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Abstract.
BACKGROUND: The sweetness of highbush blueberries is a sensory quality standard for consumers. Changes in metabolites
and expression of associated genes induce variation in the sensory quality of blueberries.
OBJECTIVE: This work investigated the ripening mechanism of blueberries by measuring changes in organic acids and
sugar content as well as the gene expression levels associated with sugar accumulation, such as � amylase, invertase, sucrose
phosphate synthase, and tonoplast monosaccharide transporter genes, before and after harvesting.
METHODS: We used three different blueberry cultivars (Duke, Sierra, and Elizabeth) that we harvested at two ripening
stages in a randomized complete block design and then kept at room temperature or 4◦C for 7 days. The organic acids and
sugar content were measured via HPLC, and gene expression levels were analyzed by qPCR.
RESULTS: Cultivars, ripening stage, and storage conditions affected the synthesis of sugars and degradation of organic
acids to determine the sweetness in blueberries and the expression of tagged genes and analyses of compounds involved in
the metabolic mechanism.
CONCLUSIONS: The results provide insights into the mechanism underlying the ripening and the postharvest quality. This
study may support the selection of suitable blueberry cultivars that meet customer demand.

Keywords: Blueberries, gene expression levels, ripening, storage conditions, sugars

1. Introduction

Highbush blueberries (Vaccinium corymbosum L.) are among the most popular fruits among consumers because
of their wide range of health benefits [1] and sweet taste [2]. The flavor is essentially a balance between sugar and
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acid, and the acidity and sweetness of blueberries play an essential role in their flavor characteristics. Blueberry
flavor varies according to cultivar [3, 4], ripening [5], and postharvest storage conditions [6, 7].

Organic acids and carbohydrates (sugars) play an essential role in general fruit metabolism, and they determine
the quality, sweetness, and tartness of blueberries [8, 9]. There is a decrease in organic acid content and increased
sugar content [10, 11]. Among the organic acids, citric acid accounts for the most acid content in blueberries
[12]. Glucose and fructose are the two main reducing sugars in blueberries, determining the fruit’s sweetness [5,
9]. The levels of these sugars, critical for postharvest products, are affected by handling and storage conditions
[13, 14].

Metabolism of carbohydrates and organic acids is essential in both the preharvest and postharvest shelf life of
fruit. Metabolic processes for the synthesis, degradation and transport of these compounds regulate the increase
in sugar and decrease in organic acids [5, 15]. Starch, sucrose, and reducing sugars are the main compounds
that involve sugar metabolism during the ripening of fruit. Sugar metabolism is associated with gene encoding
expression for enzymes such as sucrose synthase, sucrose phosphate synthase, invertase [16–18], and � amylase
[19, 20]. Common sugar transporter proteins, such as the tonoplast monosaccharide transporter, are also involved
in the ripening and accumulation of sugars [21, 22]. Gene expression continues to change after harvesting, and
fruit metabolites are affected by controlled storage conditions. Postharvest carbon dioxide treatment induces a
decrease in the invertase gene expression in strawberry fruit [23]. Storage temperature causes changes in this
gene’s expression in postharvest pear [24] and fresh-cut melon [25]. Thus, a controlled storage environment is
critical for maintaining the postharvest quality of blueberries [26–28]. However, gene expression dynamics in
the synthesis, transport, and degradation of sugars in different ripening stages and postharvest blueberries are
still unclear.

Among highbush blueberries, Duke is an early-ripening cultivar with good taste and large fruit [29]. Elizabeth
has a sweeter taste than Duke and is a late-ripening one, and Sierra is a small and sour fruit and its harvest
time between Duke and Elizabeth. People do not recommend Sierra for commercial production because of its
poor quality [30]. The typical signal of ripening blueberries is the change in skin color, and their surface turns
dark blue to indicate the appropriate HT. However, after this color change, the flesh may be unripe or overripe,
depending on the cultivar. The ripening process of blueberries is also variable during the period from harvesting
until distribution to customers. During the distribution period, the fruit may be stored at low temperatures or
distributed at ambient temperature, and these conditions also affect the ripening and quality of blueberries [31, 32].
Therefore, choosing the appropriate HT for different blueberry cultivars is critical for improving the postharvest
quality of fruit [33, 34]. However, understanding the metabolic mechanism between sugars and acids in these
cultivars is limited. For example, which factors induce the sour taste of Sierra and the sweet taste of Elizabeth,
and why changes in sugar and acid metabolites differ among cultivars during ripening, after harvest, and during
postharvest handling remain unclear. Which genes are involved in these mechanisms also require further study?

Thus, we investigated the ripening and metabolic mechanisms of blueberries, considering the changes in the
contents of organic acids, sugars, and expression levels of VcBAM, VcINV, VcSPS, and VcTMT. Three different
blueberry cultivars were studied (Duke, Sierra, and Elizabeth) at two ripening stages and two storage tempera-
tures, room temperature (RT) and 4◦C for 7 days. The results will support studies on metabolic mechanisms in
blueberries during ripening and postharvest storage and support cultivation practices.

