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Abstract: In agricultural production, nitrogen loss leads to economic loss and is a high environmental
risk affecting plant growth, yield, and quality. Use of the N fertilizer with a urease inhibitor is thus
necessary to minimize N losses and increase the efficiency of N. This study aimed to evaluate the effects
of N-(n-butyl) Thiophosphoric Triamide (NBPT) on the growth, yield, and quality of pineapple. The
experiment involved two foliar fertilizer treatments: 1% (w/v) urea solution with NBPT (2.25 mL kg−1

urea) was treated as NLU (NBPT Liquid Urea), and the same concentration of urea without NBPT
served as the control. Both were applied 12 times, starting 1 month after planting (MAP) and continuing
once a month for 12 months. The application of urea with NBPT notably increased the above-ground
dry biomass per plant (20% and 10% at 8 and 12 MAP, respectively), leaf area per plant (23% and 15% at
8 and 12 MAP, respectively), N accumulation per plant (10%), PFPN (Partial Factor Productivity) (13%),
and average fruit weight (15%) compared to the treatment with urea alone (control). The analysis of
quality parameters indicated that urea with NBPT improves TSS (Total Soluble Solids) (19%), ascorbic
acid (10%), and sucrose (14%) but reduces the total organic acid content (21%) in pineapple. When
using urea with a urease inhibitor (NBPT), there was a significant improvement in growth, yield, quality,
and nitrogen use efficiency, with the additional benefit of reduced nitrogen losses, in combination with
easy handling. Hence, urea with a urease inhibitor can be used as a viable alternative for increasing
pineapple yield by boosting growth with better fruit quality.

Keywords: pineapple; N-(n-butyl) thiophosphoric triamide; growth; yield; quality; nitrogen use efficiency

1. Introduction

Pineapple is one of the major fruit crops in the tropics and sub-tropics, with enormous
production, and is widely appreciated by customers globally for its taste and aroma [1].
It plays an important role in improving the human diet and is a source of fiber and mi-
cronutrients, especially vitamins and minerals [2]. In 2018, the world pineapple production
was 29,929.843 thousand tons, in an area of 1193.318 thousand hectares, whereas the
total production in Malaysia was 329.365 thousand tons, in an area of 10.556 thousand
hectares [3]. Nitrogen is a fundamental nutrient for agriculture and global food security [4].
It is essential for the growth and development of plants and is a limiting factor for crop
production [5]. For pineapple production, its demand is high, and it greatly affects the
growth, yield, and quality of pineapple [6]. More than 110 tg of N fertilizer is used annually
to meet the growing demand for food for the world’s human population [7]. However, only
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30% to 50% of the applied nitrogen fertilizer is used by crops, the remainder being released
into the environment as a greenhouse gas or washed into the water system, decreasing the
efficiency of the applied nitrogen [8]. The principal explanation for this decrease is N losses
from the plant–soil system in the form of ammoniotic volatilization, leaching, erosion,
surface run-off, and denitrification [9]. These losses not only cause an economic problem
for the farmer but also create environmental problems [10]. Urea is the most widely used
N fertilizer globally as its favorable features of manufacturing, N content, cost, handling,
storage, and transportation make urea a competitive N source [4]. Immediately after the
application of urea, rapid hydrolysis takes place in the presence of water. This transforms
urea into ammonium through urease activity, increasing the pH to a value favorable for the
loss of ammonia. Improved N fertilizer management is therefore a solution for improving
the performance of N usage and reducing N losses [11]. Increasing the efficiency of N
fertilizer use by crops has been of great concern for decades [12]. Therefore, alternative
application strategies that boost fertilizer effectiveness and reduce N losses need to be
urgently established.

The inhibition of the urease activity that decreases hydrolysis is an approach to
minimizing ammonia loss. Among several urease inhibitors being used in agriculture,
NBPT is the most effective inhibitor so far. It can be used as a granular coating or urea
melt and successfully inhibits urease activity, thereby slowing urea hydrolysis [13]. Upon
application with urea, NBPT transforms into NBPTO (an analogue of NBPT), which is
the real inhibitor of urease activity. The NBPTO bond lengths and angles are the same as
those of urea, allowing the compounds to occupy the active position and thus limiting
the activity of urease [14]. However, NBPTO is not directly added to urea, because it is
less stable and deteriorates more rapidly than NBPT [12]. The potential benefits of urea
with NBPT compared with commercial urea have been discovered by researchers [15,16].
Currently, NBPT is commercially available as an agrotain® that can reduce urease activity
and loss of N, increase the efficiency of nitrogen usage, and increase crop yield [15,17–19].

NBPT increased dry matter when used with urea in grazed pasture in New Zealand [20–22].
Dawar et al. [17] evaluated the effect of an urease inhibitor on ryegrass, where NBPT significantly
increased the N response by 66% compared to the use of urea alone. Mathialagan et al. [23]
showed that NBPT can increase shoot dry matter, N uptake, and NUE in wheat [24].
Kawakami et al. [25] observed an increase in plant height by 9.22% in cotton after urea
and NBPT treatment. Zuki et al. [13] also observed higher chlorophyll, dry biomass, leaf
area, yield, nitrogen uptake, and NUE in maize after NBPT-coated urea treatment than
after urea treatment. Espindula et al. [26] recorded significantly higher wheat yield when
urea was applied with a urease inhibitor. Khan et al. [27] observed 37.5% wheat grain
yield and 38% total N uptake increase with inhibitor-treated urea compared to plain urea.
Rekowski et al. [28] found that urea with NBPT increased protein content by 3.36% and the
baking quality of wheat compared to only urea treatment. Li et al. [29] reported that NBPT
increases the apparent N recovery efficiency, but they did not find any significant difference
in terms of yield. Superior sugar beet quality in terms of sugar yield and percentage of
sucrose was recorded after treatment with urea and a urease inhibitor compared with the
use of urea and other nitrogen sources [30].

