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ABSTRACT: Comprehensive volatile profiling of three banana varieties, Zhongjiao 8, Baodaojiao, and Jinyu 2203,
was performed across multiple tissues and ripening stages, namely leaf vein (LV), leaf (L), unripe peel (UP), unripe
fruit (UF), ripe peel (RP), and ripe fruit (RF), using (Headspace Solid-Phase Microextraction/Gas Chromatography-
Mass Spectrometry) HS-SPME-GC-MS to characterize volatile organic compounds (VOCs) associated with aroma
development, fruit quality, and post-harvest characteristics. Approximately 450 VOCs were retained after analytical
filtering, with alcohols, esters, aldehydes, ketones, and terpenes representing the dominant chemical classes. Key
tentatively identified volatile compounds, including 1-pentanol-3-methyl, (S)-(+)-3-methyl-1-pentanol, 1-hexanol,
hexanal, propanoic acid pentyl ester, and butanoic acid pentyl ester, contributed to volatile differentiation among tissues
and ripening stages. Descriptive statistical analysis confirmed variation in volatile profiles across vegetative and
fruit tissues. Chemometric and multivariate analyses revealed tissue- and variety-dependent variation in volatile
profiles. PCA explained 20.93% of total variance and revealed variation patterns among developmental stages, while
RP and RF stages exhibited closer clustering, indicating convergent volatile profiles during fruit ripening. Non-metric
multidimensional scaling (NMDS), hierarchical clustering, and heatmap visualization further confirmed tissue- and
variety-specific volatile differentiation. Contour plots demonstrated higher total volatile concentrations in RP and RF
tissues, whereas stacked bar analysis showed predominance of esters and alcohols in ripened tissues and comparatively
higher aldehyde and ketone abundance in vegetative and unripe stages. These VOCs are associated with aroma
characteristics, fruit quality, sensory attributes, and potential functional properties related to edible plant systems.
Variety-specific trends indicated that ZJ8 maintained broader volatile continuity patterns across developmental stages,
suggesting its potential for maintaining fruit quality and postharvest utilization. BD]J exhibited strong ripe-stage ester
enrichment associated with intense fruity aroma characteristics, whereas JY2203 displayed precursor-rich volatile
profiles linked with progressive aroma development and enhanced fresh-fruit quality attributes. These findings
provide new insights into volatile diversity across banana tissues and ripening stages and highlight their relevance to
fruit quality evaluation, postharvest utilization, and future horticultural improvement programs.
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1 Introduction

Banana is one of the most important fruit crops in the world economically and has great nutritional
value. It also plays a major role in human diets globally, especially in the Tropical and Sub-tropical regions
of the World [1,2]. The popularity of bananas is not only based on their high levels of carbohydrates,
vitamins, and minerals but also upon its unique aroma and flavor, which also affect consumer choices, field
acceptability, and industrial use [3,4]. The aroma of fruits is regulated by a complex interaction of volatile
organic compounds (VOCs), formed through many intertwined metabolic pathways, throughout the process
of tissue differentiation, fruit growth, and fruit maturation [5,6]. Lipid oxidation, amino acid breakdown,
carotenoid splitting, and secondary metabolism create a variety of chemical molecules such as esters,
alcohols, aldehydes, ketones, acids, and terpenes that are collectively labelled as volatile compounds [7,8].

Bananas are climacteric fruits that undergo distinct physiological and biochemical modifications
during their ripening process, characterized by the following criteria: increased respiration, production
of ethylene, hydrolysis of starch, accumulation of sugars, transformation of pigments, and reworking of
the cell wall [9,10]. A significant change occurs in the volatile biosynthesis and the aroma profile of fruit
during the maturation process; therefore, these coordinated metabolic transitions will affect the volatile
profile during fruit ripening [6,7]. The sweet-fruity ripe-banana aroma is primarily produced from esters,
while aldehydes and alcohols produce a green, grassy, and fresh taste associated with immature tissues [5].
A dynamic equilibrium between these volatile groups indicates how metabolic events progress through
both the development of fruit and how fruits behave after harvest [11].

Recent improvements in food metabolomics and analytical chemistry have enhanced the characteriza-
tion of fruit aroma compounds using gas chromatography-mass spectrometry (GC-MS)-based systems [12].
The Headspace Solid-Phase Microextraction-Gas Chromatography-Mass Spectrometry (HS-SPME/GC-MS)
is a highly reliable and frequently utilized technique available for volatile compound profiling due to high
sensitivity, solventless extraction, and low-abundance aromatic compound detection capabilities [1,7]. The
generation of volatile datasets through GC-MS often creates large, chemically complex datasets which
require sophisticated statistical analysis and chemometric tools to allow adequate biological interpretations
of such data. Thus, multivariate analysis methods such as principal component analysis (PCA), hierarchical
clustering analysis (HCA), heatmap visualization, and non-metric multidimensional scaling (NMDS) are
increasingly being utilized in metabolic relationships/associations (classifying samples into groups) and
describing aroma profiles based on tissue or genotype of horticultural crops. These complementary analyses
enable visualization of sample relationships, compound clustering, and overall metabolic variation [5].

Although there is growing interest in the chemistry of banana aroma, most previous studies have
concentrated on either ripe banana pulp tissue or the physiology of bananas after harvest. Relatively little
research has examined the interrelationships among banana vegetative tissues (such as leaf and leaf veins),
banana peel tissue, bananas developing at immature stages of development (for example, unripe fruit), and
genetically different varieties of bananas [8,13,14]. In addition, there is still a lack of research to conduct on
volatile metabolism in tissues associated with leaves and during transitional stages of ripening. However,
this information will be important since each type of tissue has a different physiological function and a
very different metabolic environment to potentially influence how volatiles are biosynthesized and their
eventual levels within each tissue type [6,15].

Numerous volatile compounds found in bananas have not only sensory importance but also functional
and industrial relevance due to their potential antioxidant properties, ability to enhance natural flavors, use
for food processing, and support in the development of products intended for consumers [8]. Comprehensive
characterization of the relationship between tissue types and development stages with respect to volatile
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dynamics is required to gain insight into the understanding of banana aroma metabolism, as well as to
support future research in the areas of food chemistry (i.e., quality enhancement) and flavour-based cultivar
selection [3,16]. In this respect, the integration of chemometrics along with gas chromatogr GC-MS) using
an integrated database represents a strong foundation for furthering our understanding of the complexity
of banana volatile metabolism and aroma differentiation within specific tissue types.

