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d’Anjou cv. pear fruit (Pyrus communis L.) exposed at harvest to 0, 0.42, 4.2, or 42 µmol m-3

1-methylcyclopropene (1-MCP) for 12 h at 20 °C were stored at 1 °C for up to 8 months. After storage,
half of the fruit was continuously exposed to ethylene (0.45 or 4-18 mmol m-3) for 7 days at 20 °C.
All fruit treated with 1-MCP had lower respiration and ethylene production compared to untreated
controls. Fruit quality changes were delayed following 1-MCP treatment, as was development of
superficial scald and peel yellowing. The duration of 1-MCP-induced responses was dependent on
1-MCP treatment concentration. When 1-MCP-treated fruit began to ripen, softening and production
of volatile compounds proceeded similar to that of untreated fruit. Post-storage ethylene exposure
did not consistently stimulate ripening of fruit previously treated with 1-MCP. Efficacy of ethylene
treatment depended on 1-MCP concentration and storage duration.

INTRODUCTION

A threshold level of internal ethylene controls initiation of
ripening-related physiological process of climacteric fruits,
including European pears,Pyrus communisL. (1). A postharvest
cold treatment is required to induce endogenous ethylene
production and subsequent ripening of green pears (2, 3).
d’Anjou cv.fruit harvested at optimum maturity require 60 days
of postharvest chilling to trigger ethylene production and
uniform ripening (4). Alternatively, autocatalytic ethylene
production and full ripening of under-chilled d’Anjou pears can
be promoted by exposure to exogenous ethylene (5).

Inhibition of ethylene synthesis slows down the ripening
process and enhances storage life of pear fruit (6). Inhibition
of ethylene action in pear fruit with 1-methylcyclopropene
reduces ethylene production (7,8) and the chilling-induced
accumulation of ACC synthase and ACC oxidase mRNAs (9).
Inhibition of ethylene action with 1-MCP can also delay or
prevent development of physiological disorders such as super-
ficial scald and core flush, as well as delay ripening in other
climacteric fruit (10-14).

d’Anjou pears stored in a controlled atmosphere (CA) have
reduced rates of ripening and development of physiological
disorders (15). CA storage slows fruit ripening in part by
inhibiting ethylene production (16, 17). Operation of CA storage
requires precise control of room gas composition to prevent CO2/
O2 injury and preserve optimum quality (18,19), but even under

optimum CA conditions, d’Anjou pears can develop physi-
ological disorders such as superficial scald and brown core (20,
21).

The ethylene action inhibitor 1-methylcyclopropene (1-MCP)
(22,23) inhibits ethylene-dependent ripening processes in pear
fruit including softening (7, 24) and production of volatiles that
contribute to aroma of climacteric fruit including banana (25),
apple (26) and apricot (27). Whether or not 1-MCP-treated fruit
recover the capacity to produce a volatile profile typical of
normal ripening when fruit ethylene production resumes has
not been established.

Because 1-MCP binding to ethylene receptors is irreversible
(23), it is unclear whether ripening of 1-MCP-treated pear fruit
is promoted by exogenous ethylene exposure. 1-MCP-treated
banana fruit continuously exposed to propylene initiate ethylene
production and ripening earlier than 1-MCP-treated fruit exposed
to propylene-free air (25). After storage over a range of
temperatures and atmospheres, 1-MCP-treated apple fruit re-
cover the ability to ripen (13,28, 29), which could be related
to formation of new ethylene receptors (30).

The objective of this study was to determine if 1-MCP
treatment induces responses in d’Anjou pears similar to other
climacteric fruit, including eventual recovery of typical ripening
after storage. The impact of 1-MCP on aroma volatile profile
and the efficacy of reversing 1-MCP effects by post-storage
ethylene exposure were also evaluated.

MATERIALS AND METHODS

d’Anjou pears were harvested from commercial orchards in north
central Washington state at commercial maturity in September, 1998.
One day after harvest, fruit were treated with 0, 0.42, 4.2, or 42µmol
m-3 1-MCP at 20°C for 18 h in a 230-L steel container with a steel
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lid sealed by a water moat. 1-MCP was applied as a gas generated by
mixing EthylBloc powder and buffer solution (BioTechnology for
Horticulture Inc., Burr Ridge, IL) in a 150-mL flask. 1-MCP gas was
pumped from the flask into the steel container for 20 min via a closed
loop. Following treatment, fruit were stored at 1°C for 2, 4, 6, or 8
months. In 1999, d’Anjou pears were treated the day after harvest with
42 µmol m-3 1-MCP at 20°C for 20 h in a 100-m3 CA storage room
in Wenatchee, WA. A closed system was used, whereby 1-MCP was
generated outside the treatment room and pumped into the room via
Tygon tubing. Control fruit were held in a similar room at the same
facility. After treatment, samples of control and 1-MCP-treated fruit
were transported to the USDA laboratory and stored in air at 1°C.
Concentrations of 1-MCP in the treatment chambers were determined
as previously described (31).