Several researchers have focused on the growth, yield, and quality of pineapple in
different ways. Sakimin et al. [31] performed field research on the growth and physiology
of MD2 pineapple with different types of N fertilizer. Sossa et al. [2] experimented with
pineapple residue with different ratios of nitrogen and potassium to see their effect on
pineapple quality in Southern Benin. Omotoso and Akinrinde [32] evaluated the effect
of different doses of nitrogen fertilizer on the growth, yield, and quality of pineapple
in Nigeria. Similarly, Tewodros et al. [33] investigated the effect of inorganic N and P
fertilizer on fruit yield and yield components of pineapple in Ethiopia. In recent years,
the improvement in the yield and quality of crops for food and nutritional security has
become of vital concern globally. Nitrogen use efficiency and the minimization of N losses
to the environment are the ongoing economic and environmental concerns related to
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nutrient management for crop production. Previous studies have focused on improving
yield and quality only through the soil application of nitrogen fertilizer from different
sources at different rates, without any strategic research to reduce the loss of nitrogen by
increasing the efficiency of the applied fertilizer. Currently, there is lack of information on
the effectiveness of foliar urea with NBPT on the growth, yield, and quality of pineapple.
Increased crop production without increasing N fertilizer use is an urgent challenge in
agriculture. However, the use of NBPT with foliar urea can be a viable and effective
technique to promote different responses in terms of the growth, yield, quality, and NUE
of pineapple; reducing nitrogen use; and protecting the soil from the deleterious effects
of chemical fertilizers. This technique will help to increase the yield of fruit, enhance
nutritional security, and strengthen the national economy without increasing the amount of
N fertilizer in sustainable manner. Improving the growth, yield, and quality of pineapple
by increasing the nitrogen use efficiency by foliar application of urea with NBPT is a new
avenue of research. Hence, this study was performed to evaluate the growth, yield, quality,
and NUE of MD2 pineapple subjected to foliar fertilization with urea or urea with NBPT.

2. Materials and Methods
2.1. Geographical Position, Climate, and Soil Condition

The experiment was performed between March 2019 and August 2020 at the greenhouse
of Farm 15, Universiti Putra Malaysia, Serdang, Selangor, Malaysia, which is located at latitude
of 2◦59′01.3′ ′ N and a longitude of 101◦43′57.0′ ′ E (Figure 1). A data logger (Metcal Technolo-
gies) recorded the average maximum (daytime) and minimum (nighttime) temperatures as
38.6 ◦C and 26.4 ◦C, respectively (Digital CO2 monitor CO2 m TL 2000, China).
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Figure 1. Location of the study area (black circled) in map.

The surface soil was collected from Farm 15, Universiti Putra Malaysia. The physico-
chemical properties of the soil are shown in Table 1. The pH of the soil, with a soil: distilled
water ratio of 1:2.5, was determined by a pH meter from Mettler Toledo. The total C and N
were analyzed using the Dumas combustion method with a carbon, hydrogen, nitrogen,
and magnesium Laboratory Equipment Corporation (CHNS LECO) analyzer [34]; the
available phosphorus was analyzed using the Bray No. 2 methods [35]; the available
potassium, calcium, magnesium, and the cation-exchange capacity (CEC) were measured
by the leaching method [36]; and the inorganic N (NH4

+ and NO3
−) in the soil was obtained

by distillation and titration according to Keeney and Nelson [37].
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Table 1. Soil physical and chemical characteristics.

Parameter Value

Textural class Sandy clay loam
pH 4.59

Organic C (%) 0.72
Organic matter (%) 1.24

Total N (%) 0.013
Available phosphorus (mg kg−1) 3.65
Available potassium (mg kg−1) 1.82

Available calcium (mg kg−1) 22.06
Available magnesium (mg kg−1) 5.58

Cation-exchange capacity (cmol kg−1) 5.51
NH4

+ (mg kg−1) 2.67
NO3

− (mg kg−1) 1.25

2.2. Plant Growth Conditions and Experimental Setup

Pineapple (Ananas comosus L.) suckers of the MD2 variety were collected from the
Malaysian Pineapple Industry Board (MPIB) and planted in a 16 cm × 16 cm polybag filled
with 15 kg of soil. Thirty days before planting, the polybag soil was mixed with 20 g of
a green fertilizer with N: P: K in the ratio of 15:15:15 and properly moistened with water.
Before planting, the suckers were treated with malathion (1.5 mL) and benomyl (1.0 g L−1

