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Abstract: This study evaluated the phosphorus use efficiency (PUE) in two genotypes
and one cultivar of Brachiaria decumbens (HD1, HD4, and Basilisk) and the productive,
morphogenic, and structural responses. The experimental design used was randomized
blocks with five P rates (0, 13, 26, 52, and 104 mg dm−3). There was no forage × P rate
interaction (p > 0.05), but the P rates affected the leaf appearance rate (TAR; p = 0.0314),
leaf life span (LLS; p = 0.0207), phyllochron (PC; p = 0.0207), leaf elongation rate (LER;
p = 0.0350), stem elongation rate (SER; p = 0.0109), and the number of live leaves (NLL;
p = 0.0033). The LAR, LLS, and PC followed quadratic trends, increasing up to 52 mg dm−3,
while the PC declined. The FLL, SER, and NLL increased linearly. HD1 had the highest final
leaf length, LER, and NLL, while Basilisk had the lowest. There was an interaction for tiller
population density (p = 0.0431), with increases of 0.26, 0.28, and 0.24 tillers for HD4, HD1,
and Basilisk, respectively. Forage production (FP) increased with P, gaining 0.51 g of DM
for each mg dm−3 of P added. The HD1 genotype showed higher FLL, LER, NLL, FP, and
higher PUE than the HD4 genotype and the Basilisk cultivar. HD1 was more responsive
to higher P rates for root production, indicating a greater need for nutrients to reach its
productive potential. Phosphate fertilization positively influenced morphogenesis and
forage production in the evaluated genotypes and cultivars. The HD1 genotype stood out in
relation to the others, showed superiority in forage and root production, and demonstrated
greater efficiency in the use of P, at a dose of 13 mg dm−3.

Keywords: plant breeding; morphogenesis; forage plants; mineral nutrition

1. Introduction
The increasing global demand for food, driven by population growth, imposes sig-

nificant challenges on agriculture, requiring more efficient and sustainable production
practices capable of ensuring productivity, conserving natural resources, and mitigating
environmental impacts [1]. In this context, plant mineral nutrition plays a crucial role in
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agricultural production systems, particularly in pasture-based livestock systems, where
soil fertility is a determining factor for productive sustainability.

In tropical pastures, phosphorus (P) fertilization plays a fundamental role in forage es-
tablishment and persistence, promoting increased initial growth, tillering, and root system
development, while directly influencing the carrying capacity of the area [2,3]. However, a
substantial proportion of soils worldwide are deficient in P, which is considered a finite and
irreplaceable resource, limiting plant production—especially in tropical regions [4]—unlike
nitrogen (N), which is abundantly available in the atmosphere.

The low availability of P in acidic soils of tropical and subtropical regions is one of the
main limitations of agricultural production in these areas, particularly in pasture-based
livestock systems [5,6]. In such environments, the high P adsorption capacity of the soil,
combined with the low availability of P in the parent material and the reduced efficiency
of P uptake and utilization by many modern cultivars, requires the application of high
rates of P fertilizers [7]. This heavy reliance on P inputs represents both an economic and
environmental challenge, as improper management can result in nutrient losses to the
environment, contributing to eutrophication and pollution of water bodies [8].

In this sense, improving knowledge regarding phosphorus use efficiency (PUE) in
tropical forage grasses could support the development of management strategies and
the selection of genotypes better adapted to low-fertility soils, promoting more efficient
nutrient use and reducing environmental losses [9].

Previous studies have demonstrated that tropical forage species, such as Brachiaria spp.,
develop morphological and physiological mechanisms to enhance P acquisition
efficiency [10,11]. However, most research on P nutrition in tropical forage grasses has
focused on selecting materials with high responsiveness to fertilization, aiming at maxi-
mum productivity in high-fertility soils. There is, however, limited research specifically
addressing the cultivar Basilisk (Brachiaria decumbens), a forage grass recognized for its
adaptation to low- to medium-fertility soils [5,12]. Studies evaluating its growth strategies
and P use efficiency are essential to understanding its potential in production systems with
varying input availability [13], helping to identify fertilization rates more aligned with
tropical soil conditions [14] and preventing pasture degradation through the appropriate
selection of forage species.

