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RESUMO 

 

A cana-de-açúcar (Saccharum spp.) destaca-se no contexto da produção agrícola 
sustentável devido à sua versatilidade e potencial energético. No entanto, desafios de 
manejo, como a fertilização com nitrogênio (N) associada à ação microbiológica, 
necessitam de aprimoramento. Nesse contexto, o uso da bactéria Azospirillum 
brasilense tem sido estudado como alternativa à redução do uso de fertilizantes 
minerais. O objetivo deste estudo foi avaliar a aplicação de Azospirillum brasilense no 
sulco de plantio da cana-de-açúcar quanto à diagnose foliar, absorção de nutrientes, 
produtividade e qualidade tecnológica dos colmos e biomassa fresca e seca total da 
parte aérea das plantas. O experimento foi conduzido em condições de campo em 
dois locais durante a safra 2022/2023. Os solos das Áreas 1 e 2 foram classificados 
como Latossolo Vermelho distrófico de textura média e Latossolo Vermelho distrófico 
de textura arenosa, respectivamente. O delineamento experimental foi o de blocos 
casualizados com quatro repetições. Os tratamentos foram os seguintes: (T1) 28 kg 
ha−1 de N; (T2) 14 kg ha−1 de N; (T3) T2 + 0,2 L ha−1 de inoculante; (T4) T2 + 0,4 L 
ha−1 de inoculante; (T5) T2 + 0,6 L ha−1 de inoculante; (T6) T2 + 0,8 L ha−1 de 
inoculante. Na Área 1, o tratamento T5 apresentou uma produção total de biomassa 
fresca das partes aéreas 34% maior que a T2. A biomassa seca total, o perfilhamento, 
a produção de colmos e os parâmetros tecnológicos não diferiram significativamente 
entre os tratamentos em nenhuma das áreas. Em termos de absorção de nutrientes, 
o tratamento T5 consistentemente classificou-se entre aqueles com as maiores 
médias de P, K, Ca, Mg, S, Fe, Mn e Zn em ambas as áreas experimentais. O 
dendrograma mostrou resultados semelhantes entre os tratamentos T1 e T5. A 
aplicação de 0,6 L ha−1 da solução contendo Azospirillum brasilense, combinada com 
50% da dose recomendada de N, aumentou a produção total de biomassa fresca. A 
biomassa seca total, a produtividade de colmos, o perfilhamento e as variáveis 
tecnológicas da cultura não foram afetados pela presença da bactéria. 
 
Palavras-chave: fixação biológica de nitrogênio; bioinoculantes promotores de 

crescimento; eficiência no uso de nutrientes; Saccharum spp. 
 
 
  



ABSTRACT 

 

Sugarcane (Saccharum spp.) stands out in the context of sustainable agricultural 
production due to its versatility and energy potential. However, management 
challenges, such as nitrogen (N) fertilization associated with microbiological action, 
require improvement. In this context, the use of the bacterium Azospirillum brasilense 
has been studied as an alternative to reducing the use of mineral fertilizers. The 
objective of this study was to evaluate the application of Azospirillum brasilense in the 
planting furrow of sugarcane in terms of leaf diagnosis, nutrient uptake, yield and 
technological quality of the stalks, and total fresh and dry biomass of the aerial parts 
of the plants. The experiment was conducted under field conditions at two locations 
during the 2022/2023 growing season. The soils in Areas 1 and 2 were classified as 
medium-textured oxisol and sandy-textured oxisol, respectively. The experimental 
design was a randomized block design with four replications. The treatments were as 
follows: (T1) 28 kg ha−1 of N; (T2) 14 kg ha−1 of N; (T3) T2 + 0.2 L ha−1 of inoculant; 
(T4) T2 + 0.4 L ha−1 of inoculant; (T5) T2 + 0.6 L ha−1 of inoculant; (T6) T2 + 0.8 L ha−1 
of inoculant. In Area 1, treatment T5 showed a total fresh biomass yield of the aerial 
parts that was 34% higher than T2. Total dry biomass, tillering, stalk yield, and 
technological parameters did not differ significantly between treatments in either area. 
In terms of nutrient uptake, treatment T5 consistently ranked among those with the 
highest averages for P, K, Ca, Mg, S, Fe, Mn, and Zn in both experimental areas. The 
dendrogram showed similar results between treatments T1 and T5. The application of 
0.6 L ha−1 of the solution containing Azospirillum brasilense, combined with 50% of the 
recommended N dose, increased total fresh biomass production. Total dry biomass, 
stalk yield, tillering, and technological variables of the crop were not affected by the 
presence of the bacterium. 
 

Keywords: biological nitrogen fixation; growth-promoting bioinoculants; nutrient use 

efficiency; Saccharum spp. 
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CAPÍTULO 1 – Considerações gerais 

 

1.1 Introdução  

 

A cana-de-açúcar (Saccharum spp.) com centro de origem a Oceania e o 

Sudoeste Asiático, vem sendo explorada no Brasil desde o século XVI (Pessina, 

2023), onde atualmente se destaca como líder mundial na produção, tendo atingido 

na safra 2023/2024 o recorde de 713,2 milhões de toneladas, o que representa um 

aumento de 16,8%, quando comparado ao ciclo passado segundo a Companhia 

Nacional de Abastecimento – CONAB (2024). A cultura se destaca como uma das 

mais importantes do mundo, utilizada não somente para produção de alimentos, 

biocombustíveis e bioeletricidade, mas também na fabricação de bioplástico, 

cosméticos, papel e vidro (RAÍZEN, 2024). 

Fatores como o manejo nutricional podem interferir na produção de cana-de-

açúcar, onde se deve fazer com que a planta absorva todos os nutrientes necessários 

ao longo do seus ciclo produtivo (Meneguetti; Mezaroba; Groff, 2010). 

Solos de textura média com baixo teor de matéria orgânica, apresentam 

características físicas desejáveis à produção agrícola, porém com limitações químicas 

como a baixa fertilidade e disponibilidade de nutrientes, que podem ser contornadas 

com manejo e adubação adequada (Martins; Hardoim; Martins, 2023). 

A elevada demanda de adubação mineral na cana-de-açúcar, principalmente a 

nitrogenada, é um dos requisitos para elevar a produtividade da cultura, entretanto ela 

pode acarretar custos de produção mais altos, além de que seu uso intensivo e 

prolongado pode causar impactos no sistema produtivo, como acidificação do solo, 

contaminação dos recursos hídricos, entre outros (Coutinho, 2022; Ferreira, 2024). 

A ureia é o fertilizante nitrogenado mais utilizado quando comparado a outras 

fontes como o sulfato de amônio e o nitrato de amônio devido seu baixo custo por 

unidade de N. Contudo ocorrem perdas consideráveis de nitrogênio na forma de 

amônia (NH3) por volatilização. A incorporação da ureia no solo é uma estratégia 

eficaz para evitar essas perdas, entretanto essa prática deixou de ser viável no 

sistema de cultivo da cana-de-açúcar com a colheita mecanizada, onde a palhada 

deixada sobre o solo após a operação dificulta essa atividade. Com isso, a aplicação 

superficial da ureia sobre os resíduos da cana intensifica ainda mais a volatilização da 
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amônia, reduzindo a eficiência do aproveitamento do fertilizante (Heinrichs et al., 

2017). 

Um meio de reduzir a dependência por fertilizantes nitrogenados minerais e 

aumentar a sua eficiência é a utilização de bactérias diazotróficas, capazes de realizar 

o processo de fixação biológica de nitrogênio (FNB) (Schultz et al., 2012). 

