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Abstract: A metabolomics-flavoromics approach was conducted to assess the micromolecules of 

‘Nam Dok Mai Si Thong’ and ‘Nam Dok Mai No. 4’ mango cultivars from two seasons. During 

ripening, FAMEs, FFAs, fatty alcohols, sterols, and organic acids were dominant at 0–2 days, 

whereas amino acids, sugars, and volatile organic compounds, including esters, alcohols, ketones, 

aldehydes, and terpenes, were at higher levels at 4–8 days. Nine metabolites 

(palmitic/linoleic/linolenic/citric/malic acids, β-sitosterol, sucrose, glycine, and leucine) and two 

volatile organic compounds (ethyl octanoate/decanoate) were related to ripening-associated 

changes within eight days. During ripening, sucrose at 6–8 days, citric/malic acid at 0–2 days, 

glycine and leucine at 4 days, and ethyl octanoate and ethyl decanoate at 8 days could be used as 

quality biomarkers for Nam Dok Mai Si Thong; palmitic/linoleic/linolenic acids at 0 days and β-

sitosterol at 0–4 days could be used as quality biomarkers for Nam Dok Mai No. 4. 
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1. Introduction 

Mango (Mangifera indica L.) is one of the famous tropical fruits and is widely 

cultivated and consumed globally. Among the tropical climacteric fruits produced 

worldwide, mango production levels are second only to those of bananas [1]. Mango is 

held in high esteem, often being referred to as the ‘king of fruits’, a ‘heavenly fruit’ or a 

‘superfruit’. The importance of the fruit arises from its nutritional quality, unique flavor, 

salubrious taste, and wholesomeness [2]. Mango is widely cultivated in Thailand; the Thai 

mango cultivar ‘Nam Dok Mai’ is well known and exported in large numbers to 

consumers worldwide who appreciate its nutritional value, specific texture, distinct 

flavor, and taste qualities [3]. Nam Dok Mai No. 4, Nam Dok Mai Si Thong, and 

‘Mahachanok’ are popular cultivars among the exported mangoes from Thailand [4]. 

Nam Dok Mai Si Thong has an oval shape with a sharp, pointed tip and golden yellow 

color skin, and it is the major export mango variety in Thailand. It also has a sweet and 

scented taste with a very thin seed inside. Nam Dok Mai No. 4 has the same character as 

‘Nam Dok Mai Si Thong’ but the influence of different genetic found by the skin color, 

which is still green when it is ripe. Of these, ‘Nam Dok Mai’ mango cultivars are one of 

the most popular export mangoes from Thailand, not only with consumers worldwide 

but also with the Thai people. Indeed, Nam Dok Mai cultivars are considered a favorite 

fruit in Thailand, particularly when presented with dessert rice. 

Previous studies have indicated that morphological and molecular diversity analyses 

can facilitate mango cultivar identification [5,6]. However, it is also necessary to identify 
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the biochemical features (i.e., the desired traits) of mangoes to supplement the data on the 

relationships among mango cultivars and to understand the functional aspects of the fruit. 

An appropriate experimental system should involve analysis of both the metabolomics 

and volatile organic compounds of the fruit, which would include analyses of an 

arrangement of chemicals from different classes, including lipids, acids, sugars, alcohols, 

aldehydes, esters, ketones, and terpenes [7]. 

To date, few omics-based studies have been published on the ripening process of 

mangoes. Moreover, combined metabolomics-flavoromics approaches have yet to be used 

for the analysis of ‘Nam Dok Mai’ mango cultivars. In the present study, we introduce a 

new application for rapid and reliable fingerprinting of volatile and non-volatile 

metabolites in mangoes; specifically, we combine metabolomics and flavoromics to track 

the ripening stage of ‘Nam Dok Mai Si Thong’ and ‘Nam Dok Mai No. 4’ in the dry and 

rainy seasons. Therefore, the aims of the study were to provide new insights into the 

ripening of ‘Nam Dok Mai’ mango cultivars by determining the relationships between 

ripening-related flavors and particular groups of metabolites as well as to identify 

potential biomarkers that indicate flavor quality according to mango ripening stage. 

2. Results and Discussion 

2.1. Ripening Appearance of ‘Nam Dok Mai’ Cultivars 

Dry and rainy season mango samples were assessed at 0, 2, 4, 6, and 8 days of 

ripening. Color changes were observed from 0 to 8 days of ripening (Figure 1). The color 

of ‘Nam Dok Mai Si Thong’ mangoes was pale yellow to yellowish during the ripening 

process. However, ‘Nam Dok Mai No. 4’ mangoes had a green to pale green color over 

the same period, although the pulp color was altered. Chin et al. indicated that the color 

of ‘Chokanan’ mango cultivars changed from green to yellow within 0–8 days of ripening 

[8]. The degradation of pectin and the carbohydrate breakdown process occur during 

ripening. This is likely due to metabolic activities that can cause chemical changes, an 

increase in respiration, changes to structural polysaccharides causing softening, 

hydrolysis of starch into sugars, chlorophyll degradation, and carotenoid biosynthesis in 

mango fruit. Prasanna et al. indicated that a broad spectrum of biochemical changes occur 

during fruit ripening, such as biosynthesis of carotenoids, anthocyanins, essential oils, and 

flavor and aroma constituents, an increase in the activity of cell wall-degrading enzymes, 

and a transient increase in ethylene production [9]. 
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Figure 1. Appearance of Nam Dok Mai mango cultivars at different ripening stages. (A) ‘Nam Dok 

Mai Si Thon’; (B) ‘Nam Dok Mai No. 4 ‘(0 D to 8 D = 0 to 8 days of ripening). 

2.2. Metabolite and Volatile Flavor Content of Ripening ‘Nam Dok Mai’ Mango Cultivars 

In total, 98 metabolites were detected using GC-FID; 60% of 56 peaks with the highest 

and lowest quantitative affluence of metabolites were contributed by the ‘Nam Dok Mai 

Si Thong’ and ‘Nam Dok Mai No. 4’ cultivars. The metabolites of mango cultivars 

included 13 FAMEs, 20 polar lipids (free fatty acids, fatty alcohol, and phenols), 8 sugars 

(organic sugars and sugar alcohols), and 15 acids (organic and amino acids). Whereas 

volatile organic compounds with high vapor pressure were investigated using GC-ToF-

MS with 48 total peaks including 35 identified compounds and 13 unidentified 

compounds comprising 8 esters, 13 alcohols, 5 ketones and aldehydes, 5 terpenes, 1 furan, 

2 volatile acids, and 1 lactone. In the present study, micromolecules including lipophilics, 

hydrophilics, and high vapor pressure volatile organic compounds were analyzed by GC-

FID and GC-Tof-MS. Previous studies evaluated in the way of cross-detector analysis by 

online coupling of gas chromatography (GC)-mass spectrometry (MS) and flame 

ionization detector (FID). GC-FID is useful for quantitative description and estimation of 

sample composition as well as molar ratios of different metabolites. On the other hand, 

GC-ToF-MS also provides reliable structural information with superior sensitivity. As a 

result, both detectors support a resilient tool for exploratory studies by supporting 

together with a powerful data-processing algorithm and could appear to be useful in 

metabolic profiling study [10]. However, the findings of Jumhawan et al. mentioned in 

coffee beans extracts by using GC-FID and GCMS application for creating metabolite 

identifying study. Gas chromatography/flame ionization detector (GC/FID) provided 

higher sensitivity over a homogenous scope of detected compounds than GC/MS [11]. 