Responses of 1-MCP-Treated Fruit to Ethylene.d’Anjou fruit
from the 1998 harvest were exposed to ethylene for 7 days at 20°C
following 2, 4, 6, or 8 months cold storage. Fruit from each treatment
were divided into six groups of 6 or 7 fruit (n ) 40 fruits per treatment).
Each group was placed into a 10-L plexiglass chamber, through which
compressed air or air supplemented with 0.45 mmol m-3 ethylene
flowed continuously at 100 mL min-1. In 1999, d’Anjou pears treated
the day after harvest with 0 (control) or 42µmol m-3 1-MCP were
removed from cold storage after 3, 8, 16, or 24 weeks and exposed to
4-18 mmol m-3 ethylene during 7 days at 20°C, as previously
described (5). Control and 1-MCP-treated fruit (n ) 40) were divided
into six groups of 6 or 7 fruit. Each group was placed into a Ziploc
freezer bag (3.8 L) perforated with eight 3-mm holes. A 30-mL syringe
filled with pure ethylene was placed into three bags of each treatment
and then the bags were sealed. The syringes were fitted with 23-gauge
needles cut to 1 cm in length, to allow gradual ethylene release into
the bag headspace. Fruit were held in bags at 20°C for 7 d. Ethylene
released from syringes accumulated to 18 mmol m-3 1 day after the
bags were sealed and remained greater than 4 mmol m-3 during the
following 6 days at 20°C.

Fruit Quality Analysis. Fruit quality and volatile production were
evaluated after 1 and 7 days at 20°C after removal from cold storage.
Flesh firmness was measured with a penetrometer fitted with an 8-mm
tip (EPT-1; Lake City Technical Products, Kelowna, B. C., Canada).
Peel color was measured with a colorimeter (Minolta CR-200, Japan),
using CIE illuminant C and an 8-mm diameter aperture. Color values
a* and b* were converted to hue angle (h°) (32). Measurement of
titratable acidity (TA), soluble solids content (SSC), ethylene produc-
tion, and respiration were as previously described (33). Analysis of
other volatile compounds was conducted using dynamic headspace
sampling. There were four replicate samples of four to five intact fruit
(approximately 1 kg). Purified compressed air flowed at 6 L h-1 through
the 4-L jars in which pear fruit were enclosed during sampling. Volatile
compounds in the outflow were adsorbed onto 50 mg of 30-50 mesh
Tenax TA (Alltech Associates, Deerfield, IL) packed in glass tubing
(17.5 cm× 0.4 cm i.d). Volatile compounds on the Tenax traps were
desorbed at 250°C for 3 min, using a Tekmar 6016 aero trap desorber
(Tekmar Co., Cincinnati, OH). After the desorbed sample compounds
were condensed at-120°C, the cryofocusing module was flash heated
to 250°C under a stream of He carrier gas, which carried the analytes
into a Hewlett-Packard 5890A/5971A GC-MSD equipped with a DB-
Wax column (J&W Scientific, 60 m× 0.25 mm i.d., 0.25µm film
thickness). Conditions for chromatography were as follows: initial oven
temperature 35°C held for 5 min, increased to 50°C at 2°C min-1,
increased to 200°C at 5°C min-1, and held for 5 min. Linear velocity
of the He carrier gas was 30 cm s-1. Mass spectra were obtained by
electron ionization at 70 eV. Transfer line and ion source temperatures
were 280 and 180°C, respectively. Compound identification was made
by comparison of spectra of sample compounds with those contained
in the Wiley-NBS library and by comparing retention indices of sample
compounds and standards. Quantification was performed using selected
ion monitoring for base peaks, and quantitative values were calculated
using response factors generated with standards.

Superficial scald was visually assessed using a scale from 1, no scald
to 7, dark scald and>60 % of the fruit surface affected (11). Core
browning, senescent scald, and decay were visually assessed as clear
(1) or affected (2).

Experimental Design and Data Analysis.The experiments were
conducted using a completely randomized design, with 20 fruit per
storage period per treatment for each quality attribute measured, except
4 replicates of 4 or 5 fruit were used for analysis of respiration, ethylene
and volatile production. Data were subjected to ANOVA using SAS
(SAS Institute, Raleigh, NC), and means between treatments were
separated using Fisher’s least significant difference (LSD),R ) 0.05.

