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Abstract

The aim of this study was to determine the effects of 1-methylcyclopropene, 1-MCP (1 �L L−1 for 24 h at 5 ◦C) on quality attributes and
shelf life of fresh-cut strawberries. The 1-MCP was applied before (whole product) and/or after cutting (wedges), followed by storage in a
continuous flow of air or air +1 �L L−1 C H . The combined effects of 1-MCP and CaCl dips (1% for 2 min) and/or CA (3 kPa O + 10 kPa
C
a
i
r
o
s
©

K

1

a
r
0
s
i
1
b
D
5
b
t
a

0
d

2 4 2 2

O2) were also examined. The application of only 1-MCP before and/or after cutting did not have a significant effect on firmness and
ppearance quality during storage for up to 12 days at 5 ◦C. The exposure to a continuous flow of 1 �L L−1 C2H4 in air during storage did not
ncrease the softening rate. 1-MCP applied before cutting or both before and after cutting of the strawberries increased respiration rates but
educed C2H4 production rates. Exposure to 1-MCP had a synergistic effect when combined with CaCl2 plus CA. The combined treatment
f 1-MCP + CaCl2 + CA slowed down softening, deterioration rates, TA and microbial growth. Compared to the control, which had a 6-day
helf life, the shelf life of fresh-cut strawberries subjected to the combination treatment was extended to 9 days at 5 ◦C.

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

Fresh strawberries are a good source of ascorbic
cid and phenolic compounds but their quality declines
apidly after harvest. Wills and Kim (1995) reported that
.01 �L L−1 ethylene reduced the storage life of whole
trawberries at 0 ◦C. Fruit color development and soften-
ng were slightly accelerated by C2H4 (Tian et al., 2000).
-Methylcyclopropene (1-MCP) inhibits ethylene action by
locking its receptor for extended periods (Blankenship and
ole, 2003). Ku et al. (1999) found that treatment with
–15 nL L−1 1-MCP extended the postharvest life of straw-
erry fruit through a delay in rotting. Jiang et al. (2001) found
hat exposure of strawberries to 0.01–1.0 �L L−1 of 1-MCP
t 20 ◦C slowed loss of firmness, color changes and lowered

∗ Corresponding author. Tel.: +34 968 325750; fax: +34 968 325435.
E-mail address: encarna.aguayo@upct.es (E. Aguayo).

ethylene production and increased anthocyanin and phenolic
contents. Tian et al. (2000) also reported that 2.0 �L L−1 1-
MCP reduced softening, color changes, and respiration rates
of early harvested strawberries, but had less effect on late har-
vested fruit; 1-MCP treatment had only a small effect on total
storage life. Treating strawberries with 1-MCP is likely to be
a cost-effective method of extending storage life (Bower et
al., 2003).

The 1-MCP effect on fresh-cut fruit is variable. For
example, the application of this compound in fresh-cut
apples decreased the ethylene production, respiration,
softening, color change and synthesis of aroma compounds
(Jiang and Joyce, 2002; Bai et al., 2004; Calderón-López
et al., 2005). In pineapple, 1-MCP decreased respiration,
browning, loss of visual quality, lightness and ascorbic acid
(Budu and Joyce, 2003). Vilas-Boas and Kader (personal
communication) found different responses in firmness, color
and CO2 and C2H4 production depending on the timing
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of 1-MCP application to kiwifruit, persimmon, and mango
before (whole fruit) and after cutting (slices).

Other treatments such as CaCl2 dips or controlled
atmospheres (CA) can help maintain firmness and visual
quality resulting in a longer shelf life of the fresh-cut
products. CaCl2 dips retarded flesh softening in fresh-cut
strawberry (Morris et al., 1985; Rosen and Kader, 1989),
and elevated CO2 atmospheres can slow down the softening
rate of strawberries (Holcroft and Kader, 1999).

The aim of this study was to determine the potential of
using 1-MCP (1 �L L−1 for 24 h at 5 ◦C) before and/or after
cutting for extending the shelf life of fresh-cut strawberries.
Also, the combined effects of 1-MCP with CaCl2 dips and
atmospheric modification were investigated.

2. Material and methods

2.1. Material, slice preparation and treatments

In this study, three consecutive experiments were
performed choosing the best treatments in each one.
Strawberries (‘Camarosa’ or ‘Seascape’ cultivars) from
Watsonville, California were obtained and used in the
experiments within a day of harvest. The berries were sorted
to remove damaged and defective fruit and those with less
t
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5 ◦C. Rates of CO2 and C2H4 production, firmness, color and
visual quality were measured in the first two experiments. In
the third experiment, firmness, skin color, taste and visual
quality, soluble solids content (SSC), titratable acidity (TA)
and microbial counts were determined.

2.2. Respiration and ethylene production rates

An infrared CO2 analyzer (model PIR-2000R, Horiba
Instruments, Irvine, CA) was used for CO2 measurements in
the exit air from the jars. A gas chromatograph (model 211
Carle Instruments, Anaheim, CA) with FID detector and alu-
mina column was used to determine ethylene concentration
in air samples taken from the exit air flow from the jars.