This study tested the hypothesis that B. decumbens genotypes exhibit different P use
strategies compared to the cultivar Basilisk. Thus, the objective was to evaluate the effect of
increasing P doses on morphogenetic and structural traits and forage and root production
and to determine differences in P use efficiency (PUE) among B. decumbens genotypes.

2. Materials and Methods
2.1. Site, Soil, and Fertilization

The experiment was carried out in pots in a greenhouse at the Brazilian Agricultural
Research Corporation—Embrapa Gado de Corte (20◦26′48′ ′ S 54◦43′07′ ′ W, 538 m above
sea level), Campo Grande—Mato Grosso do Sul (MS), Brazil. The experimental period
occurred during the rainy season, from September 2021 (late spring) to February (summer)
2022, totaling 162 days of evaluation. The soil used was an Oxisol [15], with physical
characteristics of 39% clay, 7% silt, and 54% sand and chemical characteristics described in
Table 1. During the experiment, the average daily temperature was 26.8 ◦C.

The soil was corrected and fertilized with 1960 mg dm−3 of lime, 58.82 mg dm−3 of
sulfur (S), 12.94 mg dm−3 of zinc (Zn), 12.94 mg dm−3 of copper (Cu), 3.24 mg dm−3 of
boron (B), and 1.61 mg dm−3 of molybdenum (Mo). The sources were elemental sulfur,
zinc sulfate, copper sulfate, sodium borate, and ammonium molybdate, respectively. The
soil was left for 40 days with humidity close to field capacity for the lime to react. Triple
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superphosphate (SFT) was diluted and added to the soil, on the surface, at doses of 0, 13,
26, 52, and 104 mg dm−3. Seeds were sown on 1 September 2021, with approximately
50 seeds in each experimental unit, with each unit containing a soil volume of 2.55 dm3.
Thinning was carried out on the 15th day after sowing, and five plants per pot were kept
under irrigation for the start of the experimental evaluations.

Table 1. Chemical characteristics of the soil in each treatment before sowing.

Soil
pH Ca2+ Mg2+ K+ Al3+ H + Al S T t V m MO P

CaCl2 cmolc dm−3 % mg dm−3

Ox 5.04 1.33 1.36 0.19 0.08 5.49 2.87 8.37 2.96 34.38 2.92 3.72 3.31

Ox: Oxisols; S: sum of bases (Ca + Mg + K); T: potential cation exchange capacity (CEC) (H + Al + Ca + Mg + K); t:
effective CEC (Ca + Mg + K + Al); V: Base saturation [(S/T) × 100]; m: Aluminum saturation [Al/t] x 100; Ca and
Mg Mehlich III; K and P Mehlich I; Al and KCl 1 mol; H+Al Phmeter with SMP buffer solution; MO: Modified
South Dakota Organic Matter.

During the experimental period (162 days), maintenance fertilizations were carried
out one day after each cut (28-day interval), with 588 mg dm−3 of nitrogen (N) and 98 mg
dm−3 of potassium (K). Urea was used as the N source and potassium chloride as the K
source. They were diluted in water, and 25 mL of the solution was applied per pot.

2.2. Experimental Design

The experimental design was a randomized block, 3 × 5 factorial scheme, with three
forage plants of the Brachiaria decumbens species, two genotypes (HD4, HD1) and one
cultivar (Basilisk), and five doses of P: 0, 13, 26, 52 and 104 mg dm−3, with four replications,
totaling 60 experimental units. The doses of P were applied to pots containing 2.55 dm−3

of soil, which were considered experimental units.

2.3. Morphogenic and Productive Characteristics

To evaluate the morphogenic and structural characteristics, two tillers were marked
for each experimental unit, totaling 180 tillers, and evaluated weekly. Measurements of the
pseudostem height, extended tiller height, and length of expanded and expanding leaves
were taken and used to calculate the morphogenic variables: leaf appearance rate (LAR,
cm tiller−1 day), leaf elongation rate (LER, cm tiller−1 day), leaf life span (LLS, day), stem
elongation rate (SER, cm tiller−1 day), phyllochron (PC, days), final leaf length (FLL, cm),
number of live leaves (NLL, leaves tiller−1).

