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Abstract: Fruit dry mass has been considered one of the most important fruit quality
parameter for mangoes. Some field researches have been developed to better understand
and maybe increase mango fruit dry mass with some success but no clear results are
found in the scientific literature. Mango fruit dry mass may be related to the nutritional
management of the orchard, especially for calcium. Thus, a research project was
developed with the objective to increase fruit dry mass of ‘Kent” and ‘Ataulfo’ mango
cultivars through a field management for water deficit and calcium fertilizing. The
experiments (mango trees cv. Ataulfo and Kent) were arranged in randomized blocks,
following a 2 x 4 factorial design, with four repetitions and three plants per plot. The
factors involved the suspension of water supply fifteen days before harvest (without and
with) and calcium sources [no calcium (control), calcium chloride — CaCl2, calcium
complexed with organic acids — Ca-OA, and calcium complexed with amino acids — Ca-
AA]. The analyzed variables included fruit yield (t ha'), leaf nutrient concentrations
during pruning, flowering induction, and fruit harvest; and fruits (pulp and skin
separately) at pre-flowering and harvest stages, calcium bound to the cell wall, and post-
harvest fruit quality. The use of chelated calcium sources (with organic acids or amino
acids), in conjunction with water deficit during 15 days before fruit harvest, enhances the
fruit yield and post-harvest quality of mangoes in the 'Ataulfo’ and 'Kent' varieties. The
application of chelated calcium with amino acids increases the Ca bound to the cell wall
content in the pulp of 'Ataulfo’ mangoes, while chelated calcium with organic acids,
associated with water deficit before harvest, raises the bound Ca content in 'Kent'
mangoes. However, the application of chelated calcium with amino acids produces fruits
of higher quality suitable for export in both cultivars. For the 'Ataulfo’ cultivar, it is
recommended to suspend irrigation before fruit harvest and use a chelated calcium with
amino acids. For the 'Kent' cultivar, it is not recommended to suspend irrigation before
harvest, and the recommended calcium source is also one chelated with amino acids.
Keywords: Mangifera indica L., nutritional status, calcium fertilizing, fruit post-harvest,
fruit production



1. Introduction

Fruit dry mass has been considered one of the most important fruit quality variable
for mangoes because it mainly consists of carbohydrates, 60% of which are sugars and
acids (Ueda et al., 2000). Indeed, the dry mass content of mango at harvest, along with
other characteristics, serves as the most reliable harvest index, indicative of fruit quality
(Freitas et al., 2022).

Some field research have been developed to better understand and maybe increase
mango fruit dry mass (Simmons et al., 1998; Anderson et al., 2017; Sena et al., 2023),

with some success but no clear results are found in the scientific literature.

Field experiments that correlate fertilizing management, irrigation strategy,
biostimulation and abiotic stress alleviation for elevated temperature and low air humidity
periods are particular important to reach higher fruit dry mass. One of the nutrients
crucial for maintaining post-harvest quality in mango is calcium (Freitas et al., 2016;
Tenreiro et al., 2023). Calcium, in addition to participating in plant metabolic processes
such as protein synthesis, nitrogen assimilation, enzymatic activation, carbohydrate and
amino acid transport (Genu and Pinto, 2002; Hocking et al., 2016; Thor, 2019), plays a
role in fruit growth and the reduction of physiological disorders, as reported Assis et al.
(2004).

Despite the nutritional significance of calcium for mango trees, given that it is one
of the most absorbed nutrient by the plant (Rezende et al., 2022) and the third most
exported to the fruits (Maldonado-Celis et al., 2019), this element exhibits low mobility
in plant phloem, with transport occurring through the xylem (Thor, 2019). When calcium
supply is insufficient or transportation is inefficient, localized deficiencies occur, directly
influencing the post-harvest fruit quality (Freitas et al., 2022).

In mango orchards Ca is supplied by liming usually soon after harvesting to meet
the demand for growth flow. In soil, Ca2+ is adsorbed to the negative charges of mineral
and organic colloids through electrostatic bonds being in equilibrium with the soil
solution. In order for Ca2+ to be absorbed by plants, it is necessary to transport it through
mass flow, and as such, it is subject to leaching losses, especially in sandy soils. In soil,
Ca2+ can be lost by leaching, absorption by plants and erosion. Thus, there is a demand

for Ca to supply the high demand of this nutrient, especially during the fruit development



phase (Silva et al., 2002). Despite having a high rate of nutrient use by the plant and fast

responses, leaf fertilization may not be efficient, and it could affect also fruit dry mass.

The traditionally sources used in mango cultivation include calcium chloride,
limestone, gypsum, and calcium nitrate, although new complexed Ca sources may assist
in the availability process and, consequently, enhance plant absorption. Among the most
used calcium complexing agents are humic substances, complex organic compounds,
extracts from seaweed, chitin, chitosan derivatives, antitranspirants, and free amino acids
(Du Jardin, 2012). In the cultivation of fruit species, the use of humic substances and
organic acids have increased aimed at improving fruit yield and quality (Hidayatullah et
al., 2018), as well as the addition of amino acids and suspended organic acids for the
optimized utilization of nutrients applied during fertilization (Mouco et al., 2009;
Hidayatullah et al., 2018).

Another practice that may impact fruit dry mass and has become quite common
among mango producers is the suspension of irrigation few days before the fruit harvest
with the aim of increasing soluble solids content and advancing the harvest with fruits of
better quality (Castro Neto and Reinhart, 2003). However, the results are still
controversial regarding the effect and substantiation of this practice in improving mango
production and fruit quality. Among the findings supporting this practice, Castro Neto
and Reinhart (2003) concluded that the application of water deficit before harvest reduces
the accumulation of dry mass in 'Haden' mango fruits, indicating that it may not be an
advantageous practice for the producer. Meanwhile, in 'Tommy Atkins' mango trees,
Santos et al. (2016a) and Santos et al. (2016b) found that controlled water deficit applied
during the fruit maturation phase maintains fruit yield and increases water use efficiency.
Bally and Harris (2000) observed that water stress in the pre-flowering stage increased

the potential for fruiting in 'Kensington' mango trees.

Thus, a research project was developed with the objective to increase fruit dry mass
of ‘Kent’ and ‘Ataulfo’ mango cultivars through a field management for water deficit and

calcium fertilizing.



2. Material and Methods
2.1 Characterization of the climate and soil of the experimental orchards

The experiments with 'Ataulfo’ and 'Kent' mango trees were conducted at Casa
Nova and Nogueira Farms between 2021 and 2022. Casa Nova, Bahia, Brazil is
georeferenced at coordinates 9°19'40.5"S 41°07'55.9"W, with an altitude of 400 m above
sea level; while Petrolina, Pernambuco, Brazil is georeferenced at coordinates
9°21'42.7"S 40°38'01.4"W, with an altitude of 395 m above sea level.

The climate in the region where the experiments were conducted was classified as
BSwh, according to Kdppen, indicating a hot semi-arid climate (Alvares et al., 2013).
Monthly data on rainfall, temperature, and relative humidity were monitored during the
experiment, recorded by automatic weather stations near the experimental areas (Figure
1).
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Figure 1. Air temperature, solar radiation, relative air humidity, and precipitation
recorded during the experiments.

Before the experiments were set up, soil samples were collected at a depth of 0 to
30 cm, and leaves were collected for nutrient analysis in each experimental area (Tables 1
and 2).



Table 1. Soil chemical analysis of the experimental areas before the application of
treatments.

Soil

depth pH M.O P K* Na* Ca** Mg® AP (H*+AP) SB V  Sat Ca

Cultivar

cm H,O g100g' mgdm?®  —eemeeeeee- cmolc dm ------memmeeeeee- % %

Ataulfo 0-30 6.21 17.1 343 012 006 340 095 0.00 0.45 453 9090 68.2

Kent 0-30 6.81 19.4 11 0.27 0.03 239 054 0.00 0.76 3.23 8095 599

SB: sum of bases; Sat.: saturation. Extractors: P, K e Na: Resin (HCI + H,S0,); Ca, Mg e Al: KCI 1 M.

Table 2. Nutritional analysis of 'Ataulfo’ and 'Kent' mango leaves before the application
of treatments.

