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Abstract

Physiological disorders are among the most important causes of mango postharvest loss. Therefore, the objectives of this study
were to identify at harvest and after storage fruit physical and chemical traits related to the incidence of internal physiological dis-
orders in ‘Keitt’ mangoes. A total of 200 ‘Keitt’ mangoes were harvested at the commercial maturity. After the harvest, one half of
each fruit without the seed was cut longitudinally and evaluated, while the other half containing the seed was treated with sodium
hypochlorite at 1000 pl L, covered with a polyvinyl chloride (PVC) film and stored at 10°C until the flesh firmness reached <15 N,
which was considered ready-to-eat maturity. According to the results, the physiological disorders incidence after storage reached 9%
for jelly seed, 9% for black flesh and 11% for spongy tissue. There were no differences between fruit with and without disorders for
AA, SS, TA, and DM analyzed at harvest and after storage. Mangos that developed spongy tissue had at harvest higher skin hue angle,
lower levels of calcium (Ca), magnesium (Mg), zinc (Zn), copper (Cu), iron (Fe) and Ca/B ratio, as well as higher levels of manganese
(Mn) and N/Ca, K/Mg, K/Ca ratios, compared to sound fruit. Mangoes that developed jelly seed symptoms had at harvest lower levels
of total extractable polyphenols (TEP), total antioxidant capacity (TAC), Ca, Mg, Zn, as well as higher Mn levels and N/Ca, Ca/Mg, K/
Mg, K/Ca ratios, compared to sound fruit. Flesh nutrient concentrations remained the same in each fruit from harvest to the end of
storage. After storage, mangos with jelly seed symptoms showed higher skin hue angle and TEP levels, as well as lower TAC, com-
pared to healthy fruit. Mangos that developed black flesh symptoms had higher levels of N, Mn and N/Ca, K/Mg, K/Ca ratios, as well as
lower Ca, Mg, Zn, Cu, Fe and Ca/B ratios at harvest, compared to sound mangoes. After storage, mangoes with black flesh symptoms
had darker skin (lower L) and lower skin C and b values, as well as higher TEP levels, compared to sound fruit. In conclusion, the
skin hue angle and TEP levels in flesh tissue have the potential to predict at harvest and determined after storage the incidence of
spongy tissue and jelly seed in ‘Keitt’ mangoes, respectively. Skin L, C and b values have the potential to non-destructively determine
the presence of black flesh in ready-to-eat ‘Keitt’ mangoes. Mangoes that developed black flesh, jelly seed and spongy tissue during
storage had at harvest low levels of Ca, Mg, and Zn, as well as high Mn levels, compared to healthy fruit. More studies are required to
determine the level of each physicochemical and nutritional trait that can be used as an index to predict at harvest or identify ready-

to-eat fruit with physiological disorders.
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Introduction

In Brazil, the Sdo Francisco Valley is the most important mango
growing region, which is responsible for about 77% of the total
production and 90% of mango export [1]. Despite its economic im-
portance, mango production has important limitations that need to
be overcome to ensure higher consumption, production and devel-
opment of the growing regions. Among the limitations is the high
incidence of physiological disorders that can result in great finan-
cial losses throughout the mango industry, reaching up to 30% of

losses at the final market [2,3].

Physiological disorders are the result of abnormal changes in
cell metabolism that lead to tissue damage and death, resulting
in undesirable symptoms that make fruit consumption unfeasible
[4,5]. In mangoes, these disorders result in significant fruit and eco-
nomical losses [2]. Although several strategies have been adopted
to minimize postharvest losses due to physiological disorders, the
success of these strategies is not always effective because of lack
of knowledge about the mechanisms triggering these disorders in
mangoes [6,7]. Among the most important internal physiological

disorders are the jelly seed, black flesh, and spongy tissue [5,8].

The jelly seed is characterized by the watery and jelly appear-
ance of the flesh close to the seed [5]. Studies have suggested that
one of the possible causes of this disorder is the premature seed
germination in the fruit, which is possibly triggered by a hormonal
imbalance related to increasing gibberellin synthesis and drop in
abscisic acid concentrations [2,9]. Other studies have shown that
jelly seed is initially characterized by a more intense yellow color of
the flesh tissue close to the seed, compared to the rest of the flesh,
which becomes even more intense with ripening, culminating with
a jelly and watery texture at final stages of development [10]. In
addition, it has also been observed a reduction in the levels of total
sugars, greater activity of the enzymes alpha-amylase, polyphenol
oxidase, pectin-methylesterase and cellulase, as well as a higher
respiration rate in the flesh of mangoes with jelly seed symptoms
[9]. Other studies have also reported a reduction in the concentra-
tion of free fatty acids in the seed of jelly seed fruit, which has been
suggested to be related to the increasing synthesis of cytokinins

that could have triggered seed germination events [8].

