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een color, textural properties and
ripening of the North American pawpaw (Asimina
triloba) fruit

Bezalel Adainoo, a Andrew L. Thomasb and Kiruba Krishnaswamy *ac
The North American pawpaw (Asimina triloba [L.] Dunal) fruit is the

largest edible fruit native to the United States. Over the years, the fruit

has remained underutilizedwith limited published data on the properties

of the fruit. In this study, the color of the skin and the pulp of the fruit, as

well as the textural properties of unripe and ripe fruit harvested fromwild

treeswere evaluated. The results show statistically significant differences

in the textural properties of the unripe and ripe fruits. The ripe fruits had

a hardness of 2.2 ± 0.5 kg-force, similar to the hardness of green ripe

mangoes but harder than green ripe bananas, and the unripe fruits had

a hardness of 68.2 ± 10.9 kg-force. Also, there were strong negative

correlations between the fruit skin color a* values and the hardness (r =

−0.87), chewiness (r = −0.86), and cohesiveness ratio (r = −0.73), and
a strongly positive correlationwith total soluble solids (r=0.90). The skin

hue angles had strong positive correlations with hardness (r = 0.86),

cohesiveness ratio (r = 0.74) and chewiness (r = 0.86), and a strongly

negative correlation with total soluble solids (r = −0.91). The fruit skin

color a* values (degree of greenness), skin hue angle and total soluble

solids content can be used as non-invasive indicators of pawpaw ripe-

ness. The correlations established in this study provide new insights;

farmers could use commercially available portable color and near-

infrared Brix meters to determine the maturity of pawpaw fruits. These

findings will help farmers and processors to harvest and process

pawpaw fruits at the right time to minimize postharvest losses.
1. Introduction

TheNorth American pawpaw (Asimina triloba [L.] Dunal) is a unique
member of the Annonaceae family that grows in the temperate
region of the world. The fruit of the pawpaw tree is known to be the
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largest edible fruit native to the United States. The pawpaw fruit has
remained underutilized primarily due to its short shelf life, and the
darkening of the skin aer harvesting.1,2 To date, the fruit has not
been commercialized or standardized as a horticultural crop.
Several cultivars of the North American pawpaw have recently been
selected for their excellent fruit characteristics,3 however, no
objective ripeness indicators have been developed, such as those
established for fruits like banana, mango, and apple.4–6

Unlike climacteric fruits like banana which can be harvested
unripe and allowed to ripen over time, pawpaw fruits are best
harvested when ripe. Unripe pawpaw fruits have been found to
remain unripe even aer comingling with ripe pawpaw fruits,
suggesting a low sensitivity to ethylene.7 To harvest pawpaw fruits,
the pawpaw tree is given a gentle shake to allow ripe fruits to fall
by themselves to the ground. During ripening, the fruit peduncle
(portion linking the fruit to the stem of the tree) soens leading to
the fall of fruit from the tree when mature. Further, the ripening
of the fruit has been reported to be characterized by a loss of the
green color intensity, reduction in the hardness, and increases in
the soluble solids content and volatile aroma compounds.7,8

However, the correlations between noninvasive ripeness indica-
tors like color and invasive indicators like texture and soluble
solids content have not been studied to conrm the general
notion that color is not a good indicator of pawpaw fruit ripeness.

This research aims to investigate the textural properties and
the color of both ripe and unripe pawpaw fruits, and to test the
correlations between the color, textural properties, and total
soluble solids content to gain insights on the potential use of
noninvasive indicators for pawpaw fruit ripeness. These insights
into the color and textural properties of ripening pawpaw fruits
will be helpful to identify attributes to monitor fruit ripeness to
prevent fruit loss as interest in the crop increases.
2. Materials and methods
2.1 Fruit samples

Ripe and unripe pawpaw fruits were harvested from eight-year-
old seedling trees of wild origin growing in a buttery garden
Sustainable Food Technol., 2023, 1, 263–274 | 263
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near Eckles Hall on the University of Missouri campus,
Columbia, Missouri. In August 2021, ripe pawpaw fruits were
harvested by gently shaking the branches of the trees, while
nearly mature but still unripe fruits were plucked from the same
trees on the same day. The fruits were immediately brought to
the laboratory for analysis.