Cultivar N P K* Ca*®* Mg* S B Cu?* Fe*  Mn?* Zn*
gkg* mg kg

Ataulfo 14.8 1.3 4.5 274 1.8 2.1 57.1 10.1 111.4 150.9 154

Kent 13.7 1.2 3.8 29.0 2.7 1.6 115.2 7.2 130.8 646.9 29.9

2.2 Experimental procedure and study material

The experiments (mango trees cv. Ataulfo and Kent) were arranged in randomized
blocks, following a 2 x 4 factorial design, with four repetitions and three plants per plot.
The factors included the suspension of water supply fifteen days before harvest (without
and with) and calcium sources [no calcium (control), calcium chloride — CaCl2, calcium
complexed with organic acids — Ca-OA, and calcium complexed with amino acids — Ca-
AA].

The 'Ataulfo’ mango trees in the orchard were five years old at the start of the
experiment and spaced 10 m x 10 m (population density = 100 plants ha), irrigated daily
by micro-sprinkler irrigation system with sprinklers flowing at 60 L h-! and operating at a
service pressure of 0.2 MPa. The 'Kent' mango trees in the orchard were four years old
and spaced 3.5 m x 2.0 m (1428 plants hat), irrigated daily by a drip irrigation system

with dual tape emitters, with four emitters per plant and a flow rate of 2.4 L h™1.,

At the beginning of the experiments, calculations were realized to increase calcium
saturation to 75% (Ataulfo) and 70% (Kent), planned in two stages:



1) During the pre-pruning phase, based on soil chemical attributes following the soil
base saturation equilibrium methodology described by Albrecht (1975). In the 'Ataulfo’
mango orchard, soil calcium saturation was raised from 68.2% (Table 1) to 70%, and in
the 'Kent' mango orchard, it was increased from 59.9% (Table 1) to 65%. In both
orchards, calcium correction for saturations was carried out by applying a fertilizer
containing Lithothamnium, marine calcium (Algen®), composed of 32% Ca and 2% Mg,
at doses of 14.60 kg/hectare for 'Ataulfo’ (Figure 2A) and 109.95 kg/hectare for 'Kent'
(Figure 2B).

Figure 2. llustration of the application of marine calcium (Lithothamnium) to raise the
initial soil calcium saturation before the application of calcium sources in the
experimental areas of 'Ataulfo’ (A) and 'Kent' mangoes (B).

ii) After the initial elevation of soil calcium levels, calcium sources were applied to
raise soil Ca2+ to 75% in the 'Ataulfo’ mango area and in the 'Kent' mango area to 70%.
Calcium chloride, containing 24% Ca, was applied at a rate of 78 kg per hectare, and
calcium complexed with organic acids (Codasal®, containing 8.7% Ca, 6.0% N, and
14.7% lignosulfonate complexing agents) and calcium complexed with amino acids
(Hendosar®, containing 9.0% N, 6.0% K20, 7.15% Ca, 1.2% Mg, and additives with
amino acids) were applied at lower doses due to their higher efficiency, as demonstrated
by Tenreiro (2020).

The determined doses of the respective calcium sources were applied according to
the nutritional requirements for mango cultivation, divided into 50% of the recommended
dose applied right after pruning (split into two fortnightly applications of 25%), 20% of

the recommended dose applied at panicle emergence, and 30% of the recommended dose



applied during fruit growth (split into two fortnightly applications of 15%). The fractional
application of calcium sources considered the nutritional requirement of Ca at each stage

of mango cultivation (Winston, 2007), as shown in Figure 3.

15 days before harvest

20% panicle emergence 15% (water deficit)
30% during fruit
50% after pruning growth
25% 25% 15%

Figure 3. Diagram of calcium source applications (% of calcium recommendation) and
water supply deficit during 15 days before fruit harvest for 'Ataulfo’ and 'Kent' mango
trees.

Both experiments underwent fertilization practices (excluding calcium), cultural
management, weed, pest, and disease control, and floral induction, following the
instructions of Genu and Pinto (2002), Cavalcante et al. (2018), and Torres (2019).
Fifteen days before fruit harvest, water supply restriction was applied to plants under
water deficit conditions to increase dry mass and improve mango fruit quality (Castro
Neto and Reinhart, 2003).

2.3 Analyzed variables

To diagnose the nutritional status of the leaves, samples were collected at 178 days
after production pruning in the pre-flowering phase and at 284 days and 250 days after
production pruning in ‘Ataulfo’ and 'Kent' mango trees, respectively. Samples were
collected and stored in paper bags, then sent to the Plant Soil Laboratories® for soil and
leaf analysis. Leaf collection criteria followed the recommendations of Malavolta et al.
(1997). After washing with distilled water, the leaves were placed in a paper bag for
drying in a forced-air oven at 60°C until constant mass, ground in a stainless-steel knife
mill (Willey type) and stored in a hermetically sealed container. The samples were
analyzed for N (g kg™), P (9 kg™), K (g kg), Ca (g kg™), Mg (g kg™), S (9 kg™), B (mg
kg?), Fe (mg kg?), Cu (mg kgt), Mn (mg kg?), and Zn (mg kg?) according to the
methodology proposed by Tedesco et al. (1995).



Fruit harvesting was carried out on September, 2022, and October, 2022, for
‘Ataulfo’ and 'Kent' mango trees, respectively, when the fruits were at stage 2,
characterized by a cream-yellow pulp color (Filgueiras et al., 2000). For yield estimation
(t ha'), the number of fruits was counted, weighed, and multiplied by the planting density
of 100 plants/hectare for 'Ataulfo’ and 1,428 plants/hectare for 'Kent' to obtain fruit yield

in tons per hectare.

For post-harvest analysis of the fruits, four fruits per plot were selected, totaling 12
fruits per treatment, taken to the laboratory, and stored in a B.O.D (Biochemical Oxygen
Demand) incubator for 15 days at 10 °C and 7 days at 25 °C to simulate the maritime
transport period for major importing markets and shelf life, respectively (United States
and European Union) (Figure 4). Additionally, ten fruits per treatment were selected,
forming one sample per treatment, for the determination of calcium bound to the cell wall

of the fruit pulp, following the methodology described in Bonomelli et al. (2018).
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Figure 4. Mango fruits 'Ataulfo’ (A) and 'Kent' (B) in a B.O.D (Biochemical Oxygen
Demand) under controlled conditions for air temperature simulating maritime transport
and shelf life of the fruits.

The physical-chemical variables analyzed were: fruit mass (MF) with a semi-
analytical balance (precision = 0.01g) and expressed in g; length (CF) and width (LF) of
the fruits with the aid of a digital caliper brand Starret® (0.01 mm — 300 mm) and
expressed in mm; pulp firmness (FP) with a digital penetrometer with an 8 mm tip, taking
measurements on two opposite sides of the equatorial region of the fruit where the
epidermis was removed, expressed in kgf cm?; soluble solids (SS) were determined by
direct reading on an ABBE® refractometer and expressed in °Brix; titratable acidity (AT)



determined by titration with 0.1N NaOH solution and phenolphthalein indicator and
expressed in % and the SS/AT ratio obtained by the direct relationship between soluble
solids and titratable acidity; vitamin C (Vit C) was quantified by titration using a DFI
solution (2,6 dichloro-phenolindophenol), using 1 mL of diluted juice in 50 mL of 0.5%
oxalic acid (Zenebon et al., 2008). Figure 5 visually shows the performance of these

analyses.

Figure 5. Illustration of the physical-chemical analysis of 'Ataulfo’ and 'Kent' mango
fruits, referring to fruit mass (A), firmness (B), soluble solids (C), and photographs of the
fruits (D) performed in the Agroindustry Laboratory at Univasf/Petrolina-PE.

2.4 Statistical analysis

Before statistical analysis, the data were subjected to normality (Shapiro-Wilk) and
homogeneity analysis. Subsequently, the data from each experiment were individually
subjected to analysis of variance using the 'F' test (p<0.05). The means related to water
restriction and calcium sources were compared using the Tukey test at a 5% probability

level. The statistical analysis was performed using the Sisvar software version 5.6.