The black flesh is a disorder reported in mangoes produced in
the Americas, mainly in Brazil, Peru and Mexico. The symptoms of
this disorder are characterized by dark-brown and dry inner flesh

tissues in the fruit [11]. This disorder has also been observed in
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‘Haden’ mangoes stored at 13°C, which was the first study describ-
ing the incidence of the disorder [12]. Later, black flesh was also re-
ported in other mango cultivars such as Tommy Atkins, Keitt, Kent
and Ataulfo [5]. Although studies have suggested fruit susceptibil-
ity to black flesh could be affected by pre-harvest and postharvest
conditions, there are no conclusive information about the main fac-

tors regulating black flesh incidence in mangoes [5].

The spongy tissue is characterized by the presence of brown-
whitish and dry cavities with a spongy aspect in the inner flesh of
the fruit [13]. It has been state that the origin of the spongy tissue
in ‘Alphonso’ mango is very similar to the origin of the jelly seed
in ‘Amrapali’ mango, in which the seed has a reduction in the long
and short chains of fatty acids, leading to an increase in synthesis
cytokinins and germination [8]. According to this study, at the be-
ginning of germination, water moves from the flesh to the seed, and
there is an increase in the activity of the enzymes pectin methyles-
terase, polygalacturonase and pectate lyase in the flesh that leads

to a rapid degradation of pectins and the spongy tissue symptoms.

Although studies have reported possible factors regulating in-
ternal disorders in mangoes, several other factors may be involved,
which can be identified and used as indicators of fruit susceptibil-
ity to these disorders. Such factors can be used at harvest to pre-
dict the incidence of the disorders in the fruit during ripening, as
well as non-destructive factors can be used to sort sound and dis-
ordered fruit in the final market, ensuring the quality of the fruit to
consumers. In addition, there is limited information about the most
important factors regulating physiological disorders in mangoes
and new studies will help developing more efficient control ap-

proaches, improving fruit production efficiency by reducing losses.

The objectives of this study were to identify at harvest and after
storage fruit physical and chemical traits related to the incidence of

internal physiological disorders in ‘Keitt’ mangoes.

Material and Methods

A total of 200 ‘Keitt’ mangoes were harvested at the commercial
maturity in an orchard located in Belém do Sao Francisco, PE, Bra-
zil (08° 45’ 14” S, 38° 57’ 57” W). The region’s climate is classified
as BSh, according to the Kdppen classification. After harvest, the
fruit were transported to the Postharvest laboratory at the Tropical

Semi-arid Embrapa, Petrolina, PE, Brazil.

At harvest, each fruit was cut longitudinally in half, resulting in

one side with and other without the seed. The fruit side without
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the seed was considered an individual sample and was subjected to
physical and chemical analyzes at harvest. The side containing the
seed was quickly immersed in a solution of sodium hypochlorite at
1000 pl L for one minute, and then the cut surface was wrapped
with a polyvinyl chloride (PVC) film, and the fruit half was stored
at 10°C until the flesh reached firmness equal or lower than 15 N,

which was considered the ready-to-eat maturity.

At harvest, the fruit half was peeled and cut in half in the equa-
torial region. The peduncle half was discarded, and the distal half
was then divided into three longitudinally equal samples that were
used for physical and chemical analyzes. One sample was dried in
a drying oven at 60°C and used for macro and micronutrient analy-
sis, while another sample was frozen for the analysis of ascorbic
acid (AA), total extractable polyphenols (TEP) and total antioxi-
dant capacity (TAC). The third sample was used for the analysis of
titratable acidity (TA) and soluble solids (SS).

After reaching 15 N of flesh firmness, the stored fruit half was
then cut from the seed and the flesh tissue was sampled in the
same way as the fruit half analyzed at harvest. In this fruit half, the
absence of internal physiological disorders (healthy fruit), as well
as the incidence of jelly seed, black flesh and spongy tissue were
evaluated based on the visual appearance presented in figure 1.
Fruit with decay symptoms were discarded. The treatments were
composed by fruit that had no incidence of disorders (healthy),
fruit that developed jelly seed, black flesh, or spongy tissue dur-
ing storage. Each treatment was composed by five replications and
each replication by 3 fruit. After storage, fruit were evaluated as

described at harvest.

Figure 1: 'Keitt' mangoes without physiological disorders (A) or
showing visual symptoms of jelly seed (B), black flesh (C) and
spongy tissue (D).
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Skin color was determined with a digital colorimeter model CR-
400 (Minolta, Tokyo, Japan). The results were expressed as light-
ness (L*) that corresponds to the variation from black (0) to white
(100), chroma (C *) that represents the color intensity from 0 =
impure color to 60 = pure color, Hue angle (°h) that is represented
as 0° = red, 90° = yellow, 180° = green, and 270° = blue, a * that
ranges from green (-) to red (+), and b * that ranges from blue (-) to

yellow (+), as the sum between a + b.

