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An Insect- and Rain-Proof Net Raises the Production and Quality of Chinese Bayberry by Preventing Damage From Insects and Altering Bacterial Communities
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Chinese bayberry (Myrica rubra) is a popular, nutrient- and antioxidant-rich fruit in Asia. However, it is susceptible to Drosophila during ripening, which disrupts production and causes economic loss. This study compared the effects of insecticides, insect-proof nets (IPNs), and insect- and rain-proof nets (IRPNs) on Chinese bayberry production and quality. Drosophila was absent in fruits from IPN- or IRPN-treated trees but only significantly reduced by insecticides. IPNs and IRPNs significantly increased fruit diameter, weight, edible rate and the Brix/acid ratio, and IRPNs had the strongest effect. Analysis of 16S rDNA showed that fruits collected from differently treated trees had unique bacterial communities. In IRPN fruits, Acetobacter and Gluconobacter were significantly decreased, reducing sugar consumption and disease; in addition, PICRUSt analysis predicted imputed functional profiles related to carbohydrate and nitrogen metabolism and mineral transport for fruit growth and development. This study proposed the use of IRPNs for improving Chinese bayberry production and quality.
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INTRODUCTION

Chinese bayberry (Myrica rubra Sieb. et Zucc.) is a subtropical fruit tree native to China and other Asian countries, and its cultivation has been recorded in Chinese history for more than 2,000years (Sun, et al., 2013). Bayberry fruit is delicious with an attractive colour and flavour, and contains high levels of cyanidin-3-glucoside, minerals and antioxidants, which exhibit bioactivities that counteract inflammation, allergens, diabetes, cancer, bacterial infection and diarrhoea (Yang et al., 2011; Sun et al., 2012; Huang et al., 2014). Bayberry fruit is of high economic value and can be eaten or processed into products, such as canned syrup, candied fruit, fruit juice, jam and fruit wine (Cao et al., 2020; Fang et al., 2020). The Dong Kui cultivar is one of the main varieties of Chinese bayberry cultivated in Southeast China and is highly favoured by consumers because of its large size, good quality, and sweet and unique flavour (Cheng et al., 2016; Yu et al., 2020). Chinese bayberry (Dong Kui cultivar) fruits contain abundant soluble sugars, organic acids, cellulose, minerals, vitamins, fibre, phenolics and amino acids that are beneficial to the human body (Shi et al., 2014).

During the maturation stage, Chinese bayberry fruits are highly susceptible to pests, especially Drosophila suzukii (Liu et al., 2018), which is a serious economic pest of stone and small fruits because the female lays eggs within ripening fruits before harvest, leading to massive agricultural damage and severe production losses (Goodhue et al., 2011; Lee et al., 2011a). The conventional method of killing Chinese bayberry fruit pests, including Drosophila, is to use insecticides, but pests within the fruit flesh (mainly Drosophila larvae) are difficult to exterminate by spraying with insecticides (Atallah et al., 2014; Sparks et al., 2020). Moreover, high levels of insecticide residues on the fruits, trees and in the soil may cause hidden agricultural and environmental damage, and pose a danger to human health (Lee et al., 2011b; Fenner et al., 2013). Physical and chemical measures, such as light traps, sticky traps, sex attractants and poison baits, are also not ideal for Drosophila control because the adults do not have a strong tropism (Burrack et al., 2015). Insect-proof nets (IPNs) are a purely physical approach to separate trees from pests and thus can effectively minimise their infection by insect pests (Guo et al., 2015). Although not scientifically reported, IPNs are widely used on Chinese bayberry trees in fields and significantly increase the fruit production and economic benefits of the trees. It is clear that using a single IPN to cover each tree provides a physical barrier to reduce the migration of Drosophila adults into the orchard, while the direct and indirect effects of IPNs on the quality of Chinese bayberry fruits and its mechanisms remain unclear.

In addition to Drosophila, excessive rain flow during the harvesting season of Chinese bayberry is another important factor leading to serious reductions in fruit yield. The Chinese bayberry blooms in April, and the fruits mature from June to July, which coincides with the rainy season in Southeast China. High humidity generally causes a serious reduction in bayberry fruit before harvest and decreases its storage quality. Rain-proof cultivation techniques can prevent fruit trees from being exposed to excessive rain during the maturation period to avoid losses due to fruit dropping off the trees, as has been reported for grapes, berries, cherries and mangoes (Li et al., 2014; Suran et al., 2019; Xu et al., 2019; Dai et al., 2020). However, it is difficult and costly to undertake the large-scale construction of overall rain-proof films for Chinese bayberry trees since they are generally planted on hillsides with complex terrain.

In this study, we report an economical and feasible rain-proof technology involving directly covering the crown of a Chinese bayberry tree with an IPN and plastic rain film during its ripening stage. The effects of preventing insect infestations and avoiding rain on the production and quality of Chinese bayberry fruit were investigated using the Dong Kui cultivar grown in a natural environment with different treatments, including insecticide, IPN, and insect- and rain-proof net (IRPN). High-throughput sequencing of 16S rRNA gene amplicons was performed to characterise the microbiome associated with the Chinese bayberry fruits under the different treatments to understand possible interactions of the bacterial community with insect protection and rain proofing, and their effects on fruit production and quality.



MATERIALS AND METHODS


Plant Growth and Treatments

Chinese bayberry trees were grown under the natural environment (controls) or treated separately with insecticides, IPNs or IRPNs. An insecticide solution containing 0.44% tetramethrin, permethrin and cypermethrin (1:1:1) was used to trap and kill Drosophila between the hard-core and mature stages of the Chinese bayberry. IPN-treated Chinese bayberry trees were covered with IPNs 1month before harvest to prevent Drosophila from coming into contact with the Chinese bayberries (Bai et al., 2020), and IRPN-treated Chinese bayberry trees were covered with rain-proof films and IPNs to prevent contact with both Drosophila and rainwater.

Mature Chinese bayberry fruits were collected from the differently treated trees, in Taizhou, Zhejiang Province, China, on 2 July 2020, packaged in ice bags, and transported to the laboratory, where they were preserved at 4°C until used for subsequent analysis. The selection criteria for the types of trees were the same species of Chinese bayberry (Dong Kui cultivar), 15years old, with a tronc diameter of 20cm; the vitality was strong, and the yield was close before treatments. The trees were planted in the same area to minimise the impact of environmental factors, such as soil, precipitation, light and temperature on the experimental results. The trees between the different treatments were relatively close, and they are basically planted on the same piece of soil. Especially, between the control and the net cover treatments, the trees were only a few metres apart.



Number of Drosophila

Thirty Chinese bayberries at similar stages of maturity were randomly selected, packed in a fresh-keeping bag and stored at room temperature (25°C) for 7days. After all the Drosophila on the Chinese bayberries had pupated, the number of Drosophila larvae on each bayberry was counted.



Fruit Quality

A total of 50 fresh Chinese bayberries from trees in each treatment group were used for the analyses of lateral particle size with Vernier callipers and fruit weight. Fresh Chinese bayberries were separated into pulp and kernel and weighed to calculate the edible ratio. The edible parts (pulp) of the berries were washed with deionised water, blended in a juicer and filtered through a 400-mesh filter cloth. The soluble solids content (SSC) in the Chinese bayberry juice was measured using a pocket refractometer (ATAGO Co., Ltd., Tokyo, Japan) with an accuracy of 0.001 Brix (Yuan et al., 2020). The titratable acidity content (TAC) of Chinese bayberry juice samples was titrated by adding 1.0M sodium hydroxide (NaOH) and phenolphthalein (Lobit et al., 2002). The Brix/acid ratio was calculated by SSC/TAC.