Furthermore, Hübschmann also indicated that one of the common arguments against the 

routine use of the combination of FID and MS is the lack of complementarity. It has been 

assumed that MS and FID produced a resemble chromatogram, and response factors for 

the majority of organic compounds are comparable [12]. Previous studies reported that 

the conjugating of gas chromatography (GC) and liquid chromatography (LC) could be 

facilitated the selectivity of a wide range of compounds [13,14]. For the polar separation 

and analysis of metabolites, liquid chromatography gas chromatography (LCMS) has a 

more common separation for the polar analytes with larger molecules. LCMS can also be 

applied to separate any soluble compound, e.g., amino acids, proteins, drugs, nucleic 

acids, lipids, antioxidants, carbohydrates, and natural and artificial polymers. However, 

GC-FID could be easily detected for the separation and identification of small, volatile 

molecules, and it also has a higher sensitivity in the detection of polar compounds such 

as citric and malic acids. Similar findings were also reported in quality prediction of Asian 

palm civet coffee by using GC-FID technique [15]. Therefore, both techniques could 

provide the reliable detection and separation with high reproducibility for metabolite 

profiling. Moreover, coupling together with GC-FID and LCMS techniques for the 

separation and detection of metabolites should also be applied in the fields of food science 

among the distinct tropical fruit crops in the future. 

A heat plot of two replicates normalized and standardized with an internal standard 

was also used to investigate more specific compounds during different ripening stages of 

the mango cultivars. Figure 2 presented the heat plot of metabolites and volatile organic 

compounds according to different ripening stages by cultivar and harvesting season. 
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Figure 2. Heat plot of the metabolites and volatile organic compounds detected in dry and rainy 

season ‘Nam Dok Mai’ mangoes. FAME, fatty acid methyl ester; FFA, free fatty acid; GABA, gamma 

aminobutyric acid; STD, dry season ‘Nam Dok Mai Si Thong’; STR, rain season ‘Nam Dok Mai Si 

Thong’; NFD, dry season ‘Nam Dok Mai No. 4’; NFR, rainy season ‘Nam Dok Mai No. 4’. Red, 

yellow and green colors indicating higher, moderate and lower amounts, respectively. 

2.2.1. Lipid Fractions 

Among the 13 FAMEs, 16:0 (palmitic acid), 16:1 (palmitoleic acid), 18:0 (stearic acid), 

18:1 (oleic acid), 18:2 (linoleic acid), and 18:3 (linolenic acid) were selected because they 

showed dynamic fluctuations among the various lipid classes during days 0–8 of ripening. 

In addition, 16:0-OH, 22:0-OH, 18:2 free fatty acids (FFA), and 18:0 FFA were also found 

as primary fatty alcohols at 0 days of ripening. Their relative concentration gradually 

decreased as the fruit reached 8 days of ripening. Comparatively, the total lipid classes at 

0 days were one-fold higher than those detected at 8 days of ripening in both cultivars 

and seasons. These fatty alcohols might be formed by reducing fatty acyl-CoAs or fatty 

acyl-ACPs catalyzed by a fatty acyl reductase [16]. Rowland et al. reported that NADPH-

dependent fatty acyl reductases catalyze the development of fatty alcohols from fatty acyl-

CoAs or fatty acyl-ACPs [17]. Additionally, Reineccius indicated that the largest variation 

of volatile organic compounds developed from lipids arises via lipoxygenase activity [18]. 

Fatty acids and lipids are relevant structural and metabolic components of plant and fruit 

cells; they often serve as precursors to important volatiles. For example, FFAs or those 

released by lipase activity and metabolized by β-oxidative enzymes and lipoxygenase are 

normally considered as the major forerunners of esters, alcohols, and aldehydes produced 

by fruits during development and maturation [19]. The major sterols detected in our 

analyses were β-sitosterol, campesterol, sitostanol, and citrostradienol; β-sitosterol and 
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campesterol showed two-fold increases at the 0-day stage relative to at the 8-day stage, 

whereas sitostanol and citrostradienol levels were one-fold higher at 0 days than they 

were at 8 days. Concentrations were higher in the early and mid-ripe stages, especially in 

the dry season, for both ‘Nam Dok Mai’ mango cultivars, whereas total sterol content was 

more pronounced in ‘Nam Dok Mai No. 4’. 

2.2.2. Polar Fractions 

To perform robustness and continuous injection, polar metabolites via derivatization 

reaction were also investigated using GC-FID. Changes in sugars and amino and acids 

were largely detected at the 4-, 6-, and 8-day ripening stages. Starch stored in the pulp 

during the early ripening stages of ‘Nam Dok Mai’ mango fruits might be due to the 

carbon source required for the soluble sugars synthesis. Consequently, the level of sugars 

substantially increased at 6 and 8 days of ripening. According to Sweetman et al., the 

metabolic pathway of gluconeogenesis, which results in the generation of glucose from 

phosphoenolpyruvate, appears mainly during fruit ripening when sugars compile 

promptly [20]. Additionally, Bernardes-Silva et al. found that the starch content of all 

cultivars of examined unripe mangoes had already decreased to about 50% and that the 

ripe fruit soluble sugar content reached 12% for ‘Haden’ and ‘Tommy’, 9.8% for ‘Palmer’, 

and 7.3% for ‘Van Dyke’ [21]. In the present investigation, the dominant sugar was 

sucrose, followed by fructose, glucose, and trehalose. The total sugar content was 

approximately 98% compared with other metabolites such as FAMEs, FFAs, fatty 

alcohols, and acids. These findings suggest that ‘Nam Dok Mai’ cultivars are rich sources 

of various sugars, including sucrose (23.6%–49.8%), fructose (1.3%–1.4%), glucose (0.7%–

0.8%) and trehalose (~0.1%), at 6 and 8 days of ripening. Comparing the cultivars, ‘Nam 

Dok Mai Si Thong’ had ~1% more total sugar content than did ‘Nam Dok Mai No. 4’. 

