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To better understand the effect of growing location on the phytochemical compounds and sensory properties of blueberry (Vaccinium spp.), here we investigated rabbiteye blueberry ‘Brightwell’ (Vaccinium ashei cv. ‘Brightwell’) grown in 10 locations of China. Significant differences in terms of total soluble solids, titratable acidity, flavonoids, phenols, as well as proanthocyanidins and anthocyanins, were found in the fruits (berries) of blueberry plants among the different sampled locations. Furthermore, their sensory properties, which evaluated by the electronic tongue method, also significantly differed among the 10 locations. The content of flavonoids, phenols, proanthocyanidins, and anthocyanins all had significant correlations with sensory properties, except that of aftertaste-astringency. A key finding to emerge was that blueberry plants grown at high altitude locations harbored a high content of total soluble solids, flavonoids, phenols, proanthocyanidins, and anthocyanins along with high scores for the sweetness. These results suggested cultivating blueberry at high altitude can produce fruit that not only possess pronounced beneficial health effects but also good taste.
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Introduction

The cultivation of blueberry (Vaccinium spp.) in China has garnered dramatically rising interest over the last 15 years, with its production area having reached 22,000 hm2, or 16.3% that of world’s total (Li et al., 2016; Brazelton et al., 2017). Meanwhile, global blueberry acreage is continuing to increase due to their nutritional and health benefits (Scalzo et al., 2013; Upadhaya and Dwivedi, 2019).

Blueberry is a richer source of antioxidant compounds (flavonoid, polyphenolic compounds, and especially anthocyanins) when compared to other berries, such as strawberry or raspberry (Cardeñosa et al., 2016). Blueberry cultivars high in antioxidant compounds could command a price premium when marketing them to consumers (Gilbert et al., 2015; Kraujalytė et al., 2015; Gallardo et al., 2018). Furthermore, the sensory quality of the harvested berries is another important aspect influencing the behavior of their would-be consumers. Consumer preference studies have suggested that key sensory properties, such as sweetness, freshness, and juiciness, were another main psychological drive for purchasing blueberries (Saftner et al., 2008; Gilbert et al., 2014; Yue and Wang, 2016).

To better accommodate consumer preferences, hundreds of blueberry cultivars have been bred by scientists worldwide. Among them, phytochemical compounds were found to vary widely (Connor et al., 2002; Gilbert et al., 2014). Similarly, there exists much variation in the sensory scores for intensity of blue color, juiciness, sweetness, and blueberry-like flavor among different blueberry cultivars currently on the market (Saftner et al., 2008).

Phytochemical compounds in blueberry fruits were also considerably affected by the plant’s growing locations and the interaction between environment and cultivars, although contradictory results have been reported (Zoratti et al., 2015; Correia et al., 2016). Sensory properties are induced by a variety of phytochemical compounds, such as sugars, acids, polyphenol composition, total soluble solids (TSS), titratable acidity (TA), and other quality measurements related with sweetness, sourness, and blueberry-like flavor (Saftner et al., 2008; Barrett et al., 2010; Bett-Garber et al., 2015). Therefore, it is reasonable to speculate that blueberry’s sensory properties may also be influence by growing location. Yet, surprisingly, very little information is available on the effect of growing location upon blueberry sensory properties, and their correlation with phytochemical compounds (Saftner et al., 2008; Bett-Garber et al., 2015).

Traditionally, the taste of blueberries has been evaluated using human sensory panels, which provides an integrated, direct measurement of perceived intensities of target taste attributes (Hanson et al., 1993; Trigo et al., 2004; Moreno et al., 2007). However, this approach is quite time-consuming and expensive and it is confined to certain conditions (Liang et al., 2003; Liu et al., 2017). Electronic tongue (“E-tongue”) systems have been successfully developed to mimic the organization of human taste buds, which are sensor arrays (Wei and Wang, 2013;  Phat et al., 2016). This instrument is widely used for testing liquid foodstuffs, such as water (Carbó et al., 2018), wine (Buratti et al., 2007), fruit juice (Qiu et al., 2015), and tea (Chen et al., 2008). It has proven to be a promising, rapid, and low-cost technique for the discrimination of blueberry juices produced from different plant genotypes (Kraujalytė et al., 2015). Accordingly, in this study, sensory taste variability of blueberry from different locations in China were evaluated using the E-tongue, with the aim of exploring the effect of growing location on blueberry sensory properties, and to clarify the relationship between sensory properties and phytochemical compounds in blueberry. Knowledge gained in our study may provide a useful guide for selecting orchard locations with a view towards improving fruit berry quality.



Materials and Methods


Plant Materials

Rabbiteye blueberry (Vaccinium ashei cv. ‘Brightwell’) fruits were sampled from five major blueberry-growing provinces of China, in July 2017 (Figure 1). Ten blueberry orchards known for their abundant yields were selected as sampling sites, whose location and altitude are listed in Table 1.




Figure 1 | The locations of 10 fields sampled in five provinces of China.




Table 1 | Geographical details for the 10 sampled sites of blueberry in China.



Blueberries, that are the fruits, were manually picked at the commercial ripening stage, when the berries were fully developed in size and blue in color. Five plants (replicates) were randomly chosen in each orchard, and with, approximately, 120 g of blueberries randomly collected from each plant. These samples of harvested blueberries were then pooled and stored in a sealed foam box with ice to prevent their degradation while moving them from field to the laboratory, where they were stored at –20°C. All metabolic analyses were performed within 3 months from this field collection.



