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Paclobutrazol (PBZ) inhibits gibberellin biosynthesis and reduces plant size,

whereas 2,4-D (2,4 dichlorophenoxyacetic acid) causes cell elongation and

enhances fruit growth and productivity. In this study, we used a multivariate

approach to evaluate the production and post-harvest characteristics of the

‘Prata-Anã’ banana in three production cycles after the application of

paclobutrazol in the soil and 2,4-D during flowering. A randomized block

design (4×4 factorial arrangement) was used, referring to the paclobutrazol (0,

0.1, 0.3, 0.5 g L-1) and 2,4-D concentrations (0, 10, 20, and 30mg L-1), with three

replicates. Five vegetative characteristics and one physiological characteristic

were evaluated during plant flowering. Nine production variables were evaluated

during harvest. The values of five production variables and two vegetative growth

variables increased and the number of days between the clústeres decreased as

the cycles progressed. 2,4-D did not affect the fruit production-associated

characteristics. Further, 0.5 g a.i. (active ingredient), PBZ yielded lower and

higher values for the production variables in the first and second production

cycles, respectively. In the third cycle, 0.1 g a. i. paclobutrazol exerted the most

prominent effect on the production variables, indicating that the plant response

to growth regulators changes according to the production cycle.
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1 Introduction

Various plant hormones, including auxins, cytokinins,

gibberellins, abscisic acid, and ethylene, play crucial roles in plant

and fruit growth and development (Tesfahun, 2018; Chen et al., 2020).

The application of plant hormones and growth regulators in

agriculture for various purposes is a widespread practice across

many farming regions and crops worldwide. Among plant growth

regulators, paclobutrazol (PBZ) and 2,4-D (2,4 dichlorophenoxyacetic

acid) synthetic auxin stand out.

PBZ prevents oxidation reactions before GA12-aldehyde

formation, thereby inhibiting the conversion of ent-kaurene to

ent-kaurenoic acid in the gibberellic acid biosynthetic pathway.

Consequently, gibberellin levels decrease, leading to reduced cell

elongation and division (Rademacher, 2018).

Paclobutrazol application increases antioxidant potential,

changes biennial bearing problems, inhibits plant growth, reduces

internodal distance, inhibits shoot elongation, reduces leaf area, and

increases root to shoot ratio. It is reportedly effective in inducing

flowering in many tropical, subtropical, and temperate fruit crops.

Paclobutrazol is also testified to defend plants from several

environmental stresses, viz., drought stress, low and high

temperature stress (Manmohan et al., 2023). Paclobutrazol is one

of the most potent plant growth regulators, limiting vegetative

progress and promoting blooming in fruit crops such as apples

(Sha et al., 2021a; Gollagi et al., 2019).

Auxins, gibberellins, and cytokinins are directly involved in the

initial stages of fruit growth and development, specifically in Phases

I and II. However, the interplay between these growth regulators

remains unclear (Majda and Robert, 2018). Auxin is crucial for

regulating plant growth and development by promoting cell

division, expansion, elongation, and differentiation (Fenn and

Giovannoni, 2021). This hormone promotes cell elongation by

enhancing cell wall expansion, resulting from the development of

certain enzymes involved in cell wall synthesis (Fuentes et al., 2019).

Auxin regulates cell wall properties by inducing cell wall (Fenn and

Giovannoni, 2021). A study carried out by Tian et al. (2023) with

pumpkin (Cucurbita spp.), on the production of fruits by

parthenocarpy with the use of 2,4-D, demonstrates that it is

possible to obtain fruits with the use of 2,4-D, however the dose

used may vary with environmental conditions.

Production and post-harvest analyses revealed how

paclobutrazol and synthetic auxin affect fruit quality, thus

enabling the determination of the feasibility of using this growth

regulator on fruits and plants to produce high-quality fruits that are

well accepted by consumers. Post-harvest characterization of

bunches and fruits is crucial for banana growers because bunch

weight, fruit weight, length, and diameter are key criteria for

product selection and grading.

Researching the impact of PBZ and 2,4-D, as well as their

interactions in banana cultivation and post-harvest, is a complex

task that requires the simultaneous consideration of multiple

factors. Multivariate techniques allowed us to assess multiple

variables and draw a single conclusion. Canonical variate analysis
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is a multivariate statistical method used for dimensionality

reduction. This analysis aims to derive linear combinations of

multiple correlated original characteristics known as canonical

variables. This technique allows for capturing the simultaneous

effects of original characteristics, potentially revealing variations

that may go unnoticed when isolated original characteristics (Akour

et al., 2023).

