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Abstract

Metabolomics, the study of total profiling of metabolites, is an important tool to
support postharvest fruit development and ripening studies. Monitoring the changes in
the metabolome during fruit ripening is important to obtain insight into the mechanisms
involved and improve postharvest management strategies. Fruit ripening process is a
complex developmental process involving coordinated regulation of numerous metabolic
pathways that influence color, flavor, aroma, and texture. Based on their mode of ripening,
fruits are categorized into two categories such as climacteric fruit and non-climacteric
fruit. The ripening of climacteric fruit is dependent on the concomitant burst of ethylene,
while non-climacteric fruit ripening is not affected by the existence of ethylene.
Mangosteen, often known as the “Queen of Fruits”, is an economically important tropical
fruit desired for its distinctive appearance and unique taste. Mangosteen is a climacteric
fruit and the progression of ripening is indicated by changes in its peel color. Mangosteen
ripening stages were categorized into seven stages based on color changes Understanding
the changes that occur during ripening is necessary in order to assess optimal harvest
maturity and the quality of fruit as it is marketed to the consumer as well as to devise
appropriate postharvest packaging and handling strategies. For the last decade, the study
of mangosteen only focused on the elucidation of bioactive compounds such as
alpha-mangosteen and gamma-mangosteen. However, there is no single study that

mentions about the metabolic changes during the mangosteen ripening process.

In chapter 1 provides the general introduction concerning mangosteen as an
important export commaodity in Indonesia and how metabolomics can be an effective tool
for mangosteen researches. In chapter 2, non-targeted GC/MS-based metabolic profiling
methods were applied to obtain a general view on the metabolic changes related to the
qualities during ripening process throughout mangosteen color changes. In chapter 3, in
order to investigate the effects of different cultivation area, different tree, and year of
harvesting were examined to confirm the metabolic changes during mangosteen ripening

process. In these experiments, all samples were evaluated based on their color changes
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and metabolic changes during ripening process. In chapter 4, several postharvest
treatments were applied and evaluated using metabolomics approach. At last, the
conclusions revealed from this study were summarized and the future perspectives were

proposed.
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Chapter 1

General Introduction

In the last decade, the increasing trend of fresh products including fruits and quality
of agricultural and food products have become one of the major issues in the food
industry. Fruit ripening process is a process involving the coordinated regulation of
numerous metabolic pathways that influence color, flavor, aroma, and texture.
Additionally, countless efforts to prolong agricultural product shelf-life have deliberately
accomplished by manufacturers and exporters to meet consumers’ demand, is
challenging. In recent years, metabolomics approach is widely used as an important tool
to support postharvest fruit development and ripening studies. In this thesis, the
investigation of mangosteen ripening process and its effect after postharvest treatment

were presented employing metabolomics technology.
1.1. Fruit ripening process

Fruit is one of the ultimate sink organs of the plant. The growth of this sink organ
directly depends on the partitioning of photosynthate from source organ to sink. The sink
organ store variety of metabolites which depends on species, source strength, the
composition of allocated photosynthate and plant requirement. The storage of metabolites
in fruit will be depended on the requirement to be used for fruit development and fruit

ripening process 13,
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Fruit ripening process is significantly correlated with metabolic composition of
fruit. Fruit ripening process is also well known as a complex developmental process
involving the coordinated regulation of numerous metabolic pathways that influence
color, flavor, aroma, and texture. Many of these attributes enhance fruit nutritional value
and attractiveness, thereby promoting consumption and seed dispersal 4. This process

usually is induced by ethylene (C2Ha4) which acts as ripening hormones.

Ethylene (C2Hs), as one of plant hormones, is produced to activate several
processes in plant physiology such as seeds germination, embryogenesis, leaves and
flower senescence, and ripening process in the fruits. Ethylene biosynthesis pathway
involves the conversion of S-adenosyl-L-methionine (SAM) to
1-aminocyclopropane-1-carboxylic acid (ACC) by ACC synthase enzyme (ACS). The

ethylene is produced by ACC oxidase (ACO) from ACC to ethylene (Figure 1) 58

Ethylene biosynthesis pathway as a regulator which characterized feature of
ripening fruits and senescing flowers based on its exposure to exogenous ethylene or
propylene due to the induction of ACS and ACO genes >%°. The roles of ACS gene have
been extensively studied in tomato, melon, cucumber, and citrus. Analysis of ACS
genes induction in mutant fruit has been used to identify the specific ACS
ethylene-regulated gene. The disrupted ACS gene in mutant fruits was reported to have
an abnormal pattern of ripening such as reduced lycopene accumulation, delayed

softening, and a much-reduced ethylene peak >61+14,

Additionally, investigation of ACO roles during ethylene biosynthesis have
increased in recent years. Analysis of ACO gene expression patterns in ripening fruit

shows that each gene is highly regulated with transcripts of individual members
12



accumulating to varying degrees at distinct developmental stages. Therefore, the

previous study also reported the first step in catalytic ethylene biosynthesis by using the

de novo synthesis of ACO enzyme, the produced-ethylene induces ACS gene

expression, resulted in more ACC productions >/,
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Figure 1. Simplified scheme showing ethylene synthesis and response in tomato based on Liu et

al (2015)L.

The function of ACS and ACO had been explained in detailed of ethylene

biosynthesis process. Additionally, specific members of ACS and ACO genes were

proposed to investigate its role to control two systems of ethylene production in plants,
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including system-1 and system-2. System-1 is an auto-inhibitory, where the perception
of ethylene by the plant inhibits further ethylene production or its biosynthesis as found
in unripe fruits and vegetative tissues. In contrast, system-2 is autocatalytic, where the
perception of ethylene stimulates ethylene synthesis as displayed during floral

senescence and fruit ripening 81°,

As mentioned earlier, ethylene plays a big role during fruit ripening process.
Elucidation the mechanisms involved in ripening of fruit had been reported in several
approaches for understanding the role of ethylene during the process. During ripening
process, ethylene is perceived by receptors encoded by a multigene family, the ethylene
receptors (ETRs) in Arabidopsis and tomato (Figure 1). ETRs roles have been
extensively studied to understanding fruit ripening process especially in tomatoes such
as its effect to fruit size, yield, or flavor-related chemical composition. ETRs are
membrane proteins associated with the endoplasmic reticulum and act as negative
regulators of the ethylene response pathway 2%%1. Subsequently, ethylene will activate
the transcription process of ethylene responsive genes that will induce several
ripening-associated genes such as cell-wall degradation or softening process during fruit

ripening process.

Polygalacturonase is one of enzymes that has the main function during softening
process of peach (Prunus persica) 22?3, Polygalacturonase will degrade the fruit cell
wall into simple form due to oxidation process during ripening process. Subsequently,
the degradation of fruit cell wall will affect the fruit softening during ripening process.
The other enzymes that are contributed to fruit cell wall degradation are cellulose,
pectinesterase, pectate lyase, xylulose, polygalacturonase, and expansin. These enzymes

14



are actively found during banana ripening process 2. These textural changes during
ripening is an essential attribute that makes fruit edible, more palatable, and attractive

for human consumption.

Other physical changes occur during fruit ripening process is color changes. Color
changes during ripening process due to the pigmentation process from chlorophyll to
other pigmentation metabolites such as carotenoids and anthocyanin. The characteristic
pigmentation of fruit is due to biochemical changes during ripening process. The
predominant carotenoid found in tomato fruit, and beta-carotene, which are associated
with the change from green to red as chloroplasts are transformed to chromoplasts.
During ripening process, lycopene begins to accumulate and its concentration increases
500-fold in ripe fruit 225, Similar process occurs in mangosteen, which accumulates
anthocyanin pigment during ripening process 2’. Color changes during ripening is an
essential attribute that indicates fruit attractiveness for human consumption as well for

vectors of fruit dispersal.

Based on their mode of ripening, fruits are categorized into two categories such as
climacteric fruit and non-climacteric fruit. The ripening of climacteric fruit is dependent
on the concomitant burst of ethylene, while non-climacteric fruit ripening is not affected
by the existence of ethylene. The progression of ripening is indicated by changes in its
peel color, texture, and taste. The example of climacteric fruits are banana, papaya,
mango, and mangosteen. In contrast, strawberry, Kiwi, and pepper are listed as
non-climacteric fruit, which is not affected on the concomitant burst of ethylene around

the fruits +>%,
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The rapid progression of ripening process in fruit will degrade the quality of fruits.
While the increasing demand for the product of fresh fruits makes countless effort to
prolong fruit shelf-life. Several postharvest technologies (low temperature, edible
coating) have been extensively developed to reach the most-favorable condition either
for quality improvement or shelf-life improvement 2%, Understanding the changes that
occur during ripening is necessary in order to assess optimal harvest maturity and the
quality of fruit as it is marketed to the consumer as well as to devise appropriate

postharvest packaging and handling strategies.
1.2. Garcinia mangostana (mangosteen)

1.2.1. General Information of mangosteen

Garcinia mangostana or mangosteen, often known as the “Queen of Fruits”, is an
important tropical fruit desired for its distinctive appearance and unique taste.
Mangosteen is divided into 3 main parts such as peel, flesh/aril, and apomictic seed
parts (Figure 2). Mangosteen has a distinct peel that cannot be consumed and must be
separated from the pulp. The flesh part is usually consumed has a unique flavor and

distinctive taste 3>,

Mangosteen peel is generally the smooth, globe-shaped berry with a persistent calyx
with thick and purple (during maturation process) color *’. Mangosteen peel also
contains several antioxidant and antimicrobial compounds that already established to be
consumed as a health supplement. Mangosteen as the antimicrobial and antioxidant

compounds in mangosteen pericarp was successfully isolated in 1987 for the first time

38-42.
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The flesh/aril part usually has 4-8 segments including 1 or 2 segments that are
contained apomictic seeds 4344, The milky white flesh part usually consumed fresh as a
dessert. As processed food, mangosteen fruits were further applied as heavy syrup, jam,
syrup puree and flavor for ice-cream or juice. The flesh is sweet, slightly acid, and mild

to distinctly acid in flavor and is acclaimed as exquisitely luscious and delicious .

17%

Outer pericarp

48% Flesh

Inner Pericarp

Figure 2. Mangosteen part

Several problems occur in mangosteen, including yellow gamboge disorder. The
yellow gamboge, a disorder caused by the accumulation of yellow latex inside the fruit,
is a major problem in mangosteen. This disorder occurs and generates the bitter taste of
the fruit at the beginning of the ripening stage ***°. Consequently, this disorder has
downgraded the fruit quality which affects its marketability and price both domestic and
export market as well. The cause of this disorder remains unclear. However, previous
studies suggest that the destruction of the epithelial cells that surround the yellow latex
secretory ducts, and effect of excess water in nine weeks after bloom might cause this

disorder #4647, Evaluation on reducing this disorder had been reported in the previous

17



research such as regulate the irrigation and application of calcium spray during on-tree

ripening process #¢-°C,

Ethylene production {ng kel s1)

» 1 2 3 4 5 6 1 & 9
Dhays after harvest

Figure 3. Ethylene production during mangosteen ripening stages (Palapol et al, 2009)

Mangosteen is one of climacteric fruit which changes its appearance due to the
existences of ethylene around fruit. The mangosteen ripening process is affected by the
ethylene existence around the fruit (Figure 3). Ethylene will change the mangosteen
color from yellow-green to purple blackish color. Several researchers classified the
mangosteen ripening stages by the color 275152 Consequently, previous study
determined mangosteen ripening stages from measurement of several physical

parameters such as the total soluble solids (TSS, %brix), titratable acidity (TA, pH),

pericarp hardening, fresh weight (gram), fruit diameter (cm) 274853,

&

BT I 1=

Figure 4. Mangosteen ripening stages. A photograph of typical mangosteen fruits during ripening

stages as described by previous study (30) and CENTROHS, IPB.
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Mangosteen ripening stages are generally determined by the color changes from

yellow-green color to purple-blackish color (figure 4) 2”5l Stage 2 of mangosteen

ripening stages is described as 51 to 100% scattered pink spot. Stage 2 of mangosteen

ripening stages is selected to be a standard qualification for export procedure to reach

the final stage (stage five or six) for consumption when it arrived to export destination

country which stated by CODEX, SNI (SNI 01-3211-1992), Thai Agricultural Standard

(TAS 2-2013) and ASEAN Standard for mangosteen (ASEAN Stan 10, 2008). Stage 2

of mangosteen ripening stages is also selected as an appropriate stage to be exported

because the ethylene production increases after stage 2 (Figure 4).

Color development during mangosteen ripening stages based on visual observation

had been reported in the previous studies 2"°54The detailed description of color

changes during mangosteen ripening stages was explained as follows,

Table 1. Mangosteen ripening stages physical description

Stage Description
Yellowish white or yellowish white with light green. The yellow latex is
0 (zero) contained and not ready for harvesting process

1 Light greenish yellow with 5-50% scattered pink spots. The flesh part
cannot be separated and the yellow latex still remains inside of the fruit.
Light greenish yellow with 51-100% scattered pink spots. Yellow latex

2 accumulation already reduced a little bit but the flesh part still cannot be
separated. This stages, fruits ready to be exported to destination country.
Spots are not as distinct as in stage 2 or reddish pink. The flesh part can be

3 separated from the pericarp part. The yellow gamboge still remains in
pericarp part the fruit but as not much as previous stages. Fruits are ready
to be exported to destination country.

4 Red to reddish purple. Pericarp still contains yellow latex. Fruits are ready

to be exported to destination country.
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Dark purple. Fruits start to ripen and ready to be consumed. The yellow
5 latex is disappeared and the flesh /aril part is easy to be separated from the
pericarp. Fruits ready to be consumed for domestic market

Purple-black. Fruit already ripens. Fruits are ready for domestic market and
ready to be consumed.

Mangosteen also recognized as an important export commodity for Southeast Asian
countries. In particular, mangosteen is the top commodity for export in Indonesia (table
2). In Indonesia, mangosteen is exported to several destination countries such as China,
Hongkong, Saudi Arabia, Malaysia, Middle-east countries, Netherland, France, and
Singapore *°°. To achieve consumer needs, Indonesian government has prioritize

mangosteen improvement to be an excellent export commaodity.

Table 2. Export production of annual important fruits Indonesia (net weight in million Kg)

. Year
Commodity
2013 2014 2015 2016 2017
Mangosteen 7.65 10.08 38.18 34.96 8.52
Banana 0.10 26.10 19.78 19.02 14.52
Mango 1.09 1.15 1.24 0.47 0.72
Pineapple 0.11 0.07 0.87 1.90 0.20

Mangosteen tree is claimed to be originated from South-east Asia. Several
references reported that mangosteen is a native fruit to peninsular Malaya and Indonesia.
G. mangostana is usually cultivated around South — East Asian region. It was believed
that South East Asian is the origin country of G. mangostana. Several Garcinia genus
were cultivated nearby South East Asian region containing Indonesia, Malaysia,

Thailand, and Philippines %6,
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The distribution of mangosteen tree is limited in South-East Asian regions. Several
difficulties had been reported and aided by using several alternatives such as
micro-propagation and adventitious shoot formation to increase water intake of
mangosteen tree %2-%, Mangosteen tree is very sensitive to inappropriate environment
conditions especially drought condition . Therefore, South East Asian region meet the
optimized growth condition for mangosteen. Mangosteen requires high humidity and

optimum temperature (around 25 to 35°C) 3.

The mangosteen trees usually need 8 — 15 years to begin flowering due to the
rootstock deficiency. This condition makes the photosynthesis rate mangosteen tree is
lower. Mangosteen rootstock problem needs to be solved to improve mangosteen
production. Grafting method was used to increase the number of roots in mangosteen.
Mangosteen juvenile trees should be planted in the condition of the shade to boost the

mangosteen growth rate .

Additionally, the yield of a mangosteen tree also depends on environmental factors,
especially climatic variability. A large crop of mangosteen will be produced with a
suitable weather condition. Furthermore, the harvest season of mangosteen in Indonesia

is short at about 1.5 — 2 months, only from January to February.

