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ABSTRACT 
 

The present study is part of a long-term experiment, started in 2002, at Fazenda 

Experimental Lageado, belonging to the College of Agricultural Sciences 

(UNESP/FCA), in Botucatu (SP). Continuing the experiment, which is likely to be the 

only one in the State of São Paulo with such a duration (19 years), the present Thesis 

aimed to understand the effect of long-term surface application of lime and 

phosphogypsum on the soil chemical and biological attributes, root growth, plant 

nutrition, carbon e antioxidant metabolism, 15N-fertilizer recovery in the soil-plant 

system, and yield of maize intercropped with ruzigrass and soybean in succession. 

The field part of this study has been carried out since October 2016, when lime and/or 

phosphogypsum were last applied. Therefore, here we tested the following treatments: 

i) control (no soil amendments applied), ii) phosphogypsum alone, iii) lime alone and, 

iv) lime and phosphogypsum combination. Soybean sowing occurred between 

November and December of each year, whereas maize intercropped with ruzigrass 

was sown in March of each year. Our results suggested that the combination of lime 

and phosphogypsum proved to be effective in improving soil fertility up to 1 m depth, 

reflecting ideal conditions for root growth of soybean and maize intercropped with 

ruzigrass. As a result of these changes, crop nutrition was also improved, ensuring 

high photosynthetic metabolism even when periods of water scarcity occurred. In the 

combined application of lime and phosphogypsum, antioxidant metabolism based on 

free radical-consuming enzymes also increased, reducing lipid peroxidation of leaf 

cells. This cascading effect was reflected in the increase in grain yield of both crops. 

Deepening the understanding of tropical agricultural systems altered by the application 

of lime and phosphogypsum, our microbiological studies revealed that the joint 

application of lime and phosphogypsum altered the soil chemical properties in a no-till 

intercropped system, increasing the relative abundance of total prokaryotes (archaea 

and bacteria), modulating genes related to the nitrogen cycle. Finally, our results also 

revealed that the combined application of these inputs increases the recovery of 15N 

fertilizer [(15NH4)2SO4] by maize and ruzigrass in intercropping, and soybean cultivated 

in crop rotation, which reduced N losses to the environment. Our study highlighted the 

importance of using soil amendments in tropical agricultural systems, mainly in 

exploring the synergistic effect of lime with phosphogypsum, aiming to improve the soil 

chemical and microbiological quality, the nitrogen fertilizer recovery, the photosynthetic 

and antioxidant metabolism of plants and, consequently, the grain yield of the crops. 

 

Keywords: soil acidity; root deepening; soil microbiology; nitrogen cycle; (15NH4)2SO4.  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

RESUMO 
 

O presente estudo faz parte de um experimento de longa duração, instalado no ano 

de 2002, na Fazenda Experimental Lageado, pertencente à Faculdade de Ciências 

Agronômicas da UNESP, em Botucatu (SP). Dando continuidade ao experimento, que 

provavelmente deve ser o único do Estado de São Paulo com tamanha duração (19 

anos), a presente tese objetivou entender o efeito da aplicação superficial de calcário 

e gesso à longo prazo sobre os atributos químicos e biológicos do solo, crescimento 

radicular, nutrição das plantas, metabolismos do carbono e antioxidante, recuperaçao 

do 15N-fertilizante no sistema solo-planta, e produtividade de milho consorciado com 

Urochloa ruziziensis e a soja em sucessão. A parte de campo deste estudo vem sendo 

conduzida desde outubro de 2016, momento em que foi aplicada pela última vez o 

calcário e/ou gesso. Portanto, aqui testamos os seguintes tratamentos: i) controle 

(sem aplicação de corretivos do solo), ii) gesso, iii) calcário e, iv) combinação de 

calcário e gesso. As semeaduras da soja ocorreram entre novembro e dezembro de 

cada ano, enquanto que o milho consorciado com Urochloa ruziziensis foi semeado 

no mês de março de cada ano. Nossos resultados sugeriram que a combinação de 

calcário e gesso foi eficaz em melhorar a fertilidade do solo até 1 m de profundidade, 

refletindo condições ideais para o crescimento radicular de soja e milho consorciados 

com U. ruziziensis. Como resultado dessas mudanças, a nutrição das culturas 

também foi melhorada, garantindo alto metabolismo fotossintético mesmo quando 

ocorreram períodos de escassez hídrica. Na aplicação combinada de calcário e gesso, 

o metabolismo antioxidante baseado em enzimas consumidoras de radicais livres 

também aumentou, reduzindo a peroxidação lipídica das células foliares. Esse efeito 

cascata refletiu-se no aumento da produtividade de grãos de ambas as culturas. 

Aprofundando a compreensão dos sistemas agrícolas tropicais alterados pela 

aplicação de calcário e gesso, nossos estudos microbiológicos revelaram que a 

aplicação conjunta destes insumos alterou as propriedades químicas do solo em um 

sistema de plantio direto consorciado, aumentando a abundância relativa de 

procariontes totais (archaea e bactérias), modulando genes relacionados ao ciclo do 

nitrogênio. Por fim, nossos resultados também revelaram que a aplicação combinada 

desses insumos aumenta a recuperação do 15N fertilizante [(15NH4)2SO4] pelo milho e 

U. ruziziensis cultivados em consórcio, e da soja cultivada sucessão, o que reduziu 

fortemente as perdas de N para o meio ambiente. Nosso estudo destacou a 

importância do uso de corretivos do solo em sistemas agrícolas tropicais, 

principalmente na exploração do efeito sinérgico do calcário com o gesso, visando 

melhorar a qualidade química e microbiológica do solo, a recuperação de fertilizantes 

nitrogenados, o metabolismo fotossintético e antioxidante das plantas e, 

consequentemente, a produtividade de grãos das lavouras. 

 

Palavras-chave: acidez do solo; aprofundamento radicular; microbiologia do solo; 

ciclo do nitrogênio; (15NH4)2SO4.  
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GENERAL INTRODUCTION 

 

Soil acidity is one of the most limiting factors for crop development by reducing 

its productive potential. Approximately 50% of the arable area across the globe is 

affected by problems related to soil acidity (SUMNER; NOBLE, 2003; VON UEXKÜLL; 

MUTERT, 1995). Most of these soils are located in tropical and subtropical regions, as 

they present a high degree of weathering, which promotes acidity problems, reduced 

cation exchange capacity (CEC) and base saturation (BS), in addition to containing 

high levels of toxic elements such as exchangeable aluminum (Al3+) (CAIRES et al., 

2008; CAIRES et al., 2011; CRUSCIOL et al., 2016; FAGERIA; NASCENTE, 2014; LI 

et al., 2019). Brazil, one of the largest food producers in the world, has about 58% of 

its territory naturally acidic, which becomes a major problem especially in low-altitude 

Cerrado, a Biome with predisposition to dry winters and summers with dry spell periods 

(CUNNINGHAM, 2020). 

Liming is a very important practice for the viability of agricultural production, since 

this operation can neutralize soil acidity, increasing nutrient availability, in addition to 

providing calcium (Ca2+) and magnesium (Mg2+), and reducing Al3+ toxicity, especially 

at uppermost soil layers. On the other hand, the no-tillage system (NTS) requires no 

tilling of the soil, reducing liming efficiency (CAIRES; GARBUIO; BARTH, 2008; 

SANTOS et al., 2018). In this type of production system, liming is usually carried out 

on the soil surface, without incorporation, promoting great inquiries in the scientific 

environment due to low low mobility in the profile (low solubility in water) (SORATTO; 

CRUCIOL, 2008). 

Due to the issues that occurs in surface application of lime, studies with 

phosphogypsum has started. Phosphogypsum is a by-product of obtaining phosphoric 

acid, basically composed of calcium sulfate (CaSO4.2H2O). This input, unlike lime, 

does not correct soil acidity; however it is an alternative in providing Ca2+ at deep 

layers, in addition to reducing Al3+ toxic levels throughout the soil profile (CARMEIS 

FILHO; CRUSCIOL; CASTILHOS, 2017; CRUSCIOL et al., 2019; SORATTO; 

CRUSCIOL, 2008). Phosphogypsum solubility is higher compared with lime (~150 

times), and thus, moving more quickly through the soil profile (COSTA et al., 2018; 

TIRITAN et al., 2016). Phosphogypsum, therefore, has been used as a complementary 

input to lime, enhancing the liming benefits to the soil (BOSSOLANI et al., 2020; 

CRUSCIOL et al., 2019). On the other hand, there are many formulas for 
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recommending phosphogypsum for Brazilian soils (CAIRES; GUIMARÃES, 2018; VAN 

RAIJ et al., 2001; VITTI; LUZ, 2004), requiring further investigation as to the best 

method for each type of agricultural system and soil. 

In addition to the benefits for soil chemical attributes, the application of lime, 

combined or not with phosphogypsum, can also improve soil physics (soil structure), 

although this effect is not yet fully understood (CARMEIS FILHO et al., 2017; ROTH; 

PAVAN, 1991). Regarding microbiological indicators of soil quality, the effect of lime 

and phosphogypsum management has not yet been elucidated, and contradictory 

results are often obtained, mainly due to the spatial heterogeneity and complexity of 

the system (BADALUCCO et al., 1992). These results become more incipient when 

changes occur only over long-term periods (CUSSER et al., 2020; DUVAL et al., 2013).  

Liming can increase soil microbial activity (BOSSOLANI et al., 2020; HOLLAND 

et al., 2018). As a rule, raising the soil pH, increases the mineralization of soil organic 

matter, in addition to providing a direct impact on the nitrogen cycle potential of soils 

(BOSSOLANI et al., 2020; HOLLAND et al., 2018). Studies in tropical regions 

evaluating the effect of lime and phosphogypsum on the soil microbiological activity 

and structure are scarce, and further investigations are necessary, given the 

importance of microbiology in increasing the productivity of soil and crops 

(BOSSOLANI et al., 2021a). Therefore, understanding the effect of these inputs on soil 

quality is important to predict changes in soil productive balance and the long-term 

sustainability, and profitability of agricultural systems (GROVER et al., 2017; INAGAKI 

et al., 2016), especially in tropical region. Furthermore, soil fertility management with 

lime and phosphogypsum can be used as an important tool to overcome periods of 

water scarcity (BOSSOLANI et al., 2021b). Tropical regions presents stronlgy 

predisposition to dry periods throughout the year CARMEIS FILHO et al., 2017, which 

drastically reduce crop yield. The construction of a fertile profile ensures increased root 

growth of crops, accessing a greater amount of soil resources (water and nutrients), 

which leads crops to overcome periods of drought (BOSSOLANI et al., 2021b) 

Therefore, this research aimed to evaluate the effect of surface application of lime 

and phosphogypsum on the combination of soil chemical with physical and biological 

properties (functional genes and taxonomical profile), root growth, plant nutrition, 

carbon and antioxidant metabolism, yield components, and the 15N-fertilizer recovery 

by crops in the soil-plant system.   
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CHAPTER 1 
 

IMPROVING SOIL FERTILITY WITH LIME AND PHOSPHOGYPSUM ENHANCES 

SOYBEAN YIELD AND PHYSIOLOGICAL CHARACTERISTICS1 

 

Published in: Bossolani, J. W., Crusciol, C. A. C., Moretti, L. G., Garcia, A., 

Portugal, J. R., Bernart, L., Vilela, R. G., Caires, E. F., Amado, T. J. C., Calonego, J. 

C., dos Reis, A. R. (2022). Improving soil fertility with lime and phosphogypsum 

enhances soybean yield and physiological characteristics. Agronomy for Sustainable 

Development, 42(2), 1-19. https://doi.org/10.1007/s13593-022-00765-9 

 
 

Abstract 

In tropical no-till systems, applying lime (L) and phosphogypsum (PG) on the soil 

surface may be a potential strategy for reducing soil acidification and improving 

soybean root growth, thereby enhancing plant nutrition and physiological responses 

and, in turn, crop resistance to dry spells. This study evaluated the impact of long-term 

(17 years) surface soil amendment on soil fertility and soybean root development, 

nutrition, gas exchange, carbon and antioxidant enzyme activity and grain yield in a 

tropical region subject to dry spells. The treatments consisted of the following long-

term soil amendments: control (no soil amendment); L alone; PG alone; and L + PG 

(LPG). Liming, especially when combined with PG, improved soil fertility, as evidenced 

by increases in pH and P, Ca2+ and Mg2+ levels throughout the soil profile, but reduced 

Al3+ and micronutrients (Fe, Mn, Cu and Zn). The improvements in soil fertility were 

associated with increased root development throughout the profile. Long-term 

application of LPG reduced the negative impacts of dry spells on pigment 

concentrations, gas exchange, Rubisco and sucrose synthase activities and 

antioxidant metabolism and increased soybean grain yield. Our results reveal that 

long-term application of LPG is an important approach for increasing the vertical 

movement of cationic bases and roots in no-till systems to improve soybean nutrition. 

Long-term amendment with LPG enhanced both carbon and antioxidant metabolism 

in soybean plants, resulting in higher soybean grain yield, despite the predisposition of 

this tropical region to dry spells. 

 

Keywords: Glycine max (L.) Merrill; soil amendments; soil acidity; Rubisco; Sucrose 

Synthase; oxidative stress 
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1.1 INTRODUCTION 

 

Soybean [Glycine max (L.) Merrill] is important both as an oil-protein seed crop 

for livestock and aquaculture feeds and as a biofuel feedstock (Sugiyama et al., 2014). 

Soybean is unique among crops in that it can supply protein equal in quality to that of 

animal sources, making it an excellent protein source for the human diet (Hartman et 

al. 2011; Sugiyama et al. 2014). Demand for soybean and its derivatives has increased 

in the last decade, challenging the reliability of supply, stock levels, and competitive 

pricing (Hartman et al. 2011). The anticipated growth of the global population to 

approximately 10 billion people by 2050 (Desa 2015) and the effects of climate change 

(Gupta et al. 2020) have heightened the need for sustainable and highly efficient 

agricultural practices to guarantee global food security (Rellán-Álvarez et al. 2016). 

Among the numerous crop system challenges faced by growers, low soil quality 

and reduced nutrient availability associated with water restriction (due to unpredictable 

weather or inappropriate management practices) are the main factors responsible for 

losses in agricultural production, particularly in tropical regions (Rellán-Álvarez et al. 

2016; Costa et al. 2018). The detrimental effects of climate change may potentially be 

alleviated by adopting appropriate soil management practices, particularly soil 

chemical correction, which is increasingly necessary to improve the acquisition of soil 

resources by plants (Lal 2009). Soil amendments such as lime (L), a corrective agent 

for soil acidity with low solubility (Crusciol et al. 2019), and phosphogypsum (PG), a 

subsurface conditioning agent with moderate solubility (Zoca and Penn, 2017), can 

improve soil quality (Bossolani et al. 2020a). In no-tillage systems (NTS), L is applied 

superficially, which may limit its effectiveness due to its poor solubility, whereas PG 

has greater mobility in the soil profile but does not correct soil acidity (Zoca and Penn, 

2017). Thus, combining L and PG can be an alternative for improving the plant growth 

environment in tropical soils (Bossolani et al. 2020a).  

In addition to reducing soil acidity, soil amendment with L + PG neutralizes 

elements toxic to plants, such as aluminum (Al3+) and manganese (Mn). Aluminum 

inhibits root growth, resulting in reduced water and nutrient uptake as well as plant 

growth (Reis et al. 2018), and thus reducing Al3+ toxicity promotes appropriate 

conditions for crop root development, particularly in deep soil layers (Costa et al. 2018). 

Moreover, amendment with L + PG supplies plants with nutrients such as calcium 

(Ca2+), magnesium (Mg2+), phosphorus (P), and sulfate (SO4
2--S) (Crusciol et al. 2019; 
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Bossolani et al. 2020b). Increasing Ca2+ availability in the subsurface promotes 

hormone signaling and root growth (Zoca and Penn, 2017), and root development into 

deeper soil layers is crucial for avoiding plant injury under water-deficit conditions 

(Costa et al. 2018). In turn, deeper roots increase soil nutrient availability (e.g. Ca2+, 

Mg2+, P, and SO4
2--S), resulting in improved plant nutrition and increased 

photosynthetic activity. Adequate soil nutrient availability promotes photosynthetic 

pigment formation, energy production, activation of enzymes involved in CO2 fixation, 

photoassimilation partitioning for plant development, and the yield index (Gómez et al. 

2019). Well-nourished plants are more tolerant of environmental abiotic stresses and 

have strong antioxidant scavenging systems, which reduces cellular damage caused 

by reactive oxygen species (ROS) (Santos et al. 2017). 

This study focuses on the impact of soil chemical attributes on the physiological 

and yield responses of soybean to long-term application of soil amendments (Fig. 1). 

According to Cusser et al. (2020), management recommendations based on short-

term studies are generally contradictory and not representative of the system's 

equilibrium behavior, and therefore long-term studies are necessary to represent the 

reality of management within an ecosystem. We investigated the impact of L and PG 

applied alone or in combination on soil fertility and root growth, especially in deeper 

soil layers. Simultaneously, the effects of these changes on the physiological status of 

soybean plants were examined under field conditions to understand how 

photosynthetic/carbon and antioxidant metabolism are altered by the use of soil 

amendments and converted into crop yield. To adequately represent the real field 

conditions of soybean cultivated in rainfed areas, we evaluated soybean plants 

cultivated under tropical field conditions (i.e., without water supplementation and in a 

region prone to agroclimatic risks with dry spells during the crop cycle) during the 

second and third growing seasons after the last soil amendment applications (referred 

to as the first and second growing seasons hereafter). 
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Figure 1. (A) Aerial view of the study area, which is part of a long-term experiment 
started in 2002. (B) Schematic representation of the cropping system, including the 
chronological sequences of the soil amendment applications and crops grown during 
the agricultural year. Red arrows indicate when soil amendment applications occurred. 
Photographed by J.W. Bossolani. 
 

 

1. 2 MATERIAL AND METHODS 

 

1.2.1 Site description and experimental design 

 

This study carried out over two growing seasons is part of a long-term field 

experiment (registered on the GLTEN Metadata Portal; 

https://www.glten.org/experiments/62) conducted in Botucatu in southeastern São 

Paulo State, Brazil (22° 83' 3" S, 48° 42' 64" W, elevation 765 m above sea level). The 

soil was classified as a sandy clay-textured Typic Haplorthox (USDA 2014), which 

corresponds to Oxisols (Jahn et al. 2006). The chemical and textural properties of the 

soil at 0.0–0.2 m depth, determined prior to installing the experiment in 2002 (Kiehl 
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1979; van Raij et al. 2001), were as follows: soil pH (CaCl2), 4.2; soil organic matter 

(SOM), 21 g kg-1; phosphorus (Presin), 9.2 mg kg-1; potassium (K+), 1.2 mmolc kg-1; 

exchangeable calcium (Ca2+), 14 mmolc kg-1; exchangeable magnesium (Mg2+), 5 

mmolc kg-1; total acidity at pH 7 (H+Al), 37 mmolc kg-1; cation exchange capacity (CEC), 

57.2 mmolc kg-1; and base saturation (BS), 35%. The soil particle size distribution 

(inorganic matrix) in the 0.0–0.2 m layer was 545 g kg-1 of clay, 108 g kg-1 of silt and 

347 g kg-1 of sand. The clay content at 0.2–0.4 m was 360 g kg-1. The climate is Cwa, 

which corresponds to a mesothermic type with dry winters and hot summers according 

to the Köppen-Geiger climate classification system (Alvares et al. 2013). The long-term 

(1956–2019) maximum and minimum mean temperatures during the soybean growing 

season were 26.1 °C and 15.3 °C, and the average annual precipitation was 1,360 mm 

(Unicamp 2020).   

The experiment was designed in randomized complete blocks (RCB) with four 

replications. The size of each plot was 56.7 m2 (6.3 m × 9.0 m). The following 

treatments were applied: (i) control (no soil amendment); (ii) lime (L); (iii) 

phosphogypsum (PG); and (iv) lime + phosphogypsum (LPG). From 2002 to 2019, 

crop fertilization was performed in the same way in each treatment, and only the soil 

amendments specified in the treatment were applied. The anhydrous carbonate 

mineral [CaMg(CO3)2] containing 166 g kg-1 Ca and 105 g kg-1 Mg, and the PG 

contained 200 g kg-1 Ca, 150 g kg-1 S, <1 g kg-1 P, and <1 g kg-1 F. At the beginning of 

the experiment (2002), the L rate was defined according to soil chemical analysis at 

0.0–0.2 m depth, and 2.7 Mg ha-1 of L was applied with the aim of raising the base 

saturation (BS) to 70% (van Raij et al. 1997). The PG rate of 2.1 Mg ha-1 was calculated 

according to van Raij et al. (1997) by multiplying the clay content (0.2–0.4 m depth) by 

a factor 6. 

The soil amendments were reapplied when the BS in the L treatment fell to 

≤50%, which was verified annually. When L reapplication was necessary, PG was also 

reapplied (2.1 Mg ha-1). In total, the soil amendments were applied four times, including 

in 2002, 2004 and 2010 (2.0 Mg ha-1 of L and 2.1 Mg ha-1 of PG). For the fourth 

application, which occurred in October 2016, updates to the methods used in Brazil led 

to changes in the calculation of the L and PG rates. Specifically, the L rate calculation 

method was revised to consider the 0.0–0.4 m layer. The 0.0–0.4 m layer was chosen 

as the new criterion based on results obtained by Carmeis Filho et al. (2017) for the 

same experimental area multiplying by a factor 2 (double of the recommended dose). 
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Carmeis Filho et al. (2017) found that the classic liming recommendation based on the 

0.0–0.2 m layer represents an underestimate for stable cropping systems under no-till 

with crop rotation and high input of crop residues throughout the agricultural year. 

Consequently, the rate required to raise the BS to 70% was 13 Mg ha-1 of L in 2016. 

The PG recommendation was also revised following the methodology proposed by 

Caires and Guimarães (2018). This new recommendation, which was intended to 

increase Ca2+ saturation in the effective cation exchange capacity to 60% in the 0.2–

0.4 m soil layer, resulted in a rate of 10 Mg ha-1 of PG in 2016. After each of the soil 

amendment applications in 2002, 2004, 2010, and 2016, a micronutrient-based 

fertilizer was applied over the total area at rates of 3 kg ha-1 B + 1 kg ha-1 Cu + 1 kg 

ha-1 Mn + 10 kg ha-1 Zn + 0.2 kg ha-1 Mo in order to avoid unavailability of micronutrients 

due to the increase in pH by liming. 

The current study reports the results for the soybean crops grown in the second 

and third years after the last soil amendment reapplication (referred to as the first and 

second growing seasons hereafter). During the entire period of the experiment (2002–

2019), several crops were grown. Details of these previous crops and the applications 

of L and PG are shown in Table S1. With the exception of the first application of L and 

PG in 2002, when the no-tillage system was initiated, all soil amendments were surface 

applied. 

 

1.2.2 Crop sowing and establishment 

 

Soybean (cultivar TMG 7062 IPRO) was sown in November 2017 and 2018 and 

fertilized with 300 kg ha-1 of 04–20–20 (N–P2O5–K2O). The seeds were treated with 

fungicides (carboxin + thiram at 100 g + 100 g a.i. 100 kg-1 of seeds) prior to inoculation 

and sowing. Seed inoculation was performed 1 h before sowing by evenly coating the 

seeds with an appropriate amount of inoculant containing strains SEMIA 5079 

(Bradyrhizobium japonicum) and SEMIA 5080 (Bradyrhizobium diazoefficiens). 

Phytosanitary treatments were carried out according to the needs of and 

recommendations for the soybean crop (Embrapa 2020). 

 

1.2.3 Meteorological data 
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The tendency for short dry spells in southeastern Brazil during the monsoon 

season (from October to April) was comprehensively established by Cunningham 

(2020) based on an analysis of a historical series of 37 austral summer seasons (from 

1979 to 2016). During the experimental period, meteorological data (rainfall, solar 

radiation, wind speed, relative humidity and maximum and minimum temperatures) 

were measured by an automatic meteorology station installed near the experimental 

area. The evapotranspiration reference (ET0) was calculated based on the Penman-

Monteith methodology (Allen et al. 1998). Soybean evapotranspiration (ETc) was 

calculated using the crop coefficient (Kc) for each phenological stage (Allen et al. 

1998). Rainfall data were used to monitor the climatological water balance, which was 

calculated using an electronic spreadsheet (Rolim et al. 1998) following the procedure 

of Thornthwaite and Mather (1955) to determine the real evapotranspiration (ETr). The 

climatological water balance in the two soybean growing seasons is shown in Fig. 2. 
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Figure 2. Climatological water balance at Botucatu-SP, Brazil, from (A) 2002 to 2017 
and during the soybean crop cycles in (B) 2017/18 and (C) 2018/19. ETc, crop 
evapotranspiration; ETr, real evapotranspiration.  
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1.2.4 Soil chemical properties analysis  

 

In October 2018 (24 months after the fourth soil amendment application), eight 

individual soil samples were randomly collected from each plot at depths of 0.0–0.1, 

0.1–0.2, 0.2–0.4, 0.4–0.6, 0.6–0.8, and 0.8–1.0 m using a core sampler with an inner 

diameter of 50 mm. The samples from a single depth were combined into one sample 

per depth per plot. The samples were dried, sieved (2 mm) and analyzed according to 

van Raij et al. (2001). Soil pH was measured using a glass electrode at a soil:0.01 M 

CaCl2 solution ratio of 1:2.5 (v/v) (van Raij et al., 2001). Soil organic carbon (SOC) was 

determined by the colorimetric method using a sodium dichromate solution according 

the method proposed by Heanes (1984). Total acidity (H+Al) was estimated using 

Shoemaker-McLean-Pratt (SMP) solution (Shoemaker et al. 1961). Exchangeable Al3+ 

was extracted using 1 M KCl solution and quantified by the titrimetric method with 0.025 

M NaOH (Bertsch and Bloom 1996). Exchangeable Ca2+, Mg2+ and K+ were extracted 

with ion exchange resin  (van Raij, et al. 2001) and determined by atomic absorption 

spectroscopy (AAS). Sulfate (SO4
2--S) was extracted with 0.01 M calcium phosphate 

at a 1:2.5 (v/v) soil:solution ratio; the suspension was shaken for 30 min and filtered 

(Whatman nº 42) before determination of sulfate by a turbidimetric method (Bardsley 

and Lancaster 1960). Available phosphorus was extracted with ion exchange resin 

(van Raij et al. 2001) and quantified by a spectrophotometric method. Cationic 

micronutrients (Fe, Mn, Cu and Zn) were extracted by a solution containing 0.005 M 

diethylenetriaminepentaacetic acid (DTPA; pH 7.3), 0.1 M triethanolamine (TEA) and 

0.01 M CaCl2 and determined by AAS (van Raij et al. 2001). The results were used to 

calculate the sum of exchangeable bases (SB) as the sum of Ca2+, Mg2+, and K+. 

Cation exchange capacity was calculated as the sum of (H+Al) + SB. BS was 

calculated as the ratio of SB to CEC and expressed as a percentage. For the 

determination of SOM and P, Fe, Mn, Cu, and Zn concentrations, only the soil sampled 

at a depth of 0.0–0.2 m was analyzed.  

  

1.2.5 Root dry matter 

 

In both growing seasons, at soybean full flowering (R2 phenological stage) 

(Fehr et al. 1977), eight root subsamples were collected randomly from each plot and 

combined to form a composite sample. The samples were collected from plant rows 
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and in the middle of the inter-rows of each sub-plot. A galvanized steel probe with an 

82-mm-diameter cutting tip was used at depths of 0.0–0.1, 0.1–0.2, 0.2–0.4, 0.4–0.6, 

0.6–0.8, and 0.8–1.0 m. The soybean roots were washed under a flow of swirling water 

over a 0.5-mm mesh sieve and separated from other plant materials after washing. 

The root samples were then dried in an oven at 60°C for 72 h to determine root dry 

matter, which was expressed in g m-3 and subsequently estimated as Mg ha-1 in the 

0.0–1.0 m layer. The root dry matter distribution was calculated by multiplying the ratio 

of root dry matter in each layer to total root dry matter by 100. 

 

1.2.6 Nutrient concentrations in leaves and grains 

 

Nutrient concentrations were analyzed in diagnostic leaves of soybean at full 

flowering (R2 soybean phenological stage) (Fehr et al. 1977) and grains after harvest. 

The diagnostic leaves of soybean were the third fully expanded leaf from the shoot 

apex. Leaves and grains were dried in an oven at 65°C to constant weight and then 

ground in a Willey-type mill with a 1-mm screen for macro- and micronutrient analyses. 

N (leaves and grains) was extracted by sulfuric acid digestion, and the content was 

determined by the Kjeldahl method. Phosphorus, K, Ca, Mg, S, Fe, Mn, Cu, and Zn 

(only leaves) were extracted by nitroperchloric acid digestion and determined by AAS 

as described by AOAC (2016). Crude protein was determined by multiplying the grain 

N concentration by 6.25 (Krul 2019). 

 

1.2.7 Gas exchange parameters 

 

Gas exchange assessments were performed using diagnostic leaves of fifteen 

soybean plants per plot at full flowering (R2 soybean phenological stage) (Fehr et al. 

1977) and a Portable Infrared Gas Analyzer CIRAS-3 Portable Photosynthesis System 

(PP Systems Inc., Amesbury, MA, USA). The readings began after the air temperature 

in the chamber was adjusted to 28°C with 380 ppm CO2 and 1000 μmol m-2 s-1 of 

photosynthetically active radiation (PAR) supplied by LED lamps. The minimum 

equilibration time before performing the reading was 3 min. The measurements were 

performed between 9:00 and 11:00 am. The net photosynthetic rate expressed as the 

area (A; μmol CO2 m-2 s-1), stomatal conductance (gs; mol H2O m-2 s-1), leaf 

transpiration (E; mmol H2O m-2 s-1), internal CO2 concentration in the substomatal 
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chamber (ic; mmol CO2 mol-1 air) and water use efficiency (WUE; μmol CO2 (mmol 

H2O)-1) were determined. 

 

1.2.8 Physiological analysis of plant leaves 

 

The leaves used for gas exchange analysis were subsequently used for 

physiological and biochemical analyses. The materials collected were placed in liquid 

nitrogen and stored at -80°C until biochemical analysis. 

 

1.2.8.1 Photosynthetic pigments  

 

Photosynthetic pigments (chlorophyll a, b, total chlorophyll and carotenoids) 

were determined using five discs cut between the edge and the central vein of the 

soybean leaves using a paper punch (0.5 cm in diameter). Following Lichtenthaler 

(1987), the discs were stored for 24 h in 2 mL of N,N-dimethylformamide (DMF) in 

capped glass vials wrapped in paper-lined aluminum foil, The concentrations of 

chlorophyll a, b and carotenoids were quantified using a spectrophotometric method at 

wavelengths of 664, 647, and 480 nm, respectively.  

 

1.2.8.2 Rubisco (EC 4.1.1.39), and sucrose synthase (Susy, EC 2.4.1.13) activities 

 

Based on the gas exchange data collected in the first growing season, we 

decided to evaluate the activities of the enzymes Rubisco and Susy in the second 

growing season to provide support for the previously obtained data.  

Total Rubisco activity was measured according to the method described by Reid 

et al. (1997). Frozen plant material (0.3 g) was extracted with 1.5 mL of buffer 

containing 58 mM potassium phosphate and 1 mM ethylenediaminetetraacetic acid 

(EDTA). The material was centrifuged at 14,000 rotations per minute (rpm) for 25 min 

at 4°C, and the supernatant was maintained at 4°C (Reid et al. 1997). The incubation 

buffer for Rubisco consisted of 100 mM bicine-NaOH pH 8.0, 25 mM potassium 

bicarbonate (KHCO3), 20 mM magnesium chloride, 3.5 mM ATP, 5 mM 

phosphocreatine, 0.25 mM NADH, 80 nkat glyceraldehyde-3-phosphate 

dehydrogenase, 80 nkat 3-phosphoglyceric phosphokinase and 80 nkat creatine 
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phosphokinase. A 70-µL aliquot of the supernatant was incubated with 900 µL of the 

incubation buffer for 5 min at 30°C in the absence of ribulose-1,5-bisphosphate (RuBP) 

to enable carbamylation of Rubisco. NADP oxidation was initiated by adding 30 μL of 

16.66 mM RuBP directly into the cuvette. Readings were carried out using a 

spectrophotometric method at a wavelength of 340 nm. Rubisco activity was calculated 

from the difference in the absorbance readings at 0 and 1 min (without removing the 

cuvette from the spectrophotometer) and expressed in μmol min-1 mg protein-1. 

Susy activity was determined by extracting 0.5 g of frozen plant material with 

extraction buffer containing 50 mM HEPES buffer pH 7.0, 2 mM MgCl2, 2 mM 

dithiothreitol (DTT) and 1 mM EDTA according to Dejardin et al. (1997). After 

centrifugation at 14,000 rpm for 20 min at 4°C, Susy buffer containing 0.1 M MES buffer 

pH 6.0, 5 mM MgCl2, 0.3 M sucrose and 5 mM uridine 5'-trihydrogen diphosphate 

(UDP) was add to 0.5 mL of the supernatant in extraction buffer and incubated at 37°C 

for 30 minutes. The incubation was stopped by adding 100 μL of 30% potassium 

hydroxide (w/v) and heating at 100°C for 5 min. Readings were carried out using a 

spectrophotometric method at a wavelength of 540 nm, and the results were expressed 

in µmol sucrose g-1 fresh weight (FW) h-1. 

 

1.2.8.3 Sucrose concentration 

 

The sucrose concentration was determined from 1 g of frozen plant material 

extracted in 10 mL of MCW solution (60% methanol, 25% chloroform, and 15% water; 

(v/v/v)). The homogenized material was centrifuged at 8,000 rpm for 10 min at 4°C. An 

aliquot of 4 mL of the supernatant was removed and mixed with 1 mL chloroform + 1.5 

mL distilled water. After the separation phase, the sucrose content was determined in 

the aqueous phase as described by Bieleski and Turner (1966). To quantify sucrose, 

50 µL of extract, 500 mL of 30% KOH, and 2 mL of concentrated H2SO4 were added 

to a glass tube. The mixture was homogenized by vortexing and heated at 100oC for 

10 min. Readings were carried out using a spectrophotometric method at a wavelength 

of 490 nm. The sucrose concentration was determined by reference to a sucrose 

standard curve and expressed in mg g-1 FW. 

 

  



47 
 

1.2.8.4 Hydrogen peroxide 

 

The concentration of hydrogen peroxide (H2O2) was determined by reaction with 

potassium iodide (KI) according to Alexieva et al. (2001). Frozen soybean leaves were 

ground in liquid nitrogen with a mortar and pestle, and 4 mL of 0.1% trichloroacetic 

acid (TCA) (w/v) was added. The homogenized material was centrifuged at 12,000 rpm 

for 15 min at 4°C. For the reaction, 200 μL of supernatant, 200 μL of 100 mM potassium 

phosphate buffer pH 7.5 and 800 μL of KI solution (1 M) were combined and kept on 

ice for 1 h. After warming to room temperature, readings were carried out using a 

spectrophotometric method at a wavelength of 390 nm. The leaf concentration of H2O2 

was calculated by reference to a standard curve and expressed in μmol g-1 FW. 

 

1.2.8.5 Lipid peroxidation 

 

Lipid peroxidation was evaluated based on the production of metabolites 

reactive to 2-thiobarbituric acid (TBA), mainly malondialdehyde (MDA), according to 

Heath and Packer (1968). The extraction was carried out with 0.8 g of frozen plant 

material in 4 mL of 0.1% trichloroacetic acid (TCA; w/v) + 20% polyvinylpolypyrrolidone 

(PVPP; w/v). The homogenized material was centrifuged at 10,000 rpm for 15 min at 

4°C, and 250 μL of the supernatant was added to 1 mL of 20% TCA + 0.5% TBA. The 

samples were heated at 95°C for 30 min and immediately placed on ice for 10 min. 

The material was centrifuged again for 10 min at 10,000 rpm. Readings were carried 

out using a spectrophotometric method at wavelengths of 535 and 600 nm, and the 

results were expressed in nmol MDA g-1 FW. 

 

1.2.8.6 Total soluble protein 

 

Leaf samples were homogenized in 100 mM potassium phosphate buffer (pH 

7.5) (1 g of tissue to 3 mL of buffer) containing 1 mM EDTA, 3 mM DTT and 0.04 g of 

PVPP (Azevedo et al. 1998). The resulting homogenate was centrifuged at 10,000 rpm 

for 30 min at 4°C, and the supernatant was stored at -80°C before determination of 

antioxidant activity. The total protein concentration was determined by the method of 

Bradford (1976) using bovine serum albumin (BSA) as a standard and measured by a 
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spectrophotometric method at a wavelength of 595 nm. The results and protein extract 

were used to determine the activities of superoxide dismutase (SOD), catalase (CAT), 

ascorbate peroxidase (APX) and glutathione reductase (GR). 

 

1.2.8.7 Superoxide dismutase (SOD, EC:1.15.1.1) 

 

SOD activity was determined according to Giannopolitis and Ries (1977). The 

reaction was composed of 2 mL of 50 mM potassium phosphate buffer (pH 7.8), 250 

μL of 13 mM methionine, 200 μL of 75 mM nitroblue tetrazolium (NBT), 200 μL of 0.1 

mM EDTA, 250 μL of 2 μM riboflavin, and 50 μL of protein extract and was incubated 

in a reaction chamber under illumination by a 15 W fluorescent lightbulb at 25ºC. The 

tubes were vortexed and placed inside the chamber (total absence of light) for 15 min 

to allow the formation of the blue formazan compound via the NBT photoreaction. A 

control for each sample was performed with the same mixture, but these test tubes 

were covered with aluminum foil to prevent light exposure. After 15 min, the material 

was vortexed. Readings were carried out using a spectrophotometric method at a 

wavelength of 560 nm, and the results were expressed in U SOD mg-1 protein. 

 

1.2.8.8 Catalase (CAT, 1.11.1.6) 

 

CAT activity was determined according to the method described by Azevedo et 

al. (1998). The reaction medium was composed of 1 mL of 30 mM H2O2 solution in 100 

mM potassium phosphate buffer (pH 7.5). The reaction was started by the addition of 

25 μL of protein extract. Enzyme activity was determined by the decomposition of H2O2 

during a 2-min interval using a spectrophotometer at a wavelength of 240 nm. The 

results were expressed in μmol min-1 mg-1 protein. 

 

1.2.8.9 Ascorbate peroxidase (APX, EC:1.11.1.11) 

 

APX activity was determined as described by Gratão et al. (2008). The reaction 

medium was composed of 100 μL of protein extract and 80 mM potassium phosphate 

buffer solution (pH 7.0) containing 5 mM ascorbate (AsA), 1 mM EDTA and 1.35 mM 



49 
 

H2O2. Readings were carried out immediately using a spectrophotometric method at a 

wavelength of 290 nm for 2 min. The results were expressed in μmol min-1 mg-1 protein. 

 

1.2.8.10 Glutathione reductase (GR, EC 1.6.4.2) 

 

GR activity was determined as described by Gomes-Junior et al. (2006). The 

reaction buffer (1.7 mL) was composed of 1 mL of 100 mM potassium phosphate buffer 

(pH 7.5), 500 μL of 1 mM nitrobenzoic acid (DTNB), 100 μL of 1 mM oxidized 

glutathione (GSSG) and 100 μL of 0.1 mM NADPH. A 50-μL aliquot of the protein 

extract was added and vortexed. The solution was then transferred to a cuvette, and 

the absorbance at 412 nm was immediately recorded for 2 min. The results were 

expressed in μmol min-1 mg-1 protein. 

 

1.2.9 Shoot dry matter and grain yield  

 

At soybean flowering (R2 phenological stage), shoots were collected from a 

0.25-m2 area of each plot. The samples were dried in an oven at 60°C for 72 h to 

determine shoot dry matter. At harvest, grain yield was evaluated based on the 

relationship between the mass of grains obtained in the interior (5.4 m2) of each plot 

and their water content (130 g kg-1 of water). 

 

1.2.10 Statistical analysis 

 

All data were first checked for both normality and homoscedasticity. Then, all 

data were subjected to analysis of variance (F test), and the means of all treatments 

were compared by the t-test (Fisher’s least significant difference (LSD) at p ≤ 0.05). 

Results were expressed as the mean ± standard error of the mean. Comparisons of 

the means of soil chemical properties were conducted for each soil layer to assess 

treatment effects. Comparisons were not made between different soil depths. 

Redundancy analysis (RDA) was used to determine the correlations of carbon 

metabolism and oxidative stress with soil chemical properties. The Monte Carlo 

permutation test was applied with 999 random permutations to verify the significance 

of the effects of soil chemical properties on physiological responses. One-way 
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PERMANOVA (Anderson 2005) was used to group the treatments by similarity. The 

correlation heatmap was constructed by calculating the Pearson’s correlation 

coefficients (p ≤ 0.05), and only significant correlations are shown. 

 

1.3 RESULTS 

 

1.3.1 Climatic conditions 

 

Pluvial precipitation from sowing to soybean physiological maturity was 468 and 

418 mm in the first and second growing seasons, respectively (Fig. 2). However, the 

distribution of rain throughout the crop cycle was uneven, with two short dry spells with 

a negative water balance between November and February in each growing season. 

In both growing seasons, the first dry spell occurred after the emergence of seedlings, 

and the second dry spell spanned the beginning of flowering until pod formation (R1–

R4 soybean phenological stage). Specifically, in the first growing season, the first dry 

spell occurred in the final two ten-day periods of December (accumulated rainfall = 3.4 

mm; ETc = 43.4 mm; ETr = 19.2 mm; accumulated water deficit (AWD) = -48.3 mm), 

corresponding to the vegetative period. The second dry spell encompassed the final 

ten-day period of January and the first two ten-day periods of February (accumulated 

rainfall = 35 mm; ETc = 37.7 mm; ETr = 21.3 mm; AWD = -60.2 mm), corresponding 

to full flowering (R2) to pod formation (R4). In the second growing season, the first dry 

spell occurred in the first ten-day period of December (accumulated rainfall = 16.1 mm; 

ETc = 34.6 mm; ETr = 31.2 mm; AWD = -4.8 mm), corresponding to the vegetative 

period. The second dry spell included the final two ten-day periods of January and the 

first ten-day period of February (accumulated rainfall = 36.4 mm; ETc = 37.2 mm; ETr 

= 22.2 mm; AWD = -61.9 mm), corresponding to the beginning of flowering (R1) to pod 

formation (R4). 

 

1.3.2 Soil chemical properties and root development in the soil profile 

 

At 24 months after the final application of L and PG in 2016, all soil fertility 

parameters differed significantly (p < 0.01; Table S2) among the treatments at all 

depths (Fig. 3). Surface application of L (regardless of PG addition) reduced soil 

acidity, even in deeper soil layers (Fig. 3A). As expected, application of PG alone did 
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not change soil pH in any soil layer compared with the control. All soil amendments 

increased the calcium concentration compared with the control (Fig. 3B), but the 

effects of L and LPG were superior to those of PG at all depths. Ca2+ levels were higher 

in LPG-amended soil than in L-amended soil up to a depth of 0.6 m and were similar 

in these two treatments in the 0.6–1.0 m layer. Amendment with L increased Mg2+ 

levels compared with the control regardless of the application of PG, but in the 0.4–0.6 

and 0.8–1.0 m layers, LPG provided higher availability of Mg2+ compared with L (Fig 

3C).  

Similar to the effects on Ca2+ and Mg2+, L and LPG application increased BS 

levels at all soil depths compared with the PG and control treatments (Fig. 3D). BS 

values were slightly higher in the LPG treatment than in the L treatment at all depths 

except the deepest layer (0.8–1.0 m), whereas BS was similar in the two treatments. 

BS was higher in the PG treatment than in the control throughout the soil profile, with 

the exception of the 0.8–1.0 m layer. 
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Figure 3. Changes in soil chemical properties [(A) soil pH, (B) Ca2+, (C) Mg2+, (D) base 
saturation (BS), (E) Al3+ and (F) SO4

2—S] and soybean root growth [(G) root dry matter 
and (H) root dry matter distribution] in the different treatments [control, 
phosphogypsum (PG), lime (L), and lime + phosphogypsum (LPG)]. * and ** indicate 
statistical significance at p ≤ 0.05 and p ≤ 0.01, respectively, according to the LSD 
(least significant difference) test. Soil chemical properties and root growth were 
compared between treatments for each soil depth.  