Therefore, this study hypothesized that applying paclobutrazol

to the soil and synthetic auxin to the inflorescence increases the

yield of ‘Prata Anã’ banana plants without compromising fruit

quality. In this regard, this study aimed to evaluate the effects of

soil-applied paclobutrazol and inflorescence-applied 2,4-D on the

yield components of ‘Prata-Anã’ bananas over three production

cycles using a multivariate approach.
2 Materials and methods

The experiment was conducted within the Gorutuba Irrigation

District in Janaúba, Minas Gerais, Brazil (15° 41’ S, 43° 15’ W), at an

elevation of 474 m. The climate was classified as Aw, according to the

Köppen climate classification system. The soil in the experimental area

was classified as a Red Eutrophic Oxisol with a medium to clayey

texture (Santos et al., 2018). Soil physical analysis yielded the following

results: sand = 0,64 kg, silt = 0,09 kg, and clay = 0,27 kg.

Micropropagated banana (Musa ssp.) seedlings of the ‘Prata

Anã’ cultivar were used. The spacing used was 3.5 x 1.8 m. The

plants were grown in “family” formations consisting of a mother

plant (first cycle), daughter plant (second cycle), and granddaughter

plant (third cycle). Crop management and pest control practices

were performed according to technical recommendations (Donato

et al., 2021a).

Microsprinkler irrigation was used in this study. In the first

production cycle, irrigation water availability was reduced by 61%

owing to prolonged drought. During this period, a three-day

irrigation cycle was used to water the plants. Water was supplied

based on the reference evapotranspiration, using a crop coefficient

according to the phenological stage (Donato et al., 2021b) and the

Penman-Monteith equation for the second and third

production cycles.

Before installing the experiment, soil samples were collected

and analyzed to determine nutrient levels, which guided the

planning of planting and maintenance fertilization. Fertilizer

doses for the three production cycles were carried out in

accordance with technical recommendations (EPAMIG, 2015).

Planting fertilizer was applied at a rate of 300 g of single

superphosphate Ca(H2PO4)2 +CaSO4 2H2O per hole. The first

topdressing fertilization was applied 60 days after planting, using

100 g of ammonium sulfate (NH4)2SO4 and 100 g of potassium

chloride (KCl). Fertilization was repeated monthly until the

beginning of production in the second production cycle 570 days

after planting, with 18 applications. The micronutrient source used

was 50 g of commercial brand FTE BR 12 with the following

guaranteed contents: 9% Zn, 1.8% B, 0.8% Cu, 2.1% Mn and 0.1%
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Mo, and 10 liters of manure were applied per hole at planting for the

first cycle. Fertilization with micronutrients and manure was carried

out 360 days after planting for the second production cycle.

In the third production cycle, a soil analysis was performed and

the results of the soil analysis recommended different fertilizers to

be applied, due to the improved soil fertilization. In this production

cycle, fertilization was performed monthly, starting 600 days after

planting, with 6 g of urea (CH4N2O) and 45 g of potassium nitrate

(KNO3). Phosphorus and magnesium were applied with 240 g of

monoammonium phosphate (NH4H2PO4) and 90 g of magnesium

sulfate (MgSO4). The amounts of micronutrients fertilized were as

follows: 12 g of boric acid (H3BO3), 15 g of zinc sulfate (ZnSO4), 35

g of ferrous sulfate (FeSO4), 30 g of copper sulfate (CuSO4) and

manure (10 L), were carried out 600 days after planting.

The treatments were arranged in a randomized block design

with a 4–4 factorial scheme, comprising four doses of paclobutrazol

(triazole) (Cultar® 250 SC) as follows: 0, 0.1, 0.3, and 0.5 g of active

ingredient per plant, and four pre-harvest doses of synthetic auxin

(2,4-dichlorophenoxyacetic acid, Sigma Aldrich ®) at

concentrations of 0, 10, 20, and 30 mg L-1 per bunch, with three

replications. The plots consisted of 12 plants arranged in three rows

of four plants each, with two plants considered for data collection.

