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Abstract

:

Aroma, an important quality characteristic of plant fruits, is produced by volatile organic compounds (VOCs), mainly terpenes, aldehydes, alcohols, esters, ketones, and other secondary metabolites, in plant cells. There are significant differences in the VOC profile of various fruits. The main pathways involved in the synthesis of VOCs are the terpenoid, phenylalanine, and fatty acid biosynthesis pathways, which involve several key enzyme-encoding genes, transcription factors (TFs), and epigenetic factors. This paper reviews the main synthetic pathways of the main volatile components in fruit, summarizes studies on the regulation of aroma formation by key genes and TFs, summarizes the factors affecting the fruit aroma formation, describes relevant studies on the improvement of fruit flavor quality, and finally proposes potential challenges and prospects for future research directions. This study provides a theoretical basis for the further precise control of fruit aroma quality and variety improvement.
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1. Introduction


Appearance and internal quality are important indices for evaluating fruit quality. Moreover, the inherent aroma is an important index for evaluating the quality of fresh fruit commodities and is composed of volatile organic compounds (VOCs) [1,2]. Fruit aroma is composed of water-soluble and fat-soluble VOCs that can freely pass through the lipid layer of the olfactory cell membrane, creating signals to the brain olfactory center. Not all volatile substances contribute to the production of fruit aroma, and only when substances reach a specific threshold will they have an impact on the fruit aroma. Fruit aroma is a mixture of various volatile compounds, mainly terpenes, aldehydes, alcohols, esters, and ketones [3,4]. The aroma components of fruits are influenced by internal genetic factors and external environmental factors [2,4]. The intensity of the aroma is determined by the composition, content, and quantity of key substances. The aroma components of fruits include unique volatile compounds, and there are great differences in aroma components among different species, within the same species, and among different varieties [5,6]. For example, more than 979 VOCs have been identified in strawberries [7], over 200 aroma compounds have been identified in citrus fruits [8], and approximately 100 different aroma compounds have been identified in peaches [6].



In the aroma of fruits, VOCs with specific qualitative and quantitative patterns act independently of each other and co-operate with each other to produce a broad range of aromas and confer different aroma characteristics on different types of fruits [9]. Studies have shown that tomatoes, watermelon, and lemon typically exhibit an ‘herbaceous aroma’, a unique odor formed by volatile compounds derived from alcohols, aldehydes, and carotenoids [10,11]. Bananas, on the other hand, exhibit an ‘ester odor’, which is attributed to different volatile esters [12]. In addition, Forney et al. [13] used solid-phase microextraction (SPME) to separate and analyze the aroma volatiles of wild and cultivated blueberry fruits. Esters, aldehydes, and terpenes were detected by GC–O; wild blueberry fruits contain a relatively high amount of esters, while cultivated blueberries contain a high amount of aldehydes. Hence, the aroma components of fruits vary among the different varieties.



With an abundance of various fruits, the improvement of consumer quality of life, and increasing demand, there has been a pursuit of quality changes from appearance and taste to inner and recessive qualities, and consumers are paying increasing attention to the aroma quality and nutritional value of fruits. Aroma is one of the most important factors affecting the quality of fruits and their processed products. This factor is influenced by the fruit genotype, growth environment, and their interaction. In recent years, exploring the regulatory mechanism of aroma formation has become a popular research field in the fruit industry [2,3,4,5]. Previous studies have found some major compounds, potential mechanisms, and biosynthetic pathways of lipids and terpenoids that influence the volatile components of fruits [2,5], including the peach [4], pear [6], and strawberry [7]. This review rough starts with the keywords such as aroma substation, synthesis pathway, and fruits, conducting a rough search and selectively focusing on the most cited or latest research fields in recent years, summarizing the main synthesis, regulatory pathways, and molecular mechanisms of fruit aroma compounds. In addition, the potential problems are identified, and future research directions are proposed in this study to serve as a reference for cultivating fruits with good quality and strong aromas.