 
Compared with the control, the concentration of exchangeable Al3+ was strongly 

reduced at all soil depths in the treatments that received L (L and LPG) and up to 0.4 

m in the PG treatment (Fig. 3E). SO4
2--S concentrations were highest at all soil depths 

in the LPG treatment, followed by the L and PG treatments, in which SO4
2--S 

concentrations were similar up to 0.6 m (Fig. 3F). At depths greater than 0.6 m, the 
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SO4
2--S concentration was higher in the L treatment than in the PG treatment. SOM 

and P contents in the 0.0–0.2 m layer were significantly higher (p < 0.01; Table S3) in 

the L and LPG treatments than in the control and PG treatments. By contrast, the 

concentrations of cationic micronutrients (Fe, Mn, Cu and Zn) were significantly lower 

(p < 0.01; Table S3) in the L and LPG treatments. 

There was no significant effect of the soil amendment  growing season 

interaction (p > 0.05; Table S4) on soybean root development parameters (Fig. 3G and 

H). Application of L increased root dry matter production in all layers. In addition, 

synergetic effects of L and PG on root dry matter production were observed (Fig. 3G) 

in the uppermost layer (0.0–0.10 m) and at depths greater than 0.6 m. The proportion 

of roots distributed at a depth of 0.0–0.2 m was highest in the control treatment, 

followed by the PG treatment (Fig. 3H); consequently, the proportion of roots 

distributed at depths greater than 0.2 m was lower in these treatments than in the L 

and LPG treatments. In the L and LPG treatments, the root distribution was more 

uniform throughout the soil profile, with a higher proportion of roots in deeper layers 

(0.6–1.0 m depth). 

 

1.3.3 Nutritional status of plants 
 

There was no significant effect of the soil amendment × growing season 

interaction (p > 0.05; Table S6) on the concentration of any nutrient in soybean leaves 

(Table S5). Compared with the control, application of L (regardless of the application 

of PG) increased the concentrations of all leaf macronutrients except S, which was 

higher in the PG treatment. Calcium and Mg concentrations were higher in soybean 

plants grown in LPG-amended soil than in those grown in L-amended soil. In addition, 

compared with the LPG treatment, soybean plants in the PG treatment had similar Ca 

concentrations but lower Mg concentrations. L also increased the K concentration 

compared with the control, but this increase was slightly smaller when L was combined 

with PG (LPG). The leaf concentrations of Mn and Zn were lower in the L and LPG 

treatments than in the PG and control treatments. 
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1.3.4 Photosynthetic metabolism 
 

The patterns of concentrations of chlorophylls (a, b and total) and carotenoids 

were similar (Fig. S1). There was a significant effect of the soil amendment × growing 

season interaction (p < 0.01; Table S7) on the concentrations of all pigments, and the 

application of L (regardless of PG addition) resulted in the largest increases in pigment 

concentrations in soybean leaves compared with the control. The concentrations of 

leaf pigments did not differ between the PG and control treatments and were lower in 

the second growing season than in the first growing season in these two treatments. 

Gas exchange parameters in soybean leaves were positively influenced by the 

soil amendment  growing season interaction (p < 0.01; Table S7) (Fig. 4). The 

application of L, particularly in combination with PG (LPG), impacted leaf gas exchange 

by increasing A (Fig. 4A), gs (Fig. 4B) and WUE (Fig. 4E) and reducing E (Fig. 4C) and 

ic (Fig. 4D) compared with the PG and control treatments. 
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Figure 4. Effects of the different treatments [control, phosphogypsum (PG), lime (L), 
and lime + phosphogypsum (LPG)] on (A) net photosynthetic rate (A), (B) stomatal 
conductance (gs), (C) transpiration rate (E), (D) internal CO2 concentration (ic), (E) 
water use efficiency (WUE), (F) sucrose concentration, (G) Rubisco activity, and (H) 
Susy activity in soybean leaves. Different lowercase letters indicate significant 
differences between treatments, and different uppercase letters indicate significant 
differences between growing seasons by Student's t-test at p ≤ 0.05. Error bars 
express the standard error of the mean (n = 4). 

 

A significant effect of the soil amendment × growing season interaction (p < 

0.01; Table S7) was observed for leaf sucrose concentrations, which were lower in the 

L and LPG treatments (Fig. 4F). Additionally, leaf sucrose concentrations were higher 

in the second growing season than in the first season in the PG and control treatments. 
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By contrast, Rubisco activity in soybean leaves was highest in the LPG treatment, 

followed in order by the L, PG, and control treatments (Fig. 4G; Table S7). On the other 

hand, Susy activity was highest in soybean in the L treatment, followed by the LPG, 

PG and control treatments (Fig. 4H; Table S7).  

 

1.3.5 Oxidative stress and antioxidant metabolism 
 

The concentrations of H2O2 and MDA were significantly influenced (p < 0.01; 

Table S7) by the soil amendments in both growing seasons (Figs. 5A and B). 

Application of L or LPG reduced oxidative stress (H2O2 and MDA production) in 

soybean plants compared with the PG and control treatments. In general, leaf 

antioxidant enzyme activities were highest in soybean cultivated in PG-amended or 

untreated soil (control) (Fig. 5C−F). As oxidative stress increased, the activities of SOD 

(Fig. 5C), CAT (Fig. 5D), APX (Fig. 5E), and GR (Fig. 5F) increased (p < 0.01; Table 

S7) proportionally. In addition, the activities of these enzymes were higher in the 

second growing season than the first growing season, particularly for SOD and GR, 

regardless of the treatment. 
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Figure 5. Effects of the different treatments [control, phosphogypsum (PG), lime (L), 
and lime + phosphogypsum (LPG)] on (A) hydrogen peroxide (H2O2), (B) 
malondialdehyde (MDA), (C) superoxide dismutase (SOD), (D) catalase (CAT), (E) 
ascorbate peroxidase (APX), and (F) glutathione reductase (GR)] activity in soybean 
leaves. Different lowercase letters indicate significant differences between treatments, 
and different uppercase letters indicate significant differences between growing 
seasons by Student's t-test at p ≤ 0.05. Error bars express the standard error of the 
mean (n = 4). 
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1.3.6 Soybean shoot dry matter production, grain yield and crude protein in grains 

 

There was a significant effect of the soil amendment × growing season 

interaction (p < 0.01; Table S7) for soybean shoot dry matter production and grain 

yield. Shoot dry matter and grain yield were higher in the first growing season in all 

treatments (Fig. 6A). Considering both growing seasons, on average, the treatments 

that received L (L and LPG) produced ~44% more shoot dry matter than the control 

and PG treatments. Compared with the control, the PG, L and LPG treatments 

increased average grain yield over the two growing seasons by ~15, 116 and 140%, 

respectively (Fig. 6B). The crude protein concentration in grain did not differ between 

the growing seasons (Fig. 6) and was ~9.5% higher in the treatments that received L 

(L and LPG) than in the control and PG treatments (Fig. 6C).  

 

 

Figure 6. Effects of the different treatments [control, phosphogypsum (PG), lime (L), 
and lime + phosphogypsum (LPG)] on (A) shoot dry matter, (B) grain yield and (C) 



59 
 

crude protein in grains of soybean. Different lowercase letters indicate significant 
differences between treatments, and different uppercase letters indicate significant 
differences between growing seasons by Student's t-test at p ≤ 0.05. Error bars 
express the standard error of the mean (n = 4). 

 
1.3.7 Redundancy analysis and Pearson’s correlation analysis of environmental 

factors (soil chemical properties) and soybean plant parameters 

 

Redundancy analysis (RDA) was performed to identify the main soil factors 

involved in the responses of carbon fixation metabolism and antioxidant enzymes in 

soybean plants to the different soil amendment treatments (Fig. 7A). Soil fertility was 

responsible for 94% of all enzymatic variation. PERMANOVA analysis separated the 

treatments into three distinct groups (p < 0.001), with the control and PG treatments 

as group 1, the L treatment as group 2, and the LPG treatment as group 3. Monte Carlo 

permutation analysis indicated that pH (F = 79.3; p < 0.001), Ca2+ (F = 7.65; p = 0.032), 

and Mg2+ (F = 3.93; p = 0.007) were the soil factors that most positively influenced 

enzymes related to carbon metabolism, whereas Al3+ (F = 2.85; p = 0.023) was the soil 

factor responsible for increasing oxidative stress and antioxidant metabolism in 

soybean plants.  

Correlation analysis among soil and plant parameters demonstrated that 

improving soil chemical properties (i.e. increasing pH, SOM, Ca2+, and Mg2+ levels and 

reducing Al3+ levels) improved root development, carbon fixation and its covariates (i.e. 

pigments, gas exchange, Rubisco and Susy activity), reduced oxidative stress, and 

increased soybean yield (Fig 7B). 
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Figure 7. (A) Redundancy analysis (RDA) of the correlations of enzymes related to 
carbon and antioxidant metabolism with soil chemical properties. The arrows indicate 
correlations between factors. The canonical axes are labeled with the percentage of 
total variance explained (%). The significance of correlations was evaluated by a Monte 
Carlo permutation test, and the significant soil properties are indicated by red color (p 
≤ 0.05). The colored dashed lines indicate significant clusters by permutation analysis 
(PERMANOVA, p ≤ 0.05). (B) Heatmap of correlations (Pearson) of soybean 
physiological, biochemical and agronomic parameters with soil chemical properties. 
Only significant correlations at p ≤ 0.05 are shown. Soil organic matter (SOM), base 
saturation (BS), root dry matter (RDM), chlorophyll a (Chl a), chlorophyll b (Chl b), total 
chlorophyll (Total chl), carotenoids (Carot), net photosynthetic rate (A), stomatal 
conductance (gs), internal CO2 concentration (ic), water use efficiency (WUE), 
hydrogen peroxide (H2O2), malondialdehyde (MDA), superoxide dismutase (SOD), 
catalase (CAT), ascorbate peroxidase (APX), glutathione reductase (GR), shoot dry 
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matter (SDM) and grain yield (GY). 

 
1.4 DISCUSSION 

 

1.4.1 Weather conditions 
 

In both growing seasons, rainfall was within the range considered appropriate 

(450 to 800 mm) to guarantee soybean yield potential according to the 

recommendations of Farias et al. (2007). However, the water balance was negative in 

December and January in both seasons, which corresponds to the flowering and initial 

pod development stages. Short dry periods during the summer cropping season are 

common in tropical regions (Cunningham 2020). When temperatures and 

evapotranspiration are high, even short dry periods can cause considerable crop yield 

losses, especially when such dry periods coincide with critical periods of crop 

development, such as germination, flowering, and grain filling (Basu et al. 2016). The 

higher Al3+ content in low-fertility acidic tropical soils affects root growth (Bossolani et 

al. 2021b). Soil amendments can significantly enhance drought tolerance by not only 

correcting soil acidity and increasing root growth but also improving nutrient availability 

(Carmeis Filho et al., 2017). 

 

1.4.2 Soil chemical properties, root development and nutritional status of plants 

 

Over the 16-year experimental period, surface-applied L proved to be a viable 

practice for improving soil chemical properties and alleviating acidity in the soil profile 

under NTS. Numerous studies have demonstrated that, over the long term, L 

amendment efficiently increases root growth, improves soil aggregation (Carmeis Filho 

et al. 2018; Costa et al. 2021; Ferrari Neto et al. 2021), reduces runoff and erosion 

(Tebebu et al. 2020), and increases soil fertility in the uppermost soil layers (Nora and 

Amado 2013; Grover et al. 2017; Auler et al. 2019). However, the effects of L on soil 

chemical properties in subsoil layers have not been comprehensively examined. 

Overall in the present study, the effects of PG application alone on soil attributes 

compared with the control were small (with the exception of soil pH, which was 

unchanged) and were most pronounced in the superficial layers. Although PG alone 

was not efficient in reducing soil acidity, combining this soil amendment with L (LPG) 
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potentiated the effects of L (e.g., increased Ca2+, Mg2+, BS, and SO4
2--S levels and 

decreased Al3+ levels), suggesting that PG is an important complement to L in tropical 

soils (Crusciol et al. 2019; Bossolani et al. 2020b, 2021a; Moretti et al. 2020). PG is a 

widely available and inexpensive soil amendment (Zoca and Penn 2017) that provides 

numerous benefits to agricultural systems, especially when combined with L (Crusciol 

et al. 2019; Bossolani et al. 2020a, 2021a). Upon application to soil, PG quickly 

dissociates into SO4
2--S, which reduces the harmful effects of Al3+ throughout the soil 

profile (Reis et al. 2018), and Ca2+ (fertilizing action).  

The alleviation of soil acidity by L correlated significantly with increased nutrient 

availability. In the uppermost layers (0.0−0.2 m), application of L (regardless of PG 

addition) increased P availability and SOM input despite reducing Fe, Mn, Cu and Zn 

levels. SOM is the main source of micronutrients for plants, especially in the arable 

layer (0.0−0.2 m), where SOM content is higher (Fageria and Stone 2008). SOM is 

also the main source of SO4
2--S in soils, and the increase in the S concentration in L-

amended soil can be explained by the increase in SOM content in the uppermost soil 

layers due to the higher input of crop residues (shoot and root) over time (Kopittke et 

al. 2016). The decrease in micronutrient availability due to surface liming can be 

circumvented by regularly applying micronutrients (as done in this study) or applying 

conventional fertilizers (N-P2O5-K2O) plus micronutrients in the same input. 

The improvements in soil chemical quality were reflected in enhanced soybean 

root growth and well-nourished soybean plants. The increase in soybean root 

development is likely attributable to increased availability of exchangeable cations, 

mainly Ca2+, in deeper layers and reduced Al3+ content (Ritchey et al., 1982; Costa et 

al., 2018). The proportion of roots distributed in deeper layers was highest in the LPG 

treatment, followed by the L treatment, echoing the pattern of soil fertility parameters. 

Calcium is required during cell division and elongation (Ritchey et al. 1995), which are 

disrupted by Al3+ (Reis et al. 2018). Therefore, improving chemical attributes 

throughout the entire soil profile can significantly improve root development and 

distribution by reducing the concentration of roots in surface layers and encouraging 

root development in deeper layers of the soil. Longer and deeper roots can efficiently 

take up water and nutrients from deep layers (Rellán-Álvarez et al. 2016), as evidenced 

in this study by the significantly higher leaf concentrations of N, Ca, and Mg in soybean 

plants in the L and LPG treatments. Improving root growth and distribution is 

fundamental for reducing the negative effects of low water availability during crop 
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development. Low water availability is common in tropical regions (Carmeis Filho et al. 

2017) and was observed during both growing seasons in this study. In a region with 

constant rainfall and lower evapotranspiration rates (subtropical region), Caires et al. 

(2008a) observed an increase in the proportion of roots at depths shallower than 0.20 

m only. By contrast, root development increased at depths of up to 1.0 m under tropical 

conditions in the present study, highlighting the importance of amendment with L and 

PG to guarantee food production under unpredictable weather (Rellán-Álvarez et al. 

2016) in a scenario of climate change. 

 

1.4.3 Leaf pigments, gas exchange and carbon metabolism 

 

Leaf pigment concentrations (Chl a, b, total and carotenoids) were highest in 

the treatments that received L (L and LPG), probably due to higher soil nutrient 

availability and nutrient uptake by soybean roots. In photosynthesis, chlorophylls are 

responsible for capturing light, which excites electrons used to produce reducing and 

energetic compounds (NADPH and ATP) for reactions of the Calvin cycle (Croft et al. 

2017). Carotenoids act as antenna pigments for capturing light and protecting the 

photosynthetic apparatus against photodestruction by reactive oxygen species (ROS) 

during abiotic environmental stresses (Gómez et al. 2019). 

Pearson correlation analysis indicated a positive relationship between leaf 

pigment concentrations and the photosynthetic potential of soybean plants. In the L 

and LPG treatments, the A rate increased to the detriment of soybean leaf pigment 

concentrations. Heat and water stress are exacerbated in tropical environments, 

resulting in greater declines in crop yields (Paustian et al. 2004). However, under the 

conditions of the present study, gs and WUE increased proportionally with the A rate. 

The A rate is mainly reduced through stomatal closure or metabolic impairment (Basu 

et al. 2016), as observed in the control and PG treatments. In these treatments, gs was 

significantly lower, whereas ic (indicating low CO2 fixation) and E were high, suggesting 

dysfunction of stomatal control. Stomatal control is the immediate plant response to 

drought stress (Gupta et al. 2020).  

In photosynthesis, reducing power and energy produced in the photochemical 

phase are used to fix CO2, and this process is highly dependent on tight coordination 

of enzymatic activity and production of metabolic intermediates (Choudhury and 

Behera 2001). Metabolic impairment during low water and nutrient availability is mainly 
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caused by changes in carbon metabolism (Basu et al. 2016). CO2 fixation efficiency is 

highly dependent on Rubisco activity, which was higher in the L and, in particular, LPG 

treatments, corroborating the positive correlations of pigment concentrations with gas 

exchange. Our findings also indicated changes in source-sink relationships, which 

determine the grain yield of crops (Ceylan et al. 2016). Low translocation of 

carbohydrates from source to sink implies less filling of grains or even less capacity to 

promote root growth, reducing crop establishment under low water availability (Li et al. 

2015). Thus, the sink strength (ability of an organ to import photoassimilates) (Basu et 

al. 2016) is much lower in plants established in low-fertility environments. Furthermore, 

the low Susy activity in soybean leaves in the control and PG treatments suggests that 

the process of cleavage of sucrose molecules by Susy (and invertases) for metabolism 

and conversion into energy and carbon skeletons for plant metabolism was greatly 

compromised by the poor soil fertility and nutrition (Stein and Granot 2019). 

The main soil factors driving soybean carbon metabolism were verified by RDA 

and confirmed by correlation analysis. PERMANOVA segregated the treatments into 

three groups: LPG; L; and control and PG. This result indicates that PG application 

alone was not sufficient to improve soil attributes and, in turn, alter carbon metabolism 

in soybean plants compared with the control treatment. By contrast, L increased 

carbon metabolism, and the effects of L were even greater when combined with PG 

(LPG). Alleviation of soil acidity was the primary factor responsible for increasing Ca2+ 

and Mg2+ availability and reducing Al3+, which enhanced Rubisco and Susy activities. 

Calcium and Mg are essential nutrients for photosynthesis and are involved in many 

other plant development pathways, such as cell division and elongation and resistance 

to environmental stress (Wang et al. 2019). Calcium participates in stomatal 

movements and regulates photosynthetic enzymes during carbon assimilation and 

chloroplast movement in photosynthetic cells depending on light conditions. Low Mg2+ 

availability decreases photosynthetic capacity by reducing the activities of Rubisco and 

ATPases (Cakmak and Kirkby 2008), and Mg2+ is also an essential component of the 

chlorophyll molecule and plays a central role in partitioning of photoassimilates by plant 

tissues (Ceylan et al. 2016). Soybean plants are highly sensitive to Al3+ (Reis et al. 

2018), as confirmed by the negative impacts of the high concentrations of Al3+ in the 

control and PG treatments on soybean plant parameters. At toxic concentrations, 

exchangeable Al3+ decreases plant root growth and WUE (Carmeis Filho et al. 2017; 

Reis et al. 2018), compromising crop development and yield. 
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1.4.4 Antioxidant metabolism 

 

Continuous photosynthetic reactions under low water and nutrient availability 

result in the accumulation of ROS (Cuypers et al. 2010) such as singlet oxygen (1O2
-), 

hydroxyl radicals (OH-) and H2O2 (Farmer and Mueller 2013). ROS can cause serious 

damage to the photosynthetic apparatus, resulting in lipid peroxidation (Loix et al. 

2018). To mitigate the effects of oxidative stress, antioxidant enzymes are activated 

that catalyze reactions of ROS to reduce cell damage (Farooq et al. 2019). In the L 

and LPG treatments, the activities of the enzymes SOD, CAT, APX, and GR in soybean 

plants were low, indicating sufficient mitigation of ROS. On the contrary, the activities 

of these enzymes and H2O2 concentrations were high in the control and PG treatments, 

demonstrated that the ability of these enzymes to eliminate ROS was inadequate 

(Farmer and Mueller 2013). In addition, excessive accumulation of carbohydrates in 

source tissues increases ROS production, especially in chloroplasts, limiting 

photosynthesis via a negative feedback effect (Cakmak and Kirkby 2008). 

RDA and correlation analysis clearly indicated that soils with higher Ca2+ and 

Mg2+ availability had improved carbon metabolism and lower oxidative stress due to 

the roles of these nutrients in photosynthesis. In addition, the resistance of plants to 

environmental abiotic stress was higher in soils with higher Ca2+ and Mg2+ availability 

but reduced in soils with lower availability of these nutrients and higher Al3+ levels. 

 

1.4.5 Soybean shoot dry matter production, grain yield and crude protein in grains 

 

The differences in soil fertility, root development, and crop physiological 

responses among the treatments were reflected in soybean shoot dry matter and grain 

yield. The results demonstrated that combining L with PG (LPG treatment) is a viable 

strategy to improve the productive capacity of acidic tropical soils under NTS (Nora et 

al. 2017; Crusciol et al. 2019; Bossolani et al. 2020a, b). Notably, the effects of the 

treatments on grain yield were greater than those on shoot dry matter, although the 

trends were similar. This difference can be explained by the compromised transport of 

carbohydrates over a long distance (source-sink) (Ceylan et al. 2016), which reduces 

grain filling. Grain filling is dependent on the translocation of carbohydrates from 

source-to-sink organs, a process mediated by Mg2+ nutrition (Cakmak and Kirkby 

2008). In addition, sucrose is the main carbohydrate transported (via phloem) to grains, 
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and the production of sucrose is strongly influenced by Mg2+ nutrition (Ceylan et al. 

2016). Our results are consistent with these characteristics of grain filling, as the plants 

established in soils that received liming (L and LPG) had higher Mg2+ nutrition (higher 

Mg2+ availability and uptake by increasing root growth) and less sucrose accumulation 

in leaves (greater translocation efficiency), culminating in higher grain yield. In addition, 

the improvements in soybean metabolism and photoassimilates translocation to grains 

resulted in a significant increase in the concentration of crude protein in soybean 

grains. Crude protein concentration is an important characteristic related to grain 

quality and plays a critical role in human and animal nutrition (Karr-Lilienthal et al. 

2004). 

This study in a tropical region clearly demonstrated that liming benefits soil 

properties and soybean development. In addition, the combined application of L and 

PG (LPG) potentiated the beneficial effects of L, providing greater support for grain 

production, especially in periods of low water availability during soybean development. 

 

1.5 CONCLUSIONS 

 

This study makes an important contribution to understanding the long-term 

changes below- and aboveground in response to lime and phosphogypsum 

application. Our results demonstrate that liming is an important tool for improving 

acidic, low-fertility soils and that the effects of liming are enhanced by phosphogypsum 

amendment. The combined application of liming and phosphogypsum increased 

soybean root growth and the ability of plants to acquire water and nutrients from deeper 

soil layers. These findings have important implications for corrective soil management 

practices, particularly for the surface application of lime and/or phosphogypsum to 

increase soybean metabolism. The chemical properties of soil clearly impact soybean 

metabolism and production, and high-fertility soils enable high photosynthetic 

performance coupled with increased antioxidant activity. Long-term management with 

lime and phosphogypsum is therefore an effective approach to increase the grain yield 

of soybean cultivated in tropical regions predisposed to short dry spells. 
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SUPPLEMENTARY MATERIAL 
 

Table S1. Crops and treatments application scheme during the experimental period 
(from 2002 to 2019). 

Growing 
season 

Seasons 
Treatments† 

Summer crops 
Autumn-Winter-Spring 

crops 

2002/2003 Oriza sativa Avena strigosa 
L: 2.7 Mg ha-1 

(71% ECCE‡) 
PG: 2.1 Mg ha-1 

2003/2004 Phaseolus vulgaris Avena strigosa - 

2004/2005 Arachis hypogaea Avena sativa 
L: 2.0 Mg ha-1  
(71% ECCE) 

PG: 2.1 Mg ha-1 

2005/2006 Arachis hypogaea Avena sativa - 

2006/2007 
Zea mays intercropped 
with Urochloa brizantha 

(cv. Marandu) 

Urochloa brizantha (cv. 
Marandu) 

(after Zea mays 
harvest) 

- 

2007/2008 
Zea mays intercropped 
with Urochloa brizantha 

(cv. Marandu) 

Urochloa brizantha (cv. 
Marandu) 

(after Zea mays 
harvest) 

- 

2008/2009 Glycine max Avena strigosa - 

2009/2010 Glycine max Sorghum vulgare - 

2010/2011 Zea mays 
Crambe abyssinica / 

Vigna unguiculata 

L: 2.0 Mg ha-1  
(88% ECCE) 

PG: 2.1 Mg ha-1 

2011/2012 Zea mays 
Crambe abyssinica / 

Vigna unguiculata 
- 

2012/2013 Pennisetum glaucum Triticum aestivum - 

2013/2014 Phaseolus vulgaris Triticum aestivum - 

2014/2015 Phaseolus vulgaris 
Urochloa brizantha (cv. 

Marandu) 
(1st growing season) 

- 

2015/2016 
Urochloa brizantha (cv. 

Marandu) 
(2nd growing season) 

Urochloa brizantha (cv. 
Marandu) 

(3rd growing season) 
- 

2016/2017§ Glycine max 
Zea mays intercropped 

with Urochloa 
ruziziensis 

L: 13.04 Mg ha-1  
(69% ECCE) 

PG: 10 Mg ha-1 

2017/2018 Glycine max 
Zea mays intercropped 

with Urochloa 
ruziziensis 

- 

2018/2019 Glycine max - - 
†The reapplications in October 2004, 2010, and 2016 were performed when base saturation reached ≤ 50%; L = 
lime and PG = phosphogypsum.  
‡ECCE: effective calcium carbonate equivalent 
§Micronutrients applied in total area. 
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Table S2. Statistical parameters by ANOVA and Student's t-test at p ≤ 0.05 
significance level of experimental factors [control (no soil amendment application), lime 
(L), phosphogypsum (PG), and lime + phosphogypsum (LPG)] for soil chemical 
properties in stratified layers (0.0–1.0 m depth). 

Soil 
properties 

Soil depth (m) 

0.0–0.1 0.1–0.2 0.2–0.4 0.4–0.6 0.6–0.8 0.8–1.0 

pH <0.001 <0.001 0.0271 <0.001 0.0016 0.0048 
CV† (%) 3.32 4.51 6.98 2.10 2.76 2.59 

Ca2+ <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 
CV (%) 4.20 5.22 5.87 5.01 9.12 5.80 

Mg2+ <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 
CV (%) 6.59 7.64 14.4 15.3 16.5 15.4 

BS <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 
CV (%) 4.32 7.71 9.98 6.20 6.94 4.16 

Al3+ <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 
CV (%) 15.3 29.4 11.7 16.2 16.0 16.2 

SO4
2--S <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 

CV (%) 10.6 12.0 12.5 11.0 9.87 13.7 
Exchangeable calcium (Ca2+), magnesium (Mg2+) and aluminum (Al3+), base saturation (BS) and sulfate (SO4

2--
S). †coefficient of variation (CV) 

 

 
Table S3. Average and statistical parameters for soil organic matter (SOM), 
phosphorus (P), iron (Fe), manganese (Mn), copper (Cu), and zinc (Zn) at 0.0–0.2 m 
depth affected by different treatments [control, phosphogypsum (PG), lime (L), and 
lime + phosphogypsum (LPG)]. 

Soil amendments 

(SA) 

SOM P Fe Mn Cu Zn 

g  kg-1 ----------------------- mg kg-1 ----------------------- 

Control 25.1 b 29.3 b 37.1 a 45.9 a 2.96 a 3.93 a 

PG 25.0 b 29.2 b 34.4 b 35.8 b 2.72b 3.63 b 

L 29.8 a 39.4 a 18.4 c 26.2 c 1.78 c 2.76 c 

LPG 30.3 a 41.2 a 16.9 d 24.8 d 1.50 d 2.32 d 

LSD† 1.59 4.14 1.47 2.54 0.07 0.28 

p value <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 

CV‡ (%) 3.61 7.44 3.44 4.82 1.95 5.40 
Different lower-case letters on the columns indicate significant differences between treatments by Student's t-test 
at p ≤ 0.05. †Low significant difference (LSD), ‡coefficient of variation (CV). Soil organic matter (SOM), phosphorus 
(P) and available iron (Fe), manganese (Mn), copper (Cu) and zinc (Zn). 
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Table S4. Statistical parameters by ANOVA and Student's t-test at p ≤ 0.05 
significance level of experimental factors [control (no soil amendment application), lime 
(L), phosphogypsum (PG), and lime + phosphogypsum (LPG) × two growing seasons] 
for soybean root dry matter and root dry matter distribution in stratified layers (0.0–1.0 
m depth). 

Root 

parameters 

Soil depth (m) 

0.0–0.1 0.1–0.2 0.2–0.4 0.4–0.6 0.6–0.8 0.8–1.0 

 Root dry matter 

Soil 

amendments 

(SA) 

<0.001 <0.001 <0.001 <0.001 <0.001 <0.001 

LSD† 0.0559 0.0297 0.0201 0.0157 0.0168 0.0138 

Growing 

seasons 

(GS) 

0.5624 0.5165 0.9984 0.9932 0.8325 0.9321 

LSD 0.0568 0.0299 0.0234 0.0189 0.0178 0.0155 

SA × GS 0.9778 0.9142 0.5699 0.9456 0.5256 0.8965 

CV ‡ (%) 14.01 12.73 14.65 17.49 14.11 18.21 

 Root dry matter distribution 

SA <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 

LSD 2.49 1.22 0.79 0.84 1.01 0.92 

GS 0.2634 0.2354 0.0987 0.1235 0.1144 0.5463 

LSD 3.23 1.65 0.98 0.79 0.88 0.81 

SA × GS 0.5455 0.2451 0.0987 0.0752 0.4575 0.0889 

CV (%) 3.8 2.45 3.68 7.18 14.16 14.79 
†Low significant difference (LSD), ‡coefficient of variation (CV) 

 
 

Table S5. Influence of lime (L) phosphogypsum (PG), and lime + phosphogypsum 
(LPG) on nutrient concentration in the leaves of soybean cultivated in two growing 
seasons in a long-term no-till system. 

Different lower-case letters on the lines indicate significant differences between treatments by Student's t-test at p 
≤ 0.05. Nitrogen (N), phosphorus (P), potassium (K), calcium (Ca), magnesium (Mg), sulfur (S), iron (Fe), 
manganese (Mn), cupper (Cu) and zinc (Zn). 

 
 
 
 
 
 

Nutritional plant 
status 

units Control PG L LPG 

N g kg-1 49.7 b 49.6 b 57.1 a 57.6 a 
P g kg-1 3.15 b 3.39 a 3.45 a 3.45 a 
K g kg-1 20.3 c 20.7 bc 22.8 a 21.4 b 
Ca g kg-1 5.72 c 8.36 a 6.93 b 8.02 a 
Mg g kg-1 3.26 c 2.19 d 3.92 b 4.43 a 
S g kg-1 1.99 d 3.29 a 2.47 c 2.99 b 
Fe mg kg-1 131 a 115 a 107 a 121 a 
Mn mg kg-1 176 a 215 a 64.1 b 62.2 b 
Cu mg kg-1 7.17 a 6.37 a 6.24 a 7.28 a 
Zn mg kg-1 57.3 b 72.0 a 33.9 c 36.4 c 
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Table S6. Statistical parameters by ANOVA and Student's t-test at p ≤ 0.05 
significance level of experimental factors [control (no soil amendment application), lime 
(L), phosphogypsum (PG), and lime + phosphogypsum (LPG) × two growing seasons] 
for nutritional status of soybean. 
Treatments N P K Ca Mg S Fe Mn Cu Zn 

Soil 
amendment
s (SA) 

<0.00
1 

<0.00
1 

<0.00
1 

<0.00
1 

<0.00
1 

<0.00
1 

0.263
1 

<0.00
1 

0.241
4 

<0.00
1 

LSD† 1.73 0.08 0.92 0.57 0.25 0.27 24.8 39.3 1.28 9.47 
Growing 
seasons 
(GS) 

<0.00
1 

<0.00
1 

<0.00
1 

0.005
7 

0.001
5 

0.020
3 

0.409
4 

0.433
9 

0.424
3 

0.248
7 

LSD 1.22 0.06 0.65 0.40 0.18 0.19 17.5 27.8 0.91 6.70 

SA × GS 
0.967

9 
0.971

9 
0.634

6 
0.964

4 
0.782

7 
0.979

4 
0.912

9 
0.980

7 
0.914

0 
0.962

0 
CV ‡ (%) 3.10 2.33 4.16 7.56 6.95 9.49 20.1 29.3 18.2 18.3 

Nitrogen (N), phosphorus (P), potassium (K), calcium (Ca), magnesium (Mg), sulfur (S), iron (Fe), manganese 
(Mn), copper (Cu) and zinc (Zn). †Low significant difference (LSD), ‡coefficient of variation (CV). 
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Table S7. Statistical parameters by ANOVA and Student's t-test at p ≤ 0.05 
significance level of experimental factors [control (no soil amendment application), lime 
(L), phosphogypsum (PG), and lime + phosphogypsum (LPG) × two growing seasons] 
for soybean physiological, biochemical and agronomic parameters. 
Treatment

s 
Chl a Chl b 

Total 
chl 

Carotenoi
ds 

A gs E ic WUE 
Rubisc

o 

Soil 
amendme
nts (SA) 

<0.001 
<0.00

1 
<0.00

1 
<0.001 

<0.00
1 

<0.00
1 

<0.00
1 

<0.00
1 

<0.00
1 

<0.00
1 

Growing 
seasons 
(GS) 

<0.001 
0.025

6 
<0.00

1 
0.4173 

<0.00
1 

<0.00
1 

<0.00
1 

<0.00
1 

<0.00
1 

- 

SA × GS 0.0467 
0.038

5 
0.046

4 
0.0456 

0.045
2 

0.011
3 

0.049
3 

0.003
0 

0.004
2 

- 

LSD† (SA × 

GS) 
1.81 0.84 2.65 0.49 1.20 0.04 0.89 4.78 0.90 0.13 

CV‡ (%) 10.7 18.4 11.55 10.1 5.26 14.9 7.9 6.16 10.8 4.71 
           

 
Sucros

e 
Susy H2O2 MDA SOD CAT APX GR SDM GY 

SA <0.001 
<0.00

1 
<0.00

1 
<0.001 

<0.00
1 

<0.00
1 

<0.00
1 

<0.00
1 

<0.00
1 

<0.00
1 

GS <0.001 - 
<0.00

1 
0.0198 

<0.00
1 

0.016
7 

0.593
0 

<0.00
1 

<0.00
1 

<0.00
1 

SA × GS <0.001 - 
0.032

4 
0.0366 

0.048
7 

0.037
6 

<0.00
1 

0.034
7 

<0.00
1 

0.0379 

LSD (SA × 

GS) 
1.75 2.21 0.65 1.05 1.10 0.55 0.63 0.07 0.34 0.15 

CV (%) 3.46 9.76 6.41 7.34 5.71 9.83 12.0 26.8 6.87 6.40 
Chlorophyll a (Chl a), Chlorophyll b (Chl b), total chlorophyll (Total chl), carotenoids (Carot), Net photosynthesis 
rate (A), stomatal conductance (gs), internal CO2 concentration (ic), water use efficiency (WUE), hydrogen peroxide 
(H2O2), malondialdehyde (MDA), superoxide dismutase (SOD), catalase (CAT), ascorbate peroxidase (APX) and 
glutathione reductase (GR), shoot dry matter (SDM) and grain yield (GY). †Low significant difference (LSD), 
‡coefficient of variation (CV). 
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Figure S1. Effects of the different treatments [control, phosphogypsum (PG), lime (L), 
and lime + phosphogypsum (LPG)] on (A) Chlorophyll a, (B) chlorophyll b, (C) total 
chlorophyll, and (D) carotenoids concentrations in soybean leaves. Different lowercase 
letters indicate significant differences between treatments, and different uppercase 
letters indicate significant differences between growing seasons by Student's t-test at 
p ≤ 0.05. Error bars express the standard error of the mean (n = 4) 
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CHAPTER 2 

 

LONG-TERM LIME AND PHOSPHOGYPSUM AMENDED-SOILS ALLEVIATES 

THE FIELD DROUGHT EFFECTS ON CARBON AND ANTIOXIDATIVE 

METABOLISM OF MAIZE BY IMPROVING SOIL FERTILITY AND ROOT 

GROWTH2 

 

Published in: Bossolani, J.W., Crusciol, C.A.C., Garcia, A., Moretti, L.G., Portugal, 

J.R., Rodrigues, V.A., Fonseca, M. de C. da, Calonego, J.C., Caires, E.F., Amado, 

T.J.C., Reis, A.R. dos, 2021a. Long-term lime and phosphogypsum amended-soils 

alleviates the field drought effects on carbon and antioxidative metabolism of maize 

by improving soil fertility and root growth. Front. Plant Sci. 12, 1437. 

https://doi.org/10.3389/fpls.2021.650296 

 
Abstract 

Long-term surface application of lime (L) and/or phosphogypsum (PG) in no-till (NT) 

systems can improve plant growth and physiological and biochemical processes. 

Although numerous studies have examined the effects of L on biomass and plant 

growth, comprehensive evaluations of the effects of this practice on net CO2 

assimilation, antioxidant enzyme activities and sucrose synthesis are lacking. 

Accordingly, this study examined the effects of long-term surface applications of L and 

PG on soil fertility and the resulting impacts on root growth, plant nutrition, 

photosynthesis, carbon and antioxidant metabolism, and grain yield of maize 

established in a dry winter region. At the study site, the last soil amendment occurred 

in 2016, with the following four treatments: control (no soil amendments), L (13 Mg ha-

1), PG (10 Mg ha-1), and L and PG combined (LPG). The long-term effects of surface 

liming included reduced soil acidity and increased the availability of P, Ca2+ and Mg2+ 

throughout the soil profile. Combining L with PG strengthened these effects and also 

increased SO4
2--S. Amendment with LPG increased root development at greater 

depths and improved maize plant nutrition. These combined effects increased the 

concentrations of photosynthetic pigments and gas exchange even under low water 

availability. Furthermore, the activities of Rubisco, sucrose synthase and antioxidative 

enzymes were improved, thereby reducing oxidative stress. These improvements in 

the physiological performance of maize plants led to higher grain yield. Overall, the 

findings support combining soil amendments as an important strategy to increase soil 

fertility and ensure crop yield in regions where periods of drought occur during the 

cultivation cycle. 

 

Keywords: Soil fertility, Soil amendments, Root distribution, Rubisco, Sucrose 

synthase, Oxidative stress 

 

 
2 Chapter written in accordance with the rules of Frontiers in Plant Science. 
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Graphical abstract 

 

 

2.1 INTRODUCTION 
 

Soil degradation is a serious threat to food security worldwide (Bindraban et al., 

2012; FAO, 2015; Gibbs and Salmon, 2015). Global drivers of soil degradation include 

erosion processes, contamination by heavy metals and other toxic substances, and 

soil acidification (FAO, 2015). Globally, ~2.0 billion hectares (ha) of arable soil in the 

tropics is affected by high acidity (Bian et al., 2013), which is the most important factor 

limiting crop development and food production capacity in tropical crop systems (Costa 

and Crusciol, 2016). Acidic and weathered soils are naturally less fertile due to the 

limited availability of calcium (Ca2+), magnesium (Mg2+) and phosphorus (P) and high 

aluminum (Al3+) availability, especially in the deepest soil layers (Nora et al., 2017; 

Costa et al., 2018). Low nutrient availability coupled with high Al3+ levels leads to root 

growth inhibition and, consequently, decreased water and nutrient uptake, resulting in 

physiological dysfunction and lower yields (Eekhout et al., 2017; Reis et al., 2018). In 

addition, tropical regions are subject to periods of drought stress, mainly during the 

autumn/winter seasons (mid-March to September). The combination of low soil fertility 

and limited root development with prolonged periods of water limitation contributes 

strongly to lower yields, especially since the vast majority of the cultivated area is in 

upland conditions (Carmeis-Filho et al., 2017). While advances in plant biotechnology 

have aided the development of plants that are more resistant to abiotic stresses (Gupta 

et al., 2020), soil management practices that enable crop development even under 

unfavorable conditions remain fundamental to food production (Gibbons et al., 2014; 
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Holland et al., 2018). 

Several management measures have been developed to mitigate the 

hazardous effects of soil acidification and improve and sustain soil productivity. In 

particular, liming has become a widespread practice to raise fertility levels and restore 

soil quality (Holland et al., 2018; Bossolani et al., 2020a, 2020b, 2021a). Liming aims 

to increase soil pH, which in turn improves effective cation exchange capacity (ECEC) 

and base saturation (BS) and reduces Al3+ and manganese (Mn) concentrations 

(Crusciol et al., 2019; Bossolani et al., 2020a). However, due its low solubility, the 

effects of lime occur mostly in the top layers, mainly after surface applications under 

no-till (NT), and more slowly in deep (Caires et al., 2011). Amendment with 

phosphogypsum (PG) can also improve soil fertility but cannot correct soil acidity (Zoca 

and Penn, 2017). PG application increases Ca2+ and sulfate (SO4
2-) levels throughout 

the soil profile, which reduces Al3+ toxicity due to AlSO4
+ ion pair formation and 

decreased Al3+ saturation (Caires et al., 2011; Zoca and Penn, 2017). These changes 

enhance root development in deeper soil layers (Costa et al., 2018), increasing crop 

tolerance to water limitation (Costa and Crusciol, 2016; Nora et al., 2017). Thus, the 

surface application of PG is an important complementary strategy to overcome the 

surface liming limitations (Bossolani et al., 2018, 2020b; Crusciol et al., 2019).  

Several types of abiotic stress can negatively affect the photosynthetic 

processes of plants and generate oxidative stress, with deleterious effects on key 

cellular components and functions (Gómez et al., 2019). Crops established in fertile 

soils tend to have a greater ability to maintain relatively high levels of growth, stomatal 

conductance, photosynthesis, and antioxidant metabolism under environmental 

stresses (e.g., drought) (Kleiner et al., 1992). In addition, less stressed plants exhibit 

delayed senescence, thereby further increasing photosynthetic capacity and enabling 

high yields (Gómez et al., 2019). In the present study, a detailed investigation was 

performed to determine (1) how amending soil with lime and PG under NT influences 

soil chemical properties and induces improvements in maize root development, 

nutrient uptake, physiology and yield and (2) the main changes in the soil and crop 

nutrition that alter carbon and antioxidant metabolism in maize plants under field 

conditions. 
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2.2 MATERIAL AND METHODS 
 

2.2.1 Site description, experimental design and treatments  
 

The study site was a long-term field experiment (registered on the GLTEN 

Metadata Portal; https://www.glten.org/experiments/62) with lime and PG application 

that has been carried out in Botucatu, southeastern São Paulo State, Brazil (22° 83' 3" 

S, 48° 42' 64" W, 765 m above sea level), under NT since 2002. The soil was classified 

as a sandy clay loam kaolinitic and thermic Typic Haplorthox (USDA, 2014). Prior to 

the beginning of the experiment in 2002, soil granulometric and chemical properties 

(0.0–0.2 m depth) were determined according to the methods of Kiehl (1979) and van 

Raij et al. (2001), respectively, as follows: soil pH (0.01 M CaCl2 suspension): 4.2; soil 

organic carbon (SOC): 12.2 g kg-1; P (resin): 9.2 mg kg-1; exchangeable K+: 1.2 mmolc 

kg-1; exchangeable Ca2+: 14 mmolc kg-1; exchangeable Mg2+: 5 mmolc kg-1; total acidity 

at pH 7 (H+Al): 37 mmolc kg-1, cation exchange capacity (CEC): 57.2 mmolc kg-1; BS: 

35%; aluminum saturation (AS): 65%; sand: 540 g kg-1; silt: 110 g kg-1; and clay: 350 

g kg-1. In addition, the clay content at 0.2–0.4 m depth was 360 g kg-1. According to 

Köppen-Geiger’s climate classification (Alvares et al., 2013), the region is a 

mesothermic type (Cwa) with a humid subtropical climate, dry winters and hot 

summers. For the period 1956-2019, the average annual maximum and minimum 

temperatures were 26.1°C and 15.3°C, respectively, and the average annual pluvial 

precipitation was 1,360 mm (Unicamp, 2020).  

