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ABSTRACT: Phosphorus is essential for plant metabolism. Although banana plants do not
absorb large quantities, most of this mineral is exported together with the fruits, where the
nutrients are related to sensory, nutritional, and technological qualities. Highly weathered
soils, such as those found in most of Brazil, can immobilize phosphorus because of the
cationic charges iniron and aluminum ions, making the element unavailable to plants and
more challenging for phosphate fertilization. Brazil is the fourth-largest banana producer
worldwide and plays an important role in national agribusiness. New banana cultivars are
frequently introduced to address the adversities of banana farming and meet consumer
expectations. This study aimed to evaluate the application levels of P,Os in the BRS SCS
Belluna banana plant in two crop cycles. A randomized block design with five blocks in a
6 x 2 factorial scheme was used. The first factor was the level of phosphorus application
(P,0s), and the second factor was the crop cycle (first and second crop cycles). Variables
related to plant vigor, production, and fruit quality were also evaluated. Shoot mass,
plant height and diameter, number of photosynthetically active leaves, bunch yield, fruit
mass, and nutritional aspects were analyzed. All plant biometric variables were positively
affected by phosphate fertilization. Application of P,O5 promoted more vigorous banana
plants with a larger number of leaves at the end of the crop cycle, and these variables
were positively correlated with the production of bunches, fruit mass, and nutritional
quality. The bunch yield per crop cycle increased by up to 84 % compared to the lowest
level of P,Os applied. In short, the BRS SCS Belluna banana plant responded well to
phosphorus dosage, positively affecting plant vigor, which significantly influenced the
production of bunches, fruit filling, and quality. The best results were achieved at P,Os
application levels close to the recommended reference level.
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INTRODUCTION

Phosphorus is essential for plant growth and development and plays important roles
in both primary and secondary metabolism, including the reduction of abiotic stress
(Martinez et al., 2021; Kumari et al., 2022). Although banana plants do not absorb large
amounts of phosphorus, they export most nutrients with their fruits. Despite the low
demand, phosphate fertilizer is highly effective, leading to more vigorous plants, greater
productivity, and improvements in nutritional quality and technological aspects of fruit
processing (Candido et al., 2024a; Maseko et al., 2024).

Brazilian soils are typically associated with low phosphorus concentrations owing to their
parent material, as well as the factors and processes of formation. This has resulted
in the predominance of highly weathered soils with high acidity and positive charges
available in clays, primarily iron and aluminum oxides, where orthophosphate ions (H,PO,’)
are largely unavailable for plant absorption. This characteristic challenges fertilization
programs and necessitates a special focus on phosphate fertilization (Martinez et al.,
2021; Maseko et al., 2024).

Brazil is the fourth largest producer of bananas, and its production is of great importance
to family farmers and businesses (Donato et al., 2021; Maseko et al., 2024). Globally,
Cavendish bananas are cultivated most widely and dominate international markets.
However, low genetic diversity in commercial cultivation can lead to the loss of valuable
genes for breeding programs. New cultivars are frequently released to address the
pressures on genotypes adapted to climate change, pests, new disease strains, and the
demands of increasingly discerning consumers. These updates are crucial to prevent
crises, such as the one in the 1950s, when the Gros Michel cultivar was devastated by
Fusarium wilt, compromising the banana supply (Gross, 2022).

Launched in 2016, the BRS SCS Belluna banana, which belongs to the AAA genomic group,
is a medium-to-tall cultivar resistant to yellow sigatoka, Fusarium wilt (races 1 and 2),
and, under appropriate management, black sigatoka. This cultivar also has moderate
resistance to rhizome borers and is suitable for subtropical conditions. Its fruits are small,
nutritious, sweet, and low in acidity, making them suitable for both direct consumption
and processing into green bananas, which helps reduce waste. The BRS SCS Belluna
aims to diversify the national banana market and offer new opportunities to producers
(Scherer et al., 2020; Donato et al., 2021).