The tiller population density (TPD) was determined by counting the tillers in each
experimental unit of each treatment, with the first evaluation being performed 45 days after
sowing (1st cut) and the others one day before each cut, totaling five evaluations.

For forage production (FP), the first was 58 days after sowing and the following
28 days after the first cut. The height of the residue for the cutting established was 15 cm
from the ground level. The forage mass cut in each of the pots and in each cut was placed
in a paper bag, identified, and subsequently dried in a forced circulation oven at 55 ◦C until
a constant weight and weighed on an analytical balance. The sum of the mass of each pot
in all cuts obtained the forage production of each cultivar at each evaluated P dose.

For root production (RP), they were removed from the pot, separated from the soil,
and then washed in a gentle stream of water using two sieves of 2 and 1 mm mesh to retain
the root mass of roots. The roots were then placed in paper bags and dried in an oven at
65 ◦C for 7 days until constant weight, the method used by [16].
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2.4. Phosphorus Use Efficiency

The PUE for FP was determined by calculating the difference between the forage
production of the pot (PFx) and the forage production (PF0) of the zero dose of P divided
by the dose of P applied (Dx), using the following formula [17]:

PUE = (PFx − PF0)/Dx) × 100

PUE—phosphorus utilization efficiency (g DM mg dm−3 P); PFx—forage production
(g pot−1); PF0—forage production at zero doses; Dx—P dose in the pot (mg dm−3).

2.5. Statistical Analysis

The data were submitted to analysis of variance and comparison between means with
the Tukey test (5%), using the SAS (Ondemand) statistical package. The model used was:
Yjik = µ + bj + ci + dk + (cd)ik + εjikl. Where: Yjik = value observed in block j; in forage i; in
P dose k; µ = general average effect; bj = effect of block j; ci = effect of forage i; dk = effect of
P dose k; (cd) ik = effect of forage × P dose interaction; εjikl = experimental error associated
with observation Yjik. The effects of the P doses were analyzed using regression equations.
Linear and quadratic models were tested and selected according to the significance of the
regression coefficients, adopting a 5% level.

3. Results
There was an effect of the P doses for the LAR (p = 0.0314), PC (p = 0.0369), and LLS

(p = 0.0207). (Table 2). The variables showed a quadratic response, with an initial increase
in the LAR and LLS up to the 52 mg dm−3 dose, and a decrease in phyllochronum up to
the 26 mg dm−3 dose. After these doses, the LAR and LLS decreased, and PC increased
(Table 2). There was a P dose effect for the LER (p = 0.0350), SER (p = 0.0109), and NLL
(p = 0.0033). The data fitted quadratic regression equations, with an increase followed by a
decrease from the 52 mg dm−3 dose for all the variables (Table 2).

Table 2. Morphogenic and structural characteristics of forage grasses fertilized with increasing doses
of P.

Doses of P (mg dm−3)
Equation R2 p-Value MSE

Variables 0 13 26 52 104

LAR 0.12 0.13 0.13 0.13 0.12 y = 0.12 + 0.005x − 0.0004x2 0.78 <0.0001 0.04
PC 9.18 8.27 8.57 8.81 9.75 y = 8.88 − 0.01x + 0.002x2 0.75 0.0349 0.31
LLS 41.87 42.01 46.22 50.23 49.85 y = 40.78 +0.24x − 0.001x2 0.93 0.0356 1.30
LER 2.78 3.07 3.23 3.43 3.09 y = 2.16 + 0.02x − 0.001x2 0.99 0.0345 0.08
SER 0.81 0.90 0.90 0.99 0.93 y = 0.71 + 0.11x − 0.14x2 0.81 0.0174 0.02
NLL 4.2 5.4 5.9 6.1 5.8 y = 4.92 + 0.04x − 0.003x2 0.97 <0.0001 0.14

LAR: leaf appearance rate (leaves tiller day−1); PC: phyllochron (days); LLS: leaf life span (days); LER: leaf
elongation rate (cm tiller day−1), SER: stem elongation rate (cm tiller day−1); NLL: number of live leaves; p-value:
probability of a significant effect; MSE: mean standard error.

There was no forage × dose interaction (p > 0.05), nor was there any forage effect for
the variables LAR (p = 0.5336), LLS (p = 0.4116), and PC (p = 0.4022), with an average of
0.13 leaves/tiller.day, 46.05 days and 8.91 days, respectively.