The experimental design was a randomized complete block with four treatments 

and four replicates. The treatments were composed by: (i) control (16 years without 

soil amendments with intensive crop cultivation and fertilizer inputs); (ii) exclusive 

application of PG; (iii) exclusive application of lime (L); and (iv) combined application 

of L and PG (LPG). Liming occurred by application of sedimentary dolomitic lime  

[CaMg(CO3)2] (www.calcarioguapirama.com.br), with 233 g kg-1 CaO and 175 g kg 

MgO. The PG contained 280 g kg-1 CaO, 150 g kg-1 S, <1 g kg-1 P, and <1 g kg-1 

fluorine (F). The soil amendments were applied in 2002, 2004, 2010, and 2016 based 

on the results of annual sampling. The criterion for reapplying the treatments was BS 

≤ 50% in the L treatment. The lime rate was calculated to increase the BS in the topsoil 

(0.0–0.2 m) to 70% according to the criterion proposed by van Raij et al. (1997) and 

was 2.7 Mg ha-1 in 2002 and 2.0 Mg ha-1 in 2004 and 2010. In October 2016, a new 
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application was necessary, however the lime rate calculation method used was revised 

considering the layer of 0.0–0.4 m depth, and then, multiplying by a factor 2 (double of 

the recommended dose), resulting in 13 Mg ha-1 of L. When lime reapplication was 

required, PG was also reapplied. In 2002, 2004 and 2010, the rates of PG application 

were determined according to van Raij et al. (1997) by multiplying the clay content in 

the 0.2–0.4 m layer by a factor of 6, resulting in a rate of 2.1 Mg ha-1. In 2016, the most 

recent methodology for PG application in tropical soils proposed by Caires and 

Guimarães (2018), which is intended to increase Ca2+ saturation in the ECEC to 60% 

in the 0.2–0.4 m soil layer, was used, resulting in a higher PG rate of 10 Mg ha-1. After 

the last soil amendments reapplication, a micronutrient based fertilizer was applied 

over a total area at rates of 3 kg ha-1 B + 1 kg ha-1 Cu + 1 kg ha-1 Mn + 10 kg ha-1 Zn + 

0.2 kg ha-1 Mo, in order to avoid unavailability of micronutrients due to the increase in 

pH by liming. This study characterizes the long-term residual effects of these 

treatments in the first and second years after the last soil amendment reapplications in 

2016. Several crops were grown during the agricultural years from 2002 to 2018. 

Previous crops grown and details of the L and PG applications are shown in Table S1. 

Except for the first applications of lime and PG in 2002, when the experiment under NT 

began, all applications were applied to the soil surface. 

 

2.2.2 Crop management 
 

Maize (simple hybrid P3707VYH; 60,000 plants ha−1; DuPont Pioneer®, 

Johnston, IA,USA) was sown in March 2017 and 2018. For both growing seasons, 

fertilization was performed at sowing with 28 kg ha-1 N, 98 kg ha-1 P2O5, and 56 kg ha-

1 K2O. In addition, a topdressing fertilization with 90 kg N ha-1 (NH4)2SO4 (Cantarella 

et al., 1997) as ammonium sulfate was performed at the V4 phenological stage (Ritchie 

et al., 1993). The field plots consisted of 14 rows with a length of 9 m spaced 0.45 m 

apart (56.7 m2). The plots were spaced 8 m from each other to avoid cross-

contamination from surface runoff containing fertilizers as a consequence of heavy 

rainfall or during treatment applications and sowing. 

 

2.2.3 Meteorological data 
 

Throughout the experimental period, meteorological data (rainfall, solar 
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radiation, wind speed, relative humidity and maximum and minimum temperatures) 

were obtained through automatic meteorology station installed close to the 

experimental area. The climatological water balance of the two growing seasons is 

shown in Fig. 1. The evapotranspiration reference (ET0) was calculated using the 

Penman-Monteith method (Allen et al., 1998). The crop evapotranspiration (ETc) was 

calculated using the crop coefficient (Kc) for each stage of the crop's phenological 

stage (Allen et al., 1998). Using the rainfall data, the climatological water balance was 

monitored and calculated using electronic spreadsheets (Rolim et al., 1998), following 

the procedure of Thornthwaite and Mather (1955) to determine the real 

evapotranspiration (ETr).  

 

 

Figure 1. Climatological water balance at Botucatu-SP, Brazil, during the maize crop 
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cycle. ETc, crop evapotranspiration; ETr, real evapotranspiration. The arrows indicate 
the managing and sampling time. 

 

2.2.4 Soil chemical properties analysis  

 

In October 2018 (24 months after the last reapplication of soil amendments), 

eight individual soil subsamples were randomly taken at depths of 0.0–0.1, 0.1–0.2, 

0.2–0.4, 0.4–0.6, 0.6–0.8, and 0.8–1.0 m in each plot, except for SOC, P, Fe, Mn, Cu, 

and Zn, that were sampled at a depth of 0.0–0.2 m. The samples were dried, sieved 

(2 mm mesh) and analyzed according to van Raij et al. (2001). The soil chemical 

analysis included soil pH (0.01 M CaCl2), soil organic carbon (SOC) (Heanes, 1984), 

exchangeable cations (K+, Ca2+, and Mg2+) and P extracted by ion-exchange resin and 

determined by atomic absorption spectrophotometry (AAS) and colorimetric method 

(van Raij et al., 2001), respectively. Total acidity (H+Al) was estimated using Smith-

McLean-Pratt (SMP) solution (Shoemaker et al., 1961), whereas exchangeable Al3+ 

was extracted using 1 M KCl and both determined by titration with 0.025 M NaOH 

solution. SO4
2--S content was extracted by 0.01 M calcium phosphate solution 

(Bardsley and Lancaster, 1960), and determined by a turbidimetric method. Cationic 

micronutrients (Fe, Mn, Cu and Zn) were extracted with a solution containing 0.005 M 

diethylenetriaminepentaacetic acid (DTPA) pH 7.3, 0.1 M triethanolamine (TEA) and 

0.01 M CaCl2 and determined by AAS (van Raij et al., 2001).  

 

2.2.5 Root sampling and dry matter determination 
 

In both growing seasons, at maize full flowering (Ritchie et al., 1993), eight root 

subsamples (four subsamples from the plant rows and four subsamples from the 

middle of the inter-rows) were collected randomly from each plot and combined. A 

galvanized steel probe with a 82-mm-diameter cutting tip was used at depths of 0.0–

0.1, 0.1–0.2, 0.2–0.4, 0.4–0.6, 0.6–0.8, and 0.8–1.0 m. Roots were carefully separated 

from soil and other residues by washing under a flow of swirling water over a 0.5-mm 

mesh sieve. The samples were dried in a forced-air oven at 60°C for 72 h to measure 

root dry matter, expressed in g m-3 and subsequently estimated to Mg ha-1 in the 0.0–

1.0 m layer. The root dry matter distribution was calculated from the ratio of root dry 

matter in each layer to total root dry matter. 

2.2.6 Leaves sampling for crop nutrition and physiologic analysis 
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Nutritional, physiological and biochemical analyses occurred on the same 

diagnostic leaves, when maize plants were at the full flowering (R2 phenological stage) 

(Ritchie et al., 1993). The diagnostic leaves selected were the fully expanded leaves 

in the top third of the maize canopy. Leaves sampling occurred immediately after the 

gas exchange analyses. Nutritional analysis occurred in dried and milled plant material, 

whereas the leaves for physiological analysis were placed in liquid nitrogen and stored 

at -80 °C until further analysis. 

 

Nutritional determination 

 Leaf N was extracted by sulfuric digestion and determined by Kjeldahl method. 

Phosphorus, K, Ca, Mg, sulfur (S), Fe, Mn, Cu, and Zn extraction occurred by 

nitroperchloric digestion, and determined by AAS. Both methods are described by 

AOAC (2016). 

 

Gas exchange parameters 

Gas exchange assessments consisted of non-destructive analyses of fifteen 

diagnostic maize leaves using a using a Portable Infrared Gas Analyzer CIRAS-3 

Portable Photosynthesis System (PP Systems Inc., Amesbury, MA, USA). The 

following parameters were determined on the diagnostic leaves of maize: net 

photosynthetic rate expressed as area (A; μmol CO2 m-2 s-1); stomatal conductance 

(gs; mol H2O m-2 s-1); internal CO2 concentration in the substomatal chamber (ic; mmol 

CO2 mol-1 air); leaf transpiration (E; mmol H2O m-2 s-1); and water use efficiency (WUE; 

μmol CO2 (mmol H2O)-1), calculated by the A/E ratio. Readings began after the air 

temperature in the chamber was adjusted to 28°C, with 380 ppm CO2 and 1000 μmol 

m-2 s-1 of photosynthetically active radiation (PAR) supplied by LED lamps. The 

measurements were performed between 8:00 and 10:00 a.m. The minimum 

equilibration time before performing the reading was 3 min. 

 

Photosynthetic pigments  

To determine photosynthetic pigments (chlorophyll a, b, total chlorophyll and 

total carotenoids), five discs were cut between the edge and central rib of maize leaves 

using a paper punch (0.5 cm in diameter). The discs were stored for 24 h in capped 

glass vials wrapped in aluminum foil and containing 2 mL of N, N-dimethylformamide 
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(DMF) according to the methodology proposed by Lichtenthaler (1987). The pigment 

concentrations were quantified in a spectrophotometer at wavelengths of 664, 647, 

and 480 nm for chlorophyll a, b and carotenoids, respectively. The absorbance was 

read after mixing 1 mL of the extract with 1 mL of distilled water. The calculations for 

the pigment concentrations were in accordance with the methods proposed by 

Wellburn (1994). 

 

Ribulose-1,5-bisphosphate carboxylase/oxygenase activity (Rubisco, EC 4.1.1.39) 

Total Rubisco activity (determined only in the second growing season) was 

measured according to the method described by Reid et al. (1997). Frozen plant 

material (0.3 g) was ground with a mortar and pestle under liquid nitrogen and 

suspended in extraction buffer containing 1.5 mL of 58 mM potassium phosphate and 

1 mM ethylenediaminetetraacetic acid (EDTA). The homogenized material was 

centrifuged at 14,000 rpm for 25 min at 4 °C, and the supernatant was stored at 4°C 

(adapted from Sage, Sharkey and Seemann 1988; Reid et al. 1997). The Rubisco 

incubation buffer contained 100 mM bicine-NaOH pH 8.0, 25 mM potassium 

bicarbonate (KHCO3), 20 mM magnesium chloride (MgCl2), 3.5 mM ATP, 5 mM 

phosphocreatine, 0.25 mM NADH, 80 nkat glyceraldehyde-3-phosphate 

dehydrogenase, 80 nkat 3-phosphoglyceric phosphokinase and 80 nkat creatine 

phosphokinase. A 70-μL aliquot of the supernatant was incubated with 900 μl of the 

incubation buffer at 30°C for 5 min in the absence of ribulose-1,5-bisphosphate (RuBP) 

to enable carbamylation of Rubisco. NADP oxidation was initiated by adding 30 μL of 

16.66 mM RuBP directly into the cuvette. Readings were obtained in a 

spectrophotometer at a wavelength of 340 nm. Rubisco activity was calculated from 

the difference in the absorbance readings at 0 and 1 min (without removing the cuvette 

from the spectrophotometer) and expressed in μmol min-1 mg protein-1. 

 

Sucrose synthase activity (Susy, EC 2.4.1.13) 

To extract sucrose synthase (Susy) (determined only in the second growing 

season), 0.5 g of frozen plant material was ground with a mortar and pestle under liquid 

nitrogen and suspended in extraction buffer containing 50 mM HEPES buffer pH 7.0, 

2 mM MgCl2, 2 mM dithiothreitol (DTT) and 1 mM EDTA (Dejardin et al., 1997). The 

homogenized material was centrifuged at 14,000 rpm for 20 min at 4°C, and the 

supernatant was stored at 4°C. The incubation buffer consisted of 0.1 M MES buffer 
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pH 6.0, 5 mM MgCl2, 0.3 M sucrose and 5 mM uridine 5'-trihydrogen diphosphate 

(UDP). A 0.5-mL aliquot of the supernatant was incubated with 3.5 mL of incubation 

buffer at 37°C for 30 min, and the reaction was terminated by adding 100 μL of 

potassium hydroxide (30% KOH; w/v) and heating at 100°C for 5 min. Readings were 

obtained in a spectrophotometer at a wavelength of 540 nm, and the results were 

expressed as µmol sucrose g-1 fresh weight (FW) h-1. 

 

Sucrose concentration 

The sucrose concentration was determined from 1 g of frozen plant material 

extracted in 10 mL of MCW solution (60% methanol, 25% chloroform, and 15% water; 

(w/v)) after maceration by a mortar and pestle. The homogenized material was 

centrifuged at 8,000 rpm for 10 min at 4°C. An aliquot of 4 mL of the supernatant was 

removed and mixed with 1 mL of chloroform and 1.5 mL of distilled water in another 

tube. After separation of the phases, the sucrose content was determined in the 

aqueous phase as described by Bieleski and Turner (1966). In brief, a 50-μL aliquot of 

the aqueous phase was mixed with 500 μL of 30% KOH (w/v) and 2 mL of H2SO4. After 

homogenization by a vortex mixer, the tube was heated at 100°C for 10 min. After 

cooling, readings were obtained in a spectrophotometer at a wavelength of 490 nm. 

The sucrose concentration was determined by reference to a standard sucrose curve 

and expressed as mg g-1 FW. 

 

Hydrogen peroxide and lipid peroxidation 

The hydrogen peroxide (H2O2) concentration was determined according to the 

methodology proposed by Alexieva et al. (2001). Frozen plant material (0.4 g) was 

ground with a mortar and pestle under liquid nitrogen, and 4 mL of 0.1% trichloroacetic 

acid (TCA) was added as extraction buffer. The homogenized material was centrifuged 

at 12,000 rpm for 15 min at 4°C. An aliquot of 200 μL of supernatant was mixed with 

200 μL of 100 mM potassium phosphate buffer (pH 7.5) and 800 μL of 1 M potassium 

iodide and incubated at 1°C for 1 h. After warming to room temperature, readings were 

obtained in a spectrophotometer at a wavelength of 390 nm. The leaf concentration of 

H2O2 was determined by reference to a standard curve and expressed as μmol g-1 FW. 

Lipid peroxidation, or malondialdehyde (MDA), was measured according to the 

methodology proposed by Heath and Packer (1968). The extraction was carried out 

using 0.4 g of frozen plant material ground with a mortar and pestle under liquid 
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nitrogen and suspended in 4 mL of 0.1% (w/v) TCA + 20 % (w/v) 

polyvinylpolypyrrolidone (PVPP). The homogenized material was centrifuged at 

10,000 rpm for 15 min at 4°C. A 250-μL aliquot of supernatant was mixed with 1 mL of 

20% TCA + 0.5% thiobarbituric acid (w/v) solution to start the reaction. The reactions 

were heated at 95°C for 30 min and then placed on ice for 10 min. The reactions were 

centrifuged for 10 min at 10,000 rpm, and readings of the supernatant were obtained 

in a spectrophotometer at wavelengths of 535 and 600 nm. The results were expressed 

as nmol MDA g-1 FW. 

 

Soluble protein  

Proteins were extracted from 1.5 g of frozen plant material ground with a mortar 

and pestle under liquid nitrogen and suspended in 20% PVPP and extraction buffer 

containing 100 mM potassium phosphate pH 7.5, 1 mM EDTA, and 1 mM DDT. The 

homogenized material was centrifuged at 10,000 rpm for 25 min at 4°C, and the 

supernatant was stored in Eppendorf tubes in a freezer at -80ºC. The soluble protein 

concentration was determined using BSA (bovine serum albumin) as a standard 

according to the method proposed by Bradford (1976). Aliquots of 100 µL of the protein 

extract were mixed with 5 mL of Bradford reagent and analyzed in a spectrophotometer 

at a wavelength of 595 nm. The results and protein extract were used to determinate 

the activities of superoxide dismutase (SOD), catalase (CAT), ascorbate peroxidase 

(APX) and glutathione reductase (GR). 

 

Superoxide dismutase (SOD, EC:1.15.1.1) 

SOD activity was determined according to Giannopolitis and Ries (1977). The 

reaction was conducted in a reaction chamber under illumination with a 15-W 

fluorescent lightbulb at 25ºC after adding 2 mL of 50 mM potassium phosphate buffer 

pH 7.8, 250 μL of 13 mM methionine, 200 μL of 75 mM nitroblue tetrazolium (NBT), 

200 μL of 0.1 mM EDTA and 250 μL of 2 μM riboflavin to 50 μL of protein extract. The 

tubes were vortexed and placed inside the chamber (total absence of ambient light) for 

15 min top permit the formation of the blue formazan compound by photoreaction of 

NBT. A control was prepared for each sample using the same conditions, except that 

the tubes were covered with aluminum foil to prevent light exposure. After 15 min, the 

reactions were vortexed, and readings were obtained in a spectrophotometer at a 

wavelength of 560 nm. The results were expressed as U (unit) SOD mg-1 protein. 
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Catalase (CAT, 1.11.1.6) 

Catalase activity was determined by monitoring the degradation of H2O2 

according to the methodology proposed by Azevedo et al. (1998). A 25-μL aliquot of 

protein extract was added to a mixture containing 1 mL of 100 mM potassium 

phosphate buffer pH 7.5 and 2 μL of 30% H2O2 (v/v) in a test tube and mixed quickly 

by vortexing. Enzyme activity was determined by the decomposition of H2O2 during a 

2-min interval as measured using a spectrophotometer at a wavelength of 240 nm. The 

results were expressed as μmoL min-1 mg-1 protein. 

 

Ascorbate peroxidase (APX, EC:1.11.1.11) 

Ascorbate peroxidase activity was determined according to Gratão et al. (2008). 

A 100-μL aliquot of protein extract was added to 600 μL of 80 mM potassium 

phosphate buffer pH 7.0, 100 μL of 5 mM ascorbate and 100 μL of 1 mM EDTA and 

homogenized by vortexing. The mixture was incubated for 5 min at 30°C in the dark. 

A 100-μL aliquot of 1 mM H2O2 was then added, and readings were obtained 

immediately in a spectrophotometer at a wavelength of 290 nm for 2 min. The results 

were expressed as μmol min-1 mg-1 protein. 

 

Glutathione reductase (GR, EC 1.6.4.2) 

Glutathione reductase activity was determined according to the methodology 

described by Gomes-Junior et al. (2006). One milliliter of 100 mM potassium 

phosphate buffer pH 7.5, 500 μL of 1 mM nitrobenzoic acid (DTNB), 100 μL of 1 mM 

oxidized glutathione (GSSG) and 100 μL of 0.1 mM NADPH were added to an 

Eppendorf tube and mixed thoroughly. A 50-μL aliquot of the supernatant was added 

and vortexed. The solution was then transferred to a cuvette, and the absorbance at 

412 nm was immediately recorded for 2 min. The results were expressed as μmol min-

1 mg-1 protein. 

 

2.2.7 Shoot dry matter and grain yield of maize 
 

Maize shoot dry matter and grain yield were evaluated at the harvest stage 

based on the relationship between the masses (shoot and grain) obtained in the interior 

(5.4 m2) of each plot and their respective water contents (0 and 130 g kg-1 of water for 
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shoot dry matter and grain yield, respectively).  

 

2.2.8 Statistical analysis 
 

Means were subjected to tests of homoscedasticity followed by the Anderson-

Darling test of normality (Nelson, 1998). To evaluate homogeneity, Levene's test in the 

Minitab statistical program was used. Subsequently, the means were subjected to 

analysis of individual variance (ANOVA) by the F test (p ≤ 0.05) and, when significant, 

analyzed using the modified t-test (Fisher’s protected least significant difference (LSD) 

at p ≤ 0.05). Redundancy analysis (RDA) was performed to determine the correlations 

among soil fertility × crop nutrition (average of two growing seasons), soil fertility × crop 

physiology (average of two growing seasons), and crop nutrition × crop physiology. 

The Monte Carlo permutation test was applied with 999 random permutations to verify 

the significance of soil chemical properties, crop nutrition and for physiological 

responses. One-way PERMANOVA (Anderson, 2005) was used to group treatments 

by similarity. Heatmaps were constructed by calculating the Pearson’s correlation 

coefficients (p ≤ 0.05), and only significant correlations are shown. 

 

2.3 RESULTS 

 

2.3.1 Weather conditions 

 

In the first and second growing seasons, maize received 315 and 210 mm of 

pluvial precipitation, respectively (Fig. 1). From early-March (maize sowing) until early 

July (maize physiological maturity) of each year, only small amounts of rain occurred, 

resulting in a negative hydric balance.  

 

2.3.2 Soil fertility and root development 
 

Twenty-four months after the last reapplication of soil amendments, significant 

variations (p < 0.01; Table S2) in soil chemical properties among the treatments were 

observed in all layers of the soil profile (Fig. 2). Surface amendment with L (regardless 

of PG addition) increased the soil pH in all soil layers (0.0–1.0 m); additionally, acidity 

neutralization was not improved by PG application compared with the control (Fig. 2A). 
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Figure 2. Changes in soil pH (A), exchangeable calcium (Ca2+) (B) and magnesium 
(Mg2+) (C), base saturation (BS) (D), exchangeable aluminum (Al3+) (E) and sulfate 
(SO4

2--S) (F) in the soil profile as affected by surface-applied lime (L), phosphogypsum 
(PG), and lime + phosphogypsum (LPG) treatments. Different lower-case letters for 
each soil depth indicate significant differences between treatments by Student's t-test 
at p ≤ 0.05. Error bars express the standard error of the mean (n = 4). 
 

By contrast, significant increases in Ca2+ availability occurred in all soil layers 

when soil was amended with L and, in particular, LPG (Fig. 2B). PG increased the 

levels of Ca2+ in topsoil in relation to the control, resulting in high BS values (Fig. 2D), 

but BS remained lower in the PG treatment than in the L and LPG treatments. Mg2+ 

availability did not differ between L and LPG, but was higher in both of these treatments 

than in the control and PG treatments (Fig. 2C). BS was slightly improved by LPG 

compared with L alone, mainly in deeper soil layers (0.1 to 0.8 m) (Fig. 2D). 

Aluminum availability was strongly reduced by the application of L and LPG, 

mainly in the uppermost layers (0.0–0.4 m depth); in soil depths below 0.4 m, there 

was no difference in aluminum availability between L and LPG (Fig. 2E). In addition, 

the application of PG alone did not reduce levels of exchangeable Al3+ in layers below 

0.4 m compared with the control treatment. The SO4
2--S concentration was higher 
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throughout the soil profile when LPG was applied; in the treatments with L or PG alone, 

the SO4
2--S concentrations were similar and higher than that in the control treatment 

(Fig. 2F). SOC, P, Fe, Mn, and Zn contents in the topsoil (0.0–0.2 m) were significantly 

altered (p < 0.01; Table S3) by soil amendments (Fig. 3). In general, L-amended soils 

(regardless of PG addition) provided the highest levels of SOC (Fig. 3A) and P (Fig. 

3B) and the lowest concentration of Fe, Mn, Cu and Zn (Fig. 3). 

 

 

Figure 3. Changes in soil organic matter (SOC), phosphorus (P), iron (Fe), manganese 
(Mn), copper (Cu), and zinc (Zn) at 0.0–0.2 m depth as affected by surface-applied 
lime (L), phosphogypsum (PG), and lime + phosphogypsum (LPG) treatments. 
Different lower-case letters for each soil depth indicate significant differences between 
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treatments by Student's t-test at p ≤ 0.05. Error bars express the standard error of the 
mean (n = 4). 

 
Maize root development composed by dry matter production and distribution, 

changed (p < 0.01; Table S4) by the long-term surface application of soil amendments 

(Fig. 4). In both growing seasons, root dry matter increased in L-amended soil, but 

combining L to PG (LPG treatments), the effects were enhanced, especially at deeper 

layers (below 0.4 m depth) (Fig. 4A and C). between treatments became more evident 

as the soil depth increased. Regardless of growing season, the root system distribution 

in the soil profile revealed that the density of roots was highest at 0.0–0.2 m soil layer 

in the control and PG treatments, with a lower proportion of roots in layers deeper than 

0.2 m. In L-amended and, in particular, LPG-amended soil, the root distribution was 

more uniform throughout the soil profile (Fig. 4B and D). Treatment with PG alone 

improved root development and distribution compared with the control treatment, but 

the effects of PG alone were smaller than those of the L and LPG treatments. LPG-

treatment provided the highest distribution of maize roots in the deepest soil depth. 
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Figure 4. Root dry matter (A) and root dry matter distribution (B) in the soil profile as 
affected by surface-applied lime (L), phosphogypsum (PG), and lime + 
phosphogypsum (LPG) treatments. Different lower-case letters for each soil depth 
indicate significant differences between treatments for each growing season by 
Student's t-test at p ≤ 0.05. Error bars express the standard error of the mean (n = 4). 

 
2.3.3 Plant nutrition 

 

Leaf macronutrient concentrations increased (p < 0.05; Table S6) in response 

to L and, in particular, LPG in both growing seasons (Table 1). With the exception of K 

which increased only in 2018, higher leaf concentration of N, P, Ca, Mg, and S occurred 

in both growing seasons in these treatments compared with the control and PG 

treatments. By contrast, the concentrations of Fe, Mn and Zn reduced in treatments L-

based (L and LPG), as occurred according to the soil chemical analysis (Fig. 3). Among 

the micronutrients, leaf Cu concentration presented the smallest variation among 

micronutrients, showing changes only in 2018, where the control treatment provided 

higher concentrations than the other treatments. 

Table 1. Influence of surface-applied lime (L), phosphogypsum (PG), and lime + 
phosphogypsum (LPG) on nutrient (N, P, K, Ca, Mg, S, Fe, Mn, Cu and Zn) 
concentrations in the leaves of maize cultivated in two growing seasons in a long-term 
no-till system. 

Different lower-case letters on the lines indicate significant differences between treatments by Student's 
t-test at p ≤ 0.05. †Low significant difference (LSD), ‡coefficient of variation (CV).  Nitrogen (N), 
phosphorus (P), potassium (K), calcium (Ca), magnesium (Mg), sulfur (S), iron (Fe), manganese (Mn), 
cupper (Cu) and zinc (Zn). 

 

2.3.4 Photosynthetic pigments and gas exchange measurements  

Leaf 

nutrients 
units 

Control PG L LPG 

2017 2018 2017 2018 2017 2018 2017 2018 

N g kg-1 27.9 b 22.9 c 30.9 b 25.1 c 38.6 a 29.4 b 39.9 a 36.8 a 

P g kg-1 2.21 b 1.81 b 2.32 ab 1.99 ab 2.33 ab 2.01 ab 2.41 a 2.21 a 

K g kg-1 20.6 a 16.1 b 20.1 a 17.7 ab 20.8 a 18.3 ab 21.8 a 20.2 a 

Ca g kg-1 1.81 c 2.13 b 4.18 a 2.34 ab 2.93 b 2.62 ab 3.78 ab 2.77 a 

Mg g kg-1 2.20 b 1.81 c 2.03 b 1.99 c 5.30 a 4.39 b 5.88 a 5.63 a 

S g kg-1 1.32 d 1.08 b 2.11 c 1.19 b 3.07 b 2.82 a 3.96 a 3.01 a 

Fe mg kg-1 276 a 226 a 235 a 249 a 149 b 157 b 222 ab 164 b 

Mn mg kg-1 30.6 a 25.1 a 23.8 b 27.6 a 21.5 b 19.6 b 21.9 b 19.4 b 

Cu mg kg-1 13.7 a 11.7 ab 11.5 a 12.9 a 12.1 a 9.82 b 13.2 a 13.0 a 

Zn mg kg-1 78.4 a 64.3 a 82.1 a 70.6 a 42.4 b 39.4 b 46.5 b 35.9 b 
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Regardless of growing season, the application of L and particularly LPG 

increased (p <0.01; Table S7) the concentrations of chlorophylls (a, b and total) and 

carotenoids compared with the control and PG treatments (Fig. 5).  

 

Figure 5. Chlorophyll a (A), chlorophyll b (B), total chlorophyll (C), and carotenoids (D) 
contents in maize leaves as affected by surface-applied lime (L), phosphogypsum 
(PG), and lime + phosphogypsum (LPG) treatments. Different lower-case letters 
indicate significant differences between treatments for each growing season by 
Student's t-test at p ≤ 0.05. Error bars express the standard error of the mean (n = 4). 

 
On average, considering all photosynthetic pigments, LPG-amended soil 

provided maize plants with 137% more pigments than the control treatment, followed 

by 90% more in the treatment with L and 15% with PG. Leaf gas exchange of maize in 

both growing seasons improved by applying LPG, followed by L (Fig. 6) compared with 

control and PG. In LPG-amended soil, maize plants presented the largest A rate 

compared with control treatments (LPG = 70%; L = 57%), as well as gs rates increased 
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by 478% in LPG, by 380% in L, and by 76% in PG treatments (Fig. 6A and B). Lowest 

rates of ic (Fig. 6C) and E (Fig. S1) also occurred in these treatments (L and LPG), 

although differences did not occur between them. As a consequence of improvements 

in A and E rates, higher WUE occurred maize cultivated in L (250%) and LPG-

amended soils (278%), both compared with control (Fig. 6D). 

 

Figure 6. Net photosynthesis rate–A (A), stomatal conductance–gs (B), internal CO2 
concentration–ic (C), and water use efficiency–WUE (D) in maize leaves as affected 
by surface-applied lime (L), phosphogypsum (PG), and lime + phosphogypsum (LPG) 
treatments. Different lower-case letters indicate significant differences between 
treatments for each growing season by Student's t-test at p ≤ 0.05. Error bars express 
the standard error of the mean (n = 4). 

 
2.3.5 Carbon metabolism 
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The increased pigment concentrations in response to soil amendments were 

positively reflected in Rubisco activity (Fig. 7A). Rubisco activity was highest (p < 0.01; 

Table S7) in maize cultivated in LPG-amended soil (67% higher than control), followed 

by the L treatment (55% higher than control).Fig. 7 The sucrose concentration was 

highest (p < 0.01; Table S7) in the control treatment in both growing seasons (Fig. 7B). 

In general, sucrose concentration in maize leaves decreased by 24% from control to 

the L and LPG treatments. The pattern of Susy activity was similar to that of Rubisco 

activity; Susy activity was highest (p < 0.01; Table S7) in maize plants in the LPG-

amended soil (120% higher than control), followed by the application of L alone (90% 

higher than control) (Fig. 7C). 

 

 

Figure 7. Rubisco activity (A), sucrose concentration (B), and Susy activity (C) in maize 
leaves as affected by surface-applied lime (L), phosphogypsum (PG), and lime + 
phosphogypsum (LPG) treatments. Different lower-case letters indicate significant 
differences between treatments for each growing season by Student's t-test at p ≤ 0.05. 
Error bars express the standard error of the mean (n = 4). 

 
2.3.6 Lipid peroxidation and antioxidant metabolism 

 

Hydrogen peroxide (H2O2) and malondialdehyde (MDA) concentrations in maize 

leaves were highest (p < 0.01; Table S7) in the control treatment (unamended soil) 

(Fig. 8A and B). Regardless of growing season, the concentrations of H2O2 and MDA 

were reduced (p < 0.01; Table S7) by all of the soil amendments compared with the 

control; however, these reductions were greatest in the LPG treatment (H2O2 = 66%; 

MDA = 54%), followed by the treatments with L (H2O2 = 53%; MDA = 13.7%) and PG 

(H2O2 = 24.6%; MDA = 6.4%) alone.  
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Figure 8. Oxidative stress [hydrogen peroxide (H2O2) (A) and malondialdehyde (MDA) 
(B) concentrations)] and antioxidant enzyme activities [superoxide dismutase–SOD 
(C), catalase–CAT (D), ascorbate peroxidase–APX (E), and glutathione reductase–
GR (F)] in maize leaves as affected by surface-applied lime (L), phosphogypsum (PG), 
and lime + phosphogypsum (LPG) treatments. Different lower-case letters indicate 
significant differences between treatments for each growing season by Student's t-test 
at p ≤ 0.05. Error bars express the standard error of the mean (n = 4). 
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Antioxidant enzyme activities were highest (p < 0.01; Table S7) in the leaves of 

maize in the control treatment or the treatment with PG alone (Fig. 8C–F) in both 

growing seasons. On the other hand, enzymatic activity, i.e., SOD (Fig. 8C), CAT (Fig. 

8D), APX (Fig. 8E), and GR (Fig. 8F) was lower (p < 0.01; Table S7) in L-amended 

soil, especially in the LPG treatment.  In general, considering both growing seasons, 

the antioxidant enzyme activities in maize cultivated in LPG-amended soil reduced by 

51% for SOD, by 77% for CAT, by 21% for APX, and by 70% for GR, when compared 

with control treatment. 

 

2.3.7 Maize shoot dry matter production and grain yield 
 

Considering the average between the two growing seasons, shoot dry matter 

(SDM) and grain yield (GY) were highest (p < 0.01; Table S7) in the LPG treatment 

(SDM = 92%; GY = 260%), compared with control, followed by the L (SDM = 70%; GY 

= 200%), and PG (SDM = 1.35%; GY = 31%) (Fig. 9A and B). A clear trend of LPG > 

L > PG > control was also observed for the development of maize plants at 50 days 

after emergence (DAE) and ears obtained at harvest in the second growing season 

(Fig. 9C), although some similarities were found between the L and LPG treatments 

and between the control and PG treatments. 
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Figure 9. Shoot dry matter (A) and grain yield (B) of maize as affected by surface-
applied lime (L), phosphogypsum (PG), and lime + phosphogypsum (LPG) treatments. 
Different lower-case letters indicate significant differences between treatments for 
each growing season by Student's t-test at p ≤ 0.05. Error bars express the standard 
error of the mean (n = 4). Effect of soil amendments on maize development (2nd 
growing season = 2018) at 50 days after sowing and ear development at harvest (C). 
 

 

2.3.8 Redundancy and correlation analyses of soil and maize plant measurements  

 

To elucidate the effects of soil fertility (considering the average of soil attributes 

at the 0.0–1.0m depth) on crop nutrition and crop physiology (average of the 2 growing 

seasons), three RDAs were performed (Fig 10A-C). The first RDA contemplates the 

relationship between soil fertility and crop nutrition, where axis 1 indicated that the soil 

factors explained 93.1% of the variation in nutrient concentration in maize leaves (Fig. 
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10A). PERMANOVA analysis segregated the treatments into the following three 

groups: group 1 represented by the control, group 2 composed by PG, and group 3 

composed by L and LPG treatments. In addition, according to Monte Carlo 

permutation, the main soil factors (p <0.05) responsible for all variation in crop nutrition 

were the soil concentrations of Ca2+, Mg2+, Presin, and SO4
2-- S. Considering the role of 

soil fertility on crop physiology, PERMANOVA analysis segregated the treatments in 

four distinct groups, each represented by a treatment, with axis 1 indicating that soil 

fertility explained 93.8% of all variation in crop physiology (Fig. 10B) . The main soil 

factors (p <0.05) responsible for these variations were the concentrations of Ca2+, 

Mg2+, Presin and Mn. On the other hand, linking crop nutrition with maize physiology by 

RDA, axis 1 indicated that the crop nutrition was responsible for 91.5% of all variation 

in plant physiology (Fig. 10C). In addition, PERMANOVA analysis segregated the 

treatments in two groups. Group 1 was composed by control and PG, whereas group 

2 was composed by L and LPG treatments. Among the nutrients, Monte Carlo 

permutation indicated that the leaf concentrations of N, P, Mg and Mn were the main 

responsible for changing (p <0.05) the patterns of carbon and antioxidant metabolism 

in the maize. In general, Mn (soil or plant) has always been associated with an increase 

in oxidative stress, whereas the macronutrients (especially P and Mg) were associated 

with improved carbon metabolism. 

Overall, correlation analysis of soil fertility and maize nutritional, physiological 

and productive attributes demonstrated that improvements in soil chemical properties 

enhanced the development and distribution of roots in the soil profile, resulting in higher 

concentration of nutrients in maize leaves, as well as improved the carbon fixation, 

lower oxidative stress and greater shoot dry matter and grain yield (Fig. 10D). 

Increased pH and the corresponding effects on soil properties (i.e., increased SOC 

and exchangeable cations and low Al3+ toxicity up to 1.0 m depth) were positively 

correlated with root growth, leaf macronutrient concentration, pigment concentrations, 

gas exchange parameters, Rubisco and Susy activities, and shoot and grain 

production. Additionally, increased pH was negatively correlated with leaf and soil 

micronutrient concentrations, lipid peroxidation and the activities of SOD, CAT, APX, 

and GR.  



105 
 

 

Figure 10. Redundancy analysis triplot (RDA) showing the relationship between the 
soil fertility × crop nutrition (A), soil fertility × crop physiology (B), and crop nutrition × 
crop physiology (C). The canonical axes are labeled with percentage of total variance 
explained (%). The arrows indicate correlations between factors. The significance of 
these correlations was evaluated by a Monte Carlo permutation test with 999 
permutations and the significant soil properties are indicated by red color (p ≤ 0.05). 
The color dashed lines indicate significant clusters by permutation analysis 
(PERMANOVA, p ≤ 0.05). Heatmap showing the correlation coefficients (Pearson) 
among the soil fertility, root growth, crop nutrition, crop physiology, and  agronomic 
parameters of maize plants (D). Only significant correlations at p ≤ 0.05 are shown. 
Soil organic matter (SOC), base saturation (BS), sulfate (SO4

2--S), root dry matter 
(RDM), chlorophyll a (Chl a), Chlorophyll b (Chl b), total chlorophyll (T. Chl), 
carotenoids (Carot), Net photosynthesis rate (A), stomatal conductance (gs), internal 
CO2 concentration (ic), water use efficiency (WUE), hydrogen peroxide (H2O2), 
malondialdehyde (MDA), superoxide dismutase (SOD), catalase (CAT), ascorbate 
peroxidase (APX) and glutathione reductase (GR), shoot dry matter (SDM) and grain 
yield (GY). 
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2.4 DISCUSSION 

 

2.4.1 Climatic conditions 

 

In both growing seasons, the amounts of rainfall received during maize cropping 

were much lower than the range (400 to 600 mm) considered sufficient for crop 

development (Fancelli, 2015), particularly in the second growing season (105 mm less 

than 2017), resulting in a severely negative hydric balance during maize development 

(Fig. 1). In both growing seasons, the hydric conditions for second-crop maize were 

inappropriate and negatively influenced crop development and yield. According to 

Gupta et al. (2020), drought is responsible for more annual losses of crop grain yield 

than all plant pathogens combined. Climatic anomalies related to longer periods of rain 

scarcity are becoming increasingly common in tropical regions (Cunningham, 2020; 

Heinemann et al., 2021), limiting food production. Tropical regions with weathered and 

acidic soils present low nutrient availability and high Al3+ levels, leading to restricted 

root growth and lower uptake of water and nutrients, especially under lower water 

supply (Ritchey et al., 1982; Joris et al., 2013).  

 

2.4.2 Changes in soil chemical properties, root development and plant nutrition 
 

Remarkable effects of the soil amendments, primarily L and LPG, were 

observed for most soil chemical properties, including higher soil pH, Ca2+, Mg2+ and 

SO4
2--S levels and lower levels of exchangeable Al3+ throughout the soil profile (Fig. 

1). As a result, there were significant correlations among soil pH, macronutrient 

availability and BS (Fig. 10B). Additionally, in the 0.0–0.2 m layer, SOC content and 

Presin concentration increased by the soil amendments application, although the 

increase in pH resulted in lower availability of cationic micronutrients (Fig. 3 and 8B). 

When PG was applied alone, soil attributes were slightly improved compared with the 

control treatment, but the effects were much smaller than those obtained by liming, 

regardless of the soil layer. However, when PG was applied in combination with L 

(LPG), the results were oftentimes greater than those obtained with L alone, especially 

in deeper soil layers. Unlike L, PG cannot correct soil acidity (Zoca and Penn, 2017), 

so its direct effects are linked to increased availability of Ca2+ and SO4
2--S and reduced 

Al3+ content, mainly in deep layers (Costa et al., 2018; Crusciol et al., 2019; Bossolani 
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et al., 2021b). Since most soil properties co-vary with pH (Lammel et al., 2018), PG is 

an important complementary amendment but not a substitute for L (Bossolani et al., 

2020a). 

Changes in soil nutrient concentrations can alter root development in the soil 

profile (Rellán-Álvarez et al., 2016). Positive correlations with soil fertility occurred for 

root dry matter (Fig. 10B). During plant development, the architecture of the root 

system undergoes morphological changes depending on the availability of water and 

nutrients in order to improve the acquisition of environmental resources (Carmeis Filho 

et al., 2017; Bossolani et al., 2021b). In tropical acidic soils, low Ca2+ availability and 

high Mn and Al3+ availability in deeper layers are the main causes of restricted root 

development. Calcium plays a fundamental role in root growth as a component of the 

hormonal peptides responsible for cell elongation (Ritchey et al., 1995), and when it is 

absent in deeper layers, roots become superficial, increasing the susceptibility of 

plants to drought stress and limiting nutrient uptake (Crusciol et al., 2019; Bossolani et 

al., 2021b). The root distribution in the soil profile can be traced to mechanisms of cell 

division, elongation, and differentiation mediated by nutrient availability (Rellán-

Álvarez et al., 2016). Longer and deeper roots can efficiently take up water from deep 

layers (Gupta et al., 2020). 

Nutrient uptake by maize increased in L- and LPG-amended soils (Table S5). 

In general, the leaf concentration of all macronutrients was positively influenced by L 

(regardless of PG addition). However, the leaf concentration of cationic micronutrients 

decreased in these treatments in response to their reduced availability in soil (Fig. 1), 

as supported by correlation analysis (Fig. 10D). In addition, our RDA analysis 

regarding the interactions between soil fertility and crop nutrition revealed the primary 

effects higher soil concentrations of Ca2+, Mg2+, Presin and SO4
2--S on improving the 

crop nutrition (Fig. 10A). Thus, combining higher root development with increased soil 

nutrient concentrations, results on well-nourished plants that are able to withstand 

periods of low rainfall (Carmeis Filho et al., 2017; Bossolani et al., 2021b). In addition, 

according to Malavolta (1997), the macronutrient contents in maize were within the 

optimum range for full development only in soils amended with L or LPG, in both 

growing seasons. 
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2.4.3 Photosynthetic parameters and carbon metabolism response 
 

Amendment with L or LPG (Fig. 1 and Fig. 3) enabled greater root development 

and improved root distribution throughout the soil profile (Fig. 2), as well as plant 

nutrition (Table S5). Under low water availability like that observed in this study, plants 

seek to adapt to the soil moisture gradient and, driven by nutrient availability, change 

their root architecture to enhance their ability to take up water and nutrients (Rellán-

Álvarez et al., 2016). These changes are reflected in greater synthesis of chlorophylls 

and carotenoids (Fig. 5). Chlorophyll is an important part of the Calvin cycle and is 

responsible for harvesting sunlight during plant photosynthesis (Croft et al., 2017; 

Busch, 2020). Carotenoids are responsible for adapting plastids to stress conditions, 

light and energy dissipation to avoid excessive production of reactive oxygen species 

(ROS) (Gómez et al., 2019). 

Correlation analysis suggested that the increase in photosynthetic pigment 

concentrations was related to changes in leaf nutritional status, gas exchange 

parameters and photosynthetic potential (Fig. 10D). Rates of A, gs and WUE were also 

increased by applying L alone or LPG (Fig. 6A, B and D). In addition, the increases in 

these parameters in association with the decreases in ic (Fig. 6C) and E (Fig. 5) imply 

greater productive capacity of plants under stress conditions (Reis et al., 2018). The 

regulation of stomatal conductance under conditions of low hydric availability is 

extremely important for increased WUE (Gupta et al., 2020). According to these 

authors, stomatal closure is the first defense against water loss. Adequate plant 

nutrition (e.g., K, Ca, and Mg) are essential for the mechanisms that modulate this 

response (Brodribb and McAdam, 2017; Gong et al., 2020). According to our RDAs 

linking soil fertility (Fig. 10B) and crop nutrition (Fig. 10C) with crop physiology, gs 

values were strongly associated with the soil concentrations of exchangeable bases 

(Ca2+, Mg2+ and BS) and the leaf concentrations of K and Ca, reinforcing the role of 

these nutrients in improving the use of water under hydric restrictions, as occurred in 

our study. Additionally, greater availability of nutrients in the soil, especially in deeper 

layers, increases root growth and the use of resources that enhance resilience to low 

water availability (Rellán-Álvarez et al., 2016). 