3. Results and Discussion

3.1 Nutritional status in macronutrients and micronutrients of 'Ataulfo’ and 'Kent'

mangoes in the pre-flowering phase



As can be seen in Table 3, leaf N concentrations in both mango cultivars were not
affected by the Ca sources, which may be justified by the low nutrient levels in some of
the evaluated sources, as well as the nitrogen fertilization management of the orchards
that prioritizes the sprouting phase (Cavalcante et al., 2018), not the pre-flowering phase
when the evaluation was conducted. According to the sufficiency range for N defined by
Rezende et al. (2022), the concentrations in 'Ataulfo’ and 'Kent' mango trees for all
treatments are within the optimal range from 14.2 g kg to 16.9 g kg*, which is relevant
considering that excess N can affect mango flowering (Santos et al., 2021). This result is
also important because sources containing amino acids (Basile et al., 2021) and organic
acids (Torres, 2019) can influence the N availability to plants, as also reported by Colla et
al. (2014) and Liu et al. (2008).



Table 3. Synthesis of variance analysis for foliar macronutrient contents in the pre-flowering phase of ‘Ataulfo’ and ‘Kent” mango trees under

fertigation with calcium sources.

Fv N (g kg™) P (gkg?) K (g kg™) Ca (g kg™) Mg (g kg™) S (gkg?)

Ataulfo  Kent Ataulfo Kent Ataulfo Kent Ataulfo Kent Ataulfo Kent Ataulfo Kent

Calciumsource g a0 gggn  381* 639" 493" 333" 2.20% 332" 0.34™  19.08™ 0.76™  3.85°

(‘F Value)

Control 16.26a 14.61a  1.22b 1.44b 10.07a  8.8la 21.23a  28.95b 2.49 3.13c 2.32a  1.43b
CaCl2 16.24a 14.87a  1.28ab  1.46ab 9.29ab  8.80a 24.36a  31.48ab 2.53a 3.99ab 2.29a  157ab
Ca-OA 15.31a 14.75a  1.30ab 1.37b 8.42ab  8.08a 22.84a  32.07ab 2.38a 3.74b 1.90a  1.67a
Ca-AA 16.48a 14.47a  1.36a 1.58a 7.85b  7.62b 2498a 32.31a 2.43a 4.50a 2.05a  1.48b
Average 16.07  14.67 1.29 1.46 8.90 8.32 23.45 31.20 2.45 3.84 2.14 1.53
CV (%) 6.85 5.52 6.56 6.65 13.91  10.82 10.84 7.65 12.30 9.53 16.71  10.11

FV — Source of variation; CV — Coefficient of variation; CaCl2- Calcium chloride; Ca-OA — Calcium complexed with organic acids; Ca-AA — Calcium complexed with
amino acids; *, **, ns — significant at 5%, 1% and not significant, respectively by the F test. Means with equal lowercase letters do not differ from each other by the F test

(p<0.05)



Calcium sources affected P leaf concentrations in the studied cultivars (Table 3),
with higher levels obtained with Ca-AA application in both cultivars. Phosphorus
nutritional management is crucial for assisting in root system development, influencing
water and nutrient absorption, and resulting in better vegetative growth, flowering, and
fruiting development (Rezende et al., 2023). Applications of sources containing amino
acids can chelate macro and micronutrients, forming complexes with nutrients and

making them available to the plant, as also occurs for phosphorus (Lambais, 2011).

For the nutrient K, calcium sources influenced both cultivars, and higher K leaf
values in plants that did not receive calcium sources (control) (Table 3). The decreases in
leaf Ca2+ and Mg2+ concentrations in the control treatment may have occurred due to
competitive effects resulting from increased K availability, as also reported by Lima et al.
(2019). In some cases, the K availability may increase more than that of Ca and Mg, due

to K's lower attraction to soil negative charges (Barber & Humbert, 1963).

As can be seen in Table 3, Ca concentrations were influenced by calcium sources in
'‘Kent' mango trees with the Ca-AA treatment. This cultivar presented higher Ca leaf
levels when Ca-AA was applied, indicating efficiency in nutrient absorption and
translocation. The Ca leaf concentrations in 'Kent' mango trees were within the range of
30.9 g kg* to 36.9 g kgt, except for the control treatment, while in all treatments for the
‘Ataulfo’ cultivar, they were below the recommended range. Calcium is essential in
mango cultivation, participating in plant and fruit cell development and influencing
quality, as well as reducing internal breakdown in the pulp (Silva et al., 2004; Krishna et
al., 2020).

Leaf Mg concentrations were affected by calcium sources for the 'Kent' cultivar,
with the Ca-AA application providing a higher average nutrient level in the leaf.
Magnesium is crucial in the pre-flowering phase of mangoes, being an integral part of

chlorophyll molecules and an activator of enzymes (Silva et al., 2004).

Sulfur leaf concentrations in the 'Kent' cultivar depended on calcium sources (Table
3), showing higher S leaf levels when Ca-OA was supplied. Organic acids directly
influence S levels in the soil and leaf for the studied cultivars (Torres, 2019). However, it
Is important to note that soils with low clay content, such as those with low organic
matter content, may have low sulfur availability, limiting crop fruit yield (Rheinheimer et

al., 2005). Sources of organic acids can increase sulfur levels, as observed in this study.



In general, fertilizers containing amino acids as complexing agents can increase the
efficiency of nutrient availability, as highlighted by Mogor (2015). Positive results were
found when Ca-AA was applied, promoting higher leaf levels of N, P, and S in 'Ataulfo’

mango trees and higher levels of P, Ca, and Mg in 'Kent' mangoes (Table 3).

Nitrogen is a structural component of amino acids, forming part of proteins,
enzymes, coenzymes, nucleic acids, and chlorophyll (Mahmud et al.,, 2020). The
differences in leaf concentrations compared to those defined by Rezende et al. (2022)
may also be influenced by rootstock, cultivar, region, and management; however, these

values can enhance mango crop fruit yield.

As shown in Table 3, higher K values were recorded in treatments without calcium
in the studied cultivars. Regarding Ca concentrations, the opposite occurred. This is
related to the fact that nutrients in higher concentrations tend to reduce or inhibit the
absorption of those in lower concentrations. High K concentration would induce lower
calcium and magnesium levels (Lieten, 2006). The use of amino acids in agriculture has
been increasing due to the benefits provided to plants, resulting in higher yields and better
quality in various crops (Branddo, 2007). Albuquerque et al. (2008) reported significant
growth of plants after several applications of products containing free amino acids in their

formulation.

Assis et al. (2004) emphasizes the importance of the calcium-nitrogen relationship
in the occurrence of physiological disorders in fruits, highlighting the physiological role
these elements play and their speed of absorption and translocation within plants.
Calcium plays a crucial role in preserving the integrity of cell membrane walls, and
calcium deficiency in fruits is often associated with increased permeability and cell
disintegration (Aghdam et al., 2012). Thus, maintaining calcium within the sufficiency

range is fundamental.

According to Table 4, calcium sources influenced leaf copper (Cu) concentrations
in 'Ataulfo’ mango trees during the pre-flowering phase, with higher levels in plants that
received Ca-OA. Organic acids increased the nutrient's availability of insoluble forms of
various plant nutrients, according to Canellas et al. (2015). Organic acids possess
functional radicals that make them capable of forming organic complexes with Fe, Al,
Ca, and Mg (Pearson, 1966). Micronutrient management is important, although the
mango's requirement for Cu levels is small (Silva et al., 2004). All treatments promoted

Cu levels above the reference values defined by Rezende et al. (2022), ranging from 6.6



mg kg to 14.5 mg kg*. In contrast to the Cu leaf levels found in this study, Faria (2014)
reported leaf nutrient levels in "Tommy Atkins' mango trees during the flowering stage
ranging from 2.70 to 3.29 mg kg, thus below the reference values of Rezende et al.
(2022).



Table 4. Synthesis of analysis of variance for leaf micronutrient levels in the pre-flowering stage of 'Ataulfo’ and 'Kent' mango trees under
fertigation with calcium sources.

