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and John Robert Ouko
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Mango (Mangifera indica) is the second most economically important fruit in
Kenya for local and export markets. Huge postharvest losses estimated between
30 to 50% characterize the mango value chain due to its climacteric nature
and high perishability. These losses are exacerbated during ripening. However,
the fruit's shelf-life can be extended through the application of 1-
Methylcyclopropene (1-MCP), an inhibitor of ethylene action. The efficacy of 1-
MCP is affected by maturity at harvest, its formulation and concentration, and
exposure time. This study sought to establish the effectiveness of the 1-MCP
dosing range for the Tommy Atkins' mango variety harvested at two maturity
stages defined subjectively based on shoulder elevation and objectively on flesh
color as stage 1 (mature green) and stage 2 (advanced maturity). A homogeneous
batch of 60 fruits from each maturity stage was exposed to two 1-MCP
formulations (SmartFresh™-SmartTabs™ and SmartFresh™—Inbox Sachet).
SmartFresh™-SmartTabs™ was applied at 0.5, 1.0, and 2.0 ppm
concentrations for 12hrs and 24hrs while SmartFresh™—Inbox Sachet was
applied at 0.5, 1.0, 2.0, and 4.0 ppm concentrations for 12hrs only. All
treatment combinations were ripened at ambient conditions (25+3°C; 60+5%
relative humidity). Samples of three fruits were taken at 3-day intervals for
measurement of ethylene evolution, respiration rates, total soluble solids (TSS),
color, and firmness. The 1-MCP response was significantly (P<0.05) affected by
maturity stage, 1-MCP treatment concentration, and exposure time. Untreated
fruits exhibited higher ethylene peaks of 9.56 pLkg*h?*and13.29 uLkg*h™for
stages 1 and 2 respectively. Stage 1 fruits subjected to 2.0ppm SmartFresh™—
SmartTabs™ recorded a lower ethylene peak of 5.62 uL kg™t h™* and 3.62 ulL kg™
h™* compared to fruits subjected to 1.0 ppm concentration, which recorded an
ethylene peak of 595 uL kg™* h™* and 4.93 plL kg™ h™ for 12hrs and 24hrs
respectively. Stage 2 fruits subjected to SmartFresh™—SmartTabs™ formulation,
also delayed the ethylene peak with 2.0ppm recording ethylene peak of 6.55 L
kg*h™*and 5.32 puL kg™ h™* compared to 1.0 ppm, which recorded 7.61 pL kg™
h™*and 7.15 pL kg™ h™* for 12hrs and 24hrs respectively. Stage 1 fruits subjected
to SmartFresh™-—Inbox Sachet at 4.0ppm lowered the ethylene peak to 3.89 uL
kg™t h™. This concentration recorded the lowest peak compared to 5.54 pL kg™
ht 512 uL kg™t h™ and 4.27 pL kg™t htfor 0.5, 1.0, and 2.0ppm respectively.
Interaction of 1-MCP concentration, exposure time, and maturity stage delayed
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other ripening-related changes including a decrease in hue angle, firmness, and
increase in TSS. Results indicated that ripening was delayed by 1-MCP at an early
stage of maturity; while the shelf life of treated fruits increased with increasing 1-
MCP concentrations. SmartFresh™—-SmartTabs™ applied at 2.0ppm for 24 hours
achieved an increased shelf life of 12 days compared to the control in stage 1.
SmartFresh™—Inbox Sachet applied at 2.0ppm and 4.0ppm significantly
extended shelf life to 24 days and 21 days for stages 1 and 2 respectively.
Overall, the findings of this study suggest that 2.0ppm of the ‘powder’
formulation and 4.0ppm of the ‘Inbox Sachet’ formulation of SmartFresh™
would offer optimal effects at 24hrs and 12hrs exposure respectively. We,
therefore, wish to recommend these two formulations at the reported levels
for commercial application in the Tommy Atkins' mango variety to prolong
postharvest shelf life and maintain desirable quality attributes.
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Introduction

Mango (Mangifera indica) is the second most economically viable
fruit in Kenya after banana (Musa spp) produced for local and export
markets (HCD, 2020). Mango production contributes to both the
Agricultural and National Gross Domestic Product by about 5% and
2% respectively (HCD, 2019). The fruit is highly nutritious with
carbohydrates, proteins, fats, minerals, organic acids, and vitamins as
part of the nutritional components. The nutritional composition,
delicacy, and flavor have led to the mango fruit being termed “the
king fruit” (Rajan, 2022). In Kenya, mangoes come to season between
November and March, with a peak period between January and
February. The seasonality of this fruit creates scarcity during the
offseason and wasteful surplus during the glut period (Maloba et al,
2017). Mango fruits suffer immeasurable postharvest losses and have a
short life span from harvesting to consumption (Prasantha and
Amunogoda, 2013). According to FAO (2020), the magnitude of
postharvest losses in fresh mango fruits in Kenya is estimated to be
greater than 50% per annum. Postharvest losses in mango fruits can be
attributed to fast deterioration after harvest which is accompanied by
increased rates of respiration, high ethylene evolution, physiological
disorders, and overall senescence (Xu et al., 2017; Sakhale et al., 2018).

Mango is a climacteric fruit that is highly affected by ethylene
during ripening (Gao et al,, 2020; Manigo and Antibo, 2022). The
presence of ethylene in the storage environment and internal
evolution by the ripening fruit accelerates the ripening process
(Thongkum et al., 2018; Liu et al., 2020; Manigo and Antibo, 2022).
Therefore, techniques that can reduce or regulate ethylene production
and action along the mango supply chain from the time of harvest
until the point of consumption or utilization are important for quality
preservation and extension of the fruit’s shelf life. In addition, other
complementary practices and technologies including proper harvest
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practices, packaging, temperature control, proper transportation and
storage conditions are required to preserve the fruit quality
(Sivakumar et al., 2011; Lobo and Sidhu, 2017).

One of the innovative strategies applied to minimize
postharvest losses in fruits has involved the use of ethylene
inhibitors to minimize its evolution rate and its action during
transportation and storage (Gaikwad et al, 2020; Yuan et al,
2023). The use of 1-Methylcylopropene (1-MCP) as an ethylene
inhibitor and suppressor is interrelated with the fruits’ ethylene-
sensitive sites and how these endogenous and exogenous factors
affect the fruits’ response to ethylene sources. The use of 1-MCP has
been reported to slow down the ripening and softening of fruits
(Gwanpua et al., 2018; Yuan et al., 2023). A study by Lin et al.
(2022) reported that 1-MCP functions to prevent the cascade of
reactions leading to the ripening stage and aging of climacteric
fruits. Therefore, the postharvest shelf life of mango fruit could be
prolonged through the employment of 1-MCP (Dias et al., 2021).

