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Abstract

This study evaluated the effects of nitrogen fertilization and different types of planting
material on the yield and fruit quality of pineapple (Ananas comosus var. comosus) cv. Smooth
Cayenne under the edaphoclimatic conditions of the Northern region of Rio de Janeiro
State, Brazil. The experiment was conducted in a randomized block design, arranged
in a factorial scheme with four nitrogen rates, six types of planting material, and two
harvest seasons (winter and summer). Based on the results, it can be inferred that slips
provided higher yields and heavier fruits, whereas plants derived from crowns and suckers
showed lower productivity. Increasing nitrogen rates promoted greater fruit mass and
length, higher pulp percentage, and increased production of vegetative propagules. Fruits
harvested in the summer showed higher soluble solids content (15.5 °Brix), greater pulp
and juice percentages, and lower titratable acidity, which are desirable characteristics
for fresh consumption. Despite the seasonal differences, fruit mass ranging from 1.5 to
2.0 kg met commercial standards for both processing and domestic markets. The soluble
solids/titratable acidity ratio (15.8) was below the ideal range for fresh consumption. The
combination of appropriate planting material and nitrogen fertilization contributes to
higher production efficiency, cost reduction, and improved fruit quality.

Keywords: Ananas comosus; nitrogen fertilization; fruit quality; propagule type; yield;
postharvest

1. Introduction

The pineapple (Ananas comosus var. comosus) is cultivated in more than 70 countries
and is recognized as one of the most economically important tropical fruit crops [1]. In 2023,
Brazil produced approximately 1,482,136 thousand fruits over 56,955 hectares, according
to Embrapa and IBGE [2], ranking among the world’s leading producers. The state of
Rio de Janeiro stands out with 6390 hectares harvested in 2024, and its edaphoclimatic
characteristics, combined with the proximity to major consumer markets, create favorable
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conditions and strong prospects for the expansion of pineapple cultivation. This interaction
between environmental conditions and human factors reinforces the natural suitability and
economic potential of the region for pineapple production.

Despite this potential, several constraints still limit the full development of pineapple
cultivation in Brazil. Inadequate fertilization practices and the widespread use of unselected
planting material remain major bottlenecks, directly affecting yield uniformity and fruit
quality. The adoption of selected propagules, defined by type and mass, therefore represents
a strategic approach to improve both productivity and fruit attributes.

In Brazil, most vegetative propagules are collected after harvest in commercial fields
and consist predominantly of slips and suckers [2]. In the cultivar Smooth Cayenne, suckers
are generally the most abundant type of propagule, although slips are also commonly used
when available. For processing-oriented production, crowns represent an excellent alter-
native source of planting material [3]. Although several alternative propagation methods
have been proposed [3-7], their large-scale adoption remains limited due to low practical
feasibility, long propagation periods, and high production costs. Consequently, the shortage
of high-quality planting material continues to hinder productivity and competitiveness in
the sector.

Although significant scientific advances have been made in recent years, these im-
provements do not always reach growers, partly due to the limited number of field-based
studies evaluating plant agronomic performance and fruit quality under production con-
ditions. This gap between research findings and on-farm practices helps explain why the
national average yield remains low compared with the productive potential of the crop. Re-
gional studies conducted in Brazil have shown that nitrogen fertilization can significantly
influence vegetative growth, yield components, and fruit quality of ‘Smooth Cayenne’
pineapple, although responses tend to vary according to soil type and environmental
conditions. For instance, Spironello et al. (2004) [8] demonstrated strong effects of nitrogen
on fruit weight and soluble solids under tropical soil conditions, whereas Teixeira et al.
(2002) [9]. Despite these contributions, most studies evaluate nitrogen effects in isolation,
without simultaneous consideration of propagule type or harvest season.

Efficient fertilization management requires understanding the physiological character-
istics of the plant, nutrient availability in the soil, and the functional role of each element [8].
Because fertilization represents approximately 30% of total production costs, defining ap-
propriate nitrogen rates must consider not only crop nutritional requirements but also the
technological level of production systems, economic constraints, and market demands [3].

Given the inconsistencies among studies evaluating nitrogen fertilization in pineapple,
particularly regarding fruit quality and the lack of research integrating propagule type
with harvest season, there is a clear need for field-based experimental evidence under
Brazilian edaphoclimatic conditions. This gap significantly limits the development of
precise recommendations for growers.

Thus, this study aimed to evaluate how different nitrogen rates and types of planting
material influence yield components and fruit quality attributes of ‘Smooth Cayenne’
pineapple and to determine whether these responses differ between winter and summer
harvest seasons under the edaphoclimatic conditions of northern Rio de Janeiro State.

2. Materials and Methods

The experiment was carried out at the Experimental Station of CCTA-UENF, lo-
cated at the Antonio Sarlo State Agricultural Technical School in Campos dos Goytacazes,
Rio de Janeiro, Brazil (21°45'15” S, 41°19/28” W, altitude 14 m). The experiment was
conducted over a 20-month period, from May 2005 to January 2007. The soil of
the experimental area was classified as a well-drained clayey Typic Hapludult (Argis-
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solo Vermelho-Amarelo Distréfico latossélico) according to the classification proposed
by EMBRAPA [10]. Prior to the experiment, soil samples were collected from the
0-20 cm layer for physical and chemical characterization. The results were as follows:
pH=4.9; total N=18gkg !}, P=2mgdm3; K = 29 mg dm3; Ca =1.2 cmolc dm3;
Mg = 1.2 cmolc dm3; Al=0.3 cmolcdm3; Zn=10.80 mg dm~3; Fe = 31 mg dm3;
Mn = 4 mg dm~3; clay = 510 g kg~ ; silt = 90 g kg ~!; and sand = 400 g kg 1.

The experiment was conducted in a randomized complete block design arranged in
a4 x 6 factorial scheme, consisting of four N doses (4, 8, 12, and 16 g N plant_1 cycle_l),
using urea as the N source, six types of Smooth Cayenne pineapple planting material,
and four replicates. The planting materials used were conventional propagules: Crown
(crowns weighing 250-400 g and with an average length of 24.6 cm), Slip 1 (slips weighing
200-350 g and averaging 38.3 cm in length), Slip 2 (slips weighing 350-500 g and averaging
44.7 cm), Propagule 1 (propagule weighing 300-450 g and averaging 44.1 cm), Propagule
2 (propagule weighing 450-600 g and averaging 54.5 cm), and Propagule 3 (propagule
weighing 600-750 g and averaging 62.2 cm). The types of propagules used in the study are
shown in Figure 1.

