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O segredo da vida é o solo, porque dele
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vida. Tudo esta interligado. Nao ha ser humano

saudavel se o solo ndo for saudavel.

(PRIMAVESI, 2012).



RESUMO

AVALIACAO DA SAUDE DO SOLO EM SISTEMAS AGRICOLAS SOB
AGRICULTURA CONSERVACIONISTA NO BRASIL

AUTOR: Jardel Henrique Passinato
ORIENTADOR: Telmo Jorge Carneiro Amado

A agricultura conservacionista (AC) constitui-se como a principal estratégia para regenerar a
vida no solo, mas o efeito sobre a atividade enzimatica e na microbiota do solo ainda é pouco
documentado. Este estudo investigou as enzimas -glicosidase e arilsulfatase como ferramentas
para avaliar a satide do solo a nivel de campo e através da caracterizagdo do DNA do solo,
buscou-se identificar a relagdo do microbioma com os distintos ambientes de potencial
produtivo (YEs) dentro de um campo de producao. Campos de produgdo em quatro estados do
Brasil, situados nas principais agro-ecorregides, foram selecionados para este estudo. Em cada
campo de produgdo, trés ambientes (alta produtividade (HYE), média produtividade (MYE) e
baixa produtividade (LYE)) foram delimitados para a amostragem de solo para determinar a
atividade enzimatica e atributos quimicos. Em um destes campos com um vasto banco de dados
temporais, a caracterizagdo do DNA do solo foi realizada. As duas enzimas no solo investigadas
foram afetadas pela relacdo dos atributos do solo e os mais importantes deles foram
identificados, onde as particulas finas de solo (argila e silte), alta CTC, alto teor de Ca**, alta
relacio Ca®>/Mg?", alto COT, NT e MOS foram promotores da atividade das enzimas, por outro
lado, pH do solo em agua (>6.5), alto teor de areia, alto teor de P concentrado em camada
superficial, alta temperatura, baixa disponibilidade de Cu?" e Mn?" diminuiram a atividade
destas enzimas. Cerca de 40% dos pontos amostrados tinham baixos teores de matéria organica
do solo, sendo estes associados a baixa atividade enzimatica. Além disso, no HYE houve maior
biodiversidade e uma maior presenga de organismos promotores de crescimento as plantas
(Bacillus sp., Penicillium sp., Trichoderma sp., Pseudomonas sp., Bradyrhizobium sp. e
Rhizobium sp.), enquanto no LYE houve maior ocorréncia de organismos patogénicos
(Fusarium sp. e Macrophomina sp.). A atividade das enzimas B-glicosidase e arilsulfatase foram
eficientes indicadores da biodiversidade do solo sob AC. Além disso, a atividade dessas enzimas
serve como uma ferramenta eficiente para distinguir ambientes de baixo potencial produtivo
em relacdo a ambientes de alto potencial produtivo dentro dos campos. Conclui-se que a
aplicacdo dos trés principios integrados da AC com foco na rotagdo de culturas e culturas de
cobertura no sistema de cultivo, resulta em melhoria da saude do solo e produtividade das
culturas. Os principais impulsionadores desse processo de regeneragdo da satde do solo sdo a
restauracdo da matéria organica do solo e do teor de nitrogénio total por meio da diversificagao
das culturas, correcao calibrada dos nutrientes das plantas com fertilizagdo que se concentra no
aumento do teor de Ca?", evitar a compactagio do solo e estimular o crescimento das raizes das
plantas que irdo suportar microrganismos promotores de crescimento de plantas e uma
comunidade diversificada da biota do solo.

Palavras-chave: Agro-ecorregides brasileiras. Biodiversidade do solo. Enzimas do solo.
Matéria organica do solo. Qualidade do solo.