Ascorbic acid (AA) was determined based on the Tillman meth-
od [14]. Briefly, the Tillman solution was prepared at 0.02% (DFI
- 2,6 dichloro-phenol indophenol). Sample extracts were obtained
by adding 5 g of flesh juice in 100 mL of 0.5% oxalic acid. Later, 4
mL of the extract was added in 50 mL of cold distilled water, which
was then titrated with Tillman’s solution until pink color develop-

ment. Two replicates were used for each sample.

Soluble solids (SS) were determined by adding two drops of
fruit juice in a digital refractometer model PAL* (Atago, Sdo Paulo,
Brazil). Titratable acidity (TA) was determined in 1 g of fruit juice,
which was diluted in 50 mL of distilled water and titrated with
sodium hydroxide 0.1 N until pH 8.1. Titration was accomplished
with an automatic titrator model Titrino Plus 848 (Metrohm, Sdo
Paulo, Brazil). The results were expressed as a percentage of citric

acid.

Dry matter (DM) content was determined by weighting fresh
samples, which were dried at 65°C until constant weight to deter-
mine the dry weight. The DM was calculated by multiplying the dry
weight by 100, which was then divided by the initial fresh weight of

each sample, with the results expressed as a percentage.

Total antioxidant capacity (TAC): Initially, an extract was ob-
tained for each sample by dissolving 8g of flesh in 20 mL of 50%
methanol, which was maintained at 252C for 1h. The sample was
then centrifugated at 50,000g for 15 min and the supernatant was
filtered and transferred to a 50 mL flask. The residue was trans-
ferred to another flask with 20 mL of 70% acetone, which was
extracted at 25°C for 1h. The centrifugation was repeated, and
the supernatant was filtered and added to the flask that already
contained the supernatant from the first extraction, and the to-
tal volume was then completed with distilled water up to 50 mL.
The antioxidant activity was determined by the capture of DPPH
(1,1-diphenyl-2-picryl-hydrazil) free radicals. The standard curve
was stablished by different concentrations of gallic acid (0, 200,
400, 600 mL L?). A total of 100 pL of each sample was added to 3.9
mL of DPPH (0,06 mM), which was incubated in the dark at 25 2C
for 30 min. All samples were analyzed at 515 nm [15,16].
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Total extractable polyphenols (TEP) were determined by the
Folin-Ciocalteu method, using the sample supernatant obtained in
the TAC analysis. In test tubes, 0.1 mL of each sample supernatant
was added to 0.9 mL of distilled water. The extract was mixed with
1 mL of Folin-Ciocalteu reagent, 2 mL of 20% sodium carbonate
solution and 2 mL distilled water. The tubes were shaken and after

30 min the absorbance was measured at 700 nm [17].

Macro and micronutrients were analyzed in flesh samples that
were dried at 65°C until constant weight. Dried samples were
ground to a fine powder and subjected to the analyses of N, K, P,
Ca, Mg, B, Zn, Fe, Cu, and Mn concentrations, as well as N/B, N/Ca,
N/Mg, K/Ca, K/Mg and Ca/Mg ratios. Briefly, 500 mg of dry sample
was added to 5 mL of concentrated sulfuric acid and placed in the
digest block at 350°C for 30 min. After cooling at room tempera-
ture for five minutes, 0.5 mL of hydrogen peroxide was added to
each sample. Then, the sample returned to the digest block at 350
°C for eight minutes, repeating this procedure until the liquid had
a light color. After reaching the light color, the sample was kept in
the digest block at 350°C for 30 min to remove hydrogen peroxide
from the solution. After cooling, the samples were diluted to 25 mL
and subjected to nutrient analyzes as described in previous stud-
ies [18,19]. Nitrogen was determined by the Kjeldahl method, P by
spectrometry with yellow vanadate, K and Na by flame-photome-
try, Mg, Ca, Fe, Zn and Mn by atomic absorption spectrophotometry,

and B by spectrophotometry with azomethine-H.

The study followed a completely randomized design, as a fac-
torial 4x2 (physiological disorder x evaluation date). The data ob-
tained were subjected to the analysis of variance and mean values
were compared by the Tukey test (p < 0.05). The statistical analysis
was performed with the Sisvar version 5.1 software. The data were
also subjected to the principal component analysis (PCA), using the

Statistica Software 10.

Results

According to the results, a total of 29% of mangoes had some
type of physiological disorder at the end of storage at 10 °C, when
the fruit reached flesh firmness equal to or lower than 15 N, with
11% showing spongy tissue, 9% black flesh, and 9% jelly seed
symptoms (Figure 2).

