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Abstract

The ‘Irwin’ mango is one of the most popular mango cultivars in South Korea, but the fruit perishes
quickly after harvesting. Identifying the fruit characteristics is essential to improve the quality after
harvest because they vary with the maturity stage. In this study, ‘Irwin’ mango samples were
harvested as a whole and divided into five distinct maturity stage groups depending on the green
color proportion of the total fruit skin (S1: Green > 50%, S2: Green 30-50%, S3: Green 20-30%,
S4: Green 10-20%, S5: Green 0%). The physicochemical properties, in this case the chromaticity,
firmness, soluble solids content (SSC), titratable acidity (TA), ethylene production rate, and
respiration rate, were measured soon after harvesting the fruit. Consequently, the S1 and S5 stages
showed higher and lower firmness and TA levels, respectively. Moreover, these values were
significantly different in each stage. Along with the maturity stage, highest and lowest values in
SSC were observed in S5 and S1; correspondingly, and the highest carbon dioxide and ethylene
concentrations were observed in stages S5 and S4. With regard to chromaticity, no apparent
variations were observed between the front and back sides of the fruit at every color value, though
there were significant differences among the stages. By observing all of these quality characteristics,
it can be concluded that fruit at the S3 and S4 stages are suitable for storage and are less preferred
by consumers at harvest. In this case, the S5 stage is most suitable because the mangoes are at the
ready-to-eat stage, more preferred by consumers, and can also be marketed at a higher price.

Additional key words: consumer preference, domestic mango, quality prediction, ripening, softening

Introduction

Mango (Mangifera indica L.) is one of the most popular tropical fruits around the globe, in high
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demand, and is cultivated in well over 100 countries, with more than 65 of those producing more than 1,000 million metric
tons (MT) annually (Mitra, 2016; Sanchez Aldana et al., 2021; Chung et al., 2023). Global mango production is primarily
centered in Asia, at tropical and subtropical latitudes (Jha et al., 2006; Liu et al., 2013; Seehanam et al., 2022). According
to recent metrics, the mango production volume of the globe was just over 57 million metric tons in 2021, showing a slight
increase from around 56.69 million metric tons in 2020. When comparing the global production values for the previous
five and ten years from 2021, the mango production volume increased by 20.5% and 45.2%, respectively (FAO, 2023).
However, Asia produces approximately 76.5% of the world mango crop, followed by both South and North America and
Africa with respective shares of 12.6 and 10.8%. India specifically produces an average of 15 MT of mangoes annually
(Mitra, 2016). Mango is typically known as the “king of fruits” (Vilvert et al., 2022) owing to its sensory attributes desired
by consumers, including its appealing color, delectable taste, and exotic flavor (Liu et al., 2013). These fruits are rich in
bioactive substances, such as provitamin A, vitamin C, and carotenoids (Sanchez Aldana et al., 2021; Vilvert et al., 2022).
In addition, mango has significant amounts of phenolic substances and ascorbic acid (Baloch and Bibi, 2012; Liu et al.,
2013; Zahedi et al., 2019). In addition to direct consumption of approximately 80% of the harvested fruit, the remaining
20% is processed into value-added products (Sanchez Aldana et al., 2021), such as nectar, pickles, chutneys, slices, dried
mango chips, and canned products (Nadeem et al., 2016; Mwaurah et al., 2020). The consumption of mangoes furnishes
an outstanding source of antioxidants, as they are rich in bioactive compounds, thereby reducing the risk of developing
certain types of cancer, improving lung function, slowing down aging, and reducing certain difficulties associated with
diabetes (Han et al., 2016; Mandal et al., 2018; Eshetu et al., 2019). These facts highlight the need to improve consumer
satisfaction and increase the demand for this fruit in foreign and domestic markets.

Mango is a highly perishable fruit owing to its climacteric nature (Kishore et al., 2023), characterized by a high
respiration rate and ethylene production (Vilvert et al., 2022). Normally, mangoes reach respiration peaks on the third or
fourth day after harvest at ambient temperatures (Eshetu et al., 2019). A series of biochemical reactions involved in the
ripening process of mango accelerates the respiration rate, and ethylene production degrades polymers into simple
compounds and softens the texture of the fruit. Furthermore, according to the storage condition, the post-harvest shelf life
differs, ranging from four to eight days at ambient temperatures and two to three weeks in cold storage at a temperature
of 13°C (Carrillo-Lopez et al., 2000; Eshetu et al., 2019). These factors hinder the long-distance commercial distribution
of mangoes (Zahedi et al., 2019; Sanchez Aldana et al., 2021; Ali et al., 2022).

The physical, biochemical, and physiological characteristics of mango have been investigated to determine the ideal
maturity stage for their harvest (Liu et al., 2013). Hence, numerous physicochemical characteristics have been
investigated to develop accurate maturity indices. According to findings reported by Wanitchang et al. (2011), as mango
fruit mature, the specific gravity rises and the titratable acidity decreases. In addition, the total sugars - glucose, sucrose,
and fructose - are biochemical substances associated with fruit quality (Sitthiwong et al., 2005), all of which are important
with regard to fruit development and sink strength. The mean soluble solids content (SSC) according to the total sugar
level increases significantly with fruit maturity and ripening (Wanitchang et al., 2011). The fruit firmness of mangoes
remains mostly consistent over the fruit development period and tends to decrease after maturity (Jha et al., 2006).
Additionally, throughout the growth and maturation of mango fruit, starch accumulation represents another significant
chemical change (Wongmetha et al., 2015).

