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Abstract: The changes of volatile composition and other quality traits of blueberry during postharvest
storage were investigated. Blueberries were packaged in vented clam-shell containers, and stored
at 0 ◦C for 0, 15 and 60 days, followed by storage at room temperature (25 ◦C) for up to 8 days
for quality evaluation. The firmness, pH, and total soluble solids increased by 8.42%, 8.92% and
42.9%, respectively, after 60 days of storage at 0 ◦C. Titratable acidity decreased 18.1% after 60 days of
storage at 0 ◦C. The volatile change was monitored using headspace–solid-phase microextraction–gas
chromatography–quadrupole time-of-flight–mass spectrometry (HS-SPME-TOF-MS) and off-odor
was evaluated by sensory panel. Volatile compounds generally showed a downward trend during
cold storage. However, the subsequent shelf life was the most remarkable period of volatile change,
and was represented by the strong fluctuation of ethyl acetate and the rapid decrease of terpenoids.
Extending storage from 15 to 60 days under cold condition still resulted in an acceptable odor.
However, subsequent storage at higher temperature resulted in a quick deterioration in sensory
acceptability. The results proved that cold storage was a reliable way to maintain the quality of
blueberry, and flavor deterioration during subsequent shelf life was more fatal to the blueberry flavor.
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1. Introduction

Due to their unique flavor and nutritional value, blueberry fruit and products are sold at a high
price in the international market, and the production is growing every year [1,2]. As the production
increases, blueberry deterioration is often a problem for the industry. Like other soft berries, blueberries
can be processed into blueberry juice, jam and other products, but the market price is several times
lower than that of fresh fruit. Therefore, the sale of fresh fruit is important for the blueberry industry.
Thanks to rapidly developed preservation technology, the shelf life of blueberries can be extended to
up to one month [3–6]. Cold storage and transportation are most the widely used means of blueberry
preservation all over the world [7]. However, for countries with an undeveloped cold chain system,
room temperature is still a common condition for short-distance transportation and retail display,
which may lead to problems such as the loss of aroma and the generation of off-odor, which can greatly
affect the flavor perception of consumers.

The aroma of small berries is more complicated than other fruit and is hard to manipulate.
Unlike the climacteric fruit, ethylene does not stimulate the ripening of small berries such as
strawberries [8]. Blueberries are climacteric fruits and will respond to ethylene. However, blueberry
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flavor does not improve by ethylene after harvest [9]. Therefore, a comprehensive understanding of the
berry aroma change is essential for possible flavor manipulation during postharvest storage. Among the
small berries, strawberry and raspberry are the most widely studied in aroma research [10,11].
More than 360 and 200 volatile compounds have been reported in strawberries and raspberries,
respectively [12]. Relatively speaking, the research on the aroma of the blueberry is lagging. There have
been fewer than 100 volatile compounds reported in blueberry [13]. The main aroma substances
found in rabbiteye blueberry are ethyl acetate, limonene, hexanol, (Z)-3-hexenol, heptanol, β-ionone,
terpinene-4-ol, α-terpineol, vanillin, nerol and eugenol [14,15]. Farneti et al. [16] analyzed the volatile
composition of eleven different blueberry cultivars and found that for most cultivars, aldehydes,
alcohols, terpenoids, and esters can be used as putative biomarkers to evaluate the blueberry aroma
variations. Recent reports on blueberry wine and vinegar also showed that terpenes such as linalool
and α-terpineol were important berry-derived aroma compounds in blueberries [17,18]. Zhu et al. [19]
reported that esters, aldehydes, C13-norisoprenoids, as well as several terpenes and eugenol, were the
aroma-active compounds in freshly pressed blueberry juice. From the existing reports, the main aroma
substances of fresh blueberry fruits are alcohols, esters, terpenes and aldehydes, and the aroma contents
are affected by cultivar and environmental factors [16,20–22].