2 Materials and Methods
2.1 Plant Materials and Sample Collection

Three distinct banana varieties were sampled to characterize their volatile compound profiles across
different tissues and developmental stages, representing diverse genetic backgrounds in this study. Jinyu
2203 (JY2203) was bred by the Guangxi Academy of Agricultural Sciences and introduced for cultivation in
Hekou County, China. Zhongjiao 8 (Z]8) was bred by the Guangdong Academy of Agricultural Sciences and
subsequently introduced for cultivation in Hekou County, China. Baodaojiao (BDJ) was jointly selected and
introduced by the Chinese Academy of Tropical Agricultural Sciences and Guangxi Agricultural College
for cultivation in Hekou County, China. The JY2203, the Musa nana (or Musa ABB Pisang Awak) banana
variety, is a hybrid banana with a firm texture and a moderate level of sweetness. The ZJ8 and BDJ banana
belongs to the Musa acuminata (AAA genome), which corresponds to types of Xiangyajiao bananas that
have softer flesh and higher sweetness levels. Six sample groups were created based on tissue, with varieties
consisting of leaf veins (LV), leaves (L), unripe peel (UP), unripe fruit (UF), ripe peel (RP), and ripe fruit
(RF) at various growth stages. The fruit developmental stages were categorized as unripe and ripe based
on external maturity characteristics at the time of sampling. The unripe fruits exhibited a green peel
appearance, whereas the ripe fruits exhibited a yellow peel appearance with some black spots. These stages
represented early fruit development and advanced ripening stages, respectively. Each sample type was
examined in triplicate, resulting in a total of 54 samples (3 varieties x 6 sample types x 3 replications). All
samples had been freshly collected and promptly processed for volatile extraction to minimize potential
changes in volatile composition caused by evaporation or degradation before GC-MS analysis.

2.2 Extraction of Volatile Compounds

The extraction of the volatile compounds was performed using headspace solid-phase microextraction
(HS-SPME); this is a common and acceptable way to extract volatile organic compounds from food matrices
and is a solvent-free procedure. Approximately 10 g of fresh sample material was accurately weighed
with an electronic balance (JE2002, Shanghai Shangpu Instrument Equipment Co., Ltd.) and transferred
into a sealed headspace flask. The sample was heated at 60°C for 5 min, after which Stableflex SPME fiber
(Shanghai Anpu Experimental Technology Co., Ltd.) was inserted through a sealed membrane to collect
volatile compounds from the sample via static headspace extraction at 60°C for 15 min. HS-SPME techniques
have been used widely in banana aroma analysis for their high sensitivity and low sample disturbance,
allowing for efficient isolation of low-concentration volatile compounds.

2.3 GC-MS Analysis

GC-MS analysis of the material was conducted at the Biotechnology and Germplasm Resources
Institute, Yunnan Academy of Agricultural Sciences, Kunming, China. Chromatographic separation was
achieved using a DB-WAX capillary column (30 m x 0.25 mm; 0.25 pum film thickness) with high-purity
helium (99.99%) used as the carrier gas at a constant flow rate of approximately 0.8-1.0 mL/min. The
oven temperature ramp started at 40°C, was held for 3—-5 min, and increased gradually at a heating rate of
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3-5°C/min to the final temperature of 230°C, held for 5-10 min. The injector temperature was maintained
between 240-250°C. Detection was made through mass spectrometry in electron ionization (EI) mode using
70 eV electron beam, with a m/z 30-550 scan mass range. Volatile compounds were tentatively identified
based on comparison of mass spectra generated from GC-MS analysis with the NIST Mass Spectral Library
database. Library matching similarity index (SI) values were considered during compound annotation, and
compounds with SI values above 80 were accepted as tentative identifications. Absolute concentrations
(ng/g) obtained from the GC-MS output were used for comparative analysis among tissues, developmental
stages, and cultivars. The same data processing procedure (following Section 2.4) was consistently applied
to all samples to ensure comparability of volatile profiles across the dataset.

2.4 Data Preprocessing and Selection of Volatile Compounds

Duplicates and siloxanes were removed from the raw datasets; therefore, the raw dataset contained
many low abundance/high volatility compounds that had to be filtered out, resulting in approximately
450 reliable compounds. To identify the major common compound of each variety and tissue, a mean
concentration was used.

2.5 Statistical Analysis and Visualization

To measure and assess variability among all volatile compounds, descriptive statistics (means + standard
deviations) were determined using R software (v4.3.2) based on tissues, developmental stages, and varieties
of samples [17]. Data processing and visualization were performed using R packages including ggplot2,
dplyr, tidyr, vegan, and pheatmap. The relative contribution of chemical class types (alcohols, aldehydes,
esters, ketones, terpenes) was displayed graphically via stacked bar plots. Multivariate statistical analyses
(PCA, NMDS, hierarchical clustering, and heat maps) were conducted on the filtered dataset of major
volatile compounds to examine the chemical class differences related to tissues, stages, and varieties [18,19].
PCA allows for visualization of the relationships among samples, NMDS captures nonlinear differences
between samples, and clustering with heatmaps identifies volatile groups that are readily distinct from
one another [20,21]. Contour plots were generated last to depict the distribution and intensity of volatiles
across tissues and stages, with color gradients reflecting total concentrations, supporting comprehensive
evaluation of aroma profiles [19].

3 Results
3.1 Comparative Profiling of Major Volatile Compounds across Tissues and Developmental Stages

3.1.1 Leaf Vein (LV) Volatile Flavor Compounds

The volatile composition of LV tissues is characterized by the presence of aldehydes, esters, and
alcohols (Table S1). The compound that has the highest average concentration in ZJ8 is 9-henicosanal
(9.375 + 1.219), while the second most abundant compound in JY2203 is carbonic acid, ethyl-, methyl ester
(8.883 £ 1.155). In addition to these specific levels of 2-hexenal, tetradecanal, and nonanal were among the
most common aldehyde compounds detected in LV tissues during this study. Alcohol-related compounds
also contributed markedly to the LV volatile profiling. Compounds 2,2-difluoroethanol, TBDMS derivatives,
(7S,8S)-cis-syn-trans-tricyclo[7.3.0.0(2,6)|dodecane-7,8-diol, and 1-hexanol were recognized primarily in
JY2203 and BD] varieties.

Many ester compounds have been detected within LV tissue: D:A-friedo-2,3-secooleanane-2,3-dioic
acid dimethyl ester; phosphorous acid tris(decyl) ester; and tricyclo[6.3.1.0(2,5)]dodecan-1-ol acetate
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were most abundant in the BDJ. Ketone compounds involving 5-hydroxy-7-methoxy-6-methylflavone,
1-(cyclododec-1-en-1-yl)ethenone (1.802 + 0.144), and (2S,3S,6S)-6-isopropyl-3-methyl-2-(prop-1-en-2-yl)-3-
vinylcyclohexanone (1.782 + 0.214) were also classified among LV samples, representing the presence of
diverse secondary metabolite-related volatile compounds in LV tissues [22,23]. Ketones only terpene found
in the BDJ was o-pinene.