RESULTS

Fruit Response to 1-MCP Concentration.Fruit firmness
at harvest was 68( 2.8 N (SE) and 70.0( 1.7 N in 1998 and
1999, respectively. 1-MCP treatment delayed the increase in
ethylene production (Figure 1), and the duration of 1-MCP
effects increased with treatment concentration. However, there
were no treatment differences in maximum ethylene production.
Respiration rates of 1-MCP-treated fruit were lower than
controls through 8 months of storage plus 7 days at 20°C.

All 1-MCP treatments delayed softening (Table 1). The
duration of the 1-MCP-induced delay of fruit softening was
dependent on treatment concentration and duration of storage
and ripening at 20°C after removal from storage. Firmness of
all 1-MCP-treated fruit was higher compared to controls after
2 or 4 months of storage plus 7 days of ripening. The largest
differences in firmness between control and 1-MCP-treated fruit
were detected after 4 and 6 months of storage plus 1 day at 20
°C and 2 and 4 months of storage plus 7 days at 20°C. 1-MCP
treatment concentration effects were evident after 6 and 8
months of storage plus 1 day at 20°C and 2, 6, or 8 months of
storage plus 7 days at 20°C. Fruit treated with 0.42µmol m-3

1-MCP were softer than fruit treated with 4.2 or 42µmol m-3.
After 6 and 8 months of storage, firmness of d’Anjou fruit
treated at 0.42µmol m-3 1-MCP was similar to controls and
less than that of the higher 1-MCP concentrations 7 days after
removal from storage.

Titratable acidity of 1-MCP-treated fruit was higher compared
to controls through 8 months of storage (Table 1). All 1-MCP-
treated fruit were greener (higherh°) than controls after 2 and
4 months of storage, and the difference was greatest after 7
days of ripening at 20°C. After 6 months, fruit treated with

Figure 1. Ethylene production (A) and respiration rates (B) of d’Anjou
pear fruit at harvest and after 2 to 8 months of storage at 1 °C plus 7
days at 20 °C. Fruit were exposed the day of harvest to 0.42, 4.2, and
42 µmol m-3 1-MCP. Numbers at the top of A and vertical bars in B
represent least significant difference (LSD: R ) 0.05).
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0.42µmol m-3 1-MCP were greener than controls but yellower
than fruit treated at 4.2 or 42µmol m-3. After 8 months of
storage, color differences due to 1-MCP treatment were detect-
able, however, all treated fruit had undergone considerable
development of yellow color. After 6 months of storage, all
1-MCP treatments prevented superficial scald and reduced or
prevented decay compared to untreated controls (Table 2). After
8 months, reduction of superficial scald, senescent scald, core
browning, and decay by 1-MCP treatment was concentration
dependent. Rates of physiological disorders were lowest for fruit
treated at 4.2 or 42µmol m-3 1-MCP.

A total of 44 volatile compounds, including alcohols, alde-
hydes, esters, acetic acid, 1 ketone, and 1 hydrocarbon were
detected in headspace samples collected from d’Anjou pears
(Tables 3-5, andFigure 2). Esters and alcohols were quan-
titatively the most abundant, with the major volatile compounds
being acetate esters (ethyl, propyl, butyl, pentyl, and hexyl

acetate), butyl and hexyl hexanoate, hexyl 2-methylbutanoate,
ethanol, butanol, decanal, andR-farnesene.

Production rates of volatile compounds were dependent on
storage duration and 1-MCP treatment. Ester production,
particularly that of acetate and propanoate esters as well as
methyl, ethyl, and hexyl butanoate, by control fruit peaked after
4 months of storage. However, production of hexyl 2-meth-
ylbutanoate, other butanoate esters, ethyl, propyl, butyl, and
hexyl hexanoate by control fruit were highest after 2 months
of storage. Alcohol production, particularly ethanol, by control
fruit increased over storage period. However, production of
straight chain C3-C6 alcohols increased between 2 and 4 months
of storage plus 7 days at 20°C then remained similar or
decreased. Control fruit ester production was greater than alcohol
production following 2 or 4 months of storage but lower after
8 months of storage.

1-MCP treatment delayed the increase in ester and alcohol
production. Highest ester and alcohol production by control and
1-MCP-treated fruit occurred after 4 and 8 months, respectively
(Tables 3 and 4). Maximum production of ethyl, butyl, and
hexyl propanoate, hexyl butanoate, and C4-C6 alcohols by
1-MCP-treated fruit and controls were similar. In contrast,
maximum production rates of branched chain butanoate esters,
ethyl, propyl, butyl, and hexyl hexanoate by 1-MCP-treated fruit
were lower compared to controls.

