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A B S T R A C T

Blueberries are a perishable fruit that loses its firmness and weight rapidly after harvest. High concentrations of
ascorbic acid (AA) and phenolic compounds such as anthocyanins are important attributes contributing to the
quality of the fruit. The aim of this work is to extend the postharvest life of three blueberries cultivars; ‘Mistý and
‘Blue Cuinex́, firm and soft cultivars respectively and ‘Blue Chiṕ with intermediate firmness. The fruit was
treated separately or in combination with a nitric oxide donor, S-nitrosoglutathione (GSNO) and 1-methylcy-
clopropene (1-MCP) and stored at 4 °C for 14 d. The best treatment for ‘Blue Cuinex́ was the combination of 1-
MCP and GSNO, while ‘Mistý softened slower when treated with 1-MCP, and ‘Blue Chiṕ was not affected by
treatment. The 1-MCP + GSNO treatment maintained higher concentrations of AA and GSH in ‘Blue Cuinex́. AA
concentrations declined in ‘Mistý but did not respond to GSNO. The combination of 1-MCP and GSNO extended
the postharvest life of ‘Blue Cuinex́ by improving the concentrations of AA and glutathione in the berries but not
for ‘Mistý. These results demonstrate that blueberry cultivars respond differentially to 1-MCP and nitric oxide,
and that the sequence of application could be used to slow fruit softening and maintain antioxidant properties.

1. Introduction

Blueberries are a type of fruit commonly named “berries” or “fruit of
the forest”. Fruit of this heterogeneous group of species has high levels
of antioxidants but are extremely perishable (Kader, 2002; Perkins-
Veazi, 2016).

Blueberries are classified as climacteric fruit that show a moderate
respiration rate and a low ethylene production compared with other
fruit and with an average potential storage life of two weeks (Kader,
2002). To minimize damage and to improve postharvest life, blueberry
fruit should be handled carefully and packed directly into small con-
tainers (Miller and McDonald, 1988).

Many studies related to blueberry’s postharvest life extension have
focused on the effects of treatments like cold temperature (Connor
et al., 2002), high oxygen atmospheres (Zheng et al., 2003), edible
coatings (Duan et al., 2011), ultraviolet radiation (Perkins-Veazi et al.,
2008), 1-methylcyclopropene (1-MCP) (DeLong et al., 2003;
Chiabrando and Giacalone, 2011) and many others.

The production of ethylene in blueberries depend on the ripening

stage: when fruit turns a pink color, there is a peak of ethylene pro-
duction and when the fruit develops to full color, the production of this
hormone returns to the basal level (El-Agamy et al., 1982). The appli-
cation of an inhibitor of the action of ethylene (aminoethox-
yvinylglycine) retards the ripening process of the blueberry fruit
(Dekazos, 1979), while ethephon accelerates ripening, stimulating fruit
softening and decreasing the titratable acidity (Ban et al., 2007).

Little contribution of the ethylene receptor inhibitor, 1-MCP, has
been found in blueberries (DeLong et al., 2003; Chiabrando and
Giacalone, 2011) and MacLean and NeSmith (2011) found that 1-MCP
stimulated ethylene production in three different cultivars and ac-
celerated the rate of firmness loss. Ethylene synthesis in blueberries is
still not completely understood.