Mangosteen cultivation in Indonesia has several cultivars including mangosteen
Raya cultivar. Mangosteen Raya / Manggis Raya is one of superior quality mangosteens
that was selected by Indonesian Ministry of Agriculture (no: 2046/Kpts/SR.120/5/2010).
Mangosteen (Raya cultivar) fruit was described as spherical fruit, with 4.5 — 5 cm
diameter. The peel part of Raya mangosteen has purple blackish color at the end of

ripening process. The flesh part (31.8% - 36.4% from the total portion of the fruit) is
21



edible for consumption. The flesh part contains 18.65% Brix of sugar. Mangosteen
(Raya cultivar) is suggested as mangosteen with superior quality by Center of Tropical

Horticultural Studies, Bogor Agricultural University, Indonesia in 2010.
1.3.Color measurements

Color is the characteristic of human visual perception described through color
categories with names red, orange, yellow, green, blue or purple. Human eyes perceive
stimulation of eye cone cells by electromagnetic radiation in the visible spectrum. The
ability of the human eye to distinguish color differences are based upon the varying
sensitivity of different cells in the retina to light of different wavelengths . Despite this
reason, color perception is becoming a very subjective parameter to be applied as a

standard for scientist 6471,

Color science was introduced from a famous experiment conducted in 1666 by Isaac
Newton. In his research, he performed visualization of the visible spectrum (rainbow
color) after it was separated by a prism from white light 2. Since this founding, the
importance of color information is increased together with the increasing requirement in a
scientific context. In 1931, Commission International d’Eclairage (CIE) or commonly
known as International Commission of Illumination set a standard for a colorimetric
observer with the angular substance from 1 to 4 as a representative color-matching
properties. Recently, several color parameter standard had been established by CIE to

uniformed color determination into value.

The first color specification was introduced by CIE, namely CIE1931. It defines the

three essential components for perceiving a color: light source, object, and observer. Any
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color thus can be measured and described by a set of tristimulus values, explained in XYZ,
which indicate the amount of red, green, and blue lights (known as RGB values),

respectively. The method allows the exchange of color information by numbers 74,

In 1976, CIE recommended two standard color difference formulae: CIELAB and
CIELUV for the colorant and lighting industries, respectively. Although several changes
occurred over the years, the principle has remained unchanged. In the last decade,

CIELAB space is mostly used for presenting colors.

If we measure the apple using
the L*a*b* color space, we
obtain the following values.

AE*ab=[(AL¥)? +(Aa*)? +(Ab*)?]'2

Figure 5. CIELAB color wheel.

As the most utilized color standard, CIELAB describes color circle based on three
attributes as explained in lightness (L), and chromaticity coordinates (a and b value).
Lightness dimensional can be explained from the white spectrum until the black spectrum.
The range value of lightness was described from 0 (zero) as black spectrum and 100
(hundred) as a white spectrum. In figure 5, the a and b value indicate color direction: +a*
indicates red direction and —a* indicates a green direction, +b* indicates yellow direction
and —b* indicates blue direction. The value of a* and b* value points will move from the
center of the color wheel (Figure 5) or achromatic, indicate the saturation of the color

increases.
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Furthermore, color difference can be expressed in a single numerical value in
CIELAB color space. dE or dLAB value indicates the size of the color difference between

target and specimen (Figure 5). dE or dLAB value is defined by the following equation:

dE *qp= /(L *)? + (da =)? + (db *)2

The equation above explained dL*, da* and db* value as a difference value between
the specimen color and the target color were used in the object. By using the equation
mentioned above, the color can be quantified and be used as a reference to characterize
the color based on the number. Several applications had been applied in the agricultural
product using CIELAB method. In the last decade, CIELAB method was used to
classified the maturity index of peach, starfruit, mango, persimmon, apple, mango,

banana, date palm fruit, peach, chili, paprika, and pepper ">
1.4.Metabolomics
1.4.1. General concept

In the last decade, metabolomics is the latest omics technology developed after
genomics, transcriptomics, and proteomics (Figure 6). Metabolomics is also referred to
as an interdisciplinary analysis that combines biology, analytical chemistry, and
bioinformatics studies. Metabolomics is one of the omics applications that define the
total metabolome profile of a biological system. Metabolomics is a field of study that
encompasses the comprehensive, quantitative profiling of metabolites, which are
subsequently analyzed using multivariate pattern recognition and statistical analysis &~

% As a consequence, metabolomics is now used widely in many applications including
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microbiology, diagnostic biomarker discovery, toxicological testing, food and beverage

analysis, plant and animal phenotyping, and drug discovery and development 9192,

Based on metabolites detection, metabolomics studies can be divided into two
different approaches, including non-targeted and targeted metabolomics. Non-targeted
approach is where the obtained data may be only semi-quantitative. The aim of this
approach is to simultaneously measure as many metabolites as possible (including
analyzing the identification of unknown metabolites signals) without having prior
knowledge of the nature and the identity of assessed metabolites. This approach enables

novel areas of metabolism to be identified and is therefore often hypothesis generating

90,92
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Figure 6. Recent omics technology

In contrast to non-targeted metabolomics, targeted metabolomics is driven by the
specific hypothesis that motivates the investigation of particular biochemical pathways.

A targeted approach, where the obtained data is aiming at quantitative data by using more
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internal standards and reference compounds, ultimately resulting in absolute
concentrations. In this strategy, predefined metabolite-specific signals are used to

quantify, precisely, and accurately, concentrations of a limited number of metabolites.

These strategies have been used either separately or together for the following

approaches:

e Metabolite profiling is the measurement of the levels of a metabolite set in the
sample that useful to establish the complete composition in terms of metabolites.
This approach usually is used as a high-throughput measurement of the levels of a

large number of metabolites, including unknown metabolite. 893

e Metabolite fingerprinting explains the total profile of metabolites, or so-called
fingerprint, as a unique pattern characterizing a snapshot of the metabolism in the
samples. Metabolite fingerprinting approach is particularly useful in combination

with pattern recognition and discriminant analysis techniques %*.
1.4.2. Metabolomics Workflow

Metabolomics workflow consists of sample preparation, separation and detection,

and data transformation and data mining (Figure 7).
e Sample preparation

Sample preparation has a direct influence on the resulting metabolomics
experiments and is, therefore, an especially critical step. Sample preparation includes
samples collection and extraction process that are followed by analysis. Changes in the
plant’s metabolism occur from seconds up to few minutes, proper and fast sample

collection is needed to catch the specific metabolite profile in one phenomenon. One of
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the methods is the freezing of plant material in liquid nitrogen. Additionally,
homogenization needs to be performed to homogenize all of the samples will be
analyzed and can explain all of the samples by using a metabolomics approach. The
homogenization process also can minimize experimental variation and improve

reproducibility %,
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Figure 7. Common metabolomics research workflow
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Extraction process is the following step after sample collection. Extraction
method should be simple and as fast as possible. As one of the crucial steps for
metabolomics experiment, extraction method should be considered properly based on
the aim of research including the selection of solvent. A mixture of organic solvents
with water is common because they reduce the extraction of non-polar compounds.
Chloroform/methanol/water (2:1:1v/v) is a common mixture for the extraction of
non-polar and polar compounds. The selection of extraction solvent also depends on the

analytical platform will be used for the experiment %%,

e Analysis



Analysis of metabolomics platform usually is divided into two processes such as
separation and detection process. The separation and detection process usually use
different types of analytical instruments either as a stand-alone instrument or in
combination depending on the purpose of research. The analytical instruments
commonly used in metabolomics research include gas chromatography (GC), liquid
chromatography (LC), Inductively Coupled Plasma (ICP) for the separation process and
paired using mass spectrometer (MS), flame induction detector (FID) as a detector. Data
transformation and data mining (data acquisition) is the final step in the workflow of the

metabolomics analysis 88:89:93.99.100

The separation principle in metabolomics is metabolite separation based on the
interaction of stationary phase that is used during analysis. The stationary phases will
interact with compounds and separate based on the elution time of compounds. For
metabolomics research, a highly sensitive detector is desired to detect the separation of
the metabolites. Mass spectrometry is one type of detectors which ionize and detect the
compounds as an ion intensity. The ionized compounds will be detected based on m/z

value 88,96,101_
e Data interpretation

Subsequently, data mining is performed for interpreting the data of
metabolomics as the end of the workflow. Finally, metabolomics results in big data
(multivariate data). Various data mining is used during metabolomics processing data
such as Principal Component Analysis (PCA), Partial Least Squares (PLS), and
Hierarchical Cluster Analysis (HCA) to treat multivariate and megavariate data. The

utilization of particular multivariate analysis depends on the aim of the research 91192,
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1.4.3. Application to agricultural and food science

Over the past decade, the application of non-targeted high-throughput
metabolomics analysis has gained ever-increasing interest and has truly established
itself as a valuable tool for the study of biochemical composition %. Metabolomics has
been successfully employed to analyze various kind of samples such as food, animal,
and plant using several metabolomics platforms for separation and detection such as

GC/MS and LC/MS.

Metabolites profiling analysis was successfully conducted for determining the
differences between Angelicae radix that originated from several places using GC-MS
for separation and detection process and OPLS-DA (Orthogonal Projections to Latent
Structure-Discriminant analysis). Mass spectrometry-based metabolomics analysis was
useful to classify the geographical origin of Angelicae radix and establish the
bio-markers responsible for this classification. Subsequently, upon identification of the
biomarkers, another instrument such as GC-FID (Gas Chromatograph-Flame lon
Detection) may be employed to perform routine classification based on the known

discriminant marker 1%,

Metabolomics study is also applied to kopi luwak biomarker authentication. The
authentication of kopi luwak (Arabica coffee that was digested by the Asian palm civet,
one of the highest price of coffees in the world) is needed to verify the coffee from the
adulteration. Metabolomics was used to find the biomarker that allows discrimination

between Kopi luwak and adulterated coffee. The kopi luwak authentication study was
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conducted using GC/MS as a separation and detection platform and analyzed using

OPLS-DA as data mining platform 104195,

Metabolomics analysis of climacteric fruit and non-climacteric fruit were
performed in tomato (Solanum lycopersicum), pepper (Capsicum chilense), Peach
(Prunus persica), and strawberry (Fragaria x ananassa). Both ethylene-dependent and
independent fruits revealed different patterns when it was analyzed using GC-MS.
Non-climacteric fruits undergo less dramatic changes across the ripening process
compared to climacteric fruits. Several metabolites abundance occurred during the
ripening process of climacteric fruits are including sugar compounds, alcohol
compounds, organic acids, and amino acids changes #>?3108107 In recent years,
metabolomics approach is widely used as an important tool to support postharvest fruit
development and ripening studies including melon, strawberry, apples, grape, sapodilla,

litchi, and peach 108-1%7,
1.4.4. Recent research and objectives in this study

Despite economically important tropical fruit desired for its distinctive appearance
and unique taste, there is a lack of scientific information on mangosteen, also well
known as an exotic fruit. The reported studies mainly focused on color changes during
mangosteen ripening has been conducted, but the study only focused on the
identification of specific pigmentation metabolite. However, it is still not clear how
these metabolic changes contribute to the qualities of fruit that are related to sensory

attributes (sweet-acid taste, aroma, color changes, firmness).
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In this study, metabolomics technology is applied as an important tool to support
postharvest fruit development and ripening studies. Monitoring the changes in the
metabolome during fruit ripening is important to obtain insight into the mechanisms
involved and improve postharvest management strategies. To thoroughly identify and
investigate metabolic changes and to select ripening-associated metabolites, two types
of metabolomics strategies, informative, and predictive are applied, represented by the
utilization of multivariate analyses such as Principal Component Analysis (PCA),

Hierarchical Cluster Analysis (HCA), and Partial Least Square (PLS) analysis.

1.5. Research Objectives

The availability of genome sequence and genetic tools in fruits have made the technology
for developing postharvest studies. EXxisting studies on mangosteen have been focused on
transcriptome-level changes or targeting only a few metabolites in peel part. Therefore,
this study aimed to gain insight into the metabolic changes that affect mangosteen quality
during the ripening process and after postharvest treatment by using metabolomics

approaches.

e  First, non-targeted GC/MS-based metabolic profiling methods were applied to obtain
a general view on the metabolic changes during ripening process throughout

mangosteen color changes.

e The effects of different cultivation area, different tree, year of harvesting, and
ripening condition were examined to confirm the metabolic changes during the

mangosteen ripening process.
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e Finally, these approaches were applied to evaluate the effect of different postharvest

treatment in mangosteen.

1.6. Thesis outline

This thesis includes five chapters that provide the importance of metabolic changes
to the quality of Garcinia mangostana (mangosteen). The developed methods focused on
the metabolic changes, whose information throughout the mangosteen ripening process
was explored and further proven to be effective to study the quality of mangosteen after
postharvest process. Chapter 1 provides a general introduction concerning mangosteen as
an important export commodity in Indonesia and how metabolomics can be an effective
tool for mangosteen researches. In chapter 2, GC/MS-based metabolic profiling method
was employed to gain insight into the metabolic changes based on mangosteen ripening
stages. In chapter 3, in order to investigate the similarities of metabolic changes in
different condition of preharvest (year, different cultivation area, different tree) and
different preharvest mangosteen ripening stages were examined. In these experiments, all
samples were evaluated based on their color changes and metabolic changes during
ripening process. In chapter 4, several postharvest treatments were applied and evaluated
using metabolomics approach. Finally, in chapter 5, the conclusions revealed from this

study were summarized and the future perspectives were proposed.
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Chapter 2

Metabolomics-based approach for the study of Garcinia mangostana

(mangosteen) ripening stages

2.1. Introduction

Fruit ripening process is one of the factors that should be focused during
postharvest handling. Fruit ripening process occurs in every fruit including mango,
banana, guava, and papaya. Fruit ripening process affected by ethylene activities. The
changes of fruit ripening process including color changes, aroma changes, sugar
accumulation, and fruit softening *€.

Fruit ripening increases fruit palatability through changes in metabolite
composition across ripening stages. Ripening in climacteric fruits (e.g., banana, papaya,
mango, and mangosteen) depends on ethylene bursts that trigger metabolite production
or breakdown to influence fruit color, taste, and firmness 3011912 Ethylene production
in several climacteric fruits commences in the early ripening stages, which is
characterized by an immediate increase followed by a rapid decrease in ethylene levels
121124 Because excessive ethylene production during ripening process can drastically
drop fruit quality, understanding the chemical mechanisms during ethylene production
of fruit ripening stages is important for quality control and postharvest treatment of
commercial fruits. Fruit quality is greatly affected by both pre-harvest (e.g. genetic
origin, cultivation area, physicochemical properties of growing environment) and

post-harvest processes (e.g. storage method, logistic condition, etc). The complex,
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synergistic, non-linear interactions between many components define the sensory
characteristics of food products. Therefore, the elucidation and scientific manipulation
of these characteristics by targeting a single or just a few components become a very

complex task %88,

Mangosteen has black-purple peel color when they reach their mature stage. The
peel color formation is due to anthocyanins which are important antioxidants. Peel color
is the major criterion used to judge maturity index of mangosteen 27:°1:5254125 The
earliest stage was selected to be harvested before it exported to several
export-destination countries. The earliest stages were treated with several conditions
were applied to prolong the shelf-life, avoid mangosteen pathology during shipping, and
several potentials that make the quality of mangosteen were degraded #3:445466.125-129,
These qualities have resulted in considerable efforts to control mangosteen fruit
ripening so as to achieve optimal fruit maturity for harvesting, as well as to devise
appropriate postharvest packaging and handling strategies. However, the complex,
synergistic, non-linear interactions between many components define the sensory
characteristics of food products. Therefore, the elucidation and scientific manipulation
of these characteristics by targeting a single or just a few components become a very
complex task. Existing studies on mangosteen fruit ripening have been focused on
transcriptome-level changes or targeting only a few metabolites in the pericarp.
Previous study reported that there are several metabolites are dynamically changed
during ripening stages in every part of mangosteen using color changes as its physical

parameter .

Existing studies on mangosteen fruit ripening have been focused on
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transcriptome-level changes or targeting only a few metabolites in the pericarp 27125130~
133 In recent years, non-targeted metabolomics is a powerful approach to monitor global
metabolite changes that occur during fruit development and ripening. Through the use
of metabolic profiling approach, metabolic changes during ripening stages can be
determined to aid in the development of postharvest packaging technologies and

handling strategies.

In this chapter, gas chromatography-mass spectrometry (GC-MS)-based metabolite
profiling was performed in peel, flesh and seed parts of mangosteen to gain insight on
metabolic changes during mangosteen ripening stages. In addition, multivariate analysis
was performed to correlate specific metabolites with color changes that occur during the

ripening process.