Soluble Sugars

The Chinese bayberry pulp was freeze-dried in liquid nitrogen and ground into powder (stored in a freezer at −80°C). To 1.0g (accurate to 0.000lg) of frozen sample powder, 5ml of 80% ethanol was added; after 30min in a constant temperature water bath at 80°C, the sample was centrifuged at 10000rpm for 15min. The supernatant was removed, 5ml of 80% ethanol was added to the residue, and the extraction was repeated. The extracted supernatants were combined, and the ethanol was evaporated in a water bath at 90°C, and deionised water was added to bring the volume to 5ml (Ma et al., 2015).

After filtration through a 0.22-μm microporous membrane, the sugar content in the pulp was analysed by high performance liquid chromatography (HPLC; Agilent 1,200 LC, Agilent, Santa Clara, CA, United States) with a refractive index detector; three samples were analysed for each treatment. The Polaris NH2 column (4.6×250mm, 5μm; Agilent) was used; the mobile phase was acetonitrile:water (4,1, v:v) containing 0.1% ammonia, the flow rate was 1.2ml/min, the injection volume was 20μl, and the temperature was 30°C (Wang et al., 2016).



Organic Acids

1gram (accurate to 0.000lg) of frozen sample powder was homogenised in 5ml of sodium dihydrogen phosphate buffer (pH=3) and incubated for 30min at 4°C. After extraction, the homogenate was centrifuged at 10,000rpm for 15min at 4°C. The above extraction steps were repeated once more, and the supernatants were combined. After filtration through a 0.22-μm microporous membrane, the organic acid content in the pulp was analysed by HPLC (Agilent 1200LC; Agilent) with a diode array detector (DAD); three samples were analysed for each treatment. The ZORBAX SB-Aq column (4.6×250mm, 5μm; Agilent) was used; the mobile phase was sodium dihydrogen phosphate buffer (pH=3), the flow rate was 0.5ml/min, the injection volume was 10μl, and the temperature was 25°C (Xu et al., 2015).



Nutrient Elements

Chinese bayberry pulp was dried in an oven at 65°C to a constant weight, and 5g of the dried sample was digested with concentrated nitric acid (HNO3) in a digestion oven at 180°C until it cleared. An appropriate amount of hydrogen peroxide (H2O2) was added to continue digestion until the solution was transparent. The solution was cooled to room temperature, diluted with an appropriate amount of deionised water, and filtered through a 0.22-μm microporous membrane; the content of inorganic nutrient elements was measured by inductively coupled plasma–atomic emission spectrometry.

The index of nutritional quality (INQ) was used for quantitative and qualitative analysis of single nutrients; INQ is the ratio of the reference intake of each nutrient to the average requirement of energy provided by the food (Palacin-Arce et al., 2015; Alireza et al., 2020). The INQ of K, Ca, Mg, Fe, and Zn for bayberry fruits that had undergone different treatments was calculated according to a previous report as follows (CNS, 2014): INQ = (the content of a certain nutrient in a certain food/recommended intake of this nutrient)/(energy provided by this certain food/recommended intake of energy).



Microbiological Analysis

The 16S rDNA gene sequences of the microorganisms found in fresh Chinese bayberry fruits were determined according to Hou et al. (2017). Briefly, bayberry fruits were submerged in sterilised phosphate-buffered saline solution, sonicated for 1min, and vortexed for 30s. The fruit solutions were filtered through a sterilised membrane and homogenised for DNA extraction using the Plant DNA Extraction Mini Kit B (MoBio, United States). DNA extracts were quantified using a NanoDrop One spectrophotometer (Thermo Fisher Scientific, Waltham, MA, United States). Fragments of the bacterial 16S rRNA gene (V3–V4 region) were amplified using the primer set 338F: 5′-ACTCCTACGGGAGGCAGCA-3′ and 806R: 5′-GGACTACHVGGGTWTCTAAT-3′. An aliquot of 60ng of purified DNA template from each sample was amplified in a total volume of 50μl under the following conditions: 5min at 94°C for initialisation, 30cycles of 30s denaturation at 94°C, 30s annealing at 52°C, and 30s extension at 72°C, followed by a final elongation at 72°C for 10min. Equimolar quantities of PCR products for each sample were combined and sequenced on an Illumina NovaSeq 6,000 platform (Illumina, San Diego, CA, United States) by MeiGe Genomic Biotech (Guangzhou, China). Sequences were analysed using the QIIME 2 pipeline (version 2020.2.0). All sequence data were submitted to the Sequence Read Archive database (NCBI, Bethesda, MD, United States) under bioproject number PRJNA723673.1 QIIME 2 was used to determine the taxonomic and phylogenetic α- and β-diversity indices. Taxonomic- and phylogenetic-based β-diversity indices were estimated based on Bray–Curtis distances. Linear discriminant analysis (LDA) was used to determine the significantly discriminant taxa in fruit from trees that had undergone each treatment (using one-against-all comparisons) using the factorial Kruskal–Wallis sum-rank test (α=0.05). Discriminant taxa were used to generate taxonomic cladograms. PICRUSt2 (version 2.4.1) was used to predict the functional potential of microbial communities (Douglas et al., 2020).



Statistical Analysis

All data from the characterisation of the Chinese bayberries are reported as means±standard deviations. The figures were plotted using the Origin software (version 8.0; OriginLab Corp., Northampton, MA, United States), and one-way analysis of variance (ANOVA) was performed using SPSS software (version 21.0; IBM Corp., Armonk, NY, United States). Significant differences were detected by Duncan’s test (p<0.05).




RESULTS


Drosophila Growth on Chinese Bayberry Fruits

Covering the crown of a Chinese bayberry tree with an IRPN during ripening successfully prevented pest infestation and rain flow, even for those planted on a hillside with complex terrain (Figure 1A). The trees in the field were either grown in the natural environment (controls) or treated separately with insecticide, IPNs or IRPNs (Figure 1B). The main pests on the surface of Chinese bayberry fruits were Drosophila, and more than 10 Drosophila larvae were observed on a single bayberry fruit collected from a control tree (Figure 1C). Compared with the controls, the numbers of Drosophila larvae and adults were significantly, but not completely, decreased in bayberry fruits collected from trees sprayed with insecticides. Interestingly, application of a single IPN completely prevented infestation of bayberry fruits by Drosophila, and the addition of an IRPN provided similar protection against Drosophila (Figure 1C).

[image: Figure 1]

FIGURE 1. Drosophila growth on Chinese bayberry fruits collected from trees grown in different environments. (A) Field image of Chinese bayberry trees protected by insect-proof nets (IPNs) and rain-proof films during the fruit maturation period. (B) The trees were grown under natural conditions (controls) or treated separately with insecticides, IPNs or insect- and rain-proof nets (IRPNs). (C) Drosophila (C1) and number of Drosophila (C2) on Chinese bayberry fruits collected from untreated and treated trees.




Fruit Yield of Chinese Bayberry Trees

Analysis of the diameter, weight and total yield of fruits collected from Chinese bayberry trees undergoing different treatments showed that insect protection and rain proofing significantly improved the production and quality of the bayberry fruits (Figure 2). Compared with the controls, both the diameters and weights of the fruits increased significantly when the trees were treated with insecticides or IPNs, but the increases were most pronounced when the plants were protected from both insects and rain by IRPNs. The IRPN resulted in incremental increases in fruit diameter and weight of +22.6% and +82.4%, respectively, compared with the controls (Figures 2B,C). The application of IRPNs significantly improved the yield and economic value of the Chinese bayberry trees. As shown in Figure 2E, more than 91.0% of the mature bayberries could be classified as excellent special grade. The total fruit yield and net income from each Chinese bayberry tree treated with an IRPN increased by 1.4- and 5.1-fold, respectively, compared with the controls (Figures 2F,G).