The area occupied by each plot was 75.6 m2. An external border

with a single planting row was used in the experiment.

Paclobutrazol (PBZ) was applied when the plants reached an

average height of 50 cm, measured from the ground to the second

leaf of the leaf rosette. The PBZ was diluted in two liters of water

and applied to the soil, with moisture near field capacity, around the

pseudostem, at an average distance of 25 cm.

Synthetic auxin treatments were applied approximately 12–15

days after inflorescence emergence using a backpack sprayer, when

the bunches had between seven and nine female hands. An aqueous

solution of 200 ml of distilled water was used, which was sufficient

for application to the entire bunch at the concentrations

described above.

Vegetative growth variables were assessed at the flowering stage

as follows: pseudostem height at flowering (cm) (PHF), measured

from the ground to the bunch stalk insertion point; pseudostem

circumference at flowering (cm) (PCF), measured 0.30 m above the

soil surface; number of fully expanded leaves at flowering; and

mathematical model to estimate the total leaf area (TLA) of banana

trees, using linear dimensions of the third leaf, such as length, width,

and total number of leaves at inflorescence emission. using the non-

destructive method proposed by Zucoloto et al. (2008) for Prata

Anã banana. The leaf area index (LAI) was also determined to use

an AccuPAR LP-80® PAR/LAI Ceptometer device from Decagon

Devices Inc. The chlorophyll index (SPAD) was measured using an

SPAD-502 device. The number of days between planting and

harvest (total cycle) (DPH) and the number of days from

inflorescence emergence to harvest (reproductive cycle) (DFH)

were also determined.

Production in the first cycle began 355 days after planting, the

second cycle began 573 days after planting, and the third cycle

began 849 days after planting. The bunches of useful plants were

harvested 120 days after the emission of the last female bunch, in
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the three production cycles, and dropped at the experimental site.

At this stage, bunches were evaluated for the number of hands per

bunch (NHB), number of fruits per bunch (NFB), average hand

weight (AHW), average fruit weight (AFW), and bunch weight

(BW). Two measurements were taken to measure fruit length: the

first from where the fruit attaches to the flower cushion to the tip of

its curved side along its longest axis and the second across the flesh

along its shortest axis. This allowed us to determine the shape of the

fruit, specifically, its concavity (CFP 02). Two fruits from the second

hand were used for measurements.

The adjusted yield was calculated by multiplying the bunch

weight (sum of hand weights) by the plant population per hectare.

This was performed by obtaining the sum of the first-cycle yields,

dividing by days to harvest, and multiplying by 365 days. For the

second and third cycles, the adjusted yield was calculated by

summing the yield of each cycle with those of the previous cycles,

dividing by the number of days until harvest for each cycle, and

then multiplying by 365 days. The number of bunches per year was

also determined for each cycle by dividing 365 days by the number

of days until bunch harvest for each cycle and multiplying the result

by the corresponding production cycle number for the bunch

harvest. The number of days from planting to harvest (DPH)

(total cycle), which measures plant development until harvest,

and DFH, which measures fruit growth until harvest, were

also determined.

The data were analyzed using multivariate analysis of variance,

followed by an assessment of the significance of the sources of

variation at the 5% significance level using Pillai’s test.

Subsequently, a graphical representation was performed using

canonical variate analysis. A correlation study between the

characteristics was also conducted. For this purpose, a network-

based scatter plot was created to visualize significant correlations, as

determined by the F-test at the 5% significance level. Statistical

analysis was conducted using R statistical software (R Core Team,

2019) with stats, candiscs, and qgraph packages.
3 Results

The multivariate analysis of variance presented in Table 1

revealed significant effects for all sources of variation. The results

are presented and discussed considering the presence of

interactions. It is worth noting that because synthetic auxin is

applied directly to the bunch after the emergence of the hands,

this treatment was not considered for these evaluations (number of

hands per bunch, number of fruits per bunch, SPAD index, leaf area

index, total leaf area, plant height at flowering, pseudostem

circumference at flowering, and number of leaves at flowering).

Therefore, auxin dose was not included as a source of variation in

the analysis described below.

Figure 1 illustrates that canonical variable 1 (CV1) accounted

for 50.51% of the variation in the analyzed variables, whereas

canonical variable 2 (CV2) explained 22.22% of the variation.