ABSTRACT

SOIL HEALTH CHECK-UP OF CONSERVATION AGRICULTURE FARMING
SYSTEMS IN BRAZIL

AUTHOR: Jardel Henrique Passinato
ADVISOR: Telmo Jorge Carneiro Amado

Conservation agriculture (CA) has been promoted as the main strategy to regenerate soil life
but its effect on soil enzyme activity and on soil microbiota remains little documented. This
study investigated the B-glucosidase and arylsulfatase enzymes as tools to evaluate soil health
at the field level and through the characterization of soil DNA, we sought to identify the
relationship between the microbiome and the different yield environments (YEs) within a
production field. Croplands in four main grain-producing states in Brazil, located in the main
agro-ecoregions were selected for this study. In each cropland, three environments (high yield
(HYE), medium yield (MYE), and low yield (LYE)) were delineated for soil sampling to
determine soil chemical attributes and enzyme activity. In one of these fields with a large
temporal database, soil DNA characterization was also undertaken. The two soil enzymes
investigated were affected by a range of soil attributes and the most important of these were
identified, where fine soil particles (clay and silt), high CEC, high Ca?* content, high Ca?*/Mg?*
ratio, high TOC, TN and SOM were promoters of enzyme activity, on the other hand, soil pH
in water (>6.5), high sand content, high P content concentrated in the surface layer, high
temperature, low availability of Cu?* and Mn?* reduced the activity of these enzymes. Around
40% of the data points sampled had low soil organic matter content; these were associated with
low enzyme activity. Furthermore, in HYE there was more biodiversity and a higher presence
of plant-growth promoters (Bacillus sp., Penicillium sp., Trichoderma sp., Pseudomonas sp.,
Bradyrhizobium sp. and Rhizobium sp.), while in LYE there were more plant pathogenic
organisms (Fusarium sp. e Macrophomina sp.). The activity of B-glucosidase and arylsulfatase
enzymes were efficient indicators of soil biodiversity under CA. Furthermore, the activity of
these enzymes serves as an efficient tool to distinguish environments of low productive
potential in relation to environments of high productive potential within the fields. It is
concluded that the application of the three integrated CA principles focusing on crop rotation
and cover crops in the cropping system, results in improved soil health and crop productivity.
The main drivers of this soil health regeneration process are restoration of soil organic matter
and total nitrogen content through crop diversification, calibrated correction of plant nutrients
with fertilization that focuses on increasing Ca®* content, prevent soil compaction and
encourage the growth of plant roots that will support plant growth-promoting microorganisms
and a diverse community of soil biota.

Keywords: Brazil agro-ecoregions. Soil biodiversity. Soil enzymes. Soil organic matter. Soil
quality.
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1. INTRODUCAO GERAL

O abastecimento de uma populagao global crescente que estd projetada para as proximas
décadas, a qual situa-se atualmente em 7,8 bilhdes de pessoas, passara para aproximadamente
8,5 bilhdes em 2030 e 9,4 bilhdes em 2040 (ONU, 2022), exercera uma constante e crescente
pressdo sobre os ecossistemas naturais e os agro-ecossistemas, devido a demanda por alimentos,
fibras, energia, agua e diversos produtos agricolas. Consequentemente os sistemas agricolas
também estardo pressionados para a sua intensificagdo (KASSAM et al., 2009).

Estes ecossistemas ja enfrentam desafios de sustentabilidade devido as mudancgas
climaticas e degrada¢do do solo, atrelada a perda da biodiversidade, comprometendo seus
servigos ambientais e a producdo agricola em diferentes escalas (KASSAM et al., 2009).
Portanto, a intensificacdo dos sistemas agricolas deve ser desenvolvida de uma maneira
sustentavel. Entretanto, a producdo agricola convencional (baseada no preparo intensivo do solo
e atitudes visando somente custo-beneficio) falhara no objetivo de atingir uma intensificagao
sustentavel que forneca um meio resiliente de produgao para atender as necessidades futuras
(SHAXSON, 2006; KASSAM et al., 2009).

A partir deste cenario fica evidente a necessidade urgente de redesenho dos sistemas de
produgdo agricola, a fim de diminuir os custos ambientais, econdmicos € sociais associados aos
atuais sistemas de produg¢do baseados em monocultivo e revolvimento intensivo que
condicionam solos descobertos e implicam altas aplica¢des agroquimicas (DORAN e ZEISS
2000; LEAL et al., 2020; SHAH et al., 2021). Neste sentido, ha uma necessidade e também
uma oportunidade em capturar as mudangas na satide do solo ao longo deste periodo de
redesenho agricola.