The methods used for blueberry volatile analysis were thoroughly reviewed by Sater et al. [2].
Static headspace sampling using solid phase microextraction (SPME) is the most commonly used
extraction method in the blueberry volatile studies. The separation of compounds in blueberry studies is
most commonly accomplished by a gas chromatograph (GC) directly connected to a mass spectrometer
(MS). Older GCs often use a flame ionized detector (FID) to quantify the relative abundance of each
compound. In recent years, more sensitive methods such as headspace–solid-phase microextraction–gas
chromatography–quadrupole time-of-flight–mass spectrometry (HS-SPME-TOF-MS) and proton
transfer reaction–time-of-flight-mass spectrometry (PTR-TOF-MS) technology have been applied to
blueberry volatile analysis [16,23].

In the postharvest chain, flavor maintenance is an important aspect for ensuring the quality of fresh
fruit. Many studies have been carried out in blueberry for understanding the impact of different storage
conditions and treatments with regard to phenolics, anthocyanins and flavonoids [24,25]. However,
there are fewer reports about ways to preserve the aroma/flavor quality of blueberry. Based on our
literature search, only one study showed that the content of volatile terpenes, phenols and anthocyanins
in blueberry fruits was increased by UV-B irradiation during postharvest storage [26], proving that
it is feasible to manipulate the aroma quality of blueberry by appropriate means. Therefore, in this
study, we investigated the quality changes of blueberries during different durations of cold storage
conditions and subsequent room temperature storage. The volatile composition change was monitored
using HS-SPME-GC-QTOF-MS and off-odor was evaluated. The aim of this study was to have a better
understanding of the changes occurring in blueberry during postharvest storage.

2. Materials and Methods

2.1. Plant Material and Postharvest Storage

Blueberries were hand harvested from a local blueberry orchard in Huangpi, Hubei, China.
The fruits of rabbiteye blueberry (Vaccinium virgatum) cultivar ‘Garden blue’ were randomly harvested
in July of 2018. Berries that were at commercial maturity (a completely blue color) were selected.
The blueberries were precooled in an air-conditioned room (~20 ◦C) for half an hour to remove the field
heat, divided into PET boxes (classic commercial “clam-shells” container with openings for ventilation,
~125 g per box) and transported to the lab. To simulate commercial storage conditions, fruits were
stored in a cooler at 0 ± 0.5 ◦C and 85% relative humidity (RH) in the dark for up to 60 days, and were
then removed and placed at room temperature (to simulate retail display conditions) at 25 ± 0.5 ◦C and
60% RH under normal room light for up to 8 d. At the 0th, 15th and 60th day of cold storage, 15 boxes
were picked from the top, middle and bottom of the cooler and used as samples for the subsequent
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25 ◦C storage. At the 0th, 2nd, 4th, 6th and 8th day of 25 ◦C storage, three boxes were picked as three
biological replicates for the following analysis.

2.2. Measurements of Weight Loss and Decay Index

At sampling date, each box of samples was weighed to calculate the weight loss. Decay refers to
berry juice leakage, visible microbial growth, or pronounced rot on berry surface. Decay index was
used for decay evaluation according to Cao et al. [27] with minor modification, calculated as follows:
no decay = 1; decay berries < 5% = 2; decay berries < 10% = 3; decay berries < 20% = 4; decay berries
> 20% = 5.

2.3. Measurements of Total Soluble Solids, pH and Titratable Acidity

For each biological replicate, approximately 30 g of berries was randomly selected and crushed
in liquid nitrogen. The powdered sample was thoroughly homogenized and put in a 30 ◦C water
bath to thaw, and centrifuged at 12,000 rpm for 10 min. The clear juice obtained was used for total
soluble solids (TSS) and pH measurements. TSS was measured at room temperature using a PAL-1
pocket refractometer (Atago USA, Inc., Bellevue, WA, USA). The pH of the juice was measured using
a pH meter (Rex PHS-2F, Shanghai, China). Five mL of juice was diluted with 50 mL of distilled
water, and the titratable acidity (TA), as g/100 g of citric acid, was measured using burette with
phenolphthalein as indicator. Three measurements were made for each sample and means were used
for each biological replicate.