[image: Figure 2]

FIGURE 2. Fruit yields of Chinese bayberries grown under different planting conditions. The trees were grown under natural conditions (controls) or treated separately with insecticides, IPNs or IRPNs. (A) Photos of fresh Chinese bayberries. (B–D) Fruit diameter (mm/each fruit) (B), weight (g/each fruit) (C) and edible rate (%) (D) measured in a single Chinese bayberry. (E) Percentages of Chinese bayberry fruits of different grades according to commercial standards (special ≥25g, 25g > first ≥21g, 21g> second ≥18g, 18g>other). (F) Total fruit yield (kg/tree) of each Chinese bayberry tree. (G) Total net income (RMB/tree) from each Chinese bayberry tree.




Sugar and Organic Acids in Chinese Bayberry Fruits

Protection against insects and rain significantly improves the accumulation of sugar and soluble solids in Chinese bayberry fruits. Compared with the controls, the soluble solid contents of fruits showed significant increases of 16.5%, 36.7% and 68.4% under insecticide, IPN and IRPN treatments, respectively (Figure 3A). Treatments with IPNs or IRPNs significantly improved the sucrose concentration of Chinese bayberry fruits, and the effects were most pronounced when trees were protected from both insects and rain by IRPNs. The sucrose concentration of bayberry fruits from the trees treated with IRPNs was 12.8 times higher than that in the control fruits (Figure 3B), even though the sizes and weights of IRPN-treated bayberries were considerably higher than those of the controls (Figure 2A). The fructose and glucose concentrations of the bayberry fruits collected from trees undergoing different treatments were not significantly different (Figures 3C,D).

[image: Figure 3]

FIGURE 3. Contents of sugars and organic acids in Chinese bayberry grown under different conditions. Soluble solid content (%) (A), sucrose (g/kg) (B), fructose (g/kg) (C), glucose (g/kg) (D), titratable acid (mM) (E) and the Brix/Acid ratio (F) were analysed for fruit juice of Chinese bayberry collected from trees grown under natural conditions (controls) or treated separately with insecticides, IPNs or IRPNs.


The opposite trend was observed for titratable acid in fruits from trees undergoing different treatments. A significant reduction in acid content was observed in fruits treated with insecticides (−45.1%), IPNs (−51.2%) and IRPNs (−59.9%) compared with the controls (Figure 3E). As a result, the Brix/acid ratios in fruits from trees undergoing all three treatments were significantly higher than those of the controls, and the effect was most pronounced in fruits from trees grown under IRPNs (Figure 3F). Analysis of organic acids showed that the concentrations of citric acid, which is the most abundant organic acid in bayberry fruits, significantly decreased under insecticide, IPN and IRPN treatments (Table 1). The citric acid content in fruits from IRPN-treated trees was only 5.60±0.20g/kg, which was less than one-third that in the control fruits (17.03±0.30g/kg). In contrast, the concentrations of malic acid were 6.12-, 3.46- and 5.20 times greater in fruits from trees undergoing insecticide, IPN and IRPN treatments, respectively, compared to the control fruits (Table 1). No significant variation was observed for oxalic acid, tartaric acid and ascorbic acid in bayberry fruits from trees undergoing different treatments (Table 1).



TABLE 1. Concentration of organic acids in Chinese bayberry in different planting environments.
[image: Table1]



Mineral Nutrients of Chinese Bayberry Fruits

The total accumulation and concentrations of mineral nutrients were analysed in bayberry fruits grown on trees subjected to different treatments. It is clear that the total accumulation of all the minerals within a single bayberry was much higher in fruit grown in trees treated with insecticides, IPN or IRPN than in the control fruits (Table 2). Due to the large size and biomass of the fruits collected from the trees treated with insecticides, IPN or IRPN (Figure 2), the concentrations of all analysed minerals (including K, Ca, Mg, Fe and Zn) were significantly reduced in these fruits compared with those of the controls (Supplementary Table S1). Nevertheless, the INQs of all bayberry fruits were higher than 1, regardless of the treatment (Supplementary Table S1).



TABLE 2. Nutrient element content of a single Chinese bayberry from trees grown in different planting environments.
[image: Table2]



Bacterial Communities of Chinese Bayberry Fruits

The index of evenness and PCoA of microbial community diversity in fruits were significantly affected by IRPN treatment compared with the other treatments, whereas the observed_otus, faith_pd and Shannon indices of microbial diversity in fruits were not significantly different between treatments (Figures 4, 5A).

[image: Figure 4]

FIGURE 4. α-diversity of microbial communities of Chinese bayberry trees grown under different treatments. Faith_pd (A), observed_otus (B), Shannon (C) and evenness (D) of the bacterial communities in fruits collected from trees grown under natural conditions (controls) or treated separately with insecticides, IPNs or IRPNs.


[image: Figure 5]

FIGURE 5. Distribution of the dominant taxa of the bacterial communities. (A) Principal coordinate analysis (PCoA) plots for visualising the unweighted UniFrac distance among the bacterial communities. (B) Relative abundances of bacterial phyla (%) (phylum level for bacteria) and (C) distribution of families (%) affiliated with the phylum Proteobacteria in the Chinese bayberry trees that underwent different treatments. (D) Average abundances of key genera (phylum Proteobacteria) in Chinese bayberry grown in different planting environments (%).


The most abundant bacterial operational taxonomic units (OTUs) for all the fruit samples were Proteobacteria, Firmicutes, Bacteroidota, Desulfobacterota, Actinobacteriota and Acidobacteriota, of which Proteobacteria represented the core microbiome of the Chinese bayberry regardless of treatment (Figure 5B). Interestingly, the application of IRPNs resulted in reductions of 3.3%, 3.5% and 31.6% for Proteobacteria, Firmicutes and Desulfobacterota, respectively, and an incremental increase of 2.2 times for other phylum compared with the controls (Figure 5B). When Proteobacteria were classified at the family and genus levels, it was found that the IRPN planting environment selectively reduced the relative abundances of Acetobacteraceae (genera Acetobacter and Gluconobacter), Rhodanobacteraceae (genus Frateuria) and Orbaceae in the bayberry fruits compared with the other treatments (Figures 5C,D). However, a significantly elevated relative abundance of Burkholderiaceae was observed in the fruits of Chinese bayberry grown with IRPNs (Figures 5C,D). The LDA effect size taxonomic cladogram confirmed that there were significant differences in bacterial communities in fruit from trees undergoing different treatments, and IRPN application gave rise to a distinct bacterial community that selectively attracted certain bacteria, especially Burkholderiaceae (Figure 6).

[image: Figure 6]

FIGURE 6. Least discriminant analysis (LDA) effect size taxonomic cladogram for comparing samples collected from the Chinese bayberry trees grown in different planting environments. The discriminant taxon nodes are coloured, and branches are shaded according to the highest ranked group for that taxon. If the taxa were not significantly different between sample groups, the corresponding node is coloured yellow. Select highly abundant taxa are denoted with letters.