Devido sua capacidade de fixar nitrogênio atmosférico (N2) e desenvolver 

fitohormônios capazes de melhorar o desenvolvimento das plantas, o gênero 

Azospirillum é amplamente estudado. Em uma pesquisa sobre a aplicação de doses 

de A. brasilense na cana-de-açúcar, (Scudeletti et al., 2023) observaram um aumento 

na produção de açúcar, energia e produtividade quando o inoculante foi aplicado 

durante os estágios de brotação e perfilhamento. Freitas et al. (2023) apresentaram 

um aumento do sistema radicular do capim-zuri quando inoculado com Azospirillum, 

obtendo também um maior número de perfilhos e de N acumulado nos tecidos. 

 Deste modo, as bactérias promotoras de crescimento vegetal (BPCV), em 

especial a Azospirillum brasilense vêm despertando interesse no setor 

sucroenergético, onde observa-se um grande potencial da tecnologia de inoculação 

da cana-de-açúcar e a hipótese que essa técnica favoreça o aproveitamento de N, 

aumentando o potencial produtivo da cultura e diminuindo a adubação nitrogenada de 

plantio. 

 

1.2 Objetivo 

 

 O objetivo do trabalho foi avaliar o efeito da aplicação de Azospirillum 

brasilense  no sulco de plantio da cana-de-açúcar associada à redução da adubação 

nitrogenada de base nos parâmetros de produtividade, qualidade tecnológica e 

nutricional, a fim de analisar o comportamento dos macronutrientes primários foliar, 

planta inteira e sua extração. 

 

1.3 Revisão de Literatura 

 

1.3.1 A cana-de-açúcar e sua importância 
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O Brasil se destaca como maior produtor mundial de cana-de-açúcar, atingindo 

mais de 700 milhões de toneladas, representando cerca de 39% da produção mundial 

(Silalertruksa; Gheewala, 2018). De acordo com a CONAB (2024), a área colhida no 

país foi estimada em 8,33 milhões de hectares com um rendimento médio de 85.580 

kg ha-1.  

Segundo dados da ÚNICA (2023), a utilização de etanol por carros flex de 2003 

a dezembro de 2023, evitou que mais de 660 milhões de toneladas de CO2 fossem 

lançadas na atmosfera. 

 Com o avanço das tecnologias para produção de etanol, é possível acessar 

quatro gerações do produto: Etanol de 1ª Geração (E1G) produzido a partir do caldo 

e melaço da cana-de-açúcar, de 2ª Geração (E2G) a partir de resíduos da produção 

como o bagaço, de 3ª Geração (E3G) com a utilização de microalgas e de 4ª Geração 

(E4G) oriundos de alteração genética (BAYER, 2022). 

 Além do etanol, a cana-de-açúcar tem um amplo espectro de produtos, como a 

produção de bioeletricidade a partir da queima do bagaço,  biogás oriundos da 

fermentação da vinhaça e da torta de filtro, como também produtos para a indústria 

de alimentos, bebidas e medicamentos. (RAÍZEN, 2024). Essa ampla versatilidade da 

cultura faz com que ela se destaque e consiga gerar empregos e renda no país. 

 No Brasil, a cultura está presente em praticamente todo território, com grande 

impacto econômico, especialmente na região Sudeste. Fatores como chuvas, 

temperaturas, qualidade do solo, incluindo suas características físicas, químicas e 

biológicas, resistência a pragas e doenças influenciam a produção. Para uma safra 

mais eficiente e sustentável, o planejamento agrícola é essencial (Fontanetti; Bueno, 

2017). 

 O setor sucroenergético tem concentrado esforços na otimização simultânea 

dos aspectos quantitativos e qualitativos da produção, com ênfase em práticas 

sustentáveis. Nesse contexto, são realizados investimentos contínuos em inovações 

tecnológicas e no aperfeiçoamento de técnicas agronômicas de alta eficiência, com o 

objetivo de maximizar a produtividade dos processos industriais e agrícolas, bem 

como reduzir os impactos ambientais associados. (Nogueira; Garcia, 2014; Oliveira et 

al., 2014).  
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1.3.2 Nitrogênio como nutriente 

 

 O Nitrogênio (N), é um macronutriente primário, sendo componente essencial 

de aminoácidos, proteínas e ácidos nucleicos, participando direta ou indiretamente de 

diversos processos bioquímicos (Lopes; Lima, 2015).  

Diversos trabalhos pontuam que o crescimento e desenvolvimento da cana-de-

açúcar estão relacionado com a disponibilidade de N no sistema (Trivelin et al., 2002; 

Franco, 2008).  

Segundo Epstein e Bloom (2006),  a deficiência desse nutriente na planta 

compromete diretamente a síntese de clorofila, a formação de aminoácidos e a 

produção de energia essencial para a síntese de carboidratos. Esses processos são 

fundamentais para o bom desenvolvimento da cultura e, consequentemente, para a 

obtenção de uma produtividade satisfatória. 

 O nitrogênio apesar de ser requerido em altas quantidades pelos seres vivos e 

poder ser encontrado em abundância na atmosfera na forma de (N2), ele está em uma 

forma estável e não assimilável diretamente para todas as plantas, requerendo sua 

transformação na forma de  íons de nitrato (NO3
-) ou amônio (NH4

+), para ser 

absorvido nas raízes e ocorrer sua assimilação (Bredemeier; Mundstock, 2000; Marin 

et al., 1999). 

 

1.3.3 Adubação nitrogenada na cana-de-açúcar 

 

 O nitrogênio possui uma elevada dinamicidade no solo, em razão das suas 

diversas transformações que sofre no ambiente. As fontes mais comumente utilizadas 

para o fornecimento desse elemento são a ureia e o sulfato de amônio. No entanto, 

ambas estão sujeitas a diferentes formas de perda, como lixiviação, escoamento 

superficial, volatilização de amônia e imobilização pela biomassa microbiana. Além 

disso, essas fontes apresentam um considerável potencial de acidificação do solo, o 

que exige atenção quanto ao seu manejo para garantir eficiência e sustentabilidade 

do sistema produtivo (Alva et al., 2005). 

 É fundamental observar a dose, o período e a forma de aplicação dos 

fertilizantes nitrogenados, uma vez que esses fatores influenciam diretamente a 

produtividade das culturas. Além disso, o uso inadequado desses insumos pode 
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aumentar significativamente o risco de contaminação de mananciais hídricos, devido 

à mobilidade dos nutrientes no solo e sua potencial lixiviação (Hoeft, 2003). 

  A cana-de-açúcar apresenta uma elevada exigência nutricional, podendo 

extrair mais de 200 kg de nitrogênio para cada 100 toneladas de colmos produzidos 

por hectare. Desse total, estima-se que entre 90 e 100 kg de N sejam efetivamente 

removidos do sistema durante a colheita (Schultz; Reis; Urquiaga, 2015). Essa alta 

demanda justifica as recomendações de doses consideráveis de fertilizantes 

nitrogenados ao longo do ciclo da cultura. Como exemplo, a aplicação de 

aproximadamente 30 kg de N ha⁻¹ no sulco de plantio, entre 40 e 60 kg de N ha⁻¹ na 

operação de quebra-lombo e, para a cana-soca, cerca de 100 kg de N ha⁻¹ por ano. 

Esses manejos visam atender às necessidades nutricionais da planta, garantindo um 

desenvolvimento adequado e alto potencial produtivo (Korndörfer, 2018). 