Chemicals and Reagents

Folin–Ciocalteu reagent, catechin, and cyanidin 3-glucoside were purchased from Sigma-Aldrich (St. Louis, MO, USA), while rutin and gallic acid were purchased from J&K chemicals Ltd (Beijing, China). The HPLC solvents were bought from EMD (Darmstadt, Germany). Other chemicals and reagents used in this study were of analytical grade and were obtained from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China).



Sample Preparation and Extraction

All analytical determinations were applied to a fruit homogenate, obtained by crushing about 50 g of frozen berries in a food blender (Philip, Shanghai, China). A portion of each sample’s homogenate was used to determine TSS content, TA, and sensory properties; the other part was used to extract phenols, flavonoids, proanthocyanidin, and anthocyanin

The extraction method was adapted from Wang et al. (2015), with some modifications. Approximately 1 g of each homogenized blueberry sample was put into a 50 ml centrifuge tube, in which it was mixed with 15 ml of 85% methanol containing 0.5% formic acid, and then shaken in a vortexer for 15 s to ensure even mixing. Each sample was sonicated at 20°C, for 20 min, in a KQ-5200E ultrasonic cleaner (Shumei, Kunshan, China), and then centrifuged at 5,000 rpm for 10 min. The supernatant was removed, and another 15 ml of the methanol extraction solution was added to the residue. This extraction operation was repeated three times per sample, until the berries had become colorless. These extracts were combined and stored at –20°C for later chemical analyses.



Total Soluble Solid (TSS) and Titritable Acid (TA) Content

The TSS of berries was measured with a hand refractometer (Co. Atago, Japan) on the juice obtained by squeezing the homogenized blueberries. To determine TA, a 2.5 g sample of homogenized blueberries was first diluted with 25 ml of distilled water, after which TA was quantified with a neutralizing 0.1 M NaOH solution to an end-point of pH 8.1. Values of TA were expressed as the percent citric acid (mass/mass) on a fresh weight (FW) basis of fruit; the ratio between TSS and TA ratio was calculated as a taste indicator.



Total Phenolic Content

Total phenolic content (TP) was estimated using the Folin–Ciocalteu colorimetric method, as described by Li et al. (2013). Briefly, appropriate dilutions of the extracted samples (0.2 ml) were oxidized with 2 ml of 0.5 mol L-1 Folin–Ciocalteu reagent, for 4 min, at room temperature. Then, the reactive solution was neutralized, by 2 ml of 75 mg ml-1 saturated sodium carbonate, and its absorbance was measured at 760 nm after incubation for 2 h at room temperature in the dark. Quantifications were made based on the standard curve of gallic acid.



Total Flavonoid Content

Total flavonoid content (TF) was measured by a modified colorimetric method (Huang et al., 2012). The appropriate dilutions of the extracted samples (1 ml) were mixed with 0.1 ml of 0.05 g ml-1 NaNO2. After 6 min, to each 0.1 ml of 0.1 g ml-1 AlCl3 solution was added; 5 min later, 1 ml of 1 mol L-1 NaOH was added to the reactive solution. This was then mixed well and allowed to stand for 15 min before measuring its absorbance at 510 nm. The TF was calculated and expressed as rutin equivalents.



Proanthocyanidin Content

Proanthocyanidin content (PAC) of the blueberry extract was determined by the colorimetric assay developed by Price et al. (1978). Briefly, a 0.5% (w/v) solution of vanillin-HCl reagent (0.5% vanillin in 4% concentrated HCl, in methanol; 2.5 ml) was added to 0.5 ml of diluted extracts and standard (catechin) solutions, mixed thoroughly, and incubated at 30°C in the dark for 20 min. The absorbance of this solution was recorded at 500 nm against the corresponding blanks. The PAC was calculated and expressed as catechin equivalents.



Total Anthocyanin Content

The blueberry extracts were filtered through a 0.22 μm filter (Millipore), and then injected to high performance liquid chromatography (HPLC) for analysis. This HPLC analysis was performed in an Aglient 1100 HPLC system (Agilent Technologies, USA) equipped with a binary pump and a diode-array detector (DAD). For the chromatographic analysis, a 250 mm × 4.6 mm, 5-μm particle size, end-capped reverse-phase Zorbax SB-C18 column was used (Agilent Technologies, USA). The running temperature was 35°C, with an injection volume of 10 μl. The detections were made at 520 nm, at a flow rate of 0.6 ml/min. Mobile phase A was a mixture of 6% HAc (ethanoic acid) and ultrapure water, whereas mobile phase B was a mixture of 6% HAc and acetonitrile. The gradient used was as follows: 5 to 10% B (from 0 to 5 min), 10 to 15% B (from 5 to 20 min), 15 to 20% B (from 20 to 35 min), 20 to 40% B (from 35 to 40 min), 40 to 80% B (from 40 to 45 min), 80 to 85% B (from 45 to 50 min), 85 to 5% B (from 50 to 55 min), and 5% B (from 55 to 60 min). To quantify anthocyanins, their peak areas were compared to the absorbance of a cyanidin 3-glucoside external standard (Sigma-Aldrich, Shanghai, China). Total anthocyanin content (hereon, ACs) was calculated as the sum of these peaks and expressed on a FW basis of fruit.