A Agricultura Conservacionista (AC), que se constitui em um sistema de zero ou
minimo revolvimento do solo, de alto e constante aporte de material vegetal rico em quantidade
e qualidade baseado em um sistema diversificado de rotagdo de culturas (LEAL et al. 2020),
vem sendo praticada ha mais de quatro décadas nas regides pioneiras da América do Norte e do
Sul (KASSAM et al. 2009; KASSAM et al., 2019).

Dentre os mais de 200 milhdes de hectares (ha) globais sob AC, o Brasil ¢ um dos paises
que mais aumentaram sua area desde o inicio dos anos 2000 (KASSAM et al., 2021). Devido
a dimensdo continental do pais, o Brasil apresenta distintas agro-ecorregides, as quais
apresentam particularidades edafoclimaticas e sociais que condicionam grandes variagdes nos

sistemas de manejo e cultivo sob AC, que exigem uma avaliacdo integrada de seu estado afim
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de promover a manuten¢ao da saude do solo, que por sua vez, deve manter sua funcionalidade
de sustentar a produtividade vegetal e animal mantendo ou até melhorando a qualidade do
ambiente (DORAN e PARKIN, 1994; DORAN e ZEISS 2000; GARBISU et al., 2011).

As consequéncias para a saude do solo, resultantes desta gama de sistemas de AC de
duracdo variavel, ainda ndo estdo muito bem documentadas. Esta ¢ uma importante lacuna de
conhecimento que precisa ser preenchida, para evitar conclusdes erradas ou enganosas sobre a
qualidade do solo e a eficacia da AC. Nesse sentido, bioindicadores, como a atividade
enzimatica do solo, sdo sensiveis a0 manejo e estdo fortemente associados a por¢ao viva do
solo (MENDES et al., 2021). Assim, a atividade enzimatica do solo pode servir como um
indicador integrado de varios atributos-chave do solo, apoiando sua mensuragdo como parte de
uma avaliacdo holistica e completa da AC (MENDES et al., 2018a).

Os distintos microrganismos do solo sdo dependentes de condigdes fisicas e quimicas
especificas para exercerem o seu papel fundamental na ciclagem de nutrientes e na estruturagao
do solo. Atributos do solo, como a textura, estrutura, compactagdo, densidade do solo,
agregacao, porosidade, disponibilidade de agua, potencial de hidrogénio (pH), matéria organica
do solo (MOS), nitrogénio (N), exsudatos de raizes de plantas, salinidade, aluminio (AI*"),
hidrogénio, capacidade de troca cationica (CTC), sistemas de cultivo e condi¢gdes climaticas,
impulsionam a atividade microbiana do solo e sua diversidade funcional (TRIPATHI et al.,
2020).

Desse modo, a constru¢ao de um microbioma diversificado na rizosfera é necessaria
para suprimir ou aliviar as pressoes de patdogenos de plantas e diminuir a incidéncia de doengas
e sua gravidade, resultando em plantas mais vigorosas e com maior resiliéncia as mudangas
climaticas (VAN BRUGGEN et al., 1996; TRIPATHI et al., 2020; TOOR ¢ ADNAN, 2020). A
compreensdo da interagdo dos atributos do solo com a microbiota, bem como sua constitui¢ao
¢ de fundamental importancia para a regeneragao da vida no solo.

Essas questdes ainda sdo pouco abordadas na literatura da AC, mas o conhecimento
sobre elas, criaria a oportunidade para os agricultores aplicarem o manejo do solo em sitio
especifico para construir e sustentar a vida do solo e a saude das plantas. Neste estudo, buscou-
se avangar no conhecimento sobre a relacdo entre distintos ambientes de potencial produtivo
(YEs) dentro de campos de producdo e atividade das enzimas P-glicosidase e arilsulfatase.
Também procurou-se entender os principais atributos do solo que afetam a atividade enzimatica
nas principais agro-ecorregides brasileiras. Finalmente, buscou-se estudar a presenca de
microrganismos promotores de crescimento de plantas e organismos patogénicos nos distintos

YEs.
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1.1. HIPOTESE

O desempenho das culturas em diferentes ambientes produtivos estd fortemente
associado a atividade bioldgica do solo, que pode ser afetada positiva ou negativamente de
acordo com uma complexa interagcdo envolvendo o sistema de manejo do solo adotado, atributos

do solo e o clima.