PICRUSt is a bioinformatics tool used to predict metagenome functional content. The relative abundances of key functional gene families predicted by PICRUSt suggested higher relative abundances of imputed functional profiles related to carbohydrate and lipid metabolism in bayberry fruits after application of IPN or IRPN compared with the controls (Figure 7). Interestingly, the prevention of insects by application of IPN significantly altered the bacterial chemotactic and secretion systems in bayberry fruits (Figure 7A). Compared with IPN, protection from both insects and rain by use of IRPNs on the bayberry trees significantly increased the fruits’ functional profiles associated with amino acid metabolism, as well as biodegradation of xenobiotics, including chlorocylohexane, benzoate, dioxin, toluene, polycyclic aromatics, styrene, atrazine and caprotactam (Figure 7B). IRPN treatment also triggered higher levels of expression of predicted ATP-binding cassette (ABC) gene families and nitrogen metabolism genes in bayberry fruits (Figure 7B).

[image: Figure 7]

FIGURE 7. Heat map of the relative abundance of key functional gene families predicted by PICRUSt of control and IPN (A) and IPN and IRPN (B). Gene families are coloured according to functional category.





DISCUSSION

Chinese bayberry is very sensitive to insects (especially Drosophila) and pathogens during both ripening and storage because its edible part is the first outside layer and rich in sugars, nutrients and water. However, traditional strategies to protect the fruits by using insecticides may pose residual risks to the fruit, the environment and human health (Devine and Furlong, 2007); in addition, application of insecticides may not completely eliminate the insects, possibly due to the development of insect resistance (Sparks et al., 2020), as confirmed by the results of our study (Figure 1C). IPNs are suitable tools for insect control (Formisano et al., 2020a) and have been widely used on vegetables, melons and fruits (Chien and Chang, 2019; Formisano et al., 2020b). However, the effects of IPNs on Chinese bayberry fruits have not yet been reported. This study suggests that a simple IRPN can be an ideal strategy to improve the fruit production and quality of Chinese bayberry, particularly for those grown naturally on a hillside. The positive effects of IRPNs are due to not only their effective protection of bayberry fruits from Drosophila but also their distinct bacterial communities formed by avoidance of insects and excessive rain flow.

The beneficial effects of IRPNs are indicated by the improved fruit yield and nutritional value of Chinese bayberry. It is clear that the protection of bayberry trees from both insects and rain flow significantly enhanced the cell growth of the bayberry fruits, which resulted in extremely large sizes and high weights of the fruits. The commercial value of Chinese bayberry is largely dependent on its fruit size and weight (Ozer et al., 1995; Fu et al., 2016). According to suggested grading standards (LY., 2018), protection from Drosophila by using insecticides or IPNs improved the percentage of excellent grade bayberry fruits to 38.5 and 40.0%, respectively, while the excellent grade of IRPN-treated fruits reached as high as 90.9%. Application of IRPNs resulted in 1.4- and 5.1-fold higher fruit yields and net incomes for each single Chinese bayberry tree, respectively, compared with the controls. This suggests that using IRPNs during the fruit ripening stage is an ideal strategy for improving the agricultural and commercial value of Chinese bayberry trees without high environmental costs.

Moreover, IRPNs improved the flavour and nutritional value of Chinese bayberry fruits, which are largely associated with the contents of sugars, amino acids and organic acids in fruits (Shi et al., 2014; Feng et al., 2020). Highly soluble solid content (mainly composed of soluble sugars such as sucrose, glucose and fructose) and low Brix/acid ratios in fruit juice are typical indices that reflect the sweetness and sourness of fruits (Gomez et al., 2002; Jayasena and Cameron, 2008). The higher levels of soluble solids and Brix/acid ratios in the IRPN-treated fruits suggest that they have better flavour and are sweeter than the controls. Consistent with a previous study (Zhang et al., 2015), the main sugar and organic acid components of Chinese bayberry are sucrose and citric acid, respectively. The total accumulation of fructose and glucose also should be significantly increased in bayberry fruits from the IRPN-treated trees because of their significantly increased biomass. The positive effects of IRPN on Chinese bayberry fruit flavour and sweetness are mainly due to the significantly higher sucrose and lower citric acid contents in these fruits than in the controls, as well as their higher free amino acid content. This implies that IRPN treatment enhances carbohydrate and nitrogen metabolism to produce more sucrose and amino acids but less citric acid in bayberry fruits, as discussed below.

Chinese bayberry is loved by consumers because of not only its unique taste but also its richness in mineral nutrients. Fruit is a good food that provides essential mineral nutrients (Gupta and Gupta, 2014; Kumari et al., 2017), but the intake of high sugar from fruits may be associated with obesity (Weichselbaum, 2008; Tappy and Lê, 2010). It is therefore suggested that the INQs of minerals in fruits should be ≥1 for optimal human health, which means that the mineral nutrients inside a food are equal to or higher than the energy (sugar) provided, and the food is of quality nutritional value, especially for people who are overweight and obese. The total accumulation of these minerals significantly increased in each bayberry fruit collected from the trees grown under the IRPNs compared with the controls, with the INQs for all the mineral elements being >1. Therefore, these bayberry fruits can provide adequate mineral nutrients for human health in comparison with the energy they provide.

The positive effects of IRPN use on fruit yield and the nutritional value of Chinese bayberry are due to not only the reduction of Drosophila infestations but also its unique bacterial communities, which are formed when the trees avoid both insects and excessive rain. It is previously reported that the microbial community on surface of fruits is greatly affected by the planting environment factors including rain flow (El Sheikha et al., 2009, 2012). The propagation speed of disease-causing microorganisms in fruits increases with the increase of precipitation intensity (Madden et al., 1996), while rain shelter during the fruit development decreased fruit disease (Lim et al., 2015). The Chinese bayberry trees during the development and maturity stage were subjected to both excessive rainfall and Drosophila, which might shape the specific microflora on surface of the bayberry fruits. The dominant microorganisms in the Chinese bayberry fruits were Proteobacteria, mainly Acetobacteraceae and Burkholderiaceae. Acetobacter (family Acetobacteraceae) is a typical symbiotic commensal microbial species in the adult Drosophila midgut and is related to acetic acid production (Miladinović et al., 2015); the Drosophila gut commensal community Gluconobacter (family Acetobacteraceae) is actively shaped by host immunity and may be pathogenic (Kim et al., 2012). Burkholderiaceae is related to biodegradation, biological control and promotion of plant growth in agriculture, and has been reported that it has a good effect in inhibiting fungal diseases of fruits (Carrion et al., 2018). The application of IRPN significantly elevated the relative abundance of Burkholderiaceae in bayberry fruits. Therefore, the higher abundance of Burkholderiaceae may enhance the anti-fungal ability of fruits, to increase yield and improve fruits quality. As well as expected, the reduction of Drosophila infestation by either insecticides or IPNs decreased the relative abundance of Acetobacter and Gluconobacter in bayberry fruits. However, the significantly lower abundance of Acetobacter and Gluconobacter in the IRPN-treated fruits than in IPN-treated fruits suggests that not only insect avoidance but also rain avoidance inhibits the accumulation of these two bacteria in bayberry fruits. Acetobacter species use alcohol and glucose to produce oligosaccharides, acetic acid and other organic acids (Kulka and Walker, 1954; Walker and Pellegrino, 1959; Shin et al., 2011), and Gluconobacter species decompose glucose to produce gluconate (Ano et al., 2011; Wei et al., 2014). Therefore, the lower abundance of Acetobacter and Gluconobacter in fruit from IPRN-treated trees may reduce the decomposition of glucose and the production of organic acids, increasing the sweetness and reducing the acidity of the fruits.