Propagule 1 Propagule2 = Propagule 3

Figure 1. Types of propagules used in the study: Crown (crowns weighing 250-400 g and with an
average length of 24.6 cm), Slip 1 (slips weighing 200-350 g and averaging 38.3 cm in length), Slip
2 (slips weighing 350-500 g and averaging 44.7 cm), Propagule 1 (propagule weighing 300450 g
and averaging 44.1 cm), Propagule 2 (propagule weighing 450-600 g and averaging 54.5 cm), and
Propagule 3 (propagule weighing 600-750 g and averaging 62.2 cm).

Each plot consisted of three double rows with six plants per row, spaced 0.30 m
between plants, 0.40 m between single rows, and 1.0 m between double rows, totaling
36 plants per plot, of which 16 were considered for evaluation. The planting density
corresponded to approximately 47,600 plants per hectare. The planting materials were
previously selected based on type, mass, and health status, and underwent phytosanitary
treatment with a thiophanate-methyl-based fungicide and an ethion-based insecticide to
control fusariosis (Fusarium subglutinans) and pineapple mealybug (Dysmicoccus brevipes).

The climate is tropical, with an average annual rainfall of 900 mm. The mean annual
temperature recorded in 2005 was 23.9 °C, with monthly minimum and maximum averages
of 19.3 °C and 28.6 °C, respectively. In 2006, the mean annual temperature was also 23.9 °C,
with monthly minimum and maximum averages of 19.0 °C and 28.9 °C, respectively, ac-
cording to data from the UENF Meteorological Station located at the Agricultural Research
Corporation of the State of Rio de Janeiro in Campos dos Goytacazes (Figure 2).
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Monthly Precipitation in Campos dos Goytacazes (2005 and 2006)
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Figure 2. (A) Monthly precipitation, (B) relative humidity, and (C) mean air temperature at Campos
dos Goytacazes, Rio de Janeiro, during the experimental period. Source: Meteorological Station of
UENF—Campos dos Goytacazes, R]/BRAZIL.

Phosphorus was applied once in the planting furrow at a rate of 3.5 g plant~! cycle ™!
of P,Os, using single superphosphate as the source. During the vegetative growth period
and prior to natural floral induction, nitrogen and potassium fertilization was split into
five applications, at 60-day intervals, and applied as topdressing in the 3rd, 5th, 7th, 9th,
and 11th months after planting, positioned near the axils of the oldest leaves. The N and K
doses were calculated using an arithmetic progression, with an initial dose of 0.5 g plant~!
for each nutrient. The first two applications were performed using liquid fertilizer because
the doses were very small, facilitating uniform distribution of the commercial product. The
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total K dose was 16 g plant ! cycle ! of K,O, supplied as potassium chloride and applied
concurrently with the nitrogen fertilization.

The irrigation system was of the sprinkler type, providing full-area coverage with
12 sprinklers (6.4 x 3.2 mm nozzles and a flow rate of 3.55 m3 h~1!). A net irrigation depth
of 12.0 mm was applied per irrigation event, following the recommendations of Régo
Filho [11], which consider climatic conditions, soil characteristics, and crop water require-
ments. Weed control was carried out using a pre-emergent herbicide based on diuron,
combined with manual weeding, keeping the area consistently free of unwanted vegetation.

To estimate yield (t ha—1), all fruits from each plot were counted and weighed, using
the mean fruit weight from the useful area of the plot. In both fruiting periods that occurred
during the experiment, five fruits were harvested from the useful area of each plot at the
apparent maturity stage 2, corresponding to fruits showing 25% to a maximum of 50% of
yellow-colored eyes.

At harvest, the peduncle length and diameter were measured, as well as the number
of slips and suckers produced per plant. The fruits were then labeled, placed in plastic
crates, and transported to the laboratory, where the following measurements were taken:
fresh fruit weight with and without crown; fruit and crown length; fruit median diameter;
total number of fruitlets per fruit; and fresh crown weight.

For chemical analyses of the pulp, two out of the five fruits from the useful area
of each plot were randomly selected. The fruits were taken to the laboratory, where the
following were determined: peel firmness, measured using a manual penetrometer at the
middle third of the fruit, based on the mean of three points around the fruit circumference,
with results expressed in kilogram-force (kgf); pulp firmness, measured using a manual
penetrometer at three points of the median cross-section of the fruit, with results expressed
in kgf; And pulp color, evaluated using the following rating scale: 1—white pulp, 2—pulp
more white than yellow, 3—pulp more yellow than white, and 4—yellow pulp (adapted
from Giacomelli [12]).

The fruits were manually peeled, and juice was extracted from the pulp using a potato
masher and sieves. The extracted volume was immediately measured using a graduated
cylinder, and the total juice weight per fruit was recorded. The residue from juice extraction
(fibers) was dried in a forced-air oven at 75 °C for 96 h. The peels were also weighed on a
digital scale and subsequently dried in a forced-air oven at 75 °C for 96 h. After drying, the
dry weight of each component was determined.

Juice concentration in the fruit was calculated considering the total fruit weight (with
crown) relative to the amount of juice extracted from the fibers through the pressing and
drying processes.

A subsample of the extracted juice was used to determine: vitamin C content,
expressed as mg of ascorbic acid per 100 mL of juice, obtained by titrating with 2,6-
dichlorophenol-indophenol solution; titratable acidity (TA), expressed as g of citric acid per
100 mL of juice, determined by titration with 0.1 N sodium hydroxide; total soluble solids
(SS), expressed in °Brix and measured using a digital refractometer; juice pH, measured
using a digital pH meter. The SS/TA ratio was calculated by dividing total soluble solids
by the percentage of titratable acidity, also referred to as the “ratio”.

2.1. Evaluation of Fruit and Juice Yield and Quality as a Function of Harvest Season

In both flowering periods evaluated in the experiment, no artificial floral induction
methods were used. The plants underwent natural spontaneous induction at different times:
the first during January/February 2006 and the second during August/September 2006,
corresponding to fruit harvest in May/June 2006 and December /January 2007, respectively.
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All types of propagules used in the experiment produced fruits, except for the Crown,
which did not produce, and Slip 1, which showed a low fruiting rate during the first
flowering period and was therefore discarded.