Previous studies have shown that application of 1-MCP can be
challenging for fruits such as mango, as the goal is to delay ripening
rather than completely inhibit it (Watkins, 2008). This requires
careful control of both 1-MCP concentrations and the exposure
period. Treatments involving phytohormones such as ethylene,
have shown promising outcomes, however, the effectiveness of
such treatments varies depending on the cultivar, timing of
application, and the concentration of the compounds used (Dias
et al,, 2021). Determining a 1-MCP concentration that effectively
minimizes the occurrence of physiological disorders while ensuring
proper ripening is a significant challenge (Dias et al., 2021). The
effectiveness of 1-MCP can vary significantly and is influenced by
various factors, such as the fruit cultivar (Pan et al., 2016), stage of
maturity (Ambuko et al., 2013; Rupavatharam et al., 2015; Satekge
and Magwaza, 2022) application concentration (Gaikwad et al,
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2020), and exposure duration (Gaikwad et al., 2020; Satekge and
Magwaza, 2022). Studies conducted in banana fruit showed the
green life of fruits treated with -MCP varied with the stage of
maturity. The least mature fruit were shown to have a longer green
life compared to the more mature fruits (Harris et al., 2000).
Ambuko et al. (2016) reported similar findings in ‘apple mango’
fruits where fruits harvested at earlier maturity were more
responsive to -MCP treatment and had a significantly longer shelf
life compared to fruits of advanced maturity.

Apart from commodity factors, treatment factors have been
shown to affect the efficacy of 1-MCP. Researchers who employed 1-
MCP with different delivery methods and on different climacteric
fruits reported concentrations ranging from a minimum of 0.5 ppm
to a maximum of 2.0ppm (Barthakur, 2017; Gaikwad et al., 2020;
Satekge and Magwaza, 2022). Furthermore, studies have also
proposed various 1-MCP exposure durations, ranging from 12 to
24 hours, for different climacteric fruits (Barthakur, 2017; Sakhale
et al., 2018; Satekge and Magwaza, 2022).

Therefore, selection of the effective 1-MCP treatment
combination (concentration and exposure duration) for target
fruits should be informed by previous studies in similar fruits.
Given the dynamic nature of fruits, and how various factors affect
response to ethylene, more specific research studies are required to
offer a more tailored approach to determine the optimum dosage
rates of applying 1-MCP. The current study sought to determine the
response of “Tommy Atkins’ mangos to various dosing ranges of
two innovative 1-MCP formulations applied on fruits harvested at
different stages of maturity.

Materials and methods
Plant material and process

‘Tommy Atkins’ mango fruits were sourced from a commercial
orchard in Machakos County in Kenya. Machakos County
experiences semi-arid climactic conditions and is found in lower
midland agroecological zones IV and V of Kenya. The annual
average temperatures range between 22°C- 24°C and receive an
annual rainfall ranging between 250-400 mm and 800-900 mm per
annum in the lower regions and higher regions respectively (Manzi
and Gweyi-Onyango, 2021).

The mango fruits were manually harvested at two stages of
maturity — stage 1 and stage 2. The two stages were determined by
an accurate record of days after flowering maintained by farmers,
along with maturity indices assessed subjectively by shoulder
elevation and objectively by flesh color. Stage 1 fruits represented
early maturity, occurring 90 to 100 days after the 50% flower set
(mature green). The flesh color was predominantly white, with a
slight yellow coloration beginning to develop around the seed. Stage
2 consisted of mango fruits at an advanced maturity stage, occurring
110 to 120 days after the 50% flower set. Additionally, full cheeks
and a yellow-orange flesh color characterized these fruits. All the
harvested fruits were transported to the experimental site in crates
lined with dampened newspapers to stimulate evaporative cooling
during transit. Upon arrival at the Postharvest Laboratory, the fruits
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were sorted for uniformity based on size and freedom of damage
and allowed to cool. All the graded fruits were washed with a 10%
sodium hypochlorite solution and left to air dry before applying the
1-MCP treatments. Fruits of each maturity stage were then divided
into homogenous batches containing 60 fruits and exposed to two
1-MCP formulations (SmartFreshTM—SmartTabsTM (0.63%) and
SmartFresh' " ~Inbox Sachet (0.14%). SmartFresh' " -SmartTabs
was applied at 0.5, 1.0, and 2.0 ppm concentration for 12hrs and
24hrs in sealed containers while SmartFresh' " —Inbox Sachet was
applied at 0.5, 1.0, 2.0, and 4.0 ppm concentration for 12hrs only.
All the treated fruits alongside the untreated control were allowed to
ripen at ambient room conditions (25 + 3°C; 60 + 5% relative
humidity). The experiment was laid down as a completely
randomized design with a factorial arrangement. Samples of three
fruits were taken at a three-day interval for measurements of
ripening changes including, ethylene evolution, respiration rates,
color (peel and pulp), firmness (peel and pulp), and total soluble
solids (TSS).

Determination of ripening parameters

Ethylene evolution

Three mangoes from each treatment were incubated for one
hour in a two-litre (2L) airtight container that was fitted with a
rubber septum. Approximately, 10ml of the gas from the headspace
was drawn using a hypodermic syringe and injected into a gas
chromatograph (GC- 94, Shimadzu Corp., Kyoto, Japan) fitted with
a flame ionization detector. Ethylene (C,H,) was then expressed as
uL kg' .

Respiration rate

Headspace gas was collected from the same containers
incubated for ethylene extraction following the procedure
described above and injected into a gas chromatograph (Models
GC-8A, Shimadzu Corp., Kyoto, Japan) fitted with a thermal
conductivity detector. The rates of respiration estimated from the
CO, gas produced in pl/g/h (later converted to ml/Kg/hr) were
expressed using the formula below:-

CO, production rate (ul/g/h) = K x 1/r x h x (v-w)/t/w

Where: -

K = calibration value (uL equivalent to 1 cm peak height on
gas chromatography)

R = volume of gas injected for analysis (ml)

H = peak value (cm)

V = volume of incubation container (ml)

W = weight of fruit (g)

T = incubation period (h)

Firmness (peel and flesh)

The penetration force of three randomly selected fruits from all
the treatments was determined destructively using a fruit hardness
meter (Model FR-5120, Sun Scientific Co. Ltd, Japan) fitted with a
5 mm plunger. The peel penetration force was determined on three
unpeeled regions while the pulp firmness was measured on peeled
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parts along the midsection part of the fruit. The resistance of the
flesh to penetration of the plunger was then expressed in
Newton (N).

Color (peel and flesh)

The a*, b, and L hue color values of the mango fruits were
determined through the use of a portable color meter (Model TES
135A, Taiwan, China) and recorded. The a* and b* of the peel and
the flesh were recorded. The color changes were measured at the
regions along the midsection of the fruits from three randomly
selected fruits in all the treatments and then determined in degrees
(H®). The conversion of a* and b* coordinates recorded was done as
follows:

Hue angle (H®)
o,0b N « . .
= tan " (—) (Where both a" and b™ coordinates are positive)
a

b ;
= tan'( E) + 180 (Where a* and b" are positive and negative respectively)

Total soluble solids

The total soluble solids (TSS) content of mango fruits was
determined using a pocket refractometer (Model 500, Atago, and
Tokyo, Japan). During each sampling day, a fruit was randomly
picked and the pulp macerated to extract 3ml of juice. The pocket
refractometer has a sensor that was zeroed using distilled water then
the extracted fruit juice was placed on the glass prism sensor and the
reading was recorded. The TSS was indicated as a °Brix.

The overall shelf-life

The longevity of the storage life was determined by keeping a
record of the total days the mango fruits in different treatments took
to fully ripen. This was guided by a pre-destined end stage where
mango fruits were considered marketable.