This accounted for 72.73% of the total variation in the analyzed

variables, as explained by CV1 and CV2. The treatments are
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associated with lower doses of PBZ, and the third cycle exhibits

higher CV2 estimates, particularly at a dose of 0.1 g of active

ingredient per plant. In contrast, the 0.5 g dose of active ingredient

per plant in the first cycle exhibited the lowest estimated CV2.

To analyze the distribution of treatments in the study of canonical

variables, it is crucial to examine the correlations between the

explanatory and canonical variables (Table 2). Correlations with

estimates above 0.7 can be considered biologically significant, as

squaring this value yields a coefficient of determination greater than

50%. The correlations showed high estimates, and owing to their

positive signs, they were directly proportional to the CV2 scores.

Analysis of the correlations between explanatory variables and

canonical variable scores (Table 2) revealed that treatments with

lower PBZ doses tended to result in a higher number of hands per

bunch (0.741), fruits per bunch (0.697), total leaf area (0.896), plant

height at flowering (0.849), and pseudostem circumference at

flowering (0.764). As previously mentioned, the 0.1 g PBZ dose in

the third production cycle yielded the highest values for these

variables. This directly affects the bunch weight.

It is worth noting that, because PBZ is always applied to the soil

when seedlings reach 50 cm in height, there is a cumulative and

residual effect of this substance in subsequent cycles. Therefore, this

outcomemay result from the reduced residual effect of PBZ in the soil

at a dose of 0.1 g active ingredient per plant, or even a growth-
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promoting effect at lower doses. The PBZ dose of 0.5 the active

ingredient per plant over three production cycles showed lower CV2

values, particularly in the first two cycles, indicating a reduction in the

measured variables due to this treatment. This trend continued in the

third cycle when only the doses used were compared (Figure 1).

Significant effects (p ≤ 0.05) were identified through multivariate

analysis of variance for the isolated factors PBZ, production cycles and

block, the interaction between PBZ and production cycles, the isolated

factor synthetic auxin (AUX), and the interactions between synthetic

auxin vs. production cycles and PBZ vs. production cycles (Table 3).

Therefore, the triple interaction of the factors under study (PBZ vs.

AUX vs. cycle) or PBZ vs. AUX interaction had no significant effect.

The interaction between the PBZ and production cycles had the

most significant impact on the canonical variables (CV1 and CV2)

of ‘Prata Anã’ banana (Figure 2). The analysis showed that CV1

accounted for 51.33% of the variation in the studied variables,

whereas CV2 accounted for 26.45%. CV1 and CV2 accounted for

77.78% of the total variation in the analyzed variables. This suggests

reasonable effectiveness of analyzing these results using a technique

that only considers the first two canonical variables.

It was also observed that all treatments involving the first

harvest cycle are in the third quadrant, showing the lowest CV2

values. In the first cycle, PBZ doses of 0 and 0.1 g of active

ingredient per plant resulted in the lowest CV1 value. In the
FIGURE 1

Scatter plot of scores for the first two canonical variables (CV1 and CV2) as a function of paclobutrazol (PBZ) doses and production cycles. (PBZ
Doses: 0, 0.1, 0.3, and 0.5 g of active ingredient per plant; production cycles 1, 2, and 3).
TABLE 1 Multivariate analysis of variance for the characteristics: number of hands per bunch (NHB), number of fruits per bunch (NFB), SPAD index
(SPAD), leaf area index (LAI), total leaf area (TLA), plant height at flowering (PHF), pseudostem circumference at flowering (PCF), and number of leaves
at flowering (NLF) as a function of paclobutrazol (PBZ) doses over three production cycles.

SV Df Pillai approx. F num Df den Df Pr(>F)

PBZ dose 3 87.809 6.5 24 375 0,000***

Cycle 2 149.256 45.6 16 248 0,000***

block 2 2.624 2.3 16 248 0.003**

PBZ dose vs. Cycle 6 49.276 1.4 48 768 0.031*
***, significant at p ≤ 0.001 by F-test; **, significant at p ≤ 0.01 by F-test; * significant at p ≤ 0.05 by F-test.
Results were presented and discussed considering the existence of interaction Dose PBZ x Cycle.
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second harvest cycle, the PBZ treatments were positioned near the

axes of the Cartesian plane, indicating intermediate CV2 results.

However, regarding the second cycle, the highest CV1 values were

observed at PBZ doses of 0.3 and 0.5 g of active ingredient per plant.

