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Abstract

:

Volatiles are essential substances that determine distinct fruit flavors and user preferences. However, the metabolic dynamic and molecular modulation models that regulate the overall flavor generation during fruit growth and ripening are still largely unclear for most fruit species. To comprehensively analyze the molecular mechanism and regulation mechanism of aroma accumulation and aroma component formation in Pyrus spp. ‘Panguxiang’ (‘Panguxiang’pear), this study compared pear phenotype, sugars, organic acid content, and the expression of related genes and metabolites amid pear growth and development in Pyrus spp. ‘Panguxiang’. A total of 417 VOCs (4 amines, 19 aromatics, 29 aldehydes, 31 alcohols, 38 ketones, 64 heterocyclic compounds, 89 terpenoids, 94 esters, and 49 others) were found. The potential gene expression patterns were explored by combining transcriptomics and metabolomics, and VOC-associated metabolism and transcriptome data from all samples were integrated during the growth and development period. On this basis, we constructed a colorful model depicting changes in the VOCs and genes throughout pear growth and development. Our findings reveal that terpenoid biosynthesis pathways are the main aroma production pathways during pear growth and development. In addition to providing novel insights into the metabolic control of fruit flavor during growth and development, this study also provides a new theoretical basis for studying aroma metabolites in pears.
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1. Introduction


The pear (Pyrus spp.) is a major fruit crop globally and has a high economic value. According to FAO statistics, the global harvest area and production in 2021 were 1,399,484 hectares and 2,568,713 t, respectively. In the same year, the harvest area and production of pears in China were 986,479 hectares and 18,978,144 t, respectively, accounting for about 70% of the world totals (https://www.fao.org/faostat/zh/#data, accessed on 2 April 2023) [1]. Pears are cultivated in more than 50 countries, of which white pears (Pyrus bretschneideri Rehder) are the most-planted varieties in China and are often called Chinese pears [2]. In addition to being eaten as a snack fruit, pear fruit is also a traditional medicine with antispasmodic, anti-inflammatory, and diuretic benefits [3]. Pyrus spp. ‘Panguxiang’, a new cultivar derived from P. bretschneideri Rehd. cv. ‘Biyang piaoli’, is sweet and crisp fruit with a special aroma and fame among consumers [4]. However, a series of problems need to be urgently studied, such as which synthetic pathways account for the accumulation and production of characteristic aromas and how related genes are expressed in the ‘Panguxiang’ pear.



Volatile compounds are vital in determining the desirability of pears among consumers. Aroma is a key indicator of fruit quality [5], and a rich fruit aroma can increase consumer desire to buy, as well as improve living standards and the demand for fruits, making fruit aroma a crucial research focus [6]. The production of aroma is also a sign of ripe fruit, which is composed of different volatile compounds, many of which can be detected by the human sense of smell [7]. Aroma is an essential component of fruit quality. The aroma of many fruits has been studied in recent years, including the white pear [8], apple [9], watermelon [10], mango [11], melon [12], strawberry [13], peach [14], and tomato [15]. P. pyrifolia, in particular, contains more than 300 volatile compounds [16].



The essence of fruit aroma is volatile aromatic substances, which can be divided into four categories: benzene/phenylpropane compounds, terpene compounds, fatty acid derivatives, and amino acid derivatives [17,18]. The distribution of volatile organic compounds (VOCs) varies with fruit growth and development. In plants, terpenoids account for the largest group of VOCs [19]. Terpenoids are mainly formed from isoprenyl diphosphate (IPP) and dimethylallyl diphosphate (DMAPP) via a complex process. According to the molar ratio of IPP to DMAPP, terpenoids can be divided into monoterpenes (1:1); sesquiterpenes and sterols (2:1); and diterpenes, carotenoids, and polyterpenes (3:1) [20]. Among them, C10 monoterpenes and C15 sesquiterpenes are the key compounds that determine the characteristic aroma of fruits [17]. In addition, sesquiterpenes are generated in the cytoplasm via the mevalonic acid (MVA) pathway, and monoterpenes are produced in cytosols and plastids via the 2-c-methylerythritol 4-phosphate (MEP) pathway in higher plants [21,22].



Therefore, this study analyzes the dynamic changes in aroma composition and nutrients during the development of the ‘Panguxiang’ pear by combining metabolomics and transcriptomics. The variations in metabolite composition amid the growth of pear fruits and the associations between related gene expression and metabolites in the main pathways of aroma synthesis were expounded. The molecular mechanism for the synthesis of the pear was further elucidated at the transcription and metabolic levels, which underlies the comprehensive analysis of molecular and regulatory mechanisms of aroma accumulation and aroma component formation of the ‘Panguxiang‘ fruit.