Data analysis

The data collected was analyzed using the GenStat 15 Edition
statistical program. Analysis of variance (ANOVA) was used to test
for significant differences among treatments for each parameter and
means separated using Fisher’s protected least significant difference
at P <0.05.

Results
Ethylene evolution

The rate of ethylene evolution increased gradually to peak levels
as the ripening progressed, regardless of the stage of maturity or the
1-MCP treatment applied. Treated fruits generally exhibited lower
ethylene evolution with reduced peaks compared to untreated fruits.
Ethylene peak for untreated fruits occurred earlier on the 9™ and 6"
day in stages 1 and 2 respectively. The peak was delayed by 3 to 6 days
respectively for 1-MCP-treated fruits. For instance, mangoes exposed
to 12-hour treatment of SmartFresh' " -SmartTabs " at 1.0ppm and
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2.0ppm achieved ethylene peaks on days 12 and 15 (stage) and on
days 9 and 12 (stage 2) respectively. Besides delaying the ethylene
peak period, the amount of evolved gas was also significantly lowered
with untreated fruits recording higher peak averages of 9.56 uL kg™
h™ and 13.29 pL kg h' in stages 1 and 2 respectively. The
SmartFresh ™ -SmartTabs " treated fruits (in stage 1) exposed at
1.0ppm achieved relatively lower peaks of 595 uL kg' h™! and 4.93
uL kg™ h™ for 12 and 24-hour exposure respectively. In stage 2,
(under similar treatment), mean peaks of 7.61 uL kg™ h™ and 7.15 uL
kg h™ were recorded for 12 and 24-hour exposure respectively. The
second formulation of SmartFresh'"-InBox Sachet also revealed a
delayed ethylene peak with a delay being achieved in favor of stage 1
fruits compared to stage 2. A SmartFresh' " -InBox Sachet exposure at
2.0 ppm extended the ethylene peak period by three days, achieving
the peak on day 18 and 15 respectively for stage 1 and 2. A
concentration of 4.0 ppm of the same treatments recorded the peak
ethylene evolution rate after 21 days of storage in stage 1.
Additionally, SmartFresh'"-InBox Sachet treatment at 2.0ppm,
recorded a peak ethylene evolution of 427 uL kg h™ at stage 1,
compared to 5.41 pL kg™ h™' recorded in stage 2 (Figure 1). Overall,
mangos harvested at stage 1 responded better to the two 1-MCP
formulation achieving longer storage period before the outburst of
ethylene peaks.

Respiration rates

Respiration gradually increased to peak levels and drastically
declined towards the end of the storage period with significantly
(P<0.05) lower peaks in all 1-MCP treated fruits. Fruits harvested at
stage 1 generally had lower levels of respiration. Stage 1 fruits subjected
to SmartFresh’ - SmartTabs " attained peak levels of 54.09, 47.94, and
44.83 mL kg™ h™! for 0.5, 1.0, and 2.0ppm concentrations subjected to
12-hour duration respectively while 24 hours of the similar 1-MCP
product achieved 50.75, 45.29, and 39.77 mL kg’1 h! for 0.5, 1.0, and
2.0ppm concentrations respectively. Untreated stage 1 fruits exhibited a
higher peak level of 63.13 mL kg™ h™, which was attained on day 9 of
the storage period. Stage 2 fruits treated with SmartFresh' -
SmartTab " and exposed to 12-hour duration exhibited a peak level
of 59.04, 52.74, and 46.97 mL kg' h™ for 0.5, 1.0, and 2.0ppm
respectively which was lower than 69.21 mL kg h™' recorded on day
6 by the untreated fruits. A similar climacteric pattern was observed in
fruits subjected to the SmartFresh' " -Inbox Sachet. Stage 1 fruits treated
with SmartFresh'"-Inbox Sachet had a delayed respiration peak
compared to advanced maturity, which exhibited fewer days to
respiration peak attainment. Treatment with SmartFresh' " -Inbox
Sachet recorded lower rates of respiration of 39.24 and 36.89 mL kg
h™ in 2.0 and 4.0ppm respectively for stage 1. Similar treatment
recorded peak levels of 43.46 and 39.82 mL kg h™' for 2.0ppm and
4.0ppm in stage 2 respectively (Figure 2).

Changes in peel firmness

The fruit peel firmness gradually decreased as the fruit ripened
in all the treatments. 1-MCP-treated fruits retained much of their
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FIGURE 1
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Showing the rates of Ethylene evolution influenced by different 1-MCP formulations. (A—D) represent fruits subjected to SmartFresh™-SmartTabs for
12 and 24-hour durations respectively whereas (E, F) represents fruits subjected to SmartFresh™-Inbox Sachet. The legends show different 1-MCP
concentrations (PPM). ST1 and ST2 represent stages 1 and 2 of maturity respectively. Top Bars represent LSD at P < 0.05.

initial peel firmness as compared to the controls. The interaction of
1-MCP treatments, stage of maturity, and exposure time
significantly (P <0.05) affected the peel firmness (N). Treated
fruits were generally firmer irrespective of 1-MCP formulation
and the concentrations. Stage 1 fruits recorded an average peel
firmness of 127.78 N as compared to 120.0 N peel firmness recorded
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by stage 2 fruits. SmartFresh' - SmartTabs " 2.0 ppm
concentration recorded a firmness of 41.58N and 48.42N for stage
1 at 12 and 24-hour exposure times respectively (Table 1A). Similar
treatment was observed to attain a firmness of 30.07N and 32.82N
for stage 2 at 12 and 24-hour exposure times respectively at the end
of the storage period (Table 1A). In addition, fruits treated with
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FIGURE 2
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Showing the changes in respiration rate as influenced by different 1-MCP formulations. (A-D) represent fruits subjected to SmartFresh™-SmartTabs
for 12 and 24-hour duration respectively whereas (E, F) represents fruits subjected to SmartFresh™-Inbox Sachet. The legends show different 1-MCP
concentrations (PPM). ST1 and ST2 represent stages 1 and 2 of maturity respectively. Top Bars represent LSD at P < 0.05.

SmartFresh " —Inbox sachet exhibited a gradual decline of peel
firmness as the fruits ripen. Fruits exposed to SmartFresh' " -
Inbox Sachet at 2.0ppm, recorded a firmness of 64.75N on day 21
of storage in stage 1, which was much retained from the initial
firmness compared to stage 2, which attained a firmness of 50.63N

on the same sampling day (Table 1B).
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Changes in pulp firmness

Pulp firmness gradually declined within storage. Generally,
stage 1 fruits exhibited a delayed rate of softening compared to
stage 2. A longer exposure period of 24 hours had a higher impact in
both stages of maturity, with stage 2 fruits displaying a slowed rate
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TABLE 1A Changes in peel firmness after SmartFresh™- SmartTabs™ treatment.

