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Short Summary 19 

A comprehensive understanding of the metabolic-genetic networks governing fruit 20 

sensory traits (e.g., flavor and color) is essential for advancing genomic design breeding. 21 

This review systematically elucidates these networks and recent advances in genomic 22 

design breeding for targeted quality improvement, thereby providing a reference for 23 

future fruit quality enhancement and intelligent breeding.   24 
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Abstract 25 

As a major source of vitamins, minerals and dietary fibers, fruits are critical elements 26 

for ensuring global dietary sufficiency. Domestication and improvement boosted fruit 27 

yield and disease resistance but reduced flavor and aroma. With the rapid development 28 

of multiomics and gene editing, such as genomics, metabolomics and CRISPR-Cas9, 29 

improving fruit quality through genome design has become feasible. However, the 30 

sensory traits of fruits, including sugar, acid, aroma and color, are complex regulated 31 

by multiple genes, presenting a current challenge in the study of quantitative inheritance. 32 

Metabolomics, through reverse genetics, are more intuitively reflect gene expressions 33 

and protein-protein interactions than other omics in fruit. Establishing correlations 34 

between metabolites and phenotype changes, and integrate metabolomics and other 35 

omics data are crucial aspects of metabolomics research focused on fruit quality and 36 

genomic breeding. This paper provides a comprehensive review of research 37 

advancements in the metabolomics of fruit sensory traits, alongside the future prospects 38 

of integrating genomic design of metabolomics, aiming to deepen the understanding of 39 

multi-omics technologies, promoting the application and advancement of 40 

metabolomics in fruit, and establishing a robust theoretical foundation for improving 41 

fruit sensory quality. 42 

 43 
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Introduction 46 

Metabolomics, emerging in the late 1990s following genomics and proteomics, serves 47 

as a critical bridge between genotype and phenotype (Fiehn 2002; Shen et al. 2023; 48 

Nicholson and Lindon 2008). This technology has been widely applied in the medical 49 

field, particularly in disease diagnosis, prediction of disease progression, and evaluation 50 

of drug metabolism efficacy (DeBerardinis and Keshari 2022). Gradually, it also plays 51 

a vital role in agricultural and forestry breeding, livestock diseases prevention, as well 52 

as food chemistry processing technique. However, unlike the widely applied in 53 

Arabidopsis (Wu, Tohge, et al. 2018; Huang, Jiang, et al. 2019), tobacco (Goetz et al. 54 

2017), tomato (Gao et al. 2019; Klee and Tieman 2013; Zhu et al. 2018), etc. the 55 

complexity and environmental sensitivity of metabolites in fruits development, along 56 

with challenges in sample handling and high costs, have constrained the development 57 

of metabolomics technologies in fruits research. 58 

With natural selection and domestication over the past century, yield and disease 59 

resistance have emerged as the primary objectives of fruit cultivation and breeding 60 

(Zhou, Muyle, and Gaut 2019). However, the phenomena of ‘peach lacking peach 61 

flavor’ (Cao et al. 2022)and ‘tomato lacking tomato flavor’ (Gao et al. 2019; Zhu et al. 62 

2018), have become pressing issues that demand urgent solutions. Moreover, color 63 

reflects flavor-related metabolism and also significantly influences consumers’ fruit 64 

quality assessment. The complex interplay between fruit sensory traits-sugar, acid, 65 

aroma, and color-requires comprehensive and in-depth research. Under the complex 66 

interactions within metabolic networks, single-trait breeding approaches demonstrate 67 

significant limitations. Therefore, systematically elucidating metabolic pathways and 68 

their regulatory networks is essential. For instance, some intermediates or derivatives 69 

from the carotenoid metabolic process also contribute to the composition of volatile 70 

organic compounds (VOCs) (Nisar et al. 2015). High sugar content promotes the 71 

synthesis and accumulation of anthocyanins, and variations in anthocyanin levels are 72 
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associated with flavor-related traits such as fruit astringency and antioxidant properties 73 

(Jaakola 2013). The intricate network interconnecting taste, color, and aroma demands 74 

extensive and in-depth investigation. 75 

Breeding 4.0 (Wallace, Rodgers-Melnick, and Buckler 2018) refers to the intelligent, 76 

precision breeding phase supported by modern technologies such as genomics (Crossa 77 

et al. 2017), big data, and artificial intelligence (Huang et al. 2022) which will 78 

significantly accelerate the breeding process. Compared with traditional breeding 79 

methods, it places greater emphasis on in-depth mining and utilization of genetic 80 

information. Nevertheless, in light of the remarkably intricate genetic background and 81 

high level of heterozygosity characteristic of fruit trees, as well as the fact that 82 

agronomic traits are often influenced by both genes and cultivation environment, 83 

research on the sensory traits of fruits is relatively limited. This article primarily 84 

discussed the latest research progress in metabolomics related to fruit sensory traits, 85 

summarized the differences and connections in metabolomics of fruits among different 86 

species, the application of genomic design in fruit sensory traits, and the development 87 

trends and directions of fruit sensory traits genomic design in the future, which will 88 

provide theoretical support for targeted improvement of fruit quality and offer a 89 

roadmap for accelerating the breeding of high-quality fruit varieties. 90 

 91 

The fruit sensory traits lost during fruit domestication 92 

Fruits play a pivotal role in enhancing global food security through multiple dimensions. 93 

According to Food and Agriculture Organization (FAO), the global cultivated area and 94 

yield for fruits in 2021 was shown in Figure 1A (https://www.fao.org/faostat/en/#data). 95 

However, the domestication is achieved through long-term artificial selection and the 96 

refinement of genetic resources, yielding fruits that better suit the growers’ preferences 97 

and requirements, accompanied by the reduction and loss of fruit flavor (Zhang and 98 

Hao 2020; Zhao et al. 2019).  99 
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With the historic breakthrough of the human genome “Telomere-to-Telomere” (T2T) 100 

(Miga et al. 2020), T2T-related research in fruits had been reported (Figure 1B). Grape 101 

stands as the pioneer among fruits to have its genome sequenced (Figure 1) (Jaillon et 102 

al. 2007), and concurrently, the genome information of diverse species is undergoing 103 

incessant updates (Velasco et al. 2007; Girollet et al. 2019; Shi et al. 2023). 104 

Subsequently, genome information of papaya (Ming et al. 2008), apple (Daccord et al. 105 

2017; Zhang et al. 2019; Velasco et al. 2010), strawberry (Edger et al. 2019; Jin et al. 106 

2023; Zhou et al. 2023; Shulaev et al. 2011), banana (D’hont et al. 2012; Huang et al. 107 

2023), melon (Ruggieri et al. 2018; Garcia-Mas et al. 2012; Li et al. 2023), sweet orange 108 

(Xu et al. 2013; Wu, Terol, et al. 2018), peach (Initiative et al. 2013; Cao et al. 2021), 109 

etc. has been reported and continuously updated (Wu et al. 2013; Chagné et al. 2014; 110 

Sun et al. 2023; Deng et al. 2022; Guo et al. 2013; Han et al. 2023; Huang et al. 2013; 111 

Huang et al. 2016; Liu et al. 2014; Yang, Han, et al. 2023; Wu et al. 2014; Ming et al. 112 

2015; Qin et al. 2017; Luo et al. 2020; Xiao et al. 2017; Teh et al. 2017; Lin et al. 2017; 113 

Wang, Li, et al. 2022; Rendón-Anaya et al. 2019; Zhu et al. 2019; Sahu et al. 2019; 114 

Wang, Luo, et al. 2020; Colle et al. 2019; Wang 2021; Jiang et al. 2020; Chen, Xie, et 115 

al. 2021; Bao et al. 2023). This genomic information will provide a solid theoretical 116 

foundation for precise breeding, including the precise mapping of genes related to fruit 117 

flavor, the uncovering its genetic mechanisms, and the exploration of high-quality wild 118 

germplasm resources for targeted flavor improvement.  119 

Numerous differential metabolites have been discovered through metabolomic analyses 120 

of wild and cultivated fruits (Figure 1C) (Jing et al. 2023; Ren et al. 2021; Huang et al. 121 

2022; Renner et al. 2021; Xiao et al. 2023). For instance, wild apples contain 122 

significantly larger amounts of substances associated with astringency, sourness, and 123 

bitterness-such as tannins and organic acids-than cultivated varieties, which indicates 124 

that the accumulation of such substances has decreased markedly during apple 125 

domestication (Liao et al. 2021). A decrease in acidity and an increase in sugar content 126 

were also observed during the domestication from sour jujube to cultivated jujube 127 
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(Huang et al. 2016). Notably, sugar content exhibits a negative correlation with fruit 128 

size in tomato. Interestingly, elevated levels of volatile organic compounds (VOCs) can 129 

enhance perceived sweetness, challenging the conventional view that fruit size 130 

correlates weakly or not at all with flavor-related traits (Tieman et al. 2017; Goulet et 131 

al. 2012; Klee and Tieman 2018). In summary, integrating multi-omics data to build a 132 

comprehensive regulatory network, precisely editing key genes via gene editing, and 133 

combining with machine learning can quickly, accurately, and directionally breed new 134 

fruit varieties, providing technical support for fruit domestication and quality 135 

improvement. 136 

 137 

The genetic basis and anabolic pathway of fruit sensory traits 138 

Currently, over 300,000 plant metabolites have been identified, which are classified 139 

into primary and secondary metabolites based on sources and functions fruit sensory 140 

carbohydrates, lipids and nucleotides, are crucial for plant life and growth, while 141 

secondary metabolites including alkaloids, phenols and flavonoids, mainly function in 142 

stress responses and in aspects like protection and competition. The genetic basis and 143 

anabolic pathway of metabolites associated with fruit sensory traits-sugars, organic 144 

acids, pigments (for color), and VOCs (for aroma)-are illustrated and supported by 145 

Figure 2.  146 

Fruit sugar, organic acids, VOCs, and pigment biosynthesis are interconnected 147 

metabolic processes that all rely on carbon sources derived from photosynthesis (Figure 148 

2, Figure 3). These pathways diverge at a central metabolic junction-149 

phosphoenolpyruvate (PEP). Sugar metabolism provides essential carbon skeletons not 150 

only for the tricarboxylic acid (TCA) cycle, which leads to organic acid accumulation, 151 

but also for the biosynthesis of VOCs through lipid, amino acid, and terpenoid pathways, 152 

and for pigment production, including carotenoids via the MEP pathway and 153 

anthocyanins via the phenylpropanoid pathway. Light signaling, particularly through 154 

Jo
urn

al 
Pre-

pro
of



 

 

the transcription factor HY5, plays a crucial role in the coordinated regulation of these 155 

metabolic branches. Furthermore, organic acid levels can exert feedback inhibition on 156 

sugar metabolism, contributing to a complex and dynamic metabolic network that 157 

maintains the balance of carbon flux among fruit quality-related traits. 158 

 159 

Sugar metabolism: dominant sucrose accumulation and regulation 160 

The sweetness of fruits is mainly attributed to soluble sugars such as fructose, glucose, 161 

sucrose, as well as other compounds including starch, sorbitol, inositol, galactose, 162 

mannitol, pyruvate, and gluconic acid (Yamaki and Ishikawa 1986). The predominant 163 

sugar varies significantly among fruit species and varieties: hexose (fructose and 164 

glucose) is the major soluble sugar in grapes and apples (Zhu et al. 2023). However, 165 

based on the proportion of fruit sugar components and clustering analysis results, the 166 

types of fruit sugar accumulation in loquat (Sortino et al. 2022; Liu, Song, et al. 2024) 167 

and watermelon (Ren et al. 2021; Umer et al. 2020) germplasm resources can be 168 

classified into sucrose accumulation type and hexose accumulation type, respectively 169 

(Supplemental Table 1).  170 

Among soluble sugars, sucrose accumulation holds dominance in evolution (Ren et al. 171 

2021). This primacy stems from sucrose's role as the primary sugar for long-distance 172 

transport in plants, as well as its core functions in energy storage and signaling (Chen, 173 

Zhang, et al. 2021). Compared to other monosaccharides like fructose, sucrose offers 174 

significant evolutionary advantages due to its greater chemical stability and lower 175 

osmotic pressure, facilitating efficient transport and bulk storage, which is crucial for 176 

coping with environmental stress and energy allocation. Recent in-depth evolutionary 177 

analyses (e.g., comparative genomics, phylogenetic analysis) have successfully 178 

identified multiple key gene families and their members controlling sucrose content. 179 

These genes are critically involved in sucrose biosynthesis (e.g., Sucrose Phosphate 180 