The combination of these factors may imply greater carbon fixation by plants 

(Reis et al., 2018). The key enzyme involved in carbon fixation that drives the 

assimilation of CO2 is Rubisco (Busch, 2020). In this study, Rubisco activity was higher 
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in the leaves of maize in soils amended with L and, in particular, LPG (Fig. 7A). Susy 

activity was also increased in these treatments (Fig. 7C), although the levels of sucrose 

decreased (Fig. 7B). The response pathways of plants to environmental stress also 

include changes in the production and mobilization of metabolites (Bailey-Serres et al., 

2019). Each Rubisco-mediated carboxylation reaction gives rise to triose phosphates 

that are exported and become substrates for the synthesis of most of the other organic 

compounds that make up the plant (Stein and Granot, 2019). Sucrose synthase (Susy) 

plays a key role in sugar metabolism and can reversibly cleave sucrose into fructose 

and glucose. These by-products can enter several metabolic pathways to provide 

energy and carbon skeletons for plant metabolism (Stein and Granot, 2019). The 

increases in Rubisco and Susy activity and low sucrose concentrations in leaves 

suggest enhancement of production and partitioning of sugars from source to sink 

tissues (Farhat et al., 2016). 

RDA enabled the identification of the most important soil and nutritional factors 

responsible for increasing carbon metabolism (Fig. 10B and C), that were also 

supported by correlation analysis (Fig. 10D). Both RDAs presented a similar pattern 

correlating the soil and nutritional factors on carbon metabolism, however, the 

segregation of treatments was assembled differently. Soil fertility was more sensitive 

in clustering the treatments, segregating each treatment in a group; on the other hand, 

crop nutrition separated the treatments into only two groups: control and PG, and L 

and LPG treatments. Possibly, the segregation of treatments occurred differently 

considering soil fertility and crop nutrition due to the strong role of soil chemistry in 

modulating the soil nutrients availability, and the root growth, which directly contributes 

to the acquisition of water for the full functioning of photosynthesis (Rellán-Álvarez et 

al., 2016; Busch, 2020; Gong et al., 2020). Additionally, although the concentration of 

nutrients is an important indicator of the nutritional status of plants, it is worth noting 

that the leaf concentration of nutrients does not reflect the amount of nutrients that 

accumulate in the plant tissues. The foliar concentration of nutrients can be subject to 

the concentration and dilution processes, depending on the biomass production by 

plants (Maia, 2012). For this reason, the soil chemistry may have been more sensitive 

to changes that occurred in carbon metabolism. In general, soil and leaf P, Ca2+, and 

Mg2+ were the main nutrients responsible for improving the dynamics of Rubisco and 

Susy activities in maize plants, whereas Mn was mainly responsible for reductions in 

these activities, as observed in the control and PG treatments. Phosphorus is an 
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important supplier of energy for photosynthetic mechanisms and plant metabolism. 

Mg2+ is the most abundant divalent cation in the plant cytosol and participates in 

several aspects of photosynthesis, such as the composition of the chlorophyll 

molecule, activation of Rubisco in the carboxylation process and the partitioning of 

photoassimilates by plant tissues (Ceylan et al., 2016). Calcium also plays an 

important role in multiple photosynthetic pathways (Wang et al., 2019). This nutrient 

affects gas exchange related to photosynthesis by regulating stomatal movement 

(Song et al., 2014). Several photosynthetic proteins are regulated directly or indirectly 

by Ca (Wang et al., 2019). In addition, soil Ca plays an important role in signaling and 

root growth, increasing the capacity of plants to uptake water and other nutrients 

(Ritchey et al., 1995). 

In acidic and low-fertility soils, Mn is generally abundant and limits plant growth 

(Roth and Pavan, 1991; Bossolani et al., 2020b). Mn can replace Mg in the Rubisco 

activation process and increases the affinity of the enzyme for oxygen by 

approximately 20-fold compared with Mg2+, thus increasing photorespiration by plants 

(Kitao et al., 1997). In addition, high concentrations of metallic nutrients such as Mn 

and Al3+ can reduce the WUE of plants (Reis et al., 2018), compromising the crops in 

periods of low water availability. Several authors have also associated these elements 

with reduced root development (Roth and Pavan, 1991; Ritchey et al., 1995; Caires et 

al., 2011; Costa and Crusciol, 2016). 

 

2.4.4 Lipid peroxidation and antioxidant metabolism response 
 

Oxidative stress in maize plants was strongly reduced by the application of L 

and LPG (Fig. 8A and B), as evidenced by the reductions in the concentrations of H2O2 

and MDA in these treatments. In addition to its role in cell defense signaling (Cuypers 

et al., 2010), H2O2 is one of the main forms of ROS responsible for lipid peroxidation 

(Loix et al., 2018). 

The patterns of activity of antioxidant system enzymes (SOD, CAT, APX and 

GR) (Fig. 8C-F) were similar to those for lipid peroxidation, indicating that the low 

activity of these enzymes in maize established in L- and LPG-amended soils is the 

result of efficient catalysis of their substrates (ROS) (Silva et al., 2020). Lipid 

peroxidation can also be caused by other ROS [e.g., singlet oxygen (1O2
-) and hydroxyl 

radicals (OH-)] (Farmer and Mueller, 2013). The first line of defense in antioxidant 
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metabolism is the dismutation of 1O2
- into H2O2 and H2O by the enzyme SOD, followed 

by the breakdown of H2O2 into H2O and O2 by CAT, APX, and GR (Noctor, 2002). In 

this process of ROS scavenging, enzymes are also consumed, resulting in reduced 

activity when measured in plant tissue (Noctor, 2002; Farmer and Mueller, 2013). 

The increased oxidative stress in maize plants in the control and PG treatments 

is primarily attributable to low soil fertility and plant nutrition, as supported by RDA and 

correlation analysis (Fig. 10A-D). Plants grown under low nutrient availability, mainly 

P, Ca2+, and Mg2+, and under high concentrations of toxic elements, such as Mn and 

Al3+, are more likely to reduce pigment levels (Fig. 5) and photosynthetic activity (Fig. 

6 and 5) (Liu et al., 2008, 2015; Gong et al., 2020), in addition to accumulating sugars 

in source tissues (Fig. 7B) (Stein and Granot, 2019). All of these factors are positively 

correlated with increased oxidative stress (Fig. 10B) (Gong et al., 2020). The gradual 

loss of photosynthetic capacity results in electron accumulation in photosystems I and 

II, generating greater amounts of ROS and lipid peroxidation (Croft et al., 2017). The 

accumulation of sucrose in photosynthetically active leaves interferes with the 

production of ROS and increases oxidative stress in plants, especially for plants 

growing under soil Mg2+ deficiency (Cakmak and Kirkby, 2008). Calcium deficiency 

induces low stomatal conductance (Fig. 6B and 8B) and, consequently, higher water 

loss via stomata, which can increase oxidative stress in plants (Gupta et al., 2020), 

particularly under low hydric availability, which is common during maize cropping. In 

summary, the mitigation of soil acidification, reduced toxicity of Mn and Al3+, and 

increased availability of nutrients such as P, Ca2+ and Mg2+ provided by liming (L), 

especially when combined with PG (LPG), can reduce oxidative stress in plants.  

 

2.4.5 Maize shoot dry matter production and grain yield 
 

This study revealed positive effects of the soil amendments on root 

development, plant carbon and antioxidant metabolism, shoot dry matter production 

and grain yield (Fig. 9). In addition, during maize development, more turgid and 

vigorous plants were obtained, even under low pluvial precipitation (Fig. 1). The long-

term application of L and LPG improved soil fertility and root development, increasing 

the water and nutrients uptake by plants (Table 1). In addition, increased 

photosynthesis and better regulation of oxidative stress led to higher maize grain yields 

under these soil amendments. Importantly, combining L and PG (LPG) provided better 
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results than amendment with L alone. Understanding how soil amendments changes 

tropical soils and shape plant responses under drought is of paramount importance for 

the development of more productive agricultural systems under continuous climate 

change (Gibbons et al., 2014; Gupta et al., 2020). Therefore, amendment of soils with 

LPG should be considered a viable and promising alternative to improve the yield 

capacity of acidic tropical soils managed under NT (Costa and Crusciol, 2016; Crusciol 

et al., 2019; Bossolani et al., 2020a, 2020b, 2021b). 

 

2.5 CONCLUSIONS 
 

After two years of the last surface reapplication of soil amendments (4 

reapplications of lime and/or phosphogypsum in 16 years of experiment), liming, 

especially combined with phosphogypsum, increased soil pH, P, Ca2+, Mg2+ and SO4
2-

-S and reduced the concentrations of Al3+, Fe, Mn, Cu and Zn beyond the depth where 

lime was applied. The improvement on soil fertility brought about by soil amendments, 

led to an increase on root growth of maize, which in turn, increased water and nutrient 

uptake by plants. As a result of this chain effect, maize plants grown under field drought 

conditions, improved their antioxidant system, photosynthetic pigment concentrations 

and, consequently, the carbon metabolism, including Rubisco and Susy activities, and 

sucrose production and partitioning. This study has not only confirmed that 

phosphogypsum potentiates the effects of lime on improving soil fertility, but has also 

highlighted that the increase in macronutrient concentrations (in soil and plants), 

especially P, Ca and Mg, and reducing Mn concentrations, has a fundamental role in 

increasing antioxidant system and photosynthetic metabolism, benefits that eventually 

were reflected in the increase of the biomass production and grain yield. 
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SUPPLEMENTARY MATERIAL 
 

Table S1. Crops growing and treatments application scheme during the experimental 
period (from 2002 to 2018). 

Growing 
season 

Seasons 

Treatments† 
Summer crops 

Autumn-Winter-Spring 
crops 

2002/2003 Oriza sativa Avena strigosa 

Lime: 2.7 Mg ha-1 

(71% ECCE‡) 
Phosphogypsum: 2.1 

Mg ha-1 

2003/2004 Phaseolus vulgaris Avena strigosa - 

2004/2005 Arachis hypogaea Avena sativa 

Lime: 2.0 Mg ha-1  
(71% ECCE) 

Phosphogypsum: 2.1 
Mg ha-1 

2005/2006 Arachis hypogaea Avena sativa - 

2006/2007 
Zea mays intercropped 
with Urochloa brizantha 

(cv. Marandu) 

Urochloa brizantha (cv. 
Marandu) 

(after Zea mays 
harvest) 

- 

2007/2008 
Zea mays intercropped 
with Urochloa brizantha 

(cv. Marandu) 

Urochloa brizantha (cv. 
Marandu) 

(after Zea mays 
harvest) 

- 

2008/2009 Glycine max Avena strigosa - 

2009/2010 Glycine max Sorghum vulgare - 

2010/2011 Zea mays 
Crambe abyssinica / 

Vigna unguiculata 

Lime: 2.0 Mg ha-1  
(88% ECCE) 

Phosphogypsum: 2.1 
Mg ha-1 

2011/2012 Zea mays 
Crambe abyssinica / 

Vigna unguiculata 
- 

2012/2013 Pennisetum glaucum Triticum aestivum - 

2013/2014 Phaseolus vulgaris Triticum aestivum - 

2014/2015 Phaseolus vulgaris 
Urochloa brizantha (cv. 

Marandu) 
(1st growing season) 

- 

2015/2016 
Urochloa brizantha (cv. 

Marandu) 
(2nd growing season) 

Urochloa brizantha (cv. 
Marandu) 

(3rd growing season) 
- 

2016/2017§ Glycine max 
Zea mays intercropped 

with Urochloa 
ruziziensis 

Lime: 13 Mg ha-1 (69% 
ECCE) 

Phosphogypsum: 10 
Mg ha-1 

2017/2018 Glycine max 
Zea mays intercropped 

with Urochloa 
ruziziensis 

- 

†The reapplications in October 2004, 2010 and 2016 were performed when base saturation reached ≤ 
50%.  
‡ECCE: effective calcium carbonate equivalent 
§Micronutrients applied in total area 
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Table S2. Statistical parameters by ANOVA and Student's t-test at p ≤ 0.05 
significance level of experimental factors [control (no soil amendment application), lime 
(L), phosphogypsum (PG), and lime + phosphogypsum (LPG)] for soil chemical 
properties in stratified layers (0.0–1.0 m depth). 

Soil 

properties 

Soil depth (m) 

0.0–0.1 0.1–0.2 0.2–0.4 0.4–0.6 0.6–0.8 0.8–1.0 

pH <0.001 <0.001 0.0271 <0.001 0.0016 0.0048 

LSD† 0.27 0.33 0.48 0.14 0.18 0.16 

CV‡ (%) 3.32 4.51 6.98 2.10 2.76 2.59 

Ca2+ <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 

LSD 2.96 2.25 2.13 1.08 1.15 0.50 

CV (%) 4.20 5.22 5.87 5.01 9.12 5.80 

Mg2+ <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 

LSD 1.88 1.34 1.87 1.86 1.72 0.49 

CV (%) 6.59 7.64 14.4 15.3 16.5 15.4 

BS <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 

LSD 3.62 5.07 4.73 2.07 1.53 0.55 

CV (%) 4.32 7.71 9.98 6.20 6.94 4.16 

Al3+ <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 

LSD 1.16 5.94 1.61 3.18 3.83 3.97 

CV (%) 15.3 29.4 11.7 16.2 16.0 16.2 

SO4
2--S <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 

LSD 3.68 5.42 7.74 7.77 7.58 10.6 

CV (%) 10.6 12.0 12.5 11.0 9.87 13.7 

Exchangeable calcium (Ca2+), magnesium (Mg2+) and aluminum (Al3+), base saturation (BS) and sulfate 
(SO4

2--S). †Low significant difference (LSD), ‡coefficient of variation (CV) 

 
 
Table S3. Statistical parameters by ANOVA and Student's t-test at p ≤ 0.05 
significance level of experimental factors [control (no soil amendment application), lime 
(L), phosphogypsum (PG), and lime + phosphogypsum (LPG)] for soil chemical 
properties at 0.0–0.2 m depth. 

Treatments SOM P Fe Mn Cu Zn 

p value <0.001 <0.001 <0.001 <0.001 0.2023 0.0161 

LSD† 1.59 4.14 3.16 5.05 0.50 0.76 

CV‡ (%) 3.61 7.44 8.61 9.64 15.8 14.7 

Soil organic matter (SOM), phosphorus (P), iron (Fe), manganese (Mn), copper (Cu) and zinc (Zn) 
†Low significant difference (LSD), ‡coefficient of variation (CV) 
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Table S4. Statistical parameters by ANOVA and Student's t-test at p ≤ 0.05 
significance level of experimental factors [control (no soil amendment application), lime 
(L), phosphogypsum (PG), and lime + phosphogypsum (LPG) × two growing seasons] 
for maize root dry matter and root dry matter distribution in stratified layers (0.0–1.0 m 
depth). 

Treatments 
Soil depth (m) 

0.0–0.1 0.1–0.2 0.2–0.4 0.4–0.6 0.6–0.8 0.8–1.0 

 Root dry matter 

SA* (2017) <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 

LSD† 0.0652 0.0570 0.0482 0.0364 0.0338 0.0267 

SA (2018) <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 

LSD 0.0539 0.0506 0.0423 0.0320 0.0237 0.0205 

CV‡ (%; 2017) 8.54 7.55 9.75 10.90 9.04 8.39 

CV‡ (%; 2018) 6.03 5.73 7.13 7.83 6.53 7.23 

 Root dry matter distribution 

SA (2017) <0.001 <0.001 0.3454 <0.001 <0.001 <0.001 

LSD 2.28 1.73 1.35 1.49 1.37 0.96 

SA (2018) <0.001 <0.001 0.4298 <0.001 <0.001 <0.001 

LSD 3.84 2.96 1.43 1.13 1.09 0.75 

CV‡ (%; 2017) 4.27 3.17 7.68 5.58 9.37 9.67 

CV‡ (%; 2018) 6.49 3.89 8.78 7.36 11.37 8.43 

*Soil amendments (SA), †Low significant difference (LSD), ‡coefficient of variation (CV) 
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Table S5. Statistical parameters by ANOVA and Student's t-test at p ≤ 0.05 
significance level of experimental factors [control (no soil amendment application), lime 
(L), phosphogypsum (PG), and lime + phosphogypsum (LPG) × two growing seasons] 
for nutritional status of maize. 
Treatment

s 
N P K Ca Mg S Fe 

Mn Cu 
Zn 

SA* 
(2017) 

<0.00
1 

0.126
7 

0.611
7 

0.003
7 

<0.00
1 

<0.00
1 

0.023
6 

0.009
4 

0.696
7 

<0.00
1 

LSD† 3.87 0.165 2.78 1.09 1.26 0.49 74.1 5.08 4.58 17.7 

SA (2018) 
<0.00

1 
0.023

5 
0.041 

0.126
6 

<0.00
1 

<0.00
1 

0.001
6 

0.012
0 

0.115
6 

0.001
8 

LSD 3.90 0.23 2.60 0.59 1.14 0.59 41.5 5.08 2.91 16.2 
CV‡ (%; 
2017) 

7.15 4.43 8.35 21.4 20.4 11.6 21.0 13.1 22.6 17.8 

CV (%; 
2018) 

8.55 7.02 9.00 14.8 20.5 18.2 13.0 13.9 15.4 19.3 

*Soil amendments (SA), Nitrogen (N), phosphorus (P), potassium (K), calcium (Ca), magnesium (Mg), 
sulfur (S), iron (Fe), manganese (Mn), copper (Cu) and zinc (Zn). †Low significant difference (LSD), 
‡coefficient of variation (CV). 
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Table S6. Statistical parameters by ANOVA and Student's t-test at p ≤ 0.05 
significance level of experimental factors [control (no soil amendment application), lime 
(L), phosphogypsum (PG), and lime + phosphogypsum (LPG) × two growing seasons] 
for maize physiological, biochemical, and agronomic parameters. 
Treatment

s 
Chl a Chl b 

Total 

chl 
Carot A gs E ic WUE 

Rubisc

o 

SA* 

(2017) 
<0.001 

<0.00

1 

<0.00

1 

<0.00

1 

<0.00

1 

<0.00

1 

0.001

1 

<0.00

1 

<0.00

1 
- 

LSD 4.21 0.93 5.13 0.66 2.46 0.48 1.64 8.38 1.23 - 

SA (2018) <0.001 
<0.00

1 

<0.00

1 

<0.00

1 

<0.00

1 

<0.00

1 

<0.00

1 

<0.00

1 

<0.00

1 
<0.001 

LSD 3.15 0.77 3.93 0.51 1.80 0.49 0.40 9.51 0.95 0.32 

CV‡ (%; 

2017) 
20.1 20.6 20.2 10.3 5.25 11.0 19.4 7.26 11.8 - 

CV (%; 

2018) 
20.7 20.8 20.7 10.5 5.35 12.6 5.49 7.34 9.73 4.76 

           

 Sucros

e 
Susy H2O2 MDA SOD CAT GR APX SDM GY 

SA (2017) <0.001 - 
<0.00

1 

<0.00

1 

<0.00

1 

<0.00

1 

<0.00

1 

0.017

6 

<0.00

1 
<0.001 

LSD 1.46 - 0.98 1.21 5.79 0.63 0.04 0.60 1.14 0.79 

SA (2018) 0.0156 
<0.00

1 

<0.00

1 

<0.00

1 

<0.00

1 

<0.00

1 

0.002

3 

0.001

1 

<0.00

1 
<0.001 

LSD 2.34 2.64 1.30 1.59 7.94 1.23 0.34 0.29 0.30 0.21 

CV‡ (%; 

2017) 
2.38 - 5.99 6.09 8.91 11.6 15.1 9.06 9.90 7.55 

CV (%; 

2018) 
3.88 8.66 5.91 5.92 9.12 15.5 28.5 4.71 5.85 5.11 

*Soil amendments (SA), Chlorophyll a (Chl a), Chlorophyll b (Chl b), total chlorophyll (Total chl), 
carotenoids (Carot), Net photosynthesis rate (A), stomatal conductance (gs), internal CO2 concentration 
(ic), transpiration (E), water use efficiency (WUE), hydrogen peroxide (H2O2), malondialdehyde (MDA), 
superoxide dismutase (SOD), catalase (CAT), ascorbate peroxidase (APX) and glutathione reductase 
(GR), shoot dry matter (SDM) and grain yield (GY). †Low significant difference (LSD), ‡coefficient of 
variation (CV). 
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Figure S1. Leaf transpiration rate (E) in maize leaves as affected by surface-applied 
lime (L), phosphogypsum (PG), and lime + phosphogypsum (LPG) treatments. 
Different lower-case letters indicate significant differences between treatments for 
each growing season by Student's t-test at p ≤ 0.05. Error bars express the standard 
error of the mean (n = 4). 
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CHAPTER 3 
 

MODULATION OF THE SOIL MICROBIOME BY LONG-TERM CA-BASED SOIL 

AMENDMENTS BOOSTS SOIL ORGANIC CARBON AND PHYSICOCHEMICAL 

QUALITY IN A TROPICAL NO-TILL CROP ROTATION SYSTEM3 

 

Published in: Bossolani JW, Crusciol CAC, Leite MFA, et al (2021) Modulation of 

the soil microbiome by long-term Ca-based soil amendments boosts soil organic 

carbon and physicochemical quality in a tropical no-till crop rotation system. Soil Biol 

Biochem 156:. https://doi.org/10.1016/j.soilbio.2021.108188 
 

Abstract 

Unsustainable agricultural management practices such as non-conservationist tillage 

and overuse of fertilizers result in soil acidity and, in turn, soil degradation due to 

reduced carbon (C) concentrations and nutrient availability and increased aluminum 

toxicity. Application of lime (L) and phosphogypsum (PG) can overcome these 

constraints and improve soil quality, but the long-term effects of these amendments on 

both abiotic and biotic soil properties are not known, particularly when applied in 

combination. Here, we evaluated the effects of L (acidity corrective), PG (soil 

conditioner), and their combination (LPG) on soil organic matter (SOM) 

transformations, soil chemical and physical properties, and microbiome assembly in a 

long-term experiment under a no-till crop rotation system in a tropical soil. The Ca-

based soil amendments increased C concentrations (labile and stable fractions), 

improved soil physicochemical properties, and changed the associations between 

several bacterial and fungal groups. Contrary to expectations, the acidic soil amended 

with PG exhibited greater number of significant shifts in the bacterial community than 

soil amended with L or LPG, as well as higher soil bulk density. By contrast, the fungal 

community underwent greater shifts in soil amended with L or LPG, which had higher 

macroporosity. L and LPG amendment shaped the fungal community and rearranged 

the SOM fractions at similar rates, suggesting an essential role of the altered fungi in 

SOM transformation. In addition, combining L with PG increased the relevance of many 

low-abundance microorganisms, especially fungi, compared with the control, indicating 

an increase in their ecological role in the soil. Finally, by applying general joint attribute 

modeling and sensitivity analysis, we determined that soil fertility increased most in 

LPG-amended soil, as the ensuing changes in the bacterial and fungal communities 

resulted in improved SOM fractions, soil physical characteristics and, ultimately, soil 

quality. 

 

Keywords: pH; long-term field experiment; soil organic matter transformation; 

bacterial community; fungal community; tropical soil; no-till system. 

 

 
3 Chapter written in accordance with the rules of Soil Biology and Biochemistry 
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Graphical abstract 

 

 

3.1 INTRODUCTION 
 

The processes that govern soil acidification are global drivers of soil degradation 

(low productive capacity) (von Uexküll and Mutert, 1995; Gibbs and Salmon, 2015; 

Meng et al., 2019). Soil acidification is a natural phenomenon resulting from the 

weathering of parent material with low exchangeable bases [e.g., calcium (Ca2+) and 

magnesium (Mg2+)] but is worsened by unsustainable soil management practices such 

as non-conservationist tillage, overuse of ammonium-based fertilizers, removal of 

cations by crop harvesting, and release of organic acids from decomposing crop 

residues (Bian et al., 2013; Tiritan et al., 2016; Pulido-Moncada et al., 2018). The same 

agricultural mismanagement practices that worsen soil acidity and fertility also 

negatively impact soil organic matter (SOM) (Fageria and Baligar, 2008; Carmeis Filho 

et al., 2017b). Low SOM levels in soils promote leaching of cations, further contributing 
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to soil acidification and severely restricting crop production (Evans et al., 2012; 

Castellano et al., 2015; Paradelo et al., 2015; Carmeis Filho et al., 2017b). 

In addition to deteriorating abiotic soil properties (chemical and physical), soil 

acidity disrupts soil microbial community structure, abundance, activities and functions 

(Kuramae et al., 2010, 2012; Navarrete et al., 2013). The soil microbiome is one of the 

main reservoirs of diversity in the biosphere and plays an essential role in 

agroecosystem functioning, including SOM decomposition and nutrient cycling 

(Kušliene et al., 2014). Low soil pH reduces carbon (C) concentrations and nutrient 

availability and increases the toxicity of certain elements [e.g., aluminum (Al3+) and 

manganese (Mn)], thus directly affecting microbial growth (Bowman et al., 2008; Tian 

et al., 2019). Additionally, the high concentration of hydrogen (H+) in acidic soils likely 

reduces microbial biomass and physiology (Meng et al., 2019; Tian et al., 2019). 

Alleviating these deleterious effects requires sustainable agricultural practices 

that increase soil productive capacity while providing important ecosystem services, 

such as increasing the stock of nutrients and C in the soil and improving activities in 

belowground processes (De Tender et al., 2019). Liming is a traditional practice to 

mitigate the negative effects of acidity on soil and crops, particularly in tropical soils 

(Carmeis Filho et al., 2017a; Crusciol et al., 2019; Bossolani et al., 2020a, 2020b). 

Liming increases nutrient availability and provides extra nutrient inputs (i.e., Ca2+ and 

Mg2+) (Bossolani et al., 2020b), thereby improving soil fertility and resources for plant 

and microbial growth (Liu et al., 2018; Guo et al., 2019a ; Bossolani et al., 2020a; Jha 

et al., 2020).Thus, beyond neutralizing acidic soils, liming benefits soil health (Holland 

et al., 2018) to promote the grain and biomass yield of arable and grassland crops. 

Due to its low solubility, lime (L) is typically applied to the soil and subsequently 

incorporated to increase the reaction efficiency (Bossolani et al., 2018; Crusciol et al., 

2019; Fontoura et al., 2019). However, the emergence of no-till systems (NTS) has led 

to the introduction of superficial liming (lime applied to the soil surface, without 

subsequently incorporation through plowing and harrowing), the effects of which on 

soil acidity are unclear. To circumvent the limitations of superficial liming, a few recent 

studies have evaluated the application of phosphogypsum (PG, composed primarily of 

CaSO4.2H2O), a by-product of phosphoric acid production, in combination with L 

(Carmeis Filho et al., 2017b; Crusciol et al., 2019; Bossolani et al., 2020a). Unlike L, 

PG does not correct soil acidity but is more soluble in soil and can potentially reduce 
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Al3+ concentrations and increase Ca2+ availability. Thus, PG is useful as a supplement 

to improve soil quality under NTS (Zoca and Penn, 2017; Bossolani et al., 2018). 

The main challenge in using Ca-based soil amendments is achieving a balance 

between crop productivity and soil quality that provides a sustainable production 

system (Yun et al., 2016; Holland et al., 2018; Liu et al., 2018). The impacts of Ca-

based soil amendments on agriculture are wide-ranging, and previous work has 

focused on isolated effects on soil properties and short-term impacts. Short-term 

research is insufficient to assess ecosystem properties, such as soil structure, C 

stocks, and microbiota, that may take decades to stabilize, and results obtained before 

15 years have elapsed are susceptible to misinterpretation (Cusser et al., 2020). The 

few studies that have examined long-term agricultural management with L and PG 

have shown increases in soil physicochemical quality (Briedis et al., 2012; Carmeis 

Filho et al., 2018). However, we still lack an understanding of how combined Ca-based 

soil amendments (L + PG) affect soil chemical and physical factors, C sequestration, 

and microbial communities and how these soil factors are associated with and affect 

the soil microbiome.  

To address this gap, we investigated the legacy of long-term L and PG 

amendments alone or in combination in a no-tillage intercropping system by answering 

the following two questions:  

1) How did 17 years of amendment with lime, phosphogypsum or both change 

the abiotic properties (chemical and physical) and biotic communities (bacteria and 

fungi) of the soil?  

2) How were the changes in microorganisms associated with changes in soil 

chemical and physical properties?  

We hypothesized that the type of soil amendment would affect soil fertility, soil 

physical structure and soil organic matter fractions and these factors would drive 

different associations of bacterial and fungal groups. 

 

3.2 MATERIAL AND METHODS 
 

3.2.1 Field description  
 

The experiment was conducted in a 17 years-old long-term experimental field 

(Soratto and Crusciol, 2008) in Brazil (22° 83' 3" S, 48° 42' 64" W, elevation 765 m 
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above sea level). The soil is a sandy clay loam kaolinitic and thermic Typic Haplorthox 

(USDA, 2014). The soil physicochemical characteristics prior the experiment (2002) 

were soil pH (0.01 M CaCl2 suspension): 4.2, soil organic matter (SOM): 21 g kg-1; K+: 

1.2 mmolc kg-1; Ca2+: 14 mmolc kg-1; Mg2+: 5 mmolc kg-1; total acidity at pH 7 (H+Al): 

38.8 mmolc kg-1, cation exchange capacity (CEC): 58 mmolc kg-1; BS: 35%; aluminum 

saturation (AS): 65% (see the complete physicochemical characterization in Table S1). 

According to the Köppen-Geiger’s climatic classification, the region corresponds a 

mesothermic type (Cwa) with a humid subtropical dry winter and hot summer (Alvares 

et al., 2013). The long-term average (1956-2019) annual temperature is 26.1 °C 

maximum and 15.3 °C minimum with a mean annual precipitation of 1359 mm 

(Unicamp, 2020). 

 

3.2.2 Experimental setup, treatments and cropping history 
 

The experimental design was a randomized complete block with four treatments 

and four replications. The treatments were (i) natural soil conditions (control treatment 

with no lime and no phosphogypsum amendment), (ii) lime (L) (13 Mg ha-1); (iii) 

phosphogypsum (PG) (10 Mg ha-1); (iv) combined L plus PG (LPG). Fertilizer inputs 

(N-P2O5-K2O) occurred in all plots, including the control treatment, in all crops 

established in this experiment over the 17 years. A schematic graph representing the 

crop system, soil amendment application and sampling is illustrated in Fig. 1. During 

the study period (2002–2019), the treatments were applied four times (2002, 2004, 

2010 and 2016), and different crops were cultivated in season and off season from 

2002 to 2019. The treatments were applied whenever the base saturation (BS) of the 

standard treatment (exclusive L) reached value ≤ 50% in the soil (0.00–0.40 m). Soil 

fertility was monitored through annual sampling. This study had maize (Zea mays L.) 

intercropped with ruzigrass [Urochloa ruziziensis (R. Germ. & C.M. Evrard) Crins (Syn. 

Brachiaria ruziziensis Germ. & Evrard)] sown in agricultural year of 2019. Details of the 

previous crop sequences and in each reapplication, as well as the characteristics of 

the applied amendments are shown in Table S2. Since the experiment was initiated, 

the treatments were performed superficially, except for the first application in October 

2002, when no-tillage system was initiated. 
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Figure 1. Schematic graph representing the field experimental design, crop system, 
soil amendment application and sampling.   
 

The water content of L and PG amendments were determined for the 

calculations of the correct rate to be applied on soil, which calculations considering 

both amendments with 0 g kg-1 of water content. The composition of amendments 

applied in last reapplication were measured: effective calcium carbonate equivalent 

(ECCE): 69%, CaO: 310 g kg-1 and MgO: 140 g kg-1 for L and CaO: 280 g kg-1, S: 150 

g kg-1 for PG. All the calculations of recommended rate of L and PG are shown in the 

Supplementary Material and Methods. 

The bulk soil samples were collected between maize + ruzigrass rows at 0.00–

0.10 m layer from a no-till maize intercropped with ruzigrass system. The samples were 

collected at V10 phenological maize stage (Ritchie et al., 1993) in June 2019. For 

physicochemical and organic matter fractionation, samples were air-dried and sieved 

(2 mm sieve) and for molecular analysis, aliquots of 80 g fresh soil were stored at -20 

°C for subsequent DNA extraction. 

 

3.2.3 Soil sampling and analysis 
 

3.2.3.1 Soil physicochemical properties 
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Soil samples were processed according to the standard methods for Brazilian 

tropical soils (van Raij et al., 2001). Seventeen years after treatment establishment 

(there years after last treatments reapplication), ten individual soil subsamples of each 

plot were randomly taken at 0.00–0.10 m depth with a galvanized-steel probe (69-mm-

diameter) to compose the sample. The samples were separated into two subsamples: 

subsample 1 to air dry and then homogenized for further chemical analysis (except 

NO3
- and NH4

+) and subsample 2 to store at -20 oC for 15 days until NO3
- and NH4

+ 

determination could be performed. The soil pH values were measured in 0.01 M CaCl2 

(the most stable pH used in soil analysis) (van Raij et al., 2001).The exchangeable 

cations (K+, Ca2+, and Mg2+) and available P-phosphate were extracted using ion 

exchange resins and, in the extract, P was determined colorimetrically, and cations by 

atomic absorption spectrometry (Shimadzu AA-7000) (van Raij et al., 2001). Soil 

sulfur-sulfate (S-SO4
2-) extraction were performed by calcium phosphate extraction at 

0.01 mol L-1 in a 1:2.5 soil/solution ratio and later determined by the turbidimetric 

method using BaSO4 (Bardsley and Lancaster, 1960). The cationic micronutrients (Fe, 

Mn, Cu and Zn) were extracted in a mixture DTPA 0.005 M + TEA 0.1 M + CaCl2 0.01 

M, and determined by atomic absorption spectrometry (van Raij et al., 2001). The total 

acidity at pH 7.0 (H+Al) was estimated by the Shoemaker-McLean-Pratt buffer solution 

method (Shoemaker et al., 1961). The exchangeable Al3+ was extracted with neutral 1 

mol L-1 KCl at 1:10 soil/solution ratio and determined by titration with a 0.025 mol L-1 

NaOH solution. After extraction of KCl solution, the content of ammonium (NH4
+) and 

nitrate (NO3
-) was also determined by colorimetry by sodium salicylate method and 

vanadium chloride reduction respectively (Mulvaney et al., 1996). Total inorganic 

nitrogen (Ni) was obtained by summing the measured concentrations of mineral forms 

(NH4
+ and NO3

-).For the soil water-stable aggregate (WSA) analysis, undisturbed soil 

monolith samples (~ 200 g each sample) were collected and air dried, slightly sieved 

in an 8.0-mm sieve, and retained on the 4.0-mm sieve. A 25-g aliquot of the retained 

aggregate fraction (air-dried) was gently wetted by a spray-bottle with water taken to 

wet-sieving for 15 min using a nest of sieve with 4.00, 2.00, 1.00, 0.50, 0.25, and 0.105-

mm mesh sizes coupled to mechanical equipment adjusted to 31 vertical oscillations 

min-1 (Yoder, 1936). The fractions obtained (retained on each sieve) were dried in a 

forced-air oven at 42 °C for 72 h and weighed afterwards. Through the initial moisture 

content of each soil fraction and its respective weight, the values were adjusted to 0 g 

kg-1 of water (dry soil weight). These results were used to calculate the mean weight 
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diameter (MWD) according to the methodologies proposed by Kemper and Chepil 

(2015). In addition, the undisturbed soil samples were placed to gradually saturate with 

water over 48 h. Then, all saturated samples were weighed and taken to Richard’s 

pressure chamber on porous plates under -0.006 MPa tension (Klute, 1986) until they 

stabilized. Subsequently, the samples were weighed and dried in a forced-air oven at 

105 °C for 60 h. The total porosity was calculated by the difference between the 

weights of the water-saturated and dried samples. Macroporosity was determined as 

the difference between the water content of the water-saturated samples and after 

being subjected to the Richard’s pressure chamber at -0.006 MPa tension. 

Microporosity was calculated as the difference between the total porosity and 

macroporosity (Smith and Mullins, 1991). 

 

3.2.3.2 Soil organic matter physicochemical fractionation 

 

In the same soil samples used for chemical analysis, the total organic carbon 

(TOC), particulate organic carbon (POC) and mineral-associated organic carbon 

(MOC) were also determined. The TOC was measured by an elemental analyzer 

(LECO-TruSpec1 CHN, Leco Corp., St. Joseph, MI, USA). Physical fractionation of soil 

organic matter was performed according to Cambardella and Elliot (1994) method. A 

20 g of each soil sample was homogenized in 80 mL of (NaPO3)6 solution at 5 g L-1. 

During 16 h, the samples were horizontally shaken and then sieved through 0.053-mm 

mesh using deionized-water. The remaining material was dried at 40 °C in a forced-air 

oven and grounded with a porcelain mortar and pestle for homogenization. The POC 

(defined as C content in the 0.053–2 mm soil fraction) were measured via dry 

combustion with an elemental analyzer. Mineral-associated organic carbon was 

calculated using the difference between total organic carbon and particulate organic 

carbon. 

Humic substances were obtained by chemical fractionation of organic matter 

(Ciavatta et al., 1990), in which Supelite DAX-8 resin was used to separate non-

humified substances from humic fractions. In 10 g of each soil sample, the humic 

substances were extracted with 100 mL of 0.1 mol NaOH plus 0.1 mol Na4P2O7 solution 

and N2 bubbling for 2 min. The samples were shaken for 2 h at 160 oscillations min-1 

followed by centrifugation for 25 min at 14,000 RPM. The suspension was filtered in a 

0.45-mm Millipore filter and added the humin fraction. The remaining fraction (humin 
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and minerals) were stored for subsequent C analysis. The humic acid (HA) fraction 

was obtained by adding 0.5 mol H2SO4 to the filtered solution until it reached pH ≤ 2.0, 

followed by centrifugation at 9,000 RPM for 25 min; then, the precipitate was eluted in 

20 ml of 0.3 mol NaOH and the C content was determined. The fulvic acid (FA) fraction 

was determined through the previously filtered supernatant into a plastic column 

containing Supelite DAX-8 resin. The retained fraction was eluted with 20 mL of 0.5 

mol NaOH and taken to C determination. The organic carbon of humin (C-HU), humic 

acids (C-HA) and fulvic acids (C-FA) was quantified by dichromate oxidation and 

colorimetric determination of reduced chromium, following Heanes (1984), using 

sucrose (4.754 g L-1) containing 2 mg organic C mL-1. The organic carbon was 

measured by spectrophotometer at 600 nm.  

 

3.2.3.3 Soil DNA extraction 

 

Total soil DNA was extracted from 250 mg of each replicate soil sample using 

the PowerLyzer Soil DNA Isolation Kit (MOBIO laboratories, Inc.), according to 

manufacturer’s protocol. A control DNA extraction (no soil) was carried out to check 

possible contamination from soil DNA extraction kit reagents. Soil DNA quantities and 

qualities were determined using an ND-1000 spectrophotometer (Thermo Scientific, 

Wilmington, DE, USA). The extracted DNA was also visualized on 1% (w/w) sodium 

boric acid agarose gel electrophoresis. The purified DNA was stored at -80 °C until 

further analyses. 

 

3.2.3.4 Amplification, sequencing and sequence processing of 16S rRNA and ITS 

data 

 

Amplicon library preparation and high-throughput sequencing were performed 

using the DNA extracted from each soil sample. Specific regions of the gene were 

chosen for the sequencing of bacteria and fungus. For bacteria, we used the variable 

V3-V4 region amplified with forward primer 515F (5′-GTGC CAGCMGCCGCGGTAA-

3′) and the reverse primer 806R (5′-G GACTACHVGGGTWTCTAAT-3′) with sizes of 

~ 300–350 bp. For fungi, primers (5′-CTTGGTCATTTAGAGGAAGTAA-3′) as forward 

and ITS2 (5′-GCTGCGTTCTTCATCGATGC-3′) as reverse were used to amplify the 

internal transcribed spacer region (ITS).  For bacteria and fungi sequencing, primers 
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contained multiplex tags for sample identification. The samples were sequenced on 

the Illumina MiSeq System (Illumina MiSeq PE250) at McGill University and Génome 

Québec Innovation Center (Montréal, Québec, Canada). The sequences were 

deposited in the European Nucleotide Archive (ENA; https://www.ebi.ac.uk/ena) under 

the accession number PRJEB40513. The bacterial 16S rRNA and fungal ITS 

sequences were processed, demultiplexed and quality control using DADA2 pipeline 

(Callahan et al., 2017) in R environment (Team, 2015) with the “consensus” method, 

to remove any remaining chimeric and low-quality sequences. The taxonomic 

identification (with 99% of similarity) was performed using SILVA database (v. 138) 

(Quast et al., 2013) for bacterial and unite (v. 8.2) (Kõljalg et al., 2013) for fungal 

profiles; the taxonomic matrices (from amplicon sequence variant – ASV) generated 

were used for further statistical analyzes. 

 

3.2.4 Statistical Analyses  
 

All statistical analyses were conducted in R Studio version 1.3.959 running R 

version 4.02 (Team, 2015) using different packages. Generalized Joint Attribute 

Modeling (GJAM) package (Clark et al., 2017) was used to estimate the effects of Ca-

based soil amendments. From the model we extracted the regression coefficients for 

each treatment to identify shifts in the microbial community (bacteria and fungi) and 

soil factors in different treatments. Model diagnosis evaluated the Markov Chain Monte 

Carlo (MCMC) to check when the estimated coefficients reached a stable value (after 

10,000 simulations). The regression coefficients obtained were visualized via clusters 

tree using WARD distance. Same coefficients were used on PCA plot analysis to 

explore communities’ similarities between treatments plot to highlight shifts as induced 

by the different Ca-based soil amendments. Besides the intensity of the shifts in the 

relative abundance of the soil microbiome provided by the GJAM regression 

coefficients, the relevance of the different microbes for the soil community was 

evaluated in terms of the centered log-ratio (CLR) transformed abundance (Leite and 

Kuramae, 2020). CLR transformation informs the relevance of the different microbial 

groups (in our case both bacteria and fungi) as a proportion of the sample’s average. 

We used this transformation to classify the soil microbes as originally high abundant 

or low abundant based on the log-fold differences in relation to the average, which in 

the CLR-transformed data corresponds to the zero value.  
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3.3 RESULTS 

 

3.3.1 Soil physicochemical parameters  
 

The Ca-based soil amendments significantly changed (P < 0.001) all soil fertility 

parameters (Table 1; Table S3). The direct effect of L, alone or in combination with 

PG, increased pH by 45-50% and reduced Al3+ availability by ~90% compared with the 

control treatment. The cascade effects of changes in soil pH increased the availability 

of all soil macronutrients; however, the combined treatment (LPG) was more efficient 

than L alone in increasing the availability of NO3
-, NH4

+, Ca2+ and S-SO4
2-. The most 

prominent effects of the Ca-based soil amendments compared with the control were 

observed for Ca2+ availability, which increased by 4.6- and 6.2-fold when L and LPG 

were applied, respectively, and for Mg2+, which increased ~2-fold when L or LPG was 

applied. The content of S-SO4
2- increased by 1.5-, 1.2- and 2.4-fold compared with the 

control when PG, L and LPG were applied, respectively. Due to the increase in soil pH, 

the availability of micronutrients (Fe, Mn, Cu and Zn) decreased by 30-50% compared 

with the control when L or LPG was applied. The Ca-based soil amendments also 

changed soil physical attributes (Table 1, Table S3), except microporosity (mP). 

Compared with the control, applying L (alone or with PG) increased the mean weight 

diameter (MWD) of soil aggregates by 22-28% and decreased the soil bulk density 

(SBD) by 14-18%. Additionally, the soil macroporosity (MP) was 44% higher compared 

with the control when LPG was applied, while L increased MP by ~11% and PG had 

no significant effect. 
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Table 1. Soil fertility (with available nutrients) and physical parameters of soil long-
term amended with phosphogypsum (PG), lime (L) and combined lime and 
phosphogypsum (LPG) applied in soil surface. 