2.4. Measurement of Firmness

Ten berries without decay were randomly selected from each replicate for firmness analysis.
Berry firmness was assessed using a texture analyzer (TA. XT plus, Godalming, UK), with 8 mm probe
diameter, across a 7 mm distance, and a measuring speed of 0.5 mm/s [28]. Each berry was measured
once. The peak force (firmness, expressed as N) was calculated by the integrated software.

2.5. Analysis of Volatile Compounds

The analysis of volatile metabolites was previously described by Cheng et al. [23]. Briefly, for
each biological replicate, 30 g of berries were randomly selected and crushed in liquid nitrogen. 10 g of
blended blueberry powder was weighed and mixed with 10 mL of propyl gallate (10 mM). The sample
was homogenized at 4 ◦C for 24 h and centrifuged (10,000 rpm, 30 min, 4 ◦C). The clear supernate was
used for volatile compound analysis.

The volatile compound analysis was performed using the solid phase microextraction
(SPME) technique coupled with gas chromatography–quadrupole time-of-flight–mass spectrometry
(GC-QTOF-MS) (7200 accurate-mass, Agilent Technologies, Santa Clara, CA, USA). Two mL of juice
and 8 mL of saturated saltwater were mixed in a headspace sampling vial. Ten µL internal standard
(50 mg/L 4-octanol in methanol) was added. A small magnetic stir bar was added to the vial and
equilibrated at 50 ◦C in a water bath for 15 min with stirring. After equilibration, headspace volatiles
were collected on a SPME fiber (2 cm, DVB/CAR/PDMS, 50/30 µm, Supelco, Bellefonte, PA, USA).
The triple phase fiber was selected because it can cover more volatiles with different molecular weight.
The adsorption time was 45 min. Headspace temperature was set at 50 ◦C. Desorption temperature
was 250 ◦C, and desorption time was 5 min with split ratio of 1:10.

The GC-QTOF-MS was equipped with a HP-5MS (30 m × 250 µm × 0.25 µm) column.
Oven temperature program setting: 40 ◦C for 5 min, increased to 180 ◦C at 3 ◦C/min, hold for
1 min, increased to 250 ◦C at 20 ◦C/min, hold for 2 min. The helium flow rate was 1.2 mL/min.
The interface temperature was 300 ◦C and ion source temperature was 250 ◦C. Mass spectrum data
from m/z 25 to 300 were collected. The ionization voltage was 70 eV. To ensure the accuracy of the
instrument, mass calibration was performed daily.
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Identification of volatile compounds were performed by comparing the mass spectra with
records from external databases such as NIST, HMDB, MassBank and an internal database for the
wine volatiles based on the literature, and by comparing the Kovats retention indices (RI) in NIST
database and published literatures. Calibration plots were constructed using authentic standards
(Table S1 (Supplementary Materials)). Ten microliters of 50 mg/L 4-octanol were added to each
calibration mixture (10 mL of saturated saltwater plus authentic standards). The volatile extraction
and detection methods were the same as for sample analysis. Seven-level calibration plots for each
volatile compound were built using the MassHunter software to quantify the volatile compounds
in the blueberry samples. Peak area of target ion for each compound was plot against the peak
area of the target ion of internal standard. The GC-QTOF-MS data processing was performed with
MassHunter B.06.00 software (Agilent Technologies). A representative chromatogram could be found
in Supplementary Materials (Figure S1 (Supplementary Materials)). The average value of three
measurements was used for each biological replicate.