Synthase genes, SPS) (Vimolmangkang et al. 2016), transport (e.g., Sucrose 181 
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Transporter genes, SUT/SUC, sugars will eventually be exported transporter, SWEETs) 182 

(Xue et al. 2022; Stein and Granot 2019), and catabolism (e.g., Sucrose Synthase genes, 183 

Susy, Invertase genes, INV) (Wei et al. 2021). Crucially, the functions of these key 184 

candidate genes, screened through evolutionary analysis, have been directly validated 185 

using stable genetic transformation techniques (e.g., transgenic overexpression, gene 186 

knockout/knockdown) in various model plants and crops (Ren et al. 2021; Deng, Mai, 187 

and Niu 2019). Experimental evidence confirms that modulating the expression of these 188 

genes significantly alters sucrose accumulation levels, thereby impacting plant growth, 189 

development, yield, and stress tolerance.   190 

Sugar metabolism is orchestrated by transcription factors (bHLH /MYB/WRKY, etc.) 191 

(Zhang et al. 2023; Cao et al. 2016) that dynamically balance synthesis-transport-192 

storage in response to energy/stress signals, while being reprogrammed by epigenetic 193 

marks (e.g., DNA methylation, histone modification) (Huang, Liu, et al. 2019; Ma et al. 194 

2021; Li et al. 2020) and environmental cues (hormones/stress/microbes), collectively 195 

shaping carbon partitioning. Beyond sucrose, soluble sugars play multifaceted roles in 196 

fruit quality: Sorbitol serves as a Rosaceae-specific carbon transporter with low 197 

osmolarity and antioxidant capacity (Li et al. 2018); fructose delivers high sweetness 198 

and osmoregulation, glucose supplies energy substrates and pigment glycosylation 199 

precursors; trehalose and raffinose families enhance stress tolerance by stabilizing 200 

biomacromolecules. Through coordinated carbon partitioning (e.g., sorbitol-to-fructose 201 

conversion optimizing sugar/acid ratio), signaling (glucose-HXK pathway), and 202 

cellular homeostasis (trehalose-mediated membrane protection), these sugars 203 

collectively sculpt fruit flavor, color, and postharvest resilience. 204 

 205 

Acid metabolism: dynamic balance of organic acids 206 

The organic acids present in fruits encompass malic acid (MA), citric acid (CA), tartaric 207 

acid (TA), quinic acid, succinic acid, oxalic acid, acetic acid, and AsA (Vitamin C), etc. 208 
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(Guo et al. 2019). Fruits can be classified into MA-type (e.g. apples), CA-type (e.g. 209 

lemons), and TA-type (e.g. grapes) according to the dominant organic acid types. In 210 

addition, amino acids are constituents of fruit flavor (Kader 2008; Klee 2010), for 211 

example glutamic acid is responsible for “umami” or “savory”, while alanine or lysine 212 

is highly associated with sweetness, and phenylalanine or tyrosine contributes to 213 

bitterness (Song et al. 2019). 214 

The accumulation of organic acids in fruit is primarily governed by the balance between 215 

their biosynthesis, interconversion, transport and degradation rates, which are regulated 216 

by a network of interconnected metabolic pathways (Etienne et al. 2013; Hu et al. 2016). 217 

Among these, the tricarboxylic acid (TCA) cycle serves as the central route for organic 218 

acid biosynthesis. Citric and malic acids are the predominant components, synthesized 219 

via key enzymes such as citrate synthase (CS), phosphoenolpyruvate carboxylase 220 

(PEPC) (Zhi et al. 2021), and malate dehydrogenase (MDH), and degraded via malic 221 

enzyme (ME), aconitase (ACO) (Liu, Zhao, et al. 2024), and isocitrate dehydrogenase 222 

(IDH) (Zhang et al. 2021). In addition, the γ-aminobutyric acid (GABA) shunt, acetyl-223 

CoA–associated pathways, and glycolytic branches also contribute to the complexity 224 

of organic acid metabolism (Sheng et al. 2017). Organic acid transporters (Aluminum-225 

activated malate transporters, ALMT) on the plasma membrane can also regulate the 226 

dynamic balance of organic acids in the cytoplasm, ensuring the continuity and stability 227 

of metabolism (Bai et al. 2012). 228 

Additionally, organic acids accumulation is not the result of a single pathway, but rather 229 

the coordinated regulation of multiple metabolic pathways at different developmental 230 

stages and among various organelles. During the early developmental stage: Glycolysis, 231 

together with PEPC and MDH, synergistically promotes the synthesis of organic acids. 232 

In the middle stage of cell expansion: The vacuolar storage capacity increases, and 233 

organic acids are sequestered into the vacuoles. At the ripening stage: The expression 234 

of degrading enzymes such as ME and IDH rises, leading to a decrease in acidity. These 235 
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processes are finely regulated by transcription factor (bHLH /MYB/WRKY, etc.), 236 

enzymatic activity, and environmental cues, ultimately giving rise to the diverse organic 237 

acid profiles characteristic of different fruit species. Environmental impacts: 238 

Insufficient light, elevated temperature, calcium deficiency, and other factors can all 239 

inhibit the accumulation of organic acids. Notably, during fruit development, the 240 

dynamic changes in organic acids are more pronounced and sensitive than those of 241 

sugars-sugars often accumulate steadily from early development to maturity, while 242 

organic acids undergo drastic shifts (e.g., rapid synthesis in early stages, gradual 243 

degradation in ripening), making them the key variable in adjusting flavor balance. 244 

 245 

Color metabolism: Pigment synthesis and coloration 246 

Anthocyanins: Anthocyanins, widely distributed water-soluble pigments in plants, 247 

belong to flavonoid compounds with a basic C6 (A ring)-C3 (C ring)-C6 (B ring) carbon 248 

skeleton structure (Winkel-Shirley 2001; Zhang et al. 2020; Liang et al. 2008). Due to 249 

methylation and hydroxylation substitution reactions at the R1 and R2 positions of the 250 

B ring, various anthocyanin types such as pelargonidin (Pg), cyanidin (Cy), peonidin 251 

(Pn), delphinidin (Del), malvidin (Mv) and petunidin (Pt) are formed (Figure 4). 252 

Anthocyanins types are varied in different fruits, for example, apple is dominated by 253 

cyanidin 3-galactoside, while grapes mainly contain cyanidin-3-O-glucoside and 254 

malvidin-3-O-glucoside (Supplemental Table 1). 255 

The biosynthetic and metabolic pathway of anthocyanins is a complex and finely 256 

regulated process, which has been relatively well studied so far (Figure 2). The 257 

anthocyanin synthesis pathway can be divided into three stages: (1) Precursor synthesis 258 

stage (Phenylpropanoid pathway). This stage starts from the aromatic amino acid 259 

phenylalanine and produces flavanone-type precursor substances. (2) Flavonoid 260 

backbone biosynthesis stage. This is a core step in forming the flavonoid skeleton and 261 

also a branching point that distinguishes different classes of compounds such as 262 
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flavanones, flavanols, and anthocyanins. (3) Modification and sequestration stage. 263 

Anthocyanins are inherently unstable and are often transported to vacuoles for stable 264 

storage after undergoing glycosylation, acylation, and methylation modifications. 265 

Anthocyanin metabolism is subject to complex multi-level regulation, encompassing 266 

multiple aspects such as transcriptional levels (Amato et al. 2019), post-transcriptional 267 

modifications, hormone signals, and environmental factors (LaFountain and Yuan 268 

2021). Among them, the MYB-bHLH-WD40 (MBW) complex (Hu et al. 2016)serves 269 

as the most important core of transcriptional regulation. Meanwhile, plant hormones 270 

such as ethylene (Ni et al. 2023), abscisic acid (ABA) (Lama et al. 2020), auxins (Wang, 271 

Han, et al. 2020)and jasmonic acid (JA) (An et al. 2021), as well as environmental 272 

signals like temperature (Ryu et al. 2020) and light (Alabd et al. 2022), also play key 273 

roles in regulating anthocyanin synthesis. 274 

 275 

Carotenoids: Composed of isoprene skeleton, carotenoids belonging to lipid-soluble 276 

pigments are most located in the plastids. Typically, over 1200 types of natural 277 

carotenoids establish them as the second most plentiful natural pigments on the earth 278 

(http://carotenoiddb.jp/.) (Nisar et al. 2015; Sun et al. 2022). They can be grouped into 279 

two based on their chemical structure with or without oxygen: carotenes (e.g. α-280 

carotene, β-carotene, lycopene) and xanthophylls (like lutein, zeaxanthin). Carotenoids’ 281 

color and photoprotective ability depend on the number of conjugated double bonds. 282 

Carotenoids are abundantly accumulated in fruits such as citrus and mango. Among 283 

them, lycopene, possessing functions like antioxidation, cardiovascular protection and 284 

even cancer prevention, is ubiquitously existent in tomatoes, watermelon, guava, 285 

papaya, grapefruit (Story et al. 2010).They also act as precursors for plant hormones 286 

like ABA and strigolactone, participating in their synthesis and metabolism (Alder et al. 287 

2012). 288 

The metabolism of carotenoids is a dynamic balance process of “synthesis- 289 
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degradation”, which is precisely regulated by a series of enzymes and genes. The 290 

metabolic bias (synthetic accumulation or degradative transformation) of different 291 

fruits determines the final composition of carotenoids. Carotenoid synthesis initiates 292 

via either the mevalonic acid (MVA) pathway in the cytoplasm or the methylerythritol 293 

phosphate (MEP) pathway in plastids, with the core steps completed in plastids (Figure 294 

3). It can be divided into three stages: (1) Precursor synthesis stage. Centered on the 295 

MEP pathway, including 1-deoxy-D-xylulose-5-phosphate synthase (DXPS), 296 

geranylgeranyl pyrophosphate synthase (GGPS); (2) Carotenoid backbone synthesis 297 

stage. phytoene synthase (PSY), phytoene desaturase (PDS), ζ-carotene desaturase 298 

(ZDS); (3) Cyclization and modification stage.β-cyclization branch (β-cyclase, LCYB, 299 

hydroxylase, HYDB) and α-cyclization branch (LCYB and α-cyclase, LCYE) (Figure 300 

2). The degradation of carotenoids mainly occurs through oxidative cleavage and is 301 

divided into specific and non-specific degradation. Carotenoids could be catalyzed by 302 

carotenoid cleavage dioxygenases (CCDs) and 9-cis-epoxycarotenoid dioxygenases 303 

(NCEDs) to generate physiologically active products, such as aroma substances (such 304 

as β-ionone) and xanthoxin (a precursor for ABA synthesis), respectively (Figure 3). 305 

Carotenoids also be catalyzed by non-specific enzymes such as lipoxygenase (LOX) 306 

and occurs during fruit senescence or under stress conditions. 307 

Carotenoid biosynthesis is regulated at multiple levels. Transcription factors such as 308 

MYB (Wu et al. 2020), bHLH, and AP2/ERF can modulate the expression of key 309 

biosynthetic genes by binding to their promoter regions. Plant hormones, particularly 310 

ethylene and abscisic acid (ABA), influence the expression of carotenoid-related genes 311 

during fruit ripening through signal transduction pathways. In addition, environmental 312 

factors such as light and temperature affect carotenoid accumulation by modulating 313 

regulatory signaling networks. 314 

 315 

Betalains: Unlike carotenoids and anthocyanin, the biosynthesis of betalains has not 316 
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been fully elucidated (Polturak et al. 2018; Chen, Xie, et al. 2021; Gandía-Herrero and 317 

García-Carmona 2013). Betalains accumulate in vacuoles and are classified into two 318 

types: betacyanin (red-purple) and betaxanthins (yellow-orange), both of which are 319 

abundant in pitaya (Hatlestad et al., 2012; Hatlestad et al., 2015). Recent studies have 320 

identified transcription factors such as WRKY, MYB, and ERF as key regulators of 321 

betalains biosynthesis (Hatlestad et al., 2015; Cheng et al., 2017). Notably, betalains 322 

and anthocyanins exhibit mutual exclusivity across plant species, with no known 323 

example of their co-occurrence in the same organism (Figure 3) (Maeda and Dudareva, 324 

2012). This exclusive distribution is hypothesized to arise from evolutionary divergence 325 

or potential metabolic redundancy, where the simultaneous presence of both pigment 326 

pathways may be unnecessary or even detrimental to the plant’s physiological 327 

efficiency. 328 

 329 

Aroma metabolism: Volatile compound synthesis and regulation 330 

Currently, over 2000 aromatic compounds have been detected in fruits (Sánchez-331 