2. Materials and methods

2.1. Fruit materials

Three cultivars of blueberry (Duke, Sierra, and Elizabeth) were harvested at two stages of ripening (stage
3: unripe fruit and stage 5: ripe fruit) (Supplementary Figures 2, 3) in a randomized complete block design.
Damaged free fruit, with similar size and color in each block, were sampled right after HT for analyses (initial
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samples at each ripening stage) and were stored for 7 days at 4◦C (4C) or stored for 7 days at room temperature
(RT). Stored fruit was kept in polyethylene tubes and at 4◦C or RT. After 7 days, the fruit was immediately
sampled for analyses of soluble solid content (SSC), and sugars and organic acids were extracted. Other samples
were stored at -80◦C for RNA isolation and analyses of gene expression levels.

2.2. Analyses of organic acids

Organic acid contents were detected by the Ultimate 3000 High-Performance Liquid Chromatography (HPLC)
System (Thermo Dionex, Sunnyvale, CA, USA) with a refractive index (RI) ultraviolet detector (Refrac-
toMAX520; ERC Inc., Kawaguchi, Japan) with a wavelength of 210 nm. The extraction method was modified
according to previous studies [8, 35], and the HPLC method was described by Chea et al. (2019). About
5–10 g frozen samples were macerated in 25 mL bi-distilled water using the Polytron P-10 tissue homoge-
nizer (Brinkmann, Sayville, NY, USA). The slurry samples were centrifuged at 14000 g at 4◦C for 10 min. After
filtration with filtered paper (200 mm; Whatman, Maidstone, UK) and 0.45 �m microporous membranes, the
collected supernatants were kept at –20◦C for HPLC analyses. Chromatographic separation was performed using
the Aminex 87H column (9 �m, 300 × 10 mm; Bio-Rad, Hercules, CA, USA). The analyses were performed
at a flow rate of 0.5 mL/min. The mobile phase consisted of 0.01 N sulfuric acid (Fluka Chemicals, St. Louis,
MO, USA). Detected organic acids (citric acid, quinic acid, and shikimic acid) were calculated based on their
standards and expressed in g/kg fresh weight.

2.3. Analyses of individual sugars

Individual sugar content was detected by HPLC (Ultimate 3000; Thermo Dionex) with a RI detector, namely
Shodex RI-101 with Chromeleon 6.0 software (Shodex, Yokohama, Japan). The analyses were modified from
previous studies [8, 35]. About 5–10 g frozen ground tissue was mixed with 25 mL bi-distilled water using
the Polytron P-10 tissue homogenizer (Brinkmann). The slurry samples were centrifuged at 14000 g at 4◦C
for 10 min. After filtration with filtered paper (200 mm; Whatman) and 0.45 �m microporous membranes, the
collected supernatants were kept at –20◦C for HPLC analyses. The Sugar-Pak column (300∗6.5 mm; Waters Co.,
Milford, MA, USA) was used, the mobile phase consisted of bi-distilled water, the flow rate was 0.5 mL min−1,
the oven temperature was 70◦C, and the injection volume was 10 �L. The individual sugars detected were
calculated based on their standards such as glucose (98%; Junsei Chemical Co., Ltd., Tokyo, Japan), fructose
(99%; Sigma, St. Louis, MO, USA), and sucrose (99.5%; Sigma). The values of sugar contents are expressed as
g/kg fresh weight (FW).

2.4. Evaluation of soluble solids content of fruit

SSC was assessed using a digital refractometer (GMK-701R; G-Won Hitech, Seoul, Korea) and expressed
as a percentage [36]. Juice from fruit samples (50 g) from each biological repeat from each block group was
extracted and measured.

2.5. Isolation of total RNA and preparation of cDNA

Total RNA was extracted from 100 mg frozen fruit powder using the Ribospin TM Seed/Fruit RNA mini
commercial kit (GeneAll Biotechnology, Seoul, Korea) [37]. RNA was collected in 30 �L nuclease-free water
after treatment with DNase I (GeneAll Biotechnology), and stored at –80◦C. The concentrations of RNA samples
were assessed using a spectrophotometer (NanoDrop 2000; Thermo Fisher Scientific, Waltham, MA, USA), and
their integrity was evaluated by electrophoresis using a 2% gel. The first strand of cDNA was synthesized using
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the RevertAid First Strand cDNA Synthesis Kit (Thermo Fisher Scientific). The cDNA was diluted 10-fold with
DEPC-treated water and stored at –20◦C until analyses.