Seasonal differences were apparent: dry season mangoes had slightly more sugars and 

sugar alcohols than did rainy season mangoes. 

Amino acid content was significantly higher at day 4 of ripening in both cultivars. 

However, the amino acid content from 4 to 6 days of ripening varied only slightly. Both 

the ‘Nam Dok Mai’ cultivars had uniform acid content, although they were harvested in 

different seasons. The most prominent acids were glycine, leucine, and succinic acid, 

followed by threonine, β-aminoisobutyric acid, pyroglutamic acid, GABA, threonic acid, 

and fumaric acid. Glycine and leucine were significantly higher (one-fold increase) at the 

4- and 6-day stages relative to their levels at the 0-, 2- and 8-day stages in both dry and 

rainy season mango cultivars. Consistently, succinic, fumaric, and α-ketoglutaric acid, 

which are the intermediates of the TCA cycle, also decreased as the ripening day 

increased. In contrast, as previously mentioned by Batista-Silva et al., the interrelation 

between organic acid and sugar metabolism during ripening seems to be a commonly 

associated aspect that contributes to the improvement of quality and flavor during fruit 

ripening [22]. Conversely, ‘Nam Dok Mai No. 4’ showed a slightly lower content of 

glycine, leucine, citric, and malic acid than did ‘Nam Dok Mai Si Thong’. 

Citric and malic acids increased at 0 and 2 days of ripening by nearly six-fold (17.8% 

vs. 2.8%) and three-fold (2.8% vs. 1.06%), respectively, compared with their levels at 8 

days of ripening. Comparing cultivars, the citric and malic acid levels were slightly higher 

in ‘Nam Dok Mai Si Thong’ than they were in ‘Nam Dok Mai No. 4’. Additionally, the dry 

season ‘Nam Dok Mai’ cultivars had slightly higher levels of citric and malic acids than 

were detected in the rainy season cultivars. Understanding the accumulation of these 

acids in fruit is of predominant to the priority of fruit quality. Citric acid and malic acid 

are generally recognized as safe-listed compounds that are commonly used in industry as 

preservatives, acidulants, or flavoring agents [23]; they are known to inhibit food spoilage 

and pathogenic microorganisms [24]. Furthermore, the concentration of citric and malic 

acids affects the sensorial and chemical characteristics of mango juice, e.g., pH, total 

acidity, microbial load, sweetness, and global acceptability. Previous studies have shown 

the influence of cultivation practices, along with irrigation [25,26], mineral fertilization 
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[27,28] and thinning [25,29], and of environmental factors, such as temperature [30–32], 

on fruit acidity; however, it is unclear how these factors affect malic and citric acid 

accumulation. 

2.2.3. Volatile Organic Compounds (VOCs) 

Even distribution of volatile organic compounds contents was observed in both dry 

and rainy season ‘Nam Dok Mai’ mango cultivars. Esters play an essential fraction of 

volatile organic compounds in many fruits [33]. At various ripening stages of both dry 

and rainy season ‘Nam Dok Mai’ cultivars, the major esters were octanoic acid, ethyl ester 

(4%–15%), decanoic acid, ethyl ester (5%–10%), acetic acid, 2-phenylethyl ester (1.1%–

1.5%), dodecanoic acid and ethyl ester (0.4%–0.7%). From 0 to 8 days of ripening, the major 

alcohol volatiles in both dry and rainy season ‘Nam Dok Mai’ cultivars were 3-hexen-1-

ol, (Z)- (4.9%–21%) followed by phenylethyl alcohol (4%–7%), 1-butanol, 3-methyl- 

(0.03%–0.08%), 3-hexen-1-ol, acetate, (Z)- (0.09%–0.27%) and 1-hexanol (0.07%–0.37%). 

Terpenes and aldehydes were slightly more prominent in ‘Nam Dok Mai Si Thong’. We 

found that the level of monoterpenes was higher than the level of sesquiterpenes. The 

major terpenes observed at different ripening stages were α-Ocimene (2%–4%), trans-α-

Ocimene (2.8%–15.6%), caryophyllene (0.79%–10.4%), and humulene (1.1%–2.4%). 

Maximum content was detected at 6 and 8 days of ripening in both the dry and rainy 

season ‘Nam Dok Mai’ cultivars. Li et al. also demonstrated that monoterpenes were the 

most ample volatile constituents in mango germplasms from China, the Americas, 

Thailand, India, Cuba, Indonesia, and the Philippines [34]. Jiang and Song reported that 

amino acids are precursors for some branched aliphatic compounds [35]. These 

compounds can be further synthesized to configure esters, i.e., volatile compounds that 

provide many fruits their distinct ‘fruity’ odors. Brückner and Wyllie reported that the 

fruit volatile profiles were complicated and varied depending on the cultivar, ripeness, 

pre- and post-harvest environmental conditions, fruit sample (either intact fruit, slices, or 

homogenized samples), and analytical methods used [36]. 

In Thailand, the mango season occurs around mid-March to mid-June, which is 

usually regarded as the dry season. The rainy season is assumed to be from mid-July to 

mid-November. Dry season mangoes are usually harvested around March, whereas rainy 

season mangoes are usually picked around the end of June. Another critical factor to 

consider is that mangoes are produced all year round in Thailand. In the present study, 

mangoes harvested in the dry season showed slightly higher volatiles content. Comparing 

total volatile organic compounds between cultivars, dry season ‘Nam Dok Mai Si Thong’ 

was a rich source of esters, terpenes, aldehydes, and ketones, whereas dry season ‘Nam 

Dok Mai No. 4’ had slightly more total volatile alcohols than did ‘Nam Dok Mai Si Thong’. 

Considering the vital role played by these metabolites and aroma volatiles in imparting 

the characteristics of mango cultivars, ripe fruits of ‘Nam Dok Mai Si Thong’ and ‘Nam 

Dok Mai No. 4’ cultivars seem to possess differentiation and unique qualities with an 

abundance of metabolites and volatile organic compounds. 