Recently, mangoes have been cultivated in greenhouses throughout northeast Asia, including Korea. These mango trees
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are grown in a vase shape with a low stem height, accomplished through branch pruning, owing to space limitations in
greenhouses (Jung et al., 2018; Jung et al., 2022; Kishore et al., 2023). Among the several varieties of mango, the most
well-known variety of mangoes grown commercially in South Korea, Japan, Taiwan, and Australia is the cultivar ‘Irwin’,
often known as “Apple Mango”. This cultivar was developed in 1949 from an open-pollinated seedling of Lippens in
Florida, United States (Meurant et al., 1999). As part of the department’s mango introduction and evaluation program, the
variety was introduced to Australia in the late 1970s (Meurant et al., 1999; Shivashankara, 2006). These ‘Irwin’ mango
trees are grown at small to medium heights; the fruit has a somewhat oval shape, the fruit length is approximately 11.5 —

13 cm, and the fruit diameter is about 8 —9 cm (Lim et al., 2016). Mangoes have recently been grown in plastic
greenhouses in the Gyeongnam area in Korea as such greenhouses offer an advantage when seeking to produce
high-quality fruits given the weaker effect of the cold continental high pressure in winter. The location is also the warmest
in the entire country besides Jeju Island due to the influence of temperate warm currents and plenty of sunshine (Han et
al., 2016). In South Korea, the ‘Irwin” mango variety was cultivated on Jeju Island in the early 2000s for the first time.
From that time onwards, it’s widely started to grow in Tongyeong in Gyeongnam, and recently in the Haman and Gimhae
areas. In accordance with data from Gyeongsangnam-do Agricultural Research and Extension Services, as of 2022, there
were 9.8 ha with 27 farms of apple mango production in Gyeongnam, up from 1 ha in 2010 on five farms.

The state of maturity at harvest determines the rate of ripening. In terms of marketing, assessing mango maturity at
harvest is a crucial factor and remains an important concern, as the harvesting maturity factor is most relevant when
predicting the eating quality (Wanitchang et al., 2011). Fruit harvested prematurely are of inferior quality because they
have not fully ripened. On the other hand, harvesting when the fruit is too mature results in a limited shelf life and
increased disease susceptibility. The main goal of maturity specifications is to prevent the harvest of immature fruit or to
ensure the ripening and constant storage behavior for the specified distribution channel following harvest (Bartz and
Brecht, 2002; Slaughter, 2009; Kienzle et al., 2011). The most common method for predicting the harvest date is to use
the days after full bloom, based on the cultivar and the climatic conditions (Kienzle et al., 2011; Wanitchang et al., 2011).
Mango growers use their cultivar-specific knowledge and expertise in relation to changes in peel color, size, and fruit
shape, the emergence of lenticels, endocarp hardness (knocking on the fruit), the initiation of fruit drop, as well as the
specific gravity to determine harvest dates and estimate maturity stages (Kienzle et al., 2011). These considerations are
based on personal experience (Slaughter, 2009).

Many mango cultivators prefer this ‘Irwin’ cultivar because it ripens early and has an acceptable level of cold and
disease resistance ability (Ueda et al., 2000). In addition, this cultivar has a very high level of consumer acceptance owing
to its superior eating and fruit-keeping qualities. Its optimal harvesting maturity has been determined empirically to be
approximately between 16 and 17 weeks (110 —120 days) following flowering; otherwise, this is determined by the
degree of fruit peel coloration and by the °Brix value of the fruit juice (Ueda et al., 2000). According to South Korea, this
fruit is harvested commercially after dropping from the trees. At that stage, growers predict the suitable stage for
maximizing consumer acceptability because they are in the ready-to-eat stage. However, farmers cannot predict whether
this stage will match consumer preferences perfectly. In addition, the ‘Irwin’ mango cultivar is weak against anthracnose
disease, meaning that problems in storage and transportation arise (Lim et al., 2016). More ripe fruits may be more
susceptible to postharvest deterioration in storage. Hence, the detection of the optimal maturity stage considering the

different aspects related to the farmers is critical. Therefore, in this study, alterations in the fruit quality characteristics of
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‘Irwin’ mango fruits were observed at different maturity stages that were divided based on the green color proportion of
the fruit skin. In so doing, this study aims to find the optimal maturity stage for the harvesting of ‘Irwin’ mangoes resulting

in the ideal quality for consumers and that is also suitable considering the range of aspects at the commercial level.

Materials and Methods

Sample Preparation

The ‘Irwin’ mangoes utilized in this experiment were grown in a plastic greenhouse with heating in Haman,
Gyeongsangnam-do, Republic of Korea. This experiment was carried out on June 1, 2022. One hundred and fifteen
samples of ‘Irwin’ mango fruits were harvested as a whole and were then subjectively evaluated based on their green color
proportion of the total fruit skin. These fruit were divided into five distinct maturity stages according to their skin color,
as follows: Stage 1 (S1), Green > 50%; Stage 2 (52), Green 30 — 50%; Stage 3 (S3), Green 20 —30%; Stage 4 (S4), Green
10—20%; and Stage 5 (S5), Green 0% (Fig. 1). Each mango fruit, all uniformly matured in each maturity stage and free
from external defects or disease, was chosen for the experiment. Around 23 fruits (biological replicates) were allocated for
one treatment. Soon after they were harvested, they were covered with expanded polyethylene (EPE) fruit foam nets and
packed evenly in plastic cartons. Subsequently, they were transported immediately to the laboratory in a fully air-con-

ditioned state for further analysis. In this experiment, the fruit quality parameters were assessed only on the day of harvest.