Examining CV2, the highest value of this canonical variable is

achieved in the third cycle at a PBZ dose of 0.1 g of active ingredient

per plant.

The explanatory variables were positively correlated with CV2,

as follows: bunch weight (0.96), average hand weight (0.95), average

fruit weight (0.93), fruit curvature of the second hand (0.79),

number of days from planting to harvest (0.86), and number of

bunches per year (0.84). However, the interval between flowering

and harvest was negative (-0.90). Therefore, the longest

reproductive cycle was observed in the first production cycle and

in response to PBZ application at doses of 0.3 and 0.5 g of active
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ingredient per plant. When examining the correlations (Table 4), it

was observed that the first cycle was characterized by lower

estimates for bunch weight, average hand weight, average fruit

weight, fruit curvature of the second hand, days from planting to

harvest, and number of bunches per year. Higher estimates were

obtained for the period between flowering and harvested.

As PBZ doses increased in the first cycle, CV2 estimates

decreased, indicating reduced bunch weight, average hand weight,

average fruit weight, and fruit curvature in the second hand. This

also results in fewer days between planting and harvest, fewer

bunches per year, and an increased interval between flowering

and harvest when applying PBZ at doses of 0.3 and 0.5 g of active

ingredient per plant. However, it is worth noting that the adjusted

yield was not significantly influenced by PBZ in the three evaluated

cycles due to the low correlation estimates of this characteristic with

the first two canonical variables (CV1 and CV2).

Higher estimates were observed for CV2 in the second and third

cycles (Figure 2). Therefore, considering the correlation estimates

presented (Table 4), it can be inferred that the second and third

cycles showed higher estimates for the production variables, days

between planting and harvest, and the number of bunches per year.

However, the dose of 0.1 g the PBZ active ingredient per plant in the

third cycle is particularly noteworthy.

However, analysis of the first canonical variable (CV1) and its

correlation with the evaluated variables reveals that treatments

associated with the second production cycle, particularly at PBZ

doses of 0.3 and 0.5 g active ingredient per plant, yielded higher

estimates for this canonical variable. This suggests that these

treatments resulted in a shorter interval of days between bunches

(IDB) than the other treatments. Differences in the PBZ dosage

effects were also observed between the second and third cycles. In

the third cycle, higher PBZ doses resulted in lower CV1 estimates.

In contrast, the opposite effect was observed in the second cycle.

Consequently, the use of PBZ reduced IDB in both the first and

second cycles. However, in the third cycle, this trend was reversed.
TABLE 3 Multivariate analysis of variance for the following characteristics: bunch weight (BW), average hand weight (AHW), average fruit weight
(AFW), adjusted yield (AY), fruit curvature of the second hand (FC2), days from flowering to harvest (DFH), days from planting to harvest (DPH), interval
of days between bunches (IDB), number of bunches per year (NBY) as a function of paclobutrazol (PBZ) and synthetic auxin (AUX) doses over three
production cycles.

Variables Df Pillai Approx. F Num Df Den Df Pr (>F)

PBZ 3 6.182 3 27 264 0.000***

AUX 3 4.697 2 27 264 0.010 **

Cycle 2 1.9202 233 18 174 0.000***

Block 2 4.015 2 18 174 0.001***

PBZ vs. AUX 9 7.494 1 81 846 607

PBZ vs. Cycle 6 9.105 2 54 546 0.001 ***

AUX vs. Cycle 6 7.194 1 54 546 0.043 *

PBZ vs. AUX vs. Cycle 18 1.5510 1 162 846 234
***, significant at p ≤ 0.001 by F-test; **, significant at p ≤ 0.01 by F-test; * significant at p ≤ 0.05 by F-test.
TABLE 2 Canonical correlation between the following evaluated
characteristics: number of hands per bunch (NHB); number of fruits per
bunch (NFB); SPAD index (SPAD); leaf area index (LAI); total leaf area
(TLA); plant height at flowering (PHF); pseudostem circumference at
flowering (PCF); number of leaves at flowering (NLF) and the two
canonical variables (CV1 and CV2) as a function of paclobutrazol doses
over three production cycles.