 

1.3.4 Bactérias Promotoras de Crescimento Vegetal (BPCV) 

 

 Práticas de manejo consagradas ao longo das últimas décadas, como a rotação 

de culturas, o desenvolvimento de cultivares resistentes e a utilização de plantas de 

cobertura, têm desempenhado um papel importante na agricultura. No entanto, 

quando aplicadas de forma isolada, essas estratégias não têm se mostrado 

plenamente eficazes na mitigação dos impactos negativos associados à degradação 

de áreas cultivadas sem o uso de técnicas sustentáveis (Abhilash et al., 2016).  

De acordo com Lopes et al. (2020), essas abordagens precisam ser 

complementadas por soluções ambientalmente seguras e cientificamente 

embasadas, como o uso de microrganismos multifuncionais, com destaque para 

bactérias promotoras de crescimento vegetal e fungos benéficos do solo que 

contribuem para a saúde do solo e a eficiência do uso de nutrientes.  

 As bactérias promotoras de crescimento vegetal em sua maioria residem na 

rizosfera as plantas e desempenham um papel fundamental na promoção do 

desenvolvimento das culturas, por meio de mecanismos diretos e indiretos, 

destacando a fixação biológica de N atmosférico, a solubilização do fósforo, a 

produção de fitohormônios e a síntese de sideróforos (Singh; Singh; Pal, 2017), que 

facilitam a absorção de nutrientes, além da indução da resistência sistêmica nas 

plantas (Compant; Clément; Sessitsch, 2010; Ahemad; Kibret, 2014). 
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  Os múltiplos mecanismos de ação das BPCV têm-se mostrado altamente 

eficazes no aumento da produtividade agrícola, além de contribuírem 

significativamente na sustentabilidade dos sistemas de produção. Diversos estudos 

têm confirmado esses efeitos positivos, com resultados promissores observados em 

diferentes culturas, reforçando o potencial desses microrganismos como ferramentas 

biotecnológicas estratégicas para o manejo sustentável e eficiente (Gírio et al., 2015; 

Spolaor et al., 2016; Battistus, 2019). 

 De acordo com Mariano et al. (2004), as principais bactérias pertencem aos 

gêneros Bacillus, Pseudomonas, Rhizobium, Bradyrhizobium, Streptomyces, 

Acetobacter, Herbaspirillum, Agrobacterium, Enterobacter, Burkholderia e 

Azospirillum. Este último destaca-se como um dos mais estudados, especialmente por 

sua capacidade de realizar a fixação biológica de N atmosférico, contribuído para 

nutrição nitrogenada de diversas espécies vegetais além das leguminosas. Além 

disso, ainda é capaz de produzir fitohormônios que estimulam o desenvolvimento do 

sistema radicular, otimizando a absorção de água e nutrientes pela planta (Doornbos; 

Van Loon; Bakker, 2012). Esse processo tem demonstrado a eficácia no apoio ao 

crescimento vegetal e na redução do uso de fertilizantes nitrogenados sem 

comprometer os níveis de produtividade (Hungria et al., 2010; Ferreira et al., 2013). 

 

1.3.5 Azospirillum brasilense 

 

 O Azospirillum brasilense é uma bactéria endofítica facultativa gram-negativa 

amplamente reconhecida por sua capacidade de fixar o N atmosférico no solo e 

colonizar diferentes partes das plantas, com destaque para as raízes de diversas 

espécies de gramíneas (Bashan; Holguin, 1997), além da FBN, ela é capaz de 

sintetizar fitohormônios como auxinas, giberelinas e citocinina, que desempenham 

papéis fundamentais na promoção do crescimento vegetal. Também contribui para a 

mitigação de estresses, além de atuar na solubilização de fosfatos (Fukami et al., 

2018).  

 Diferentemente da simbiose estabelecida entre rizóbios e leguminosas, a 

associação com A. brasilense é do tipo associativa. Isso significa que o microrganismo 

não depende da planta para sua sobrevivência e, portanto, é classificado como de 
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vida livre. Ele não forma nódulos nas raízes, mas atua principalmente na rizosfera, 

promovendo efeitos benéficos (Moreira et al., 2010).  

 A inoculação de espécies da família Poaceae tem demonstrado efeitos 

positivos sobre o rendimento e as características fisiológicas das plantas, conforme 

evidenciado por diversos estudos. Os resultados indicam incrementos na 

produtividade, atribuídos à ação de diferentes mecanismos fisiológicos promovidos 

pelo microrganismos, como  melhora na absorção de nutrientes, aumento da atividade 

fotossintética e maior tolerância a estresses abióticos. Esses efeitos, no entanto, 

variam entre diferentes culturas, como observadas em espécies como o milho 

(Spolaor et al., 2016; Duarte; Ruff; Santos, 2021), o trigo (Munareto et al., 2019; 

Palmero et al., 2020) e diferentes gramíneas (Aguirre et al., 2020).  

 Em especial na cultura da cana-de-açúcar, resultados promissores têm sido 

observados em resposta à associação com Azospirillum e outras bactérias 

diazotróficas. Esses microrganismos contribuem de forma significativa para o aumento 

da produtividade de colmos, além de promoverem melhorias no metabolismo da 

planta por meio da síntese e ação de fitohormônios (Lira et al., 2020). Tais interações 

reforçam o potencial do uso de inoculantes biológicos como uma ferramenta de 

complementar às práticas de manejo nutricional, visando à sustentabilidade e à 

eficiência produtiva da cultura. 
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Abstract: Sugarcane (Saccharum spp.) stands out in the context of sustainable agricultural production due to its versatility and 

energy potential. However, management challenges, such as nitrogen (N) fertilization associated with microbiological action, 

require improvement. In this context, the use of the bacterium Azospirillum brasilense has been studied as an alternative to 

reducing the use of mineral fertilizers. The objective of this study was to evaluate the application of Azospirillum brasilense in 

the planting furrow of sugarcane in terms of leaf diagnosis, nutrient uptake, yield and technological quality of the stalks, and 

total fresh and dry biomass of the aerial parts of the plants. The experiment was conducted under field conditions at two 

locations during the 2022/2023 growing season. The soils in Areas 1 and 2 were classified as medium-textured oxisol and 

sandy-textured oxisol, respectively. The experimental design was a randomized block design with four replications. The 

treatments were as follows: (T1) 28 kg ha−1 of N; (T2) 14 kg ha−1 of N; (T3) T2 + 0.2 L ha−1 of inoculant; (T4) T2 + 0.4 L ha−1 of 

inoculant; (T5) T2 + 0.6 L ha−1 of inoculant; (T6) T2 + 0.8 L ha−1 of inoculant. In Area 1, treatment T5 showed a total fresh 

biomass yield of the aerial parts that was 34% higher than T2. Total dry biomass, tillering, stalk yield, and technological 

parameters did not differ significantly between treatments in either area. In terms of nutrient uptake, treatment T5 consistently 

ranked among those with the highest averages for P, K, Ca, Mg, S, Fe, Mn, and Zn in both experimental areas. The dendrogram 

showed similar results between treatments T1 and T5. The application of 0.6 L ha−1 of the solution containing Azospirillum 

brasilense, combined with 50% of the recommended N dose, increased total fresh biomass production. Total dry biomass, stalk 

yield, tillering, and technological variables of the crop were not affected by the presence of the bacterium. 

 

Keywords: biological nitrogen fixation; growth-promoting bioinoculants; nutrient use efficiency; Saccharum spp. 

 

2.1. Introduction 

Brazil is the world’s leading producer of sugarcane (Saccharum spp.), setting a record in the 2023/2024 harvest by 

processing 713.2 million tons [1]. Sugarcane is one of the most important crops globally, with diverse uses, including food 

production (liquid, refined, crystal, and organic demerara sugars), beverages, biofuels (as a feedstock for ethanol), renewable 

energy through ethanol and biogas, and biomaterial production using bacterial cellulose [2,3]. 