2.2. Statistical Analyses

Analysis of variance was performed for all parameters evaluated in the experiment.
The analyses were conducted in two stages. In the first stage, the quantified parameters
were evaluated based on the fruits harvested from the second natural flowering, which
were collected in the summer. In the second stage, yield, fruit quality, and juice quality
were compared between the winter and summer harvests, corresponding to the first and
second natural flowering events. In this second stage, a split-plot factorial design was
used, with four nitrogen doses, four types of propagules, and two harvest seasons (summer
and winter).

Analysis based on the second natural flowering (summer harvest): Phenological cycle:
days from planting to flowering, to anthesis, to end of anthesis, and to harvest; Propagation:
production of slips and suckers per plant until fruit harvest; Yield and yield components:
fruit weight with crown (g), crown weight (g), number of fruitlets, yield (kg plot™!), fruit
length (cm), peduncle length (cm), crown length (cm), fruit diameter (cm), and peduncle
diameter (cm); fruit and juice quality: peel firmness (kgf), pulp firmness (kgf), pulp color
(color scale), percentage of pulp, peel, crown, and juice; juice pH; vitamin C (mg 100 mL~1);
total soluble solids (°Brix); titratable acidity (percentage of citric acid); and SS/TA ratio.

Comparative analysis between two fruit harvest seasons: Phenological cycle: total
flowering percentage, days from planting to floral differentiation, and days to harvest;
Propagation: production of slips and suckers per plant until fruit harvest; Production
components: fruit weight with crown (g), crown weight (g), number of fruitlets, fruit length
(cm), peduncle length (cm), and crown length (cm); Fruit and juice quality: peel firmness
(kgf), pulp firmness (kgf), pulp color (color scale), percentage of pulp, peel, crown, and
juice; juice pH; vitamin C (mg 100 mL~!); total soluble solids (°Brix); titratable acidity
(percentage of citric acid); and SS/TA ratio.

For all evaluated traits, means were compared using Tukey’s test at a 5% probability
level. For the nitrogen dose factor, polynomial regression analysis was performed, using
the F-test of the regression analysis, statistically significant model coefficients, and the
highest R? value. Statistical significance was considered at the 5% (*) and 1% (**) levels. All
statistical analyses were performed using the SANEST Version 3.0 software [13].

3. Results
3.1. Fruit Yield and Quality—Results from the Summer Harvest

The mean values for the natural growth cycle of Smooth Cayenne pineapple plants,
from planting to fruit harvest, are shown in Table 1. On average, the plants required
445 days for floral differentiation, 473 days to reach anthesis, 497 days to complete anthesis,
and 578 days to reach fruit harvest. The phenological cycle of the crop, from planting to
fruit harvest, was not influenced by nitrogen fertilization.
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Table 1. Duration of the different phenological stages of Smooth Cayenne pineapple and production of slips and suckers, average fruit mass with crown, crown

mass, number of fruitlets per fruit, and fruit yield of “‘Smooth Cayenne’ pineapple harvested in summer as a function of the type of planting material used, in

Campos dos Goytacazes, R], Brazil.

Type of Planting  From Planting to Floral From Planting to From Planting to End of From Planting to Number of Slips per Number of Suckers per
Material Differentiation (Days) Anthesis (Days) Anthesis (Days) Harvest (Days) Plant Until Fruit Harvest  Plant Until Fruit Harvest
Crown 450 a 475 a 500 a 581 a 211 bc 0.67 ab

Slip 1 443 b 473 a 497 a 579 a 325a 1.07 a

Slip 2 441Db 469 a 496 a 576 a 3.12 ab 0.65 ab
Propagulel 444 b 471 a 497 a 578 a 1.74 cd 0.75ab
Propagule 2 443 b 470 a 491 a 578 a 1.51 cd 0.46b
Propagule 3 446 ab 477 a 499 a 579 a 0.67d 0.44b

Mean 445 473 497 578 2.07 0.67

C.V. (%) 1.06 1.95 2.1 0.96 50.3 81.8

Type of Planting Fruit Mass with Crown Crown Mass Number of Fruitlets Yield Length (cm) Diameter (cm)
Material (g) (g per Fruit (kg plot™1) Fruit Peduncle Crown Fruit Peduncle
Crown 1761 ab 194.8 a 121.9 ab 304b 17.5 ab 15.8 ab 17.1 ab 13.0a 2.79 ab
Slip 1 1882 a 162.6 a 1259a 48.6a 182a 16.3 a 18.1a 13.0a 2.86a

Slip 2 1854 a 159.1a 1263 a 46.4 a 18.1a 15.3 ab 16.3 abc 13.0a 285a
Propagulel 1764 ab 165.8 a 119.7 ab 285b 17.5 ab 14.9 ab 16.0 be 129 a 2.65 abc
Propagule 2 1716 ab 1454 a 122.6 ab 27.6b 17.0 ab 144Db 145c¢ 12.8 a 2.65 bc
Propagule 3 1613 b 152.7 a 1152b 25.6b 16.6 b 143b 15.1c¢ 123 a 255¢
Mean 1765 163.4 121.9 34.5 17.5 15.2 16.2 12.8 2.72

C.V. (%) 13.1 442 7.9 26.6 6.63 10.6 11.6 5.66 7.24

Means followed by the same letter in the columns do not differ from each other according to Tukey’s test at the 5% probability level.
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Regarding the production of slips and propagules per plant, evaluated at fruit harvest,
slip-type propagules generally showed the highest values. For example, slip production in
Slip 1 was 385% higher than that observed in Propagules 3.

Regression analysis also revealed a significant and increasing linear effect (Y = 1.16 +
0.0912N, R? = 0.92 **) on slip production in Smooth Cayenne pineapple as a function of the
different types of propagules used. However, no significant regression effect was found for
nitrogen doses on the production of propagules (Table 2).

Table 2. Regression equations and coefficients of determination for yield and fruit quality attributes
of ‘Smooth Cayenne’ pineapple as a function of nitrogen fertilization rates and types of planting

material, in Campos dos Goytacazes, R], Brazil.