Variables CV1 CV2

NHB -0,217 0,741

NFB -0,332 0,697

SPAD -0,434 -0,451

LAI -0,422 0,519

TLA 0,111 0,896

PHF 0,302 0,849

PCF 0,74 0,764

NLF 0,199 0,505
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Therefore, the response of plants to PBZ treatment varies

depending on the production cycle, which may be influenced by

environmental conditions, the growth and development stage of the

plant, or even the cumulative effect of PBZ in subsequent cycles.

The PBZ dose, with the highest estimate for CV2, was 0.1 g of

active ingredient per plant in the third production cycle (Figure 2).

Analysis of the scatter plot, along with the positive correlation

estimates, revealed that this dosage led to increased bunch weight,

average hand weight, average fruit weight, fruit curvature of the

second hand, days from planting to harvest, and number of bunches

per year. These results suggest that PBZ at a specified dosage has a

beneficial long-term effect (third cycle), considering its production

characteristics. This may be due to the reduced residual effect of

PBZ in the soil, which is attributable to the low dose used. The soil

in the experimental area was classified as a sandy clay loam.

The soil at the experimental site has a sandy clay loam texture.

For this reason, and because of the relatively low doses of PBZ

compared to other trials with bananas and other fruit trees, it is

possible that the residual effect of PBZ was not pronounced. This

may have positively affected the long-term outcomes, specifically

the bunch interval in the second cycle (shorter interval between

bunches at the 0.5 g dose) and yield components in the third cycle

(at the 0.1 g dose).

Analysis of canonical variable (CV1 and CV2) dispersion in

relation to synthetic auxin doses and production cycles showed that

CV1 accounted for 67.99% of the variation in the analyzed

variables, whereas CV2 explained 13.58% of the variation

(Figure 3). This accounted for 81.57% of the total variation in the

analyzed variables, as explained by CV1 and CV2. The results of the

four auxin (AUX) doses were similar, indicating a high degree of

consistency in their effects. Therefore, although expected, no

relevant effects of auxin on the studied variables were observed.
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The production variables showed negative correlations between

CV1 and bunch weight, average hand weight, average fruit weight,

and fruit curvature of the second hand but exhibited a positive

correlation with the number of days from flowering to harvest. The

CV2 group showed similar results.

In contrast, regarding the production cycles, treatments

involving cycle 1 were found in the first quadrant, cycle 2 in the

intermediate position, and cycle 3 in the third quadrant. When

examining these results alongside the correlations between

canonical variables and evaluated variables (Table 4), it became

evident that cycle 1 exhibited the lowest estimates for bunch weight,

average fruit weight, average hand weight, fruit curvature of the

second hand, number of days from planting to harvest, and number

of bunches per year. However, as the production cycles progressed,

these estimates increased, reaching their peak values in the

third cycle.
4 Discussions

The scatter plot (Figure 1) shows that the 0.5 g dose of PBZ for

the first and second production cycles is located in the lower

quadrant, with the lowest values for production variables such as

NHB and NFB, as well as vegetative variables including TLA, PHF,

and PCF. This suggests that PBZ inhibits floral differentiation and

vegetative growth in ‘Prata-anã’ banana plants at this dosage. This

effect is primarily attributed to the inhibition of gibberellin

biosynthesis inhibition (Tesfahun, 2018; Chandra and

Roychoudhury, 2020; Desta and Amare, 2021).

Banana plants will develop smaller leaves with likely

compaction of the leaf rosette due to the reduction in pseudostem

height as a result of increasing doses of PBZ (0.0, 0.5, 1.0, 1.5, and

2.0 g per plant) (Cavatte et al., 2012), which may increase the rate of

self-shading. These conditions reduce the photosynthetically active

area by decreasing the total leaf area, which affects light absorption

efficiency. This reduces the photosynthetic efficiency of the plant,

resulting in crop yield loss. An increase in leaf count does not

necessarily correspond to an increase in leaf area or photosynthetic

capacity (Cavatte et al., 2012).

Growth regulators reduce plant tissue growth, causing physical

and metabolic effects at the cellular level owing to increased abscisic

acid levels (McAdam et al., 2016). Application of PBZ results in

increased endogenous levels of abscisic acid (ABA) (Chandra and

Roychoudhury, 2020; Desta and Amare, 2021). The presence of

ABA in roots also promotes water and ion flow, regulating turgor

pressure by increasing the root absorption capacity (Zhang et al.,

2016). This physiological response triggered in plant cells may have

led to a decrease in the bunch count, fruit number, total leaf area,

plant height at flowering, and pseudostem circumference at

flowering during the first and second production cycles.