2.3. Quality evaluation

All quality evaluation procedures were performed at about
20 ◦C. Firmness of wedges was determined with a TA-XT
Plus texture analyzer (Stable Micro System, Scarsdale, NY).
Firmness of 12 wedges per replicate was determined, as the
force required for a 3-mm tip to penetrate the widest part of
the shoulder of the cut surface to a depth of 5 mm.

A Minolta Chroma Meter, model CR-200 (Minolta Corp,
Ramsay, NJ), was used to evaluate color. It was calibrated
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han 3/4 red surface color or over-ripe (dark red and soft).
In the first experiment, ‘Camarosa’ strawberries were

reated with 1-MCP before cutting (bc), after cutting (ac)
nd, both before and after cutting (bc + ac). The calyx was
ut off from the whole strawberry and fruit was cut vertically
ith a sharp knife into four wedges. The wedges were

ollected in a container and washed in cool (8 ◦C) water
lus NaOCl (1.3 mM) for 2 min. A ratio of 5 L water per
ilogram fresh-cut wedges was used. Then the wedges were
rained in a colander, and dried with a cheesecloth and
lotting paper. After that, wedges (100 g) were placed into
.5 L glass jars. 1-MCP (1 �L L−1 for 24 h at 5 ◦C) was
pplied to whole and/or fresh-cut fruit. Finally, all fresh-cut
trawberries inside the jars were ventilated with humidified
ir flow (0.17–0.24 mL s−1) with or without a 1 �L L−1

2H4 for 12 days at 5 ◦C.
In the second experiment, 1-MCP (1 �L L−1 for 24 h at

◦C) was applied to whole ‘Seascape’ strawberries before
utting into wedges as described in the first experiment.
alcium chloride (1%, w/v; Sigma–Aldrich) was added

o the chlorinated water in which wedges were dipped
or 2 min. All jars were ventilated with a humidified flow
0.17–0.24 mL s−1) of air or a CA of 3 kPa O2 plus 10 kPa
O2 for 12 days at 5 ◦C.

In the third experiment, the best two treatments
btained from the second experiment (CaCl2 + CA and 1-
CP + CaCl2 + CA) were tested using ‘Seascape’ strawber-

ies.
In all experiments, three replicates per treatment were used

nd evaluations were made every 3 days for up to 12 days at
ith a white plate before use. The L*a*b* color space was
sed. Skin color was evaluated in the same location as the
rmness measurements were made and flesh color was made

n the center of the widest internal part. One side of each of 12
edges per replicate was measured as skin or external color

nd 24 slices were taken for measuring the flesh or internal
olor.

A panel of three trained judges (two women and one
an) scored the taste and visual quality of a representative

ample on day 0 and after 3, 6, 9 and 12 days of storage.
he samples were coded with three-digit numbers to mask

he treatment identity in an effort to minimize the test
ubjectivity and ensure test accuracy. For each treatment
sample of 15 wedges was presented. Ratings were based

n a 9-point hedonic scale, where 9 = excellent, freshly cut;
= very good; 5 = good, limit of marketability; 3 = fair, limit
f usability; and 1 = poor, unusable.

Juice samples were obtained by squeezing half of the fruit
lices from each replicate through four layers of cheese-
loth with a hand juicer. Soluble solids content (SSC) of
he juice was measured with an Abbé Refractometer, model
0450 (American Optical, Buffalo, NY) and expressed as a
ercentage. An automatic titrator (Radiometer, Copenhagen,
enmark) equipped with a PHM85 Precision pH meter,
BU80 Autoburette, PRS12 Alpha printer and a SAC80 sam-
le changer was used to measure pH and titrable acidity (TA).
4-g juice sample per replicate was diluted with 20 mL dis-

illed water and titrated with 0.1N NaOH to pH 8.1. TA was
alculated as percent citric acid (predominant acid in straw-
erries).
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2.4. Microbial growth

To determine their microbial quality, random 10-g sam-
ples of strawberry wedges were homogenized for 2 min in
10 mL of sterile buffered peptone water (Difco, Sparks, MD),
with a Seward 400 Lab Stomacher (Tekmar, Cincinnati,
OH). Dilutions were made in 0.1% peptone water (Hardy
Diagnostics, Santa Maria, CA) as needed for plating. The
enumeration of particular microbial groups was performed
by using the following media and culture conditions: Tryptic
Soy Agar (Difco, Sparks, MD) for psychrotrophic aerobic
bacteria, incubated at 7 ◦C for 7 days. Potato Dextrose
Agar (Difco, Sparks, MD) with added streptomycin and
acidified to pH 3.5 with 10% l-tartaric acid (Fisher, Fair
Lawn, NJ), incubated at 29 ◦C for 2 and 5 days, respectively.
All microbial counts were reported as log cfu g−1 (colony
forming units per gram of sample).