Measurement of Physicochemical Properties

Soon after the ‘Irwin’ mango samples were taken to the Laboratory of Fruit Science at Gyeongsang National University,
South Korea, they were washed with tap water in order to remove dirt and latex residue and were then wiped gently with
paper towels. Subsequently, the physiochemical properties, in this case the chromaticity [L",a’,b",a’/b", chroma (C), and
hue (h®)], soluble solids content (SSC), firmness, and titratable acidity (TA), were measured for 20 biological replicates
(fruits); all aforementioned physicochemical properties were obtained from the same set of replicates separately for every

maturity stage.

Stage 1 Stage 2 Stage 3 Stage 4 Stage 5

Fig. 1. Photographic images of the five maturity stages of ‘Irwin’ mango: S1 (Green>50%,), S2 (Green 30-50%), S3 (Green
20-30%), S4 (Green 10-20%), and S5 (Green 0%),).
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Measurement of chromaticity

The color values of the mango fruit samples for 20 biological replicates were measured using a portable colorimeter
(CR-400, Konica Minolta Inc., Osaka, Japan). The L', a",andb’ chromaticity values were assessed on both the front and
back sides of the fruit in all five sample sets, consisting of 20 fruits after white calibration was completed. These values
were taken as a measurement of the fruit peel. The chroma (C) and hue (h°) values were then correspondingly computed

using equations (1) and (2).

C=(a?+b?)"? (1)
he=tan '1(b"/a") 2
Measurement of firmness

The firmness of ‘Irwin’ mango fruit was assessed for 20 biological replicates using a rheometer (CR-100, Sun Scientific
Inc., Tokyo, Japan) equipped with an 8 mm round flat probe by compressing fruit flesh to a depth of 3 mm with a
crosshead speed of 2 mm-S™. To assess the flesh firmness, each tested fruit was sliced into two longitudinal halves, and
the firmness on the side with the seed was measured. The maximum force produced during the penetration was

represented as the firmness in Newton values (N).

Measurement of the soluble solids content (SSC)

In this step, SSC measurements were taken for 20 biological replicates in the fleshy part of the center of the previously
cut longitudinal slice without the seed. The square-shaped peeled mango flesh part was enfolded with a four-layer
cheesecloth, squeezed, and the absorbance value was obtained using a hand refractometer (Pocket Refractometer, PAL-1,
Atago Co. Ltd., Tokyo, Japan), calibrated in °Brix. The °Brix (%) range of the refractometer was 0 to 53% with a 0.1%

°Brix resolution at room temperature, and it had a refractive index precision rate of + 0.2%.

Measurement of titratable acidity (TA)

The TA was measured using a pH meter (BP3001, Trans Instruments, Jalan Kilang Barat, Singapore) for 20 biological
replicates. Titration was carried out using 80 mL of distilled water diluted with 1 mL of fruit juice that had been extracted
from the pulp. NaOH (0.1 mol-L™") was then added at a rate of 1 mL-min™ to achieve a pH of 8.3 (Jang et al., 2022).

Determination of the Respiration Rate

Carbon dioxide production was determined for three biological replicates by weighing each fruit, sealing them in 2.1 L
plastic boxes for 2 h, and injecting 1 mL of headspace gas into a gas chromatograph (GC-2014, Shimadzu Co., Ltd.,
Kyoto, Japan), as explained by Shivashankara et al. (2004) and Thammawong and Arakawa (2007). The respiration rate
was measured using an SUS column (4 m % 2.2 mm) and a TCD detector with helium as the carrier gas under the following
conditions: a column temperature of 35°C, an injector temperature of 250°C, and a detector temperature of 250°C. The

respiration rate was then measured as an indicator of the CO, concentration, expressed as mg CO,-kg ™ -hr.
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Determination of the Ethylene Production Rate

When determining the ethylene content for three biological replicates, 1 mL of the headspace gas was taken out, as
described previously for CO, production, and was injected into a gas chromatograph. An ethylene analysis was carried out
with a Porapak Q column and a TCD detector with helium as the carrier gas (GC-8A, Shimadzu Co. Ltd., Kyoto, Japan).
The ethylene production rate was then measured and expressed as uL-kg™-hr”' (Thammawong and Arakawa, 2007; Wang
etal., 2022).

Statistical Analysis

This experiment was set up using a completely randomized design (CRD). All data obtained were subjected to an
analysis of variance (ANOVA) and analyzed statistically using JMP software (Version 16.1.0, SAS Institute, Cary, NC,
USA). The effects of different maturity stages on various quality parameters were evaluated within the ANOVA.
Significant differences among the mean values were assessed using Tukey’s multiple range test (p <0.05). All values are

indicated as the mean value + standard error (SE).

Results

Changes in Fruit Firmness

The firmness variation outcomes throughout the mango fruit maturity stages are shown in Fig. 2. The firmness value of
the pericarp of the seeded side gradually decreased with the fruit maturity stage (Fig. 2) from 74.7 N to 7.3 N for stage 1
(S1) to stage 5 (S5), respectively. Among them, a definite decrement can be identified between stage 2 (S2) (62.8 N) and
stage 3 (17.4 N). After the sudden decrease in fruit firmness in stage 2, the firmness values decreased moderately until S5.