2.2 Fruit color

Fruit color was measured according to the method described by
Nambi and others9 using the Hunter LAB color meter (Chroma
Meter CR-410, Konica Minolta). The analyses were carried out
with 13–17 fruits each for unripe and ripe fruits. Five readings
for each pawpaw skin and ve readings for each pawpaw pulp
were read at ve different places on each fruit. The averages for
the recordings were used to calculate the total color difference
(DE or Delta E), chroma, and hue angle using the equations
below where, L* is the degree of lightness to darkness, a* is the
degree of redness to greenness, b* is the degree of yellowness to
blueness, the subscripts f and i denote nal (ripe fruits) and
initial (unripe fruits) value.

DE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
L*

f � L*
i

�2

þ
�
a*f � a*i

�2

þ
�
b*f � b*i

�2
r

(1)

Chroma ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a*2 þ b*2

p
(2)

Hue angle ¼ tan�1
�
b*

a*

�
(3)

Hue angle values were corrected for the respective quad-
rants, where 0°/360° = red, 90° = yellow, 180° = green and 270°
= blue as described by McLellan and others.10

2.3 Total soluble solids

Total soluble solids (TSS) content was measured according to
the AOAC Official Method 932.14C11 using a digital
Fig. 1 An illustration of a texture profile from which the hardness, che
obtained.

264 | Sustainable Food Technol., 2023, 1, 263–274
refractometer (HI96800, Hanna Instruments) at ∼25 °C. Thir-
teen ripe fruits were used for this analysis. A sample of the ripe
pulp was placed in the sample well of the refractometer. The
total soluble solids measurements were taken in triplicates for
each fruit and recorded as degree Brix. The total soluble solids
content of the unripe fruits was not measured because the pulp
was hard.
2.4 Texture analyses

Textural properties of the fruits were determined by a texture
prole analysis (TPA) following the method described by Yang
and others12 with some modications. Pawpaw fruits were
analyzed for their hardness, chewiness, cohesiveness, springi-
ness ratio (or springiness) and resilience ratio using a Texture
Analyzer (TA.HDPlus C, Stable Micro Systems) equipped with
a 100 kg load cell and connected to the Exponent Connect
Soware (Stable Micro Systems). A P/75 (3-inch diameter)
compression plate was used for the analyses. The texture
analyzer was programmed to carry out a texture prole analysis
with the following test conditions: pretest speed of 1 mm s−1,
test speed of 1 mm s−1, post-test speed of 1 mm s−1, trigger
force of 5 g, compression distance of 10 mm and a time of 5 s
between compressions. The analyses were carried out with 13–
17 fruits each for unripe and ripe fruits of similar size and
shape. An illustration of the texture prole with the variables
used to obtain the textural parameters are shown in Fig. 1.
Hardness and chewiness were recorded in kilograms of force
(kg); cohesiveness and resilience ratios were recorded as
percentages (%), and springiness ratio was recorded as
a dimensionless ratio.

Chewiness = hardness × cohesiveness × springiness (4)

Cohesiveness ratio ¼ area 2

area 1
� 100 (5)
winess, cohesiveness ratio, resilience ratio, and springiness ratio are

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 1 External fruit (skin) color and pulp color of pawpaw fruits grown in central Missouri, 2021a

L* a* b* Chroma Delta E Hue angle (°)

Unripe fruit skin 59.9 � 3.5 −15.2 � 4.6 27.5 � 3.2 31.7 � 3.4 0.0 � 0.0b 118.8 � 3.9
Ripe fruit skin 56.2 � 5.4 0.9 � 4.9 27.8 � 5.7 28.2 � 5.8 18.4 � 4.2 87.4 � 9.1
t-Test 3.85 −15.83 −0.27 3.52 −28.90 −10.45
p-Value 0.0002 <0.0001 0.7863 0.0007 <0.0001 <0.0001
Unripe pulp 76.2 � 3.9 −7.2 � 1.8 24.9 � 2.9 26.0 � 3.1 0.0 � 0.0b 106.1 � 2.9
Ripe pulp 63.0 � 3.7 11.6 � 2.1 50.1 � 6.3 51.5 � 6.5 34.5 � 5.5 77.0 � 1.8
t-Test 16.42 −44.74 −23.98 −23.50 −41.43 −28.26
p-Value <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001

a All t-tests were two-tailed with 0.05 level of signicance. b Delta E values calculated based on difference from unripe samples.