The interaction between physiological disorder and evaluation
date had a significant effect on skin L value. At harvest, skin L was

equal in all treatments (Figure 3A). After storage, fruit with black
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flash symptoms had darker skin than healthy fruit (Figure 3A).
Mangoes that developed black flesh symptoms showed skin dark-
ening during ripening, which was not observed in healthy mangoes

after storage (Figure 3A).

The skin C value was affected by the interaction between physi-
ological disorder and evaluation date. At harvest, the C value was
equal in healthy and all disordered fruit (Figure 3B). After storage,
fruit with black flesh had lower skin C value than healthy fruit (Fig-
ure 3B). Healthy, jelly seed, and spongy tissue fruit showed an in-

crease in skin C values during storage (Figure 3B).

The skin h® was affected by the interaction between physiologi-
cal disorder and evaluation date. At harvest or after storage, fruit
that developed spongy tissue or jelly seed symptoms had higher
H° values, compared to healthy fruit, respectively (Figure 3C). The
skin h° value decrease or increased during storage in fruit that de-

veloped spongy tissue or jelly seed, respectively (Figure 3C).

The skin a value was not affected by neither the interaction or
each individual factor, physiological disorder and evaluation date.
The skin b and a+b values were affected by the interaction between
physiological disorder and evaluation date. At harvest, the b and
a+b values were similar among healthy and disordered fruit (Fig-
ure 3D, 3E). After storage, fruit with black flesh had lower b and
a+b values, compared to all other fruit (Figures 3E, 3F). Healthy
fruit, as well as jelly seed and spongy tissue fruit showed an in-
crease in b and a+b values during storage, which was not observed
in black flesh fruit (Figures 3E, 3F).

Figure 2: Incidence of black flesh, jelly seed and spongy tissue
physiological disorders in ‘Keitt’ mangoes stored at 10°C until the

fruit reached flesh firmness equal to or lower than 15 N.
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Figure 3: Lightness (A), chromaticity (B), hue angle (C), a (D), b (E) and a+b (F) skin color values of ‘Keitt’ mangoes at harvest and after

storage at 10 °C. Lowercase letters compare physiological disorders at harvest or after storage. Capital letters compare the same fruit at

harvest and after storage. Mean values followed by the same letter are statistically equal according to the Tukey test (p < 0.05).

The AA, SS, TA and DM contents were not affected by physiologi-
cal disorders, both at harvest and after storage (Figures 4A4, 4B, 4C
and 4D). The SS content increased during storage, whereas AA, TA
and DM contents decreased during the storage (Figures 44, 4B, 4C
and 4D).

The TEP content in the fruit was affected by the interaction be-
tween physiological disorder and evaluation date. At harvest, fruit
that developed jelly seed during storage had the lowest TEP lev-
els, compared to all other fruit (Figure 4E). After storage, the low-
est TEP levels were observed in healthy and spongy tissue fruit,
whereas the highest TEP levels were observed in black flesh fruit
(Figure 4E). During storage, the TEP levels decreased in healthy

and spongy tissue fruit, increased in jelly seed fruit, and remained

the same black flesh fruit (Figure 4E).

The fruit TAC was affected by the interaction between physi-
ological disorder and evaluation date. The DPPH method measures
the scavenging potential of antioxidant extracts, based on its capac-
ity as a hydrogen donor and electron transfer [20]. Therefore, low-
er values represent greater TAC. At harvest, the highest TAC was
observed in healthy, black flesh and spongy tissue fruit, whereas
the lowest TAC was observed in jelly seed fruit (Figure 4F). After
the storage, the highest TAC was observed in healthy and spongy
tissue fruit, whereas the lowest TAC was observed in jelly seed fruit
(Figure 4F). During the storage, healthy, black flesh and jelly seed
fruit showed a decrease in TAC, whereas spongy tissue fruit had no
change in TAC (Figure 4F).
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Figure 4: Ascorbic acid (A), soluble solids (B), titratable acidity (C), dry matter (D), total extractable polyphenols (E), and total antioxi-

dant capacity (F) of ‘Keitt’ mangoes at harvest and after storage at 10°C. Lowercase letters compare physiological disorders at harvest or

after storage. Capital letters compare the same fruit at harvest and after storage. Mean values followed by the same letter are statisti-

cally equal according to the Tukey test (p < 0.05).

Although the nutrient analyzes were accomplished both at
harvest and after storage, there were no statistical differences be-
tween nutrient concentrations in each fruit at harvest and after
storage. Therefore, nutrient results were presented as the average
concentration between the analyzes accomplished at harvest and
after storage in each fruit (Figures 5, 6 and 7). According to the re-
sults, N concentration was higher in fruit that developed black flesh
during storage, compared to healthy fruit (Figure 5A). Potassium
concentration was similar among healthy and disordered fruit
(Figure 5B). Calcium and magnesium concentrations were higher
in healthy fruit and lower in black flesh, jelly seed and spongy tis-
sue fruit (Figures 5C and 5D). Sodium, boron and phosphorus con-

centrations showed no statistical difference between healthy and
disordered fruit (Figures 5E, 5F and 5G).

