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Abstract: Mango fruit is a rich source of bioactive compounds such as carotenoids, phenolics, and

ascorbic acid. This research aimed at predicting the content of these bioactive compounds in ‘Tommy

Atkins’ mangoes using optical properties, i.e., the absorption coefficients related to chlorophylls

(µa630, µa650, µa670, µa690) and carotenoids (µa540), and the scattering parameters (Mie’s A and

b), measured during the shelf-life period at 20 ◦C by time-resolved reflectance spectroscopy. The

µa540 and Mie’s b increased during shelf-life, while µa670 and Mie’s A decreased. Ascorbic acid (AA)

and the total antioxidant capacity decreased during shelf-life, while the total carotenoids increased,

and the total phenols (TPC) did not significantly change. The major constituent of the nonsaponified

extracts, (all-E)-β-carotene, increased during the shelf-life period. A similar trend was observed for

the total (all-E)-violaxanthin esters, the total (9Z)-violaxanthin esters and the total neoxanthin esters.

Carotenoids are responsible for the yellow-orange color of mangoes: (all-E)-β-carotene was mainly

related to a* and h◦ pulp color while the total (all-E)-violaxanthin esters were mainly linked to b*, C*,

and the yellowness index. Using multiple regression analysis, good prediction models were achieved

for the total carotenoids (R2
adj = 83.1%), the total xanthophylls (R2

adj = 78%), (all-E)-β-carotene

(R2
adj = 77%) and the total (all-E)-violaxanthin esters (R2

adj = 74%), while less satisfactory predictions

were obtained for AA and TPC.

Keywords: Mangifera indica L.; carotenoids; ascorbic acid; total phenols; TRS optical properties;

shelf-life; predictive models

1. Introduction

Mango (Mangifera indica L.) is one of the most important tropical fruits, and it is mainly
cultivated in tropical and subtropical areas and, more recently, also in the Mediterranean
region [1].

Mango fruit is a rich source of bioactive compounds such as carotenoids, phenolics,
and ascorbic acid [2]. Carotenoids are responsible for the yellow-orange color of the
pulp; their content and composition depend on the cultivar, maturity degree, edaphic
and climatic factors, postharvest handling, storage conditions, and processing [1,3–10].
Differences in carotenoid composition reported by different authors for different cultivars
can also be attributed to the analytical methods employed and to the unstable nature of
carotenoids [2]. More than 25 different carotenoids (free form, butyrates, and esterified)
have been identified in the pulp of mango fruit, such as cis-lutein, zeinoxanthin, all trans-α-
carotene, all-trans-β-cryptoxanthin, 9-cis-β-carotene, cis-zea carotene, 13-cis-β carotene,

Agriculture 2024, 14, 1902. https://doi.org/10.3390/agriculture14111902 https://www.mdpi.com/journal/agriculture

https://doi.org/10.3390/agriculture14111902
https://doi.org/10.3390/agriculture14111902
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/agriculture
https://www.mdpi.com
https://orcid.org/0000-0003-3068-1487
https://orcid.org/0000-0001-8366-5718
https://orcid.org/0000-0002-6878-8936
https://orcid.org/0000-0002-1515-0373
https://doi.org/10.3390/agriculture14111902
https://www.mdpi.com/journal/agriculture
https://www.mdpi.com/article/10.3390/agriculture14111902?type=check_update&version=2


Agriculture 2024, 14, 1902 2 of 20

lutein, βcryptoxanthin, zeaxanthin, lutin, and neoxanthin [2,11–16]. However, all-trans-β-
carotene and dibutyrates of all-trans-violaxanthin and 9-cis-violaxanthin were the most
abundant [2,5,12,15]. Carotenoids and the total carotene begin to be accumulated in the
pulp during fruit growth and sharply increase as mangoes ripen, while xanthophylls
and lutin show a decreasing trend [5,8,9,11,13,17]. Ascorbic acid and the total phenolic
contents also vary according to the cultivar, maturity stage, and cultural practices [2,3,7,18].
The main polyphenols found in mango fruit pulp are as follows: mangiferin, catechins,
quercetin, kaempferol, rhamnetin, anthocyanins, gallic and ellagic acids, propyl and methyl
gallate, gallotannins, benzoic acid, protocatechuic acid, p-hydroxybenzoic acid, m-coumaric
acid, p-coumaric acid, sinapic acid, vanillic acid, syringic acid, chlorogenic acid, and
ferulic and caffeic acids [1,2,7,10,19,20]. The phenolic profile changes with the cultivar and
with ripening. Gentile et al. [1] observed very limited variations between green mature
and mature fruits. However, when mangiferin showed very high content, it was mainly
concentrated in mature fruits rather than in green mature ones; on the contrary, benzoic
acid content was higher in mature fruits for ‘Tommy Atkins’ and lower in mature fruits for
‘Manzanillo’. Phenolic compounds, such as gallic acid and gallotannins, decrease during
storage due to ripening, resulting in a loss of astringency [10]. Hu et al. [19] observed
a decline in phenolic acids as mangoes ripened, coinciding with the trend in the total
phenolics. Mangiferin, quercetin, and gallotannins dramatically decreased in medium firm
mangoes, increased in slightly soft fruit, and decreased at the senescence phase.

Ripening also strongly affects consumer preferences. Overall acceptance increases from
the green-ripe to the mature-ripe stage: mangoes with a high firmness were characterized
by a green aroma, fibrousness, and a sour taste, while soft mature fruits show a sweet taste,
juiciness, and a tropical fruit aroma [3,21]. Therefore, the determination of reliable maturity
indices at harvest is very important for the mango fruit industry in order to have fruit with
a good content of bioactive compounds coupled with an optimum eating quality when
ripe. Commonly, the harvest time is determined either through subjective factors such as
fruit shape and appearance, or through destructive methods (pulp color, dry matter, flesh
firmness, titratable acidity), which can be applied only to a sample of the fruit batch [22–25].
Nondestructive techniques can be used to measure a large number of fruits, allowing for
a much more representative sample. There is a paucity of papers dealing with the use
of nondestructive methods to predict the content of polyphenols, ascorbic acid, the total
carotenes, and the individual carotenes. In the literature, there are many papers dealing
with the prediction of the total soluble solids, acidity, pH, dry matter, firmness, and color
using Vis-NIR spectroscopy, as reported by O’Brien ([26], Table S1). However, Vis-NIR
models do not perform well on fruits from different origins and seasons due to the high
biological variability and because they predict maturity parameters indirectly. The time
domain approach overcomes these drawbacks, as time-resolved reflectance spectroscopy
(TRS) allows the direct, nondestructive measure of the quality of attributes in the fruit pulp.

TRS, differently from continuous wave methods, can simultaneously measure the
effects of light absorption due to chemical compounds (water, carotenoids, anthocyanins,
chlorophylls) and light scattering, mainly due to microscopic changes in the refractive
index caused by membranes, organelles, vacuoles, starch granules, and air [27]. In the
TRS technique, a short pulse of monochromatic light is injected into the fruit; whenever
a photon strikes a scattering center, it changes its trajectory and keeps on propagating
in the tissue until it is eventually re-emitted across the boundary or it is captured by an
absorbing center. Usually, the laser light is injected into and collected from the fruit by
using two optical fibers placed in contact with the surface at a distance of 1–2 cm. The
laser light probes a banana-shaped volume of tissue to a depth of 1–2 cm, in contrast to
continuous-wave Vis-NIR spectrophotometers, which have a useful penetration depth of a
few millimeters, depending on the wavelength [28]. By measuring the photon distribution
of time-of-flight, both the absorption (µa) and reduced scattering (µs