2. Main Volatile Components


Plant aroma VOCs are diverse in nature and can be classified into terpenes (Figure 1a), benzene rings (Figure 1b), and fatty acid derivatives based on their structure [9]. Terpenes are the largest class of VOCs and consist of over 550 compounds [14] derived from two common C5 precursor compounds, isopentenyl diphosphate (IPP) and its allyl isomer dimethylallyl diphosphate (DMAPP) [15]. Phenylpropanoids, containing the aromatic amino acid L-phenylalanine (Phe), are the second most common VOCs in plants. Phe is produced via two branching pathways, the shikimic acid pathway and the Phe pathway, and is linked to the central carbon metabolism. Fatty acid derivatives, including methyl jasmonate and (Z)-3-hexenol, are the third class of plant VOCs. These VOCs are all derived from C18 unsaturated fats, linolenic acid, or linoleic acid. There were significant differences in the types of aroma components and the main aroma-active components among the fruits of different species (Table 1). For example, the main aroma components of ‘Fuji’ apples at maturity are n-butyl 2-methylacetate and hexyl acetate [16]; those of bananas are 2-methylpropyl butyrate and orthonitrophenyl-beta-d-fucopyranoside [17]; those of kiwifruit are ethyl butyrate, (E)-2-hexene-1-ol, and (e)-2-hexene aldehyde [18].




3. Main Synthetic Pathways


3.1. Terpenoid Synthesis Pathway


The terpenoid secondary metabolism generally has the characteristics of substrate and enzyme diversity. One enzyme can catalyze the same or multiple substrates, and different synthases can also act on the same substrate to produce multiple products [23]. The biosynthesis of terpenoids is mainly divided into the following three stages: (i) the generation stage of the C5 precursor isopentyl diphosphate (IPP) and its double-bond isomer dimethylallyl diphosphate (DMAPP); (ii) the generation stage of direct precursors such as geranyl diphosphate (GPP), farnesyl diphosphate (FPP), and geranyl geranyl diphosphate (GGPP); (iii) the terpene generation and modification stage. The current research is relatively clear on the first two stages. Terpenoids are produced in plants by two independent pathways, namely, the mevalonate (MVA) pathway and methylerythritol phosphate (MEP) pathway, both of which involve the C5 precursor IPP and its allyl isomer DMAPP [9]. The mevalonate pathway and the methylerythritol pathway are involved in this pathway but are not completely independent (Figure 2a). The main method of terpenoid synthesis is to synthesize IPP and the C5 precursor. Then, as the general framework for terpenoid syntheses, a series of precursor substances is used for catalysis. Finally, the modification stage produces the corresponding derivative.



In the MVA pathway, the acetyl CoA is first formed as acetoacetyl-CoA under the catalysis of acetyl CoA acetyl transferase (AACT) catalysis. Then, under the catalysis of hydroxymethylglutaryl CoA synthase (HMGCS), the acetoacetyl-CoA is converted to the 3-hydroxy3-methylglutaryl coenzyme A (HMG-CoA). Subsequently, HMG-CoA is catalyzed by two molecules of NADPH and hydroxymethylglutaryl-CoA reductase (HMGCR) to generate MVA, which is then converted to mevalonate-5-phosphate (MVAP) under the catalysis of mevalonate kinase (MVK). Then, under the catalysis of phosphomevalonate kinase (PMK), MVAP is converted to mevalonate-5-diphosphate (MVAPP), and, finally, MVAPP is generated under the catalysis of mevalonate diphosphomevalonate decarboxylase (MVD).