E-Tongue Analysis

The overall taste profile of the blueberry was measured by an E-tongue (TS-SA402B, Intelligent Sensor Technology Inc., Kanagawa, Japan). This device consisted of an automatic sampler, a selective sensor array of six sensors (sourness, bitterness, astringency, umami, saltiness, richness, aftertaste-astringency, and aftertaste-bitterness), a signal acquisition instrument, and pattern recognition software. The surface of the selective sensors is combined with artificial lipid membranes has different response properties to chemicals on the basis of their taste. The selective sensors used in this study were: GL1 specific for sweetness, CA0 for sourness, C00 for bitterness and aftertaste-bitterness, AE1 for astringency and aftertaste-astringency, AAE for umami, CT0 for saltiness. The measurement principle of the E-tongue is based on the capability of tasty substances to change the potential of the sensors through electrostatic or hydrophobic interaction with the hydrophilic and hydrophobic groups of the lipid membranes. The sensors were dipped into the calibrated solution, which was 30 mmol L-1 potassium chloride and 0.3 mmol L-1 tartaric acid, then the electric potential measured for each sensor was defined as Vr. Then the sensors were dipped into the blueberry solution for 30 s, and the electric potential for each sensor was defined as Vs. The relative value (Rv) was represented by the differences between the potentials of blueberry sample and the reference solution (Vs-Vr). Then sensors were rinsed with fresh calibrated solution for 6 s and then dipped into the reference solution again. The new potential for the reference solution was defined as Vra. The difference Vra-Vr between the potentials of the calibrated solution after and before sample measurement is the “Change of Membrane Potential caused by Absorption value” (CPAv) and corresponds to the “aftertaste”. Before a new cycle measurement, sensors were rinsed for 90 s with a washing solution (30% ethanol) and then for 180 s with the calibrated solution. The “taste values” were calculated by multiplying the Rv and CPAv of the sensors for coefficients based on Weber-Fechner law, which gives the intensity of sensation considering the sensor properties for tastes (Kobayashi et al., 2010). For preparing the blueberry samples, the blueberry homogenate was first mixed with distilled water (1:2, g/ml) by vortexing. This mixture was then put into a 50 ml centrifuge tube and centrifuged at 5,000 rpm for 10 min. Next, the supernatant was filtered through three layers of gauze and the ensuing clear liquid was poured into the special beaker of the E-tongue, and analyzed at room temperature. In conducting this data collection sequence, it alternated between the tested calibrated solution and a given blueberry sample and repeated four times for both. The average of the last three sets of obtained data was used for the statistical analysis.



Data Analysis

All data are expressed here as the mean ± SD (standard deviation). Statistical analysis of the above data relied on one-way analysis of variance (ANOVA), followed by Duncan’s multiple test, to identify significant differences among samples of blueberry grown at different locations, using SPSS v18.0 (SPSS Inc., Chicago, USA). An alpha level of p < 0.05 or less was considered to be significant.

Correlation analysis was performed among phytochemical conpounds and sensory properties using SPSS v18.0 (SPSS Inc., Chicago, USA). The correlation coefficients were analyzed by Pearson method, and significance was tested by two-tailed method. An alpha level of p < 0.05 or less was considered to be significant.

In order to test for similarities among blueberries sampled from different locations, principal component analysis (PCA) was applied to the data set. Locations were inserted in rows and response variables including phytochemical properties, and sensory values were placed in columns. The PCA analysis was implemented in the Origin2019 software (Massachusetts, USA).




Results and Discussion


Phytochemical Compounds of Blueberry Affected by Growing Locations

Significant differences in blueberry TSS, TA, and TSS/TA were found among the different growing locations (Table 2). The TSS among the 10 locations ranged from 9.4 to 14.2%, TA ranged from 0.33 to 0.55%, and TSS/TA ranged from 20 to 37.7. Blueberry grown in Shigu had the highest TSS compared with the other locations, having also the lowest TA content and highest TSS/TA. These results show that where blueberry is grown has a significant impact on its fruit berries’ TSS and TA, which is in line with other results (Correia et al., 2016).


Table 2 | The content of total soluble solids (TSS), titratable acidity (TA), and TSS/TA in blueberry from different locations in China.



Growing location also had a significant effect on the TF, TP, PAC, and ACs of blueberry (Table 3). Across the 10 locations, the corresponding values for TF, TP, PAC, and ACs ranged from 0.94–2.07 mg rutin g-1 FW, 1.44–3.53 mg gallic acid g-1 FW, 2.40–9.53 mg catechin g-1 FW, and 0.26–1.34 mg Cyanidin-3-glucoside g-1 FW. Blueberry grown in Caota and Baima towns had the lowest TF, TP, PAC, and ACs content, whereas that grown in Shigu, Yinqiao, Yousuo, and Longpeng towns had the highest TF content, while Yinqiao and Longpeng towns had the highest TP content and Longpeng town had the highest PAC and ACs contents. Significant correlations among blueberry’s TF, TP, PAC, and ACs content were found in the samples whose contents were significantly positively correlated with the altitude of their growing locations (Table 4). Studies involving altitude have provided contradictory results for the phenols content of both blueberries and bilberries (Martz et al., 2010; Zoratti et al., 2015). Some researchers also found no clear relationships, or negative ones, between altitude and the ACs content of blueberries (Åkerström et al., 2010; Martz et al., 2010). In later work, Wang et al. (2015) and Zoratti et al. (2015) reported the ACs in blueberries and bilberries increased when grown at higher altitudes. In our study, the results suggested the TF, TP, PAC, and ACs content of blueberry increased with altitudes rising from 37 to 2,010 m. This could be due to the plant’s protective mechanisms against the stronger solar radiation and ultraviolet light generally prominent in high altitude regions (Jaakola et al., 2004; Zoratti et al., 2015). Such strong radiation and ultraviolet light could increase free radicals, such as reactive oxygen species (ROS), which activate the biosynthesis of flavonoids, especially anthocyanins to protect plant organs (Dudareva et al., 2020).