2.3. PCA 

The identified and obtained metabolites and volatiles data in dry and rainy season 

‘Nam Dok Mai’ mango cultivars were clearly explored, and find the relationships between 

the samples by using PCA. Additionally, PCA is a multivariate data analysis method that 

can show the variance of samples using metabolites as descriptive data [37]. All 

metabolites were represented as 67% of total variables by PC1 and PC2. Figure 3 shows 

that genetic variation existed between the Nam Dok Mai mango cultivars. Indeed, the two 

‘Nam Dok Mai’ cultivars were clearly differentiated by PC1 (20.49%). This indicates that 

there was an effect of the genetic variation of the two ‘Nam Dok Mai’ genotypes according 

to their metabolite content. 
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Figure 3. Principal component analysis of the combined metabolites at different ripening stages (0, 

2, 4, 6, and 8 days of ripening) in mangoes. STD, dry season ‘Nam Dok Mai Si Thong’ ( ); STR, 

rainy season ‘Nam Dok Mai Si Thong’ ( ); NFD, dry season ‘Nam Dok Mai No. 4’ ( ); NFR, rainy 

season ‘Nam Dok Mai No. 4’ ( ). 

Both ‘Nam Dok Mai’ cultivars were shifted along PC1 according to their ripening 

stage. Both dry and rainy season mango genotypes were typically distributed along PC2, 

depending on their quantity of metabolites. Their metabolite content also showed minor 

variation between seasons. Although there was a clear differentiation between the two 

genotypes along PC1, the metabolite compounds had similar concentrations in both ‘Nam 

Dok Mai’ cultivars. Therefore, the two ‘Nam Dok Mai’ mango cultivars had strong genetic 

and cultivar effects according to the quantitative abundance of their metabolites. This 

suggests that the major variability in metabolite content is given by the ripening status of 

the fruit, then by the genotype. The PCA loading plot was supported by observing the 

variance of metabolites, including the polar, non-polar, and unknown compounds 

analyzed in this study (Figure 4). 
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Figure 4. Loading plots of standardized GC/FID metabolite compounds (16:0 (palmitic acid), 16:1 

(palmitoleic acid), 18:0 (stearic acid), 18:1 (oleic acid), 18:2 (linoleic acid), 18:3 (linolenic acid) and 

GABA (gamma aminobutyric acid) from the combined non-polar and polar fractions. Polar 

compounds ( ); non-polar compounds ( ); unknown compounds ( ). FAME, fatty acid methyl 

ester; FFA, free fatty acid; GABA, gamma aminobutyric acid. 

Interestingly, most volatile organic compounds were equally variated in both PC1 

and PC2, which represented 83% of the total variability (Figure 5). In PC2, both dry and 

rainy season ‘Nam Dok Mai Si Thong’ and ‘Nam Dok Mai No. 4’ were clearly distributed 

according to their volatile contents. For the ripening stage, the volatile content was also 

shifted along PC1. PCA loading plots also showed that a higher content of volatile organic 

compounds was apparent at the 6- and 8-day ripening stages in both ‘Nam Dok Mai’ 

cultivars (Figure 6). Low dependency was observed between cultivars and seasons in 

‘Nam Dok Mai’ mango cultivars. 

 

Figure 5. Principal component analysis of volatile organic compounds in the different ripening 

stages of mango fruit (0, 2, 4, 6, and 8 days (D)). STD, dry season ‘Nam Dok Mai Si Thong’ ( ); STR, 

rainy season ‘Nam Dok Mai Si Thong’ ( ); NFD, dry season ‘Nam Dok Mai No. 4’ ( ); NFR, rainy 

season ‘Nam Dok Mai No. 4’ ( ). 
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Figure 6. Loading plots of volatile organic compounds from the different ripening stages of mango 

fruits (0, 2, 4, 6, and 8 days of ripening). Volatile compounds ( ); unknown compounds ( ); 

ripening stages ( ). 

The metabolites and organic volatile compounds showed four distinct clusters in a 

PCA biplot (Figure 7). The 0-day ripening stage of the dry and rainy season ‘Nam Dok 

Mai’ mangoes was situated in the first cluster group, whereas the second cluster group 

contained the 2-day ripened mangoes. FAMEs, FFA, fatty alcohols, sterols, and organic 

acids, especially citric acids, were abundant in the first and second clusters. The 4-day 

ripening stage comprised the third cluster group; most amino acids were found in this 

group. Sugars and volatile compounds were predominant in the fourth cluster group, 

which contained 6- and 8-day ripened dry and rainy season ‘Nam Dok Mai’ cultivars. 

Metabolites and volatile organic compounds were shifted along PC2, whereas different 

days of ripening (0–8 days) were represented by PC1. However, volatiles were also clearly 

separated according to different ripening stages in both dry and rainy season ‘Nam Dok 

Mai’ mango genotypes. 



Plants 2021, 10, 2198 10 of 17 
 

 

 

Figure 7. Principal component analysis (Biplot) from all metabolites ( ) and volatile organic 

compounds ( ), unknown metabolites and volatiles ( ) in ‘Nam Dok Mai’ mango cultivars (STD, 

dry season ‘Nam Dok Mai Si Thong’; STR, dry season ‘Nam Dok Mai Si Thong’; NFD, dry season 

‘Nam Dok Mai No. 4’; NFR, rainy season ‘Nam Dok Mai No. 4’) ( ). FAME, fatty acid methyl ester; 

FFA, free fatty acid; 0–8 D, 0–8 days of ripening. 

According to AHC analysis, a dendrogram was produced that contained four groups 

(Figure 8). The first group represented fruits at 0 days of ripening; the second group 

contained dry and rainy season ‘Nam Dok Mai’ cultivars at 2 days of ripening. The third 

group in the dendrogram contained 4-day ripened mangoes. Finally, the fourth group was 

subdivided into two subgroups containing the two mango cultivars within the dry and 

rainy season: (i) fruits at the 6-day ripening stage and (ii) those at the 8-day ripening stage. 

AHC analysis showed that the 4-day ripening stage was similar to the 6- and 8-day stages 

in both dry and rainy season ‘Nam Dok Mai Si Thong’ cultivars, whereas the 2-day 

ripening stage was closer to 0 days of ripening. This relationship likely reflects the 

metabolomic–flavoromic constituents that shifted among the various ripening stages of 

‘Nam Dok Mai’ mango cultivars during ripening. In summary, changes to metabolites 

and volatile organic compounds were observed along the ripening stages, from 0 to 8 

days, in ‘Nam Dok Mai’ mango cultivars. Although it was differentiated in the PCA biplot, 

AHC did not show differentiation of season to be genetics-based but rather due to 

ripening. 
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Figure 8. Agglomerative hierarchical clustering analysis of ‘Nam Dok Mai Si Thong’ mangoes from 

the dry and rainy season at different ripening stages (p ≤ 0.05). STD, dry season ‘Nam Dok Mai Si 

Thong’; STR, dry season ‘Nam Dok Mai Si Thong’; NFD, dry season ‘Nam Dok Mai No. 4’; NFR, 

rainy season ‘Nam Dok Mai No. 4’; 0–8 D, 0–8 days of ripening. Blue branch: fruits at 4 D, 6 D and 

8 D at ripening stages, red branch: fruits at 2 D at ripening stages and green branch: fruits at 0 D 

ripening stage. 