Nitric oxide (NO) is a bioactive molecule synthesized by plants that
has important physiological functions. It is also involved in responses to
stress conditions (Kopyra and Gwóźdź, 2003; Hung et al., 2002;
Simontacchi et al., 2015). NO is a highly reactive molecule and it is
assumed to react with a variety of targets including protein modifica-
tions (S-nitrosylation), tyrosine nitration and metal nitrosylation.
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Ethylene and NO have antagonistic effects in climacteric fruit (Liu et al.,
2007), since NO decreases ethylene synthesis, during ripening and fruit
senescence. Possibly this interaction could be at the hormone receptors
level: ethylene requires a transitions metal cofactor, copper, to bind to
the receptors (Rodriguez et al., 1999) and it is possible that NO could
affect this binding process. NO increases the activity of antioxidant
enzymes (Flores et al., 2008; Kopyra and Gwóźdź, 2003), and also has
been suggested as an antisenescent molecule (Jasid et al., 2009). NO
has been used to extend postharvest life in strawberries (Wills and
Leshem, 2000), delaying ripening and alleviating chilling injury in
mangos (Zaharah and Zora, 2011) and Japanese plums (Singh et al.,
2009). A complete list of these studies is mentioned in Manjunatha et al.
(2010). The application of sodium nitroprusiate (a NO donor) to a non-
climacteric fruit, such as strawberry, decreases the synthesis of ethy-
lene, reducing the content of ACC (1-Aminocyclopropane-1-carboxylic
acid) synthase (Zhu and Zhou, 2007); meanwhile in peach, a climac-
teric fruit, the effect was similar, but the target was the inhibition of the
ACC oxidase (Zhu et al., 2006). Additionally, NO has been involved in
reducing softening in bananas, affecting the enzymes for the synthesis
pathway of ethylene and cell-wall disabling, such as polygalacturonase
and pectin methylesterase (Cheng et al., 2009).

The characterization of quality parameters in different cultivars is
an important starting point for studying the postharvest biology of
blueberries. Within the quality parameters, fruit firmness is an im-
portant economic trait for fresh blueberries for the market (Ehlenfeldt
and Martin, 2002). The cultivars of blueberries studied in this work
were chosen from the previous work of Ehlenfeldt and Martin (2002).
‘Blue Chiṕ has intermediate firmness, while ‘Mistý is presented as one
the firmest fruits. ‘Blue Cuinex́ was chosen due to its importance in the
concert of cultivars produced in Argentina and for its quick loss of
firmness during postharvest.

The objective of this work was to improve the postharvest life of
three different cultivars of blueberries by the application of an ethylene
response suppressor (1-MCP) in combination with a NO donor [S-ni-
trosoglutathione (GSNO)].

2. Materials and methods

2.1. Plant material, experimental setup and treatments

2.1.1. Experiment I
Blueberry fruit (Vaccinium corymbosum cvs. ‘Blue Cuinex́ and ‘Blue

Chiṕ and V. corymbosum x darrowii cv. ‘Mistý) was harvested from the
orchard of the Experimental Station Julio A. Hirschhorn (National
University of La Plata), located in Los Hornos, La Plata, Argentina (34°
59′ S, 57° 59′ W). The experiments were started in the last week of
November 2012. The fruit was harvested when color reached 100% of
the surface, placed in perforated clamshells containing 125 g each
(approximately 30 fruit) and immediately transported to the labora-
tory. Twelve clamshells per treatment were prepared for each treatment
and cultivar (48 clamshells in total for each cultivar). Clamshells con-
taining fruit of the three cultivars were first divided into two groups and
placed in a 40 L air tight chamber for treatment with 0 μL L−1 or
1 μL L−1 of 1-MCP (Smart Fresh SM) for 12 h at 23 °C. The two groups of
clamshells were then divided and treated with a 10 mL of water or
10 mL of 1 mmol L−1 GSNO solution. In a 25 L closed chamber con-
nected to a nebulizer to produce extremely small drops of solution that
ensured the even distribution of the liquid for 30 min. The fruit was
then carefully placed again in their respectively clamshells and stored
at 4 °C for 14 d. Samples were taken at 0, 7 and 14 d after treatment.
For each sample, at least ten fruit were taken from the clamshells.
Measurements of weight loss, color and firmness were taken with at
least six fruits from each of the six clamshells. The rest of the fruit was
frozen in liquid nitrogen and stored at −80 °C until used for the rest of
the measurements. Each sample consisted of ten fruit from each of the
six clamshells.