Evaluated Characteristic Type of Planting Material Polynomial Regression R?2
Crown y =1761 ns
Slip 1 y = 1417 + 46.459%4n 0.73 *
Slip 2 y = 1549 + 30.4271n 0.62 *
Fruit mass with crown (g) Propagule 1 y = 1764 ns
Propagule 2 y = 1277 + 43.8657n 0.77*
Propagule 3 y =1613 ns
Mean y = 1530 + 23.4533n 0.68 *
Crown y=1219 ns
Slip 1 y =107.6 + 1.8280n 0.93 *
Slip 2 y =113.3 + 1.2970n 0.91*
Number of fruitlets per fruit Propagule 1 y =119.7 ns
Propagule 2 y =90.7 + 3.1874n 0.97*
Propagule 3 y =103.9 + 1.1322n 0.93 *
Mean y =108.6 + 1.3380n 0.93 *
Fruit length (cm) Mean y =16.16 + 0.1337n 0.65*
Fruit peduncle length (cm) Mean y =16.36 — 0.1172n 0.99 *
Crown length (cm) Mean y =18.27 — 0.2104n 0.63 *
Pulp color (N) Mean y =2.21 + 0.0484n 0.67 *
Peel firmness (N) Mean y =65.6 — 0.4458n 0.97 *
Juice (%) Mean y =519 — 0.2671n 0.85*
Vitamin C (mg/100 mL) Mean y =14.5 — 0.1534n 0.97 *
Crown y =559 ns
Slip 1 y =52.8 + 0.3607n 0.95*
Slip 2 y =527 +0.2770n 0.92 *
Pulp (%) Propagule 1 y =553 ns
Propagule 2 y =52.1+0.4019n 0.64*
Propagule 3 y =54.9 ns
Mean y =52.8 +0.2891n 0.82*
Crown y =8.89 ns
Slip 1 y =12.05 — 0.2700n 0.92 *
Slip 2 y =13.46 — 0.3929n 0.99 *
Crown (%) Propagule 1 y = 18.65 — 1.8712n + 0.0867n> 0.70 *
Propagule 2 y =22.33 — 2.7401n + 0.1173n> 0.87*
Propagule 3 y =9.98 ns
Mean y=12.19 — 0.2678n 0.83 *
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Table 2. Cont.

Evaluated Characteristic

Type of Planting Material Polynomial Regression R?

Juice pH

Crown y = 2.95 + 0.0790n — 0.00367> 0.74 *
Slip 1 y=3.26 ns
Slip 2 y =3.19 + 0.0099n 0.77 %

Propagule 1 y =327 ns
Propagule 2 y =3.15 + 0.0138n 0.74*
Propagule 3 y = 3.47 — 0.0654n + 0.0037n> 0.98 *

Mean y =3.21 + 0.0066n 0.96 *

ns Not significant. * Significant at the 5% probability levels, respectively, according to the F-test.

The results indicate that the type of planting material used had a significant influence
on several yield and fruit quality attributes of ‘Smooth Cayenne’ pineapple harvested
during the summer season. Productivity was higher when slips were used, whereas crowns
and propagules showed lower and statistically similar yields. The average fruit mass with
crown and the number of fruitlets per fruit were also higher in plants derived from slips
(Table 1). In contrast, no significant differences were observed among the different planting
material types for crown mass or fruit diameter. A significant interaction between nitrogen
fertilization and planting material type was observed for fruit mass with crown and number
of fruitlets, with increasing nitrogen rates promoting higher fruit mass in plants derived
from slips and propagules (Table 2).

For fruit, peduncle, and crown length, a linear increasing effect was observed as a
function of nitrogen rates, regardless of the type of planting material, while fruit and
peduncle diameter were not significantly affected. The type of planting material did not
influence peel or pulp firmness, pulp color, or the percentages of peel, crown, and pulp
(Table 3). However, nitrogen fertilization affected some of these characteristics: the pulp
percentage showed a linear increase in slips 1 and 2 and propagule 2, whereas the crown
percentage and juice pH exhibited a quadratic response to nitrogen rates in certain planting
material types (propagule 1 and 2, crown, slip 2, and propagule 3).

Table 3. Peel and pulp firmness in kilogram-force (kgf), pulp color, and percentages of pulp, peel, and
crown in the fruit; juice concentration; juice pH; vitamin C; soluble solids (SS); titratable acidity (TA);
and SS/TA ratio as a function of planting material type of ‘Smooth Cayenne’ pineapple in Campos
dos Goytacazes, R], Brazil.

Type of Planting Peel Firmness Pulp Firmness Pulp Pulp Peel Crown

Material

(kgf) (kgf) Color (%) (%) (%)

Crown

Slip 1

Slip 2
Propagule 1
Propagule 2
Propagule 3

6.46 a 093 a 253 a 559 a 35.1a 8.90 a
594 a 0.95a 2.78 a 56.4 a 34.2a 9.35a
6.20 a 092 a 2.75a 55.5a 349 a 9.53 a
5.89 a 090 a 2.68 a 553 a 343 a 10.33 a
6.10 a 0.84 a 2.62a 56.1a 349 a 9.00 a
6.10 a 092 a 279 a 549 a 35.1a 9.98 a

Mean

6.11 0.91 2.69 55.7 34.8 9.52

C.V. (%)

15.0 12.0 18.8 3.17 4.2 20.8
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Table 3. Cont.

Type of Planting Juice Juice Vit. C SS TA SS/TA
Material (%) pH (mg/100mL) (°Brix) (% Citric Acid)

Crown 494 a 3.31a 13.3 ab 15.6 a 0.88 a 17.9 ab
Slip 1 48.7 a 3.26 a 12.3 ab 154 a 0.87 a 17.8b
Slip 2 49.6 a 3.28 a 12.0b 15.7 a 0.81a 19.7 a
Propagule 1 494 a 3.27 a 13.0 ab 156 a 0.85a 18.5 ab
Propagule 2 484 a 329a 13.6 a 154a 0.81a 19.1 ab
Propagule 3 50.0 a 325a 13.4 ab 154 a 0.86 a 18.1 ab
Mean 49.3 3.28 12.9 15.5 0.85 18.5
C.V. (%) 4.0 24 10.9 471 10.4 9.8

Means followed by the same letter in the columns do not differ from each other according to Tukey’s test at the 5%
probability level.