′) coefficients in the
Vis–NIR spectrum region are estimated [29,30]. TRS relies on the ability to measure the
optical properties of the fruit mesocarp with no or limited influence from the skin, as the
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spectra acquired on the whole fruit were very similar to the spectra of the same fruit when
peeled [29–31]. TRS has been applied in postharvest studies on fruits and vegetables to
estimate the internal attributes related to maturity and ripeness, to detect internal defects,
and to discriminate between fruits with different quality characteristics [31]. The absorption
coefficient measured at harvest at 670 nm (µa670) decreases during fruit ripening and is
considered an index of the biological age of the fruit [31]. The µa670 was successfully used
to predict the softening rate in nectarines [32] and to sort fruit based on their potential
maturity evolution in apples [33]. As for mangoes, Pereira et al. [34] found that µa630,
related to chlorophyll-b content, could be used to predict the softening rate of ‘Tommy
Atkins’ fruits. Eccher Zerbini et al. [35] showed the possibility of using µa670 and µa540
(linked to carotenoids) combined with scattering to predict the ethylene production rate
and softening in ‘Haden’ mangoes, while Vanoli et al. [36] found that changes in µa540
were synchronized with changes in pulp color, highlighting that µa540 was able to assess
the biological age of mangoes. Additionally, µa540 allowed researchers to classify the
intact fruit of two mango cultivars (‘Haden’ and ‘Palmer’) according to the contents of the
total phenolics, the total carotenoids, and of the individual carotenoid compounds and
vitamin A values [17]. Similarly, mangoes with high µa630–690 values (low-mature) were
firmer and showed a less yellow pulp than fruit with low µa630–690 values, i.e., more
mature [31]. As for scattering, µ′

s values strongly depend on the cultivars, showing the
highest values in ‘Palmer’ and ‘Tommy Atkins’ fruits and the lowest in ‘Haden’, and the
values decreased during fruit softening [31,35]. By using partial least-square regression
analysis, better prediction models for firmness and pulp color were obtained in mangoes
and in apples when combining absorption and scattering optical properties rather than
using scattering or absorption coefficients alone [31].

The present research aimed to nondestructively predict the content of bioactive com-
pounds such as carotenoids, ascorbic acid, and the total phenols in ‘Tommy Atkins’ man-
goes using the absorption coefficients related to chlorophylls and carotenoids and the
scattering properties measured by TRS during a shelf-life period of 8 days.

2. Materials and Methods

2.1. Fruits

Mango fruits (Mangifera indica L., cv ‘Tommy Atkins’) were harvested in commercial
orchards in Pernambuco State (Brazil) at commercial maturity for ship-shipping according
to the importer’s protocol and transported by plane to Milan (Italy) immediately after
harvest. On arrival at the CREA-IT lab (about 5–7 days from harvest), 90 fruits without
defects were selected and measured by TRS at 540 nm on two opposite sides in the fruit’s
equatorial region and ranked by decreasing µa540 averaged over the two sides, which is
from more (high µa540) to less (low µa540) mature fruit. The ranked fruits were randomized
in 3 batches (30 mangoes each), which were analyzed after 1 (d1), 3 (d3), and 8 days
(8d) of shelf-life at 20 ◦C. At each time of shelf-life, fruits were measured by TRS in the
540–880 nm range (at 540, 580, 630, 650, 670, 690, 730, 780, 830, and 880 nm) on two opposite
sides of the equatorial region, and the resulting µa were averaged over the two sides. The
positions of TRS measurements were marked by removing the skin using a slicer, and,
in correspondence to these points, pulp color and flesh firmness were measured. A sub-
sample of 10 fruits/times of shelf-life, covering the whole range of µa540, was selected for
bioactive compound analyses, taking, for each sub-sample, the fruits in the same position
in each batch. Fruit ranked as R1 were the most mature, while fruit ranked as R10 were the
least mature. The whole fruits were immediately deep-frozen and kept at −30 ◦C until the
carotenoid, ascorbic acid, and total phenolic extractions were conducted.

2.2. Time-Resolved Reflectance Spectroscopy

A multi-wavelength portable compact system described in detail by Vanoli et al. [36]
was used (Figure 1). The light source is a supercontinuum fiber laser (SC450-6W, Fianium,
Ltd, Southampton, UK) providing white light pulses with a duration of a few picoseconds.
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A set of 14 band-pass interference filters (NT-65 series, Edmund Optics, Inc., Barring-
ton, NJ, USA), loaded on a custom-made wheel, provides spectral selection in the range
540–880 nm. A multimode graded-index fiber delivers light to the sample while a 1 mm
core fiber collects light backscattered by the sample. The inter-fiber distance was set to
1.5 cm. A set of interference filters identical to the one in the injection module eliminates any
fluorescence signals emitted by the sample. Collected light is detected via a photomultiplier
(HPM-100-50, Becker & Hickl, GmbH, Berlin, Germany) and the photon distribution of
the time-of-flight is measured by a time-correlated single-photon counting board (SPC-
130, Becker & Hickl, GmbH, Berlin, Germany). The instrument response function has a
full width at half maximum of about 260 ps. The typical acquisition time was set to 1 s
per wavelength.
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function, pink line).
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2.3. Pulp Color and Flesh Firmness
In correspondence to the TRS measurement points, pulp color and flesh firmness 

were measured after removing a small portion of the peel. Pulp color was measured with 
a spectrophotometer (CM-2600d, Minolta Co., Osaka, Japan), using the primary illumi-
nant D65 and a 2° observer in the L*, a*, b* color space. From the color coordinates, L*, a*, 
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Figure 1. (a) Scheme of the system used for TRS measurements on mango fruit (GRIN: graded-index;

PMT: photomultiplier tube; SYNC: synchronization signal; CFD: constant fraction discriminator

signal; TCSPC: time-correlated single-photon counting board). (b) Exemplum of the best fit of the

model (red line), describing photon diffusion in a turbid medium on the measured DTOF (distribution

of photon time-of-flight, blue dots) and after convolution with the IRF (instrument response function,

pink line).

A model for photon diffusion in turbid media was used to analyze TRS data to assess
the bulk optical properties of the samples to obtain the estimates of µa and µs

′ at each
wavelength [37]. An approximation of the Mie theory was used to relate the reduced
scattering coefficient to the structural properties of the diffusive sample, according to
Equation (1):

µ′
s = A × (λ/λ0)−b (1)

where λ is the wavelength, A is the scattering coefficient at wavelength λ0 = 600 nm, and b
is a parameter related to the equivalent size of scatterers.

2.3. Pulp Color and Flesh Firmness

In correspondence to the TRS measurement points, pulp color and flesh firmness were
measured after removing a small portion of the peel. Pulp color was measured with a
spectrophotometer (CM-2600d, Minolta Co., Osaka, Japan), using the primary illuminant
D65 and a 2◦ observer in the L*, a*, b* color space. From the color coordinates, L*, a*,
and b*, hue (h◦), chroma (C*) and yellowness index (IY) were computed according to the
following equations:

h◦ = arctangent(b*/a*) × 360/(2 × 3.14) (2)

C* = (a*2 + b*2)−2 (3)

IY = [81.2746X − 1.0574Z)/Y] × 100 (4)

after converting the L*a*b* parameters into the XYZ color space [38].
Color data were averaged per fruit.
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Flesh firmness was measured using an Instron Universal Testing Machine Model 4301
(Instron Ltd., High Wycombe, UK) with crosshead speed of 200 mm min−1 and a 8 mm
diameter plunger. Data were averaged per fruit.

2.4. Determination of Carotenoids, Ascorbic Acid, Phenolic Compounds, and Total
Antioxidant Capacity

For carotenoids, ascorbic acid, and phenolic extractions from each fruit, the pulp
samplings for each determination were carried out at the same time on frozen fruit after
30 min thawing at ambient temperature by slicing pulp portions without peel near the
positions of the TRS measurements, pooling the slices coming from the two fruit sides, and
homogenizing them into a 100 mL beaker put on ice; then, 2 g samples/extraction were
weighed into centrifuge tubes and kept on ice until the extractions.

2.4.1. Ascorbic Acid

Ascorbic acid was extracted (two replicates/fruit) using the procedure described by
Robles-Sánchez et al. [39] with slight modifications as stated in our previous study [17].
Ascorbic acid was determined according to Rizzolo et al. [40], using a Jasco (Tokyo, Japan)
HPLC system consisting of a PU-980 liquid chromatographic pump, a model AS 1055-10
autosampler, and an UV-Vis 15770 detector set at 254 nm. Ascorbic acid was estimated
from a standard curve of L-ascorbic acid in 6% meta-phosphoric acid and data-expressed
as milligram per kg of FW. All the measurements were evaluated in triplicate.