2.1.2. Experiment II
‘Mistý and ‘Blue Cuinex́ fruit were harvested from the same orchard

at the Experimental Station Julio A. Hirschhorn (National University of
La Plata). Three independent experiments were performed starting in
the last week of November 2012, 2014 and 2015, each consisting of
three biological replicates. Fruit was harvested when color reached
100% of the surface, placed in perforated clamshells containing 125 g
each (approximately 30 fruit) and immediately transported to the la-
boratory. Eighteen clamshells per treatment and harvest year were
prepared for each cultivar. Treatments were performed as described in
Experiment I, except that samples were taken at 0, 2, 7 and 14 d after
harvest. Respiration rates were measured using three clamshells per
treatment and sampling day (9 measurements in the three years). Once
the measurements were finished, ten fruit were removed from each
clamshell, frozen in liquid nitrogen and stored at −80 °C until use for
the rest of the measurements. For each biochemical measurements, six
samples of ten fruit each were taken from separate clamshells for each
treatment, time of sampling and year of harvest.

2.1.3. Climatic data
Climatic data was recorded with a weather station (Davis

Instruments Corporation model GroWeather Industrial, California,
USA) located at 34° 59′ S, 57° 59′W, 45 m above sea-level. The data was
analyzed and kindly provided by Agronomist H. Martín Pardi from the
Agrometeorology Section of the Experimental Station Julio A.
Hirschhorn and Course of Agricultural Climatology and Phenology
(Faculty of Agricultural and Forestry Sciences, National University of La
Plata). Data was recorded daily during all the growing seasons of 2012,
2013, 2014 and 2015. Global radiation and mean, maximum and
minimum temperatures were calculated as an average of these re-
cordings for every month.

2.2. Weight loss

Weight loss was measured in 6 replicates, each consisting of 125 g
fruit per clamshell per season per treatment. Fruit was weighed at 0, 7
and 14 d after harvest and fruit weight loss (WL) was calculated as
follows: WL = [(Wi − Wf) (Wi)−1] × 100. Wi is the initial weight and
Wf is the final weight of each sample of fruit. The results are expressed
as percentage for each period of sampling.

2.3. Color and anthocyanins determinations

Fruit skin color was measured with a colorimeter (Minolta®, CR-400,
Osaka, Japan) to obtain L*, a* and b* values. Thirty replicates taken
from different clamshells were performed for each cultivar, harvest
season and treatment at 0 and 14 d after harvest. Anthocyanins were
extracted according to Angeletti et al. (2010) and measured at 515 nm
with a UV–vis recording spectrophotometer (Shimadzu® UV-160A,
Japan). Each measurement was made at harvest and after 2, 7 and 14 d
of cold storage at 4 °C. The results were calculated as μmol of cyanidin-
3-glucoside by using ε = 29.000 M−1 cm−1. Results are expressed in g
of total anthocyanins per kg on a fresh weight basis.

2.4. Total soluble solids, titratable acidity and pH

For total soluble solids (TSS), 10 g of fruit was macerated using a
mortar and pestle, and a few drops of the juice were placed in a re-
fractometer (Milwaukee MA871, Rocky Mount, USA). Results are ex-
pressed in percentage (%). pH was potentiometrically measured (pH
meter Hanna Edge®) and total titratable acidity (TTA) was determined
titrimetrically with a 0.1 mol L−1 solution of NaOH until pH 8.2 was
reached (AOAC, 1980). Results are expressed as g of citric acid per kg of
fruit fresh weight basis.
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2.5. Determination of ascorbic acid and glutathione

Blueberries were taken from the −80 °C freezer and were ma-
cerated using mortar and pestle with a 3% v/v trifluoracetic acid so-
lution in ice. Samples were centrifuged at 16,000 × g for 10 min.
Supernatant was separeted for AA and dehydroascorbate (DHA) mea-
surements. The concentration of AA and its oxidized form, DHA, was
measured by HPLC according to Bartoli et al. (2006) with minimal
modifications. The redox state of AA was calculated as: % DHA =
[(DHA content) (AA content + DHA content)−1] × 100.

The concentration of total (GSH + GSSG) and oxidized glutathione
(GSSG) was measured according to Griffith (1980). The redox state of

GSH was calculated as: % GSSG = [(GSSG content) (GSH content
+ GSSG content)−1] × 100.