2. Materials and Methods


2.1. Plant Materials


The study location: The Key Laboratory of Forest Resources Cultivation of Henan Agricultural University and the State Forestry Administration (112°42′114°14′ E, 34°16′34°58′ N) has sandy loam soil at pH 7.0. The average annual temperature is 17 °C, and the total rainfall is 1326.8 mm. Three trees were selected from each development stage, and fruits were randomly selected from different directions of the tree body, and 10–20 fruits were collected each time. In 2021, a 6-year-old Pangu fragrant pear tree under robust growth was chosen as the experimental tree.



Four phases of pear fruit growth and ripening were sampled: 60 days (S1, Rapid expansion), 90 days (S2, Late expansion of fruit), 120 days (S3, Nutrient accumulation), and 147 days (S4, Ripening) after flowering. After sampling, all obtained samples were kept in a refrigerator at −80 °C for subsequent experiments. Each experiment was performed in triplicate.




2.2. Determination of Physiological Parameters


Sugars and organic acids were quantified using liquid chromatography. The pulp (2 g) was weighed, and then the sugars were extracted with ultrapure water and the organic acids with metaphosphate, respectively. For the determination of sugars, the pulp was first broken into a homogenate, ultrasonically extracted for 15 min, and centrifuged at 5600× g/min for 10 min. The supernatant was filtered using a 0.22 μm filter head. Then, the supernatant was detected using a liquid chromatograph (equipped with a UV sensor and a refractometer) and a RI-101 differential refraction detector. The determination was performed using an Agilent Hi-Plex Ca column (300 × 7.7 mm) at 85 °C with a mobile phase of pure water and a flow rate of 0.6 mL/min. Organic acids were detected using an Ultimate 3000 UV detector. The pulp was broken into a homogenate, ultrasonically extracted for 15 min, and centrifuged at 5600× g/min for 10 min. The supernatant was filtered using a 0.22 μm filter head and detected with liquid chromatography using an Agilent ZOBAX C18 column (4.6 mm × 250 mm) at 20 °C, a mobile phase of 0.2% metaphosphoric acid (flow rate 1.0 mL/min), and 214 nm. Standard products of fructose, glucose, sorbitol, and sucrose (Sigma Aldrich Trading Co., Ltd., Shanghai, China) were used as reference standards. Standard products of malic acid, citric acid, oxalic acid, and shikimic acid were also provided by Sigma Aldrich (St. Louis, MO, USA). Metaphosphate was offered by Sinopharm Group Chemical Reagents Shenyang Company (Shenyang, China). The Milli-Q ultrapure water system was made by Millipore (Burlington, MA, USA). The Diane U-3000 liquid chromatograph was produced by Thermo Fisher Co., Ltd. (Waltham, MA, USA).




2.3. Sample Treatment and GC-MS Conditions


The samples were ground to powder in liquid nitrogen and removed (1 g, 1 mL) immediately to headspace vials (Agilent, Palo Alto, CA, USA) added with a NaCl-saturated solution. For the SPME analysis, each vial was kept at 60 °C for 5 min. Then, its headspace was exposed to a 120 µm DVB/CWR/PDMS fiber (Agilent) for 15 min at 100 °C. After sampling, the VOCs were desorbed from the fiber coating in the injection port of the GC meter (Model 8890; Agilent) at 250 °C for 5 min using the splitless mode. VOCs were detected and quantified using an Agilent Model 8890 GC and a 7000D mass meter (Agilent) with a 30 m × 0.25 mm × 0.25 μm DB-5MS (5% phenyl-polydimethylsiloxane) capillary column. Helium was used as the carrier gas at a 1.2 mL/min linear rate. The injector was kept at 250 °C and the detector at 280 °C. The oven was started at 40 °C (3.5 min), heated at 10 °C/min to 100 °C, at 7 °C/min to 180 °C, at 25 °C/min to 280 °C, and maintained for 5 min. Mass spectra were acquired using the electron impact (EI) ionization mode at 70 eV. The quadrupole mass detector, ion source, and transfer line were set at 150, 230, and 280 °C, respectively. MS using the ion monitoring (SIM) mode was performed to identify and quantify analytes. Metabolites were qualified and quantified as reported [23]. The repeatability of metabolite extraction and technical duplication was tested by overlapping the total ion chromatography (TIC) of the MS of different QC samples. Instrumental stability ensured the data were repeatable and reliable.