Considering the importance and challenges of phosphate fertilization, the importance
of banana farming, the need to update genotypes, and the specific nutritional demands
of each cultivar (Donato et al., 2021; Maseko et al., 2024), this study aimed to evaluate
phosphate fertilization in the BRS SCS Belluna banana plants in two crop cycles. The
following hypothesis was formulated and tested: the association between phosphorus
doses and the crop cycle influences the vigor of banana plants or their production.

MATERIALS AND METHODS

The experiment was implemented in December 2019 and conducted until May 2023 under
rainfed conditions on an experimental farm located in Sao Manuel, SP (22.771016° S,
48.574477° W). The local climate is classified as Cfa according to the Képpen classificaton
system, with an average annual temperature above 22 °C and annual precipitation of
1,376 mm (Cunha and Martins, 2009). Climatic temperature and precipitation data for
the experimental period are shown in figure 1.

The soil was plowed and harrowed two months before planting, followed by soil sampling
for chemical and granulometric analyses. Soil analysis indicated the following values:
pH(CaCl2) 5.4, organic matter 11 g dm3, phosphorus (P) (resin) 9.0 mg dm-3, sulfur (S)
2.0 mg dm?3, potassium (K*) 1.08 mmol. dm3, calcium (Ca?*) 16 mmol. dm=3, magnesium
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(Mg?*) 6.0 mmol, dm-3, iron (Fe) 32 mg dm3, copper (Cu) 2.4 mg dm=, manganese (Mn)
8.5 mg dm3, zinc (Zn) 2.2 mg dm3, boron (B) 0.2 mg dm-3, cation exchange capacity
(CEC) 38 mmol. dm3, and base saturation 60 %. The particle size analysis revealed
843 g kg'sand, 121 g kg*clay, and 36 g kg silt, classifying it as “loose sand”, according
to the textural classification. Based on soil analysis, 0.42 Mg ha of agricultural lime was
applied in October 2019 to increase the base saturation to 70 % (Teixeira et al., 2014).

Micropropagated seedlings of the BRS SCS Belluna (AAA) cultivar were used in this
study. Before field planting, they were grown for 60 days in a nursery, 40 days in a mini-
tunnel, and 20 days in full sun. Transplanting to the field occurred in December 2019,
with a spacing of 2.0 x 2.5 m, which is recommended for low and medium-sized plants.
Seedlings were planted in furrows approximately 0.30 m deep (Teixeira et al., 2014).

A randomized block design with five blocks in a 6 x 2 factorial scheme was used. The
first factor was the level of phosphorus application (P,0s) and the second factor was the
crop cycle (first and second crop cycles). Phosphorus application levels were distributed
as follows: 25, 50, 75, 100 % (reference level), 125, and 150 %. The distribution of
phosphorus levels was based on reference fertilization (100 %), calculated according
to the recommendations of Teixeira et al. (2014) and based on the P (resin) content
present in the soil layer of 0.00-0.20 m (Table 1). The phosphorus source used was
thermophosphate (17 % P,0s, 18 % Ca, 7 % Mg, 10 % Si, 0.1 % B, 0.3 % Mn, 0.55 % Zn,
and 0.05 % Cu) (Yoorin Fertilizantes, 2024).