Table 2 Textural properties of unripe and ripe pawpaw fruits grown in central Missouri, 2021a

Hardness (kg-force) Chewiness (kg-force)
Cohesiveness
ratio (%) Resilience ratio (%) Springiness ratio

Unripe fruit 68.2 � 10.9 167.6 � 20.4 56.9 � 8.1 27.4 � 2.9 3.6 � 0.7
Ripe fruit 2.2 � 0.5 1.7 � 0.6 19.7 � 2.4 7.5 � 1.3 3.5 � 0.2
t-Test 10.12 12.66 7.69 3.14 1.49
p-Value <0.0001 <0.0001 <0.0001 0.004 0.148

a All t-tests were two-tailed with 0.05 level of signicance.
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Resilience ratio ¼ area 4

area 3
� 100 (6)

Springiness ratio ¼ distance 2

distance 1
(7)
2.5 Statistical analyses

Student's t-test was used to test for differences in the means of
the textural properties and color indices of the unripe and ripe
pawpaw fruits. The data were analyzed at a signicance level of
0.05 using JMP 14.0.0 soware (SAS Institute Inc., Cary, USA).
Principal component analysis (PCA), hierarchical cluster anal-
ysis (HCA) and Pearson's correlation analysis were performed
using OriginPro 2021 version 9.8.0 soware (Origin Lab Inc.,
Northampton, Massachusetts, USA).
3. Results
3.1 Color of fruit and pulp

The data obtained show that apart from the b* values, there
were signicant differences in all the color parameters between
unripe and ripe fruits (Table 1). The unripe fruits had higher L*
values (59.9 ± 3.5) than the ripe fruits (56.2 ± 5.4) (p = 0.0002)
indicating the unripe fruits were lighter in color than the ripe
fruits. The unripe fruits recorded a high skin a* value (degree of
greenness) (−15.2 ± 4.6) whereas the ripe fruits showed some
degree of redness (b* value) on the skin (0.9 ± 4.9). The unripe
fruits had a slightly higher color saturation (chroma) than the
ripe fruits as shown in Table 1 and Fig. 2. Also, the data ob-
tained show that there is a clear visible total color difference
© 2023 The Author(s). Published by the Royal Society of Chemistry
(Delta E) in the skin colors of the unripe and ripe fruits (18.4 ±

4.2) (Table 1). The hue angles for the colors of the fruits indi-
cated that the average color of the unripe fruits (118.8° ± 3.9°)
lies between yellow (90°) and green (180°) while the average
color of the ripe fruits (87.4° ± 9.1°) lies between red (0°) and
yellow (90°) (Table 1). The color data for the unripe and ripe
pulps show a more signicant difference in the lightness (L*)
and color saturation (chroma) values of the fruit pulp (Table 1).

3.2 Total soluble solids content

The total soluble solids content (Brix) of the pulp of the ripe
fruits was 21.52 ± 0.94. The total soluble solids content of the
unripe fruits was not measured due to its hard texture, which
made it difficult to determine the total soluble solids content.

3.3 Texture prole of fruits

The hardness of the unripe pawpaw fruits (68.2 ± 10.9 kg-force)
was signicantly higher than that of the ripe fruits (2.2± 0.5 kg-
force) (Table 2) as shown in Fig. 3. The data obtained in this
study shows that the unripe fruits had a signicantly high
cohesiveness (56.9 ± 8.1%) compared to the ripe fruits (19.7 ±

2.4%) (Table 2). The unripe fruits had a chewiness of 167.6 ±

20.4 kg-force while the ripe fruits recorded a chewiness of 1.7 ±

0.6 kg-force (Table 2). Unripe fruits (27.4 ± 2.9%) had a signi-
cantly higher resilience ratio than the ripe fruits (7.5 ± 1.3%),
however, the springiness of the unripe fruits (3.6 ± 0.7) was not
statistically different from that of the ripe fruits (3.5 ± 0.2).

