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Abstract

This study hypothesized that the combination of limestone and gypsum could promote
higher pasture yield and affect soil biological properties, such as microbial biomass and
enzymatic activity, and alter the population of Bacillus within a pasture system with U.
brizantha. A factorial design was employed with two treatments—without and with lime (0
and 1.6 ton ha−1)—and four gypsum doses (0, 0.5, 1.0, and 2.0 ton ha−1) in experimental
field plots. Six successive cuts were made in the pasture, and at the end, soil samples were
analyzed for microbial biomass, enzymatic activity, and the putative Bacillus spp. commu-
nity. The association of gypsum application with liming modified soil microbial activity
attributes. It was found that only the application of gypsum reduced the microbial biomass
and increased the concentration of putative Bacillus spp. in the soil, which correlated
positively with increased crop yield, especially with the higher gypsum dose applied. The
combined use of limestone and gypsum did not alter the microbial biomass and showed
the best performance in increasing yield with the lowest dose of gypsum applied. In both
cases evaluated, with and without the use of gypsum in conjunction with liming, it may be
possible to achieve significant increases in biomass accumulation in pasture.

Keywords: soil liming; microbial biomass; pastures production

1. Introduction
Pastures are essential to animal production, with Urochloa brizantha being one of the

most cultivated pasture species in tropical regions. An advantage of using U. brizantha is its
adaptation to soils with low fertility due to its efficient root system, which explores the soil
depth better [1]. However, roots need suitable conditions to grow deep, such as reduced soil
acidity. Liming is recognized as the most effective practice to reduce soil acidity, neutralize
toxic elements and increase the availability of nutrients to plants [2]. On the other hand,
the incorporation of limestone into the soil depth needs plowing and harrowing, which
alters the physical structure of the soil, reducing the porosity, size distribution, and stability
of aggregates.

To overcome these negative effects of plowing and harrowing to soil, the application of
gypsum has been used as an alternative to move the limestone depth and reduce the toxic
effect of aluminum or reduced potential acidity (H+Al) [3]. Therefore, the combination
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of limestone and gypsum could decrease the soil acidity at depth without the need for
plowing and harrowing [4]. In a field study in soil with minimum tillage, a positive effect of
a combination of limestone and gypsum decreased the soil acidity at depth (0.20–0.60 m) [5].
Recently, it was observed that limestone and gypsum changed the chemical properties of
the soil, mainly increasing the soil pH at 0–40 cm deep after 36 months [6].

Although the combination of limestone and gypsum has proven effective at reducing
soil acidity at depth, little is known about the combined effect of these elements on soil
biological properties. Within soil biological properties, soil microbial biomass (SMB) plays
an essential role, including the decomposition of organic matter and nutrient cycling [7],
contributing to increased soil fertility [8]. Enzymatic activity derived from SMB intensifies
the degradation of organic matter in the soil [9], affecting the cycling of C, N, and P [10].
These important biological properties are significantly influenced by soil pH [11], while
liming has been observed to positively impact soil microbial biomass (SMB) and its activ-
ity [12]. Extracellular enzymes, such as arylsulfatase and glucosidase, can accumulate in
the soil and reflect the cultivation history, while dehydrogenase, as an intracellular enzyme,
detects microbial activity in real time [13–15]. Enzymatic activity can indicate nutritional
stress and water deficit during crop management [16]. However, there is still a significant
gap in understanding the effect of the combined use of liming and gypsum on these bi-
ological properties, particularly in the Bacillus spp. community, which is considered an
important bacterial genus for pastures due to its plant-growth-promoting characteristic [17].
The genus Bacillus plays an important functional role in soil and in the rhizosphere of
pastures because it includes species capable of promoting plant growth through multiple
mechanisms, such as phytohormone production, phosphorus solubilization, siderophore
synthesis, antimicrobial compound production, biofilm formation, and increased plant
tolerance to abiotic stresses [18,19]. Bacillus has been highlighted as a rhizosphere group
that contributes to promoting plant growth [20], and its presence may be indicated as
helpful for plants when cultivated under abiotic stress conditions [17].

In this study, we hypothesized that the combination of limestone and gypsum could
promote higher pasture yield and affect soil biological properties, such as SMB and enzy-
matic activity, and alter the population of Bacillus within a pasture system with U. brizantha.
Thus, we evaluated the combination of limestone and different doses of gypsum on the
pasture yield, SMB, enzymatic activity, and community of Bacillus spp. in the rhizosphere
of Urochloa brizantha in sandy soil with low fertility.