The N/B ratio had no significant difference between healthy
and disordered fruit (Figure 6A). The N/Ca was lower in healthy
fruit, intermediate in jelly seed fruit, and higher in black flesh and
spongy tissue fruit (Figure 6B). The highest Ca/B ratios were ob-
served in healthy and jelly seed fruit, whereas the lowest values
were observed in black flesh and spongy tissue fruit (Figure 6C).
The Ca/Mg ratio was lower in healthy and spongy tissue fruit, and
higher in jelly seed followed by black flesh fruit (Figure 6D). The
lowest K/Mg and K/Ca ratios were observed in healthy fruit, com-
pared to all disordered fruit (Figures 6E and 6F).
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Figure 5: Concentrations of Nitrogen (A), Potassium (B), Calcium (C), Magnesium (D), Sodium (E), Boron (F) and Phosphorus (G) in
‘Keitt’ mangoes. No statistical difference was observed between nutrient concentrations in each fruit at harvest and after storage. Means
were calculated with nutrient concentrations obtained at harvest and after storage in each fruit. Means followed by the same letter are

statistically equal according to the Tukey test (p < 0.05).
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Figure 6: Ratios of N/B (A), N/Ca (B), Ca/B (C), Ca/Mg (D), K/Mg (E) and K/Ca (F) in ‘Keitt’ mangoes. No statistical difference was ob-
served between nutrient concentrations in each fruit at harvest and after storage. Means were calculated with nutrient ratios obtained

at harvest and after storage in each fruit. Means followed by the same letter are statistically equal according to the Tukey test (p < 0.05).

Zinc concentrations were higher in healthy fruit and lower in all
disordered fruit (Figures 7A). Copper concentrations were higher
in healthy fruit, intermediate in jelly seed fruit and lower in black
flesh and spongy tissue fruit (Figure 7B). Iron concentration was
higher in healthy and jelly seed fruit and lower in black flesh and
spongy tissue fruit (Figure 7C). Manganese concentration was low-

er in healthy fruit and higher in all disordered fruit (Figure 7D).

The principal component analysis showed that healthy, black
flesh, jelly seed, and spongy tissue fruit have different profiles for

the variables analyzed (Figures 8 and 9). At harvest, it was verified

that components [ and II explained the variability of the experi-
mental samples at 50.47% and 33.61%, respectively (Figures 8A
and 8B). Healthy fruit were characterized by the AA, SS, Mg, P, Cu,
and Fe levels, as well as by the N/B ratio (Figures 8A and 8B). Fruit
that developed jelly seed were characterized by the Ca, Zn, and K
levels, antioxidant activity, Ca/Mg and Ca/B ratios, and skin L, a, b,
C, and a+b values (Figures 8A and 8B). Fruit that developed black
flesh and spongy tissue, arranged in the same quadrant, were char-
acterized by the N levels, K/Ca and N/Ca ratios, and skin H° values
(Figures 8A and 8B).
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Figure 7: Concentrations of Zinc (A), Copper (B), Iron (C) and Manganese (D) in ‘Keitt’ mangoes. No statistical difference was observed
between nutrient concentrations in each fruit at harvest and after storage. Means were calculated with nutrient concentrations obtained

at harvest and after storage in each fruit. Means followed by the same letter are statistically equal according to the Tukey test (p < 0.05).

Figure 8: Two-dimensional projection of the data obtained after storage on the principal components I and II for the variables ascorbic
acid (AA), soluble solids (SS), titratable acidity (TA), dry matter (DM), total extractable polyphenols (TEP), total antioxidant capacity
(TAC), skin lightness (L), skin chromaticity (C), skin hue angle (h®), skin color parameters a, b, a+b, nitrogen (N), potassium (K), calcium

(Ca), magnesium (Mg), sodium (Na), boron
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After storage, it was verified that components [ and II explained
the variability of the experimental samples at 48.14% and 39.04%,
respectively (Figures 9A and 9B). Healthy fruit were characterized
by Ca, Mg, and Cu levels, Ca/B ratio, as well as by SS and AA levels
(Figures 9A and 9B). Fruit that developed jelly seed were charac-
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terized by the skin H°® values, DM content, as well as by the TAC
determined with the DPPH method (Figures 9A and 9B). Fruit that
developed spongy tissue and black flesh were characterized by N,
Mn, B and TEP levels, as well as by N/Ca and Ca/Mg ratios (Figures
9A and 9B).