2.4.2. Total Phenols Content

The total phenols were extracted (two replicates/fruit) according to the method de-
scribed by Vanoli et al. [17] and quantified using the Folin–Ciocalteau method [41]. The
absorbance was measured at 730 nm using an UV-VIS spectrophotometer (UV-UVIDEC
320, Jasco, Japan). The total phenols content (TPC) was estimated from a standard curve of
gallic acid, and data were expressed as milligram gallic acid equivalents (GAE) per kg of
FW. All the measurements were evaluated in triplicate.

2.4.3. Total Antioxidant Capacity

The total antioxidant capacity (TAC) was measured on acidic ethanolic extracts used
for TPC determination following the DPPH assay [42] with some modifications as stated in
our previous work [17]. The absorbance was measured at 517 nm with a Jasco 7800 UV/VIS
spectrophotometer (Jasco Europe S.r.l., Cremella, LC, Italy). The total antioxidant capacity
was computed based on a standard curve of Trolox and results were expressed as µmol
Trolox equivalent (TE) per kg FW. All the measurements were evaluated in triplicate.

2.4.4. Carotenoids

The nonsaponified carotenoid extracts (two replicates/fruit) were prepared using
the method reported by Vanoli et al. [17]. Then, extracts were stored at −80 ◦C until the
spectrophotometric and high-performance liquid chromatographic (HPLC) analyses. The
total carotenoid content (CAR) was determined on extracts measuring absorbance at 450 nm
using a spectrophotometer (UV-UVIDEC 320, Jasco, Japan). The hexane:acetone:ethyl
acetate solution was used as the blank. The total carotenoid content was estimated from a
standard curve of β–carotene and data were expressed as milligram β–carotene equivalent
(β–CARE) per kg of FW. Carotenoid composition was determined according to the method
described by Azevedo-Meleiro and Rodriguez-Amaya [43], with some modifications as
stated in our previous study [17], using a Jasco (Tokyo, Japan) HPLC system consisting of a
PU-1580 liquid chromatographic pump coupled with an LG 1580-04 quaternary gradient
unit, a model AS 2055-plus autosampler, and an MD 2010-plus multiwavelength detector.
Spectra of all peaks were recorded in the 200–600 nm wavelength range, and peak areas
were monitored at 450 nm. Carotenoids (Table S1 and Figure S1 in Supplementary Materials)
were identified according to the following combined information: elution order on reversed-
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phase columns (C18 and/or C30); comparison of retention times with standards (all-trans-
β-carotene and violaxanthin, obtained by pansy petals) [4,5,16,44,45]; UV-vis spectrum
features (λmax); spectral fine structure (%III/II), which is the ratio of the height of the
longest-wavelength absorption peak (III), and that of the middle absorption peak (II),
taking the minimum between the two peaks as the baseline, multiplied by 100; and relative
intensity of the cis-peak (%AB/AII), which is the ratio of the height of the cis-peak (AB) and
that of the middle main absorption peak (AII), multiplied by 100 [46–48]. Carotenoids were
quantified referring to the total carotenoid content estimated spectrophotometrically on the
same extract in conjunction with the chromatogram percent composition, and data were
expressed as milligram per kg of FW. All the measurements were evaluated in triplicate.

2.5. Statistics

2.5.1. Analysis of Variance

Optical, quality, and bioactive compounds data were submitted to a one-way anal-
ysis of variance (ANOVA, Statgraphics version 7, Manugistic Inc., Rockville, MD, USA)
considering the day of shelf-life at 20 ◦C as a factor. Means were compared using a 95 per-
cent Tukey’s test. Correlation analysis among CAR, AA, TPC, and TAC was performed
using Pearson’s coefficient (r). Correlation analysis among pulp color and carotenoids
compounds was conducted using Spearman’s rank correlation coefficients (rs).

2.5.2. Predictive Models

Predictive models were developed by using the optical properties measured by TRS to
determine the total antioxidant capacity, ascorbic acid content, the total phenols content, the
total carotenoids, and the individual carotenoids contents. Data were submitted to a multi-
ple linear regression analysis (Statgraphics ver. 5.1 Plus) using as the independent variables
µa540 at sorting and the absorption coefficients measured at 540 nm, 630 nm (chlorophyll-b),
650 nm (shoulder of chlorophyll-a peak), 670 nm (maximum of chlorophyll-a peak), 690 nm
(tail of chlorophyll-a peak), and Mie’s A and b scattering parameters measured during
the shelf-life period. Firstly, using the regression model selection procedure, models have
been developed containing all combinations of from 0 to 7 variables, and the models were
selected according to the following criteria: higher adjusted R-square, smaller values of
the mean square error, values of Mallow’s Cp statistic as close as possible to the number
of coefficients in the fitted model, and simplicity. Then, using the multiple regression
analysis procedure, the statistical significance of each variable used in the models, the mean
absolute error (MAE), and the standard error of the estimate (SEE) were used to evaluate
the models selected.

3. Results

3.1. TRS Optical Properties

The optical properties of fruits analyzed for bioactive compounds composition during
the 8 days of shelf-life at 20 ◦C were reported in Figure 2. Absorption spectra showed
two maxima, the first at 540 nm (related to the absorbing bands of carotenoids present at
shorter wavelengths) and the second one at 670 nm (related to chlorophyll) (Figure 2, left).
The µa540 values ranged from 0.104 to 0.397 cm−1 and µa670 values ranged from 0.021 to
0.178 cm−1. High variability was found from 580 to 650 nm with absorption ranging from
0.026 to 0.122 cm−1; low absorption coupled with low variability was noticed from 730 to
880 nm with values ranging from 0.019 to 0.058 cm−1, indicating a limited absorption by
the chemical constituents of mango fruit in this region.

Scattering spectra were flat and slightly decreased with increasing wavelength, as
predicted by the Mie theory (Figure 2, right). The range of variation was 12.0–23.9 cm−1 at
540 nm and 11.6–22.06 cm−1 at 880 nm.
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540 nm and 11.6–22.06 cm−1 at 880 nm.

Considering the variation of µa540 and µa670 according to the rank order (Figure 3), 
the least mature fruit, corresponding to R10 mangoes after 1d at 20 °C showed the highest 
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mango fruits according to rank order and the day of shelf-life.

Mie’s A ranged from 11.9 to 23.5 cm−1 and Mie’s b from 0 to 0.45 (Figure 4). No clear
trend could be found for Mie’s A and b according to rank order (Figure 4).

On average, µa540 significantly and gradually increased with the shelf-life, while
µa670 showed the highest values at d1, significantly decreased at d3, and maintained these
values at d8 (Table 1). The absorption coefficients measured at 630, 650 and 690 nm did not
significantly change from d1 to d8 (Table 1). As for scattering, Mie’s A showed the highest
values at d1 and d3 and significantly decreased at d8, while Mie’s b had the lowest values
at d1, significantly increased at d3, and maintained these values at d8 (Table 1).
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Figure 3. Absorption coefficients measured at 540 nm (left) and at 670 nm (right) on ‘Tommy Atkins’ 
mango fruits according to rank order and the day of shelf-life.

Mie’s A ranged from 11.9 to 23.5 cm−1 and Mie’s b from 0 to 0.45 (Figure 4). No clear 
trend could be found for Mie’s A and b according to rank order (Figure 4).

 

Figure 4. Mie’s A (right) and Mie’s b (left) on ‘Tommy Atkins’ mango fruits according to rank order 
and the day of shelf-life.

On average, µa540 significantly and gradually increased with the shelf-life, while 
µa670 showed the highest values at d1, significantly decreased at d3, and maintained these 
values at d8 (Table 1). The absorption coefficients measured at 630, 650 and 690 nm did 
not significantly change from d1 to d8 (Table 1). As for scattering, Mie’s A showed the 
highest values at d1 and d3 and significantly decreased at d8, while Mie’s b had the lowest 
values at d1, significantly increased at d3, and maintained these values at d8 (Table 1).

Table 1. Absorption coefficients in the carotenoids and chlorophyll bands and Mie’s A and b scat-
tering parameters of ‘Tommy Atkins’ mangoes after 1, 3, and 8 days of shelf-life at 20 °C and results 
of the ANOVA (F-ratio and p-value).