The reduction in vegetative growth, as evidenced by the effects

on total leaf area, plant height, and plant circumference, is a widely

reported phenomenon in the literature, both for banana crops

(Cavatte et al., 2012) and other plant species (Tesfahun, 2018;

Chandra and Roychoudhury, 2020; Desta and Amare, 2021). The
TABLE 4 Multivariate analysis of variance for the following
characteristics: bunch weight (BW), average hand weight (AHW), average
fruit weight (AFW), adjusted yield (AY), fruit curvature of the second hand
(FCH02), days from flowering to harvest (DFH), days from planting to
harvest (DPH), interval of days between bunches (IDB), and number of
bunches per year (NBY) as a function of the doses of paclobutrazol and
synthetic auxin in three production cycles.

Variables
PBZ vs. Cycle AUX vs. Cycle

CV1 CV2 CV1 CV2

BW 0.48 0.96 -0.91 -0.91

AHW 0.61 0.95 -0.87 -0.85

AFW 0.69 0.93 -0.83 -0.79

AY 0.47 0.58 -0.42 -0.33

FCH02 0.51 0.79 -0.76 -0.71

DFH -0.27 -0.90 0.80 0.77

DPH 0.27 0.86 -0.93 -0.97

IDB -0.84 -0.54 0.47 0.40

NBY 0.23 0.84 -0.92 -0.96
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higher doses of PBZ used in this study not only affected vegetative

growth, but also impacted floral differentiation and inflorescence

formation, resulting in fewer hands and fruits. However, the lowest

dose of PBZ used (0.1 g of active ingredient), particularly in the

third production cycle, that is, in the long term, led to an increase in

several variables: number of hands, number of fruits, total leaf area,

plant height at flowering, and pseudostem circumference at

flowering. Thus, the response of the plant to PBZ appears to be

linked to the duration of application and dosage used.

The initial production cycle typically results in reduced

vegetative growth and plant vigor, leading to lower banana yields,

as widely reported in the literature (Aeberli et al., 2023; Marques

et al., 2018). This result confirmed that the most significant

vegetative growth and yield increase did not occur during the first

production cycle. Similar findings were reported by Almeida et al.
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(2024) and Arantes et al. (2017), who found that the first and

second production cycles exhibited substantial differences in

vegetative characteristics, with significant changes in plant size,

vigor, and yield. The increases in vigor, height, and yield typically

peaked in the third cycle, after which they stabilized.

However, it is worth noting that the adjusted yield was not

significantly influenced by PBZ in the three evaluated cycles due to

the low correlation estimates of this characteristic with the first two

canonical variables (CV1 and CV2). This suggests that PBZ did not

influence the increased yield of the Prata-Anã banana plant when

adjusted for annual values. This occurred because despite the increase

in bunch weight, PBZ also extended the production cycle (DPH).

Carbohydrates are produced through photosynthesis and their

accumulation forms the foundation of fruit growth (Rossouw et al.,

2024; Van Harsselaar et al., 2017). PBZ treatment enhances fruit
FIGURE 2

Scatter plot of scores for the first two canonical variables (CV1 and CV2) as a function of paclobutrazol (PBZ) doses and production cycles. (PBZ
Doses: 0, 0.1, 0.3, and 0.5 g of active ingredient per plant; production cycles 1, 2, and 3).
FIGURE 3

Scatter plot of scores for the first two canonical variables (CV1 and CV2) as a function of synthetic auxin (AUX) doses and production cycles.
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growth and weight by increasing the carbohydrate content and

stimulating enzymatic activities in substance metabolism (Desta

and Amare, 2021; Wu et al., 2019).

The reduction in interval of days between bunches (IDB)

observed in the first two production cycles may be due to the

shortened reproductive period of the banana plants. Higher

accumulation of photoassimilates in fruits can accelerate their

metabolism, leading to earlier fruit ripening. Fruit development

and growth rely on photosynthates transported from the leaves (Sha

et al., 2021b; Covarrubias et al., 2021). Rice seedlings treated with

PBZ (Dewi, 2016) and Cotton seedlings treated with PBZ

(Lakshmanan et al., 2025) allocated fewer photosynthates to

vegetative growth, directing more resources toward seed

development than control plants. Chlorophyll, a key player in

photosynthesis, plays a dual role in the aforementioned process,

harvesting light energy and facilitating light-driven charge

separation and electron transport.