3.4 Pearson's correlation analysis

From the correlation plot and correlation matrix (Fig. 4 and
Table 3), statistically signicant correlations between the skin
Sustainable Food Technol., 2023, 1, 263–274 | 265
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Fig. 2 Images of unripe pawpaw fruits (A) and (B) and ripe pawpaw fruits (C) and (D).
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and pulp color parameters and the textural properties were
found. Most of the stronger correlations were between the
pulp color and the textural properties. The correlation matrix
shows that there is a strong negative correlation between
pawpaw fruit hardness and the skin a* values (r = −0.87,
p # 0.01), and fruit hardness and skin total color difference
(r=−0.87, p# 0.01), and a strong positive correlation between
fruit hardness and skin hue angle (r = 0.86, p# 0.01). Also, the
cohesiveness ratio had strong negative correlations with the
skin a* value (r = −0.73, p # 0.01) and the skin total color
difference (r = −0.84, p # 0.01) but a strong correlation with
skin hue angle (r = 0.74, p # 0.01). Similarly, chewiness had
a strong negative correlation with the skin a* value (r = −0.86,
p # 0.01) and the skin total color difference (r = −0.88,
p # 0.01), and a strong positive correlation with the skin hue
angle (r = 0.86, p # 0.01). Total soluble solids had a strong
positive correlation with the skin a* value (r = 0.90, p # 0.01),
skin hue angle (r = 0.86, p # 0.01), and the skin total color
difference (r = 0.95, p # 0.01).
3.5 Multivariate analysis

From the PCA results (Fig. 5A), the variance contribution rates
of the rst, second, and third PCs (principal components) are
70.86%, 13.57%, and 5.76% respectively.
266 | Sustainable Food Technol., 2023, 1, 263–274
4. Discussion
4.1 Color of fruit and pulp

The color of the pawpaw fruit and pulp was determined using
the Hunter L, a, b color system. The data obtained were used to
calculate the chroma, which is an indication of color saturation;
total color difference using the unripe color data as the initial
data and the ripe color data as the nal data; and hue angle,
which shows the quadrant the color of the sample lies in within
two-dimensional space.10,12 The unripe fruits had higher L*
values than the ripe fruits because as pawpaw fruits ripen their
skin darkens. Further, the darkening of the skin becomes
intense in the rst few hours aer harvesting if the fruits are
bruised. The darkening of the ripe fruits could also be attrib-
uted to the method of harvesting, which involved allowing the
fruits to fall to the ground, possibly resulting in some
mechanical damage thereby affecting the lightness of the ripe
fruits. Since negative a* values indicate green color and positive
a* values indicate red color, it is clear that the unripe fruits have
a greener skin color compared to the ripe fruits. The skin color
of the ripe fruits studied was lighter, and greener than those
obtained by Adainoo and others13 in a study in which ripe fruits
had been frozen for weeks before analyses.

The slightly higher chroma of the unripe fruits may be
a result of the darkening in the skin of the ripe fruits from the
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Texture profiles of (A) ripe pawpaw fruit and (B) unripe pawpaw fruit.
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sustained bruises during harvesting (Fig. 2). In addition, the
total color difference (Delta E) shows the degree to which the
color of the ripe fruits differs from that of the unripe fruits.
Delta E values range from 0 to 100 with a Delta E value of
0 meaning the two colors being compared are mathematically
exact and a Delta E value of 100 meaning the widest visible
difference between the two colors being compared. A Delta E
value lower than 0.3 is not visible to the human eye, whereas
a Delta E value of 2 is the minimum for visually detecting the
difference between saturated colors.14 Further, the visible total
color difference between the unripe and ripe fruits is shown in
the hue angle data obtained. However, based on the hue angle
data obtained, the variation in the color of the ripe fruits shows
© 2023 The Author(s). Published by the Royal Society of Chemistry
that a pawpaw fruit may be ripe and still have a color that lies in
the same quadrant as an unripe fruit as shown in Fig. 2D.
Therefore, the skin hue angle of the fruit may be used as an
index for determining the ripeness of pawpaw fruits, but it may
not be a good predictor of pawpaw ripeness for all fruits.
Nevertheless, previous studies have noted that as pawpaw fruits
ripen, their hue angle decreases and fruits with hue angles of
about 100° or lower typically have high total headspace aroma
volatile contents which are indicative of ripe fruits.8