Microbes within plant tissues have been suggested to significantly improve plant growth (Rohrbach and Schmitt, 2003), and the beneficial effects of distinct bacterial communities in the IRPN-treated bayberry trees on fruit growth and development are also suggested in this study. The predicted functional potential of bacterial communities confirmed that carbohydrate metabolism was significantly improved by treatment with IPN or IRPN compared with controls. Meanwhile, IPN or IRPN also improved galactose metabolism, starch and sucrose metabolism, ascorbate and aldarate metabolism, which may provide energy for fruit development and increase the sweetness of fruits (Chen et al., 2015). IRPN improved the metabolism of fatty acids and ketone bodies, as well as xenobiotic biodegradation, which may release energy in bayberry fruits (Schönfeld and Wojtczak, 2016), thereby reducing the consumption of sugar and increasing its accumulation in fruits, benefiting fruit growth and development. IRPN also increased amino acid metabolism in bayberry fruits, resulting in a higher accumulation of free amino acids in the fruits (Supplementary Figure S1), which are important for plant growth and development (Hernández-Verdeja and Strand, 2018). The application of IRPN increased the expression of ABC transporter genes, which may be involved in the cellular uptake and translocation of mineral elements (Köster, 2001; Neupane et al., 2019). Therefore, IRPN use is an ideal strategy to improve the fruit yield and quality of Chinese bayberry because protection against insects and rain allows the fruits to develop very specific microbial communities, which not only have a reduced abundance of pathogenic microorganisms but also have microorganisms that promote enhanced fruit growth and development, as well as accumulation of sugars and nutrients.



CONCLUSION

Chinese bayberry fruits are highly sensitive to Drosophila and excessive rain. The present study is the first to show that a simple IRPN can be an ideal strategy for Drosophila control and rain-proofing, thereby significantly improving both the fruit production and quality of Chinese bayberry. The positive effects of IRPN on bayberry fruits are largely resulted from both the reduction of Drosophila and its unique bacterial communities shaped by Drosophila control and rain avoidance. IRPN significantly decreased Acetobacter and Gluconobacter in fruits to reduce sugar consumption and disease, while might increase the fruits’ functional profiles associated with carbohydrate and nitrogen metabolism, and mineral transport for improvement of fruit growth and development.



DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in the article/Supplementary Material; further inquiries can be directed to the corresponding author.



AUTHOR CONTRIBUTIONS

ST, QH, YW, and LL contributed to the conception and designing of the study. ST, QH, and YW provided the experimental sites and samples. HY completed the experiment and obtained the data. HY, JC, and RW performed the data and statistical analysis. HY and LL wrote the first draft of the manuscript. JC wrote sections of the manuscript. All authors contributed to manuscript revision, read and approved the submitted version.



FUNDING

This work was supported by grants from the National Natural Science Foundation of China (41977130 and 31471939) and grants from the Huangyan Agricultural and Rural Bureau.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpls.2021.732012/full#supplementary-material



ABBREVIATIONS

IPN, insect-proof net; IRPN, insect- and rain-proof net; SSC, soluble solids content; TAC, titratable acidity content; INQ, index of nutritional quality.


FOOTNOTES

1https://www.ncbi.nlm.nih.gov/bioproject/PRJNA723673



REFERENCES

 Alireza, B., Pegah, R., Saeede Jafari, N., Azita, H., Golbon, S., Amir, S., et al. (2020). The relationship between the index of nutritional quality and the risk of colorectal cancer and adenoma: a case-control study. Eur. J. Cancer Prev. 29, 222–228. doi: 10.1097/cej.0000000000000550 

 Ano, Y., Shinagawa, E., Adachi, O., Toyama, H., Yakushi, T., and Matsushita, K. (2011). Selective, high conversion of D-glucose to 5-keto-D-gluoconate by gluconobacter suboxydans. Biosci. Biotech. Bioch. 75, 586–589. doi: 10.1271/bbb.100701 

 Atallah, J., Teixeira, L., Salazar, R., Zaragoza, G., and Kopp, A. (2014). The making of a pest: the evolution of a fruit-penetrating ovipositor in Drosophila suzukii and related species. Proc. R. Soc. B-Biol. Sci. 281:20132840. doi: 10.1098/rspb.2013.2840 

 Bai, Y., Qie, H., and Gao, Z. (2020). A review for molecular biology of Morella rubra. J. Fruit Sci. 37, 764–772. doi: 10.7679/j.issn.2095-1353.2017.087

 Burrack, H. J., Asplen, M., Bahder, L., Collins, J., Drummond, F. A., Guédot, C., et al. (2015). Multistate comparison of attractants for monitoring Drosophila suzukii (Diptera: Drosophilidae) in blueberries and caneberries. Environ. Entomol. 44, 704–712. doi: 10.1093/ee/nvv022 

 Cao, Y., Wu, Z., and Weng, P. (2020). Comparison of bayberry fermented wine aroma from different cultivars by GC-MS combined with electronic nose analysis. Food Sci. Nutr. 8, 830–840. doi: 10.1002/fsn3.1343 

 Carrion, V. J., Cordovez, V., Tyc, O., Etalo, D. W., de Bruijn, I., de Jager, V. C. L., et al. (2018). Involvement of Burkholderiaceae and sulfurous volatiles in disease-suppressive soils. ISME J. 12, 2307–2321. doi: 10.1038/s41396-018-0186-x 

 Chen, L.-Q., Cheung, L. S., Feng, L., Tanner, W., and Frommer, W. B. (2015). “Transport of sugars,” in Annual Review of Biochemistry. Vol. 84. ed. R. D. Kornberg 865–894.

 Cheng, H., Chen, J., Chen, S., Xia, Q., Liu, D., and Ye, X. (2016). Sensory evaluation, physicochemical properties and aroma-active profiles in a diverse collection of Chinese bayberry (Myrica rubra) cultivars. Food Chem. 212, 374–385. doi: 10.1016/j.foodchem.2016.05.145 

 Chien, Y.-C., and Chang, J.-C. (2019). Net houses effects on microclimate, production, and plant protection of white-fleshed pitaya. HortScience 54, 692–700. doi: 10.21273/hortsci13850-18

 CNS (2014). Quick Reference Manual of Dietary Nutrient Intakes for Chinese Residents. 2013th Edn. China: Chinese Nutrition Society.

 Dai, H. P., Chen, H. B., Zhang, C., and Lu, J. (2020). Raspberry cultivation under rain shelters in Northeast China. Acta Hortic. 1277, 245–250. doi: 10.17660/ActaHortic.2020.1277.35

 Devine, G. J., and Furlong, M. J. (2007). Insecticide use: contexts and ecological consequences. Agric. Hum. Values 24, 281–306. doi: 10.1007/s10460-007-9067-z

 Douglas, G. M., Maffei, V. J., Zaneveld, J. R., Yurgel, S. N., Brown, J. R., Taylor, C. M., et al. (2020). PICRUSt2 for prediction of metagenome functions. Nat. Biotechnol. 38, 685–688. doi: 10.1038/s41587-020-0548-6 

 El Sheikha, A. F., Condur, A., Metayer, I., Le Nguyen, D. D., Loiseau, G., and Montet, D. (2009). Determination of fruit origin by using 26S rDNA fingerprinting of yeast communities by PCR-DGGE: preliminary application to Physalis fruits from Egypt. Yeast 26, 567–573. doi: 10.1002/yea.1707 