1.2.  OBIJETIVOS

1.2.1. Objetivo geral

O objetivo principal deste estudo foi avaliar a satde do solo, por meio da atividade de
duas enzimas como bioindicadores, em areas de cultivo sob agricultura conservacionista de
longa duragdo nas principais agro-ecorregioes brasileiras e, através da caracterizacdo do DNA
do solo, verificar a dinamica do microbioma nos distintos ambientes de potencial produtivo

dentro de um campo de producao.

1.2.2. Objetivos especificos

1) Investigar a sensibilidade e eficiéncia da atividade das duas enzimas do solo estudadas
em distinguir as agro-ecorregides e ambientes de potencial produtivo dentro dos campos de
producdo sob agricultura conservacionista;

11) Avaliar os principais atributos do solo, clima e relevo que atuam como promotores e
detratores da atividade enzimatica e da biodiversidade do solo;

ii1) Identificar os principais microrganismos presentes nos distintos ambientes de
potencial produtivo dentro de um campo de producio e;

iv) Compreender a dindmica entre os principais microrganismos promotores do
crescimento e patdogenos as plantas com os atributos do solo dentro de um campo de produgao

em seus ambientes de potencial produtivo.
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2. REVISAO DE LITERATURA

2.1. SAUDE DO SOLO E AGRICULTURA CONSERVACIONISTA

A definicdo do conceito de saide ou qualidade do solo estd baseada no seu
funcionamento dentro do ecossistema, sustentando e fornecendo importantes servigos
ambientais, dentre os quais envolvem a manutencdo da capacidade de produgdo bioldgica
(graos, carne, fibras, leite, energia, entre outros) e da qualidade ambiental (armazenamento e
filtragem da agua, sequestro de carbono (C) e ciclagem de nutrientes), melhorando a qualidade
da dgua e do ar e dessa forma promovendo a satde dos seres vivos (DORAN e PARKIN, 1994;
GARBISU et al., 2011; BALOTA et al., 2013; MENDES et al., 2018a).

A saude do solo em sistemas agricolas de producao deve ser estimulada por praticas que
regenerem a vida no solo. Para isso, sistemas de manejo como a AC sdo de fundamental
importancia para a conducdo de uma agricultura regenerativa, que visa restaurar a saude do solo,
incluindo o sequestro de C para mitigar as mudangas climdticas e reverter a perda de
biodiversidade (GILLER et al., 2021).

Os trés principios interligados que definem a AC sdo: (a) minimizar ou abandonar a
perturbagcdo mecanica pelo revolvimento do solo de todas as formas, incluindo a ndo inversao
das camadas do solo, reduzindo a taxa de decomposi¢do dos residuos das culturas, evitando
incorpora-los ao solo, assim prevenindo picos de atividade biologica de curto prazo associados
a fluxos de C e N do solo e a ruptura fisica de agregados do solo; (b) manutengdo de uma
cobertura vegetal com biomassa diversa ao longo do ano todo, incluindo material vegetal vivo
e morto sobre o solo para proteger a superficie do solo e servir como uma fonte continua e
diversificada de substrato para uma comunidade diversificada de microrganismos do solo; € (c)
aumentar a diversificagdo de espécies de plantas no sistema de cultivo por meio de rotagdes e
associagoes de culturas, incluindo culturas de cobertura que poderiam ser inseridas em qualquer
janela de tempo livre entre o cultivo de culturas comerciais, incluindo leguminosas fixadoras
de N que resultam em uma entrada de biomassa de alta qualidade no solo, estimulando bactérias
e fungos promotores de crescimento as plantas (KASSAM et al., 2009; LEAL et al., 2020;
KASSAM et al., 2019; PIRES et al., 2020).