AA and GSH concentrations are expressed in the basis of fresh
weight.

2.6. Determination of citric and malic acid

Citric and malic acids were extracted from frozen fruit tissues ma-
cerated with a 6% (v/v) orto-phosphoric acid solution in a mortar and
pestle and centrifuged at 16,000 × g for 10 min. Supernatant was se-
parated for citric and malic acid measurements by HPLC according to
Romero Rodriguez et al. (1992) with minimal modifications. Results are

Fig. 1. Firmness in untreated, GSNO, 1-MCP and 1-MCP
+ GSNO treated blueberries fruits of cvs. ‘Mistý, ‘Blue Cuinex́
and ‘Blue Chiṕ at harvest (0d) and after storage for 7 and 14 d
at 4 °C. Columns represent the mean of three independent
experiments with three replicates each and bars represent the
standard deviation. Values with different letters are different
at P < 0.05.
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expressed as mmol of citric or malic acid per kg of fresh weight.

2.7. Respiration rate

The production of CO2 by fruit respiration was measured with an
infrared sensor (Lutron Electronic Enterprise Co. L.T.D., Model GC-
2028). 60 g of fruit for each replicate was allowed to warm (24 °C) and
then placed in a 5.6 L hermetic flask for 20 min. The amount of CO2

produced by respiration was recorded every minute during the in-
cubation. Results were plotted and the respiration rate was estimated
by a regression line. Three samples were measured for each variety,
treatment and harvest season. Results are expressed in mmol of CO2

produced per kg per h on a fresh weight basis.

2.8. Firmness

Fruit firmness was measured with a texture analyzer (T.A.)
(Exponent Texture Analyzer TA.XT.PLUS from Stable Micro Systems™
Goldalming, Surrey, UK). T.A. was equipped with a 10 mm diameter
flat probe. Fruit were deformed for a distance of 0.5 mm at a speed of
0.25 mm s−1 and a 0.058 N trigger force was used. Sixty fruit were
analyzed for each cultivar, treatment, postharvest time and harvest
season. Results are expressed in Newtons.

2.9. Statistical analysis

The data is presented as the average of the results obtained from two
independent experiments (season 2012 for experiment I and seasons
2012, 2014 and 2015 for experiment II) with a minimum of 6 replicates
each year. The experimental layout was a completely randomized de-
sign.

The data was analyzed by means of one way ANOVA. The means
were compared with the Last Significant Difference (LSD) test at a
significance level of 0.05. Statistical analysis was performed with
Statistica® 6.0 software from StatSoft.

3. Results

3.1. Experiment I

3.1.1. Fruit firmness and weight loss
‘Mistý fruit had the highest firmness (0.80 N) compared to ‘Blue

Cuinex́ (0.67 N) and ‘Blue Chiṕ (0.73 N).
Untreated fruit of ‘Mistý showed a rapid decrease in firmness at 7 d

of storage, maintaining this value till the end of the experiment (Fig. 1),
1-MCP alone or in combination with GSNO exhibited the highest
firmness values with no statistical differences between them, while the
GSNO treated fruit showed intermediate values in all the cases (Fig. 1).

‘Blue Cuinex́ demonstrated similar patterns at 7 d after cold storage
to those of ‘Mistý, but differences were evident 14 d after storage at 4 °C
with the combination of 1-MCP and GSNO (Fig. 1).

‘Blue Chiṕ fruit showed a constant loss of firmness during storage
with no effects of treatments (Fig. 1).

During storage, ‘Mistý lost close to 1% of weight by 14 d of cold
storage, and the combination of 1-MCP with GSNO resulted in the best
treatment for this cultivar at 14 d after harvest (Fig. 2). Similar effects
were found for ‘Blue Cuinex́ while no effects were found for ‘Blue Chiṕ
after treatment (Fig. 2).