Days in Storage

10.3389/fhort.2025.1509989

Treatment Exposure
(TR) Time (ET) 12 15

ST1 Control 0 12778 1159 976" 82.40"¢ | 6382"¢ 3833

InTab 0.5ppm 12 127.78° | 111.2% | 99.42°% | 8942dfe | 74639 | 61,83

InTab 1.0ppm 12 12778 1117 10175 91.25%% | 78.18% | 67.40% 4750

InTab 2.0ppm 12 12778 | 1162"  106.27%  9823% | 88.03 = 7987  67.65% 51.25% 41.58"

InTab 0.5ppm 24 127.78° | 1116 | 9215 | 7958 | gg23ed | 5777bed  4p850

InTab 1.0ppm 24 127.78" 126.6° 116.75¢  110.60" | 102.30 9295 80.62° 64.52" 48174 40.68°

InTab 2.0ppm 24 127.78" 123.0° 116.42° 105958 95.23" 88.97" 79.52% 68.43" 57.30° 48.42°
ST2 Control 0 120.0° 99.6" 80.23% 59.27 39.37°

InTab 0.5ppm 12 120.0° 1058 9367 78.18"¢ | 4134

InTab 1.0ppm 12 120.0* 93.8° 76.90° 66.13 | 5152 | 39.90%

InTab 2.0ppm 12 120.0° 105.2%¢  9597°4 8608l | 76179 | 64.85% 5413 44.33" 30.07°

InTab 0.5ppm 24 120.0° 97.1% 85.68°"  71.40™ | 5725 46.05"

InTab 1.0ppm 24 120.0° 117.1°  107.07%  99.53%" | 8617 7767 | 5850 45.12°

a abc cde efgh ef de bc a a

InTab 2.0ppm 24 120.0 1117 103.30 96.40 86.87 67.03 5823 46.80 32.82

TR*ST*ET (LSD 0.05) 7.587 11.92 9.723 9.234 8.662 9.706 6.204 4.699 4.454 3.105

CV(%) 3.6 6.4 5.9 6.3 7 9.8 10 122 17.7 29.1

InTab, SmartFreshTM-SmartTabSTM; LSD, Least significance difference; CV, Coefficient of Variation. Means within each column followed by different letters differ significantly at (P < 0.05).

Bold values represents LSD and CV.

of decline of pulp firmness. Stage 1 fruits treated with
SmartFresh' "~ SmartTabs " for a 24-hour exposure period
recorded a firmness of 27.15N and 31.6N on day 24 of storage for
1.0ppm and 2.0ppm respectively (Table 1C). On the other hand,
stage 2 fruits had a pulp firmness of 20.17N and 19.6N for the

TABLE 1B Changes in peel firmness after SmartFresh™

1.0ppm in 12 and 24-hour exposure time respectively, which was
attained at the end of their preservation period (Table 1C). Using
SmartFresh' " -Inbox Sachet, stage 1 control recorded pulp firmness
0f 16.93 N at day 15 (end of storage period) compared to the much-
retained pulp firmness of 49.05N and 49.17 N for both 2.0ppm and

-InBox sachet treatment.

Days in Storage

Stage Treatment Exposure
ST1 Control 0 12778 1159™ 976 82.40° 63.82° 3833
Sachet 0.5ppm 12 127.78" | 1214 109.5° 9733 | 88.25% 77.50 52.38°
Sachet 1.0ppm 12 127.78 | 119.7°¢ 107.6° 9923 | 88.45% 76.58" 63.75% 57.78" 37.9%
Sachet 2.0ppm 12 127.78"  122.8° 113.7 106.33° 97.83¢ 89.48° 78.87% 64.75° 51.50° 45.02°
Sachet 4.0ppm 12 12778 124.1% 117.9% | 11062° | 101.60° 92.15° 81.83° 74.249 66.93¢ 57.3¢
ST2 Control 0 120° 99.6* 80.2* 59.27* 39.37*
Sachet 0.5ppm 12 120 115.1% 105.7°  89.45° | 7595 42.80*
Sachet 1.0ppm 12 120° 118.8°¢ 107.4% 9918 | 9037 75.05 54,55 43.50°
Sachet 2.0ppm 12 120° 118.1° 108.8°  100.83% = 87.48% 76.37 65.57> 50.63" 33.12°
a ab be be cd b cde b b a
Sachet 4.0ppm 12 120 1156 107.8 101.63 94.00 82.13 74.10 55.10 44.12 27.97
TR*ST*ET (LSD 0.05) 8.234 9.37 10.4 11.62 10.73 9.8 6.301 6.052 3.925 1.668
CV(%) 3.7 4.7 5.7 7.2 7.6 8.7 6.9 8.9 9.3 5.8

Sachet, SmartFresh™-InBox Sachet; LSD, Least significance difference; CV, Coefficient of Variation. Means within each column followed by different letters differ significantly at (P < 0.05).
Bold values represents LSD and CV.
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TABLE 1C Changes in pulp firmness after SmartFresh™-SmartTabs™ treatment.

Days in Storage

Treatment Exposure
(TR) Time (ET) 12 15

ST1 Control 0 71.9* 48.83" | 38.18 2955 23.83" 16.93"

InTab 0.5ppm 12 71.9° 51,63 | 47.220%  3g.gabede | 3p000d 2423

InTab 1.0ppm 12 71.9° 52.00° | 47.68°°%  42.42°%C  3547%%¢  p907°d | 228"

InTab 2.0ppm 12 71.9* 59.30°% | 53.90°  47.82<8 | 4225%h | 3438 | 2945bd | 2385 15.97°

InTab 0.5ppm 24 71.9° 53,530 | g7o7bede g3 5oedel | 3ggyede 34 gzede 2465

InTab 1.0ppm 24 71.9* 65.77° 56.53¢ 52.408 47,328 42.68% | 3652%  3158¢  27.15° 18.65°

InTab 2.0ppm 24 71.9* 64.35% 56.52° 52788 49.65" 46.47° 42.47° 37.63¢ 3164 27.95°
ST2 Control 0 61.63 40.95" 3027 22.90° 12.87°

InTab 0.5ppm 12 61.63° 4735 | 4037 20952 | 2337

InTab 1.0ppm 12 61.63°  51.42% | 46639 3852 | 31.33% 20.17°

InTab 2.0ppm 12 61.63° | 56.92°d | 51020 45729 4100%E"  3645% | 29574 | 23507 12.20°

InTab 0.5ppm 24 61.63" | 49.43™ | 43,00 37.55°4 3143 2263

InTab 1.0ppm 24 61.63" | 5453°4 | 4927 4e479f  41520fh 3700 30.72%¢ 19.6"

InTab 2.0ppm 24 61.63" | 60.23°% | 5460° | 48524 | 44.88%" 39.98°f 34.53¢ 26.52" 17.80°

TR*ST*ET (LSD 0.05) 6.585 5.961 5.764 4.929 5.526 4.784 3.996 3.442 1.52 115

CV(%) 5.9 6.6 7.3 7.1 9.2 9.6 123 17.7 12.1 20.6

InTab, SmartFreshTM-SmartTabSTM; LSD, Least significance difference; CV, Coefficient of Variation. Means within each column followed by different letters differ significantly at (P < 0.05).

Bold values represents LSD and CV.

4.0ppm respectively for stage 1 fruits on the same day (Table 1D).

On the other hand, stage 2 untreated fruits had attained pulp
firmness of 12.87 N on day 12 as compared to 41.07 N and 39.40 N
for fruits treated with SmartFresh' " -Inbox Sachet 2.0ppm and

4.0ppm respectively on the same day which was the end stage of
untreated stage 2 fruits (Table 1D).