There was an effect of the forage plants on FLL (p = 0.0042), LER (p = 0.0018), and
NLL (0.0336). The highest FLL was in the HD1 genotype, the lowest in the Basilisk cultivar
(Figure 1), and intermediate for the HD4 genotype. The LER was highest in the HD4 and
HD1 genotypes and lowest in the Basilisk cultivar. The highest NLL was observed in HD1,
and the lowest was in the Basilisk cultivar.
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Figure 1. Final leaf length (FLL), leaf elongation rate (LER), and the number of live leaves (NLL) of
Brachiaria decumbens subjected to phosphate fertilization. Means followed by the same lowercase
letter in the column do not differ by Tukey’s test at 5%.

There was a forage × P dose interaction for TPD (p = 0.0423). An increase of 0.26,
0.28, and 0.24 tillers was observed for the HD4, HD1 genotypes, and Basilisk cultivar,
respectively. At doses of 0 and 52 mg dm−3 P, the highest tillering was observed in the
Basilisk cultivar. The lowest TPD was in the HD4 genotype at the 0 dose and in the HD1
genotype at the 52 mg dm−3 P dose. At the 104 mg dm−3 P dose, the highest TPD was in
the HD1 genotype (Table 3).

Table 3. Tiller population density as a function of the interaction between forage plants and P doses.

Doses of P (mg dm−3)
Equation R2 p-Value MSE

Forage Plant 0 13 26 52 104

TPD (Tillers Pot−1)

HD4 11.75 b 20.55 a 28.00 a 36.40 ab 40.70 b y = 17.17 + 0.26x 0.84 <0.0001 2.14
HD1 15.20 ab 23.05 a 26.30 a 34.50 b 45.40 a y = 18.01 + 0.28x 0.97 <0.0001 2.14

Basilisk 16.50 a 22.90 a 30.00 a 40.05 a 41.80 ab y = 20.83 + 0.24x 0.90 <0.0001 2.14

Means followed by the same lowercase letter in the column do not differ by Tukey’s test at 5%. p-value: probability
of a significant effect. MSE: mean standard error.

There was no forage × P dose interaction for forage production (FP) (p = 0.2545).
However, a linear increase was observed in response to P application (P = 0.0013), with an
increase of 0.51 g forage for each mg dm−3 of P added to the soil (Figure 2A). There was a
difference between the forages in relation to the P doses for FP (p = 0.0284). The highest FP
was in the HD1 forage and the lowest in the Basilisk cultivar. The HD4 forage presented
intermediate FP (Figure 2B).

There was a forage x P dose interaction for root production (PR) (P = 0.0355). The data
fit increasing linear regression equations, with increases of 0.09, 0.08, and 0.05 for forages
HD4, HD1, and Basilisk, respectively (Table 4). The highest root dry mass was observed in
the HD1 forage at the dose of 104 mg dm−3 P. The lowest PR at the dose of 104 mg dm−3 P
was for the Basilisk cultivar, with no differences between the forages at the other doses.
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Figure 2. Forage production (FP) as a function of different P levels (A) and different forages
(B). Means followed by the same lowercase letter in the column do not differ by Tukey’s test at
5%.

Table 4. Root dry mass as a function of the forage × P dose interaction in Brachiaria decumbens forage
grasses.

Doses of P (mg dm−3)

Equation R2 p-Value MSE
Forage Plant

0 13 26 52 104

Root Production (g of DM)

HD4 4.67 a 8.06 a 10.43 a 13.53 a 14.92 ab y = 6.83 + 0.09x 0.81 <0.0001 0.87
HD1 6.83 a 7.67 a 9.05 a 11.77 a 15.70 a y = 6.77 + 0.08x 0.99 <0.0001 0.87

Basilisk 6.91 a 5.68 a 10.90 a 11.12 a 12.16 b y = 7.10 + 0.05x 0.66 <0.0001 0.87
p-value 0.1355 0.1323 0.3119 0.2729 0.0170

Means followed by the same lowercase letter in the column do not differ by Tukey’s test at 5%. p-value: probability
of a significant effect. MSE: mean standard error.