B (mg kg) Cu(mg kg?) Fe (mg kg™) Mn (mg kg™) Zn (mg kg™)

v Ataulfo  Kent Ataulfo Kent Ataulfo Kent Ataulfo Kent Ataulfo Kent
Ca"’i”\r;‘aflj’é‘)me CE o 1e0me 161 5.01™ 0.84" 2,26 7.35" 5.40™ 0.85™ 2.43" 1.83"
Control 70.40a 118.53a 19.67ab 9.35a 55.55a 70.87b 120.59b  576.35a 25.11a 19.88a
CaCl2 68.51a 127.15a 34.24ab 14.36a 46.04a  86.02ab 179.26a  585.80a 14.72a 18.09a
Ca-OA 69.83a 146.66a 35.02a 20.08a 48.26a 90.34a 129.18b  540.86a 16.59a 20.82a
Ca-AA 80.48a 133.94a 13.50b 15.54a 43.08a  103.14a 146.00ab  667.45a 14.42a 16.47a
Average 7230 13157 25.60 14.83 48.23 87.59 143.75 590.36 17.71 18.81
CV (%) 17 20.1 52.88 91.51 20.72 15.85 21.93 27.59 51.40 21.43

FV — Source of variation; CV — Coefficient of variation; CaCl2- Calcium chloride; Ca-OA — Calcium complexed with organic acids; Ca-AA — Calcium complexed with
amino acids; *, **, ns — significant at 5%, 1% and not significant, respectively by the F test. Means with equal lowercase letters do not differ from each other by the F test

(p<0.05).



The highest leaf Fe in 'Kent' mango trees were quoted in treatments with Ca-AA,
with a superiority of 19.90% over plants that received CaCl2 (Table 4). According to
Costa (2009), amino acid-based products in plants are indisputable as they are involved in
a significant portion of both primary and secondary metabolism, complexing with
elements, and primarily contributing to the synthesis of various compounds that influence

fruit production and quality.

There was an influence of calcium sources on leaf Mn levels in the pre-flowering
stage of 'Ataulfo’ mango trees (Table 4), with higher values obtained in plants that
received CaCl2. Due to this treatment having lower levels of other cations, it resulted in
higher Mn levels. It is essential to highlight that Mn must be in balance with other
cations, such as iron, calcium, and magnesium (Silva et al., 2022a; Silva et al., 2022b;).
However, Mn is the most demanded micronutrient in mango cultivation and is an
essential component in chlorophyll formation and the formation, multiplication, and
functioning of chloroplasts (Silva et al., 2004). The higher presence of this nutrient in
vegetative parts demonstrates its importance in photosynthesis, especially in water
photolysis (Taiz et al., 2017).

Micronutrients are of similar importance to other nutrients for plant development.
They can be distinguished from macronutrients by the quantity absorbed, being required
in smaller amounts. However, their deficiency compromises plant growth, development,
and fruit yield (Cremonesi et al., 2019). The nutritional requirements of crops increase
according to the increasing levels of fruit yield achieved over the years (Oliveira et al.,
2019). According to Silva et al. (2022), iron and manganese are the micronutrients with
the highest accumulation in mango cultivation. Taiz et al. (2017) reported that some plant

tissues, such as mesophyll, contain almost as much Mn or Fe as Mg and S.

The high leaf Cu amounts found in this study may be related to pesticides applied
to the area during crop management. According to Silva et al. (2014), in some cases,
elevated Cu leaf concentrations can be a consequence of applying fungicides and sprays
based on the element, used to control diseases. These products can accumulate in the soil,

increasing the nutrient's availability to the plant.



3.2 Nutritional status in macronutrients of 'Ataulfo’ and 'Kent' mango trees in the post-

harvest phase

According to Table 5, there was an interaction between water deficit and calcium
sources in the leaf nutritional status of 'Ataulfo’ cultivar (N) and 'Kent' cultivar (K, Ca,
and Mg).



Table 5. Synthesis of analysis of variance for leaf macronutrient levels (N, K, Ca, and Mg) in the post-harvest phase of 'Ataulfo’ and 'Kent'
mangoes as a function of water deficit before fruit harvest and fertigation with calcium sources.

Fv N (g kg?) K (gkg?) Ca (gkg?) Mg (g kg?)

Ataulfo Kent Ataulfo Kent Ataulfo Kent Ataulfo Kent

Water deficit WD (‘F’ value) 11.93™ 5.79 6.33" 0.18™ 1.78™ 16.82™ 0.03" 2.73™
Without 14.95b 12.75b 6.56b 7.18a 21.54a 21.87b 1.96a 3.18a

With 15.65a 13.25a 7.25a 7.31a 23.16a 25.87a 1.98a 3.37a
Calcium ssglfg)s CalF o 3.62° 2.28™ 442" 2.87™ 6.93" 0.85™ 15.37"
Control 15.07a 13.50a 6.88a 8.00a 23.07a 20.50b 1.86a 2.87c
CaCl2 15.08a 13.12ab 6.35a 7.50ab 21.36a 23.62ab 2.08a 3.00ab

Ca-OA 15.37a 12.62b 7.33a 6.75b 20.12a 26.62a 2.00a 3.37b

Ca-AA 15.682 12.75ab 7.06aa 6.75b 24.85a 24.75a 1.96a 3.87a

WD x Ca 3.367 1.20™ 1.99™ 5.09™ 2.23™ 5.75™ 0.62" 3.55"

CV (%) 3.76 4.52 11.29 11.36 15.37 11.55 14.39 9.77

FV — Source of variation; CV — Coefficient of variation; CaCl2- Calcium chloride; Ca-OA — Calcium complexed with organic acids; Ca-AA — Calcium complexed with
amino acids; *, **, ns — significant at 5%, 1% and not significant, respectively by the F test. Means with equal lowercase letters do not differ from each other by the F test
(p=<0.05).P



For leaf N content in the 'Ataulfo’ cultivar, the interaction between water blade and
calcium sources indicates the superiority of Ca-AA compared to the control, with higher
average values when water deficit was applied, except for the control treatment (Figure
6A).
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Figure 6. Leaf nitrogen content in 'Ataulfo’ mango (A) and potassium in 'Kent' mango

(B) before the fruit harvest phase as a function of water deficit and calcium sources. Bars
with the same lowercase letters do not differ significantly from each other for each water deficit according
to the Tukey test at a 5% probability level. Bars with the same uppercase letters do not differ significantly
from each other for calcium sources within each water deficit according to the Tukey test at a 5%
probability level. CaCl2- Calcium chloride; Ca-OA — Calcium complexed with organic acids; Ca-AA —
Calcium complexed with amino acids.

Also, when considered individually (Table 5), leaf N levels were lower in plants
treated with calcium sources containing organic acids (Ca-OA) and amino acids (Ca-AA)
in the 'Kent' mango tree, an important result for the mango tree due to the negative effects
of this nutrient on fruit quality. In this regard, a high N level and a low Ca level are
related to the cause of mango jelly seed, worsening, and influencing the quality and

appearance of fruits (Ma et al., 2022).

Potassium leaf levels in the 'Kent' cultivar depended on the interaction between
water blade and calcium sources, indicating the superiority of the control (without
calcium). Higher average values were also observed when water blade deficit was
performed (Figure 6B). As can be seen in Table 3 during the pre-flowering phase, K was
higher in leaf levels of the control treatment in both the pre-flowering and harvest phases.
This may be related to the application of Ca in the treated treatments, compromising K
absorption. These cations compete for the same absorption channel, reducing the

absorption of those in lower concentration in the soil solution, affecting K-Mg and K-Ca



relationships. When Mg and Ca values are higher in the soil, K availability decreases
(Raij, 2011).

Water deficit increased leaf N levels when associated with calcium application,
with increments of 8.57% with CaCl2, 7.07% with Ca-OA, and 6.11% with Ca-AA
(Figure 6A). K levels were also elevated with water blade suspension, with higher leaf K
levels observed when no calcium was applied, with a 38.46% increase compared to the
Ca-AA treatment (Figure 6B). This result is related to potassium absorption, which can
be affected by calcium (Ca) and magnesium (Mg) concentrations due to competitive
inhibition, as these elements compete for the same binding site in the plant (Marschner,
2012).

As shown in Figure 6A, there was no difference between calcium sources for leaf N
content in the 'Ataulfo’ mango tree without water deficit. However, the application of
complexed calcium associated with amino acids with water deficit before fruit harvest
promoted the highest leaf N values, with a superiority of 8.60% compared to the control
treatment. Through these results, Ca-AA increased N leaf levels, consequently related to
the increase in chlorophyll content. The amino acids in the product formulation
influenced this absorption and assimilation of N, as glutamic acid, present in higher
concentration in the product formulation, which is directly involved in N absorption and

metabolism by plants (Taiz et al., 2017).