3.1.2 Leaf (L) Volatile Flavor Compounds

The leaf (L) tissues were characterized by a higher abundance of alcohol- and aldehyde-derived volatiles,
indicating the presence of volatile compounds commonly associated with green tissue characteristics
(Table S1). The most abundant volatile compounds from JY2203 are alcohol-derived volatiles like 1-penten-
3-ol, 1-dodecanol, 1-undecanol, and 1-decanol. The majority of detected ester compounds, including
2-hexenoic acid methyl ester and its (E) isomer, occurred in BD]J, while 2-thiopheneacetic acid, 3-tetradecyl
ester was detected in Z]8. The Leaf tissues showed the detection of ketones, specifically including (3-amino-
4,6-dimethylthieno[2,3-b]pyridin-2-yl)(phenyl) Methanone and (+)-2-bornanone. In addition, BDJ and ZJ8
contain a-pinene, suggesting the presence of terpene-related volatile characteristics in these tissues.

3.1.3 Unripe Peel (UP) Volatile Flavor Compounds

Unripe peel (UP) exhibited a volatile profile dominated by aldehydes and alcohols during the early
stages of fruit development; most of these volatiles reflect the occurrence of active protective and stress-
related metabolism (Table S1). The compound that had the highest mean concentration was nonanal
(6.004 + 0.621), followed by 1-hexanol (4.506 + 0.496), which was consistently found in all three varieties
of banana.

Unripe banana peel (UP) samples contained many alcohol-coupled volatiles, such as 1,10-decanediol,
(6Z)-nonen-1-ol, 1-pentanol, 4-methyl, and cyclohexanol. BDJ and JY2203 contained higher levels of ester
compounds, such as 2-thiopheneacetic acid, 3-tetradecyl ester; cyclopropanecarboxylic acid pentadecyl
ester; methacrylic acid tetradecyl ester; ethyl 4-benzoyl-3,5-dimethylbenzoate. Among UP tissues, we also
observed the presence of ketone compounds, amyl cyclopentenone, and 3-pentanone, which may indicate a
release of oxidatively metabolized materials.

3.1.4 Unripe Fruit (UF) Volatile Flavor Compounds

The phase of unripe fruit (UF) or pulp showed a higher abundance of alcohol-related volatile compounds,
indicating differences in volatile composition during early fruit development (Table S1). For example, in
JY2203, a mean concentration of 1-pentanol, 3-methyl-compound, while in JY2203 it was (S)-(+)-3-methyl-1-
pentanol, and 1-decanol were identified in BD] as the highest mean concentration of these three compounds.
The representation of aldehyde compounds in this study consisted of primarily isothiocyanatoacetaldehyde
dimethyl acetal (16.864 £ 1.349) and nonanal, which occurred predominantly in BDJ and ZJ8.

Alcoholic compounds like 1-Nonanol, Citronellol, 3-Hexen-1-ol, 1-Hexanol, 5-Methyl, and 1-Heptanol
added to the volatile diversity of UF. Among the UF samples there were Esters detected including E-11-
tetradecen-1-ol trifluoroacetate, cyclopropanecarboxylic acid nonyl ester, and cyclopropanecarboxylic acid
pentadecyl ester, which were not found in leaf and peel tissues.

3.1.5 Ripe Peel (RP) Volatile Flavor Compounds

The compound with the highest average concentration based on BDJ and ZJ8 was propanoic acid,
2-methyl-, pentyl ester (13.514 + 1.892), while at least 3-methyl-1-butanol acetate was consistently detected
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in all 3 varieties. Among RP tissues, a variety of butanoic and propanoic acid esters such as butanoic
acid butyl ester, acetic acid hexyl ester, butanoic acid, 3-methyl-, 3-methylbutyl ester, and propanoic acid,
2-methyl-, 3-methylbutyl ester, were detected in higher concentrations. The volatile diversity in RP tissues
was also characterized by other compounds, including 2-pentanol acetate, 2-heptanol acetate, butanoic
acid heptyl ester, and butanoic acid pentyl ester. All four of these esters are regularly recognized for their
association with fruity and floral aroma characteristics reported in previous studies. However, the only
alcohol-derived aroma that was detected at a relatively higher concentration was ethanol (5.318 + 0.425)
for all the tested varieties.

3.1.6 Ripe Fruit (RF) Volatile Flavor Compounds

Among all stages of development, the RF (ripe fruit) or pulp stage showed the most diverse volatile
composition due to the accumulation of esters, along with certain alcohols and aldehydes (Table S1). Com-
pared to unripe fruit tissues, the RF ones had a higher abundance of aroma-associated volatile compounds,
particularly esters, which are commonly related to sweet and ripe fruit aroma characteristics [5,8]. The
most abundant compounds detected was 1-hexanol (18.230 £ 2.734) in Z]J8, followed by 1-butanol, 3-methyl-,
acetate (14.078 + 0.985) across BDJ and JY2203, and butanoic acid pentyl ester (13.256 + 1.458) in ZJ8. Ester
compounds dominated RF tissues to a great extent, included pentanoic acid pentyl ester, propanoic acid,
2-methyl-, pentyl ester, propanoic acid, 2-methyl-, 3-methylbutyl ester, butanoic acid butyl ester, butanoic
acid, 3-methyl-, 3-methylbutyl ester. Aldehyde compounds like benzaldehyde, 2-hexenal, and hexanal have
also been found in RF tissues. While in earlier stages these aldehydes were associated mostly with green
and defensive aromas, it is possible that their appearance in ripe fruit adds to aroma balance and depth of
flavour, acting in concert with the more numerous ester compounds and alcohol compounds (1-pentanol
and 1-hexanol), which were also detected at relatively higher concentrations in RF tissues, contributing to
the overall volatile profile during ripening. Acetic acid hexyl ester, butanoic acid, 2-methylcyclohexyl ester,
and acetic acid butyl ester further contributed to the diverse volatile composition in the ripe pulp tissues.

3.2 Variety-Wise Distribution of Major Volatile Compounds
3.2.1 Baodaojiao (BD7)

BDJ was distinctly ester-based in volatile composition, and particularly at ripe peel (RP) and ripe fruit
(RF) stages, a higher abundance of ester-related volatile compounds was associated with ripening-related
aroma characteristics (Table S2). A representative compound was 1-butanol, 3-methyl-, acetate, found
mostly in the RP and RF tissues. This ester is associated with sweet banana-like and fruity aroma notes, is a
part of the major desirable ripe banana flavour. BD] also had relatively high concentrations of volatiles
associated with alcohol during the UF stage, such as 1-decanol (17.758 + 2.486), 1-nonanol (10.579 + 1.481),
and 1-hexanol (5.416 + 0.542). The presence of these volatile compounds in immature tissues suggests that
aroma-associated volatile components were already detectable before ripening completion. Accumulation
of aldehydes in BDJ was mainly represented by isothiocyanatoacetaldehyde dimethyl acetal (16.864 + 1.012)
during the UF stage. A characteristic of BD] is the greater diversity of butanoic and propanoic acid esters
detected in RP and RF stages, including propanoic acid, 2-methyl-, pentyl ester (11.695 £ 1.053), acetic acid
hexyl ester (7.607 + 0.913), butanoic acid butyl ester (5.856 £+ 0.020), and butanoic acid, 3-hexenyl ester
(Z/E forms).
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3.2.2 Zhongjiao 8 (Z78)