2.4. Integrative Analysis of Metabolome and Transcriptome


Transcriptome assembly and analysis were performed as reported [24]. The transcript sequences were mapped to 7 public databases: the NCBI non-redundant protein sequence database (NR) (www.ncbi.nlm.nih.gov, accessed on 2 April 2023) [25]; Swiss-Prot [26]; Gene Ontology (GO) [27]; euKaryotic Ortholog Groups (KOG) [28]; Protein family (Pfam) [29]; Kyoto Encyclopedia of Genes and Genomes (KEGG) [30]; and TrEMBL [31,32]. A Pearson correlation analysis was performed to combine the metabolome and transcriptome data. Correlation coefficients were computed as per metabolite log2(fold-change) and transcript. The coefficient R > 0.9 was selected. Metabolome and transcriptome associations were visualized using Cytoscape 2.8.2.




2.5. Statistical Analysis


Metabolome and transcriptome analyses were conducted in biological triplicate. Principal component analysis (PCA) and orthogonal projections to latent structures discriminant analysis (OPLS-DA) were performed with R software (http://www.r-project.org/, accessed on 2 April 2023) [33]. Differentially accumulated metabolites among the analyzed pear fruits were identified at the criteria of a fold change ≥2 or ≤0.5, variable importance in projection (VIP) score > 1, and p < 0.05 [34,35]. All differential VOCs or gene expressions were examined using hierarchical clustering with TBtools 1.113 version [36]. Data were analyzed using SPSS 26.0 (IBM, Armonk, NY, USA).





3. Results


3.1. Changes in Physiological Indicators of Fruits


The appearance changes during fruit growth and ripening are shown in Figure 1a. As the fruit develops, its diameter and weight increase. During this development, the contents of sugars are generally on the rise, maximizing in period S3 (121.19 mg/g). The most abundant substance was sorbitol followed by fructose, glucose, and sugar (Figure 1b). Organic acids are important substances throughout the growth and development of pear fruits, and their contents continued to decrease during the four stages. In addition to citric acid, other organic acids were also in a continuous downtrend. From stage S2, the citric acid content maximized to 1.42 mg/g. In addition, the richest organic acid was quinic acid, with the highest value of ~5.18 mg/g observed in stage S1 (Figure 1c).




3.2. Metabolomic Analysis of Pear Fruits


The clean data from each sample reached 6 GB, and the Q30 score was >91% in each case (Table S1). A total of 417 VOCs were identified in the S1, S2, S3, and S4 pear fruits with GC-MS (Figure 2a, Table S2). The VOCs were divided into amines (4, 0.96%), aromatics (19, 4.56%), aldehydes (29, 6.95%), alcohols (31, 7.43%), ketones (38, 9.11%), heterocyclic compounds (64, 15.35%), terpenoids (89, 21.34%), esters (94, 22.54%), and others (49, 11.75%). Among them, esters contributed the most (~22.54%) followed by terpenoids (21.34%) and ketones (9.11%), which were the main components in pear fruit VOCs (Figure 2b). Moreover, the curve overlap of the total ion flow was high, suggesting the signal stability is high and the experimental results are reliable (Figure 2c). Next, PCA was performed on the 417 metabolites to clarify the discrepancy in the metabolite profiles among the four stages. The PCA results separated the samples into four distinct periods (Figure 2d). In addition, the R between samples exceeded 0.5, and the R for the same variety exceeded 0.9, implying the results are reliable and reproducible (Figure 2e).




3.3. Differences in VOCs of Pear Fruits


OPLS-DA combines PLS-DA and OSC to screen variances by removing irrelevant variances. In the OPLS-DA model, the VOC contents of the samples were compared pairwise between S1 and S2 (R2X = 0.546, R2Y = 0.901, and Q2 = 0.788; Figure S1a), between S2 and S3 (0.6, 0.854, 0.774; Figure S1b), between S3 and S4 (0.438, 0.862, 0.777; Figure S1c), and between S1 and S4 (0.788, 0.998, 0.989; Figure S1d). The Q2 values for all comparisons surpassed 0.5, implying that these models were stable and reliable and that the discrepancy in the VOCs can be further screened. The variable impact on projection (VIP) of the OPLS-DA model revealed that the VOC variances remarkably varied among the four stages of pear fruits.