TRS Optical 
Properties

Day 1 Day 3 Day 8 ANOVA

µa540 (cm−1) 0.177 ± 0.018 b 0.200 ± 0.017 ab 0.256 ± 0.017 a 4.27 *
µa630 (cm−1) 0.048 ± 0.002 a 0.043 ± 0.002 a 0.047 ± 0.007 a 1.11 ns
µa650 (cm−1) 0.046 ± 0.003 a 0.037 ± 0.002 a 0.040 ± 0.003 a 2.83 ns
µa670 (cm−1) 0.067 ± 0.017 a 0.038 ± 0.002 b 0.036 ± 0.002 b 3.56 *
µa690 (cm−1) 0.026 ± 0.001 a 0.023 ± 0.001 a 0.024 ± 0.002 a 1.16 ns

Mie’s A (cm−1) 18.39 ± 0.74 a 17.57 ± 0.61 a 14.88 ± 0.63 b 7.67 **
Mie’s b (−) 0.084 ± 0.020 b 0.309 ± 0.039 a 0.225 ± 0.044 a 10.09 ***

Mean ± SE; means followed by different letters are statistically different (Tukey’s test, * p < 0.05; ** p 
< 0.01; *** p < 0.001; ns = not significantly different).

3.2. Quality Parameters
Flesh firmness significantly decreased during the shelf-life period (Table 2). Pulp 

color turned from pale yellow to yellow−orange as a*, b*, C*, and IY significantly increased 
and h° significantly decreased from d1 to d8 at 20 °C (Table 2).

Figure 4. Mie’s A (right) and Mie’s b (left) on ‘Tommy Atkins’ mango fruits according to rank order

and the day of shelf-life.

Table 1. Absorption coefficients in the carotenoids and chlorophyll bands and Mie’s A and b scattering

parameters of ‘Tommy Atkins’ mangoes after 1, 3, and 8 days of shelf-life at 20 ◦C and results of the

ANOVA (F-ratio and p-value).

TRS Optical
Properties

Day 1 Day 3 Day 8 ANOVA

µa540 (cm−1) 0.177 ± 0.018 b 0.200 ± 0.017 ab 0.256 ± 0.017 a 4.27 *

µa630 (cm−1) 0.048 ± 0.002 a 0.043 ± 0.002 a 0.047 ± 0.007 a 1.11 ns

µa650 (cm−1) 0.046 ± 0.003 a 0.037 ± 0.002 a 0.040 ± 0.003 a 2.83 ns

µa670 (cm−1) 0.067 ± 0.017 a 0.038 ± 0.002 b 0.036 ± 0.002 b 3.56 *

µa690 (cm−1) 0.026 ± 0.001 a 0.023 ± 0.001 a 0.024 ± 0.002 a 1.16 ns

Mie’s A (cm−1) 18.39 ± 0.74 a 17.57 ± 0.61 a 14.88 ± 0.63 b 7.67 **

Mie’s b (−) 0.084 ± 0.020 b 0.309 ± 0.039 a 0.225 ± 0.044 a 10.09 ***

Mean ± SE; means followed by different letters are statistically different (Tukey’s test, * p < 0.05; ** p < 0.01;
*** p < 0.001; ns = not significantly different).

3.2. Quality Parameters

Flesh firmness significantly decreased during the shelf-life period (Table 2). Pulp color
turned from pale yellow to yellow−orange as a*, b*, C*, and IY significantly increased and
h◦ significantly decreased from d1 to d8 at 20 ◦C (Table 2).

Table 2. Firmness and pulp color of ‘Tommy Atkins’ mangoes after 1, 3, and 8 days of shelf-life at

20 ◦C and results of the ANOVA (F-ratio and p-value).

Parameter Day 1 Day 3 Day 88 ANOVA

Firmness (N) 39.4 ± 11.9 a 1 5.0 ± 2.8 ab 7.3 ± 0.9 b 5.58 **

L* 82.2 ± 0.9 a 80.3 ± 0.7 a 76.9 ± 0.9 b 10.20 ***

a* 0.4 ± 1.2 b 3.5 ± 0.9 ab 6.2 ± 0.9 a 8.20 **

b* 53.6 ± 2.2 b 56.6 ± 1.8 ab 60.9 ± 1.6 a 3.77 *

C* 53.7 ± 2.2 b 56.8 ± 1.8 ab 61.2 ± 1.7 a 3.89 *

h◦ 90.0 ± 1.2 a 86.7 ± 2.7 ab 84.4 ± 0.8 b 8.60 ***

IY 117.4 ± 7.2 b 129.3 ± 5.8 ab 147.6 ± 5.9 a 5.82 **

Mean ± SE; means followed by different letters are statistically different (Tukey’s test, * p < 0.05; ** p < 0.01;
*** p < 0.001).

3.3. Ascorbic Acid, Total Phenolic Content, and Total Antioxidant Capacity

AA and TAC decreased from ≈170 mg kg FW−1 and ≈750 µmol TE kg FW−1 to
≈90 mg kg FW−1 and ≈430 µmol TE kg FW−1 during shelf-life, halving their content from
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d1 to d8 (Table 3). TPC was on average ≈247 mg GAE kg FW−1 and did not significantly
change with ripening (Table 3).

Table 3. Ascorbic acid (AA), total phenols content (TPC), total antioxidant capacity (TAC) and total

carotenoids (CAR) of ‘Tommy Atkins’ mangoes after 1, 3, and 8 days of shelf-life at 20 ◦C and results

of the ANOVA (F-ratio and p-value).

Parameter Day 1 Day 3 Day 8 ANOVA

AA (mg kg FW−1) 170.4 ± 11.3 a 129.2 ± 11.7 ab 90.2 ± 8.4 b 10.11 ***

TPC (mg GAE kg FW−1) 244.8 ± 21.7 a 253.8 ± 26.2 a 242.8 ± 24.4 a 0.06 ns

TAC (µmol TE kg FW−1) 748.6 ± 72.2 a 641.9 ± 105.9 ab 427.7 ± 76.3 b 3.60 *

CAR (mg β-CARE kg FW−1) 7.41 ± 1.32 b 9.24 ± 1.65 b 22.21 ± 2.94 a 14.65 ***

Mean ± SE; means followed by different letters are statistically different (Tukey’s test, * p < 0.05; *** p < 0.001;
ns = not significantly different).

TAC showed a significant positive correlation with AA (r = 0.61, p = 0.0003) while no
correlation was found with TPC (r = 0.36, p = 0.067) and CAR (r = −0.33, p = 0.067).

3.4. Carotenoids

The total carotenoids (CAR) were steady up to d3 of shelf-life and increased about
threefold from d3 to d8 (Table 3).

The chromatographic carotenoid pattern for ‘Tommy Atkins’ fruit includes 18 main
peaks (Figure S1), which were tentatively identified as cis-β-cryptoxanthin (Crypt), (all-E)-β-
carotene (b-Car), (9Z)-violaxanthin (9-Viol), (all-E)-violaxanthin (Viol), four (all-E)-violaxanthin
esters (butyrate—ViolBut; dibutyrate—ViolDibut; butyrate-caproate—ViolButCap; non de-
fined ester—ViolEster1), three (all-E)-neoxanthin esters (dibutyrate—NeoDibut; butyrate-
myristate—NeoBurMyr; non defined ester—NeoEster1), four (9Z)-violaxanthin esters
(butyrate—9-ViolBut; dibutyrate—9-ViolDibut; butyrate-laurate—9-ViolButLau; butyrate-
palmitate—9-ViolButPalm), (13Z)- or (15Z)-violaxanthin dibutyrate (13-ViolDibut), and
(9Z)-neoxanthin dibutyrate (9-NeoDibut) (Table S1).