2.4. Correlation Analysis 

Pairwise correlation between metabolites was used to assess metabolic relationships 

among metabolites and the coordination of metabolic changes during the ripening of 

mangoes (Figure 9). According to the genetic similarity and minor seasonal variation 

between the two ‘Nam Dok Mai’ genotypes, metabolites and volatiles content showed 

equivalent distribution in the correlation analysis. However, significant correlations were 

observed based on the formation of compounds according to the different ripening stages. 

Lipophilic extracts, such as FAMEs, FFAs, fatty alcohols, free fatty acids, and sterols were 

slightly higher in ‘Nam Dok Mai No. 4’ and strongly correlated with the polar extracts 

citric and malic acid, fumaric acid, and 4-hydroxybutyric acid. Additionally, sugars, 

amino acids, and organic acids were relatively abundant in ‘Nam Dok Mai Si Thong’ and 

positively correlated with volatile organic compounds. As organic acids and sugars are 

critical components in the perception of mango fruit, ‘Nam Dok Mai Si Thong’ could be 

considered to possess a more attractive flavor than that of ‘Nam Dok Mai No. 4’. 
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Figure 9. Pairwise triangular heat map correlation analysis among the metabolites and volatile organic compounds of 

mangoes at different ripening stages (p ≤ 0.05). Positive correlations (r > 0.3) with green color scale (r > 0.7 indicates a strong 

positive correlation). Negative correlations (r < −0.3) with red color scale (r < −0.7 indicates a strong negative correlation). 

As previously described by Wattanakul et al., amino acids play as the substrates for 

the formation of higher levels of alcohols and volatile acids as the result of the Ehrlich 

pathway [38]. Most FAMEs, FFAs, fatty alcohols, and sterols were strongly and negatively 

correlated with volatiles. In contrast, FAME and some amino acids such as glycine, 

leucine, succinic acid, threonine, histidine, and tyrosine resulted in no significant 

correlation between them. However, some of the unknown metabolite compounds were 

negatively correlated with volatile organic compounds. Therefore, the unknown 

metabolites from this study, as well as the volatile organic compounds, should be 

investigated further in subsequent research. The metabolite compounds detected in the 

present study are responsible for forming fragrant volatile organic compounds in the two 

mango cultivars during various ripening stages across two seasons. Therefore, the 

different ripening stages of ‘Nam Dok Mai’ mango cultivars would likely acquire high 
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levels of bioactive compounds and desirable aroma compounds that would be favorable 

to further processing of mango products. 

3. Materials and Methods 

3.1. Chemicals and Reagents 

Solvents and reagents, which were all of HPLC and analytical grade, were purchased 

from Thermo Fisher Scientific (Waltham, MA, USA). All standard chemicals, which were 

reagent grade, were purchased from Sigma-Aldrich (St. Louis, MO, USA). For the 

identification of metabolites, lauric acid methyl ester (12:0 FAME), myristic acid methyl 

ester (14:0 FAME), pentadecanoic acid methyl ester (15:0 FAME), pentadecenoic acid 

methyl ester 15:1 FAME, palmitic acid methyl ester (16:0 FAME), palmitoleic acid methyl 

ester (16:1 FAME), steric acid methyl ester (18:0 FAME), oleic acid methyl ester (18:1 

FAME), linoleic acid methyl ester (18:2 FAME), linolenic acid methyl ester (18:3 FAME), 

erucic acid methyl ester (22:1 FAME), tricosanoic acid methyl ester (23:0 FAME), nonanoic 

acid (9:0 FFA), lauric acid (12:0 FFA), methyl-p-hydroxy cinnamate, methyl ferulate, 

hexadecanol (16:0-OH), steric acid (18:0 FFA), oleic acid (18:1 FFA), linoleic acid (18:2 

FFA), linolenic acid (18:3 FFA), arachidyl alcohol (20:0-OH), linoleyl alcohol (9,12-OH 

18:0), behenyl alcohol (22:0-OH), 1-octacosanol (28:0-OH), campesterol, β-sitosterol, 

sitostanol, stigmasterol, gramisterol, Δ7-avenasterol, citrostradienol, glycerol, fructose, 

glucose, mannitol, sorbitol, myo-inositol, sucrose, trehalose, glycine, 4-hydroxybutyric 

acid, leucine, isoleucine, proline, succinic acid, fumaric acid, threonine, β-aminoisobutyric 

acid, malic acid, pyroglutamic acid, γ- aminobutyric acid, threonic acid, glutamine, citric 

acid, histidine, and tyrosine were used as the authentic metabolite standards. 

3.2. Fruit Selection and Ripening Condition 

The mango samples were acquired from a Saraburi commercial orchard. Dry and 

rainy season mango samples were collected at 90–100 days after the fruit set and 

immediately transported to the laboratory at Kasetsart University, Bangkok, Thailand. 

Dry season samples were collected in mid-March, and rainy season samples were 

collected at the end of June. The fruits were selected according to their homogeneity in 

weight (400–420 g), length (14–16 cm), and width (7–9 cm). To control the ripening index, 

the uniform densities of the fruits were applied using 3% NaCl solution and sinkage in a 

1% NaCl solution [39]. The selected samples were allocated in a controlled temperature 

storage chamber at 30 ± 2 °C and 75% ± 2% relative humidity to admit ripening. The 

samples were then taken after 0, 2, 4, 6, and 8 days of ripening. 

3.3. Sample Preparation 

After collecting the mango samples according to their days of ripening, the samples 

were washed, peeled, cut into 1 cm cubes, and freeze-dried in a Gamma 2-16 LSC freeze-

drying machine (Martin Christ, Osterode am Harz, Germany). Freeze-dried samples were 

mill into a powder with an RS 300 rotor mill (Retsch, Haan, Germany). This powder was 

stored at −20 °C till it was analyzed. 

3.4. Metabolomics 

3.4.1. Sample Extraction and Phase Separation 

Extraction and fractionation of the samples were performed as previously described 

by Na Jom et al. [40] with a slight modification. The method of extraction covered a full 

range of lipophilic and hydrophilic low-molecular-weight compounds with two 

replications. The dried lipid fraction was re-dissolved in a combination of 500 µL methyl 

tert-butyl ether, 300 µL methanol, and 50 µL sodium-methylate for transesterification. 