of water). The suckers were planted in a 10-cm-deep hole in the soil in the polybag. A
distance of 60 cm was maintained between the rows and 30 cm between the plants in each
row. The plants were irrigated at 2-day intervals with a watering can to ensure moisture
at the active root zones of the plants. The experiment involved two treatments: 1% (w/v)
urea solution without NBPT, which served as the control, and the same concentration of
urea with NBPT (2.25 mL NBPT kg−1 urea), considered as NLU. Triple superphosphate
and muriate of potash were also added to both solutions at 1% and 0.7%, respectively. Both
sides of the leaf were given foliar treatment at 50 mL per plant every month, starting 1 MAP
and continuing each month for 12 months, during the late afternoon, to facilitate nutrient
absorption, as these plants belong to the CAM family. At 6 weeks after planting (WAP),
640 g of hydrated lime, 42 g of copper sulfate, 42 g of zinc sulfate, and 21 g of ferrous
sulfate were dissolved in 18 L of water and sprayed at 100 mL per plant. The same amount
of fertilizer with 640 g of urea was also dissolved in 18 L of water and applied at the same
rate at 18 WAP. At 12 MAP, each plant was provided with 20 g of a granular fertilizer with
N:P:K in the ratio of 12:12:17:2 TE in the soil and 50 mL of a flower induction hormone
(30 mL of ethrel and 180 g of urea in 18 L of water) at the whorl of the leaf. The indicator
leaf, identified as D leaf, was selected for all types of data. Dos Santos [38] confirmed that
the D leaf should be used as an indicator for various analyses and any decision making.

2.3. Observations
2.3.1. Determination of Plant Growth Traits

Plant height (cm), D leaf length (cm), and D leaf width (cm) were measured with a
stainless steel ruler, the leaf number was manually counted, and the fresh and dry biomass
of the above-ground and below-ground parts were recorded by a digital balance at 4, 8,
and 12 MAP. The leaf area (cm2/plant) was measured by a leaf area meter (Model LI-3100).

2.3.2. Chlorophyll

Chlorophylla, chlorophyllb, and chlorophyll(a+b) were determined according to Aiman et al. [39].
Four discs of pineapple leaf were collected from the D leaf using a cork borer. The samples were
immersed in an aluminum-foil-wrapped vial containing 20 mL of 80% (v/v) acetone and kept
in the dark for 7 days to extract chlorophyll. Chla, Chlb, and Chl(a+b) were determined from the
absorbance reading of a spectrophotometer (UV3101, PC, Shimadzu, Japan) at 664 and 647 nm
wavelengths using the following formulae:
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Chla = 13.19 (A664) − 2.57 (A647)

Chlb = 22.1 (A664) − 5.26 (A647)

Chl(a+b) =
3.5 (Chl a+Chlb)

4
where Chla, Chlb, and Chl(a+b) represent chlorophylla, chlorophyllb, and chlorophyll(a+b),
respectively, expressed in mg cm−2 of fresh leaf area. A664 and A647 denote the absorbance
at 664 and 647 nm wave lengths, respectively. The absorption coefficients are 13.19, 2.57,
22.1, and 5.26, while 3.5 is the volume (mL) used in the analysis from the original solution,
and 4 is the area of the total disc (cm2).

2.3.3. Physical Attributes of the Fruit

The fruits were harvested at the C3 maturity stage, when two-thirds of the fruit’s
surface becomes yellow in color [2]. The average weight (kg) of 5 fruits was measured with
a digital balance, while the fruit length (cm) and the median width (cm) were measured
with a ruler and a rope.

2.3.4. Quality Attributes of the Fruit
Total Soluble Solids (TSS)

A digital refractometer (Atago Co. Ltd., Tokyo, Japan) was used to measure the total
soluble solid content of the fruit juice [40]. A drop of pulp juice was taken each from
the base, mid, and top portions of the fruit and put on the prism of the instrument after
calibrating the instrument with distilled water.

Titratable Acidity (TA)

Titratable acidity was measured according to Lu et al. [41]. About 10 g of fresh
fruit pulp was homogenized with 20 mL of distilled water and filtered with cotton wool.
Approximately 2 drops of 1% phenolphthalein dye were applied to 5 mL of the filtrate and
titrated to the end of the color with 0.1 N of sodium hydroxide (NaOH). The volume of the
titrate was recorded, and the results were expressed as the percentage citric acid 100 g−1

fresh weight.

Determination of Sugars and Organic Acids

The extraction was performed according to Lu et al. [42]. Briefly, 5 g of the sample
was homogenized and immersed in 25 mL of 80% (v/v) methanol and kept at 30 ◦C for
30 min. The supernatant was collected after centrifugation at 10,000× g for 5 min, the
volume was made 25 mL with 80% methanol, and the mixture was placed in a water bath
and maintained at 70 ◦C until dry. The residual content was then diluted with 10 mL
of deionized water and filtered with a 0.45 µm syringe filter before the study. High-
performance liquid chromatography (HPLC) (Agilent, Santa Clara, CA, USA) was used to
analyze sugars and organic acids. Analysis of sugars was carried out using a Rezex RPM
monosaccharide’s Pb2+ column (100 mm × 7.8 mm, 8 µm; Phenomenex, CA, USA) with a
0.6 mL min−1 flow rate at an 80 ◦C column temperature, where 100% deionized water and
a refractive index detector were used as the mobile phase to detect sugars. Organic acids
were analyzed in a Phenomenex organic acid column (250 mm × 4.6 mm, 8 µm) with a
0.6 mL min−1 flow rate, maintaining a 60 ◦C column temperature, and a refractive index
detector at 40 ◦C was used as the mobile phase to detect organic acids. For all analyses,
20 µL of the filtrate was used. Sugars and organic acids were detected and calculated with
the help of corresponding external standards.
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Nitrogen Use

Nitrogen use efficiency (NUE) and partial nitrogen factor productivity (PFPN) were
measured with the following formula by Xu et al. [43], as these are potential ways of
describing the effectiveness of nitrogen use [44]:

NUE =
Yield plant−1

Total N uptake plant−1

PFPN =
Yield plant−1

N application plant−1

2.4. Statistical Analysis

All data were collected from four independent replicates (n = 4); for each sample a pool
of 3 plants was used and analyzed statistically by one-way analysis of variance (ANOVA) to
compare two group mean (urea; Urea with NBPT) using Student’s t-test (p ≤ 0.05, n = 4) of
R software. A significant (p ≤ 0.05) difference between foliar-applied urea with or without
NBPT is shown with asterisks.