Different lower-case letters indicate significant differences between treatments by LSD test at p ≤ 0.05. 
†Mean weight diameter of soil aggregates (MWD), soil bulk density (SBD), microporosity (mP) and 
macroporosity (MP). 
 

3.3.2 Labile and stable C fractions and aboveground dry matter production by maize 
and ruzigrass 

 

The different lability fractions of soil organic carbon (SOC) changed significantly 

(P < 0.001) (Fig. 2; Table S3) after application of the Ca-based soil amendments four 

times over 17 years. Compared with control, LPG-amended soil presented the greatest 

increases in SOM physical fractions. Carbon present in particulate organic carbon 

(POC) increased by 35%, whereas in mineral-associated organic carbon (MOC) 

increased by 43%, and in total organic carbon (TOC) increased by 42% (Fig. 2A-C). 

Regarding to the SOM chemical fractions, humic acid (HA), fulvic acid (FA) and humin 

(HU) also changed significantly (P < 0.001) in response to Ca-based soil amendments 

(Fig. 2; Table S3). Similar increases in the C concentration from the HA and FA 

fractions were observed in L and LPG, whereas PG and the control treatments 

exhibited similar lower values of C concentration from these fractions (Fig. 2D and E). 

The C content from HU, was higher when PG was added to L (LPG), suggesting a 

synergetic effect of these two Ca-based soil amendments on SOM quality (Fig. 2F). 

Compared with the control, the C content from the HA increased by 27% in LPG and 

Soil parameters† units Control PG L LPG 

S
o
il 

fe
rt

ili
ty

 

pH (CaCl2) − 4.09 b 4.32 b 5.99 a 6.08 a 
Al3+ mmolc kg-1 11.1 a 5.78 b 1.07 b 1.00 b 
NO3

- mg kg-1 22.9 c 24.5 c 30.0 b 32.5 a 
NH4

+ mg kg-1 15.2 c 16.9 c 23.6 b 30.0 a 
P (resin) mg kg-1 26.7 c 35.4 b 47.5 a 50.2 a 
K+  mmolc kg-1 2.55 b 2.76 b 4.27 a 4.53 a 
Ca2+  mmolc kg-1 11.0 d 45.0 c 61.8 b 78.5 a 
Mg2+ mmolc kg-1 8.61 b 10.4 b 25.7 a 26.6 a 
S-SO4

2- mg kg-1 9.40 a 21.2 b 23.6 b 32.4 a 
Fe mg kg-1 38.9 a 36.1 b 19.0 c 17.3 d 
Mn mg kg-1 49.5 a 38.7 b 27.9 c 26.3 c 
Cu mg kg-1 3.00 a 2.77 b 1.80 c 1.52 d 
Zn mg kg-1 4.12 a 3.85 b 2.96 c 2.50 d 

 

      

S
o
il 

p
h
y
s
ic

s
 MWD mm 2.10 b 2.26 b 2.57 a 2.70 a 

SBD kg dm-3 1.87 a 1.71 b 1.60 c 1.54 c 
mP % 30.7 a 29.2 a 32.6 a 32.0 a 
MP % 9.60 bc 8.07 c 10.6 b 13.8 a 
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by 26% in L treatments. Carbon in FA fraction increased by 38% in LPG and 30% in 

L, whereas the C content in HU fraction, increased by 72% in LPG and 40% in L 

treatment. Interestingly, the ratios between SOM chemical fractions and TOC showed 

that the share of the HA fraction in TOC was lower in LPG treatment than in other 

treatments (Fig. 2G). The FA fraction showed lower values in PG-amended soil, while 

in the other treatments, the values were similar (Fig. 2H). On the other hand, the largest 

share of the HU fraction occurred in LPG treatment, followed by PG and L (Fig. 2I). 

Control treatment presented the lowest contribution of the HU fraction in TOC. 

Aboveground dry matter (ADM) production of maize and ruzigrass increased in 

amended soils (Fig. S1). Maize ADM increased as follows: LPG > L > PG > control 

(Fig. S1A); ruzigrass produced the same amount of ADM when L ang LPG was applied, 

both higher than that obtained in control and PG treatments, which did not differ from 

each other (Fig. S1B). 
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Figure 2. Soil organic carbon concentration from physic fractions (A) particulate 
organic carbon (POC), (B) mineral-associated organic carbon (MOC), (C) total organic 
carbon (TOC), and from chemical fractions (D) humic acid (C-HA), (E) fulvic acids (C-
FA), (F) humin (C-HU), C-HA/TOC ratio (G), C-FA/TOC ratio (H), and C-HU/TOC ratio 
(I) of the long-term soil with amendments (lime; PG, phosphogypsum; LPG, lime 
+ phosphogypsum) applied in soil surface.  

 

3.3.3 Impact of Ca-based soil amendments on the soil microbiome 

 

Sensitivity analysis was applied to determine the relative impacts of each 

treatment on different groups of dependent variables: bacterial and fungal 
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communities, SOM physical fractionation (SOM-PF), SOM chemical fractionation 

(SOM-CF), soil fertility and soil physical characteristics (Fig. 3A). In general, the 

treatments had the greatest impact on soil fertility, followed by the microbiome (bacteria 

and fungi), SOM-CF, soil physical characteristics, and SOM-PF. In addition, among all 

groups, the sensitivity values were highest in the control and LPG treatments. We also 

constructed a principal coordinate analysis (PCA) integrating the regression 

coefficients from all of the variable groups to identify similarities between the 

treatments in shifts in soil physicochemical parameters and the microbiome (Fig. 3B). 

Our analysis indicated a clear segregation of the treatments in the first two axes (83% 

of the total variation). L- and LPG-amended soils clustered together, whereas PG-

amended and control soils were positioned far from each other and from the center of 

the PCA. In terms of distance from the control, we observed higher proximity for PG 

than for L and LPG. The control and LPG showed similar levels of sensitivity (Fig. 3A), 

but L and LPG exhibited high similarity in the PCA analysis (Fig. 3B), most likely 

because they produced similar effects on the groups of variables corresponding to 

SOM fractions and soil physicochemical attributes (Fig. 2 and Table 1). 
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Figure 3. Sensitivity analysis (A), and PCA of regression coefficients (B) of bacterial 
and fungal amplicon sequence variant (ASVs), SOM physical (SOM-PF) and chemical 
(SOM-CF) fractions, soil fertility, and soil physics to the environment, according to the 
soil amendments (B). Control (C), phosphogypsum (PG), lime (L), lime 
+ phosphogypsum (LPG).  

  
For soil fertility, the differences in regression coefficients were greatest between 

the control and LPG treatments for Ca2+ and Mg2+ (Fig. 4). In PG-amended soil, Ca2+ 

increased, but Mg2+ decreased; in L-amended soil, both Ca2+ and Mg2+ increased. 

Similarly, we observed contrasting shifts between the control and LPG treatments in 

P, NH4
+, pH, S-SO4

2-, NO3
- and K+. Interestingly, the opposite pattern was observed 

for micronutrients and Al3+. Between the control and LPG treatments, the greatest 

shifts occurred in Al3+, Fe, Mn, Cu, and Zn. 
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Figure 4. Regression coefficients of only the significant responses of soil factors 
(physical and chemical fractions, soil fertility, and soil physics), bacterial and fungal 
communities according to the soil amendments. Coefficients are significant when their 
95% confidence interval do not overlap with 0. Unclassified (un).  
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Within the SOM fractions, the changes in the chemical fractions (HA, FA and 

HU) were greater than those in the physical fractions (POC, MOC and TOC). Here 

again, contrasting effects of the control and LPG treatments were observed for HU, 

FA, HA, POC, MOC, and TOC. For soil physical characteristics, the regression 

coefficients for the MP and MWD of soil aggregates increased in L- and, most notably, 

LPG-amended soils. In these same treatments, SBD decreased. Between the control 

and LPG treatments, the following shifts were obtained: MWD, SBD, MP and mP.  

The relative abundances of the microbes also responded to long-term soil 

amendment. Overall, the treatments influenced the relative abundances of 55 different 

genera of bacteria (Table S4 and S5). More than half of these bacterial genera (61.8%) 

belonged to the phyla Proteobacteria (19 genera; 34.5%) and Actinobacteria (15 

genera; 27.3%); intermediate responses of Acidobacteriota (6 genera; 10.9%), 

Chloroflexi (5 genera; 9.1%), Planctomycetota (4 genera; 7.3%), and Firmicutes (3 

genera; 5.5%) were observed. Finally, in each of the phyla Armatimonadota, 

Gemmatimonadota and Verrucomicrobiota, only one bacterial genus (1.8%) was 

affected by the treatments. The relative abundances of 25 bacterial genera increased 

and 6 genera decreased in the control. Significant changes were observed in 21 

genera in PG (20 positive shifts and 1 negative shift), 19 in L (14 positive shifts and 5 

negative shifts), and 14 in LPG (10 positive shifts and 4 negative shifts). Apart from the 

phylum Proteobacteria, which accounted for the largest number of affected genera 

considering all treatments (19 genera), the same number of genera were affected in 

the control and LPG treatments (7 genera, 36.8%). Among the remaining phyla, the 

largest number of genera affected by the control treatment belonged to the phylum 

Actinobacteria (10 genera; 66.7%), followed by the phyla Acidobacteriota (4 genera, 

66.7%), Chloroflexi (4 genera, 80%) and Planctomycetota (3 genera; 75%). In LPG-

amended soil, the same dominant phyla were affected (mostly positively), but the 

numbers of represented genera were smaller (Actinobacteria = 4 genera, 26.7%; 

Acidobacteriota = 1 genus, 16.7%; Chloroflexi = 1 genus, 20%; Planctomycetota = 1 

genus, 25%). The different Ca-based soil amendments also had unique impacts on the 

soil microbiome. Two phyla, Firmicutes and Gemmatimonadota, were significantly 

affected only by PG and the control. The control treatment positively affected one 

genus of Firmicutes, whereas PG positively affected the relative abundances of 3 

different genera of Firmicutes. Within Gemmatimonadota, only one bacterial genus 

showed significant changes as a result of the two treatments. The phylum 
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Armatimonadota was detected only in the control treatment (represented by one 

genus). Likewise, the phylum Verrucomicrobiota was exclusive to the PG treatment.  

Compared with bacteria, more fungal representatives were affected by the 

treatments. Overall, the treatments influenced the relative abundances of 57 genera 

and 75 species of fungi (Tables S4 and S6). Almost all of these fungal species (96%) 

belonged to the phyla Ascomycota (63 species; 84%) and Basidiomycota (9 species; 

12%). The phyla Mortierellomycota (2 species; 2.7%) and Chytridiomycota (1 species; 

1.3%) exhibited the smallest changes in abundance in our study. Interestingly, the LPG 

treatment had the strongest impact on the fungal community. In LPG-amended soil, 

the abundances of 24 species of fungi increased, and the relative abundances of 8 

other fungal species decreased. The control treatment had the next largest impact, 

with changes in 28 fungal species (18 positive shifts and 10 negative shifts), followed 

by the PG and L treatments, which exhibited changes in abundance of 24 species each 

(PG = 13 positive shifts and 11 negative shifts; L = 19 positive shifts and 5 negative 

shifts). LPG amendment mainly affected the phyla Ascomycota (26 species) and 

Mortierellomycota (2 species). The phylum Chytridiomycota was found only in the 

control treatment. 

 Based on the regression coefficients, the cluster analysis highlighted groups 

of variables with similar responses to the treatments, thus allowing us to identify which 

microbes followed the shifts in soil physicochemical properties (Fig. 5). First, we 

observed that the Ca-based soil amendments strongly affected most soil fertility 

variables and HU, clearly segregating them into distinct clusters (C1a-c), in agreement 

with the sensitivity analysis (Fig. 3A). In addition, we found clustering of SOM physical 

fractions (POC, MOC and TOC) with many microbes (especially fungi) in the C5 cluster 

and clustering of SOM chemical fractions (FA and HA), MWD of soil aggregates and 

K+ in the C3 cluster, suggesting positive associations between the microbes in these 

clusters and these soil properties. Although there was no clear segregation between 

bacteria and fungi, the C2 cluster showed a greater proportion of bacteria (59%) than 

fungi (39%), both of which were associated with SBD. In addition, we observed a higher 

proportion of fungi than bacteria in the C3 cluster (bacteria = 37%; fungi = 48%) 

associated with FA, HA, MWD of aggregates, and K+; the C4 cluster (bacteria = 37%; 

fungi = 61%) associated with MP; the C5 cluster (bacteria = 19%; fungi = 71) 

associated with MOC, POC, TOC, and mP; and the C6 cluster (bacteria = 30%; fungi 

= 70%) without associations with soil factors. 
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Figure 5. Similarity dendogram between regression coefficients from soil factors, 
bacterial and fungal communities to the soil amendments. Colors from circular plots 
represents the variable groups. Particulate organic carbon (POC), mineral- associated 
organic carbon (MOC), total organic carbon (TOC), humic acid (HA), fulvic acid 
(FA), humin (HU), mean weight diameter (MWD), soil bulk density 
(SBD), microporosity (mP), and macroporosity (MP), unclassified (un).  

  
In addition to examining the strengths of shifts in relative abundance in the 

microbial community, our analysis identified the relevance of the microbes affected by 

each soil amendment compared with the original soil community (control treatment) 
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(Fig. 6). Overall, the treatments influenced the relative abundances of 33 fungal 

species (belonging to 29 genera) and 15 bacterial genera. In PG-amended soil, the 

relative abundances of 6 microbes increased, among which the abundances of four 

were originally low in the control treatment (2 bacterial and 2 fungal). PG also reduced 

the abundances of 10 microbes, all fungal, of which 4 were originally low in abundance 

and 6 were abundant in the control treatment. In L-amended soil, the abundances of 

11 microbes increased (4 bacterial genera and 5 fungal species with low abundance 

originally and 2 abundant fungal species), whereas 4 other bacterial genera and 6 

fungal species that were originally abundant in the control decreased. Finally, LPG 

amendment increased the abundances of 13 microbes, represented by 2 bacterial 

genera and 9 fungal species originally with low abundance and 2 abundant fungal 

species, and decreased the relative abundances of 11 microbes, represented by 1 

bacterial genus and 1 fungal species originally with low abundance and 3 bacterial 

genera and 6 fungal species that were originally abundant in the control treatment. 

Overall, the different Ca-based soil amendments markedly altered the patterns and 

relevance of microbial community members in bulk soil. We observed a trend towards 

reducing the relevance of originally abundant microorganisms and increasing the 

relevance of low-abundance ones. For example, the relevance of Acidothermus and 

Aquisphaera increased in PG, but the relevance of Acidothermus decreased over time 

in the treatments that received L (L alone and LPG). In addition, PG increased the 

relevance of Arthrobotrys dactyloides and Chrysosporium fluviale, species with low 

abundance in the control. Notably, Mortierella, which was originally low in abundance, 

gained relevance in LPG but lost relevance in PG (negative regression coefficient). L- 

and LPG-amended soils showed similarities in the reduction of the relative abundances 

of Acidothermus and Chloroflexi 1921-2 bacteria and the fungal species Saitozyma 

podzolica, Humicola olivacea, and Fusarium acutatum. Interestingly, LPG reduced the 

relevance of Nitrobacter (originally abundant), Bradyrhizobium (bacterial genus 

originally low in abundance) and Hebeloma crustuliniforme (fungus originally low in 

abundance) but increased the relevance of MND1 and Pedomicrobium, both of which 

were low-abundance bacteria in the control treatment. 
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Figure 6. Relationship between the regression coefficient and the abundance (CLR 
transformed data) of top 30 most negative and most negative shifts from bacterial and 
fungal taxa in relation to the control treatment. Unclassified (un)  

  
3.4 DISCUSSION  

 

3.4.1 Ca-based soil amendments change soil physicochemical attributes and shape 

soil chemical and physical carbon fractions  

 

Seventeen years of soil management with amendments in a no-till intercrop 

system changed the soil physicochemical parameters as well as the amount and 

quality of SOC. Amendment with L (combined or not with PG) provided the greatest 

neutralization of soil acidic components (pH and Al3+) and increased the availability of 

macronutrients (NO3
-, NH4

+, P, K+, Ca2+, Mg2+ and S-SO4
2-), whereas LPG amendment 

efficiently increased N (NO3
- and NH4

+), Ca2+ and S-SO4
2- availability.  

Applying PG alone resulted in a small change in soil physicochemical properties 

compared with the control treatment. Although PG is not considered an acid-

neutralizing compound (Zoca and Penn, 2017; Bossolani et al., 2018), combining L 

and PG synergistically exploits L's ability to correct soil acidity and PG's ability to 
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promote Al3+ neutralization and increase Ca2+ input in the soil. Such effects are 

particularly relevant under the conditions of low Ca2+ availability found in highly 

weathered tropical soils (Carmeis Filho et al., 2017b; Crusciol et al., 2019; Bossolani 

et al., 2020a). High L inputs to the soil surface can drastically reduce the availability of 

soil micronutrients (Fe, Mn, Cu and Zn) by increasing pH (Pegoraro et al., 2006; 

Dhaliwal et al., 2019), as observed in our study, and thus PG is an efficient amendment 

that provides Ca2+ to the soil without further changing the soil pH and reducing crop 

yield (Costa and Crusciol, 2016; Bossolani et al., 2020a). 

The primary effects of L on soil fertility trigger cascading effects on soil quality 

and crop responses. We showed increases of grain and biomass productivity (in the 

form of aboveground residues and belowground root biomass) in the current study as 

well as in our previously studies, in the same experimental area (Carmeis Filho et al., 

2017b; Bossolani et al., 2020a) by L alone or in combination with PG. These 

improvements are positively correlated with increases in SOM. We observed increases 

in SOM fractions in soils amended with L or, most notably, LPG. Biomass-C input by 

aboveground dry matter production and high Ca2+ availability in amended soils are 

important for increasing C concentrations in the soil and also indicate a greater 

capacity for atmospheric C sequestration in fertile systems managed with Ca-based 

soil amendments (Inagaki et al., 2016; Carmeis Filho et al., 2017a).  

Higher biomass production from crop residues in amended soils is the main 

source of C contributing to increased SOC concentrations (Inagaki et al., 2016; 

Carmeis Filho et al., 2017b), as observed in our results.  Additionally, Ca2+ availability 

is an important ionic bridge between clay particles and SOM, resulting in greater soil 

aggregation and consequent C protection (Briedis et al., 2012; Aye et al., 2016). Thus, 

Ca2+ availability has high potential as an indicator of SOC accumulation in NTS (Briedis 

et al., 2012). Our results demonstrate synergism between L and PG, two Ca-based 

soil amendments that act via distinct mechanisms to increase nutrient availability 

without abruptly increasing pH.  

The long-term Ca-based soil amendments also affected the physical 

characteristics of the soil, with the formation of larger stable aggregates (soil aggregate 

MWD), higher MP, lower SBD and, consequently, improved soil particle structure. The 

higher Ca2+ availability in the L-amended soils (with or without PG) may have played 

an important role in the formation of stable soil aggregates, as this element is essential 

for root growth and consequent formation of colloids by the mechanical action of roots 
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and the release of root exudates (Carmeis Filho et al., 2018). Additionally, Ca2+, Fe, 

and Al3+ have been described as “persistent soil aggregating agents” that are 

responsible for binding between SOM and clay particles and the formation of organo-

mineral complexes (Tisdall and Oades, 1982; Fornara et al., 2011). As shown here 

and in our previous work (Carmeis Filho et al., 2017b), these organo-mineral 

complexes protect SOM-derived C against decomposition processes over time. 

Lime has been reported to increase microbial activity and the mineralization of 

labile organic matter (Inagaki et al., 2016), but these reports were based on studies 

carried out in agricultural systems managed with soil disturbance operations, such as 

plowing and harrowing (Aye et al., 2016; Joris et al., 2016), and not the application of 

L on the surface of tropical soils in long-term no-till crop rotation systems. In addition, 

studies associating L with higher soil respiration rates and thus consumption of SOM 

pools by microorganisms (Holland et al., 2018) considered only short-term periods. 

Under long-term effects of Ca-based soil amendments (particularly Ca-based) in no-

till crop systems, the return of biomass-C over time is high (Carmeis Filho et al., 

2017b), balancing the system with positive C turnover. During the 17-year period of 

the present study, only 4 applications of PG, L or LPG were carried out based on the 

results of soil chemical analyses performed annually as described in the Material and 

Methods section. 

Plant residues and organic compounds in soil are transformed by microbes 

(Waksman and Gerretsen, 1931; Gregorich et al., 1996; Bending et al., 2002; Hilscher 

et al., 2009; Kuramae et al., 2013; Suleiman et al., 2019), which together with soil 

physicochemical quality, strongly influence the stabilization of SOM fractions 

(Castellano et al., 2015). The fractions of labile organic carbon, i.e., POC, and stable 

organic carbon, i.e., MOC, were highest in LPG-amended soil, whereas the SOM 

chemical fractions HA, FA and HU did not differ between soil amended with L alone 

and with LPG. Our results suggest that the enhancement of SOM mineralization by L 

and LPG favors the decomposition of non-recalcitrant compounds, the synthesis of 

more stable molecules and improved SOM quality (Stevenson, 1994). By contrast, the 

content of easily microbial degradable SOM compounds (POC) in LPG-amended soil 

can further act as major available nutrients and C sources for microbial metabolic 

activity. Interestingly, PG increases the share of the HU fraction in TOC, however, it 

reduces FA. LPG-amended soil also increased the HU fraction. In both treatments, 

there is a considerable addition of Ca2+, which favor in the process of stabilizing SOM 
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and reducing the biochemical evolution of young organic compounds (Tisdall and 

Oades, 1982; Fornara et al., 2011). 

 

3.4.2 Linking the soil microbiome with the legacy of Ca-based soil amendments for 
soil quality  

 

The vast majority of studies of agricultural management practices are limited to 

examining single factors such as soil tillage (Fuentes et al., 2006; Babin et al., 2019), 

fertilizers (Dai et al., 2018; Babin et al., 2019; Tian et al., 2019), amendments (Liu et 

al., 2018; Guo et al., 2019; Pang et al., 2019) or the behavior of select groups of 

bacteria or fungi. By contrast, our study integrated generalized joint attribute modeling 

(GJAM) and data on SOM quality (SOM physical and chemical fractions), soil chemical 

attributes (soil fertility), soil physical attributes (soil physics) and the soil microbiome 

(bacterial and fungal communities). This study is the first to investigate how the surface 

application of Ca-based soil amendments (acidity corrective and/or soil conditioner) in 

a tropical no-till intercrop system over 17 years influences soil physicochemical 

properties and bacterial and fungal communities. By going beyond isolated effects of 

the Ca-based soil amendments on each of the soil attributes and the microbiome, our 

joint data analysis provides strong evidence on how Ca-based soil amendments shift 

soil factors that modulate the microbiome, which in turn plays a crucial role in shaping 

the chemical fractions of SOM, soil physical characteristics and soil physical fractions 

to ultimately increase soil quality. 

The sensitivity analysis revealed how each group of variables was affected by 

the treatments. The amendments strongly affected soil parameters, especially soil 

fertility, and LPG had the greatest impact, consistent with the results of the soil 

physicochemical analysis and the regression coefficients in GJAM. Our control 

treatment represented 17 years of standard agriculture with fertilizers and biomass-C 

inputs in all cropping seasons but without addition of L and PG amendments. This 

agricultural model has its own effects on soil chemical parameters and leads to strong 

acidification and nutrient displacement (e.g., N, P, Ca2+ and Mg2+) in the weathered 

soil of this tropical region (Fageria and Baligar, 2008). 

LPG amendment strongly impacted the soil C concentration and nutrient 

availability over the 17 years of the experiment. Interestingly, the sensitivity analysis 

showed that the responses of the bacterial and fungal communities were similar among 
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the treatments. After soil fertility, microbes were the group of variables most strongly 

affected by the amendments. This result demonstrates that long-term agriculture 

without management measures improving soil quality (i.e., without Ca-based soil 

amendments) impacts the soil microbiome, selecting specific microorganisms and 

consequently impacting the soil ecosystem services delivered by microbes. In addition, 

PCA confirmed that the changes in the soil microbiome over the 17-year period were 

greatest in the control and LPG treatments and that the treatments that received L (as 

L or LPG) were most similar in terms of changes in soil physicochemical parameters 

and the soil microbiome. Despite the similar levels of impact (sensitivity) on the 

microbiome among the treatments, distinct groups of microorganisms were selected in 

each treatment, demonstrating the capacity of each soil amendment to modulate and 

rearrange distinct soil microbial communities compared to the control. 

The low-fertility soils in the control and PG treatments favored the largest 

number of members within the phyla Actinobacteria (i.e., Acidothermus, Crossiella 

and, Jatrophihabitans), Acidobacteriota (i.e., Terracidiphilus and Acidipila) and 

Chloroflexi. These bacterial genera are known to be oligotrophic, with high resistance 

to adverse conditions (Rodrigues et al., 2013), such as acidic environments with low 

nutrient availability (Kielak et al., 2016; Kuramae and Costa, 2019) and the presence 

of heavy metals (Hemmat-Jou et al., 2018; Wang et al., 2018). These results are in 

accordance with the analyses of the soil in the control and PG treatments, that had the 

lowest pH values and nutrient availability (e.g., N, P, Ca2+ and Mg2+) and highest values 

of Al3+, Fe, Mn, Cu and Zn.  

We also observed positive shifts in the relative abundances of several genera 

of the phylum Proteobacteria in all treatments, although the specific genera differed in 

each treatment. In the control, these genera included Acidicaldus and Rhodanobacter, 

which are characteristic of acidic and oligotrophic environments and play a role in the 

cycling of metals such as Fe (Hedrich et al., 2011), and other genera related to 

nitrification (i.e., Ellin6067) (Ye et al., 2016). Interestingly, the genus 

Methylobacterium-Methylorubrum, which was previously described as a plant-

associated microorganism with beneficial roles in plant growth via changes in auxin 

and cytokinin balance (Abanda-Nkpwatt et al., 2006), was recently associated with 

parasitic potential rather than benefits in soybean plants, as it competes for nitrogen 

compounds (allantoin and allantoic acid) from biological nitrogen fixation (BNF) as a N 

source (Minami et al., 2016). At our study site, maize is intercropped with ruzigrass 
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and soybean in crop rotation, and therefore the increase of this microorganism may 

have negative effects on soybean performance; further studies are needed to confirm 

this hypothesis.  

In LPG-amended soil, interesting positive shifts were observed in the relative 

abundances of Microvirga, Labrys and Pedomicrobium, organisms that are notably 

copiotrophic, while negative shifts were observed in Bradyrhizobium and Nitrobacter, 

commonly denoted as oligotrophic (Msaddak et al., 2017; Yao et al., 2017; Moretti et 

al., 2018). These changes can be partially explained by the soil trophic level (Holland 

et al., 2018). Agricultural management with Ca-based soil amendments increases the 

availability of C and soil nutrients in three main ways: i) increased soil pH results in an 

increase in negatively loaded bridges in colloids, thereby preventing nutrient 

displacement, ii) direct input of nutrients from the Ca-based soil amendments; and iii) 

increased biomass-C yield from crop residues and nutrient cycling over time (Carmeis 

Filho et al., 2017b). Thus, Ca-based soil amendments reduce the selective pressure 

of nutrient availability on microorganisms (Dai et al., 2018; Leff et al., 2015), as 

observed for Bradyrhizobium and Nitrobacter in LPG-amended soil. The 

decomposition and recycling of organic matter is largely carried out by soil 

microorganisms capable of converting organic components into nutrients available to 

plants (Steinberger and Shore, 2009). In our previous work at the same site, we 

observed an increase in the abundance of the nifH gene in soils amended with both L 

and PG (Bossolani et al., 2020a), and therefore greater relevance of Bradyrhizobium 

in this treatment was expected. Instead, reduced relevance of Bradyrhizobium was 

observed in LPG-amended soil, suggesting that the nifH gene found previously may 

be derived from microorganisms other than Bradyrhizobium. Future studies should 

sequence specific regions of DNA related to biological nitrogen fixation (BNF) to further 

elaborate this finding. In addition, fertile soils increase plants' capacity to compete with 

microorganisms for soil resources, thereby reducing available substrates for microbial 

growth and partially explaining the reduction of the role of Nitrobacter in LPG-amended 

soil. Another explanation is that nitrification is lower in intercropping systems with grain 

crops and tropical forage grasses (Coskun et al., 2017; Bossolani et al., 2020a) like 

the one in the present study. Subbarao et al. (2015) suggested that forage grasses 

release a compound known as braquialactone that is capable of suppressing 

nitrification. 
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Interestingly, the changes in soil fertility due to LPG amendment fostered 

increases in a wide range of saprophytic fungi (soil, wood, and plant saprotrophs) that 

decompose organic matter (i.e., Preussia terricola, Albifimbria verrucaria, 

Phaeosphaeria caricis, Escovopsis kreiselii and Scytalidium circinatum). The activity 

of microorganisms on the soil surface is high due to the deposition of crop residues 

(Córdova et al., 2018). Our results showed that the long-term application of LPG on 

weathered tropical soils promoted fungal groups that increase C mineralization 

potential, thereby favoring the decomposition of non-recalcitrant compounds into 

stable C molecules and improving SOM quality. Contrary to many studies that have 

reported reduced fungal activity in soils with higher pH (Bothe, 2015; Holland et al., 

2018), we observed an increase in the participation of these microorganisms in soils 

amended with L and, in particular, LPG. The positive relationship between the 

abundance of these fungi and the amendments might be explained by the high SOC 

in these treatments obtained by the long-term no-till cropping system. Furthermore, 

remarkably, the increase in fungi was also related to the formation of larger aggregates 

(higher MWD), which made LPG-amended soil less dense (lower SBD values) and 

more porous (higher MP). Additionally, fungi had a greater role in aggregate formation 

than bacteria, corroborating the results of Bossuyt et al. (2001) for a different soil type 

and conditions. Fungi can produce metabolites (e.g., polysaccharides, glomalin and 

lipids) that increase aggregate formation (Mukerji et al., 2006). 

The locations of bacteria and fungi within soil pores are critical determinants of 

the survival and activity of these microorganisms; fungi have a preference for growing 

in macroaggregates, while bacteria prefer small pores (Ding et al., 2015). Our results 

showed greater shifts in bacteria in the control and PG-amended soils but greater shifts 

in fungi in L- and LPG-amended soils. Accordingly, the control and PG-amended soils 

had the highest SBD, whereas the L- and LPG-amended soils had the highest MP. 

Finally, we observed changes in the relevance of specific microorganisms in 

each soil amendment compared with the control. Overall, the Ca-based soil 

amendments reduced the relevance of abundant microorganisms (bacteria and fungi) 

and increased the relevance of low-abundance microorganisms. Interestingly, L and, 

in particular, LPG amendment increased the relevance of several microorganisms 

(mostly fungi) that were not abundant in the control treatment, suggesting an increase 

in the ecological role of low-abundance microorganisms. As expected, the nitrogen 

fixer Bradyrhizobium and the ectomycorrhizal fungus Hebeloma crustuliniforme, both 
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of which were naturally low in abundance in the control, became even less relevant in 

LPG-amended soil, probably due to the greater availability of nutrients in this 

treatment. Similarly, Nitrobacter, an abundant genus in the control, lost relevance in 

LPG-amended soil, suggesting reduced nitrification as observed previously by 

Bossolani et al. (2020a). With regard to fungi, increasing the relevance of less-

abundant species can benefit the agricultural system, such as Arthrobotrys 

dactyloides, a nematode-trapping fungus (Strom et al., 2019, 2020), in PG-amended 

soil and Mortierella ambigua, an opportunistic microbe of arable soils with N-rich 

organic residues in the early stages of decomposition (De Tender et al., 2019) that can 

parasitize nematode eggs (Lupatini et al., 2019), in LPG-amended soil. Interestingly, 

the bacteria genera Pedomicrobium and Proteobacteria MND1, both of which were low 

in abundance in the control but had greater relevance in the LPG treatment, have been 

reported to use hydrocarbon contaminants as a C source to oxidize and retain Fe and 

Mn in soil environments (Orcutt et al., 2011). In addition, Yao et al. (2017) found strong 

correlations of Pedomicrobium with pH, TOC and N in long-term biochar-amended 

soils. The enrichment of low-abundance microorganisms by Ca-based soil 

amendments can be beneficial for agricultural systems by promoting beneficial 

bacteria and fungi that increase soil functionality (De Tender et al., 2019; Lupatini et 

al., 2019; Suleiman et al., 2019). Most previous studies have focused on dominant taxa 

and minimized the importance of low-abundance taxa. However, recent studies have 

reported that these low-abundance taxa are major determinants of soil 

multifunctionality (Jiao et al., 2019; Wagg et al., 2019; Zhu et al., 2020). Low-

abundance bacteria and fungi are now recognized as drivers of key functions in 

agroecosystems that serve as an adverse pool to enhance both resilience and 

resistance under environmental disturbances (Jiao et al., 2019). Under favorable 

conditions, these microorganisms can eventually play important roles and provide 

unique functional traits (Jiao et al., 2019; Wagg et al., 2019). Thus, low-abundance 

microbial taxa could be a genetic reservoir that is activated under appropriate 

conditions for growth. 

 

3.5 CONCLUSIONS 
 

Our findings suggest that, in a long-term no-till intercropping system, 

amendments that neutralize acidity of the soil play a crucial role in increasing C 
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concentrations (labile and stable fractions) and soil physicochemical attributes, 

especially considering the synergism between L and PG (LPG amendment). Our 

model showed that LPG amendment increased soil fertility by promoting changes in 

the soil microbiome to improve SOM fractions and soil physical characteristics. The 

effects of L and LPG on the fungal community resulted in similar changes in SOM 

fractions (physical and chemical), suggesting important roles of these fungi in the 

transformation of SOM compounds. Finally, we observed that over 17 years, the Ca-

based soil amendments (especially LPG) increased the relevance of low-abundance 

microorganisms and reduced the relevance of other microorganisms that were 

originally abundant compared with the control treatment, suggesting an increased role 

of these low-abundance microorganisms in ecosystem functioning in these soils. 
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SUPPLEMENTARY MATERIAL 
 

Table S1. Soil physicochemical properties of the field experimental prior to experiment 
installation. 

Soil properties Depth Unit Value 

Sand 
0.00−0.20 m 

g kg-1 

545 
0.20−0.40 m 513 

Clay 
0.00−0.20 m 347 
0.20−0.40 m 360 

Silt 
0.00−0.20 m 108 
0.20−0.40 m 127 

P
o

ro
s
it
y
 Macro 

0.00−0.20 m 

m3 m-3 

4.80 
0.20−0.40 m 4.60 

Micro 
0.00−0.20 m 18.9 
0.20−0.40 m 18.3 

Total 
0.00−0.20 m 23.7 
0.20−0.40 m 22.9 

Bulk density 

0.00−0.20 m 

Mg m-3 1.13  
pH (CaCl2) – 4.20 
SOM† g kg-1 21.0 
Pavailable (resin) mg kg-1 9.20 

E
x
c
h

a
n

g
e

a
b

le
 

Ca2+ 
(resin) 

mmolc kg-1 

14.0 

Mg2+ 
(resin) 5.00 

K+ 
(resin) 1.20 

Al3+ 
(KCl) 5.60 

H+Al 36.8 

ECEC‡ 58.0 

BS§ % 37.0 

S-SO4
2- 

(Ca(H2PO4)2) 

mg kg-1 

3.65 

Fe 
(DTPA-TEA) 32.2 

Cu (DTPA-TEA) 5.00 

Mn 
(DTPA-TEA) 21.8 

Zn 
(DTPA-TEA) 1.40 

†SOM, soil organic matter; ‡ECEC,
 effective cation exchange capacity; §BS, base saturation; 
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Table S2. Crop history and the treatment application scheme throughout the 
experimental period (2002–2019). 

Crop 
season 

Sowing Crops 
Fertilizer (kg ha-1)† 

Treatment  application‡ BF TF 
N P K S Zn N 

2002/2003 
Nov. Oriza sativa 24 37 40 14 1.5 50 L: 2.7 Mg ha-1 (71% 

ECCE) 
PG: 2.1 Mg ha-1 

Apr. Avena strigosa 20 17 17 9 – – 

2003/2004 
Jan. Phaseolus vulgaris 24 37 40 14 1.5 110 L: 2.0 Mg ha-1 (71% 

ECCE) 
PG: 2.1 Mg ha-1 

Apr. Avena strigosa 8 17 17 14 – – 

2004/2005 
Nov. Arachis hypogaea 24 37 40 – 1.5 – 

– 
Apr. Avena sativa 8 17 17 14 – – 

2005/2006 
Nov. Arachis hypogaea 24 37 40 – 1.5 – 

– 
May Avena sativa 8 17 17 14 – – 

2006/2007 
Feb. 

Zea mays + 
Urochloa brizantha 

24 37 40 – – 100 
– 

- Urochloa brizantha – – – – – – 

2007/2008 
Dec. 

Zea mays + 
Urochloa brizantha 

24 37 40 – – 100 
– 

- Urochloa brizantha – – – – – – 

2008/2009 
Dec. Glycine max 10 22 42 – – – 

– 
Jun. Avena strigosa -   – – – 

2009/2010 
Oct. Glycine max 10 22 42 – – – 

– 
Mar. Sorghum vulgare -   – – – 

2010/2011 
Nov. Zea mays 30 44 50 – – 150 L: 2.0 Mg ha-1 (88% 

ECCE) 
PG: 2.1 Mg ha-1 

Apr. Crambe abyssinica 10 17 21 – – – 
Sept. Vigna unguiculata 20 26 25 – – 50 

2011/2012 
Nov. Zea mays 30 44 50 – – 150 

– May Crambe abyssinica 10 17 21 – – – 
Sept. Vigna unguiculata 30 44 50 – – 50 

2012/2013 
Jan. 

Pennisetum 
glaucum 

– – – – – – 
– 

Apr. Triticum aestivum 75 31 33 11 1.2 – 

2013/2014 
Nov. Phaseolus vulgaris 10 22 42 11 1.2 100 

– 
Mar. Triticum aestivum 75 31 33 11 1.2 – 

2014/2015 
Dec. Phaseolus vulgaris 10 22 42 11 1.2 100 

– 
Mar. Urochloa brizantha – – – – – – 

2015/2016 
- Urochloa brizantha – – – – – – 

– 
- Urochloa brizantha – – – – – – 

2016/2017 

Oct. Glycine max 10 22 42 – – – 
L: 13 Mg ha-1 (69% 

ECCE) 
PG: 10 Mg ha-1 

Mar. 
Zea mays + 

Urochloa 
ruziziensis 

24 37 40 11 – 100 

2017/2018 

Oct. Glycine max 10 22 42 – – – 

– 
Mar. 

Zea mays + 
Urochloa 

ruziziensis 
24 37 40 11 – 100 

2018/2019 

Oct. Glycine max 10 22 42 – – – 

– 
Mar. 

Zea mays + 
Urochloa 

ruziziensis 
24 37 40 11 – 100 

†BF: base fertilization and TF: topdressing fertilization; ‡L: lime, PG: phosphogypsum and ECCE: 
effective calcium-carbonate equivalent. 
Below the dotted line corresponds to the area's history after the last soil amendments reapplication 
(2016). 
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SUPPLEMENTARY MATERIAL AND METHODS 
 

- Lime and Phosphogypsum rates calculations 

The dolomitic lime rate (DLR) was calculated to increase the base saturation 

(BS) in the 0.00–0.40 m layer to 70%, by using Eq. (1), adapted from van Raij et al. 

(1997), and then, multiplied by a factor to obtain the double of the recommended dose: 

DLR (Mg ha−1) =
( (BS2 − BS1) × CEC)0.0−0.40 m 

ECCE × 10
 × 2                                                                                                 

(1) 

where BS2 is the estimated base saturation (70%); and BS1 is the base saturation 

determined by soil chemical analysis for each layer and calculated according to Eq. 

(2): 

  BS1 (%) =
(Ca2+ +Mg2+ + K+) × 100

CEC 
                                                                                                                      

(2) 

where Ca2+, Mg2+ and K+, are the contents of soil exchangeable bases, and CEC is the 

cation exchange capacity, which was calculated by Eq. (3): 

CEC (mmolckg−1) = (Ca2+  + Mg2+  + K+ + total acidity pH 7 (H + Al))            (3) 

The first three PG rates (PGR) applied (2002, 2004 and 2010) were calculated 

according to the methodology proposed by (van Raij et al., 1997) showed in Eq. (4): 

PGR (Mg−1) =
(6 × clay content)

1000
                                                                                                                 

(4) 

where clay content (g kg-1) corresponds to depth of 0.20–0.40 m. The last PG 

reapplication (2016) was calculated by Eq. (5) according to the new methodology 

proposed by (Caires and Guimarães, 2018), in order to raise Ca2+ saturation to 60% 

in the CEC at the 0.20–0.40 m soil layer: 

PGR (Mg−1) = ((0.6 × CEC) − 𝐶𝑎2+) × 0.64                                                                           

(5) 

where CEC and exchangeable Ca2+ corresponds to the depth 0.20–0.40 m. 

 

- Aboveground dry matter production 

Aboveground dry matter production of maize was determined after harvest. In 

15m2 area, plants were collected and separated of grains. The remaining straw was 

dried and subsequently weighted. Ruzigrass continued to vegetate after the corn 

harvest and its aboveground was determined two months after maize Harvest, 
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collecting 2 m2 per plot, and subsequently dried and weighted. Both dry matter 

production was converted to Mg ha-1. 
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Figure S1. Aboveground dry matter production of maize (A) and ruzigrass (B) 
cultivated in a long-term soil with amendments (lime; PG, phosphogypsum; LPG, lime 
+ phosphogypsum) applied in soil surface.  
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Table S3. Statistical parameters by ANOVA and Student's t-test at p ≤ 0.05 
significance level according to the soil amendments [control (no soil amendment 
application), lime (L), phosphogypsum (PG), and lime + phosphogypsum (LPG)] for 
soil organic matter fractions, and soil physicochemical parameters. 

Statistical parameters by ANOVA and LSD test at p ≤ 0.05. 
Particulate organic carbon (POC), mineral- associated organic carbon (MOC), total organic carbon 
(TOC), organic C in humic acid (C-HA), organic C in fulvic acid (C-FA), Organic C in humin (C-HU),  
exchangeable Al3+, nitrate (NO3-), ammonium (NH4

+), phosphorus available (P resin), exchangeable 
potassium (K+), calcium (Ca2+) and magnesium (Mg2+), sulfur-sulfate (S-SO4

2-) and available iron (Fe), 
manganese (Mn), cupper (Cu), zinc (Zn), mean weight diameter (MWD), soil bulk density (SBD), 
microporosity (mP) and macroporosity (MP). 
 

 

 

 

Statistica
l 

paramet
ers 

POC 
MO
C 

TOC 
C-
HA 

C-
FA 

C-
HU 

pH 
(CaC

l2) 
Al3+ NO3

- NH4
+ 

P 

(resin) 
K+  

Soil 
amendm
ents 

<0.0
01 

<0.0
01 

<0.0
01 

<0.0
01 

<0.0
01 

<0.0
01 

<0.0
01 

<0.0
01 

<0.0
01 

<0.0
01 

<0.0
01 

<0.0
01 

LSD 0.13 1.43 1.47 0.09 0.03 0.85 0.27 1.14 1.71 2.29 6.78 0.72 
CV (%) 7.58 7.65 7.21 0.09 9.48 5.46 3.32 15.0 3.89 6.85 10.6 12.8 
             

 Ca2+  Mg2+ 
S-

SO4
2

- 
Fe Mn Cu Zn 

MW
D 

SBD mP MP 
 

Soil 
amendm
ents 

<0.0
01 

<0.0
01 

<0.0
01 

<0.0
01 

<0.0
01 

<0.0
01 

<0.0
01 

<0.0
01 

<0.0
01 

0.26
1 

<0.0
01 

 

LSD 2.96 1.87 3.67 1.60 2.71 0.07 0.30 0.19 0.09 3.95 2.02  
CV (%) 3.77 6.60 10.6 3.6 4.77 1.97 5.59 5.01 3.54 7.93 12.0  
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Table S4. Summary of affected taxa by treatments. 