7J8 was comparatively more balanced yet showed a diverse volatile profile with the strong accumula-
tions of alcohols and ripening associated esters across development (Table S2). Unlike BDJ, where ester
values per development were predominantly at RP/RF, ZJ8 retained volatile compounds across vegetative,
immature, and ripe tissues. Among the identified compounds, 1-butanol (29.514 + 2.951) was present in
the highest mean concentrations and was found primarily in leaf (L) tissues. The high content of this
alcohol in vegetative tissues may reflect the presence of abundant alcohol-related volatile compounds
in vegetative tissues in ZJ8. Ripe-stage tissues from ZJ8 were characterized by higher concentrations of
esters, especially butanoic acid pentyl ester, propanoic acid, 2-methyl-, 3-methylbutyl ester, and propanoic
acid, 2-methyl-, pentyl ester (more strongly detected in RP and RF stages). Compounds associated with
alcohol such as (R)-(-)-(Z)-14-methyl-8-hexadecen-1-o0l, 1-hexanol, and 1-hexanol, 5-methyl also persisted
throughout UF and RF. Other aldehydes such as henicosanal (7.637 + 1.069) and 2-hexenal (6.036 + 0.362)
were also found to be present in the LV, L, RP, and RF, suggesting that ZJ8 maintains aldehyde-related
volatile characteristics across developmental stages. These may contribute to the overall volatile profile
together with ester-related compounds.

3.2.3 Jinyu 2203 (7Y2203)

JY?2203 produced a very dynamic volatile profile with high levels of alcohols in the immature fruit and
high levels of esters (Table S2) at the ripe stages. The major compound in JY2203 was 1-pentanol, 3-methyl-
(46.487 + 5.114), followed by (S)-(+)-3-methyl-1-pentanol (18.945 + 1.137), both mainly detected in UF. Such
alcohol-rich immature tissues of climacteric fruits are commonly associated changes in ester-related volatile
composition during later ripening stages. Among ripening associated compounds, pentanoic acid pentyl
ester was the most abundant ester in RF tissues, followed by butanoic acid, 3-methyl-, 3-methylbutyl ester.
JY2203 showed higher levels of ester-related volatile compounds during ripe stages, which are commonly
associated with ripe fruit aroma characteristics.

Detection of 1-butanol, 3-methyl-, acetate and several butanoic- and propanoic-acid esters across RP
and RF stages indicated the presence of diverse ripening-associated volatile compounds. In contrast to BDJ
and ZJ8, JY2203 also had a noticeable accumulation of 3-hexenal in leaf tissues and benzaldehyde during RF.
Possibly, the continued presence of benzaldehyde in ripe tissues provides an almond-like sweetness and
greater flavor depth. Likewise, citronellol was detected during UF and may provide floral and citrus-like
notes, contributing additional sensory complexity to this variety. Ethanol was detected in all organs/tissues
and development stages from L, UF, RP, and RF, suggesting the consistent presence of ethanol-related
volatile compounds across developmental stages.

3.3 Overall Volatile Profiling across Banana Varieties and Tissues

The integrated profiling of volatiles confirmed substantial differences across both banana varieties and
ripening stages, with appreciable contributions from alcohols, esters and aldehydes broadly representing
the major classes of aroma chemicals across the dataset (Table 1). These findings aligned with previous
stage-wise and variety-wise comparisons, which suggested that UF tissues preferentially accumulate alcohol-
associated precursor compounds, whilst RP and RF stages are notably enriched in fruity ester volatiles
associated with the volatile characteristics associated with ripening-related aroma development.

JY2203 presented the most intense alcohol-associated volatile profile due to the higher concentrations
of 1-pentanol, 3-methyl (46.487 + 4.184) and (S)-(+)-3-methyl-1-pentanol (18.945 + 2.842) during the UF
stage. These are important volatile compounds associated with aroma-related characteristics, alongside the
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occurrence of benzaldehyde (9.904 + 1.387) detected during RF that may increase almond-like sweetness
and flavor depth. Several alcohol and aldehyde associative volatiles identified in JY2203 have also been
reported to have antioxidant and antimicrobial bearing, and thus may have contribution to fruit quality
and edible value [3,24].

BDJ showed greater ripe-stage ester specialization, indicated by propanoic acid, 2-methyl-, pentyl
ester, butanoic acid pentyl ester, and 1-butanol, 3-methyl-, acetate accumulation during the RP and RF
stages [25]. All four are associated with banana-like, sweet, and tropical fruity aroma. These compounds
have previously been reported as aroma-associated volatiles in ripe fruits. On the other hand, ZJ8 showed
a more continuous profile of volatiles that were found in vegetative tissues into fruit. These included
1-butanol, 1-hexanol, 2-hexenal, henicosanal, as well as various butanoic- and propanoic-acid esters spread
across LV, L, UP, UF, RP, and RF stages. The presence of green aldehydes in combination with fresh alcohols
and fruity esters suggests the presence of a diverse volatile profile combining compounds associated with
vegetative and ripe fruit characteristics. Aldehydes such as 2-hexenal and henicosanal may also contribute
to volatile characteristics associated with freshness-related aroma profiles.

Table 1: Overall profiling of major flavor volatile compounds based on mean concentration using GC-MS analysis.

Compounds CC MC +SD RT Varieties TDS
1-Pentanol, 3-Methyl- Alcohol 46.487 + 4.184 8.671 JY2203 UF
1-Butanol Alcohol 29.514 + 4.132 6.914 VAL L
(S)-(+)-3-Methyl-1-Pentanol Alcohol 18.945 + 2.842 9.768 JY2203 UF
ISOthioD‘ji}r::}’f;fztiiehyde Aldehyde 16.864 + 2.024 6.011 BDJ UF
Propanoic Acid, 2-Methyl-, Ester 11.781 + 1.296 9.355 BDJ; ZJ8 RP; RF
Pentyl Ester
Butanoic Acid, Pentyl Ester Ester 11.262 + 0.901 8.846 BDJ; ZJ8 RP; RF
1-Butanol, 3-Methyl-, Acetate Ester 11.126 + 1.113 7.419 BDJ; JY2203; Z]8 RP; RF
1-Nonanol Alcohol 10.579 + 1.058 16.095 BD]J UF
Benzaldehyde Aldehyde 9.904 + 1.387 10.648 JY2203 RF
1-Pentanol Alcohol 9.42 + 0.754 5.806 JY2203 RF
1-Decanol Alcohol 9.271 £+ 1.298 13.994 BDJ; JY2203 UF; L
E'?j{iﬁi:}zzgtle_m Ester 9.116 + 0.821 21.441 VAL UF
Carbonic Aclifs’tghyl" Methyl Ester 8.883 & 1.244 4.967 Y2203 LV
3-Hexenal Aldehyde 7.877 £+ 0.866 5.402 JY2203; ZJ8 L; UP
1-Hexanol Alcohol 7.808 + 0.937 7.849 BDJ; JY2203; ZJ8 LV;UP; UF; RF

Note: Compound Name (CC), Retention Time (RT), Tissues and Developmental Stage (TDS), Zhongjiao 8 (Z]8), Baodaojiao (BD]),
Jinyu 2203 (JY2203), Data averaged over three replicates = Mean Concentrations (MC) + Standard Deviation.