Several factors can influence sugarcane production, with nutrient management and nutrient assimilation rates playing 

critical roles. Medium-textured soils with low organic matter content are common in tropical conditions, offering highly 

                                            
5 Artigo completo disponível: https://doi.org/10.3390/plants14111599.  
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favorable physical properties for agricultural production. However, they present chemical limitations [4], which can be 

mitigated through effective management and fertilization strategies. 

The nutritional requirements of sugarcane vary according to the expected yield and crop cycle. The crop’s 

developmental stage directly influences the highest nutrient uptake around 200 days after planting. In the soil/nutrient 

dynamic, various reactions can affect nutrient availability and plant absorption, directly influencing the amount of mineral 

fertilization required [5]. 

Among the most demanded nutrients by sugarcane is nitrogen (N), a vital element for metabolic processes and an 

essential component of amino acids, proteins, and nucleic acids, contributing directly to chlorophyll biosynthesis [6]. Urea 

[CO(NH2)2] is the most used source to meet plant N requirements due to its industrial advantages, such as high N concentration 

per unit mass (45–46%) and lower production costs compared to other N sources [7]. Once applied to the soil, urea is 

hydrolyzed by the enzyme urease, producing ammonia (NH3-N), which is rapidly lost to the atmosphere as gas [8,9]. 

Mineral fertilization can be employed to meet the crop’s N demand; however, this increases production costs. Moreover, 

the long-term intensive use of these inputs can lead to adverse environmental impacts, such as soil acidification and 

contamination of water resources by chemical compounds present in fertilizers, among other effects [5]. In sugarcane 

cultivation, fertilizers make up 20–30% of the production costs, with a rather variable range of fertilization recommendations, 

both for plant cane and ratoon crops. In Brazil, more than 15% of the fertilizers are used for this crop [10,11]. Several strategies 

have been used to increase fertilization efficiency. The most frequently used strategy has been the application of enhanced-

efficiency fertilizers [12] One approach to reducing reliance on mineral N fertilizers is the use of plant growth-promoting 

bacteria (PGPB), which has shown promising results in agricultural production systems [13]. 

PGPB have the potential to stimulate plant growth through biological N-fixation. They contribute directly to greater 

root system development, the synthesis of phytohormones, and phosphate solubilization and may also enhance plant resistance 

to both biotic and abiotic stresses [14]. 

The N-fixing ability of these bacteria grants them diazotrophic capabilities, making their use in agriculture a highly 

sustainable alternative. This reduces the need for mineral fertilizers and, consequently, dependence on non-renewable 

industrial processes [15,16]. 

Azospirillum is a well-studied genus of bacteria due to its ability to fix atmospheric N (N2) and produce phytohormones 

that enhance plant development. Scudeletti et al. [17], when evaluating doses of Azospirillum brasilense in sugarcane, observed 

an increase in sugar production, energy output, and yield when the inoculant was applied during the sprouting and tillering 

stages. Additionally, Ferreira et al. [18] highlighted the potential for improving raw material quality, which can translate into 

strategic gains in final sugarcane productivity. 

The objective of this study was to evaluate the application of Azospirillum brasilense in the planting furrow of sugarcane, 

combined with reduced N fertilization, focusing on the plant’s nutritional status, nutrient extraction from the aerial parts, stalk 

productivity and technological quality, and total fresh and dry biomass production.  

 

2.2. Results 

2.2.1. Effects on Sugarcane Technological Quality and Yield 

Regarding sugarcane productivity and tillering, responses were observed in Area 1 for total fresh matter (FM), with 

treatment T5 differing from the other treatments. For total dry matter (DM), the following relationship was observed: T1 > T3, 

T4, and T5 > T2 and T6 (Table 1). The other treatments applied in Area 1 were not significantly affected by the nutrient sources. 

 

Table 1. Production and tillering of sugarcane in two experimental areas. Agricultural year 2022/2023. 

Trat. 
Total FM Total DM Tillers 90 Tillers 150 Cane Yield 

kg ha-1 N° m-1 TSH 
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Table 1. Cont. 

Area 1 

T1 190.67 b 63.07 a 22.44 13.69 150.15 

T2 160.42 b 39.84 c 21.31 13.52 151.67 

T3 185.17 b 49.73 b 21.86 14.12 161.06 

T4 186.40 b 49.70 b 21.29 12.90 171.00 

T5 216.33 a 52.20 b 19.69 13.06 156.29 

T6 177.42 b 43.65 c 20.81 13.81 157.21 

Pr > F ° ** ns ns ns 

Mean 186.04 49.70 21.23 13.52 157.90 

CV % 10.31 5.45 6.24 6.42 6.80 

Area 2 

T1 171.72 40.52 26.52 20.04 158.96 

T2 175.27 38.20 25.04 20.46 163.34 

T3 180.99 40.69 26.02 21.29 172.92 

T4 186.75 42.45 23.19 19.54 178.96 

T5 184.67 40.21 24.60 19.46 175.21 

T6 201.43 39.06 23,96 18.35 180.83 

Pr> F ns ns ns ns ns 

Mean 183.47 40.19 24.89 19.86 171.70 

CV % 8.38 8.21 9.22 7.86 11.75 

Different letters indicate significance between treatments. (Scott–Knott). **, ◦ , and ns indicate p > 0.05, p < 0.01, and not significant, respectively. TSH—tons of 

stalks per hectare. (T1) 28 kg ha−1 of N; (T2) 14 kg ha−1 of N; (T3) T2 + 0.2 L ha−1 of inoculant; (T4) T2 + 0.4 L ha−1 of inoculant; (T5) T2 + 0.6 L ha−1 of inoculant; 

(T6) T2 + 0.8 L ha−1 of inoculant. 

 

The technological parameters are presented in Table 2. No significant differences were observed for any of the analyses 

in either area (Table 2). 

 

Table 2. Technological analysis of sugarcane stalks in two experimental areas. Agricultural year 2022/2023. 

Trat. 
Brix Pol Purity Fibre TRS TRS 

° % kg t-1 t ha-1 

Area 1 

T1 14.53 14.57 86.22 11.11 126.06 18.93 

T2 14.61 14.28. 83.79 11.24 124.00 18.74 

T3 13.62 13.15 83.18 10.89 115.47 18.55 

T4 14.62 14.10 83.47 10.72 123.66 21.15 

T5 14.21 14.16 85.65 11.15 122.71 19.15 

T6 14.37 14.36 85.87 11.07 124.06 19.66 

Pr > Fc ns ns ns ns ns ns 

Mean 14.32 14.10 84.70 11.03 122.72 19.36 

VC % 4.71 6.72 2.45 3.38 5.71 9.75 

Area 2 

T1 18.32 13.44 86.38 11.26 135.01 21.48 

T2 18.78 13.77 85.93 11.54 138.05 22.55 

T3 18.10 13.18 85.42 11.62 132.43 23.08 

T4 18.94 13.77 85.97 12.06 137.99 24.67 

T5 18.71 13.71 85.83 11.58 137.48 23.99 

T6 18.12 13.34 86.58 11.75 133.67 24.19 

Pr > Fc ns ns ns ns ns ns 

Mean 18.49 13.53 86.02 11.64 135.77 23.33 

VC % 6.70 6.75 1.83 5.56 6.28 14.41 
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Means comparison by Scott–Knott; ns indicates Pr > Fc not significant. Brix = concentration of soluble solids; Pol = percentage of sucrose present; TRS = amount 

of sugar that can be effectively extracted from sugarcane. (T1) 28 kg ha−1 of N; (T2) 14 kg ha−1 of N; (T3) T2 + 0.2 L ha−1 of inoculant; (T4) T2 + 0.4 L ha−1 of 

inoculant; (T5) T2 + 0.6 L ha−1 of inoculant; (T6) T2 + 0.8 L ha−1 of inoculant. ns indicates not significant. 