There was an interaction between forages and P doses for PUE (p = 0.0364). For the
effect of P doses, the highest efficiency was observed at a dose of 26 mg dm−3 for the HD2
genotype and at a dose of 13 mg dm−3 for the HD1 genotype and the Basilisk cultivar
(Table 5). Among the cultivars, the highest efficiency was in the HD1 genotype at all doses.
The lowest efficiency was observed in the HD4 genotype at all doses, except at a dose of
102 mg dm−3, which was the same as that of the Basilisk cultivar.

There was a significant correlation between all variables analyzed (p < 0.05). A strong
positive correlation was observed between P doses and RP, FP, and TPD. A strong negative
correlation was observed between PC and LAR. And moderate correlations were observed
between LER and RP, FP, SER, NLL, and LER (Figure 3).
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Table 5. Phosphorus use efficiency as a function of the forage × P dose interaction in Brachiaria
decumbens forage grasses.

Forage Plant
Doses of P (mg dm−3)

p-Value MSE13 26 52 102

Phosphorus Use Efficiency (%)

HD4 61.49 abC 69.35 aC 61.79 abC 48.07 bB 0.0311 6.54
HD1 141.69 aA 125.12 abA 101.73 bA 64.02 cA 0.0155 6.54

Basilisk 97.62 aB 85.54 abB 76.69 bB 50.99 cB 0.0199 6.54
p-value 0.0029 0.0074 0.0012 0.0430

Means followed by the same lowercase letter in the row and uppercase letter in the column do not differ by
Tukey’s test at 5%. p-value: probability of a significant effect. MSE: mean standard error.
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4. Discussion
The variables LER, FLL, and NLL are morphogenic attributes desired by forage

plant breeding programs, which, together with a lower dependence on P, contribute to
the development and selection of cultivars adaptable to soils with a low presence of the
nutrient, like the oxisols found in the Cerrado biome [6].

The effect of P doses on the LAR, LLS, and LER, as well as the similarity between
forage plants for the same variables, shows that these are genetically determined mor-
phogenic characteristics, but they can be influenced by environmental factors [18] such as
temperature, nutrient supply and the state of water in the plant. As the site conditions are
controlled, the effect on the variables is attributed solely to phosphate fertilization. This
reinforces that, although there is genetic variability between the HD4 and HD1 genotypes
and the Basilisk cultivar, environmental conditions play a crucial role in the expression of
morphogenic characteristics, leading to similar behavior between genotypes of the same
species when these conditions are uniform [19].

The quadratic effect of P doses, which led to an increase in the LAR and LLS and
a decrease in PC up to a dose of 52 mg dm−3, suggests that moderate doses of P can
maximize these variables due to P’s essential role in plant energy metabolism and the
formation of nucleic acids, which regulate cell growth [1]. Thus, its availability modulates
the production of new tissues [20].

However, the decrease in the LAR and NLL and, consequently, the increase in PC,
reinforces that, in addition to the strong negative correlation between these variables
(Figure 3), they show that doses higher than 52 mg dm−3 can cause plants to saturate and
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redistribute nutrients to other processes, such as leaf and stem elongation [18] and tillering
(Table 4; Figure 3). This saturation is frequently reported in grasses, and not only with
P [21], as observed by [22], who highlighted that N improves initial development up to a
certain point, after which gains are reduced.

The initial reduction in PC with moderate doses of P (Table 2) shows that leaves
emerge more quickly, favoring an increase in leaf area for light interception. However,
high doses can slow down leaf production, a possible consequence of the redistribution of
resources to elongation or tillering, as described by [23].

At low doses of P, the LLS increases because the plant keeps leaves longer to maximize
light and nutrient uptake. At high doses, there is greater leaf renewal due to the abundance
of resources, as highlighted by [24]. The species’ decumbent growth habit, with the supply
of increasing doses of P, leads to increases in SER (Table 2). This growth habit may be
desirable when establishing pastures in areas where there is a need for soil cover.