In Figure 6B, there is noticeable competition between cations. K can negatively
interfere with the absorption of other cations, as similar valence and hydrated ionic radius
can cause competition for the same sites in the soil or the same cellular mechanisms
(Marschner, 2012). However, K is essential for any crop, and environments with low K
concentration show a decrease in photosynthesis, reducing growth, such as leaf area, and

mobilizing K from older leaves to younger leaves (Hu et al., 2020).

For leaf Ca and Mg levels in the 'Kent' cultivar, the interaction between water blade
and calcium sources indicates the superiority of complexed sources (Ca-AA and Ca-OA)
compared to the control. Higher average values were also observed when water deficit

was performed, except for the control treatment (Figure 7).
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Figure 7. Leaf levels of calcium (A) and magnesium (B) in 'Kent' mango at the fruit

harvest phase as a function of water deficit and calcium sources. Bars with lowercase letters
do not differ for each water deficit by Tukey test at 5% probability. Bars with uppercase letters do not differ
for calcium sources within each water deficit by Tukey test at 5% probability. CaCl2- Calcium chloride;
Ca-OA — Calcium complexed with organic acids; Ca-AA — Calcium complexed with amino acids.

In Table 5, leaf Ca levels were higher in plants treated with calcium sources
containing organic acids (Ca-OA) and amino acids (Ca-AA) in 'Kent' mango trees, and
the same result was recorded for Mg leaf levels. This result is important for increasing the
Ca:Mg ratio and thus preventing disorders in fruits, such as jelly seed (Assis et al., 2004).
However, both nutrients were absorbed without competition as they were balanced;
excess calcium in relation to Mg in the soil solution impairs the uptake of the latter, and

excess Mg also impairs calcium uptake (Lange et al., 2021).

These results suggest that fertilizer management for these cultivars provided
nutritional balance and may have positively impacted the fruit yield and quality of 'Kent'
mango orchards. Rezende et al. (2022) report that the high fruit yield of the Kent cultivar
is significantly associated with the nutritional status of the plants. High fruit yield
requires efficient nutritional management, as commercial crops with high fruit yield have
a high nutritional demand (Rezende et al., 2022). Rezende et al. (2023) emphasize that
leaf sampling and diagnosis during this phase become more advantageous, reducing

problems in more developed tissues and being fundamental for management correction.

For the post-harvest phase, there are no literature-reported ranges considered ideal
for mango cultivation, making nutritional diagnosis challenging and constituting a gap in
knowledge, even in the present day. Higher leaf levels of Ca (Figure 7A) and Mg (Figure
7B) in the post-harvest phase of 'Kent' mango trees were observed when receiving



calcium-complexed sources subjected to water deficit. When receiving Ca-AA sources
with water deficit, Ca leaf was 8.60% higher when compared to the control treatment
(Figure 7A), a result similar to leaf Mg, which obtained 45.45% more with Ca-AA
compared to the control. Studies conducted by Yan et al. (2022) show that higher levels
of Ca2+ in the plant can inhibit the rupture of cell walls through pectolytic enzymes

secreted by the pathogen during penetration, due to better plant structure.

Understanding the functions and requirements of each nutrient for the crop provides
a better view of the quality and fruit yield index of the products to be commercialized,
preparing the production system for better performance (Oldoni et al., 2021).

3.3 Fruit yield of 'Ataulfo’ and 'Kent' mangoes

There was a significant effect between the water blade and calcium source factors

for the fruit yield of 'Ataulfo’ and 'Kent' mangoes (Table 6).

Table 6. Synthesis of variance analysis for the fruit yield of 'Ataulfo’ and 'Kent' mango
trees as a function of water deficit before fruit harvest and fertigation with calcium
sources.

FV Ataulfo Kent
Water deficit WD (‘F’ value) 9.02" 13.15™
Without 4.69b 14.03b
With 5.43a 19.10a
Calcium sources Ca ( ‘F’ value) 16.63™ 6.89™
Control 5.10a 12.66b
CaCl2 3.52b 16.14ab
Ca-OA 6.04a 15.93b
Ca-AA 5.55a 21.53a
WD x Ca 10.30™ 4.01"
CV (%) 13.85 23.89

FV — Source of variation; CV — Coefficient of variation; CaCI2 - Calcium chloride; Ca-OA — Calcium
complexed with organic acids; Ca-AA — Calcium complexed with amino acids; *, **, ns — significant at
5%, 1%, and not significant, respectively, by the F-test. Means with equal lowercase letters do not differ
from each other by the F-test (p<0.05).

The water deficit before harvest affected fruit yield of the 'Ataulfo’ mango tree only

when associated with the application of calcium complexed with amino acids (Ca-AA),



resulting in an increase of 3.07 tons compared to plants without water suspension in the
same treatment (Figure 8A). Related results were reported by Mouco et al. (2009) who
used amino acid-based products in Tommy Atkins mango trees to reduce thermal stress,
and observed higher number of fruits per plant. Amino acids play a crucial role in the
plant's primary and secondary metabolism, synthesizing compounds important for fruit
quality and production. The balance of phenolic compounds is particularly important for
fruit composition, such as mangoes (Mouco et al., 2009).
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Figure 8. Fruit yield (t ha') of 'Ataulfo’' (A) and 'Kent' (B) mango cultivars as a function

of water deficit before fruit harvest and calcium sources. WD — Water deficit. Bars with equal
lowercase letters do not differ from each other for each water deficit by Tukey's test at 5% probability. Bars
with equal uppercase letters do not differ from each other for calcium sources within each water deficit by
Tukey's test at 5% probability. CaCl2- Calcium chloride; Ca-OA — Calcium complexed with organic acids;
Ca-AA — Calcium complexed with amino acids.

According to Figure 8B, the water deficit before harvest increased fruit yield in the
'‘Kent' mango tree only when associated with complexed calcium sources, with gains of
12.71 tons in the source complexed with organic acids and 5.86 tons in the complexed
with amino acids. Regardless of the application or absence of water deficit, complexed
calcium sources promoted the highest fruit yields in the 'Kent' mango tree, with

superiority over the control treatment (without calcium).

The superiority in fruit yield of the 'Kent' mango tree with calcium applications,
especially complexed sources, is noteworthy. Calcium is an essential nutrient associated
with mango tree fruit yield as it acts on fruit setting and fruit growth (cell elongation).
Due to its low mobility in the phloem, the application of complexed sources facilitates

this mobility and transfer from the plant to the fruits. According to Stino et al. (2011),



calcium plays a role in the synthesis and accumulation of sugars, which are energy
sources for fruit growth and development, particularly in the fruit setting rate. Tenreiro et
al. (2023), applying water-soluble calcium + amino acids via fertigation during the
flowering phase in "'Tommy Atkins' mango trees, observed fruit yield ranging from 15.37
t hal, a value lower than that found in the present study. Deficit irrigation management
has shown promising results in increasing mango tree fruit yield, but it depends on mango
cultivar. According to Fonseca et al. (2018), reducing irrigation by up to 50% for four
months before flowering promotes higher production than full irrigation levels in 'Uba’

mango trees.

Strategic calcium source applications can reduce physiological fruit drop in mango
trees, increasing fruit yield. Calcium is also responsible for greater development of the
root system in fruit-bearing plants (Prado and Natale, 2004). Larger root systems allow
the plant to explore soil resources more effectively, absorbing higher quantities of other
nutrients, contributing to increased fruit production (Almeida, 2012). Results found by
Bitange et al. (2019) show that calcium applications in 'Van Dyke' mango trees increased
the number and mass of fruits per plant while reducing fruit abortion. Njuguna et al.

(2016) reported higher crop yields with calcium application.

Faria et al. (2016) on Tommy Atkins mango trees under water deficit for floral
induction observed a significant effect on the number of fruits per plant. Water deficit
during floral induction, with a reduction in irrigation by up to 60% of ETc, can be used in
'‘Kent' mango cultivation to increase fruit mass and fruit yield (Gomes, 2019). However, it
is essential to consider that the results mentioned above refer to a reduction in water
irrigation during the pre-flowering period, not for fruit harvest, which is a different

phenological phase than that studied in the present work.