3. Results
3.1. Plant Growth and N Accumulation

All plant growth characteristics of pineapple were positively affected by NLU (urea
with NBPT) treatment. All growth parameters, viz. the plant height (Figure 2a), D leaf
length (Figure 3a), D leaf width (Figure 3b), and the fresh and dry biomass of above-ground
(Table 2) and below-ground (Table 3) parts, differed significantly (p ≤ 0.05) between both
treatments except for the number of leaves (Figure 2b). Figure 2a shows that the plant
height increased over time with both treatments and differed significantly (p ≤ 0.05) at
8 and 12 MAP, but this difference was not significant at 4 MAP. The foliar application of
NLU (urea with NBPT) led to taller plants than the treatment with urea alone. The NLU
treatment exhibited 2.86%, 16%, and 18% taller plants at 4, 8, and 12 MAP, respectively,
compared with urea treatment (control).
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mean ± standard error (n = 4). Asterisks symbolize significant differences (p ≤ 0.05) between both treatments.

Table 2. Effects of NBPT on the above-ground biomass of pineapple plants.

Treatment
Above-Ground Fresh Biomass (kg/plant) Above-Ground Dry Biomass (g/plant)

4 MAP 8 MAP 12 MAP 4 MAP 8 MAP 12 MAP

Urea 0.70 ± 0.049 1.25 ± 0.043 b 2.70 ± 0.084 b 108.47 ± 3.32 b 180.47 ± 6.63 b 378.36 ± 11.80 b
NLU 0.75 ± 0.045 1.50 ± 0.064 a 3.12 ± 0.129 a 115.39 ± 4.16 a 216.68 ± 8.47 a 417.81 ± 9.41 a

Significance
level NS * * NS * *

* indicates a significant difference (p ≤ 0.05) and NS indicates a non-significant difference between both treatments according to Student’s t-test.

Table 3. Effects of NBPT on the below-ground biomass of pineapple plants.

Treatment
Below-Ground Fresh Biomass (g/Plant) Below-Ground Dry Biomass (g/Plant)

4 MAP 8 MAP 12 MAP 4 MAP 8 MAP 12 MAP

Urea 65.95 ± 2.51 140.38 ± 4.99 288.32 ± 11.91 10.37 ± 0.39 22.50 ± 0.93 35.74 ± 1.78
NLU 78.86 ± 4.95 149.27 ± 4.58 326.61 ± 7.65 12.40 ± 0.77 25.39 ± 0.88 41.48 ± 1.14

Significance
level NS NS * NS NS *

* indicates a significant difference (p ≤ 0.05) and NS indicates a non-significant difference between both treatments according to Student’s t-test.

Figure 2b depicts the effect of urea and NLU on the number of leaves, which did not
differ significantly (p > 0.05) between both treatments, but the number was slightly higher
with the NLU treatment. The number of leaves ranged from 25 to 41 and from 27 to 47
with the urea and NLU treatments, respectively.

The lengths (Figure 3a) and widths (Figure 3b) of the D leaves showed that the D leaf
lengths differed significantly (p ≤ 0.05) at 8 and 12 MAP, whereas the widths of the leaves
differed only at 12 MAP. There was no significant difference between both treatments
in terms of the D leaf length at 4 MAP and the D leaf width at 4 and 8 MAP. The NLU
treatment led to longer D leaves compared with the urea treatment alone (control) at all
dates of data collection. However, the NLU treatment recorded 6%, 16%, and 20% longer D
leaves at 4, 8, and 12 MAP, respectively, compared with the urea treatment alone.

The above-ground fresh and dry biomass (kg/plant and g/plant, respectively) be-
tween both treatments is presented in Table 3. The pattern of fresh and dry biomass
production between both treatments differed significantly at 8 and 12 MAP but remained
almost similar at 4 MAP. A higher value of fresh (0.75, 1.50, and 3.12 kg/plant) and dry
(115.39, 216.68, and 417.81 g/plant) biomass production in the above-ground parts was
observed after the NLU treatment, while lower fresh (0.70, 1.25, and 2.70 kg/plant) and
dry (108.47, 180.47, and 378.36 g/plant) biomass production was recorded after the urea
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treatment at 4, 8, and 12 MAP, respectively. The application of NLU increased the fresh
biomass by 20% and 15% and the dry biomass by 20% and 10% compared with the urea
treatment at 8 and 12 MAP, respectively.

Moreover, data on the fresh and dry biomass (g/plant) of the below-ground parts
revealed that the NLU treatment had a significant positive effect on these traits only at 12
MAP, which was 13% and 16% higher, respectively, than that of the urea treatment (Table 3).