Figure 9: Two-dimensional projection of the data obtained after storage on the principal components I and II for the variables ascorbic
acid (AA), soluble solids (SS), titratable acidity (TA), dry matter (DM), total extractable polyphenols (TEP), total antioxidant capacity

(TACQ), skin lightness (L), skin chromaticity (C), skin hue angle (h®), skin color parameters a, b, a+b, nitrogen (N), potassium (K), calcium
(Ca), magnesium (Mg), sodium (Na), boron (B), phosphorus (P), N/B, N/Ca, Ca/B, Ca/Mg, K/Mg, K/Ca, zinc (Zn), copper (Cu), iron (Fe)
and manganese (Mn) (A) and physiological disorders (B).

Discussion
Incidence of physiological disorders in ‘Keitt’ mangoes

In our study, a total of 29% of the fruit developed symptoms of
the internal physiological disorders known as jelly seed, black flesh
or spongy tissue. Similar high physiological disorders incidence of
30% has been reported in mangoes in previous studies [2,9,11].
These results show that physiological disorders can have a great
impact on mango losses under commercial conditions. Therefore,
studies accomplished to better understand the mechanisms in-
volved can help developing more efficient control approaches and
methods to monitor fruit susceptibility to each disorder before and

after harvest.

Physical and biochemical factors related to physiological dis-

orders in mango

‘Keitt” mangoes showed a reduction in AA content with or

without the incidence of internal physiological disorders during

the ripening process. In general, tissue damage leads to oxidative
stress that reduces AA content in plant tissues [21]. However, our
results show that reduction of AA content was similar between
healthy and all disordered fruit, suggesting that these disorders
are not related to the levels of AA in the fruit. The observed re-
duction in AA content with ripening is possibly related to oxida-
tive processes that take place during ripening, as reported in other
studies [22-25].

Black flesh

The results obtained show that ready-to-eat mangoes with
black flesh symptoms had skin tissue with lower L (darker), C and
b values, compared to healthy mangoes after storage. These results
are possibly related to the fact that black flesh causes darkening
of the flesh close to the skin in severe cases [11]. Previous stud-
ies show that electromagnetic radiation in the visible and infrared

region can be used to characterize the physicochemical quality
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of mango flesh at depths of about 10 mm [26]. Accordingly, other
studies have also shown that electromagnetic radiation in the vis-
ible region, between 550-650 nm, can be used as a non-destructive
method to predict at harvest, as well as detect in ready-to-eat man-
goes the incidence of internal physiological disorders [11]. There-
fore, L, C and b color data can be used to non-destructively identify
ripe mangoes with or without internal black flesh symptoms, en-

suring the commercialization of only healthy fruit in the market.

Fruit with black flesh had higher levels of TEP after storage,
compared to healthy fruit that had a reduction in TEP levels dur-
ing storage. Previous studies have shown that the levels of AA,
TEP and TAC decrease in mangoes during storage [27], which are
possibly due to the oxidative reactions that take place during the
ripening process [24,28]. Accordingly, in our study, the TEP lev-
els also decreased in healthy mangoes during storage, but not in
black flesh fruit possibly due to tissue damage responses caused
by the disorder. Polyphenols are known to protect the cells against
reactive oxygen species (ROS), and studies have reported that tis-
sue damage responses can lead to higher synthesis of polyphenols
in order to proitect the healthy cells against the oxidative damage
caused by high ROS levels in the tissue [24,28]. Indeed, other stud-
ies have shown that mangoes presenting tissue damage also had an
increase in the activity of the phenylpropanoids pathway, leading
to higher levels of polyphenols to counteract the increase in tissue
oxidative stress. In addition, during black flesh symptoms develop-
ment, flesh darkening is possibly the result of polyphenol oxidase
activity that converts o-diphenols into highly reactive forms known
as o-quinones that react with other phenolic compounds and pro-
teins to produce dark-brown pigments [29]. In that case, higher ac-
cumulation of TEP in black flesh fruit could also result in higher

amount of dark-brown pigments synthesis during tissue damage.

Jelly seed

The results show that ripe ‘Keitt’ mangoes with jelly seed had
higher skin h® (120°) that represents a darker and more intense
green color, compared to the skin H? value observed in healthy
fruit (110°). The h? values ranging from 90° to 180° correspond to
a variation from less intense to more intense green color, respec-
tively [30].