2. Materials and Methods
The experiment was conducted in a pasture field with Urochloa brizantha (cv. Piatã)

established in 2017 at Mirante do Paranapanema, Sao Paulo state, Brazil (22◦29′29′′ S;
52◦1′18′′ ET, 306 m above sea). The soil is classified as oxysol, with clay contents of 13%
and 15% at 0–10 cm and 10–20 cm depths, respectively. The climate is tropical (Am), with
average annual temperatures around 22.8 ◦C and a rainfall regime characterized by two
distinct periods: a rainy one from October to March and a low-rainfall one from April to
September. In October 2019, before the experiment, chemical analysis of the soil was carried
out at 0–10 cm and 10–20 cm depths (Table 1). Based on the chemical analysis, the amount
of limestone required to raise the base saturation to 80% for the two analyzed depths was
determined, totaling 1.6 ton ha−1. The experimental design used was randomized blocks
in a 2 × 4 factorial scheme, with two treatments with limestone (0 and 1.6 ton ha−1) and
four treatments with gypsum (0, 0.5, 1.0, and 2.0 ton ha−1), and four replications, which
totalized 32 experimental plots (40 m2). The surface application of limestone and gypsum
within plots occurred in December 2019.
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Table 1. Chemical properties of the soil.

pH SOM P K S H+Al Ca Mg BS

g kg−1 -------- mg kg−1 -------- ----- mmolc kg−1 ----- %

0–10 cm 5.8 18.6 11 15.6 2.4 13.2 13 9.3 63
10–20 cm 5.4 13.1 3.6 12.1 2.2 14.8 9.4 6.4 52

SOM—soil organic matter; P—phosphorus; K—potassium; S—sulfur; H+Al—potential acidity; Ca—calcium;
Mg—magnesium; BS—base saturation.

From March 2020, six grass cuts were carried out throughout the study at 90-day
intervals. Grass samples were taken from 1 m2 of each plot, cut at a height of 20 cm
from the ground. They were then placed in a forced-air ventilation oven for mowing and
subsequent weighing to determine the dry matter of the pasture. In May 2021, soil samples
within each plot were collected at a depth of 0–20 cm, following the criterion of collecting
10 soil sub-samples per plot, which were combined to produce that plot’s sample. The
samples were immediately transferred to the laboratory and stored under refrigeration
until analysis. Subsequently, microbial biomass C (MBC) and N (MBN) were assessed
using the microwave method [21,22]. Basal respiration was assessed by titration of NaOH
with HCl [23]. In addition, we assessed the activities of fluorescein diacetate hydrolysis
(FDA) [24], dehydrogenase, B-glucosidase, and arylsulfatase [25]. Rhizosphere soil samples
were obtained from five plants collected from each plot, using aliquots of soil loosely
adhered to the roots. The evaluation of Bacillus spp. was carried out by the serial dilution
method and plate counting, using tubes that were subjected to a thermal shock (70 ◦C for
20 min) in the first stage of dilution, with the aim to select spore-forming bacteria. The
plates were incubated in an oven at 32 ◦C for 72 h, where the colonies formed were counted
and morphologically and physiologically characterized as putative Bacillus isolates using
the guide described in the Bergey’s Manual of Determinative Bacteriology [26], and the
final value was expressed as colony-forming units (CFU) per gram of soil.

The results obtained were subjected to analysis of variance (ANOVA) preceded by
the F test at the 5% probability level. Means were compared using the least significant
difference (LSD) test at the 5% probability level. All statistical analyses were performed
using RStudio 1.4.1106 (ExpDes.pt and ggcorrplot packages).

3. Results
The results showed that without liming, the application of the highest dose of gyp-

sum (2.0 ton ha−1) was necessary to achieve a higher accumulated pasture biomass
(~32 ton ha−1) (Figure 1). However, when liming was applied to the soil, it was possi-
ble to get a high accumulated pasture biomass (~30 Mg ha−1) with the application of the
lowest dose of gypsum (0.5 ton ha−1). When each pasture cut was analyzed, the application
of gypsum with and without liming promoted a distinct response in pasture biomass
production. The increase in gypsum rates, with and without liming, led to a linear increase
in pasture biomass after the third and second cuts, respectively. However, a significant
linear increase was observed up to the sixth pasture cut with the highest dose of gypsum
(2.0 ton ha−1).

The application of the highest dose of gypsum (2.0 ton ha−1) decreased microbial
biomass C and increased biomass N (Figure 2). Compared with the control, the application
of gypsum without liming significantly decreased the content of microbial biomass C, while
it did not vary microbial biomass C when liming was applied. The application of gypsum
increased (at 1.0 ton ha−1) and decreased (in all doses) the microbial C:N ratio, with and
without liming, respectively. The highest dose of gypsum promoted an increase in the
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concentration of Bacillus in the soil compared with the control, an effect that was most
significant without liming.