2.2. Experimental section

2.2.1. Plant materials

Mangosteen samples were used are Raya cultivar as one of the superior
commercialized cultivars in Indonesia. Mangosteen fruit was freshly harvested in
February 2018 in Center of Tropical Horticultural Studies, Bogor Agricultural University,
Bogor, Indonesia. Mangosteen plants were grown in an open field (6°38'S x 106°49'E ) as
a part of experiment field located in Southeast Asian Regional Center for Tropical
Biology (SEAMEO BIOTROP), Bogor, Indonesia. For all samples, cultivation, irrigation,
watering, fertilization and pathogen-pest control were performed according to the

respective local commercial practices.
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Mangosteen fruit from Indonesia corresponding to 7 different ripening stages
(stages 0 to 6) were used in this study. Five samples (replicates) from 3 different trees
were collected for each stage from the period of January — March 2016 in Center of
Tropical Horticulture Studies, Bogor Agricultural University (CENTROHS, IPB), Bogor,
Indonesia. Color changes in fruit peels were measured using Konica Minolta CM-2500d

before homogenization and extraction of mangosteen.

2.2.2. Color changes measurement

Measurement of color changes was calculated using the previously established
CIELAB method with illuminant D65, observer angle 10° 8133 The measured data was
proceed using Spectramagic NX software (Konica Minolta, Tokyo, Japan). dLAB color
space value (CIELAB method) was used as color solid representatives value to represent
mangosteen color changes in ripening process. L* indicates the lightness of the samples
that were measured. a* and b* values are chromaticity diagram that describes red-green

color for a* values and yellow-blue color for b* values.

2.2.3. Samples extraction

Three different parts of mangosteen, namely flesh, peel, and seed were separated
and homogenized. Homogenized mangosteen samples were mixed with methanol (Wako
Pure Chemical Industries, Osaka, Japan), chloroform (Kishida Chemical Co.Ltd, Osaka,
Japan), ultrapure water (Wako Pure Chemical Industries, Osaka, Japan); 2.5/1/1 (v/viv)
together with an internal standard (Ribitol 100 pg/ml). Samples were sonicated for 1
minute and incubated at 37°C, 1200 rpm for 30 min. Incubated samples were centrifuged

for 3 min at 4°C, 16000 rcf. Four hundred microliters (uL) of supernatant was transferred
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to anew 1.5 mL microtube and added with 200 pL of water. The mixture was centrifuged
for 3 min at 4°C, 16000 rcf. Four hundred microliters (uL) of the polar phase was
transferred to a new tube and vacuum evaporated for 2 hours at room temperature before

lyophilization overnight.

2.2.4. Derivatization

One hundred microliters of methoxyamine hydrochloride (20 mg/ml in pyridine)
were added and incubated for 90 min, 1200 rpm, 30°C into lyophilized samples.
Subsequently, 50 ul N-methyl-N-trimethylsilyl-trifluoroacetamide (MSTFA) (GL
Sciences) were added and incubated for 30 min, 1200 rpm, 37°C to incubated samples

before analyzed using GC-MS.

2.2.5. Gas chromatography-mass spectrometry analysis

Intracellular metabolites were measured by Shimadzu Ultra QP-2010 gas
chromatography-mass spectrometry (GC-MS) with an InertCap 5 MS/NP (30 m, 0.25
mm i.d., 0.25 um film thickness, GL Sciences, Japan). Tuning and calibration of the
mass spectrometer were done prior to analysis. The derivatized samples were injected to
GC-MS. GC and MS conditions were performed by following the procedure as

described in Supplementary Table S1.

2.2.6. Data analysis

The raw chromatographic data were converted into ANDI files (Analytical Data
Interchange Protocol, *.cdf) using the GC-MS solution software package (Shimadzu,

Kyoto, Japan) for GC-MS analysis. Peak detection, baseline correction, and peak
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alignment of retention times were performed on the ANDI files using MetAlign
(Wageningen; can be downloaded freely at http://www.wageningenur.nl/). All of the
detailed metAlign parameter information had been explained in Supplementary Table S2.
All of the converted data was aligned together with QC (Quality Control) samples as a
reference. The peak intensity of each metabolite was normalized based on the ribitol

internal standard.

The detected peaks were tentatively identified by comparing the retention indices
and unique mass spectra with our in-house library database, Aloutput2 (version 1.30)
annotation software 3135 All of the detailed AlOutput parameter information had been
explained in Supplementary Table S3. Retention indices of all detected metabolites were
calculated based on standard alkane mixture (C10-C40). Additionally, the retention time
of each tentatively identified metabolites was compared with the National Institute of
Standards and Technology (NIST) library. All of the metabolites were tentatively
identified refers to Metabolites Standard Initiatives (MSI) level 2 identification

procedures 3¢,

2.3. Results and discussions

2.3.1. Assessment of mangosteen ripening stages

The seven mangosteen fruit ripening stages were classified following previous
studies 2 and were based on color changes from yellow-green (unripe) to purple-black
(fully ripe) (Figure 8). These changes occur due to ethylene production, which begins
from stage 1 (9 weeks post-blooming) and reaches maximum levels at stage 5 (12 weeks
post-blooming), before decreasing slightly 27°2. Ethylene signaling networks increase
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plant pigments such as anthocyanin, which is associated with red, purple, and blue fruit

colors. Therefore, we expected that anthocyanin levels would also vary with ripening of
mangosteen.

SLHH990

Figure 8. Mangosteen ripening stages. A photograph of typical mangosteen fruits during ripening
stages as described by previous study (30) and CENTROHS, IPB.

Mangosteen samples were collected from mature fruit that had reached maximum
weight and volume but was at different ripening stages. A color-change index was used
for sample classification: stage 0 and 1 are yellow-green, contain yellow gamboge, and
have flesh inseparable from the rest of the peels. Stage 2-4 exhibit a gradual color change
to purple-black, decreasing yellow gamboge, and eventual separation of the flesh from
the other peels portions. Finally, stages 5 and 6 are fully purple-black, considered ready

for consumption and distributed to domestic markets.

Mangosteen color changes (including depth, vividness, and hue variation) per
stages were measured with a colorimeter, then calculated using the non-destructive
CIELAB method, which generates a dLAB value useful as a quantitative phenotype for
describing fruit ripening stages 813313 CIELAB has been applied to other fruits (e.g,
strawberry, mango, and apple) to ascertain ripeness, typically after an edible coating
treatment to prolong the shelf-life of the fruits ">13813° We observed increasing dLAB as

fruit color shifted from green to purple-black (Table 3 and Supplementary Table S4). We
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also noted a significant decrease in hue as the fruit ripened, corroborating previous

studies %',

Table 3. Postharvest physiological quality indices of mangosteen fruit during ripening process. Stage
zero was used as a reference samples for color measurement

R;E’aeg”ég'g '—'%zf_”)ess V'V'(g;’)o'or Hue color (db)  dlab value
| 3.59 3.16a 259 10.76a
T -14.250 15.49b 15.69b 26,560
i -26.79bc 17.25b -25.19¢ 41.37c
W, 27.67¢ 17.71b 28.66¢ 43.80c
Y; -32.58¢ 12.82b -30.34c 46,42
Vi 35,29 7.38ab -32.59d 48.78¢

2.3.2. Elucidation of metabolic changes during mangosteen ripening stages

Metabolic changes during mangosteen ripening stages were assessed with GC/MS
for the first time. Three fruits per ripening stage were used and the analysis was
performed separately for each part of mangosteen. A total of 70 metabolites from flesh,
62 metabolites from peels, and 69 metabolites from seeds were tentatively identified
using the National Institute of Standards and Technology and our laboratory in-house

library (Supplementary Table S5).

Flesh part Peel part Seed part
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Figure 9. Metabolites abundances during mangosteen ripening process in flesh part, peel part,

and seed part. The number showed in PCA showed the ripening stages. PCA showed the separation
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between each stages during mangosteen ripening process in each mangosteen parts. Scaling method:

UVscale, transformation: none, n = 3.

Principal component analysis (PCA) of the GC-MS derived dataset revealed two
principal components explaining 71.35%, 52.2% and 44.6% of metabolite variation in
flesh, peels, and seeds, respectively (Figure 9). The results clustered mangosteen ripening
stages into three phases (early, middle, and late) based on metabolite distributions.
Metabolite quantification was normalized with ribitol as the internal standard, which
allowed us to determine relative metabolite intensity in each ripening stage and correct

for potential errors during sample preparation or analysis.

Hierarchical cluster analysis (HCA) was performed to further clarify metabolite
distribution during mangosteen ripening, hierarchically clustering each stage based on
metabolite abundance per fruit part. Pearson’s coefficients were calculated to look for
significant correlations between metabolites and ripening stage. The resultant heat-map
revealed that metabolite intensities significantly increased from stage 2 in the peel and
flesh part (Figure 10a,b). Seeds differed from the other mangosteen parts in exhibiting a
larger metabolite-abundance gap between stage 4 and other stages (Figure 10c). Despite
this result, HCA classified stage 4 as part of early ripening stages. It is presently unknown
why the metabolite intensities in stage 4 of seed part show more similarities with
metabolites in early ripening stage. It is possible that the metabolite dynamics during

ripening stage in the seed part do not follow the same trend as other parts of mangosteen.
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Figure 10. Distribution of metabolites analyzed using GC-MS during mangosteen ripening stages in the (a) flesh part, (b) peel part, (c) seeds part.
HCA clearly clustered early (stage 0-1), mid (stage 2-4), and late (5-6) stage ripening stages based on metabolites abundance during mangosteen ripening
process. The significant metabolites changes during mangosteen ripening stages also shown in the HCA. The color scale is plotted at the top of the figures.
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2.3.3. Color changes based exploratory analysis of mangosteen ripening stages

A partial least square (PLS) analysis was used to regress PCA variables (metabolite
intensity) on color change values, allowing us to verify whether color predicted
metabolite-based ripening stages. This is the first report of the use of PLS analysis to
correlate metabolite intensity and color changes as a physical parameter for predicting

ripening process of mangosteen.

PLS analysis was conducted using data from color changes as the response variable
(y-variable) and metabolite peak intensity values as the predictor variables (x-variables)
140 Representative samples of three major ripening stages (stage 0, 2, 4, and 6) were
selected as a training set, and the remaining stages were used as a data set to validate the
prediction model (Figure 11). The constructed model has linear coefficient (R?) and

prediction ability (Q?) greater than 0.5, both thresholds for a valid model with good fit.

The results of the PLS indicated that different metabolites were giving a large
contributors to color change depending on mangosteen part. Contributing metabolites
were selected based on the five highest Variable Importance in the Projection (VIP)
scores (Table 4). Primary metabolites were: fructose, psicose, glucose, galacturonic acid
in the peel; xylose, glucoronate, 2-aminoisobutyric acid, tryptophan, and xylulose in the

flesh; and phenylalanine, valine, tyrosine, isoleucine, and serine in the seed.
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Figure 11. Prediction model of mangosteen ripening stages using Projection to Latent Squares
(PLS) analysis (f represents flesh part, p represents peels part, and s represent seeds part;
numbers in each mangosteen part represent the ripening stages). The observed parameter that
was used is color changes of the ripening stages classified by previous studies 27. Scaling method:
UV scale, transformation: none. (a). The prediction model of flesh part during mangosteen ripening
stages; (b) the prediction model of peel part during mangosteen ripening stages; (c) the prediction
model of seed during mangosteen ripening stages. All prediction models of mangosteen parts (flesh,
peel, seed) were built using stage 0,2,4, and 6 as a training set and stage 1,3, and 5 were used as a
test set. The prediction model was validated by using root mean square error estimation (RMSEE)
and root mean square error prediction (RMSEP) value to evaluate accuracy, prediction and model
robustness
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2.3.4. Important metabolites change in mangosteen during ripening are related to color
changes

The relative intensity (normalized with ribitol) of major metabolites elevated
during mangosteen ripening were compared using a boxplot to examine metabolite
fluctuation. Top metabolites (based on VIP scores, Table 4) from individual mangosteen
parts were analyzed separately. Xylose, xylulose + ribulose, glucoronate,
2-aminoisobutyric acid, and tryptophan were compared in the flesh. Psicose, fructose,
xylose, galacturonic acid, and glucose were compared in the peel. Phenylalanine, valine,
isoleucine, serine, and tyrosine were compared in the seed. The boxplot (Figure 12)
showed that the relative intensities of top metabolites were correlated with ripening

stages, increasing as ripening progressed.

Table 4. VIP Score and coefficient of fifth highest metabolites for each mangosteen part

Mangosteen part Metabolites vIP Coefficient
score

Psicose 1.549 0.0328

Fructose 1.534 0.0325

8 Xylose 1.484 0.0314
Galacturonic acid 1.429 0.0303

Glucose 1.408 0.0298

Xylose 1.356 0.0502

- Xylulose+Ribulose 1.346 0.0635
% Glucuronate 1.254 0.0371
2-Aminobutyric acid 1.247 0.0391

Tryptophan 1.246 0.0404
Phenylalanine 1.729 0.0868

g Valine 1.491 0.0539
Tyrosine 1.459 0.0557
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Isoleucine 1.456 0.0632
Serine 1.324 0.0339

The metabolites found in this study accord with an existing understanding of fruit
ripening. For example, an aspect of ripening involves ethylene-triggered breakdown of
pectin, hemicellulose in cell walls to form simple metabolites such as galactose, xylose
and galacturonic acid 2%, This cell-wall breakdown causes a drastic decrease in
firmness when fruit is ripe. Here, we found that galacturonic acid and xylose abundance
increased considerably during mangosteen ripening, implying the same process occurs in

this fruit.

In mangosteen flesh, we identified 2-aminoisobutyric acid as an abundant
metabolite in mangosteen flesh (Figure 12). The metabolite has been previously reported
to inhibit ethylene production and postponed the peak of respiration rate in treated longan
fruit 2. Additionally, psicose and several amino acids (phenylalanine, valine, isoleucine,
serine, and tyrosine) have strong correlation with mangosteen ripening based on VIP
score of PLS model in peel and seed of mangosteen, respectively. Previous research has
indicated the involvement of psicose in transpiration inhibition mechanisms in tomato 43,
whereas amino acids such as phenylalanine, valine, isoleucine, serine, and tyrosine were

reported to play a role in cacao seed development 144,

In our analysis, psicose was considered as one of the important metabolites in peels
during ripening stages. It is suggested to have a role as a supportive mechanism to
decrease the respiration in order to produce more water as product and uncontrolled

release of water content during ripening stage.
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Figure 12. Box-plot of highly contributing five metabolites that are related to mangosteen
(Garcinia mangostana) ripening stages of (a) peel part; (b) flesh part; (c) seeds part. The
relative intensity of metabolites that are important during mangosteen ripening stages was explained
using boxplot were dominated by saccharides, organic acids and amino acids. The peak intensity of

each metabolite was normalized based on ribitol internal standard
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2.3.5. Metabolites changes related to the quality of mangosteen during ripening process in

flesh part

Organoleptic properties, such as fruit firmness, sweet-acid taste, and aroma, were
dynamically changed during fruit ripening process especially in the flesh part. These
qualities have resulted in considerable efforts to control mangosteen fruit ripening so as
to achieve optimal fruit maturity for harvesting. The behavior observation in fruit
firmness and color in mangosteen were explained in the previous section. In this section,
metabolic changes related to quality of mangosteen during ripening process will be

deeply discussed in the flesh part and peel part.

loscitric acid + citric acid Malic acid
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Figure 13.Relative intensity of isocitric acid + citric acid and malic acid during mangosteen
ripening stages. The X-axis represents the ripening stages and Y-axis represents the relative

intensity towards ribitol as an internal standard

The result shown in Figure 13 indicates that during ripening process, the relative
intensity of isocitric acid, malic acid, are increased in stage 2 and remain stable until the
end of ripening stages in the flesh part. These metabolites are intermediates in the
tricarboxylic acid (TCA) cycle. In addition, similar trend was shown in several
cell-walls modification-related metabolites (galacturonic acid, fructose, sucrose,
galactose, and glucose). This founding suggested there is a mechanism of separation

between peel and flesh part that has relation to cell-wall modification between the layer
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between peel and flesh during stage two of mangosteen ripening. Furthermore, the
stability of these metabolites indicated that the accumulation process remains until the

end of ripening stages.
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Figure 14. Relative intensity of saccharides during mangosteen ripening stages. The X-axis
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represents the ripening stages and Y-axis represents the relative intensity towards ribitol as an

internal standard

The stability of metabolites intensity from stage two might cause by nutrition intake
as a result of translocation process still occurs during attached/intact/on-tree ripening
process. Fruit as a non-photosynthetic organ is known as sink from photosynthetic organ
such as leaves. The results of sugar accumulation indicate (Figure 14) there is an
association with photo assimilate metabolism occurs during intact/on-tree mangosteen
ripening process 4514 The sugar accumulation in intact fruits after stage two ripening
means carbon storage for further used during postharvest showed an optimum number to
be selected for postharvest storage. This result in agreement with the previous study
mentioned the detached/off-tree fruit, markedly restricts or terminate photosynthesis,

leaving them with the extremely low reserves that can be used for maintenance.
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The amino acids intensity also gradually accumulated at the end of ripening stages
of flesh part (Figure 15). Amino acids were reported as an important precursor of
aroma/flavor volatiles in fruits. The accumulation of amino acids during mangosteen
ripening process showed that the biosynthesis of aroma/flavor might occur. Additionally,
the accumulation of amino acids indicates indirect effect after hypoxic condition during

fruit ripening process due to ROS activity 47153,
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Figure 15. The relative intensity of sugar alcohols and amino acids during mangosteen ripening

stages. The X-axis represents the ripening stages and Y-axis represents the relative intensity towards
ribitol as an internal standard

Phenylalanine as a precursor metabolites in phenylpropanoid metabolic processes
represent the pathways of flavonoid synthesis. The previous study reported a large

number of genes in this pathway linked with cytochrome P450 were up-regulated during
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fruit senescence or ripening process, which lead to the accumulation of polyphenol

metabolites. The increased polyphenol metabolites could then be oxidized by ROS 7.