2.5. Statistical analysis

A bifactorial model (time of storage × kind of treatment)
ANOVA was applied and, when interactions were signifi-
cant, the mean values were compared by an LSD multi-
ple range test. The SigmaStat 2.0 statistical software was
used.
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comparison with the control. Jiang and Joyce (2002) observed
a slightly reduced respiration rate in response to 1-MCP treat-
ment before and after cutting of apple slices compared to
control slices, but a markedly reduced ethylene production
when 1-MCP (1 �L L−1 for 6 h) was applied before cut-
ting. Similar results were reported by Perera et al. (2003)
in ‘Braeburn’ or by Rupasinghe et al. (2005) in ‘Empire’ and
‘Crispin’ apple slices made from 1-MCP-treated fruit. Budu
and Joyce (2003) found that 1-MCP reduced respiration rate
of pineapple slices. These results show no pattern when cli-
macteric or non-climacteric fresh-cut fruit are 1-MCP treated.
In agreement with our results, 1-MCP reduced C2H4 in
fresh-cut kiwifruit, mango and apple as in whole strawberry
when treated before cutting and a lower CO2 production
when fresh-cut apple and pineapple were 1-MCP treated after
cutting.

There was no significant 1-MCP treatment effect on soft-
ening rates of strawberry wedges, as Budu and Joyce (2003)
found in fresh-cut pineapple. It ranged between 2.2 and 2.8 N
(data not shown). In contrast, Vilas-Boas and Kader (per-
sonal communication), Jiang and Joyce (2002) and Perera
et al. (2003) observed that 1-MCP was effective in delay-
ing the softening of fresh-cut persimmon and apple slices
when applied on intact fruit before processing. Jiang et al.
(2001) also found that exposure of whole strawberries to
0.01–1.0 �L L−1 1-MCP at 20 ◦C slowed loss of firmness. In
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. Results and discussion

.1. Experiment I. Effects of 1-MCP treatment before
nd/or after cutting and storage with or without
µL L−1 C2H4 in air

During the first 6 days, strawberry wedges in the 1-MCP
bc + ac) and 1-MCP (bc) treatments exhibited higher res-
iration rates compared to those in the control and 1-MCP
ac) treatments. However, from day 7 onward, no signifi-
ant differences were found among treatments (Fig. 1). On
he other hand, strawberry wedges from the control and the

CP (ac) treatments had higher C2H4 production rates than
he 1-MCP (bc) and 1-MCP (bc + ac) treatments during the
ast 3 days of storage (Fig. 1). Control fruit produced the
ighest C2H4 levels on days 6 and 7, but remained below
50 nL kg−1 h−1. Tian et al. (2000) found 1-MCP inhib-
ted the C2H4-induced respiratory increase in early-harvested
ruit, but not late-harvested whole strawberries. However,
ower et al. (2003) observed that 1-MCP treatment (0.01, 0.1
r 1.0 �L L−1) reduced C2H4 production and the increased
mission of CO2 by 1-MCP treated whole strawberry was
ssociated with the earlier onset of rots. In fresh-cut fruit,
ilas-Boas and Kader (personal communication) found a
igher C2H4 production rate by persimmon slices made from
-MCP-treated fruit than the control, and similar produc-
ion rates between control and 1-MCP (ac)-treated slices. In
iwifruit and mango, 1-MCP treatments before or after cut-
ing reduced the C2H4 production during the last 3 days in
ddition, 1-MCP delayed the softening of mango slices when
pplied after processing, and of kiwifruit slices when applied
ither before or after processing (Vilas-Boas and Kader, per-
onal communication).

Exposure to a continuous flow of C2H4 (1 �L L−1) in air
id not increase the softening rate of strawberry wedges (data
ot shown). For example, in control wedges in air the firm-
ess was 2.4 N compared to 2.5 N in control wedges stored in
2H4. Similarly, Tian et al. (2000) did not detect any differ-
nce in firmness between C2H4 or 1-MCP plus C2H4 treated
hole strawberry fruit. They reported 1-MCP at 2 �L L−1

ave greater firmness loss than no treatment. Porat et al.
1999) found orange softening was not affected by 1-MCP
r C2H4.

A slight red color darkening (higher a/b ratio) was sig-
ificantly greater in control wedges kept in air which had
ighest C2H4 levels on days 6 and 7 in storage (Fig. 1),
han those from the treatments with 1-MCP (bc) kept in
ir with or without C2H4 and 1-MCP (bc + ac) kept in air
Table 1). Exogenous C2H4 did not accelerate red color
evelopment as reported by Tian et al. (2000) on whole
trawberries. Skin luminosity (L*) increased with time of
torage (data not shown). It ranged between 33.90 and 37.50.
-MCP with or without C2H4 treatments did not influence
hese color changes. Changes in a/b ratio and L* values
f flesh color were not correlated consistently with inter-
al browning. Nevertheless, the interaction of time and 1-
CP treatment was significant for both the a/b ratio and L*

olor parameters (Table 1). Other authors reported that 1-
CP reduced color changes in fresh-cut apple, pineapple,
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Fig. 1. Respiration rates (A) and ethylene production (B) of fresh-cut ‘Camarosa’ strawberries treated with 1-MCP (1 �L L−1 for 24 h at 5 ◦C) before (bc)
and/or after (bc + ac, ac) cutting and kept under a continuous flow of humidified air at 5 ◦C. Means of three replicates ± S.E.

persimmon and mango (Jiang and Joyce, 2002; Budu and
Joyce, 2003; Perera et al., 2003; Vilas-Boas and Kader, per-
sonal communication) but did not affect the color (L*) of
kiwifruit slices (Vilas-Boas and Kader, personal communi-
cation).