Figure 1. Production of shoot biomass accumulated (A,C) and after each cut (B,D) in response to
gypsum doses combined or not with liming. In (A,C), different letters indicate significant differ-
ences between gypsum doses in the absence (−) or presence (+) of liming, while double asterisks
(**) indicate significant differences between the absence (−) and presence (+) of liming. In (B,D), a
single asterisk (*) indicates that R2 was significant at 5%.

The application of gypsum without liming did not affect the activities of FDA, B-
glucosidase, or arylsulfatase (Figure 3). However, the activities of these enzymes increased
compared with the control, with the lowest dose of gypsum (0.5 ton ha−1) associated with
liming. In contrast, dehydrogenase increased with the applications of 0.5 and 1.0 ton ha−1

gypsum without liming, while it did not vary when liming was used.
Through correlation analysis of microbial attributes with gypsum doses and pasture

yield, it was found that in the absence of liming, there was a positive correlation between
the concentration of putative Bacillus spp. and gypsum doses, along with an increase in
plant yield. Conversely, a negative interaction was observed with microbial biomass C
under this condition (Figure 4). On the other hand, when liming was associated with
gypsum doses, a positive correlation was observed between microbial biomass N and
gypsum doses, as well as pasture yield.
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Figure 2. Microbial biomass C (A) and N (B), C:N ratio (C), basal respiration (D), metabolic quo-
tient (E) and rhizosphere colonization with putative Bacillus spp. (F) in response to different gypsum
doses in the absence (−) or presence (+) of liming. Different letters indicate significant differences
between gypsum doses in the absence (−) or presence (+) of liming, while double asterisks (**)
indicate significant differences between the absence (−) and presence (+) of liming.

Figure 3. FDA hydrolysis (A), dehydrogenase activity (B), β-glucosidase activity (C), Arylsulfatase
activity (D), in response to different gypsum doses in the absence (−) or presence (+) of liming.
Different letters indicate significant differences between gypsum doses in the absence (−) or presence
(+) of liming, while double asterisks (**) indicate significant differences between the absence (−) and
presence (+) of liming.
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Figure 4. Pearson correlations of biological properties and pasture yield as a function of gypsum
without (A) and with (B) limestone application. * indicates significant difference (p < 0.05).

4. Discussion
In line with the hypothesis, the combination of limestone and gypsum increased plant

biomass and influenced soil biological properties, including soil microbial biomass and
enzymatic activity, while also changing the abundance of putative Bacillus spp. within
Urochloa brizantha pasture systems. The results showed that the highest accumulation of
pasture biomass occurred with the application of lime + gypsum, making this combination
an essential tool for food production in NT tropical agriculture, as was also reported in
another study with an integrated system with pasture [27]. This increased biomass was due
to the improved soil conditions facilitated by gypsum, such as higher soil pH and nutrient
availability, specifically Ca2+ and S in the subsurface, which reduced Al3+ availability [28].

Furthermore, the application of the highest dose of gypsum without liming provided
greater pasture biomass production in the sum of the six cuts performed, showing a greater
residual effect. This finding reinforces previous studies that show persistent effects of
gypsum for years and months after application [29,30]. In the condition when limestone
was applied, this greater pasture biomass production was observed with the minimum
dose of gypsum (0.5 tons ha−1), suggesting synergism with this dose and the application
of liming that may be useful for recommending correctives that provide favorable soil
conditions for grass cultivation. This includes a better balance of bases in the soil, thus
improving nutrient availability and increasing pasture biomass, even with lower doses of
gypsum [27].