Chlorophyll is one of the most important factors that influence the photosynthetic
capacity of a plant and is significantly affected by NLU. The chlorophylla, chlorophyllb,
and chlorophyll(a+b) content at 4, 8, and 12 MAP is presented in Table 4. The results showed
that chlorophylla, chlorophyllb, and chlorophyll(a+b) content increased over time up to
the observation period. NLU (urea with NBPT) treatment caused a significant increase
in chlorophylla and total chlorophyll at 8 and 12 MAP, but no statistical difference was
observed at 4 MAP. However, the chlorophyllb content was comparable between both
treatments at any observation time. With the NLU treatment, chlorophylla showed higher
mean values of 4.45 and 4.90 mg cm−2, and the treatment with urea alone gave lower
values of 4.03 and 4.52 mg cm−2 at 8 and 12 MAP, respectively. The application of the NBPT
with urea increased chlorophyll(a+b) by 10.76% and 12.09% at 8 and 12 MAP, respectively,
compared with the application of urea alone.

Table 4. Effects of NBPT on the chlorophyll content of pineapple leaves.

Treatment
Chlorophylla (mg cm−2) Chlorophyllb (mg cm−2) Chlorophyll(a+b) (mg cm−2)

4 MAP 8 MAP 12 MAP 4 MAP 8 MAP 12 MAP 4 MAP 8 MAP 12 MAP

Urea 3.49 ± 0.05 4.03 ± 0.05 4.52 ± 0.04 1.02 ± 0.80 1.15 ± 0.06 1.52 ± 0.11 3.94 ± 0.11 4.55 ± 0.09 5.21 ± 0.10
NLU 3.47 ± 0.06 4.45 ± 0.04 4.90 ± 0.05 1.05 ± 0.11 1.32 ± 0.08 1.78 ± 0.12 3.95 ± 0.15 5.04 ± 0.04 5.84 ± 0.11

Significance
level NS * * NS NS NS NS * *

* indicates a significant difference (p ≤ 0.05) and NS indicates a non-significant difference between both treatments according to Student’s t-test.

The leaf area per plant is an important parameter of pineapple that indicates the
growth of the plant. The data on the leaf area per plant, as influenced by urea with NBPT,
are given in Table 5. This parameter was found to increase in different magnitudes with
both treatments up to 12 MAP. The rate of increment was higher after the NLU treatment
than after the urea treatment. The leaf area per plant was found to differ significantly
between both treatments at 8 and 12 MAP. Larger leaf areas were recorded for plants
receiving the urea with NBPT (846.25, 2576.89, and 3475.55 cm2/plant) compared with
plants treated with only urea (730.50, 2087.78, and 3255.11 cm2/plant) at 4, 8, and 12 MAP,
respectively. However, the leaf area increased by 8% at 4 MAP, 23% at 8 MAP, and 15% at
12 MAP with the NLU treatment. The foliar application of urea with NBPT had a significant
influence on nitrogen accumulation at 12 MAP. The urea with NBPT led to a 10% increase
in N accumulation per plant compared with urea treatment.

Table 5. Effects of NBPT on leaf area and nitrogen accumulation per pineapple plant.

Treatment
Leaf Area/Plant (cm2) Nitrogen Accumulation

at 12 MAP (g/Plant)4 MAP 8 MAP 12 MAP

Urea 780.50 ± 39.21 2087.78 ± 77.42 3255.11 ± 122.55 5.35 ± 0.20
NLU 846.25 ± 33.79 2576.89 ± 78.25 3745.55 ± 147.06 5.90 ± 0.16

Significance level NS * * *

* indicates a significant difference (p ≤ 0.05) and NS indicates a non-significant difference between both treatments according to Student’s t-test.

3.2. Nitrogen Use and Fruit Attributes

Nitrogen use and the physical and quality attributes of the fruits of MD2 pineapple were
affected by foliar application of urea with or without NBPT and are presented in Table 6. Both
the PFPN and NUE increased with the NLU treatment but in different magnitudes. The PFPN
of the pineapple increased significantly more (by 13%) after the NLU treatment than after
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the urea treatment. However, the NUE between both treatments was comparable, while a
higher NUE (322.39 g g−1) was recorded after the NLU treatment than after the urea treatment
(308.97 g g−1). Significant variation (p≤ 0.05) was observed in the fruit length and the average
fruit weight, but the fruit widths between both treatments were statistically similar. Longer
(18.45 cm) as well as wider (13.92 cm) fruits were recorded in plants given the NLU treatment,
whereas shorter (15.95 cm) and narrower (11.46 cm) fruits were obtained from the plants
treated with only urea. However, the NLU treatment produced fruits with 15% more weight
than those produced by the treatment with urea alone (control).

Table 6. Effect of NBPT on partial factor productivity, nitrogen use efficiency, fruit yield, and quality
attributes of pineapple.