The confirmation of low oxygen gradient condition by using line chart was
generated to observe the metabolic changes during mangosteen ripening process (Figure
16). Several metabolites (4-aminoisobutyric acid, lactic acid, and proline) was reported as
a metabolic response after stress conditions 41, Line chart was generated using the
information of relative intensity of each metabolite in each ripening stages. Lactic acid
and 4-aminoisobutyric acid showed a significant increase during stage two and three.
This results indicated that there is a stress response during ripening stages. The increase
of these metabolites in accordance with the increase of proline intensity until the end of
ripening stages. This results supported the previous statement regarding the accumulation

of the amino acids due to low oxygen gradient condition.
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Figure 16. Relative intensity of stress-related metabolites during mangosteen ripening stages.
The X-axis represents the ripening stages and Y-axis represents the relative intensity towards ribitol

as an internal standard

2.3.6. Metabolites changes related to the quality of mangosteen during ripening process in

peel part

The metabolic changes occurred in the peel part were deeply discussed since the

firmness, and color changes are a common indicator for mangosteen maturity before it is
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consumed. In HCA plot, the increased metabolites were selected and visualized using line
charts. Similar with flesh part, several metabolites in peel part (malic acid, isocitric
acid+citric acid, glucose, xylulose+ribulose, xylonic acid, and galactose) were observed
in each stage during ripening stages (Figure 17). These metabolites were significantly
increased starts from stage two and remain stable until the end of ripening process. The
metabolites listed above is related to the degradation of the polysaccharides as reported in
the previous study. Furthermore, these metabolites also reported has a role in fruit

firmness during ripening process.
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Figure 17. Relative intensity of firmness and TCA cycle metabolites during mangosteen
ripening stages. The X-axis represents the ripening stages and Y-axis represents the relative

intensity towards ribitol as an internal standard

Similar to the flesh part, the ripening process behavior was observed from the
accumulation of metabolites. The significant increase of TCA-related metabolites (malic
acid, and isocitric acid+citric acid) indicates there is a respiration process which resulted
in the color changes from yellow-green to black-purple color. The respiration process was
observed also give an effect to fruit firmness which showed in the relative intensity of

galactose, glucose, and xylulose+ribulose metabolites.
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2.4. Conclusions

Comparing the huge information about bioactive compounds in mangosteen,
information from metabolomics studies during mangosteen ripening studies are still very
limited. Finally, the study of mangosteen ripening using metabolomics approach provide
further information about the chemical mechanisms of the rapid decrease in ethylene
production during the mangosteen ripening stage. Metabolomics approach offers a great
advantage compared to the traditional conventional appearance-based diagnosis as it can
provide a quantitative and objective measurement of metabolites that contribute to the

phenotypic traits of fruit, such as color, texture, and flavor.

This study marked the first investigation of mangosteen ripening using metabolic
profiling and this study resulted in new insights on important metabolite changes that
occur during ripening and suggested several important metabolites for mangosteen
ripening. The approaches established from this study can provide a better understanding
of the mangosteen ripening and aid the development of postharvest strategies and quality

control of mangosteen by controlling changes in metabolites involved in ripening.
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Chapter 3

Metabolomics-based approach for the evaluation of different

mangosteen ripening condition

3.1. Introduction

Mangosteen is a climacteric fruit which color changes were changed by the
existences of ethylene around the fruits. Mangosteen peel color is the major criterion used
to judge its ripening index. Fruit ripening stage variation occurs from the different trees
every harvesting year. It might cause by maturity and ripening process of each fruit

cannot be done uniformly even it occurs in the same tree 7,

Furthermore, fruit developmental process also depends on the weather condition.
The fruiting season can occasionally begin four until six weeks earlier than typical. The
fluctuation of rainfall, shades, location of the fruits in the tree might have different
physiological condition for each mangosteen fruit. These climatic conditions cause

uncertain phenology including fruit ripening behavior 75156159,

The ripening behavior deviation can be observed between plant-attached and
plant-detached. The ripening physiology between “on-tree” or attached fruit and “off-tree”
or detached fruit has different pattern of genes, until biochemical changes as reported in
several cultivars of detached chili and cut-off flower 13160161 The inhibition of
intracellular metabolites transport process in “off-tree” condition might affect the

accumulation of starch during fruit development process.
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Postharvest development always used fruits in their ethylene peak and allowed to
ripen during storage treatment. During storage, the fruit quality reached at the end of the
“on-tree” ripening condition needs to be maintained. To date, the application of
metabolomics approach offers the possibility to better understand of biochemical changes
occur in different ripening condition. Therefore, the comparison between “on-tree” and

“off-tree” ripening condition using metabolomics approach is proposed in this study.
3.2. Experimental section
3.2.1. Plant materials

Mangosteen fruit from Bogor, Indonesia corresponding to 7 different ripening
stages (stages O to 6) were used in this study >. Mangosteen fruits from each ripening
stage with three biological replicates were collected from different trees and different
cultivation area in random. Sample collection was done in one day on February, 19th
2018 in Center of Tropical Horticultural Studies, Bogor Agricultural University, Bogor,
Indonesia. These samples were obtained at the optimum moment for harvest, always in
the morning. These samples were obtained to imitate postharvest condition (“off-tree”
ripening condition). These samples were analyzed together with natural (further will be
mentioned as “on-tree”) ripening condition which is described in chapter 2. All
mangosteen samples were fast quenched in the liquid nitrogen and stored in -20 °C prior

to extraction and homogenization process.
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Figure 18. Samples information of this study. Seven ripening stages were collected from different

ripening condition. “Natural on-tree” condition samples were collected from 2016 as described in chapter

2. “Random on-tree” samples were randomly collected from different tree and different cultivation area in

2018. The number shown in the figures represent the ripening stage. Both ripening condition samples

were analyzed together using GC-MS. The “off-tree” condition was performed by using stage two as an

initial stage which allows ripening in the room temperature until reach stage six of ripening. “Off-tree”

samples will further be used as a control in postharvest treatment. Stage two was randomly collected and

treated with several postharvest treatments.

3.2.2. Color changes measurement

Same as section 2.2.2

3.2.3. Samples extraction

Same as section 2.2.3
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3.2.4. Derivatization

Same as section 2.2.4

3.2.5. Gas chromatography-mass spectrometry analysis

Same as section 2.2.5

3.2.6. Data analysis

Same as section 2.2.6

3.3. Results and discussions

3.3.1. Elucidation of metabolic changes during mangosteen ripening stages in different

ripening conditions

The seven mangosteen fruit ripening stages were randomly collected in one day
from different trees and from two different plantations. The mangosteen ripening stages
were classified explained in the previous chapter. These samples (“random on-tree”)
were compared with natural ripening condition (“natural on-tree”) (Figure 18) to evaluate
whether the same ripening trend occurs in different harvesting year, different collection

method and different plantations.

Colorimetric analysis revealed increasing color solid representative (dLAB value)
as peel color shifted in both ripening stages from green to purple-black in both ripening
conditions (Table 5). We also noted there is no significant difference in dLAB value
between “random on-tree” ripening condition and “natural on-tree” ripening condition,

corroborating previous studies which also described in chapter 2.
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Table 5. Solid color representative values of on-tree and off-tree ripening condition. CIELAB
was used to calculate the color representative values during mangosteen ripening condition. Stage 0
was used as a reference sample. dL indicates the different of lightness between the samples and
reference that were measured. da and db values are chromaticity diagram that describes red-green
color for da values and yellow-blue color for db values different between the samples and reference.

dLab value is the total color of difference value between samples and reference.

Ripening  Ripening Lightness  Vivid color Hue color dLab

condition stages (dL) (da) (db) value
. | 3.588a 3.158a 2.599a 10.759a
E I -14.250b 15.493b -15.693b  26.560b
S I -26.789bc 17.248b -25.189c  41.373c
‘_g \Y -27.668¢c 17.711b -28.659c  43.797c
g \Y -32.580¢c 12.822b -30.343c  46.421c
e Vi -35.293cd 7.377ab -32.504d  48.778c
8, | 2.207a 2.939 -1.3292a  11.247a
= Il -11.627b  16.961b -13.3080  25.100b
S I -17.502bc 20.892b -16.816b  33.077hc
S IV -27.009¢ 7.625a -26.029c  39.332bcd
§ \Y; -31.741d 4.838a -28.241c 42.905d
3 Vi -32.289% -0.884d -30.468c  44.447d

Metabolic changes between “random on-tree” and “natural on-tree” ripening
condition were further compared with GC-MS analysis. Three fruits from all ripening
stages in “random on-tree” and “natural on-tree” ripening condition were used and the
analysis was performed separately for peel and flesh part of mangosteen. A total of 70
metabolites from flesh and 60 metabolites from peel part were tentatively identified in
both ripening conditions using the National Institute of Standards and Technology

(NIST) and our laboratory in-house library (Supplementary Tables S6 and S7).

Two Principal component analysis (PCA) models of the GC-MS-derived dataset
were generated, the first based upon the fruit peel samples and second based upon the
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fruit flesh samples, the first two PCs within each model provided a total explained
variance (TEV) of 49.8%, and 49.47%, respectively (Figure 19). The results showed the
trend of PC1 describes the metabolite changes trends during mangosteen between
“random on-tree” and “natural on-tree” ripening process from raw to ripen stages. PCA

results also clustered based on metabolites distribution as explained in the previous

chapter.
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Figure 19. Metabolites abundances during mangosteen ripening process in peel part and flesh
part using PCA. PCA results showed the trend of PC1 describes the metabolite changes trends
during mangosteen between “natural on-tree” and “random on-tree” ripening process. Scaling

method, UV scale; transformation, none; n = 3.

Hierarchical cluster analysis (HCA) was performed to further clarify metabolite
distribution between “random on-tree” and “natural on-tree” ripening process. HCA
resulted in clustering of metabolite intensity showing identical or highly similar patterns
of intensities throughout all GC-MS datasets of different ripening condition. In
accordance with PCA results, HCA results (Figure 21) showed a clear clustering based on
its ripening stages in both ripening conditions. These results also successfully reproduced
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the results from chapter 2 which describes heat-map results in “natural on-tree” ripening
process. Therefore, we used the “random on-tree” samples as they are collected in the
same harvesting time in 2018 with “off-tree” samples for the next comparison between
“on-tree” and “off-tree” ripening stages. In “off-tree” samples, stage two mangosteen was
allowed to ripen in room temperature over the course of 10 days observation. Based on
color changes parameter, we assigned the ripening stage of mangosteen from stage 2 to
stage 6. The progression of ripening was much faster in “off tree” samples compared to
the ripening that occurred naturally “on-tree”. When harvested in stage 2, the peel color
was light-greenish yellow scattered with a pinkish spot. At day one after harvest, the
fruits ripened to stage 3, then reached stage 4 at day two, stage 5 at day four and reached
fully ripen stage 6 at day five. The peel color then remained constant until day 10 (Figure

18).

Metabolic changes between ‘“on-tree” and “off-tree” ripening condition were
further compared with GC-MS analysis. Three fruits from different ripening stages in
“on-tree” and “off-tree” ripening condition were used and the analysis was performed
separately for peel and flesh part of mangosteen. A total of 57 metabolites from flesh and
72 metabolites from peel part were tentatively identified in both ripening conditions using
the NIST and our laboratory in-house library (Supplementary Table S9). Two PCA
models were generated, the first based upon the peel samples and second based upon the
flesh samples, the first two PCs within each model provided a total explained variance
(TEV) of 41.5%, and 56.3%, respectively (Figure 20). The results showed the trend of
PC1 describes the metabolite changes trends during mangosteen between “on-tree” and

“off-tree” ripening process from raw to ripen stages. The ripening progression in “on-tree”
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ripening condition shown in Figure 20 is consistent with the previous PCA model (Figure
19).

In the comparison between “on-tree” and “off-tree”, the trend is different in
samples of stage 4, 5 and 6 of peel part. Meanwhile, the trend of ripening progression in
the flesh part is similar between the two ripening conditions (Figure 20). For detailed
investigation on metabolite changes that are associated with ripening in these two

conditions, PLS regression was performed.
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Figure 20. Metabolites abundances during mangosteen ripening process in peel part and flesh
part using PCA. PCA results showed the trend of PC1 describes the metabolite changes trends
during mangosteen between “on-tree” and “off-tree” condition. Scaling method, UV scale;

transformation, none; n = 3.
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Figure 21. Metabolite distribution between two harvesting conditions was employed and analyzed using Hierarchical Cluster Analysis. HCA
parameter * correlation: Pearson correlation, average linked cluster analysis. Up-regulated metabolites are presented in red and down-regulated metabolites

in green. Red color represents on-tree ripening condition and blue color represents the off-tree ripening condition.
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3.3.2. Prediction model of mangosteen ripening process in two different harvesting

condition

PLS analysis was used to regress PCA variables (metabolite intensity) on color
change values, allowing us to verify whether color changes can well predict
metabolite-based ripening stages. PLS analysis was conducted using data from color
changes as the response variable (y-variable) and metabolite peak intensity values as the
predictor variables (x-variables). Representative samples of three major ripening stages
(stage 0, 2, 4, and 6), referring to the previous chapter, were selected as a training set, and
the remaining stages were used as a data set to validate the prediction model. PLS
analysis was performed in both harvesting conditions to confirm their contributing
metabolite differences.

Table 6. PLS model criteria and list of fifth highest VIP score metabolites from peel part and

flesh part of mangosteen obtained from each harvesting conditions.

Fruit Criteria Ripening condition
part “Natural on-tree” “Random on-tree”
R? 0.994 0.982
Q? 0.879 0.705
RMSEE 1.883 2.998
RMSEP 13.819 7.72
Peel 5th highest VIP  Glycine (1.36; (+)) Galactose (1.72; (+))
part score Metabolites  Galacturonic acid (1.36; (+)) Fructose (1.70; (+))
(VIP Score; Galactose (1.35; (+)) Glucuronate (1.65; (+))

Correlation 2-aminoethanol (1.33; (-)) Rhamnose (1.48; (+))

coefficient) Shikimic acid (1.32; (-)) Galacturonic acid(1.47;
(+))

Flesh R? 0.863 0.958

part Q? 0.627 0.874
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RMSEE 8.209 4.064

RMSEP 7.515 5.454
5th highest VIP  B-alanine (1.70; (+)) Phenylalanine (1.39; (+))
score Metabolites  Alanine (1.60; (+)) Threonine (1.38; (+))
(VIP Score; Lyxose (1.54; (+)) 2-aminoethanol (1.38; (+))
Correlation Arabinose (1.51; (+)) Isoleucine (1.37; (+))

coefficient) Phenylalanine (1.50; (+)) Valine (1.36; (+))

The constructed models have linear coefficient (R?) and prediction ability (Q?)
greater than 0.7, both thresholds for a valid model with a good fit (Table 6). The results of
the PLS model indicated that different metabolites were giving large contributions to
color change depending on the mangosteen part. Contributing metabolites were selected

based on the five highest variable importance in projection (VIP) scores.