Aldehyde production by control and 1-MCP-treated fruit was
less than 75 and 25ηmol kg-1 h-1, respectively, through 6
months of storage plus 7 days at 20°C. After 8 months, aldehyde
production increased to approximately 250 and 110ηmol kg-1

h-1 in control and 1-MCP-treated fruit, respectively. The effect
of storage duration and 1-MCP treatment on production of
individual aldehydes was similar, except that maximum produc-
tion of benzaldehyde and butanal by control fruit occurred after
2 and 4 months of storage, respectively. 1-MCP treatment also

Table 1. Firmness, Titratable Acidity (TA) and Peel Color (Hue) of d’Anjou Pears after Exposure to 1-MCP and/or Ethylenea

1 day 7 days

firmness (N) TA (%) hue (°)

1-MCP (µmol m-3) firmness (N) TA (%) hue (°) −C2H4 +C2H4 −C2H4 +C2H4 −C2H4 +C2H4

2 months
0 65.1 0.24 112.4 19.2 19.0 NSb 0.23 0.23 NS 107.5 106.2 *
0.42 68.6 0.31 113.3 60.8 57.7 * 0.26 0.23 * 111.8 111.5 NS
4.2 66.6 0.27 114.4 64.2 61.3 * 0.27 0.26 NS 112.0 111.6 NS
42 72.2 0.27 113.9 71.9 72.1 NS 0.31 0.31 NS 113.2 112.5 NS
LSD0.05 2.4 0.01 0.8 2.7 3.1 0.01 0.01 1.3 1.0

4 months
0 32.0 0.21 107.0 17.5 17.9 NS 0.20 0.19 * 97.3 96.7 NS
0.42 63.7 0.25 112.0 50.7 41.8 * 0.22 0.23 NS 110.7 107.8 *
4.2 65.6 0.25 112.6 66.8 62.5 NS 0.24 0.25 NS 111.9 110.2 NS
42 62.5 0.25 112.0 51.5 56.8 NS 0.26 0.27 NS 111.3 110.0 NS
LSD0.05 3.1 0.01 1.1 5.6 4.9 0.01 0.02 1.3 1.2

6 months
0 19.1 0.16 97.7 18.1 19.2 NS 0.17 0.15 * 92.6 92.9 NS
0.42 45.4 0.23 106.2 20.0 20.2 NS 0.19 0.17 * 94.8 94.2 NS
4.2 66.4 0.23 108.1 28.4 27.1 NS 0.22 0.21 NS 103.8 100.5 *
42 61.0 0.22 109.8 25.3 27.3 NS 0.20 0.21 NS 101.9 101.6 NS
LSD0.05 5.6 0.01 1.8 3.0 3.3 0.02 0.03 2.1 2.6

8 months
0 18.0 0.14 93.7 16.3 16.3 NS 0.13 0.14 NS 92.1 91.8 NS
0.42 19.8 0.19 96.2 18.7 17.1 * 0.17 0.15 * 94.2 94.0 NS
4.2 31.2 0.20 101.6 23.8 19.6 * 0.19 0.18 NS 96.2 94.7 NS
42 27.7 0.19 100.8 23.5 25.7 NS 0.18 0.19 NS 94.4 95.1 NS
LSD0.05 4.8 0.01 2.3 3.0 2.7 0.01 0.02 2.1 2.3

a Pears were exposed to 1-MCP for 18 h at 20 °C and stored at 1°C for 2−8 months, followed by 1 or 7 days at 20 °C. Fruit were exposed to air (−C2H4) or air plus
0.45 mmol m-3 ethylene (+C2H4) during the 7 days at 20 °C. Values are means, n)20. b Ethylene exposure: NS ) nonsignificant, * ) significant at R ) 0.05.

Table 2. Severity of Physiological Disorders and Decay after 6 and 8
Months of Storage of d’Anjou Pearsa

6 months 8 months

1-MCP
(µmol m-3)

scald
(1−7)

decay
(1−2)

scald
(1−7)

core
browning

(1−2)

senescent
scald
(1−2)

decay
(1−2)

0 5.2 1.4 5.7 1.2 1.2 1.5
0.42 1.0 1.1 2.3 1.1 1.2 1.5
4.2 1.0 1.0 1.1 1.0 1.0 1.2
42 1.0 1.0 1.6 1.0 1.0 1.2
LSD0.05 0.38 0.14 0.92 0.13 0.17 0.22

a Fruit were exposed the day after harvest to 1-MCP for 18 h at 20 °C and
stored at 1°C for 2 to 8 months, followed by 7 days at 20 °C. Superficial scald
(scald) was visually assessed using a scale from 1 ) no scald to 7 ) dark scald
and >60% of the fruit surface affected. Core browning, senescent scald, and decay
were visually assessed as clear (1) or affected (2). Values are means, n ) 20.
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reduced acetic acid production from 2 to 6 months of storage.
However, there was no effect of 1-MCP treatment on maximum
acetic acid production after 8 months of storage.