Table 3 | The content of total flavonoids (TF), phenols (TP), proanthocyanidin (PAC), and anthocyanins (ACs) in blueberry from different locations in China.




Table 4 | Pearson correlation coefficients for altitude and phytochemical contents of blueberry.



The TSS and TA significantly increased and decreased with altitude, respectively, meanwhile the TSS/TA was increased with the rising altitude (Table 4). This suggested blueberry grown at high altitude could be sweeter, since the TSS/TA is considered as a rough but reliable indicator of fruit sweetness and is recognized as a key factor contributing to the flavor of blueberries (Almutairi et al., 2017). Our results agree with reports on mandarin (Rokaya et al., 2016) and apricots (Naryal et al., 2019); however, Correia et al. (2016) reported that altitude did not affect the TSS in blueberry, and an inverse relation was observed in bilberry and pomegranate, in that a higher TSS content predominated at lower altitudes (Mikulic-Petkovsek et al., 2015; Mphahlele et al., 2016). From our results, we infer that high altitude climatic conditions are favorable for blueberry’s accumulation of sugar contents. Sunlight at high altitudes is of higher intensity than at lower altitudes, contributing to an accelerated photosynthetic rate and metabolite accumulation (Naryal et al., 2019). Another factor that could increase TSS content arises from reduced respiration caused by the low temperatures characterizing high altitude zones, which would promote the synthesis and accumulation of carbohydrates in fruits (MacKenzie et al., 2011).



Correlations Among Phytochemical Compounds of Blueberry

Significant correlations were also found between phenolic compounds and TAA, TA, and SS/TA (Table 4). These results were similar to findings from other studies, mainly on grape (Matsumoto et al., 2007) and pomegranate (Fawole and Opara, 2013). It may be that blueberry with high TSS are better able to sustain a high content of phenolic compounds, since physiologically they both increase simultaneously during the maturity stage of berries (Ribera et al., 2010).



Correlations Between Sensory Properties and Phytochemical Compounds of Blueberry

Significant differences were found among blueberry sensory scorings evaluated by the E-tongue among the 10 sampled locations (Figure 2). Furthermore, significant negative correlations were evident between altitude and sourness, astringency, aftertaste-bitterness, and richness, while altitude was significantly positively correlated with bitterness, umami, and sweetness of the berries (Table 5). Additionally, TSS was significantly positively correlated with bitterness, aftertaste astringency as well as umami and sweetness, yet negative correlated with sourness. The TA was also correlated with sensory scores but its trend was the opposite of that shown by TSS. The TF, TP, PAC, and ACs all had a similar association with the sensory values as found for TSS, which was positively correlated with bitterness, umami, and sweetness, and negatively correlated with sourness, astringency, aftertaste-bitter, and richness of the blueberries. Unlike the findings of Drewnowski and Gomez-Carneros (2000), we found that a high concentration of anthocyanin and total phenolics increased the astringent tastes of blueberry, a result similar to that reported by Bett-Garber et al. (2015), who studied the relationship between physicochemical contents and sensory values of six blueberry cultivars, and found that a sweet taste was positively correlated with the TSS and anthocyanin content of blueberry, while its sour taste was positively correlated with its TA.




Figure 2 | Spider plot for sensory scores of blueberry sampled from different locations in China. CT, Caotao town; BM, Baima town; DS, Dushan town; XW, Xuanwei town; XC, Xianchang town; SG, Shigu town; YQ, Yinqiao town; YS, Yousuo town; HK, Haikou town; LP, Longpeng town.




Table 5 | Pearson correlation coefficients between altitude, phytochemical properties, and sensory scorings of blueberry.



Sensory scorings and phytochemical analyses were also processed by PCA, for which the two-dimensional biplots of scores and loading of the different locations are presented in Figure 3. Principal component 1 (PC1) and PC2 respectively represented 53.3 and 14.2% of the total variance in the data set. The PC1 was dominated by sensory scores: umami, and sweetness, as well as phytochemical contents: TF, TP, PAC, and ACs. The PC2 was dominated by sensory scores: astringency, aftertaste-astringency and aftertaste-bitterness as well as some phytochemical content: TA and TSS/TA (Figure 3). The short distance among TF, TP, PAC, and ACs suggested they have a similar influence upon the evaluation of blueberry’s food quality. The PCA plot showed that blueberry from different locations could be effectively discriminated, although the values for some locations were clustered and showed some overlap (Figure 3). Blueberry plants grown at high altitudes were located on the right of the x-axis, which suggested their fruits had high sensory scores for umami and sweetness, and a high content of TF, TP, PAC, and ACs. These results indicated that for the production of high-quality berries with respect to their sweetness and ACs content, it would be better to established blueberry fields at high altitudes. However, it was hard to discriminate the  uality of blueberry from closing altitudes, due to the overlapping (Figure 2B). Therefore, looking ahead, more environmental factors should be considered, such as soil type and cultivation methods, since these two have an important role to play in determining blueberry properties and quality as food (Connor et al., 2002; Ehret et al., 2014; Zoratti et al., 2015).