A significant difference (p < 0.05) was observed between every stage of maturity at the harvest date.

100
m S s2 S3 WS4 mS5
80 | a
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@ 60 I
[72]
[0
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E
i 40
2 | ‘I’ ed
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0 |
S1 S2 S3 sS4 S5
Maturity Stage

Fig. 2. Changes in firmness (N) of ‘Irwin’ mango among five maturity stages: S1 (Green > 50%), S2 (Green 30-50%), S3
(Green 20-30%), S4 (Green 10-20%), and S5 (Green 0%), where the letters denote significant differences according to
Tukey's test at p<0.05.
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Changes in the Soluble Solids Content (SSC)

As Fig. 3 indicates, the SSC increased dramatically with the maturity stage. The significantly (p < 0.05) highest value
for SSC was obtained in S5 as 14.5°Brix, while the significantly (p < 0.05) lowest value was obtained in S1 as 6.3°Brix.
These SSC values were significantly different among each value obtained at different maturity stages. Nevertheless, the

S1, S2, and S4, S5 stages did not show any significant differences (p < 0.05) for each stage on the experimental date.

Changes in Titratable Acidity (TA)

In our study, it was interesting to note that the TA value decreased exponentially with the maturity of the mangoes, as

depicted in Fig. 4. The significantly highest TA value remains with the S1 and S2 stages, for which the corresponding
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S1 S2 S3 sS4 S5
Maturity Stage

Fig. 3. Variations in the soluble solids content (°Brix) in ‘Irwin’ mango among five maturity stages: S1 (Green > 50%), S2
(Green 30-50%), S3 (Green 20-30%), S4 (Green 10-20%), and S5 (Green 0%), where the letters denote significant
differences according to Tukey’s test at p<0.05.
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Fig. 4. Variations in titratable acidity (%) of ‘Irwin’ mango among five maturity stages: S1 (Green > 50%,), S2 (Green 30-
50%), S3 (Green 20-30%), S4 (Green 10-20%), and S5 (Green 0%), where the letters denote significant differences
according to Tukey's test at p<0.05.
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Fig. 5. Changes in the respiration rate and ethylene production rate of ‘Irwin’ mango among five maturity stages: S1 (Green
>50%), S2 (Green 30-50%), S3 (Green 20-30%), S4 (Green 10-20%), and S5 (Green 0%), where the letters denote
significant differences according to Tukey's test at o< 0.05.

rates were 0.84% and 0.75%, while the lowest value was found at stage S5 with a TA of 0.51%. The maturity at harvest
significantly (p < 0.05) affected the titratable acidity of the juice extracted from the pulp of ‘Irwin” mangoes.

Changes in the Respiration Rate and Ethylene Production Rate

Changes in the respiration rate and ethylene production rate recorded as the mango fruit matured are shown in Fig. 5.
Considering the respiration rate, the rates of S1 of 2.4 mg CO,-kg"hr”, S2 of 2.3 mg CO,-kg"-hr"! and S5 of 2.2 mg
CO,-kg'-hr'! were significantly (p < 0.05) similar, while the rates of S3 of 4.7 mg CO,-kg”-hr" and S4 of 5.3 mg
CO, kg hr' increased slightly and were approximately double that of S2. The highest peak respiration was obtained in
S4 during maturation. The significantly lowest (p < 0.05) peak was found at S5.

Regarding the ethylene production rate, it decreased slightly with the S1 (Green > 50%) stage until the S3 (Green 20 —
30%) stage, at 5.2 uL-kg™"-hr' to 4.3 pL-kg'-hr”, respectively, with a rapid increase to S5, the fully ripened (Green 0%)
stage, at 6.5 pL-kg™"-hr'. The peak ethylene production rate was obtained at the S5 stage. In addition, significant
differences (p < 0.05) were found among both respiration rates and ethylene production rates between the values obtained

at different maturity stages.

Changes in Fruit Chromaticity

The surface color intensity of mangoes is one of the most important factors as regards external quality prediction and is
a perfect maturity index (Ueda et al., 2000). As shown in Table 1, the L" values (color lightness) of different maturity
stages of ‘Irwin’ mangoes did not show a precisely significant type of variation on the opposite sides. The significantly
higher (p < 0.05) values for the front and back sides were 41.1 and 44.1, respectively, at stages S4 and S3. Considering that
a value represents red/greenness, a positive a’ value is for red color while a negative a’ value denotes green color (Ly et
al., 2020; Perumal et al., 2021). In this experiment, the a” color value increased throughout the maturity stages on the front
sides of the mango fruit, while the back sides did not show any clear variation. The significantly (p < 0.05) lowest and
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Table 1. Changesin L", a*, and b* color values and a"/b", Chroma, and hue values of the front and back sides of the fruit in
‘Ir'win’ mango with the five different maturity stages: S1 (Green >50%), S2 (Green 30-50%), S3 (Green 20-30%), S4
(Green 10-20%), and S5 (Green 0%)