Visual qualities of strawberry wedges decreased with
time of storage and no effects of 1-MCP treatments with
or without C2H4 were observed. In contrast, Able et al.
(2003) found 1-MCP (1 �L L−1) treatment significantly pro-
tected minimally processed leafy Asian vegetables in the
presence of C2H4. Ku et al. (1999) and Tian et al. (2000)
reported that when strawberry fruit were treated with 1-
MCP and then exposed to an exogenous application of
C2H4, the effects were dependent on fruit maturity and 1-
MCP concentration. However, 1-MCP was also found to
extend strawberry postharvest life in the absence of exoge-
nous C2H4 (Jiang et al., 2001). In this experiment, highest
visual quality after 9 days at 5 ◦C was observed in the 1-
MCP (bc) strawberry wedges kept in air (Table 1). That
treatment and 1-MCP (ac) in air were the only ones scored
above the limit of marketability. After 12 days at 5 ◦C,
strawberry wedges in all treatments were scored under the
limit of marketability, indicating a shelf life shorter than 12
days.

No clear advantages were found when strawberries were
1-MCP-treated before, after or both before and after cutting.
A
b
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e

3.2. Experiment II. Effect of combined treatments with
CaCl2, CA and/or 1-MCP (before cutting)

Strawberry wedges in the control, 1-MCP, and CaCl2 treat-
ments showed similar respiration rates, but the combination
of 1-MCP and CaCl2 dip slowed down the CO2 produc-
tion (Fig. 2). C2H4 production rates were similar among
all treatments during the first 5 days at 5 ◦C. Subsequently,
the control and CaCl2 treated wedges had higher C2H4 pro-
duction rates than wedges exposed to 1-MCP, with or with-
out a CaCl2 dip (Fig. 2). This may have been due in part
to possible microbial growth and general deterioration of
the tissue due to senescence in these treatments. As in our
results, lower ethylene production rates and a firmer tissue
was obtained in apple slices prepared from whole 1-MCP
(1 �L L−1 for 24 h) treated ‘Delicious’, ‘Empire’ and ‘Idared’
fruit (Calderón-López et al., 2005) or ‘Gala’ apples (1-MCP;
1 or 0.625 �L L−1 for 18 h) (Bai et al., 2004).

The best four treatments for getting good firmness
retention of strawberry wedges were (lower to higher)
1-MCP + CaCl2, CaCl2 + CA, CA, and, particularly those
treated with 1-MCP plus CaCl2 plus CA (Table 2). The syn-
ergistic effect among 1-MCP, CaCl2, and CA on firmness
retention was similar to what has been reported for kiwifruit
slices (Vilas-Boas and Kader, personal communication).

Firmness was improved by the CaCl dip. Calcium dips
h
l
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lower C2H4 emission, red color darkening and a higher
ut not significant appearance quality was found in 1-MCP-
reated strawberries before cutting. In addition, it is more
ractical to treat whole strawberries on a commercial scale.
his timing of 1-MCP application was chosen for the next
xperiment.
2
ave been used as firming agents to extend postharvest shelf
ife in whole and in fresh-cut fruit. Rosen and Kader (1989)
ound that the CaCl2 treated slices of strawberries resulted
n higher calcium content and they were firmer than water-
ipped slices. Luna-Guzmán and Barret (2000) also found
aCl2 maintained the firmness throughout storage and less
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Table 1
Firmness, color and appearance quality (means of three replicates) of fresh-cut ‘Camarosa’ strawberries treated with 1-MCP (1 �L L−1 for 24 h at 5 ◦C) and
stored in air or air + 1 �L L−1 C2H4 at 5 ◦C

Days at 5 ◦C 1-MCP treatment Skin color Flesh color Appearance score

a/b L* a/b (1–9)

0 1.73 50.14 1.06 8.5

3 Control + air 1.74 51.87 1.07 5.7
1-MCP (bc) + air 1.61 53.22 1.02 5.3
1-MCP (ac) + air 1.70 51.71 1.07 6.0
1-MCP (bc + ac) + air 1.62 50.72 1.06 6.3
Control + C2H4 1.71 52.03 1.06 4.3
1-MCP (bc) + C2H4 1.50 52.60 1.07 7.0
1-MCP (ac) + C2H4 1.81 52.54 1.08 5.3
1-MCP (bc + ac) + C2H4 1.71 51.68 1.06 7.3