In the MEP pathway, pyruvate and glyceraldehyde-3-phosphate first generate 1-deoxy-D-xylose 5-phosphate (DXP) under the action of 1-deoxy-D-xylose 5-phosphate synthase (DXS), and then DXP forms 2C-Methyl-D-erythritol 4-phosphate (MEP) under the catalysis of 1-deoxy-Dlxylose 5-phosphate reductoisomerase (DXR). Through the 2C methyl-D erythritol 4-phosphate cytidine transferase (MCT) catalysis, MEP is converted to 2C-methyl-D-erythrin-4-cytidine diphosphate, followed by 4-diphosphocytidyl-2-C-methyl-D-erythritol kinase (CMK) catalysis to produce 2-C-methyl-D-erythrin-4-cytidine diphosphate. Then, under the action of 2-C-methyl-D-erythritol 2,4-cyclodiphosphate synthase (MDS), 2C-methyl-D-erythritol 2,4-cyclic diphosphate is generated, which is catalyzed by 4-hydroxy-3-methylbutene-2-enyl-phosphate synthase (HDS) to form 1-hydroxy-2-methyl-2-(E)-butenyl 4-diphosphate (HMBPP). Finally, HMBPP forms isopentenyl diphosphate (IPP) under the catalysis of 4-hydroxy-3-methylbuten-2-en-1-yl diphosphate reductase (HDR). It is interesting that IPP is partially converted into the double-bond isomer 1-hydroxy-2-methyl-2-(E)-butenyl 4-diphosphate (DMAPP) under the action of isopentyl diphosphate isomerase (IDI), which are the C5 precursor substances of all terpenoid compounds. In the fruit, IPP is mainly synthesized through the MEP pathway.



The C5 precursor IPP and DMAPP further generate the direct precursors of terpenoids under the catalysis of isopentenyltransferase: GPP, FPP, and GGPP. The direct precursor geranyl diphosphate (GPP) of monoterpenes is synthesized from one molecule of IPP and one molecule of DMAPP under the catalysis of geranyl diphosphate synthase (GPPS). The direct precursor of sesquiterpenes, FPP, is generated through a two-step condensation reaction of two molecules of IPP and one molecule of DMAPP catalyzed by farnesyl diphosphate synthase (FPPS). The direct precursor of diterpenes, GGPP, is generated through a three-step condensation reaction of three molecules of IPP and one molecule of DMAPP catalyzed by geranylgeranyl diphosphate synthase (GGPPS). Methyltransferase is one of the important enzymes in this pathway, helping to catalyze and generate more aroma substances or further enhancing the expression of aroma compounds based on the original aroma of aromatic plants. Some studies found that the key enzyme involved in volatile terpenoid synthesis is terpenoid synthetase (TPS), and TPS is an important terminal enzyme that catalyzes the formation of linalsol by GPP as a substrate [23]. Linalsol is a linear monoterpene alcohol widely present in more than 200 plants and is a key odor substance affecting fruit aroma [24,25].



The energy flow and distribution of MVA in different fruit trees or organs are different under the two pathways, and the two pathways produce different precursor substances (GPP or FPP), subsequently resulting in the diverse structures of terpenes [26,27]. Molecular breeding technology can enhance plants by regulating the content of terpenoids in transgenic plants. From the perspective of biosynthesis and transcriptional regulation, there is competition between the different branches of the metabolism for the same precursor [28]. For example, GGPPS genes are located at the intersection of the terpene metabolic pathways. They not only participate in the synthesis of monoterpenes and sesquiterpenes, but also promote the accumulation of aroma compounds in fruits and catalyze the formation of carotenoid precursors. By regulating the GGPPS gene, it may be possible to simultaneously regulate the production of products from both pathways and co-ordinate the metabolite flux between the monoterpene and carotenoid biosynthesis pathways, thereby affecting the formation of fruit color and aroma [29].




3.2. Phenylpropane Synthesis Pathway


The phenylpropane synthesis pathway is an anabolic pathway that requires complex steps and the biosynthesis of multiple genes (Figure 2b). This metabolic pathway is influenced not only by temporal and spatial regulation during the plant growth and development but also by the biosynthesis of precursor substances. Under the catalysis of enzymes, trans-cinnamic acid, through a series of methylation reactions, eventually produces a variety of benzene ring compounds and some benzene derivatives, which constitute the main components of plant flowers [30]. These compounds are volatile and contribute to the unique aroma of the plant. To date, research on the metabolic mechanism of related compounds produced by this pathway and the key enzymes involved is still in the initial stage. Only some progress has been made in understanding the mechanism of this modification.