Color

Maturity L a b’ alb Chroma Hue

Stage Front Back Front Back Front Back Front Back Front Back Front Back
S1 37.1bc 418a 88c -l.lc 12.0b 185bc 0.8b 0.0d 155¢  195¢  539a 90.1a"
S2 364c  385b 13.0bc  91b 102b 143c 13a 0.7bc  167¢ 173c 384b 56.7b
S3 39.5abc 44.1a 17.6ab 7.6b 179a 239a 1.0ab 04cd 253b 253b 455ab 45.5bc
sS4 41.1a 421a 178ab 208a 198a 223ab 1.0ab 1.0b 282ab 31.5a 484ab 47.6bc
S5 402ab 37.6b 213a 243a 205a 17.6bc 12ab 14a 304a 303a 442ab 36.1c

“Letters denote significant differences according to Tukey’s test at p <0.05.

highest values were observed at 8.8 and 21.3 on the front sides at stages S1 and S5, respectively, and correspondingly at
-1.1 and 24.3 on the back sides at S1 and S5 (Table 1). This negative value represents a greenish color on the fruit surface.
The b’ value indicates the yellow/blue range; positive b* values represent the yellow color, while a negative b~ denotes the
blue color (Ly et al., 2020). According to Table 1, the b* values obtained from the front sides of the fruit decreased until
S2; this outcome was 10.2, which then increased gradually to 20.5 at stage S5. The significantly (» <0.05) lowest b’ value
of the front side was obtained at the S2 stage. Specifically, there was no exact variation of the b values for the back sides
of the fruit, and all values were between 14.3 and 23.9 at S2 and S3, respectively. For a'/b", no special variations were
identified for the front side in any case. The values differed and were between 0.8 and 1.3. Although there is no specific
pattern of changes, for the back side of the fruit, the a’/b” values were between 0.0 and 1.4 for S1 and S35, respectively.
Also, significant (p < 0.05) difference was identified between the a'/b” values among the five different maturity stages. In
addition, the chroma (C) measurements, which indicate the vividness of color (Perumal et al., 2021), were assessed,
though these values also increased with the degree of fruit maturity on the front sides of the mangoes, from 15.5 to 30.4
correspondingly for S1 to S5, while the values on the back sides did not show any specific variation. The significantly (p
<0.05) highest (31.5) and lowest (17.3) values were obtained correspondingly from the S4 and S2 stages. The hue angle
(h°) was applied to describe the perceived color; a hue angle of 0° corresponds to the color red, a hue angle of 60° to the
color yellow, and a hue angle of 120° to the color green (Perumal et al., 2021). The average hue angle decreased gradually
according to the maturity stage on the front and back sides of the fruit. Remarkably, these highest values near 120°
indicate a greenish color of the skin at the S1 stage, which gradually turned yellowish and reddish with maturation. These

facts were also confirmed with a visual inspection.

Discussion

Mango is a tropical fruit, a significant source of vitamins and minerals as well as an excellent resource that provides
much income to farmers and exporters worldwide. Selecting an appropriate maturity stage to harvest mango fruits is likely
to be critical because consumer acceptability when purchasing mainly depends on its outer appearance and flavor quality
in addition to the keeping quality of the fruit. Usually, mangoes are harvested when they are at 60 —70% maturity (Wei et
al., 2021). Considering the cv. ‘Irwin’, the optimum maturity stage for harvesting has been practically assessed (imprecisely)
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to be 16 —17 weeks (110 —120 days) after blooming. Generally, flower bud differentiation begins in ‘Irwin’ mangoes
trees from November to December and flowering begins in early to mid-January (Chung et al., 2023). The ‘Irwin’ cultivar
is commonly known as an early maturing variety as it is commonly harvested in early June, around June 8" to June 10™
(Lim et al., 2016). As the fruit matures, the physicochemical and physiological properties vary widely depending on the

mango cultivar being grown.

Changes in Fruit Firmness

Fruit texture is one of the primary attributes used to estimate the quality, storability, and shelf life of mango fruits (Wei
et al., 2021; Vilvert et al., 2022). The decreasing pattern of flesh firmness during maturation, from S1 to S5 stages,
reported in our study was similar to findings obtained by Ueda et al. (2000). They reported that the firmness measurement
outcomes on the equator of the pericarp and the seed sides of ‘Irwin’ mango tended to decrease from 25.8 +5.0to 1.8 £
1.3 kg-em™ and 14.6 £ 2.2 to 2.0 + 2.3 kg-cm™, respectively as maturity progressed. Even if there was a difference
between the two sides at the beginning of maturity, the difference ultimately disappeared with maturation (Ueda et al.,
2000). Although these values were somewhat lower than our findings, the change in firmness was generally similar to the
present findings. Rooban et al. (2016) also reported that the firmness decreased gradually during the maturation process
from 43.8 £2.19to 18.5 = 1.11 kgfcm™ between the immature and full ripening stages. During the ripening process, the
lowest fruit firmness value was obtained in the over-ripened stage as 14.8 + 1.03 kgf-cm™. According to another study of
‘Irwin’ mangoes grown in Korea by Lim et al. (2016), the average firmness value at harvest maturity of mango fruit was
reported to be 2.3 £ 0.9 N.