Figure 3 | Principal component analysis (PCA) of phytochemical analyses and sensory scores of blueberry from different locations in China.






Conclusion

A systematic evaluation of various quality characteristics and sensory values of blueberry ‘Brightwell’ from 10 locations in China demonstrated that both sets were affected by their location, while blueberry sensory aspects were markedly influenced by co-occurring phytochemical contents. Bitterness, umami, and sweetness of berries were positively correlated with TSS, TF, TP, PAC, and ACs in blueberry; their sourness was positively correlated with TA but negatively correlated with TSS, TF, TP, PAC, and ACs. In any case, the sensory scores and values of TSS, TA, TF, TP, PAC, and ACs clearly depended on altitude. Taken together, we suggest that blueberry plants grown at high altitude are apt to yield high-quality berries with regard to their sweetness and ACs content.



Data Availability Statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Author Contributions

WH and HY conceived, designed the experiments, and revised the manuscript. QZ, GD, LT, and HW performed the experiments. QZ and GD wrote the manuscript. YR, QZ, and GD analyzed the data. GT revised the manuscript and improved the language. All authors contributed to the article and approved the submitted version.



Funding

This study was funded by the National Natural Science Foundation of China (Nos. 31301838, 31601709); the Natural Science Foundation of Jiangsu Province, China (Nos. BK20160597, BK20170615); and the Key Research and Development Plan (Modern Agriculture) of Jiangsu Province, China (No. BE2017373). 



References

 Åkerström, A., Jaakola, L., Bång, U., and Jaderlund, A. (2010). Effects of latitude-related factors and geographical origin on anthocyanidin concentrations in fruits of Vaccinium myrtillus L. (bilberries). J. Agric. Food Chem. 58 (22), 11939–11945. doi: 10.1021/jf102407n

 Almutairi, K. F., Bryla, D. R., and Strik, B. C. (2017). Potential of deficit irrigation, irrigation cutoffs, and crop thinning to maintain yield and fruit quality with less water in northern highbush blueberry. HortScience 52 (4), 625–633. doi: 10.21273/HORTSCI11533-16

 Barrett, D. M., Beaulieu, J. C., and Shewfelt, R. (2010). Color, flavor, texture, and nutritional quality of fresh-cut fruits and vegetables: desirable levels, instrumental and sensory measurement, and the effects of processing. Crit. Rev. Food Sci. Nutr. 50 (5), 369–389. doi: 10.1080/10408391003626322

 Bett-Garber, K. L., Lea, J. M., Watson, M. A., Grimm, C. C., Lloyd, S. W., Beaulieu, J. C., et al. (2015). Flavor of fresh blueberry juice and the comparison to amount of sugars, acids, anthocyanidins, and physicochemical measurements. J. Food Sci. 80 (4), 818–827. doi: 10.1111/1750-3841.12821

 Brazelton, C., Young, K., and Bauer, N. (2017). Global blueberry statistics and intelligence report. Int. Blueberry Organ. 2017, 84.

 Buratti, S., Ballabio, D., Benedetti, S., and Cosio, M. S. (2007). Prediction of Italian red wine sensorial descriptors from electronic nose, electronic tongue and spectrophotometric measurements by means of Genetic Algorithm regression models. Food Chem. 100 (1), 211–218. doi: 10.1016/j.foodchem.2005.09.040

 Carbó, N., López Carrero, J., Garcia-Castillo, F., Tormos, I., Olivas, E., Folch, E., et al. (2018). Quantitative determination of spring water quality parameters via electronic tongue. Sensors 18 (1):40. doi: 10.3390/s18010040

 Cardeñosa, V., Girones-Vilaplana, A., Muriel, J. L., Moreno, D. A., and Moreno-Rojas, J. M. (2016). Influence of genotype, cultivation system and irrigation regime on antioxidant capacity and selected phenolics of blueberries (Vaccinium corymbosum L.). Food Chem. 202, 276–283. doi: 10.1016/j.foodchem.2016.01.118

 Chen, Q., Zhao, J., and Vittayapadung, S. (2008). Identification of the green tea grade level using electronic tongue and pattern recognition. Food Res. Int. 41 (5), 500–504. doi: 10.1016/j.foodres.2008.03.005

 Connor, A. M., Luby, J. J., Tong, C. B., Finn, C. E., and Hancock, J. F. (2002). Genotypic and environmental variation in antioxidant activity, total phenolic content, and anthocyanin content among blueberry cultivars. J.  Am. Soc. Hortic. Sci. 127 (1), 89–97. doi: 10.21273/JASHS.127.1.89

 Correia, S., Gonçalves, B., Aires, A., Silva, A., Ferreira, L., Carvalho, R., et al. (2016). Effect of harvest year and altitude on nutritional and biometric characteristics of blueberry cultivars. J. Chem. 2016, ID 8648609. doi: 10.1155/2016/8648609

 Drewnowski, A., and Gomez-Carneros, C. (2000). Bitter taste, phytonutrients, and the consumer: a review. Am. J. Clin. Nutr. 72 (6), 1424–1435. doi: 10.1093/ajcn/72.6.1424