Rodríguez et al. 2019; El Hadi et al. 2013; Hui et al. 2010; Liu, He, and Song 2018). 332 

Comprising esters, alcohols, aldehydes, ketones, terpenoids, etc., volatile organic 333 

compounds (VOCs) act as a self-protection mechanism of plants against diseases, pests 334 

and herbivores, also contribute to their unique aroma characteristics (Supplemental 335 

Table 1, Figure 1) (García-Gómez et al. 2020; Xia et al. 2020; Zhang, Wu, et al. 2024; 336 

Li et al. 2021; Mayuoni‐Kirshinbaum and Porat 2014). Apples are dominated by esters 337 

and alcohols such as ethyl butyrate and hexanol, emitting a fresh, sweet fruity aroma 338 

(Yang et al. 2021; Espino-Díaz et al. 2016). Strawberries contain esters and aromatics 339 

like methyl acetate and phenylethanol, which produce a rich, sweet fragrance, while 340 

grapes feature terpenes and alcohols including geraniol and linalool, presenting floral 341 

and fruity notes (Schwab, Davidovich‐Rikanati, and Lewinsohn 2008). Mangoes 342 

contain aldehydes and terpenes such as hexanal and myrcene, exhibiting a tropical 343 
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fruity scent (Li et al. 2017). Citrus fruits are characterized by monoterpenes like 344 

limonene and terpinene, releasing a typical citrus aroma (Zhang et al. 2017; Nguyen et 345 

al. 2009). These differences not only determine the unique flavor characteristics of 346 

fruits but also provide a basis for aroma fingerprint information in breeding (Xiao et al. 347 

2021). 348 

The synthesis of fruit VOCs involves multiple metabolic pathways and enzyme - 349 

catalyzed reactions. Straight-chain aldehydes, alcohols, and esters (especially in apples 350 

and bananas) are primarily synthesized via the lipoxygenase (LOX) pathway; branched-351 

chain ones, via the amino acid and β-oxidation pathways, with key enzymes like alcohol 352 

acyltransferases and alcohol dehydrogenases (Zhang, Ma, et al. 2024; Abbas et al. 2023; 353 

Besada et al. 2017; Obando-Ulloa et al. 2008; Eduardo et al. 2010; Chen et al. 2018). 354 

Terpenoids are synthesized through the MEP and MVA pathways, while polyphenols 355 

and phenylpropanoids come from the shikimic acid/phenylpropanoid pathway (Lin, 356 

Massonnet, and Cantu 2019; Liu, Zhao, and Li 2022). TPS h/d/a/b/g enzyme families 357 

are primarily responsible for the biosynthesis of terpenoid compounds in plants (Jia et 358 

al. 2022). In addition, carotenoids can be converted into β-ionone, pseudoionone, and 359 

geranylacetone by carotenoid cleavage dioxygenases (CCDs) (Figure 3). Phenylethanol 360 

and benzaldehyde are derived from phenylalanine through the phenylpropanoid 361 

pathway, where phenylalanine ammonia - lyase (PAL) is a crucial enzyme. During early 362 

fruit development, LOX pathway-dominated C6 aldehydes/alcohols serve as defensive 363 

VOCs; at the expansion stage, enhanced MEP pathways drive light-protective 364 

monoterpene accumulation; while maturation triggers explosive synthesis of 365 

ester/lactone compounds via AAT gene activation to facilitate seed dispersal attraction 366 

(George et al. 2023; Liu et al. 2023). 367 

The accumulation of volatile organic compounds (VOCs) in fruits is a highly 368 

spatiotemporally specific biological process. It is not only constrained by the 369 

availability of precursor substances and the expression of metabolic enzymes, but also 370 
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finely regulated by complex regulatory networks, including TFs regulate, hormone 371 

signaling (e.g. ethylene) (Tobaruela et al. 2021), and environmental (e.g. temperature 372 

and light) response mechanisms (Yan et al. 2018). Among these TFs, the AP2/ERF 373 

family is particularly important in the biosynthesis of fatty acid derivatives and 374 

terpenoids (Feng et al. 2020), while MYB family are broadly involved in the regulation 375 

of phenylpropanoids and aromatic compounds and the bHLH and WRKY families often 376 

act as co-regulators with MYB or ERF transcription factors (Lu et al. 2021).  377 

 378 

Metabolic crosstalk and coordinated regulation of fruit sensory traits 379 

The tetrad of fruit sensory traits-sugars, acids, aroma, and color-interact via a 380 

coordinated metabolic network (Zhang et al. 2023). This regulation is not only reflected 381 

in the resource allocation for substance synthesis but also achieves precise coordination 382 

through signal transduction, substrate competition, and transcriptional regulation, 383 

providing a systematically targeted breeding approach for fruit quality improvement. 384 

Sugars act as the central hub directing carbon flux and signaling. As the end products 385 

of photosynthesis, sugars not only serve as the basis for energy and substance synthesis 386 

in fruits but also act as core signaling molecules that regulate other sensory traits. For 387 

example, the accumulation of sucrose in apple fruits inhibits the activity of 388 

phosphoenolpyruvate carboxylase (PEPC) (Wei et al. 2021). Sucrose and sorbitol 389 

function as molecular triggers that activate anthocyanin biosynthesis in peach flesh, 390 

whereas fructose appears to attenuate pigmentation intensity by inducing 391 

transcriptional repressors (Wang, Cao, et al. 2022). 392 

Organic acids (e.g., citric acid, malic acid) bridge sugars, pigments and aroma by 393 

regulating intracellular microenvironments (e.g., vacuolar pH) and substrate 394 

availability. For example, anthocyanin stability depends highly on pH: they stay as 395 

stable red cyanidin under acidic conditions (pH < 5); but when pH rises (e.g., vacuolar 396 
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pH exceeds 6 due to malic acid degradation), they easily isomerize into colorless or 397 

brown forms. In citrus, citric acid maintains vacuolar acidity (pH 3.5 - 4.5) to stabilize 398 

carotenoids (e.g., β-cryptoxanthin) — reduced citric acid from metabolic imbalance 399 

causes carotenoid oxidation and faded color. Additionally, acidic conditions activate 400 

ester - synthesizing enzymes (e.g., AAT), promoting alcohol - to - ester conversion (e.g., 401 

hexanol to ethyl hexanoate); neutral/alkaline conditions inhibit this, shifting aroma 402 

from "fruity" to "grass - like". 403 

The synthesis of VOCs and color (pigments) is often coordinated through shared 404 

transcriptional regulators and signaling pathways, with the MYB-bHLH-WD40 (MBW) 405 

complex and ethylene signaling as core regulatory nodes. Multi-target regulation by the 406 

MBW complex is key to this coordination. In strawberry fruits, the complex formed by 407 

FaMYB10 and FabHLH3 not only activates anthocyanin synthesis genes (e.g., FaANS) 408 

but also upregulates ester synthesis genes (e.g., FaAAT1), enabling the simultaneous 409 

accumulation of anthocyanins (red) and methyl acetate (sweet aroma) during ripening. 410 

As a ripening signal, ethylene coordinates aroma and color metabolism through the 411 

ROS (reactive oxygen species) signaling network. In apples, ethylene treatment 412 

upregulates the expression of LOX and DFR (anthocyanin synthase), enabling the fruit 413 

to accumulate ethyl hexanoate while synthesizing cyanidin (red). This ethylene-ROS 414 

mediated coordination explains why "fully ripe" fruits often have both rich aroma and 415 

vivid color.  416 

The metabolic crosstalk network of fruit sensory traits provides a "multi-target synergy" 417 

improvement strategy for precision breeding, avoiding quality imbalance caused by 418 

single trait improvement. In the future, combining multi-omics data to construct a 419 

"sugar-acid-aroma-color" interaction network model, supplemented by machine 420 

learning or artificial intelligence (AI) to predict key regulatory nodes, will enable the 421 

"customized" design of fruit sensory traits. For example, apple varieties with "high 422 

sugar and low acid-strong fruity aroma-bright red color" or citrus varieties with "low 423 
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sugar and high acid-fresh floral aroma-orange color" can be directionally cultivated to 424 

meet diverse consumer demands. 425 

 426 

The genomic design of fruit sensory traits  427 

Plant precision breeding refers to a breeding strategy that utilizes modern 428 

biotechnological means to precisely identify, manipulate, and aggregate the genetic 429 

basis of target traits, thereby achieving directional improvement of crop traits (Figure 430 

4) (Mascher et al. 2024). The rapid development of precision breeding stems from three 431 

major social needs: food security pressure, climate change challenges, and the demand 432 

for consumption upgrading. The progress in core technologies of precision breeding is 433 

reflected in gene editing technologies (including the optimization and innovation of the 434 

CRISPR-Cas system, epigenetic editing, and the optimization of delivery systems) 435 

(Mou et al. 2024), high-throughput genomics and molecular design (including pan-436 

genome research and artificial intelligence-assisted design), and applications of 437 

synthetic biology (including artificial chromosomes and metabolic pathway 438 

reconstruction) (Li et al. 2024). However, these technologies have gradually been 439 

applied in crops such as rice (Wang et al. 2017)and wheat (Lin et al. 2020), while 440 

research in the field of fruit quality breeding remains relatively limited(Ma, Ma, and 441 

Zhou 2023).  442 

uORFs fine regulation: As key regulatory sequences in the 5' untranslated region of 443 

mRNA, uORFs can precisely regulate the expression of downstream main genes by 444 

fine-tuning their translation efficiency through means such as base editing. For example, 445 

the conserved uORF of the strawberry FvebZIPs1.1 gene was edited using the plant-446 

efficient cytosine base editor (A3A-PBE), yielding 7 new uORF mutations in the T0 447 

generation, with homozygous mutants significantly increasing fruit sugar content 448 

without affecting plant growth, which proves that precise editing of uORFs can finely 449 

regulate quantitative traits in fruit trees and that new genotypes and traits can be stably 450 
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transmitted through asexual reproduction (Xing et al. 2020). This technology has 451 

opened up a new path for quality improvement in strawberries and other asexually 452 

propagated fruit trees, and is expected to cultivate varieties with different sweetness 453 

levels to meet diverse market demands. 454 

Research demonstrates that targeted knockout of the SlCDPK27 and SlCDPK26 genes 455 

in tomatoes enhances fruit sweetness while maintaining optimal weight and yield 456 

(Zhang, Lyu, et al. 2024). This breakthrough provides critical insights into the genetic 457 

regulation and molecular pathways governing sugar accumulation in tomato fruits. 458 

Using a red-fruited tomato as the material, a strategy employing multiplex gene editing 459 

technology has been developed to rapidly and precisely create seven distinct tomato 460 

varieties with different fruit colors (Yang, Ali, et al. 2023). This approach has been 461 

shown to have no significant impact on key agronomic traits, including single fruit 462 

weight, yield per plant, soluble solid content, and vitamin C concentration (Yang, Ali, 463 

et al. 2023). The research has successfully edited the VvDXS1 gene in grapes through 464 

the CRISPR-Cas9 technology, significantly increasing the content of monoterpenoids 465 

and creating a muscat flavor in non-muscat grape varieties (Yang et al. 2024). 466 

The regulatory strategy that precisely extends genetic modification to upstream 467 

elements has begun to take shape in fruit quality breeding. While relevant research cases 468 

remain relatively limited, it has already offered new insights and approaches for fruit 469 

quality improvement. Going forward, as research advances and technologies continue 470 

to innovate, more breakthroughs are anticipated in this field, which will inject new 471 

momentum into the development of the fruit industry. 472 

 473 

Challenges and prospects  474 

Although these precision breeding technologies are being increasingly applied in crop 475 

stress resistance and quality breeding, they still face numerous challenges. On one hand, 476 
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the fruit sensory traits are jointly regulated by multiple genes and environmental factors, 477 

making it highly challenging to decipher their complex genetic networks. It is necessary 478 

to further strengthen interdisciplinary research to deeply explore key genes and 479 

regulatory elements. On the other hand, despite continuous optimization of gene-editing 480 

technologies, off-target effects remain difficult to completely eliminate. Developing 481 

more precise and efficient gene-editing tools and off-target detection technologies is 482 

crucial to ensuring the safety of precision breeding.  483 

With the continuous development of technologies such as metabolome detection and 484 

genome sequencing, the coverage and identification accuracy of metabolites will be 485 

further improved, providing data support for the joint analysis of traits and genes. In 486 

addition, the continuous development of new gene-editing technologies and tools, as 487 

well as the deepening integration of multi-omics, artificial intelligence and precision 488 

breeding, will also enable the precise design and regulation of fruit sensory traits or 489 

other complex plant traits. 490 
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 502 

