexanal at optimized rates may reduce storage decay, control
uperficial scald, and allow normal ripening of d’Anjou pear fruit.

2006 Elsevier B.V. All rights reserved.
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. Introduction

1-Methylcyclopropene (1-MCP) is a synthetic cyclic olefin
hat inhibits ethylene by blocking access to the ethylene-
inding receptor (Sisler and Serek, 1997). 1-MCP has been
sed extensively in the apple industry since 2002 to retain fruit
rmness in cold storage and extend shelf life. It is marketed as
martFreshSM by AgroFresh, Inc. (Springhouse, PA).

Pear fruit have been used in studies on the effects of 1-MCP
n ethylene biosynthesis, fruit softening, and superficial scald
Ekman et al., 2004; Hiwasa et al., 2003a,b; Kubo et al., 2003;
rinchero et al., 2004). Only one pear study includes the effect
f 1-MCP on decay (Argenta et al., 2003). In this research, decay
f d’Anjou pear fruit was reduced after 8 months storage at 1 ◦C
y preclimacteric treatment with 100 and 1000 nL L−1 1-MCP

ut not by 10 nL L−1. The pathogens causing decay in this study
ere not identified.

∗ Corresponding author. Tel.: +1 541 386 2030x15; fax: +1 541 386 1905.
E-mail address: robert.spotts@oregonstate.edu (R.A. Spotts).
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When apple fruit were inoculated with Penicllium expansum
r Colletotrichum acutatum then treated with 400–500 nL L−1

-MCP and placed in controlled atmosphere storage at 0.5 ◦C
or up to 4 months, followed by an additional 2 weeks at ambient
emperature, blue mold and bitter rot increased (Janisiewicz et
l., 2003). However, decay caused by P. expansum, C. acuta-
um, and Botrytis cinerea in apple fruit treated prestorage with
000 nL L−1 1-MCP decreased when fruit were inoculated after
months of storage at 0 ◦C (Saftner et al., 2003). Poststorage

-MCP treatment had no effect on decay severity.
Several studies have been done on the effects of 1-MCP

n decay of nonclimacteric fruit. On strawberry, 1-MCP at
–15 nL L−1 doubled postharvest life at 5 ◦C but reduced stor-
ge life at concentrations of 50–500 nL L−1. Deterioration was
rimarily related to decay, but pathogens were not specified
Ku et al., 1999). 1-MCP at 150 and 250 nL L−1 slowed dis-
ase (mainly Rhizopus rot) of strawberry but increased rot at
00 and 1000 nL L−1 (Jiang et al., 2001). In another study with

trawberry, the rate of rot (pathogen not identified) development
ncreased after exposure to 10, 100 and 1000 nL L−1 of 1-MCP
Bower et al., 2003). Both stem-end rot and mold rot (pathogens
ot identified) of oranges increased after exposure to 100 nL L−1

mailto:robert.spotts@oregonstate.edu
dx.doi.org/10.1016/j.postharvbio.2006.12.003
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f 1-MCP (Porat et al., 1999). 1-MCP fumigation of grapefruit
nfected with Penicillium digitatum did not induce any change
n disease susceptibility of the fruit (Mullins et al., 2000).

Hexanal is a naturally occurring volatile C-6 aldehyde formed
ia the lipoxygenase pathway in plants and is a precursor to
he formation of alcohols and esters that operate in produc-
ion of aroma (Hildebrand, 1989). The pathway operates when
he plant is wounded and could be important for its defense
gainst natural enemies such as decay-causing fungi. The related
olatile, (E)-2-hexenal, was first used in postharvest studies
or control of B. cinerea (Archbold et al., 1999; Fallik et al.,
998; Hamilton-Kemp et al., 1992). However, hexanal was
lso shown to suppress mold development in early studies con-
ucted on apple slices (Song et al., 1996). Recently Fan et al.
2006) showed that hexanal vapor applied continuously over
8 h reduced decay in apple fruit inoculated with conidia of P.
xpansum. Previously, Sholberg and Randall (2005) had shown
hat hexanal applied in a manner similar to 1-MCP could also
educe decay in stored apples and pears.