Primary metabolites were selected from both harvesting conditions in the peel part
as ripening-associated metabolites (Table 6). Galactose and galacturonic acid were
repeatedly reported in both harvesting conditions in peel part. These metabolites have
been reported in the previous chapter. Galacturonic acid and galactose were reported to
have a contribution to cell wall degradation which gives an effect to fruit softening during
the ripening process. This cell-wall breakdown causes a drastic decrease in firmness
when the fruit is ripe 2. For example, an aspect of ripening involves an
ethylene-triggered breakdown of pectin, hemicellulose in cell walls to form simple
metabolites such as galactose, xylose and galacturonic acid 23!, Here, we found that
galacturonic acid and galactose abundance increased considerably during mangosteen
ripening, implying the same process occurs in this fruit between two different harvesting
conditions. Interestingly, shikimic acid was shown to be one of the important metabolites

in the peel part of “on-tree” condition.
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Figure 22. Line graph of important metabolites of peel part between “natural on-tree”

ripening and “random on-tree” ripening.

Shikimic acid was repeatedly reported as a precursor metabolite for pigment and
lignin production in transcriptomics studies of peach and pear fruit development 62163,
Similar study in mangosteen reported that lignification was induced during “on-tree” fruit
maturation upon hypoxic condition treatment using capillary water ¢4, Lignification in
mangosteen fruit affected peel hardness which increased fruit firmness and such

phenomenon occurred under low oxygen conditions or upon physical damage 5132165,

Additionally, primary metabolites were selected in the flesh part as
ripening-associated metabolites in both “on-tree” conditions (Table 6). It is also
mentioned that listed amino acids act as precursors for fruit aroma metabolites. Previous
report mentioned several amino acids have a contribution to several volatile metabolites

biosynthesis in melon 1%, These findings have a good agreement with the information of
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several amino acids might have a role as a precursor metabolite for plant volatile
metabolites that had been reported in the previous studies 109166-168 A number of flavor
volatile metabolites were also found in abundance of mangosteen using headspace-solid
phase microextraction (HS-SPME) which are related to specific aroma metabolites 1°. In
addition to amino acids, metabolites such as quinic acid, lyxose, and arabionose that were
previously reported as sweet-acid related metabolites in coffee and direct precursors of

volatile metabolites in several fruits were also selected as ripening-associated metabolites

170-173

Furthermore, phenylalanine consistently appeared as the fifth highest VIP score
obtained from the PLS model in both harvesting conditions in the flesh part. The
metabolite has been previously reported to regulate reactive oxygen species (ROS)
activity whilst also regulating pH, cell homeostasis, and structural integrity of membranes
and cell walls 2. The roles of ROS had also been reported in fruit development and
ripening. ROS has an association with the increase in polygalacturonase activity,
peroxidase activity and the concentration of peroxide during fruit softening process of

papaya, and banana using proteomics approach 119147174175

The increase of amino acids during ripening indicated that ROS activity was
present during mangosteen ripening. Moreover, phenylalanine was reported as one of low
oxygen stress response metabolite in the legume after waterlogging treatment 1’6, The
accumulation of several amino acids can also be caused by the hypoxia condition
occurring in the flesh of mangosteen since the oxygen gradient in flesh might be lower

than the peel part as previously reported in pear and apple 1’7178,
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Figure 23. Line graph of important metabolites of flesh part between “natural on-tree”

ripening and “random on-tree” ripening.

The additional PLS analysis was performed to confirm their robustness between
different ripening condition. Samples of “natural on-tree” harvesting condition (stage O -
6) were selected as a training set, and the “random on-tree” samples were used as a data
set to validate the prediction model. This model is herein referred to as “on tree”
combined model. The constructed model has a linear coefficient (R?) and prediction

ability (Q?) greater than 0.6 in both parts (peel and flesh part) (Table 6).

In order to verify our results, we added the test set into the model wherein they fit
perfectly in the predicted regression line (Table 6). Moreover, the root means square error
of estimation (RMSEE) was calculated to determine how well the observed color changes
during ripening stages matched with the actual color changes during ripening stages of

mangosteen. Result showed that the root mean square error of estimation (RMSEE = 6.90
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and 5.89 in peel and flesh part, respectively) was considered as not significantly different

from the root mean square error of prediction (RMSEP = 13.08 and 9.72 in peel and flesh

part, respectively), thus indicating that the regression model was valid.

Table 7. PLS model criteria and list of 5th highest VIP score metabolites from peel part and

flesh part of mangosteen obtained from both harvesting conditions

Fruit part Criteria VIP metabolites
R? 0.873
Q2 0.771
RMSEE 6.909
RMSEP 13.085
Peel part Galactose (1.43;(+))
5th highest VIP score Galacturonic acid (1.42;(+))
Metabolites (VIP Score;  Shikimic acid (1.40;(-))
Correlation coefficient)  Xylose (1.40;(+))
Glucuronate (1.39;(+))
R2 0.926
Q2 0.618
RMSEE 5.897
RMSEP 9.72
Flesh part Alanine (1.52;(+))

5th highest VIP score
Metabolites (VIP Score;
Correlation coefficient)

B-alanine (1.49;(+))

Phenylalanine (1.41;(+))

Quinic acid (1.39;(-))

Glucuronate (1.36;(+))

In mangosteen peel, similar ripening-associated metabolites (galactose and

galacturonic acid) with “natural on-tree” and “random on-tree” as contributing

metabolites in combined prediction model (Table 7). In mangosteen flesh, we identified

similar metabolites as “natural on-tree” and “random on-tree” as an abundant metabolite

in “on-tree”” combined prediction model.
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The relative intensity of major metabolites between “natural on-tree” and “random
on-tree” ripening condition was compared using a line chart. Top metabolites (based on
VIP score from both ripening condition) individual mangosteen parts were analyzed
separately (Tables 6, 7). The line chart shows that the relative intensities of top
metabolites were correlated with ripening stages in both ripening conditions, in

accordance with ripening progress (Figures 22, 23).

Major metabolites relative intensities are increased in accordance with ripening
stages in all conditions. Contributed soluble sugars (galactose, fructose, glucoronate,
rhamnose, lyxose, and arabinose) were accumulated at the end of the ripening process
between both harvesting conditions. Additionally, contributed amino acids
(phenylalanine, threonine, B-alanine, alanine, isoleucine, glycine, and valine) follow the
same trends during the ripening process of both harvesting conditions. Meanwhile,
2-aminoethanol relative intensity is relatively constant between the stages in all

mangosteen parts.

For comparative purpose, most significantly different metabolites in “natural
on-tree” and “random on-tree” harvesting condition were shown in. Several metabolites
in peel part (galactose, glucoronate, rhamnose, fructose, galacturonic acid) were
significantly different in earlier ripening stage (stage 0, 1, and 2) between the two
ripening conditions. Additionally, several metabolites (phenylalanine, valine, threonine,
lyxose, isoleucine, and arabinose) in the flesh part were significantly different in
mid-ripening stage (stage 4 and 5). These results showed the increasing of metabolites
can be standards to determine the maturity that are not only related to color changes but
also mangosteen firmness and aroma precursor metabolites during ripening process.
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In conclusion, we successfully developed a robust prediction model of mangosteen
ripening process based on metabolome data in two different harvesting conditions with

data taken in different harvesting year, sample collection and plantations.
3.3.3. Prediction model of different ripening condition in mangosteen

Additional PLS analysis was performed to confirm the robustness of “on tree”
ripening prediction model using “off-tree” samples as test set. Samples of “random
on-tree” ripening condition (stages 2 - 6) were selected as a training set, and the “off-tree”
samples (stagse 2 - 6) were used as a test set to validate the prediction model. This model
is herein referred to as “on tree” and “off-tree” combined model (Table 8).

Table 8. PLS model criteria from peel part and flesh part of mangosteen obtained from both

ripening conditions

Mangosteen part

Criteria
peel flesh
R? 0.984 0.842
Q? 0.625 0.48

RMSEE 1.12 1.159
RMSEP  227.272 5.84

The constructed model has a linear coefficient (R?) and prediction ability (Q?)
greater than 0.6 in peel part (Table 8). However, validation using RMSEE and RMSEP
value of peel part prediction model was not successfully performed since the result
showed a significant difference (RMSEE = 1.12, RMSEP = 227.272) between two
different ripening conditions. Furthermore, the constructed model of flesh part has the
prediction ability (Q?) lower than 0.5. This indicated that different metabolites were not

giving large contributions to color change depending on the mangosteen part. In two
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ripening conditions, significant difference may be observed if the comparison was
performed using all metabolites. Such observation is understandable due to very different

physiological conditions between “on-tree” and “off-tree” conditions.
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Figure 24. Line graph of metabolite relative intensity changes analysis using GC-MS between
two ripening conditions of mangosteen ripening process in peel part and flesh part. The relative
intensity of metabolites that are important between “on-tree” ripening condition and “off-tree”
ripening condition was explained using a line chart. The peak intensity of each metabolite was
normalized based on ribitol internal standard. Y-axis represents metabolites relative intensity and
X-axis represents ripening stage. Black circle represents “on-tree” ripening condition and white

circle represents “off-tree” ripening condition.

Despite low robustness between the two ripening conditions in PLS model, we
examined the trends of ripening-associated metabolites in “on-tree” and “off-tree”

ripening condition as shown in Figure 24. Interestingly, all of general ripening-associated
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metabolites are increased in accordance with ripening stages in all ripening conditions.
Degradation of cell-wall component to galactose and galacturonic acid in peel part during
mangosteen ripening stages did not show any difference between “on-tree” and “off-tree”
ripening conditions of mangosteen. Additionally, amino acids that were listed in the
previous section also accumulated in flesh part. The accumulation of amino acids
indicates similar low oxygen gradient condition occurs in the flesh part of two different

ripening conditions.

3.4. Conclusions

The results suggest that rapid progression of ripening that occurred in “off-tree”
samples did not result in any significant difference with regards to the changes in
ripening-associated metabolites. This is the first report that mentions the “on-tree” and
“off-tree” ripening conditions of mangosteen. These results can also be used as a basis to
indicate the metabolite changes in different ripening conditions in mangosteen and can
act as useful feedback for postharvest technology study as a basis to select the most

suitable treatment for prolonging mangosteen shelf-life.
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Chapter 4

Metabolomics-based approach for the evaluation of different

mangosteen postharvest technologies

4.1. Introduction

Postharvest technology development is one of the most important processes which
greatly affects fresh food quality including fresh fruit products. Several postharvest
technologies (low temperature, edible coating) have been extensively developed to reach
the most-favorable condition either for quality improvement or shelf-life improvement in
several climacteric fruits such as banana, plum, and peach 1179183 Temperature and
humidity control has been repeatedly reported as the most important factor to maintain
product quality throughout the period between harvest and consumption since its
lowering respiration rate, decreasing sensitivity to ethylene gas and reducing water loss
through transpiration process. However, repeated cooling and warming of horticultural
products cause deterioration which causes serious problem such as chilling injuries and
affect the organoleptic quality 1184185 These deteriorative changes include enzymatic
and non-enzymatic browning, off-flavor, discoloration, shrinking, peel hardening, and
some other chemical, thermo-physical, and rheological alteration that modify the
nutritive value and original taste, color, and appearance of fruits. Understanding the
changes that occur during postharvest technology is necessary in order to assess optimal
harvest maturity and the quality of fruit as it is marketed to the consumer as well as to

devise appropriate postharvest packaging and handling strategies.
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Existing studies on mangosteen postharvest technologies have been focused on a
physio-chemical parameter or targeting only a few processes related to color changes,
texture, and enzymatic assay in the peel part °254125186-188 | recent years, metabolomics
approach is widely used as an important tool to support postharvest fruit development and

ripening studies including melon, strawberry, apple, grape, sapodilla, litchi, and peach

5,108-117

In order to better elucidate the complex mechanism of metabolic response during
postharvest technologies in mangosteen, gas chromatography-mass spectrometry
(GC-MS)-based metabolite profiling of mangosteen from different ripening stages was
performed in postharvest condition (herein referred to as “off-tree” condition) in
comparison with different postharvest treatments to ripening process of mangosteen. The
postharvest treatments used were low-temperature treatment and stress inducer treatment
using methyl jasmonate and salicylic acid. Multivariate analysis was then performed to
correlate specific metabolites with color changes that occur during mangosteen

postharvest treatment.
4.2. Experimental section
4.2.1. Plant materials

Fruits were selected at green-purple maturity (stage two) by using color changes
parameter and were treated with several postharvest treatments. Stage two was selected as
an initial stage for postharvest treatment samples to imitate the fresh fruit market
condition (Figure 25). All stage two mangosteen samples were obtained at the optimum

time for harvest, from 9-12 am in the morning. Four sets of experimental treatments were
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adopted during this experiment: low temperature (LT; 12.3 £ 1.4 °C); methyl jasmonate
(MeJa) 0.5 mM, and 5.0 mM of salicylic acid (SA) treatment. Room temperature (RT; 27
+ 3.4 °C) storage was performed as a control treatment. These postharvest treatments
were previously reported as an effective treatment to prolong mangosteen shelf life 125189,
For stress inducer (SI), MeJa and SA were selected to enhance the production of psicose
and 2-aminoisobutyric acid as reported in the previous chapter. For temperature treatment,
the fruits were stored at RT and LT for 10 days and fruits were randomly collected for
each treatment every day. For stress inducer treatment, treated and untreated fruit
(control) were allowed to dry at room temperature after treatment and was stored at room
temperature for 10 days. Similarly, with temperature treatment, sample collection was
performed daily for each treatment. All mangosteen samples were fast quenched in the
liquid nitrogen and stored in -20 °C prior to extraction and homogenization process.

Postharvest treatment preparation

Stage 2

10 days of observations

Postharvest Color changes
\ treatments —— measurements /

Figure 25. Samples information of this study. Stage two was randomly collected and treated with
several postharvest treatments.

4.2.2. Color changes measurement

Same as section 2.2.2
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4.2.3. Samples extraction

Same as section 2.2.3

4.2.4. Derivatization

Same as section 2.2.4

4.2.5. Gas chromatography-mass spectrometry analysis

Same as section 2.2.5

4.2.6. Data analysis

Same as section 2.2.6

4.3. Results and discussions

4.3.1. Physical appearance assessment of mangosteen postharvest technology

Physical appearance (color changes) of all treated-mangosteen was evaluated
during the treatment period for ten days. Mangosteen color changes were selected based
on the determination of ripening index as explained in chapter 2 and chapter 3. Peel color
is also reported as an important marketing attribute of mangosteen and influences both
consumer acceptance and sales. Different mangosteen samples sets were used for
postharvest treatment. Stage two of mangosteen ripening was used as an initial stage
before it is treated with several postharvest treatments, namely low temperature and stress
inducer treatment using either salicylic acid or methyl jasmonate. All treated samples

were allowed to ripe and evaluated for 10 days of storage.
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Figure 26. A photograph of physical appearance comparison between room temperature and
several temperature treatments after ten days of observation. Fruits were selected at
green-purple maturity (stage two) by using color changes parameter as an initial stage and were
treated with several postharvest treatments. The fruits were then stored inside the containers at room

temperature and low temperature (12.3 £ 1.4 °C) for 10 days.

The peel color during treatment is shown in Figure 26 and appendix Figure S1.
When harvested in stage 2 (herein defined as day O after harvest), the color was
light-greenish yellow scattered with a pinkish spot. On day 2 after harvest, control sample
(storage in room temperature (RT) at 27 + 3.4 °C) showed rapid change of peel color to
red and purple. By day 5, it reached blackish-purple color and the color remained constant
until day 10. Among all postharvest treatment, low temperature (LT) showed the most
significant effect to delay ripening based on the peel color, whereas stress inducer (SI)
treatment did not show any significant effect compared to control. Similar physical
parameter changes after LT treatment have been reported in the previous study with
similar treatment 2% and is considered as a suitable treatment for prolonging

mangosteen shelf-life based on peel color with good reproducibility.
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LT treatment effects in the peel part were furtherly evaluated by using a
metabolomics approach to confirm its metabolite changes, especially for the fifth highest
VIP score metabolites. We did not further analyze the metabolite changes data of peel
part after S| treatment because it did not show any effect to prolong mangosteen shelf life
based on color changes. However, we analyzed the metabolite data on flesh part for all

postharvest treatments to confirm the detailed effect in fruit metabolite changes.