2.6. Analyses of gene expression

The transcript levels of VcBAM (Genbank Accession No. JQ911593), VcINV, VcSPS, and VcTMT were ana-
lyzed using real-time quantitative polymerase chain reaction (qPCR). Specific gene primers were designed using
the National Center for Biotechnology Information (NCBI) primer blast tool (https://www.ncbi.nlm.nih.gov/).
The PCR products were confirmed by electrophoresis, gel purification, and sequencing (Supplementary
Figure 1). Partial coding sequences of VcINV, VcSPS, and VcTMT from blueberry databases (https://
www.vaccinium.org/crop/blue berry) were confirmed by sequencing (Supplementary Figure 4) and deposited
into NCBI (Accession Nos. MW383486, MT920322, and MT912540 respectively (Supplementary Table 1). The
qPCR reactions were performed with the Mx3005P qPCR System (Agilent Technologies, Santa Clara, CA, USA)
using Solgent™ 2X Real-Time Smart mix. A total reaction volume of 10 �L was used, including 2 �L cDNA tem-
plate which was performed in accordance with the manufacturer’s instructions (SolGent, Daejeon, Korea) [38].
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) cDNA was used as the internal control [39]. The thermal
cycling parameters were 95◦C for 10 min with 40 cycles of 95◦C for 30 s, 55◦C for 30 s, and 72◦C for 1 min.
The 2−��CT method was used to normalize and calibrate transcript values relative to GAPDH as previously
described [40]. For each experiment, three independent replicates of the qPCR assays were performed.

2.7. Statistical analyses

The data mean and the Pearson correlation data were statistically evaluated using SAS 9.4 (TS1M2) statistical
software (SAS Institute Inc., Cary, NC, USA). The experiment was performed in triplicate, and data are expressed
as means ± standard deviations. Figures were generated using Sigma plot 12.0 (Systat Software Inc., San Jose,
CA, USA).

3. Results

3.1. Effects of ripening and storage conditions on organic acids

Organic acids tend to decrease as blueberries are ripening (Fig. 1). Citric acid content decreased from more
than 20 g/kg fresh weight (FW) to ∼10 g/kg FW in Duke and from more than 15 g/kg FW to ∼7 g/kg FW in
Sierra and Elizabeth (Fig. 1A, B). Likewise, quinic acid content was significantly lower in ripe fruit (∼4 g/kg
FW vs. ∼2 g/kg FW) in all cultivars (Fig. 1C, D). However, shikimic acid levels did not decrease significantly
as Duke and Elizabeth ripe (Fig. 1E, F). The effects of storage conditions on organic acid content in postharvest
fruit depended on the cultivar, ripening stage, and type of acid. Cold storage (4◦C) did not induce significant
changes in citric acid contents in both unripe and ripe blueberries. RT conditions caused a decline in citric acid
content in Duke and Elizabeth, but RT did not induce changes in this acid in Sierra at both ripening stages. Citric
acid contents decreased from 21.02 to 17.99 g/kg FW in Duke and 17.57 to 10.39 g/kg FW in Elizabeth in the
unripe stage. This acid content decreased from 10.44 to 7.03 g/kg FW in Duke and from 8.10 to 5.06 g/kg FW
in Elizabeth in the ripe stage (Fig. 1A, B). Storage conditions did not induce significant changes in quinic acid
content in Sierra, but they rendered a considerable decrease in quinic acid contents in Elizabeth at 4◦C and in
Duke at RT in both unripe and ripe fruit (Fig. 1 C, D). Interestingly, cold storage induced a decrease in quinic
acid content in un-ripe Duke (from 4.68 to 3.75 g/kg FW) and RT induced this decrease in un-ripe Elizabeth
(from 2.01 to 1.58 g/kg FW) (Fig. 1C). The reduction of shikimic acid was not influenced by cold storage in
Duke and Elizabeth for both unripe and ripe fruit, but cold storage caused the significant decline of shikimic acid

https://www.ncbi.nlm.nih.gov/
https://www.vaccinium.org/crop/blue berry
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Fig. 1. Changes in the content of organic acids (A, B) citric acid, (C, D) quinic acid, and (E, F) shikimic acid in three blueberry fruit cultivars
(Duke, Sierra, and Elizabeth) in un-ripe and ripe blueberries. The storage conditions are denoted as HT for measuring at harvest time, 4C
for measuring after storing seven days at 4◦C; and RT for measuring after storing seven days at room temperature. The values are expressed
as the means ± standard deviations of triplicate samples. Data in each figure with different letters are significantly different according to
Duncan’s multiple range tests at p < 0.05.
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in unripe Sierra (from 0.05 to 0.04 g/kg FW) (Fig. 1E, F). RT induced the decrease of shikimic acid content in
Sierra in both unripe and ripe fruit, but this decrease only happened in ripe Duke. RT did not affect the changes
in shikimic in Elizabeth. Interestingly, shikimic acid increased in both storage conditions in unripe Duke (from
0.06 to 0.07 g/kg FW at 4◦C and from 0.06 to 0.08 g/kg FW at RT). Thus, organic acid content decreased as
blueberries ripen, and the decrease depended on tagged acids, cultivars, and storage conditions.