Parameters
Treatments

Level of Significance
Urea NLU

Nitrogen Use

PFPN (g g−1) 244.08 ± 10.53 275.29 ± 6.27 *
NUE (g g−1) 308.97 ± 11.76 322.39 ± 9.66 NS

Physical attributes of fruits

Fruit length (cm) 15.95 ± 0.55 18.45 ± 0.53 *
Fruit width (cm) 11.46 ± 0.37 13.92 ± 0.61 NS

Average fruit weight (cm) 1.65 ± 0.08 1.90 ± 0.05 *

Quality attributes of fruits

Total soluble solids (% brix) 13.20 ± 0.44 15.77 ± 0.82 *
Titratable acidity (% citric acid) 0.44 ± 0.02 0.40 ± 0.01 NS
Ascorbic acid (mg/100 g FW) 46.24 ± 1.20 51.18 ± 1.49 *

Juice pH 3.78 ± 0.28 3.90 ± 0.24 NS

Sugars

Sucrose (mg/100 g FW) 34.12 ± 1.19 39.05 ± 1.14 *
Glucose (mg/100 g FW) 29.06 ± 1.04 29.50 ± 1.18 NS
Fructose (mg/100 g FW) 13.45 ± 0.43 14.84 ± 0.55 NS

Total sugar content (mg/100 g FW) 76.63 ± 2.50 83.39 ± 2.69 NS

Organic acids

Citric acid (mg g−1 FW) 3.24 ± 0.25 2.54 ± 0.15 *
Malic acid (mg g−1 FW) 1.01 ± 0.06 0.86 ± 0.05 *

Quinic acid (mg g−1 FW) 0.91 ± 0.05 0.84 ± 0.06 NS
Total organic acid content (mg g−1 FW) 5.17 ± 0.21 4.25 ± 0.20 *

* indicates a significant difference (p≤ 0.05) and NS indicates a non-significant difference between both treatments
according to Student’s t-test.

The total soluble solids and the ascorbic acid content were significantly greater (15.77%
brix and 51.18 mg 100 g−1 FW, respectively) after the NLU treatment than after the urea
treatment (13.20% brix and 46.24 mg 100 g−1 FW, respectively), but the titratable acidity
and juice pH were statistically at par between both treatments. As shown in Table 6, sucrose
was found to be the dominant sugar for both treatments, followed by glucose and fructose.
The sucrose content differed significantly, whereas the other sugars (glucose and fructose)
remained at par between both treatments. A higher (39.05 mg g−1 FW) sucrose content was
observed after the NLU treatment than after the urea treatment (control) (34.12 mg g−1 FW).
The second sugar for pineapple was glucose, which ranged from 29.06 mg g−1 FW after the
urea treatment to 29.50 mg g−1 FW after the NLU treatment. The lower levels of fructose
after the urea treatment (control) and the NLU treatment in this study ranged from 13.45 to
14.84 mg g−1 FW. Moreover, after the NLU treatment, all three sugars (sucrose, glucose,
and fructose) were 8.82% higher compared with the urea treatment but did not have a
significant influence (p > 0.05) between both treatments.

Statistically significant differences in the citric, malic, and total organic acids were
detected between both treatments (Table 6). Citric acid was the dominant organic acid;
it was higher (3.24 mg g−1 FW) after the urea treatment than after the NLU treatment
(2.54 mg g−1 FW). Similarly, comparatively higher amounts of malic, quinic, and total
organic acids (1.01, 0.91, and 5.17 mg g−1 FW, respectively) were recorded after the urea
treatment than after the NLU treatment (0.86, 0.84, and 4.25 mg g−1 FW, respectively).
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4. Discussion
4.1. Plant Growth and N Accumulation

Nitrogen is the most important nutrient for the growth and development of plants,
since it is the main component of chlorophyll and protein [45]. However, rapid urea
hydrolysis adversely affects the growth and yield of crops because of high nitrogen losses
as ammonia (NH3) [16] and nitrate [46]. The use of NBPT with a urea fertilizer for crops is
well known [25,47]. Moreover, the application of NBPT with a urea fertilizer significantly
increases plant growth in maize [13]. The present findings confirm this claim, as observed
in the consistently better results for all growth parameters with the foliar application of
urea with NBPT.

The experimental results showed a greater benefit of using NBPT in terms of improv-
ing all growth parameters compared with using urea alone. This pattern strongly indicates
the possibility of NBPT increasing the studied parameters. The difference between both
treatments was statistically at par and small at 4 months after planting in all the parameters,
which increased over time, possibly due to the cumulative effect of NBPT. The plant height,
leaf number, D leaf length, and D leaf width of the plants were higher after the urea and
NBPT treatment than after the urea only treatment. The higher heights of plants receiving
the NLU (urea and NBPT) were consistent with the results found for wheat in Brazil [26].
This behavior occurs because NBPT slows down hydrolysis, so the urea remains for a longer
time and the plants are able to accumulate more nitrogen (Table 5), which promotes better
plant growth through cell division and cell expansion [48]. Dawar et al. [49] supported the
substantial increase in pineapple growth due to the application of urea with NBPT. They
observed a significantly higher biomass after urea and NBPT treatment than after urea
treatment. Galindo et al. [50] reported that increased N uptake and increased chlorophyll
after urea and NBPT treatment promote higher photosynthesis, which is the most impor-
tant mechanism for growth and biomass synthesis in plants, providing a driving force for
yield [51]. In this study, NLU treatment led to a significantly higher leaf area compared with
urea treatment. This result reveals that NBPT delays the fast hydrolysis of urea, allowing
nitrogen to stay for a longer time and be used efficiently, contributing positively to the leaf
area through the elongation and expansion of plant leaves [24]. These results corroborated
the findings of Zuki et al. [13], who also observed a significantly higher surface leaf area
in maize after the NBPT-coated urea treatment than after the urea treatment. A growth
analysis also showed that addition of NBPT to urea has a positive impact, particularly on
the total plant dry matter, associated with an increase in N accumulation (Table 5) [52].
Cruchaga et al. [53] observed that tryptophan (an amino acid) content increases in pea
plants with the application of urea with NBPT. Tryptophan is a precursor of indole acetic
acid (IAA), a phytohormone engaged in physiological activities, such as apical dominance
and the generation of plant roots. The increased level of tryptophan in NBPT-treated plants
can change the level of auxin, which could help enhance plant growth through increased
protein synthesis [54]. On the contrary, a urea-fed plant shows lower growth, which may
also be attributed to a higher amount of the nickel-dependent urease enzyme present in
plants, as Soni and Korgaokar [55] reported that nickel at higher concentrations adversely
affects the biomass yield and growth rate. This finding is also supported by Gad et al. [56],
who observed that a higher concentration of nickel has a negative effect on all the growth
parameters of tomato. Uruç Parlak [57] also observed a clear growth reduction in wheat
with a higher Ni content in the plant, which may interfere with the metabolic activities and
biochemical processes, such as protein and chlorophyll synthesis.