Higher amounts of the sesquiterpene hydrocarbonR-farnesene
were detected 1 day compared to 7 days after removal from
cold storage, regardless of storage duration or 1-MCP treatment
(Figure 2). Production ofR-farnesene in control fruit decreased
after 4 months of storage but increased in 1-MCP-treated fruit
over the 8 month storage period. Control fruit emittedR-far-
nesene at higher rates than did 1-MCP-treated fruit after 1 day
of ripening following 2 and 4 months but at lower rates
following 6 and 8 months of storage. Emanation ofR-farnesene
in 1-MCP-treated fruit remained lower than that in control fruit
after 7 days of ripening following 2 to 6 months of storage.
Similarly, the production of 6-methyl-5-hepten-2-one after 2 and
4 months of storage was reduced by 1-MCP treatment.

Responses of 1-MCP-Treated Fruit to Ethylene.Ethylene
treatment at 0.45 mmol m-3 after storage accelerated ripening
of fruit treated at 0.42 or 4.2µmol m-3 1-MCP and stored for

2, 4, or 8 months (Table 1). While exposure to ethylene
enhanced softening, yellowing and loss of TA, effects of 1-MCP
treatment were not completely negated as 1-MCP-treated fruit
exposed to ethylene remained significantly firmer and greener
than control fruit. Changes in firmness, TA, and peel color
during 7 days at 20°C were not enhanced by exposure to 0.45
mmol m-3 (Table 1) or 4-18 mmol m-3 (data not presented)
ethylene for fruit treated with 42µmol m-3 1-MCP.

Effects of exogenous ethylene on volatile production in fruit
treated with 42µmol m-3 1-MCP were compound specific and
dependent on storage duration. Ethylene treatment during post-
storage ripening stimulated production of straight chain acetate
esters, hexyl propanoate, ethyl butanoate, propanol, hexanol,
and all aldehydes after 8 months of storage (Tables 3-5). Post-
storage exposure of 1-MCP-treated fruit to ethylene also
stimulated production of butyl, pentyl, and hexyl butanoate and
butyl and hexyl hexanoate after 2, 4, or 6 months of storage
(Table 3), but had no significant effect on branched chain esters,
ethyl, propyl, and butyl propanoate, methyl butanoate, ethyl

Table 3. Ester Production by d’Anjou Pear Fruit After Storage at 1 °C Plus 7 Days at 20 °Ca

control 1-MCP 1-MCP + C2H4treatment months
in storage 2 4 6 8 2 4 6 8 2 4 6 8 LSDb

ηmol kg-1 h-1

ethyl acetate 30 175 97 68 0.8 2.9 20 137 1.2 1.8 21 188 37
propyl acetate 9.2 42 19 6.6 0.1 0.3 10 24 0.2 0.6 9.1 31 5.4
butyl acetate 126 326 134 50 1.0 3.1 91 273 1.9 5.5 102 427 37
pentyl acetate 13 32 11 6.8 0.1 0.4 8.5 19 0.2 0.5 10 28 3.9
hexyl acetate 67 167 33 12 3.4 2.2 30 124 3.5 3.1 48 146 22
2-methylpropyl acetate 1.0 2.8 1.4 0.7 NDc 0.1 0.8 2.1 ND 0.1 0.8 2.3 0.4
2-methylbutyl acetate 3.8 5.8 1.7 1.0 0.4 0.5 1.8 5.0 0.6 0.6 2.1 5.7 0.9
ethyl propanoate 0.3 0.5 0.5 0.3 ND ND 0.1 0.6 ND 0.1 0.1 ND 0.3
propyl propanoate 0.2 0.2 0.2 0.1 ND ND 0.1 0.2 ND ND 0.1 ND 0.1
butyl propanoate 0.9 1.6 1.0 1.0 0.1 0.4 1.3 1.4 0.6 0.8 1.3 1.1 0.3
hexyl propanoate 1.5 1.9 1.0 1.0 0.6 0.5 0.9 2.1 0.9 0.8 1.3 1.8 0.4
methyl butanoate 0.5 1.0 0.7 0.3 ND 0.1 0.1 0.4 ND 0.1 0.1 0.4 0.3
ethyl butanoate 1.3 2.1 1.7 1.5 0.2 0.2 0.2 1.5 0.2 0.1 0.4 1.6 0.6
hexyl butanoate 13 17 8.2 7.5 1.8 6.3 6.7 17 12 12 21 15 4.1
butyl butanoate 11 9.6 5.4 4.6 0.3 2.1 6.6 8.3 3.9 7.7 12 7.6 2.1
pentyl butanoate 2.4 2.1 1.4 2.3 0.2 1.2 1.6 2.1 1.7 2.5 3.4 1.6 0.7
ethyl 2-methylbutanoate 0.5 0.1 0.1 0.1 ND 0.1 ND 0.1 ND 0.1 ND ND 0.3
butyl 2-methylbutanoate 1.7 0.8 0.1 0.2 0.3 0.2 0.1 0.2 0.3 0.1 0.1 0.2 0.2
2-methylbutyl-2-methylbutanoate 0.6 0.2 ND ND ND 0.1 ND ND ND ND ND ND 0.1
hexyl 2-methylbutanoate 23 9.0 1.9 2.5 3.7 4.3 1.4 4.0 4.2 4.4 3.9 4.2 2.9
ethyl hexanoate 7.5 2.8 1.4 1.1 2.0 ND 0.3 1.1 1.8 0.1 0.6 1.1 2.3
propyl hexanoate 1.3 1.1 0.5 0.3 0.1 0.1 0.4 0.4 0.2 0.4 0.8 0.3 0.2
butyl hexanoate 30 23 11 5.9 2.6 5.5 13 13 9.5 20 38 11 6.2
hexyl hexanoate 22 22 7.5 6.0 2.0 6.1 6.8 10 10 16 28 11 9.9
ethyl octanoate 7.0 2.4 0.6 0.2 1.2 ND 0.5 1.0 1.4 ND 0.8 1.1 2.1
total esters 376 848 340 181 21 37 202 648 54 77 306 886 140