A study focusing on the ‘Kensington Pride’ mango (Lalel et al., 2003; San, 2017) showed that the firmness of samples
at different maturity stages did not change significantly (p < 0.05). In that study, the ‘Kensington Pride’ mango fruits,
which were in both hard green and ripe stages, showed a fruit firmness value of 1.57 kg-cm™ (Lalel et al., 2003), and the
fruit firmness was not significantly (p < 0.05) affected by the maturity stage at harvest. On the other hand, our findings
stand in contrast with the findings from these experiments. The reduction of the fruit firmness indicates cell wall changes
related to cell-wall-hydrolyzing enzymes such as pectin methyl esterase (PME), pectate lyase, polygalacturonase (PG),
and pectinase (Wongmetha et al., 2015; Mohamed et al., 2017). Ali et al. (2011) described that fruit softening during the
maturation process may be related to declining fruit firmness; fruit softening is followed by cell wall disintegration,
involving the solubilization of the insoluble forms of cellulose and pectin substances in the fruit cell wall during the
process of fruit ripening following maturation (Verlent et al., 2005; Wongmetha et al., 2015; Perumal et al., 2021).
Comparatively, the present findings found somewhat higher values for fruit firmness, even in the fully ripe stage 5 (S5).
Hence, these fruits were even more firm than the ‘Irwin’ mango fruits tested in the study of Ueda et al. (2000), recorded
avalue 16 weeks after flowering of 5.8 + 3.0 kg-cm™, and that by Lim et al. (2016), recorded a value of 2.3+ 0.9 N, at the
harvest stage. Hence, the S5 stage provides the preferable firmness value for harvesting, while the S4 stage is more

suitable for storage.

Changes in the Soluble Solids Content (SSC)

The soluble solids content is a key maturity index used to estimate the nutritional value and the storability of fruits

consisting of organic acids sugars and minerals (Wei et al., 2021). On the other hand, it is also related to fruit quality
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attributes mainly responsible for fruit flavor, color, and microbial stability (Perumal et al., 2021). Essentially, in our study
a dramatic increase was observed in the SSC values throughout the maturity period from S1 to S5. Owing to the complex
metabolic processes in fruits, complex carbohydrates such as starches almost entirely start to hydrolyze into simple,
water-soluble sugars, primarily glucose, fructose, and sucrose (Perumal et al., 2021; Vilvert et al., 2022). These sugars are
the main factors affecting the sweetness and the taste of the fruits, as indicated by the increased SSC values (Vilvert et al.,
2022). However, these intricate metabolic activities in mango fruits can accelerate with the maturation and ripening
processes, eventually causing an increment in the SSC value for ‘Irwin’ mango fruits during the maturity stages, from the
immature S1 (Green > 50%) stage to the fully ripened S5 (Green 0%) stage.

According to Wanitchang et al. (2011), the SSC values of the ‘Nam Dokmai’ mango increases progressively during its
development; at the immature stage it ranges from 6.60 to 8.12°Brix, increasing at a slower rate at the mature stage from
8.14 to 8.80°Brix as the fruit matures. At the end of maturation, SSC increases more quickly towards the over-mature
stage and then finally decreases. On the other hand, as Ueda et al. (2000) explained, their samples I, II, and III of ‘Irwin’
mangoes grown in Japan, harvested 10, 13, and 16 weeks after blooming, had SSC (°Brix) values that rose slightly, at 6.3,
9.2, and 9.8, respectively. The soluble solids of the fruit harvested at 19 weeks after blooming rapidly then increased to
17.3, corresponding somewhat to the 16.6°Brix value of physiologically over-matured ‘Irwin’ mangoes (Ueda et al.,
2000). Nevertheless, another study involving the ‘Irwin’ cultivar obtained SSC values of approximately 14.2°Brix at the
harvest maturity stage (Sasaki and Utsunomiya, 2002). Moreover, as Lim et al. (2016) reported, the ‘Irwin’ mango fruits
cultivated in Korea show a °Brix value of 14.7 at harvest maturity, though Lalel et al. (2003) reported that SSC changes
in ‘Kensington Pride’ mango fruits were not significantly affected by the maturity stage. Also, at the hard green stage, the
SSC was about 14.9 while at the ripe stage, it was about 15.3. Hence, these findings are dissimilar to those here.

The SSC values in mango cultivars differ depending on variety (Lim et al., 2016). As the information above explains,
the average SSC value of ‘Irwin’ mangoes at harvest is around 15°Brix, comparatively lower than those of ‘Kensington
Pride’ and ‘Keit” mangoes and higher than that of cultivars such as ‘Nam Dokmai’ (Lalel et al., 2003; Wanitchang et al.,
2011; Lim et al., 2016). However, the SSC values at the harvest maturity in most ‘Irwin’ mangoes grown in Japan are
similar to the ‘Irwin’ cultivars grown in Korea (Lim et al., 2016). According to the present study, the value obtained for
stage 5, the fully ripened stage, was 14.5°Brix, significantly lower than 16.6°Brix, showing that stage 5 is not an
over-mature stage and that it is a counterpart to the average SSC value of ‘Irwin’ mangoes obtained at harvesting maturity.
Hence, S5 stage in the present study is preferred to the harvest stage, as at that point the fruits have good flavor quality,
and the S4 stage with comparatively lower SSC values is preferable for storage because the SSC value can be increased
further during the ripening stage in the storage condition. On the other hand, Jimenez et al. (2011) and Rooban et al.
(2016) reported similar SSC values.