Based on the wider differences between the colors of the
unripe pulp and ripe pulp compared to that of the unripe and
ripe fruit, pulp color might be a better predictor of pawpaw
ripeness. However, since determining the color of the pulp is
Sustainable Food Technol., 2023, 1, 263–274 | 267
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Fig. 4 Correlation plot showing statistical significance for Pearson's correlations among the color, total soluble solids, and textural properties of
pawpaw fruit.
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invasive, it may not be a productive option for determining
pawpaw ripeness. Nonetheless, the color data obtained in this
experiment were consistent with the data obtained for four
cultivars of pawpaw analyzed by Mcgrath and Karahadian8 and
the data obtained for eight cultivars of pawpaw analyzed by
Adainoo and others.13
4.2 Texture prole of fruits

The textural properties of the fruits determined in this study
were the hardness, chewiness, cohesiveness, springiness, and
resilience ratio of the fruits. Hardness is given by the maximum
force of the rst compression.15 The hardness indicates how
much force must be applied to the fruit to compress it by 10 mm
(based on the settings of the texture analyzer used in this study).
Fruit hardness is a characteristic that is dependent on the
elasticity modulus (the measure of how elastic a material is) and
visco-elastic properties of the fruit.16 These physical properties
are inuenced by the composition of the fruit. For the pawpaw
fruits analyzed, the high ber content may explain the high
hardness values for the unripe fruits.17 Studies show that there
is a positive linear correlation between hardness and pectin
content, and a negative linear correlation between hardness and
crude ber andmoisture content.18 However, there are currently
no published data on the various polysaccharides in the
pawpaw fruit to draw a conclusive inference. The hardness of
268 | Sustainable Food Technol., 2023, 1, 263–274
the ripe wild pawpaw fruits used in this study was higher than
the hardness of ripe ‘Shenandoah’ pawpaw fruits reported by
Zhang and others19 but lower than that of the tree-ripened
pawpaw fruits studied by Mcgrath and Karahadian.8 Addition-
ally, the hardness of the ripe pawpaw fruits was similar to the
hardness of freshly harvested green ripe mangoes (2.5 kg-force)
but higher than that of freshly harvested green ripe bananas
(1.28 kg-force).16,20

Cohesiveness is a measure of the strength of the internal
bonds that keep the food sample intact.15,21 In a TPA, cohe-
siveness is given by the sum of the second area of compression
and retraction (A2) divided by the sum of the rst area of
compression and retraction (A1) expressed as a percentage as
shown in the eqn (5) above. The unripe fruits had a higher
cohesiveness compared to the ripe fruits possibly because as the
fruit ripens, the conversion of the complex sugars into simple
sugars loosens up the structure, making the ripe fruits less
cohesive than the unripe fruits. In a study conducted with date
fruits, it was observed that there was a positive correlation
between the arabinoxylan (a polysaccharide mainly found in the
cell wall of some plants) concentration and the cohesiveness of
the fruits (r = 0.623, p < 0.01), but there was no signicant
correlation between the total ber content and the cohesive-
ness.21 A similar conclusion may be drawn for the unripe
pawpaw fruits, however, there is a need for further studies into
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (A) Principal component analysis biplot and (B) hierarchical cluster analysis dendrogram of the ripe and unripe pawpaw fruits based on
their fruit and pulp color, total soluble solids, and textural properties.
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the various polysaccharides present in the fruit at that stage of
maturity to adequately arrive at a similar conclusion. Due to the
relatively low cohesiveness of the ripe fruits, it may not be
suitable to pack a lot of fruits on top of each other during
transportation or at the point of sale as this may result in the
deformation of the fruit, making it less appealing to consumers.

Chewiness is the energy needed to chew the fruit until it is
ready to swallow.15 It is given by the product of hardness,
cohesiveness, and springiness. While the chewiness values ob-
tained for the ripe pawpaw fruits were within the chewiness
range of apples (0.54–1.55 kg-force), the values obtained for the
unripe fruits (167.6 ± 20.4 kg-force) were too high above the
chewiness range of apples.22 This may be due to the presence of
high levels of polysaccharides like pectin and starch which have
not yet been converted into soluble sugars in the unripe fruit. In
most fruits, the conversion of polysaccharides into soluble
sugars during ripening is accompanied by a decrease in the
amount of energy needed to chew the fruit until it is ready to
swallow.