In a preliminary trial with 300 nL L−1 1-MCP, stem end gray
old of d’Anjou pear fruit was significantly reduced from 5.4%

n the control to 0.8% (R. Spotts, unpublished). Later, we showed
hat d’Anjou fruit treated with 50 and 300 nL L−1 1-MCP did
ot develop superficial scald but also failed to ripen normally.
ruit treated with 10 and 20 nL L−1 1-MCP developed unac-
eptable scald but ripened normally (Chen and Spotts, 2005).
o in-depth studies have been done to examine the effects
f the combination of 1-MCP and hexanal on decay of pear
ruit.

The objectives of this study were to (1) examine the effect of
everal rates of 1-MCP from 10 to 100 nL L−1 on stem end decay
aused by B. cinerea and (2) evaluate the effects of prestorage
reatment with 1-MCP, hexanal, and 1-MCP + hexanal on decay
f d’Anjou pear fruit in long-term cold storage.

. Materials and methods

.1. Effect of low rates of 1-MCP on stem end gray mold

d’Anjou pear fruit were surface sterilized with 100 mg of
odium hypochlorite per L and rinsed with tap water. Fruit were
tem end inoculated with 2.0 × 106 spores L−1 of B. cinerea iso-
ate 62 by dipping the stem ends into the inoculum to a depth of
bout 3 mm. Four replicate boxes containing 19 kg each were
reated with 0, 10, 30, 50, 70, and 100 nL L−1 1-MCP. The
ource of 1-MCP was SmartfreshTM that was formulated as a
.14% a.i. powder that liberates 1-MCP when added to 40 ◦C
ater. Fruit were treated inside a sealed cold storage room or

ealed plexiglass chambers inside a controlled temperature stor-
ge room. Treatment was at 15 ◦C for 24 h. The atmosphere
nside the room was circulated constantly with a fan. The abil-
ty of SmartfreshTM to release the stated amount of 1-MCP
as confirmed for higher concentrations by flame ionization

as chromatography as described previously (Chen and Spotts,
005). However, concentrations below 100 nL L−1 could not
e verified accurately by this method, and the release rate was
ssumed to be linear at lower as well as higher concentrations.
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reated fruit were stored in wooden boxes with perforated poly-
iners at −1 ◦C and evaluated after 3 and 6 months for stem end
ray mold. The experiment was repeated with three replicate
oxes of fruit per 1-MCP concentration, B. cinerea concentra-
ion of 4.0 × 106 spores L−1, and fruit evaluated after 3, 6, and

months of storage. Disease incidence data were transformed
o square root values and analyzed with linear regression analy-
is using Minitab release 12.1 (Minitab software, Minitab, Inc.,
tate College, PA).

.2. Semicommercial trials at Hood River, OR, USA and
ummerland, BC, Canada

At Hood River, d’Anjou pears were harvested on 7–9 Septem-
er 2004 and treated the same day, one trial per day. Conidia
f B. cinerea isolate 62 were harvested from a 14-day-old
ulture growing on potato dextrose agar acidified with lac-
ic acid, 1.5 mL L−1. Eight milliliters of spore suspension at
× 107 CFU L−1 were sprayed on the fruit in each replicate
ox using an airbrush (Paache Airbrush Company, Harwood
eights, IL). Fruit were sealed in 0.35 m3 plexiglass chambers at
5 ◦C and treated with (1) 944 �l L−1 of hexanal, (2) 300 nL L−1