Changes in Titratable Acidity (TA)

Titratable acidity refers to one of the most significant sensory characteristics utilized in fruit quality measurements as
maturity and ripening indices (Wei et al., 2021; Vilvert et al., 2022). Mangoes mainly consist of organic acids, most
abundantly citric acid and malic acid (Wei et al., 2021; Vilvert et al., 2022). TA is also a main constituent influencing the
flavor quality of mangoes, medium acidity, and high sugar; SSC is a favorable attribute related to the desired quality and

flavor for customers (Wei et al., 2021). In accordance with the present findings, the TA content was found to be 0.8% at
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the first maturity stage, after which it decreased dramatically throughout the maturity stages. According to Rooban et al.
(2016), the TA contents of mangoes decreased with the maturity stage from 2.6 to 1.4%, from the immature stage to the
over-mature stage. Compared to these values, those in the present study were considerably lower. The findings of Lalel et
al. (2003) are generally similar to present observations, as in this study, the TA contents gradually decreased from 0.77 to
0.58% from the hard green to the ripe stage.

Another study of ‘Nam Dokmai’ mangoes (Wanitchang et al., 2011) showed that the TA content dropped gradually
over the period of development (from 3.29% to 2.24%) and continued at a similar rate throughout maturity until it
stabilized to 1.33% at 115 days after fruit set (over-mature stage). On the other hand, results reported by Wongmetha et
al. (2015) reveal that the TA content in mangoes increases at the immature stage, dropping sharply towards the end of
maturity. These findings are in contrast with those here. Generally, immature fruits have higher levels of acids that
decrease as the fruits mature, up to the point of fruit senescence following fruit ripening (Wongmetha et al., 2015). An
increase in the TA content in mangoes indicates the formation of organic acids during the fruit maturity stages. The acidity
of all mangoes decreases with maturation due to the breakdown of starch molecules into more sugars (gluconeogenesis),
which lowers the acidity of the fruit (Shafique et al., 2006; Wongmetha et al., 2015). In addition, the gradual decrease in
the TA content of mango fruits may be due to the conversion of acids into sugars by certain physiological and biochemical
changes (Shafique et al., 2006; Wongmetha et al., 2015). It can be speculated that climacteric respiration is an enzymatic
process responsible for the decrease in the TA level during the mango ripening stages because organic acids are a substrate
for fruit respiration (Nordey et al., 2016; Nia et al., 2021).

According to a parallel study of ‘Irwin’ mango grown in Korea by Lim et al. (2016), the TA value obtained was around
0.2% upon harvesting maturity. Comparatively, the 0.5% TA content obtained in our study at the S5 fully ripened stage
is quite similar to this value. Because there is no major difference between 0.2% and 0.5%, most likely this stage was less
acidic and thus meets the preferable consumer standard regarding this metric. Generally, when in storage, the TA contents
decrease further with an increase in the storage time due to further ripening and senescence processes, the respiration
process, the use of organic acid to conserve energy by fruit cells, and in some cases excessive fungal growth on the fruits
caused by poor sanitary conditions (Nia et al., 2021). Hence, the S3 and S4 stages are deemed to be suitable for storage

conditions.

Changes in the Respiration Rate and Ethylene Production Rate

As mangoes ripen and senescence occurs, the ethylene production rate (autocatalytic) increases, the peel carotenoids
degrade, respiration increases, and softening occurs (Wongmetha et al., 2012). Considering earlier findings, Lalel et al.
(2003) reported that mature fruits of ‘Kensington Pride’ mangoes harvested at the hard-mature green stage exhibited the
typical climacteric pattern for respiration and ethylene production rates, indicating that the mangoes harvested at
hard-mature green stages are in a pre-climacteric stage and that fruits at other stages do not exhibit an increase in the
ethylene production rate or respiration rate; i.c., they are in a post-climacteric stage. According to evidence pertaining to
the ‘Alphonso’ variety presented by Lakshminarayana et al. (1970), the respiration rates immediately after fruit set are
high, but they decrease by the third week and then increase again, reaching the peak value in the fourth week. Because the
respiration rates and ethylene production rates were evaluated only on the harvest day in the present study, it is difficult

to explain further the climacteric patterns of different stages. However, the increased respiration rates in the middle stages
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(S3 and S4) of maturity indicate the onset of the climacteric rise of the ‘Irwin’ mango fruits entering the ripening phase.
The sudden drop in the respiration rate at the S5 stage indicates that the fruit has completely entered the ripening phase by
this stage according to our study.

On the other hand, Wongmetha et al. (2012, 2015) also reported that the 50 DAA (days after anthesis) stage during
maturation showed a higher respiration rate and higher ethylene production rate compared to other stages in cv. Jinhwang
and cv. Irwin. Although the initial maturity stage of the ‘Irwin’ mangoes used in present study was quite different from
those in the aforementioned studies, similar results were obtained for both respiration rates and ethylene production rates.
These results provide evidence that the first stages of maturity (S1 and S2) are pre-climacteric stage while the late stages
(S4 and S5) are post-climacteric stages. High respiration and ethylene production rates in immature mangoes occur due
to vigorous fruit growth during those stages (Tadesse et al., 2002). In this experiment, however, decreased respiration
rates were found at the early stages of mango growth because the physiological activities and active growth were
somewhat completed in stage 1.