Then, 1 mL dichloromethane and 2 mL 0.35 M hydrochloric acid solution were used to 

achieve selective hydrolysis. The 2 mL of 0.35 M hydrochloric acid solution was used to 

separate the upper phase. The lower phase, which included transmethylated lipids, was 
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collected and dried by evaporation. With 250 µL of dichloromethane, the lipid residue 

was re-dissolved. Elution with varied ratios of hexane:methyl tert-butyl ether solution 

was used to fractionate transmethylated lipids, FAME, and polar lipids. Using a solid-

phase microextraction C18-LP cartridge (VertiPakTM, C18-LP (Large Pore) Solid-phase 

extraction, Vertical Chromatography Co. Ltd.; Nonthaburi, Thailand), the ratio for fatty 

acid methyl esters was 100:2 v/v and 70:20 v/v for polar lipids. A parallel evaporator was 

used to evaporate all of the eluents at 50 °C. The fatty acid methyl ester (FAME) residue 

from the dried fraction was re-dissolved in 300 µL of hexane and kept in a glass amber 

vial. At 70 °C for 15 min, the dried fraction polar lipids were silylated with 250 µL pyridine 

and 50 µL N-trimethylsilyl-N-methyl trifluoroacetamide. Lipid fractions were stored at 

−20 °C until using gas chromatography-flame ionized detection (GC-FID) (Hewlett 

Packard, Palo Alto, CA, USA) analysis. 

The 500 µL of polar extracts were evaporated till dry for the sugar fractionation. With 

300 µL of pyridine and 100 µL of trimethylsilylimidazole, the polar residue was silylated. 

Silylation was carried out for 15 min in a water bath at 70 °C. Then, for the layer separation 

process, 300 µL of hexane and 300 µL of deionized water were added to separate the 

silylated sugars and sugar alcohol from the sample. The solution was then diluted with 

300 µL of hexane, and the acid compounds were selectively hydrolyzed with 300 µL of 

deionized water. The GC-FID analysis was performed on the top layer of hexane, which 

contains silylated sugar compounds. The 1 mL of acids fractions was evaporated until dry 

with a parallel evaporator, then oximated with 300 µL of hydroxyl ammonium chloride 

in pyridine (2 mg/mL). After 30 min of oximation at 70 °C, silylation was performed by 

using 100 µL of N-methyl-N-(trimethylsilyl) fluoroacetamide to the reaction at 70 °C for 

15 min. The 500 µL of hexane and 300 µL of deionized water were used for selective 

hydrolysis. The silylated sugars in the upper phase were eliminated. By adding 150 µL of 

acetonitrile and 100 µL of MSTFA at 70 °C for 60 min, the bottom phase, which contained 

acid compounds was re-dissolved and silylated. For GC-FID analysis, the sample was 

immediately stored at −20 °C. All polar and lipid extracts obtained were analyzed by gas 

chromatography with flame ionization detection (GC-FID). 

3.4.2. GC-FID Analysis 

GC-FID analysis was performed by using gas chromatography (GC) conjoined with 

a flame ionization detector (Hewlett Packard, Palo Alto, CA, USA). The DB-1 capillary 

column (60 m × 0.32 mm × 0.25 μm film thicknesses) with a 100% dimethylpolysiloxane 

stationary phase (Agilent Technologies, Santa Clara, CA, USA) was used. Subsequently, 

1 μL of each sample was injected into the GC flame ionization detector in splitless mode. 

As the carrier gas, helium was used at 1.8 mL per min with a constant flow rate. The inlet 

temperature was 280 °C; the oven temperature program started at 100 °C and then ramped 

up to 320 °C at 4 °C per min before being held at 320 °C for 25 min; the detector 

temperature was 320 °C. 

3.5. Flavoromics 

3.5.1. Sample Extraction 

Volatile organic compounds analysis followed the method described by Charve et al. 

[41]. A solid-phase microextraction (SPME) fiber (75-μm carboxen/polydimethylsiloxane) 

was used to extract volatiles from the headspace of mango puree solution. The fiber was 

exposed to the headspace of samples for 10 min at room temperature. SPME extraction 

was conducted under an incubation temperature of 50 °C with an extraction time of 20 

min and with 0.3 g mL−1 of NaCl added to the samples. The samples were incubated at 50 

°C for 5 min with constant magnetic stirring (60× g) before the SPME extraction process. 

The fiber was desorbed into the injection port of a gas chromatograph (260 °C) for 10 min. 

An inlet liner (78.5 × OD 6.5 × ID 0.75 mm) was used. 
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3.5.2. GC-ToF-MS Analysis 

Analyses were conducted using a 6890N gas chromatograph arrayed with an HP-

5MS capillary column (30 m length, 0.25 mm id and 0.25 µm film thickness; J&W Scientific, 

Folsom, CA, USA) and paired with a time-of-flight mass spectrometer (Leco Corp., St. 

Joseph, MI, USA). The operating conditions were as follows: GC: split 5:1; oven 

temperature: initially 40 °C increasing by 5 °C per min to 150 °C and then 40 °C per min 

to 250 °C; TOF-MS: 40–280 u, centroid mode, 0.1 s scan time, 0.02 s inter-scan time, 2750 V 

and −70 eV. The GC chromatograms were compared using retention times, mass spectra 

of reference compounds, and mass spectra of library entries. 

3.6. Statistical Analysis 

Chromatographic areas of each metabolite were obtained and assimilated using the 

HP-ChemStation A.06.03 program (Hewlett Packard, Palo Alto, CA, USA). Flavor 

compounds were handled using ChromaTOF-GC Software v4.50.8.0 (Leco, St. Joseph, MI, 

USA). Identification involved using an analytical authentic standard comparison 

technique, and the process was semi-quantified using a comparative investigation with 

an internal standard area for metabolites and volatile organic compounds. Principal 

component analysis (PCA), agglomerative hierarchical clustering analysis (AHC), and 

Spearman’s rank correlations with a significance level of p ≤ 0.05 using the 

correlation/association test mode were performed using XLSTAT-base version 2020.5 

(Addinsoft, NY, USA). 

4. Conclusions 

Here, a comparative investigation of combined metabolomics-flavoromics was 

conducted that provided new insights into the different ripening stages of two ‘Nam Dok 

Mai’ cultivars across two seasons. Mangoes from the dry and rainy seasons were highly 

similar with approximately equal loads of various micromolecules. Sucrose at 6–8 days, 

citric and malic acid at 0–2 days, glycine and leucine at 4 days, and ethyl octanoate and 

ethyl decanoate at 8 days of ripening could be used as quality biomarkers for ‘Nam Dok 

Mai Si Thong’. In contrast, palmitic, linoleic, and linolenic acid at 0 days and β-sitosterol 

at 0–4 days of ripening could be used as quality biomarkers for ‘Nam Dok Mai No. 4’. In 

conclusion, ‘Nam Dok Mai Si Thong’ and ‘Nam Dok Mai No. 4’ cultivars could show 

substantial genetic viability across cultivars and seasons by demonstrating an equivalent 

distribution of metabolomics-flavoromics constituents at various ripening stages. The 

integration of combined metabolomics-flavoromics approach provided a useful tool 

applied for characterizing the remarkable alterations pointing out biomarker compounds 

that occur in ‘Nam Dok Mai’ mango cultivars during different ripening stages within the 

dry and rainy seasons. 