 Dudareva, L., Tarasenko, V., and Rudikovskaya, E. (2020). Involvement of photoprotective compounds of a phenolic nature in the response of Arabidopsis thaliana leaf tissues to low-intensity laser radiation. Photochem. Photobiol. doi: 10.1111/php.13289

 Ehret, D. L., Frey, B., Forge, T., Helmer, T., Bryla, D. R., and Zebarth, B. J. (2014). Effects of nitrogen rate and application method on early production and fruit quality in highbush blueberry. Can. J. Plant Sci. 94 (7), 1165–1179. doi: 10.4141/cjps2013-401

 Fawole, O. A., and Opara, U. L. (2013). Effects of maturity status on biochemical content, polyphenol composition and antioxidant capacity of pomegranate fruit arils (cv.’Bhagwa’). South Afr. J. Bot. 85, 23–31. doi: 10.1016/j.sajb.2012.11.010

 Gallardo, R. K., Zhang, Q., Dossett, M., Polashock, J. J., Rodriguez-Saona, C., Vorsa, N., et al. (2018). Breeding trait priorities of the blueberry industry in the United States and Canada. HortScience 53 (7), 1021–1028. doi: 10.21273/HORTSCI12964-18

 Gilbert, J. L., Olmstead, J. W., Colquhoun, T. A., Levin, L. A., Clark, D. G., and Moskowitz, H. R. (2014). Consumer-assisted selection of blueberry fruit quality traits. HortScience 49 (7), 864–873. doi: 10.21273/HORTSCI.49.7.864

 Gilbert, J. L., Guthart, M. J., Gezan, S. A., de Carvalho, M. P., Schwieterman, M. L., Colquhoun, T. A., et al. (2015). Identifying breeding priorities for blueberry flavor using biochemical, sensory, and genotype by environment analyses. PloS One 10 (9), e0138494. doi: 10.1371/journal.pone.0138494

 Hanson, E. J., Beggs, J. L., and Beaudry, R. M. (1993). Applying calcium chloride postharvest to improve highbush blueberry firmness. HortScience 28 (10), 1033–1034. doi: 10.21273/HORTSCI.28.10.1033

 Huang, W. Y., Zhang, H. C., Liu, W. X., and Li, C. Y. (2012). Survey of antioxidant capacity and phenolic composition of blueberry, blackberry, and strawberry in Nanjing. J. Zhejiang Univ. Sci. B 13 (2), 94–102. doi: 10.1631/jzus.B1100137

 Jaakola, L., Määttä-Riihinen, K., Kärenlampi, S., and Hohtola, A. (2004). Activation of flavonoid biosynthesis by solar radiation in bilberry (Vaccinium myrtillus L.) leaves. Planta 218 (5), 721–728. doi: 10.1007/s00425-003-1161-x

 Kobayashi, Y., Habara, M., Ikezazki, H., Chen, Y., Naito, Y., and Toko, K. (2010). Advanced taste sensors based on artificial lipids with global selectivity to basic taste qualities and high correlation to sensory scores. Sensors 10 (4), 3411–3443. doi: 10.3390/s100403411

 Kraujalytė, V., Venskutonis, P. R., Pukalskas, A., Česonienė, L., and Daubaras, R. (2015). Antioxidant properties, phenolic composition and potentiometric sensor array evaluation of commercial and new blueberry (Vaccinium corymbosum) and bog blueberry (Vaccinium uliginosum) genotypes. Food Chem. 188, 583–590. doi: 10.1016/j.foodchem.2015.05.031

 Li, C., Feng, J., Huang, W. Y., and An, X. T. (2013). Composition of polyphenols and antioxidant activity of rabbiteye blueberry (Vaccinium ashei) in Nanjing. J. Agric. Food Chem. 61 (3), 523–531. doi: 10.1021/jf3046158

 Li, Y., Sun, H., and Chen, L. (2016). The blueberry industry of China: the past 10 years and the future. XI Int. Vaccinium Symposium 1180, 531–536. doi: 10.17660/ActaHortic.2017.1180.75

 Liang, Y., Lu, J., Zhang, L., Wu, S., and Wu, Y. (2003). Estimation of black tea quality by analysis of chemical composition and colour difference of tea infusions. Food Chem. 80 (2), 283–290. doi: 10.1016/S0308-8146(02)00415-6

 Liu, D., Li, S., Wang, N., Deng, Y., Sha, L., Gai, S., et al. (2017). Evolution of taste compounds of Dezhou-braised chicken during cooking evaluated by chemical analysis and an electronic tongue system. J. Food Sci. 82 (5), 1076–1082. doi: 10.1111/1750-3841.13693

 MacKenzie, S. J., Chandler, C. K., Hasing, T., and Whitaker, V. M. (2011). The role of temperature in the late-season decline in soluble solids content of strawberry fruit in a subtropical production system. HortScience 46 (11), 1562–1566. doi: 10.21273/HORTSCI.46.11.1562

 Martz, F., Jaakola, L., Julkunen-Tiitto, R., and Stark, S. (2010). Phenolic composition and antioxidant capacity of bilberry (Vaccinium myrtillus) leaves in Northern Europe following foliar development and along environmental gradients. J. Chem. Ecol. 36 (9), 1017–1028. doi: 10.1007/s10886-010-9836-9

 Matsumoto, K., Kim, B., Oahn, V. T. K., Seo, J., Yoon, H., Park, M., et al. (2007). Comparison of sugar compositions and quality parameters during berry ripening between grape cultivars. Korean J. Hortic. Sci. Technol. 25 (3), 230–234.