4.3.2. Elucidation of metabolic changes during mangosteen postharvest technology in

peel part

A total of 71 metabolites were annotated in peel part of mangosteen samples treated
with LT versus control (Supporting Information, Table S10). After GC-MS analysis, the
data set of LT treatments and control were subjected to multivariate statistical analysis.
PCA model was generated, with each explaining an accumulated TEV for the first two
PCs of 42.7% (Figure 27), attributable to the metabolite variation in the peel of the fruits
stored under the two different temperature regimes. PC1 describes the difference of
metabolite changes trends between LT treatment and control from raw to ripen stages in

the peel part.
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Figure 27. Metabolites abundances during mangosteen LT treatment in peel part. PCA score

plot results showed the trend of PC1 describes the metabolite changes trends during mangosteen

between room temperature and low-temperature storage condition. PCA loading plot shows the

contributions of each metabolite on the changes during treatment in score plot according to the

distance to the origin. PCA parameter is described as follows, scaling method, UV scale;

transformation, none; n = 3.

As can be seen in the PCA score plot of peel part, LT treatment showed markedly

different metabolite changes with that of control. HCA analysis results (Figure 28) in the

peel part allows the classification of two treatment into three major groups that explained

raw to ripen stage after storage treatment. HCA resulted in clustering of low-temperature

treatment together with day 1 and 3 in room temperature. Low-temperature treatment

seems to delay the ripening process based on HCA result of peels part.
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The relative intensity of metabolites with highest VIP score obtained from all PLS
models during LT and control were compared using a line chart in a time course manner
for 10 days. Top metabolites and flavor-related metabolites from individual mangosteen
parts were analyzed separately. Relative intensities of important metabolites in LT
treatments and control were shown in Figure 29. These metabolites all had lower relative

intensity in LT treatment compared to control treatment in both parts of mangosteen.
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Figure 29. Line graph of metabolite changes analysis using GC-MS during mangosteen LT

treatment in peel part. The relative intensity of metabolites that are important during mangosteen
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postharvest treatment at low temperature and room temperature were explained using a line chart.
The metabolites were dominated by saccharides, organic acids, and amino acids. The peak intensity
of each metabolite was normalized based on ribitol internal standard. Y-axis represents metabolites
relative intensity and X-axis represents day after storage. White circle represents room temperature
treatment and black circle represents low-temperature treatment. The metabolites were marked with

an asterisk are listed as ripening-associated metabolites.

In mangosteen peel part, we identified several metabolites related with citric acid
cycle (oxalacetic acid, isocitric acid + citric acid, and succinic acid) were decreased
together with the storage time (Figure 29). The metabolites have a strong correlation with
the respiration process. It is suggested that LT treatment decreased the respiration process
in mangosteen, implying the same process occurs in other fruit such as banana, tomato,
sapodilla, litchi, and peach 1111121171731831%0 = preyijous research has indicated the
reduction of ACO activity during 15°C storage of mangosteen which related to anoxia
condition during storage treatment 54125165 |n conclusion, this study suggests that LT
treatment is the most effective treatment to prolong mangosteen shelf-life based on color

appearances and metabolites changes in the peel part.

In order to evaluate the effect of postharvest treatment in the flesh part,
metabolomics approach was performed in LT and Sl treatment separately. Two PCA
models were generated, with each explaining an accumulated TEV for the first two PCs
of 40.1% and 42.6% (Figure 30), attributable to the metabolite variation in the flesh of the

fruits stored under the two different temperature and stress inducer regimes, respectively.
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Figure 30. Metabolites abundances during mangosteen postharvest treatment in flesh part. PCA
score plot results showed the trend of PC1 describes the metabolite changes trends during mangosteen
between room temperature and low-temperature storage condition. However, there is no trend showed
in PCA score plot. PCA loading plot shows the contributions of each metabolite on the changes during
treatment in score plot according to the distance to the origin. Metabolites marked in red color showed
ripening associated metabolites distribution in loading plot after stress inducer treatment. PCA

parameter is described as follows, scaling method, UV scale; transformation, none; n = 3.

Similarly with PCA result, HCA result also confirmed all postharvest treatment was
not effective to halt ripening-associated metabolite increase in the flesh part (Figure 31).
Since the flesh part is the consuming part in mangosteen and might affect the organoleptic
properties such as fruit firmness and taste-aroma. Therefore, more detailed investigation

of the metabolites associated with organoleptic properties was also performed.
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Figure 31. Distribution of metabolites analyzed using GC-MS during mangosteen LT and Sl storage treatment in flesh part. Stored-mangosteen was
observed for 10 days. Metabolite distribution during storage was employed and analyzed using Hierarchical Cluster Analysis. HCA parameter * correlation:

Pearson correlation, average linked cluster analysis. Color boxes represent each postharvest treatment. All treatments were analyzed together using GC-MS.
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In mangosteen flesh part, glucoronate and several amino acids that are reported to
be aroma metabolites precursors (B-alanine, isoleucine, valine, alanine) seem to be
inhibited in LT treatment (Figure 32). The inhibition of amino acid biosynthesis was
presumably caused by hypoxia condition that was more profound in flesh part after LT
treatment. Previous research indicated the decrease of oxygen concentration in flesh part
compared to peel part as reported in apple and pear 1718191 Meanwhile, most of
metabolites relative intensity related to sweet-acidic taste quality (glucose, sucrose,
fructose, citric acid, malic acid, quinic acid, and lactic acid) did not show any significant

differences between LT treatment and control during mangosteen storage.
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Figure 32. Line graph of metabolite changes analysis using GC-MS during mangosteen LT
treatment in flesh part. The relative intensity of metabolites that are important during mangosteen
postharvest treatment at low temperature and room temperature were explained using a line chart.
Y-axis represents metabolites relative intensity and X-axis represents day after storage. White circle
represents room temperature treatment and black circle represents low-temperature treatment. Day 1

sample of flesh was removed from analysis because it is an outlier.
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Moreover, the relative intensity of important metabolites between Sl and control
were compared using a line chart in a time course manner between day 0, 2, and 10. Most
of the important metabolites relative intensity were not affected by Sl treatment (Figure
33). This finding further strengthens that stress inducer treatments did not show any effect
to prolong mangosteen shelf-life based on metabolite abundance. Based on the results,
the LT treatment showed the most effective method to prolong mangosteen shelf-life and
further development of postharvest technology in mangosteen should be introduced in the

future.

Although previous reports mentioned that a combination of several postharvest
treatments (1-MCP, methyl jasmonate (MeJa), and salicylic acid, edible coating) was
effective to prolong mangosteen shelf life 12518818 oyr results showed that when tested
individually, only LT treatment showed a profound effect. Further studies to assess the
effect of postharvest treatment on sensory attributes such as flavor, taste, and aroma
should be investigated to confirm consumer acceptance. In addition, application of other

omics approaches may validate and strengthen the results obtained in this study.
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Figure 33. Bar graph of metabolite changes analysis using GC-MS during mangosteen Sl
treatment in flesh part. The relative intensity of metabolites that are important during mangosteen
postharvest treatment at stress inducer treatment and room temperature were explained using a line

chart. The metabolites were dominated by saccharides, organic acids, and amino acids. The peak
intensity of each metabolite was normalized based on ribitol internal standard. Y-axis represents
metabolites relative intensity and X-axis represents day after storage. The colored bar graph

represented each of the Sl treatments.
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4.4. Conclusions

Finally, the study of mangosteen postharvest technology using a metabolomics
approach provides further information about the chemical mechanism of several
physio-chemical results such as pericarp hardening during mangosteen storage treatment.
Metabolomics approach offers a great advantage to discover metabolites and metabolic
associations correlated with fruit quality traits such as color, texture, and flavor. The
present study marked the first investigation using GC-MS based metabolomics approach
to evaluate the effect of different harvesting and ripening conditions as well as
postharvest technology in mangosteen. In addition, this is the first report of the use of
PLS analysis to correlate metabolite intensity and color changes as a physical parameter
for maturity indices of mangosteen in different ripening process conditions. The results
from this study can provide a better understanding of mangosteen postharvest strategies

and quality control by controlling changes in metabolites involved in ripening.

In conclusions, the combination of several postharvest treatments (1-MCP, methyl
jasmonate (MeJa), and salicylic acid, edible coating (alginate, chitosan)) that are
performed in the previous studies 1218618 ysing mangosteen did not have any significant
effect regardless the treatment in low temperature to reach the flesh part. Furthermore, the
better validation method such as sensory attributes that are related to flavor, taste, and
aroma should be furtherly investigated to confirm the acceptance of after-storage
mangosteen among mangosteen consumer. In addition, another platform of omics
approaches need to be performed to validate and strengthen the results obtained in this

study
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Chapter 5

Conclusions and perspectives

Advances in fruit metabolomics in recent time have allowed the precise selection of
desirable traits along with offering the opportunity to better understand the mechanism of
ripening process in mangosteen. The shift of technology from targeted single metabolite
analysis to high throughput assays generating footprints of a variety of metabolites in one
go has paved the way for discovery or construction of better postharvest technology and
identification of contributed metabolites during ripening process. In the last decade, the
implementation of metabolomics has allowed determining their specific contribution
toward improving key plant attributes such as quality, yield, shelf-life, etc. This study was
performed to anticipate that the integration of metabolomics and the other omics tools
greatly improve the ability of plant breeder that adequately meet the challenges of

21%t-century agriculture.

Fruit ripening process is a process that involves several changes as a result of
dynamic process of molecular and biochemical changes caused by genetic and/or
environmental condition around fruits. Banana, mango, tomato, and papaya are several
examples of climacteric fruits that are dependently affected by the concomitant burst of
ethylene. The changes in fruit characteristics during ripening stages contribute to fruit
sensory quality. Mangosteen (Garcinia mangostana) is one of climacteric fruits that are
often referred to as “Queen of Fruits” due to its distinctive appearance and unique taste.

Mangosteen is a rich source of vitamin C and has numerous nutritional benefits for
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humans, which makes it an attractive nutraceutical. Understanding the changes that occur
during ripening is necessary in order to assess optimal harvest maturity and the quality of
fruit as it is marketed to the consumer as well as to devise appropriate postharvest
packaging and handling strategies. In this study, Gas Chromatography-Mass
Spectrometry (GC-MS)-based metabolite profiling was performed in peel, flesh and seed
parts of mangosteen to gain insight on metabolic changes during mangosteen ripening
stages. In addition, multivariate analysis was performed to correlate specific metabolites
with color changes that occur during the ripening process. The obtained data showed that
there are metabolic changes throughout ripening stages. By using multivariate analysis,
elucidation of the metabolic changes related to cell-wall degradation related metabolites
(galacturonic acid, xylose, xylulose+ribulose galactose), a flavor and aroma precursor
metabolites (sucrose, glucose, fructose, several organic acids) quality that strongly

correlated with the color changes of each ripening stages were successfully performed.

Further investigation of fruit ripening processes was explained in the second part.
The application of metabolomics approach offers the possibility to give better
understanding of biochemical changes occur in different ripening condition. In this part,
the results showed a comparison between different ripening conditions was observed in
the consistent metabolic profiles based on color changes of each ripening stages.
Consequently, the quality-related metabolites did not show significant differences
between “on-tree” and “off-tree” ripening condition. The results in this study also
supported the experimental design for further metabolomics study, where the weather, the
physiological condition did not give any significant effect as well as described in the

color changes during ripening process.
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Consequently, the information gained about mangosteen fruit ripening process was
used as a basis to select the most-favorable postharvest treatment using metabolomics
approach. Several postharvest technologies (low temperature, edible coating) have been
extensively developed to reach the most-favorable condition either for quality
improvement or shelf-life improvement especially in agricultural products such as fruits.
Several postharvest treatments were reported as a successful treatment to prolong
mangosteen shelf-life based on physicochemical parameter observation. Low
temperature and stress inducer (methyl jasmonate, salicylic acid) were selected to be
evaluated by using metabolomics approach. The metabolome data and color changes
observation showed that low-temperature treatment could prolong mangosteen shelf-life
among all treatments in all part. Several ripening-associated metabolites were affected
after postharvest treatment. In contrast, stress inducer treatments did not show any
significant changes and did not give effect to prolong mangosteen shelf-life based on
color changes and metabolome analysis. In conclusion, the results of metabolomics
analysis indicated a positive role of color changes as an indicator of maturity during

mangosteen ripening process.

This thesis study showed the strength of metabolomics as an important tool to
support postharvest fruit development and ripening studies. It is the first report on
Garcinia mangostana metabolic profile focusing on the quality after postharvest
treatment throughout its ripening stages. The results of this study proved the strong
correlation between metabolic profiles and color changes can be an effective tool for
further investigation of postharvest effect in Garcinia mangostana. As a high-throughput

method, the presented method was able to focus on a global monitor of metabolites
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changes in the samples at various stages, which can be used to aid postharvest technology

development in the future.
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Table S1. Gas Chromatography instrument parameter

Instrument name

Shimadzu Ultra QP-2010 gas chromatography-mass
spectrometry (GC-MS)

Column

InertCap 5 MS/NP (30 m, 0.25 mm i.d., 0.25 um film
thickness

Autosampler

AOC 20i/s autoinjector (Shimadzu, Kyoto, Japan)

Injection mode Split

Split ratio 25

Injection temperature 230 °C
Carrier gas Helium
Carrier gas flow 1.12 mL/min
Linear velocity 39 cm/sec

Column temperature

Hold at 80 °C for 2 min

Raised by 15 °C/min to 330 °C

hold for 6 min

Transfer line 250 °C

temperature

lon source temperature 200 °C

lonization energy 0.93 kV (Electron lonization (EI))
Mass range 85-500 m/z
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Table S2. MetAlign parameter

Data Type Nominal mass data
Mass Bin Parameter for Conversion to 0.6
Nominal
Retention Begin (Scan nr) 1
Retention End (Scan nr) 28800
Maximum Amplitude 1000000000
Peak Slope Factor (x Noise) 2
Peak Threshold Factor (x noise) 4
Peak threshold (Abs. Value) 100
Average Peak Width at Half Height (Scans) 23
Scaling options No scaling
Begin of 1st region Scan Nr. : 0; Max shift : 10
Initial Peak End of 1st Region Scan Nr. : 28800; Max shift : 10
Search Criteria Begin on 2nd Region Scan Nr. : 0; Max shift : 0
End of 2nd Region Scan Nr. : 0; Max shift : 0

Tuning alignment option and criteria

Pre-align Processing (lterative)

Maximum shift per 100 scan

35

Mass peak Min. Factor (x Noise)

1st Iteration: 7; Last lteration: 7

selection Min. Nr. Of Masses

1st Iteration: 5; Last lteration: 5
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Table S3. AlOutput (ver 1.30) parameter

1. Peak Table Height Threshold 1000
Making RT Bining 2

Available index Retention Index
2. Peak Identification Analysis Type Non Targeted
and Annotation Match Threshold 0.7

RI Tolerance 10

Accurate

3. Filtering Height Filter 10000

RSD (CV) Filter 10
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Table S4. Solid color representative values of on-tree and off-tree ripening condition.
CIELAB was used to calculate the color representative values during mangosteen

ripening condition.