2.6. Sensory Evaluation

The sensory test was conducted prior to storage, after storage at 0 ◦C for 15 and 60 days, and after
post-storage conditioning at 25 ◦C for 4 more days, respectively. Six samples (prior to storage, 0 d at
0 ◦C + 4 d at 25 ◦C, 15 d at 0 ◦C, 15 d at 0 ◦C + 4 d at 25 ◦C, 60 d at 0 ◦C, and 60 d at 0 ◦C + 4 d at
25 ◦C) were evaluated in six different sensory sections. Eighteen panelists were recruited from the
campus (10 female and 8 male). Panelists’ ages ranged from 20 to 50 years. The panelists attended
three half-hour training sessions prior to the test. During the training session, the panelists got familiar
with the five-point scale, and the difference between fresh and stored blueberries through discussion.
During the formal sensory evaluation, a set of three sensory replications, defined as “samples” for the
panelists, were presented to each panelist. Each sensory replication (or “sample”) consisted of a set of
10 berries, which were placed into one 120 mL plastic soufflé cup with lids and labeled with a random
three-digit code, which corresponded to the code presented in the evaluation score sheet. The panelists
were asked to take at least five berries each time, chew thoroughly and rate. Off-odor was assessed
according to the 1–5 scale, in which 1 was used to refer to excellent odor; 2 for good freshness odor;
3 for neither good nor bad odor; 4 for unpleasant off-odor; and 5 for extensively severe off-odor.

2.7. Statistical Analysis

To determine the changes of blueberry quality parameters, a one-way ANOVA was performed for
each storage day, using the days of shelf-life as treatments. For volatile compounds, a one-way ANOVA
was also performed for each storage day, using the days of shelf-life as treatments. For data on sensory
evaluation and decay index, a non-parametric analysis was conducted. All statistical analyses were
carried out using SPSS 22.0 (SPSS, Chicago, IL, USA). A post hoc range test of Tukey’s HSD (honestly
significant difference) was used to identify homogeneous subsets of means that are not different from
each other.

3. Results

3.1. Weight Loss and Decay Index

As expected, weight loss increased during storage, with longer storage time resulting in increased
percentage of weight loss (Figure 1). It was unexpected that the percentage of weight loss was the
highest (22.4%) after 60 d at 0 ◦C, followed by 2 d at 25 ◦C, possibly due to the abnormally high
percentage of decayed berries in two of the three replicates (5.7%, 14.3% and 13.8%, respectively).
We also observed a remarkably higher variation of weight loss for the samples stored at 0 ◦C for 60 days.
Weight loss values observed at the completion of the 0 ◦C storage (2.4% for 15 d and 10.3% for 60 d)
were similar to the values found by previous research work. Paniagua et al. [29] reported weight loss
of approximately 10% after 21 d at 0 ◦C. Similarly, Sanford et al. [30] reported a 5.3% weight loss after
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storage at 0 ◦C for 14 d. Accordingly, the weight loss values generated in this experiment represent the
range of weight loss values that are representative of possible postharvest systems.
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Figure 1. Berry weight loss during 25 ◦C storage period after different 0 ◦C storage lengths.
Different letters indicate statistically significant difference (Tukey’s HSD, p < 0.05) between samples.

Decay index was calculated during the 25 ◦C storage period after different times of cold storage,
respectively (Figure 2). The decay incidence significantly increased during the 25 ◦C storage period,
mainly due to the juice leakage, according to our observations. Without cold storage, about 10% of the
berries decayed after 8 days of storage at 25 ◦C. Cold storage resulted in more severe decay (about 20%
of the berries decayed) at the end of the experimental period compared to the samples without cold
storage. A fluctuation was observed for decay index after 60 d of cold storage due to the unexpectedly
severe deterioration at the second day, possibly due to the berries being damaged during handling or
temperature change. Apart from the second day, the samples stored at 25 ◦C for 4 and 6 days exhibited
a low decay index (<3) compared to other samples (no cold and after 15 days of storage at 0 ◦C).
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Figure 2. Decay index during 25 ◦C storage periods after (a) no cold storage, (b) 15 days of 0 ◦C storage
and (c) 60 days of 0 ◦C storage. Different letters indicate statistically significant difference (Tukey HSD,
p < 0.05) between samples. n.s. No statistically significant difference between samples. Decay index
was calculated as follows: no decay = 1; decay berries < 5% = 2; decay berries < 10% = 3; decay berries
< 20% = 4; decay berries > 20% = 5.