f 1-MCP, and (3) a combination of hexanal and 1-MCP. 1-MCP
as generated from Smartfresh powder as described above.
ontrol fruit were inoculated and placed in a plastic cham-
er but received no 1-MCP or hexanal. After 18 h, fruit were
laced in wooden boxes and stored at −1 ◦C. Each treatment
onsisted of 3 replications of 19 kg of fruit. A fourth box per
reatment of noninoculated fruit was included for measurement
f flesh firmness. Flesh firmness was measured using a fruit tex-
ure analyzer (Model GS-14, Guss Manufacturing Ltd., Strand,
outh Africa). Ten fruit per box were tested with an 8-mm
lunger that penetrated 9 mm in 0.9 s. Two measurements were
btained per fruit from opposite sides at the equator, where
0 mm-diameter peel discs had been removed. Visual decay
nd firmness were evaluated immediately after treatment (firm-
ess only) and after 4, 6, and 8 months of storage. After each
valuation, decayed fruit were removed to prevent secondary
pread.

At the Pacific Agri-food Research Centre (PARC), Summer-
and, BC, d’Anjou pears were harvested on 21–23 September
004 and treated the same day. Fruit were inoculated and treated
imilarly to Hood River with a few differences. Fruit were inoc-
lated with B. cinerea isolate B-27and treated in a 1 m3 chamber
s previously described (Sholberg et al., 1996). The 1-MCP con-
entration was 30 nL L−1. After treatment, fruit were placed into
olylined cardboard boxes with a top pad and lid, and stored at
◦C. Each treatment consisted of five replications of 18 kg of

ruit. One additional box per replicate was used for analysis of
ruit firmness. Flesh firmness was determined with a pressure
ester (Lake City Technical Products, Model Ept-1, Kelowna,
C, Canada) equipped with a 7.9 mm tip. Fruit firmness was
easured immediately after treatment and after 2, 4, 6, and 8

onths of storage. Decay was evaluated visually only once after
months of storage.
At both locations, each experiment was done three times.

ecay and firmness data were transformed to square root values.
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Fig. 1. Linear regression of percent of d’Anjou pear fruit infected with gray
mold starting at the stem end (disease incidence) on 1-MCP concentra-
tion. Regression equation for trial 1 (filled circles): square root percent gray
mold = 2.55 − 0.00045MCP rate; regression equation for trial 2 (open circles):
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Table 2
Effect of 1-MCP and hexanal on decay of PARC d’Anjou pear fruit

Treatmenta Percent decayb,c

Gray mold Blue mold Snow-mold rot

1-MCP + hexanal 60.4 a 3.8 b 17.5 ab
1-MCP 62.4 a 0.2 a 25.1 b
Hexanal 60.2 a 4.3 b 9.1 a
Control 52.2 a 0.4 a 42.8 c

a 1-MCP at 30 �L L−1; hexanal at 944 �L L−1.
b Each value is the mean of five replicates per experiment from three combined

experiments. Values followed by the same letter within columns are not different
at P = 0.05 according protected LSD.
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quare root percent gray mold = 1.88 − 0.012MCP rate. Equation significant at
= 0.008.

ata were analyzed with two-way ANOVA with treatment and
xperiment as main factors and presented as the combination of
he three experiments.

. Results

.1. Effect of low rates of 1-MCP on stem end gray mold

In the first trial, 1-MCP at the highest rate of 100 nL L−1

educed stem end gray mold by 9.7%, but the regression of decay
n 1-MCP rate was not significant (Fig. 1). In the second trial,
00 nL L−1 of 1-MCP reduced stem end gray mold by 78.6%. In
ddition, the regression of decay on 1-MCP concentration was
ignificant (P = 0.008) (Fig. 1).