The major constituent of the nonsaponified extracts from ‘Tommy Atkins’ mangoes
was (all-E)-β-carotene; its amount increased with the shelf-life from 1.44 mg CARE kg FW−1

at d1 to 5.8 mg CARE kg FW−1 at d8 (Table 4). The other carotenoids tentatively identified
were xanthophylls, mainly in the esterified form with several short-chain acylating fatty
acids. The amounts of ViolBut, 9-ViolBut, NeoButMyr, 9-NeoDibut, and 9-ViolDibut did
not change with the shelf-life, while the amounts of NeoDibut, ViolDibut, 13-ViolDibut,
ViolButCap, 9-ViolDibut, ViolEster1, NeoEster1, and 9-ViolButPalm steeply increased from
d3 to d8 (Table 4). As for free xanthophylls, the 9-Viol amount did not change with the
shelf-life, Viol increased with the shelf-life, and Crypt peaked at d3 (Table 4). The content
of the total xanthophylls at d8 was three-fold higher than that at d1 and d3, mainly due to
the marked increase in the total violaxanthin esters, total 9-violaxanthin esters, and total
neoxanthin esters from d3 to d8 (Table 4).

Considering the percent composition, at the beginning of the shelf-life the main
compounds were ViolBut (21%), b-Car (20%), Crypt (13%), NeoDibut (8%), ViolButCap
(6%), and 9-ViolBut (5%), while at the end of the shelf-life the main compounds were b-Car
(26%), NeoDibut (15%), ViolDiBut (9%), ViolBut (9%), and ViolButCap (8%).

The proportion of the total violaxanthin esters (28–30%) and the total 9-violaxanthin
esters (9–11%) did not vary with the shelf-life, that of the total neoxanthin esters increased
from 7–13% to 20% at d8, whereas the total free xanthophylls decreased from 18–25% to 6%
at d8. The total xanthophylls decreased from 80% at d1 to 73% at d3 and 8.

Carotenoids are responsible for the yellow−orange color of mango mesocarps. In
Table 5, the correlations between carotenoids and pulp color are reported. The total
carotenoids (CAR) were positively related to a*, IY, b*, and C* with the rs ranging from 0.77
for b* and C* to 0.85 for a* and negatively related to L* (rs = −0.85) and h◦ (rs = −0.84).
b-Car was positively related to a* (rs = 0.78) and IY (rs = 0.72) and negatively related to L*
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(rs = −0.75) and h◦ (rs = −0.79). The total violaxanthin esters were positively related to
a*, b*, C*, and IY with the rs ranging from 0.79 for a* to 0.83 for IY and negatively related
to L* (rs = −0.83) and h◦ (rs = −0.77). The total xanthophylls were positively related to
a*, b*, C* and IY with the rs ranging from 0.78 for b* and C* to 0.86 for a* and negatively
related to L* (rs = −0.87) and h◦ (rs = −0.85). No significant correlation was found with the
rs ≥ 0.70 for individual carotenoids, except for b-Car which was positively related to a*
(rs = 0.78) and IY (rs = 0.72) and negatively related to L* (rs = −0.75) and h◦

(rs = −0.79) and for 9-VioDibut which was positively related to a* (rs = 0.73) and neg-
atively to L* (rs = −0.74) and h◦ (rs = −0.72).

Table 4. Carotenoids (mg β-CARE kg FW−1) composition of ‘Tommy Atkins’ mangoes after 1, 3, and

8 days of shelf-life at 20 ◦C and results of the ANOVA (F-ratio and p-value).

Compound Day 1 Day 3 Day 8 ANOVA

9-Viol 0.34 ± 0.06 a 0.42 ± 0.04 a 0.43 ± 0.04 a 0.96 ns
UNK 0.06 ± 0.02 a 0.07 ± 0.02 a 0.14 ± 0.04 a 2.53 ns
Viol 0.04 ± 0.04 b 0.23 ± 0.13 b 0.63 ± 0.07 a 10.52 ***

Crypt 0.93 ± 0.15 b 1.62 ± 0.24 a 0.33 ± 0.11 b 13.04 ***
ViolBut 1.56 ± 0.39 a 2.06 ± 0.66 a 2.00 ± 0.31 a 0.33 ns

NeoDibut 0.59 ± 0.25 b 0.32 ± 0.15 b 3.23 ± 0.83 a 10.00 ***
ViolDibut 0.19 ± 0.09 ab 0.06 ± 0.04 b 2.02 ± 0.93 a 4.11 *

13-ViolDibut 0.32 ± 0.17 b 0.21 ± 0.11 b 1.09 ± 0.29 a 5.48 **
9-ViolBut 0.39 ± 0.12 a 0.38 ± 0.09 a 1.09 ± 036 a 3.15 ns

9-NeoDibut 0.18 ± 0.07 a 0.08 ± 0.04 a 0.64 ± 0.27 a 3.32 *
ViolButCap 0.44 ± 0.07 b 0.48 ± 0.06 b 1.66 ± 0.22 a 24.66 ***
9-ViolDibut 0.16 ± 0.02 b 0.26 ± 0.04 b 0.73 ± 0.10 a 20.32 ***
NeoButMyr 0.31 ± 0.10 a 0.22 ± 0.06 a 0.57 ± 0.15 a 2.69 ns

9-ViolButLau 0.16 ± 0.05 a 0.10 ± 0.03 a 0.23 ± 0.05 a 2.12 ns
b-car 1.44 ± 0.17 b 2.45 ± 0.32 b 5.77 ± 0.61 a 30.49 ***

ViolEster1 0.08 ± 0.02 b 0.05 ± 0.02 b 0.57 ± 0.12 a 15.55 ***
NeoEster1 0.09 ± 0.03 b 0.09 ± 0.03 b 0.54 ± 0.08 a 22.71 ***

9-ViolButPalm 0.11 ± 0.03 b 0.12 ± 0.04 b 0.42 ± 0.10 a 7.20 **

ΣViol 2.28 ± 0.38 b 2.66 ± 0.67 b 6.26 ± 0.85 a 11.00 ***
Σ9-Viol 0.82 ± 0.19 b 0.85 ± 0.15 b 2.47 ± 0.87 a 7.75 ***
ΣNeo 0.99 ± 0.33 b 0.64 ± 0.16 b 4.35 ± 0.87 a 14.12 ***
ΣFree 1.31 ± 0.18 b 2.28 ± 0.23 a 1.39 ± 0.11 b 8.48 ***

TotalXant 5.91 ± 0.80 b 6.72 ± 0.84 b 16.21 ± 1.49 a 27.06 ***

Mean ± SE; means followed by different letters are statistically different (Tukey’s test, * p < 0.05; ** p < 0.01;
*** p < 0.001; ns = not significantly different). ΣViol, total (all-E)-violaxanthin esters; Σ9-Viol, total 9-Z-violaxanthin
esters; ΣNeo, total (all-E)-neoxanthin esters; ΣFree, total free xanthophylls; TotalXant, total xanthophylls.

Table 5. Spearman correlation matrix between pulp color parameters and carotenoid compounds.

Significant correlations with r ≥ 0.7, p-value ≤ 0.0001 are in bold.

Compound L* a* b* C* h◦ IY

9-Viol −0.637 0.620 0.577 0.577 −0.582 0.612
UNK −0.048 0.040 −0.066 −0.066 −0.039 −0.013
Viol −0.479 0.452 0.392 0.392 −0.474 0.435

Crypt 0.180 −0.110 −0.173 −0.173 0.114 −0.164
ViolBut −0.691 0.653 0.670 0.670 −0.652 0.679

NeoDibut −0.587 0.604 0.503 0.503 −0.602 0.571
ViolDibut −0.068 0.081 0.120 0.120 −0.053 0.120

13-ViolDibut −0.637 0.632 0.586 0.586 −0.626 0.627
9-ViolBut −0.210 0.192 0.220 0.220 −0.190 0.215

9-NeoDibut 0.276 −0.301 −0.385 −0.385 0.289 −0.354
ViolButCap −0.578 0.529 0.484 0.484 −0.532 0.532
9-ViolDibut −0.744 0.734 0.625 0.625 −0.720 0.676
NeoButMyr −0.316 0.283 0.200 0.200 −0.313 0.275

9-ViolButLau −0.113 0.080 0.031 0.031 −0.097 0.074
b-Car −0.745 0.777 0.663 0.663 −0.791 0.723
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Table 5. Cont.