Ripening Solid color representative value (D65)
stage L* a* b* dL* da* db* dE*ab
1 55.84 432  39.36 215 7.48 4.61 9.05

61.25 4.15 39.56 7.57 7.32 4.81 11.58

57.85 2.07 39.93 417 524 5.19 8.47

34.65 -238 2692 -19.03 0.79 -7.83  20.59

63.68 -0.76  40.12 10 241 537 1161

59.54 -2.17  38.68 5.86 1 3.94 7.13

56.58 -4.66 36.9 2.9 -1.5 2.15 3.91

55.1 0.16  39.79 142  3.33 5.04 6.2

70.69 -14 3398 17.01 1.77 -0.77 1712

35.66 14.6 1561 -18.02 17.77 -19.14  31.73

3438  12.08 18.79 -19.31 1525 -1595  29.32

29.72 9.88 18.25 -23.97 13.05 -16.5  31.89

37.34 1533 169 -16.35 1849 -17.85 30.46

4036 1299 16.09 -13.33 16.15 -18.66  28.05

46.44 6.23 272 -7.24  9.39 -7.54  14.06

44.25 9.22 2353 -943 1239 -11.22 19.19

43.75 14.46 16,61 -993 17.63 -18.13  27.17

42.22 155 1796 -11.46 18.67 -16.79 27.6

29.54  18.69 799 -2414 2186 -26.76  42.15

30.7 9 9.04 -2298 1217 -25.71  36.57

27.2  10.89 5.78 -26.49 14.06 -28.97 41.7

38.24  20.95 18.06 -15.44 2412 -16.69  33.15

21.84  14.22 744 -31.85 17.39 -27.3 4541

26.71 1247 7.16 -26.97 15.64 -27.59 4163

29.53  19.68 8.63 -24.15 2285 -26.12 42.28

30.55  18.18 10.58 -23.13 2135 -2417  39.69

W W W W W W w w wi NN NN DD DNDNDNDN PP IRPRPIRPRE R

10.54 5.3 85 -4315 847 -26.25 5121
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3 21.75  10.98 1092 -31.93 1414 -23.83  42.28
4 28.99 1345 514 -247 16.62 -29.61 4198
4 2405  16.56 6.93 -29.63 19.73 -27.82  45.18
4 27.92 15 6.89 -25.77 18.17 -27.85  42.07
4 2492  18.05 8.37 -28.77 2122 -26.38  44.42
4 23.3  18.67 9.09 -30.38 21.83 -25.66  45.37
4 29.6  16.52 7.73 -24.08 19.69 -27.02 41.2
4 23.75  10.55 3.2 -2994 1371 -31.55 45.6
4 25.88 1253 387 -27.81 1569 -30.88 44.42
4 23.17 9.42 279 -30.51 1259 -31.95 4594
5 22.05 11.33 427 -31.63 1449 -3048  46.26
5 19.62  12.93 4.66 -34.06 16.1 -30.09  48.22
5 2216 13.19 491 -3152 1635 -29.84  46.38
5 22.38 6.3 138 -31.31 946 -33.37 46.72
5 22.78 9.71 533 -309 12.88 -29.42 @ 44.57
5 18.09 6.99 219 -3559 10.16 -32.56 49.3
5 19.81 8.92 465 -33.88 12.08 -30.1 46.9
5 16.8 8.32 448 -36.88 1149 -30.27  49.08
5 22.81 8.33 6.15 -30.88 115 -28.6  43.63
6 16.67 3.88 164 -37.01 7.04 -3311 50.15
6 9.63 3.59 546 -4406 6.76 -29.28  53.33
6 16.36 4.18 056 -37.32 735 -3419 5114
6 22.7 2.13 0.05 -30.98 529 -34.7  46.82
6 25.2 2.47 1.71 -2849 564 -33.04 4399
6 15.97 2.6 022 -37.72 577 -3452 5146
6 22.08 6.01 316 -316 917 -3158 4561
6 20.04 6.72 261 -33.65 9.89 -3214 4757
6 14.05 5.52 24 -3963 868 -3235 51.89
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Table S5. Annotated metabolites of mangosteen fruit during ripening

Peel Flesh Seeds
RT i RT ) RT .
) Metabolites _ Metabolites ) Metabolites
(min) (min) (min)
1 4.70  n-Propylamine 4.70  n-Propylamine 4.71 n-Propylamine
2 4.82  2-Hydroxypyridine 4.82  2-Hydroxypyridine 4.83  2-Hydroxypyridine
3 5.04 Oxalacetic acid+Pyruvate 5.04 Oxalacetic acid+Pyruvate 5.12  Lactic acid
4 5.11 Lactic acid 5.11 Lactic acid 561 Alanine
5 5.60 Alanine 5.60 Alanine 592 Oxalate
6 589 Oxalate 5.66 n-Butylamine 6.17 Leucine
7  6.69 Malonic acid 591 Oxalate 6.38  2-Aminobutyric acid
8 6.82  3-Hydroxyisovaleric acid 6.37  2-Aminobutyric acid 6.41 Isoleucine
9 6.85 Valine 6.85 Valine 6.83  3-Hydroxyisovaleric acid
10 6.98 Urea 6.98 Urea 6.86 Valine
11 7.12 Oxamic acid 7.38  2-Aminoethanol 7.05 Urea
12 7.25 Serine 7.42  Leucine 7.13  Oxamic acid
13 7.38  2-Aminoethanol 7.44  Phosphate 7.40  2-Aminoethanol
14  7.38 Ethylmalonate 7.45  Glycerol 7.45 Phosphate
15 7.44 Phosphate 7.64  Threonine 7.46  Glycerol
16 7.45 Glycerol 7.64 Maleic acid 7.70  Proline
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17  7.64 Threonine 7.64 lIsoleucine 7.72  Maleic acid

18 7.64 Isoleucine 7.68  Proline 7.79  Succinic acid(or anhydride)

19 7.71 Maleic acid 7.77  Succinic acid(or anhydride) 7.80 Glycine

20  7.78 Succinic acid(or anhydride) 8.00 Glyceric acid 8.02  Glyceric acid

21 7.78 Glycine 8.28  Serine 8.10  Fumaric acid

22 8.64 Glutaric acid(or anhydride) 8.31  N-Acetyl valine 8.30  Serine

23 8.95 Cadaverine 8.64  Glutaric acid(or anhydride) 8.57  Threonine

24  9.23  3-Amino isobutyric acid 8.89 b-Alanine 8.91 b-Alanine

25 9.42 Malic acid 8.95 Cadaverine 8.91 N-Acetyl leucine
N-{4-[Bis(trimethylsilyl)amino]

26 9.50 Dbutyl} 9.18 Unknown_200 9.25 3-Amino isobutyric acid
acetamide

27  9.57 Threitol 9.23  3-Amino isobutyric acid 9.44 Malic acid

28 9.62 2-Thiouracil 9.37 Glycine 9.71  Aspartic acid

29 9.63 Meso erythritol 9.42 Malic acid 9.74  5-Oxoproline

N-{4-[Bis(trimethylsilyl)amino]b
30 9.69 Aspartic acid 9.50 utyl} 9.76  4-Aminobutyric acid
acetamide
31 9.71 5-Oxoproline 9.57  Threitol 9.79  Hydroxyproline
32 9.72 Hydroxyproline 9.69  Aspartic acid 10.10 Threonic acid
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33 9.73 4-Aminobutyric acid 9.71  5-Oxoproline 10.51 Glutamic acid

34 10.49 Glutamic acid 9.74  4-Aminobutyric acid 10.61 Phenylalanine

35 10.82 threo-3-Hydroxy aspartic acid 9.76  Hydroxyproline 10.90 Xylose

36 10.82 Xylose 10.07  Threonic acid 10.93 Asparagine

37 10.90 Asparagine 10.49 Glutamic acid 10.95 Arabionose

38 11.04 Xylulose+Ribulose 10.59 Phenylalanine 11.07 Phthalic acid

39 11.37 Rhamnose 10.68 Lauric acid 11.07 Ribose

40 11.38 Quinolinic acid 10.88 Xylose 11.40 Rhamnose

41 11.38 Arabitol 10.90 Asparagine 11.41 Arabitol

42 11.66 Glutamine 10.93 Arabionose 11.50 Putrescine

43 11.72 Xylonic acid 11.04 Xylulose+Ribulose 11.69 Glutamine

44 1191 Shikimic acid 11.04 Ribose 11.95 Shikimic acid

45 12.05 Isocitric acid+Citric acid 11.29 Xylitol 12.04 Dimethylbenzimidazole
46 12.41 Quinic acid 11.37 Rhamnose 12.08 Isocitric acid+Citric acid
47 1250 Psicose 11.38 Arabitol 12.44  Quinic acid

48 12.57 Fructose 11.47 Putrescine 12.54 Pyridoxal

49 12.60 Mannose 11.66 Glutamine 12.54 Sorbose

50 12.65 Galactose 11.72  Xylonic acid 12.60 Fructose

51 12.69 Glucose 11.92 Shikimic acid 12.69 Galactose

52 12.73 N-Carbamoyl aspartate 12.05 Isocitric acid+Citric acid 12.73  Glucose

53 12.97 Glucuronate 12.12 Myristic acid 12.77 N-Carbamoyl aspartate
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54 13.02 Galacturonic acid 12.41 Quinic acid 12.77 Mannose

55 13.43 Plamitic acid(16:0) 12.57 Fructose 12.77 Lysine

56 13.43 Palmitic acid 12.61 Mannose 12.89 Tyrosine

57 1351 Glucarate 12.65 Galactose 12.96 Mannitol

58 13.92 N-Acetyl galactosamine 12.70  Glucose 13.00 Glucuronate

59 13.97 Inositol 12.74 Tyramine 13.05 Galacturonic acid
60 14.64 Stearic acid(17:0) 12.86 Tyrosine 13.07 Glucarate

61 17.10 Sucrose 12.97 Glucuronate 13.42 Xanthine

62 17.97 Gentiobiose 13.02 Galacturonic acid 13.47 Plamitic acid(16:0)
63 13.04 Glucarate 13.96 N-Acetyl galactosamine
64 13.44  Plamitic acid(16:0) 14.01 Inositol

65 13.92 N-Acetyl galactosamine 14.68 Stearic acid(17:0)
66 13.98 Inositol 17.15 Sucrose

67 14.64 Tryptophan 17.53 Db-Lactose

68 14.64 Stearic acid 17.75 Maltose

69 17.11 Sucrose 18.15 Gentiobiose

70 18.51 Benzenemethanol
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Table S6. A list of tentatively identified metabolites GC-MS analysis in mangosteen peel
part between two harvesting condition. All metabolites are detected in both harvesting

condition after alignment process and tentatively identified using our laboratory in-house

library.
Peel Part
Metabolites name I_?etenti?)n Re_tention QuantMs Metabolite
time (min) index ID
1 n-Propylamine 4.57 1026.82 174 PubChem:
7852
2 2-Aminoethanol 7.23 1275.21 174 C00189
3 2-Aminoisobutyrate 5.87 1144.27 130 C03665
2-Hydroxypyridine 4.69 1037.38 152 C02502
. 4-Aminobutyric 9.63 1540.26 174 C00334
acid
6 5 Oxoproline 9.55 1531.22 156 PubChem:
7405
Alanine 5.46 1106.56 116 C00041
Arabionose 10.77 1685.00 103 C00216
9  Arabitol 11.23 1746.24 217 C01904
10  Aspartic acid 9.54 1529.60 232 C00049
11  Epicatechin 17.81 2891.88 368 C09727(8)
12 Fructose 12.45 1919.39 103 C00085
13 Fucose 11.39 1768.10 117 C01018
14  Galactose 12.49 1926.59 147 C00124
15  Galacturonic acid 12.85 1981.26 333 C00333
16  Glucose 12.53 1932.78 319 C00031
17  Glucuronate 12.81 1974.07 160 C00191
18  Glutamic acid 10.34 1628.15 246 C00302
19  Glutamine 11.50 1783.36 156 C00064
20  Glutaric acid(or 8.48 1406.81 147 C00489
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anhydride)

21  Glycerol 7.30 1281.80 147 C00116
22  Glycine 7.63 1315.10 174 C00037
23 Inositol 13.81 2132.43 217 C00137
2 Isocitric acid+Citric 11.89 1838.29 147 C00158+
acid C00311
25 Isoleucine 7.49 1300.62 158 C00407
26  Lactic acid 4.98 1063.42 147 C00186
27  Lyxose 10.72 1678.30 217 C00476
28 Malic acid 9.26 1496.24 147 C00149
29  Mannose 12.45 1919.65 319 C00159
30 Meso erythritol 9.50 1524.22 217 C00503
31 N-Acetyl 13.76 2123.90 319 PubChem:
galactosamine 129680793
2 Oxalacetic 4.90 1056.28 174 C00022+
acid+Pyruvate C00036
33  Oxalate 5.64 1122.92 147 C00209
34 Phosphate 7.29 1280.32 299 C00009
35 Phthalic acid 11.01 1715.85 147 C01606
36  Quinic acid 12.25 1890.25 345 C00296
37  Quinolinic acid 11.22 1744.54 147 C03722
38 Rhamnose 11.21 1744.31 117 C01684
39 Ribose 10.89 1700.02 217 C00121
40  Serine 8.14 1369.30 204 C00065
41  Shikimic acid 11.76 1819.85 204 C00493
42  Sorbose 12.41 1914.47 217 C00764
N 14.47 2244.26 117 PubChem:
43  Stearic acid(17:0)
5281
" Succinic acid(or 7.63 1314.93 147 C00042
anhydride)
45  Sucrose 16.93 2705.11 361 C00089
46  Threitol 9.42 1514.68 217 C16884
threo-3-Hydroxy 10.72 1678.51 189 C03961

47

aspartic acid
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48  Tyrosine 12.69 1956.52 218 C00082
19 Unknown_103 8.48 1406.62 174
Amine like
Unknown_110 8.79 1441.80 174
>0 Amine like
51 Unknown_ 115 9.02 1468.69 174
52  Unknown_116 9.02 1468.78 86
Unknown_127 9.34 1505.24 174
>3 Amine like
Unknown_129 9.46 1519.35 174
>4 Amine like
55  Unknown_131 9.46 1519.55 86
56  Urea 6.89 1240.96 147 C00086
57 Valine 6.70 1222.51 144 C00183
58  Xylonic acid 11.57 1792.35 292 C05411
59  Xylose 10.72 1678.40 103 Coo181
60  Xylulose+Ribulose 10.89 1699.70 147 C00310 +
C00309

123



Table S7. A list of tentatively identified metabolites GC-MS analysis in mangosteen
flesh part between two harvesting condition. All metabolites are detected in both
harvesting condition after alignment process and tentatively identified using our
laboratory in-house library. The metabolites were marked with * are tentatively identified

using both NIST library and our laboratory in-house library.

Flesh Part
Metabolites name I_?etenti?)n Re_tention QuantMs Metabolite
time (min) index ID
2-Aminoethanol 4.59 1027.03 174 C00189
2-Hydroxypyridine 4.71 1037.69 152 C02502
3 3-Methylglutarate 8.72 1432.82 147 PubChem:
12284
4 4-Aminobutyric acid 9.64 1540.36 174 C00334
. 5-Oxoproline 9.56 1531.09 156 PubChem:
7405
6 Alanine 8.16 1370.81 188 C00041
7  Arabionose 10.78 1685.02 103 C00216
8  Arabitol 11.24 1746.33 217 C01904
9  Aspartic acid 9.55 1529.67 232 C00049
10  b-Alanine 8.75 1435.78 174 C00099
1 Ethylmalonate 7.32 1281.80 147 PubChem:
11756
12 Fucose 1141 1770.13 117 C01018
13 Galactose* 12.51 1927.33 147 C00124
14  Galacturonic acid 12.86 1981.42 333 C00333
15 Gentiobiose 17.82 2891.38 204 PubChem:
441422
16 Glucono-1,5-lactone 12.43 1915.73 217 PubChem:
7027
17  Glucose 12.55 1933.89 319 C00031
18  Glucuronate 12.82 1974.36 333 C00191
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19  Glutamic acid 10.35 1628.20 246 C00302
20  Glutamine 11.52 1784.13 156 C00064
’1 Glutaric acid(or 8.50 1407.04 147 C00489
anhydride)
22 Glyceric acid 7.87 1339.24 147 C00258
23 Glycine 7.64 1315.40 174 C00037
24 Indole-3-acetic acid 12.51 1927.58 130 PubChem:
802
25  Inositol 13.82 2132.75 147 C00137
% Isocitric acid + citric 11.90 1838.50 273 C00158+
acid C00311
27  lsoleucine 7.50 1300.55 158 C00407
28  Lactic acid 5.00 1063.48 117 C00186
29  Leucine 7.28 1278.59 158 C00123
30 Lyxose* 10.78 1684.91 217 C00476
31 Malicacid 9.28 1496.11 147 C00149
32  Mannitol 12.78 1968.68 147 C00392
33  Mannose* 12.46 1920.65 319 C00159
34 N-Acetyl 13.77 2124.35 319 PubChem:
galactosamine 129680793
35 n-Butylamine 5.54 1112.00 174 C18706
36 n-Propylamine 4.59 1027.03 174 PubChem:
7852
37 Oxalate 5.78 1134.63 147 C00209
38  Paenoflorin 20.95 3520.64 361 C23180576
39 Phenylalanine 10.44 1640.92 218 C00079
40  Phosphate 7.30 1280.32 299 C00009
41  Phthalic acid 10.90 1699.78 147 C01606
12 Plamitic acid(16:0) 13.29 2047.66 132 PubChem:
37767
43  Proline 7.54 1304.29 142 C00148
44  Putrescine 11.32 1756.92 174 C00134
45  Quinic acid 12.26 1890.73 345 C00296
46  Quinolinic acid 11.24 1746.45 147 C03722
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47  Rhamnose 11.23 1744.40 117 C01684
48  Serine 8.15 1369.03 204 C00065
49  Shikimic acid 11.77 1819.76 204 C00493
50 Sorbose 12.37 1907.03 217 C00764
51 Succinic acid(or 7.64 1314.96 147 C00042
anhydride)
52  Sucrose 16.94 2706.04 361 C00089
53  Threitol 9.43 1514.89 217 C16884
54  Threonine 7.50 1300.02 117 C00188
55  Trehalose 17.47 2816.67 361 C01083
56  Unknown_15 4.92 1056.54 174
- Unknown_158 8.80 1441.79 174
Amine like
Unknown_183 9.35 1505.11 174
>8 Amine like
Unknown_186 9.47 1519.68 174
>9 Amine like
60 Unknown_343 12.36 1905.65 147
61  Unknown_347 12.37 1906.28 231
62 Unknown 371 12.43 1915.36 307
63  Unknown_373 12.43 1915.61 103
64  Unknown 422 12.56 1934.77 89
65 Unknown_425 12.56 1935.27 217
66 Urea 6.88 1238.28 147 C00086
67 Valine 6.72 1222.78 144 C00183
68  Xylitol 11.15 1734.04 217 C00379
69  Xylonic acid 11.58 1792.90 292 C05411
70  Xylose 10.73 1678.44 103 C00181
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Table S8. Solid color representative values of off-tree ripening condition and