 

2.2.2. Plant Nutritional Status 

Leaf nutrient contents were affected by the treatments in both areas. In Area 1, treat- ments T1, T3, and T6 differed 

significantly from the others in terms of P concentrations. For Ca, treatments T3, T5, and T6 showed significant differences 

compared to the others. 

Mg levels differed in T3 and T6, while S responded to the treatments in T1 and T5. For Cu, the observed trend was T1 > 

T4, and T5 > T6 > T3 > T2. Regarding Fe, treatments T2, T3, T4, and T5 differed significantly from T1 and T6. Mn content was 

significantly lower in T4 compared to the other treatments, and Zn showed a significant response in T5. N and K did not respond 

to the applied sources (Table 3). 

In Area 2, the nutrients N, K, Ca, Mg, S, and Zn were not significantly affected by the treatments (Table 3). However, 

treatments T3, T5, and T6 differed significantly for P. For Cu, T1, T2, and T3 were significantly different from the other 

treatments. For Fe, T1, T3, and T5 differed from the others, while for Mn, T1 and T3 showed significant differences compared 

to the remaining treatments (Table 3). 

For stalk nutrient concentrations, no significant responses were observed only for N and Cu in Area 2 (Table 4). The 

macronutrient levels responded as follows: For N, T5 > T1, T3, and T6 > T2 and T4; for P, T5 > T4 > T1, T2, T3, and T6; for K, T5 

> T2, T4, and T6 > T1 and T3; for Ca, T5 > T1 > T2, T3, T4, and T6; for Mg, T5 differed from the other treatments; and for S, T2 

showed the lowest value among treatments. 

 

Table 3. Concentration of macro and micronutrients in sugarcane leaf diagnosis in two experimental areas. Agricultural year 2022/23. 

Trat. 
N P K Ca Mg S Cu Fe Mn Zn 

g kg-1 mg kg-1 

Area 1 

T1 15.61 1.64 a 7.97 4.57 b 1.62 b 1.44 a 5.72 a 77.02 b 67.32 a 16.71 b 

T2 15.61 1.64 a 8.33 4.35 b 1.72 b 1.35 b 1.29 e 82.21 a 62.11 a 19.15 b 

T3 16.61 1.52 b 8.48 4.92 a 1.83 a 1.39 b 2.01 d 84.92 a 63.26 a 19.75 b 

T4 16.05 1.48 b 8.19 4.35 b 1.77 b 1.20 b 3.43 b 81.38 a 55.19 b 15.50 b 

T5 16.64 1.54 b 8.73 4.73 a 1.63 b 1.42 a 3.85 b 85.65 a 63.73 a 26.76 a 

T6 16.48 1.74 a 8.43 4.93 a 1.87 a 1.29 b 2.77 c 73.05 b 62.48 a 17.35 b 

Pr > Fc ns ° ns ° ** * ** ° * ** 

Mean 16.17 1.59 8.39 4.64 1.74 1.35 3.18 80.82 62.35 19.20 

VC % 5.18 7.53 4.46 7.48 4.87 7.52 9.44 7.73 7.24 11.65 

Area 2 

T1 15.36 1.78 b 6.47 5.09 2.60 1.05 4.18 a 108.29 a 98.95 a 16.92 

T2 15.12 1.84 b 5.86 4.51 2.63 0.97 4.59 a 84.88 b 61.35 b 14.97 

T3 14.75 1.98 a 7.24 4.88 2.71 1.07 4.88 a 101.85 a 86.76 b 18.60 

T4 14.83 1.70 b 6.06 4.65 2.38 1.40 2.38 b 82.71 b 67.86 b 16.05 

T5 14.88 2.06 a 6.74 4.06 2.43 1.14 3.04 b 107.70 a 65.93 b 16.00 

T6 15.18 1.96 a 6.82 4.28 2.56 1.24 2.30 b 89.68 b 69.86 b 13.24 

Pr > Fc ns ° ns ns ns ns ** ** ** ns 

Mean 15.02 1.89 6.53 4.58 2.55 1.15 3.56 95.85 75.12 15.96 

VC % 6.15 9.50 12.61 21.13 8.26 23.49 15.74 9.98 13.67 18.35 

Different letters indicate significance between treatments. (Scott–Knott). **, *, ◦ , and ns indicate p < 0.01, p < 0.05, p < 0.1, and not significant, respectively. (T1) 

28 kg ha−1 of N; (T2) 14 kg ha−1 of N; (T3) T2 + 0.2 L ha−1 of inoculant; (T4) T2 + 0.4 L ha−1 of inoculant; (T5) T2 + 0.6 L ha−1 of inoculant; (T6) T2 + 0.8 L ha−1 of 

inoculant. 
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Regarding micronutrients, for Cu, T1 and T5 differed from the other treatments. For Fe, T2 was statistically lower than 

the others. For Mn, T5 > T1, T3, T4, and T6 > T2, and for Zn, T1 and T5 differed from the remaining treatments (Table 4). 

 

 

 

Table 4. Extraction of macro and micronutrients by sugarcane in two experimental areas. Agricultural year 2022/2023. 

Trat. 
N P K Ca Mg S Cu Fe Mn Zn 

kg ha-1 g ha-1 

Area 1 

T1 290.95 b 52.87 c 108.22 c 113.48 b 57.59 b 41.30 a 227.19 a 4412.04 a 5029.36 b 759.27 a 

T2 222.98 c 39.03 c 133.11 b 58.86 c 40.13 b 21.99 b 114.00 b 3291.48 b 2719.98 c 485.01 b 

T3 351.78 b 44.60 c 80.49 c 74.67 c 48.37 b 37.08 a 143.66 b 3720.77 a 4322.43 b 649.73 b 

T4 269.59 c 59.79 b 137.32 b 83.16 c 46.29 b 43.30 a 140.82 b 4583.85 a 4009.41 b 651.68 b 

T5 425.68 a 73.41 a 336.19 a 119.36 a 79.37 a 44.87 a 256.04 a 4404.02 a 6861.64 a 932.90 a 

T6 304.19 b 51.33 c 124.95 b 80.35 c 46.45 b 34.53 a 126.01 b 3942.82 a 4034.48 b 611.39 b 

Pr > Fc ** ** ** ** ** ** ** ** ** ** 

Mean 310.74 53.34 153.38 88.31 53.03 37.68 167.95 4059.16 4496.22 981.39 

VC % 21.22 11.34 8.88 13.72 16.57 11.11 15.66 10.82 11.59 13.34 

Area 2 

T1 213.97 47.59 b 139.67 a 70.27 a 48.00 a 32.34 a 143.06 5543.46 a 2931.63 a 491.55 a 

T2 175.99 44.07 b 119.51 a 41.70 b 35.37 b 21.91 b 115.27 3786.44 b 1846.33 b 511.31 a 

T3 202.35 52.66 b 145.34 a 72.75 a 49.96 a 34.61 a 160.93 4990.86 a 2727.80 a 520.05 a 

T4 201.00 46.31 b 106.32 a 51.39 b 35.87 b 38.68 a 117.05 4148.90 b 1666.84 b 335.96 b 

T5 202.82 63.27 a 194.97 a 68.04 a 42.87 b 36.83 a 140.10 5122.23 a 2176.21 b 492.48 a 