Author Contributions: Conceptualization, K.N.J.; Formal analysis, Y.L.A.; Funding acquisition, 

Y.L.A.; Investigation, Y.L.A.; Methodology, Y.L., P.R., S.S.-t. and K.N.J.; Supervision, K.N.J.; 

Writing—original draft, Y.L.A.; Writing—review and editing, Y.L., P.R., S.S.-t., and K.N.J. All 

authors have read and agreed to the published version of the manuscript. 

Funding: Financial support for this study was provided by an Agro-Industry Scholarship from the 

Faculty of Agro-Industry, Food Science and Technology, Graduate School of Kasetsart University, 

and Thailand Research Fund (TRF) Bangkok, Thailand. 

Institutional Review Board Statement: Not applicable. 

Informed Consent Statement: Not applicable. 

Data Availability Statement: The data that support the findings of this study are accessible on 

request from the corresponding author. The data are not publicly available due to privacy or ethical 

restrictions. 



Plants 2021, 10, 2198 16 of 17 
 

 

Acknowledgments: We would like to express our deep and sincere gratitude to Agro-Industry 

Scholarship, Faculty of Agro-Industry, Graduate School Scholarship, Kasetsart University, and 

Thailand Research Fund for their financial support. We are also thankful to the Department of Food 

Science and Technology for providing using the laboratory equipment and Research and 

Development Center, Kasetsart University, for their providing an English proofreading service. 

Conflicts of Interest: The authors declare that they have no competing interests. The authors declare 

that they have no known competing financial interests or personal relationships that could have 

appeared to influence the work reported in this paper. 

References 

1. FAO. Food and Agriculture Organization of the United Nations. 2013. Available online: FAO Statistics Rome, Italy. Available 

from: http//faostat.fao.org/. (accessed on 24 June 2016).  

2. Dar, M.S.; Oak, P.; Chidley, H.; Deshpande, A.; Giri, A.; Gupta, V. Nutrient and Flavor Content of Mango (Mangifera Indica L.) 

Cultivars: an Appurtenance to the List of Staple Foods. In Nutritional Composition of Fruit Cultivars; Academic press, London, 

UK Elsevier: 2016; pp. 445–467. 

3. Rimkeeree, K.; Charoenrein, S. Effect of Cultivar and Ripening Stage on Quality and Microstructure of Frozen Mangoes 

(Mangifera indica Linn). Int. J. Food Prop. 2014, 17, 1093–1108. 

4. Chanasut, U.; Jindaluang, J.; Techakaew, S.; Kumpoun, W. Cell Death Due to Chilling Injury of Mango Cultivars′ Nam Dok Mai 

No. 4′,′Nam Dok Mai Si Thong'and'Mahachanok'during Low Temperature Storage. In VIII International Postharvest Symposium: 

Enhancing Supply Chain and Consumer Benefits-Ethical and Technological Issues 1194; International Society for Horticultural Science: 

Leuven, Belgium, 2016; pp. 405–410. 

5. Pandit, S.S.; Mitra, S.; Giri, A.P.; Pujari, K.H.; Patil, B.P.; Jambhale, N.D.; Gupta, V.S. Genetic diversity analysis of mango 

cultivars using inter simple sequence repeat markers. Curr. Sci. 2007, 93, 1135–1141. 

6. Karihaloo, J.L.; Dwivedi, Y.K.; Archak, S.; Gaikwad, A.B. Analysis of genetic diversity of Indian mango cultivars using RAPD 

markers. J. Hortic. Sci. Biotechnol. 2003, 78, 285–289. 

7. Pandit, S.S.; Chidley, H.G.; Kulkarni, R.S.; Pujari, K.H.; Giri, A.P.; Gupta, V.S. Cultivar relationships in mango based on fruit 

volatile profiles. Food Chem. 2009, 114, 363–372. 

8. Chin, C.F.; Teoh, E.Y.; Chee, M.J.Y.; Al-Obaidi, J.R.; Rahmad, N.; Lawson, T. Comparative proteomic analysis on fruit ripening 

processes in two varieties of tropical mango (Mangifera Indica). Protein J. 2019. 38, 704–715. 

9. Prasanna, V.; Prabha, T.; Tharanathan, R. Fruit ripening phenomena–An overview. J. Crit. Rev. Food Sci. 2007. 47, 1–19. 

10. Pacchiarotta, T.; Nevedomskaya, E.; Carrasco-Pancorbo, A.; Deelder, A.M.; Mayboroda, O.A. Evaluation of GC-APCI/MS and 

GC-FID as a complementary platform. J. Biomol. Tech. JBT 2010. 21, 205. 

11. Jumhawan, U.; Putri, S.P.; Yusianto; Bamba, T.; Fukusaki, E. Application of gas chromatography/flame ionization detector-

based metabolite fingerprinting for authentication of Asian palm civet coffee (Kopi Luwak). J. Biosci. Bioeng. 2015, 120, 555–561. 

12. Hübschmann, H.-J. Handbook of GC-MS: Fundamentals and Applications; John Wiley & Sons: Hoboken, NJ, USA, 2015. 

13. Shiga, K.; Yamamoto, S.; Nakajima, A.; Kodama, Y.; Imamura, M.; Sato, T.; Uchida, R.; Obata, A.; Bamba, T.; Fukusaki, E. 

Metabolic Profiling Approach To Explore Compounds Related to the Umami Intensity of Soy Sauce. J. Agric. Food Chem. 2014, 

62, 7317–7322. 

14. Taguchi, K.; Fukusaki, E.; Bamba, T. Simultaneous analysis for water- and fat-soluble vitamins by a novel single 

chromatography technique unifying supercritical fluid chromatography and liquid chromatography. J. Chromatogr. A 2014, 1362, 

270–277. 

15. Jumhawan, U.; Putri, S.P.; Yusianto; Marwani, E.; Bamba, T.; Fukusaki, E. Selection of Discriminant Markers for Authentication 

of Asian Palm Civet Coffee (Kopi Luwak): A Metabolomics Approach. J. Agric. Food Chem. 2013, 61, 7994–8001. 