 Mikulic-Petkovsek, M., Schmitzer, V., Slatnar, A., Stampar, F., and Veberic, R. (2015). A comparison of fruit quality parameters of wild bilberry (Vaccinium myrtillus L.) growing at different locations. J.  Sci. Food Agric. 95 (4), 776–785. doi: 10.1002/jsfa.6897

 Moreno, M. A., Castell-Perez, M. E., Gomes, C., Da Silva, P. F., and Moreira, R. G. (2007). Quality of electron beam irradiation of blueberries (Vaccinium corymbosum L.) at medium dose levels (1.0–3.2 kGy). LWT-Food Sci. Technol. 40 (7), 1123–1132. doi: 10.1016/j.lwt.2006.08.012

 Mphahlele, R. R., Caleb, O. J., Fawole, O. A., and Opara, U. L. (2016). Effects of different maturity stages and growing locations on changes in chemical, biochemical and aroma volatile composition of ‘Wonderful’ pomegranate juice. J.  Sci. Food Agric. 96 (3), 1002–1009. doi: 10.1002/jsfa.7186

 Naryal, A., Acharya, S., Bhardwaj, A. K., Kant, A., Chaurasia, O. P., and Stobdan, T. (2019). Altitudinal effect on sugar contents and sugar profiles in dried apricot (Prunus armeniaca L.) fruit. J. Food Compos. Anal. 76, 27–32. doi: 10.1016/j.jfca.2018.11.003

 Phat, C., Moon, B., and Lee, C. (2016). Evaluation of umami taste in mushroom extracts by chemical analysis, sensory evaluation, and an electronic tongue system. Food Chem. 192, 1068–1077. doi: 10.1016/j.foodchem.2015.07.113

 Price, M. L., Van Scoyoc, S., and Butler, L. G. (1978). A critical evaluation of the vanillin reaction as an assay for tannin in sorghum grain. J. Agric. Food Chem. 26 (5), 1214–1218. doi: 10.1021/jf60219a031

 Qiu, S., Wang, J., and Gao, L. (2015). Qualification and quantisation of processed strawberry juice based on electronic nose and tongue. LWT-Food Sci. Technol. 60 (1), 115–123. doi: 10.1016/j.lwt.2014.08.041

 Ribera, A. E., Reyes-Diaz, M., Alberdi, M., Zuñiga, G. E., and Mora, M. L. (2010). Antioxidant compounds in skin and pulp of fruits change among genotypes and maturity stages in highbush blueberry (Vaccinium corymbosum L.) grown in southern Chile. J. Soil Sci. Plant Nutr. 10 (4), 509–536. doi: 10.4067/S0718-95162010000200010

 Rokaya, P. R., Baral, D. R., Gautam, D. M., Shrestha, A. K., and Paudyal, K. P. (2016). Effect of altitude and maturity stages on quality attributes of mandarin (Citrus reticulata Blanco). Am. J. Plant Sci. 7 (06), 958–966. doi: 10.4236/ajps.2016.76091

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

 Scalzo, J., Stevenson, D., and Hedderley, D. (2013). Blueberry estimated harvest from seven new cultivars: fruit and anthocyanins. Food Chem. 139, 44–50. doi: 10.1016/j.foodchem.2013.01.091

 Trigo, M. J., Sousa, M. B., Sapata, M. M., Ferreira, A., Curado, T., Andrada, L., et al. (2004). Quality of gamma irradiated blueberries. VIII Int. Symposium Vaccinium Culture 715, 573–578. doi: 10.17660/ActaHortic.2006.715.88

 Upadhaya, S., and Dwivedi, P. (2019). The role and potential of blueberry in increasing deforestation in southern Georgia, United States. Agric. Syst. 173, 39–48. doi: 10.1016/j.agsy.2019.01.002

 Wang, L. J., Wu, J., Wang, H. X., Li, S. S., Zheng, X. C., Du, H., et al. (2015). Composition of phenolic compounds and antioxidant activity in the leaves of blueberry cultivars. J. Funct. Foods 16, 295–304. doi: 10.1016/j.jff.2015.04.027

 Wei, Z., and Wang, J. (2013). The evaluation of sugar content and firmness of non-climacteric pears based on voltammetric electronic tongue. J. Food Eng. 117 (1), 158–164. doi: 10.1016/j.jfoodeng.2013.02.007

 Yue, C., and Wang, J. (2016). Consumer preferences for fresh blueberry attributes. XI Int. Vaccinium Symposium 1180, 1–8. doi: 10.17660/ActaHortic.2017.1180.1

 Zoratti, L., Jaakola, L., Häggman, H., and Giongo, L. (2015). Modification of sunlight radiation through colored photo-selective nets affects anthocyanin profile in Vaccinium spp. berries. PloS One 10 (8), e0135935. doi: 10.1371/journal.pone.0135935



Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Zeng, Dong, Tian, Wu, Ren, Tamir, Huang and Yu. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fpls-11-573531-g001.jpg





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        High Altitude Is Beneficial for Antioxidant Components and Sweetness Accumulation of Rabbiteye Blueberry