In the case of gypsum application without limestone, there was a reduction in soil
microbial biomass carbon evaluated at the end of the study. The reduction in this biological
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attribute has been associated, in many cases, with the search for carbon as an energy
source, where fast-growing microorganisms, such as heterotrophic bacteria, can use part
of the total microbial biomass as a nutrient source, with fungal hyphae as their preferred
food [31]. The increase in pH and increased N mineralization of organic matter can modify
the energy metabolism of the microbial community. Thus, the proportional increase in N in
microbial biomass relative to C may indicate a microbial biomass with a lower C:N ratio,
resulting in greater temporary immobilization of mineral N in the biomass [32]. Thus, a
large part of the dead or dormant microbial biomass [15] may have been rapidly recycled
as necromass, serving as a source of carbon and nutrients for the active community [33,34].
This impact may be associated with stimuli for increased microbial turnover, in which
the community exhibits greater cell renewal, greater respiration, and greater use of labile
substrates, without necessarily accumulating microbial biomass in the soil [33,35]. In other
words, a restructuring of the microbial community may have occurred in the absence of
liming and gypsum application, with this study verifying an increase in the metabolic
quotient and a change in the carbon-to-nitrogen ratio in the biomass under the condition
of absence of liming. On the other hand, the combination of gypsum and limestone did
not cause significant changes in microbial biomass and also resulted in an increase in
nitrogen (N) in the soil microbial biomass, highlighting the importance of the combination
of gypsum and liming in soil microbial dynamics and nutrient cycling processes, such as
mineralization and immobilization.

The increased availability of root exudates, resulting from good pasture development,
can also favor fast-growing bacterial groups capable of rapidly exploiting readily available
carbon sources in the rhizosphere [36,37]. In this context, the increase in the putative Bacillus
spp. community in treatments with higher doses of gypsum may indicate a favoring of
copiotrophic and metabolically active bacteria, which efficiently utilize labile organic
compounds, exudates, and microbial residues. This is consistent with a previous study on
the application of gypsum in sandy soil cultivated with rice, which observed an increase in
Bacillus spp. [38]. Regarding the increase in putative Bacillus spp. in the absence of liming,
it has also been reported that the presence of Bacillus spp. in the rhizosphere of tropical
pastures showed a negative interaction with the concentration of calcium in the soil [39].

The association of gypsum with liming has been reported as a positive effect for
increasing glucosidase and arylsulfatase activities under conditions of lower applied doses,
especially in the long term [40,41]. In our study, this effect was observed in all extracellular
enzymes evaluated, but only under the condition of liming associated with a lower dose
of gypsum. The increase in enzymatic activity in the liming and gypsum treatments can
be attributed to the improvement of soil chemical conditions, especially the increase in
pH, greater availability of Ca2+ and Mg2+, and reduction in Al3+ toxicity. These changes
favor root growth and microbial activity, increasing the production of enzymes involved
in the C, N, P, and S cycles, favoring bacterial groups over fungi, which have a lower
C:N ratio [40]. On the other hand, dehydrogenase was not influenced by any dose of
gypsum associated with liming. Calcium availability is directly related to the organic C
cycle in the soil, assisting microbial metabolism in the presence of gypsum [42]. In the
specific case of dehydrogenase activity, an increase in its activity occurred only under
the condition without liming. This enzyme reflects the current oxidative potential of the
microbial community, which is essential for mineralization processes that make nutrients
available to plants [16,43].

Bacillus species are well-adapted to soil, with higher temperatures and low nutrient
availability, and their ability to form spores increases their resilience to adverse environ-
mental conditions commonly found in pasture soils [44]. They are classified as plant growth
promoters and are present in several biological inputs on the market, and thus, are con-
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sidered of great interest to agriculture [45,46]. This bacterial genus is of great importance
to pastures due to its plant-growth-promoting characteristic [17]. This study found that
under the condition of applying the highest doses of gypsum without liming, there was an
increase in the concentration of putative Bacillus spp., which showed a positive correlation
with pasture yield.

This study found that applying gypsum in the absence of liming reduces the carbon
content of soil microbial biomass and increases the metabolic quotient. Furthermore, at
the maximum gypsum dose, a higher concentration of putative Bacillus spp. was found
in the soil, along with an increase in pasture biomass production. Liming combined with
gypsum application showed that with the lowest gypsum dose, there was greater plant
biomass production and a better balance of microbial biomass and enzymatic activity
in the soil. More precise use of soil amendments can avoid economic waste in practice,
preventing excessive doses without increasing crop yield. The promising data found in this
study encourage further research under different edaphoclimatic conditions, as well as the
confirmation of putative Bacillus spp. using the 16S rDNA gene.

5. Conclusions
The association of gypsum application with liming modified soil microbial activity

attributes. It was found that only the application of gypsum reduced microbial biomass
and increased the abundance of putative Bacillus spp. in the soil, which correlated posi-
tively with increased crop yield, especially with the highest dose of gypsum applied. The
combined use of limestone and gypsum did not alter microbial biomass and had the best
performance regarding increasing yield with the lowest dose of gypsum applied. In both
cases, it may be possible to achieve high levels of biomass accumulation in pasture.

The results reinforce the importance of managing the soil profile under pastures with
a greater supply of bases to the soil in two different ways, resulting in improved microbial
activity and system yield.
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