3.1.2. Fruit quality attributes
Neither the pH, nor the total titratable acidity was modified sig-

nificantly compared with untreated fruit (Supplementary Tables 1A, 1 B
and 1C). TSS showed a slight decrease at 7 d in ‘Mistý treated fruit with
the GSNO, 1-MCP and 1-MCP + GSNO compared with the untreated
fruit. After 14 d of cold storage, 1-MCP + GSNO TSS of ‘Mistý fruit
decreased further compared with the untreated one (Supplementary

Tables 1A). TSS of ‘Blue Cuinex́ fruit remained the same regardless of
treatment or the harvest time (Supplementary Table 1B) and total ti-
tratable acidity of 1-MCP and GSNO ‘Blue Chiṕ increased slightly at 14
d after harvest (Supplementary Table 1C). The a* or b* values of the
three cultivars were not affected by treatment. ‘Mistý fruit treated with
GSNO, 1-MCP and 1-MCP + GSNO showed a slight increase in the L*
value after 14 d of cold storage, but not in ‘Blue Cuinex́ or ‘Blue Chiṕ
fruit (Supplementary Table 2).

3.2. Experiment II

3.2.1. Climatic data
Temperatures and total radiation measured in the field were not

significantly different during the three seasons when the experiments
were performed (Supplementary Fig. 1). Remberg et al. (2006) found
that climate and growing season had minor effects on blueberry fruit
quality.

3.2.2. Respiration rate
‘Mistý fruit has 50% higher respiration rate than ‘Blue Cuinex́ fruit

at 0 d, but no differences were observed during storage. Two days after
cold storage, ‘Mistý fruit treated with the combination of 1-MCP
+ GSNO had higher respiration rates. Seven days after cold storage, 1-
MCP + GSNO fruit maintained the highest respiration rate, similarly to
that of GSNO alone. The respiration rate of the untreated fruit at this

Fig. 2. Weight loss in untreated, GSNO, 1-MCP and 1-MCP + GSNO treated blueberries
fruits of cvs. ‘Mistý, ‘Blue Cuinex́ and ‘Blue Chiṕ at harvest (0d) and after storage for 7 and
14 d at 4 °C. Columns represent the mean of three independent experiments with three
replicates each and bars represent the standard deviation. Values with different letters are
different at P < 0.05.
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time decreased in average to 4.83 mmol of CO2 kg−1 h−1. Fourteen
days after cold storage at 4 °C, all the treatments showed the lowest
respiration rates with an average value of 5.36 mmol of CO2 kg−1 h−1

(Fig. 3).
The respiration rate of ‘Blue Cuinex́ was lower at harvest, the de-

crease was not so marked at 2 d after cold storage as with ‘Mistý. At this
time, GSNO treated fruit maintained a similar respiration rate to that at
harvest, while the respiration rate of fruit in the other treatments de-
creased, and the rest of the treatments decreased the respiration rate. At
7 d of cold storage the decrease in this rate was more evident in all
treatments, except for the 1-MCP treated fruit. The reduction in the
respiration rate continued 14 d after cold storage (Fig. 3).

3.2.3. Malic acid, citric acid and anthocyanin concentrations
Malic acid concentration in ‘Mistý fruit increased slightly in all

treatments after 2 d compared with that at harvest time. The con-
centration increased by 4 times in the GSNO treated fruit at 7 d after
harvest, returning to the level at harvest by 14 d (Fig. 4A).

A similar effect was observed in ‘Blue Cuinex́ fruit after 2 d at 4 °C.
The fruit treated with 1-MCP, GSNO and 1-MCP + GSNO maintained
the malic acid concentration more than the untreated fruit at the same
time. An increase in the production of malic acid was reached in un-
treated and GSNO treated fruits at 7 d and this difference was main-
tained until the end of the experiment (Fig. 4B).

‘Mistý had similar citric acid concentration in all fruit on d 2. On d 7
a 4 fold increase in citric acid concentration was found in the GSNO
treated fruit, while at 14 d it decreased in the 1-MCP + GSNO treated
fruit compared with the rest of the treatments (Fig. 4C). In contrast,
citric acid in ‘Blue Cuinex́ declined with no differences among treat-
ments at 2 d. At 14 d after cold storage there was a tendency for the
untreated and 1-MCP treated fruits to reach similar values at the

harvest time. The GSNO treated fruit showed an intermediate value and
the 1-MCP + GSNO treatment provoked a reduction in the citric acid
concentration at 14 d in ‘Blue Cuinex́ fruit (Fig. 4D).