3.4 Distribution Pattern of Volatile Compound Classes across Banana Tissues and
Developmental Stages

The classes of volatile compounds exhibited tissue- and genotype-dependent variation in volatile
composition across banana varieties (Fig. 1). Alcohols and esters were the predominant volatile groups
across developmental stages, while aldehydes, ketones, and terpenes appeared to show more stage-specific
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accumulation. This class-level organization of chemical variation was consistent with that seen in compound-
level profiling, confirming that volatile composition in bananas is strongly influenced by varietal background
and developmental stage, as mentioned in Fig. 1.

Vegetative tissues (LV, L) were primarily marked by aldehyde- and alcohol-associated volatile profiles
(notably in JY2203 and ZJ8). These compounds are generally related to lipid oxidation modes and incipient
defensive metabolic activity regarding actively growing tissues. A clear metabolic shift occurred with
greater accumulation of esters at UF, RP, and RF stages, particularly in BDJ and Z]J8, suggestive of activation
of the esterification pathways linked to ripening that are involved in generating the volatiles associated
with fruit maturation. Within the varieties, Z]J8 tissues exhibited the broadest cross-stage continuity of
volatile classes, with balanced contributions from alcohols, esters, and aldehydes across stages, suggesting
maintaining metabolic flexibility and sustained biosynthesis of volatiles from vegetative to ripe. BD] tissues
projected stronger ester representations during RP and RF, showing a concentrated ripe-fruit metabolic
profile consistent with more strongly expressed ripe-fruit aromas during tasting and postharvest uses.
Instead, JY2203 tissues exhibited stronger alcohol-dominance in UF tissues, indicating a higher contribution
of alcohol-related volatile compounds during early fruit development and dynamic changes in volatile
profiles across developmental stages.

Full Compound Class Distribution per Variety (All Compounds)
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Figure 1: Distribution of major volatile compound classes across tissues and developmental stages of banana varieties
based on GC-MS analysis.

3.5 Hierarchical Clustering and Similarity Analysis of Volatile Compounds

Hierarchical clustering analysis consistently demonstrated strong tissue- and developmental stage-
dependent organization of the volatile profiles across varieties (Figs. 2 and 3). RP and RF samples formed
closely associated clusters enriched with ester-related volatile compounds, while LV and L tissues clus-
tered separately, revealed by their higher abundance of aldehydes, alcohols, and vegetative-associated

volatile compounds.
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Hierarchical Clustering Heatmap of Banana major Flavor Volatile Compounds (Tissue and Developmental stage wise among all varieties)
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Figure 2: Hierarchical clustering heatmap of major flavor-related volatile compounds across tissues and developmental
stages of banana varieties based on GC-MS analysis.

UF tissues clustered together with particularly high enrichment of precursor associated alcohols such
as 1-pentanol, 3-methyl-, 1-decanol, and other long-chain alcohol derivatives relative to other fruit tissues.
The relative abundance of 1-pentanol, 3-methyl- suggests that immature pulp tissues may act as a tissue
with higher levels of this alcohol-related volatile compound before ripening-associated changes in volatile
composition. UP tissues exhibited moderate clustering and relative accumulation of aldehydes, alcohols,
and precursor esters, which likely indicate differences in volatile composition between vegetative tissues
and ripening fruit stages. For RP and RF, we observed strong co-clustering of several ester compounds,
including butanoic acid pentyl ester, propanoic acid, and a range of acetate esters, which reflects the
higher representation of ester-related volatile compounds during ripening stages. The similarity heatmap
(Fig. 3) further supported this, indicating a stronger metabolic proximity amongst samples of RP and RF
across varieties, whilst LV and L tissues remained relatively distanced from ripening-relevant clusters.
These clustering patterns indicate similarities in volatile composition among samples rather than direct
evidence of metabolic processes. By evaluating the varieties, ZJ8 was wider in terms of clustering continuity
across development stages, indicating a greater volatile metabolic coherence through development into
ripening. BDJ was more strongly clustered with the ester-rich RP and RF clusters, suggesting specialized
ripe-fruit metabolic activity, whilst JY2203 remained more closely coupled with the alcohol-rich UF-linked
volatile profile.
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Figure 3: Hierarchical heatmap showing similarity relationships among banana tissues and developmental stages
based on GC-MS-derived volatile compound profiles. The color scale represents similarity values derived from
volatile composition, where higher values indicate greater similarity among samples and lower values indicate greater

differences in volatile profiles. The dendrograms represent hierarchical clustering relationships among samples.
3.6 Shared Volatile Compounds across Tissues and Developmental Stages

The UpSet plot (Fig. 4) showed the number of shared and unique volatile compounds found across
banana tissues and developmental stages, as determined from the GC-MS data from the three varieties.
Of an overall total of ~450, the most were found in Leaf Veins (LV, 405 compounds), followed by Unripe
Peel (UP, 375 compounds), Unripe Fruit (UF, 369 compounds), Ripe Peel (RP, 293 compounds), Ripe Fruit
(RF, 259 compounds), and Leaf (L, 345 compounds). High percentages of common volatiles were observed
through many of the stages analyzed, suggesting conservation of biochemical pathways responsible for
the characteristic banana aroma. For example, 1-Hexanol, 1-Pentanol and 1-Butanol were present in the
vegetative, mature and ripe fruit tissues. These volatiles affect aroma and flavour balance.

In contrast, there were 221 unique in LV, considered to represent metabolites more characteristic of
vegetative tissues. Some esters and alcohols unique to UP and UF were implicated in unripe fruit aroma
and also predicted to have functional bioactivity. Stage-specific patterns were also apparent in overlapping
compounds: peel and pulp tissues shared esters (Propanoic Acid, 2-Methyl-, Pentyl Ester; Butanoic Acid,
Pentyl Ester) associated with sweet and fruity notes that consumers appreciate.
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Figure 4: UpSet plot showing shared and unique volatile compounds across banana tissues and developmental stages.
The black bars represent the number of volatile compounds shared among different tissue/stage combinations. Red
dots indicate the tissue or developmental stages included in each intersection, and red vertical lines connect the dots
to illustrate the combinations of tissues/stages contributing to shared volatile compounds. The horizontal bars on the

left represent the total number of detected volatile compounds in each tissue or developmental stage.