Taxa 

Number of taxa† with significant shifts 
on the relative abundance 

according to the treatments 

Distinct taxa per 
phylum  

Control PG L LPG Genus Species 

Kingdom Bacteria 31 21 19 14 55 - 

Phylum 

Acidobacteriota 4 3 3 1 6 - 

Actinobacteriota 10 4 6 4 15 - 

Armatimodota 1    1 - 

Chloroflexi 4 3 2 1 5 - 

Firmicutes 1 3   3 - 

Gemmatimodota 1 1   1 - 

Planctomycetota 3 2 1 1 4 - 

Proteobacteria 7 4 7 7 19 - 

Verrucomicrobiota 
 1   1 - 

Kingdom Fungi 28 24 24 32 57 75 

Phylum 

Ascomycota 21 22 22 26 46 63 

Basidiomycota 6 1 1 4 8 9 

Chytridiomycota 1    1 1 

Mortierellomycota 
 1 1 2 2 2 

†Genus level for bacteria, and species level for fungi; same taxa can occur simultaneously 

between treatments 
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Table S5. List of bacteria (genus level) significantly affected by treatments. 

Kingdom Phylum Class Order Family Genus 
Spec
ies 

Bacteria Acidobacteriota Blastocatellia Pyrinomodales Pyrinomodaceae RB41 un 

Bacteria Acidobacteriota 
Acidobacteria
e 

Bryobacterales Bryobacteraceae Bryobacter un 

Bacteria Acidobacteriota 
Acidobacteria
e 

Acidobacteriales 
Acidobacteriaceae 
(Subgroup_1) 

Terracidiphilus un 

Bacteria Acidobacteriota 
Acidobacteria
e 

Acidobacteriales 
Acidobacteriaceae 
(Subgroup_1) 

Acidipila un 

Bacteria Acidobacteriota 
Vicimibacteri
a 

Vicimibacterales Vicimibacteraceae Luteitalea un 

Bacteria Acidobacteriota 
Acidobacteria
e 

Acidobacteriales Koribacteraceae 
Candidatus_Koribact
er 

un 

Bacteria Actinobacteriota 
Thermoleophi
lia 

Solirubrobacterales Solirubrobacteraceae Conexibacter un 

Bacteria Actinobacteriota 
Actinobacteri
a 

Micromonosporales Micromonosporaceae Luedemannella un 

Bacteria Actinobacteriota 
Actinobacteri
a 

Frankiales Acidothermaceae Acidothermus un 

Bacteria Actinobacteriota 
Actinobacteri
a 

Frankiales Frankiaceae Jatrophihabitans un 

Bacteria Actinobacteriota 
Actinobacteri
a 

Pseudonocardiales Pseudonocardiaceae Crossiella un 

Bacteria Actinobacteriota 
Actinobacteri
a 

Kineosporiales Kineosporiaceae Quadrisphaera un 

Bacteria Actinobacteriota 
Actinobacteri
a 

Streptomycetales Streptomycetaceae Kitasatospora un 

Bacteria Actinobacteriota 
Thermoleophi
lia 

Gaiellales Gaiellaceae Gaiella un 

Bacteria Actinobacteriota 
Actinobacteri
a 

Micrococcales Micrococcaceae Sinomos un 

Bacteria Actinobacteriota 
Actinobacteri
a 

Micrococcales Microbacteriaceae Agromyces un 

Bacteria Actinobacteriota 
Rubrobacteri
a 

Rubrobacterales Rubrobacteriaceae Rubrobacter un 

Bacteria Actinobacteriota 
Actinobacteri
a 

Micrococcales Intrasporangiaceae Janibacter un 

Bacteria Actinobacteriota 
Actinobacteri
a 

Streptomycetales Streptomycetaceae Streptacidiphilus un 

Bacteria Actinobacteriota 
Actinobacteri
a 

Streptosporangiale
s 

Streptosporangiaceae Streptosporangium un 

Bacteria Actinobacteriota 
Actinobacteri
a 

Micromonosporales Micromonosporaceae Catellatospora un 

Bacteria Armatimodota 
Chthonomod
etes 

Chthonomodales Chthonomodaceae Chthonomos un 

Bacteria Chloroflexi 
Ktedonobacte
ria 

Ktedonobacterales Ktedonobacteraceae G12-WMSP1 un 

Bacteria Chloroflexi 
Ktedonobacte
ria 

Ktedonobacterales Ktedonobacteraceae 1921-2 un 

Bacteria Chloroflexi 
Ktedonobacte
ria 

Ktedonobacterales Ktedonobacteraceae HSB_OF53-F07 un 

Bacteria Chloroflexi 
Ktedonobacte
ria 

Ktedonobacterales Ktedonobacteraceae 1921-3 un 

Bacteria Chloroflexi Aerolineae SBR1031 A4b OLB13 un 

Bacteria Firmicutes Bacilli Bacillales Planococcaceae Paenisporosarci un 

Bacteria Firmicutes Negativicutes 
Veillonellales-
Selenomodales 

Sporomusaceae Aerosinus un 

Bacteria Firmicutes Clostridia Clostridiales Clostridiaceae 
Clostridium_sensu_st
ricto_1 

un 

Bacteria Gemmatimodota 
Gemmatimod
etes 

Gemmatimodales Gemmatimodaceae Roseisolibacter un 

Bacteria Planctomycetota 
Planctomycet
es 

Isosphaerales Isosphaeraceae Aquisphaera un 

Bacteria Planctomycetota 
Planctomycet
es 

Gemmatales Gemmataceae Gemmata un 

Bacteria Planctomycetota 
Planctomycet
es 

Isosphaerales Isosphaeraceae Tundrisphaera un 

Bacteria Planctomycetota 
Planctomycet
es 

Pirellulales Pirellulaceae Pirellula un 



173 
 

Bacteria Proteobacteria 
Alphaproteob
acteria 

Rhizobiales Xanthobacteraceae Nitrobacter un 

Bacteria Proteobacteria 
Alphaproteob
acteria 

Rhizobiales Xanthobacteraceae Bradyrhizobium un 

Bacteria Proteobacteria 
Alphaproteob
acteria 

Rhizobiales Beijerinckiaceae Microvirga un 

Bacteria Proteobacteria 
Gammaprote
obacteria 

Steroidobacterales Steroidobacteraceae Povalibacter un 

Bacteria Proteobacteria 
Gammaprote
obacteria 

Steroidobacterales Steroidobacteraceae Steroidobacter un 

Bacteria Proteobacteria 
Alphaproteob
acteria 

Acetobacterales Acetobacteraceae Acidicaldus un 

Bacteria Proteobacteria 
Gammaprote
obacteria 

Burkholderiales Burkholderiaceae 
Burkholderia-
Caballeronia-
Paraburkholderia 

un 

Bacteria Proteobacteria 
Gammaprote
obacteria 

Burkholderiales Comamodaceae Ramlibacter un 

Bacteria Proteobacteria 
Alphaproteob
acteria 

Rhizobiales Hyphomicrobiaceae Pedomicrobium un 

Bacteria Proteobacteria 
Alphaproteob
acteria 

Reyranellales Reyranellaceae Reyranella un 

Bacteria Proteobacteria 
Gammaprote
obacteria 

Burkholderiales Nitrosomodaceae Ellin6067 un 

Bacteria Proteobacteria 
Gammaprote
obacteria 

Burkholderiales Oxalobacteraceae Massilia un 

Bacteria Proteobacteria 
Gammaprote
obacteria 

Burkholderiales Comamodaceae Azohydromos un 

Bacteria Proteobacteria 
Gammaprote
obacteria 

Xanthomodales Rhodanobacteraceae Rhodanobacter un 

Bacteria Proteobacteria 
Gammaprote
obacteria 

Burkholderiales Nitrosomodaceae MND1 un 

Bacteria Proteobacteria 
Gammaprote
obacteria 

Xanthomodales Rhodanobacteraceae Dokdonella un 

Bacteria Proteobacteria 
Alphaproteob
acteria 

Rhizobiales Hyphomicrobiaceae Hyphomicrobium un 

Bacteria Proteobacteria 
Alphaproteob
acteria 

Rhizobiales Beijerinckiaceae 
Methylobacterium-
Methylorubrum 

un 

Bacteria Proteobacteria 
Alphaproteob
acteria 

Rhizobiales Labraceae Labrys un 

Bacteria 
Verrucomicrobiot
a 

Verrucomicro
biae 

Pedosphaerales Pedosphaeraceae ADurb.Bin063-1 un 

Unclassified (un) 
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Table S6. List of fungi (species level) significantly affected by treatments. 

Kingdo
m 

Phylum Class Order Family Genus Species 

Fungi Ascomycota Sordariomycetes Hypocreales Nectriaceae Fusarium acutatum 

Fungi Ascomycota Sordariomycetes Hypocreales 
Hypocreales_fam_Incertae 
sedis 

Acremonium persicinum 

Fungi Ascomycota Sordariomycetes Sordariales Chaetomiaceae Humicola olivacea 

Fungi Ascomycota Sordariomycetes Hypocreales Nectriaceae 
Paracremoniu
m 

inflatum 

Fungi Ascomycota Eurotiomycetes Eurotiales Aspergillaceae Penicillium raperi 

Fungi Ascomycota Sordariomycetes Hypocreales Stachybotryaceae 
Xenomyrotheci
um 

tongaense 

Fungi Ascomycota Sordariomycetes Hypocreales Nectriaceae Fusarium 
pseudensifor
me 

Fungi Ascomycota Sordariomycetes Hypocreales Stachybotryaceae Xepicula leucotricha 

Fungi Ascomycota Sordariomycetes Hypocreales Clavicipitaceae Metarhizium marquandii 

Fungi Ascomycota Sordariomycetes Hypocreales 
Hypocreales_fam_Incertae 
sedis 

Acremonium curvulum 

Fungi Ascomycota Sordariomycetes Hypocreales Nectriaceae Gibberella intricans 

Fungi Ascomycota Sordariomycetes Hypocreales Bionectriaceae Clonostachys rosea 

Fungi Ascomycota Sordariomycetes 
Chaetosphaeri
ales 

Chaetosphaeriaceae Chloridium aseptatum 

Fungi Ascomycota Sordariomycetes Hypocreales 
Hypocreales_fam_Incertae 
sedis 

Acremonium furcatum 

Fungi Ascomycota Leotiomycetes Helotiales Helotiaceae Scytalidium circitum 

Fungi Ascomycota Sordariomycetes Sordariales 
Sordariales_fam_Incertae_
sedis 

Staphylotrichu
m 

coccosporum 

Fungi Ascomycota Sordariomycetes Hypocreales Nectriaceae Sarcopodium 
circinosetifer
um 

Fungi Ascomycota Dothideomycetes Pleosporales Sporormiaceae Preussia terricola 

Fungi Ascomycota Dothideomycetes Pleosporales Didymosphaeriaceae 
Paraconiothyriu
m 

cyclothyrioid
es 

Fungi Ascomycota Dothideomycetes Pleosporales 
Pleosporales_fam_Incertae 
sedis 

Pseudorobillard
a 

phragmitis 

Fungi Ascomycota Sordariomycetes Hypocreales Hypocreaceae Trichoderma rifaii 

Fungi Ascomycota Sordariomycetes Sordariales Lasiosphaeriaceae Immersiella caudata 

Fungi Ascomycota Sordariomycetes 
Coniochaetale
s 

Coniochaetaceae Coniochaeta verticillata 

Fungi Ascomycota Sordariomycetes Hypocreales Hypocreaceae Trichoderma compactum 

Fungi Ascomycota Sordariomycetes Hypocreales Bionectriaceae Valsonectria pulchella 

Fungi Ascomycota Dothideomycetes Pleosporales Phaeosphaeriaceae Phaeosphaeria caricis 

Fungi Ascomycota Eurotiomycetes Eurotiales Aspergillaceae Aspergillus iizukae 

Fungi Ascomycota Sordariomycetes Hypocreales Clavicipitaceae Claviceps chloridicola 

Fungi Ascomycota Dothideomycetes Pleosporales Thyridariaceae Roussoella solani 

Fungi Ascomycota Eurotiomycetes Eurotiales Aspergillaceae Penicillium hetheringtonii 

Fungi Ascomycota Sordariomycetes Hypocreales Nectriaceae Volutella consors 

Fungi Ascomycota Sordariomycetes Hypocreales 
Hypocreales_fam_Incertae 
sedis 

Trichothecium 
crotocinigenu
m 

Fungi Ascomycota Sordariomycetes Glomerellales Glomerellaceae Colletotrichum aciculare 

Fungi Ascomycota Sordariomycetes Hypocreales Hypocreaceae Trichoderma turrialbense 

Fungi Ascomycota Sordariomycetes Hypocreales Nectriaceae Penicillifer 
diparietisporu
s 

Fungi Ascomycota Sordariomycetes Sordariales Chaetomiaceae Arcopilus cupreus 

Fungi Ascomycota Dothideomycetes Pleosporales Didymosphaeriaceae 
Pseudopithomy
ces 

rosae 

Fungi Ascomycota Eurotiomycetes Eurotiales Trichocomaceae Talaromyces fuscoviridis 

Fungi Ascomycota Eurotiomycetes 
Chaetothyriale
s 

Trichomeriaceae Knufia mediterranea 



175 
 

Fungi Ascomycota Sordariomycetes Sordariales Chaetomiaceae 
Acrophialophor
a 

levis 

Fungi Ascomycota Eurotiomycetes Eurotiales Trichocomaceae Talaromyces aculeatus 

Fungi Ascomycota Eurotiomycetes Eurotiales Aspergillaceae Aspergillus 
wyomingensi
s 

Fungi Ascomycota Sordariomycetes Hypocreales Stachybotryaceae Albifimbria verrucaria 

Fungi Ascomycota Sordariomycetes 
Chaetosphaeri
ales 

Chaetosphaeriaceae 
Dinemasporiu
m 

americanum 

Fungi Ascomycota Sordariomycetes Hypocreales Stachybotryaceae Stachybotrys limonispora 

Fungi Ascomycota Sordariomycetes Hypocreales Hypocreaceae Trichoderma sinuosum 

Fungi Ascomycota Sordariomycetes 
Chaetosphaeri
ales 

Chaetosphaeriaceae 
Dinemasporiu
m 

parastrigosu
m 

Fungi Ascomycota Dothideomycetes Pleosporales Didymosphaeriaceae 
Paraconiothyriu
m 

brasiliense 

Fungi Ascomycota Sordariomycetes Hypocreales Cordycipitaceae Cordyceps bassia 

Fungi Ascomycota Eurotiomycetes Eurotiales Aspergillaceae Aspergillus wentii 

Fungi Ascomycota Eurotiomycetes Eurotiales Aspergillaceae Penicillium bilaiae 

Fungi Ascomycota Sordariomycetes Hypocreales Hypocreaceae Escovopsis kreiselii 

Fungi Ascomycota Eurotiomycetes Onygeles 
Onygeles_fam_Incertae_s
edis 

Chrysosporium fluviale 

Fungi Ascomycota Dothideomycetes Pleosporales Lophiostomataceae Flabellascoma cycadicola 

Fungi Ascomycota Sordariomycetes Hypocreales Nectriaceae Fusarium cuneirostrum 

Fungi Ascomycota Eurotiomycetes Eurotiales Aspergillaceae Aspergillus caninus 

Fungi Ascomycota Dothideomycetes Pleosporales Cucurbitariaceae 
Pyrenochaetop
sis 

leptospora 

Fungi Ascomycota 
Laboulbeniomycet
es 

Pyxidiophorale
s 

Pyxidiophoraceae Pyxidiophora arvernensis 

Fungi Ascomycota Eurotiomycetes Onygeles Onygeceae Arachnotheca glomerata 

Fungi Ascomycota Eurotiomycetes Eurotiales Aspergillaceae Aspergillus 
chlamydospo
rus 

Fungi Ascomycota Sordariomycetes Hypocreales 
Hypocreales_fam_Incertae 
sedis 

Acremonium roseolum 

Fungi Ascomycota Orbiliomycetes Orbiliales Orbiliaceae Arthrobotrys dactyloides 

Fungi Ascomycota Orbiliomycetes Orbiliales Orbiliaceae Dactylella arudii 

Fungi Basidiomycota Tremellomycetes Tremellales Trimorphomycetaceae Saitozyma podzolica 

Fungi Basidiomycota Tremellomycetes Tremellales Bulleribasidiaceae Hanella oryzae 

Fungi Basidiomycota Tremellomycetes Tremellales Bulleribasidiaceae Hanella zeae 

Fungi Basidiomycota Tremellomycetes Trichosporoles Trichosporoceae Apiotrichum loubieri 

Fungi Basidiomycota Agaricomycetes Trechisporales Hydnodontaceae Trechispora bispora 

Fungi Basidiomycota Agaricomycetes Agaricales Hymenogastraceae Hebeloma 
crustuliniform
e 

Fungi Basidiomycota Tremellomycetes Trichosporoles Trichosporoceae Trichosporon insectorum 

Fungi Basidiomycota Agaricomycetes Agaricales Physalacriaceae Physalacria maipoensis 

Fungi Basidiomycota Tremellomycetes Filobasidiales Piskurozymaceae Solicoccozyma terrea 

Fungi 
Chytridiomyco
ta 

Rhizophlyctidomyc
etes 

Rhizophlyctidal
es 

Rhizophlyctidaceae Rhizophlyctis rosea 

Fungi 
Mortierellomyc
ota 

Mortierellomycetes Mortierellales Mortierellaceae Mortierella alpi 

Fungi 
Mortierellomyc
ota 

Mortierellomycetes Mortierellales Mortierellaceae Mortierella ambigua 
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CHAPTER 4 
 

LONG-TERM LIME AND GYPSUM AMENDMENT INCREASE NITROGEN 

FIXATION AND DECREASE NITRIFICATION AND DENITRIFICATION GENE 

ABUNDANCES IN THE RHIZOSPHERE AND SOIL IN A TROPICAL NO-TILL 

INTERCROPPING SYSTEM4 

 

Published in: Bossolani, J.W., Crusciol, C.A.C., Merloti, L.F., Moretti, L.G., Costa, 

N.R., Tsai, S.M., Kuramae, E.E., 2020. Long-term lime and gypsum amendment 

increase nitrogen fixation and decrease nitrification and denitrification gene 

abundances in the rhizosphere and soil in a tropical no-till intercropping system. 

Geoderma 375, 114476. doi:10.1016/j.geoderma.2020.114476 

 

Abstract 

Liming is widely used to decrease soil acidity, and the application of lime alone or in 

combination with other amendments, such as gypsum, is a viable agricultural practice 

to improve soil nutrient status and crop yield. However, the effects of applying lime and 

gypsum alone or in combination on the microbial population and N cycle in 

intercropped no-till tropical systems are largely unknown. Here, we determined the 

lasting effects of applying lime and gypsum individually or in combination on soil 

chemical properties, N uptake by intercropped plants, maize yield, archaeal and 

bacterial abundances, and N cycle genes in the maize and ruzigrass rhizospheres in 

a long-term field experiment in tropical soil with a no-till maize and forage ruzigrass 

intercropping system. Our results showed that the application of lime or lime + gypsum 

increased soil fertility and the gene abundances of microorganisms responsible for 

biological nitrogen fixation and reduced gene abundances of nitrification and 

denitrification in the soil and rhizosphere of ruzigrass and maize. The accompanying 

increases in Ca2+ and Mg2+ availability, reduced Al3+ levels, and balance of 

micronutrient availability, mainly Mn, in the soil strongly influenced the responses of N 

cycle genes and enhanced plant N-acquisition and maize yield. 

 

Keywords: Soil quality, crops, Zea mays, Urochloa ruziziensis, N cycle genes 
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Graphical abstract 

 

 

4.1 INTRODUCTION 

 

Continuous crop cultivation under tropical conditions typically leads to severe 

declines in soil quality and, consequently, lower crop productivity (Holland et al., 2018). 

Soil acidity is one of the primary factors limiting crop development and productive 

potential (FAO, 2015). Globally, approximately 50% of agricultural areas are affected 

by problems related to soil acidity (Von Uexküll and Mutert, 1995). Most of these soils 

are in tropical and subtropical regions and, due to the high degree of weathering, also 

feature low cation exchange capacity (CEC) and low base saturation (BS) (Allen et al. 

2007). In addition, these tropical acidic soils contain high levels of elements that are 

toxic to plants, such as exchangeable aluminum (Al3+) and manganese (Mn) (Caires 

et al., 2011; Crusciol et al., 2016; 2019). 

There is global interest in more sustainable soil management systems, including 

the reevaluation of existing management practices (Gibbons et al., 2014; Holland et 
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al., 2018). Liming is an extremely important agricultural practice, particularly in tropical 

soils, that neutralizes soil acidity, increases nutrient availability, supplies calcium (Ca2+) 

and magnesium (Mg2+) and relieves the toxicity of some elements, especially in the 

topsoil layers (Caires et al. 2011). To increase the efficiency of liming in tropical soils, 

agricultural gypsum can be added (Inagaki et al., 2016; Carmeis Filho et al., 2017; 

Crusciol et al., 2016). Gypsum has been widely used in the recovery of sodic soils or 

as a source for Ca and S (Zoca and Penn, 2017), but more recently, it has been widely 

applied on slightly dispersed and highly acid soils. Unlike liming, gypsum amendment 

does not correct soil acidity but provides Ca2+ and sulfur (S) and reduces Al3+ 

availability throughout the soil profile (Soratto et al., 2010; Caires et al., 2011; Carmeis 

Filho et al., 2017). The improvement in the soil profile by gypsum benefits crop root 

system development (Rosolem et al., 2017) and changes the nutrient dynamics and 

use due to the increasing nutrient cycling and nutrient uptake in agricultural systems 

(Holland et al., 2018). 

The increase in soil pH induced by liming, which directly impacts soil 

transformation processes, has been studied extensively (Zhang et al., 2017; Liu et al., 

2018; Guo et al., 2019; Pang et al., 2019). The changes induced by liming directly 

influence the nitrogen (N) supply to plants and N loss to the atmosphere via N2O 

emissions and NH3 volatilization or to groundwater by NO3
- leaching (Liu et al., 2010; 

Zhang et al., 2017).  According to Jarvis (1984) liming also promotes crop growth due 

to improved nodulation and increased N fixation through the increased abundance of 

compatible rhizobia and reduced constraints inhibiting the infection and nodulation of 

the host plant. It has been shown that liming can either improve N mineralization and 

subsequent beneficial effects on for cropping systems, including minimizing the inputs 

of nitrogen fertilizers (Holland et al., 2018). It is known that the soil microbiota 

influences soil element solubility and availability (Stiehl-Braun et al., 2011; 

Wachendorf, 2015). In addition, nutrient availability affects microbial metabolic activity 

(Navarrete et al., 2013). However, the exact mechanisms by which these parameters 

influence the associated microbial communities remain unclear.  

Studies of the long-term effects of lime and gypsum amendment on the 

composition of the microbial soil community, particularly those related to the 

abundances of N cycle, are extremely scarce. This information, particularly the long-

term effects of lime and gypsum application in agricultural soils, is essential for the 

development of sustainable management practices that avoid N losses to the 
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environment (Kemmitt et al., 2006; Liu et al., 2018). Moreover, comprehensive 

investigations of the long-term effects of liming and other soil amendment practices 

could bring important information on how to reduce the excessive use of fertilizers, due 

to improved soil quality and increase the sustainability of current nutrient management 

practices. According to Holland et al., (2018), the impact of liming results in increased 

activity of soil biota. Consequently, the rate of nutrient cycling processes is increased, 

and soil function is impacted. The interaction of the changes in soil chemistry promoted 

by lime and gypsum with the soil microbiota is an important open question, especially 

in intensive farming systems with a diversity of plants growing at the same time 

(intercropping). No-till intercropping systems are characterized by alternation between 

cash crops and forage production during the growing season with or without animal 

grazing in the off-season (Franzluebbers et al., 2019). These systems can increase 

soil quality by improving soil chemical, physical and biological properties (Pariz et al., 

2017), biodiversity conservation (Kim et al., 2020), and nutrient cycling by plants and 

soil organic matter (Franzluebbers et al., 2019) and reduce greenhouse gas emissions 

(Savian et al., 2014).  

Nitrogen can be the most limiting nutrient on the crop development in tropical 

regions. Successive grass-only cultivation can compromise the sustainability of 

agroecosystems due to soil N depletion through nutrient removal (Garcia et al., 2016). 

The amount of N required by crops varies according to the environmental conditions 

and characteristics of the plants used in rotation; however, in crop systems that include 

only grasses, such as intercropping maize and tropical grass, high amount of N is 

required (Mateus et al., 2020). These characteristics are extremely important for 

agriculture in tropical regions around the world. The sustainability of these soils 

depends on the correct soil acidity management and the input of organic matter content 

provided by crops in rotation system. 

Here, we investigated the long-term effects of lime and gypsum application on 

soil fertility and their influences on N cycle genes in the soil and rhizosphere of cover 

and cash crops in a tropical soil. To better understand these impacts in intercropped 

systems, we analyzed the rhizospheres of each plant and bulk soil separately. We 

hypothesized that the combined application of lime and gypsum would affect the 

abundances of N cycle genes in the agricultural system due to changes in soil chemical 

properties. To test this hypothesis, the following questions were addressed: (i) What 

are the main changes in properties in soil amended with lime, gypsum and lime + 
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gypsum? (ii) What are the impacts of these amendments on total archaea and bacteria 

and on the relative abundance of N cycle genes in the rhizosphere of each plant 

species and the soil? (iii) What are the main soil chemical properties that influence N 

cycle genes? (iv) How do changes in soil fertility and the N cycle affect mineral nitrogen 

availability for plant uptake and maize yield? 

 

4.2 MATERIAL AND METHODS  
 

4.2.1 Field description and sample collection  
 

A long-term lime and gypsum application field experiment was initiated in 

October 2002 at the Experimental Farm Station in Botucatu, southeast of São Paulo 

State, Brazil (22° 83' 3" S, 48° 42' 64" W, elevation 765 m above sea level). The soil 

was classified as a sandy clay loam kaolinitic and thermic Typic Haplorthox (USDA, 

2014). According to Köeppen’s classification, the climate is Cwa type, which 

corresponds to a tropical altitude with a dry winter and a hot, wet summer (Alvares et 

al., 2013). The long-term (1956-2019) average annual temperatures are 26.1 °C 

maximum and 15.3 °C minimum, with a 20.7 °C average. The annual rainfall average 

is approximately 1,360 mm (Unicamp, 2020). Climatological data during the 

experiment period were presented in Supplementary Fig. S1.  

Prior to establishing the experiment in 2002, the soil chemical properties and 

mineral soil fraction were determined (0.00–0.20 m depth), according to van Raij et al. 

(2001) and Kiehl (1979), respectively. The following results were obtained: soil organic 

matter (SOM): 21 g kg-1; pH (CaCl2): 4.2; phosphorus (Presin): 9.2 mg kg-1; 

exchangeable potassium (K+), calcium (Ca2+), and magnesium (Mg2+): 1.2, 14, and 5 

mmolc kg-1, respectively; total acidity in pH7 (H+Al): 37 mmolc kg-1, CEC: 57 mmolc kg-

1; BS: 35%; sand, silt and clay contents: 540, 110, and 350 g kg-1, respectively. In the 

subsoil (0.20–0.40 m), the clay content was 360 g kg-1. The bulk density at depth 0.00–

0.20 m was 1.128 t m-3. 

 

4.2.2 Experimental design and treatments 
 

The experiment design was a complete randomized block with four replications. 

The plots had four treatments: (i) a control (natural soil conditions; 17 years without 

soil amendment and intensive crop cultivation with fertilizer inputs); (ii) gypsum (10.0 
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Mg ha-1); (iii) lime (13.04 Mg ha-1); (iv) lime (13.04 Mg ha-1) + gypsum (10.0 Mg ha-1) 

application. A graphical scheme of the crop system and respective treatments and 

samplings are shown in Fig. 1. 

 

 

Figure 1. Schematic graphic representing the timeline of the field experiment and the 
respective treatments and sample collections. 
 

The dolomitic lime dose (DLD) was calculated to increase the base saturation 

(BS) in the topsoil (0.00–0.20 m) to 70%, according to the method of Quaggio and van 

Raij (1997), and then multiplied by a factor 2 (to obtain de double of the recommeded 

dose) as shown in Eq. (1):  

 DLD (Mg ha-1) = (CEC × (BS2 - BS1) / (10 × ECCE)) × 2                                        (1) 

where BS2 is the estimated base saturation (70%), and BS1 is the base saturation 

measured in the soil analysis as shown in Eq. (2). ECCE is the effective calcium 

carbonate equivalents.  

BS1 (%) = (Ca2+ + Mg2+ + K+) × 100/CEC                                                         (2) 

where Ca2+, Mg2+, and K+ are basic exchangeable cations (mmolc kg-1), and CEC is 

the total cation exchange capacity, calculated as shown in Eq. (3): 

CEC (mmolc kg-1) = Ca2+ + Mg2+ + K+ + (H+Al)                                               (3) 

The gypsum dose applied in 2002, 2004 and 2010 were calculated by Eq. (4) 

(Quaggio and van Raij, 1997): 
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GD (Mg ha-1) = 6 × clay content (g kg-1) / 1000                                                 (4) 

where clay content corresponds to the soil layer of 0.20 - 0.40 m. In 2016, the gypsum 

dose was calculated based on the new methodology proposed by Caires and 

Guimarães (2018), with Eq. (5): 

GD (Mg ha-1) = [(0.6 × CEC) - Ca2+)] × 0.64                                                     (5) 

where CEC and Ca2+ were calculated based on 0.20 - 0.40 m soil layer. 

 

4.2.3 Lime and gypsum application, tillage and crop management 
 

During the study period, the treatments were applied four times (2002, 2004, 

2010 and 2016) (Fig. 1). The criterion for reapplying treatments is based on annual 

assessments of soil fertility when base saturation of exclusive lime treatment reaches 

value ≤ 50%.  The present study corresponds to third year after the last reapplication 

(2016), characterized by being a long-term residual effect. Different crops were 

cultivated during the growing season and the off season from 2002 to 2019. Details of 

the previous crop sequences and lime and gypsum applications as well as the 

characteristics of these amendments are shown in Supplementary Table S1. Since the 

experiment was implemented, it was cultivated under no-tillage system (NTS) and all 

lime and gypsum applications were performed superficially, except for the first 

application in 2002, when no-tillage began.  

In March 2019 (off season), maize (Zea mays L.) was sowing intercropped with 

ruzigrass [Urochloa ruziziensis (R. Germ. & C.M. Evrard) Crins (Syn. Brachiaria 

ruziziensis Germ. & Evrard)]. Fertilization was performed at sowing time with rates of 

350 kg ha-1 of N–P2O5–K2O 08–28–16 and 100 kg N ha-1 as ammonium sulfate in 

topdressing (Cantarella et al., 1997) when maize was at V4 phenological stage  (Ritchie 

et al., 1993). The field plots consisted of 14 rows that were 9 m long and spaced 0.45 

m apart, a total plot area of 56.7 m2. Plots were separated by a space of 8 m to avoid 

contamination during treatments applications and subsequent cropping seasons. Eight 

soil subsamples per plot were randomly obtained from rhizosphere of maize and 

ruzigrass and bulk soil (between rows)to form a composite sample . Samples were 

collected when maize was at V10 phenological stage (Ritchie et al., 1993). The 

rhizosphere samples were strictly defined as the soil within 2 mm of the root surface 

(DeAngelis et al., 2009). After gently shaking the roots to remove loosely attached soil 

clumps, the rhizosphere samples were carefully collected by brushing the remaining 
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soil from the roots (Schlemper et al., 2017). The bulk soil was collected between maize 

+ ruzigrass rows at the depth 0.00–0.10 m.  

 

4.2.4 Soil chemical properties analysis 
 

Eight soil subsamples were randomly obtained at depth 0.00-0.10 m from 

useable areas of each plot to form a composite sample and were processed according 

to the standard methods for Brazilian tropical soils (van Raij et al., 2001). Samples 

were air-dried and homogenized using a 2 mm sieve. The soil organic carbon (SOC) 

was determined by the colorimetric method using a sodium dichromate solution 

according the method proposed by Heanes (1984). The pH values were measured in 

0.01 M CaCl2 (the most stable pH used in soil analysis). The exchangeable cations 

(K+, Ca2+, and Mg2+) and available P-phosphate were extracted using ion exchange 

resins and, in the extract, P as orthophosphate was determined colorimetrically, and 

cations by atomic absorption spectrometry (Shimadzu AA-7000) (van Raij et al. 2001). 

Soil sulfur-sulfate (S-SO4
2-) extraction were performed by calcium phosphate (0.01 mol 

L-1) in a 1:2.5 soil/solution ratio and later determined by the turbidimetric method using 

BaSO4 (Bardsley and Lancaster, 1960). The cationic micronutrients [iron (Fe), 

manganese (Mn), copper (Cu) and zinc (Zn)] were extracted by solution (pH 7.3) 

containing 0.005 mol L-1 of diethylenetriaminepentaacetic acid (DTPA), 0.1 mol L-1 of 

triethanolamine (TEA) and 0.01 mol L-1 of CaCl2 and determined by atomic absorption 

spectrometry. Potential acidity (H+Al) was estimated by the Shoemaker-McLean-Pratt 

buffer solution method (Shoemaker et al., 1961). The exchangeable Al3+ was extracted 

with 1 mol L-1 KCl (pH 7.0) at 1:10 soil/solution ratio, kept under agitation for 15 min 

and determined by titration with a 0.025 mol L-1 NaOH solution. After extraction, the 

content of ammonium (NH4
+) and nitrate (NO3

-) was determined by colorimetry by 

sodium salicylate method and vanadium chloride reduction, respectively (Mulvaney, 

1996; Miranda et al., 2001). Total inorganic nitrogen (Ni) was obtained by summing the 

measured concentrations of mineral forms (NH4
+ and NO3

-). 

 

4.2.5 Soil DNA extraction  
 

Total DNA extraction from 250 mg of soil sample was performed for each 

sampled point (maize and ruzigrass rhizospheres and bulk soil) using the PowerSoil 
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DNA Isolation Kit (MoBio Laboratories, Carlsbad, CA, USA), according to 

manufacturer’s protocol. DNA quality and concentration were measured using 

NanoDrop 1000 spectrophotometry (Thermo Scientific, Wilmington, DE, USA) and 1% 

sodium boric acid agarose gel electrophoresis (Brody and Kern, 2004). 

 

4.2.6 Quantitative PCR analyses 
 

The abundance of total archaea and bacteria, nitrogen fixers, nitrifiers and 

denitrifiers were estimated by quantitative PCR targeting archaeal and bacterial genes 

(16S rRNA), nitrogenase gene (nifH), ammonia monooxygenase gene (amoA) of 

archaea (AOA) and bacteria (AOB), nitrite reductase gene (nirK) and nitrous oxide 

reductase gene (nosZ), respectively. Analyses were performed using the 

StepOnePlusTM Real-Time PCR System with 96-well plates (Applied Biosystems, 

Foster City, CA, USA). Standard curves were created after serial dilutions of known 

gene quantity, amplified by PCR previously. Strains that were used to construct the 

standard curves, primers, and reaction conditions for genes amplifications are 

described in Supplementary Table S2. Analyses were performed in triplicate, and for 

each reaction was used 5μL absolute qPCR SYBR Green/ROX qPCR Master Mix (2×) 

(Abgene, Epsom, UK); 1 μL of each primer (30 μM); 1.5 μL of sterilized water, 1 μL 

template DNA and 0.5 μL bovine serum albumin (BSA; 10 mg ml-1). Analysis of melting 

curves were performed from 68 to 95°C, and all standard curves will have R2 greater 

than 0.98 as well efficiency between 98-102%. Results were analyzed using the 

StepOnePlusTM Real-Time software (Applied Biosystems, Foster City, CA, USA). 

Abundance data from each sample were transformed into the number of copies of DNA 

g soil-1. 

 

4.2.7 Determination of plant nitrogen content and crop yield 
 

At the maize flowering, phenological stage R1 (Ritchie et al., 1993), the leaf  at 

the ear base (only the central third parts) were sampled from 30 random maize plants 

within the useful area of the plot (Cantarella et al. 1997), totaling 30 leaves per plot for 

N determination (Malavolta et al. 1997). The same was done for ruzigrass plants. The 

maize grain yield (moisture content of 130 g kg-1 of water) was evaluated at harvest 

maize stage.  
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4.2.8 Statistical analysis 
 

The results were subjected to the outliers’ test followed by Anderson-Darling 

normality (Nelson et al., 1998), and to evaluate the homogeneity the Levene's test was 

applied by the Minitab statistical program. Then, the means were subjected to the 

analysis of individual variance ANOVA by the F test (p ≤ 0.05), and when there was 

significant difference, the means were compared by the LSD test (p ≤ 0.05). 

Redundancy analysis (RDA) was used to determine the correlation between nitrogeN 

cycle genes and soil chemical attributes. Forward selection (FS) and Monte Carlo 

permutation test were applied with 1000 random permutations to verify the significance 

of soil chemical properties on N cycle gene variation. RDA plots were generated using 

Canoco 4.5 (Biometrics, Wageningen, the Netherlands). We used the two-way 

PERMANOVA (Anderson, 2005) to group the treatments for similarity. The heatmap 

was performed calculating the Spearman correlation coefficients (p ≤ 0.05) to evaluate 

the relationship between relative abundance of N cycle functional genes and soil 

chemical properties. 

 

4.3 RESULTS 
 

4.3.1 Soil chemical properties 
 

The greatest change in soil chemical properties was observed in the liming 

treatment, followed by the lime + gypsum treatment (Table 1). The most notable effect 

of gypsum application on soil properties was an increase in soil S-SO4
2- levels. Lime 

increased SOM; reduced soil acidity (pH) and aluminum toxicity; increased 

exchangeable K+, Ca2+ and Mg2+ and, consequently, exchangeable bases (EB), BS 

and CEC; improved the availability of P and S-SO4
2-; and increased NO3

- and total 

inorganic nitrogen. However, liming with or without gypsum reduced the availability of 

cationic micronutrients (Fe, Mn, Cu and Zn) in the soil. 
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Table 1. Soil chemical properties 

Different lower-case letters indicate significant differences between treatments by LSD test at p ≤ 0.05. 
†Soil organic matter (SOM), nitrate (NO3-), ammonium (NH4

+), total inorganic nitrogen (Ni), phosphorus 
available (P resin), exchangeable potassium (K+), calcium (Ca2+) and magnesium (Mg2+), sulfur-sulfate 
(S-SO4

2-), exchangeable Al3+, potential acidity (H+Al), sum of exchangeable bases (EB), cation 
exchange capacity (CEC), base saturation (BS) and available iron (Fe), manganese (Mn), cupper (Cu) 
and zinc (Zn). 

 
4.3.2 N cycle functional genes (real-time PCR) 

 

Quantitative PCR based on the 16S rRNA gene was used to estimate the total 

abundance of archaea and bacteria in bulk soil and in the rhizospheres of maize and 

ruzigrass cultivated in soils under different treatments (control, gypsum, lime and lime 

+ gypsum) (Fig. 2). The total archaeal abundance was higher in the rhizospheres of 

maize (p < 0.001) and ruzigrass (p < 0.001) in the lime and lime + gypsum treatments 

than in the gypsum and control treatments (Fig. 2A, 2B). Similarly, in the bulk soil 

samples, the total archaeal abundance was higher (p < 0.001) in the lime and lime + 

gypsum treatments than in the gypsum and control treatments (Fig. 2C). For total 

bacteria, higher abundances were observed in the rhizospheres (Fig. 2D, 2E) than in 

the bulk soil (Fig. 2F). The total bacterial abundance in the ruzigrass rhizosphere was 

highest (p < 0.001) in the lime + gypsum treatment followed by the lime and gypsum 

treatments (Fig. 2E).  

Soil chemical 

properties† 
units Control Gypsum Lime 

Lime + 

Gypsum 
p value 

pH (CaCl2) - 3.75 c 4.15 b 5.99 a 6.15 a 0.001 

SOM g  kg-1 28.6 b 30.1 b 33.4 a 34.7 a 0.002 

NO3
- mg kg-1 22.9 c  24.5 c 30.0 b 32.5 a 0.001 

NH4
+ mg kg-1 20.7 b 18.3 b 29.6 ab 35.1 a 0.041 

Ni mg kg-1 43.5 b 42.8 b 59.7 a 67.6 a 0.001 

P (resin) mg  kg-1 22.9 c 39.9 b 48.0 b 63.7 a 0.001 

K+  mmolc  kg-1 3.84 a 3.57 a 3.55 a 3.01 a 0.079 

Ca2+  mmolc  kg-1 13.3 c 28.1 b 66.6 ab 81.8 a 0.001 

Mg2+ mmolc  kg-1 6.72 c 4.88 c 34.1 a 28.3 b 0.001 

S-SO4
2- mg  kg-1 12.2 b 22.8 a 14.5 b 17.3 ab 0.002 

Al3+ mmolc  kg-1 10.3 a 8.41 a 0.00 b 0.00 b 0.001 

H+Al mmolc  kg-1 65.5 a 61.8 a 21.2 b 20.0 b 0.001 

EB mmolc  kg-1 23.9 c 36.6 b 104 a 113 a 0.001 

CEC mmolc  kg-1 89.4 b 98.4 b 125 a 133 a 0.003 

BS % 26.7 c 37.2 b 83.1 a 84.9 a 0.001 

Fe mg  kg-1 33.9 a 31.7 a 29.3 ab 27.1 b 0.040 

Mn mg  kg-1 22.0 a 12.7 b 11.4 bc 9.47 c 0.001 

Cu mg  kg-1 3.76 a 2.46 b 2.15 b 1.95 b 0.005 

Zn mg  kg-1 1.36 a 1.26 a 1.00 b 1.00 b 0.002 
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Figure 2. Archaeal and bacterial 16S rRNA copy numbers in the rhizospheres of maize 
(A, D) and ruzigrass (B, E) and in bulk soil (C, F) under different treatments (control, 
gypsum, lime and lime + gypsum). Different lowercase letters indicate significant 
differences between treatments by LSD test at p ≤ 0.05. Error bars express the 
standard error of the mean (n = 12). 

 
The lime + gypsum application resulted in the greatest increase in nifH copy 

numbers compared with the control (Supplementary Fig. S2). The nifH copy number 

increased significantly (p < 0.001) in the rhizospheres of both plants (Supplementary 

Fig. S2A and S2B) under the different treatments and was highest in the lime + gypsum 

treatment, followed by the lime and gypsum treatments. In bulk soil, the abundance of 

nifH was highest (p < 0.001) in the lime and lime + gypsum treatments (Supplementary 

Fig. S2C) 

 The abundances of amoA archaeal (AOA) and amoA bacterial (AOB) genes in the 

maize rhizosphere increased (p < 0.001) in the treatments compared with the control, 

and the abundances of both genes were highest in the lime + gypsum treatment 

(Supplementary Fig. S2D and S2G). By contrast, in the ruzigrass rhizosphere, the 

abundances of AOA (p < 0.001) and AOB (p < 0.001) decreased in the lime + gypsum 

treatment. In bulk soil, the abundances of AOA (p < 0.001) were the same regardless 

of treatment (Supplementary Fig. S2F), while the abundances of AOB were lower (p < 
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0.001) in the lime and lime + gypsum treatments than in the control and gypsum 

treatments (Supplementary Fig. S2I). 

The copy numbers of nirK and nosZ, genes related to the denitrification process, 

in the maize rhizosphere did not differ (p = 0.544; p = 0.682) among the treatments 

and the control (Supplementary Fig. S2J and S2M). However, in the ruzigrass 

rhizosphere, the abundances of these two genes were lower (p < 0.001) in the lime 

and lime + gypsum treatments than in the control treatment (Supplementary Fig. S2K 

and S2N). By contrast, in bulk soil, the nirK (p < 0.001) and nosZ (p < 0.001) 

abundances showed similar decreasing patterns from the control to the gypsum, lime 

and lime + gypsum treatments (Supplementary Fig. S2L and S2O). In general, the 

increase in the abundance of phylogenetic marker genes correlated positively with the 

abundance of genes related to the N cycle (Supplementary Fig. S3). On the other hand, 

nifH was negatively correlated with denitrification genes. 