Anthocyanin concentrations were not affected by treatment in ei-
ther ‘Mistý or ‘Blue Cuinex́ fruit (Supplementary Fig. 2).

3.2.4. Concentration and redox state of ascorbic acid and glutathione
Untreated and 1-MCP treated ‘Mistý fruit maintained the same

concentration of AA at d 2 as seen at harvest time, but concentrations
declined slightly in the GSNO and in the 1-MCP + GSNO treated fruit
(Fig. 5A). Fruit maintained the amount of AA concentration compared
from the harvest day to 7 d of cold storage in the 1-MCP treated fruit,
the 1-MCP + GSNO treated fruit and decrease slowly at 14 d showing
1-MCP and 1-MCP + GSNO treatments had a significant difference with
the untreated and the GSNO treatment (Fig. 5A). The redox state of the
AA was not modified, except in the GSNO treated fruit on d 14 (Fig. 5B).

‘Blue Cuinex́ blueberries at 2 d after cold storage manifested a de-
crease in the AA content, but not in the 1-MCP + GSNO treated fruit
that maintained the same level of this antioxidant. After 7 d GSNO and
1-MCP + GSNO treatments increased the AA content and the raise was
more pronounced at d14. Interestingly, the GSNO and the 1-MCP
+ GSNO treatments showed a 63% and a 114% increase in this vital
antioxidant at 14 d after harvest. At 2 and 7 d after harvest, ‘Blue
Cuinex́ blueberries showed variable values of the redox state of AA
(Fig. 5D). At 14 d after cold storage, there were no significant differ-
ences between untreated and treated fruit, with the exception of the 1-
MCP + GSNO which presented a slight decrease in the DHA%
(Fig. 5D).

‘Mistý fruit showed an increase of the content of glutathione at 2 d
of cold storage in GSNO and 1-MCP treatments, but this effect was more
notorious in the GSH content of the GSNO treated fruit (Fig. 6A). After 7

Fig. 3. Respiration rate in untreated, GSNO, 1-MCP and 1-
MCP + GSNO treated blueberries fruits of cvs. ‘Mistý and
‘Blue Cuinex́ at harvest (0d) and after storage for 2, 7 and 14
d at 4 °C. Columns represent the mean of three independent
experiments with three replicates each and bars represent the
standard deviation. Values with different letters are different
at P < 0.05.
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d the decrease in GSH content was significant in all treatments, with
some recovering at 14 d, especially in the untreated and 1-MCP treated
fruit. The amount of GSH was maintained in more reduced values in the
1-MCP + GSNO treated fruit at 7 and 14 d after storage (Fig. 6A).

Concomitant with the effects founded in the content of AA, GSH
concentration (Fig. 6C) partially mimics the pattern of AA in ‘Blue
Cuinex́ fruit (Fig. 5C). At 2 d GSNO and 1-MCP treatments showed a
significant increase in the GSH concentration. At 7 d ‘Blue Cuinex́ fruit
did not show any differences while at 14 d the untreated fruit showed a
strong decrease and fruit with GSNO or 1-MCP treatments showed va-
lues similar to that of harvest time (0 d). At this point the concentration

of glutathione increased three times compared to 0 d (Fig. 6C) coin-
ciding with a decrease in the redox state (Fig. 6D). In other words, the
more reduced glutathione and less oxidized glutathione improves the
content of AA and its turnover to the reduced form.