6 Control + air 1.75 52.24 1.09 5.7
1-MCP (bc) + air 1.62 51.03 1.08 5.3
1-MCP (ac) + air 1.69 53.82 1.04 6.0
1-MCP (bc + ac) + air 1.56 49.16 1.05 5.0
Control + C2H4 1.63 54.15 0.98 6.7
1-MCP (bc) + C2H4 1.63 52.47 1.06 6.0
1-MCP (ac) + C2H4 1.60 52.54 1.02 5.3
1-MCP (bc + ac) + C2H4 1.67 52.04 1.04 7.0

9 Control + air 1.81 51.43 1.12 4.7
1-MCP (bc) + air 1.67 51.51 1.10 5.7
1-MCP (ac) + air 1.70 53.17 1.03 5.0
1-MCP (bc + ac) + air 1.66 52.27 1.02 3.0
Control + C2H4 1.83 51.16 1.12 3.7
1-MCP (bc) + C2H4 1.73 51.46 1.12 3.7
1-MCP (ac) + C2H4 1.71 50.89 1.13 3.0
1-MCP (bc + ac) + C2H4 1.60 51.33 1.07 4.3

12 Control + air 1.83 51.66 1.11 3.3
1-MCP (bc) + air 1.58 51.57 1.09 4.0
1-MCP (ac) + air 1.80 52.14 1.11 4.7
1-MCP (bc + ac) + air 1.67 50.48 1.07 4.0
Control + C2H4 1.62 53.14 1.03 3.3
1-MCP (bc) + C2H4 1.72 52.83 1.07 4.7
1-MCP (ac) + C2H4 1.80 51.67 1.10 3.3
1-MCP (bc + ac) + C2H4 1.83 52.81 1.10 3.7

Time (0.08)b (1.1)c (0.03)c (1.2)c

1-MCP treatment (0.10)b (1.0)b (0.03)a NS
Time × 1-MCP NS (2.33)b (0.07)b NS

NS: not significant. LSD values are in brackets.
a P < 0.05.
b P < 0.01.
c P < 0.001.

softness in kiwifruit slices dipped in 0.5 or 1% CaCl2 was
obtained by Agar et al. (1999). The rate of fruit softening
depends on fruit calcium status (Poovaiah, 1986). Firming
and resistance to softening resulting from addition of cal-
cium have been attributed to the stabilization of membrane
systems and the formation of Ca-pectates, which increase
rigidity of the middle lamella and cell wall to increased
resistance to polygalacturonase attack and to improve tur-
gor pressure (Poovaiah, 1986; Mignani et al., 1995). In this
experiment, calcium treatments played an important role in
firmness that even increased after treatment, in particular
from day 6 onwards (Table 2). In agreement with Glenn and
Poovaiah (1990), a calcium gradient remained in the stored
wedges after calcium treatment.

Calcium chloride dips and the CA had a similar effect
on keeping firmness in the strawberry wedges (Table 2). CO2
enriched atmospheres are effective in retaining flesh firmness
in whole strawberry but the extent of benefit is cultivar-
dependent (Holcroft and Kader, 1999). However, the firmness
in fresh-cut ‘Selva’ strawberries increased over the day 7 stor-
age in air and CA treatments, with no clear difference among
treatments (Wright and Kader, 1997).

The combination of calcium dips plus CA storage had
no significant additional effect in firmness retention com-
pared to these treatments when they were provided alone. As
in the first experiment, no effect on firmness retention was
observed when 1-MCP was applied alone. However, Jeong et
al. (2004) found fresh-cut tomato slices prepared from light-
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Fig. 2. Respiration rates (A) and ethylene production (B) in fresh-cut ‘Seascape’ strawberries treated with 1-MCP (1 �L L−1 for 24 h at 5 ◦C) before cutting
(bc), dipped in CaCl2 (1%, 2 min), and kept under a continuous flow of humidified air at 5 ◦C. Means of three replicates ± S.E.