Compound L* a* b* C* h◦ IY

ViolEster1 −0.187 0.169 0.126 0.126 −0.161 0.160
NeoEster1 −0.559 0.546 0.460 0.460 −0.538 0.533

9-ViolButPalm −0.336 0.317 0.205 0.205 −0.341 0.280
ΣViol −0.827 0.792 0.818 0.818 −0.766 0.825

Σ9-Viol −0.555 0.559 0.464 0.464 −0.562 0.532
ΣNeo −0.505 0.486 0.430 0.430 −0.493 0.471
ΣFree −0.316 0.370 0.286 0.286 −0.375 0.313

TotalXant −0.866 0.857 0.780 0.780 −0.850 0.837
CAR −0.851 0.845 0.766 0.766 −0.838 0.821

ΣViol, total (all-E)-violaxanthin esters; Σ9-Viol, total 9-Z-violaxanthin esters; ΣNeo, total (all-E)-neoxanthin esters;
ΣFree, total free xanthophylls; TotalXant, total xanthophylls; CAR, total carotenoids content.

3.5. Predictive Models

Predictive models were developed for the total antioxidant capacity, ascorbic acid
content, the total phenols content, and the total carotenoids and individual carotenoids
contents using TRS optical properties and multiple regression analysis (details are reported
in Section 2.5.2). Only significant models with R-square adjusted (R2

adj) ≥ 50 are reported
in Table 6.

Poor results were obtained for AA and TPC, with models having R2
adj ≤ 50% and no

significant model was obtained for TAC.
The prediction model for CAR achieved an R2

adj = 83.1%, including as significant
variables µa540SORT, µa540, µa630, µa650, and µa690 (Figure 5, Table 6). Good models
were also developed for the total violaxanthin esters (R2

adj = 74%) and total xanthophylls

(R2
adj = 79%) contents, including µa540SORT and µa540 as variables and also µa630 and

µa650 for the total xanthophylls (Figure 5, Table 6). Considering the individual carotenoids,
a good prediction was obtained for (all-E)-β-carotene content (R2

adj = 77%) by using as
independent variables µa540SORT, µa540, µa650, and µa690 (Figure 5, Table 6). Slightly
worse models were achieved for 9-ViolDibut, ViolButCap and NeoEster1 with R2

adj = 63.0,
62.2, and 56.5%, respectively. For the 9-ViolDibut and ViolButCap predictions, Mie’s b was
also included as a significant variable.

variables µa540SORT, µa540, µa650, and µa690 (Figure 5, Table 6). Slightly worse models were 
achieved for 9-ViolDibut, ViolButCap and NeoEster1 with R2adj = 63.0, 62.2, and 56.5%, 
respectively. For the 9-ViolDibut and ViolButCap predictions, Mie’s b was also included 
as a significant variable.

Figure 5. Measured and predicted total carotenoids, total xanthophylls, total violaxanthin esters, 
and (all-E)-β-carotene using multi regression analysis. The models’ details are reported in Table 6.
Figure 5. Measured and predicted total carotenoids, total xanthophylls, total violaxanthin esters, and

(all-E)-β-carotene using multi regression analysis. The models’ details are reported in Table 6.
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Table 6. Multiple regression analysis: estimate and significance of T-statistic of parameters included in the selected model, result of the ANOVA of the model,

R-square (R2), R-square adjusted for d.f. (R2
adj), standard error of the estimate (SEE) and mean absolute error (MAE) for total carotenoids (CAR), total xanthophylls

(TotalXant), total (all-E)-violaxanthin esters (ΣViol), (all-E)-β-carotene, (9Z)-violaxanthin dibutyrate (9-ViolDibut), (all-E)-violaxanthin butyrate-caproate (ViolButCap),

and (all-E)-neoxanthin ester (NeoEster1) in the function of absorption coefficient at 540 nm at sorting (µa540SORT), absorption coefficients in the 540–690 nm range

during shelf-life, and Mie’s A and b scattering parameters.

Dependent
Variables

Coefficients of Independent Variables Constant
ANOVA
Model

R2 (%)
R2

adj

(%)
SEE

µa540SORT µa540 µa650 µa630 µa670 µa690 Mie’s A Mie’s b

CAR
−165.15
p > 0.001

258.87
p < 0.001

−1445.18
p = 0.030

1713.93
p = 0.003

–
−1425.21
p = 0.056

– –
16.01

p = 0.006
<0.001 86.3 83.1 3.845

TotalXant
−124.28
p > 0.001

200.12
p < 0.001

−1493.34
p = 0.006

1122.76
p = 0.012

– – – –
10.18

p = 0.025
<0.001 81.7 78.5 3.224

ΣViol
−30.49

p = 0.033
59.86

p < 0.001
– – – – – –

−0.392
p = 0.006

<0.001 76.3 74.4 1.780

b-Car
−44.36

p < 0.001
57.61

p < 0.001
–

217.55
p = 0.051

–
−528.59
p = 0.025

– –
2.33

p = 0.165
<0.001 80.3 76.9 1.286

9-ViolDibut
−4.72

p = 0.013
5.57

p < 0.001
– – –

−23.20
p = 0.043

–
−0.06

p = 0.014
1.46

p = 0.003
<0.001 68.5 63.0 0.22

ViolButCap – –
134.53

p = 0.002
– –

−285.93
p < 0.001

–
−0.20

p < 0.001
4.98

p < 0.001
<0.001 66.4 62.2 0.50

NeoEster1
−7.60

p < 0.001
6.15

p < 0.001
−10.96

p = 0.046
– – – – –

0.70
p = 0.004

<0.001 61.3 56.5 0.19



Agriculture 2024, 14, 1902 13 of 20

4. Discussion

4.1. Optical Properties

The absorption and scattering properties measured by TRS in ‘Tommy Atkins’ man-
goes changed during 8 days of shelf-life at 20 ◦C, showing an increase for µa540 and
Mie’s b and a decrease for µa670 and Mie’s A. In addition, most mature fruit showed the
highest values of µa540 and the lowest values of µa670, while the opposite was found
for the least mature ones. The µa540 and the absorption coefficients measured in the
chlorophyll range (630–690 nm) showed similar values to those previously reported for
the same cultivar [34,36] and for other mango cultivars [9,17,45,49]. The decrease in µa670
values (linked to chlorophyll-a) and the increase in µa540 (linked to carotenoids) with the
shelf-life are related in the former to the breakdown of chlorophyll [23] and in the latter
to the increase in carotenoid pigments following the differentiation of chloroplasts into
chromoplasts [8,50]. Eccher Zerbini et al. [35] found that µa540 increased substantially only
in fruit where chlorophyll had almost disappeared, i.e., in correspondence to very low
µa670 values. Similarly, Kienzle et al. [23,51] observed that, during ripening, carotenoids
are accumulated in the mesocarp only when chlorophyll is very low or undetectable. In
our work, chlorophyll content was not measured, while the total carotenoids content (CAR)
showed a dramatic increase after 8 days at 20 ◦C.

The changes in the absorption coefficients observed during ripening at 20 ◦C mirrored
the shift of pulp color from yellow-greenish to yellow-orange, as indicated by the increase
in a*, b*, and yellowness index (IY) values and the reduction in h◦ values [5,8,9,17,36,52].
There is a synchronization between changes of µa540 and changes of a*, b*, C*, and IY
in the mesocarp [36] while positive relationships were found between µa630, µa650, and
µa690 and h◦ [9,31]. The values of the pulp color parameters and their behavior during the
shelf-life were like those reported for ‘Tommy Atkins’ mangoes from Brazil in our previous
work [36] and in the literature [52–54].