VOCs were significantly enriched during pear fruit ripening (Figure S2). Compared with S1, 45 VOCs were up-regulated and 5 VOCs were down-regulated in S2 (Figure S2e). However, 75 VOCs accumulated and 25 VOCs declined in S4 relative to S1 (Figure S2h). Additionally, 34 VOCs were up-regulated and 22 VOCs were down-regulated from S2 to S3 (Figure S2f). Furthermore, 33 VOCs were enriched and 15 VOCs were down-regulated in S4 compared to S3 (Figure S2g). These results indicate that VOCs accumulate considerably during pear fruit growth and ripening. The differential VOCs can be critical factors in aroma formation amid pear fruit ripening. Hence, we focused on these significantly up- and down-regulated VOCs. This study previously documented the expression patterns for 417 metabolites at different stages (Figure 2a). Here, pairwise comparisons were completed among the four periods to reveal the accumulation pattern of VOCs during fruit growth and development. Compared to S1, S2 was significantly down-regulated than up-regulated, with significantly more differential VOCs (Figure S3a, Table S3). Starting with S3, large differential VOCs were up-regulated (Figure S3b,c, Tables S4 and S5). Compared with S1, S4 had significantly more differential VOCs than the other groups, and most were up-regulated (Figure S3d, Table S6). Additionally, terpenoids had the highest differential VOC contents in the four stages. Next, we aimed to determine the underlying metabolic pathways of terpenoids.




3.4. Correlation between Metabolites and Transcripts in Pear Fruits


This study probed into the association between metabolites and transcript data. The KEGG enrichment analysis of differential VOCs and DEGs uncovered a KEGG pathway shared by the two omics. The KEGG classification demonstrated that the terpenoid synthesis pathway was significantly enriched during the growth and development of pear fruits (Figure 3). The nine-quadrant graph based on the correlation analysis showed that metabolites in the third and seventh quadrants were positively regulated by genes, and metabolites in the first and ninth quadrants are negatively regulated by genes (Figure S3).




3.5. Gene Expression Profiling of Terpenoid Metabolic Pathways


Compared with the early stage of growth and development, fruits in the ripening stage have more levels and types of terpenoids. There are two main terpenoid formation pathways in pears: the MVA pathway in the cytosol and the MEP pathway in the plastid (Figure 4a). In the MVA pathway, sesquiterpene biosynthetic genes were up-regulated, and in the MEP pathway, monoterpene and diterpene biosynthetic genes were down-regulated, all significantly (Figure 4b). Among the differential metabolites measured, sesquiterpene levels and types were higher (Figure 4c, Table S7). We randomly selected genes, analyzed the expression patterns of those genes using qRT-PCR, and compared them with FPKM values. The results showed that the expression patterns of randomly selected genes were consistent under different techniques, indicating that our data were reliable (Figure S4 and Table S8).





4. Discussion


During the long-term process of pears breeding/selection, great importance has been attributed to fruit size, color, yield, the sugar–acid ratio, and maturation season [37]. This study analyzed changes in the content of sugars and organic acids. As the fruit matured, the sugar content and the sweetness of the fruit increased and the organic acid content and the acidity decreased, which are in line with variations in the ripe flavor of other fruits [38].



In addition to flavor studies, such as those described for sweetness and acidity, aroma is also an important component of fruit flavor. Therefore, elucidating the metabolic pathways controlling the formation and enrichment of key aroma flavor substances is critical in increasing fruit flavor quality. Each fruit species has a unique aroma based on the blending of fruit VOCs [39]. Our study showed that terpenoids and esters were the main parts of the ‘Panguxiang‘ fruit aroma, which is consistent with the main VOCs in the growth and development stages of pineapple (Ananas comosus (L.) Merr.) [40] and ‘Nanguo’ pear (Pyrus ussuriensis Maxim.) [41]. We analyzed DEGs and differential VOCs in the four stages of ’Panguxiang‘ and found that the two jointly enriched the terpenoid biosynthesis pathway. Thereby, we boldly speculate that the unique aroma of ’Panguxiang‘ is most likely due to the increase in the type and content of terpenoids. At present, esters, alcohols, and aldehydes are considered the main volatile aroma components in pears [42]. In our study, however, volatile terpenes are second only to esters. Terpenoids have been studied in citrus fruits, and the results show that the volatile oil is mainly composed of monoterpene in citrus lemon peel and of terpene and terpene alcohol in oranges [43]. In addition, terpenoids were also reported in the aroma of apricots [44] and peaches [45] during fruit growth and development. On this basis, we further analyzed the biosynthetic pathways of terpenoids to find what interesting results will emerge.