A AC ¢ um sistema de aprimoramento continuo, onde expressdo de seus efeitos
benéficos passam por um periodo de transi¢do, geralmente sendo considerada a sua
consolidagdo aos 9 a 10 anos desde a sua adogdo a partir de um sistema convencional de cultivo

ou de condi¢des naturais (NETO et al., 2007). Por ser um sistema de constante aperfeicoamento,
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a avaliagdo de sua qualidade ¢ imprescindivel para conduzir a praticas que direcionem a
melhoria do solo, ou seja, ao sentido oposto a degradacgao.

A degradacao do solo ¢ um processo rapido e no ponto de vista da conservagao do solo,
0s piores cenarios sdo quando as praticas convencionais de preparo do solo estdo associadas a
sistemas de cultivo com baixo aporte de biomassa ou periodos de pousio, principalmente sob
condi¢des de temperatura ¢ umidade do solo altamente favoraveis a decomposicdo biologica
em climas tropicais e subtropicais imidos (DE BONA et al., 2008; ZANATTA et al., 2007;
PILLAR et al., 2012).

O interesse crescente pela saide do solo ganhou forga ao fim da década de 1980 e inicio
da década de 1990, apoés a conscientizacdo de que o solo ¢ um recurso vital tanto para a
manuten¢do da sustentabilidade da produgdo agricola, quanto para a preservacdo do
ecossistema (KULINSKA et al., 1982; MELO et al., 1982; BALOTA et al., 2013; MENDES et
al., 2018a). Para a avaliagdo da qualidade do solo, os cientistas, agricultores e instituigoes
governamentais utilizam de indicadores da qualidade do solo (IQS). Estes indicadores devem
ser capazes de identificar um conjunto de propriedades do solo, que tenham relagdes com os
processos biologicos, fisicos e quimicos, que sejam acessiveis a varios usudrios, aplicaveis a
diversas condigdes e ainda sejam sensiveis a variagoes de manejo e de clima ao longo do tempo

(VEZZANI e MIELNICZUK, 2009).

2.2. BIODIVERSIDADE E ENZIMAS DO SOLO

A biodiversidade do solo pode ser definida como a variedade de vida abaixo do solo,
desde a abundancia de genes e espécies até as comunidades que eles formam, bem como os
complexos ecologicos, aos quais 0os microrganismos contribuem e pertencem, desde os micro-
habitats do solo até as paisagens. O conceito ¢ convencionalmente usado no sentido taxondomico
e denota o nimero de espécies distintas, mas pode ser estendido para abranger a diversidade
genética, fenotipica, funcional, estrutural ou tréfica (FAO, 2020).

A diversidade genética de uma comunidade microbiana, ou seja, a diversidade de
espécies, pode estimular a diversidade funcional, a qual ndo ¢ ligada apenas a capacidade de
uma comunidade de microrganismos em transformar compostos constituidos por C como fonte
de energia, mas também quando determinada funcdo € realizada por distintas espécies (ZAK et
al., 1994; LISBOA, 2009; CORDEIRO, 2011). Quando uma mesma fun¢do ¢ realizada por
diferentes espécies, ¢ denominada de redundancia funcional. Além disso, uma espécie pode

desempenhar diversas funcdes no habitat, podendo substituir outra espécie responsavel por



21

determinado processo. Essas caracteristicas estdo interligadas e contribuem para o potencial de
estabilidade do ecossistema, tornando-o mais resiliente, ou seja, a comunidade microbiana
presente nele ¢ capaz de se recuperar e realizar a manutengdo da sua funcionalidade sob
condigdes de estresses (BRADLEY e DEGENS 1998; MOREIRA e SIQUEIRA, 2006;
LISBOA et al., 2009; CORDEIRO et al., 2011).

O estudo da interagdo entre microrganismos benéficos e plantas cultivadas ¢ crucial para
prever seu papel no desenvolvimento de um agroecossistema sustentavel. Microrganismos €
plantas interagem entre si de varias maneiras: para disponibilidade de nutrientes, promocao de
crescimento, sobrevivéncia e muitos outros beneficios tanto para a planta quanto para a
comunidade microbiana (SINGH et al., 2020).