According to these results, skin H? range from 90° to 180° could
be used as a non-destructive approach to sort jelly seed ‘Keitt’ man-
goes in the market, ensuring that only healthy fruit are offered to

consumers.
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‘Keitt’ mangoes with jelly seed symptoms had lower TEP lev-
els at harvest and higher after storage, compared to healthy man-
goes. Similar to the results observed for black flesh fruit, jelly seed
fruit possibly increased the synthesis of polyphenols to protect
the healthy cells against the oxidative damage caused by high ROS
levels in the tissue, as it has been also suggested in other studies
[9]. Accordingly, it has been reported that accumulation of phe-
nolic compounds during storage can be a response to oxidative
stress that enhances the activity of the phenylpropanoid pathway
in order to counteract the increasing ROS levels [31]. In addition,
other studies have shown that mango flesh tissue with jelly seed
symptoms also have higher polyphenol oxidase (PPO) activity [9],
suggesting that accumulation of TEP in flesh tissue is the result of
enhanced polyphenols synthesis and breakdown due to ROS and
PPO activity.

Fruit that developed jelly seed symptoms had lower TAC, than
healthy fruit, both at harvest and after the storage. These results
are in agreement with other studies showing that jelly seed inci-
dence reduces flesh tissue TAC [9], which possibly takes place due
to the use of antioxidant compounds to eliminate ROS, such as
02e-,H,0, and OH" [32], produced during jelly seed tissue damage.
Antioxidant compounds are constantly synthesized through dif-
ferent pathways and the tissue TAC is determined by the balance
between their synthesis and breakdown on ROS detoxification pro-
cesses [13,33-35]. In that case, jelly seed fruit possibly had higher
ROS/antioxidant synthesis at harvest and during storage, favoring

higher tissue damage, compared to healthy fruit.

Spongy tissue

According to the results, ‘Keitt’ mangoes that developed spongy
tissue during storage showed at harvest higher skin h? (118°),
which represents more intense green color, compared to the skin
h? observed at harvest in mangoes that did not developed disor-
ders (114°) [30]. In that case, the skin h? could be used at harvest
to predict the incidence of spongy tissue in ‘Keitt’ mangoes during
transportation and storage. The skin h® can be analyzed during the
fruit classification process to eliminate highly susceptible man-
goes, preventing losses with packaging, transportation, disposal,

and commercialization of spongy tissue fruit.

Nutritional factors related to physiological disorders in man-
go
The results showed higher N levels in black flesh fruit, com-

pared to healthy fruit. Similar results have been reported in other
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studies, suggesting that high N levels can increase mango suscep-
tibility to physiological disorders, possibly by accelerating fruit
growth and limiting other essential nutrients accumulation in the
fruit [4]. In addition, fruit that developed black flesh, jelly seed and
spongy tissue during storage had lower levels of Ca and Mg, than
healthy fruit. Similar results have been reported in other stud-
ies, showing lower levels of Ca and Mg in mangoes with internal
physiological disorders [4,36-39]. The lower fruit Ca and Mg ac-
cumulation is possibly related to lower root uptake and/or plant
translocation of these nutrients to the fruit [40,41]. In addition, our
results show that mangoes with black flesh, jelly seed and spongy
tissue had higher N/Ca ratios, compared to healthy fruit, suggest-
ing that high N and/or low Ca could be regulating fruit susceptibil-
ity to these internal disorders. High levels of N have been reported
to increase fruit growth rates and limit fruit Ca uptake, diluting Ca
concentration in the flesh [42], which could have increased fruit
susceptibility to black flesh, as reported for other fruit disorders
[43]. In the case of jelly seed and spongy tissue the higher N/Ca
ratios were not affected by N concentration, but by the lower Ca
concentrations, which possibly affected the balance between cell
expansion rates and cellular membrane structures and integrity
regulated by Ca levels in flesh tissue. The balance between N/Ca
has been suggested to play an important role on cell membrane
structure and function that determines fruit susceptibility to physi-
ological disorders [44]. Indeed, studies have found that high N/Ca
ratio is highly correlated with internal physiological disorders in
mango [4,41,45-47].

Mangoes that developed black flesh and spongy tissue had low-
er Ca/B ratios, than healthy fruit, which is explained by the lower
levels of Ca in black flesh and spongy tissue fruit. Although B con-
centrations were similar between healthy and disordered fruit, this
nutrient has an important role on fruit growth and development, as
well as on uptake and use of Ca by plant tissues [48]. Indeed, stud-
ies have reported that mango plants cultivated under low B condi-
tions produce fruit that are more susceptible to internal disorders
[49].

The K/Ca and K/Mg ratios were higher in fruit that developed
black flesh, jelly seed and spongy tissue, than in healthy fruit. Simi-
lar to the results observed for the B/Ca ratio, these higher ratios
were obtained due to the lower Ca and Mg levels observed in dis-
ordered fruit, since K concentrations was equal between healthy

and disordered fruit. Although K concentration was the same in all
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fruit, this nutrient is known to compete with Ca and Mg for root
uptake and translocation to the fruit, which can play also an im-
portant role on determining mango Ca uptake and susceptibility to
physiological disorders, as reported in other studies [50,51].