3.7 Multivariate Analysis of Volatile Compound Variation
3.7.1 Principal Component Analysis (PCA)

The PCA score plot (Fig. 5) revealed tissue- and developmental stage-related variation patterns of the
volatile profiles of the three banana varieties, with the first two PCAs (PC1, 10.97%; PC2, 9.96%) explaining
20.93% of the total variation. Varietal-specific stage-differentiation was identified, where ZJ8_UF separated
along the positive PC1, which indicated differences in volatile composition during early fruit development.
BDJ_UP and ZJ8_L were positioned in negative PC2 regions that relate to the immature/vegetative tissue-
specific volatile profiles. Ripe samples (BDJ_RF, JY2203_RF and ZJ8_RP) grouped very closely together in
the upper PC2 region, indicative of similarity in volatile profiles during ripening. Among the varieties,
ZJ8 has variation between each stage, particularly from vegetative to ripe tissue stages, indicating greater
variation in volatile profiles across developmental stages. JY2203 sits quite closely between UF and RF
samples, suggesting an intermediate volatile profile between unripe and ripe stages, while BD] is closer to
the intermediate group, suggesting differences in volatile distribution patterns during development.

3.7.2 Non Metric-Multi Dimensional Scaling (NMDS)

NMDS plot (Fig. 6) corroborated tissue- and stage-dependent volatile variation patterns, with samples
on the right of NMDSI1 clustering closely together and particularly RF and RP tissues grouping together,
indicating that volatile profiles at the ripe stage across varieties are similar. This might reflect the tendency
of aroma volatiles to show similar distribution patterns during advanced ripening stages. Vegetative tissues
(L and LV) were predominantly placed on the left and generally in the lower region on NMDS. ZJ8_RF
was positioned in the extreme positive NMDS1 region, with a distinct volatile profile compared with other
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samples. BDJ_UP resided in the lower negative NMDS2 region, retaining volatiles typical of immature peel
tissues. The separation of UF and UP samples far from RP and RF stages highlights differences between
immature and ripe tissue volatile profiles. Ripe stage samples, including BDJ_RF, JY2203_RF, and ZJ8_RP,
were closely grouped, suggesting similarity in aroma-associated volatile profiles among these samples.

PCA of Banana Volatile Profiles
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Figure 5: Principal component analysis (PCA) score plot showing variation among banana tissues and developmental

stages based on GC-MS volatile compound profiles.
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Figure 6: Non-metric multidimensional scaling (NMDS) plot showing clustering relationships among banana tissues

and developmental stages based on volatile compound profiles obtained through GC-MS analysis.

3.8 Contour Plot Analysis of Volatile Compound Distribution

Fig. 7 shows the distribution of volatile compound concentrations within the tissues of the banana
fruit and across developmental stages (color intensity reflects the total volatiles concentration (0-240 pg/g).
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More intense colors (yellow-light green) were observed within ripe fruit (RF) and ripe peel (RP) indicating
highest accumulation of volatiles associated with aroma. BD]J developed consistently balanced flavors in
RP and RF, a relatively consistent volatile distribution pattern during ripening. ZJ8 had the most distinct
ripe-stage volatile profile with peak concentrations in RP and RF tissues, reflecting higher representation
of ester- and alcohol-related volatile compounds. JY2203 exhibited gradual changes in volatile profiles
in unripe fruit (UF) and unripe peel (UP), reflecting more gradual changes across the ripening spectrum.
Chemical class: stage-specific patterns were revealed, with aldehydes (hexanal, nonanal.) predominantly
found in vegetative (L, LV) and early fruit stages; alcohols (1-pentanol, 1-hexanol) accumulated in unripe
and ripe fruit; esters (propanoic acid pentyl ester, butanoic acid pentyl ester) having greater levels in
RP and RF where they represented major aroma-associated volatile compounds; ketones and terpenes
were moderately distributed throughout stages where they represented additional volatile classes within
the overall profiles. The gradients provided further evidence of tissue- and stage-dependent variation:
vegetative tissues (L, LV) had lower volatile contents with distinctive chemical signatures than the fruit
tissues (UF, UP, RP, RF), which had higher volatiles and showed greater similarity in volatile profiles during
ripening across varieties.
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Figure 7: Contour plot showing the distribution pattern of volatile compound concentrations across banana tissues
and developmental stages based on GC-MS analysis.

4 Discussion

4.1 Tissue-Specific Volatile Composition

Aldehydes are typically described as having a fresh green smell and as acting as oxidative agents
in lipid oxidation pathways, as well as being produced from vegetative tissues during plant defense. In
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addition to these specific levels, 2-hexenal, tetradecanal, and nonanal were among the most common of the
aldehyde compounds found in LV tissues in this study. Moreover, in edible plant systems, aldehydes are
also known to impart aromas to foods and may exhibit antimicrobial and antioxidant properties [2,22,26].
Volatiles derived from alcohols make important contributions to the herbaceous odour characteristics and
often represent the intermediate products of aroma biosynthesis during the maturation of fruit. Similar
findings were reported previously regarding accumulated levels of alcohol in immature tissues as compared
to ester-rich aroma profile development during banana fruit ripening [2,6].

Esters are well known to impart fruit and sweet odour attributes; hence, they represent important
aroma-associated volatile compounds in climacteric fruits during ripening. Accordingly, the presence of
esters indicates the presence of ester-related volatile compounds before and during fruit ripening [27,28].
However, the amount of a-pinene relative to the other volatiles that were detected was relatively low
compared to aldehyde- and alcohol-based volatiles observed in this experiment [27,29]. The identified
compounds in leaf (L) of banana were generally associated with green and herbaceous volatile characteristics
reported in edible plant tissues [30,31].

The most abundant compounds from the JY2203 banana variety are alcohol-derived volatiles at the
leaf stage in this study. These compounds contribute to herbaceous aroma and fatty aroma characteristics
and are often precursors for the biosynthesis of esters during fruit ripening. Previous metabolomics
studies have measured similar elevated accumulations of alcohol in immature banana tissues prior to
the production of fruity aromas dominated by esters [6,7]. Leaf tissues showed the detection of ketones,
which indicates metabolically active secondary metabolic processes occurring within the Leaf tissue. In
addition, BDJ and ZJ8 contain «-pinene. Terpene types are associated with woody and/or resinous odor
characteristics [2,26,32,33].

4.2 Developmental Stage Transitions

The presence of aldehydes has long been associated with fresh green fragrances and also with lipid
oxidation; therefore, aldehydes could provide antimicrobial protection and oxidative stability to immature
fruit tissue [34]. The detection of the relatively high abundance of these chemicals in UP tissues implies
the existence of an active biochemical defense system before the ripening stage [32,35]. However, the
accumulation of alcohols in unripe banana peel is less likely associated with the accumulation of alcohols in
leaf tissue (their accumulation is likely to be primarily via tissue-specific differences in volatile composition)
and the formation of early aroma precursors associated with fruit maturity. Collectively, these volatiles
likely provide the characteristic odor notes of immaturity (fatty, waxy, and herbaceous) found in unripe
banana peels [7,35,36].