postharvest treatment. CIELAB was used to calculate the color representative values

during mangosteen ripening condition. Stage 0 was used as a reference sample. dL

indicates the different of lightness between the samples and reference that were

measured. da and db values are chromaticity diagram that describes red-green color for

da values and yellow-blue color for db values different between the samples and

reference. dLab value is the total color of difference value between samples and

reference.
Treatment day of Average value

name observation L* a* b* dL* da* db* dE*ab
2, S stage 1 59.36 6.41 29.59 221 294 -1.33  11.25
$ g stage 2 4553 20.43 17.61 -11.63 16.96 -13.31 25.10
S § stage 3 39.65 2436 14.10 -1750 20.89 -16.82 33.08
§ 2 stage 4  30.14 11.09 4.89 -2701 7.62 -26.03 39.33
E ga_ stage 5 2541 831 268 -31.74 484 -2824 42091
== stage6 24.86 258 045 -32.29 -0.88 -30.47 44.45
Methyl 2 27.65 1425 508 -2950 10.78 -25.84 40.86
jasmonate 10 2419 261 066 -3296 -0.86 -30.25 44.77
2 2745 1440 557 -29.70 1094 -2535 40.81

KMnO4
10 2623 243 135 -30.92 -1.04 -2957 4291
Negative 2 28.60 1490 598 -2855 1143 -2494 39.70
control 10 2476 250 101 -3240 -097 -29.91 44.13
Combination 1 37.26 25.78 14.05 -19.89 2231 -16.87 34.88
LT and 3 33.38 15.80 10.04 -23.77 1233 -20.88 34.78
control 4 3439 2240 1211 -22.76 1894 -1881 35.34
o 0 48.30 17.99 21.32 -8.85 14.52 -9.60 20.36
g g 1 3398 2249 1133 -23.18 19.03 -1959 36.22
% qg- 2 29.06 1541 6.99 -28.09 1194 -23.93 38.99
& 3 26.88 1141 413 -30.27 795 -26.79 4150
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4 27.35 804 310 -2980 457 -27.81 41.13

5 25.04 566 241 -3211 219 -2851 43.06

6 2523 408 187 -31.93 062 -29.05 43.27

7 2485 370 104 -3231 0.23 -29.88 44.04

8 2491 351 126 -3224 0.05 -29.66 43.82

9 2642 369 190 -30.74 0.23 -29.02 4235

10 2515 259 092 -32.00 -0.87 -30.00 43.89

Salicylic acid 2 2474 384 164 -3241 038 -29.28 43.86
10 2664 427 319 -3052 080 -27.73 41.37

o 1 51.70 16.03 2431 -5.45 12.56 -6.61  16.22
% 3 48.94 19.08 22.09 -8.21 15.62 -8.83  20.76
g_ 5 43.53 25.02 20.00 -13.62 2155 -10.92 28.11
g 7 46.27 19.96 25.45 -10.88 16.49 -5.47  23.53
2 9 4150 26.03 1990 -1565 2256 -11.02 30.10
- 10 4565 19.64 2481 -11.50 16.17 -6.11  23.32
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Table S9. A list of tentatively identified metabolites GC-MS analysis in mangosteen

between two ripening conditions. All metabolites are detected in both ripening conditions

after alignment process and tentatively identified using our laboratory in-house library.

No Metabolite name
Peel part Flesh part
1 2-Aminoethanol 2-Aminobutyric acid
2 2-Hydroxybutyrate 2-Aminoethanol
3 2-Hydroxypyridine 4-Aminobutyric acid
4 3-Amino isobutyric acid 5-Oxoproline
5 4-Aminobutyric acid Alanine
6 5-Oxoproline Arabionose
7 Alanine Arabitol
8 Arabionose Aspartic acid
9 Ascorbic acid b-Alanine
10 Aspartic acid Citric acid
11 Epicatechin Fructose
12 Ethylmalonate Fucose
13 Fructose Galactitol
14 Fucose Galactose
15 Galactose Galacturonic acid
16 Galacturonic acid Glucarate
17 Gentiobiose Glucono-1,5-lactone
18 Glucarate Glucose
19 Glucono-1,5-lactone Glucuronate
20 Glucose Glutamic acid
21 Glucuronate Glutamine
22 Glutamic acid Glyceric acid
23 Glutaric acid(or anhydride) Glycerol
24 Glyceric acid Glycine
25 Glycerol Hydroxyproline
26 Glycine Isoleucine
27 Inositol Leucine
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28 Isobutylamine Lysine

29 Isocitric acid+Citric acid Lyxose

30 Isoleucine Maleic acid
31 Lacticacid Malic acid

32 Lyxose Mannitol

33 Maleic acid Mannose

34 Malic acid N-Acetyl galactosamine
35 Maltose Paeoniflorin
36 Mannitol Phenylalanine
37 Mannose Phosphate

38 Meso erythritol Phthalic acid
39 N-Acetyl galactosamine Plamitic acid
40 N-Acetyl leucine Proline

41 n-Butylamine Psicose

42 N-Carbamoyl aspartate Quinic acid
43 n-Propylamine Quinolinic acid
44 Oxalacetic acid+Pyruvate Rhamnose

45 Oxalate Ribose

46 Phosphate Serine

47 Phthalic acid Shikimic acid
48 Plamitic acid(16:0) Sucrose

49 Psicose Threitol

50 Pyridoxal Threonic acid
51 Quinic acid Tyrosine

52 Quinolinic acid Urea

53 Rhamnose Valine

54 Ribose Xylitol

55 Saccharic acid Xylonic acid
56 Sarcosine Xylose

57 Serine

58 Shikimic acid

59 Sorbose

60 Stearic acid(17:0)

61

Succinic acid(or anhydride)




62

Sucrose

63

Threitol

64

threo-3-Hydroxy aspartic acid

65

Tyrosine

66

Urea

67

Valine

68

Xylitol

69

Xylonic acid

70

Xylose

71

Xylulose+Ribulose
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Table S10. A list of tentatively identified metabolites GC-MS analysis in mangosteen

peel part during temperature treatment. All metabolites are found in both ripening

condition after the alignment process and tentatively identified using our laboratory

in-house library. The metabolites were marked with * are tentatively identified using both

NIST library and our laboratory in-house library.

Peel Part
Metabolites name I_?etentlF)n Re_tentlon QuantMS  Metabolite ID
time (min) index

1 n-Propylamine 4.59 1027.82 174 PubChem:7852
2 2-Aminoethanol 7.25 1275.73 174 C00189
3 2-Hydroxybutyrate 5.78 1134.99 131 C05984
4  2-Hydroxypyridine 4.70 1038.22 152 C02502
5  4-Aminobutyric acid 9.60 1536.59 174 C00334
6  5-Oxoproline 9.56 1531.81 156 PubChem:7405
7  Alanine 5.47 1107.14 116 C00041
8  Arabionose 10.78 1685.79 103 C00216
9  Arabitol 11.24 1747.06 217 C01904
10  Ascorbic acid 12.82 1975.39 332 C00072
11  Aspartic acid 9.55 1530.18 232 C00049
12 Cinnamyl alcohol 8.67 1428.17 117 C02394
13  Epicatechin 17.82 2893.73 368 C09727(8)
14  Ethylmalonate 7.31 1282.41 147 PubChem:11756
15 Fructose 12.42 1915.38 103 C00085
16  Fucose 11.40 1769.03 117 C01018
17  Galactose 12.50 1927.74 319 C00124
18 Galacturonic acid 13.00 2002.20 333 C00333
19  Glucarate 12.88 1985.10 169 C00818
20  Glucono-1,5-lactone 12.42 1915.51 217 PubChem:7027
21  Glucose* 12.54 1933.91 319 C00031
22 Glucuronate 12.82 1974.89 333 C00191
23 Glutamic acid 10.34 1628.69 246 C00302
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24 Glutamine 1151 1784.29 156 C00064

25 Glutaric ac,tid 8.50 1407.86 147 C00489
(or anhydride)

26  Glycerol 7.31 1282.33 205 C00116

27 Glycine 7.64 1316.26 174 C00037

28 Homocysteine 10.73 1679.43 234 C00155

29  Inositol 13.82 2133.17 217 C00137

30 Isobutylamine 5.40 1100.38 174 C78819

31 Iso<_:it_ric at_:id 1190 1630.00 273 C00158+C00311
+Citric acid

32 Isoleucine 7.50 1301.23 158 C00407

33 Lactic acid 4.99 1064.17 147 C00186

34  Leucine 7.28 1279.11 158 C00123

35 Maleic acid 7.50 1301.32 147 C01384

36 Malic acid 9.28 1496.91 147 C00149

37 Malonic acid 6.55 1207.16 147 C00383

38 Mannose 12.46 1920.93 319 C00159

39  Meso erythritol 9.50 1524.48 217 C00503

40 Oxalacetic acid 4.0 105726 174 C00022+C00036
+Pyruvate

41 Oxalate 5.65 1123.56 147 C00209

42  Oxamic acid 6.99 1249.90 147 C01444

43  Paeonol 10.40 1635.71 223 C10712

44  Phosphate 7.30 1281.01 299 C00009

45  Phthalic acid 10.90 1700.27 147 C01606

46  Plamitic acid(16:0) 13.29 2048.01 117 PubChem:37767

47  Proline 7.54 1305.23 142 C00148

48  Quinic acid 12.26 1891.37 345 C00296

49  Quinolinic acid 11.24 1746.95 147 C03722

50 Rhamnose 11.22 1745.13 117 C01684

51 Serine 8.15 1369.98 204 C00065

52  Shikimic acid 11.77 1820.50 204 C00493

53 Sorbose 12.36 1905.55 103 C00764

54  Stearic acid(17:0) 14.48 2245.23 117 PubChem:5281
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Succinic acid(or C00042
55 ) 7.64 1315.46 147
anhydride)
56  Sucrose 16.89 2696.25 361 C00089
57  Threitol 9.43 1515.53 217 C16884
58  Threonic acid 9.93 1576.88 147 C01620
59 Tyramine 12.59 1940.34 174 C00483
60 Tyrosine 12.66 1951.06 218 C00082
Unknown_158
61 o 8.80 1442 .47 174
Amine like
62 Unknown 166 9.04 1469.45 174
63 Unknown_177 9.35 1505.96 174
Unknown_184
64 L 9.47 1520.31 174
Amine like
65 Unknown_77 6.30 1183.56 147
66 Urea 6.87 1238.51 147 C00086
67 Valine 6.71 1223.09 144 C00183
68  Xylitol 11.15 1734.65 217 C00379
69 Xylonic acid 11.58 1793.40 292 C05411
70  Xylose* 10.73 1679.21 103 C00181
Xylulose+Ribulose C00310 +
71 10.90 1700.73 103
C00309
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Table S11. A list of tentatively identified metabolites GC-MS analysis in mangosteen
peel part during temperature treatment. All metabolites are found in both ripening
condition after alignment process and tentatively identified using our laboratory in-house

library. The metabolites were marked with * are tentatively identified using both NIST

library and our laboratory in-house library.

Flesh Part
Metabolites name I_?etentlf)n Re_tentlon QuantMS  Metabolite ID
time (min) index
2-Aminoethanol 7.35 1276.28 174 C00189
2-Hydroxybutyrate 5.75 1124.08 131 C05984
2-Hydroxypyridine 4.79 1039.45 152 C02502
3-Amino isobutyric
4 . 9.15 1470.84 174 C144901
acid
5 4-Aminobutyric acid 9.75 1536.78 174 C00334
6 Alanine 5.57 1372.38 116 C00041
7  Arabionose 10.89 1686.06 217 C00216
8 Arabitol 11.34 1746.76 217 C01904
9  Aspartic acid 9.66 1531.71 232 C00049
10 b-Alanine 8.85 1437.41 248 C00099
11 Ethylmalonate 7.41 1282.61 147 PubChem:11756
12 Fructose 12.54 1915.62 103 C00085
13 Galactose 12.62 1927.88 205 C00124
14  Galacturonic acid 12.98 1982.68 333 C00333
15 Glucarate 13.00 1985.81 217 C00818
16  Glucono-1,5-lactone 12.60 1924.75 217 PubChem:7027
17  Glucose* 12.79 1934.26 147 C00031
18 Glucuronate 12.93 1975.30 333 C00191
19 Glutamic acid 10.46 1630.26 246 C00302
20 Glycine 7.75 1316.83 174 C00037
21 Hydroxyproline 9.69 1535.26 230 C51354
22 lsocitric acid+Citric 12.02 1840.40 273 C00158+
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acid C00311
23 Isoleucine 6.36 1180.63 86 C00407
24  Lactic acid* 5.08 1064.83 147 C00186
25 Leucine 6.13 1159.19 86 C00123
26 Malic acid 9.38 1497.89 147 C00149
27 Mannose* 12.71 1920.50 319 C00159

N-Acetyl PubChem:
28 ) 13.89 2124.96 319

galactosamine 129680793
29 N-Acetyl leucine 8.91 1444.08 86 C02710
30 n-Butylamine 5.62 1112.41 174 C18706
31 n-Propylamine 4.67 1028.23 174 PubChem:7852
32 Oxamic acid 7.09 1250.94 147 C01444
33 Phosphate 7.41 1282.28 299 C00009
34 Plamitic acid 13.40 2047.64 117 PubChem:37767
35 Proline 7.65 1306.98 142 C00148
36 Pyroglutamic acid 9.69 1534.65 156 C01879
37 Quinic acid 12.37 1891.86 345 C00296
38 Rhamnose 11.33 1745.40 117 C01684
39 Serine 7.22 1263.52 116 C00065
40 Stearic acid 14.61 2245.41 117 PubChem:5281
41 Succinic acid 7.74 1316.74 147 C00042
42  Sucrose 17.08 2707.69 361 C00089
43  Tyramine 12.70 1940.27 174 C00483
44  Tyrosine 12.82 1958.91 218 C00082
g5 Inknown_10 5.01 1058.74 174

Amine like
46 Unknown_100 8.91 1443.50 100
47 Unk_now_n_103 8.91 1443.98 174

Amine like
48 Unknown_111 9.15 1470.93 86
49 Unknown 112 9.15 1471.03 154
50 Unknown_22 5.74 1123.78 133
51 Unknown_23 5.74 1123.86 86
52 Unknown_24 5.74 1123.93 146
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53 Unknown_361 13.40 2047.12 145
54 Unknown_365 13.40 2047.77 129
55 Unknown_37 5.99 1146.52 100
56 Unknown_405 14.60 2245.12 145
57 Unknown_407 14.61 2245.55 341
58 Unknown_52 6.73 1215.81 110
59 Unknown_8 5.01 1058.52 130
60 Unknown 92 8.45 1392.17 99
61 Unknown_95 8.60 1407.98 174
62 Urea 7.00 1241.97 147 C00086
63 Valine 6.82 1223.96 144 C00183
64 Xylonic acid 11.68 1793.13 292 C05411
65 Xylose 10.84 1679.83 103 C00181
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Figure S1. A photograph of all treated mangosteen using postharvest treatment
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