3.4 Post-harvest fruit quality

Calcium sources complexed with minor substances promote greater calcium
mobility in the xylem to the drains, mainly because calcium is a low-mobility element in
the plant (Drazeta et al., 2004; Thor, 2019). Mahajan et al. (2011) emphasize that
products composed of nanoparticles have specific characteristics, such as higher nutrient

absorption efficiency, facilitating greater element absorption.



According to the result of the analysis of variance (Table 7), there was no
significant effect of the interaction between water deficit x calcium sources on the
physical characteristics of 'Ataulfo’ mango fruits (p<0.05). However, in 'Kent' mango
trees, fruit length was the only physical variable that responded to the interaction between

water deficit x calcium sources.



Table 7. Summary of analysis of variance for physical fruit evaluations of 'Ataulfo’ and 'Kent' mangoes as a function of water deficit before fruit

harvest and fertigation with calcium sources.

Fruit mass (g)

Fruit length (mm)

Fruit width (mm)

Fruit firmness (N)

Fruit dry mass (%)

FV Ataulfo Kent Ataulfo Kent Ataulfo Kent Ataulfo Kent Ataulfo Kent
Wat(e;digﬁite)w D gopm 0.13" 251" 0.04 1.62™ 0.15™ 0.28™ 232 2741 0.92"
Without 202.04a  543.51a 107.892 116.54a 64.92a 98.39a 452a 4.28a 2491b  23.24a
With 212.60a  551.56a 109.692 116.17a 65.73a 98.87a 459 4.49a 2859a  23.86a

Calcium sources — 7, 1.84™ 4.76" 2.98" 4.96™ 1.86™ 0.99" 0.47" 327" 2.9

Ca (‘F’ value)
Control 219.25a  532.77a 110.55a 116.55a 66.04a 97.49 4.53a 4.30a 2491b  21.94a
CaCl2 190.53b  543.03a 105.53b 112.87a 63.21b 99.81a 4.63a 4.31a 27.02ab  23.76a
Ca-OA 20452ab  524.25a 108.18ab 115.94a 65.86a 96.95a 4.39a 4.44a 27.26ab  24.17a
Ca-AA 215.00a  590.09a 110.60a 120.06a 66.17a 100.25a 4.68a 4.49a 27.83a  243la
WD x Ca 2247 0.64™ 274" 3.19° 1.64™ 0.24™ 0.37™ 1.79™ 0.84™  0.05™
CV (%) 8.04 11.18 2.96 4.15 274 3.46 7.81 8.78 7.44 77

FV — Source of variation; CV — Coefficient of variation; CaCl2- Calcium chloride; Ca-OA — Calcium complexed with organic acids; Ca-AA — Calcium complexed with
amino acids; *, **, ns — significant at 5%, 1% and not significant, respectively by the F test. Means with equal lowercase letters do not differ from each other by the F test

(p<0.05).



The mass of 'Ataulfo’ fruits was not affected by the imposition of water restriction
before harvest, but calcium sources had a significant effect, with inferiority recorded for
fruits produced in plants fertilized with CaCl2, while the other sources did not differ from
each other, including the control treatment. The similarity of the control to other calcium
sources is justified by the lower fruit yield of this treatment (Table 6) since the source-to-
sink ratio, specifically for mangoes, plays a crucial role in fruit size (Boudon et al., 2020).
Plants fertilized with Ca-AA provided fruits with mass within the export requirements
(215 g), i.e., fruits between 170 g and 230 g, specifically for the 'Ataulfo’ cv.

In 'Kent' mangoes, the fruit mass was not affected by any treatments, with an
overall average fruit mass of 547.52 g. Higher fruit mass values were obtained by Silva et
al. (2009) in a study cataloging quality components of various mangoes at the harvest
point, with the 'Kent' mango averaging 704.4 g, serving as a reference value. Comparable
results for 'Kent' mangoes were found by Lobo et al. (2019), with a fruit mass of 543 g.

The fruit length of 'Ataulfo’ was not affected by water restriction before harvest;
however, calcium sources had a significant effect, with inferiority recorded for plants
fertilized with CaCl2, and the other sources did not differ from each other, including the
control. In 'Kent' mangoes, there was an interaction between water restriction and calcium
sources for fruit length (Figure 9), with higher values with the application of Ca-AA,
recording 120.06 mm.

From the information presented in Figure 9, plants that where not submitted to
water deficit before harvest, no statistical difference between calcium sources for fruit
length was recorded. However, under water suspension before harvest, 'Kent' mango
fruits fertilized with calcium sources complexed with organic acids and amino acids,
respectively, exhibit greater length, with advantages of 9.13% and 12.09%, for instance,

compared to plants fertilized with calcium chloride.
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Figure 9. Fruit length of 'Kent' mango fruits as a function of water deficit before fruit

harvest and calcium sources. Bars with lowercase letters do not differ within each calcium source for
water deficit by the Tukey test at a 5% probability. Bars with uppercase letters do not differ within each
water deficit for calcium sources by the Tukey test at a 5% probability. CaCl2- Calcium chloride; Ca-OA —
Calcium complexed with organic acids; Ca-AA — Calcium complexed with amino acids.

The application of water restriction did not have a significant effect on fruit length
for treatments without calcium, calcium complexed with organic acids, and calcium
complexed with amino acids. However, in CaCl2 application, water suspension reduced
fruit length by 12.09%. Working with the same calcium source, Chitarra and Chitarra
(2000) observed a reduction in the quality of 'Tommy Atkins' mango fruits treated with
calcium chloride during storage for 35 days. Silva and Menezes (2001) reported that
treatment with CaCl2 in pre-harvest of 'Tommy Atkins' mango did not prove to be

efficient for calcium absorption by the fruit.

For fruit width in 'Ataulfo,’ values ranged from 63.21 mm to 66.27 mm, and in
'‘Kent," values ranged from 97.49 mm to 100.26 mm, with the highest values for
treatments without calcium and with Ca-AA, respectively, showing no significant
variation between them (Table 7). Superior results for fruit width (110.34 mm) were
reported by Lobo et al. (2019) using a biostimulant containing soluble nutrients in 'Kent'

mangoes.

Fruit mass, length, and width were higher in treatments without calcium and in
calcium sources complexed with organic acids and amino acids, which did not differ

significantly between them, and the lowest values for these variables were found in fruits



from plants that received CaCl2. Although there was no statistical difference,
numerically, the fruits of 'Kent' mangoes under water deficit before harvest and with the
application of calcium complexed with amino acids showed the highest values for
physical characteristics (Table 7).

For fruit firmness in 'Ataulfo,’ there was no isolated effect and no response to
treatment application, with an average value of 4.55 N and higher numerical value in
fruits from plants with water restriction before harvest (4.59 N) and calcium complexed
with amino acids (4.68 N). No difference was observed between treatments in 'Kent' for
fruit firmness, with an average value of 4.38 N and higher numerical values in fruits from
plants with water restriction before harvest (4.49 N) and those fertilized with calcium
complexed with amino acids (4.49 N). Firmness is considered one of the important
attributes in fruit quality (Jeronimo et al., 2007), important for longer shelf life, as
reducing fruit firmness will decrease the time the fruit can withstand until deterioration
(Table 7).

The fruits from the control treatment (without calcium) exhibited statistically
similar averages to the Ca-AA supplementation strategy for not all variables for both
cultivars. In fact, nitrogen and potassium nutrition for the entire area may have influenced
the control treatment along with Ca-AA in some physical variables, as the presence of
nitrogen directly influences vegetative growth, as well as cell division and expansion
(Taiz etal., 2017).

Amino acid-based fertilizers directly influence fruit quality and composition due to
their connection to primary and secondary metabolism (Taiz et al., 2017), especially
when associated with calcium, as it positively influences fruit setting, increasing fruit
yield. Marschner (2012) argued that plant growth zones, as well as fruit setting and

growth, require higher amounts of Ca.

According to Table 7, the application of water deficit 15 days before harvest
increased the dry mass of 'Ataulfo’ mango fruits by 14.77% compared to plants without
water restriction, and in 'Kent' mangoes, the increase was 2.66%. The practice of water
restriction before mango harvest is common among farmers in the Vale do Sao Francisco
region (Castro Neto and Reinhart, 2003).