The juice percentage (mean of 49.3%) and pH (mean of 3.28) did not differ among plant-
ing material types, although specific interactions with nitrogen fertilization were observed
(Table 3). The mean values of soluble solids (15.5 °Brix) and titratable acidity (0.85% citric
acid) were not influenced by either planting material type or nitrogen fertilization, indicating
stability of these traits under the study conditions. While many quality attributes appeared
consistent across the different types of ‘Smooth Cayenne’ pineapple planting materials, the
type of propagule had a significant effect on vitamin C content and the SS/TA ratio.

3.2. Fruit Yield and Quality—Comparative Results Between Winter and Summer Harvests

Under the edaphoclimatic conditions of the experiment, ‘Smooth Cayenne’ pineapple
planted in May exhibited natural flowering on average at 282 and 444 days after planting,
with harvests occurring at 413 days (13.8 months, winter) and 578 days (19.3 months,
summer). The floral differentiation rate was 22.5% in the first flowering and 60.4% in the
second, varying according to the type of planting material (Table 4). In the first flowering,
a linear increase in the flowering index was observed with increasing propagule mass,
whereas in the second flowering, most plants completed the cycle after reaching full
vegetative development.

Table 4. Comparative data on flowering (%), floral differentiation (days), floral opening (days), and
harvest time (days) for the first and second natural flowering of ‘Smooth Cayenne” pineapple in
Campos dos Goytacazes, R], Brazil.

.0 From Planting to Floral From Planting to
Total Flowering (%) . ..

Type of Planting Material Differentiation (Days) Harvest (Days)

1st 2nd 1st 2nd 1st 2nd
Crown 0.0dB 90.0 aA - - - -
Slip1 7.3 cB 76.0 aA - . - -
Slip 2 13.2bB 66.8 abA 288 a 441 a 416 a 576 a
Propagule 1 13.4bB 55.1bA 282b 444 a 412 a 578 a
Propagule 2 25.1bB 46.6 bA 280b 443 a 411a 578 a
Propagule 3 38.5 aA 28.2 cB 280 b 446 a 412 a 579 a
Mean 22.5 60.4 282 A 444 B 413 B 578 A
Plot C.V. (%) 222 0.74 0.75
Subplot C.V. (%) 28.5 1.07 1.30

Means followed by the same lowercase letter in the column and uppercase letter in the row do not differ from
each other according to Tukey’s test at the 5% probability level.
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The total cycle, from planting to harvest, did not differ among planting material types,
although crowns did not flower naturally during the first flowering period, and slips
showed a lower floral index (Table 4). The production of slips was low, averaging two per
plant in the summer and absent in the winter (Table 5). Nitrogen fertilization increased the
production of slips and propagules (Table 6).

Table 5. Production of slip- and propagule-type planting materials evaluated at winter and summer
harvests of ‘Smooth Cayenne’ pineapple as a function of the type of planting material used at planting,
in Campos dos Goytacazes, R], Brazil.

Slip Production per Plant up to Propagule Production per Plant up to
Type of Planting Material Fruit Harvest Fruit Harvest
Winter Summer Winter Summer

Slip 2 0.00 312a 0.591 a 0.656 a
Propagule 1 0.00 1.74b 0.579 a 0.751 a
Propagule 2 0.00 1.51 bc 0.551 a 0.458 a
Propagule 3 0.00 0.67 c 0.534 a 0.437 a
Mean 0.00B 1.76 A 0.564 A 0.576 A

Plot C.V. (%) 56.7 61.8

Subplot C.V. (%) 87.5 76.9

Means followed by the same lowercase letter in the column and uppercase letter in the row do not differ from
each other according to Tukey’s test at the 5% probability level.

Table 6. Regression equations and coefficients of determination for types of planting material
produced during the first and second harvest periods of ‘Smooth Cayenne’ pineapple as a function of
nitrogen fertilization, in Campos dos Goytacazes, R], Brazil.

Evaluated Characteristic = Flowering Period Polynomial Regression  R?
Propagule prod.uctlon per Mean of two y = 0.427 + 0.142n 072 *
plant up to fruit harvest seasons
Slip produc’qon per plant Mean of two y = 0.484 + 0.0397n 0.96 **
up to fruit harvest seasons

* and ** Significant at the 5% and 1% probability levels, respectively, according to the F-test.

The average fruit mass with crown ranged from 1.5 to 2.0 kg, a size suitable for both
processing and the fresh fruit and export markets, with no significant difference between
winter and summer harvests (Table 7). However, summer fruits showed a higher number
of fruitlets and greater fruit length, whereas winter fruits exhibited relatively greater crown
development (Table 8).

Regression analyses indicated that increasing nitrogen rates did not cause differences
in fruit characteristics between harvest seasons (Table 9). Pulp color was similar in both
seasons (score 3, predominantly yellow). In winter, fruits exhibited greater peel and pulp
firmness, which favors transport and marketing in distant markets. Conversely, in summer,
higher percentages of pulp, peel, and juice were observed, along with proportionally
smaller crowns (Table 9).
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Table 7. Fruit mass with crown, number of fruitlets per fruit, and fruit, crown, peduncle length, peel
firmness, pulp firmness, pulp color, percentages of pulp, peel, and crown, juice percentage, juice pH,
vitamin C, soluble solids (SS), titratable acidity (TA), and SS/TA ratio in the juice as a function of
planting material type ‘Smooth Cayenne’ pineapple in Campos dos Goytacazes, R], Brazil.