3.2. Effects of ripening and storage conditions on individual sugars

Individual sugars (sucrose, glucose, and fructose) tend to increase as blueberries are ripe, depending on the
type of sugars, cultivars, and storage conditions. In this study, we did not detect sucrose in ripe fruit of Duke
and Elizabeth stored at RT, but sucrose appeared in Sierra and other samples of Elizabeth (Fig. 2A, B). Sucrose
content was lower in ripe Elizabeth fruit at HT (1.04 g/kg FW unripe vs. 0.19 g/kg FW ripe). Glucose and fructose
levels significantly increased during ripening in all three cultivars at HT (Fig. 2 C, D, E, F). However, storage
conditions induced significant changes in these individual sugars and also depended on cultivars and ripening.
Sucrose content decreased significantly in Elizabeth. In unripe Elizabeth fruit, sucrose levels were 0.53 g/kg
FW at RT and 0.69 g/kg FW at 4◦C. However, in ripe Elizabeth fruit, levels were higher at 4◦C (0.47 g/kg FW)
compared to HT (0.19 g/kg FW) and disappeared at RT (Fig. 2 A, B). Cold storage maintained glucose content
in almost all samples, except to ripe Sierra (from 41.93 to 38.02 g/kg FW). RT induced a significant increase in
glucose content Elizabeth and a significant decrease in Sierra at both unripe and ripe (Fig. 2 C, D). This glucose
content increased from 24.19 to 28.59 g/kg FW in unripe Elizabeth and from 43.89 to 51.61 g/kg FW in ripe
Elizabeth. However, this content decreased from 24.81 to 18.03 g/kg in unripe Sierra; from 41.93 to 36.49 g/kg
FW in ripe Sierra. RT induced a significant increase in fructose contents in all cultivars for both ripening stages,
but cold storage only induced the increase in fructose in Elizabeth at both ripening (from 28.47 to 34.85 g/kg FW
in unripe; from 50.23 to 54.66 g/kg FW) and in ripe Duke (from 50.33 to 54.89 g/kg FW). The cold condition
did not affect fructose content in Sierra. Summary: The Sierra cultivar had lower levels than the other cultivars
in both ripening stages and storage conditions.

3.3. Effects of ripening and storage conditions on soluble solids

The increase of SSC in blueberries changed according to maturity and storage conditions but depended on
the cultivar (Fig. 3A, B). SSC increased as fruit ripening (from 8.58% to 10% in Duke; 8.45% to 10.05% in
Sierra; from 9.78% to 12.35% in Elizabeth). Elizabeth always had a higher SSC than the other cultivars. Storage
conditions induced the increase of SSC, depending on cultivars and ripening. In unripe fruit, the SSC of Duke
and Sierra were not changed significantly at 4◦C, but this content increased significantly in Elizabeth in the same
storage condition (from 9.78% to 10.41%). RT induced a significant increase of SSC in all tagged cultivars. In
the ripe fruit, the SSC percentage of Duke was significantly higher than HT at both storage conditions. Both
stored conditions did not affect changes in SSC of ripe Elizabeth, but cold storage improved the percentage of
SSC in ripe Sierra.

3.4. Effects of ripening and storage conditions on the expression levels of tagged transcripts

Gene expression showed changes in the cultivars and storage conditions. The expression levels of the VcBAM
gene unchanged as all tagged blueberries ripe (Fig. 4). The expression levels of VcBAM significantly increased
in fruit stored at 4◦C in almost all samples, except for ripe Sierra fruit. VcBAM was upregulated 11.23-fold in
ripe fruit and 7.39-fold in unripe fruit in Duke at 4◦C (Fig. 4A). This increase reached 39-fold in ripe and 16-fold
in unripe Elizabeth (Fig. 4C). This transcript also increased 8.7-fold in unripe Sierra stored at 4◦C (Fig. 4B).

The expression levels of VcINV only increased in Elizabeth when fruit was ripe (Fig. 5). It rose from 1 fold to
1.9 fold (Fig. 5C). There was a discrepancy in the genetic modification of VcINV between Sierra (Fig. 5B) and



C.T.T Nguyen et al. / Accumulation of sugars and associated gene expression in highbush blueberries differ by cultivar 517

Fig. 2. Changes in the content of individual sugars (A, B) sucrose, (C, D) glucose, and (E, F) fructose in three blueberry fruit cultivars
(Duke, Sierra, and Elizabeth) in un-ripe and ripe blueberries. The storage conditions are denoted as HT for measuring at harvest time, 4C
for measuring after storing seven days at 4◦C, and RT for measuring after storing seven days at room temperature. “n.a” means not assayed.
The values are expressed as the means ± standard deviations of triplicate samples. Data in each figure with different letters are significantly
different according to Duncan’s multiple range tests at p < 0.05.