3.3. Fatty Acid Synthesis Pathway


Fatty acid-derived aroma volatiles are metabolized mainly through the lipoxygenase (LOX) pathway and the α-/β-oxidation pathway, in which unsaturated fatty acids such as linoleic acid and linolenic acid are the core precursors [4]. In peach, the key enzymes such as LOX, hydroperoxidase lyase (HPL), ethanol dehydrogenase (ADH), and alcohol acyltransferase (AAT) have been shown to be involved in this metabolic process [31] (Figure 2c). Alcohols, as precursors to the synthesis of ester aroma compounds in plants, are catalyzed by AATs to convert various alcohols produced by fatty acid and amino acid pathways into ester aromas [32]. Lactones in plants are derived from fatty acids and are formed through dehydrogenation, epoxidation, hydration, hydroxylation, β-oxidation, and internal esterification with hydroxy-acetyl-CoA [33,34,35]. The key enzymes such as fatty acid desaturase (FAD), epoxide hydrolase (EPH), and acyl-CoA oxide (ACX) play crucial roles in this process [33,34].



Fatty acid derivatives include several small alcohols and aldehydes, and fatty acid oxidase is the main regulatory enzyme (Figure 2c). At the same time, volatile unsaturated fatty acids are also one of the main sources of aroma in vegetables, melons, and fruits. For example, the metabolism of major VOCs in pear aroma products is dependent on the fatty acid oxidase pathway [36]. However, there are differences in the fruit aroma components among grape varieties, and there are fatty acid substances such as ethyl acetate [37]. Some esters, alcohols, and acids were identified in the fruit aroma of passion fruit, and it was found that esters were the main components of the volatile aroma of passion fruit. Ethyl butyrate, ethyl caproate, and propyl acetate have shown high odor importance in fruits [38]. The expression of lipoxygenase in passion fruit has been shown to have a positive regulatory effect [39].





4. Regulation of Key Genes Involved in Aroma Formation


4.1. Structural Genes


During the whole development process of plants, the synthesis of volatile compounds differs in time and space, and these differences are often the result of changes in enzyme levels and activities [40]. This complexity is also reflected in the large number of genes encoding secondary metabolic enzymes, which account for approximately 15–25% of the 20,000–60,000 genes in the plant genome [41]. Through correlation and gene expression analysis, Sanchez et al. [33] identified candidate genes related to aroma synthesis in peach fruit and reported that the PPN018G03 gene may affect the biosynthesis of phenylacetaldehyde through the transaminase pathway, thus affecting peach aroma. The PPN023E05 and PPN052H12 genes may regulate aroma synthesis by regulating the degradation pathway of fatty acids, and the fatty acid desaturase encoded by the PPN052H12 gene catalyzes the generation of unsaturated fatty acids to avoid entering the LOX/HPL pathway to produce undesirable aromas. Using RNA-seq, qRT-PCR, and other technologies, Li et al. [42] reported that ppa002510 and ppa002282 may be two important genes related to gluconolactone biosynthesis in the peach ACX gene family. With the development and maturation of passion fruit, the expression level of PELOX4, LOX enzyme activity, and total ester content all increase [39]. Based on the metabolomics and transcriptomic analysis of strawberry fruits, 27 differentially expressed genes (DEGs) were found to be closely related to ester and lactone synthesis. These genes belong to the AAT, LOX, ADH, and cytochromatin P450 subfamilies, and may influence the production of aroma precursors [43]. In the biosynthesis of C-decalactone, AATs with esterification ability and ACX enzyme activity play a key role. Among AAT enzymes, PpAAT1 exhibits stronger esterification ability compared to the other AAT enzymes [35]. Changes in the expression of MdArAT, MdACPD, MdADH3, MdAAT2, and MdLOX may be the reason for the differences in the VOCs among different apple varieties [44].