Interestingly, by calculating the relative abundances (ratio of N cycle gene copy 

numbers to 16S rRNA gene (bacterial or archaeal) copy numbers), we found that the 

relative abundance of nifH in the maize and ruzigrass rhizospheres and in bulk soil 

increased (p < 0.001) successively from the control to the gypsum, lime and lime + 

gypsum treatments (Fig. 3A-3C). The increases in nifH abundance were higher in both 

plant rhizospheres than in bulk soil. Opposite results were obtained (p < 0.001) for the 

copy numbers of genes related to nitrification (amoA AOA and amoA AOB; Fig. 3D-3I) 

and denitrification (nirK and nosZ; Fig. 3J-3O), which showed similar decreasing 

patterns from the control to the gypsum, lime, and lime + gypsum treatments. The 

decreases in the relative abundances of these genes due to liming treatment were 

observed in both rhizospheres and bulk soil.  
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Figure 3. Ratio of the copy number of N cycle functional genes to the copy number of 
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archaeal or bacterial 16S rRNA in the rhizospheres of maize (A, D, G, J, M) and 
ruzigrass (B, E, H, K, N) and in bulk soil (C, F, I, L and O) under different treatments 
(control, gypsum, lime and lime + gypsum). Different lowercase letters indicate 
significant differences between treatments by LSD test at p ≤ 0.05. Error bars express 
the standard error of the mean (n = 12). 

 
4.3.3 Redundancy analysis (RDA) and correlation between the relative abundance of 

N cycle functional genes and soil chemical properties 

 

Redundancy analysis (RDA) was performed to evaluate the soil chemical 

properties and the relative abundance of N cycle genes in the maize (Fig. 4A) and 

ruzigrass (Fig. 4B) rhizospheres and in bulk soil (Fig. 4C). The sum of the first and 

second axes explained 90.9% of the total variation of N cycle gene abundance in the 

maize rhizosphere (Fig. 4A). Axis 1 explained 85.6% of the separation of N cycle gene 

abundance into 3 main groups (PERMANOVA F = 27.61, p < 0.001): group 1, control; 

group 2, gypsum; and group 3, lime and lime + gypsum (Fig. 4A). The gene 

abundances in the maize rhizosphere in the control treatment were significantly 

different (p < 0.05) from those in the gypsum, lime and lime + gypsum treatments (Fig. 

4A). Group 2, which comprised the gypsum-only treatment, showed intermediate 

behavior between groups 1 and 3. In group 3, the N cycle gene abundance in the maize 

rhizosphere was not significantly different between the lime and lime + gypsum 

treatments. According to RDA analysis followed by Monte Carlo permutation, N cycle 

gene abundance showed significant correlations with Ca2+ (F = 78.95; p < 0.001), Mg2+ 

(F = 3.92; p = 0.027) and Mn (F = 5.38; p = 0.033). Ca2+ and Mg2+ availability was 

related to nifH abundance, while Mn was related to the abundances of AOA, AOB, nirK 

and nosZ (Fig. 4A).  
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Figure 4. Redundancy analysis (RDA) of the relative abundance of N cycle functional 
genes and soil chemical properties (A-C). The arrows indicate correlations between 
factors. The significance of these correlations was evaluated by a Monte Carlo 
permutation test and is indicated by red color (p ≤ 0.05). The dashed lines indicate 
significant clusters by permutation analysis (PERMANOVA, p ≤ 0.05). Heatmap of the 
correlation coefficients (Spearman) among the relative abundance of N cycle functional 
genes and soil chemical properties (D). Only significant correlations at p ≤ 0.05 are 
shown. 

 
In the ruzigrass rhizosphere, soil factors explained 90% of the N cycle gene 

abundance variation (Fig. 4B). Axis 1 explained 88.3% of the separation among the 

control and gypsum, lime, and lime + gypsum. In contrast to the maize rhizosphere 

(Fig. 4A), the ruzigrass rhizosphere samples were separated into four distinct groups 

by PERMANOVA analysis (p < 0.001), representing the four different treatments. The 

abundance of N cycle genes in the ruzigrass rhizosphere in the control treatment was 

significantly different (p < 0.05) from those in the gypsum, lime and lime + gypsum 

treatments (Fig. 4B). Furthermore, Monte Carlo permutation analysis showed 
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significant correlations of ruzigrass rhizosphere N cycle gene abundance with pH (F = 

237; p < 0.001), SOM (F = 6.42; p = 0.008), Ca2+ (F = 6.79; p = 0.004), CEC (F = 3.21; 

p = 0.049) and Mn availability (F = 3.67; p = 0.044). pH, SOM, exchangeable Ca2+ and 

CEC were correlated with nifH abundance, whereas Mn availability was mostly related 

to AOA, AOB, nirK and nosZ abundance (Fig. 4B).  

PERMANOVA analysis segregated the N cycle gene abundance in bulk soil into 

four groups (p < 0.001) (Fig. 3C), similar to the ruzigrass rhizosphere (Fig. 4B). Soil 

chemistry was responsible for 89.9% of the variation in N cycle gene abundance (Fig. 

4C). Monte Carlo permutation analysis showed significant correlations of N cycle gene 

abundance with pH (F = 57.2; p < 0.001), K+ (F = 5.83; p = 0.032) and BS (F = 4.72; p 

= 0.043). pH and BS were related to nifH gene abundance, and Mn availability was 

related to AOA, AOB, nirK and nosZ abundance. 

Correlation analysis of N cycle gene abundance with soil chemical factors 

showed that the improvement in soil chemical properties due to lime and/or gypsum 

amendment increased the abundances of genes related to the N cycle (Fig. 4D). 

Increases in SOM, inorganic N, P, Ca2+, Mg2+ and consequently EB, CEC and BS were 

negatively correlated with Al3+, H+Al, Fe, Mn, Cu and Zn availability (Fig. 4D).   

 

4.3.4 N content in maize and ruzigrass leaves and maize grain yield 
 

The maize (Fig. 5A) and ruzigrass (Fig. 5B) leaf nitrogen content and maize 

grain yield (Fig. 5C) increased under the individual amendments compared with the 

control, but joint application of lime and gypsum provided the largest increases. 
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Figure 5. Maize and ruzigrass leaf nitrogen content (A and B) and maize grain yield 
(C) under different treatments (control, gypsum, lime and lime + gypsum). Different 
lowercase letters indicate significant differences between treatments by LSD test at p 
≤ 0.05. Error bars express the standard error of the mean (n = 4). 

 
4.4 DISCUSSION 

 

4.4.1 Changes in soil chemical properties  

 

In general, our results showed lasting effects for at least three years after 

exclusive liming application in 2002, 2004, 2010 and 2016, with improvements in all 

soil chemical attributes, including reduced pH, exchangeable Al3+, H+Al and 

micronutrients (Fe, Mn, Cu and Zn) and greatly increased SOM, inorganic N, P, Ca2+ 

and Mg2+ availability and consequently CEC and BS compared with the control 
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treatment (Table 1). Thus, liming triggers soil buffering processes that change the 

dynamics of exchangeable cations and the dissolution of other elements. Moreover, 

as pH increases, the availability of metal ions such as Al3+ and micronutrients 

decreases, reducing possible toxic effects on plant development and microbial growth 

(Caires et al., 2011; Carmeis Filho et al., 2017). Therefore, the liming process has 

complex impacts on soil, which are reflected in a series of dependent and simultaneous 

effects and subsequent changes to soil processes (Holland et al., 2018).  

Exclusive gypsum application resulted in a small increase in soil properties 

compared with the control treatment (Table 1), in agreement with Caires et al. (2011) 

and Zoca and Penn (2017). Although gypsum does not directly affect soil pH, it 

increases P, Ca2+, S-SO4
2- and CEC availability and reduces Mn and Cu availability. 

These changes in turn increase pH due to ligand exchange reactions of S-SO4
2- with 

terminal hydroxides associated with Al and Fe oxides, which displace OH- and promote 

partial neutralization of soil acidity. The improvements in crop yield due to gypsum 

application are primarily due to the increased Ca2+ and S solubility in soil and, 

consequently, availability in plants and/or reduced Al3+ availability in soil, mainly in 

deep layers (Soratto et al., 2010). Due to the thermodynamics of ion exchange and the 

properties of Ca2+, gypsum can also potentially increase leaching losses of Mg2+ and 

K+ to deep layers (Syed-Omar and Sumner, 1991; Zoca an Penn, 2017). 

When applied separately, both lime and gypsum amendment improved soil 

fertility in our study, but the effects of lime were greater than those of gypsum, 

indicating the impossibility of replacing lime with gypsum in agricultural systems. 

However, the effects of joint application of lime and gypsum were greater than those 

of either amendment individually, particularly for N, P, Ca2+ and S-SO4
2- availability. 

The availability of other soil factors remained similar to those obtained by lime 

application only, particularly Mg2+ availability. Several studies have demonstrated that 

the effects of gypsum on soil chemical properties are smaller than those of lime (Zoca 

and Penn, 2017, Bossolani et al., 2018, Crusciol et al., 2019), mainly because gypsum 

is not an acid-neutralizing or acid-forming substance (Zoca and Penn, 2017). Thus, 

liming has the greatest effects on soil, but our work demonstrates that gypsum is an 

important complement to lime application that potentiates its effects, especially under 

tropical conditions with intensive cropping. 
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4.4.2 N cycle genes in an intercropped system with soil amendment 
 

The addition of lime and/or gypsum to soil in the no-till intercropping system 

changed the soil chemical properties and consequently had positive effects on total 

archaea, total bacteria and N cycle genes in the bulk soil and rhizospheres of both 

plant species evaluated. Gypsum increased total archaea and total bacteria, but liming 

produced the largest increases in these groups in plant rhizospheres and soil.  

The responses of N cycle genes in the rhizosphere to amendment differed 

between maize and ruzigrass, even though both plant species were cultivated under 

the same soil conditions with intercropping. Plant species can alter rhizosphere 

characteristics (for example, pH and root exudates) (Chen et al., 2019), and these 

alterations support the formation of a microhabitat (Schmidt et al., 2018) that can be 

occupied by different amounts and species of microorganisms specialized in various 

niches (Suleiman et al., 2019). The treatments with lime and/or gypsum changed soil 

nutrient availability, and these changes interacted strongly with the changes in the crop 

system induced by the plants themselves, further contributing to shaping the microbial 

community in these agroecosystems (Navarrete et al., 2013).  

The abundances of N cycle genes increased proportionally to population growth 

of archaea and bacteria (Supplementary Fig. S2 and S3), but the responses differed 

between the plant rhizospheres and bulk soil. Thus, the relative abundances of N cycle 

genes in relation to the total population of archaea and bacteria were examined to 

determine the real contribution of these genes in the microbial community according to 

the treatments employed (Fig.3). The relative abundance of nifH increased in all 

treatments compared with the control; however, exclusive liming and lime + gypsum 

amendment enhanced the abundance of this gene in the soil and plant rhizospheres 

(Supplementary Fig. S2A-S2C). Likewise, the relative abundance of nifH in relation to 

the total population of bacteria increased under the application of lime exclusively or 

lime + gypsum, indicating a high contribution of these amendments to the nitrogen-

fixing community in the soil. There was a strong correlation between soil factors and 

the relative abundance of nifH (Fig. 4D), indicating that the improvement in soil 

attributes (e.g., increases in pH and availability of Ca2+ and Mg2+ and reduced Al3+) 

increased nitrogen fixers in the microbial community. RDA enabled the identification of 

the most important soil factors for increasing the relative abundance of the nifH gene 

in each compartment evaluated in the crop system (maize and ruzigrass rhizospheres 
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and bulk soil; Fig. 4A-4C). Different species of plants vary in their recruitment of 

microorganisms, mainly due to differences in root exudates (Kuzyakov and Razavi, 

2019). nifH abundance is completely dependent on soil fertility and how each 

amendment changes soil factors. In this study, nitrogen fixers responded significantly 

to pH and base saturation, but the responses in the rhizospheres of intercropped maize 

and ruzigrass differed. Exchangeable Ca2+ and Mg2+ were the most important soil 

factors shaping the relative abundance of nifH in the maize rhizosphere, whereas in 

the ruzigrass rhizosphere, SOM, pH, exchangeable Ca2+ and CEC provided the 

greatest changes in nifH abundance.  

The low pH range in the control and gypsum treatments (Table 1) showed high 

availability of Al3+, which could be highly toxic to N fixers (Mokolobate and Haynes, 

2002; Jaiswal et al., 2018). Mg2+ is an essential cofactor for nitrogenase function and 

assists in electron transfer (Mortenson et al., 1973). Soil factors, mainly Ca2+ and Mg2+, 

have been frequently reported to increase nitrogen fixer populations in different 

agroecosystems (Wakelin et al. 2010; Mirza et al. 2014; Wang et al., 2018) and might 

explain the increase in nifH in our study. During the summer, soybean is cultivated in 

the study system; the increase in the amount of nitrogen fixers in association with 

soybean may favor higher yields, since long-term nitrogen fertilization of this 

leguminous crop has not been carried out in the area. The high abundance of nifH may 

be associated with this summer crop, however, although soybean is inoculated with 

Bradyrhizobium sp. every crop season, the amount of inoculant used is the same in all 

treatments. Hence, the difference in the abundance of nifH obtained is attributed 

exclusively to the effect of the treatments. The abundances of ammonia-oxidizing 

communities of both archaea (AOA) and bacteria (AOB) were modified by the 

application of different amendments, but distinct patterns were observed between the 

plant rhizospheres and bulk soil (Supplementary Fig. S2D-S2I). In the maize 

rhizosphere, AOA and AOB increased, whereas in the ruzigrass rhizosphere and bulk 

soil they decreased. Our data indicate a strong capacity of forage grasses to reduce 

soil nitrification compared with maize. The improvement of soil components may 

contribute to reducing soil nitrification, as evidenced by the reduction in the abundance 

of AOB in bulk soil. Interestingly, we observed decreases in the relative abundances 

of AOA and AOB in the soil regardless of plant species (maize or ruzigrass), and thus 

improving soil chemistry through lime and gypsum amendments can reduce the 

nitrification process in intercropping systems under no-till.  
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Soil factors that were positively correlated with the increases in the relative 

abundances of nitrifier and denitrifier genes were identified by RDA (Fig. 4A-4C) and 

further supported by correlation analysis (Fig. 4D). In general, high levels of 

micronutrients (mainly Mn), Al3+ and H+Al were associated with greater abundances 

of AOA, AOB, nirK and nosZ. Exclusive liming and liming + gypsum reduced the 

abundances of nirK and nosZ in the ruzigrass rhizosphere and bulk soil but not in the 

maize rhizosphere (Supplementary Fig. S2J-S2O). The relative abundances of these 

genes exhibited the same patterns (Fig. 3J-3O), and in general, the improvement of 

soil attributes correlated negatively with nitrifier and denitrifier gene abundance (Fig. 

4D). Thus, our results demonstrate that soil chemistry is an important factor linked to 

the abundance of genes related to nitrification and denitrification and that 

micronutrients are important factors in these processes.  

Generally, acidic environments favor the availability of micronutrients, which can 

be toxic to plants and microorganisms; thus, soil acidity correction is an important 

management strategy to balance the availability of these micronutrients and reduce 

the abundances of nitrifiers and denitrifiers (Liu et al., 2010). Almost every enzymatic 

pathway in the N cycle involves a metallic cofactor containing Fe, Cu or sometimes Zn 

(Godfrey and Glass, 2011). In addition, in tropical soils with low SOM, oxidation of NH4
+ 

can occur in the presence of metal oxides like manganese oxides (Swathi at al., 2017), 

which explains the strong influence of Mn in our results (Fig. 4A-4C). This element 

plays a major role in biogeochemical nitrogen cycling (Hulth et al., 1999). MnOx acts 

as a terminal electron acceptor (Lin and Taillefert, 2014) and mediates the reduction 

of NH4
+. Bru et al. (2011) and Levy-Booth et al. (2014) reported that in addition to pH, 

Mn levels were positively correlated with the abundances of nirK, nirS and nosZ genes. 

Ligi et al. (2014) demonstrated that nirK and nosZ gene abundances are most similarly 

influenced by the same environmental parameters.   

Changes in bacterial community composition have been shown to influence the 

nitrogen cycling potential of soils (Wakelin et al., 2009). These observations suggest 

that liming, regardless of gypsum addition in the present research, is an important 

strategy for efficiently reducing overall N2O emissions through nitrification and 

denitrification in crop systems that utilize nitrogen fertilizers, although different 

responses are found in several other greenhouse gases (Holland et al., 2018). An 

extensive review of the impact of liming on greenhouse gas emissions, Holland et al. 

(2018) and Kunhikrishnan et al. (2016) showed that impacts on N transformation due 
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to liming include increased CO2 flux and decreased of oxidation rates of CH4 and N2O 

emissions. Quantification of liming effect showed that there was four times decreased 

N2O emissions from a limed soil (pH 7.0) compared to a soil with pH 4.5 (Baggs et al., 

2010). Another key gaseous process is volatilization, that has been shown to increase 

by liming, which raises NH3 emissions (Sommer and Ersbøll, 1996). In terms of the 

direct net liming impact on gases flux there is evidence that liming is not a sound 

mitigation strategy (Gibbons et al., 2014) and thus, overall greenhouse gas emissions 

are increased after liming. According to Holland et al. (2018), the impacts of liming on 

greenhouse gas emissions are complex and there are markedly different potential 

changes in emissions between different gases.  

Despite the vast literature indicating that pH is the greatest determinant of 

microbial assembly (Bartram et al. 2014; Lammel et al., 2018; Holland et al., 2018), 

this study clearly shows that the increase in soil pH due to liming directly impacts many 

other soil factors that in turn directly affect microbial enzymes related to the N cycle, 

i.e., EB, CEC, BS, Al3+ and micronutrient availability. However, most studies of the N 

cycle in agricultural soils and the soil microbial community do not consider soil chemical 

factors and attach importance only to pH and SOM (Zhang et al., 2017; Liu et al., 2018; 

Holland et al., 2018). Thus, the development of sustainable crop systems in tropical 

regions is necessary to improve overall agricultural functionality (Moraes et al., 2019), 

as most tropical agricultural soils are acidic with low fertility. 

 

4.4.3 N content in maize and ruzigrass leaves and maize grain yield 
 

The high N concentration in maize and ruzigrass leaves (Fig. 4A and 4B) may 

be a consequence of the higher N availability in the soil amended with lime + gypsum 

(Table 1). Soil ameliorants such as lime can increase biological processes that govern 

the activity of soil microorganisms responsible for SOM mineralization (Kemmitt et al., 

2006; Stiehl-Braun et al., 2011; Wachendorf, 2015). The responses to liming vary 

according to the crop system and whether long-term or recent effects are examined. 

The positive effects of liming on soil fertility induce changes in soil properties and can 

promote cascade effects on soil N transformation processes (Holland et al., 2018). 

Several studies have associated liming with increased nitrification and denitrification in 

subtropical environments, but studies in tropical soils like the current study are rare. 

The research shows that repeated liming applications will increase soil N 
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mineralization (Holland et al., 2018), but the overall impact of liming will depend on 

immobilization that occur based on the C:N ratio of plant residues returned to soils and 

quality of the organic matter (Bailey, 1995; Kliemman et al., 2006; Wachendorf, 2015). 

Nitrogen is considered the nutrient that better returns to the soil-plant system through 

plant residues and can be reused by the crops in subsequent agricultural cycles 

(Hungria et al., 2015).  

Other factors must also be considered. (a) Exclusive liming or, in particular, 

gypsum addition increases the depth and volume of root system exploration (Costa et 

al., 2018), which reduces losses of N by leaching. (b) Plants growing in chemically 

fertile environments are more vigorous and can compete with microorganisms for soil 

resources, mainly N, which reduces the availability of N for nitrification and subsequent 

denitrification processes. (c) Most studies reporting increased nitrification in amended 

soils do not consider losses due to denitrification or the possibility of reduced 

nitrification in intercropping systems with grain crops and tropical grasses. Soils 

cultivated with forage grasses reduce nitrifying activity. Consequently, the residual N 

in the soil, whether from top dressing fertilization in maize or from nutrient cycling, 

remains in the form of NH4
+ and is no longer linked to soil CEC, thereby reducing losses 

by leaching and denitrification (Subbarao et al., 2015, Coskun et al., 2017).  

Finally, our findings demonstrated that liming and lime + gypsum amendment 

affect the microbiota and soil chemical properties, thereby influencing maize 

development and grain yield (Fig. 5C) through resource availability. In addition, the 

increase in nitrogen absorption by plants increases the absorption and metabolism of 

other nutrients (Marschner, 2012), which is reflected in crop yield. Understanding how 

different cultivated plants respond to these changes is of paramount importance for 

developing more productive and sustainable agricultural systems. Therefore, the 

combination of lime and gypsum can be considered an important practice to improve 

the yield capacity of acidic tropical soils managed under no-till systems (Inagaki et al., 

2016; Carmeis Filho et al., 2017).   

 

4.5 CONCLUSIONS 
 

Our results reveal how the lasting effects of long-term exclusive and joint 

application of lime and gypsum change soil chemical properties in a tropical 

intercropping no-till system and how these changes influence total prokaryotes 
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(archaea and bacteria) and genes related to the N cycle. These soil amendments 

increased soil fertility (mainly Ca2+ and Mg2+ status), reduced Al3+ availability and 

balanced the levels of soil micronutrients. The influences of these soil amendments on 

N cycle genes were similar in the rhizospheres of ruzigrass and maize and bulk soil, 

indicating that soil chemical properties provide strong selection of microorganisms and 

thus may be as relevant as the type of plant in intercropping systems. In addition, the 

improvement in soil quality led to greater N uptake by plants and higher maize yield. 

This study demonstrates that soil amendments are an important alternative for 

increasing the efficiency of nitrogen use in no-till agricultural systems and provides a 

basis for future research characterizing the active community and expression of 

functional genes of microorganisms related to the N cycle. 
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SUPPLEMENTARY MATERIAL 
 

Table S1. Crops growing and treatments application scheme during the experimental 
period (from 2002 to 2019). 

Agricultural 
year 

Season 
Treatments† 

Summer crop 
Autumn-Winter-Spring 

crop 

2002/2003 Oriza sativa Avena strigosa 
Lime: 2.7 Mg ha-1 

(71% ECCE‡) 
Gypsum: 2.1 Mg ha-1 

2003/2004 Phaseolus vulgaris Avena strigosa - 

2004/2005 Arachis hypogaea Avena sativa 
Lime: 2.0 Mg ha-1  

(71% ECCE) 
Gypsum: 2.1 Mg ha-1 

2005/2006 Arachis hypogaea Avena sativa - 

2006/2007 
Zea mays intercropped 
with Urochloa brizantha 

Urochloa brizantha 
(after Zea mays 

harvest) 
- 

2007/2008 
Zea mays intercropped 
with Urochloa brizantha 

Urochloa brizantha 
(after Zea mays 

harvest) 
- 

2008/2009 Glycine max Avena strigosa - 

2009/2010 Glycine max Sorghum vulgare - 

2010/2011 Zea mays Crambe abyssinica 
Lime: 2.0 Mg ha-1  

(88% ECCE) 
Gypsum: 2.1 Mg ha-1 

2011/2012 Zea mays Crambe abyssinica - 

2012/2013 Pennisetum glaucum Triticum aestivum - 

2013/2014 Phaseolus vulgaris Pennisetum glaucum - 

2014/2015 Phaseolus vulgaris 
Urochloa brizantha  
(1st crop season) 

- 

2015/2016 
Urochloa brizantha (cv. 

Marandu) 
(2nd crop season) 

Urochloa brizantha  
(3rd crop season) 

- 

2016/2017 Glycine max 
Zea mays intercropped 

with Urochloa 
ruziziensis 

Lime: 13.04 Mg ha-1 
(69% ECCE) 

Gypsum: 10 Mg ha-1 

2017/2018 Glycine max 
Zea mays intercropped 

with Urochloa 
ruziziensis 

- 

2018/2019 Glycine max 
Zea mays intercropped 

with Urochloa 
ruziziensis 

- 

†The reapplications in October 2004, 2010 and 2016 were performed when base saturation reached ≤ 
50%.  
‡ECCE: effective calcium carbonate equivalents 
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Table S2 - Description of primers, standards DNA and amplification conditions that 

were used in qPCR analysis 

Target Genes 
Primer

s 
DSMZ 
code† 

Sequence (5’- 3’) 
Fragment 
size (pb) 

Reference 
Conditions of 
Amplification 

P
h
y
lo

g
e
n
e
ti
c
 

M
a
rk

e
rs

 

16S rRNA 
Bacteria 

Eub 
338f 
Eub 
518r 

17167 
ACTCCTACGGGAGGCAGC

AG 
ATTACCGCGGCTGCTGG 

180 Bakke et al. (2011) 

95ºC - 10 min, 40 
cycles, 94ºC - 15 s, 
56ºC - 30 s e 72 ºC - 

45 s 

16S 
Archaea 

519F 
915R 

Environme
ntal DNA‡ 

CAGCCGCCGCGGTAA 
GTGCTCCCCCGCCAATTCC

T 
397 

Klindworth et al. 
(2013) 

95ºC - 10 min, 40 
cycles, 95ºC - 30 s, 

57ºC - 30 s e 72 ºC -
50 s 

F
u
n
c
ti
o
n

a
l 
g
e
n

e
s
 a

s
s
o
c
ia

te
d
 w

it
h
 t

h
e
 N

 c
y
c
le

 nifH - 17167 

AAA GGY GGW ATC GGY 
AAR TCC ACC AC 

TTG TTS GCS GCR TAC 
ATS GCC ATC AT 

457 
Wallenstein and 

Vilgalys, (2005) 

95ºC - 5 min, 40 
cycles, 95 ºC - 30 s, 
59ºC - 30 s e 72ºC - 
1 min e 72º C - 1 min 

 
amoA of 
Bacteria 

 

amoB 
1F 

amoB 
2F 

28437 

GGG GTT TCT ACT GGT 
GGT 

CCC CTC KGS AAA GCC 
TTC TTC 

491 
Rotthauwe et al. 

(1997) 

95ºC - 10 min, 40 
cycles, 95ºC - 45 s, 
60ºC - 45 s e 72ºC - 

45 s 
 

amoA of 
Archaea 

 

amoA1
F 

amoA 
2F 

Environme
ntal DNA 

STA ATG GTC TGG CTT 
AGA CG 

GCG GCC ATC CAT CTG 
TAT GT 

635 
Francis et al. 

(2005) 

95ºC - 5 min, 40 
cycles, 95ºC - 40 s, 
56ºC - 30 s e 72ºC - 

60 s 

 
nirK 

 

876 F 
1040 R 

30026 
ATYGGCGGVCAYGGCGA 

GCCTCGATCAGRTTRTGGT
T 

520 Henry et al. (2004) 

95ºC - 10 min, 6 
cycles, 95ºC - 15 s, 
63ºC - 30 s e 72ºC - 
40 s, 95ºC - 30 s, 38 
cycles, 58ºC - 30s, 

72ºC - 40 s 

nosZ 

nosZ 
2F 

nosZ 
2R 

17167 

CGC RAC GGC AAS AAG 
GTS MSS GT 

CAK RTG CAK SGC RTG 
GCA GAA 

267 Henry et al. (2006) 

 
95 ºC - 15s, 60 ºC - 

40s, 72 ºC - 40s 
 

†Reference code of cell catalog of the Leibniz Institute DSMZ (Deutsche Sammlung von 
Mikroorganismen und Zellkulturen GmbH), used in the construction of the standard curves for qPCR 
analysis. 
‡ The PCR products were purified using an Illustra GFX PCR DNA and Gel Band Purification Kit (GE 
Healthcare, UK) 
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Figure S1. Rainfall and maximum and minimum air temperatures during the 
experimental period. 
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Figure S2. Copy numbers of nifH, amoA of archaea, amoA of bacteria, nirK and nosZ 
in rhizospheres of maize (A, D, G, J and M), ruzigrass (B, E, H, K, N) and in bulk soil 
(C, F, I, L and O) under different treatments (control, gypsum, lime and lime + gypsum). 
Different lower-case letters indicate significant differences between treatments by LSD 
test at p ≤ 0.05. Error bars express the standard error of the mean (n = 12). 
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Figure S3. Heatmap of the correlation coefficients (Spearman) between the 
phylogenetic marker genes (16S rRNA of bacteria and archaea) and total abundance 
of N-cycle functional genes. Only significant correlations at p ≤ 0.05 are shown. 
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Abstract 

The recovery of nitrogen (N) fertilizers in the soil–plant system can be affected by soil 

fertility and biological changes caused by the surface application of lime (L) and 

phosphogypsum (PG) in no–tillage rotation systems. We aimed to assess the role of 

surface–applied L and/or PG on the fate of 15N–labeled fertilizer, chemical properties, 

microbial genes (16S rRNA of prokaryotes, AmoA, AmoB, nirK, and nosZ) and grain 

yield of maize [Zea mays L.; intercropped with ruzigrass (Urochloa ruziziensis cv. 

Comum]–soybean [Glycine max (L.) Merrill] rotation during two growing seasons. Our 

results demonstrate that L alone and, especially combined with PG (LPG treatment) 

improved soil fertility resulting in increasing crop grain yield. Moreover, the recovery of 
15N–labeled ammonium sulfate [(15NH4)2SO4] increased in maize and ruzigrass dry 

matter, but decreased in soybean grown on the residue of the first growing season. 

The highest losses of 15N–fertilizer occurred in the control and PG treatments. A large 

amount of 15N–fertilizer was found in deep layers of PG–amended soil, indicating 

leaching of fertilizer–derived 15N. Conversely, soil microbial genes revealed that the 

abundances of denitrifier genes (nirK and nosZ) increased in the control (no correctives 

applied), suggesting an increase in denitrification rates caused by the N–fertilizer 

remaining in the soil. The combination of L with PG is a clear and feasible strategy to 

increase soil fertility, 15N recovery from fertilizer, and grain yield by crops with 

consequent much lower environmental pollution by the consequences of nitrification 

and denitrification processes. 

 

 
5 Chapter written in accordance with the rules of Journal of Cleaner Production 
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Keywords: Soil amendments; Crop rotation; 15N–labeled; Nitrogen losses, Microbial 

functional genes; Nitrification; Denitrification. 

 

5.1 INTRODUCTION  

 

Agricultural production in tropical regions is constantly limited by soil acidity 

(Holland et al., 2018; Sumner and Noble, 2003). Acidification is generated by natural 

processes (e.g., weathering of source material and nutrient cycling), and 

anthropogenic activities, including agricultural mismanagement practices (Fageria and 

Nascente, 2014). Low soil pH causes a chain of negative effects on soil 

biogeochemistry (Holland et al., 2018). These detrimental effects can impair root 

growth and water and nutrient uptake, leading to yield drawbacks (Bossolani et al., 

2021a; Meng et al., 2019). To overcome this issue, the application of lime has been 

carried out for hundreds of years (Li et al., 2019). Liming is currently used to increase 

soil pH and base saturation, contributing to increase nutrient availability and 

complexing exchangeable aluminum (Al3+), which is toxic to plants (Caires et al., 2006; 

Crusciol et al., 2019). 

Until a few years ago, liming was essentially incorporated through plowing and 

harrowing under conventional till system (Santos et al., 2018). The absence of lime 

incorporation reduces the effectiveness in the acidity correction, restricting its action to 

a small soil layer around the lime particles (Soratto and Crusciol, 2008). With the 

advent of the no–till systems, lime has been applied on the soil surface without 

incorporation, what conditions limit the reaction of lime to topsoil (Bossolani et al., 

2022; Costa et al., 2018). Subsoil effects by liming are frequently reported but depend 

on soil texture, lime rate (Tiritan et al., 2016), time after application (Carmeis Filho et 

al., 2017a), and the management of the no–till system (Soratto and Crusciol, 2008). 

To increase the efficiency of surface liming, studies have emerged combining lime with 

phosphogypsum (Bossolani et al., 2022, 2021; Soratto and Crusciol, 2008). 

Phosphogypsum is the residue of the phosphoric acid industry and is basically 

composed of calcium sulfate (CaSO4·2H2O), about 200 times more soluble than lime 

(Zoca and Penn, 2017). The dissociation of phosphogypsum in the soil releases 

calcium (Ca2+) and sulfate (SO4
2––S) (Caires and Guimarães, 2018). Sulfate forms 

ligands with Al3+, making it unavailable and allowing root growth to deep layers. In 

addition, root decomposition creates biopores that increase lime mobility throughout 
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the soil profile (Tiritan et al., 2016). For this reason, PG acts as an important 

complement to lime (Bossolani et al., 2021a). 

In addition to improving soil chemical properties, several studies have reported 

a strong influence of lime and PG on soil physics (Carmeis Filho et al., 2017b) and 

biological properties (Bossolani et al., 2021b, 2020). On the other hand, there are 

scarce studies that have assessed the interaction between soil amendments with 

nitrogen (N) fertilizers (Crusciol et al., 2022). Lime and PG can also alter the efficiency 

of N–fertilizers in agricultural fields since soil amendments application affects 

microbially–mediated N reactions and N dynamics in the soil–plant system (Holland et 

al., 2018; Shi et al., 2017). The rise in soil pH following liming also has cascading 

effects on soil N transformation processes (J. Liu et al., 2018). N–fertilizers are one of 

the most expensive inputs for crop production and when used improperly (i.e., under– 

or overfertilization), limit the maximum performance of crops and/or pollute the 

environment (Ashitha et al., 2021; Fageria and Nascente, 2014).  

The reaction of ammonium–based fertilizers can lead to soil acidification as a 

result of nitrification (Yang et al., 2021). Therefore, the application of lime and PG in 

association with ammonium–based fertilizers can neutralize the acidifying effect, 

stimulate nitrification in acidic soils and improve N–fertilizer uptake by crops (Garbuio 

et al., 2011). To mitigate N losses from the system (e.g., leaching, volatilization, N2O 

emission, etc), N–recovery by plants should be increased as much as possible. 

Therefore, the application of lime and PG is a way to enhance the root growth to deeper 

horizons where fertilizer–derived N can be vertically displaced (Weligama et al., 2010). 

After harvest, crop residues become a temporary N pool that can be accessed by crops 

grown in sequence through their decomposition and mineralization, decreasing N 

losses from fertilizer (Yang et al., 2021). 

Research related to understanding the dynamics of N in tropical agricultural 

systems, especially based on crop rotation between grasses and legumes is incipient. 

Moreover, the recovery of residual N–fertilizer [applied to maize (Zea mays L.) 

intercropped with forage grass] by soybean [Glycine max (L.) Merrill] remains unclear, 

especially when soil amendments are associated with N–fertilizers. Here we 

hypothesized that crops (maize + ruzigrass, and soybean in rotation) established in 

soils broadcasted with lime and PG recover a greater amount of 15N–fertilizer than 

when established in acidic soils, which results in less N loss to the environment. To 

test this hypothesis, we examined the effects of the surface application of lime (L), 
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combined or not with phosphogypsum (PG) on maize (intercropped with ruzigrass)–

soybean rotation on (i) soil fertility (ii) biomass and grain yield by the crops (iii) 15N 

recovery in the soil–plant system, and (iv) abundance of N–cycle genes. 

 

5.2 MATERIAL AND METHODS 
 

5.2.1 Site description 
 

A long–term (18 years) field experiment [registered by the Global Long Term 

Agricultural Experiments Network (GLTEN), Rothamsted Research, UK; 

https://www.glten.org/experiments/62] set in Botucatu, São Paulo State, Brazil 

(22°83′3′′ S, 4°42′64′′ W, 765 m a.s.l.) was used in this study. This experiment is based 

on surface applications of lime (L) and/or phosphogypsum (PG) in an agricultural 

system with crop rotation under no–till. According to the Köppen–Geiger’s climate 

classification system, the climate in this region is classified as mesothermic type (Cwa), 

with a humid subtropical zone, presenting dry winters and hot summers. The average 

(1,956–2,020) annual precipitation is ~1,360 mm, whereas the mean annual air 

temperature ranged from 15.3 to 26.1 °C. The climatic conditions during the 

experimental period are in Fig. 1A. The soil from the experimental area is a sandy clay 

loam kaolinitic thermic Typic Haplorthox (particle size composition: 347 g kg–1 clay, 

108 g kg–1 silt, and 545 g kg–1 sand; Soil Survey Staff, 2014). Prior to establishment of 

the study (2002), initial soil properties were determined at 0–20 cm depth according to 

van Raij et al. (2001): soil pH (CaCl2) 4.2; soil organic C (SOC) 12.2 g kg–1; Presin 9.2 

mg kg–1; exchangeable K 1.2 mmolc kg–1; exchangeable Ca2+ 14 mmolc kg–1; 

exchangeable magnesium Mg 5 mmolc kg–1; total acidity at pH 7.0 (H+Al) 37 mmolc 

kg–1, cation exchange capacity (CEC) 57 mmolc kg–1; base saturation (BS) 35%; and 

Al saturation (AS) 65%. In addition, the clay content at the 20–40 cm soil depth was 

determined (360 g kg–1) for PG rate calculation. 
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Figure 1. Weather conditions (A), main activities during experimental period (A and 
B), and schematic representation of the plot, 15N–labeled fertilizer microplot, in addition 
to the 15N–fertilizer distribution (~3 cm from the maize row), sampling area, and sowing 
of soybean on the residues of maize + ruzigrass (C). 
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5.2.2 Experimental design and field management 

 

Four different treatments with four replicates each were tested in a randomized 

complete block design. The plot sizes were 57 m2 (9.0 × 6.3 m). Treatments were (i) 

control (no soil amendments applied); (ii) exclusive application of PG; (iii) exclusive 

application of L; and (iv) combined application of L and PG (LPG). 

Over the 18–year experimental period, the field area received four 

reapplications of treatments (2002, 2004, 2010, and 2016). Reapplications took place 

based on the results of base saturation  performed annually. The dolomitic L dose was 

defined following the recommendations of van Raij et al. (1997) for fertilization and 

liming for the state of São Paulo, Brazil, which considers BS and CEC values. From 

2002 to 2010, the calculation was based on the results obtained in the 0–20 cm soil 

depth layer. Conversely, the calculation for the last reapplication considered the soil 

layer of 0–40 cm, and the result was multiplied by a factor 2 to obtain de doible of the 

reccomended dose. This change was adopted due to the findings of Carmeis Filho et 

al. (2017a), where the authors, studying this same field experiment, found that the L 

dose considering the 0–20 cm layer underestimates the ideal dose of L for intensive 

tropical agricultural systems. The revised calculation resulted in 13 Mg ha–1 of L to 

increase the BS to 70%. When liming occurred, PG was also reapplied. In the first 

three applications of PG, the dose calculation was based on the recommendations of 

van Raij et al. (1997) by multiplying the clay content in the 20–40 cm layer by a factor 

of 6, resulting in a dose of 2.1 Mg ha–1. Recently, Caires and Guimarães (2018) 

proposed a new method for recommending PG based on increasing the Ca2+ 

saturation in the effective CEC (ECEC) to 60% in the 20–40 m soil layer. The new 

calculation resulted in the application of 10 Mg ha–1 of PG in 2016. 

This study characterizes the residual effects of L and PG application in the third 

year after the last soil amendment reapplication (2016). The cropping history from 2002 

to 2020, as well as the details of previous treatment applications, are given in Table 

S1. 
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5.2.3 Crop management 

 

The chronological details of the events are shown in Fig. 1AB. Maize (hybrid 

P3707VYH, DuPont Pioneer, Rio Grande do Sul, Brazil) was planted in March 2019 at 

a row spacing of 0.45 m to achieve a final stand of 65,000 plants ha–1. The grain crop 

was intercropped (same row) with ruzigrass [Urochloa ruziziensis (R. Germ. & C.M. 

Evrard) Crins (Syn. Brachiaria ruziziensis Germ. & Evrard)], at a seed density of 10 kg 

ha–1. Each plot received 98 kg ha–1 P2O5 and 56 kg ha–1 K2O at planting time. Nitrogen 

application was split twice, with 28 kg ha–1 N at planting and 100 kg ha–1 N topdressed 

at phenological stage V5 (five leaves with visible leaf collars, Ritchie et al., 1993). 

Topdressed N–fertilizer was hand–applied to the soil surface in single–side banding at 

~2.5 cm from the maize row. The crop was harvested in July 2019, and the maize 

stover (stalk, leaves, sheaths, tassel, core cob, and straw cob) was left in the field. 

After maize harvest, ruzigrass remained growing until October 2019, when it was 

chemically terminated using glyphosate (2.5 kg ha–1 a.i.). In November 2019, soybean 

(cultivar TMG 7062 IPRO, TMG – Tropical Melhoramento & Genética, Paraná, Brazil) 

was sown over the ruzigrass residue. At planting time, fertilization occurred with 60 kg 

ha–1 P2O5, and 60 kg ha–1 K2O. The seeds were treated with fungicides (carboxin + 

thiram up to 100 g + 100 g a.i. 100 kg of seeds–1) prior to inoculation and planting. 

Soybean harvest occurred in March 2020.  Phytosanitary treatments occurred as 

necessary and recommended for maize and soybean.  

 

5.2.4 15N microplots establishment 

 

Unconfined microplots (1.8 × 1.2 m) were set up in each treatment during the 

maize + ruzigrass season (Fig. 1C). All agricultural management in the microplots 

matched those of the main plots. Each microplot consisted of four rows of maize, with 

five plants per row (~4.2 plants m–1). 15N–labeled ammonium sulfate [(15NH4)2SO4] with 

an abundance of 6.31 atom % 15N excess was obtained from Sigma–Aldrich Inc. (St. 

Louis, MO, USA). 15N–labeled fertilizer application occurred in topdressing (100 kg ha–

1 N) at the V5 maize stage. The microplots received only 15N–labeled fertilizer, whereas 

the main plot received unlabeled ammonium sulfate. Maize stover returned to the 

microplot after lab processing to ensure the cycling of the 15N present in the plant 
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residues. After maize harvesting, the microplot remained identified to assess the 

recovery of residual 15N–labeled fertilizer by soybean. 

 

5.2.5 Sampling procedure of 15N–labeled material and isotopic analyses 

 

At maize physiological maturity [R6 stage; (Ritchie et al., 1993)], six maize plants 

were clipped to ground level in the middle of each microplot. Maize plants were 

partitioned into vegetative fractions (stalk, leaves, sheaths, tassel, core cob, and straw 

cob), and grains. All vegetative fractions from each microplot were mixed (herein 

defined as stover), chopped with a forage grinder, the fresh samples were oven–dried 

at 65 °C to constant weight to obtain the dry weight. The same was done for the grain 

fraction. The subsample from dried stover and grains was ground in a Wiley mill (0.50–

mm sieve). The remaining stover was returned to the microplots. 

The ruzigrass biomass was sampled in October 2019 before its chemical 

desiccation. In each microplot, an area of 0.25 m2 was collected (at ground level). 

Ruzigrass biomass samples were oven–dried. A subsample from dry plant material 

was also ground in a Wiley mill. Similar to maize, the remaining biomass returned to 

the microplots. With regards to soybean, at the beginning of physiological maturity [R7 

phenological stage; (Fehr and Caviness, 1977); March 2020], before leaf senescence, 

six plants were sampled and separated into vegetative fractions [stem, leaves 

(including petiole), and pods], and grains. All vegetative fractions were pooled and 

termed as soybean stover. The same drying and grinding procedures were carried out. 

Plants from each main plot (maize stover and grains, ruzigrass, and soybean stover 

and grains) were also subjected to the same procedure above to assess the natural 

15N abundance. All milled plant tissue was used to determine total N concentration and 

15N measurements. 

Soil sampling occurred using a core sampler at seven depths (0–5, 5–10, 10–

20, 20–40, 40–60, 60–80, and 80–100 cm). Six soil samples were collected per 

microplot and combined into one sample per depth per microplot. Three sample points 

were collected on the maize rows, which received 15N–labeled fertilizer and three other 

points were collected between the maize rows. Soil samples were oven–dried and 

ground in a ball mill and passed through a 100 mesh sieve (0.15–mm sieve). Total N 

concentration and 15N measurements occurred in these soil samples. The natural 15N 

abundance in the soil was also measured. To estimate the soil N accumulation for each 
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soil depth and treatment, the soil bulk density was assessed through the volumetric 

ring method (Blake and Hartge, 1986), which was performed during the ruzigrass 

season. All plant tissue (maize, ruzigrass, and soybean), as well as soil samples, were 

analyzed for total N concentration and 15N abundance using an automatic elemental 

analyzer (Flash EA, Thermo Scientific, Germany) interfaced with an isotope ratio mass 

spectrometer (CF–IRMS, Delta V, Thermo Scientific, Germany). 