.2. Semicommercial trials at Hood River and Summerland
In Hood River, control fruit developed 33.4% total decay.
ver half of the decay was naturally occurring bull’s-eye

ot caused by Neofabraea spp. (Table 1). Hexanal alone
ad no effect on incidence of bull’s-eye rot, but 1-MCP

c
m
r
H

able 1
ffect of 1-MCP and hexanal on decay of Hood River d’Anjou pear fruit

reatmenta Percent decayb,c

Stem gray mold Puncture gray mold Calyx gray mo

-MCP + hexanal 1.4 a 6.4 a 0.7 a
-MCP 1.3 a 4.4 a 0.9 a
exanal 5.1 b 5.4 a 0.5 a
ontrol 6.1 b 2.8 a 0.2 a

a 1-MCP at 300 �L L−1; hexanal at 944 �L L−1.
b Each value is the mean of three replicates per experiment from three combined ex
t P = 0.05 according protected LSD.
c Decay evaluated after 4, 6, and 8 months cold storage at −1 ◦C. Decay from all e
c Decay evaluated after 8 months cold storage at 1 ◦C. Decay from all evalu-
tions combined.

nd 1-MCP + hexanal significantly (P = 0.003) reduced disease
ncidence. Naturally occurring Phacidiopycnis rot caused by
hacidiopycnis piri also was reduced by the 1-MCP and 1-
CP + hexanal treatments (P = 0.013) but not by hexanal alone

Table 1). None of the treatments affected the incidence of calyx
nd or puncture gray mold, but stem end gray mold was reduced
P = 0.001) by 1-MCP and 1-MCP + hexanal (Table 1). There
as no difference between the 1-MCP and 1-MCP + hexanal

reatments for any decay.
At PARC, decay was severe and over 95% of con-

rol fruit were infected. Because infected fruit were not
emoved periodically as in Hood River, gray mold was
uite advanced, and the type of infection (stem end, calyx
nd, or puncture) could not be determined. None of the
reatments affected total gray mold (Table 2). Naturally occur-
ing snow-mold rot caused by an unidentified basidiomycete
nfected over 42% of control fruit and was significantly
P = 0.001) reduced by all hexanal and 1-MCP treatments
Table 2). Naturally occurring blue mold caused by P.
xpansum increased significantly (P = 0.001) in both treat-
ents containing hexanal while 1-MCP alone had no effect

Table 2).
Fruit treated with 1-MCP were significantly more firm than
ontrol fruit after 8 months storage at Hood River and Sum-
erland (Table 3). Firmness was determined immediately after

emoval from storage, and fruit were not ripened in this study.
exanal alone did not affect firmness. Addition of hexanal to

ld Blue mold Bull’s-eye rot Phacidiopycnis rot Total decay

2.3 a 4.4 a 0.2 a 15.8 a
1.1 a 8.0 ab 0.7 ab 17.6 a
0.4 a 14.6 bc 2.1 bc 28.5 b
0.8 a 18.9 c 2.2 c 33.4 b

periments. Values followed by the same letter within columns are not different

valuations combined.
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Table 3
Effect of 1-MCP and hexanal on flesh firmness of d’Anjou pear fruit after 8
months cold storage

Treatment Flesh firmness (N)a

Hood River Summerland

1-MCP + hexanal 44 b 39 a
1-MCP 45 b 51 b
Hexanal 33 a 36 a
Control 34 a 35 a
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Flesh firmness in Newtons. Means followed by the same letter within
olumns are not significantly different at P = 0.10 (Hood River) or 0.05 (Sum-
erland) according to protected LSD.

-MCP negated the 1-MCP effect at Summerland but not Hood
iver (Table 3).

. Discussion

1-MCP at 300 nL L−1 reduced stem end gray mold, bull’s-
ye rot, and Phacidiopycnis rot. Stem end gray mold also was
educed by 1-MCP at 100 nL L−1 and reduction at rates from 10
o 100 nL L−1 was significant in one of two trials. Snow-mold
ot was reduced by 30 nL L−1. Snow-mold rot (Snowdon, 1990)
lso known as Coprinus rot is an important disease of d’Anjou
ears in the Pacific Northwest (Spotts et al., 1981) and British
olumbia (Gaudet and Sholberg, 1990). Previously, only one

tudy of the effects of 1-MCP on pear included data on decay
nd reported a reduction of decay (pathogens not specified) with
00 and 1000 nL L−1 but not 10 nL L−1 (Argenta et al., 2003).