Accumulation of esters during the UP period may represent a gradual activation of volatile biosynthetic
pathways that are associated with the onset of ripening, before the development of strong fruit odours
typically observed in ripe tissues [37,38]. These compounds provide key flavours during the transition from
immature to mature fruit and could contribute positively to overall sensory quality during late stages of
ripening [7,39,40]. The presence of ketone compounds in the UP stage may indicate a release of oxidatively
metabolized materials and be part of the sweet and fruity smell to add complexity to the aroma during early
stages of fruit development, as previously reported [32,41]. In terms of comparison with UP tissues for
Aldehydes compounds within previously sampled stages (UF), there was evidence of more compound types
that are closer than others to sweet-green and mildly fruity aroma development. Previous metabolomic
research has shown that aldehyde compounds are also essential intermediates in establishing aroma profiles
of ripe banana fruit before ester production [5,8].
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4.3 Ripening-Associated Aroma Development

Bananas in the RP (ripe peel) stage have a higher concentration of esters than in previous stages
(vegetative or immature), indicating an enhancement of the aroma-related compounds associated with the
maturation process. This change is clearly reflected by the higher abundance in the levels of fruity and
sweet-smelling volatiles for bananas at the RP stage compared to other stages. This indicates that ester
biosynthesis is very active during peel maturation, and contributes substantially to developing typical
banana aromas [1].

The present study has demonstrated that during the earliest developmental stages of the fruit (i.e., immature
and green), the ester compounds were much lower in concentration compared to the ripe peel. This finding
adds additional evidence for the ongoing transition of the volatile compounds from green/herbaceous
towards sweet/fruity/consumer-preferred aroma profiles [35,42]. Thus, the current results indicate that the
peel tissues contribute to aroma production during the ripening process; however, the peel has not only
been used as a protective barrier but also as a part of the aroma structure in the ripening process information
found earlier indicates that only alcohols and aldehydes were the primary sources of aroma production
during earlier stages [35,43-45]. In the present study, the consistent presence of these esters across Varieties
suggests a core contribution to the aroma complexity of ripe banana. As reported in previous ripe aroma
studies, these esters are associated with fruity, candy sweet and tropical flavours and considered to be good
biochemical markers of banana ripening and the development of edible quality [1,6]. Benzaldehyde (sweet
almond aroma) is particularly valued for its positive contribution to the overall fruit character, while in
ripe fruit it adds to aroma balance and depth of flavour, acting in concert with the more numerous ester
compounds [3,8]. Overall, the RF stage showed the highest extent of the metabolic complexity associated
with aroma development, thereby further underscoring its importance as a determinant of the final flavour
quality of the banana and its edible sensory attributes [1,46].

4.4 Variety-Specific Volatile Composition

The pronounced accumulation of esters in the Banana during late stages of ripening indicates that BD]
has relatively high aroma intensity and composite sensory acceptability over the varieties with delayed
ester biosynthesis [7,47]. This slower transition in BD], compared with the faster progression from alcohol-
dominated tissues of the UF to the ester-dominated RP and RF stages, points towards a synchronized activity
for the biosynthesis of ripening-associated volatiles [8,42]. Similar patterns have been noted in immature
banana tissues showing high abundance of aldehyde-associated volatile compounds prior to becoming
enriched in esters during ripening [3,15,41]. The enrichment of ripening-associated esters (butanoic acid
butyl ester and butanoic acid, 3-hexenyl ester) showed that BDJ is a flavour plus variety with strong fruity
aroma complexity and very high shelf life and suitability for fresh consumption and flavour winning banana
products because of its ripe-stage aroma well biosynthesis capacity [5,46].

In climacteric fruits, early-stage accumulation of alcohols is often correlated with the generation
of precursors for aroma biosynthesis that develops later and may result in flavor complexity during
ripening [1,41,48,49]. Different from BDJ, where the alcohol-associated composition shifted to less “alcoholic”
after the initiation of ripening, ZJ8 evidently retained much of this alcohol-associated volatile profile
throughout its entirety and may contribute to a more complex aroma background through its ability to
maintain fresh-green and fruity characters in parallel [7,15]. The high accumulation of such alcohols
indicates that JY2203 maintains a relatively strong pool of volatile precursors during the early stages of
pulp development [15,46,50,51]. The volatiles in JY2203 suggested a flavour enhanced variety with strong
precursor metabolism and an active ripening-associated ester biosynthesis, likely desirable in the context
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of fresh eating and flavour friendly banana processing applications [8,9]. Compared to BD] and ZJ8, this
was the clearest change from precursor-associated alcohol metabolism in the UF tissues towards flavour-
associated ester production in the RP and RF stages, indicative of progressive changes in aroma-associated
volatile composition during fruit development [8,24].

4.5 Overall Volatile Composition and Chemical Class Distribution

In JY2203, the presence of alcohols, aldehydes, and ester derivatives at both the UF and RF suggests a
dynamic aroma-transition pattern in volatile composition from immature to ripe fruit development. Thus,
since flavorful fresh eating is an important consideration in this variety, its complex aroma layering and
strong fruity taste sense potential should make it a suitable candidate for the purpose [7,52]. Their repeated
detection across ripening stages can indicate continuing ester biosynthesis and high intensity in BD]. Indeed,
UF-related compounds such as isothiocyanatoacetaldehyde dimethyl acetal and 1-nonanol suggest that
precursor-associated volatile compounds were present before full ripening. Overall, the volatiles of BDJ
appear to support its potential utility for flavour driven products and process applications where ripe-fruit
aroma is key [1,15]. Rather than the specialized ripening dynamics seen with BDJ, ZJ8 had a relatively
stable profile across development [10,46].

Current results suggested that JY2203 was comparatively preferable for complex flavour transition and
precursor-rich aroma metabolism, BDJ for intense ripe-fruit ester aroma and flavour-processing potential,
and Z]J8 for stable and smooth volatile diversity across developmental stages. Regarding the latter, ketones
and terpenes remained minor components in most vegetative stages, subscribing to a limited role in
dominant aroma formation at early developmental stages [15,52]. Similarly, other transitions associated
with ripening have been attributed to networks of coordinated amino acids and fatty acid degradation
pathways that gave rise to volatility and flavor retention [5].