T6 209.32 49.29 b 165.48 a 70.96 a 48.82 a 36.80 a 157.69 5029.46 a 2309.04 b 531.60 a 

Pr > Fc ns ° ** * * * ns ** * * 

Mean 200.89 50.53 145.22 62.52 43.48 33.53 139.02 4770.22 2276.31 480.49 

VC % 20.15 16.93 15.70 23.80 15.57 21.06 23.87 11.70 23.56 16.05 

Different letters indicate significance between treatments. (Scott–Knott). **, *, ◦ , and ns indicate p < 0.01, p < 0.05, p 

< 0.1, and not significant, respectively. (T1) 28 kg ha−1 of N; (T2) 14 kg ha−1 of N; (T3) T2 + 0.2 L ha−1 of inoculant; (T4) T2 + 0.4 L ha−1 of inoculant; (T5) T2 + 

0.6 L ha−1 of inoculant; (T6) T2 + 0.8 L ha−1 of inoculant. 

 

2.2.3. Weighted Correlation Network 

For the multivariate analysis, the division and characteristics of the areas were not considered, focusing solely on the 

variables in question and their relationships with the applied treatments. The results are presented in Figures 1 and 2. 
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Figure 1. Weighted correlation network created using the statistical program R. Red connections represent negative relationships, while 

green connections indicate positive relationships. The varying thicknesses of the connections reflect the intensity of the relationship between 

the variable. 

 

Observing the correlation network in Figure 1, some expected relationships were confirmed. For example, the positive 

correlation among TRS kg ha−1, Brix, and Pol shows strong positive correlations: TRS kg ha−1—Brix, TRS kg ha−1—Pol, and Brix—

Pol (Figure 1). Sulfur extraction also has a high positive correlation with leaf S content as well as leaf N and K content. These 

correlations suggest that improvements in one variable can positively influence the others, thereby enhancing production 

efficiency. 

 

 

Figure 2. Hierarchical representation of clusters (dendrogram), created using the statistical program R. The proximity between points 

indicates similarity, while the branches represent the formation of clusters or groups, with the height of the connections indicating the 

distance between the grouped elements. Warmer colors indicate a greater influence of the respective treatment on the analyzed vari- able. 

(T1) 28 kg ha−1 of N; (T2) 14 kg ha−1 of N; (T3) T2 + 0.2 L ha−1 of inoculant; (T4) T2 + 0.4 L ha−1 of inoculant; (T5) T2 + 0.6 L ha−1 of inoculant; 

and (T6) T2 + 0.8 L ha−1 of inoculant. 

 

Fiber was negatively correlated with tilling at 90 DAT (T90), leaf Cu, and Mg content. N extraction was positive 

correlated with FPT and with Cu and Zn extraction. Furthermore, a synergistic effect was observed between nutrient extraction 

and Ca, Cu, Mn, Zn, and Mg (Figure 1). 

In the dendrogram analysis, two large clusters were observed. One cluster grouped with T2 (14 kg of N ha−1), along 

with the respective treatments T4 and T6. The other cluster grouped with T1 (28 kg of N ha−1), along with the respective 

treatments T5 and T3. It was observed that, for the first cluster, treatments T4 and T6 are like T2 because they do not show 

significant values for the extraction of Mn, Cu, Ca, Zn, and Fe and the leaf content of Fe and Mn. 

Conversely, the second cluster (grouped with T1) showed higher values for the ex- traction of Mn, Cu, Ca, Zn, and Fe 

and the leaf content of Fe and Mn, indicating a positive correlation of these factors in these treatments. In terms of productive 

parameters (TPDM), this cluster showed a greater significance compared to the first cluster. Upon closer ex- amination of the 

cluster with the best agronomic performance, it was noted that T5 stood out from T1 and T3 at a second hierarchical level. T5 

exhibited higher values (represented by the warmer colors observed) for the extraction of N, P, K, and FTPTP and Fe and Zn 

content, indicating that T5 was the best agronomic result in this study. 
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2.3. Discussion 

A significant difference was observed in total fresh and dry matter production (Area 1). In the total aboveground fresh 

mass production, the application of 0.6 L ha−1 of the inoculant solution resulted in the highest yield, reaching 216.33 Mg ha−1. 

These results are consistent with those found in the literature, which highlights the use of PGPB-based inoculants as an effective 

practice to increase productivity in crops such as sugarcane [19].  

The fresh mass production in treatment T5 was 34% higher than in treatment T2. Azospirillum can stimulate plant 

growth through mechanisms such as biological N-fixation, phytohormone production, and phosphate solubilization [20,21]. For 

total aboveground dry mass production, the highest yield was observed in T1. These results are like those reported by Fukami 

et al. [22], who noted that excessive doses of inoculants can have antagonistic effects due to an imbalance in soil microbiota or 

the increase in inhibitory substances, leading to negative impacts on production. Stalk productivity in both experimental areas 

exceeded the regional average, which, in the 2022/2023 season, was 80.47 Mg ha−1 [1]. Sugarcane plants tend to exhibit the 

highest productivity in the first harvest, and it tends to decline in subsequent seasons [23]. 

Table 2 presents the results of the technological analyses of sugarcane in two exper- imental areas. The technological 

parameters (Table 2) did not show a response to the treatments. These findings are supported by Scudeletti et al. [17], who, 

when evaluating the application of Azospirillum brasilense in plant cane and first ratoon, did not observe a significant increase 

in the crop’s technological parameters. However, the data related to the technological parameters are in line with those 

recommended by [24]. 

The responses observed for P in both areas can be attributed to Azospirillum’s ability to promote root growth, which 

increases the soil exploration area and consequently enhances phosphorus uptake, a nutrient that is relatively immobile in the 

soil [25]. Additionally, Azospirillum can release organic acids and phosphatases that solubilize soil P, making it more available 

to the plant [26]. Some authors report that Azospirillum may act synergistically with phosphate fertilizers, enhancing P use 

efficiency, which is crucial for crops such as sugarcane, with high P demand [21]. 

In Area 1, the concentration of Cu in the leaves observed in T1 was significantly higher than in all other treatments, 

while in Area 2, T1 was statistically like T2 and T3. The behavior observed for Cu can be explained by the possible saturation of 

absorption sites or changes in Cu availability in the soil due to microbial activity induced by Azospirillum brasilense. This 

microorganism can influence Cu availability to a lesser extent than mineral N, directly impacting the absorption of various 

micronutrients [27]. The decrease in Cu concentration at higher doses may indicate that an increase in the microbial population 

could have led to Cu immobilization in the soil or competition between microorganisms and plants for the element, reducing its 

availability to plants [25]. Moreover, Cu is an essential micronutrient for many enzymatic functions, but its absorption can be 

limited by the presence of high levels of P or other antagonistic elements [28]. 

Fe showed a significant difference in both areas studied. In Area 1, treatments T2, T3, T4, and T5 had higher 

concentrations compared to T1 and T6, whereas in Area 2, the highest concentrations were observed in treatments T1, T3, and 

T5, which differed statistically from the other treatments. It was noted that T6 had lower responses compared to the other 

treatments in both areas, indicating that high doses of the inoculant may reduce the concentration of this element in sugarcane 

leaves. This pattern may be related to the excessive production of siderophores by Azospirillum, which, when overproduced, 

can limit the nutrient’s availability to plants [20]. 

Mn responded significantly to the inoculant application in both areas. In Area 1, there were no differences between 

treatments, while in Area 2, treatments T1 and T3 were statistically different from the others. For Zn, the only significant 

response was observed in T5 in Area 1.  