Type of Planting Fruit Mass with Number of Fruit Length (cm) Crown Length Penducule
Material Crown (g) Fruitlets per Fruit & (cm) Length (cm)
Slip 2 1891 a 123 a 173 a 17.4 ab 19.5a
Propagule 1 1765 ab 114 b 16.3 b 176 a 18.6 ab
Propagule 2 1719 ab 115b 16.0 b 16.3 bc 18.2b
Propagule 3 1593 b 110b 155b 16.1¢ 17.6 b
Mean 1742 116 16.3 16.9 18.5
Plot C.V. (%) 10.6 7.1 7.98 8.62 5.99
Type of Planting  Pulp Firmness Peel Firmness o o o
Material (kgh (kgh) Pulp Color Pulp (%) Peel (%) Crown (%)
Slip 2 1.08 a 6.46 a 2.60 a 52.7 a 344a 13.0a
Propagule 1 111a 6.37 a 277 a 513 a 33.0a 157 a
Propagule 2 1.10a 6.71a 273 a 514a 33.7a 149 a
Propagule 3 111a 6.68 a 291a 529 a 333 a 13.8a
Mean 1.1 6.56 2.76 52.1 33.6 14.3

Plot C.V. (%) 6.22 7.73 13.4 6.74 4.95 228

Type of Planting .o . . O TA

Material Juice (%) pH Juice Vit. C (mg/100 mL)  SS (°Brix) (% Citric Acid) SS/TA

Slip 2 46.7 a 3.29b 12.7a 141a 095a 157 a
Propagule 1 455a 3.32ab 12.6a 139a 0.93 ab 154 a
Propagule 2 44.7 a 3.35a 134 a 14.1a 0.88b 164 a
Propagule 3 479 a 3.34a 13.0a 14.0a 0.91 ab 159 a
Mean 46.2 3.33 12.9 14 0.92 15.8

Plot C.V. (%) 6.73 1.54 8.82 451 74 7.96

Means followed by the same lowercase letter in the column do not differ from each other according to Tukey’s test
at the 5% probability level.

Table 8. Fruit crown mass as a function of planting material type and harvest season of ‘Smooth
Cayenne’ pineapple in Campos dos Goytacazes, R], Brazil.

Crown Mass (g)

Type of Planting Material

Winter Summer Mean

Slip 2 349 a 159 a 254
Propagule 1 335 ab 166 a 250
Propagule 2 328 ab 145a 236
Propagule 3 264 b 153 a 208
Mean 319 A 156 B 237
Plot C.V. (%) 17.1

Subplot C.V. (%) 23.1

Means followed by the same lowercase letter in the column and uppercase letter in the row do not differ from
each other according to Tukey’s test at the 5% probability level.

Vitamin C content did not vary between harvest seasons, whereas pH values were
lower than the range of 3.7 to 3.9 reported in the literature, with higher pH observed in
fruits harvested during winter. Soluble solids (SS) were higher in summer fruits (15.5 °Brix)
compared to winter fruits (12.5 °Brix), while titratable acidity (TA) showed the opposite
trend, with 0.83% and 1.00% citric acid, respectively (Table 9).
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Table 9. Fruit mass with crown, number of fruitlets per fruit, and fruit, crown, peduncle length, peel
firmness, pulp firmness, pulp color, percentages of pulp, peel, and crown, juice percentage, juice pH,
vitamin C, soluble solids (SS), titratable acidity (TA), and SS/TA ratio in the juice as a function of
harvest season of ‘Smooth Cayenne’ pineapple in Campos dos Goytacazes, R], Brazil.

Fruit Mass Number of Crown Leneth Penducule
Fruit Harvest with Crown Fruitlets per Fruit Length (cm) 8 Length
. (cm)

(g) Fruit (cm)
Winter 1748 A 111B 153 B 183 A 222 A
Summer 1737 A 121 A 173 A 155B 147 B
Mean 1742 116 16.3 16.9 18.5
Subplot C.V. (%) 13.2 10.18 7.98 8.62 9.81

. Pulp Firmness Peel Firmness o Peel Crown
Fruit Harvest (kgh) (kb Pulp Color Pulp (%) (%) %)
Winter 7.04 a 7.04a 2.80 a 48.6b 324Db 189 a
Summer 6.07 b 6.07 b 271a 55.5a 348 a 9.71b
Mean 6.56 6.56 2.76 52.1 33.6 14.3
Subplot C.V. (%) 9.1 11.18 19.6 8.03 7.26 26.7
. .o . . O TA

Fruit Harvest Juice (%) Juice pH Vit. C (mg/100 mL)  SS (°Brix) (% Citric Acid) SS/TA
Winter 43.0b 3.38a 129a 125b 1.00 a 12.8b
Summer 494 a 3.28b 13.0a 15.5a 0.83Db 189 a
Mean 46.2 3.33 129 14 0.92 15.8
Subplot C.V. (%)  8.22 2.68 14.5 7.2 12.9 14.1

Means followed by the same lowercase letter in the column and uppercase letter in the row do not differ from
each other according to Tukey’s test at the 5% probability level.

4. Discussion

The growth cycle of ‘Smooth Cayenne’ pineapple planted in May 2005, under the
edaphoclimatic conditions of Campos dos Goytacazes, is characterized by a less pro-
nounced natural flowering event at 9 months (February 2006) and a more expressive one at
15 months (August 2006). These flowering periods occurred approximately 60 days later
than those reported for the Bebedouro region in Sao Paulo by Giacomelli [14], and the
November/December and May /June induction periods described for April plantings in
the Reconcavo Baiano region by Reinhardt [4].

Because natural floral induction precedes floral differentiation by approximately
40-46 days (Matos and Sanches [15]), or 42 days according to Giacomelli [14], the low
temperatures recorded in June 2006, combined with shorter day length, may have triggered
this natural induction, as suggested by Bartholomew and Kadzimin [16].

In this study, the average period from planting to inflorescence emergence (vegetative
phase) was 445 days, followed by 28 days from inflorescence emergence to anthesis, 24 days
from the first to the last flower, 81 days from the last flower to harvest, and 133 days from
inflorescence emergence to harvest (reproductive phase). The total cycle lasted 578 days.
The vegetative phase was longer than the 8-12 months commonly reported, whereas the
reproductive phase was shorter than the 5-6 months described by Santos and Borém
(2019) [17], likely due to higher temperatures during this period.

Similar results were reported in Sao Paulo by Spironello et al. [18], who observed, in
Votuporanga, 26.5 days for inflorescence development, 21.7 days of flowering, 88.2 days
from the last flower to harvest, and 136.4 days from inflorescence emergence to harvest.
In Cordeir6polis, the same authors reported 37 days from inflorescence emergence to
flowering for slips, 31 days for propagules, 29 days for crowns; 22-23 days of flowering
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depending on propagule type; 84-94 days from flower senescence to harvest; and a total of
136-152 days from inflorescence emergence to harvest depending on propagule type.