518 C.T.T Nguyen et al. / Accumulation of sugars and associated gene expression in highbush blueberries differ by cultivar

Fig. 3. Changes in soluble solids content in three blueberry fruit cultivars: (A) ‘Duke’ (B) ‘Sierra’ and (C) ‘Elizabeth’. The storage conditions
are denoted as HT for measuring at harvest time, 4C for measuring after storing seven days at 4◦C; and RT for measuring after storing
seven days at room temperature. The values are expressed as the means ± standard deviations of triplicate samples. Data in each figure with
different letters are significantly different according to Duncan’s multiple range tests at p < 0.05.

Elizabeth (Fig. 5C) after cold storage in both ripening stages. While VcINV expression significantly decreased
from 1-fold to 0.5-fold in unripe fruit and from 1.1-fold to 0.7-fold in ripe Sierra fruit, it increased dramatically
from 1-fold to 2.5-fold in unripe and from 1.9-fold to more than 2.9-fold in ripe Elizabeth fruit. Also, there was
a slight increase in VcINV expression level in ripe Sierra samples at RT, reaching 1.9-fold. The expression level
of VcINV was almost unchanged in Duke, except for a significant 8.2-fold increase in unripe fruit kept at RT
(Fig. 5A). The expression levels of VcSPS increased in Duke and Elizabeth but not in Sierra when those fruits
were mature (Fig. 6). Cold storage inhibited the expression levels of VcSPS in Duke and Sierra in both ripening
periods, but it only induced the decrease of this transcript in the unripe Elizabeth (Fig. 6A, B). In Duke, cold
storage inhibited the relative expression of VcSPS by 18% and 64% in unripe and ripe fruit, respectively. This
transcript decreased to 0.16-fold and 0.20-fold in unripe and ripe fruit, respectively, in Sierra and declined to
0.59-fold in unripe Elizabeth at 4◦C. The expression levels of VcTMT only reduced in Elizabeth when fruit was
ripe (Fig. 7C). Compared to unripe fruit at HT (around 1-fold), storage conditions induced a significant decrease
in the expression levels of VcTMT in Duke at both unripe (from 1 fold to approximately 0.1 fold) and ripe (from
1 fold to about 0.45 fold) (Fig. 7A). Still, they only caused a reduction of this transcript in unripe Elizabeth (from
1 fold to about 0.2 fold). Opposite, the gene expression levels of VcTMT increased at RT in Sierra (1.74-fold in
ripe and 1.45-fold in unripe) (Fig. 7B). However, it reduced to 0.45-fold and 0.28-fold at 4◦C in ripe and unripe
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Fig. 4. Changes in the expression level of VcBAM (� amylase) at two ripening stages in three blueberry fruit cultivars: (A) ‘Duke’ (B) ‘Sierra’
and (C) ‘Elizabeth’. The storage conditions are denoted as HT for measuring at harvest time, 4C for measuring after storing seven days at
4◦C; and RT for measuring after storing seven days at room temperature. The values are expressed as the means ± standard deviations of
triplicate samples. Data in each figure with different letters are significantly different according to Duncan’s multiple range tests at p < 0.05.

Sierra. There were no significant differences between the two storage conditions for Duke and Elizabeth at both
ripening stages (Fig. 7A, C).

3.5. Interactions between tagged genes and the metabolites of sugars and acids

The results of correlation analyses between the studied variables are shown in Fig. 8 (A, B). Glucose and
fructose had a highly significant correlation regarding cultivar, ripening stage, and storage temperature (Fig. 8B).
VcBAM had positive correlations with fructose and glucose in Elizabeth and Duke at 4◦C storage but VcBAM had
close interactions with these sugars in Sierra at 4◦C in ripe blueberries (Fig. 8A, B). VcSPS had close interactions
with VcTMT and negatively with quinic acid and citric acid. VcINV had a negative correlation with fructose in
ripe Elizabeth fruit after storage at RT but a positive one with quinic acid in Duke at 4◦C. VcTMT had a significant
negative correlation with quinic acid in Sierra at RT but a positive one with glucose in unripe Duke at 4◦C. It was
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Fig. 5. Changes in the expression level of VcINV (invertase) at two ripening stages in three blueberry fruit cultivars: (A) ‘Duke’ (B) ‘Sierra’
and (C) ‘Elizabeth’. The storage conditions are denoted as HT for measuring at harvest time, 4C for measuring after storing seven days at
4◦C; and RT for measuring after storing seven days at room temperature. The values are expressed as the means ± standard deviations of
triplicate samples. Data in each figure with different letters are significantly different according to Duncan’s multiple range tests at p < 0.05.

interesting to see that VcTMT had close correlations with VcBAM and VcBAM was comparable to other tagged
transcripts, SSC, glucose, and fructose.