Significantly higher chlorophylla and chlorophyll(a+b) with the addition of NBPT
to urea is due to the positive effect of NBPT on nitrogen uptake as N is a component
of chlorophyll [58] and due to a positive correlation between N and leaf chlorophyll
content [59]. Galindo et al. [50] found a significantly higher leaf chlorophyll index with
the soil application of urea with NBPT in wheat. Higher nitrogen accumulation through
NBPT increases the activation of thylakoid membranes and improves the function of
photosystems [60,61]. On the contrary, the reduced chlorophyll content in the leaf of a urea-
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fed plant might be explained by the lower amount of nitrogen absorbed by the plant and
the inhibition of chlorophyll synthesis by the nickel-containing urease enzyme; as Uruç [57]
reported, the chlorophyll content is indirectly proportional to the nickel concentration.
According to Dhir et al. [62], this reduction in chlorophyll content might be due to a lower
iron content or reduced chlorophyll biosynthesis enzyme activity and the replacement of
the central magnesium ion in the chlorophyll by nickel atoms. The NLU treatment showed
a higher N content, which might be due to the inhibitory effect of NBPT, which acts as
a urease inhibitor and restricts urea hydrolysis. Similarly, higher nitrogen uptake as a
response to NBPT-treated urea was reported by Zuki et al. [13] in maize and by Zaman
et al. [63] in grass pasture. In addition, NBPT-treated urea is considered a slow-release
fertilizer that maximizes N uptake in rice [64].

4.2. Nitrogen Use and Fruit Attribute

Nitrogen use can be improved by better agronomic approaches, such as fertilizer
management and cultivation techniques, which can ensure a higher crop yield and N effi-
ciency [65]. This study confirmed that high partial factor productivity (PFPN) and nitrogen
use efficiency (NUE) can be ensured through the use of NBPT with urea (Table 6). Higher
PFPN and NUE values were obtained after the NLU treatment, which was comparable with
the findings of Zuki et al. [13], who observed that a granular coating of urea with NBPT
increases NUE by 51% to 72% in maize. The findings of this study are also in line with
those of Kawakami et al. [25], who observed that the addition of NBPT increases NUE by
41% in cotton. Our study demonstrated that the application of urea with NBPT influences
the fruit size (length and width) and fruit weight, indicating the positive impact of NBPT
on yield-contributing characters. Higher fruit yield after urea and NBPT treatment might
be attributed to the longer and broader fruit, as the average fruit weight represents the
total yield of a plant because one plant produces one fruit. Our findings are consistent with
the findings of Khan et al. [66], who reported an improvement in the yield-contributing
character of maize due to the application of NBPT. Moreover, Sossa et al. [2] reported
that better growth at flowering time ensures better pineapple fruit quality (fruit length
and weight). This study showed better growth after the urea and NBPT treatment, which
guaranteed an increased fruit weight and length. NBPT is often used as a fertilizer additive
in agriculture to reduce urease activity, slow down urea hydrolysis, and decrease the
concentration of ammonia, thereby improving N use efficiency and increasing crop yield
by more than 13% in wheat [24], 21% in maize [67], and 22.6% to 27.82% in grape [18] at
a similar rate as that by urea with or without NBPT. Liu et al. [68] observed that the rice
yield significantly increased after urea and NBPT treatment, while other field experiments
exhibited no significant yield increase after the use of a urease inhibitor [29,69,70]. Two
major factors are believed to ensure that the performance of the urease inhibitor does not
increase. First, the lower efficiency of the urease inhibitor in decreasing NH3 loss does not
sufficiently impact crop yield. Second, if the initial mineral nitrogen levels are high, the
conservation of N by a urease inhibitor can have little effect on yield. In our study, the
significant yield increase might have been due to the NBPT, as it is the most efficient urease
inhibitor in agriculture so far, and also to the initial lower level of mineral nitrogen in the
soil (Table 1). The results of this study are corroborated by previous observations in which
the subsequent response to added N fertilizer has a strong effect on the initial soil nitrate
status [71]. Moreover, a meta-analysis by Abalos et al. [72] reported that the application of
NBPT may be considered an effective strategy to increase crop yield. Cantarella et al. [12]
also observed that NBPT can alter some metabolic pathways and reduces the activity
of urease and glutamine synthetase, which are directly related to N metabolism, which
triggers plant growth, thereby increasing the physical attributes of fruits in terms of fruit
length, fruit breadth, and average fruit weight.