 El Sheikha, A. F., Durand, N., Sarter, S., Okullo, J. B. L., and Montet, D. (2012). Study of the microbial discrimination of fruits by PCR-DGGE: application to the determination of the geographical origin of Physalis fruits from Colombia, Egypt, Uganda and Madagascar. Food. Control 24, 57–63. doi: 10.1016/j.foodcont.2011.09.003

 Fang, H., Chen, J., Tian, Y., Liu, Y., Li, H., and Cheng, H. (2020). Chemometrics characterization of volatile changes in processed bayberry juice versus intact fruit during storage by headspace solid-phase micro-extraction combined with GC-MS. J. Food. Process. Preserv. 44:e14444. doi: 10.1111/jfpp.14444

 Feng, J., Jiang, L., Zhang, J., Zheng, H., Sun, Y., Chen, S., et al. (2020). Nondestructive determination of soluble solids content and pH in red bayberry (Myrica rubra) based on color space. J. Food. Sci. Technol. 57, 4541–4550. doi: 10.1007/s13197-020-04493-4 

 Fenner, K., Canonica, S., Wackett, L. P., and Elsner, M. (2013). Evaluating pesticide degradation in the environment: blind spots and emerging opportunities. Science 341, 752–758. doi: 10.1126/science.1236281 

 Formisano, L., El-Nakhel, C., Corrado, G., De Pascale, S., and Rouphael, Y. (2020a). Biochemical, physiological, and productive response of greenhouse vegetables to suboptimal growth environment induced by insect nets. Biology 9:432. doi: 10.3390/biology9120432

 Formisano, L., Pannico, A., El-Nakhel, C., Starace, G., Poledica, M., De Pascale, S., et al. (2020b). Improved porosity of insect proof screens enhances quality aspects of zucchini squash without compromising the yield. Plants 9:1264. doi: 10.3390/plants9101264 

 Fu, L., Sun, S., Li, R., and Wang, S. (2016). Classification of kiwifruit grades based on fruit shape using a single camera. Sensors 16:1012. doi: 10.3390/s16071012 

 Gomez, M., Lajolo, F., and Cordenunsi, B. (2002). Evolution of soluble sugars during ripening of papaya fruit and its relation to sweet taste. J. Food Sci. 67, 442–447. doi: 10.1111/j.1365-2621.2002.tb11426.x

 Goodhue, R. E., Bolda, M., Farnsworth, D., Williams, J. C., and Zalom, F. G. (2011). Spotted wing drosophila infestation of California strawberries and raspberries: economic analysis of potential revenue losses and control costs. Pest Manag. Sci. 67, 1396–1402. doi: 10.1002/ps.2259 

 Guo, Z., Liu, H., Zheng, J., Chen, L., and Yuan, H. (2015). Insect-proof nets affect paddy field microclimate parameters and grain quality of different japonica Rice varieties. J. Crop. Sci. Biotechnol. 18, 73–81. doi: 10.1007/s12892-014-0018-0

 Gupta, U. C., and Gupta, S. C. (2014). Sources and deficiency diseases of mineral nutrients in human health and nutrition: a review. Pedosphere 24, 13–38. doi: 10.1016/S1002-0160(13)60077-6

 Hernández-Verdeja, T., and Strand, Å. (2018). Retrograde signals navigate the path to chloroplast development. Plant Physiol. 176, 967–976. doi: 10.1104/pp.17.01299 

 Hou, D., Wang, K., Liu, T., Wang, H., Lin, Z., Qian, J., et al. (2017). Unique Rhizosphere Micro-characteristics Facilitate Phytoextraction of Multiple Metals in Soil by the Hyperaccumulating Plant Sedum alfredii. Environ. Sci. Technol.51, 5675–5684. doi: 10.1021/acs.est.6b06531

 Huang, H. Z., Sun, Y. J., Lou, S. T., Li, H., and Ye, X. Q. (2014). In vitro digestion combined with cellular assay to determine the antioxidant activity in Chinese bayberry (Myrica rubra Sieb. et Zucc.) fruits: a comparison with traditional methods. Food Chem. 146, 363–370. doi: 10.1016/j.foodchem.2013.09.071 

 Jayasena, V., and Cameron, I. (2008). °brix/acid ratio as a predictor of consumer acceptability of crimson seedless table grapes. J. Food Qual. 31, 736–750. doi: 10.1111/j.1745-4557.2008.00231.x

 Kim, E.-K., Kim, S.-H., Nam, H.-J., Choi, M. K., Lee, K.-A., Choi, S.-H., et al. (2012). Draft genome sequence of Gluconobacter morbifer G707T, a pathogenic gut bacterium isolated from Drosophila melanogaster intestine. J. Bacteriol. 194:1245. doi: 10.1128/JB.06670-11 

 Köster, W. (2001). ABC transporter-mediated uptake of iron, siderophores, heme and vitamin B12. Res. Microbiol. 152, 291–301. doi: 10.1016/S0923-2508(01)01200-1 

 Kulka, D., and Walker, T. K. (1954). The ketogenic activities of Acetobacter species in a glucose medium. Arch. Biochem. Biophys. 50, 169–179. doi: 10.1016/0003-9861(54)90019-3 

 Kumari, A., Parida, A. K., Rangani, J., and Panda, A. (2017). Antioxidant activities, metabolic profiling, proximate analysis, mineral nutrient composition of Salvadora persica fruit unravel a potential functional food and a natural source of pharmaceuticals. Front. Pharmacol. 8:61. doi: 10.3389/fphar.2017.00061 

 Lee, J. C., Bruck, D. J., Curry, H., Edwards, D., Haviland, D. R., Van Steenwyk, R. A., et al. (2011a). The susceptibility of small fruits and cherries to the spotted-wing drosophila, Drosophila suzukii. Pest Manag. Sci. 67, 1358–1367. doi: 10.1002/ps.2225 

 Lee, J. C., Bruck, D. J., Dreves, A. J., Ioriatti, C., Vogt, H., and Baufeld, P. (2011b). In focus: spotted wing drosophila, Drosophila suzukii, across perspectives. Pest Manag. Sci. 67, 1349–1351. doi: 10.1002/ps.2271 

 Li, X., He, F., Wang, J., Li, Z., and Pan, Q. (2014). Simple rain-shelter cultivation prolongs accumulation period of anthocyanins in wine grape berries. Molecules 19, 14843–14861. doi: 10.3390/molecules190914843 

 Lim, K. H., Gu, M., Kim, B. S., Kim, W. S., Cho, D. H., Son, J. H., et al. (2015). Tree growth and fruit production of various organic Asian pear (Pyrus pyrifolia Nakai) cultivars grown under a rain-shelter system. J. Hortic. Sci. Biotechnol. 90, 655–663. doi: 10.1080/14620316.2015.11668728

 Liu, Y., Dong, W. X., Zhang, F., Kenis, M., Griepink, F., Zhang, J. P., et al. (2018). Identification of active components from volatiles of Chinese bayberry, Myrica rubra attractive to Drosophila suzukii. Arthropod Plant Interact. 12, 435–442. doi: 10.1007/s11829-018-9595-z

 Lobit, P., Soing, P., Genard, M., and Habib, R. (2002). Theoretical analysis of relationships between composition, pH, and titratable acidity of peach fruit. J. Plant Nutr. 25, 2775–2792. doi: 10.1081/PLN-120015538

 LY. (2018). Quality and grade of China bayberry. LYT, 1747–2018.