4.2. Transcription Factors (TFs)


Transcriptional regulation plays an important role in the regulation of plant genome expression, especially in the production of fruit aroma [4]. TFs play an important role in regulating the synthesis of esters, alcohols, aldehydes, eugenol, terpenes, and benzene/phenylc aromas [45]. Wei et al. [46] investigated the synthesis and regulatory mechanism of volatile linalool during peach fruit maturation. They concluded that the transcription factor PpERF61 can bind to the promoters of the PpTPS1 and PpTPS3 genes to activate their expression. In addition, another promoter, PpbHLH1, can interact with PpERF61 to activate PpTPS3 gene expression. In mature strawberry fruits, FaDOF2 is a key transcription factor that regulates the production of the phenylpropanoid volatile compound eugenol. It also co-regulates the expression of the FaEGS2 gene with the FaEOBII gene, thereby promoting the production of eugenol. In addition, the transcription factor FaMYB10 can further affect eugenol content by activating the FaEOBII gene [47]. In peach, linalsol, an important aroma-contributing compound, is synthesized by the terpenoid synthases PpTPS1 and PpTPS3, and the TF PpbHLH1 can directly bind to the promoter of the PpTPS3 gene to activate its expression. The AP2/ERF family TF PpERF61 can bind the DRE/CRT motif in the PpTPS1 and PpTPS3 promoters to activate their expression, thereby promoting the production of linalool [25,46].



Wang et al. [43] predicted the diploid strawberry Fragaria nilgerrensis Schlecht in the wild. There are 35 TFs associated with the aroma formation, including members from the bHLH, MYB, bZIP, NAC, AP2, GATA, and TCP family. Sheng et al. [48] cultivated strawberry Fragaria × ananassa Duch. A total of 498 members of the AP2/ERF superfamily were predicted in the genome, and the FaAP2 gene was found to be a key TF regulating aroma production. In the ripening process of apples, peaches, and tomatoes, NAC TFs can directly target ester synthesis genes and promote the accumulation of ester substances [49]. In addition, the TFs PuWRKY24, PuIAA29, and PuTINY are associated with aroma formation in ‘Nanguo’ pear (Pyrus ussuriensis Maxim.) during the fruit ripening [36]. Liu et al. [50] studied the impact of jasmonate application on the synthesis of volatile compounds in apples. They have found that, after the jasmonate treatment, the expression of the transcription factor MdMYC2 in apples increased, leading to a significant enhancement in the volatile compound synthesis.




4.3. Noncoding RNAs


In addition to the widely known coding RNAs involved in transcriptional regulation, small RNA (smRNA) sequences, such as microRNAs (miRNAs) and long noncoding RNAs (lncRNAs), which do not have protein coding potential, are also key regulators of gene expression, RNA processing, and translation at the transcriptional level [51,52]. miRNAs are endogenous ncRNAs that regulate gene expression at the post-transcriptional level by binding to target mRNAs [53,54]. miRNAs regulate fruit softening and aroma biosynthesis during banana ripening [55]. Shi et al. [56] identified differentially expressed miRNAs, including mdm-miR172a-h, mdm-miR159a/b/c, and mdm-miR160a-e, in response to low temperature during the formation of the ‘Nanguo’ pear aroma. These miRNAs bind to their respective target genes, playing an important regulatory role in the process of flavor weakening in the ‘Nanguo’ pear stored in cold conditions. lncRNAs represent a class of RNA transcripts longer than 200 nucleotides (nt) with no identifiable protein-coding potential. lncRNAs participate in the fruit development and ripening process of tomatoes, strawberries, and peaches. Compared with those in coding RNAs, lncRNAs in peach fruits exhibit lower expression levels, lower complexity of variable splicing, shorter isomers, and fewer exons [57]. Expression analysis has shown that lncRNAs in peach fruit have lower expression levels and fewer exons [57]. The 575 differentially expressed lncRNAs were divided into six clusters, which may be related to physiological and metabolic changes associated with the fruit ripening, such as the flavonoid biosynthesis, fruit texture softening, chlorophyll decomposition, and the accumulation of aroma compounds [57].