Resilience ratio is a measure of how a sample ghts to return
its original height aer the rst compression in a TPA before the
waiting period starts. Results from this study clearly show that
the unripe fruits have a higher resilience ratio compared to the
ripe fruits. This may have been due to the higher strength of the
internal bonds in the unripe fruits as shown in the cohesiveness
ratio values. The stronger internal bonds in the unripe fruits
may have contributed to the recovery of the original height of
the samples aer the rst TPA compression, whereas the weaker
bonds in the ripe fruits resulted in a much lower resilience
ratio. These ndings are key in the packaging and trans-
portation of pawpaw fruits to avoid deforming the fruits before
they reach the target market since resilience of fruits is a key
quality index among consumers.23

Springiness is a dimensionless measure of the elasticity of
a sample; it is a measure of a sample's ability to return to its
original form when the force of deformation is removed. A
higher springiness indicates a high sample elasticity. It is
determined by the ratio between the residual displacement and
maximum displacement.24 The springiness ratios obtained for
both unripe and ripe pawpaw fruits in this study were higher
than the springiness reported for fruits like fresh blueberries
(0.46–0.69), apples (0.88), and bayberry fruits (0.95) but lower
than the maximum springiness ratio of date fruits (5.3).12,18,24,25

This relatively high springiness ratio of the pawpaw fruits
compared to the fruits mentioned above may be largely due to
the differences in fruit cell size and tissue layers.26,27 Further,
the data obtained show that the springiness of the unripe and
ripe fruits is not very different even though the unripe fruits
have a slightly higher springiness ratio value. Studies in other
fruits like blueberries show that springiness is oenmaintained
during the early stages of storage aer harvesting, while in other
fruits like dates, springiness is highest at the moisture content
of about 21.5%.18,24 Since both unripe and ripe pawpaw fruits in
the present study were not stored for more than 24 hours prior
to their analysis, their high springiness may have been main-
tained by their moisture contents. Future studies should
investigate the storage conditions and the moisture contents of
© 2023 The Author(s). Published by the Royal Society of Chemistry
pawpaw fruits and how they relate to their springiness ratio and
other textural properties to gain deeper insights.
4.3 Correlation analysis of measured quality characteristics

Skin color by itself has generally been known not to be a good
indicator of pawpaw fruit ripeness. Farmers typically determine
the ripeness of pawpaw fruits by their hardness (or rmness) by
touch. However, since the fruits have a thin peel thickness,
there is a high potential for breaking the skin through checking
the hardness by touch.13 Currently, no research has been pub-
lished testing the correlations between the skin color, which
can be determined noninvasively, the textural properties, which
are currently the main indices for assessing pawpaw ripeness,
and the total soluble solids content (Brix). Establishing good
correlations between these two physical properties and the total
soluble solids contents will enable farmers to use commercially
available portable devices (like handheld color meters and near-
infrared total soluble solids sensors) to noninvasively determine
the ripeness of pawpaw fruits. Potentially, future studies could
also explore the use of unmanned aerial vehicles (drones) with
articial intelligence systems to monitor farms for pawpaw fruit
skin color parameters to ensure prompt harvesting of fruits to
prevent postharvest losses as has been done for fruits like
strawberries and apples.28,29

Since it has already been established that the textural prop-
erties like hardness and cohesiveness ratio of pawpaw fruits are
better indicators of ripeness, Pearson's correlation analysis was
performed to test the relationship between the color parameters
and the textural properties to evaluate which color parameters
correlate with the textural properties and may be used as indi-
cators of ripeness. Studies on climacteric fruits like apples and
bananas show that specic color parameters like a* values,
b* values, and hue angles can be used as indicators of ripe-
ness.6,30 According to Mcgrath and Karahadian,8 b* values
(degree of yellowness) are good indicators of pawpaw ripeness
and not a* values. However, the ndings in this study indicate
otherwise. From the correlations, it can be inferred that skin
a* value (degree of greenness), total color difference, and hue
angle are better non-destructive indicators of pawpaw fruit
ripeness compared with the other skin color indices and the
pulp color parameters which are destructive. Based on this, skin
a* value, total color difference, and hue angle of pawpaw fruits
may be more useful in predicting the ripeness of pawpaw fruits.
Skin lightness (L*) values, b* values (degree of yellowness), and
chroma had relatively weak correlations with the textural
properties of the pawpaw fruits, hence, these skin color
parameters may not be suitable indicators of pawpaw fruit
ripeness. There were strong negative and positive correlations
between the pulp color parameters and the textural properties,
and between the total soluble solids and the textural properties
of the fruits as shown in the correlation plot and correlation
matrix (Fig. 4 and Table 3). However, since the determination of
the pulp color and total soluble solids is destructive, they would
not be productive indices for determining fruit ripeness on
a large scale. This further shows the need for identication of
Sustainable Food Technol., 2023, 1, 263–274 | 271
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non-invasive methods to determine the ripeness of underutil-
ized pawpaw fruits.
4.4 Multivariate analysis of measured quality characteristics