4. Discussion

Firmness of blueberry fruit is critical (Ehlenfeldt and Martin, 2002;
Vicente et al., 2007) and the strategy of the first experiment was to
select different cultivars of blueberries that have different softening
patterns during cold storage using 1-MCP, GSNO or the combination of

Fig. 4. Malic acid and citric acid concentrations in untreated, GSNO, 1-MCP and 1-MCP + GSNO treated blueberries fruits of cvs. ‘Mistý and ‘Blue Cuinex́ at harvest (0d) and after storage
for 2, 7 and 14 d at 4 °C. Columns represent the mean of three independent experiments with three replicates each and bars represent the standard deviation. Values with different letters
are different at P < 0.05.

Fig. 5. Ascorbic acid concentrations and its redox
state (DHA%) in untreated, GSNO, 1-MCP and 1-
MCP + GSNO treated blueberries fruits of cvs. ‘Mistý
and ‘Blue Cuinex́ at harvest (0d) and after storage for
2, 7 and 14 d at 4 °C. Columns represent the mean of
three independent experiments with three replicates
each and bars represent the standard deviation.
Values with different letters are different at
P < 0.05.
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both. Based on these results, ‘Mistý and ‘Blue Cuinex́ were chosen be-
cause of their different softening patterns. A more detailed biochemical
characterization was performed to understand the AA and GSH progress
during postharvest after 2, 7 and 14 d of cold storage at 4 °C.

4.1. The combination of 1-MCP and GSNO improved firmness and
decreased weight loss

Softening is a consequence of the modification in the content of
different cell wall polymers and these modifications in blueberry fruit
have been studied by Angeletti et al. (2010) and Vicente et al. (2007).
In the case of blueberries, fruit softening is a result of hemicellulosic
depolymerization (Vicente et al., 2007), while elasticity is a con-
sequence of fruit turgor (Fava et al., 2006). In this work, the firmness
was maintained with the 1-MCP treatment in ‘Mistý and with the
combination of 1-MCP and GSNO treatment in ‘Blue Cuinex́. Firmness
of ‘Blue Chiṕ was improved with the 1-MCP or GSNO treatment alone,
or in combination (Fig. 1).

Paniagua et al. (2013) demonstrated that there is a close relation-
ship between weight loss and firmness in blueberries. The firmness and
weight loss occur together (Figs. 1 and 2). This suggests that weight loss
could modify cell turgidity, leading to an effect on firmness in the
combination treatment of 1-MCP and GSNO in both cultivars. This ef-
fect is especially evident in ‘Blue Cuinex́, the one with the lowest
firmness at harvest (Fig. 1).

In both cases, ‘Mistý and ‘Blue Cuinex́ have moderate water loss
compared with other cultivars that reach nearly 6% of water loss at 14
d after harvest (Angeletti et al., 2010). The maximum weight loss was
reached by the untreated fruit of ‘Blue Chiṕ 14 d after harvest was
above 1.9% (Fig. 1) above the 8% limit of acceptance by the consumers
(Paniagua et al., 2013).

4.2. Respiration and concentrations of citric and malic acids

Respiration rate decreased after harvest but this was more pro-
nounced in ‘Mistý blueberries 2 d after harvest (Fig. 3). Although the
results in this parameter displayed some differences between treat-
ments, there is a tendency towards lower respiration rates in fruit stored
for 14 d at 4 °C (Fig. 3).

Organic acids in fruit can vary between closely related species of

Vaccinium spp. or even among cultivars giving a particular pattern of
acids and consequently a different flavor profile (Ehlenfeldt et al.,
1994). In Vaccinium spp. the most abundant organic acids are citric,
succinic, malic and quinic, depending on the cultivar (Ehlenfeldt et al.,
1994) or on the maturation stage (Ayaz et al., 2001). During the fruit
growth period malic acid shows an increase from unripe to ripe fruit
while quinic and citric acid descends in their content in some Vaccinium
species (Ayaz et al., 2001). The effect of the decrease in the total ti-
tratable acidity and the increase in the total sugars content were found
in other V. corymbosum cultivars by Rodarte Castrejón et al. (2008).