3.2. TSS, pH and TA

TSS of the ‘Garden blue’ was 14.3% at the time of harvest (Table 1). After 15 d and 60 d of
cold storage (0 ◦C), the TSS increased to 14.8% and 15.7%, respectively, which is common in fruits
because of the sugar concentration due to the moisture loss during the cold storage. During the 25 ◦C
storage period, the TSS of the blueberry fruits generally showed a declining trend, indicating the sugar
metabolism was activated at higher storage temperature. The pH of the berry did not change after
15 d of 0 ◦C storage, compared to the fresh sample at time of harvest (pH = 2.94). However, the pH
increased to 3.21 after 60 d of 0 ◦C storage. After different cold storage times, the pH of the berry
slightly increased during the 25 ◦C storage period for all samples, while the TA decreased.
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Table 1. Changes of pH, total soluble solids and firmness of blueberry stored at different temperatures.

0 ◦C Storage Time Subsequent 25 ◦C
Storage Time pH Total Soluble

Solids (Brix) TA (meq/L) Firmness (N)

0 d

0 d 2.94 ± 0.2 b 14.3 ± 0.6 6.52 ± 0.10 a 4.08 ± 1.16 b

2 d 3.01 ± 0.1 ab 13.9 ± 0.6 6.40 ± 0.22 ab 4.45 ± 0.72 b

4 d 3.06 ± 0.2 ab 14.0 ± 0.3 6.35 ± 0.16 ab 4.68 ± 1.22 ab

6 d 3.07 ± 0.2 ab 13.2 ± 0.8 6.37 ± 0.35 ab 5.06 ± 1.13 ab

8 d 3.17 ± 0.1 a 13.7 ± 0.3 6.21 ± 0.12 b 5.58 ± 1.26 a

15 d

0 d 3.04 ± 0.09 c 13.5 ± 1.0 ab 6.44 ± 0.23 4.00 ± 1.00 c

2 d 3.14 ± 0.04 abc 14.5 ± 0.3 a 6.47 ± 0.19 4.86 ± 1.42 b

4 d 3.20 ± 0.03 ab 14.6 ± 0.3 a 6.30 ± 0.22 7.06 ± 1.34 a

6 d 3.21 ± 0.05 a 13.0 ± 0.8 b 6.33 ± 0.14 5.96 ± 1.82 ab

8 d 3.14 ± 0.03 bc 12.5 ± 0.4 b 6.21 ± 0.54 6.95 ± 0.99 a

60 d

0 d 3.21 ± 0.09 bc 15.7 ± 0.5 a 5.34 ± 0.24 5.83 ± 2.31 a

2 d 3.27 ± 0.03 abc 15.0 ± 0.6 ab 5.26 ± 0.33 3.79 ± 1.53 b

4 d 3.31 ± 0.05 ab 13.7 ± 0.3 c 5.39 ± 0.45 6.53 ± 2.82 a

6 d 3.36 ± 0.03 a 13.6 ± 0.6 c 5.45 ± 0.39 5.35 ± 1.88 ab

8 d 3.19 ± 0.03 c 14.2 ± 0.3 bc 5.54 ± 0.47 6.10 ± 1.30 a

Different letters in same column means there is statistically significant difference (Tukey’s HSD, p < 0.05)
between samples.

3.3. Berry Firmness

For no cold storage treatment, fruit firmness significantly increased after 8 d of storage at 25 ◦C
(approximately 29.5%) in comparison to initial firmness (4.08 N) and reached a maximum value of
5.58 N (Table 1). Firmness also showed a significant increase during the 25 ◦C storage period after 15 d
of cold storage. For the 60 d cold storage treatment, firmness fluctuated during the 25 ◦C storage period
due to the large sample variation, which was consistent with the weight loss and decay index data.