According to Table 7, calcium complexed with amino acids was superior to other
calcium sources for increasing the dry mass of fruits in both studied cultivars. Compared
to the control treatment (without calcium), Ca-AA showed increases in the dry mass of
‘Ataulfo’ mango fruits by 9.43%. The use of organic acids and amino acids increases the
efficiency of nutrient absorption as nutrient complexing agents can enhance their
assimilation and transport inside plants and fruits, resulting in increased fruit yield and
fruit quality (Mouco et al., 2009; El-Kosary et al., 2011).

For the pulp dry mass in 'Kent' mangoes, no statistical difference was observed
among the evaluated treatments. However, when comparing the treatment without
calcium, which obtained the lowest dry mass value (21.94%), and the treatment with the
highest dry mass (Ca-AA = 24.31%), this is due to the presence of compounds in the fruit
due to the presence of calcium. Indeed, Anderson et al. (2017) concluded that water
denial for periods as short as 2 weeks before harvest resulted in increased fruit dry mass
(17.6 cf. 16.5% in control). It is important to infer that dry mass consists of starch, sugars,

organic acids, minerals, pectins, and other compounds (Nassur, 2013).

Among the important aspects in mango value differentiation, the most relevant
points are the higher soluble solids content and dry mass, which consequently are sold at
higher values (Camara, 2017). Considering that a variation in dry mass accumulation
from 18% to 29% in mangoes is appropriate at the ripening stage for harvest (National
Mango Board, 2011), the values obtained in this experiment are in line with the required
standards. This value is more expressive since 'Ataulfo’ mango fruits show a strong

correlation between dry mass and soluble solids at the full ripening stage (Nassur, 2013).

Fruit growth is linked to early development, and especially in this phase,
considerable amounts of Ca2+ are required (Montanaro et al., 2012). Sources of this
nutrient complexed with easily mobile substances can accelerate absorption and transport
to the fruit, contributing to increased size. This statement is confirmed by Conn et al.
(2011), who describe that the availability of Ca2+ within the apoplast has a direct impact

on cell wall strength and expansion, reflecting on fruit size.

The water suspension % calcium sources interaction influenced (p<0.05) soluble
solids and the SS/TA ratio in 'Ataulfo’ mango fruits (Table 8). Titratable acidity and
vitamin C content did not respond to treatments and showed average values of 0.58% and
7.63 g 100 mL™,



For the chemical attributes, the water suspension x calcium sources interaction
significantly influenced (p<0.05) soluble solids and the SS/TA ratio in 'Ataulfo' mango
fruits, and titratable acidity and the SS/TA ratio in 'Kent' mango fruits (Table 8). In
‘Ataulfo’ mangoes, titratable acidity and vitamin C content did not respond to treatments
and presented average values of 0.58% and 7.63 mg/100 g of pulp, respectively.
Meanwhile, water deficit before harvest in 'Kent' mangoes affected the soluble solids and
the SS/TA ratio, with increases of 6.64% and 19.83%, respectively. Water deficit before
harvest can influence the increase in soluble solids content, as it reduces the water content
in the fruit, increasing the concentration of dry mass, which is specially composed by

soluble sugars (Spreer et al., 2007).



Table 8. Summary of analysis of variance for physical-chemical analyses for titratable acidity (TA), soluble solids (SS), SS/TA ratio, and
vitamin C (Vit, C) in fruits of 'Ataulfo’ and 'Kent' mangoes as a function of water deficit before fruit harvest and fertigation with calcium sources.

FV AT (%) SS (%) Ratio SS/IAT Vit. C (mg/100 g pulp)

Ataulfo Kent Ataulfo Kent Ataulfo Kent Ataulfo Kent
Water deficit WD (‘F’ value) 0.03™ 473" 347.34™ 8.83™ 9.99" 17.26™ 0.03™ 14.06™
Without 0.57a 0.72a 17.31b 15.66b 33.76b 22.51b 7.66a 4.79b

With 0.58a 0.64b 20.80a 16.70a 41.50a 28.32a 7.60a 5.74a

Calcium “ealee) Ca (CF” 0.08" 3.64° 37.31" 3.89" 0.30" 5.88" 1,010 1717
Control 0.5%a 0.76a 17.53c 15.46b 36.10a 21.67b 7.66a 4.66a

CaCl2 0.59a 0.67b 18.84b 16.05ab 37.11a 25.27a 7.84a 5.34a

Ca-OA 0.56a 0.68b 19.82a 16.51ab 39.75a 25.34a 7.82a 5.62a

Ca-AA 0.57a 0.62b 20.04a 16.70a 37.56a 29.24a 7.20a 5.43a

WD x Ca 2.36™ 4.83" 33.34™ 2.38™ 3.53" 5.33" 0.06" 0.68™

CV (%) 24.48 12.74 2.78 6.26 18.41 14.76 10.96 14.63

FV — Source of variation; CV — Coefficient of variation; CaCl2- Calcium chloride; Ca-OA — Calcium complexed with organic acids; Ca-AA — Calcium complexed with
amino acids; *, **, ns — significant at 5%, 1% and not significant, respectively by the F test. Means with equal lowercase letters do not differ from each other by the F test
(p<0.05).



As observed in Figure 10A, the soluble solids in the pulp of 'Ataulfo’ mango, except in the
calcium-free soil, were higher when subjected to pre-harvest water deficit. This water suppression
led to increases of 15.29%, 26.20%, and 26.54%, respectively, in treatments with potassium
chloride, calcium complexed in organic acids, and calcium complexed in amino acids. Thus, the
application of complexed calcium and water deficit promotes greater increases in soluble solids in

‘Ataulfo’ mango.
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Figure 10. Soluble solids - SS (A) and SS/TA ratio (B) of 'Ataulfo’ mangoes as a function of water

deficit before fruit harvest and calcium sources. Bars with lowercase letters are not significantly different from
each other for water deficit within each calcium source by Tukey's test at 5% probability. Bars with uppercase letters
are not significantly different from each other for calcium sources within each water deficit by Tukey's test at 5%
probability. CaCl2- Calcium chloride; Ca-OA — Calcium complexed with organic acids; Ca-AA — Calcium complexed
with amino acids.

Compatible results for soluble solids in ‘Haden” mango were quoted by Reis et al. (2013) and
Wei et al. (2017), who also reported higher soluble solids in mangoes with reduced irrigation during
the cycle. Studies confirm that reduced water availability contributes to an increase in the
concentration of soluble sugars in fruits (Simdes et al., 2021). In this study, higher results for
soluble solids were reported when compared to the results of Lobo et al. (2019), in 'Kent' mango,
obtaining 16.4 °Brix, while this study obtained 22.50 °Brix.

Only in the complexed calcium sources, the pre-harvest water deficit promoted higher values
of the SS/TA ratio in 'Ataulfo’ mango fruits, with an increase of 38.62% and 47.67%, respectively,
for Ca-OA and Ca-AA compared to plants without water deficit (Figure 10B). Close results were
found by Tenreiro et al. (2023), who found higher SS/TA values in Tommy Atkins mangoes when

applying calcium complexed in organic acids and water-soluble calcium + L-a-amino acids via
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foliar. The increase in soluble solids (Figure 10A) and the reduction in titratable acidity,
consequently, the increase in the SS/TA ratio, are associated with the breakdown of complex
carbohydrates (cellulose, pectins, and hemicellulose) into monosaccharides such as glucose and
fructose (Tharanathan et al., 2006), favoring sweeter fruits. This ratio has a significant
representation of the isolated measurement of sugars or acidity, indicating a balance between
components, especially the taste of the fruits (Chitarra and Chitarra, 2005).

Among the tested calcium sources, Ca-AA promoted the highest levels of soluble solids in
'‘Kent' mango fruits, followed by Ca-OA and CaCl2 (Table 8). According to Teixeira (2017), the
application of amino acids in mango trees during the productive phase benefits the photosynthetic
rate and increases plant tolerance to biotic and abiotic factors, acting as an anti-stress component.
For comparative effects, Ca-AA promoted increases of 8% compared to fruits from non-calcium

fertilized plants.

The values obtained in this research are within the range considered adequate and reported by
Dick et al. (2009) (14.2 to 20 °Brix) for 'Kent' mango fruits. Carneiro et al. (2018) obtained values
of 13.6 °Brix in harvested fruits of cv. Tommy Atkins.