red fruit that had been exposed to 1-MCP (1 �L L−1 for 24 h)
retained significantly higher pericarp firmness during storage
at 5 ◦C, but no effect was found when slices were obtained
from red tomatoes. The lack of effect on firmness retention
could be due to the low temperature of storage. Mir et al.
(2001) found that a given concentration of 1-MCP had less
effect on apple firmness as storage temperature was lowered,
and it was hypothesized that lower temperatures might lower
the affinity of the binding site for 1-MCP. These authors found
1-MCP treatment maintained apple firmness better than CA
storage. Watkins et al. (2000) found in whole apples that the
combination of 1-MCP and CA was better than either alone.
In our case, the combination of 1-MCP plus CaCl2 provided
a higher firmness than 1-MCP plus CA (Table 2). Mao et
al. (2004) held whole seedless watermelon in 10 �L L−1 1-
MCP and the fresh-cut cylinders obtained were rinsed with
2% CaCl2. These authors found that the combination of 1-
MCP and CaCl2 retarded the ripening process, as indicated
by higher firmness and lower activities of lipolytic enzymes
relative to the control. However, CaCl2 alone was not suffi-
cient to maintain quality of fresh-cut watermelon, and would
even exert negative effects by stimulating lipolytic enzymes.
In contrast, Rupasinghe et al. (2005) showed that a post-cut
dipping treatment of Nature Seal (6% calcium ascorbate) was
much more effective than 1-MCP in maintaining firmness of
the cut-surface of ‘Empire’ and ‘Crispin’ apple slices.
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was reduced in 1-MCP treated whole strawberries when com-
pared with the control. Jiang et al. (2001) found that 1-MCP
maintained fruit color in strawberries; however, it inhibited
phenylalanine ammonia lyase activity and lowered antho-
cyanin production. In sweet cherries there was no influence
of 1-MCP on postharvest color changes or stem browning
(Gong et al., 2002). Other examples in climacteric fruit are in
apricots when 1-MCP-treated fruit were greener and exhib-
ited less color change than untreated controls (Fan et al.,
2000). This was also found to be true in peaches (Kluge and
Jacomino, 2002). Others researchers found that apricots and
plum color changes were not affected by 1-MCP (Dong et al.,
2002). Fresh-cut strawberries under CA maintained a lower
flesh a/b ratio (Table 2). Wright and Kader (1997) reported
a decrease in the flesh a values when fresh-cut strawberries
were stored under the air + 12 kPa CO2 and 2 kPa O2 + 12 kPa
CO2. Holcroft and Kader (1999) found that skin and flesh of
whole strawberries stored at 5 ◦C in air became darker red
and accumulated higher anthocyanin levels, than those kept
in CO2 enriched atmospheres.

Wedges stored in CA exhibited an increase in skin L*, from
day 3 onwards, compared to the 1-MCP treatment where a
reduction of this color parameter was noted (Table 2). On the
other hand, the internal or flesh luminosity (L*) for strawberry
wedges in the combined 1-MCP + CA treatment was lower
than the rest of the treatments on days 3, 6 and 9. However,
t
v
(
u
s
f

Skin and flesh red color darkening increased with storage
uration at 5 ◦C. Initially, the a/b ratios were 1.76 for skin
nd 0.98 for flesh, and reached 1.89 and 1.11, respectively,
fter 12 days at 5 ◦C (Table 2). Strawberries treated with 1-
CP and stored with or without CA also had increased a/b

atios. In contrast, Tian et al. (2000) found the a/b color ratio
here was no consistent relationship between L* values and
isual quality of the wedges. By day 7, Wright and Kader
1997) also found that the cut surface of strawberries stored
nder the air + 12 kPa CO2 and 2 kPa O2 + 12 kPa CO2 atmo-
pheres had lightened and appeared bleached, while the sliced
ruit stored under air or 2 kPa O2 darkened.
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Table 2
Firmness, color and appearance quality (means of three replicates) of fresh-cut ‘Seascape’ strawberries treated or not with 1-MCP before cutting (1 �L L−1 for
24 h at 5 ◦C) and/or dipped in calcium chloride (1% for 2 min), and stored in air or controlled atmosphere, CA (10 kPa CO2 + 3 kPa O2) at 5 ◦C

Days at 5 ◦C Treatment Firmness Skin color Flesh color Appearance score

(N) L* a/b L* a/b (1–9)

0 1.66 36.65 1.76 52.51 0.98 8.5

3 Control 1.45 36.63 1.90 48.75 1.10 7.7
CaCl2 1.55 36.71 1.86 48.75 1.10 7.0
1-MCP 1.52 34.49 1.88 48.46 1.11 7.7
CA 1.59 35.68 1.88 49.14 1.09 8.0
1-MCP + CaCl2 1.54 35.51 1.77 50.01 1.09 7.3
CaCl2 + CA 1.66 35.01 1.73 49.27 1.09 7.7
1-MCP + CA 1.54 33.37 2.00 47.51 1.13 8.0
1-MCP + CaCl2 + CA 1.89 35.33 1.80 49.89 1.09 7.0

6 Control 1.57 36.05 1.93 48.79 1.12 6.0
CaCl2 1.79 35.85 1.91 49.36 1.11 6.0
1-MCP 1.57 34.82 1.95 47.95 1.16 5.7
CA 1.89 37.36 1.81 50.32 1.07 6.3
1-MCP + CaCl2 1.69 36.89 1.82 49.57 1.13 6.0
CaCl2 + CA 1.73 35.79 1.92 47.62 1.16 5.7
1-MCP + CA 1.67 36.36 1.90 47.84 1.18 5.3
1-MCP + CaCl2 + CA 2.14 36.39 1.89 50.67 1.11 6.0

9 Control 1.57 35.82 1.91 49.81 1.08 4.7
CaCl2 1.70 35.32 1.88 48.96 1.10 6.0
1-MCP 1.44 34.79 1.93 48.35 1.16 5.3
CA 1.89 38.30 1.78 49.57 1.08 5.3
1-MCP + CaCl2 1.89 34.66 1.87 48.53 1.14 6.0
CaCl2 + CA 1.83 36.78 1.87 49.13 1.11 5.3
1-MCP + CA 1.50 36.33 1.96 47.80 1.19 5.3
1-MCP + CaCl2 + CA 2.07 36.42 1.91 49.04 1.12 6.3