Figure 1 Research on world fruit production, genome, and metabolome development. 503 

(A) The fruit production and harvest area in the world. (B) The genome and genome 504 

update of various fruit. (C) The metabolite evolution during domestication. 505 

Figure 2 Major pathways of the primary and secondary metabolites in fruits. The 506 

pathways are constructed based on the KEGG pathways and literature references. 507 

Abbreviations: 4CL, 4-coumarate-CoA ligase, 5GT, UDP-glucose flavonoid 5-O-508 

glucosyltransferases, AACT, Acetoacetyl-CoA thiolase, AAT, alcohol acyltransferase, 509 

ADH, alcohol dehydrogenase, ANS, anthocyanidin synthase, C4H, cinnamate 4-510 

hydroxylase, DODA, 4,5-levodopa-extradiol-dioxyenase, CHI, chalcone isomerase, 511 

CHS, chalcone synthase, CHYB2, β-carotene hydroxylase2, CMK, 4-(Cytidine 5'-512 

diphospho)-2-C-methyl-D-erythritol kinase, CMS, 4-Diphosphocytidyl-2-C-methyl-513 

D-erythritol synthase, CoA, coenzyme, ACS, citrate synthase, CRTISO, carotene cis-514 

trans isomerase, CYP76AD, Cytochrome P450, CYP97, carotene epsilon-515 

monooxygenase, DFR, dihydroflavonol-4-reductase, DXR, 1-deoxy-D-xylulose-5-516 

phosphate reductoisomerase, DXS, 1-deoxy-D-xylulose-5-phosphate synthase, F3'5'H, 517 

flavanone 3',5'-hydroxylase, F3H, flavanone 3-hydroxylase, F3'H, flavanone-3'-518 

hydroxylas, GA3P, glyceraldehyde 3-phosphate, GGPP, geranylgeranyl diphosphate, 519 

HMGR, 3-hydroxy-3-methylglutaryl-CoA reductase, HMGS, 3-hydroxy-3-520 

methylglutaryl-CoA synthase, IV, invertase, LCYB, lycopene β-cyclase, LCYE, 521 

lycopene ε-cyclase, LDOX, leucoanthocyanidin dioxygenase, MDH, malate 522 

dehydrogenase, MEP, 2-methyl-D-erythritol-4-phosphate, MST, monosaccharide 523 

transporters, MVA, mevalonate pathway, NCED5, 9-cis-epoxycarotenoid 524 

dioxygenase5, OMT, O-methyl transferases, PAL, phenylalanine ammonia-lyase, PDS, 525 

phytoene desaturase, PEPC, phosphoenolpyruvate carboxylase, PSY, phytoene 526 

synthase, SPS, sucrose phosphate synthase, SS,sucrose synthase, SUT, sucrose 527 

transporter, SWEET, sugars will eventually be exported transporter, TPS, terpene 528 
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synthases, TST, tonoplast sugar transporters, UFGT, UDP-glucose flavonoid 3-O-529 

glucosyltransferase, ZDS, ζ-carotene desaturase, ZEP, zeaxanthin epoxidase, Z-ISO, ζ-530 

carotene isomerase. 531 

Figure 3 The relationship between sugar, acid, pigments, and aroma components in 532 

fruits. CCD, carotenoid cleavage dioxygenase. 533 

Figure 4 The genomic design of fruit sensory traits: from metabolites biosynthesis to 534 

precision breeding. 535 

 536 

References 537 

Abbas, Farhat, Yiwei Zhou, Dylan O’Neill Rothenberg, Intikhab Alam, Yanguo Ke, and Hui-Cong 538 

Wang. 2023. 'Aroma components in horticultural crops: chemical diversity and usage of 539 

metabolic engineering for industrial applications', Plants, 12: 1748. 540 

Alabd, Ahmed, Mudassar Ahmad, Xiao Zhang, Yuhao Gao, Lin Peng, Lu Zhang, Junbei Ni, Songling 541 

Bai, and Yuanwen Teng. 2022. 'Light-responsive transcription factor PpWRKY44 induces 542 

anthocyanin accumulation by regulating PpMYB10 expression in pear', Horticulture 543 

Research, 9: uhac199. 544 

Alder, Adrian, Muhammad Jamil, Mattia Marzorati, Mark Bruno, Martina Vermathen, Peter Bigler, 545 

Sandro Ghisla, Harro Bouwmeester, Peter Beyer, and Salim Al-Babili. 2012. 'The path from 546 

β-carotene to carlactone, a strigolactone-like plant hormone', Science, 335: 1348-51. 547 

Amato, Alessandra, Erika Cavallini, Amanda R Walker, Mario Pezzotti, Mattijs Bliek, Francesca 548 

Quattrocchio, Ronald Koes, Benedetto Ruperti, Edoardo Bertini, and Sara Zenoni. 2019. 549 

'The MYB 5‐driven MBW complex recruits a WRKY factor to enhance the expression of 550 

targets involved in vacuolar hyper‐acidification and trafficking in grapevine', The Plant 551 

Journal, 99: 1220-41. 552 

An, Jian‐Ping, Rui‐Rui Xu, Xin Liu, Jiu‐Cheng Zhang, Xiao‐Fei Wang, Chun‐Xiang You, and Yu‐Jin 553 

Hao. 2021. 'Jasmonate induces biosynthesis of anthocyanin and proanthocyanidin in 554 

apple by mediating the JAZ1–TRB1–MYB9 complex', The Plant Journal, 106: 1414-30. 555 

Bai, Yang, Laura Dougherty, Mingjun Li, Gennaro Fazio, Lailiang Cheng, and Kenong Xu. 2012. 'A 556 

natural mutation-led truncation in one of the two aluminum-activated malate 557 

transporter-like genes at the Ma locus is associated with low fruit acidity in apple', 558 

Molecular Genetics and Genomics, 287: 663-78. 559 

Bao, Yixue, Ziyan Zeng, Wei Yao, Xiao Chen, Mengwei Jiang, Akbar Sehrish, Bo Wu, Charles A 560 

Powell, Baoshan Chen, and Jianlong Xu. 2023. 'A gap-free and haplotype-resolved lemon 561 

genome provides insights into flavor synthesis and huanglongbing (HLB) tolerance', 562 

Horticulture Research, 10: uhad020. 563 

Jo
urn

al 
Pre-

pro
of



 

 

Besada, Cristina, Gerardo Sanchez, Rebeca Gil, Antonio Granell, and Alejandra Salvador. 2017. 564 

'Volatile metabolite profiling reveals the changes in the volatile compounds of new 565 

spontaneously generated loquat cultivars', Food Research International, 100: 234-43. 566 

Cao, Ke, Bin Wang, Weichao Fang, Gengrui Zhu, Changwen Chen, Xinwei Wang, Yong Li, Jinlong 567 

Wu, Tang Tang, Zhangjun Fei, Jie Luo, and Lirong Wang. 2022. 'Combined nature and 568 

human selections reshaped peach fruit metabolome', Genome Biology, 23: 146. 569 

Cao, Ke, Xuanwen Yang, Yong Li, Gengrui Zhu, Weichao Fang, Changwen Chen, Xinwei Wang, 570 

Jinlong Wu, and Lirong Wang. 2021. 'New high‐quality peach (Prunus persica L. Batsch) 571 

genome assembly to analyze the molecular evolutionary mechanism of volatile 572 

compounds in peach fruits', The Plant Journal, 108: 281-95. 573 

Cao, Yunpeng, Yahui Han, Dahui Li, Yi Lin, and Yongping Cai. 2016. 'MYB transcription factors in 574 

Chinese pear (Pyrus bretschneider i Rehd.): Genome-wide identification, classification, 575 

and expression profiling during fruit development', Frontiers in Plant Science, 7: 577. 576 

Chagné, David, Ross N Crowhurst, Massimo Pindo, Amali Thrimawithana, Cecilia Deng, Hilary 577 

Ireland, Mark Fiers, Helge Dzierzon, Alessandro Cestaro, and Paolo Fontana. 2014. 'The 578 

draft genome sequence of European pear (Pyrus communis L.‘Bartlett’)', PLoS One, 9: 579 

e92644. 580 

Chen, Jian-ye, Fang-fang Xie, Yan-ze Cui, Can-bin Chen, Wang-jin Lu, Xiao-di Hu, Qing-zhu Hua, 581 

Jing Zhao, Zhi-jiang Wu, and Dan Gao. 2021. 'A chromosome-scale genome sequence of 582 

pitaya (Hylocereus undatus) provides novel insights into the genome evolution and 583 

regulation of betalain biosynthesis', Horticulture Research, 8: 164. 584 

Chen, T., Z. Zhang, B. Li, G. Qin, and S. Tian. 2021. 'Molecular basis for optimizing sugar metabolism 585 

and transport during fruit development', aBIOTECH, 2: 330-40. 586 

Chen, Yangyang, Hao Yin, Xiao Wu, Xinjie Shi, Kaijie Qi, and Shaoling Zhang. 2018. 'Comparative 587 

analysis of the volatile organic compounds in mature fruits of 12 Occidental pear (Pyrus 588 

communis L.) cultivars', Scientia Horticulturae, 240: 239-48. 589 

Colle, Marivi, Courtney P Leisner, Ching Man Wai, Shujun Ou, Kevin A Bird, Jie Wang, Jennifer H 590 

Wisecaver, Alan E Yocca, Elizabeth I Alger, and Haibao Tang. 2019. 'Haplotype-phased 591 

genome and evolution of phytonutrient pathways of tetraploid blueberry', Gigascience, 8: 592 

giz012. 593 

Crossa, José, Paulino Pérez-Rodríguez, Jaime Cuevas, Osval Montesinos-López, Diego Jarquín, 594 

Gustavo De Los Campos, Juan Burgueño, Juan M González-Camacho, Sergio Pérez-595 

Elizalde, and Yoseph Beyene. 2017. 'Genomic selection in plant breeding: methods, 596 

models, and perspectives', Trends in plant science, 22: 961-75. 597 

D ’ hont, Ang é lique, France Denoeud, Jean-Marc Aury, Franc-Christophe Baurens, Françoise 598 

Carreel, Olivier Garsmeur, Benjamin Noel, Stéphanie Bocs, Gaëtan Droc, and Mathieu 599 

Rouard. 2012. 'The banana (Musa acuminata) genome and the evolution of 600 

monocotyledonous plants', Nature, 488: 213-17. 601 

Daccord, Nicolas, Jean-Marc Celton, Gareth Linsmith, Claude Becker, Nathalie Choisne, Elio 602 

Schijlen, Henri Van de Geest, Luca Bianco, Diego Micheletti, and Riccardo Velasco. 2017. 603 

'High-quality de novo assembly of the apple genome and methylome dynamics of early 604 

fruit development', Nature genetics, 49: 1099-106. 605 

Jo
urn

al 
Pre-

pro
of



 

 

DeBerardinis, Ralph J, and Kayvan R Keshari. 2022. 'Metabolic analysis as a driver for discovery, 606 

diagnosis, and therapy', Cell, 185: 2678-89. 607 

Deng, Shuya, Yiting Mai, and Jun Niu. 2019. 'Fruit characteristics, soluble sugar compositions and 608 

transcriptome analysis during the development of Citrus maxima “ seedless ” , and 609 

identification of SUS and INV genes involved in sucrose degradation', Gene, 689: 131-40. 610 

Deng, Yun, Shoucheng Liu, Yilin Zhang, Jingsheng Tan, Xiaopeng Li, Xiao Chu, Binghua Xu, Yao 611 

Tian, Yudong Sun, and Bosheng Li. 2022. 'A telomere-to-telomere gap-free reference 612 

genome of watermelon and its mutation library provide important resources for gene 613 

discovery and breeding', Molecular Plant, 15: 1268-84. 614 

Edger, Patrick P, Thomas J Poorten, Robert VanBuren, Michael A Hardigan, Marivi Colle, Michael 615 

R McKain, Ronald D Smith, Scott J Teresi, Andrew DL Nelson, and Ching Man Wai. 2019. 616 

'Origin and evolution of the octoploid strawberry genome', Nature genetics, 51: 541-47. 617 

Eduardo, Iban, Giorgiana Chietera, Daniele Bassi, Laura Rossini, and Alberto Vecchietti. 2010. 618 

'Identification of key odor volatile compounds in the essential oil of nine peach accessions', 619 

Journal of the Science of Food Agriculture, 90: 1146-54. 620 

El Hadi, Muna Ahmed Mohamed, Feng-Jie Zhang, Fei-Fei Wu, Chun-Hua Zhou, and Jun Tao. 2013. 621 