      

        		

          Introduction

        



        		

          Materials and Methods

        

          		

            Plant Materials

          



          		

            Chemicals and Reagents

          



          		

            Sample Preparation and Extraction

          



          		

            Total Soluble Solid (TSS) and Titritable Acid (TA) Content

          



          		

            Total Phenolic Content

          



          		

            Total Flavonoid Content

          



          		

            Proanthocyanidin Content

          



          		

            Total Anthocyanin Content

          



          		

            E-Tongue Analysis

          



          		

            Data Analysis

          



        



        



        		

          Results and Discussion

        

          		

            Phytochemical Compounds of Blueberry Affected by Growing Locations

          



          		

            Correlations Among Phytochemical Compounds of Blueberry

          



          		

            Correlations Between Sensory Properties and Phytochemical Compounds of Blueberry

          



        



        



        		

          Conclusion

        



        		

          Data Availability Statement

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          References

        



      



      



    



  



OEBPS/Images/fpls-11-573531-g003.jpg
PC2Z(14.2%)

PC1 (53.3%)

06
04 -
T
o
02| o a0
o w0
00| w
° 20
02| T
° w
.
04| o 4
—r
06





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/table2.jpg
Location

or

hx6088282

TSS (%)

103 +083de
12.1 12680
109 +0.73c
10 0.00de.
9420880
142+1272
114207700
106+ 0.78ad0
10.1 05600
114214760

TA (%)

052.2004ab
0552003
0392003
033 2003t
047 20040c
03820040
042 2.008de
0384 2002
049 20056c
0.46 2 0.03cd

TSSTA

200+ 184
2202338
28323660
072332
2022264
9772575
283 1 5690
31422780
21022030
251 35200

Values are the mean = SD, 1 = 5 iferet etors within sach colunn & sgniicanty

forent t p < 0.05 accordng to Duncan’s test.
'CT, Caotao town; BM, Baima town; DS, Dushan town; XW, Xuanwel town; XC,

Xanchang town; SG, Stigu toan; YO, Yinqiao town; S, Yousud town; HK, Hakou
B SRR iy





OEBPS/Images/table4.jpg
Tss' T TSSITA L ™ PAC

pitude
S8 1

T 00 1

TSSTA og0 080+

™ o0z 048"

™ 026" 037 1

PAC o028 045" 096" 1
ACs. 026° 045 083" 099"

Tho and  idcato sgncanco at p < 010 and p < 0,05, rospectioy.
PTOR. dokdf sckibie S0 T atebie ackiie: TEA/TA. ihé ratl besvesh TB5 600 TA: TF. fowt Aol TP 1o ool PYG: Biosioeribi: ACE ahocsinlis:





OEBPS/Images/table3.jpg
Location TF (mg rutin g

B

0942019
111 20140
12020220
115620200
1262008
1962034
2062028
20720218
16520130
2062028

BOOBZERE

o x

Vaues 410 tho mean = SD, 0= 5 ifrot fotrs witi  cotsmn o sgcanty rntat p < 0.05 8000 1o Ouncan’ st
(T, Coctas s B Babna fours D% Doshen tosssn: X2 Ximowel it X2 Mivicheng b B Shibwtonss YL Moo towrt: Y Yousuo oy HK Halou o LB Lonaomg .

P (mg gallc acid g

14410240
16702500
197 0360
240034
19820170
30720600
3291 040
310043
28920380
35320472

PAC (mg catechin g

2402063
337 2 0:89et
34721070
6102 121cd
348 1 0atel
707 2 1.9%d
721109200
767+ 1360
58820910
9532 175

ACs (mg cyanidin 3-glucoside kg

02620079
04020129
05920.1708
0832 0.180c
0.5+ 00761
090202000
0532000
1020180
074 20.13cd
1342027





OEBPS/Images/fpls.2020.573531_cover.jpg
’ frontiers
in Plant Science

High Altitude Is Beneficial for

Antioxidant Components and

Sweetness Accumulation of
Rabbiteye Blueberry





OEBPS/Images/logo.jpg
, frontiers
in Plant Science





OEBPS/Images/fpls-11-573531-g002.jpg
sssss

s // p‘”

: \\\






OEBPS/Images/table1.jpg
Location Abbreviation Latitude (N) Longitude () Aitude (m)
Cacta town, Znefang proinco. o 203850 20 e 199
Gaima ton, Jangsu provinos o 330 20" 1198 51" a9
Dushan town, Hubsi povince 08 02 20 116421 57
Xuanwel tow, Guzhou povce w 2622756 107 4a" 24 750
Kanchang town, Guizhou prowinos xc 2672521 107 31" 54" or2
Shigu town, Yunnan province 6 26°59"a0" 99" 56730" 1950
Yinqiao town, Yurman province va 257 45°28" 100713 2010
Yousuo town, Yumnan provco ¥s 203821 102° 55° 51 1781
Hakod town, Yunman province e 2031°28" 102° 5652 1.781
Longpeng town, Yunan province w 2051 24 102° 39 58" 1860






OEBPS/Images/table5.jpg
Aftetaste astringency

014
ol
008
017
000
001
007
008

PTIOR. dokdf sckibie S0RR: T Satsbie ackil: TES/TA s o Desvesn TS5 600 TA: TF: fowt Bsionolch TP 1o ool PYG: Baosnioeribi: ACE athocsiniis:





