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Aroma is an essential trait for apple fruit quality, but the understanding of biochemical mechanisms underlying aroma formation is still limited. To better characterize and assess the genetic potential for improving aroma quality for breeding, many efforts have been paid to map quantitative trait loci (QTLs) using a saturated molecular linkage map. In the present study, aroma profiles in ripe fruit of F1 population between ‘Fuji’ and ‘Cripps Pink’ were evaluated by gas chromatography-mass spectrometry (GC-MS) over 2019 and 2020 years, and the genetics of volatile compounds were dissected. In total, 38 volatile compounds were identified in ‘Fuji’ × ‘Cripps Pink’ population, including 23 esters, 3 alcohols, 7 aldehydes and 5 others. With the combination of aroma phenotypic data and constructed genetic linkage map, 87 QTLs were detected for 15 volatile compounds on 14 linkage groups (LGs). Among them, a set of QTLs associated with ester production identified and confirmed on LG 6. A candidate gene MdAAT6 in the QTL mapping interval was detected. Over-expression of MdAAT6 in tomato and apple fruits showed significantly higher esters accumulation compared to the control, indicating it was critical for the ester production. Our results give light on the mode of inheritance of the apple volatilome and provide new insights for apple flavor improvement in the future.
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Introduction

Apples (Malus × domestica Borkh.) are widely cultivated all over the world because of the highly flavored fruits with unique flavor characteristics (Elss et al., 2006; Yang et al., 2021a). Flavor is the key driver of consumers’ appreciation for fruits and generally determined by sugars, organic acids and aroma (Klee et al., 2010). Among these, aroma is a complex mixture of many volatile compounds, which directly contribute to the perceived odour and sensory quality of fruits (Espino-Diaz et al., 2016; Yang et al., 2021b). In apples, more than 350 volatile compounds represented broadly as esters, alcohols, aldehydes, ketons and sesquiterpenes have been detected and identified (Dixon and Hewett, 2000; Song and Forney, 2008). However, only a subset of 20–30 compounds appear to dominate the typical apple aroma (Aprea et al., 2012). Character impact odorants reported from apple fruits include hexanol, (E)-2-hexenal, α-farnesene, estragole, esters like hexyl acetate, hexyl hexanoate and 2-methylbutyl acetate (Mehinagic et al., 2006; Yan et al., 2020; Liu et al., 2021). The apple aroma volatile compounds are produced by four main biochemical pathways: the fatty acid pathway contributing to straight chain esters, the isoleucine biosynthesis pathway contributing to branched chain esters, the α-farnesene synthesis pathway and the phenylpropanoid pathway (Schaffer et al., 2007). In contrast to the knowledge about the analytical and biochemical backgrounds of aroma volatiles, little is known about the genetic bases and inheritance patterns in apple fruit.

Aroma formation in apple fruit is a dynamic process involving variations in the composition and concentration of volatile profiles depending on maturity stage, postharvest factors and genotype. Headspace solid–phase microextraction (HS-SPME) combined with gas chromatography–mass spectrometry (GC-MS), as a simple, rapid, comprehensive and high sensitivity method for the volatile compounds assessment, has been widely used for the extraction of volatile profiles in apple fruit (Ban et al., 2010; Zhu et al., 2020; Yang et al., 2021b). With the advances in qualitative and quantitative methods for measuring volatile compounds, improvement of fruit aroma has been considered a priority in many breeding programs (Klee, 2010; Cappellin et al., 2015a). Apple is a self-incompatible and highly heterozygous species, cross breeding may result in a amount of diverse progeny (Rowan et al., 2009). Therefore, considering the long juvenility period of apple, the traditional process of breeding a new apple variety solely based on phenotypic selection is time-consuming, expensive and somewhat inefficient. Marker-assisted selection (MAS) can greatly reduce breeding costs and improve breeding efficiency (Xu et al., 2012). Based on the construction of genetic linkage maps, mapping of quantitative trait loci (QTLs) controlling fruit aroma volatile levels and subsequent identification of linked molecular markers or key genes is a crucial goal for future marker-assisted selection in apple breeding programs.

To date, several QTL mapping researches have been carried out in cultivated apples in order to detect genomic areas involved in the inheritance of aroma volatiles. Taking advantage of the saturated genetic linkage map, Zini et al. (2005) reported the first preliminary volatile QTL detection results using the ‘Fiesta’ × ‘Discovery’ apple progeny. Furthermore, Dunemann et al. (2009a) investigated the aroma compounds with headspace solid-phase microextraction gas chromatography in the apple progeny ‘Discovery’ × ‘Prima’ and the QTL mapping results showed that the QTLs were mainly clustered on linkage groups LG 2, 3 and 9. In another attempt, an AAT (Alcohol acyl transferase) candidate gene was genetically mapped on LG 2 and found to be associated with a QTL cluster highly impacting apple aroma of four key ester compounds pentyl acetate, butyl acetate, hexyl acetate, and 2-methyl-butyl acetate (Dunemann et al., 2009b). In addition, Costa et al. (2013) confirmed and validated a set of QTLs associated to volatile organic compounds in apple under three different environments in Switzerland, and the presence of important QTLs about esters and hormone ethylene were found to be located in the linkage group 2 and 15, respectively. Souleyre et al. (2014) identified 46 QTLs on 15 linkage groups (LGs) for the production of esters and alcohols in ‘Royal Gala’ × ‘Granny Smith’ population and the major QTL for 35 volatiles was positioned on LG2 and co-located with AAT1, which catalyzed the synthesis of esters contributing to the ‘ripe apple’ flavour. However, since the release of ‘Golden Delicious’ apple new reference genome (Daccord et al., 2017), to our knowledge, no further investigation about the genetic dissection of apple aroma traits or identification for the key genes involved in the aroma synthesis by the QTL-based approach has been reported.

In this study, an F1 population of ‘Fuji’ × ‘Cripps Pink’ was used to dissect the genetics underlying aroma volatile compounds with HS–SPME/GC–MS and locate the QTL regions to further verify the candidate genes that affect the volatile accumulation in apple fruit. These findings lay a foundation for analyses of the genetic mechanisms underlying aroma volatiles and the breeding of apple varieties with better flavor in the future.





Materials and methods




Plant materials

An F1 segregating population with 300 individuals was developed from the cross of ‘Fuji’ × ‘Cripps Pink’. The 300 lines of this population were grafted onto dwarf rootstock M26 and planted at a density of 1.5 m × 4 m at the Baishui Apple Experimental Station of Northwest A & F University, Shaanxi Province, China. Orchard management procedures such as irrigation, fertilisation and pruning, were similar for all apple trees. The apple fruits from 246 and 223 individuals were harvested in two growing years (2019 and 2020). Three biological replicates with six fruits for each individual were collected at the ripe stage. Slices of flesh tissue were separated, immediately frozen in liquid nitrogen and stored at -80°C until use.





Determination of volatiles

Fruit volatile compounds were analyzed according to the method reported by Yang et al. (2021a). For extraction of volatile compounds, the apple flesh tissue (5 g) was ground to a powder in liquid nitrogen, then transferred into a 50 ml headspace vial containing a magnetic stirring rotor and 1 g NaCl spiked with 10 μL (0.4 mg/mL) 3-nonanone (internal standard). After the headspace vial equilibrated at 50°C for 10 min on a metal heating agitation platform, a 2.0 cm SPME fiber (50/30 µm, DVB/CAR/PDMS; Supelco, Bellefonte, PA, USA) was inserted into the headspace for 30 min at 50°C with agitation at 200 rpm. After extraction, the fiber was desorbed in the GC injection port at 250°C for 2.5 min.

A Thermo Trace GC Ultra gas chromatograph (Thermo Fisher Scientific, New York, NY, USA) equipped with an HP-INNOWax capillary column (60 m × 0.25 mm × 0.25 µm) was used to analyze the volatile compounds in samples. The oven programming conditions were: 40°C kept for 3 min, ramped at 5°C/min to 150°C, then increased at 10°C/min to 220°C and held for 5 min. The carrier gas was helium at a flow rate of 1.0 mL/min with the ion source and transfer line temperatures were both set at 240°C. Mass spectra were monitored from 35 to 450 m/z with ionizing electron energy of 70 eV. Volatile compounds were identified by comparison with retention times (RT), retention indices (RI) and the mass spectra of the NIST 14 library (NIST/EPA/NIH). Quantification of volatile compounds was performed using the peak area of the internal standard as a reference based on the total ion chromatogram (TIC).





Linkage map construction, QTL mapping and candidate gene annotation

An F1 segregating population with 300 individuals from the cross of ‘Fuji’ × ‘Cripps Pink’ was utilized to construct a high-density genetic linkage map by whole genome resequencing (WGS) in the previous study (Liu, 2022). QTL mapping was carried out with Map QTL software (version 5.0) using composite interval mapping (CIM) methods. The logarithm of odds (LOD) threshold for declaring effective QTLs was determined using a permutation test (1000 replications) with a significance level of P < 0.05 and the limit of detection LOD threshold was set at 3.0. Designations for QTLs were started with q, followed by the abbreviation of volatiles name, the years and the QTL order along the chromosome. The functional annotations of candidate genes in the QTL regions were obtained on the basis of the Malus genome GDDH13 version 1.1 (https://iris.angers.inra.fr/gddh13).





RNA extraction and qRT-PCR analysis

In order to know more about the expression patterns of candidate gene, total RNA of different development stages (60, 90, 120, 150, 180 days after full bloom) and tissues (leaf, root, stem, peel, pulp) in ‘Fuji’ apple was extracted with a Plant RNA Purification Kit (Tiangen, China) following the manufacturer’s instructions. cDNA was obtained via reverse transcription using the PrimeScript™ RT Reagent Kit (Perfect Real Time) (Takara, Japan). The qRT-PCR (quantitative real-time reverse transcription PCR) experiment was performed using an iQ5 Multicolor Real-Time PCR Detection System (Bio-Rad, Hercules, CA, USA). MdActin was used for target gene normalization in accordance with 2-ΔΔCt method to calculate the relative expression level. Three replicates per each sample were performed. The gene-specific primers used for qRT-PCR are listed in Table S1.





Subcellular localization

The coding sequence of MdAAT6 without the stop codon was inserted into a pCAMBIA2300-GFP vector under the control of the CaMV 35S promoter, and the primers used are listed in Table S1. The fusion plasmids and control vector (pCAMBIA2300-GFP) were separately introduced into Nicotiana benthamiana leaf by Agrobacterium-mediated infiltration according to the method by Sainsbury et al. (2009). After 3 days of infiltration, fluorescence was visualized with the confocal laser-scanning microscope (LSM 710, Carl Zeiss, Oberkochen, Germany) at excitation wavelength of 488 nm.





Transient expression in apple fruits

Agrobacterium-mediated transient transformation in apple fruits was carried out with minor modifications from the procedure of Chen et al. (2021). The coding sequence of candidate gene was amplified and cloned into the plant expression vectors pCAMBIA2300 and TRV2 for over-expression and silent expression in apple fruits. The constructs and vector-only controls were transformed by heat shock into Agrobacterium tumefaciens strain GV3101. The agrobacteria cell suspension was evenly injected into the apple fruits with a syringe. The injected apple fruits were placed in paper bags and kept in the darkness for 12 h and then transferred to a light growth chamber without the bags at 26°C for 5 days. Fruits were injected with the empty vectors, used as the negative controls. After 5 days, the infiltrated fruits were collected for aroma volatile compounds determination. Three biological replicates with 6 fruits each were used for analysis.





Stable over-expression in tomato

To generate transgenic tomato plants, the coding region of candidate gene from Malus domestica cv. ‘Fuji’ was cloned into pCAMBIA2300 vector. Agrobacterium-mediated tomato (Solanum lycopersicum cv. Micro-Tom) transformation was performed as described by Hao et al. (2015). The T3 generation of the homozygous transgenic lines was screened by Kan resistance and PCR analysis. The fruits of tomato were harvested at the full maturity stage for the further GC–MS analysis.





Statistical analysis

All data were obtained from three replications. Statistical analyses were performed using the IBM SPSS Statistics 21 (IBM, Armonk, NY, USA) and Excel 2019 software. The data were analyzed using Student t-test or one-way analysis of variance (ANOVA), and significant differences between groups were assessed by the Tukey test (P < 0.05).






Results




Volatile profiling and variation in F1 population of ’Fuji‘ × ’Cripps Pink‘

In order to reveal the genetic characteristics of apple aroma, the composition and content of volatiles were evaluated by GC-MS over two successive years in ripe fruit of F1 population between ‘Fuji’ and ‘Cripps Pink’. In total, 38 volatile compounds were identified in female parent (‘Fuji’) and male parent (‘Cripps Pink’), including 23 esters, 3 alcohols, 7 aldehydes and 5 others (Table 1). Butyl acetate, 2-methylbutyl acetate, butyl 2-methylbutanoate, hexyl acetate, hexyl 2-methylbutyrate, 2-methyl-1-butanol, 1-hexanol, hexanal and (E)-2-hexenal were the most abundant compounds (average content > 10 µg/kg FW in 2019 and 2020) in ‘Fuji’ apple. While in ‘Cripps Pink’ apple, 2-methylbutyl acetate, hexyl acetate, hexyl butanoate, hexyl 2-methylbutyrate, (E)-2-hexenal, estragole and α-farnesene showed the highest contents (more than 10 µg/kg FW in two years). Moreover, esters were the dominant aromatic compounds in both parents in two years, accounting for 51.14% (‘Fuji’, 2019), 66.28% (‘Fuji’, 2020), 53.56% (‘Cripps Pink’, 2019), 67.45%, (‘Cripps Pink’, 2020) of the total volatile content, respectively (Figure S1). In addition, ‘Fuji’ had a higher proportion of aldehyde compounds, which contributed to 34.98% and 17.18% in 2019 and 2020, while ‘Cripps Pink’ had a lower aldehyde proportion of 15.93% (2019) and 4.78% (2020), respectively. The content and percentage of alcohols in ‘Cripps Pink’ apple (18.69 μg/kg FW, 4.04%; 23.94 μg/kg FW, 5.03%) were all lower than that in ‘Fuji’ apple (36.67 μg/kg FW, 11.78%; 40.32 μg/kg FW, 11.21%) during two years.


Table 1 | Composition, content (μg/kg FW) and percentage (%) of volatile compounds in parent fruits.



In the ‘Fuji’ × ‘Cripps Pink’ population, the volatiles present in both parents all could be detected in the offspring. A total of 15 volatile compounds were unsegregated in F1 progeny fruits and their parents (Table 2), distributed across distinct chemical classes: esters (4), alcohols (2), aldehydes (5) and others (4). Among them, hexyl acetate, (E)-2-hexenal and α-farnesene were the most abundant volatiles (average content > 40 µg/kg FW over two years) in F1 progeny fruits and the mean contents of them were 95.80, 78.81, 43.73 μg/kg FW in 2019 and 128.94, 72.63, 90.30 μg/kg FW in 2020, respectively. Moreover, the relative contents of α-farnesene, estragole, hexyl 2-methylbutyrate and hexyl butanoate were widely distributed among F1 progeny fruits, ranging from 0.20 to 866.93 µg/kg FW, 0.23 to 684.34 µg/kg FW, 0.21 to 431.52 µg/kg FW, 0.11 to 370.66 µg/kg FW, respectively. Additionally, as shown in Figure 1, transgressive segregation occurred in both directions and was observed for 10 volatile compounds (hexyl acetate, hexyl butanoate, hexyl 2-methylbutyrate, hexyl hexanoate, 1-hexanol, (E)-2-hexenal, nonanal, (Z)-2-nonenal, estragole and (Z)-anethole), with a relative range of variation between 42.96% and 187.16% along the two years. These unsegregated compounds showed continuous variation, typical of polygenic inheritance, although their distributions were generally skewed toward high values. Also, a continuous distribution and considerable transgressive segregation observed in the F1 population demonstrated that both parents contributed alleles and these volatiles were confirmed to meet the requirements for further QTL mapping.


Table 2 | Descriptive statistics for 15 unsegregated volatile compounds in F1 progeny fruits of ‘Fuji’ × ‘Cripps Pink’ population.






Figure 1 | Frequency distributions of 10 volatile compounds among F1 progeny fruits of ‘Fuji’ (FJ) × ‘Cripps Pink’ (CP) population in 2019 and 2020. Arrows indicated the contents for two parents.



During the two years, there were 14 volatile compounds (propyl acetate, ethyl butanoate, propyl propionate, butyl acetate, 2-methylbutyl acetate, amyl acetate, butyl butanoate, butyl 2-methylbutanoate, propyl hexanoate, hexyl propanoate, butyl hexanoate, 1-butanol, decanal, 1-octen-3-one) present in both parents, but separation occurred in the F1 progeny fruits of ‘Fuji’ × ‘Cripps Pink’ population (Table S2). Thereinto, the segregation ratio (1:1) of butyl hexanoate was confirmed by chi-square tests in two consecutive years of 2019 and 2020. Moreover, the butyl acetate segregation ratio matched a 1:3 ratio and the 2-methylbutyl acetate fit to the expected 1:15 segregation ratio as determined by a Chi-square test. These results indicated that those volatile compounds might be inherited qualitative traits, controlled by one gene.





Correlation analysis for fruit aroma volatiles

Correlations among volatile compounds in the F1 progeny fruits of ‘Fuji’ × ‘Cripps Pink’ population were represented in heatmaps for 2019 (Figure 2A) and 2020 (Figure 2B). Volatiles belonging to the same biosynthetic pathway tended to be highly correlated. In two years, the ester compounds showed positive interactions with hexyl acetate, butyl acetate, hexyl 2-methylbutyrate, hexyl butanoate and hexyl hexanoate. The alcohol compounds were positively correlated with 1-butanol and 1-hexanol while negatively correlated with 2-methylbutyl acetate and octanal. Moreover, a strong positive relationship about aldehyde compounds between hexanal and (E)-2-hexenal was observed in the heatmap. Additionally, the content of aroma compounds belonging to other type in this study was highly positive correlation with estragole and α-farnesene.




Figure 2 | Heatmap and dendrogram showing the correlation matrix by the Pearson’s coefficient among volatile compounds in F1 progeny fruits of ‘Fuji’ × ‘Cripps Pink’ population for 2019 (A) and 2020 (B).



The correlation analysis also revealed that volatiles in F1 population were clustered based on their compound classes and chemical properties. For hierarchical clustering, these volatile compounds roughly divided into four groups according to their aroma profiles across the two years (Figures 2A, B). Overall, cluster 1 was enriched with aldehyde compounds such as hexanal, (E)-2-hexenal and (E)-2-octenal. Cluster 2 showed enrichment of 2-methyl-1-butanol, pentyl butanoate and 3-methylbutyl butanoate. Cluster 3 mainly consists of some important esters (hexyl acetate, butyl acetate, amyl acetate and 2-methylbutyl acetate). Cluster 4 was grouped by the compounds with high levels in apple fruit, for instance, α-farnesene, estragole and 1-hexanol. These results suggested that volatile compounds were co-regulated according to specific modules within the F1 population.





QTL mapping for volatile compounds in ‘Fuji’ × ‘Cripps Pink’

With the combination of the phenotypic data and the constructed genetic linkage map, the QTLs underlying volatile compounds in the F1 progeny fruits of ‘Fuji’ × ‘Cripps Pink’ population were identified for two years. As shown in Table 3, a total of 87 QTLs were detected for 15 volatiles on 14 linkage groups (LG1, LG2, LG3, LG4, LG6, LG7, LG8, LG9, LG10, LG11, LG12, LG15, LG16, LG17). The phenotypic variance (R2) explained by these QTLs ranged from 5.1% (qHex19-1) to 23.1% (qHex19-4) with the LOD value varied from 3.05 to 10.34. Among them, 25 QTLs for 4 esters (hexyl acetate, hexyl butanoate, hexyl 2-methylbutyrate and hexyl hexanoate) mapped on LG2, LG4, LG6, LG8, LG11, LG15, LG17 were identified and explained the phenotypic variation from 6.0% to 23.1% (Figure S2). As for 2 alcohols (2-methyl-1-butanol, 1-hexanol) and 5 aldehydes (hexanal, (E)-2-hexenal, nonanal, (E)-2-octenal and (Z)-2-nonenal), 12 and 29 QTLs were detected on 5 and 13 linkage groups, respectively (Figures S3 and S4). A total of 21 QTLs controlling 4 other volatiles (pentylcyclopropane, estragole, α-farnesene and (Z)-anethole) were identified on 9 linkage groups with the LOD value from 3.15 to 12.06 (Figure S5). Moreover, QTLs for hexyl butanoate (qBut19-1, qBut20-2), QTLs for hexyl hexanoate (qHex19-2, qHex20-2) and another QTLs for hexyl 2-methylbutyrate (qMet19-1, qMet20-1), identified on LG6 with the LOD peak value 8.70, 8.55, 4.00, 6.71, 5.48 and 7.65, explaining the maximum phenotypic variation 16.7%, 16.5%, 9.7% 13.5%, 9.9% and 14.8%, fell in the same chromosomal region in two consecutive years. Notably, a QTL controlling hexyl acetate, namely qAce19-2, with the LOD peak value 3.18, explaining the maximum phenotypic variation 6.6% was positioned within the same physical interval on LG6. These QTLs about four ester compounds found on LG6 were overlapping, indicating that this was critical for the biosynthesis of esters.


Table 3 | Summary of QTLs identified for 15 volatile compounds in F1 progeny fruits of ‘Fuji’ × ‘Cripps Pink’ population for two years.







Identification and function verification of candidate genes

To identify putative candidate genes involved in apple fruit ester synthesis, the QTLs corresponding to ester compounds on LG6 were further analyzed. Based on the annotation of the apple reference genome (Daccord et al., 2017) and transcriptome sequencing results of the parents (Liu et al., 2021), the differentially expression genes that fell within the QTL mapping interval were scanned, and one candidate gene (MD06G1016500) was screened. The AAT gene (MD06G1016500, named MdAAT6) located on LG6 showed the high transcript levels in this QTL. Therefore, we further investigated the role of MdAAT6 in influencing volatile ester formation. As shown in Figure 3A, with the development of apple fruit, the transcript level of MdAAT6 continued to increase and showed highest expression levels at 150 days after full bloom, about 5.5-fold compared to 60 days after full bloom. The tissue-specificity of MdAAT6 expression indicated that its transcript significantly accumulated in peel and pulp (more than 8.0-fold compared to leaf, root and stem) at the ripening stage. In order to determine the subcellular location of MdAAT6, the recombinant GFP fusion protein was transiently overexpressed in tobacco leaves and the green fluorescence signal indicated that MdAAT6 was located in the cytoplasm (Figure 3B). Furthermore, as shown in Figure 4A, transient over-expression of MdAAT6 in apple fruit significantly increased the hexyl butanoate (7.38 μg/kg FW), hexyl 2-methylbutyrate (43.47 μg/kg FW) production and hence, esters accumulation (225.82 μg/kg FW), while silencing the expression of MdAAT6 inhibited the production of ester compounds. To verify the regulatory effects of candidate gene in ester synthesis, over-expression of MdAAT6 in ‘Micro-Tom’ tomato was conducted. Three transgenic lines were generated, with no differences in fruit size or color between the wild type and transgenic tomato plants. Compared with the wild type, the esters contents in transgenic tomato fruit were significantly higher (approximately 1.80-fold) (Figure 4B). Taken together, these results suggest that the candidate gene MdAAT6 contributes to esters accumulation in apple fruit.




Figure 3 | Expression pattern analysis of the candidate gene. (A) Expression levels of MdAAT6 at different development stages and tissues in ‘Fuji’ apple fruit. (B) Subcellular localization of MdAAT6 in tobacco leaves.






Figure 4 | Function verification of the candidate gene. (A) Transient over-expression and silent expression of MdAAT6 in apple fruit. (B) Over-expression of MdAAT6 in ‘Micro-Tom’ tomato. The symbol "*" and small letters indicate significant differences between samples.








Discussion

Aroma, which is generally a complex mixture of volatile compounds, has a great influence on the sensory attributes and overall flavour for apple fruit (Aprea et al., 2012; Yang et al., 2021a). The volatile profiles of flavour compounds in apple fruit have been investigated extensively in previous studies involving single cultivars, as well as in pairwise comparisons or based on a few different varieties (Altisent et al., 2009; Yan et al., 2020; Yang et al., 2022). In recent years, aroma profiling has also been carried out in apple progenies targeting the genomic regions that might regulate the volatile compound production. Dunemann et al. (2009a) measured the volatile compounds of a cross between the apple cultivars ‘Discovery’ and ‘Prima’, consisting of 150 F1 plants. The results showed that some compounds such as butanol, butyl butanoate, pentyl acetate and hexyl acetate exhibited a continuous variation in the progeny, which was typical for a polygenic inheritance, and transgressive segregation occurred in both directions. Rowan et al. (2009) reported the concentrations of most volatiles in ‘Royal Gala’ × ‘Granny Smith’ apple cross a continuous distribution of values, but the segregation ratio for 2-methylbutyl acetate differed slightly from a 1:1 ratio, suggestive of control by a single major gene. Costa et al. (2013) investigated volatile organic compound (VOC) variability in the ‘Fiesta’ × ‘Discovery’ population over three different environments and the observation showed phenotypic variability assessed in the seedlings largely exceeds the two parental cultivars, suggesting a transgressive segregation in this progeny. In our work, the parents ‘Fuji’ and ‘Cripps Pink’ not only showed different volatile patterns, but also it was evident, that in ‘Cripps Pink’ the absolute volatile concentrations were higher for the majority of esters. In the progeny, a total of 15 compounds were detected such as α-farnesene, 1-butanol and hexyl acetate and showed continuous variation, typical of polygenic inheritance, although their distributions were generally skewed toward high values, in accordance with previous research (Dunemann et al., 2009a). The single volatile compounds exhibited different frequency distributions in the progeny, indicating diverse modes of aroma inheritance. Overall, these results suggested the genetic effect largely contributes to the general apple aroma phenotypic variance.

QTL mapping has been widely used in genetic studies to identify genomic regions potentially associated to the target traits. In the previous study, Dunemann et al. (2009a) used a saturated molecular linkage map of ‘Discovery’ × ‘Prima’ apple to identify QTLs for aroma compounds and a total of 50 QTLs for 27 volatiles were obtained on 12 apple chromosomes through interval mapping, which mainly clustered on linkage groups LG 2, 3 and 9. Costa et al. (2013) combined the QTL and volatile organic compounds analysis on the progeny ‘Fiesta’ × ‘Discovery’ to validate the presence of important QTLs in three specific genomic regions, located on the linkage group 2 and 15. Souleyre et al. (2014) investigated the phenotypic variability in ester accumulation with the population from the ‘Royal Gala’ and ‘Granny Smith’ cross and 46 QTLs for the production of ester and alcohol compounds were identified on 15 linkage groups, with the major QTL of 35 compounds positioned on LG2. Moreover, Cappellin et al., 2015b conducted the comprehensive QTL survey about volatile organic compounds in the population ‘Fuji’ × ‘Delearly’ and the coincident location between a group of QTLs on chromosome 2 was verified, mainly related to esters and alcohols. In our study, we effectively employed GC-MS for studying the genetic control of aroma emission in apple progeny and a classical QTL investigation related to the volatile production was applied. The mapping result of one QTL related to hexyl acetate (qAce19-1) was located on the LG 2, in agreement with that the major QTL for ester compounds was positioned on LG 2 in other studies (Souleyre et al., 2014; Cappellin et al., 2015b). However, it is worth noting that a QTL mapped on linkage group 6 was found to be probably associated with ester production. In that QTL mapping interval, combined with the transcriptome sequencing data, an AAT candidate gene was positioned and confirmed. Additionally, for alcohol and aldehyde compounds QTL detection, many QTL loci have been mined in our study and further work need to be done to better dissect the genetic determinants impacting this trait.

The ester compounds in apple fruit are thought to be produced from two main different pathways, the fatty acid pathway for formation of straight chain esters and the isoleucine pathway contributing to branched-chain esters (Rowan et al., 1999). Alcohol acyl-transferase (AAT) belonging to the BAHD superfamily is the key enzyme involved in the last step of ester biosynthesis, which catalyze the transfer of an acyl group from a coenzyme A (CoA) donor to an alcohol acceptor (D’Auria, 2006; Souleyre et al., 2014). In the past few years, some AAT genes have been isolated and studied in lots of fruits, including banana (Beekwilder et al., 2004), melon (Lucchetta et al., 2007), kiwifruit (Gunther et al., 2011), strawberry (Cumplido-Laso et al., 2012) and peach (Song et al., 2021). Meanwhile, there have been a few AAT genes identified and characterized in apple fruit for their putative biochemical functions and expression patterns (Zhu et al., 2008). The MdAAT1 gene was proved to participate in the production of the main ester compounds (hexyl acetate, butyl acetate and 2-methyl-butyl acetate) in ‘Royal Gala’ apple fruit (Souleyre et al., 2005). Moreover, four single nucleotide polymorphisms (SNPs) of MdAAT1 related to variation in ester production were identified, the 468-bp region was used to screen a set of apple cultivars for association the level of esters (Dunemann et al., 2012). The highly homologous gene MdAAT2 isolated from ‘Golden Delicious’ apple was also found to be positively correlated with AAT enzyme activity and ester formation (Li et al., 2006). Furthermore, Zhu et al. (2008) reported that in ‘Golden Delicious’ and ‘Granny Smith’ apples, the expression levels of both MdAAT1 and MdAAT2 genes increased with fruit ripening stages, which consistent with the total ester content accumulation pattern. In our study, the association of a candidate gene (MdAAT6) with esters production was validated by QTL analysis and candidate gene mapping in a segregating population obtained from the ‘Fuji’ × ‘Cripps Pink’. Transient transformation of apple fruits and transgenic tomato plants with enhanced MdAAT6 expression produced more esters. Functional characterization demonstrated that the candidate gene MdAAT6 could catalyze the synthesis of esters and produce high levels in ripe fruit, suggesting MdAAT6 also one of the candidate genes responsible for apple fruit ester production besides MdAAT1 and MdAAT2.





Conclusion

In this work, volatile profiles were evaluated by GC-MS over 2019 and 2020 in ripe fruit of F1 population between ‘Fuji’ and ‘Cripps Pink’ and the genetics underlying aroma compounds was dissected. Moreover, a total of 87 QTLs were detected for 15 volatile compounds on 14 linkage groups. Among them, a set of QTL associated with ester production was identified and confirmed on LG 6. The candidate gene MdAAT6 in the QTL mapping interval was shown to be critical for the biosynthesis of esters. Knowledge on the regulation of volatile synthesis pathways will greatly facilitate studies to improve apple fruit flavor quality. Our findings provided the ground for the molecular mechanism of volatile compounds formation and new insights for apple flavor improvement in the future.
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Volatile compounds Mid-parent value®
Mean¢
Esters Hexyl acetate 2019 93.11 018 690.81 95.80 98.97 10331
2020 118.03 0.50 71548 12894 13076 101.41
Hexyl butanoate 2019 13.52 0.11 253.80 15.69 2937 187.16
2020 30.63 023 370.66 40.58 5529 136.26
Hexyl 2-methylbutyrate 2019 19.76 021 226.08 2584 3266 126.41
2020 29.44 0.70 43152 19.76 48.98 98.44
Hexyl hexanoate 2019 137 0.25 86.62 229 240 104.95
2020 261 021 104.03 7.36 831 112.93
Alcohols 2-Methyl-1-butanol 2019 7.79 0.41 3371 624 536 85.97
2020 6.28 042 87.10 10.52 9.04 85.91
1-Hexanol 2019 1434 1.04 101.34 2941 2741 019
2020 1527 208 31331 4547 50.95 11205 |
Aldehydes Hexanal 2019 2428 0.73 59.65 42,63 40.65 95.36
2020 571 1.82 108.13 2059 1825 8865
(E)-2-Hexenal 2019 6327 116 167.75 78.81 64.66 82.04
2020 3184 1.70 17443 7263 58.61 80.69
Nonanal 2019 0.74 027 3.20 L16 0.82 70.38
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2020 29.95 049 866.93 9030 88.89 98.44
(2)-Anethole 2019 1.98 021 2154 1.65 173 104.95
2020 3.07 0.16 19.65 210 237 112.93

*Average content (ig/kg FW) in parents. "Lowest content (1tg/kg FW) in F1 progeny fruits. “Highest content (1g/kg FW) in F1 progeny fruits.
d Average content (ug/kg FW) in F1 progeny fruits. “Standard deviation. ‘Coefficient of variation.
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Volatile compoun erval (cM) Start marker End marker

Hexyl acetate qAcel9-1 2 2019 5.04-7.86 Block 530 Block 570 4.77 9.8

qAcel9-2 6 2019 7.92-9.27 Block 1445 Block 1452 318 6.6

qAcel9-3 15 2019 71.32-72.83 Block 4192 Block 4200 383 8.0

qAce20-1 2 2020 5.13-7.86 Block 542 Block 570 6.55 132

qAce20-2 8 2020 47.25-49.46 Block 2056 Block 2077 413 8.5

qAce20-3 15 2020 80.12-92.52 Block 4205 Block 4274 4.54 9.3

Hexyl butanoate qBut19-1 6 2019 7.42-9.27 Block 1443 Block 1452 8.70 16.7

qBut19-2 15 2019 84.44-87.64 Block 4250 Block 4265 544 10.2

qBut20-1 4 2020 85.17-86.44 Block 1008 Block 1020 4.12 83

qBut20-2 6 2020 8.09-9.27 Block 1446 Block 1452 8.55 16.5

qBut20-3 15 2020 84.45-86.12 Block 4251 Block 4260 6.42 134

Hexyl 2-methylbutyrate qMet19-1 6 2019 7.42-8.93 Block 1443 Block 1450 548 9.9

qMet19-2 8 2019 54.74-55.93 Block 2021 Block 2026 3.26 6.0

qMet19-3 11 2019 42.52-45.06 Block 3032 Block 3037 3.13 5.8

qMet19-4 15 2019 78.56-81.25 Block 4222 Block 4233 4.69 8.5

qMet20-1 6 2020 7.42-9.27 Block 1443 Block 1452 7.65 148

qMet20-2 15 2020 79.74-83.77 Block 4226 Block 4247 4.72 9.4

Hexyl hexanoate qHex19-1 4 2019 38.12-39.75 Block 970 Block 976 3.05 5.1

qHex19-2 6 2019 7.42-9.27 Block 1443 Block 1452 4.00 9.7

qHex19-3 11 2019 77.71-82.92 Block 2915 Block 2944 4.02 9.9

qHex19-4 17 2019 130.29-131.47 Block 4762 Block 4769 10.34 231

qHex20-1 2 2020 53.73-61.88 Block 453 Block 459 3.63 7.6

qHex20-2 6 2020 7.42-9.27 Block 1443 Block 1452 6.71 135

qHex20-3 15 2020 81.25-83.77 Block 4233 Block 4247 4.82 9.9

qHex20-4 17 2020 11.29-13.98 Block 4964 Block 4978 345 72

2-Methyl-1-butanol qButal9-1 2 2019 108.40-113.39 Block 297 Block 302 7.81 14.1

qButal9-2 4 2019 83.25-85.37 Block 1005 Block 1015 6.60 8.2

qButal9-3 15 2019 123.75-125.94 Block 4386 Block 4396 535 9.9

qButa20-1 2 2020 110.54-113.39 Block 299 Block 302 11.92 222

qButa20-2 15 2020 123.75-133.10 Block 4390 Block 4421 11.30 146

1-Hexanol qHexal9-1 2 2019 108.40-110.12 Block 297 Block 298 5.04 9.1

qHexal9-2 3 2019 81.05-84.26 Block 728 Block 735 529 9.6

qHexal9-3 15 2019 70.82-73.68 Block 4189 Block 4204 4.51 7.2

qHexal9-4 17 2019 20.54-23.12 Block 4957 Block 4966 4.62 8.9

qHexa20-1 2 2020 95.65-97.17 Block 347 Block 353 424 85

qHexa20-2 2 2020 108.40-113.39 Block 297 Block 302 4.70 94

qHexa20-3 17 2020 57.69-58.03 Block 4917 Block 4921 4.63 9.2

Hexanal qAnal9-1 1 2019 114.85-116.71 Block 232 Block 239 8.72 153

qAnal9-2 7 2019 13.97-14.81 Block 1766 Block 1771 4.11 7.5

‘ qAnal9-3 12 2019 65.04-66.22 Block 3348 Block 3353 577 104
‘ qAna20-1 1 2020 114.86-116.55 Block 232 Block 238 6.22 122 ‘

qAna20-2 7 2020 2.86-3.71 Block 1713 Block 1715 3.55 7.2

qAna20-3 9 2020 24.00-25.01 Block 2387 Block 2393 3.14 6.4

qAna20-3 16 2020 108.39-108.90 Block 4588 Block 4590 332 6.7

(E)-2-Hexenal gEnal9-1 1 2019 110.64-111.98 Block 219 Block 224 3.96 7.3

qEnal9-2 7 2019 1.01-2.36 Block 1706 Block 1710 329 6.1

qEnal9-3 9 2019 89.04-90.39 Block 2256 Block 2262 3.77 6.9

qEnal9-4 15 2019 96.74-100.98 Block 4299 Block 4306 372 6.8

qEna20-1 1 2020 110.47-115.70 Block 218 Block 233 6.13 120

Nonanal qNon19-1 3 2019 119.31-127.34 Block 854 Block 871 3.84 7.6

qNon20-1 3 2020 23.16-24.17 Block 638 Block 644 3.98 82

qNon20-2 4 2020 39.47-39.64 Block 929 Block 930 3.93 8.1

(E)-2-Octenal qOct19-1 2 2019 81.18-83.03 Block 410 Block 417 4.53 103

qOct19-2 12 2019 13.18-15.71 Block 3191 Block 3202 543 122

qOct19-3 15 2019 71.66-74.69 Block 4194 Block 4206 3.38 7.8

qOct19-4 16 2019 185.74-187.73 Block 4455 Block 4456 3.13 72

qOct20-1 s 2020 112.32-115.87 Block 225 Block 234 4.09 82

qOct20-2 4 2020 50.34-51.01 Block 983 Block 987 7.89 153

(Z)-2-Nonenal qNonel9-1 2 2019 96.50-98.18 Block 343 Block 351 3.59 11.6

qNonel9-2 6 2019 145.64-146.48 Block 1569 Block 1574 3.03 9.9

qNonel9-3 12 2019 37.64-38.65 Block 3239 Block 3244 3.72 120

qNonel9-4 15 2019 65.44-67.12 Block 4162 Block 4171 442 14.1

qNone20-1 4 2020 50.34-51.01 Block 983 Block 987 3.17 6.5

qNone20-2 10 2020 142.75-143.93 Block 2512 Block 2517 327 6.6

qNone20-3 11 2020 42.52-43.02 Block 3034 Block 3037 3.16 6.4

qNone20-4 11 2020 68.94-71.46 Block 2945 Block 2957 324 6.6

Pentylcyclopropane qPen19-1 7 2019 29.91-31.26 Block 1802 Block 1806 3.26 9.7

qPen19-2 15 2019 112.27-113.28 Block 4347 Block 4352 3.15 94

qPen19-3 16 2019 85.93-88.81 Block 4648 Block 4652 3.74 111

qPen20-1 15 2020 111.76-118.83 Block 4345 Block 4380 3.58 74

qPen20-2 15 2020 141.08-142.43 Block 4437 Block 4445 3.51 7.3

Estragole qEst19-1 3 2019 43.74-47.64 Block 710 Block 718 5.99 109

qEst19-2 3 2019 98.78-103.17 Block 755 Block 771 6.04 110

qEst19-3 16 2019 140.32-143.20 Block 4521 Block 4529 575 10.5

qEst19-4 17 2019 130.29-131.47 Block 4759 Block 4769 4.45 8.2

qEst20-1 3 2020 98.61-103.17 Block 754 Block 771 12.06 224

a-Farnesene qFar19-1 4 2019 58.60-59.61 Block 988 Block 992 773 14.7

qFar19-2 12 2019 8.58-8.75 Block 3183 Block 3184 8.05 152

qFar19-3 15 2019 95.56-100.14 Block 4295 Block 4305 6.72 129
‘ qFar20-1 8 2020 37.22-37.89 Block 2092 Block 2094 3.51 7.1 ‘
‘ qFar20-2 15 2020 96.74-102.67 Block 4299 Block 4311 8.10 15.6 ‘

(Z)-Anethole qAnel9-1 8 2019 44.59-44.76 Block 711 Block 712 3.86 7.5

qAnel9-2 15 2019 84.45-88.82 Block 4250 Block 4270 4.18 8.1

qAnel9-3 17 2019 130.29-131.47 Block 4759 Block 4769 4.60 8.9

qAne20-1 3 2020 33.93-35.95 Block 687 Block 697 4.64 9.4

qAne20-2 3 2020 98.61-109.71 Block 754 Block 771 4.83 9.8

qAne20-3 11 2020 79.89-81.24 Block 2924 Block 2932 4.21 8.6

R?, Percentage of the total phenotypic variation explained by the QTL.
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