'Advances in fruit aroma volatile research', Molecules, 18: 8200-29. 622 

Espino-D íaz, Miguel, David Roberto Sepú lveda, Gustavo Gonzá lez-Aguilar, and Guadalupe I 623 

Olivas. 2016. 'Biochemistry of apple aroma: A review', Food technology and biotechnology, 624 

54: 375. 625 

Etienne, Audrey, Michel Génard, Philippe Lobit, D Mbeguié-A-Mbéguié, and C Bugaud. 2013. 626 

'What controls fleshy fruit acidity? A review of malate and citrate accumulation in fruit 627 

cells', Journal of experimental botany, 64: 1451-69. 628 

Feng, Kai, Xi-Lin Hou, Guo-Ming Xing, Jie-Xia Liu, Ao-Qi Duan, Zhi-Sheng Xu, Meng-Yao Li, Jing 629 

Zhuang, and Ai-Sheng Xiong. 2020. 'Advances in AP2/ERF super-family transcription 630 

factors in plant', Critical reviews in biotechnology, 40: 750-76. 631 

Fiehn, Oliver. 2002. 'Metabolomics—the link between genotypes and phenotypes', Functional 632 

genomics: 155-71. 633 

Gandía-Herrero, Fernando, and Francisco García-Carmona. 2013. 'Biosynthesis of betalains: yellow 634 

and violet plant pigments', Trends in plant science, 18: 334-43. 635 

Gao, L., I. Gonda, H. Sun, Q. Ma, K. Bao, D. M. Tieman, E. A. Burzynski-Chang, T. L. Fish, K. A. 636 

Stromberg, G. L. Sacks, T. W. Thannhauser, M. R. Foolad, M. J. Diez, J. Blanca, J. Canizares, 637 

Y. Xu, E. van der Knaap, S. Huang, H. J. Klee, J. J. Giovannoni, and Z. Fei. 2019. 'The tomato 638 

pan-genome uncovers new genes and a rare allele regulating fruit flavor', Nature genetics, 639 

51: 1044-51. 640 

García-Gómez, Beatriz Ester, David Ruiz, Juan Alfonso Salazar, Manolo Rubio, Pedro José Martí641 

nez-Garc ía, and Pedro Mart ínez-G ómez. 2020. 'Analysis of metabolites and gene 642 

expression changes relative to apricot (Prunus armeniaca L.) fruit quality during 643 

development and ripening', Frontiers in Plant Science, 11: 1269. 644 

Garcia-Mas, Jordi, Andrej Benjak, Walter Sanseverino, Michael Bourgeois, Gisela Mir, Víctor M 645 

González, Elizabeth Hénaff, Francisco Câmara, Luca Cozzuto, and Ernesto Lowy. 2012. 646 

Jo
urn

al 
Pre-

pro
of



 

 

'The genome of melon (Cucumis melo L.)', Proceedings of the National Academy of 647 

Sciences, 109: 11872-77. 648 

George, Jenson, Thoa Nguyen, David Williams, Craig Hardner, Garth Sanewski, and Heather Eunice 649 

Smyth. 2023. 'Review of the aroma chemistry of pineapple (Ananas comosus)', Journal of 650 

Agricultural and Food Chemistry, 71: 4069-82. 651 

Girollet, N., B. Rubio, C. Lopez-Roques, S. Valiere, N. Ollat, and P. F. Bert. 2019. 'De novo phased 652 

assembly of the Vitis riparia grape genome', Scientific Data, 6: 127. 653 

Goetz, Marc, Anne Guivarć h, Jörg Hirsche, Martin Andreas Bauerfeind, María-Cruz González, Tae 654 

Kyung Hyun, Seung Hee Eom, Dominique Chriqui, Thomas Engelke, and Dominik K 655 

Großkinsky. 2017. 'Metabolic control of tobacco pollination by sugars and invertases', 656 

Plant Physiology, 173: 984-97. 657 

Goulet, Charles, Melissa H Mageroy, Nghi B Lam, Abbye Floystad, Denise M Tieman, and Harry J 658 

Klee. 2012. 'Role of an esterase in flavor volatile variation within the tomato clade', 659 

Proceedings of the National Academy of Sciences, 109: 19009-14. 660 

Guo, Shaogui, Jianguo Zhang, Honghe Sun, Jerome Salse, William J Lucas, Haiying Zhang, Yi Zheng, 661 

Linyong Mao, Yi Ren, and Zhiwen Wang. 2013. 'The draft genome of watermelon (Citrullus 662 

lanatus) and resequencing of 20 diverse accessions', Nature genetics, 45: 51-58. 663 

Guo, Shaogui, Shengjie Zhao, Honghe Sun, Xin Wang, Shan Wu, Tao Lin, Yi Ren, Lei Gao, Yun 664 

Deng, and Jie Zhang. 2019. 'Resequencing of 414 cultivated and wild watermelon 665 

accessions identifies selection for fruit quality traits', Nature genetics, 51: 1616-23. 666 

Han, Xue, Yilin Zhang, Qiong Zhang, Ni Ma, Xiaoying Liu, Wenjing Tao, Zhiying Lou, Caihong 667 

Zhong, Xing Wang Deng, and Dawei Li. 2023. 'Two haplotype-resolved, gap-free genome 668 

assemblies for Actinidia latifolia and Actinidia chinensis shed light on the regulatory 669 

mechanisms of vitamin C and sucrose metabolism in kiwifruit', Molecular Plant, 16: 452-670 

70. 671 

Hu, DaGang, CuiHui Sun, QiJun Ma, ChunXiang You, Lailiang Cheng, and YuJin Hao. 2016. 672 

'MdMYB1 regulates anthocyanin and malate accumulation by directly facilitating their 673 

transport into vacuoles in apples', Plant Physiology, 170: 1315-30. 674 

Huang, Ancheng C, Ting Jiang, Yong-Xin Liu, Yue-Chen Bai, James Reed, Baoyuan Qu, Alain 675 

Goossens, Hans-Wilhelm Nützmann, Yang Bai, and Anne Osbourn. 2019. 'A specialized 676 

metabolic network selectively modulates Arabidopsis root microbiota', Science, 364: 677 

eaau6389. 678 

Huang, Huan, Ruie Liu, Qingfeng Niu, Kai Tang, BO Zhang, Heng Zhang, Kunsong Chen, Jian-Kang 679 

Zhu, and Zhaobo Lang. 2019. 'Global increase in DNA methylation during orange fruit 680 

development and ripening', Proceedings of the National Academy of Sciences, 116: 1430-681 

36. 682 

Huang, Huirun, Xin Liu, Rida Arshad, Xu Wang, Weiming Li, Yongfeng Zhou, and XueJun Ge. 2023. 683 

'Telomere-to-telomere haplotype-resolved reference genome reveals subgenome 684 

divergence and disease resistance in triploid Cavendish banana', Horticulture Research, 685 

10: uhad153. 686 

Huang, Jian, Chunmei Zhang, Xing Zhao, Zhangjun Fei, KangKang Wan, Zhong Zhang, Xiaoming 687 

Pang, Xiao Yin, Yang Bai, and Xiaoqing Sun. 2016. 'The jujube genome provides insights 688 

Jo
urn

al 
Pre-

pro
of



 

 

into genome evolution and the domestication of sweetness/acidity taste in fruit trees', 689 

PLoS Genetics, 12: e1006433. 690 

Huang, Shengxiong, Jian Ding, Dejing Deng, Wei Tang, Honghe Sun, Dongyuan Liu, Lei Zhang, 691 

Xiangli Niu, Xia Zhang, and Meng Meng. 2013. 'Draft genome of the kiwifruit Actinidia 692 

chinensis', Nature Communications, 4: 2640. 693 

Huang, Xuehui, Sanwen Huang, Bin Han, and Jiayang Li. 2022. 'The integrated genomics of crop 694 

domestication and breeding', Cell, 185: 2828-39. 695 

Hui, Yiu H, Feng Chen, Leo ML Nollet, Raquel PF Guiné, Olga Martín-Belloso, M Isabel Mínguez-696 

Mosquera, Gopinadhan Paliyath, Fernando LP Pessoa, Jean-Luc Le Quéré, and Jiwan S 697 

Sidhu. 2010. Handbook of fruit and vegetable flavors (Wiley Online Library). 698 

Initiative, International Peach Genome, Ignazio Verde, Albert G Abbott, Simone Scalabrin, Sook 699 

Jung, Shengqiang Shu, Fabio Marroni, Tatyana Zhebentyayeva, Maria Teresa Dettori, and 700 

Jane Grimwood. 2013. 'The high-quality draft genome of peach (Prunus persica) identifies 701 

unique patterns of genetic diversity, domestication and genome evolution', Nature 702 

genetics, 45: 487-94. 703 

Jaakola, Laura. 2013. 'New insights into the regulation of anthocyanin biosynthesis in fruits', Trends 704 

in plant science, 18: 477-83. 705 

Jaillon, Olivier, Jean-Marc Aury, Benjamin Noel, Alberto Policriti, Christian Clepet, Alberto 706 

Casagrande, Nathalie Choisne, Sébastien Aubourg, Nicola Vitulo, Claire Jubin, Alessandro 707 

Vezzi, Fabrice Legeai, Philippe Hugueney, Corinne Dasilva, David Horner, Erica Mica, 708 

Delphine Jublot, Julie Poulain, Clémence Bruyère, Alain Billault, Béatrice Segurens, Michel 709 

Gouyvenoux, Edgardo Ugarte, Federica Cattonaro, Véronique Anthouard, Virginie Vico, 710 

Cristian Del Fabbro, Michaël Alaux, Gabriele Di Gaspero, Vincent Dumas, Nicoletta Felice, 711 

Sophie Paillard, Irena Juman, Marco Moroldo, Simone Scalabrin, Aur é lie Canaguier, 712 

Isabelle Le Clainche, Giorgio Malacrida, Eléonore Durand, Graziano Pesole, Valérie Laucou, 713 

Philippe Chatelet, Didier Merdinoglu, Massimo Delledonne, Mario Pezzotti, Alain Lecharny, 714 

Claude Scarpelli, François Artiguenave, M. Enrico Pè, Giorgio Valle, Michele Morgante, 715 

Michel Caboche, Anne-Françoise Adam-Blondon, Jean Weissenbach, Francis Quétier, and 716 

Patrick Wincker. 2007. 'The grapevine genome sequence suggests ancestral 717 

hexaploidization in major angiosperm phyla', Nature, 449: 463-67. 718 

Jia, Qidong, Reid Brown, Tobias G Köllner, Jianyu Fu, Xinlu Chen, Gane Ka-Shu Wong, Jonathan 719 

Gershenzon, Reuben J Peters, and Feng Chen. 2022. 'Origin and early evolution of the 720 

plant terpene synthase family', Proceedings of the National Academy of Sciences, 119: 721 

e2100361119. 722 

Jiang, Shuang, Haishan An, Fangjie Xu, and Xueying Zhang. 2020. 'Chromosome-level genome 723 

assembly and annotation of the loquat (Eriobotrya japonica) genome', Gigascience, 9: 724 

giaa015. 725 

Jin, Xin, Haiyuan Du, Chumeng Zhu, Hong Wan, Fang Liu, Jiwei Ruan, Jeffrey P Mower, and Andan 726 

Zhu. 2023. 'Haplotype-resolved genomes of wild octoploid progenitors illuminate 727 

genomic diversifications from wild relatives to cultivated strawberry', Nature Plants, 9: 728 

1252-66. 729 

Jo
urn

al 
Pre-

pro
of



 

 

Jing, Danlong, Xinya Liu, Qiao He, Jiangbo Dang, Ruoqian Hu, Yan Xia, Di Wu, Shuming Wang, Yin 730 

Zhang, and Qingqing Xia. 2023. 'Genome assembly of wild loquat (Eriobotrya japonica) 731 

and resequencing provide new insights into the genomic evolution and fruit 732 

domestication in loquat', Horticulture Research, 10: uhac265. 733 

Kader, Adel A. 2008. 'Flavor quality of fruits and vegetables', Journal of the Science of Food 734 

Agriculture, 88: 1863-68. 735 

Klee, H. J. 2010. 'Improving the flavor of fresh fruits: genomics, biochemistry, and biotechnology', 736 

New phytologist, 187: 44-56. 737 

Klee, Harry J, and Denise M Tieman. 2013. 'Genetic challenges of flavor improvement in tomato', 738 

Trends in Genetics, 29: 257-62. 739 

———. 2018. 'The genetics of fruit flavour preferences', Nature Reviews Genetics, 19: 347-56. 740 