4. Discussion

Organic acids are an essential source of respiratory energy in the plant cell. During the developmental stages
of fruit, organic acids play a vital role in expanding cells by water uptake. They accumulate in the early stages
of growing fruit, then decrease when the fruit is ripe [41]. Some previous studies investigated organic acid levels
in blueberries [10, 12, 42, 43], and they found citric acid formed 77–87% of the organic acid content and quinic
acid made up 4–11% of total acids in blueberries, with only a tiny amount of shikimic acid detected in the fruit
[10]. This experiment noticed a high content of citric acid and a small amount of shikimic acid in all tagged
cultivars. Many previous studies showed that the mechanism of organic acid accumulation came from the group
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Fig. 6. Changes in the expression level of VcSPS (sucrose phosphate synthase) at two ripening stages in three blueberry fruit cultivars: (A)
‘Duke’ (B) ‘Sierra’ and (C) ‘Elizabeth’. The storage conditions are denoted as HT for measuring at harvest time, 4C for measuring after storing
seven days at 4◦C; and RT for measuring after storing seven days at room temperature. The values are expressed as the means ± standard
deviations of triplicate samples. Data in each figure with different letters are significantly different according to Duncan’s multiple range
tests at p < 0.05.

of metabolized reactions from the Krebs cycle [44, 45]. This processing continued to taking place in postharvest
handling. In this study, storage conditions induced decreased citric acid and quinic acid in Duke and Elizabeth
(but not in Sierra). A previous study reported that the phosphoenolpyruvate carboxykinase (PEP-c) played an
essential role in the catabolism of organic acid in the flesh of blueberries [44]. The size of Duke and Elizabeth was
larger than Sierra (data not showed). This phenomenon might be related to PEP carboxylase and carboxykinase
activities, which led to changes in acid levels among tagged cultivars [46]. The higher quinic acid levels in
Elizabeth at RT were the result of over-ripening. Thus, the different decreases in organic acids of blueberries
depended on the size and cell expansion during the ripening stages of fruit. Storage conditions played a role as
inhibitor or activator factors for these changes in the organic acid of blueberries.

In contrast to organic acids, the amounts of individual sugars increased with the ripening of fruit. Like previous
studies [47–49], sucrose was not detected in Duke in any samples and disappeared after storage at RT in Elizabeth.
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Fig. 7. Changes in the expression level of VcTMT (tonoplast monosaccharide transporter) at two ripening stages in three blueberry fruit
cultivars: (A) ‘Duke’ (B) ‘Sierra’ and (C) ‘Elizabeth’. The storage conditions are denoted as HT for measuring at harvest time, 4C for
measuring after storing seven days at 4◦C; and RT for measuring after storing seven days at room temperature. The values are expressed
as the means ± standard deviations of triplicate samples. Data in each figure with different letters are significantly different according to
Duncan’s multiple range tests at p < 0.05.

Sucrose is considered the primary carbohydrate in most plants. Sucrose depletion occurs through hydrolysis by
the enzyme invertase, yielding glucose and fructose [50, 51]. Sucrose is an oligosaccharide (non-reducing sugar)
and glucose and fructose are monosaccharides (reducing sugars). The levels of soluble sugars such as glucose,
fructose, and sucrose determine the sweetness and quality of fruit [9, 52]. Glucose and fructose are the individual
major sugars in blueberries and affect the flavor of fruit [4, 52]. After harvest, ripening affects the quality,
sweetness, and taste of postharvest fruit. Glucose and fructose levels in postharvest blueberries also change
depending on the ripening stage and cultivar [8]. The three cultivars in this study were from an organic farm, and
organic blueberries tend to have significantly higher fructose and glucose levels [49]. The glucose and fructose
analyses (combined with data not shown) showed that the sensory qualities were best in Elizabeth and worst in
Sierra. Thus, when evaluating individual sugars, postharvest ripening and storage conditions are essential factors
to consider.
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Fig. 8. Pearson correlation between metabolites and gene expression levels was expressed by (A) scatter plots and (B) component loadings.
The interactions are calculated between gene expressions of VcBAM, VcINV, VcSPS, and VcTMT and metabolites of fructose (FRU), glucose
(GLU), soluble solids content (SSC), and citric acid (CA), quinic acid (QA), and shikimic acid (SA). The storage conditions are denoted as
HT for measuring at harvest time, 4C for measuring after storing seven days at 4◦C; and RT for measuring after storing seven days at room
temperature. The cultivars are denoted as D is Duke, S is Sierra, and E is Elizabeth. Number “3” showed ripening stage 3 (unripe fruit) and
“5” showed ripening stage 5 (ripe fruit).