According to Table 8, the vitamin C content was higher in treatments with irrigation deficit
(5.74 mg/100 g of pulp) compared to those without irrigation deficit (4.79 mg/100 g of pulp),
increased nearly 20%. According to Helyes et al. (2012), the dilution of vitamin C decreases based
on the reduction of water levels, and based on this, the accumulation of assimilates promoted better
quality parameters. Lower vitamin C values were found by Oliveira et al. (2011) when analyzing
‘Tommy Atkins' mango, obtaining 1.75 mg/100 g of pulp, while compatible results were quoted by
Carneiro et al. (2018). The vitamin C content is one of the main nutritional indicators, and fruits
with higher levels of this component are desirable since part of it is lost during post-harvest

transport, storage, and processing (Chitarra and Chitarra, 2005).

'‘Kent' mango fruits with higher titratable acidity were those from plants that were not
fertilized with calcium and subjected to pre-harvest water suspension (0.82%) and with the
application of Ca-OA without water deficit (0.76%), as seen in Figure 11A. Higher values were
recorded by Lobo et al. (2019) in 'Kent' mango fruits under the application of a biostimulant,

obtaining 0.98 g of citric acid/100 g of pulp, presenting more acidic fruits.
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Figure 11. Titratable acidity values - TA (A) and SS/TA ratio (B) in 'Kent' mango fruits as a

function of water deficit before fruit harvest and calcium sources. Bars with lowercase letters are not
significantly different from each other for water deficit within each calcium source by Tukey's test at 5% probability.
Bars with uppercase letters are not significantly different from each other for calcium sources within each water deficit
by Tukey's test at 5% probability. CaCl2- Calcium chloride; Ca-OA — Calcium complexed with organic acids; Ca-AA —
Calcium complexed with amino acids.

Regarding calcium sources within each water deficit situation, there was no difference in the
SS/TA ratio of the fruits between Ca sources when there was no pre-harvest water deficit (Figure
11B). While the application of Ca2+, regardless of the source used, promotes a higher SS/TA ratio
in 'Kent' mango fruits under water deficit before fruit harvest. In the scientific literature, some
authors report that irrigation management impact on the mango cycle positively influences fruit
quality (Motilva et al., 2000; Pickering et al., 2002).

According to Figure 11, calcium complexed in organic acids was the source that contributed
more directly to the increase in titratable acidity of 'Kent' mango fruits when water deficit was
applied (0.76%), being superior by 10.14%, 5.55%, and 13.43%, respectively, to the fruit levels

obtained in treatments without calcium, CaCl2, or Ca-AA.

In 'Kent' mango with water deficit before harvest, mango fruits had higher TA in plants that
did not receive calcium application (0.82%), with a superiority of 32.25%, 41.37%, and 46.42%,
respectively, compared to fruits from plants fertilized with CaCl2, Ca-OA, and Ca-AA. According
to Simdes et al. (2021), the reduction of irrigation in the 'Kent' mango cycle can increase the

titratable acidity of fruits by 1.45%.
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Except for treatments without calcium, the application of water deficit promoted increases in
the SS/TA ratio of 'Kent' mango fruits, with increases of 50.43% in CaCl2 application, 49.82% with
Ca-OA, and 73.80% with Ca-AA (Figure 11B). The association between water deficit and the
application of calcium complexed with amino acids promotes higher results in the SS/TA ratio.

In mango, the increase in the fruit SS/TA ratio is associated with the degradation of complex
carbohydrates such as cellulose, pectins, and hemicellulose, to monosaccharides such as glucose
and fructose (Tharanathan et al., 2006). Siller-Cepeda et al. (2009) found that '‘Kent' mango fruits 12
days after harvest had an SS/TA ratio of 23.6. According to Benevides et al. (2008), the SS/TA ratio
indicates the degree of balance between the two components (soluble solids and titratable acidity)

and is related to taste, being an important parameter for fruit selection.

The highest values of calcium bound to the cell wall in the pulp of 'Ataulfo’ mango fruits were
in treatments with Ca-AA and Ca-OA, respectively, with and without pre-harvest water deficit
(Figure 12A). According to Gao et al. (2021), the formulation containing amino acids can form a
stable complex with calcium and thus increase its availability, facilitating calcium absorption by
plant tissues. In addition, the calcium concentration in the fruit affects the cell wall and,

consequently, promotes longer shelf life (Yamamoto et al., 2011).
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Figure 12. Calcium bound to the cell wall in the pulp of 'Ataulfo’ (A) and 'Kent' (B) mango fruits as

a function of water deficit before fruit harvest and calcium sources. Ca-OA — Calcium complexed to
organic acids; Ca-AA — Calcium complexed to amino acids; WH — Water deficit.

As shown in Figure 12B, calcium complexed in organic acids promoted the highest levels of
bound calcium to the cell wall in 'Kent' mango fruits, regardless of pre-harvest water deficit

application. Furthermore, it is noteworthy that with this calcium source and the application of pre-
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harvest water deficit, it was the treatment with the highest bound Ca value (2.0 mg/100 g of pulp),
being superior, for example, by 33.3% to the fruits of plants that did not receive calcium and water
deficit.

The application of calcium complexed in organic acids increased the presence of bound Ca in
'‘Kent' mango fruits, in both irrigation management, resulting in fruit with a longer shelf life and
fewer anomalies. El-Kosary et al. (2011) emphasize that the application of nutrient complexes with
organic substances not only increases pulp yield but also reduces malformation and internal
collapse of 'Keitt' mango fruits. In mango trees, Rezende et al. (2022) highlight that nutritional
imbalance influences the association of Ca with the pectin of the fruit cell wall. Especially the
relationship between B and Ca nutrients, as B maximizes and assists the transport of Ca absorption

into the plant, as well as acting in the balance between Ca and K (Muengkaew, 2017).

Low calcium values in fruits can be caused not only by low absorption but also by
competition between plant and fruit growth points for available calcium. Calcium strengthens cell
walls, making them less susceptible to anomalies, such as jelly seed. According to Kumar et al.
(2014), mango fruit has a pectin value of approximately 18% in the skin, and a high content ensures
good post-harvest resistance, as Ca is one of the main components of the cell wall (Freitas et al.,
2016). Calcium plays a crucial role in plants, especially because about 60% of cellular Ca is present
in the cell wall (Tobias et al., 1992).

Studies report that softening in the pulp may be the result of cellular modifications in different
plant species, emphasizing that each one needs to be studied separately since observations made
with a particular species cannot be extended to other species (Gouldo and Oliveira, 2008).
Excessive softening of fruits is the main factor responsible for shelf-life limitations, transportability,
and storage, due to the increased occurrence of physical damage during handling and greater
susceptibility to pests and diseases. Many consumers are increasingly using fruit firmness as a guide
to ensure that fruits delivered to customers have the necessary texture characteristics throughout the
year (Johnston et al., 2002). For this reason, the importance of higher calcium in the fruit,

increasing firmness and consequently shelf life (Soares, 2020).

Despite the importance of determining bound Ca to the cell wall, there is still no literature
range for sufficiency or considered desired values, especially considering the potential effects on

fruit quality and its post-harvest viability.
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4. Main results and recommendations

The results generated from the project's implementation indicate that mango varieties respond
differently to calcium sources applied through fertigation, as well as to the suspension of water
supply before harvest. The use of chelated calcium sources (with organic acids or amino acids) in
combination with water deficit 15 days before fruit harvest increases the fruit yield and post-harvest
quality of 'Ataulfo’ and 'Kent' mango varieties. Water restriction before harvest, along with the
application of chelated calcium in amino acids, has a positive impact on the physical attributes of
‘Ataulfo’ mangoes, especially in increasing the dry mass of the fruits, but does not affect 'Kent'
mangoes. The application of chelated calcium in amino acids increases the Ca content bound to the
cell wall in the pulp of 'Ataulfo’ mangoes, while chelated calcium in organic acids, associated with
water suspension before harvest, elevates the bound Ca content in 'Kent' mangoes. However, the
application of chelated calcium in amino acids produces higher quality fruits suitable for export in
both varieties.

Recommendations: For the 'Ataulfo’ cultivar, it is recommended water deficit before fruit

harvest, and during the production cycle, use a source of chelated calcium with amino acids. For the
'‘Kent' variety, it is not recommended to suspend irrigation before harvest, and the recommended

calcium source is also the one chelated with amino acids.
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