LaFountain, Amy M, and YaoWu Yuan. 2021. 'Repressors of anthocyanin biosynthesis', New 741 

phytologist, 231: 933-49. 742 

Lama, Kumar, Guy Harlev, Hadas Shafran, Reut Peer, and Moshe A Flaishman. 2020. 'Anthocyanin 743 

accumulation is initiated by abscisic acid to enhance fruit color during fig (Ficus carica L.) 744 

ripening', Journal of Plant Physiology, 251: 153192. 745 

Li, Boshu, Chao Sun, Jiayang Li, and Caixia Gao. 2024. 'Targeted genome-modification tools and 746 

their advanced applications in crop breeding', Nature Reviews Genetics, 25: 603-22. 747 

Li, Changbao, Ming Xin, Li Li, Xuemei He, Ping Yi, Yayuan Tang, Jiemin Li, Fengjin Zheng, Guoming 748 

Liu, and Jinfeng Sheng. 2021. 'Characterization of the aromatic profile of purple passion 749 

fruit (Passiflora edulis Sims) during ripening by HS-SPME-GC/MS and RNA sequencing', 750 

Food Chemistry, 355: 129685. 751 

Li, Guoli, Lingli Tang, Yuhua He, Yongyang Xu, Abdelhafid Bendahmane, Jordi Garcia-Mas, Tao Lin, 752 

and Guangwei Zhao. 2023. 'The haplotype-resolved T2T reference genome highlights 753 

structural variation underlying agronomic traits of melon', Horticulture Research, 10: 754 

uhad182. 755 

Li, Li, Xiao-Wei Ma, Ru-Lin Zhan, Hong-Xia Wu, Quan-Sheng Yao, Wen-Tian Xu, Chun Luo, Yi-756 

Gang Zhou, Qing-Zhi Liang, and Song-Biao Wang. 2017. 'Profiling of volatile fragrant 757 

components in a mini-core collection of mango germplasms from seven countries', PLoS 758 

One, 12: e0187487. 759 

Li, Mingjun, Pengmin Li, Fengwang Ma, Abhaya M Dandekar, and Lailiang Cheng. 2018. 'Sugar 760 

metabolism and accumulation in the fruit of transgenic apple trees with decreased sorbitol 761 

synthesis', Horticulture Research, 5. 762 

Li, Xinyue, Wei Guo, Juncai Li, Pengtao Yue, Haidong Bu, Jing Jiang, Weiting Liu, Yaxiu Xu, Hui 763 

Yuan, and Tong Li. 2020. 'Histone acetylation at the promoter for the transcription factor 764 

PuWRKY31 affects sucrose accumulation in pear fruit', Plant Physiology, 182: 2035-46. 765 

Liang, Zhenchang, Benhong Wu, Peige Fan, Chunxiang Yang, Wei Duan, Xianbo Zheng, Chunyan 766 

Liu, and Shaohua Li. 2008. 'Anthocyanin composition and content in grape berry skin in 767 

Vitis germplasm', Food Chemistry, 111: 837-44. 768 

Liao, Liao, Weihan Zhang, BO Zhang, Ting Fang, Xiao-Fei Wang, Yaming Cai, Collins Ogutu, Lei 769 

Gao, Gang Chen, and Xiaoqing Nie. 2021. 'Unraveling a genetic roadmap for improved 770 

taste in the domesticated apple', Molecular Plant, 14: 1454-71. 771 

Jo
urn

al 
Pre-

pro
of



 

 

Lin, J., M. Massonnet, and D. Cantu. 2019. 'The genetic basis of grape and wine aroma', Horticulture 772 

Research, 6: 81. 773 

Lin, Qiupeng, Yuan Zong, Chenxiao Xue, Shengxing Wang, Shuai Jin, Zixu Zhu, Yanpeng Wang, 774 

Andrew V Anzalone, Aditya Raguram, and Jordan L Doman. 2020. 'Prime genome editing 775 

in rice and wheat', Nature biotechnology, 38: 582-85. 776 

Lin, Yuling, Jiumeng Min, Ruilian Lai, Zhangyan Wu, Yukun Chen, Lili Yu, Chunzhen Cheng, 777 

Yuanchun Jin, Qilin Tian, and Qingfeng Liu. 2017. 'Genome-wide sequencing of longan 778 

(Dimocarpus longan Lour.) provides insights into molecular basis of its polyphenol-rich 779 

characteristics', Gigascience, 6: gix023. 780 

Liu, Hanxiao, Xiangning Zhao, Jingxin Bi, Xiaochang Dong, and Chunmei Zhang. 2024. 'A natural 781 

mutation in the promoter of the aconitase gene ZjACO3 influences fruit citric acid content 782 

in jujube', Horticulture Research, 11: uhae003. 783 

Liu, Haocheng, Yuanshan Yu, Bo Zou, Yangyang Yu, Jiguo Yang, Yujuan Xu, Xiaowei Chen, and Fan 784 

Yang. 2023. 'Evaluation of dynamic changes and regularity of volatile flavor compounds 785 

for different green plum (Prunus mume Sieb. Et Zucc) varieties during the ripening process 786 

by HS-GC–IMS with PLS-DA', Foods, 12: 551. 787 

Liu, MengJun, Jin Zhao, QingLe Cai, GuoCheng Liu, JiuRui Wang, ZhiHui Zhao, Ping Liu, Li Dai, 788 

Guijun Yan, and WenJiang Wang. 2014. 'The complex jujube genome provides insights 789 

into fruit tree biology', Nature Communications, 5: 5315. 790 

Liu, Xinya, Liqin Song, Baogui Xue, Zhuoheng Chi, Yuan Wang, Songqin Wen, Wenjuan Lv, Qiankun 791 

Hu, Qigao Guo, and Shuming Wang. 2024. 'Organic acid and sugar components 792 

accumulation and flavor associated metabolites dynamic changes in yellow-and white-793 

fleshed seedless loquats (Eriobotrya japonica)', Food Chemistry: X, 21: 101046. 794 

Liu, Ye, Congcong He, and Huanlu Song. 2018. 'Comparison of fresh watermelon juice aroma 795 

characteristics of five varieties based on gas chromatography-olfactometry-mass 796 

spectrometry', Food Research International, 107: 119-29. 797 

Liu, Zhuoyi, Minglei Zhao, and Jianguo Li. 2022. 'Aroma Volatiles in Litchi Fruit: A Mini-Review', 798 

Horticulturae, 8. 799 

Lu, Hongyan, Zisheng Luo, Dong Li, Yunhong Jiang, and Li Li. 2021. 'FaMYB11 promotes the 800 

accumulation of volatile esters by regulating FaLOX5 during strawberry (Fragaria × 801 

ananassa) ripening', Postharvest Biology and Technology, 178: 111560. 802 

Luo, Xiang, Haoxian Li, Zhikun Wu, Wen Yao, Peng Zhao, Da Cao, Haiyan Yu, Kaidi Li, Krishna 803 

Poudel, and Diguang Zhao. 2020. 'The pomegranate (Punica granatum L.) draft genome 804 

dissects genetic divergence between soft ‐ and hard ‐ seeded cultivars', Plant 805 

Biotechnology Journal, 18: 955-68. 806 

Ma, Wenfang, Baiyun Li, Litong Zheng, Yunjing Peng, Rui Tian, Yangyang Yuan, Lingcheng Zhu, 807 

Jing Su, Fengwang Ma, and Mingjun Li. 2021. 'Combined profiling of transcriptome and 808 

DNA methylome reveal genes involved in accumulation of soluble sugars and organic 809 

acid in apple fruits', Foods, 10: 2198. 810 

Ma, Zhimin, Lijing Ma, and Junhui Zhou. 2023. 'Applications of CRISPR/Cas genome editing in 811 

economically important fruit crops: recent advances and future directions', Molecular 812 

Horticulture, 3: 1. 813 

Jo
urn

al 
Pre-

pro
of



 

 

Mascher, Martin, Murukarthick Jayakodi, Hyeonah Shim, and Nils Stein. 2024. 'Promises and 814 

challenges of crop translational genomics', Nature, 636: 585-93. 815 

Mayuoni‐Kirshinbaum, Lina, and Ron Porat. 2014. 'The flavor of pomegranate fruit: A review', 816 

Journal of the Science of Food Agriculture, 94: 21-27. 817 

Miga, Karen H, Sergey Koren, Arang Rhie, Mitchell R Vollger, Ariel Gershman, Andrey Bzikadze, 818 

Shelise Brooks, Edmund Howe, David Porubsky, and Glennis A Logsdon. 2020. 'Telomere-819 

to-telomere assembly of a complete human X chromosome', Nature, 585: 79-84. 820 

Ming, Ray, Shaobin Hou, Yun Feng, Qingyi Yu, Alexandre Dionne-Laporte, Jimmy H Saw, Pavel 821 

Senin, Wei Wang, Benjamin V Ly, and Kanako LT Lewis. 2008. 'The draft genome of the 822 

transgenic tropical fruit tree papaya (Carica papaya Linnaeus)', Nature, 452: 991-96. 823 

Ming, Ray, Robert VanBuren, Ching Man Wai, Haibao Tang, Michael C Schatz, John E Bowers, Eric 824 

Lyons, Ming-Li Wang, Jung Chen, and Eric Biggers. 2015. 'The pineapple genome and the 825 

evolution of CAM photosynthesis', Nature genetics, 47: 1435-42. 826 

Mou, Rui, Ruixia Niu, Ruoying Yang, and Guoyong Xu. 2024. 'Engineering crop performance with 827 

upstream open reading frames', Trends in plant science. 828 

Nguyen, Hue, Eva M Campi, W Roy Jackson, and Antonio F Patti. 2009. 'Effect of oxidative 829 

deterioration on flavour and aroma components of lemon oil', Food Chemistry, 112: 388-830 

93. 831 

Ni, Junbei, Simai Wang, Wenjie Yu, Yifei Liao, Chen Pan, Manman Zhang, Ruiyan Tao, Jia Wei, 832 

Yuhao Gao, and Dongsheng Wang. 2023. 'The ethylene-responsive transcription factor 833 

PpERF9 represses PpRAP2. 4 and PpMYB114 via histone deacetylation to inhibit 834 

anthocyanin biosynthesis in pear', The Plant Cell, 35: 2271-92. 835 

Nicholson, Jeremy K, and John C Lindon. 2008. 'Metabonomics', Nature, 455: 1054-56. 836 

Nisar, Nazia, Li Li, Shan Lu, Nay Chi Khin, and Barry J Pogson. 2015. 'Carotenoid metabolism in 837 

plants', Molecular Plant, 8: 68-82. 838 

Obando-Ulloa, Javier M, Eduard Moreno, Jordi Garc ía-Mas, Bart Nicolai, Jeroen Lammertyn, 839 

Antonio J Monforte, and J Pablo Fernández-Trujillo. 2008. 'Climacteric or non-climacteric 840 

behavior in melon fruit: 1. Aroma volatiles', Postharvest Biology and Technology, 49: 27-841 

37. 842 

Polturak, Guy, Uwe Heinig, Noam Grossman, Maor Battat, Dena Leshkowitz, Sergey Malitsky, Ilana 843 

Rogachev, and Asaph Aharoni. 2018. 'Transcriptome and metabolic profiling provides 844 

insights into betalain biosynthesis and evolution in Mirabilis jalapa', Molecular Plant, 11: 845 

189-204. 846 

Qin, Gaihua, Chunyan Xu, Ray Ming, Haibao Tang, Romain Guyot, Elena M Kramer, Yudong Hu, 847 

Xingkai Yi, Yongjie Qi, and Xiangyang Xu. 2017. 'The pomegranate (Punica granatum L.) 848 

genome and the genomics of punicalagin biosynthesis', The Plant Journal, 91: 1108-28. 849 

Ren, Yi, Maoying Li, Shaogui Guo, Honghe Sun, Jianyu Zhao, Jie Zhang, Guangmin Liu, Hongju He, 850 

Shouwei Tian, and Yongtao Yu. 2021. 'Evolutionary gain of oligosaccharide hydrolysis and 851 

sugar transport enhanced carbohydrate partitioning in sweet watermelon fruits', The Plant 852 

Cell, 33: 1554-73. 853 

Rendón-Anaya, Martha, Enrique Ibarra-Laclette, Alfonso Méndez-Bravo, Tianying Lan, Chunfang 854 

Zheng, Lorenzo Carretero-Paulet, Claudia Anahí Perez-Torres, Alejandra Chacón-López, 855 