Changes in fruit peel color

Irrespective of the stage of maturity, the peel hue angle reduced

gradually as the ripening process advanced. It was observed that Stage

1 fruits exhibited a relatively higher initial peel hue angle of 121.83°

compared to 117.09° recorded by Stage 2 fruits. Fruits that were

TABLE 1D Changes in pulp firmness after SmartFresh™-InBox sachet treatment.

Days in Storage

Treatment Exposure
(TR) Time (ET) 12 15
ST1 Control 0 71.9* 4883 | 3818 | 2955 23.83" 16.93"
Sachet 0.5ppm 12 71.9* 57174 50984 4533 | 41.33% 36.83" 23.73"
Sachet 1.0ppm 12 71.9° 61770 | 57.20%  53.60% | 49.13% 46.10° 41.30° 32.07° 25.57°
Sachet 2.0ppm 12 71.9° 66.95¢ 60.65° 55.75° 52.28° 49.05¢ 42.95° 39.57¢ 35.90° 33.12°
Sachet 4.0ppm 12 71.9° 66.20¢ 61.08° 56.02 52.17¢ 49.17¢ 46.28° 43.13¢ 38.13° 33.45°
ST2 Control 0 61.63" 40.95° 3027° 22.90° 12.87*
Sachet 0.5ppm 12 61.63" 51.77° 4538 36.12" 28.53" 21.27° 18.20°
Sachet 1.0ppm 12 61.63° | 57.30°4 | 5072°0  46.68% 37.92¢ 31.90° 27.23° 21.15°
Sachet 2.0ppm 12 61.63" 5458 | 4975 4522% | 41,07 35.58" 30.20° 26.27° 16.52°
Sachet 4.0ppm 12 61.63" 51.23° 48.37° 45.20° 39.40° 35.1° 31.48" 26.75" 22.43° 18.88°
TR*ST*ET (LSD 0.05) 7.302 5.322 4.63 5.09 4.82 3.819 4.06 3.451 2.014 1.394
CV(%) 6.9 5.5 5.5 6.8 7.4 6.9 8.8 9.3 8.1 7.3

Sachet, SmartFresh™-InBox Sachet; LSD, Least significance difference; CV, Coefficient of Variation. Means within each column followed by different letters differ significantly at (P < 0.05).

Bold values represents LSD and CV.
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subjected to 1-MCP formulations were observed to exhibit a higher
retained peel color compared to untreated fruits, regardless of the
stage of maturity, 1-MCP treatments, and exposure period. The peel
color was significantly (P <0.05) affected by the interaction between
stages of maturity, duration of exposure time, and 1-MCP treatments.
In stage 1 fruits, treatment with SmartFresh' - SmartTabs " 2.0 ppm
concentration recorded a hue angle of 80.69° and 82.27° for 12 and
24-hour exposure times respectively. Similar maturity stages and
formulation at 1.0 ppm recorded 71.54° and 81.03° at the end of their
storage period for 12 and 24-hour exposure periods respectively. In
stage 2, a similar 1-MCP formulation with a concentration of 1.0ppm
was observed to attain a hue angle of 66.63° and 74.10° for 12 and 24-
hour exposure time respectively (Table 2A). On the other hand,
SmartFresh'~Inbox Sachet 2.0ppm recorded a hue angle of 79.67°
and 79.30° for stages 1 and 2 respectively at the end of their storage
period (Table 2B). Similarly, at the end of the storage period, a
concentration of 4.0ppm achieved a hue angle of 85.21° and 81.81°
for stages 1 and 2 respectively (Table 2B).

Changes in fruit flesh color

Similarly, the flesh color gradually changed from cream-white to
yellow-orange color as the fruits ripened. Irrespective of the stage of
maturity, 1-MCP formulations, concentrations, and exposure period,
a gradual reduction of flesh hue angle trends was recorded in all fruits
under this research. An initial hue angle of 101.36” and 94.17° was
recorded for stages 1 and 2 respectively. Stage 1 fruits treated with

10.3389/fhort.2025.1509989

SmartFresh'"'-SmartTabs " at a concentration of 1.0 ppm recorded
an average of 74.61° and 76.86° for 12 and 24-hour exposure periods
respectively (Table 2C). Treatment with SmartFresh' - Inbox Sachet
at 2.0ppm recorded a hue angle of 80.27° and 77.65° for stages 1 and 2
respectively at the end of their storage period compared to 75.03° and
72.50° hue angle for untreated stages 1 and 2 (Table 2D). All fruits
that were subjected to 1-MCP formulations were observed to exhibit
a higher retained flesh hue angle for a prolonged period compared to
untreated fruits regardless of the stage of maturity, 1-MCP
treatments, and exposure period. The flesh hue angles were
significantly (P <0.05) affected by the interaction between stages of
maturity, exposure period, and 1-MCP treatments.

Changes in total soluble solids

As the fruits ripened, a gradual rise in the total soluble solid
(TSS) content was recorded for all the treatments. The increase in
TSS content was slower in treated fruits as compared to untreated
fruits. Stage 1 fruits that were subjected to 1-MCP exhibited a much
slower rise in the TSS content. Fruits’ TSS content was significantly
(P < 0.05) affected by the interaction of 1-MCP treatment, stage of
maturity, and time of exposure. In stage 1, treatment using
SmartFresh " -Inbox Sachet at a concentration of 4.0ppm, fruits
exhibited a rise of up to 11.7° brix at day 27 compared to untreated
which had risen to 14.68° brix at day 15 (Table 3A). SmartFresh -
Inbox Sachet at 2.0ppm had a slight difference compared to 4.0ppm
and a slower rise of TSS was also observed; the concentration of

TABLE 2A Changes in peel color after SmartFresh™- SmartTabs™ treatment.

Days in Storage

Stage Treatment Exposure
(ST) (TR) Time (ET) 12 15
ST1 Control 0 1218 108.4* 102.9°¢  100.9°%  90.08"¢ = 75.03"
InTab 0.5ppm 12 121.8° 107.6" 101.2% 96.6" 85.88° | 73.99°
InTab 1.0ppm 12 121.8° 108.9* 101.8¢ 91.0° 81.54% 75.07° 71.54%
InTab 2.0ppm 12 121.8° 1154° 1138 1101%" | 10316 | 9945  93.06" 85.29" 80.69"
InTab 0.5ppm 24 121.8° 1133 11 10879%0 10187 93.87° 83.24°
InTab 1.0ppm 24 121.8° 116.8" 115.7¢ 115.8 111425 11054 104.16° 92.99°¢ 83.49" 81.03°
InTab 2.0ppm 24 121.8° 115.2° 114.8¢ 113.5 21t 11135t 107.02° 97.94 88.43° 82.27°
ST2 Control 0 117.1° 114.4% 93.9* 76.1° 72.45°
InTab 0.5ppm 12 117.1 109.0° 102.7° 956" 74.98"
InTab 1.0ppm 12 117.1°* 109.0° | 1024%°  884™ 81.57% 66.63"
InTab 2.0ppm 12 117.1°* 1157° | 1134%¢ 111.8 11097° | 102.09%  93.42¢ 78.68" 72.91°
InTab 0.5ppm 24 117.1° 114.6" 1009 98.3%¢ | 9077°d | 72207
InTab 1.0ppm 24 117.1° 115.8° 1142¢ 1051 | 96207 | 9335" 76.31% 74.10°
InTab 2.0ppm 24 117.1° 1127° 1123 1119 | 108.92¢7 | 105.4F 93.10¢ 86.57" 85.80"
TR*ST*ET (LSD 0.05) 6.725 6.607 6.775 6.954 7.267 4.431 4.136 2.413 3.812 1.208
CV(%) 3.4 35 3.8 4.1 4.6 3.2 4.4 3.9 7.7 6.2

InTab, SmartFresh™

Bold values represents LSD and CV.
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TABLE 2B Changes in peel color after SmartFresh™

-InBox sachet treatment.