5. Epigenetic Factors


VOC release is highly dependent on the environment [58] and is also influenced by the biological clock, as well as epigenetic factors such as DNA methylation and histone modification. These factors can regulate the release of VOCs by controlling genes and TFs. In a sense, the biological clock is also epigenetic. This changes the daily VOC emissions of fruit [59]. Epigenetic regulation produces changes in gene function that can be inherited during mitosis or meiosis without the need for DNA sequence polymorphisms [60]. Methylation and histone modification have been shown to epigenetically regulate the various nonvolatile phenylpropane-like biosynthesis pathway genes [59].



Related studies [2,4,49] have shown that promoters of the NAC and AAT genes related to the synthesis of volatile compounds are widely bound by the inhibitory methylation marker H3K27me3 during the ripening process of peach and apple. The levels of H3K27me3 decrease with fruit ripening, thereby activating the expression of the NAC and AAT genes. The synthesis of volatile ester compounds can be promoted [49]. During peach fruit ripening, the DNA methylation level of the PpTPS3 gene promoter decreases, which is associated with increased PpTPS3 gene expression and increased linalool content [25]. In a subsequent study, Wei et al. [46] reported that, during the ripening process of peach fruit, the expression of the transcription factor PpERF61 was negatively correlated with the DNA methylation level of its promoter region (R = −0.892, p < 0.01). That is, a decrease in the DNA methylation level is also correlated with an increase in PpERF61 expression and the linalool content [46]. In addition, RNA-based epigenetic mechanisms can also modify chromatin and silence transcription, but these mechanisms are poorly understood in fruit trees.




6. Main Factors Affecting Fruit Aroma Synthesis


Fruit aroma is influenced by a variety of factors, including intrinsic genetic factors [61], plant hormones [62], the cultivation environment [63], cultivation practices [64], and postharvest storage [65]. There are differences in the aroma substances in fruits of the same citrus variety from different regions. Cheong et al. [66] reported that the total amount of aroma substances in the fruit juice of Kaman oranges from Vietnam was three times greater than that in the juice of oranges from Malaysia and the Philippines. The types and contents of strawberry aroma substances under soil cultivation were significantly greater than those under substrate cultivation [67]. The application of selenium fertilizer has a significant positive effect on tomato aroma [68]. The ‘Salustiana’ and ‘Navelina’ orange juices from organic and conventional cultivation systems are rich in different types of aroma substances [64]. Therefore, studying the influence of cultivation conditions on the metabolism of citrus fruit aroma substances can improve the aroma quality of citrus fruits.



Hydrogen nanobubble water (HNW) treatment before harvest can alleviate the negative effects of fertilizer on strawberry fruit aroma. The content of flavor compounds, such as esters (e.g., ethyl acetate), acids (e.g., acetic acid), and soluble sugars (glucose, fructose, sucrose, etc.), can also be increased with treatment [69]. Tietel et al. [70] reported that, during storage, the contents of 31 aroma substances in ‘Mor’ broad-peel citrus fruits decreased more than 50%, while the contents of 13 aroma substances increased more than twofold. The loss of the former aroma substances was due to the degradation of monoterpenes and sesquiterpenes. The latter increase may be due to the metabolites of alcohol fermentation, fatty acid derivation, and amino acid breakdown. In addition, the contents of aroma substances in the fruits of ‘Navelina’ sweet orange, ‘Clemenules’ ponkan, ‘Prenules’ ponkan, and ‘Basol’ ponkan are not affected by ethylene treatment. However, after ethylene treatment of ‘Oronules’ and ‘Clemenrubi’ fruit, the content of esters, such as ethyl propionate and ethyl caprylate, in the fruits of Ponkan increased [65]. Storage temperature and ethylene content are both factors that affect the aroma of fruits after harvest. Low temperature and controlled ethylene concentration can delay the ripening of fruits and subsequently affect the aroma of horticultural crops. Compared with treatment at the beginning of picking, the application of the ethylene and 1-methylcyclopropene (1-MCP) not only preserved the freshness of stored blueberry fruits but also did not have a significant impact on aroma substances [71]. The degradation effect of ethylene was effectively neutralized by 1-MCP. Compared with the CK, 1-MCP with or without ethylene increased tightness, functional component content, antioxidant activity, and inhibited the ethylene production and respiration rate. Therefore, the simultaneous use of ethylene and 1-MCP treatment guaranteed better quality and volatile compounds in blueberry fruit during the whole storage [71]. Luo et al. [62] studied the effect of methyl jasmonate on the aroma quality of refrigerated ‘Nanguo’ pear. The results showed that the application of methyl jasmonate can affect LOX pathway-related genes and TFs, helping to prevent refrigeration-induced ester synthesis and improve pear quality. Further studies have shown that methyl jasmonate treatment activated the biosynthetic pathways of LOX, methylerythritol phosphate (MEP), and shikimate in pear skin and pulp.