The genotypes evaluated in this study are still in the testing phase and are part of
the Embrapa Gado de Corte breeding program. For this reason, most of the detailed
information about their genetic characteristics remains confidential. The HD1 and HD4
hybrids are half-siblings, sharing the same father (B. decumbens cv. Basilisk), but from
different mothers. Genetically, both the father (Basilisk) and the offspring (HD1 and H4) are
different from each other (they even present molecular markers specific to each genotype).
Consequently, the three genotypes present phenotypic differences between them (leaf
length, leaf width, and plant height, among other characteristics), as observed in Figure 1.
The HD1 genotype presented a higher FLL, LER, and NLL when compared to the others,
structural characteristics that reinforce the difference between the forages.

Tillering is directly linked to the ability to capture resources and to intraspecific
competition. The continuous increase in the TPD observed in the HD4 and HD1 genotypes
and in the Basilisk cultivar, with the increase in P doses, reflects greater availability of
energy and nutrients for the formation of new tillering meristems, as discussed by [25].
However, the Basilisk cultivar is less responsive when subjected to high doses of P, probably
due to its genetic stabilization and previous adaptation to low-fertility soils [26]. The higher
TPD of cultivar HD1 at a dose of 102 mg dm−3 showed that this genotype had a greater
capacity to respond to higher doses.

Forage production is the result of the flow of tissues observed by morphogenesis. The
greater FLL, NLL, LER (Figure 1), and TPD of the HD1 genotype allowed greater forage
production. Although HD1 presented higher FP than the other forages evaluated, the
positive effect of P on the flow of new tissue generation resulted in higher FP for all forages.
The significant results of the strong and positive correlation (Figure 3) between P doses and
the variables FP, RP, and TPD reinforce the direct influence of the nutrient on the generation
of new tissues, as well as the importance of TPD both in the perenniality of the forage grass
and in terms of root growth.

The increases in RP due to higher P doses can be explained by the influence of P on
root growth (Figure 3) and on the formation of root hairs, which increase the surface area
for nutrient and water absorption. This, combined with maintenance fertilization with
N and K, which help maintain nutritional balance, led to increased forage production.
Ref. [24] reported that if other macronutrients are not replaced, they can limit the growth of
forage plants. The higher root production of the HD1 genotype, at a dose of 102 mg dm−3

of P, may be directly linked to both the action of nutrients that increase the number of roots,
and the higher TPD (Table 3; Figure 3) presented by the genotype also at the higher dose.
The higher RP may confer greater tolerance to environmental stress.

The application of 26 mg dm−3 of P resulted in the highest PUE for the HD4 genotype,
while 13 mg dm−3 was more efficient for HD1 and Basilisk. These doses appear to align with
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the specific needs of each genotype, suggesting that PUE is optimized when P availability
matches the absorption and utilization capacity of each cultivar. Studies corroborate that
the response to phosphate fertilization is highly dependent on the genotype, with variations
in biomass production and agronomic efficiency depending on the P doses applied [27].

The HD1 genotype demonstrated superiority in PUE at all doses, while HD4 showed
lower efficiency, except at the 102 mg dm−3 dose, equaling the Basilisk cultivar. These differ-
ences can be attributed to genetic variations that affect root architecture, absorption capacity,
and internal P mobilization. The activity of enzymes such as acid phosphatases, involved
in the mineralization of organic P in the soil, can vary between genotypes, influencing the
efficiency of nutrient use [21].

PUE is a multifactorial trait, influenced by genetic, morphological, and physiological
factors. The identification of genotypes with high PUE is crucial for sustainable production
systems, especially in soils with low P availability. The selection of cultivars adapted to
specific fertilization conditions can reduce costs and minimize environmental impacts
associated with the excessive use of fertilizers.

Therefore, P use efficiency should be considered within the context of each forage
genotype and the production system. Higher doses may be required for genotypes that
have a greater ability to respond to P, optimizing forage yield within the agricultural
system [24].

5. Conclusions
Phosphate fertilization positively influenced morphogenesis and forage production in

the genotypes and cultivars evaluated; however, P utilization efficiency decreased as the
nutrient dose increased. The HD1 genotype stood out in relation to the others, showing
superiority in forage and root production, in addition to a higher DPP, an essential charac-
teristic for maintaining the productive capacity of the species. In addition, it demonstrated
greater efficiency in P utilization at all doses and may be an alternative genotype to the
Basilisk cultivar of the decumbens species, which has a low response to increased P doses.
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