For all sidedressing fertilization, soil sampling took place in plots that received the
reference treatment (100 % P20s). Four points were sampled per plot, totaling 20 simple
samples that were homogenized to obtain a representative sample of the area. Nitrogen
and potassium fertilizer doses were applied in four installments, starting in November
and ending in February, during the rainy season of the location (Figure 1). For nitrogen,
a dose of 190 kg ha! yrt was applied during planting (2019), and subsequently as a side
dressing in 2020/21, 2021/22, and 2022/23. The N sources were urea and ammonium
sulfate, with the latter ensuring a supply of 30 kg ha* yr? of S. Potassium was supplied as
potassium chloride with K,0 doses of 310 kg ha! at planting and 150 kg ha™! for subsequent
fertilization (sidedressing 2020/21, 2021/22, and 2022/23). Before sidedressing and when
necessary, lime was applied to increase the base saturation to 70 %. Fertilization and
liming followed the recommendations of Teixeira et al. (2014).
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Figure 1. Monthly data for air temperature (a) and precipitation (b) at the experiment farm for
the field experimentation period (Dec 2019-May 2023). Sao Manuel, Sao Paulo, Brazil. Basal
temperature: minimum temperature for assimilation of dry matter (growth), 14 °C (Donato et al.,
2016, 2021) (a). Climatological normal: data observed for 36 years (Cunha and Martins, 2009) (b).
Source: author of this study based on data made available by the Department of Rural Engineering
and Socioeconomics at the Faculty of Agricultural Sciences (Unesp) of Botucatu.
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Table 1. Doses of P,0s based on recommended application level for the experiment. Sao Manuel, SP

Fertilizantion 25 % 50 % 75 % 100 % 125 % 150 %
g plant?

Planting 10 20 30 40 50 60
Sidedressing

202021 10 20 30 40 50 60
Sidedressing

2021/22 6.3 12.5 18.8 25 31.3 37.5
Sidedressing

2022/23 10 20 30 40 50 60

R: reference level (Teixeira et al., 2014).

Plants were cultivated according to the crop practices outlined by Donato et al. (2021).
For harvesting, the criteria used for banana plants from the Cavendish group were
adopted: fruits with a diameter of 34 mm and a slightly rounded surface, which can also
be applied to the BRS SCS Belluna cultivar (Scherer et al., 2020). The first crop cycle
harvest began in October 2021 and extended throughout 2022. The second crop cycle
harvest began in the second half of 2022 and ended in May 2023.

Four plants per plot were evaluated for fresh and dry shoot mass, height, diameter,
number of photosynthetically active leaves, bunch mass, fruit mass, total starch, ash,
and protein. The height, diameter, and number of photosynthetically active leaves were
evaluated during flowering and harvesting (Bolfarini et al., 2016; Leonel et al., 2020).
Height was assessed using a tape measure that measured the length of the pseudo stem
from the base of the plant to the insertion of the first leaf. The diameter was calculated
(diameter = circumference m?) from the circumference measured using a tape measure
placed 0.30 m above the ground.

Shoot fresh mass was measured at harvest by summing the masses of the aerial parts
of the plant (pseudostem, bunch, leaves, and inflorescence). The inflorescence was the
only tissue from which the mass was obtained before harvesting and evaluated at the
time of crop practice, that is, removal of the inflorescence. To determine the dry mass,
the material was dried in an oven with forced air circulation at 65 °C until a constant
weight was achieved (Hoffmann et al., 2010). Dry mass of the bunch was determined by
adding the dry weights of the peel, fruit, and stalk. Mass measurements were performed
using a digital scale with an accuracy of 1.0 g.

The yield per crop cycle was calculated by multiplying the bunch mass by the number of
plants per hectare (Scherer et al., 2020). Fruit mass, total starch, protein, and ash content
were used only for the correlation analysis. Thus, fruit mass was obtained by averaging
five green fruits per bunch sampled second-hand (Bolfarini et al., 2016). Total starch
content was determined using the enzymatic hydrolysis method (method 76-13.01), ash
content was measured by high-temperature combustion in a muffle furnace (method
08-01.01), and protein content was calculated by multiplying the nitrogen content by a
conversion factor of 6.25 (method 46-13.01) (American Association of Cereal Chemists,
2018).

The means were subjected to analysis of variance, and when the null hypothesis was
rejected, Fisher’s LSD mean test was applied (p<0.05). AgroEstat software was used for
statistical analyses (Barbosa and Maldonado Junior, 2015).