As for the scattering, the decrease in density of scatterers (related to parameter A) and
the increase in parameter b (bound to the size of scatterers, i.e., greater values indicate a
smaller size of scatterers) found in this work confirm the results reported by Rizzolo and
Vanoli [31] for ‘Tommy Atkins’ mangoes held for 5 days at 20 ◦C and by Eccher Zerbini
et al. [35] in ‘Haden’, suggesting that fruit with lower scattering had a more advanced
cell wall breakdown. In our work, the changes in scattering parameters accompanied the
change that occurred in the pulp structure due to softening, as firmness decreased from
values characteristic of soft-ripe fruit [55] at the beginning of the shelf-life to values typical
of fully ripe fruit [31,49,56]. Cárdenas-Pérez et al. [56] reported that during the ripening
of ‘Tommy Atkins’ mangoes there was a degradation of large pectin molecules with a
concomitant decrease in the Young’ module of the cell wall material. Similarly, Cantre
et al. [57] observed that during the ripening of ‘Carabao’ mangoes, the long and continuous
pore structures typical of unripe fruit were disconnected and narrowed due to the loss
of cell turgidity. These changes in the microstructure were related to the changes in the
scattering parameters as found by Herremans et al. [58] in aerated sugar gels, where an
increase in the A value was related to an increase in the number of bubbles in the gel, and
the increase in b-value with the average size reduction of the bubbles. The situation in the
pulp tissue is much more complex than just described, as the scattering centers of a fruit
are not homogeneous spheres. Therefore, Mie’s A and Mie’s b do not actually correspond
to the real size or density of the scattering centers in the fruit tissue, rather they are the
average equivalent parameters that could be related in some way to the physical properties
of a fruit [31].

4.2. Ascorbic Acid, Total Phenolic Content, and Total Antioxidant Capacity

The average AA values found for ‘Tommy Atkins’ fruit with ripening are comparable
with the data of other authors for the same cultivar, who reported values ranging from
about 75–90 mg/kg at the mature-green maturity stage to about 160 mg/kg for the mature-
ripe ripening degree [1,59,60] and values ranging from 150 to 290 mg/kg for fruit coming
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from different locations (Mexico, Peru, Ecuador, and Brazil) and different harvest times [6],
but three to four times lower than the amount of about 645 mg/kg found by Barbosa-
Gámez et al. [61] for ‘Tommy Atkins’ mangoes at the consumer maturity degree. These
variations in AA content within the same variety may be attributed to several different
preharvest and postharvest factors, which all can influence the synthesis. The 48% decrease
in AA content in fully ripe fruit at the end of the shelf-life compared with the less ripe
mangoes of d1 is consistent with other research on ‘Tommy Atkins’ [61] and other cultivars;
Ibarra-Garza et al. [11] found for ‘Keitt’ mangoes a 54% decrease in AA content after 8 days
at room temperature, while Hu et al. [19] observed even more important decreases during
ripening from the green to ripe stages for ‘Keitt’ (72%), ‘Sensation’ (84%), and ‘Xiangya’
(81%) mango cultivars from China, which, on the other hand, were consistent with the
findings of Robles-Sanchez et al. [39]. The decrease in AA levels has been explained based
on the coenzyme function for the ACC-oxidase involved in ethylene synthesis, or as a
substrate for the oxalate and tartrate biosynthesis [2].

The TPC contents found in this work are either similar to or two times lower than data
on the same cultivar found by other authors. Manthey and Perkins-Vaezie [6] reported
values in the range of 165–479 mg GAE/kg for fruit coming from four locations and
different harvest times; Gentile et al. [1] reported TPC contents of about 218 mg GAE/kg
for green-mature fruit and about 355 mg GAE/kg for mature-ripe mangoes; in contrast,
Kim et al. [62] found decreasing TPC values from about 400 mg GAE/kg for the mature-
green stage to about 180 mg GAE/kg for full-ripe fruit. Our data indicated also that no
significant changes in TPC content occurred with the 8 days of shelf-life at 20 ◦C. This
scenario is in contrast to the TPC trends reported by Ibarra-Garza et al. [11] for ‘Keitt’
fruit kept in shelf-life at room temperature for 10 days and Robles-Sánchez et al. [63] for
whole and fresh-cut ‘Ataulfo’ mangoes stored at 5 ◦C for 15 days. On the other hand, Kim
et al. [62], after a hot water treatment of ‘Tommy Atkins’ mangoes followed by a 4 day
shelf-life at 25 ◦C reported a slight increasing trend from about 260 mg GAE/kg at d0 to
300 mg GAE/kg at d4. The differences found in the literature’s data on the same cultivar
may be ascribed to the fact that the amount of the total phenols can be affected by various
factors such as ripeness degree, cultivation techniques, geographic origin, stage of growth
at harvesting, and postharvest practices, as well as to not intrinsic factors linked to the
time of the year, rainfall, solar radiation (which is known to affect metabolism), and phenol
production [59].

The decreasing trend of TAC with the shelf-life found in this work agrees with the
findings on ‘Tommy Atkins’ fruit obtained by Kim et al. [62,64] measuring TAC with the
ORAC method and on ‘Keitt’ and ‘Xiangya’ mangoes by Hu et al. [20], who reported a
60% decrease in DPPH TAC for very soft fruit compared to firm ones. In our work, this
trend most likely is linked to the decrease in AA content; in fact, a significant positive
correlation was found between TAC and AA content but not between TAC and TPC, in
agreement with Rocha-Ribeiro et al. [18], who reported that DPPH radical scavenging
activity is strongly related to AA content but not to phenolics. Likewise, da Silva Sauthier
et al. [20] reported no significant correlation between TPC and TAC measured by DPPH
but significant correlation between TPC and TAC measured by ATBS. On the other hand,
significant correlations between AA and TPC and TAC were found for several fruit species
by Silva and Sirasa [65] using the FRAP and DPPH methods, and by Corral-Aguayo
et al. [66] using six assays (DPPH, DMPD, FRAP, ORAC, TEAC, and TOSC) for ‘Palmer’
and ‘Haden’ mangoes, and by Vanoli et al. [17] using the DPPH method, while Gentile
et al. [1], Liu et al. [7], and Ibarra-Garza et al. [11] found for various mango cultivars high
and positive correlation between TPC and TAC measured with other methods (FRAP,
ORAC, ABTS) but not between TAC and AA content. The difference in the relationships
between antioxidant activity and ascorbic acid and the total phenolic compounds found
among different authors was explained by Liu et al. [7] with a masking effect of phenolics
when present in far higher concentrations than ascorbic acid. Our results suggest that in
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this work the antioxidant activity of ‘Tommy Atkins’ fruit with shelf-life at 20 ◦C can be
attributed to ascorbic acid rather than to the total phenolic compounds.

4.3. Carotenoids

The total carotenoids content in ‘Tommy Atkins’ mangoes changed during the shelf-
life period, showing mean values comparable to those previously reported for the same
and for other mango cultivars [1,12,14,17].

As regards the chromatographic carotenoid pattern of the nonsaponified extract, the
tentative identification of peaks was conducted by comparing spectral characteristics
(λmax, %III/II and %AB/AII) with those from the literature [16,44,45,48], combined with
the elution order on reversed-phase columns [4,5,16]. Among the identified carotenoids,
there were (all-E)-β-carotene and free or esterified xanthophylls with several short-chain
acylating fatty acids, with butyric acid as the major one. On average, the ‘Tommy Atkins’
carotenoid pattern found in this work agrees with those reported in the literature for
mangoes [4,5,12,15,17]. Three carotenoids ((all-E)-β-carotene and (all-E)/(9Z)-violaxanthin
as dibutyrates) were predominant in the carotenoid profile of ‘Tommy Atkins’ mangoes,
showing values similar to those previously reported by Ornelas-Paz et al. [4], Vasquez-
Caicedo et al. [8], and Lenucci et al. [14]. In our work, we found that also the total
(all-E)-neoxanthin esters showed a high content, ranging from 0.99 to 4.35 mg kg−1. These
compounds were identified but not quantified in ‘Tommy Atkins’ mangoes by Ornelas-Paz
et al. [4] and Petri and Mercadante [16] while Mercadante et al. [48] and Ma et al. [13]
observed in ‘Keitt’, ‘Tainong1’, and ‘Hongryu’ mangoes the presence of neoxanthin as a
minor carotenoid.

The proportion of (all-E)-β-carotene, the total (all-E) violaxanthin esters, and the
total-(9Z)-violaxhantyn esters to the total carotenoid content were, at d8 of shelf-life, 26%,
28%, and 11%, respectively. However, also the total (all-E)-neoxhantyn esters were well
represented, accounting for 20% of the total carotenoid content. Pott et al., [67], Ornelas-
Paz et al. [4] and Petri and Mercadante [16] observed that the major constituent of the
nonsaponified extract of ‘Tommy Atkins’ mango was (all-E)-β-carotene (~20.3%), followed
by (all-E)-violaxanthin dibutyrate (~13.5%) and (9Z)-violaxanthin dibutyrate (~7.7%). A
different scenario is observed if other mango varieties are considered, with one class of
compounds prevailing over another depending on the variety [2,4,5,11,17].