Fruit ripening is known as an oxidative phenomenon that requires the throughput of active oxygen species such as H,O,
and superoxide anions (Huang et al., 2007). These active oxygen species are most apparent during ripening and cause
increased lipid peroxidation and protein oxidation products primarily influencing chilling injuries most commonly in
mangoes (Han et al., 2016; Rosalie et al., 2018). Owing to the loss of a heat-labile and non-dialyzable inhibitor of these
enzymes, the catalase and peroxidase activities were shown to rise significantly in mangoes along with the ethylene
evolution and respiratory climacteric activities (Wongmetha et al., 2012). These antioxidant enzymes are responsible for
scavenging active oxygen species, and the enzyme activity is comparatively high in fully mature fruits compared to half
mature and immature fruits (Rosalie et al., 2018). Hence, ethylene in mango fruit inactivates the inhibitors of these

enzymes, even in the pre-climacteric stages (Rosalie et al., 2018).

Changes in Fruit Chromaticity

Fruit color is a very important trait in mangoes and can be applied to assess consumer perception when purchasing fruits
(Perumal et al., 2021). As Lalel et al. (2003) indicated, the skin of fully ripe “Kensington Pride’ mango fruits is noticeably
lighter than the skin of the ripe fruits obtained at other maturity stages. There was no significant difference in the b* or
chroma values of the skin of any fruit, regardless of the maturity stage at harvest; however, the a” value was significantly
(p <0.05) lower in the skin of ripened fruits collected at the hard-green mature stage. When compared to fruit collected
at various stages of maturity, mature fruit picked at the deep green stage had a significantly (p < 0.05) higher skin hue
angle. Except for the b” value and chroma value, other color values concurred with those here. In addition, Wanitchang et
al. (2011) reported that the ‘Nam Dokmai’ mango appeared lighter throughout the immature stage. Afterward, an increase
in the L* value took place at a slower rate, and the yellow color of the skin, which is denoted by the b value, decreased
continuously. The green color on the fruit surface decreased gradually as the a” value increased. One of the most obvious
indications of fruit maturing and ripening is the general loss of green color on the fruit skin (Wanitchang et al., 2011).
Hence, except for the variation in the b* value, the changes in the other color values are in good agreement with those in
the present study. Similar results were reported in another study of ‘Irwin’ mango as well (Ueda et al., 2000).

When compared to fruits harvested at five different maturity stages, mature fruits picked at the S1 stage (Green > 50%)

showed lower rates of chlorophyll degradation (low a” value), lower total sugar levels, and reduced sugar levels as well as
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higher acid contents (Table 1, Figs. 3 and 4; Lalel et al., 2003). At this stage, the ripening enzymes responsible for starch
hydrolysis, acid catabolism, and skin color changes have not yet been fully synthesized and activated (Lalel et al., 2003).
Generally, in the ‘Irwin’ mango cultivar, the green color of immature mangoes becomes reddish-yellow with maturation,
later changing to a remarkable dark red color at the fully mature stage (ready-to-eat stage) (Fig. 1). This identical red color
of ‘Irwin’ mangoes could be caused by anthocyanin in the fruit skin. In addition, the green color of immature mangoes
tended to decrease, becoming reddish-yellow with chlorophyll degradation and the increased accumulation of
anthocyanin and carotenoids during fruit maturation and ripening (Ma et al., 2018; Li et al., 2019). Hence, the slight
increase in the b* values in the current study may have led to this observation in the ‘Irwin’ mango. As the beginning of
the climacteric peak of mango fruits, chlorophyll degrades with carotenoid biosynthesis as a result of fruit ripening.
Higher respiration and ethylene evolution rates and faster ripening caused by increased PME and PG enzyme activity
levels may contribute to the presence of more carotenoids in mango fruits (Meena and Asrey, 2018).

According to the aforementioned findings, the changes in the various physical attributes and contents of certain critical
compounds that influence the quality of ‘Irwin’ mangoes cultivated in plastic greenhouse environments with heating
appear to occur most significantly between S3 and S4. Hence, the physical and chemical characteristics of mangoes are

altered during this period, or upon growth the fruit enters senescence after maturing (Ueda et al., 2000).

Conclusion

The ripening process and alterations in fruit quality levels are significantly impacted by the maturity stage at harvest.
Harvesting mango during the 0% green-colored S5 stage appears to result in the best quality for eating, as at this point they
have significantly highest SSC levels, preferable color values, and the lowest TA and firmness levels. The 20 —30%
green-colored (S3) and the 10 —20% green-colored (S4) stages are suitable for storage given that they have somewhat low
physicochemical and physiological characteristic value compared to those at the S5 stage, making them less consumer
preferable at harvest. ‘Irwin’ mango cultivation is currently trending most strongly among South Korean mango farmers,
and these fruits are usually marketed as mangoes after dropping from the trees. In this case, finding a suitable stage by
subjectively observing the fruit skin may be the most convenient and easiest method for farmers, as they can easily
distinguish the most preferable stages of mangoes most appropriate depending on the marketing path and can bring in
considerable income. Since the ‘Irwin’ mangoes are a cultivar that matures early, the lack of diversified shipping times
may cause price decreases and the fruit eventually may not meet consumers' perfect preferences. Studying the fruit
characteristics at different maturity stages is beneficial for identifying the optimal stage for harvesting mangoes.
Therefore, findings here address this issue regarding mango farmers and exporters in the South Korean mango industry.
Given that our findings augment other studies of consumer-acceptable fruit quality characteristics, it is proven that this
strategy is a more accurate validation for determining optimal maturity levels for harvesting ‘Irwin’ mango as opposed to
the personal experience of farmers. In addition, these results provide farmers with the potential to reduce losses during the
harvesting process, to enhance consumer preferences for ‘Irwin’ mangoes, and to increase their commercial profits for

mango production.
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