RESULTS

Shoot fresh mass was affected only by the level of phosphorus application (p<0.0001),
whereas dry mass had isolated effects by application level (p<0.0001) and crop cycle
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(p=0.0043). Phosphorus application increased fresh mass by 54.5 % and dry mass by
40.9 % (Figures 2a and 2b). In the second crop cycle, a higher dry mass value was obtained
(2.02 kg plant?; or 4.04 Mg ha) compared with that of the first cycle (1.79 kg plant?; or
3.58 Mg ha?) (Figure 2c). The bunches (fruits and stalk+rachis) represented an average
of 36.6 % of the dry mass accumulated by the shoot part of the plant at the time of
harvest, and this value was not influenced by any of the variation factors tested (p>0.05).

The level of P,05 application and crop cycle individually influenced the pseudostem
height at the time of flowering and harvest (p=0.0037 and p<0.0001, respectively). The
responses to height were quadratic and promoted gains of up to 13.3 % (at flowering)
(Figure 3a) and 14.5 % (at harvest) (Figure 3b).

In the second crop cycle, the average plant heights at flowering (154 cm in the 1st cycle;
169 cm in the 2nd cycle) and harvest (156 cm in the 1st cycle; 165 cm in the 2nd cycle)
were higher than those in the first cycle. This represented an average variation of 7.7 %
during this period (Figures 3b and 3d).

Pseudostem diameter was affected by the crop cycle (at flowering, p=0.0331) and
the level of P,O5 application (at harvest, p=0.0033). During flowering, the mean plant
diameter in the second cycle, 13.6 cm, was greater than that in the first crop cycle,
13.0 cm (Figure 4a). At the time of harvest, the P,05 application doses promoted a
15.3 % increase in pseudostem diameter, with the highest value estimated at 12.4 cm,
and with a quadratic adjustment of the regression (Figure 4b).

Photosynthetically active leaves at the time of flowering were not influenced by any of
the factors (p>0.05). The overall average of the experiment was 8.5 + 1.24 |leaves per
plant. At the time of harvest, the dose effect was quadratic (p=0.0137) and managed
to maintain up to 66.6 % more photosynthetically active leaves compared to the lowest
application of P,0Os5, with the highest value in 4.5 leaves, according to the regression
analysis (Figure 5a). Leaf loss during the period between flowering and harvest was
51.36 % in the first cycle and 55.8 % in the second cycle (Figure 5b).

The period, in days, between flowering and bunch harvesting was 117.0 £ 22.1 days.
Bunch yield was influenced by the interaction between the level of P,Os application and
the crop cycle (p=0.0008; CV% = 6.59), resulting in quadratic responses and gains of
44.3 % (1st crop cycle) and 84.0 % (2nd crop cycle), compared to the lowest level of
P,0s application.
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Figure 2. Fresh mass of the aerial part as a function of the level of application of P,0s (a), dry mass of the aerial part depending on
the level of application of P,0s (b), and dry mass of the aerial part depending on the banana crop cycle (c). Different letters in the
cycle bars differ statistically from each other by the LSD test Fisher (p<0.05) (c). Yv: coordinate of vertex of the parabola in relation
to the vertical axis; Xv: coordinate of the vertex of the parabola in relation to the horizontal axis.
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Figure 3. Plant height at flowering as a function of P,Os (a) application level, plant height at
flowering as a function of the banana crop cycle (b), plant height at harvest as a function of the
level of application of P,Os (c), and plant height at harvest as a function of cycle (d). Different
letters in the bars crop cycle differ statistically from each other using Fisher’s LSD test (p<0.05) (b
and d). Yv: coordinate of the vertex of the parabola in relation to the vertical axis; Xv: coordinate
of the vertex of the parabola in relation to the horizontal axis.
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Figure 4. Pseudo-stem diameter at flowering as a function of banana crop cycle (a) and pseudo-
stem diameter at harvest depending on the level of P,0s (b) application. Different letters on the
cycle bars differ statistically compared to each other using Fisher’'s LSD test (p<0.05) (a). Yv:
coordinate of the vertex of the parabola in relation to the vertical axis; Xv: coordinate of the vertex
of the parabola in relation to the horizontal axis.
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Figure 5. Photosynthetically active leaves at harvest depending on the level of application of P,05
(a) and distribution in quartiles of photosynthetically active leaves at flowering in banana plants
(b). Yv: coordinate of the vertex of the parabola in relation to the vertical axis; Xv: coordinate of
the vertex of the parabola in relation to the horizontal axis (a). Q1: First quartile; MED: median;
Q3: third quartile; @: represents the interval that concentrates 95 % of the observations (b).