16. Miklaszewska, M.; Banaś, A.; Królicka, A. Metabolic engineering of fatty alcohol production in transgenic hairy roots of Crambe 

abyssinica. J. Biotechnol. Bioeng. 2017, 114, 1275–1282. 

17. Rowland, O.; Domergue, F. Plant fatty acyl reductases: Enzymes generating fatty alcohols for protective layers with potential 

for industrial applications. J. Plant Sci. 2012, 193, 28–38. 

18. Reineccius, G. Flavor Chemistry and Technology; CRC Press: Boca Raton, FL, USA, 2005. 

19. Song, J.; Bangerth, F. Fatty acids as precursors for aroma volatile biosynthesis in pre-climacteric and climacteric apple fruit. J. 

Postharvest Biol. Technol. 2003, 30, 113–121. 

20. Sweetman, C.; Deluc, L.G.; Cramer, G.R.; Ford, C.M.; Soole, K.L. Regulation of malate metabolism in grape berry and other 

developing fruits. Phytochemistry 2009. 70, 1329–1344. 

21. Bernardes-Silva, A.P.F.; Lajolo, F.M.; and Cordenunsi, B.R. Evolução dos teores de amido e açúcares solúveis durante o 

desenvolvimento e amadurecimento de diferentes cultivares de manga. J. Food Sci.Technol. 2003, 23, 116–120. 

22. Batista-Silva, W.; Nascimento, V.L.; Medeiros, D.B.; Nunes-Nesi, A.; Ribeiro, D.M.; Zsögön, A.; Araújo, W.L. Modifications in 

Organic Acid Profiles During Fruit Development and Ripening: Correlation or Causation? J. Front. Plant Sci. 2018, 9, 1689. 

23. Saha, P.; Singh, J.P.; Sourav, S.; Humayun, A. Optimization of citric acid and malic acid to enhance flavour and shelf life of 

mango juice. J. Chem. Pharm. Res. 2013. 5, 90–95. 



Plants 2021, 10, 2198 17 of 17 
 

 

24. Durrani, Y.; Zeb, A.; Ayub, M.; Ullah, W.; Muhammad, A. Sensory evaluation of mango (Chaunsa) pulp preserved with addition 

of selected chemical preservatives and antioxidant during storage. Sarhad J. Agric. 2011. 27, 471–475. 

25. Génard, M.; Lescourret, F.; Gomez, L.; Li, S.-H. Influence of assimilate and water supply on seasonal variation of acids in peach 

(cv Suncrest). J. Sci. Food Agric. 2002, 82, 1829–1836. 

26. Thakur, A.; Singh, Z. Responses of ‘Spring Bright’and ‘Summer Bright’nectarines to deficit irrigation: Fruit growth and 

concentration of sugars and organic acids. J. Sci. Hortic. 2012, 135, 112–119. 

27. Spironello, A.; Quaggio, J.A.; Teixeira, L.A.J.; Furlani, P.R.; Sigrist, J.M.M. Pineapple yield and fruit quality effected by NPK 

fertilization in a tropical soil. Rev. Bras. Frutic. 2004, 26, 155–159. 

28. Kumar, A.R.; Kumar, N. Sulfate of potash foliar spray effects on yield, quality, and post-harvest life of banana. J. Better Crop. 

2007, 91, 22–24. 

29. Léchaudel, M.; Joas, J.; Caro, Y.; Génard, M.; Jannoyer, M. Leaf:fruit ratio and irrigation supply affect seasonal changes in 

minerals, organic acids and sugars of mango fruit. J. Sci. Food Agric. 2004, 85, 251–260. 

30. Wang, S.Y.; Camp, M.J. Temperatures after bloom affect plant growth and fruit quality of strawberry. J. Sci. Hortic. 2000, 85, 

183–199. 

31. Gautier, H.; Rocci, A.; Buret, M.; Grasselly, D.; Causse, M. Fruit load or fruit position alters response to temperature and 

subsequently cherry tomato quality. J. Sci. Food Agric. 2005, 85, 1009–1016. 

32. Burdon, J.; Lallu, N.; Yearsley, C.; Osman, S.; Billing, D.; Boldingh, H. Postharvest conditioning of Satsuma mandarins for 

reduction of acidity and skin puffiness. J. Postharvest Biol. Technol. 2007, 43, 102–114. 

33. Hui, Y.H.; Chen, F.; Nollet, L.M.; Guiné, R.P.; Martín-Belloso, O.; Mínguez-Mosquera, M.I.; Paliyath, G.; Pessoa, F.L. Handbook 

of Fruit and Vegetable Flavors; Wiley Online Library: Hoboken, NJ, USA, 2010; Volume 64. 

34. Li, L.; Ma, X.W.; Zhan, R.L.; Wu, H.X.; Yao, Q.S.; Xu, W.T.; Luo, C.; Zhou, Y.G.; Liang, Q.Z.; Wang, S.B. Profiling of volatile 

fragrant components in a mini-core collection of mango germplasms from seven countries. PLoS ONE 2017, 12, e0187487. 

35. Jiang, Y.; Song, J. Fruits and Fruit Flavor: Classification and Biological Characterization. In Handbook of Fruit and Vegetable 

Flavors; John Wiley & Sons: Hoboken, NJ, USA, 2010; pp. 1–23. 

36. Brückner, B.; Wyllie, S.G. Fruit and Vegetable Flavour: Recent Advances and Future Prospects Woodhead Publishing, Elsevier, 

Philadelphia, PA, USA, 2008. 

37. Jolliffe, I.T.; Cadima, J. Principal component analysis: a review and recent developments. J. Philos. Trans. R. Soc. A Math. Phys. 

Eng.Sci. 2016, 374, 20150202. 

38. Wattanakul, N.; Morakul, S.; Lorjaroenphon, Y.; Na Jom, K. Integrative metabolomics-flavoromics to monitor dynamic changes 

of ′Nam Dok Mai′ mango (Mangifera indica Linn) wine during fermentation and storage. J. Food Biosci. 2020, 35, 100549. 

39. Sriwimon, W.; Boonsupthip, W. Utilization of partially ripe mangoes for freezing preservation by impregnation of mango juice 

and sugars. J. LWT-Food Sci.Technol. 2011, 44, 375–383.  

40. Na Jom, K.; Chanput, W.; Ngampongsai, S. Effect of genetic and climatic variability on the metabolic profiles of black gram 

(Vigna mungo L.) seeds and sprouts. J. Sci. Food Agric. 2015, 95, 1662–1669. 

41. Charve, J.; Chen, C.; Hegeman, A.D.; A Reineccius, G. Evaluation of instrumental methods for the untargeted analysis of 

chemical stimuli of orange juice flavour. J. Flavour Fragr. 2011, 26, 429–440. 

 