The foliar concentrations of Fe and Zn were within the adequate range for sugarcane, which is Fe (40.0–250.0 mg kg−1) 

and Zn (10.0–50.0 mg kg−1). For Mn, the concentrations exceeded the adequate range, which is 10.0–50.0 mg kg−1, while Cu was 

below the adequate range in all cases (6.0–15.0 mg kg−1) [29]. 
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Table 4 shows the average extraction of macro- and micronutrients from the above- ground part of sugarcane in two 

experimental areas. The extraction of elements N, P, K, Ca, Mg, S, Cu, Fe, Mn, and Zn in Area 1 responded to the combined 

application of microorganisms and half of the mineral N fertilization. The same response was observed in Area 2, except for N 

and Cu (Table 4). 

For N, no significant difference was observed between treatments. However, T5 significantly contributed to the 

extraction of P, K, Ca, and Mg, with this treatment showing higher averages than T1 in both areas for P extraction. This 

demonstrates the potential of Azospirillum to enhance fertilizer use efficiency. This combination suggests that Azospirillum can 

improve P availability and absorption, possibly by promoting root growth, better soil exploration, and increased solubilization 

[30,31]. Research by Hungria et al. [21] indicated that the use of Azospirillum in crops such as corn and sugarcane can improve 

the efficiency of N and P extraction, reducing fertilizer costs and environmental impacts. 

In Area 1, the highest extraction of K, Ca, and Mg occurred with the application of T5, which differed significantly from 

the other treatments according to the Scott–Knott test. In Area 2, no significant differences were observed among treatments 

for K, but for Ca and Mg, the highest extractions were in T1, T3, T5, and T6 (Table 4). The greater extraction of K in Area 1 may 

be related to Azospirillum brasilense’s ability to promote root growth and increase the absorption surface, which is particularly 

important for K uptake. K is a mobile nutrient in the soil and is essential for various physiological functions, including osmotic 

regulation and enzymatic activation [32]. No significant differences were observed among treatments for S extraction in either 

area. 

Although the observed responses for Ca, Mg, and S are consistent with the trends in concentrations, the 

microorganism’s ability to sustain these extraction levels suggests that the inoculant could be used as a tool to stabilize plant 

nutrition, even in scenarios where soil nutrient availability is limiting [33]. 

The extraction of all micronutrients analyzed (Cu, Fe, Mn, and Zn) in Area 1 responded significantly to the application 

of the inoculant solution, whereas in Area 2, only Cu showed no significant response. In Area 1, the extraction of Cu and Zn 

showed similar behaviors, with T5 being the only treatment to respond equally to T1 (control). In Area 2, for Zn extraction, T4 

was the only treatment that responded differently and inferiorly to the others.  

For Mn extraction in Area 1, treatment T5 was statistically superior to all other treatments, while in Area 2, T3 

responded statistically the same as T1, with these two treatments showing the highest extractions. In terms of Fe extraction, no 

significant differences were found among treatments in Area 1; however, in Area 2, the lowest extractions were ob- served in 

T2 and T4. The results for Fe in both areas suggest that although Azospirillum can enhance Fe extraction, its effectiveness may 

be limited compared to traditional mineral fertilizers. This limitation may be related to how Fe is available in the soil and the 

plant’s ability to translocate it after absorption [27]. 

The results for Fe and Zn are particularly relevant, as these micronutrients play crucial roles in biochemical and 

physiological processes, such as photosynthesis and chlorophyll synthesis, which are vital for the healthy growth of sugarcane 

[34]. 

Stalk yield and TRS t ha−1 were also strongly linked, with a positive correlation of 0.86, indicating that the amount of 

biomass is directly related to TRS t ha−1 (Figure 2). This synergy can be maximized through proper nutrient management and 

agricultural practices that promote plant development [35]. Negative relationships were observed for cane fiber (Fbr), which 

negatively impacted the accumulation of Cu (CuF) and Mn (MnF) in the leaves, with correlation values of −0.96 and −0.91, 

respectively, and for stalk tillering at 90 days (P90), with a correlation of −0.90. In both cases, these are strong negative 

correlations (Figure 2). This suggests that an increase in fiber content may be associated with a reduced availability or 

absorption of these micronutrients, which could affect plant development. However, excessive fiber is a limiting factor for the 

quality of raw materials for industrial purposes [36]. 
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Regarding N, the relationship between N in the leaves (NF) and K in the leaves (KF) was strongly correlated (0.88). The 

extraction of N (ExN) was also strongly associated with the extraction of various micronutrients (Figure 2), highlighting a 

beneficial relationship consistent with nitrogen’s role in promoting the absorption and mobilization of other essential nutrients. 

The resulting dendrogram, presented in Figure 3, illustrates the hierarchical structure of the clusters. The observations were 

grouped into two clusters, defined according to the cut-off point established by the analysis. This cut-off point was determined 

based on the visual inspection of the dendrogram and the analysis of the consistency of the groupings. The treatments T2 and 

T4 exhibited the most consistent patterns, with a separate grouping for T5, T1, and T3. 

 

 

Figure 3. Historical and experimental period precipitation, and minimum, and maximum tempera- tures (April 2022 to July 2023). 

 

Notably, the proximity between T1 and T5 formed a superior cluster compared to the others. This result suggests that 

the application of the inoculant creates conditions very similar to those achieved with conventional mineral fertilizers, 

indicating that inoculants may be as effective as fertilizers. 

 

2.4. Materials and Methods 

2.4.1. Experimental Site and Treatments 

The experiment was conducted in two sugarcane experimental areas in the western region of São Paulo State, during 

the 2022/2023 growing season. The soil in Area 1 was previously classified as LATOSSOLO VERMELHO-AMARELO, with a sandy 

texture, and in Area 2 as LATOSSOLO AMARELO [37], with a medium texture, both corresponding to an oxisol [38]. The physical 

and chemical attributes are described in Table 5 [39,40]. Microbial population counts were conducted, considering diazotrophic 

microorganisms present in the soil (Table 6). The climate of both areas was classified as Aw according to Köppen [41] (Figure 

3). 
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Table 5. Results of soil chemical and granulometric analysis from samples collected at a depth of 0.00–0.20 m at the start of the experiment 

in both areas. 

Location pH OM P K Ca Mg H + Al Al SB CEC 

 CaCl2 g dm-3 mg dm-3 mmolc dm-3 

Area 1 5.8 25 3.4 0.6 21 8 16 0 29.6 45.6 

Area 2 5.2 19 3.4 1.5 25 7 19 0 31.5 50.5 

 V m S-SO4 B Cu Fe Mn Zn sand silt clay 

 % g dm-3 mg dm-3 g kg-1 

Area 1 65 0 14 0.4 1.9 23.9 24 0.8 806 29 165 

Area 2 62 0 14 0.3 1.6 35.3 29 1.2 837 42 121 

P, Ca, Mg, and K: resina; S-SO4: Ca (H2PO4)2 0.01 mol L−1; B: BaCl2.2H2O 0.125% microwave. Cu, Fe, Mn, and Zn; OM: organic matter; SB: sum of bases; CEC: cation 

exchange capacity; V: base saturation; m: aluminum saturation. 

 

 

 

Table 6. Soil moisture and diazotrophic bacteria in soil samples collected at the start of the field experiment in Areas 1 and 2. 

Sample ID Soil Moisture Diazotrophic Bacteria 

 % CFU g-1 dry soil 

Area 1 9.37 9.38 x 104 

Area 2 9.05 2.63 x 105 

CFU—Colony Forming Units. 