The increase in chlorophyll content in PBZ-treated plants may

result from reduced damage caused by reactive oxygen species

(Saleem et al., 2024; Tesfahun, 2018). Regarding total chlorophyll

content (A + B), PBZ application in Capsicum annuum and

Capsicum chinense plants resulted in 35% higher total chlorophyll

levels than in untreated plants (Ferreira et al., 2023). Dewi (2016)

observed that black rice plants treated with 25 or 50 ppm PBZ

exhibited greener leaves and delayed senescence compared with the

control group. This may be attributed to increased levels of

oxidative enzymes, which inhibit cellular maturation (Desta and

Amare, 2021).

Extended leaf retention can lead to an increased production of

photoassimilates, resulting from the expansion of the

photosynthetic area of the leaves. This accelerated fruit growth

and ripening. In the second production cycle, the plants exhibited

enhanced growth and vegetative vigor, resulting in increased leaf

area and shorter bunch intervals. However, this leads to greater soil

shading and increased competition between the plant clusters. This

increased competition may slow the growth of the banana suckers

responsible for producing the third bunch (third cycle) owing to

shading, thus extending the IDB for the third cycle.

The residual effect of PBZ in soil persists for up to 300 d after

application (Silva et al., 2017). This is due to the clay texture of the

soil, which can retain this substance for a longer period. Silva et al.

(2017) observed PBZ residues in medium-textured soils five months

after application. This period is considered the half-life of the

product in clay soils. However, in this study, even the lowest dose

(0.1 g of active ingredient per plant) showed long-term

beneficial effects.

In this study, a PBZ dose of 0.5 g the active ingredient led to a

reduction in yield components during the first cycle of ‘Prata-Anã’

banana. In a study conducted by Cavatte et al. (2012) on ‘Prata-Anã’

bananas, five PBZ concentrations were tested (0.0, 0.5, 1.0, 1.5, and

2.0 g per plant). These researchers observed that a dose of 0.48 g of

active ingredient produced fruits classified as premium grades
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(diameter ≥ 34 mm). Cavatte et al. (2012) also noted that bunch

weight in ‘Prata-Anã’ banana plants treated with 2.0 g of

paclobutrazol plant-1 decreased by approximately 530 g per bunch

compared with the control.

The shortest IDB observed in the second production cycle

at the 0.5 g dose suggests an acceleration in vegetative growth

and fruit development. There was likely a change in source–

sink translocation patterns, directing more photosynthates

toward fruit growth, leading to earlier fruit harvest or even

increased vegetat ive growth and vigor . This shif t in

translocation pattern has been previously reported in other

species (Desta and Amare, 2021). The PBZ dose that yielded the

highest production values was 0.1 g a.i. (active ingredient) per

plant in the third cycle. This dosage also positively affected

plant growth, increased leaf area, and consequently enhanced

photosynthate production for fruit development, resulting in

heavier fruits, hands, and bunches.

No relevant effects of auxin on the studied variables were

observed. The reproductive cycle pattern (number of days

between flowering and harvest) indicates the impact of

production cycles, and consequently, the optimal growth and

fruiting conditions of the plant clusters in reducing the interval

between flowering and harvest. Over time, soil fertility improves

owing to regular fertilization, and the transplant shock in fruit-

bearing seedlings is reduced.

The first two production cycles showed differences in vegetative

and productive characteristics, resulting in increased plant size,

vigor, and yield. This increase in vegetative and production

characteristics typically peaks by the fourth cycle, at which point

it stabilizes (Marques et al., 2018) or declines depending on

cultivation conditions, requiring renewal of the banana plantation

in subsequent cycles.
5 Conclusions

As the production cycles progressed, there was an increase in

bunch weight, average hand weight, average fruit weight, fruit

curvature of the second hand, days from flowering to harvest,

days from planting to harvest, and number of bunches per year,

along with a decrease in the interval between bunches. The

recommended paclobutrazol dose for Prata-Anã banana

production is 0.1 g of active ingredient per plant. There is no

consistency or reproducibility in the effects of paclobutrazol

products across production cycles. The 2,4-D doses did not affect

fruit production characteristics.
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