3.4. Aroma Compounds

The volatile profile of ‘Garden blue’ blueberry has been investigated previously, and the results
showed that only part of the compounds played important roles in the blueberry aroma [23]. In fact,
in this study, we also observed that most of the volatile compounds in blueberry were present at
levels far below their sensory threshold. We did not observe any new compounds generated during
the experimental period compared to the samples at harvest. Therefore, in this study, we mainly
focused on the change of the volatile compounds in blueberry at the level higher or closer to their
sensory thresholds (Figure 3). Nine volatile compounds were selected, including three esters (ethyl
acetate, methyl isovalerate and ethyl 2-methylbutanoate), two C6 aldehydes (hexanal and E-2-hexenal),
three monoterpenes (linalool, eucalyptol and α-terpineol), and one volatile phenol (eugenol).
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different lengths of 0 ◦C storage. Volatile concentrations are presented as µg/kg fresh weight (FW).
Different letters indicate statistically significant difference (Tukey HSD, p < 0.05) between samples.
The dashed line indicates the odor threshold (OT, µg/L in water) of the compound. The odor thresholds
(µg/L in water) were obtained from [29]. Odor descriptions for each compound can be found in
Table S2 (Supplementary Materials).

The results show that ethyl acetate is the most abundant ester in ‘Garden blue’ blueberry. However,
ethyl 2-methylbutanoate probably has higher aroma potency due to its low odor threshold. For the
room temperature (no cold storage) treatment, the concentration of ethyl acetate significantly increased
on the 4th day of storage at 25 ◦C, reached 10,064 µg/L on the 6th day, and then decreased quickly.
Similar trends were also observed for ethyl acetate during the shelf life for the 15 and 60 d of cold
storage treatments. Ethyl acetate reached its maximum level two days earlier than with no cold
storage treatment. Without cold storage, methyl isovalerate content increased continually, with a large
increment during the first two days. After 15 days of cold storage, the methyl isovalerate level
also increased during the 25 ◦C storage period. However, after 60 days of cold storage, the methyl
isovalerate level firstly increased then decreased during the subsequent 25 ◦C storage. A similar
phenomenon was also observed for ethyl 2-methylbutanoate.

Hexanal and E-2-hexenal are two C6 aldehydes in the blueberry that mainly contribute to the
green or leafy odor [21]. For the no cold storage treatment, the concentration of hexanal and E-2-hexenal
decreased fast in the first 4 days, then hexanal started to increase, but the E-2-hexenal level became
stable. After 15 and 60 days of cold storage, the concentrations of hexanal and E-2-hexenal were lower
than in the fresh sample. The concentration of hexanal fluctuated, while E-2-hexenal decreased slowly
during shelf life for both 15 and 60 d cold storage treatments.

Linalool and α-terpineol contribute to the floral notes of blueberry [23]. In this study,
the concentration of α-terpineol was slightly below its sensory threshold (Figure 3). Considering that
an aroma compound close to its threshold could also have sensory impact [31], we included α-terpineol
in the quantification. Without cold storage, linalool content decreased from 0 to 4 d and increased from
4 to 8 d after harvest. After 15 and 60 days of cold storage, linalool content was significantly lower
than the fresh sample. After cold storage, the linalool content in blueberry was relatively stable from
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0 d to 4 d of subsequent shelf life and started to decrease afterward. Similar to linalool, α-terpineol
content decreased from 0 d to 4 d and increased from 4 d to 8 d at 25 ◦C after harvest. For 15 d and 60 d
cold storage treatments, α-terpineol showed a short increase during the first 2 days and decreased
afterward during the subsequent shelf life. The aroma of eucalyptol has been described as ‘eucalyptus’,
‘fresh’, ‘cool’, ‘medicinal’, and ‘camphoraceous’ [32], and has been found to be closely related to the
minty odor of blueberry [23]. The concentration of eucalyptol decreased quickly during the 25 ◦C
storage and also decreased fast during the cold storage period. After 15 days and 60 days of cold
storage, eucalyptol content in the blueberry decreased 76.9% and 86.8% respectively compared to its
initial content at harvest (2.42 µg/kg).