According to Giacomelli [19], the higher the position of the propagule on the mother
plant (e.g., crowns), the longer the natural flowering cycle. This decreasing order, propag-
ules < slips < crowns, was confirmed in this study, with crown-type propagules flowering
last and not exhibiting natural induction before 450 days after planting.

Average fruit mass ranged from 1613 g to 1882 g among propagule types. Plants
derived from slips produced the heaviest fruits, even with lower initial mass. This contrasts
with Gaillard [20], Hung et al. [3], Vieira et al. [21], and Gadelha and Vasconcelos [22], who
found a positive correlation between planting material mass and fruit size. In this study,
slips type 2 (350-500 g, 44.7 cm length) produced fruits of approximately 1.9 kg, with a
diameter of 13 cm, length of 18 cm, and about 126 fruitlets, indicating that fruit size was
more closely related to morphological characteristics than initial propagule mass.

The average number of 126 fruitlets resulted in a fruit weight with crown of approxi-
mately 1.9 kg when using slip-type planting materials weighing 350-500 g. Fruits derived
from slip-type propagules showed, on average, greater fruit length, peduncle length, and
crown length (Table 1). Considering the possible correlation between the number of fruitlets,
fruit length, fruit diameter, and fruit weight with crown, this study indicates that fruits
measuring 13.0 cm in diameter and 18 cm in length and containing 126 fruitlets reach
approximately 1.9 kg when slip-type propagules are used.

Sunburn is a major problem in pineapple cultivation, especially in ‘Smooth Cayenne’
due to its potential to produce large fruits. Slip-type propagules showed greater peduncle
length and diameter, enhancing lodging resistance and reducing sunburn incidence. The
values obtained (15.2 cm length; 2.72 cm diameter) were close to those reported by Reinhardt
et al. (2002) [4].

Regarding nitrogen fertilization, an interaction was observed between propagule type
and nitrogen dose for fruit weight with crown and number of fruitlets. Increasing nitrogen
rates increased fruit weight when slips and Propagules 2 were used (Table 2).

Propagule type had no significant effect on peel firmness, pulp firmness, pulp color,
or the percentages of peel, crown, and pulp (Table 3). The peel (37%) and pulp (63%)
percentages were similar to those reported by Singleton and Gortner [23], although lower
than the juice percentage described by Reinhardt et al. (2002) [4]. Increasing nitrogen doses
enhanced pulp coloration and reduced peel firmness, regardless of propagule type.

Pulp percentage, crown percentage, and juice pH were significantly affected by ni-
trogen fertilization, with interactions among propagule types (Table 3). A quadratic effect
of nitrogen was observed for crown percentage and juice pH in Propagules 1, Propagules
2, crowns, and Propagules 3. In Slip 1, Slip 2, and Propagules 2, nitrogen increased pulp
percentage linearly. No significant effects were observed for SS, TA, SS/TA ratio, peel
percentage, or pulp firmness. Vitamin C content (12-13.6 mg 100 mL ') and SS/TA ratio
(17.8-19.8) differed among propagule types (Table 3).

Vitamin C decreased with increasing nitrogen doses (Table 2). These values were
lower than those reported by Bezerra et al. [24], Carvalho et al. [25], and Gongalves and
Carvalho [26]. Although N levels increased fruit length, number of fruitlets, and fruit mass,
higher N levels decreased vitamin C content [27].

Juice percentage and juice pH were not affected by propagule type, with means of
49.3% and 3.28, respectively. Juice pH showed interactions with nitrogen dose, increasing
in Crown, Slip 2, and Propagules 2, decreasing in Propagules 3, and remaining unchanged
in other types. The pH values were close to the ideal range reported by Carvalho et al.
1998 [25] and Gongalves and Carvalho [26].
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The mean SS (15.5 °Brix) and TA (0.85% citric acid) values were within the ideal
sugar—acid ratio for processing, as reported by Carvalho and Cunha [28], and higher than
those found by Berilli et al. (2014) [29] when compared with traditional cultivars. Bezerra
et al. [24] also observed no influence of slip weight on SS, TA, or the SS/TA ratio.

Fruit Yield and Quality—Comparative Results Between Winter and Summer

Under the edaphoclimatic conditions of Campos dos Goytacazes, the data indicate
that ‘Smooth Cayenne’ pineapple planted in May 2005 flowered naturally at an average
of 282 and 444 days after planting, with variation among propagule types, reaching fruit
harvest at 413 and 578 days after planting in winter and summer, respectively. Natural
floral differentiation was 22.5% (0.0-38.5%) and 60.4% (28.2-90%) for the first and second
flowering events, respectively (Table 4).

The data allow comparison of the two flowering periods among propagule types,
except for crowns, which did not flower naturally in the first event, and Slip 1, which
showed low flowering percentages. In the first flowering event, natural induction increased
linearly with propagule weight, though with variation among types. In the second event,
the remaining plants flowered upon reaching maximum vegetative development (Table 4).

The higher flowering percentage observed in propagules 3 (38.5%) agrees with Gia-
comelli et al. (1984) [14], likely due to the greater reserve of photosynthates compared with
slips, which, despite greater fresh and dry mass and larger leaf area in this study, showed
lower natural flowering percentages.

Throughout the full plant cycle, there was no significant difference among propagule
types from planting to harvest, including during the flowering periods. Mean duration
from planting to harvest was 413 days (13.8 months) for winter and 578 days (19.3 months)
for summer harvests. According to Alvarenga (1981) [30], crowns produce fruits in
24-30 months, slips in 20-22 months, and propagules in 16-18 months. Compared with
these values, cycles were shorter for all propagule types, except propagules harvested in
summer (Table 5).

Slip production was low, approximately two slips per plant at summer Harvest, and
absent in winter harvest (Table 5). When floral differentiation occurs in warm periods, slip
production is minimal, as reported by Giacomelli et al. (1984) [14]. In ‘Smooth Cayenne’,
propagules remain the predominant planting material in commercial crops (Reinhardt et al.,
2002 [4]), though slips are also used to a lesser extent. Propagule production did not differ
between flowering seasons and was low because evaluation occurred only from flowering
to harvest; production continues after harvest.