Different Krebs cycle acids act in many metabolic pathways and
they are oxidized by mitochondria during respiration in plants (Araujo
et al., 2011). In our case, there was not a clear relation between re-
spiration rates and organic acid concentration after harvest. There was
a coincidence in the raise of malic and citric acid in GSNO treated fruit
of ‘Mistý at 7 d after harvest with no correlation with the respiration
rate. Further work dealing with this organic acid metabolism should be
developed in future postharvest research.

4.3. AA and GSH can be improved with the combination of 1-MCP and
GSNO

Considering the total antioxidant capacity of blueberries, AA plays a
central role over other antioxidants (Atala et al., 2009). It has been
shown that some cultivars of blueberries show an increase of their total
antioxidant capacity when they are in cold storage and at the end this
antioxidant activity returns to that at harvest time (Connor et al.,
2002). AA concentrations can vary widely among different cultivars
(Gündüz et al., 2015), and as shown here, different cultivars of blue-
berries can have different behaviors in concentrations (Fig. 5), coupled
to GSH concentrations (Fig. 6). This effect is a consequence of the
coupled redox pathways of these two antioxidants in the Halliwell
Foyer cycle (Foyer and Noctor, 2011).

Previous work has shown that 1-MCP treatment does not affect
anthocyanins and phenolics concentrations or antioxidant activities,
but does retard weight loss in ‘Lateblué cultivar (Chiabrando and
Giacalone, 2011). However, when 1-MCP was added after a modified
atmosphere treatment it did not affect the percentage of marketable
fruit in ‘Burlingtoń and ‘Covillé cultivars (DeLong et al., 2003). In the
present work, applications of 1-MCP and GSNO improved AA and GSH

Fig. 6. Glutathione concentrations and its redox state (GSSG%) in untreated, GSNO, 1-MCP and 1-MCP + GSNO treated blueberries fruits of cvs. ‘Misty‘ and ‘Blue Cuinex́ at harvest (0d)
and after storage for 2, 7 and 14 d at 4 °C. Columns represent the mean of three independent experiments with three replicates each and bars represent the standard deviation. Values with
different letters are different at P < 0.05.
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concentrations and fruit firmness in ‘Blue Cuinex́ fruit.
Increased total antioxidant capacity has been reported in blue-

berries by Connor et al. (2002) and Kalt et al. (1999), but their studies
did not address specific antioxidants such as AA or GSH during cold
storage for periods of 2 weeks as presented here. So, these improve-
ments in nutritional quality could be exploited during cold storage
transport of fruit without reducing the firmness of fruits. These attri-
butes can be regarded by the retailers and consumers of ‘Blue Cuinex́
fruit traded at long distances. Although these two cultivars show dif-
ferent response, ‘Blue Cuinex́ shows an additive effect when the 1-MCP
treatment is combined with GSNO treatment. ‘Mistý maintains the at-
tributes of firmness and decelerates the loose of AA and GSH con-
centrations (Figs. 5A–C and 6A–C respectively) when fruit was treated
with 1-MCP with or without GSNO. Nonetheless, ‘Blue Cuinex́ fruit
treated with the combination of 1-MCP + GSNO doubled the con-
centration of AA and tripled the concentration of GSH after 14 d of cold
storage without losing firmness, comparing with values found at har-
vest.

5. Conclusions

Taken as a whole, these results show that GSNO treatments could
improve the effect of 1-MCP treatments in ‘Blue Cuinex́ blueberries,
maintaining the firmness of fruit and increasing the AA concentration
while keeping the redox state reduced during cold-storage for 14 d. On
the other hand, 1-MCP treatment decelerated the firmness lose in ‘Mistý
fruit. This suggests a different sensitivity to 1-MCP in this cultivar,
making the application of GSNO unnecessary in this case.

These studies could be complemented with other measurements of
the activity or the expression of the enzymes involved in the AA
synthesis pathways during postharvest life, completing the recent
findings of Cocetta et al. (2012) in V. myrtillus L. Apart from this re-
search in ascorbic acid and glutathione, the production of ethylene
should be studied in more detail as when blueberry fruits are exposed to
1-MCP and/or different NO donors, as mentioned in MacLean and
NeSmith (2011).
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