The 300 nL L−1 1-MCP rate used in Hood River was the
owest rate recommended by the manufacturer at the time of
he study. A 300 nL L−1 of 1-MCP reduced gray mold stem end
ecay in preliminary trials and controlled superficial scald, but
ruit did not ripen properly (Chen and Spotts, 2005). Decay was
valuated three times during the storage period at Hood River to
revent secondary spread and give a clear, detailed picture of the
ffects of 1-MCP on decay. In Summerland, 30 nL L−1 1-MCP
as used for potential ease of ripening (Chen and Spotts, 2005).
ruit were evaluated only once after 8 months of storage to more
losely simulate commercial conditions. Decay was severe but
-MCP reduced snow-mold rot. The commercial implication of
hese results is that 1-MCP should be considered as a component
n an integrated decay control strategy but should not be relied
n to give adequate decay control alone.

Hiwasa et al. (2003) showed that 1-MCP treatment at the
re-ripe stage of pear fruit markedly retards the initiation of
he ripening-related events. They reported that the mRNA accu-
ulation of pear polygalacturonase (PG) genes, PC-PG1 and
C-PG2, was in parallel with the pattern of fruit softening in
-MCP treatments, and the expression profiles of PG genes par-
lleled the apparent suppression of softening in 1-MCP-treated
ear fruit. It is well known that plant pathogens produce a

eries of plant cell wall-degrading enzymes involved in pre-
nd postharvest diseases (Bateman and Basham, 1976). It is
ommonly accepted that tissue maceration is the result of degra-
ation of the pectic fraction of cell wall polymers by endopectic

b
n
a
1

nd Technology 44 (2007) 101–106

nzymes (Misaghi, 1982). Among the pectic enzymes, poly-
alacturonase (PG) (EC 3.2.1.15) has been associated with
athogenesis and disease severity in a variety of host/pathogen
nteractions (Bateman and Basham, 1976; Misaghi, 1982; Patil
nd Dimond, 1968). Although the mechanism of action is not
nderstood, it is possible that 1-MCP bound at the ethylene
eceptors in pear fruit is still capable of inhibiting cell wall-
egrading enzymes such as PG secreted by pathogens and thus
revent pathogenesis. Further research is needed in this area.

The current model describing the regulation of tomato fruit
ipening is based on the action of at least two signal transduction
athways: one that is ethylene independent and developmentally
egulated and another that is ethylene dependent (Theologis et
l., 1993). According to this model, it has been suggested that PG
xpression is developmentally regulated through the ethylene-
ndependent signal transduction pathway but that translatability
f PG mRNA or the stability of the PG protein may be ethylene
ependent. However, Sitrit and Bennett (1998) have demon-
trated that PG mRNA accumulation is ethylene regulated. They
lso show that two criteria have been used to establish the role
f ethylene in regulating specific gene expression: (a) mRNA
ccumulation should be induced at physiologically active con-
entrations of ethylene and (b) the response to ethylene should
e fast (Lincoln et al., 1987; Harpham et al., 1996). The 1-MCP
reatment of ‘d’Anjou’ pear fruit effectively inhibited ethylene
roduction after cold storage followed by ripening at 20 ◦C
Chen and Spotts, 2005). It is not yet known if pathogen PG
RNA accumulation is ethylene regulated and thus affected by