Some studies have reported that mineral fertilizers affect the quality of fruits [73].
Alva et al. [74] demonstrated that nitrogenous fertilizer application increases yield and
enhances the quality of fruits. In fruit trees, N is a major limiting factor for fruit yield
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as well as quality [75]. In this study, the foliar application of urea with NBPT affected
the TSS, titratable acidity, fruit pH, and the ascorbic acid, sugar, and organic acid content.
Higher values were globally reported with higher nitrogen doses in pineapple [2] that were
related to the urea and NBPT treatment. In this study, juice pH was found to increase and
total titratable acidity was observed to decrease after urea and NBPT treatment, which
was analogous to the findings of Agbangba et al. [76], who showed a rise in Smooth
Cayenne pineapple pH due to the nitrogen effect. A reduction in total titratable acidity
by a dicyandiamide (DCD) inhibitor in citrus fruits was observed by Serna et al. [77].
The total soluble solids mainly include the total sugar and organic acids, among other
constituents. These components are often assessed in the analysis of pineapple as they
are responsible for the overall sensory quality of pineapple [42]. In previous research, the
total soluble solids increased in pineapple as the nitrogen concentration increased [33].
We also observed a higher total soluble solid content in the fruits of plants treated with
urea and NBPT, which permits a more efficient use of nitrogen, unlike urea-fed plants. In
pineapple, fruit quality largely depends on the sugar content, which positively correlates
with the total soluble solid content [78–80]. Titratable acidity, or the ratio of TSS to TA, is a
reliable guide for evaluating pineapple fruit maturity and quality [42], and these values
describe the content of organic acids within the fruits. Fruit quality greatly depends on
soluble sugars and organic acids, which contribute to the flavor [81], and nitrogen, which
has been shown to affect the sugar profile [82]. The highest levels of sucrose, accompanied
by glucose and fructose, in pineapple are shown in Table 6, and the results were consistent
with previous findings [42]. Selim et al. [30] supported this result, recording superior sugar
beet quality in terms of sugar yield and percentage of sucrose after the treatment with urea
and a urease inhibitor compared to the treatment with urea and other nitrogen sources.
The higher amount of sugar after the NBPT treatment might be due to the activation of
sucrose synthetase (SS) and acid invertase (AI), as, according to Liao et al. [83], the activity
of these enzymes greatly depends on the nitrogen level. The acidity of pineapple fruit
is mainly due to the levels of malic, citric, and quinic acids [42], where nitrogen has the
most obvious impact on the citric acid content [84]. The activities of phosphoenolpyruvate
carboxylase and citrate synthase are directly related to citric acid synthesis, where aconitase
is responsible for citric acid breakdown [85]. Zhou et al. [86] observed that citric acid
synthesis resulted from an increased level of citrate synthase and decreased activity of
aconitase. In this study, aconitase, which is responsible for a lower amount of citric acid,
was probably more active than citrate synthase in NLU-treated plants. The higher levels
of citric acid and lower levels of malic acid reported in pineapple were similar to other
reports [87,88]. In addition, Cámara et al. [89] observed that pineapple fruit juice contains
trace levels of quinic, oxalic, and succinic acids in addition to higher levels of citric and
malic acids. Our study also confirmed that a higher amount of ascorbic acid (vitamin C)
is obtained from fruits of plants treated with urea and a urease inhibitor. Higher ascorbic
acid levels might be attributed to a higher sugar content from this treatment, supported
by the positive correlation between ascorbic acid and sugar [90]. Previous studies have
reported that higher nitrogen levels increase the ascorbic acid content [91] in citrus fruits;
conversely, Omotoso and Akinrinde [32] observed that an increase in N supply decreases
the ascorbic acid content in pineapple. Generally, nitrogen fertilizer, especially in higher
amounts, seems to lower vitamin C levels in some fruits and vegetables, but the response
may vary with the plant variety and genus, weather, and other factors [83,92]. Moreover,
Miceli and Miceli [93] concluded that nitrogen at a suboptimal level tends to decrease the
vitamin C content, indicating that sufficient nitrogen is required to maintain ascorbic acid
synthesis. Our study revealed that the overall superior quality of pineapple fruits from
plants treated with urea and NBPT might be due to the function of NBPT in delaying the
fast hydrolysis of urea, lowering NH3 emission and increasing the availability of nitrogen
to the plant.
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5. Conclusions

In summary, the application of urea with NBPT improved most of the studied growth
parameters, including the chlorophyll content of pineapple. The physical attributes (except
fruit width) and the quality attributes (except titratable acidity and pH) of the fruit were
found to improve with the application of NLU (urea with NBPT). Compared to a plain
urea fertilizer, NBPT-amended urea greatly enhanced the partial factor productivity and
the nitrogen use efficiency. This supports the hypothesis that N loss from plain urea can
be effectively reduced by urease inhibitors, concomitantly improving the growth, yield,
and fruit quality attributes of pineapple. However, this study was not able to affirm
the significant effect of NBPT on pineapple growth, yield, and quality under open-field
conditions; hence, field work is needed to verify this result in real situations. Moreover, no
negative impact of NBPT addition to foliar urea was observed. Thus, the use of NBPT with
urea could be beneficial for pineapple growth, yield, and quality.
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