Changes in gene expression differed by cultivar, ripening stage, and storage temperature. �-amylase, a vital
enzyme related to converting starch to maltose in plants, hydrolyzes the �-1,4-glucosidic bonds from the non-
reducing end of the molecule, resulting in maltose formation. Although we cannot detect maltose in this study, a
previous study demonstrated that the �-amylase gene (JQ911593) is affected by cold acclimation in Jersey and
Sharp-blue blueberry cultivars. The authors reported an increase in �-amylase gene (VcBMY) expression linked
to the reduction in starch and accumulation of solute sugars. During cold acclimation, VcBMY expression was
2-fold higher in Jersey than in Sharp-blue [19]. In a previous study, the expression of �-amylase family genes
differed by developmental period and ripening stage and changed in response to abiotic stress in banana fruit
[53]. VcBAM was upregulated under cold storage conditions in almost all samples (except ripe Sierra). It had
close correlations with VcTMT, glucose, and fructose. This interaction showed a hypothesis that the transporter
gene induced the activation of VcBAM and led to the increase of glucose and fructose. However, it might be due
to starch-to-sugar conversion, although blueberry fruit has a low starch content (data not shown). This study did
not show a significant correlation between VcBAM and sugars in Sierra, and the expression of VcBAM did not
significantly increase in ripe Sierra fruit after harvesting. It was why the sugar metabolism did not happen in
Sierra after harvesting.

Fruit quality also depends on invertase enzyme activity, which hydrolyzes sucrose into fructose and glucose,
and plays a vital role in sugar metabolism in blueberry fruit. Shen et al.[54] investigated the function of acid
invertase genes (AINV) in pepper fruit development. They found that AINV enzymes may be necessary for
sucrose hydrolysis in the reproductive organs of pepper. Another study showed that the overexpression of EjVIN
accelerates sucrose hydrolysis in loquat fruit [55]. Changes in invertase genes depend on the developmental and
ripening periods of fruit. A recent study reported that high expression of sucrose invertase induces a decrease in
glucose content in the early development stages of pumpkin [17]. However, in our research, VcINV decreased
after harvest in unripe Sierra but increased in ripe Sierra and unripe Duke cultivars stored at RT, which might
result in transglycosidation activity, transferring a hexose moiety to the primary alcohol group of mono- or
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disaccharides [56]. Differences in the expression of VcINV between the two storage conditions considered herein
depended on the cultivar. In the ripe fruit of Elizabeth, the activation of VcINV (MW383486) had an interaction
with a decrease in fructose levels during RT storage, which resulted from over-ripening

Similar to invertase, sucrose phosphate synthase (SPS) helps determine the sucrose content in fruit [57].
Although the role of SPS has not been investigated in postharvest fruit, some studies have shown that gene
expression of many SPS and TMT enzymes are only induced under cold conditions. Such genes include those
associated with stress tolerance that encodes glycolytic and TCA cycle enzymes associated with protein synthesis
machinery [58]. SPS (CUFF.14989.1) is related to glucose and fructose biosynthesis and is upregulated during
the maturation of blueberries [8]. In our study, VcSPS (MT902322) was downregulated in cold storage but
upregulated at ambient temperature. There was a high negative correlation between VcSPS and glucose and
fructose in unripe Duke and Elizabeth fruit at RT and ripe fruit at 4◦C. We hypothesized that the reduction of
VcSPS led to an increase in fructose and glucose content. Cold storage inhibited the expression of VcSPS and
induced the maintenance of fructose and glucose levels. This finding suggests that a mechanism that decreases
sucrose synthase activity reduces growth, decreases starch, and reduces tolerance to anaerobic stresses in plants
[59].

We designed the VcTMT (MT912540) transcript from sequences of the tonoplast monosaccharide transporter
gene in the Vaccinium database. Using results about correlations between VcTMT and metabolites (glucose and
quinic acid), combined with the expression levels of VcTMT under two storage conditions, we found that the
increase in VcTMT induced the decrease in quinic acid and the increase in glucose in blueberries. VvTMT2
(JX233818) expressed highly during the ripening and over-ripening of grape berries [60], which were similar
results in the expression of VcTMT in Elizabeth. The tonoplast monosaccharide transporter (PbTMT4) participates
in the vacuolar accumulation of sugars during the development of pear [21] and peach fruit [61]. In this study,
storage conditions did not affect the expression of VcTMT in Duke and Elizabeth because of the characteristics
of cells in the vacuoles of different fruit cultivars.