As one of the most important groups of plant volatiles, terpenoids are widely present in higher plants and participate in a wide range of biological activities [46]. We built a colorful model for studying ‘Panguxiang’ terpenoids by comparing stages S1 versus S4 (Figure 4). The model clearly showed how terpenoids were generated, with monoterpenes and diterpenes produced via the MAP pathway and sesquiterpenes generated via the MEV pathway [47,48]. Interestingly, the expressions of biosynthetic genes of sesquiterpenes and mono/di-terpenes were diametrically the opposite. The sesquiterpene biosynthetic gene was significantly up-regulated, while mono/di-terpenes were significantly down-regulated. Furthermore, we identified 15 sesquiterpenes and 7 monoterpenes but no diterpenes. The contents of sesquiterpenoids and metabolites were higher compared with monoterpenoids. These results indicate that sesquiterpenoids play a key role in volatile terpenoids in the ‘Panguxiang’ pear, which are mainly produced through the MEV pathway. The terpenes accumulated in plants not only contribute to the production of specific aromas beneficial to the plant but are also directly or indirectly involved in the defense against insects or bacteria [49]. Among the metabolic pathways of fruit growth and development, it has been reported that ABA associated with maturity and color-related carotenoids occupy an important position [50]. The color of fruits has always been the target of artificial breeding, and carotenoid production is also through the MEP route. Pears have less color change during growth and development, so we boldly speculate that the content of carotenoids may be reduced. This is also the focus of our next research, which will focus on the changes in the relevant metabolic pathways during maturation.



Research on the volatile aroma of pear began in 1927 [6], and a number of related studies are reported every year. However, there are few reports on volatile terpenoids. During the growth and ripening of pear fruit, the changes in volatile substances vary and are affected by many factors [51]. Perhaps the volatile aroma components of pears during storage are significantly different from those during growth and development (maybe the total amount of terpenoids decreased and other substances increased). Therefore, our future research focus is aimed to explore the dynamic change process in volatile aroma during storage and to continue to provide a theoretical basis for fruit flavor research.
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Figure 1. Phenotypic analysis of ‘Panguxiang’ in four growth and development stages. (a) The phenotype of ‘Panguxiang’ at the four stages [23]. Determination of (b) sugar content and (c) organic acid content. (d,e) The growth rate of sugar and organic acids. 
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Figure 2. Heat map, TIC, PCA, and correlation coefficient for relative VOC differences at the four stages. (a,b) Clustering heat map of all VOCs. (c) Overlay of the QC sample mass detection TIC plot. (d) PCA score plots showing high cohesion within groups and good separation among the four stages. Quality control in the mixed sample. (e) Correlation coefficient. 
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Figure 3. Bubble map drawn for the KEGG pathway enriched with metabolomics and transcriptomics. (a–d) The abscissa represents the pathway enrichment factor (Diff/Background) in different omics, and the abscissa is the name of the KEGG pathway. The gradient of red–yellow–green shows the variation in the significance of high–medium–low enrichment represented by the p-value. The bubble shape stands for omics, the bubble size shows the number of differential metabolites or genes, and a larger number means a larger point. 






Figure 3. Bubble map drawn for the KEGG pathway enriched with metabolomics and transcriptomics. (a–d) The abscissa represents the pathway enrichment factor (Diff/Background) in different omics, and the abscissa is the name of the KEGG pathway. The gradient of red–yellow–green shows the variation in the significance of high–medium–low enrichment represented by the p-value. The bubble shape stands for omics, the bubble size shows the number of differential metabolites or genes, and a larger number means a larger point.



[image: Horticulturae 09 00483 g003]







[image: Horticulturae 09 00483 g004 550] 





Figure 4. Differential gene expression patterns of two terpenoid biosynthetic pathways for fruits in stages S1 and S4. (a) Biosynthetic pathway of terpenoids in plants. Terpenoid precursors (acetyl-CoA and pyruvate) enter the MVA pathway in the cytosol to generate sesquiterpenes or the MEP pathway in plastids to form monoterpenes and diterpenes. The enzymes and intermediates of both pathways are shown. (b) DEGs for monoterpenes, diterpenes, and sesquiterpenes biosynthesis pathways. (c) Differential terpenoids. DMAPP: dimethylallyl diphosphate; FPP: farnesyl diphosphate; FPPS: farnesyl pyrophosphate synthase; GGPP: geranylgeranyl pyrophosphate; GGPS: geranylgeranyl pyrophosphate synthase; GPP: geranyl diphosphate; GPPS: geranyl diphosphate synthase; IDI: isopentenyl diphosphate isomerase; IPP: isopentenyl diphosphate; TPS: terpenoid synthase. 
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