12 Control 1.51 34.57 1.88 50.02 1.07 3.0
CaCl2 1.89 34.95 1.88 48.28 1.10 3.0
1-MCP 1.30 34.70 1.94 46.62 1.15 4.3
CA 1.88 37.06 1.86 49.55 1.07 4.7
1-MCP + CaCl2 1.84 34.38 1.91 47.09 1.18 4.3
CaCl2 + CA 1.85 37.79 1.80 49.44 1.11 5.0
1-MCP + CA 1.58 35.51 1.97 48.16 1.16 4.0
1-MCP + CaCl2 + CA 1.97 35.33 1.91 48.15 1.13 5.0

Time (0.13)c (0.76)c (0.09)c (0.93)c (0.03)c (0.6)b

Treatment (0.17)c (0.96)c (0.07)a (1.17)c (0.04)c NS
Time × treatment (0.30)b (2.15)c NS (2.06)b (0.05)a (1.29)a

NS: not significant. LSD values are in brackets.
a P < 0.05.
b P < 0.01.
c P < 0.001.

Visual quality decreased with time of storage depend-
ing on the treatment (Table 2). From the initial time to day
6, no difference among treatments was found. On day 9,
only the control treatment scored under the limit of mar-
ketability, and the best treatment was the combination of
1-MCP + CaCl2 + CA, followed by CaCl2 with or without
1-MCP. After 12 days of storage at 5 ◦C, only the following
two treatments did not fall below the limit of marketability:
CaCl2 + CA and 1-MCP + CaCl2 + CA, indicating a potential
shelf life of 12 days at 5 ◦C.

Due to lower CO2 and C2H4 production, very good
firmness retention and appearance was found in the 1-
MCP + CaCl2 treatment and 1-MCP + CaCl2 + CA, and these
treatments were chosen for the next evaluation.

Comparing control treatments between the cultivars
‘Camarosa’ (experiment I) and ‘Seascape’ (experiment II),
a higher respiration rate (17–40 mg CO2 kg−1 h−1 com-
pared to 15–22 mg CO2 kg−1 h−1) and lower C2H4 produc-
tion (13–125 nL C2H4 kg−1 h−1 compared to 20–240 nL C2
H4 kg−1 h−1) were found in ‘Seascape’. In addition, softer
wedges were obtained from ‘Seascape’ (1.5–1.6 N) than from
‘Camarosa’ (2.2–2.5 N). However, a similar shelf life (shorter
than 9 days at 5 ◦C) was obtained in both cultivars.

Treating strawberries with 1-MCP decreased C2H4
production more in ‘Seascape’ (13–125 to 6–37 nL C2
H4 kg−1 h−1) than in ‘Camarosa’ (20–240 to 10–130 nL
C2H4 kg−1 h−1) although no effect on firmness retention and
a similar shelf life of 9 days was reached in both cultivars.
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Table 3
Firmness, appearance, taste, color, SSC and TA (means of 3 replicates) of fresh-cut ‘Seascape’ strawberries treated with 1-MCP before cutting (1 �L L−1 for
24 h at 5 ◦C) and dipped in calcium chloride (1% for 2 min), and stored in air or in a controlled atmosphere, CA (10 kPa CO2 + 3 kPa O2) at 5 ◦C

Days at 5 ◦C Treatment Firmness Flesh color Appearance score Taste score SSC TA

(N) L* a/b (1–9) (1–9) % %

0 1.5 50.84 1.08 8.7 8.7 8.6 1.00

3 Control 1.7 50.21 1.08 7.3 7.7 8.4 1.05
1-MCP + CaCl2 1.6 49.62 1.11 7.7 7.8 8.5 1.03
1-MCP + CaCl2 + CA 1.6 48.32 1.14 8.3 7.8 8.7 1.03

6 Control 1.6 47.63 1.15 5.7 7.0 8.2 0.95
1-MCP + CaCl2 1.8 48.22 1.16 6.7 6.7 8.5 1.01
1-MCP + CaCl2 + CA 1.8 48.36 1.17 7.3 7.0 8.4 1.03

9 Control 1.7 49.12 1.11 3.7 4.3 8.0 0.90
1-MCP + CaCl2 1.6 46.26 1.20 5.0 5.0 8.3 0.96
1-MCP + CaCl2 + CA 1.9 46.94 1.21 5.0 5.0 8.0 0.99

12 Control 1.2 50.39 1.08 2.0 – 8.1 0.87
1-MCP + CaCl2 1.7 50.38 1.10 3.7 – 8.0 0.97
1-MCP + CaCl2 + CA 1.9 51.43 1.14 3.0 – 8.3 0.98

Time (0.22)c (1.31)c (0.04)c (1.81)c (1.17)c (0.39)c (0.08)c

1-MCP treatment (0.17)c NS (0.03)c (0.79)a NS NS (0.04)a

Time × 1-MCP (0.38)c (2.28)c (0.05)c NS NS NS NS

NS: not significant. LSD values are in brackets.
a P < 0.05.
c P < 0.001.