Jo
urn

al 
Pre-

pro
of



 

 

Gustavo Hernandez-Guzmán, and Tien-Hao Chang. 2019. 'The avocado genome informs 856 

deep angiosperm phylogeny, highlights introgressive hybridization, and reveals 857 

pathogen-influenced gene space adaptation', Proceedings of the National Academy of 858 

Sciences, 116: 17081-89. 859 

Renner, Susanne S, Shan Wu, Oscar A Pé rez-Escobar, Martina V Silber, Zhangjun Fei, and 860 

Guillaume Chomicki. 2021. 'A chromosome-level genome of a Kordofan melon 861 

illuminates the origin of domesticated watermelons', Proceedings of the National 862 

Academy of Sciences, 118: e2101486118. 863 

Ruggieri, Valentino, Konstantinos G Alexiou, Jordi Morata, Jason Argyris, Marta Pujol, Ryoichi Yano, 864 

Satoko Nonaka, Hiroshi Ezura, David Latrasse, and Adnane Boualem. 2018. 'An improved 865 

assembly and annotation of the melon (Cucumis melo L.) reference genome', Scientific 866 

reports, 8: 8088. 867 

Ryu, Suhyun, Jeom Hwa Han, Jung Gun Cho, Jae Hoon Jeong, Seul Ki Lee, and Hee Jae Lee. 2020. 868 

'High temperature at veraison inhibits anthocyanin biosynthesis in berry skins during 869 

ripening in ‘Kyoho’grapevines', Plant Physiology and Biochemistry, 157: 219-28. 870 

Sahu, Sunil Kumar, Min Liu, Anna Yssel, Robert Kariba, Samuel Muthemba, Sanjie Jiang, Bo Song, 871 

Prasad S Hendre, Alice Muchugi, and Ramni Jamnadass. 2019. 'Draft genomes of two 872 

artocarpus plants, jackfruit (A. heterophyllus) and breadfruit (A. altilis)', Genes, 11: 27. 873 

Sánchez-Rodr íguez, Luc ía, Nusaibah Syd Ali, Marina Cano-Lamadrid, Luis Noguera-Artiaga, 874 

Leontina Lipan, Ángel A Carbonell-Barrachina, and Esther Sendra. 2019. 'Flavors and 875 

aromas.' in, Postharvest physiology and biochemistry of fruits and vegetables (Elsevier). 876 

Schwab, Wilfried, Rachel Davidovich‐Rikanati, and Efraim Lewinsohn. 2008. 'Biosynthesis of plant‐877 

derived flavor compounds', The Plant Journal, 54: 712-32. 878 

Shen, S. Q., C. S. Zhan, C. K. Yang, A. R. Fernie, and J. Luo. 2023. 'Metabolomics-centered mining 879 

of plant metabolic diversity and function: Past decade and future perspectives', Molecular 880 

Plant, 16: 43-63. 881 

Sheng, Ling, Dandan Shen, Wei Yang, Mingfei Zhang, Yunliu Zeng, Juan Xu, Xiuxin Deng, and 882 

Yunjiang Cheng. 2017. 'GABA pathway rate-limit citrate degradation in postharvest citrus 883 

fruit evidence from HB Pumelo (Citrus grandis) ×  Fairchild (Citrus reticulata) hybrid 884 

population', Journal of Agricultural and Food Chemistry, 65: 1669-76. 885 

Shi, Xiaoya, Shuo Cao, Xu Wang, Siyang Huang, Yue Wang, Zhongjie Liu, Wenwen Liu, Xiangpeng 886 

Leng, Yanling Peng, and Nan Wang. 2023. 'The complete reference genome for grapevine 887 

(Vitis vinifera L.) genetics and breeding', Horticulture Research, 10: uhad061. 888 

Shulaev, Vladimir, Daniel J Sargent, Ross N Crowhurst, Todd C Mockler, Otto Folkerts, Arthur L 889 

Delcher, Pankaj Jaiswal, Keithanne Mockaitis, Aaron Liston, and Shrinivasrao P Mane. 2011. 890 

'The genome of woodland strawberry (Fragaria vesca)', Nature genetics, 43: 109-16. 891 

Song, Jianxin, Jinfeng Bi, Qinqin Chen, Xinye Wu, Ying Lyu, and Xianjun Meng. 2019. 'Assessment 892 

of sugar content, fatty acids, free amino acids, and volatile profiles in jujube fruits at 893 

different ripening stages', Food Chemistry, 270: 344-52. 894 

Sortino, Giuseppe, Alessio Allegra, Vittorio Farina, Maria Lucia Valeria De Chiara, and Paolo Inglese. 895 

2022. 'Genotype influence on shelf life behaviour of minimal processed loquat (Eriobotrya 896 

Jo
urn

al 
Pre-

pro
of



 

 

japonica (Thunb.) Lindl.) fruit: the role of sugar, acid organics and phenolic compounds', 897 

Chemical and Biological Technologies in Agriculture, 9: 8. 898 

Stein, Ofer, and David Granot. 2019. 'An overview of sucrose synthases in plants', Frontiers in Plant 899 

Science, 10: 95. 900 

Story, Erica N, Rachel E Kopec, Steven J Schwartz, and G Keith Harris. 2010. 'An update on the 901 

health effects of tomato lycopene', Annual review of food science technology, 1: 189-210. 902 

Sun, Manyi, Chenjie Yao, Qun Shu, Yingyun He, Guosong Chen, Guangyan Yang, Shaozhuo Xu, 903 

Yueyuan Liu, Zhaolong Xue, and Jun Wu. 2023. 'Telomere-to-telomere pear (Pyrus 904 

pyrifolia) reference genome reveals segmental and whole genome duplication driving 905 

genome evolution', Horticulture Research, 10: uhad201. 906 

Sun, Tianhu, Sombir Rao, Xuesong Zhou, and Li Li. 2022. 'Plant carotenoids: recent advances and 907 

future perspectives', Molecular Horticulture, 2: 3. 908 

Teh, Bin Tean, Kevin Lim, Chern Han Yong, Cedric Chuan Young Ng, Sushma Ramesh Rao, 909 

Vikneswari Rajasegaran, Weng Khong Lim, Choon Kiat Ong, Ki Chan, and Vincent Kin Yuen 910 

Cheng. 2017. 'The draft genome of tropical fruit durian (Durio zibethinus)', Nature 911 

genetics, 49: 1633-41. 912 

Tieman, Denise, Guangtao Zhu, Marcio FR Resende Jr, Tao Lin, Cuong Nguyen, Dawn Bies, Jose 913 

Luis Rambla, Kristty Stephanie Ortiz Beltran, Mark Taylor, and Bo Zhang. 2017. 'A chemical 914 

genetic roadmap to improved tomato flavor', Science, 355: 391-94. 915 

Tobaruela, Eric de Castro, Bruna Lima Gomes, Vanessa Caroline de Barros Bonato, Elis Silva de 916 

Lima, Luciano Freschi, and Eduardo Purgatto. 2021. 'Ethylene and auxin: hormonal 917 

regulation of volatile compound production during tomato (Solanum lycopersicum L.) 918 

fruit ripening', Frontiers in Plant Science, 12: 765897. 919 

Umer, M. J., L. Bin Safdar, H. Gebremeskel, S. Zhao, P. Yuan, H. Zhu, M. O. Kaseb, M. Anees, X. Lu, 920 

N. He, C. Gong, and W. Liu. 2020. 'Identification of key gene networks controlling organic 921 

acid and sugar metabolism during watermelon fruit development by integrating 922 

metabolic phenotypes and gene expression profiles', Horticulture Research, 7: 193. 923 

Velasco, Riccardo, Andrey Zharkikh, Jason Affourtit, Amit Dhingra, Alessandro Cestaro, Ananth 924 

Kalyanaraman, Paolo Fontana, Satish K Bhatnagar, Michela Troggio, and Dmitry Pruss. 925 

2010. 'The genome of the domesticated apple (Malus×  domestica Borkh.)', Nature 926 

genetics, 42: 833-39. 927 

Velasco, Riccardo, Andrey Zharkikh, Michela Troggio, Dustin A Cartwright, Alessandro Cestaro, 928 

Dmitry Pruss, Massimo Pindo, Lisa M FitzGerald, Silvia Vezzulli, and Julia Reid. 2007. 'A 929 

high quality draft consensus sequence of the genome of a heterozygous grapevine 930 

variety', PLoS One, 2: e1326. 931 

Vimolmangkang, Sornkanok, Hongyu Zheng, Qian Peng, Quan Jiang, Huiliang Wang, Ting Fang, 932 

Liao Liao, Lu Wang, Huaping He, and Yuepeng Han. 2016. 'Assessment of sugar 933 

components and genes involved in the regulation of sucrose accumulation in peach fruit', 934 

Journal of Agricultural and Food Chemistry, 64: 6723-29. 935 

Wallace, Jason G, Eli Rodgers-Melnick, and Edward S Buckler. 2018. 'On the road to breeding 4.0: 936 

unraveling the good, the bad, and the boring of crop quantitative genomics', Annual 937 

review of genetics, 52: 421-44. 938 

Jo
urn

al 
Pre-

pro
of



 

 

Wang, ChuKun, PengLiang Han, YuWen Zhao, XingLong Ji, JianQiang Yu, ChunXiang You, DaGang 939 

Hu, and YuJin Hao. 2020. 'Auxin regulates anthocyanin biosynthesis through the auxin 940 

repressor protein MdIAA26', Biochemical and Biophysical Research Communications, 533: 941 

717-22. 942 

Wang, Jiao, Ke Cao, Lirong Wang, Wenxuan Dong, Xiao Zhang, and Weisheng Liu. 2022. 'Two MYB 943 

and three bHLH family genes participate in anthocyanin accumulation in the flesh of 944 

peach fruit treated with glucose, sucrose, sorbitol, and fructose in vitro', Plants, 11: 507. 945 

Wang, Jing, Jianguang Li, Zaiyuan Li, Bo Liu, Lili Zhang, Dongliang Guo, Shilian Huang, Wanqiang 946 

Qian, and Li Guo. 2022. 'Genomic insights into longan evolution from a chromosome-947 

level genome assembly and population genomics of longan accessions', Horticulture 948 

Research, 9: uhac021. 949 

Wang, Mugui, Yanfei Mao, Yuming Lu, Xiaoping Tao, and Jian-kang Zhu. 2017. 'Multiplex gene 950 

editing in rice using the CRISPR-Cpf1 system', Molecular Plant, 10: 1011-13. 951 

Wang, Peng, Yingfeng Luo, Jianfeng Huang, Shenghan Gao, Guopeng Zhu, Zhiguo Dang, Jiangtao 952 

Gai, Meng Yang, Min Zhu, Huangkai Zhang, Xiuxu Ye, Aiping Gao, Xinyu Tan, Sen Wang, 953 

Shuangyang Wu, Edgar B. Cahoon, Beibei Bai, Zhichang Zhao, Qian Li, Junya Wei, Huarui 954 

Chen, Ruixiong Luo, Deyong Gong, Kexuan Tang, Bing Zhang, Zhangguang Ni, Guodi 955 

Huang, Songnian Hu, and Yeyuan Chen. 2020. 'The genome evolution and domestication 956 

of tropical fruit mango', Genome Biology, 21: 1-17. 957 

Wang, Yunsheng. 2021. 'A draft genome, resequencing, and metabolomes reveal the genetic 958 

background and molecular basis of the nutritional and medicinal properties of loquat 959 

(Eriobotrya japonica (Thunb.) Lindl)', Horticulture Research, 8. 960 

Wei, Qing‐Jiang, Qiao‐Li Ma, Gao‐Feng Zhou, Xiao Liu, Zhang‐Zheng Ma, and Qing‐Qing Gu. 961 

2021. 'Identification of genes associated with soluble sugar and organic acid accumulation 962 

in ‘Huapi’kumquat (Fortunella crassifolia Swingle) via transcriptome analysis', Journal of 963 

the Science of Food and Agriculture, 101: 4321-31. 964 

Winkel-Shirley, Brenda. 2001. 'Flavonoid biosynthesis. A colorful model for genetics, biochemistry, 965 

cell biology, and biotechnology', Plant Physiology, 126: 485-93. 966 

Wu, G Albert, Simon Prochnik, Jerry Jenkins, Jerome Salse, Uffe Hellsten, Florent Murat, Xavier 967 

Perrier, Manuel Ruiz, Simone Scalabrin, and Javier Terol. 2014. 'Sequencing of diverse 968 

mandarin, pummelo and orange genomes reveals complex history of admixture during 969 

citrus domestication', Nature biotechnology, 32: 656-62. 970 

Wu, Guohong Albert, Javier Terol, Victoria Ibanez, Antonio López-García, Estela Pérez-Román, 971 