Zinc concentration was about two-fold higher in healthy com-
pared to disordered fruit. Zinc plays an important role as a cofactor
for several enzymes involved in essential metabolic activities such
as alcohol dehydrogenase, glutamic dehydrogenase and carbonic
anhydrase [52]. Therefore, lower concentrations of this nutrient
could have resulted in metabolic changes that enhanced fruit sus-

ceptibility to the internal physiological disorders.

Lower levels of Cu and Fe were observed in mangoes that de-
veloped black flesh and spongy tissue during storage, compared to
healthy mangoes. Copper is an important component in ascorbic
acid oxidase, tyronase, phenolase anduricase, among others, and
Fe is a constituent of cytochromes and iron-proteins, having both
nutrients important roles on oxidation and reduction processes
in plant tissues vegetables [53]. In that case, low Cu and Fe lev-
els could have affected oxy-reduction processes, increasing mango
susceptibility to black flesh and spongy tissue disorders.

Higher Mn content was observed in fruit that developed all
three internal disorders during storage, compared to healthy fruit.
Manganese plays an important role on the activity of many en-
zymes, some of which are involved in oxidative stress responses,
such as superoxide dismutases that catalyzes the conversion of su-
peroxide anion into hydrogen peroxide [53]. However, as a plant
micronutrient, Mn levels higher than required by the tissues can
lead to excess and possible damages due to interaction with other
nutrients involved in oxy-reduction reaction, such as Cu and Fe. In
addition, studies have suggested that the concentration of nutri-
ents such as N, P, Cu, Fe, and Zn in the plant is affected by the levels

of Mn in the soil solution and plant vascular tissues [54].

Main factors related to the incidence of internal disorders in

mango

The principal component analysis was efficient in separating
at harvest and after storage healthy and disordered fruit. Accord-
ing to the principal component analysis, mangoes that developed
black flesh and spongy tissue symptoms were characterized at har-
vest by high N levels and N/Ca and K/Ca ratios, as well as lower
levels of Ca, Mg, Cu, Fe and Ca/B ratio. After storage, mangoes with

black flesh and spongy tissue symptoms were characterized by
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lower skin L (darker), C and b values, as well as higher levels of
TEP, Mn and N/Caratio. Mangoes that developed jelly seed symp-
toms were characterized at harvest by low levels of TEP and TAC, as
well as high levels of K, Zn and Ca/Mgratio. After storage, mangoes
with jelly seed symptoms were characterized by higher skin H® and
lower TAC. The physical and chemical traits associated with each
disorder can be used at harvest to predict the disorder incidence
in the fruit during storage, as well as in the market to determine
the level of each disorder incidence in mangoes. In addition, non-
destructive traits, such as skin color parameters, can be used to
sort sound and disordered fruit, ensuring that only fruit without

physiological disorders will be offered to consumers.

Conclusions

A total of 29% of fruit developed internal physiological dis-
orders after reaching the ready-to-eat maturity stage, 11% with
spongy tissue, 9% with black flesh, and 9% with jelly seed.

Mangoes that developed black flesh during storage had higher
levels of N, Mn, and N/Ca, K/Mg, K/Ca ratios, as well as lower Ca,
Mg, Cu, Fe, Zn and Ca/B ratio compared to healthy mangoes. After
storage, mangoes with black flesh had lower skin L (darker), C and
b values, as well as higher TEP levels, compared to healthy man-

goes.

‘Keitt’ mangoes that developed jelly seed during storage had at
harvest lower levels of TEP, TAC, Ca, Mg, and Zn, as well as higher
Mn content and N/Ca, Ca/Mg, K/Mg, and K/Ca ratios, compared to
healthy mangoes. After storage, mangoes with jelly seed symptoms
had higher skin h® and TEP levels, as well as lower TAC, compared
to healthy mangoes.

‘Keitt’ mangoes that developed spongy tissue had at harvest
higher skin h®, lower levels of Ca, Mg, Zn, Cu, Fe and Ca/B ratio, as
well as higher Mn levels and N/Ca, K/Mg, K/Ca ratios, compared to
healthy mangoes.

The skin h® and TEP levels in flesh tissue have the potential to
predict at harvest and determined after storage the incidence of
spongy tissue and jelly seed in ‘Keitt’ mangoes, respectively. Skin
L, C and b values have the potential to non-destructively determine
the presence of black flesh in ready-to-eat ‘Keitt’ mangoes. Man-
goes that developed black flesh, jelly seed and spongy tissue during
storage had at harvest low levels of Ca, Mg, and Zn, as well as high

Mn levels, compared to healthy fruit.
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More studies are required to determine the level of each physi-
cochemical and nutritional trait that can be used as an index to
predict at harvest or identify ready-to-eat fruit with physiological

disorders.
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