3.5. Off-Odor

Off-flavor is defined as unpleasant odors or flavors imparted to food through internal deteriorative
change [33]. In this study, off-flavor was defined as unpleasant odor that differed from the fresh
samples. The results of sensory evaluation showed that the score of off-odor increased with increasing
storage time (Figure 4). Off-odor developed faster under higher temperature storage conditions,
and unpleasant odor became noticeable only after 4 days of storage at 25 ◦C. Cold storage could keep
the blueberry odor at acceptable level (off-flavor score < 3) for over 60 days.
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at 0 ◦C for 60 days and subsequent storage at 25 ◦C for 4 days. Different letters indicate statistically
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4. Discussion

‘Garden blue’ is a rabbiteye blueberry cultivar with high total soluble solids and good hardiness [34].
It is generally accepted that blueberry tends to soften during transportation and postharvest storage.
However, in our study, increase of firmness was observed during storage. Berry firmness continually
increased when the weight loss was below 2.55%. After 15 days of cold storage, the berry firmness still
increased for 4 days until the weight loss increased to 5%, then the berry firmness started to decrease.
Our results suggested that if the weight loss were well controlled, the firmness of blueberries could be
well maintained at low temperature, and slightly increasing the storage temperature could increase
the firmness of blueberries in the short term. Since the room temperature storage period was short
compared to other studies, the expected berry softening was not obvious. Nevertheless, blueberry
firming during storage has been observed by many researchers. For example, Chen et al. [23] reported
that, irrespective of the storage temperatures, firmness of blueberries increased during the first 7 days
of storage, and declined gradually afterwards. Chiabrando et al. [35] also reported that for blueberry
cultivars ‘Bluecrop’ and ‘Coville’, berry firmness increased over 36% after storage at 0 ◦C for 5 weeks.
Unfortunately, unlike the berry softening, the mechanism of berry firming has not been well explained
yet. Paniagua et al. [36] pointed out that berry firming occurred consistently with low levels of weight
loss (0.22–1.34%), whereas softening occurred with higher weight loss (3.47–15.06%). It was suggested
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that the firming of the blueberry during storage may be related to the parenchyma cell wall thickening,
stone cell arrangement, and thickening of stone cell walls [37].

In recent decades, it has been generally accepted that the drop-off in flavor quality is one of the
major sources of consumer dissatisfaction with fresh fruit products [38,39]. However, berry fruit flavor
is delicate and hard to control during transportation and storage. Cold storage and transportation are
the most widely used techniques for maintaining blueberry quality. Indeed, our results showed that
esters in blueberries were relatively stable during cold storage for up to 60 days, but monoterpenes
such as eucalyptol and linalool continually decreased. We also observed that the aroma compounds
changed much more quickly under the subsequent higher temperature condition, indicating the flavor
change could occur not only during the commercial storage and transportation process, but also
during retail display or home storage. In fact, the aroma change under these conditions could be more
noteworthy, since the changes occurring in just a few days depend on the temperature.

The change of blueberry odor during postharvest storage was probably due to the changes of
esters, C6 aldehydes and terpenes. The most remarkable change was the concentration fluctuation of
ethyl acetate. To better understand the possible sensory effect of these changes, the odor threshold
of each compound was plotted with the concentration change in Figure 3. It has to be mentioned
that the odor threshold of ethyl acetate was different in different studies. Therefore, we chose the
most frequently reported threshold: 5000 µg/L in water [40]. In the fresh berries, the concentration of
ethyl acetate was lower than its odor threshold. However, during 25 ◦C storage, the concentration of
ethyl acetate increased to the level well above its threshold in just 4~6 days, then dropped quickly.
Our observation was consistent with a previous report that the concentrations of esters were higher
in overripe blueberries compared to ripe ones [16]. A similar phenomenon has also been observed
in other fruits, such as over-ripened bananas and apples [41,42], and was associated with increased
pyruvate decarboxylase activity [43]. The accumulated ethyl acetate during storage might impart an
‘over-ripe’ off-odor, and could result in a suppressive effect on the perception of other esters [44].