This expression pattern suggests a transition of tissue-associated volatile composition towards ripening-
associated aroma specialization as fruit matures [9,13]. UF tissues sat at an intermediate space between
vegetative tissues and ripe, indicating a transitional point for volatile profiles throughout development [46].
Similar clustering patterns have been observed in climacteric fruits. Clustering of volatiles was shown to
reorganize throughout ripening, as fatty acids and amino acids are concurrently degraded in maturation
processes, of which the volatiles are derivatives [3,13]. The hierarchical intersection was dynamic (several
alcohols and esters were retained from vegetative to fruit tissues), again reflecting conserved contributions
to flavour development, yet potentially also relevant to biological properties reported for some volatile
compounds in previous studies [3,9,13,46].

4.6 Multivariate Analysis of Volatile Profiles

The distinctions between fruit and vegetative tissue groups identified using clustering analysis reflect
the distinct volatile profiles of these groups [13,53]. Moreover, the UF, RP, and RF samples were more
dispersed than the vegetative tissue types in terms of their volatile profile variation associated with different
developmental stages [9,15].

These observations indicate that ZJ8 may be suitable for a broader ripe-stage volatile profile, while
JY2203 may be conducive to consistent flavors at varying ripeness stages. PCA revealed stage- and variety-
related variation patterns in volatile profiles; however, the first two principal components explained
20.93% of the total variance, indicating that additional dimensions contributed to the observed variation.
Therefore, PCA interpretation was considered together with other multivariate analyses to provide a more
comprehensive assessment of tissue- and variety-dependent volatile differences [3,5,8,53].
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We also noted variety specific patterns in NMDS clustering analysis. Z]J8 appeared dispersed across the
NMDS axes, indicating greater variation in volatile profiles across developmental stages. The BD]J tissues
clustered tightly, which suggests that the process of stagewise transition is stable, whilst JY2203 appeared
to be intermediate, meaning that the fruit was heading towards mellow but was not quite ripe [2,53,54].
The relative closeness of RP and RF in comparison to vegetative tissues confirms ripening similarity in
aroma-associated volatile profiles, whilst the leaf tissues appear to be retaining specialized volatiles [1,55,56].
NMDS therefore acts as a useful complement to PCA 1in its ability to provide additional visualization and
interpretation of stage-, tissue-, and variety-specific volatile patterns and thus aids in variety choice to
achieve aroma optimization of banana [15,46,57].

The contour plot supports the evidence for stage- and variety-specific volatile accumulation (in line with
PCA, NMDS, and previous table-based findings), and acts as a way to highlight selection criteria [1,5,15]. ZJ8
showed higher volatile variation during ripe-fruit development, BDJ exhibited relatively consistent volatile
patterns across development, and JY2203 showed gradual changes in volatile profiles during ripening [8].
The contour plot representation affords us a view of both the abundance and qualitative distribution of
volatiles, demonstrating the transient nature of the contribution from each chemical class to tissue- and
stage-specific total volatile profiles [1,9,46,58].

The present study provides further insight into the complexity of banana volatile development by
demonstrating that volatile composition is shaped by the combined effects of tissue type, developmental
stage, and genetic background. Earlier studies have indicated that the esters are mainly responsible for the
aroma of ripe bananas, whereas the alcohols and aldehydes are essential volatile groups that are relevant to
early fruit development and production of precursors for the aroma [5,31,43]. Our findings are consistent
with earlier studies since we have observed the switch in volatile profiles of the vegetative and immature
tissues from those associated with alcohols and aldehydes to those dominant in esters in the ripe peels and
ripe fruits. Nonetheless, by comparing different tissues at several developmental stages, the present study
advances the existing knowledge by discovering that the variability of volatile compounds goes beyond
ripe fruits and encompasses the process of banana development [12,16,32].

The observed variety-specific volatile patterns further highlight the role of genetic background in
shaping banana aroma-related characteristics. The ester-rich profile of BDJ, the continuous volatile dis-
tribution of ZJ8, and the precursor-associated profile of JY2203 demonstrate different developmental
strategies of volatile accumulation among varieties. From a practical perspective, these findings provide
valuable information for understanding quality-related volatile traits and may support future applications
in banana quality evaluation, postharvest management, and selection of varieties with desirable volatile
characteristics [15,34,44]. The integration of GC-MS profiling with chemometric approaches therefore
represents a useful strategy for comprehensive assessment of banana volatile diversity.

5 Limitations

This study has methodological limitations that should be considered when interpreting the findings.
Three biological replicates were analyzed for each experimental group, and the data are reported as mean
+ standard deviation. However, inferential statistical testing was not performed; therefore, the observed
differences in volatile abundance among varieties, tissues, and developmental stages represent descriptive
comparative patterns and should not be interpreted as statistically confirmed differences. Furthermore,
internal standard normalization was not applied during GC-MS analysis. Consequently, the GC-MS-
derived concentration values are suitable for within-dataset comparative profiling but should not be
interpreted as fully validated absolute quantitative measurements. These limitations do not invalidate the
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observed multivariate distribution patterns, but they restrict the strength of compound-level quantitative
comparisons. Future studies incorporating internal standard normalization and inferential statistical
validation are required to confirm the reported quantitative trends.

6 Conclusion

The present study provides a comprehensive GC-MS-based characterization of volatile profiles across
banana tissues and developmental stages in three genetically distinct varieties: ZJ8, BDJ, and JY2203.
By integrating vegetative, immature, and ripe fruit tissues, this study provides a comprehensive view of
developmental changes in banana volatile composition beyond the commonly studied ripe fruit stage.
Following data preprocessing and filtering, approximately 450 reliable volatile compounds were retained,
revealing substantial tissue-, stage-, and variety-dependent variation in volatile composition. Alcohols,
esters, aldehydes, ketones, and terpenes represented the dominant chemical classes, with clear shifts in
volatile composition observed during fruit maturation and ripening. Key volatile metabolites, including
1-pentanol-3-methyl, (S)-(+)-3-methyl-1-pentanol, 1-hexanol, hexanal, propanoic acid pentyl ester, and
butanoic acid pentyl ester, contributed to volatile profile differentiation among tissues and developmental
stages. Chemometric analyses, including PCA, NMDS, hierarchical clustering, and heatmap visualization,
demonstrated variation patterns between vegetative and fruit tissues, while ripe peel (RP) and ripe fruit
(RF) showed greater similarity in aroma-associated volatile profiles. The integrated chemometric approach
revealed tissue-specific and variety-dependent patterns of volatile accumulation during banana develop-
ment. Among the evaluated varieties, ZJ8 exhibited broader volatile continuity across developmental
stages, supporting its potential for balanced flavor retention and postharvest applications. BDJ showed
strong ripe-stage ester enrichment associated with a characteristic ester-rich ripe-stage volatile profile. In
contrast, JY2203 displayed precursor-rich volatile profiles and dynamic aroma transitions, highlighting
its distinct developmental pattern of volatile accumulation. These findings provide valuable insights into
genotype-dependent volatile characteristics and demonstrate that the integration of GC-MS profiling with
chemometric approaches offers a robust framework for understanding banana volatile diversity, supporting
fruit quality evaluation, postharvest utilization, and aroma-oriented variety selection.
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