a Fruit were exposed to 42 µmol m-3 1-MCP the day after harvest for 18 h at 20 °C. Exposure to ethylene (0.45 mmol m-3) was for 7 days at 20 °C, following removal
from cold storage. b Fisher’s least significant difference (LSD) for significant treatment × month interaction (R ) 0.05). c ND ) not detected.

Table 4. Alcohol Production by d’Anjou Pear Fruit after Storage at 1 °C Plus 7 Days at 20 °Ca

control 1-MCP 1-MCP + C2H4treatment
months in storage 2 4 6 8 2 4 6 8 2 4 6 8 LSDb

ηmol kg-1 h-1

ethanol 84 296 474 915 1.6 43 5.7 687 3.3 6.5 39 786 294
1-propanol 15 40 34 39 0.9 12 3.2 29 1.7 7.1 10 45 7.6
2-methyl-1-propanol 16 15 14 16 1.4 5.5 0.9 14 0.8 1.0 4.9 12 5.9
1-butanol 43 94 74 77 0.7 42 3.9 95 2.4 8.1 40 112 19
2-methyl-1-butanol 5.0 8.1 4.8 8.1 0.3 4.2 1.0 10 0.5 1.8 3.9 9.6 1.9
1-pentanol 0.8 2.0 1.4 2.6 NDc 0.8 0.1 2.0 ND 0.3 0.8 2.3 0.7
1-hexanol 12 21 9.1 8.4 0.4 7.6 1.3 24 1.3 3.1 11 34 4.9
total alcohols 176 477 611 1066 5.3 116 16 862 10 28 110 1001 340

a Fruit were exposed to 42 µmol m-3 1-MCP the day after harvest for 18 h at 20 °C. Exposure to ethylene (0.45 mmol m-3) was for 7 days at 20 °C, following storage.
b Fisher’s least significant difference (LSD) for significant treatment × month interaction (R ) 0.05). c ND ) not detected.
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hexanoate, and ethyl octanoate, regardless of storage duration.
Post-storage treatment with ethylene did not consistently impact
volatile production in control fruit (data not shown).

DISCUSSION

Ripening of European pears is characterized by softening, a
change in peel color from green to yellow, and development of
characteristic taste and aroma related to changes in sugar,
organic acid content, and volatile production (16,19, 34, 35).
Pear fruit stored under low O2 and high CO2 exhibit reduced
rates of respiration and ethylene production and a delay in the
onset of the climacteric (16,36,37). It is necessary to maintain
CO2 concentration below 1 kPa to prevent physiological
disorders such as core browning in d’Anjou pears (18, 19). Off-
flavors can also develop in pear fruit if exposed to excessively
low O2 and/or high CO2 concentrations (16).

d’Anjou pears treated with 1-MCP also have an extended
preclimacteric period with low ethylene production and respira-
tion rates. Fruit ripening is delayed after 1-MCP treatment and
treated fruit retain firmness, titratable acidity, and green peel
color longer than control fruit, while maintaining the capacity
to ripen after long-term storage in air. Additional effects of
1-MCP treatment include reduced development of superficial

and senescent scald, core browning, and decay. Development
of scald and decay during pear ripening is the first indication
of storage life termination (38). Reduced development of
superficial scald on d’Anjou pears treated with 1-MCP is
consistent with results from apple fruit, where reduced produc-
tion of R-farnesene and 6-methyl-5-hepten-2-one accompanied
reduced scald development (11-13).