 

The experiment was established between April and June 2022. The experimental design in both areas was arranged in 

randomized blocks with four replications. The sugarcane varieties studied were RB 97-5242 (Area 1) and CTC 4 (Area 2). The 

experimental plots measured 90 m2, consisting of six sugarcane rows, spaced 1.5 m apart with a row length of 10 m. A 2.0 m gap 

was left between plots, and the distance between blocks was equivalent to two rows, which was used as a passageway. 

The treatments consisted of five doses of an inoculant solution containing Azospirillum brasilense strains Ab-V5 and Ab-

V6 at a concentration of 2 × 108 CFU mL−1, combined with 14 kg ha−1 of mineral N, and a control treatment (T1) with 28 kg ha−1 

of mineral N. The sources of N, P2O5, and K2O used in treatments T2, T3, T4, T5, and T6 were NPK 05-25-25 (275 kg ha−1) and 

Hiphós 28 (357 kg ha−1). In T1, the same sources and doses were used, with the addition of urea (31 kg ha−1) to supplement N. 

Mineral fertilizers were applied manually at the time of sugarcane planting. Immediately afterward, the solution containing the 

microorganism was manually applied over the sugarcane stalks, which had already been placed in the open planting furrows. 

This application was carried out using a graduated plastic wash bottle, and the furrows were subsequently covered with soil. At 

120 days after planting, 114.58 kg ha−1 of KCl was applied to all experimental units. These doses were adapted according to 

recommended standards for sugarcane planting. The data are presented in Table 7: 

 

Table 7. Treatments with N fertilization associated with Azospirillum brasilense inoculation. 

Tratament Source Dose 

T1 Control 28 kg ha-1 N; 0 Inoculant 

T2 50% N/No Inoculant 14 kg ha-1 N; 0 Inoculant 

T3 50% N+Inoculant 14 kg ha-1 N; 0.2 L ha-1 Inoculant* 

T4 50% N+Inoculant 14 kg ha-1 N; 0.4 L ha-1 Inoculant* 

T5 50% N+Inoculant 14 kg ha-1 N; 0.6 L ha-1 Inoculant* 

T6 50% N+Inoculant 14 kg ha-1 N; 0.8 L ha-1 Inoculant* 

* Concentration of Azospirillum brasilense per mL: 2 × 108 CFU mL−1. CFU = colony forming units. 
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The mineral fertilizers were applied mechanically at the time of sugarcane planting. Immediately afterward, the 

solution containing the microorganism was manually applied over the open planting furrows using a wash bottle. 

 

2.4.2. Number and Production of Stalks 

The stalk count consecutively cut stalks in the four central rows, totaling 40 stalks per plot, excluding 2 m of border 

rows, and converting the values to TSH. 

 

2.4.3. Sugarcane Technological Quality 

Twelve sugarcane stalks per plot were selected, with the tops and dry leaves removed. The samples were sent to the 

sugar-energy units laboratory for technological analysis. The following parameters were measured: brix cane (Brx); pol cane; 

purity cane (Prz); fiber cane, and total recoverable sugar (TRS) [42]. The parameters were determined as follows: 

Brix (Bj): The brix (soluble solids content, by weight, of juice) was determined using an automatic digital refractometer. 

Fiber (F): Cane fiber was calculated using the following equation: 

 

F = 0.08 × WWB + 0.876, (1) 

 

where WWB = wet weight of press bagasse. 

Moisture % (M): Moisture was calculated using the following equation: 

 

M = (Wmw − Dmw)/Wmw, (2) 

 

where Wmw = wet mass weight; Dmw = dry mass weight. 

Pol of juice (S): Pol of juice (apparent sucrose content, by weight, of juice) was determined using an automatic digital 

saccharimeter and calculated using the following equation: 

 

S = LPol × (0.26047 − 0.00009882 × Bj), (3) 

 

where LPol = saccharimetric reading of clarified juice; Bj = brix of the juice. 

Pol of cane (PC): Pol of cane was calculated using the following equation: 

 

PC = × (1 − 0.01 × F) × C (4) 

 

where S = pol in juice; F = fiber; C = coefficient used to convert the pol of extracted juice (S) to pol of cane (PC). 

Juice purity (Q): Apparent juice purity (Q), defined as the percentage of pol about brix, was calculated using the 

equation: 

Q = 100 × S/Bj (5) 

 

where S = pol in juice; Bj = brix in juice. 

Reducing sugars in juice % (RS): The reducing sugars content (RS), by weight, of juice was calculated using the following 

equation: 

RS = 3.641 − 0.0343 × Q (6) 

 

where Q = purity in juice. 
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Total recoverable sugar (TRS): Once the pol of cane (PC) and reducing sugars in cane (RSC) were obtained, TRS was 

calculated using the following equation: 

TRS = 9.526 × PC + 9.05 × RS (7) 

  

 

2.4.4. Nutrition Status 

The nutritional status of the plants was assessed through leaf analysis and whole-plant sampling (leaves, stalks, and 

tassels) for macronutrients (N, P, K, Ca, Mg, and S) and micronutrients (Cu, Fe, Mn, and Zn). For the foliar diagnosis, 20 “+1” 

leaves were collected per plot, using the central 30 cm of the leaf blade without the midrib. This diagnostic leaf corresponds to 

the first fully developed leaf located below a reference point on the plant. In the case of sugarcane, for example, it is the first 

fully expanded leaf with a well-defined blade tip [43]. 

For the whole-plant analysis, six plants were collected per plot. These samples were pre-harvested, weighed, and 

shredded using a Nogueira-type forage chopper. The material was then oven-dried at 65 ◦ C under forced ventilation until 

constant weight. Dried sub- samples of the whole plants were ground using a Wiley-type mill, weighed, and prepared for 

digestion. 

N content in both leaf and whole-plant samples was determined via sulfuric acid digestion followed by titration using 

the micro-Kjeldahl method. Ps, K, Ca, Mg, and S contents were determined through nitric-perchloric acid digestion. P and S 

concentrations were measured using a light spectrophotometer, whereas K, Ca, Mg, and micronutrient concentrations were 

quantified using an atomic absorption spectrophotometer [43]. 

 

2.4.5. Statistical Analysis 

The data were first tested for normality using the Shapiro–Wilk test. Following this, an analysis of variance (ANOVA) 

was performed. When significant differences were detected, means were compared using the Scott–Knott test at significance 

levels of p < 0.01, p < 0.05, and p < 0.1. 

Multivariate analyses were conducted using R software (version 4.3.2). A correlation network was generated using the 

“qgraph” function from the “qgraph” package, and cluster analysis (Ward’s method) was performed using the “factor extra” and 

“ggplot” packages. 

 

2.5. Conclusions 

The application of 0.6 L ha−1 of the solution containing Azospirillum brasilense at the planting furrow of sugarcane, 

combined with 50% of the nitrogen dose, increased the total fresh biomass production in Area 1. However, the total dry mass, 

stalk productivity, tillering, and technological parameters of the crop were not affected by the presence of the bacteria. 

The nutrient concentrations in the foliar diagnosis did not differ with the application of Azospirillum and full or half 

doses of nitrogen fertilization. 

In nutrient extraction, the treatment with 0.6 L ha−1 of the inoculant solution, combined with 50% of the nitrogen dose, 

consistently ranked among the treatments with the highest averages of P, K, Ca, Mg, S, Fe, Mn, and Zn in both experimental areas. 

According to the dendrogram, the control treatment and T5—the application of 0.6 L ha−1 of the inoculant solution and 

a half dose of mineral nitrogen—displayed a superior clustering compared to the others, with a similar coloration, indicating 

very comparable conditions between the two treatments. 
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