 Ma, B., Chen, J., Zheng, H., Fang, T., Ogutu, C., Li, S., et al. (2015). Comparative assessment of sugar and malic acid composition in cultivated and wild apples. Food Chem. 172, 86–91. doi: 10.1016/j.foodchem.2014.09.032 

 Madden, L. V., Yang, X. S., and Wilson, L. L. (1996). Effects of rain intensity on splash dispersal of Colletotrichum acutatum. Phytopathology 86, 864–874. doi: 10.1094/Phyto-86-864

 Miladinović, D. L., Ilić, B. S., Kocić, B. D., Ćirić, V. M., and Nikolić, D. M. (2015). Antibacterial investigation of thyme essential oil and its main constituents in combination with tetracycline. J. Med. Food 18, 935–937. doi: 10.1089/jmf.2014.0132 

 Neupane, D. P., Kumar, S., and Yukl, E. T. (2019). Two ABC transporters and a periplasmic metallochaperone participate in zinc acquisition in Paracoccus denitrificans. Biochemistry 58, 126–136. doi: 10.1021/acs.biochem.8b00854 

 Ozer, N., Engel, B. A., and Simon, J. E. (1995). Fusion classification techniques for fruit quality. Trans. Asae. 38, 1927–1934.

 Palacin-Arce, A., Monteagudo, C., Beas-Jimenez, J. D., Olea-Serrano, F., and Mariscal-Arcas, M. (2015). Proposal of a nutritional quality index (NQI) to evaluate the nutritional supplementation of sportspeople. PLoS One 10:e0125630. doi: 10.1371/journal.pone.0125630

 Rohrbach, K. G., and Schmitt, D. (2003). “Diseases of Pineapple,” in Diseases of tropical fruit crops. ed. R. C. Ploetz (Wallingford, Oxfordshire: CAB International), 443–464.

 Schönfeld, P., and Wojtczak, L. (2016). Short-and medium-chain fatty acids in energy metabolism: the cellular perspective. J. Lipid Res. 57, 943–954. doi: 10.1194/jlr.R067629 

 Shi, L., Cao, S., Shao, J., Chen, W., Zheng, Y., Jiang, Y., et al. (2014). Relationship between sucrose metabolism and anthocyanin biosynthesis during ripening in Chinese bayberry fruit. J. Agric. Food Chem. 62, 10522–10528. doi: 10.1021/jf503317k 

 Shin, S. C., Kim, S.-H., You, H., Kim, B., Kim, A. C., Lee, K.-A., et al. (2011). Drosophila microbiome modulates host developmental and metabolic homeostasis via insulin signaling. Science 334, 670–674. doi: 10.1126/science.1212782 

 Sparks, T. C., Crossthwaite, A. J., Nauen, R., Banba, S., Cordova, D., Earley, F., et al. (2020). Insecticides, biologics and nematicides: updates to IRAC's mode of action classification - a tool for resistance management. Pestic. Biochem. Physiol. 167:104587. doi: 10.1016/j.pestbp.2020.104587 

 Sun, C., Huang, H., Xu, C., Li, X., and Chen, K. (2013). Biological activities of extracts from Chinese bayberry (Myrica rubra Sieb. et Zucc.): a review. Plant Foods Hum. Nutr. 68, 97–106. doi: 10.1007/s11130-013-0349-x 

 Sun, C., Zheng, Y. X., Chen, Q. J., Tang, X. L., Jiang, M., Zhang, J. K., et al. (2012). Purification and anti-tumour activity of cyanidin-3-O-glucoside from Chinese bayberry fruit. Food Chem. 131, 1287–1294. doi: 10.1016/j.foodchem.2011.09.121

 Suran, P., Vávra, R., Jonáš, M., Zelený, L., and Skřivanová, A. (2019). Effect of rain protective covering of sweet cherry orchard on fruit quality and cracking. Acta Hortic. 1235, 189–196. doi: 10.17660/ActaHortic.2019.1235.25

 Tappy, L., and Lê, K.-A. (2010). Metabolic effects of fructose and the worldwide increase in obesity. Physiol. Rev. 90, 23–46. doi: 10.1152/physrev.00019.2009 

 Walker, T. K., and Pellegrino, D. N. (1959). Formation of gentiobiose, sophorose and other oligosaccharides by Acetobacter species growing in glucose media. Arch. Biochem. Biophys. 83, 161–169. doi: 10.1016/0003-9861(59)90020-7 

 Wang, Z., Cao, J., and Jiang, W. (2016). Changes in sugar metabolism caused by exogenous oxalic acid related to chilling tolerance of apricot fruit. Postharvest Biol. Technol. 114, 10–16. doi: 10.1016/j.postharvbio.2015.11.015

 Wei, L., Zhu, D., Zhou, J., Zhang, J., Zhu, K., Du, L., et al. (2014). Revealing in vivo glucose utilization of Gluconobacter oxydans 621H mgdh strain by mutagenesis. Microbiol. Res. 169, 469–475. doi: 10.1016/j.micres.2013.08.002 

 Weichselbaum, E. (2008). Fruit makes you fat? Nutr. Bull. 33, 343–346. doi: 10.1111/j.1467-3010.2008.00725.x

 Xu, Y., Li, K., Wang, H., Chen, L., and Gong, X. (2015). Determination of eight organic acids in blueberries by HPLC. Food. Sci. 36, 127–131. doi: 10.7506/spkx1002-6630-201518023

 Xu, W. T., Wang, S. B., Wu, H. X., Gao, Y. Y., Yao, Q. S., Luo, C., et al. (2019). Effects of rain cover cultivation on ecophysiology-factors, yield and fruit quality in mango. Acta Hortic. 1244, 137–142. doi: 10.17660/ActaHortic.2019.1244.21

 Yang, Z. F., Cao, S. F., and Zheng, Y. H. (2011). Chinese bayberry fruit extract alleviates oxidative stress and prevents 1,2-dimethylhydrazine-induced aberrant crypt foci development in rat colon carcinogenesis. Food Chem. 125, 701–705. doi: 10.1016/j.foodchem.2010.09.070

 Yu, H., Xie, T., He, L., Xie, J., Chen, C., and Tian, H. (2020). Characterization of aroma compounds in bayberry juice by sensory evaluation and gas chromatography-mass spectrometry. J. Food. Meas. Charact. 14, 505–513. doi: 10.1007/s11694-019-00223-3

 Yuan, L.-M., Mao, F., Huang, G., Chen, X., Wu, D., Li, S., et al. (2020). Models fused with successive CARS-PLS for measurement of the soluble solids content of Chinese bayberry by vis-NIRS technology. Postharvest Biol. Technol. 169:111308. doi: 10.1016/j.postharvbio.2020.111308

 Zhang, X., Huang, H., Zhang, Q., Fan, F., Xu, C., Sun, C., et al. (2015). Phytochemical characterization of Chinese bayberry (Myrica rubra Sieb. et Zucc.) of 17 cultivars and their antioxidant properties. Int. J. Mol. Sci. 16, 12467–12481. doi: 10.3390/ijms160612467 


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.

Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2021 Yu, Tian, Huang, Chen, Wu, Wang and Lu. 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.