 

5.2.6 15N calculations 

 

A range of variables was calculated to determine the 15N recovery in the soil–

plant system, including the amount of N derived from fertilizer (Ndff), 15N recovery by 

crops, soil 15N retention in each soil layer and across all soil depths (down to 100 cm), 

and the unrecovered 15N. From here, we considered the first season as maize + 

ruzigrass, while the second season refers to soybean. The 15N recovery was 

determined according to the following equations: 

𝑁𝑑𝑓𝑓 (𝑘𝑔ℎ𝑎−1) = (𝑎 𝑏⁄  ) × 𝑇𝑁                                                                              (Eq. 1) 

𝑁 
15  𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑦 (%) = (𝑁𝑑𝑓𝑓 𝑁𝐹𝑅)  × 100⁄                                                              (Eq. 2) 

𝑁 
15  unrecovered𝐹𝑆  (%) = 100 − 𝑁 

15  𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑦𝑇𝐹𝑆                                                (Eq. 3) 

𝑁 
15  remaining (%) = 𝑁 

15  𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑦𝑇𝐹𝑆 − 𝑁 
15  𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑦𝑚𝑎𝑖𝑧𝑒 𝑔𝑟𝑎𝑖𝑛                         (Eq. 4) 

𝑁 
15  unrecovered𝑆𝑆 (%) = 𝑁 

15  𝑟𝑒𝑚𝑎𝑖𝑛𝑖𝑛𝑔 − 𝑁 
15  𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑦𝑆𝑆                                 (Eq. 5) 

where Ndff is the N derived from fertilizer; a and b are the 15N enrichment (atom % 15N 

excess) in the plant (maize/ruzigrass/soybean) fractions (stover and grain) or soil, and 

substrate (fertilizer), respectively (the natural abundance of 0.368 atom % 15N was 

considered in the calculations); TN represents the N accumulation (kg ha–1) in the plant 

fractions or soil; 15N recovery is the percentage of fertilizer N recovery; NFR is the N–

fertilizer rate applied (kg ha–1); 15N unrecoveredFS and 15N unrecoveredSS are the 

percentage of N–fertilizer unaccounted (i.e., potential losses) after maize + ruzigrass 

(15N–labeled fertilizer applied in the maize + ruzigrass season), and after soybean 

s(15N–labeled fertilizer residual in the second season); 15N recoveryTFS
  is the total N 

recovery (%; sum of maize stover and grain, ruzigrass, and soil) in the maize + 

ruzigrass season; 15N remaining is the amount of 15N available in the system before 

soybean grown;  15N recoverymaize grain is the amount of 15N exported with maize grains; 

15N recoveryTSS the total N recovery (%; sum of soybean stover and grain and soil) in 
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the second season. 

 

5.2.7 Soil sampling and chemical analyses 

 

To measure soil fertility status, composite soil samples (n = 8) were taken from 

0–5, 5–10, 10–20, 20–40, 40–60, 60–80, and 80–100 cm layers from each plot using 

a soil probe. The sampling procedure was carried out in October of 2019, before 

ruzigrass desiccation (3 years after the last application of L and PG, and 17 years after 

the onset of the experiment) The soil was air–dried and ground to pass through a 2–

mm sieve for chemical analysis. 

Soil pH was determined in a 0.01 M CaCl2 suspension [2:5 soil:solution, v:v; 

(van Raij et al., 2001)]. Soil organic C was determined according to Heanes (1984). 

Exchangeable Al3+ was extracted using 1 M KCl and determined by titration with 0.025 

M NaOH solution. Exchangeable Ca2+ and Mg2+ were extracted using ion exchange 

resin and determined using atomic absorption spectrometry (van Raij et al., 2001). 

SO4
2−–S was extracted by 0.01 M calcium phosphate solution (Bardsley and 

Lancaster, 1960), and determined by turbidimetry. 

 

 

5.2.8 Soil DNA sampling, extraction and qPCR analyses  

 

Soil sampling for microbiological analysis occurred after the maize and soybean 

harvest at the 0–10 cm layer. Bulk soil samples (i.e., six individual samples to form a 

composite sample) were taken between rows at the R1 stage of maize and soybean. 

Total DNA was extracted from 0.25 g of soil using the DNeasy Power Lyzer Power Soil 

DNA Isolation Kit (Qiagen, Hilden, Germany), following the manufacturer's instructions. 

Soil DNA quality and concentration were measured using NanoDrop 1000 

spectrophotometry (Thermo Scientific, Wilmington, DE, USA) and 1% sodium boric 

acid agarose gel electrophoresis (Brody and Kern, 2004). Extracted DNA samples 

were stored at −20 °C until further analysis. 

The abundance of total bacteria (16S rRNA gene of bacteria) and archaea (16S 

rRNA gene of archaea), nitrifiers (AmoB–ammonia monooxygenase gene of bacteria, 

and AmoA–ammonia monooxygenase gene of archaea), and denitrifiers (nirK–nitrite 

reductase gene and nosZ–nitrous oxide reductase gene) was assessed by qPCR 
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technique using the StepOnePlus Real–Time PCR System with 96–well plates 

(Applied Biosystems, Foster City, CA). The standard curves were generated from a 

10–fold serial dilution (108 to 103) of a known amount of target gene, which was 

previously amplified by PCR. Details of primers and the respective reaction conditions 

for gene amplifications are described in Table S2. All analyzes were performed in 

triplicate. The analyzes of melting curves were performed from 68 to 95 °C, and all 

standard curves had R2 greater than 0.98. The results were analyzed using the 

StepOnePlus™ Real–Time software version 2.2.2 (Applied Biosystems, Foster City, 

CA, USA). Gene abundance from each sample were transformed into the number DNA 

copies g fresh soil−1. 

 

5.2.9 Statistical analysis 

 

All statistical analyses were performed using R (version 4.1.3, The R 

Foundation for Statistical Computing, Boston, MA, USA). Data were tested for 

normality [Anderson–Darling test; (Nelson, 1998)] and homoscedasticity [Levene's 

test; (Levene, 1960)]. When significant, means were separated using the modified t–

test [Fisher's protected least significant difference (LSD), at p ≤ 0.05]. Redundancy 

analysis (RDA) was performed to determine the correlations among soil fertility × 15N 

recovery, soil fertility × N cycle genes, and for N cycle genes × 15N recovery of maize 

and soybean, separately. RDA triplots were generated using Canoco (version 4.5, 

Biometrics, Wageningen, Netherlands). Monte Carlo permutation test was applied with 

999 random permutations to verify the significance of soil fertility, 15N recovery, and N–

cycle genes response. One–way PERMANOVA analyses (Anderson, 2005) were 

performed using R (version 4.1.3, The R Foundation for Statistical Computing, Boston, 

MA, USA), and was used to group treatments by similarity. 

 

5.3 RESULTS 
 

5.3.1 Soil profile fertility 
 

Contrasting levels of soil fertility occurred after three years of the last soil 

amendments reapplication (Table 1). Soil acidity reduced across the entire soil profile 

when L was applied (regardless of PG combination) compared with control and PG. 
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As expected, PG was not efficient in altering the soil pH compared with control. Soil 

organic C content was higher in LPG than L alone up to 20 cm depth. The SOC 

contents in PG–amended soil was higher than the control up to 20 cm depth. Ca–

based soil amendments (PG, L, and LPG) increased Ca2+ concentration in all depths 

compared with control, and had the following trend: LPG > L > PG. Liming treatments 

also increased Mg2+ concentration throughout the soil profile, however, in layers below 

40 cm, LPG presented the highest values compared with L alone. Lime and LPG 

treatments were equally efficient in reducing the Al3+ concentration in the soil profile, 

especially in top–layers (e.g., down to 40 cm). Application of PG also reduced Al3+ 

concentration compared with control, but at lower levels than L and LPG. The most 

notable effect of PG occurred by increasing concentrations of SO4
2––S, while LPG had 

the highest concentrations of SO4
2––S across the soil profile. Lime and PG treatments 

did not differ in SO4
2––S concentrations up to 10 cm, but for subjacent layers, PG had 

the highest values. 
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Table 1. Soil fertility in response to soil amendments [control (no soil amendments 
applied), phosphogypsum (PG), lime (L), and lime + phosphogypsum (LPG)] at seven 
stratified soil layers up to 100 cm depth. 

Soil depth 
SA‡ 

pH SOC Ca2+ Mg2+ Al3+ SO4
2––S 

(cm) (CaCl2) (g kg–1) ––––––– (mmolc kg–1) ––––––– (mg kg–1) 

0 – 5 

Control 4.08 b† 15.9 c 11.0 d 8.61 b 4.45 a 9.4 c 

PG 4.32 b 17.1 b 45.0 c 10.4 b 2.32 b 23.6 b 

L 6.00 a 17.8 ab 61.7 b 25.7 a 0.16 c 21.2 b 

LPG 6.08 a 18.3 a 78.5 a 26.6 a 0.06 c 32.4 a 

5 – 10 

Control 3.68 b 14.3 c 9.90 d 7.75 b 6.68 a 8.45 c 

PG 3.89 b 15.4 b 40.5 c 9.35 b 3.47 b 21.3 b 

L 5.40 a 16.0 ab 55.5 b 23.1 a 0.24 c 19.0 b 

LPG 5.48 a 16.5 a 70.6 a 23.9 a 0.08 c 29.2 a 

10 – 20 

Control 4.01 b 11.9 d 9.11 d 5.00 b 14.9 a 12.1 d 

PG 4.11 b 13.1 c 19.0 c 6.04 b 13.0 b 32.6 b 

L 5.01 a 14.4 b 35.0 b 16.2 a 1.06 c 25.6 c 

LPG 5.17 a 15.3 a 44.6 a 16.7 a 1.08 c 42.5 a 

20 – 40 

Control 3.98 b 10.8 b 8.81 d 2.77 b 15.5 a 15.6 c 

PG 4.03 b 11.2 b 13.6 c 4.29 b 12.9 a 40.8 b 

L 4.53 a 13.0 a 30.2 b 12.7 a 2.85 b 31.2 c 

LPG 4.62 a 14.0 a 38.3 a 12.6 a 2.95 b 59.4 a 

40 – 60 

Control 3.83 b 10.2 c 5.71 d 2.84 c 16.7 a 16.3 c 

PG 3.87 b 11.1 bc 8.38 c 3.47 c 15.4 a 43.6 b 

L 4.14 a 11.9 ab 17.5 b 11.1 b 9.40 b 37.3 c 

LPG 4.27 a 12.5 a 22.2 a 13.0 a 7.58 b 69.8 a 

60 – 80 

Control 3.76 b 9.22 c 1.92 c 2.30 c 20.5 a 21.8 d 

PG 3.88 b 10.1 bc 5.61 b 2.03 c 19.0 a 54.1 b 

L 4.13 a 10.6 ab 11.9 a 10.1 b 11.3 b 43.5 c 

LPG 4.16 a 11.5 a 12.2 a 14.7 a 9.09 b 72.6 a 

80 – 100 

Control 3.75 b 8.60 b 1.42 d 1.35 c 20.9 a 23.7 d 

PG 3.88 b 8.77 b 3.83 c 1.18 c 19.4 a 64.4 b 

L 4.06 a 9.31 ab 7.21 b 2.34 b 11.7 b 31.7 c 

LPG 4.05 a 9.92 a 9.17 a 4.07 a 9.45 b 72.8 a 
† Different lowercase letters for each soil layer indicate significant differences between treatments by 
Fisher's protected LSD test at p ≤ 0.05; ‡ Soil amendments (SA). 

 

5.3.2 Aboveground dry matter yield 

 

In general, in the first growing season, maize plants had, on average, 71% 

higher aboveground (shoots) dry matter (stover + grain) production in limed treatments 

(L and LPG) compared with control and PG (Fig. 2A). Ruzigrass biomass followed the 
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results observed for maize. In the second growing season, soybean aboveground dry 

matter production in LPG treatment was, on average, 16%, 70%, and 108% higher 

than L, PG, and control, respectively (Fig. 2B). 

 

 

Figure 2. Aboveground (stover + grain) dry matter yield in the first (maize and 
ruzigrass) (A), and second (B; soybean) growing seasons in response to soil 
amendments [control, phosphogypsum (PG), lime (L), and lime + phosphogypsum 
(LPG)]. Different lowercase or capital letters indicate significant differences between 
treatments by Fisher's protected LSD test at p ≤ 0.05. Error bars express the standard 
error of the mean (n = 4). 

 
5.3.3 15N Recovery in soil–plant system 

 

15N recovery by maize fractions (stover and grain) and ruzigrass was higher in 

L, and especially, LPG–amended soil (Fig. 3A).  
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Figure 3. 15N recovery in each compartment (plant, soil or unrecovered) from the first 
(A), and second (C) growing seasons; 15N–fertilizer remaining after the first growing 
season (B), total 15N unrecovered (first + second growing seasons; D); and yield–
scaled 15N recovery related to the total biomass production in the first (E), and second 
(F) growing seasons in response to soil amendments [control, phosphogypsum (PG), 
lime (L), and lime + phosphogypsum (LPG)]. Different lowercase letters indicate 
significant differences between treatments by Fisher's protected LSD test at p ≤ 0.05. 
Error bars express the standard error of the mean (n = 4). 

 
There was no difference between L and LPG, resulting in values ~48% higher 

than the control and PG. On the other hand, 15N recovery of maize grain and ruzigrass 

biomass had the highest values on LPG treatment. In general, ~75% of the 15N–

fertilizer found in maize shoots was exported by grains. LPG treatment increased by 
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232%, 150%, and 16% the 15N recovery by grains compared with control, PG, and L, 

respectively. Ruzigrass had a similar trend: LPG–amended soil increased 15N recovery 

by 55%, 37%, and 13% compared with control, PG, and L, respectively. Soil retention 

(down to 100 cm) of 15N–fertilizer was higher in PG (23 kg ha–1), followed by L (19 kg 

ha–1), control (16 kg ha–1), and LPG (11 kg ha–1). Unrecovered 15N had an inverse 

pattern to 15N recovery by maize and ruzigrass plants, where the highest losses of 

fertilizer-derived 15N occurred in the control (46%), followed by PG (35%), L (14%) and 

LPG (11%). 

At the end of the maize + ruzigrass season, the amount of 15N found in the soil–

plant system was assigned as 15N remaining (i.e., 15N recovered by plants and soil 

retention, excluding the amount exported by grains; Fig. 3B). Thus, 15N remaining was 

higher in L and LPG, which on average were ~27% and 9% higher than those of control 

and PG, respectively. Overall,  ~52% of the 15N–fertilizer applied to the maize remained 

in the soil–plant system before the soybean planting. 

At soybean harvest, 15N recovery of stover and grain showed the opposite trend 

to that obtained by maize (Fig. 3C). Overall, 15N recovery of stover and grain in L and 

LPG treatment was 63% and 33% lower, respectively, compared with the average of 

control and PG. In addition, 15N recovery in soybean shoots was on average 92% lower 

than that of maize. Regards the soil retention after soybean, the control treatment was 

the lowest (32%) compared with the average of the other treatments (40%). The 

amount of unrecovered 15N following soybean was also affected by the soil 

amendments. The highest loss occurred in L–amended soil (16%), whereas the 

average of other treatments (PG and LPG) reached 10%. At the end of the experiment, 

the total amount of unrecovered 15N (sum of the first and second growing seasons) 

had this series: control (55%) > PG (45%) > L (29%) > LPG (22%; Fig. 3D). 

Based on the values of total 15N recovery from each season and dry weight 

production, we calculated the yield–scaled 15N recovery (Fig. 3E and F). In the maize 

+ ruzigrass season, there was greater use of 15N–fertilizer for each Mg ha–1 of biomass 

produced in the LPG treatment (3.5 kg 15N Mg–1 biomass) compared with other 

treatments (average of 3.2 kg 15N Mg–1 biomass; Fig. 3E), whereas the opposite 

occurred in the soybean season (Fig. 3F). The accumulation of fertilizer-derived 15N in 

biomass production decreased from 0.39 kg 15N Mg–1 biomass (average of control and 

PG) to 0.14 kg 15N Mg–1 biomass (average of L and LPG). 
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5.3.4 15N retention along the soil profile 

 

After maize and soybean harvest, 15N retention along the soil profile was 

influenced by treatments (Fig. 4). After maize harvest, the uppermost soil layers (0–20 

cm) from L and PG–amended soils retained the greater amount of 15N–fertilizer, 

whereas in deeper layers (20–100 cm), the highest 15N retention occurred in PG–

amended soil (Fig. 4A). After soybean harvest, soils amended with LPG, followed by 

L, presented the highest 15N retention (Fig. 4B) down to 40 cm layer. Conversely, as 

observed after maize harvest, in layers below 60 cm depth, the highest 15N retention 

also occurred in PG–amended soil. 

 
 
Figure 4. 15N retention at seven stratified soil layers up to 100 cm depth after first (A), 
and second (B) growing seasons in response to soil amendments [control, 
phosphogypsum (PG), lime (L), and lime + phosphogypsum (LPG)]. Different 
lowercase letters for each soil layer indicate significant differences between treatments 
by Fisher's protected LSD test at p ≤ 0.05. Error bars express the standard error of the 
mean (n = 4). 

 
5.3.5 Phylogenetic and functional (N cycle) marker genes 

 

During maize season, total bacteria abundance (16S rRNA gene) from L and 

LPG treatment increased by ~20% and 25% compared with PG and control, 

respectively (Fig. 5A). In addition, total bacteria abundance during soybean season 
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was also highest in LPG–amended soil. On the other hand, total archaea abundance 

was more sensitive to changes caused by treatments (Fig. 5B). For both crops, L and 

mainly LPG increased the abundance of total archaea compared with control and PG 

treatments. Considering the average between L and LPG, total archaea abundance 

during maize season increased by 81%, and 265% compared with PG and control 

treatments, respectively, whereas also increased the archaeal abundance during 

soybean season by 18%, and 58% compared with PG and control, respectively. 

 

 
Figure 5. Copy numbers of phylogenetic (16S rRNA) marker genes of bacteria (A) and 
archaea (B), and functional marker genes related to N cycle as amoB (C), amoA (D), 
nirK (E) and nosZ (F) during maize and soybean seasons in response to soil 
amendments [control, phosphogypsum (PG), lime (L), and lime + phosphogypsum 
(LPG)]. Different lowercase letters indicate significant differences between treatments 
by Fisher's protected LSD test at p ≤ 0.05. Error bars express the standard error of the 
mean (n = 12). 

 



230 
 

To evaluate soil microbial communities related to N cycle, functional marker 

genes were also quantified. The abundance of AmoB (bacteria) gene changed by the 

treatments only during maize season, where LPG treatment had ~14% higher 

abundance of this gene compared with the other treatments (Fig. 5C). By contrast, the 

abundances of amoA (archaea) gene in both crop seasons increased similarly as 

occurred in total archaea. For maize, L and LPG had the highest AmoA gene 

abundances, LPG was higher than PG and control (Fig. 5D). 

The copy numbers of nirK and nosZ genes, both related to the denitrification 

process, decreased in treatments with L and LPG, especially during maize cultivation 

(Fig. 5EF), except for nosZ during soybean season, which was not altered by the 

treatments. For both nirK and nosZ during maize grown, gene abundance was higher 

in the control in comparison with L and LPG. Lastly, nirK during soybean season was 

also higher for these treatments relative to L. 

 

5.3.6 Linking plant–soil–genes data 
 

Our first RDA considered the relationship between soil fertility and 15N recovery 

in the soil–plant system for both growing seasons (Fig. 6A). Here, the sum of the two 

axes (RDA1 = main variation; RDA2 = remaining variation) indicated that the soil factors 

explained 88% of the all variation in the 15N recovery. PERMANOVA analysis 

segregated the four treatments into distinct groups. Soil pH and Ca2+ concentration as 

the main soil factors responsible for all variation in 15N recovery. The vectors also 

showed the highest 15N recovery by maize and ruzigrass in the L and LPG–amended 

soils, whereas the highest 15N recovery by soybean occurred in the control treatment. 

Control treatment also represented the biggest losses of the 15N–fertilizer in the maize 

season.  
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Figure 6. Redundancy analysis (RDA) triplot showing the relationship between the soil 
fertility × 15N recovery from both first and second growing seasons (A), soil fertility × N 
microbial genes from both first and second growing seasons (B), soil microbial genes 
× 15N recovery form first (C) and second (D) growing seasons. Canonical axes are 
labeled with percentage of total variance (RDA1 = main variation; RDA2 = remaining 
variation). Arrows indicate correlations between variables. The significance of these 
correlations was assessed by Monte Carlo permutation test with 999 permutations. 
Significant variables (p ≤ 0.05) are indicated by an asterisk. Color dashed lines indicate 
significant (p ≤ 0.05) clusters by permutation analysis (PERMANOVA, p ≤ 0.05). First 
season variables are represented by red color, whereas second season are 
represented by green color (A and B). SOC = soil organic carbon; 15N rec. = 15N 
recovery; SDW = stover dry weight; GDW = grain dry wight; RDW = ruzigrass biomass 
dry weight; 16S rRNA bac. =  16S rRNA bacteria; 16S rRNA arc. =  16S rRNA archaea. 

 

Considering the role of soil fertility on soil microbial genes, PERMANOVA 

analysis also segregated the treatments into four distinct groups, although control and 

PG treatments showed a certain degree of similarity. The sum of the axes indicated 

that soil fertility explained 70% of all variation in the abundance of soil microbial genes, 

with the main soil factors responsible for this change being soil pH, and SOC content 

(Figure 6B). The highest abundances of denitrifying genes (nirK and nosZ) correlated 

positively with the control and PG treatments, as well as the AmoA gene during the 

soybean season. On the other hand, the soil factors indicated a greater abundance of 
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total bacteria and total archaea in treatments with higher soil fertility (L and LPG). The 

same occurred for ammonia–oxidizing microbe genes (AmoA and AmoB) during the 

maize season. Our third RDA revealed how soil microbial genes were responsible for 

modulating 15N recovery in the maize + ruzigrass season (Fig. 6C). Axis 1 was 

responsible for explaining 93% of the variation that occurred. PERMANOVA 

segregated treatments into four groups, indicating differences between them. In 

addition, the highest 15N losses in the maize + ruzigrass season were positively 

correlated with denitrification genes from the control treatment. On the other hand, the 

highest abundances of microbes (bacteria and archaea) and of nitrifying genes 

correlated with the highest 15N recovery by maize and ruzigrass growing under L and 

especially LPG treatments. Total archaea, AmoA, AmoB, nirK, and nosZ were the main 

soil microbial genes that modulated the 15N–fertilizer utilization during the maize + 

ruzigrass season. Lastly, our results by combining soil microbial genes with 15N 

recovery by soybean in the second season indicated that the treatments were different 

from each other (PERMANOVA analysis) and that the sum of the axes explained 62% 

of all the variation that occurred. In this scenario, only the nirK gene participated 

significantly in the modulation of 15N recovery responses, especially when associated 

with control and PG treatments. Furthermore, the highest 15N recovery by soybean 

also occurred in these treatments. On the other hand, the largest losses of 15N–fertilizer 

in the second season occurred in L and LPG–amended soils. 

 

5.4 DISCUSSION 
 

5.4.1 Soil profile fertility 
 

Surface–applied amendments in no–till proved to be a feasible practice for 

reducing subsoil acidity and improving soil fertility over time. Here, we present the 

long–term construction of subsoil fertility after four applications of L and/or PG 

amendment over 17 years. The results of this study refer to the third year after the last 

reapplication of these soil amendments. Subsoil acidity was sharply reduced through 

liming treatments (L and LPG); however, combining L with PG (LPG) increased Ca2+ 

concentrations in all soil layers, especially in-depth. Exchangeable Ca2+ concentration 

at deeper layers proved to be essential for deep rooting to increase nutrient and water 
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uptake (Bossolani et al., 2021c), as well as reducing the risk of water deficit during dry 

spell periods (Bossolani et al., 2021a). 

Sole application of PG did not change soil pH, although it increased Ca2+ 

concentrations in the soil profile compared with control. The effects of PG alone are 

small compared to L; however, this amendment potentiates the effects of L when 

applied in combination, but not as a substitute (Crusciol et al., 2019). When PG is 

applied to soil, it quickly dissociates into SO4
2– and Ca2+ (Zoca and Penn, 2017). In 

addition to the fertilizing effect (S and Ca supply), PG also reduces the Al3+ toxicity 

(Tiecher et al., 2018). Additionally, SO42– creates ionic pairs with exchangeable cations 

(K+, Ca2+, Mg2+, NH4
+), displacing them to deeper layers (Ernani et al., 2006; Tiecher 

et al., 2018; Zoca and Penn, 2017). Exchangeable Mg2+ concentration also increased 

along with soil profile after liming (L and LPG), regardless of the PG combination. Low 

Mg2+ availability is limiting for crop development, but fertilization programs do not 

include this nutrient in conventional NPK formulas. For this reason, Mg2+ is often 

associated with a “forgotten element” (Cakmak and Kirkby, 2008). Acidic soils are poor 

in Mg2+, which is essential in numerous metabolic plant processes (Jaghdani et al., 

2021). Liming is the most viable way for Mg2+ fertilization, making it less limiting in 

intensive crop production systems (Li et al., 2019). The ability of SO4
2– to create ionic 

pairs with Mg2+ (Zoca and Penn, 2017) increased the concentration of this element in 

deep layers from LPG–amended soil when compared with L alone. Soil organic C 

content was also changed by long–term effects of L and LPG treatments in all soil 

layers. Soils with adequate fertility management provide higher above– and 

belowground crop residues (Bossolani et al., 2021a; Costa et al., 2018), leading to 

increases in SOC over time (Carmeis Filho et al., 2017c; Inagaki et al., 2017). 

 

5.4.2 Aboveground dry matter yield and fate of 15N–labeled fertilizer 
 

As a result of improved soil fertility by soil amendment applications, the 

aboveground dry matter production of maize, ruzigrass, and soybean also increased. 

In general, these crops have a low tolerance to acidic soils with high Al3+ 

concentrations (Rao et al., 1993). Several studies have demonstrated the importance 

of liming, especially when combined with PG in increasing biomass and grain yield 

(Bossolani et al., 2022, 2021a; Costa et al., 2018; Crusciol et al., 2019; Soratto and 

Crusciol, 2008). Although there was no difference between L and LPG in straw 
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production, maize and soybean grain yields increased in LPG–amended soil. The 

improvement in these attributes is due to the improvements in soil fertility (i.e., higher 

SOC, Ca2+, Mg2+, and SO4
2––S concentrations), and the reduction of Al3+ 

concentration, as supported by RDA, which showed a positive correlation between 

stover and grain yield with soil fertility parameters. The increase in Ca2+ levels in 

deeper layers is strongly linked to the rooting depth, which improves soil resources 

uptake by crops (Costa et al., 2018; Ritchey et al., 1982). Our results demonstrate the 

importance of combing L to PG (LPG treatment) in annual crop rotations to obtain high 

straw (aiming no–till system maintenance) and grain yield. 

The cascading effects of soil amendments in soil fertility, and crop growth and 

yield changed the 15N fate. LPG–amended soil not only increased 15N recovery by 

maize grains, but also increased 15N accumulation in ruzigrass biomass. While the 15N 

in the ruzigrass biomass and maize stover act as N pools that potentially return to 

system (15N remaining data) through crop residue decomposition, N in grains is 

exported after harvest. On the other hand, all N that is contained in plant tissues 

becomes less susceptible to losses to the environment, either by denitrification or 

leaching (Heijboer et al., 2016; Zhou et al., 2020). Increasing the recovery of N–

fertilizers by the crops guarantees an increase in the yield of the crops, as well as an 

environmentally safe agriculture. This fact is reinforced by the results of unrecovered 

15N after maize grown. Soils managed with L and LPG had the lowest N losses, 

whereas the control (no amendments applied) led to the highest 15N losses. 

The soybean-maize (intercropped with forage grasses) rotation is an agricultural 

system widely used in tropical regions, primarily in Brazil (Ceccon et al., 2013). 

Interestingly, the 15N recovery by maize and ruzigrass shows an inverse trend to that 

obtained in soybean cultivated in rotation. The yield–scale 15N recovery for each 

season reinforces this pattern. Overall, ~70% of the total N accumulated by soybean 

comes from biological N fixation [BNF; (Ciampitti and Salvagiotti, 2018)], but the 15N 

recovery was higher in the control and PG treatments. This effect is underpinned by 

the following rationale: (i) the smaller amount of 15N–fertilizer remaining in the soil from 

L and LPG treatments, and/or more likely (ii) liming increased the efficiency of BNF 

(Alves et al., 2021; Andrade et al., 2002), reducing dependence on soil fertilizer-

derived 15N. Several studies have shown that changes in soil pH by liming have led to 

a shift in Rhizobia species composition (Andrade et al., 2002; Zhalnina et al., 2013). 
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According to these authors, the abundance of N–fixing Rhizobia species markedly 

reduced in highly acidic soil. 

 

5.4.3 Distribution of 15N–fertilizer along soil profile and soil microbial genes 
 

Soil retention data indicated a high concentration of 15N–fertilizer in deep layers 

in PG–amended soil, whereas the smallest amounts of 15N–labeled fertilizer occurred 

in L and LPG treatments. Liming has been associated as a catalyst in numerous soil 

biological processes (Guo et al., 2019; Liu et al., 2018). The cascading effects of liming 

on soil fertility can drastically affect soil N transformation processes by microorganisms 

(Bossolani et al., 2020), regulating the release of plant-available N, as well as losses 

through groundwater and/or to the atmosphere (Holland et al., 2018; Yang et al., 2021).  

Liming and, especially, L combined with PG (LPG) triggered positive effects in 

the total bacteria and archaea gene abundances. The increase in soil fertility is often 

correlated with changes in soil microbial communities (Bossolani et al., 2021b; Holland 

et al., 2018). In response to the increase in bacterial and archaeal populations, the 

abundance of N–cycle genes also increased (Fig. S1). High abundances of ammonia–

oxidizing microbial genes (AmoB and, especially AmoA) were found in L and LPG 

treatments. Archaea are the most abundant microorganisms responsible for 

nitrification in agricultural soils with low NH4+-N content, while nitrifying bacteria, 

despite being low in abundance, outcompeted with archaea at high NH4+-N fertilization 

(Rütting et al., 2021). Our third RDA revealed the high influence of archaea (16S rRNA 

and AmoA abundances) during the maize season, shaping the 15N recovery 

responses. Increasing nitrifying microorganisms by liming suggests that fertilizer-

derived NH4
+ is rapidly converted to NO3

– (Beeckman et al., 2018). Numerous studies 

have reported an increase in the genes of nitrifying microorganisms in soils managed 

with liming (Bossolani et al., 2020; Liu et al., 2018). Under no biotic or abiotic 

impediments to plant growth, NO3
– generated by nitrification is taken up by the crops; 

conversely, in case of low uptake rates (e.g., incipient root system) or excessive 

rainfall, there is a risk of NO3
− leaching (Holland et al., 2018). The high yields of 

biomass and grains in the L and LPG treatments, combined with the low amount of 

15N–fertilizer in deep layers indicate an intense N uptake by the crops. However, high 

amounts of 15N were found in the soil of PG treatment. This result is probably due to 

the acidic conditions, which reduce the nitrification rate (Beeckman et al., 2018). 
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Additionally, the SO4
2– generated from PG dissociation in the soil possibly formed an 

ion pair with NH4
+, resulting in zero–charged ammonium sulfate [(NH4)2SO4], and then 

leached to deeper soil layers before being absorbed by the crops. Bossolani et al. 

(2021a) showed that root growth in control and PG–amended soil was shallowest than 

in L and LPG treatments. These authors also demonstrated that the high concentration 

of Al3+ and the low concentration of Ca2+ in depth were the main soil factors responsible 

for the lower root growth. The leaching to layers beyond the root zone turns N 

unavailable to plants and is eventually carried to groundwater. Interestingly, smaller 

amounts of 15N–fertilizer were found in deep layers of control treatment when 

compared to PG. Unamended acidic soil also showed lower abundances of the AmoB 

and AmoA genes compared to limed treatments (L and LPG). Although these results 

indicate low nitrification rates, the control presented the highest abundance of microbial 

genes related to denitrification (nirK and nosZ), as supported by the third and fourth 

RDAs. The lower N uptake rate by crops increases the availability of mineral N (NH4
+ 

and NO3
-), providing substrates for denitrifying populations (Zhou et al., 2020), thus 

favoring conditions for N2O and N2 production (Harter et al., 2014).  

Lastly, our multifaceted approach by combining different sets of variables 

indicated that soil pH and SOC were the main soil factors responsible for increasing 

the abundance of total bacteria and archaea, as well as the genes of nitrifying 

microorganisms, whereas reducing the abundance of denitrifiers. Liming triggers soil 

buffering processes by changing soil pH that increase the soil nutrient availability 

(Holland et al., 2018), which are reflected in an increase in the yield capacity of crops 

(Costa et al., 2018). The high return of plant residues in fertile soils leads to increased 

plant growth (root and shoot) that usually results in higher SOC contents in the long–

term (Carmeis Filho et al., 2017c; Inagaki et al., 2017). This set of changes shapes the 

soil microbial communities by providing substrate (C, N and other nutrients) for their 

growth (Hemkemeyer et al., 2021). The biggest changes in soil fertility and crop yields 

occurred through liming, but PG further potentiates these effects. Therefore, managing 

the soil with soil amendments, such as LPG, is an essential tool to trigger synergistic 

effects between high soil quality, crop yield, and the use efficiency of N fertilizers, 

aiming to increase the sustainability of agricultural systems. 
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5.5 CONCLUSIONS 
 

Our study provides important information about changes in soil fertility and crop 

yield from a no–till crop rotation system managed with lime and phosphogypsum 

applications, and the effect of these changes on 15N–labeled fertilizer recovery. Our 

findings indicated that there is a greater abundance of genes related to nitrification in 

limed soils, especially when combined with phosphogypsum, however, there is also 

greater 15N–fertilizer recovery in these treatments due to greater uptake and growth by 

maize and ruzigrass. On the other hand, soybean plants recovered greater amount of 

15N–fertilizer from control and exclusive phosphogypsum treatments. In addition, our 

results suggest that in the absence of liming, there is a reduction in the abundance of 

genes related to nitrification, and in this situation, the application of high 

phosphogypsum rates can trigger greater leaching of NH4
+ to deep layers. Future 

research should focus on quantifying the emission of gases from denitrification and 

correlating it with the soil microbial community assessed by DNA sequencing. Our 

results generated information that is vital for farmers to develop and implement 

programs that increase the use efficiency of N–fertilizers for increased yield, lowering 

cost and decreasing environmental damage. 
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SUPPLEMENTARY MATERIAL 
 

Table S1. Crop history and the treatment application scheme throughout the 
experimental period (2002–2020) 

Crop 
season 

Sowing Crops Harvest Treatment  application 

2002/2003 
Nov. Oriza sativa Mar. Lime: 2.7 Mg ha-1 (71% 

ECCE†) 
Phosphogypsum: 2.1 Mg ha-1 

Apr. Avena strigosa Aug 

2003/2004 
Jan. Phaseolus vulgaris Apr. 

– 
Apr. Avena strigosa Aug 

2004/2005 
Nov. Arachis hypogaea Apr. Lime: 2.0 Mg ha-1 (71% 

ECCE) 
Phosphogypsum: 2.1 Mg ha-1 

Apr. Avena sativa Sept. 

2005/2006 
Nov. Arachis hypogaea Apr. 

– 
May Avena sativa Sept. 

2006/2007 
Feb. 

Zea mays + Urochloa 
brizantha 

Apr. 
– 

- Urochloa brizantha – 

2007/2008 
Dec. 

Zea mays + Urochloa 
brizantha 

Mar. 
– 

- Urochloa brizantha – 

2008/2009 
Dec. Glycine max Apr. 

– 
Jun. Avena strigosa Oct. 

2009/2010 
Oct. Glycine max Feb. 

– 
Mar. Sorghum vulgare July 

2010/2011 
Nov. Zea mays Apr. Lime: 2.0 Mg ha-1 (88% 

ECCE) 
Phosphogypsum: 2.1 Mg ha-1 

Apr. Crambe abyssinica Aug. 
Sept. Vigna unguiculata Dec 

2011/2012 
Nov. Zea mays Feb. 

– May Crambe abyssinica Aug. 
Sept. Vigna unguiculata Jan. 

2012/2013 
Jan. Pennisetum glaucum Apr. 

– 
Apr. Triticum aestivum Aug. 

2013/2014 
Nov. Phaseolus vulgaris Feb. 

– 
Mar. Triticum aestivum Jun. 

2014/2015 
Dec. Phaseolus vulgaris Mar. 

– 
Mar. Urochloa brizantha – 

2015/2016 
- Urochloa brizantha – 

– 
- Urochloa brizantha – 

2016/2017 
Oct. Glycine max Mar. Lime: 13 Mg ha-1 (69% 

ECCE) 
Phosphogypsum: 10 Mg ha-1 

Mar. 
Zea mays + Urochloa 

ruziziensis 
July 

2017/2018 
Oct. Glycine max Mar. 

– 
Mar. 

Zea mays + Urochloa 
ruziziensis 

July 

2018/2019 
Oct. Glycine max Mar. 

– 
Mar. 

Zea mays + Urochloa 
ruziziensis 

Aug. 

2019/2020 
Oct. Glycine max Mar. 

– 
Mar. 

Zea mays + Urochloa 
ruziziensis‡ 

July 

2020/2021 Nov. Glycine max Mar. – 
†ECCE: effective calcium-carbonate equivalent; ‡15N-labeled fertilizer application;  
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Table S2 - Description of primers, standards DNA and amplification conditions that 
were used in qPCR analysis. 

Target 
Genes 

Primers DSMZ code† Sequence (5’- 3’) 
Fragment 
size (pb) 

Reference 
Conditions of 
Amplification 

P
h
y
lo

g
e
n
e
ti
c
 M

a
rk

e
rs

 

16S 
rRNA 

Bacteria 

Eub 
338f 
Eub 
518r 

17167 
ACTCCTACGGGAGGCAGCAG 

ATTACCGCGGCTGCTGG 
180 

Bakke et al. 
(2011) 

95ºC - 10 min, 
40 cycles, 

94ºC - 15 s, 
56ºC - 30 s e 
72 ºC - 45 s 

16S 
Archaea 

519F 
915R 

Environmental 
DNA‡ 

CAGCCGCCGCGGTAA 
GTGCTCCCCCGCCAATTCCT 

397 
Klindworth et 

al. (2013) 

95ºC - 10 min, 
40 cycles, 

95ºC - 30 s, 
57ºC - 30 s e 
72 ºC -50 s 

F
u
n
c
ti
o
n

a
l 
g
e
n

e
s
 a

s
s
o
c
ia

te
d
 w

it
h
 t

h
e
 N

 c
y
c
le

 

nifH - 17167 
AAAGGYGGWATCGGYAARTCCACCAC 
TTGTTSGCSGCRTACATSGCCATCAT 

457 

Wallenstein 

and Vilgalys, 

(2005) 

95ºC - 5 min, 
40 cycles, 95 

ºC - 30 s, 
59ºC - 30 s e 
72ºC - 1 min e 
72º C - 1 min 

 
amoA of 
Bacteria 

 

amoB 
1F 

amoB 
2F 

28437 
GGGGTTTCTACTGGTGGT 

CCCCTCKGSAAAGCCTTCTTC 
491 

Rotthauwe 
et al. (1997) 

95ºC - 10 min, 
40 cycles, 

95ºC - 45 s, 
60ºC - 45 s e 
72ºC - 45 s 

 
amoA of 
Archaea 

 

amoA1F 
amoA 

2F 

Environmental 
DNA 

STAATGGTCTGGCTTAGACG 
GCGGCCATCCATCTGTATGT 

635 
Francis et al. 

(2005) 

95ºC - 5 min, 
40 cycles, 

95ºC - 40 s, 
56ºC - 30 s e 
72ºC - 60 s 

 
nirK 

 

876 F 
1040 R 

30026 
ATYGGCGGVCAYGGCGA 

GCCTCGATCAGRTTRTGGTT 
520 

Henry et al. 
(2004) 

95ºC - 10 min, 
6 cycles, 95ºC 
- 15 s, 63ºC - 
30 s e 72ºC - 
40 s, 95ºC - 

30 s, 38 
cycles, 58ºC - 
30s, 72ºC - 40 

s 

nosZ 
nosZ 2F 
nosZ 2R 

17167 
CGCRACGGCAASAAGGTSMSSGT 

CAKRTGCAKSGCRTGGCAGAA 
267 

Henry et al. 
(2006) 

 
95 ºC - 15s, 
60 ºC - 40s, 
72 ºC - 40s 

 
†Reference code of cell catalog of the Leibniz Institute DSMZ (Deutsche Sammlung von 
Mikroorganismen und Zellkulturen GmbH), used in the construction of the standard curves for qPCR 
analysis. 
‡ The PCR products were purified using an Illustra GFX PCR DNA and Gel Band Purification Kit (GE 
Healthcare, UK) 
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Figure S1. Heatmap of the Pearson’s correlation coefficients among the total 
abundance of N–cycle functional genes. Only significant correlations (p≤0.05 ) are not 
marked with “×”.   
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GENERAL CONCLUSIONS 

 

Our results advances the understanding of the dynamics of surface lime 

application and the combined effect of lime and phosphogypsum in the different 

aspects that make up a long-term tropical no-till system. Our results showed that the 

application of lime alone and especially in combination with phosphogypsum improves 

soil fertility up to 1 m deep, culminating in increased root growth of soybean and maize 

crops. As a result, both crops increased the leaf nutrient concentrations, reflecting an 

improvement in the concentration of leaf photosynthetic pigments, and gas exchange 

(net photosynthetic rate, stomatal conductance, substomatal concentration of CO2, leaf 

transpiration and water use efficiency), and on the activities of Rubisco and SuSy 

enzymes. Interestingly, when studying the water balance during the soybean and 

maize growing cycle, we confirmed periods of water scarcity, and when lime and 

phosphogypsum were applied, drought stress (measured through antioxidant enzymes 

and lipid peroxidation) reduced. Crop grain yield was also increased with liming, and 

even more expressive results occurred by the combination of lime and 

phosphogypsum. Interestingly, soil microbiology highly contributed to the 

understanding of the dynamics of soil-plant relationship of this study. The productive 

responses of soybean and maize did not occur only due to changes in the soil chemical 

properties. Deepening the understanding of tropical agricultural systems altered by the 

application of lime and phosphogypsum, our results revealed that the joint application 

of these inputs changed the soil chemical properties in tropical intercropping system 

managed under no-till, increasing the relative abundance of total prokaryotes (archaea 

and bacteria), modulating genes related to the nitrogen cycle. Exchangeable Ca2+ and 

Mg2+ were the main nutrients related to the increase of genes related to nitrogen 

fixation and to the reduction of the relative abundance of genes related to nitrification 

and denitrification (even though the total abundance increased), for both soil and 

rhizospheres of maize and ruzigrass. In addition, the synergism between lime and 

phosphogypsum also increased the quantity and quality of soil organic matter, mainly 

by altering the relationship between bacteria and fungi communities of the soil. 

Interestingly, we found that soil improvers act by modifying soil quality at a hierarchical 

level as follows: soil fertility > microbiome (fungi + bacteria) > chemical fractions of soil 

organic matter > soil physics > physical fractions of soil organic matter. Finally, our 

results also revealed that the combined application of these inputs has a strong 
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influence on the selection of microorganisms that are not abundant in the soil (rare 

community), reflecting a potential increase in the multifunctionality of the soil. Our 

results also showed that the increase in the abundance of related genes in soils 

managed with lime and phosphogypsum favors the recovery of 15N fertilizer, which 

strongly reduces the losses of nitrogen fertilizer. On the other hand, we saw that the 

isolated use of phosphogypsum has a potential to leaching N to deep layers. In the 

absence of the management with lime and phosphogypsum (control treatment), the 

abundance of genes related to denitrification has increased, which indicates a high 

potential for denitrification in these soils, increasing even more the N losses in the 

system. 
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