10.3389/fhort.2025.1509989

Days in Storage

Treatment Exposure
(TR) Time (ET) 12 15

ST1 Control 0 121.83% 108.4* 102.9% 100.9° 90.1° 75.03

Sachet 0.5ppm 12 121.83"  112.9% 108.5 107.2°  103.2%¢ | 90.29% 74.02°

Sachet 1.0ppm 12 121.83* 1124 1111 109.8" 108.7°¢ 106.75'  98.78¢ 94.95° 76.68"

Sachet 2.0ppm 12 121.83°  1185° 111.3% 110.9% 109.9¢ 106.82° 10242 99.79¢ 92.484 79.67°

Sachet 4.0ppm 12 121.83° | 114.2% 114.1¢ 112.0° 110.6¢ 106.84"  106.20¢ 100.4¢ 92.304 85.21°
ST2 Control 0 117.09" | 114.4% 93.9* 76.1° 72.5%

Sachet 0.5ppm 12 117.09®  115.1° 114.8° 100.4" 83.67° 76.69"

Sachet 1.0ppm 12 117.09°  113.9% 111.1% 1053% | 100.0%¢ | 91.86°¢  86.53" 75.63°

Sachet 2.0ppm 12 117.09®  1167° 1145 112.9° 1056 | 99.75%"  95.49° 83.50" 79.30°

Sachet 4.0ppm 12 117.09®  1152° 113.2¢ 112.8° 108.0¢ | 103.55¢  103.00¢ 9795 86.34° 81.81°

TR*ST*ET (LSD 0.05) 6.022 3.587 5.37 5.89 7.16 6.467 4.375 4.355 1.943 1.529

CV(%) 3 1.8 2.9 33 4.2 4.4 3.4 4.1 2.6 2.8

Sachet, SmartFresh™

Bold values represents LSD and CV.

2.0ppm achieved TSS levels of 11.87° brix on day 27. In stage 2
where a similar treatment was made, 4.0ppm SmartFresh " -Inbox
Sachet achieved a TSS level of 13.67° brix which was slightly higher
than 14.73° brix exhibited by 2.0ppm concentration. In stage 2, the
control experiment rose to levels of 15.30° brix at day 12 (end of

-InBox Sachet; LSD, Least significance difference; CV, Coefficient of Variation. Means within each column followed by different letters differ significantly at (P < 0.05).

storage period). This shows that irrespective of maturity stage,
4.0ppm, and 2.0ppm extended the shelf life and maintained a
gradual increase in TSS level. Using SmartFresh " -SmartTabs
24-hour duration and at a concentration of 1.0ppm was observed to
exhibit TSS levels of 13.90° brix at day 27 (end of storage period) in

TABLE 2C Changes in flesh color after SmartFresh™-SmartTabs™ treatment.

Days in Storage

Stage Treatment Exposure
(ST) (TR) Time (ET) 12 15
ST1 Control 0 101.36° | 92.61°¢ | 87.75" 85.50° | 78.99% 76.44%
InTab 0.5ppm 12 101.36° | 90.98%* 87.19 84.93" 84.87% 79.64
InTab 1.0ppm 12 101.36° | 90.12%° 88.80 84.99% | 8150 7801 | 7461
InTab 2.0ppm 12 101.36° 96259 | 93979 93.31'% 91.11¢" 89.67' 85.15¢" 79.48° 78.35%
InTab 0.5ppm 24 101.36° | 94389 | 9314 8762°¢ | 83954 | 8348 7664
InTab 1.0ppm 24 101.36° | 97.14% 95.28F 94.488" 93.37M 91.41°% 87.61° 84.42° 79.96° 76.86"
InTab 2.0ppm 24 101.36°  101.04° 99.68" 97.83" 96.52¢ 92.478 88.60° 84.98° 82.31° 81.03°
ST2 Control 0 94.17* 87.86" 8133 79.63" 77.56"
InTab 0.5ppm 12 94.17° 89.99% 86.88" 83.52% 81.08"
InTab 1.0ppm 12 94.17° | 9091%  86.11%" 84.01° 80.60°" 80.18%¢
InTab 2.0ppm 12 94.17* | 92,554 | 90,58l g9 53def 86.31° 84.46% | 81.08% 80.47° 78.46"
InTab 0.5ppm 24 9417 | 92384 886> 85574 | g211°¢ | 7876
InTab 1.0ppm 24 94.17° | 93.20"¢ | g9.g9P<de | gg.37%de 86300 80.97°¢ | 78.96" 75.75°
a bede cde efg fg ef de b a
InTab 2.0ppm 24 94.17° | 95.17 93.71 92.15 88.87 87.57 82.98 81.22 77.27
TR*ST*ET (LSD 0.05) 4.492 3.13 2.626 2.189 2.066 2.211 1.961 1.052 1.058 0.818
CV(%) 2.7 2 1.7 15 14 1.7 22 1.8 2.2 43

InTab, SmartFresh™

Bold values represents LSD and CV.
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TABLE 2D Changes in flesh color after SmartFresh™-InBox sachet treatment.

Days in Storage

Stage Treatment Exposure
(ST) (TR) Time (ET) 12 15
ST1 Control 0 10136 9261 87.75" 85.50" 84.87" 79.64™
Sachet 0.5ppm 12 101.36° | 94.87°¢ 9410 | 9291 | 87.30™ = 86.85% 79.28°
Sachet 1.0ppm 12 10136 98.83% 96.85¢ 93.18¢ | 91.84*) | 9047%  88.05% 79.69° 76.81°
Sachet 2.0ppm 12 101.36" 99.414 97.484 95.43¢ 94.28¢ 93.21° 91.76° 83.62" 82.024 80.27°
Sachet 4.0ppm 12 101.36" 99.334 96.644 94.91¢ 94.21¢ 92.02¢ 90.45° 88.68° 86.79° 85.23"
ST2 Control 0 94.17* 87.86" 8133 79.63* 77.56*
Sachet 0.5ppm 12 94.17* 92,04 | 88.99" 86.55" 84.23" 79.16*
Sachet 1.0ppm 12 94.17* 91.88% 87.97° 86.62" 84.05" 81.10° 77.34° 76.62°
Sachet 2.0ppm 12 94.17* 9217 91.26* 88.10 87.21% | 8437  81.32™ 79.47° 77.65°
Sachet 4.0ppm 12 94.17*  9245™  90.33*  89.07™ | 8857° | 8701 8477 82.49" 80.96° 80.13
TR*ST*ET (LSD 0.05) 3.192 4.068 2.842 2.484 2.719 2.644 1.971 1.406 0.992 0.7467
CV(%) 1.9 25 1.8 1.6 1.8 2 17 1.4 1.4 1.3

Sachet, SmartFresh™-InBox Sachet; LSD, Least significance difference; CV, Coefficient of Variation. Means within each column followed by different letters differ significantly at (P < 0.05).