7. Research on Flavor Quality Improvement


Quantitative trait loci (QTLs) play an important role in the biosynthesis of fruit aroma substances, and those related to aroma quality can be accurately located by constructing molecular linkage maps. This approach can significantly enhance the characterization and assessment of the genetic capacity for improving the aroma quality [72,73]. Fan et al. [74] have used octoploid cultivated strawberry to demonstrate how genomic heterozygosity, transcriptomic intricacy, and fruit metabolomic diversity can be treated as strengths and leveraged to uncover fruit flavor genes and their regulatory elements. Yang et al. [72] used the QTL method to further explore the genetic basis of apple aroma traits, and successfully identified 87 QTLs associated with 15 volatile compounds in 14 linkage groups. Additionally, they found a specific group of QTLs in the sixth linkage group that was closely related to the yield of ester substances. Further studies have shown that the MdAAT6 gene within the QTL localization interval plays a key role in the biosynthesis of ester substances [72]. Combined with aroma data and the constructed genetic linkage map, a candidate gene AAT6 was detected in the QTL location region. This gene led to a significant increase in the accumulation of esters in fruits after overexpression. Multi-omics datasets and comprehensive genome-wide association studies involving over 300 individuals in strawberry provide effective reference for the subsequent expression of aroma-related specific genes. Therefore, the identification of QTLs for strawberry and apple provides new insights for the genetic improvement of aroma traits.



The flavor of fresh fruit is influenced by both the outside and the inside of the fruit. Fruit appearance, such as its size, shape, color, and nutritional composition, gives the fruit a unique visual appearance. The internal sweetness, acidity, hardness, and volatile aromatic components determine the taste and depth of flavor [5,7]. Studies have shown that the content and diversity of lactone compounds in soft peaches are greater than those in firm peaches. In contrast, crisp and firm peaches may not have some of the important aroma qualities. Therefore, determining the correlation between aroma and other fruit traits is essential for promoting selective breeding and obtaining high-quality fruit varieties. By understanding the correlation between the aroma and characteristic traits of each fruit, targeted breeding work is expected to develop high-quality fruit varieties that excel in terms of aroma and other desirable traits in the future.




8. Issues and Prospects


Fruit aroma is an important indicator of fruit quality. With the improvement of consumer living standards, the demand for high-quality fruit has increased. To date, although transcriptomics and metabolomics technologies provide important gene and differentially abundant metabolite data of specific aroma components for the study of fruit aroma, they still face some challenges in practical application, and most fruits lack stable genetic transformation systems. The fruit-bearing period of some fruit trees is long, and the aroma of fruit is challenging to quantify through taste expression. It is easily affected by environmental factors and agronomic measures. Furthermore, how the key node genes regulating aroma synthesis in the synthesis pathway co-ordinate the substrate concentration levels of the different metabolic branches to directly or indirectly participate in the formation of aroma compounds needs to be further explored. Analysis at the protein level has application value in the improvement of fruit aroma traits. Developing methods to find the active sites of residues near the substrate-binding zone based on the enzyme engineering of the protein structure, and the construction of a more reliable mutation library to obtain better catalytic efficiency and specificity, facilitate the formation of aroma components, and improve the aroma content of fruits, is crucial.