The magnitude of responses induced by 1-MCP varied with
treatment concentration. Storage life was extended up to 8
months when 1-MCP was applied at 4.2 or 42µmol m-3 and
up to 6 months when applied at 0.42µmol m-3. 1-MCP
treatments at 4.2 or 42µmol m-3 resulted in similar retention
of firmness, TA, and color, indicating the maximum fruit
response to 1-MCP was attained between these concentrations.
A dose response of 1-MCP for delaying ethylene production
was also evident. Fruit treated with 4.2 or 42µmol m-3 1-MCP
began to produce ethylene 2 and 4 months later than controls,
respectively, and fruit treated with 0.42µmol m-3 had ethylene
production lower than controls at 2 and 4 months after treatment.

The profile of volatile compounds produced by ripened
d’Anjou pears in the present study was similar to that previously
identified (35). Esters are the most abundant volatiles produced
by ripening European pears (35, 39, 40). In the present study,
esters were the most abundant volatiles produced by control
fruit after 2 or 4 months, while alcohols were the most abundant
volatiles after 6 or 8 months.

As in other cultivars such as La France (40), Bartlett and
Packham’s Triumph (35), acetate esters, butyl and hexyl
hexanoate are the predominant esters produced by d’Anjou
pears. Decadienoate esters that are character impact compounds
in pear cultivars with Bartlett-like aroma are produced by
d’Anjou pears (35) but were not detected in this study. The
lack of detection of decadienoate esters may have been due to
the use of Tenax TA as the solid sorbent material in volatile
traps. Using standards, we observed decadienoates do not
efficiently release from the Tenax traps under the analytical
conditions used in this study. Although ethyl 2-methylbutanoate
was detected in volatile samples in this study, the chromato-
graphic system used for analysis was not capable of providing
information regarding its enatomeric identity identified. Produc-
tion rates of ethyl acetate, alcohols, and aldehydes by ripened
d’Anjou pears were higher in the present study than previously
reported. Higher total alcohol production after long-term storage
reflected, in part, the increase in ethanol production over the
storage period. A considerable increase in ethanol production
by pears has also been detected during fruit ripening following

Table 5. Aldehyde and Acetic Acid Production by d’Anjou Pear Fruit after Storage at 1 °C Plus 7 Days at 20 °Ca

control 1-MCP 1-MCP + C2H4

treatment months in storage 2 4 6 8 2 4 6 8 2 4 6 8 LSDb

ηmol kg-1 h-1

butanal 2.3 12 7.4 4.6 0.2 0.4 2.1 8.3 0.3 0.5 2.2 13 2.1
pentanal 0.8 1.0 0.9 2.4 0.2 0.3 0.2 1.2 0.2 0.2 0.2 3.0 0.5
hexanal 2.9 2.1 3.5 11 0.9 0.8 0.9 6.2 0.8 0.8 1.1 10 2.2
heptanal 2.4 1.8 1.7 7.2 0.5 0.8 0.4 2.8 0.3 0.6 0.5 8.2 1.8
octanal 5.2 9.2 12 36 1.3 2.1 1.3 16 0.4 2.3 1.7 30 12
nonanal 10 12 6.4 51 2.6 5.6 1.7 20 1.0 4.8 2.8 60 15
decanal 22 29 14 131 6.3 13 3.6 55 1.6 17 5.8 154 49
benzaldehyde 10 1.6 0.8 5.2 0.4 0.5 0.2 2.1 0.3 0.6 0.2 6.1 4.1
2-furancarboxaldehyde 0.3 0.5 1.7 2.2 0.1 0.2 0.1 1.1 NDc 0.1 0.1 3.1 1.7
total aldehydes 56 70 49 251 13 24 10 113 4.9 27 15 288 89
acetic acid 13 18 7.0 17 0.8 4.0 1.6 17 0.6 2.5 1.4 45 6.4

a Fruit were exposed to 42 µmol m-3 1-MCP the day after harvest for 18 h at 20 °C. Exposure to ethylene (0.45 mmol m-3) was for 7 days at 20 °C, following removal
from storage. b Fisher’s least significant difference (LSD) for significant treatment × month interaction (R ) 0.05). c ND ) not detected.