Carles Borredá , Concha Domingo, Francisco R Tadeo, Jose Carbonell-Caballero, and 972 

Roberto Alonso. 2018. 'Genomics of the origin and evolution of Citrus', Nature, 554: 311-973 

16. 974 

Wu, Jun, Zhiwen Wang, Zebin Shi, Shu Zhang, Ray Ming, Shilin Zhu, M Awais Khan, Shutian Tao, 975 

Schuyler S Korban, and Hao Wang. 2013. 'The genome of the pear (Pyrus bretschneideri 976 

Rehd.)', Genome research, 23: 396-408. 977 

Wu, M., X. Xu, X. Hu, Y. Liu, H. Cao, H. Chan, Z. Gong, Y. Yuan, Y. Luo, B. Feng, Z. Li, and W. Deng. 978 

2020. 'SlMYB72 regulates the metabolism of chlorophylls, carotenoids, and flavonoids in 979 

tomato fruit', Plant Physiology, 183: 854-68. 980 

Jo
urn

al 
Pre-

pro
of



 

 

Wu, Si, Takayuki Tohge, Álvaro Cuadros-Inostroza, Hao Tong, Hezi Tenenboim, Rik Kooke, Michaël 981 

Méret, Joost B Keurentjes, Zoran Nikoloski, and Alisdair R Fernie. 2018. 'Mapping the 982 

Arabidopsis metabolic landscape by untargeted metabolomics at different environmental 983 

conditions', Molecular Plant, 11: 118-34. 984 

Xia, Yanan, Yaqiong Liu, Jie Wang, and Quan Shuang. 2020. 'Assessment of key aroma compounds 985 

in fresh jujube brandy by GC‐O‐MS and odor activity value', Journal of Food Processing 986 

Preservation, 44: e14494. 987 

Xiao, H., Z. Liu, N. Wang, Q. Long, S. Cao, G. Huang, W. Liu, Y. Peng, S. Riaz, A. M. Walker, B. S. 988 

Gaut, and Y. Zhou. 2023. 'Adaptive and maladaptive introgression in grapevine 989 

domestication', Proceedings of the National Academy of Sciences, 120: e2222041120. 990 

Xiao, Yong, Pengwei Xu, Haikuo Fan, Luc Baudouin, Wei Xia, Stéphanie Bocs, Junyang Xu, Qiong 991 

Li, Anping Guo, and Lixia Zhou. 2017. 'The genome draft of coconut (Cocos nucifera)', 992 

Gigascience, 6: gix095. 993 

Xiao, Zuobing, Haiting Chen, Yunwei Niu, and Jiancai Zhu. 2021. 'Characterization of the Aroma-994 

Active Compounds in Banana (Musa AAA Red green) and Their Contributions to the 995 

Enhancement of Sweetness Perception', Journal of Agricultural and Food Chemistry, 69: 996 

15301-13. 997 

Xing, Sinian, Kunling Chen, Haocheng Zhu, Rui Zhang, Huawei Zhang, Bingbing Li, and Caixia Gao. 998 

2020. 'Fine-tuning sugar content in strawberry', Genome Biology, 21: 230. 999 

Xu, Qiang, Ling-Ling Chen, Xiaoan Ruan, Dijun Chen, Andan Zhu, Chunli Chen, Denis Bertrand, 1000 

Wen-Biao Jiao, Bao-Hai Hao, and Matthew P Lyon. 2013. 'The draft genome of sweet 1001 

orange (Citrus sinensis)', Nature genetics, 45: 59-66. 1002 

Xue, Xueyi, Jiang Wang, Diwakar Shukla, Lily S Cheung, and Li-Qing Chen. 2022. 'When SWEETs 1003 

turn tweens: updates and perspectives', Annual Review of Plant Biology, 73: 379-403. 1004 

Yamaki, Shohei, and Kazuko Ishikawa. 1986. 'Roles of four sorbitol related enzymes and invertase 1005 

in the seasonal alteration of sugar metabolism in apple tissue', Journal of the American 1006 

Society for Horticultural Science, 111: 134-37. 1007 

Yan, Jia‐wei, Zhao‐jun Ban, Hong‐yan Lu, Dong Li, Elena Poverenov, Zi‐sheng Luo, and Li Li. 2018. 1008 

'The aroma volatile repertoire in strawberry fruit: A review', Journal of the Science of Food 1009 

and Agriculture, 98: 4395-402. 1010 

Yang, Meng, Lu Han, Shufeng Zhang, Li Dai, Bin Li, Shoukun Han, Jin Zhao, Ping Liu, Zhihui Zhao, 1011 

and Mengjun Liu. 2023. 'Insights into the evolution and spatial chromosome architecture 1012 

of jujube from an updated gapless genome assembly', Plant Communications, 4. 1013 

Yang, Shunbo, Nini Hao, Zhipeng Meng, Yingjuan Li, and Zhengyang Zhao. 2021. 'Identification, 1014 

comparison and classification of volatile compounds in peels of 40 apple cultivars by HS–1015 

SPME with GC–MS', Foods, 10: 1051. 1016 

Yang, Tianxia, Muhammad Ali, Lihao Lin, Ping Li, Hongju He, Qiang Zhu, Chuanlong Sun, Ning Wu, 1017 

Xiaofei Zhang, and Tingting Huang. 2023. 'Recoloring tomato fruit by CRISPR/Cas9-1018 

mediated multiplex gene editing', Horticulture Research, 10: uhac214. 1019 

Yang, Yingzhen, Matthew Wheatley, Victoria Meakem, Erin Galarneau, Benjamin Gutierrez, and 1020 

Gan‐Yuan Zhong. 2024. 'Editing VvDXS1 for the creation of muscat flavour in Vitis vinifera 1021 

cv. Scarlet Royal', Plant Biotechnology Journal, 22: 1610-21. 1022 

Jo
urn

al 
Pre-

pro
of



 

 

Zhang, Chunmei, and YuJin Hao. 2020. 'Advances in Genomic, Transcriptomic, and Metabolomic 1023 

Analyses of Fruit Quality in Fruit Crops', Horticultural Plant Journal, 6: 361-71. 1024 

Zhang, Dan, Xiaowei Ma, Qi Xie, and Feifei Yu. 2024. 'Understanding and engineering of aroma 1025 

compounds in crops', Seed Biology, 3: 0-0. 1026 

Zhang, Haipeng, Yunxia Xie, Cuihua Liu, Shilin Chen, Shuangshuang Hu, Zongzhou Xie, Xiuxin 1027 

Deng, and Juan Xu. 2017. 'Comprehensive comparative analysis of volatile compounds in 1028 

citrus fruits of different species', Food Chemistry, 230: 316-26. 1029 

Zhang, Jinzhe, Hongjun Lyu, Jie Chen, Xue Cao, Ran Du, Liang Ma, Nan Wang, Zhiguo Zhu, Jianglei 1030 

Rao, and Jie Wang. 2024. 'Releasing a sugar brake generates sweeter tomato without yield 1031 

penalty', Nature: 1-10. 1032 

Zhang, Liyi, Jiang Hu, Xiaolei Han, Jingjing Li, Yuan Gao, Christopher M Richards, Caixia Zhang, Yi 1033 

Tian, Guiming Liu, and Hera Gul. 2019. 'A high-quality apple genome assembly reveals 1034 

the association of a retrotransposon and red fruit colour', Nature Communications, 10: 1035 

1494. 1036 

Zhang, Shuangyu, Yang Wu, Yanshen Ren, Yaping Xu, Hong An, Qianyi Zhao, Yu Wang, and 1037 

Houhua Li. 2024. 'Widely metabolomic combined with transcriptome analysis to build a 1038 

bioactive compound regulatory network for the fruit growth cycle in Pseudocydonia 1039 

sinensis', Food Chemistry, 456: 139933. 1040 

Zhang, Shuhui, Hui Wang, Tong Wang, Wenjun Liu, Jing Zhang, Hongcheng Fang, Zongying 1041 

Zhang, Futian Peng, Xuesen Chen, and Nan Wang. 2023. 'MdMYB305–MdbHLH33–1042 

MdMYB10 regulates sugar and anthocyanin balance in red‐fleshed apple fruits', The Plant 1043 

Journal, 113: 1062-79. 1044 

Zhang, Xiaoxue, Xiaoxia Wei, Muhammad Moaaz Ali, Hafiz Muhammad Rizwan, Binqi Li, Han Li, 1045 

Kaijie Jia, Xuelian Yang, Songfeng Ma, and Shaojia Li. 2021. 'Changes in the content of 1046 

organic acids and expression analysis of citric acid accumulation-related genes during 1047 

fruit development of yellow (Passiflora edulis f. flavicarpa) and purple (Passiflora edulis f. 1048 

edulis) passion fruits', International Journal of Molecular Sciences, 22: 5765. 1049 

Zhang, Zhen, Changping Tian, Ya Zhang, Chenzhiyu Li, Xi Li, Qiang Yu, Shuo Wang, Xinyu Wang, 1050 

Xuesen Chen, and Shouqian Feng. 2020. 'Transcriptomic and metabolomic analysis 1051 

provides insights into anthocyanin and procyanidin accumulation in pear', BMC Plant 1052 

Biology, 20: 1-14. 1053 

Zhao, Guangwei, Qun Lian, Zhonghua Zhang, Qiushi Fu, Yuhua He, Shuangwu Ma, Valentino 1054 

Ruggieri, Antonio J Monforte, Pingyong Wang, and Irene Julca. 2019. 'A comprehensive 1055 

genome variation map of melon identifies multiple domestication events and loci 1056 

influencing agronomic traits', Nature genetics, 51: 1607-15. 1057 

Zhi, Cao, Muhammad Moaaz Ali, Shariq Mahmood Alam, Shaista Gull, Sajid Ali, Ahmed F Yousef, 1058 

Mohamed AA Ahmed, Songfeng Ma, and Faxing Chen. 2021. 'Genome-wide in silico 1059 

analysis and expression profiling of Phospho enol pyruvate carboxylase genes in loquat, 1060 

apple, peach, strawberry and pear', Agronomy, 12: 25. 1061 

Zhou, Yongfeng, Aline Muyle, and Brandon S. Gaut. 2019. 'Evolutionary Genomics and the 1062 

Domestication of Grapes.' in D. Cantu and M. A. Walker (eds.), Grape Genome. 1063 

Jo
urn

al 
Pre-

pro
of



 

 

Zhou, Yuhan, Jinsong Xiong, Ziqiang Shu, Chao Dong, Tingting Gu, Pengchuan Sun, Shuang He, 1064 

Mian Jiang, Zhiqiang Xia, and Jiayu Xue. 2023. 'The telomere-to-telomere genome of 1065 

Fragaria vesca reveals the genomic evolution of Fragaria and the origin of cultivated 1066 

octoploid strawberry', Horticulture Research, 10: uhad027. 1067 

Zhu, Guangtao, Shouchuang Wang, Zejun Huang, Shuaibin Zhang, Qinggang Liao, Chunzhi Zhang, 1068 

Tao Lin, Mao Qin, Meng Peng, and Chenkun Yang. 2018. 'Rewiring of the fruit 1069 

metabolome in tomato breeding', Cell, 172: 249-61. e12. 1070 

Zhu, Lingcheng, Yanzhen Li, Chengcheng Wang, Zhiqi Wang, Wenjing Cao, Jing Su, Yunjing Peng, 1071 

Baiyun Li, Baiquan Ma, and Fengwang Ma. 2023. 'The SnRK2. 3-AREB1-TST1/2 cascade 1072 

activated by cytosolic glucose regulates sugar accumulation across tonoplasts in apple 1073 

and tomato', Nature Plants, 9: 951-64. 1074 

Zhu, Qinggang, Yang Xu, Yong Yang, Changfei Guan, Qiuyun Zhang, Jingwen Huang, Don 1075 

Grierson, Kunsong Chen, Bangchu Gong, and Xueren Yin. 2019. 'The persimmon 1076 

(Diospyros oleifera Cheng) genome provides new insights into the inheritance of 1077 

astringency and ancestral evolution', Horticulture Research, 6. 1078 

 1079 

Jo
urn

al 
Pre-

pro
of



Jo
urn

al 
Pre-

pro
of



Jo
urn

al 
Pre-

pro
of



Jo
urn

al 
Pre-

pro
of



Jo
urn

al 
Pre-

pro
of



Jo
urn

al 
Pre-

pro
of