The main challenge for the future is to determine not only which VOCs contribute to fruit flavor but also, and more importantly, which VOCs contribute to consumer preferences. The solution to this problem is molecular breeding, which reduces complex traits into a set of molecular markers that can be explored in depth through GWASs. In future studies, it is crucial to comprehensively apply and analyze the significant findings of genomics, proteomics, transcriptomics, and metabolomics related to aroma formation. A multi-omics approach should be used to further analyze the multilevel molecular regulatory network of aroma formation. The function of key genes should be verified through the instantaneous or stable genetic transformation to reveal their specific mechanisms of action. In this study, the main aroma components and synthetic pathways of fruits were summarized. The important molecular regulatory mechanisms of aroma synthesis and important research on flavor improvement were reviewed to provide valuable insights for enhancing fruit aroma quality and molecular breeding.




9. Conclusions


Aroma is produced by the mixing of various volatile aromatic compounds and is an important factor affecting the flavor and quality of fruits, which largely determines the purchasing desire of consumers. There are significant differences in the causes, biosynthesis pathways, and content of different fruit aroma substances. This article summarizes the pathways and potential regulatory mechanisms of the synthesis of major volatile components in fruits, outlines the main reasons affecting fruit aroma formation and related research on improving the flavor quality, and finally looks forward to possible future research directions. This review provides theoretical references for improving the flavor and quality of fruits.
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Figure 1. Main chemical structures of terpenoids (a) and benzene compounds (b). The red color represents the chemical structure skeleton. 
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Figure 2. Synthetic pathways of terpenoids (a), phenylpropane (b), and fatty acid derivatives (c) related to the formation of aroma components. AACT, acetyl-CoA C-acetyltransferase; HMGCS, hydroxymethylglutaryl-CoA synthase; HMGCR, hydroxymethylglutaryl-CoA reductase; MVK, mevalonate kinase; PMK, phosphomevalonate kinase; MVD, mevalonate diphosphomevalonate decarboxylase; DXS, 1-deoxy-D-xylulose-5-phosphate synthase; DXR, 1-deoxy-D-xylulose-5-phosphate reductoisomerase; HDS, 4-hydroxy-3-methylbut-2-enyl-diphosphate synthase; HDR, 4-hydroxy-3-methylbut-2-en-1-yl diphosphate reductase; IDI, isopentenyl-diphosphate delta-isomerase; GPP, geranyl diphosphate synthase; GGPP, geranylgeranyl diphosphate synthase; DMAPP, dimethylallyl diphosphate; IPP, isopentenyl diphosphate; AADC, aromatic L-amino acid decarboxylase; PAL, phenylalaninammo-nialyase; EOMT, eugenol O-methyltransferase; PAR, phenylacetaldehyde reductase; 13-LOX, 13-lipoxygenase; 13-HPL, 13-hydroperoxidase lyase; ADH, ethanol dehydrogenase; AAT, alcohol acyltransferase. 
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Table 1. 10 Aroma components of representative fruits.
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	Species
	Main Aroma Component
	Variety of Aroma

Substance
	Reference





	Apple
	N-butyl 2-methylacetate, hexyl acetate
	300
	Qin et al. [16]



	Kiwifruit
	ethyl butyrate, (E)-2-hexene-1-ol, (E)-2-hexenal
	172
	Liang et al. [18]



	Grape
	ethyl butyrate, ethyl hexanoate, octanal, nonanal, limonene
	26
	Zhu et al. [19]



	Peach
	hexanal, (Z)-3-hexene-1-ol, (E)-2-hexenal, 3-mercaptohexanol, nonanal
	100
	Li et al. [2