Figure 2. R-Farnesene (A) and 6-methyl-5-hepten-2-one (B) production
by d’Anjou pear fruit after 2 to 8 months of storage at 1 °C plus 1 or 7
days at 20 °C. Fruit were exposed the day after harvest to 42 µmol m-3

1-MCP for 18 h at 20 °C. Vertical bars represent least significant difference
(LSD: R ) 0.05).
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air or CA storage (41). Higher production of alcohols relative
to esters by d’Anjou pears stored for 6 or 8 months is in
agreement with the suggestion that availability of alcohols may
not be the only factor limiting ester production by climacteric
fruit (26).

As a consequence of the 1-MCP-induced inhibition of
ethylene action, the emanation of esters, alcohols, and aldehydes
was also reduced. CA storage of pear fruit or treatment with
the ethylene synthesis inhibitor aminoethyoxyvinylglycine also
reduces production of volatiles (6, 42, 43). Ethylene treatment
earlier in the storage period did not result in enhanced volatile
production, indicating that reduced volatile synthesis is a result
of inhibition of ethylene action but not the absence of exposure
to ethylene. In apples, the synthesis of most ripening-related
volatiles requires continuous ethylene action and a high rate of
ethylene production (44).

Volatile production by d’Anjou pears treated with1-MCP
resumed when fruit started producing ethylene. The increase in
volatile production by d’Anjou pear fruit was delayed by 4 to
6 months when treated with 1-MCP at 42µmol m-3. As
previously reported for Fuji cv. apples (26), the production of
individual alcohols and esters were differentially inhibited by
1-MCP in d’Anjou pears. For example, production of branched
chain butanoate and hexanoate esters by d’Anjou pears was
reduced more than acetate esters and alcohols following 1-MCP
treatment. The amounts of alcohols, many straight chain esters
including ethyl, butyl, and hexyl acetate and the branched chain
esters 2-methylpropyl acetate and 2-methylbutyl acetate were
similar between controls and 1-MCP-treated fruit at maximum
production. Production of other esters, including butyl and hexyl
hexanoate and the 2-methylbutanoate esters by 1-MCP-treated
fruit, did not exceed 50% of maximum production by controls
indicating regulation of ester synthesis in d’Anjou pears is
compound specific rather than general for these two structural
groups. The impact of storage duration on production of acetate
esters was also different compared to that of branched chain
butanoate esters and hexanoate esters regardless of 1-MCP
treatment, indicating that production of these compounds may
be regulated by additional factors.

When d’Anjou pear treated with 1-MCP were at an acceptable
maturity for consumption based on firmness (i.e., after 8 months
of storage plus 7 days ripening), the quantitative contribution
of total alcohols and esters were approximately the same, while
at a similar stage of ripening in control fruit (i.e., after 2 or 4
months of storage plus 7 days of ripening) the quantitative
contribution of esters were substantially higher than that of
alcohols. In contrast, production of all aldehydes by 1-MCP-
treated fruit after 8 months of storage was higher than that by
control fruit after 2 or 4 months of storage. Further studies are
needed to establish the impact of 1-MCP treatment on sensory
aroma quality of pears.

Pear fruit treated with 1-MCP eventually soften and emit
volatile compounds typical of ripening fruit. These processes
occur even after a prolonged delay in the initiation of ripening.
Induction of ripening and development of optimum eating
quality of d’Anjou pear fruit are achieved upon warm temper-
ature following 60 days of cold storage (4). Preconditioning
nonchilled d’Anjou pear fruit to 4.2 mmol m-3 ethylene
effectively promotes uniform ripening and good flavor quality
(5). In the present study, 1-MCP-treated fruit required a longer
period of storage at low temperature to ripen and achieve
marketable quality. Furthermore, exposure of 1-MCP-treated
d’Anjou fruit to 0.45 or 4-18 mmol m-3 ethylene did not
enhance ripening to a large extent, indicating 1-MCP-treated

pear fruit may not be available for marketing for an extended
period after 1-MCP treatment. Control fruit may ripen in its
own capacity without exogenous ethylene stimulation after 2
or more months of storage. That may explain why even control
fruit did not respond to ethylene after 2 or more months of
storage.

In summary, 1-MCP treatment delays ripening of d’Anjou
pears. The duration of 1-MCP effects are concentration de-
pendent. 1-MCP at 0.42µmol m-3 can prevent d’Anjou pear
ripening for 4 months, while the threshold concentration of
1-MCP to inhibit fruit ripening for longer storage periods is
higher. Exposure of 1-MCP-treated pears to ethylene after
storage does not fully reverse the effects of 1-MCP. 1-MCP
reduces development of superficial scald, core browning, and
decay. When 1-MCP-treated fruit begin to ripen, the ripening
process proceeds normally, and qualitative volatile production
is similar to untreated fruit.
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