It has been reported that monoterpene formed in blueberry during the berry ripening stage [15],
but little information was found regarding the monoterpene change during postharvest storage.
In ‘Garden blue’, the linalool content was much higher than that of other monoterpenes, which was
consistent with a previous report that linalool was an important compound contributing to the flavor
of ‘Garden blue’ [23]. It has been reported in grapes that during storage, linalool can be lost by
emission from the berries’ surfaces [45], which probably also occurs in blueberry, as the linalool
content successively decreased after 15 d and 60 d of cold storage. Interestingly, the linalool content,
which decreased during low-temperature storage, slightly increased during the subsequent storage at
25 ◦C. On the contrary, the eucalyptol content decreased rapidly during postharvest storage despite
the temperature. Eucalyptol, which imparts a subtle minty aroma to blueberry, dropped to a level
lower than its odor threshold in just four days. Minty aroma is a pleasant and distinct flavor for some
blueberry cultivars, but seems hard to maintain during storage according to our observation.

The C6 aldehydes are generally considered to be products of fatty acid oxidation through
the lipoxygenase pathway [46]. Like in cucumber and tomato, C6 aldehydes are important flavor
compounds in blueberries, regardless of whether they are generated by oxidation [21,47]. Increase of
C6 aldehydes is often observed in fruit during the postharvest storage [48], and has been found to be
related to chilling injuries in some fruits such as in peaches and bananas [41,49]. However, in our study,
cold storage did not result in increment of C6 aldehydes in “Garden blue” blueberry. This proves that
cold storage is an effective way of preserving the quality of blueberries.

According to the sensory evaluation, prolonged storage did not negatively affect the flavor of
‘Garden blue’ blueberries. Extending postharvest storage from 15 to 60 days still resulted in an acceptable
odor. However, subsequent storage at higher temperature resulted in a quick deterioration in sensory
acceptability from “good” and “excellent” at harvest to “unpleasant off-odor” after 4 days. Due to the
experimental design, we could not perform comparative descriptive analysis, since the samples had to
be evaluated at different times. However, according to the panelists, the observed deterioration in
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blueberry flavor during storage was attributed to a slight decrease in sourness, a gradual decrease
in typical blueberry flavor such as minty and floral odors, and enhanced accumulation of off-flavors
described as ‘over-ripe’, ‘stale’, and ‘solvent-like’, which was consistent with the instrumental data.

5. Conclusions

Blueberry aroma is one of the most important factors affecting its quality. To simulate the storage
conditions of blueberries in real production, we studied the changes of different quality parameters
of blueberries during different length of cold storage conditions and subsequent room temperature
storage, with special regard to volatile changes and ‘off-odor’ generation. The results proved that
cold storage was a reliable way to preserve most of the quality traits of blueberry, as the firmness, pH,
TSS and TA of blueberry changed slowly during cold storage. Aroma compounds generally showed
a downward trend during the cold storage, but the decline was relatively slow. In contrast, the shelf
life after cold storage is the most remarkable period of aroma change, which is represented by the
strong fluctuation of ethyl acetate and the rapid decrease of terpenoids. Our results showed that aroma
preservation during shelf life may be more important in the postharvest chain, and more research is
still needed to better understand the mechanism behind the aroma change, and to explore ways to
regulate the flavor of blueberries during shelf life.

Supplementary Materials: The following are available online at http://www.mdpi.com/2304-8158/9/9/1223/s1,
Figure S1: A representative chromatograph of ‘Garden blue’ blueberry volatiles detected by SPME-GC-QTOF-MS.
The peak number is corresponding to the compound list in Table S1, Table S1: Quantification information for
GC-QTOF-MS analysis, Table S2: Odor threshold and description of volatile compounds.
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