-MCP.
Light microscopy examination of fungal hyphae treated with

E)-2-hexenal (C6H10O) showed that a high concentration of
his volatile compound dehydrated the hyphae and disrupted
heir cell walls and membranes (Fallik et al., 1998). However,
ower concentrations of this material stimulated the growth of
. cinerea mycelium when applied 2 days after the fungus had
erminated. Hexanal (C6H12O) differs from (E)-2-hexenal by
he absence of a double bond but still appears to have a sim-
lar effect on fungi. Archbold et al. (1997) found that both of
hese volatile compounds reduced growth of Botrytis spp. on
trawberries to less than 10% when directly compared at the
ame concentration and stored under exactly the same condi-
ions. Gardini et al. (1997) showed that the antifungal activity
f hexanal is dependent on its vapor pressure increasing as tem-
erature rises. It appears that the snow-mold fungus was more
ensitive to the vapor pressure of hexanal in cold storage than
he other decay-causing fungi found in this study. On the other
and, P. expansum appeared to be stimulated by the applica-
ion of hexanal both alone and in combination with 1-MCP.
rans-2-hexenal is known to stimulate conidial germination of P.
xpansum at low rates or when applied for short periods of time.
Neri et al., 2006a). When trans-2-hexenal was applied to apple
nd pear fruit 2 h after inoculation, blue mold was unaffected or
ncreased. However, application 24 h after inoculation reduced

lue mold 50–98% (Neri et al., 2006b,c). Further research is
eeded to determine the best concentration and timing of hex-
nal to use for control of blue mold when it is combined with
-MCP.
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Hexanal may affect pear firmness, reducing the effect of 1-
CP in producing overly firm fruit. Fallik et al. (1998) reported

hat (E)-2-hexenal reduced firmness in strawberry fruit during
torage at 22 ◦C, but fruit total soluble solids, pH, titratable acid-
ty, and color were not affected. We found in the present study
hat hexanal negated the effect of 30 nL L−1 1-MCP on firmness
ut did not counteract the effect of 300 nL L−1 1-MCP. Hexanal
lso has improved aroma in pome fruit (Sholberg and Randall,
005; Song et al., 1996).

Thus, the combination of 1-MCP and hexanal reduced sev-
ral decays and appeared to enable proper ripening of pear fruit
reated with 1-MCP. Additional research is needed on the mode
f action of the 1-MCP/hexanal combination and use of this
ombination on pear fruit in commercial storage and ripening
egimes.

cknowledgements

We thank the Fresh and Processed Pear Subcommittee, Wash-
ngton Tree Fruit Research Commission Winter Pear Control
ommittee, and the Matching Investment Initiative program of
griculture and Agri-Food Canada for partial funding of the

esearch. Use of trade names in this article does not imply
ndorsement by Oregon State University of the products named
r criticism of similar products not mentioned.

eferences

rchbold, D.D., Hamilton-Kemp, T.R., Barth, M.M., Langlois, B.E., 1997. Iden-
tifying natural volatile compounds that control gray mold (Botrytis cinerea)
during postharvest storage of strawberry, blackberry, and grape. J. Agric.
Food Chem. 45, 4032–4037.

rchbold, D.D., Hamilton-Kemp, T.R., Clements, A.M., Collins, R.W., 1999.
Fumigating ‘Crimson Seedless’ table grapes with (E)-2-hexenal reduces
mold during long-term postharvest storage. Hortscience 34, 705–707.

rgenta, L.C., Fan, X., Mattheis, J.P., 2003. Influence of 1-methylcyclopropene
on ripening, storage life, and volatile production by d’Anjou pear fruit. J.
Agric. Food Chem. 51, 3858–3864.

ateman, D.F., Basham, H.G., 1976. Degradation of plant cell walls and mem-
branes by microbial enzymes. Encycl. Plant Physiol. New Ser. 4, 316–355.

ower, J.H., Biasi, W.V., Mitcham, E.J., 2003. Effects of ethylene and 1-MCP
on the quality and storage life of strawberries. Postharvest Biol. Technol. 28,
417–423.

hen, P.M., Spotts, R.A., 2005. Changes in ripening behaviors of 1-MCP-treated
‘d’Anjou’ pears after storage. Internat. J. Fruit Sci. 5, 3–18.

kman, J.H., Clayton, M., Baisi, W.V., Mitcham, E.J., 2004. Interactions
between 1-MCP concentration, treatment interval, and storage time for
‘Bartlett’ pears. Postharvest Biol. Technol. 31, 127–136.