Shoot biometrics influenced the yield and fruit mass of the bunches (Table 2). The
nutritional quality of the fruit was influenced by the following biometric characteristics:
total starch x plant height at the inflorescence (0.335, p = 0.009), starch x pseudostem
diameter at the inflorescence (0.340, p = 0.008), protein X plant height at harvest (0.338,
p = 0.008), and ash x pseudostem diameter at harvest (0.282, p = 0.029).

DISCUSSION

Quadratic responses to banana plant biometrics have also been demonstrated by other
researchers who evaluated the influence of phosphate fertilization on the dry matter of
the aerial parts (Silva et al., 2011), plant height, pseudo-stem diameter, and number of
leaves (Bolfarini et al., 2016; Dhutraj et al., 2018). The highest measurements obtained
for the second crop cycle, with more vigorous plants, are also in accordance with the
literature, and occur because of a more developed clump (Scherer et al., 2020; Donato
et al., 2021), such that biometric characteristics tend to stabilize in subsequent crop
cycles (Silva et al., 2002).

Table 2. Values obtained for Pearson correlations between biometrics of the aerial part of the
plant and production aspects in banana crop. Sao Manuel, SP, 2021/23

SFM PHF PDF PLF PHH DPC PLH BBM GFM
SFM 0.438*  0.434* 0.311*¢ 0.795* 0.840* 0.213» 0.706*  0.370*
PHF 0.741*  0.316%* 0.527* 0.444% 0.1197 0.486*  0.060™
PDF 0.240"  0.430* 0.523*  -0.023» 0.371* 0.013"
PLF 0.291*  0.335% -0.018" 0.036ns 0.070"
PHH 0.780%* 0.183» 0.708*  0.282**
DPC 0.177~ 0.585*  0.306**
PLH 0.464*  0.608*
BBM 0.617*

* Statistically significant at 1 % by T test; ** Statistically significant at 5 % by T test; "™ not significant; SFM:
shoot fresh mass; PHF: plant height at flowering; PDF: plant diamenter at flowering; PLF: photosynthetically
active leaves at flowering; PHH: plant height harvest; PDH: plant diameter at harvest; PLH: photosynthetically
active leaves at harvest; GFM: green fruit mass. GFM: green fruit mass.
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To obtain vigorous banana plants, maintaining a balance between the growth of the
shoot and root systems, which act as source and sink organs for the photoassimilates
produced by the leaves and the minerals absorbed by the roots, is essential (Donato
et al., 2021). This relationship is mainly regulated by phosphorus and nitrogen, which
are considered the primary nutrients that can limit agricultural production (Martinez et
al., 2021). Low application level of P,05 may have compromised the growth of banana
plants, as phosphorus plays an extremely important role in their primary metabolic
processes, such as photosynthesis, respiration, nitrogen assimilation, energy storage
and transfer, cell elongation, and division (Kumari et al., 2022). However, a high level of
P,0; application may cause a nutritional imbalance in the plant or an antagonistic effect
on other minerals in the soil, such as zinc and sulfur (Fagan et al., 2016; Martinez et
al., 2021). In other paper, the results for zinc and sulfur in banana pulp corroborate the
previous arguments, as their levels decreased with higher applications of P,O5 (Candido
et al., 2024b).