OPS/images/fpls-12-732012-g005.jpg
Control

PCoA 2 (16%)

06 04 02 00 02
PCoA 1 (38%)

o

—Jothers
Rhodanobactsraceae

[__Pscudomonadaceae
[ orbaceas

Rhodocyclaceae
Comamonadaceas
Burknolderiaceae
Sphingomonadaceae
[ Rhizobiaceae

Beijerincki
Acetobacteraceas

Average Relative Abundance (%)
2

N
& & &

Q
4
%%

Average Relative Abundance (%)

Average Relative Abundance (%)

3
8

@
3

e o ©
= =& =

°
~

3

3

°

-
[—]
||

=

=

Others.
Proteobacteria
Planctomycetota
Fusobacteriota
irmicutes.
esullobacterota
Bacteroidota
Actinobacteriota
Acidobacteriota






OPS/images/fpls-12-732012-g006.jpg
Planctomycetes
Isosphaerales

b1

oo
o
sorameopoV S

seu21edoPRY
2808 B IIDI
£2R22F5FEgEE

- dl

Control
Insectide
IPN

IRPN

: Acetobacter
: Hymenobacter

:1174_901_12

: Sphingomonas

: Massilia

: Frateuria

: Asaia

: Gluconobacter

: Methylobacterium_Methylorubrum
: Dyella

: Robbsia





OPS/images/fpls-12-732012-g003.jpg
(B/6) i 10 UoneNUIIUOD.

(%)

<

103 PlfoS alAnios.

&

%,
%
K

2 8
(6%/6) nu o uonenuULIUODY

&

10 4

(Ww) vonenuzouagy
PV alqErenL





OPS/images/fpls-12-732012-g004.jpg
Faith pd

Shannon

500
& ]
T 400- L]
8 30 :L
2
a 5300- a
°
= a N a
=] g a
@ 200 -
2 | I—
— " ==
L = =
0
Control Insectide IPN IRPN Control Insectide IPN IRPN
D
0.9 —
a
a T
P a " -
4{ = e
£
g 2
I

0.4

Control Insectide IPN IRPN Control Insectide IPN IRPN





OPS/images/fpls-12-732012-t002.jpg
Treatments. Mineral nutrients*

K Ca Mg Fe zn

Control 1132157 1.41 £0.06* 0.87 £0.12¢ 81£13.7° 220+2.14"
Insecticide 21.9£062" 1.19£0.26* 1.41£0.10° 94£11.0% 254 £2.95"
IPN 20.8+0.97" 1.35+0.12* 1.89 £ 0.00* 102 £ 10.6® 29.0 +1.80"
IRPN 259 1.068" 1.44 £0.18* 1.99:0.16* 124 £ 16.7* 53.7 +4.03*

1PN, insect-proof net; IRPN, insect- and rain-proof net. *The units for each index were as follows: K (mg/fruit, Ca (mg/ui), Mg (/i) Fe (xg/fuit) and Zn (ug/ru). The mean
and standard deviation (n=3) were calculated for three replicates. The values in a column with different superscript letters a, b and c are significantly different (o< 0.05).





OPS/images/fpls-12-732012-g007.jpg
A Control 1PN B BN RPN
—_——
Galactose metabolism [ ﬂ I Ascorbate and aldarate metabolism
Staron and sucrose metabolism Fructoss and mannoss metabokem
Fatty acd blosynthests - Faty agi motabolom
Biosynthesis of unsaturated fatty acids. || Synthesis and degradation of ketone bodies
Steradblosynthests B I Dincleic ackd merapotam
Primary il acd Hlosyrthesis Spingokpid mewbaliem
Socondery ble acdniosynihesis § Ve, ooins and soloucine degradation
Tiypiophan revabolien S| Fhacyisinins mowbodern
Tauringand hypotaurie metabolism Beta-Alanine metapolsm
Other glycan degradation D-Arginine and D-ornithine metabolism
Glycosaminoglycan degradation N-Glycan biosynthesis
Peptidoglycan biosynthesis i Other glycan degradation
Pericliinand cophalosperin blosynthesis B Ghvoesarmicdlyean dogracation
Beaiain biooysinasts Cherooysionesans an choropenzens degradation
Polycyclic aromatic hydrocarbon degradation | Benzoate degradation
Nitoronsens degradation Fluorobsnzoate dogradation
Airasine degracuton [ Diocin opradation
Caprolactam degradtion Totuene degradation
Bacterial chemotaxis B Polycyclic aromatic hydrocarbon degradation
Flagellar assembly ] Styrene degradation
] e Aradine degradaton
ey erimion gt B
RRA potymerase T Sicphenol degradation
ol st R e ot e i
Tatracyeling biosynthesis e Tatracycing bloayhes
Sy metabokem Nitogen metabeliom
Bacarialsecretion system RS ansporters
© Carbohydrate metabolism o
® Lipid metabolism
® Amino acid metabolism 1
© Glycan biosynthesis and metabolism
© Biosynthesis of other secondary metabolites 0
® Xenobiotics biodegradation and metabolism
® Cellular processes =1
® Genetic information processing .
o Other






OPS/images/fpls-12-732012-t001.jpg
Treatments* Citric acid (g/kg) Malic acid (mg/kg) ~ Oxalic acid (mg/kg)  Tartaric acid (mg/kg)  Ascorbic acid (mg/kg)

Gontrol 17.03+030° 223 +20.3° 231+ 15.4° 115£6.7° 4.96+1.00°
Insecticide 10.15 £ 0.06° 1,366+ 17.6° 376+ 15.0° 139+ 7.6" 9.88+2.10°
1PN 8.05+0.45° 773+ 31.8° 201£8.1° 123+3.4° 800225
IRPN 560 £0.20° 1,162+ 18.6° 207 £57° 182 £ 165 552153

IPN, insect-proof net; IRPN, insect- and rain-proof net. *The mean and standard deviation (n=3) were calculated for three replicates. The values in a column with different
superscript letters a, b, ¢ and d are significantly different (o <0.08).





OPS/xhtml/Nav.xhtml




Contents





		Cover



		An Insect- and Rain-Proof Net Raises the Production and Quality of Chinese Bayberry by Preventing Damage From Insects and Altering Bacterial Communities



		Introduction



		Materials and Methods



		Plant Growth and Treatments



		Number of Drosophila



		Fruit Quality



		Soluble Sugars



		Organic Acids



		Nutrient Elements



		Microbiological Analysis



		Statistical Analysis









		Results



		Drosophila Growth on Chinese Bayberry Fruits



		Fruit Yield of Chinese Bayberry Trees



		Sugar and Organic Acids in Chinese Bayberry Fruits



		Mineral Nutrients of Chinese Bayberry Fruits



		Bacterial Communities of Chinese Bayberry Fruits









		Discussion



		Conclusion



		Data Availability Statement



		Author Contributions



		Funding



		Supplementary Material



		Abbreviations



		Footnotes



		References



















OPS/images/fpls-12-732012-g001.jpg
A Chinese bayberry trees protected by insect- and rain-proof nets

Control Insecticide Insect-proof net  Insect- and rain-proof net
(IPN) (IRPN)
€ Drosophila grown on fruits of Chinese bayberry
€2 .y
’é a
gg
i
ifs
28
o ;
g 0
=

Drosophila larvae Drosophila adult






OPS/images/fpls-12-732012-g002.jpg
5.0cm
Control Insecticide IPN IRPN
B c D
£100
g g ® 2
E 3= £
L g5 S
3= S g 60
=% 3
2 g t
=£ § 210 5
gEmw 2 %20
w 8
0 4 £ o
E G
[ Excellent [I First
[_Jsecond [__]Other
100% D — % 5 5
80% £ £
K} ]
60% 3 g
]
40% K £
& 10 g
20% = £
3 3
0% F oo z
> B & &
€ &K &L
OO&» & &






OPS/images/cover.jpg
? frontiers
in Plant Science

An Insect- and Rain-Proof Net Raises
the Production and Quality of
Chinese Bayberry by Preventing
Damage From Insects and Altering
Bacterial Communities
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