allik, E., Archbold, D.D., Hamilton-Kemp, T.R., Clements, A.M., Collins,
R.W., Barth, M.M., 1998. (E)-2-hexenal can stimulate Botrytis cinerea
growth in vitro and on strawberries in vivo during storage. J. Am. Soc.
Hort. Sci. 123, 875–881.

an, L., Song, J., Beaudry, R.M., Hildebrand, P.D., 2006. Effect of hexanal vapor
on spore viability of Penicillium expansum, lesion development on whole
apples and fruit volatile biosynthesis. J. Food Sci. 71, M105–M109.

ardini, F., Lanciotti, R., Caccioni, D.R.L., Guerzoni, M.E., 1997. Antifungal

activity of hexanal as dependent on its vapor pressure. J. Agric. Food Chem.
45, 4297–4302.

audet, D.A., Sholberg, P.L., 1990. Comparative pathogenicity of Coprinus psy-
chromorbidus monokaryons and dikaryons on winter wheat, alfalfa, grass,
and pome fruit. Can. J. Plant Pathol. 12, 31–37.

S

S

nd Technology 44 (2007) 101–106 105

amilton-Kemp, T.R., McCracken Jr., C.T., Loughrin, J.H., Andersen, R.A.,
Hildebrand, D.F., 1992. Effects of some natural volatile compounds on the
pathogenic fungi Alternaria alternata and Botrytis cinerea. J. Chem. Ecol.
18, 1083–1091.

arpham, N.V.J., Berry, A.W., Holland, M.G., Moshkov, I.E., Smith, A.R., Hall,
M.A., 1996. Ethylene binding in higher plants. Plant Growth Regul. 18,
71–77.

ildebrand, D.F., 1989. Lipoxgenases. Physiol. Plant. 76, 249–253.
iwasa, K., Kinugasa, Y., Amano, A., Hashimoto, A., Nakano, R., Inaba, A.,

Kubo, Y., 2003a. Ethylene is required for both the initiation and progres-
sion of softening in pear (Pyrus communis L.) fruit. J. Exp. Bot. 54, 771–
779.

iwasa, K., Rose, J.K.C., Nakano, R., Inaba, A., Kubo, Y., 2003b. Differential
expression of seven �-expansin genes during growth and ripening of pear
fruit. Physiol. Plant. 117, 564–572.

anisiewicz, W.J., Leverentz, B., Conway, W.S., Saftner, R.A., Reed, A.N.,
Camp, M.J., 2003. Control of bitter rot and blue mold of apples by
integrating heat and antagonist treatments on 1-MCP treated fruit stored
under controlled atmosphere conditions. Postharvest Biol. Technol. 29,
129–143.

iang, Y., Joyce, D.C., Terry, L.A., 2001. 1-Methylcyclopropene treatment
affects strawberry fruit decay. Postharvest Biol. Technol. 23, 227–232.

u, V.V.V., Wills, R.B.H., Ben-Yehoshua, S., 1999. 1-Methylcyclopropene can
differentially affect the postharvest life of strawberries exposed to ethylene.
Hortscience 34, 119–120.

ubo, Y., Hiwasa, K., Owino, W.O., Nakano, R., Inaba, A., 2003. Influence of
time and concentration of 1-MCP application on the shelf life of pear ‘La
France’ fruit. Hortscience 38, 1414–1416.

incoln, J.E., Cordes, S., Read, E., Fischer, R.L., 1987. Regulation of gene
expression by ethylene during Lycopersicon esculentum (tomato) fruit devel-
opment. Proc. Natl. Acad. Sci. U.S.A. 84, 2793–2797.

isaghi, I.J., 1982. The role of pathogen-produced cell-wall-degrading enzymes
in pathogenesis. In: Misaghi, I.J. (Ed.), Physiology and Biochemistry of
Plant-Pathogen Interactions. Plenum Press, New York, pp. 17–34.

ullins, E.D., McCollum, T.G., McDonald, R.E., 2000. Consequences on ethy-
lene metabolism of inactivating the ethylene receptor sites in diseased
non-climacteric fruit. Postharvest Biol. Technol. 19, 155–164.