5. Conclusion

Ripening and storage conditions affected the synthesis of sugars and the degradation of organic acids and led
to sweetness in blueberries. The metabolic mechanism was elucidated through the expression of tagged genes
and analyses of metabolites. The activation of VcBAM and the inhibition of VcSPS and VcINV contributed to
sugar biosynthesis, which was induced by the transporter VcTMT. The decrease of VcTMT when Elizabeth ripe
supported the accumulation of sugar better than other cultivars. The inactivation of VcBAM also induced the
metabolic process in Elizabeth. However, these genes did not induce significant changes in Sierra, which led to
the sour taste in this cultivar, even after harvesting at full ripeness. The activation of VcINV correlated with a
decrease in fructose content and higher quinic acid levels in Elizabeth at RT, resulting from over-ripening at RT.
Thus, Elizabeth was the most relevant cultivar in ripening fruit under different postharvest conditions, then was
Duke. Sierra was the least appropriate variety. This study provides insights into the mechanism underlying the
ripening and maintenance of freshness and sweetness in postharvest blueberries. Our results promote a better
understanding of suitable cultivars that can meet customer demands.

Conflict of interest

The authors have no conflict of interest to report



C.T.T Nguyen et al. / Accumulation of sugars and associated gene expression in highbush blueberries differ by cultivar 525

Funding

This work was supported by the National Research Foundation of Korea (grant no. 2020R1I1A1A01066341)
to Chau Thi Thu Nguyen.

Acknowledgments

The authors have no acknowledgments.

Supplementary material

The supplementary material is available in the electronic version of this article: https://dx.doi.org/10.3233/JBR-
210748.

References

[1] Yang S, Wang C, Li XY, Wu C, Liu C, Xue ZH, et al. Investigation on the biological activity of anthocyanins and polyphenols in
blueberry. Journal of Food Science. 2021;86(2):614-27. 10.1111/1750-3841.15598

[2] Saftner R, Polashock J, Ehlenfeldt M, Vinyard B. Instrumental and sensory quality characteristics of blueberry fruit from twelve
cultivars. Postharvest Biol Technol. 2008;49(1):19-26. https://doi.org/10.1016/j.postharvbio.2008.01.008

[3] Aires A, Carvalho R, Matos M, Carnide V, Silva AP, Goncalves B. Variation of chemical constituents, antioxidant activity, and
endogenous plant hormones throughout different ripening stages of highbush blueberry (Vaccinium corymbosum L.) cultivars produced
in centre of Portugal. J Food Biochem. 2017;41(6). https://doi.org/10.1111/jfbc.12414

[4] Gilbert JL, Guthart MJ, Gezan SA, de Carvalho MP, Schwieterman ML, Colquhoun TA, et al. Identifying breeding pri-
orities for blueberry flavor using biochemical, sensory, and genotype by environment analyses. Plos One. 2015;10(9).
https://doi.org/10.1371/journal.pone.0138494

[5] Lin Y, Huang GH, Zhang Q, Wang YH, Dia VP, Meng XJ. Ripening affects the physicochemical properties, phytochemicals and antiox-
idant capacities of two blueberry cultivars. Postharvest BiolTechnol. 2020;162. https://doi.org/10.1016/j.postharvbio.2019.111097

[6] Paniagua AC, East AR, Heyes JA. Interaction of temperature control deficiencies and atmosphere conditions during blueberry storage
on quality outcomes. Postharvest Biol Technol. 2014;95:50-9. https://doi.org/10.1016/j.postharvbio.2014.04.006

[7] Rosenfeld HJ, Meberg KR, Haffner K, Sundell HA. MAP of highbush blueberries: sensory quality in relation to storage
temperature, film type and initial high oxygen atmosphere. Postharvest Biol Technol. 1999;16(1):27-36. https://doi.org/10.1016/s0925-
5214(98)00102-1

[8] Li XB, Li CN, Sun J, Jackson A. Dynamic changes of enzymes involved in sugar and organic acid level modification during blueberry
fruit maturation. Food Chem. 2020;309. https://doi.org/10.1016/j.foodchem.2019.125617

[9] Nookaraju A, Upadhyaya CP, Pandey SK, Young KE, Hong SJ, Park SK, et al. Molecular approaches for enhancing sweetness in
fruits and vegetables. Sci Hort. 2010;127(1):1-15. https://doi.org/10.1016/j.scienta.2010.09.014

[10] Forney CFK, Wilhelmina | Jordan, Michael A. | Vinqvist-Tymchuk, Melinda R. | Fillmore, Sherry A.E. Blueberry and cranberry fruit
composition during development. J Berry Res. 2012;2:169-77.

[11] Gibson L, Rupasinghe H, Forney CF, Eaton L. Characterization of changes in polyphenols, antioxidant capacity and physico-chemical
parameters during lowbush blueberry fruit ripening. Antioxidants. 2013;2(4):216-29.

[12] Ayaz FA, Kadioglu A, Acar C, Turna I. Effect of fruit maturation on sugar and organic acid composition in two blue-
berries (Vaccinium arctostaphylos and V-myrtillus) native to Turkey. New Zealand J Crop Hort Sci. 2001;29(2):137-41.
https://doi.org/10.1080/01140671.2001.9514171
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