3.3. Experiment III. Further evaluation of the best
treatments (MCP + CaCl2, 1-MCP + CaCl2 + CA) from
prior experiments

For the first 6 days at 5 ◦C, no effect on firmness
retention of strawberry wedges was observed among treat-
ments. However, on days 9 and 12, the combinations of
1-MCP + CaCl2 + CA and 1-MCP + CaCl2 were firmer than
those in the control (Table 3).

From day 9 onwards, the flesh color of fresh-cut strawber-
ries treated with 1-MCP + CaCl2 + CA was slightly redder
than those in the control treatment (Table 3). The internal
luminosity in the control was lower on day 6, but on day 9 it
was the combination 1-MCP + CaCl2 with a lower L*. It was
very difficult to determine severity of the internal browning
by measuring this parameter.

Visual quality and the taste scores decreased with
time in storage (Table 3). By treating strawberry with 1-
MCP + CaCl2 with or without CA, it was possible to reach
a shelf life of 9 days at which time the control strawberry
wedges were not marketable. A storage period of 12 days was
too long for maintaining good appearance and taste in spite
of adding 1-MCP, CaCl2 and/or CA. The appearance was
always better in 1-MCP + CaCl2 + CA and 1-MCP + CaCl2
treatments than in the controls, but no significant difference
was found between those two treatments.

r
1
t
1

trols (Table 3). Neither Jiang and Joyce (2002) and Perera
et al. (2003) in fresh-cut apples nor Porat et al. (1999) in
whole oranges found any significant effects of 1-MCP on
SSC. However, SSC were higher in 1-MCP-treated pineapple
(Selvarajah et al., 2001) or reduced in 1-MCP-treated straw-
berries regardless of the presence or absence of exogenous
ethylene (Tian et al., 2000).

Time of storage increased the microbial growth, in partic-
ular, in control strawberry wedges (Table 4). 1-MCP + CaCl2
had a very slight effect on reducing the microbial counts.

Table 4
Microbial counts (log cfu g−1) of fresh-cut ‘Seascape’ strawberries treated
with 1-MCP before cutting (1 �L L−1 for 24 h at 5 ◦C) and dipped in calcium
chloride (1% for 2 min), and stored in air or in a controlled atmosphere, CA
(10 kPa CO2 + 3 kPa O2) at 5 ◦C

Days at 5 ◦C Control 1-MCP + CaCl2 1-MCP + CaCl2 + CA

Psychotropic
0 1.47a ± 0.25
6 4.15 ± 0.02 3.93 ± 0.08 3.22 ± 0.14
9 5.00 ± 0.07 4.52 ± 0.02 3.84 ± 0.24

12 6.23 ± 0.06 6.26 ± 0.04 5.45 ± 0.12

Yeast
0 1.10 ± 0.10
6 3.31 ± 0.07 2.97 ± 0.32 2.24 ± 0.14
9 3.86 ± 0.05 4.09 ± 0.23 2.48 ± 0.24

1

M

1

In general, SSC and TA decreased with time of storage
anging from 8.6 to 8.2% and 1.00 to 0.94 g citric acid per
00 mL of juice. 1-MCP treatments did not affect SSC but
here was an influence on TA; 1-MCP + CaCl2 + CA and
-MCP + CaCl2 treatments showed a higher TA than con-
2 5.30 ± 0.15 5.19 ± 0.12 4.88 ± 0.10

old
0 <1
6 <1
2 <3 <3 <2
a Values are means (n = 3) ± S.E.
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Total microbial growth were decreased by 1-MCP (1 �L L−1

for 24 h) in ‘Empire’ apples but the influence on ‘Crispin’
apple slices was marginal (Rupasinghe et al., 2005). Budu
and Joyce (2003) did not find any effect on microbial load of
treating pineapple slices with 1-MCP. This compound pro-
moted decay development on the cut surface in apple slices
prepared from whole ‘Gala’ fruit which reduced the shelf life
(Bai et al., 2004). In whole strawberries 1-MCP concentra-
tions greater than 15 nL L−1 are associated with increased
decay of fruit (Ku et al., 1999). Jiang et al. (2001) also found
an increase in disease with high 1-MCP concentrations on
strawberries due to a lower phenolic content. Exposure of
whole strawberries to 0.01, 0.1 or 1.0 �L L−1 1-MCP slightly
increased the rate of rot development (Bower et al., 2003).
According to these authors, blocking ethylene perception
interferes with disease resistance, but there was only a small
effect on total storage life. 1-MCP may inhibit a beneficial
metabolic response or stimulate an undesirable characteristic,
possibly relating to a natural defense mechanism (Ku et al.,
1999).

The storage under CA had an important and strong effect
slowing down psychotropic and yeast growth (Table 4). For
the first 9 days of storage, the reduction in levels between 1-
MCP + CaCl2 + CA and control was 1–1.3 log cfu g−1

. At the
end of storage, these differences between those treatments
w −1
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