Nitrogen is considered the most important nutrient for vegetative growth. Aquino
et al. (1986) [31], evaluating two flowering seasons, found that nitrogen reduced the
total plant cycle (Y = 498 — 0.2503N, R? = 0.73 *) and did not affect flowering percentage,
contrasting with Gaillard (1969) [20], who reported that vigorous vegetative growth may
delay flowering. In the present study, higher nitrogen doses reduced the total cycle, likely
due to enhanced vegetative growth.

For propagule production, nitrogen fertilization increased both slip and propagule
production (Table 6). Bregonci et al. (2008) [32] also reported positive effects of nitrogen on
propagule formation.

Fruit yield and quality varied between harvest seasons as nitrogen fertilization in-
creased, except for fruit weight with crown, pulp color, and vitamin C. Winter fruits,
developing under low luminosity, were formed after summer induction; summer fruits
developed after winter induction under higher luminosity. Fruits harvested in warmer
months had superior quality and yield, consistent with Collins (1960) [33], Giacomelli et al.
(1984) [14] and Carvalho et al. (1998) [25].
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Fruit weight with crown did not differ between seasons (Table 9), with commercial
standards of 1.5-2.0 kg for industry, 1.3-1.5 kg for fresh market, and <2.0 kg for export,
according to Giacomelli (1982) [19]. Summer fruits had more fruitlets and greater length
(Table 7), resulting in larger crownless fruit; winter fruits showed proportionally
larger crowns.

Regression analyses showed no effect of nitrogen fertilization on production traits
(fruit weight with crown, fruitlet number, fruit length, peduncle length, crown length) nor
on fruit or juice quality traits (peel firmness, pulp firmness, pulp color, peel %, pulp %,
crown %, juice concentration, vitamin C, juice pH, SS, TA, SS/TA) (Table 9).

Fruits harvested in both seasons had similar pulp color (scale 3). Winter fruits exhibited
greater peel and pulp firmness (Table 9), increasing transport resistance. Peel and pulp
percentages were higher in summer fruits, whereas crown percentage was higher in winter
fruits (Table 9), likely due to larger crowns in winter.

Juice percentage was higher in summer fruits (Table 9), likely due to climatic conditions
during fruit development. Vitamin C did not differ between seasons, remaining below
17 mg 100 mL~!, consistent with Carvalho et al. (1998) [25] and Gongalves and Carvalho
(2000) [26]. Juice pH was slightly below the ideal range (3.7-3.9), with higher values in
winter fruits.

Soluble solids (SS) were higher in summer fruits (15.5 °Brix) than in winter fruits
(12.5 °Brix), while titratable acidity was higher in winter (1.00% vs. 0.83% citric acid)
(Table 9). These results agree with Carvalho et al. (1998) [25], who observed that fruits
ripened in winter under low luminosity exhibit reduced sugar levels and increased acidity.
The values remained within the 12-15 °Brix and 0.6-1.62% citric acid ranges reported by
Carvalho et al. [28] and were consistent with Reinhardt et al. (2002) [4]. Temperature has a
significant influence on fruit quality [26], and it is known that titratable acidity increases
under high temperature stress [34]. Heat stress influences fruit growth and ripening by
regulating sucrose synthase and acid invertase enzymes, as well as controlling sugar
transport in fruits [35].

Based on SS and TA, fruits harvested in both seasons met industrial standards
(=10 °Brix; <1.35% citric acid), as defined by Carvalho and Cunha (1999) [28].

The SS/TA ratio (15.8) was lower than the ideal 31.8 for fresh ‘Pérola’” pineapple [36]
and below the 22.5 reported for ‘Smooth Cayenne’ [24]. These attributes depend, among
other factors [28], on K and N levels [37]; a K/N ratio near 3 does not impair fruit qual-
ity [38]. Nitrogen contributes to yield and fruit weight [39].

Nitrogen and potassium are the nutrients most required by pineapple plants and
are also responsible for the high yield and fruit quality [8]. However, although N levels
increase yield and fresh fruit mass, much higher N levels reduce sugar content and ascorbic
acid [27].

Leaf N (9.58 g kg 1) and K (23.8 g kg ') contents (Table S1) were sufficient to produce
fruits of 1.7 kg in both seasons, reinforcing the potential to reduce nitrogen use and pro-
duction costs. These results indicate that balanced fertilization supports productivity and
maintains fruit quality, enhancing the competitiveness of pineapple produced in Northern
Rio de Janeiro.

5. Conclusions

The productive and qualitative performance of ‘Smooth Cayenne’ pineapple was
strongly influenced by both the type of propagule, nitrogen fertilization, and the harvest
season. Slip-type propagules showed clear superiority over the other types, particularly
when compared with propagules, resulting in greater production of vegetative propagules,
larger fruit and peduncle dimensions, a higher number of fruitlets, and greater overall yield.
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The phenological cycle under the edaphoclimatic conditions of Campos dos Goytacazes
displayed two distinct natural flowering periods, at 282 and 444 days after planting, leading
to winter and summer harvests, respectively. However, crown propagules did not flower
early and Slip 1 showed a low flowering percentage.

Nitrogen fertilization produced contrasting effects: on one hand, it increased the
production of slips per plant, fruit weight with crown, number of fruitlets, fruit length,
juice pH, pulp coloration, and pulp percentage; on the other hand, it reduced peduncle and
crown length, peel firmness, juice percentage, crown percentage, and vitamin C content.
In general, fruit physical and chemical traits were minimally affected by propagule type,
except for vitamin C and the SS/TA ratio.

Harvest season also played an important role. Fruits harvested in winter exhibited
higher crown weight, fewer fruitlets, greater peel and pulp firmness, lower juice concentra-
tion, and higher titratable acidity and pH. Conversely, fruits harvested in summer showed
superior fruit quality attributes that better meet consumer preferences for fresh fruit.

Overall, the results demonstrate that it is possible to produce fruits with an average
weight of approximately 1.9 kg, adequate for different market segments, by using slip-
type propagules and applying reduced nitrogen doses, thereby lowering production costs
without compromising agronomic performance or fruit quality.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/agronomy16020153/s1, Table S1. Leaf nitrogen (N) and potassium
(K) contents in the dry matter of ‘Smooth Cayenne’ pineapple as affected by different planting
material types and sampling times (days after planting) in Campos dos Goytacazes, R], Brazil.
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