The principal component analysis (PCA) was used to reduce the
dimensionality of the data matrix and highlight the differences
in the quality characteristics of the pawpaw fruits. The total
variance contribution rate of the rst three principal compo-
nents (PCs) is 90.20% (more than 85%), hence, most informa-
tion of the original data i.e., 90.20% of the total variance of the
color, total soluble solids, and texture data, can be explained by
the rst three PCs.31 From the biplot, the ripe fruits are sepa-
rated from the unripe fruits based on the PCA scores calculated
with the color, texture, and total soluble solids data obtained in
this study. The extracted eigenvectors for the PCA show that PC1
wasmainly contributed to positively by skin hue angle, pulp hue
angle, chewiness, pulp L* values, and hardness. On the other
hand, PC1 was negatively contributed to by pulp total color
difference, skin total color difference, total soluble solids, pulp
a* values, and pulp b* values. For PC2, the skin b* values, skin
chroma, and skin L* were the main variables that had main
positive contributions; whereas springiness ratio, resilience
ratio, cohesiveness ratio, and skin a* values were the main
variables that negatively contributed to PC2. PC3 was mainly
positively contributed to by the resilience ratio, cohesiveness
ratio, skin L* values, and springiness ratio, while it was mainly
negatively contributed to by the hardness and the skin hue
angle. In the PCA biplot, the unripe fruits (UF) appeared mostly
on the positive side of PC1 and PC2 while the ripe fruits (RF)
appeared mostly on the negative side of PC1, with some on the
positive side of PC3. This shows that largely, there are clear
differences between ripe and unripe pawpaw fruits based on
their textural and color characteristics.

Hierarchical cluster analysis (HCA) was applied using
Euclidean distance as a measure of similarity, and the
dendrogram showed three distinct clusters, enabling a good
classication of the properties to determine the ripeness of
pawpaw fruits (Fig. 5B). The skin a*, skin total color difference,
pulp a*, pulp total color difference, total soluble solids, pulp b*,
pulp chroma, and skin hue angle were grouped in the same
cluster, indicating the close relation of these quality indices in
showing the ripeness of pawpaw fruits. This conrms the
results from the PCA since these same quality indices were
closely packed together on the negative side of PC1 in the score
plot (Fig. 5A).
5. Conclusion

Pawpaw fruit remains underutilized as a specialty crop, with
very little published data on the properties of the cultivated
pawpaw fruit and even less data on established objective indi-
cators of ripeness. The data from this study show that unripe
and ripe pawpaw fruits have signicantly different skin and
pulp colors. Unripe pawpaw fruits are much harder and have
a higher chewiness than ripe pawpaw fruits. Due to the
conversion of complex sugars to simpler sugars that occurs
272 | Sustainable Food Technol., 2023, 1, 263–274
during ripening, the ripe pawpaw fruits have a lower cohesive-
ness than unripe fruits. As a result, it may not be suitable for
ripe pawpaw fruits to be packed on top of each other during
transportation. From the correlation analysis, it was found that
the skin a* values and hue angles have a strong correlation with
the textural properties of the fruits, hence, the skin a* values
and hue angles can be used as noninvasive indices of pawpaw
ripeness. Potentially, farmers can use commercially available
handheld color meter and Brix meters to determine pawpaw
fruit ripeness noninvasively based on specic skin color indices.
This study was conducted on wild fruit from one location and
results may be different for specic cultivars of pawpaw grown
in different environments. The ndings from this study estab-
lish a foundation for further research on better indicators of
pawpaw fruit ripeness solutions to prevent pawpaw fruit loss.
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