Carotenoids content and composition also varied according to ripening degree. In this
work CAR content significantly increased during postharvest ripening at 20 ◦C, as was previ-
ously observed for ‘Tommy Atkins’ [1,13] and for other mango cultivars [3,5,11,12]. Among
carotenoids, (all-E)-β-carotene significantly increased during ripening, as well as the total
(all-E)-violaxanthin esters, the total (9Z)-violaxanthin esters, and the total (all-E)-neoxanthin
esters. Similarly, Vasquez-Caceido et al. [8] and Mercadante and Rodriguez-Amaya [68]
observed an increase in (all-E)-β-carotene, (all-E)-violaxanthin, and (9Z)-violaxanthin from
the mature-green to the ripe stage in ‘Tommy Atkins’ mangoes. An increase in (all-E)-β-
carotene accompanied by a significant increase in the total (all-E)-violaxanthin esters and
the total (9Z)-violaxanthin esters was observed in other varieties [5,12,17,69]. On the con-
trary, Ibarra-Garza et al. [11] during the ripening of ‘Keitt’ mangoes observed an increase
in (all-E)-β-carotene with a decrease in the total xanthophylls.

During the postharvest ripening of ‘Tommy Atkins’ mangoes, carotenoids accumula-
tion was accompanied by changes in the pulp color from pale yellow to deep yellow-orange,
revealed by an increase in the a*, b*, C*, and yellowness index (IY) values and by a decrease
in the L* and h◦ values. In fact, the total carotenoids content was positively related to a*, IY,
b*, and C* and negatively to L* and h◦. Considering the individual carotenoids, similar rela-
tionships were found for (all-E)-β-carotene and 9-ViolDibut and for the total violaxanthin
and the total xanthophylls. The negative correlation between carotenoids and xanthophylls
with L* is due to the fact that the accumulation of carotenoids resulted in a more intense
color of the mesocarp, so L* values decreased [5,9,70]. Ornelas-Paz et al. [5] found that the
best correlations between the carotenoid content and the pulp color were obtained between



Agriculture 2024, 14, 1902 16 of 20

(all-E)-β-carotene in the ‘Ataulfo’ mango (where this compound is predominant) and the a*
and h◦ parameters, while in the ‘Manila’ variant (where the tree carotenoids were present
in similar concentrations), the best results were associated with the concentrations of (all-
E)-violaxanthin and (9Z)-violaxanthin (as dibutyrates). In our work, the best relationships
between the total carotenoids, (all-E)-β-carotene, 9-ViolDibut, and the total xanthophylls
and pulp color were obtained for the a* and h◦ parameters, while the best correlation for
the total violaxanthin was achieved with b* or IY, confirming the close relationship between
violaxanthin and the intensity of the yellow color, i.e., b* [5]. High correlations between
pulp color coordinates and the total carotenoids, (all-E)-β-carotene, (all-E)-violaxanthin, and
(9Z)-violaxanthin were also observed by Vazquez-Caceido et al. [71] in nine Thai mango
cultivars, Bicanic et al. [70] in 21 mango homogenates, and Vanoli et al. [9,17] in ‘Palmer’
and ‘Haden’ mangoes.

4.4. Predictive Models

The absorption coefficients measured by TRS at 540, 630, 650, and 690 nm together with
Mie’s b have been used in a multiple regression analysis to predict the total and individual
carotenoids content, achieving good results for the total carotenoids (R2

adj = 83.1%), the total

xanthophylls (R2
ad = 78%), (all-E)-β-carotene (R2

ad = 77%) and the total (all-E)-violaxanthin
esters (R2

ad = 74%). Similarly, Vanoli et al. [9] using TRS absorption spectra in the 540–780 nm
range and Kiran et al. [72] acquiring spectral data in the 350–2500 nm by NIR were able to
non-destructively predict the total carotenoids content with R2

CV ranging from 0.83 to 0.93
for various mango cultivars. TRS measurements in the 540–980 nm range were also able to
successfully predict carotenoid content in yellow-fleshed potato genotypes [73]. On the
other hand, in ‘Palmer’ and ‘Haden’ mangoes, it was found that µa540 was significantly
related to the total carotenoids content (r = 0.78–0.91), (all-E)-β-carotene (r = 0.79–0.82), the
total-all-trans violaxanthins (r = 0.58–0.94), and the total (9Z)-violaxanthins (r = 0.81–0.85),
highlighting that µa540 was strictly linked to the carotenoids content in the pulp and
consequently to pulp color [9,17]. Also, Rungpichayapichet et al. [69] successfully pre-
dicted β-carotene content in ‘Nam Dokmai’ mangoes by using hyperspectral imaging
in the 450–998 nm range, highlighting that 466, 482, 518, 546, 578, 678, 922, and 954 nm
were the most important wavelengths included in the model. It is worth noting that also
wavelengths linked to chlorophyll were important for β-carotene prediction, as we found
in the present work.

Conversely, poor results were obtained for AA and TPC, with models exhibiting
R2

adj ≤ 50%, and no significant model was attained for TAC. Similarly, no significant
relationships were observed between µa540, AA, TAC, and TPC in other cultivars, probably
due to the fact that these compounds are not related to pulp color changes during ripen-
ing [17]. On the contrary, Munawar et al. [74], Hayati et al. [75], and Kusumiyati et al. [76]
were able to successfully predict vitamin C content (R2

cv = 0.74–0.96) in various mango
cultivars by using near infrared spectroscopy. Probably, the acquisition of spectral data in
the 1000–2500 nm range allowed them to achieve a good prediction of vitamin C content,
as the highest absorption bands were found at 2100–2280 nm, which are related to C-H-O
structures such as TSS, sugar contents, carbohydrates, fructose, and vitamins A and C.

In previous papers on mangoes, our group used TRS to predict, in a nondestructive
way, ethylene production [35], softening [34,35], and pulp color [9,17,36,49], highlighting
that TRS allows a complete characterization of the quality of mangoes. In this work, we
showed that TRS can also be useful to assess the carotenoids content in mangoes, thus
providing consumers with ripe and healthy fruit.

5. Conclusions

The absorption and scattering optical properties measured by TRS at selected wave-
lengths made it possible to follow fruit ripening in mangoes, as the absorption coefficients
reflected the decay in the chlorophyll content and the accumulation of carotenoids, while
the scattering coefficients mirrored the changes in pulp structure due to softening. The
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increases in the total carotenoids, (all-E)-β-carotene, the total (all-E)-violaxanthin esters,
the total (9Z)-violaxanthin esters, and the total (all-E)-neoxanthin esters were related to
pulp color, which turned from pale yellow to yellow-orange. Ripening in mangoes was
also accompanied by a decrease in ascorbic acid content and in antioxidant capacity, while
the total phenols content did not significantly change. By using the optical properties
measured by TRS in a multiple regression analysis, it is possible to determine the content
of the total and individual carotenoids (β-carotene, xanthophylls, and violaxhanthins)
with an acceptable accuracy, while the prediction of ascorbic acid and the total phenols
content is unsuitable. Despite this, TRS can be considered a useful technique for the quality
evaluation of mango fruit, providing consumer fruits with good, healthy characteristics.
Moreover, the use of specific wavelengths allows the direct tracking of chlorophylls and
carotenoids that are directly involved in fruit ripening and that can be used to model differ-
ent ripening processes (softening, color, ethylene production). It is also possible to sort fruit
on the basis of absorption coefficients linked to chlorophylls or to carotenoids to have fruit
that is homogeneous for the ripening degree, promoting better postharvest management
and limiting quantitative and qualitative losses in the supply chain. Aiming at improving
the applicability of TRS devices to the industry, we are working on the implementation
of a non-contact device suitable for sorting lines and of a handheld device for in-field
measurements. Such instrumentation would allow fast and nondestructive measurements
of fruit quality along the supply chain.
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