eri, F., Mari, M., Brigati, S., 2006a. Control of Penicillium expansum by plant
volatile compounds. Plant Path. 55, 100–105.

eri, F., Mari, M., Menniti, A.M., Brigati, S., 2006b. Activity of trans-2-hexenal
against Penicillium expansum in ‘Conference’ pears. J. Appl. Microbiol. 100,
1186–1193.

eri, F., Mari, M., Menniti, A.M., Brigati, S., Bertolini, P., 2006c. Control
of Penicillium expansum in pears and apples by trans-2-hexenal vapours.
Postharvest Biol. Technol. 41, 101–108.

atil, S.S., Dimond, A.E., 1968. Repression of polygalacturonase synthesis in
Fusarium oxysporum f. sp. lycopersici by sugars and its effect on symptom
reduction in infected tomato plants. Phytopathology 58, 676–682.

orat, R., Weiss, B., Cohen, L., Daus, A., Goren, R., Droby, S., 1999. Effects
of ethylene and 1-methylcyclopropene on the postharvest qualities of
‘Shamouti’ oranges. Postharvest Biol. Technol. 15, 155–163.

aftner, R.A., Abbott, J.A., Conway, W.S., 2003. Effects of 1-methyl-
cyclopropene and heat treatments on ripening and postharvest decay in
‘Golden Delicious’ apples. J. Am. Soc. Hort. Sci. 128, 120–127.

holberg, P.L., Reynolds, A.G., Gaunce, A.P., 1996. Fumigation of table
grapes with acetic acid to prevent postharvest decay. Plant Dis. 80, 1425–
1428.

holberg, P., Randall, P., 2005. Hexanal vapor for postharvest decay control and
aroma production in stored pome fruit. Phytopathology 95, S96.

isler, E.C., Serek, M., 1997. Inhibitors of ethylene responses in plants at the
receptor level: recent developments. Physiol. Plant. 100, 577–582.

itrit, Y., Bennett, A.B., 1998. Regulation of tomato fruit polygalacturonase
mRNA accumulation by ethylene: a re-examination. Plant Physiol. 116,

1145–1150.

nowdon, A.L., 1990. A Color Atlas of Post-harvest Diseases and Disorders of
Fruits and Vegetables, 1. CRC Press Inc., Boca Raton, FL, 202.

ong, J., Leepipattanawit, R., Deng, W., Beaudry, R.M., 1996. Hexanal vapor is
a natural, metabolizable fungicide: inhibition of fungal activity and enhance-



1 ogy a

S

T

fruit ripening, a complex developmental process. Dev. Genet. 14, 282–
06 R.A. Spotts et al. / Postharvest Biol

ment of aroma biosynthesis in apple slices. J. Am. Soc. Hort. Sci. 12,

934–942.

potts, R.A., Traquair, J.A., Peters, B.B., 1981. d’Anjou pear decay caused by
a low temperature basidiomycetes. Plant Dis. 65, 151–153.

heologis, A., Oeller, P.W., Wong, L., Rottmann, W.H., Gantz, D.M., 1993.
Use of a tomato mutant constructed with reverse genetics to study

T

nd Technology 44 (2007) 101–106
295.
rinchero, G.D., Sozzi, G.O., Covatta, F., Fraschina, A.A., 2004. Inhibition

of ethylene action by 1-methylcyclopropene extends postharvest life of
“Bartlett” pears. Postharvest Biol. Technol. 32, 193–204.


	Effects of 1-MCP and hexanal on decay of d'Anjou pear fruit in long-term cold storage
	Introduction
	Materials and methods
	Effect of low rates of 1-MCP on stem end gray mold
	Semicommercial trials at Hood River, OR, USA and Summerland, BC, Canada

	Results
	Effect of low rates of 1-MCP on stem end gray mold
	Semicommercial trials at Hood River and Summerland

	Discussion
	Acknowledgements
	References