Hoffmann et al. (2010) found 9.6 Mg ha'! of shoot dry mass for the Grande Naine (AAA)
banana and 9.8 Mg ha for the Gros Michel (AAA) cultivar. For the Nam (AAA) cultivar,
the genotype that produced cv. BRS SCS Belluna, Silva et al. (2003) presented averages
of 228 c¢cm (1st crop cycle) and 275 ¢cm (2nd crop cycle) in height from assessments in
four locations; and Silva et al. (2002) presented 16.4 cm (1st cycle) and 20.2 cm (2nd
cycle) for diameter. Scherer et al. (2020) presented average values of 227 cm (1st crop
cycle) and 298 cm (2nd crop cycle) in height for the BRS SCS Belluna banana plant and
evaluated in two locations, yields of 11.39 and 9.0 Mg ha (1st crop cycle) and 20.26
and 16.72 Mg ha'! (average of other crop cycles).

In general, the plants presented lower biometric measurements than those reported for
other AAA genotypes (Oliveira et al., 2007; Hoffmann et al., 2010) or those expected for
cv. BRS SCS Belluna (Scherer et al., 2020). Donato et al. (2016) highlight that banana
plants require a high (approximately 2,000 to 2,500 mm of annual precipitation) and
well-distributed water supply throughout the year, with an average consumption of
approximately 25 mm week! (dessert cultivars) and 125 mm month! for plantains.
This estimate varies according to atmospheric conditions, soil characteristics, and
phenological stage, with the authors presenting an example of consumption of up to
96 L plant? day*. Thus, the local climatic conditions (Figure 1), which during this period
experienced extreme drought caused by three consecutive years of La Nifia (Cabrini et
al., 2022), may have contributed to the development of less vigorous plants. Wesemael et
al. (2019) demonstrated that banana genotypes consisting solely of A alleles were more
adversely affected under water-deficit conditions. This stress compromises dry matter
accumulation in roots and reduces CO, absorption, leading to less vigorous plant growth.

For the same banana genotype, more vigorous plants produce better yields (Turner et
al., 2007). One reason for this is that, after the emission of the bunches, they become
the main sink for assimilated substances. Thus, reservoirs, such as the pseudo-stem
and leaves, become the primary sources for filling fruits, with less contribution from
roots (Donato et al., 2021). This was confirmed in the present study by the significant
correlations of bunch production with plant biometric variables, fresh mass of the aerial
part, height, pseudo-stem diameter, and photosynthetically active leaves at harvest.
Furthermore, as reported by other researchers (Rodrigues et al., 2009), the importance of
maintaining leaves for good fruit filling has been confirmed, resulting in heavier bunches.
Biometric measurements of the plant also contributed to the nutritional quality of the
fruits, with positive correlations between the pseudostem measurements and starch,
ash, and protein contents.

All variables affected by the level of P,Os application showed quadratic responses with
gains relative to the lowest level of phosphorus application. However, nutrients have
synergistic and antagonistic relationships with each other, and in addition to environmental
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conditions, plant metabolism is regulated by the nutritional balance (Fagan et al., 2016;
Maseko et al., 2024). Therefore, if other sources of variation, such as meteorological and
mineral sources, had been controlled, higher responses could have been obtained with
P,0s application levels at doses higher than those presented in this study.

CONCLUSION

The BRS SCS Belluna banana plants responded to phosphorus dose, positively affecting
plant vigor and significantly influencing bunch production, fruit filling, and quality. The
best results were achieved with P20s application levels close to the recommended
reference level. Application of P,Os levels ranging from 91.0 to 108.4 % of the reference
level yielded the best results for matter accumulation, number of leaves, leaf height,
pseudo-stem diameter, and banana bunch mass, with yielded gains of up to 84 %. The
BRS SCS Belluna cultivar presents a more robust plant in its second crop cycle, with
greater pseudo-stem growth and the accumulation of shoot mass.
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