Bold values represents LSD and CV.

Stage 1 while the same concentration in Stage 2 achieved 14.08° brix
at day 21, end of storage period (Table 3B).

Overall shelf life

The 1-MCP treated fruits had a significantly (P < 0.05) longer
shelf life compared to untreated fruits. Irrespective of 1-MCP
products and stages of maturity, 1-MCP action on the “Tommy
Atkins’ mango variety showed a consistent concentration-

dependent response where the higher concentration generally
resulted reduced rates of various ripening related changes and
subsequently, a longer shelf life. Untreated stage 2 fruits attained
a shelf life of 12 days while fruits of the same maturity stage treated
with SmartFresh'"'-SmartTabs " at a 24-hour exposure period
attained a shelf life of 21 and 24 days for 1.0ppm and 2.0ppm
respectively. Stage 1 fruits exposed to SmartFresh'"'-SmartTabs
at 1.0 ppm for a 24-hour duration had a shelf life of 27 days. Fruits
treated with SmartFresh' " -Inbox Sachet at 2.0ppm had a shelf life
of 27 and 24 days respectively for stage 1 and 2 (Figure 3).

TABLE 3A Changes in total soluble solids after SmartFresh™-InBox treatment.

Days in Storage

Stage Treatment Exposure
ST1 Control 0 393 5.83% 7.80° 10.07° 13.08 14.02°
Sachet 0.5ppm 12 3.93° 5,63 7.53% 8.07> 9.97% 12.17¢ 10.40%
Sachet 1.0ppm 12 3.93° 527" 6.77% 7.43%¢ 9.50% 10.23% 10.77° 11.80°
Sachet 2.0ppm 12 3.93 5.40° 5.87% 6.93% 7.50° 8.97% 9.50%" 10.57* 11.87°
Sachet 4.0ppm 12 3.93° 4.10° 533° 633 7.03° 833 8.87° 9.93* 1147° 1.7
ST2 Control 0 6.53" 8.40° 10.97¢ 13.67° 15.30"
Sachet 0.5ppm 12 6.53" 7.47¢ 8.07 9.67¢ 11.40° 14.50°
Sachet 1.0ppm 12 6.53" 6.70° 7.37% 8.33° 10.23° 11.10%¢ 12.60¢ 12.82°
Sachet 2.0ppm 12 6.53" 6.774 7.17% 7.73% 10.30° 12.13¢ 13.83° 14.60° 14.73¢
Sachet 4.0ppm 12 6.53" 6.804 7.13%® 7.43%¢ 8.63° 9.83> 11.13° 12.67° 13.06° 13.67°
TR*ST*ET (LSD 0.05) 0.064 0.353 0.851 0.480 0.519 0.494 0.355 0.372 0.129 0.107
CV(%) 1.0 4.7 9.5 4.6 4.9 4.7 3.8 5.2 45 3.4

Sachet, SmartFresh™-InBox Sachet; LSD, Least significance difference; CV, Coefficient of Variation. Means within each column followed by different letters differ significantly at (P < 0.05).

Bold values represents LSD and CV.
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TABLE 3B Changes in total soluble solids after SmartFresh™-SmartTabs™ treatment.

Days in Storage

Treatment Exposure

(TR) Time (ET) 12 15 18 21

ST1 Control 0 3.933" 5.83% 7.80° 10.07° 13.20'% 14.68°

InTab 0.5ppm 12 3.933° 5.967°¢ 6.43" 8.47°¢ 1213 14.02°

InTab 1.0ppm 12 3.933° 4.90°* 7.17% 8.10° 9,03 14.50° 14.769

InTab 2.0ppm 12 3933 543" 6.67° 8.00° 8.63" 9.50* 10.50° 11.80° 12.06"

InTab 0.5ppm 24 3,933 5.87% 6.60" 8.4 10.00°4 | 1227¢ 13.48°

InTab 1.0ppm 24 3933 5.07° 5.67° 7.50% 9.10% 9.90* 10.27° 10.67° 11.64° 13.90°

InTab 2.0ppm 24 3.933° 470° 5.80° 6.90" 8.53° 9.53* 10.03° 10.33° 11.67° 13.30°
ST2 Control 0 6.533" 8.40° 10.97¢ 13.67¢ 15.30"

InTab 0.5ppm 12 6.533" 8.00° 8.97< 10.00° 14.208

InTab 1.0ppm 12 6.533" 7.90¢ 8.530d 9.93¢ 1047°¢  13.70%

InTab 2.0ppm 12 6.533" 7.20%% 7.90° 9.90° 1017 1113 12709 13.80° 14.90°

InTab 0.5ppm 24 6.533" 7.50% 7.77°%¢ 9.17° 9.83° 12.03¢

InTab 1.0ppm 24 6.533" 6.70"¢ 7.53%¢ 8.17% 950" 10.87° 13.60° 14.08¢

InTab 2.0ppm 24 6.533" 6.70>4 7.97% 8.63% 9.40" 10.03* 12.57° 13.06° 14.62°

TR*ST*ET (LSD 0.05) 0.062 0.480 0.906 0.829 0.604 0.414 0.187 0.197 0.153 0.133

CV(%)a 1.0 6.3 10.1 7.7 53 4.2 3.1 7.1 7.1 7.4

InTab, SmartFresh™-SmartTabs™; LSD, Least significance difference; CV, Coefficient of Variation. Means within each column followed by different letters differ significantly at (P < 0.05).
Bold values represents LSD and CV.

Discussion reduce postharvest losses throughout the supply chain (Ambuko
et al, 2013; Manigo and Antibo, 2022). The use of 1-MCP as a

Mango fruit ripening is triggered, accelerated, and regulated by  synthetic compound has been applied for horticultural commodities
ethylene (Lobo and Sidhu, 2017; Gao et al., 2020). Effective ethylene  to extend the shelf life and maintain the quality of harvested produce
management is crucial for maintaining the quality, freshness and  (Li et al, 2020; Valbuena-Tellez et al, 2023). 1-MCP works by
extend the shelf life of mango fruit while contributing to the efforts to  inhibiting the action of ethylene, a naturally occurring plant
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FIGURE 3
Overall shelf life of Tommy Atkins’ mango fruits subjected to different stages of maturity, 1-MCP treatments, and different exposure periods. InTab
represents SmartFresh™-SmartTabs™ while InBox represents SmartFresh™-Inbox Sachet. Top Bars represent the S.E of means.
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hormone that promotes ripening and senescence (Lin et al., 2022). In
this study, the effectiveness of two innovative formulations of -MCP
namely SmartFresh' " -SmartTabs — and SmartFresh' " -Inbox
Sachet was tested in “Tommy Atkins’ mango fruits harvested at two
stages of maturity (stage 1 and 2). Stage 1 fruits which exhibited lower
initial ethylene evolution and respiration rates has a better response
to 1-MCP that fruits harvested at an advanced maturity. Application
of 1-MCP at an early stage of maturity was reported to inhibit the
ethylene action, consequently delaying the onset of ripening, and
maintaining the fruit quality for a longer period (Sakhale et al., 2018;
Wang et al., 2021).

Fruits harvested at the advanced maturity (stage 2) exhibited
higher initials (1.8 uL kg™' h™") of ethylene gas levels compared to
stage 1 (0.9 uL kg' h'™"). The high initial ethylene levels implied that
ethylene evolution associated with ripening had already kicked in
before the 1-MCP treatment. However, applying 1-MCP at this
stage still slowed down the overall climacteric peak, and delayed the
ripening process. Similar trends were also reported for respiration
rates. The reduction of respiratory climacteric pattern in 1-MCP
treated fruits as the ripening process advanced may be due to the
corresponding slowed ethylene evolution and the associated decline
in metabolic activities that drive the ripening process (Silue et al.,
2022). A similar reduction in ethylene and respiration evolution
with 1-MCP application has been reported in mango (Razzaq et al.,
2016 Li et al.,, 2022), purple passionfruit (Ambuko et al., 2014),
plums (Lin et al, 2018), root mustard (Lin et al, 2022), and
persimmon (Wang et al,, 2021).

Peel and pulp firmness gradually decreased as the fruit ripening
process advanced. Untreated and lower concentrations of 1-MCP
resulted in a faster rate of peel and pulp softening while those
subjected to higher concentrations of 1-MCP retained much of the
initial firmness. Ethylene triggers the activity of enzymes such as
polygalacturonase, which are responsible for breaking down pectin
in the cell walls of fruits, leading to softening (Singh et al., 2019; Lin
et al, 2020). The retention of firmness in 1-MCP treated mango
fruit is attributed to the inhibition of ethylene perception and action
(Chea et al., 2019; Ren et al, 2020). The action of 1-MCP in
blocking the ethylene response led to a cascade of activities
including reduced degradation by ripening associated enzymes,
enhanced preservation of the structural integrity of the cell walls
and consequently retaining fruit firmness. The use of 1-MCP not
only delays the initial ripening but also inhibits the activities of
enzymes such as cellulose and pectinase, which are involved in the
degradation of cell wall components resulting in the softening of the
fruits (Singh et al., 2019).

Changes in fruit color are the most common subjective judgment
and perception of fruit ripening and by consumers (Lauricella et al.,
2017; Chen et al, 2022). In the current study, 1-MCP treatments
suppressed the skin color changes in Tommy Atkins’ mango fruits as
depicted by the different paces of ripening in both stages of maturity.
It was evident that higher concentrations of 1-MCP treatment
resulted in a slower color (hue angle) change while lower
concentrations and untreated controls had a rapid rate of color
change. Irrespective of the exposure period, SmartFresh' " -
SmartTabs " at 1.0 ppm and 2.0 ppm, and SmartFresh' " ~Inbox
Sachet at 2.0 ppm and 4.0 ppm maintained the low peel and flesh
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color change while 0.5 ppm in all treatments exhibited a faster color
changes. Peel and flesh color changes in mango fruits occur due to the
degradation of chlorophyll by the enzyme chlorophyllase and the
increased in concentration of carotenoids (beta-carotene) as the
ripening process advances (Hu et al, 2021; Chen et al, 2022).
Application of 1-MCP affected the rate of degradation and/or
concentration of these color pigments in the peel and flesh of
mango fruits. The application of 1-MCP has previously been
reported to retard the degradation of chlorophyll (Giovannoni et al,,
2017; Liu et al., 2020). The effectiveness of 1-MCP in delaying the peel
and flesh hue angle was similarly reported by Chen et al. (2022);
Manigo and Antibo (2022), and Prabasari et al. (2023).

An increase in TSS content is a natural part of the maturation
process in mango fruits and is often used as an indicator of ripeness
and sweetness (Watkins, 2008; Hossain et al., 2014). The total
soluble solids directly influence the sweetness and overall flavor of
mango fruits. TSS levels gradually increased as the mango fruits
ripened, irrespective of the maturity stage or 1-MCP treatments.
However, the rate of TSS increase was significantly affected by the
stage of maturity, 1-MCP concentration, and the exposure period.
Untreated fruits and the fruits subjected to low (0.5 ppm) 1-MCP
concentrations experienced faster ripening and attained a higher
TSS content faster compared to fruits subjected to higher 1-MCP
dosage. As the fruit ripens, enzymes break down complex
carbohydrates into simple sugars leading to a rise in TSS content
(Li et al., 2020). In this study, 1-MCP treatment slowed down the
rate of TSS accumulation which could be attributed to slowed
activity of the enzymes involved in the breakdown of complex
carbohydrates into simple sugars. Reduced accumulation of TSS
and sugars following 1-MCP treatments has been previously
reported in other fruits including mango (Abu-Bakr et al., 2019;
Li et al., 2020), apples (Tomala et al., 2020), pears (Mahajan et al.,
2010), plum (Ozkaya and Diindar, 2009), peaches (Huan et al,
2018), and tomato (Guillen et al., 2007).

Although ripening was significantly delayed following 1-MCP
application in ‘Tommy Atkins’ mango fruits (both stages of maturity),
a concentration-dependent response was observed. Thus, the higher
concentrations of 1-MCP and longer exposure periods generally
resulted in a greater delay in ripening-related changes resulting in a
longer shelf life. 1-MCP treated fruits had an extended shelf life of
between 9 to 15 days more compared to the untreated fruits. 1-MCP
effectively increased the shelf life through inhibition of ethylene
perception in the treated fruits. Ethylene triggers a cascade of
physiological processes leading to softening and other ripening-
related events (Gao et al., 2020). Thus, the prevention of ethylene
action through 1-MCP application delayed the ripening-related
processes highlighted above. It is essential to note that while 1-MCP
is effective in slowing the rate of the ripening process and preserving
certain fruit quality attributes, it may not entirely prevent the eventual
ripening of the fruit (Prabasari et al, 2023).

Conclusion and recommendations

Various formulations of 1-MCP can be effectively used to
suppress ethylene rates in ‘Tommy Atkins’ mango fruits. For
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optimal effects, a 24-hour exposure at 2.0ppm of SmartFresh' -
SmartTabs " and a 12-hour exposure at 4.0ppm of SmartFresh' -
Inbox Sachet are recommended based on the findings of this study.
The additional 9 days in storage achieved from the use of 1-MCP
could offer significant leverage in slowing down the ripening and
senescence of mangos. This will not only reduce the attributed losses
through spoilage but also allow longer transit time and increased
marketing period while maintaining their quality, appearance, and
freshness. These results show that the stage of maturity, the
formulation and concentration of 1-MCP, and its exposure period
have a significant impact on the effectiveness of 1-MCP to delay
ripening and extent the shelf life of mango fruits. Therefore, when
selecting 1-MCP treatment options to delay ripening and extend the
fruit (mango) shelf life, these parameters must be considered.
Effective strategies to delay ripening while maintaining the fruit
quality can contribute to the reduction of postharvest losses. In
addition, a balance is required based on the use and need to
determine when to harvest at an early stage to ensure a longer
marketing period and/or to harvest at an advanced stage to ensure
enriched taste and other nutritional quality attributes.
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