Os microrganismos possuem a capacidade de dar respostas rapidas a mudangas na
qualidade do solo, caracteristica que na maioria das vezes nao ¢ observada nos indicadores
quimicos ou fisicos, podendo ser utilizados como sensiveis bioindicadores da qualidade do solo.
Em alguns casos, alteragdes na populagdo e na atividade microbiana podem preceder mudancas
nas propriedades quimicas e fisicas, refletindo um claro sinal na melhoria ou na degradacao do
solo (ARAUJO e MONTEIRO, 2007; BALOTA et al., 2013).

Na ciclagem de nutrientes no solo, a microbiota desempenha um papel vital e maior
parte dos microrganismos benéficos estdo localizados ao redor das zonas radiculares da planta,
a chamada rizosfera (DE SOUZA et al., 2015; TOOR e ADNAN, 2020). Os microrganismos
sdo indicadores da satide do solo, bem como da capacidade produtiva do solo. A presenca de
MOS ¢ dependente de que microrganismos atuem sobre ela e a convertam em uma forma
disponivel (himus), neste processo liberando diferentes tipos de enzimas (TOOR e ADNAN,
2020).

As enzimas sdo substancias catalisadoras, acelerando processos de fracionamento de
determinados substratos, transformando moléculas maiores em menores, afim de disponibiliza-
las como fonte de energia, desse modo, sdo mediadoras do catabolismo biologico dos
componentes organicos e minerais do solo, atuando na ciclagem de nutrientes (ARAUJO e
MONTEIRO, 2007; KAUR et al., 2020; BAI et al. 2021).

Os organismos vivos no solo, entre eles microrganismos, fauna, raizes de plantas
liberam diversas enzimas (TOTOLA e CHAER, 2002). As enzimas do solo podem estar no
interior da célula ou ligadas externamente a membrana celular, na solugdo do solo, adsorvidas
a superficie de minerais de argila ou substancias hiimicas, em parti¢cdo ou formando polimeros
com substancias humicas, ou no espago interlamelar de minerais de argila (BALOTA et al.,

2013).
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A atividade enzimatica tem potencial para fornecer uma avaliagdo integrada do estado
bioldgico do solo pela sua relagdo com a biota, a facilidade de mensuracdo, custo acessivel,
resposta rapida a mudangas no uso e manejo do solo, refletindo os aspectos do funcionamento
do ecossistema, além de envolver metodologias simplificadas para suas avaliagdes (DICK,
1994; TABATABAI, 1994; TOTOLA e CHAER, 2002; ARAUJO ¢ MONTEIRO, 2007;
BALOTA et al., 2013).

A escolha das enzimas a serem analisadas baseia-se na sua sensibilidade ao manejo do
solo, na sua importancia na ciclagem de nutrientes e na decomposicdo da MOS e na
simplicidade da analise. As principais enzimas utilizadas como IQS sido a [B-glicosidase,
celulase (ciclagem de C), uréase, amidase (ciclagem de N), fosfatase (ciclagem do fosforo (P))
e arilsulfatase (ciclagem de enxofre (S)) (ARAUJO e MONTEIRO, 2007).

Porém para serem utilizadas como bioindicadores em analises de rotina, Balota et al.
(2013) destacaram que muitos autores reportavam a auséncia de valores de referéncia para estes
parametros. Neste sentido, Lopes et al. (2013) publicaram os primeiros valores referéncia para
a atividade das enzimas B-glicosidase, celulase, fosfatase acida e arilsulfatase para Latossolos
Vermelhos de Cerrado de textura argilosa. Mais recentemente, Mendes et al. (2018a)
propuseram a atividade das enzimas B-glicosidase e arilsulfatase como indicadores-chave para
a compreensao da fun¢do da ciclagem de nutrientes do solo, atribuindo pesos semelhantes a
essas enzimas em relagdo a sua importancia para essa fungdo especifica e realizaram ajustes
nestes valores de niveis criticos para estas enzimas em Latossolos do Cerrado.

Essas duas enzimas do solo estdo gradualmente sendo incluidas nas anélises de rotina
do solo no Brasil (MENDES et al., 2021), pois se mostraram bioindicadores eficientes nos solos
do Cerrado (Centro-Oeste) brasileiro, atuando como indicadores de alerta de mudangas na
qualidade do solo, associadas a praticas de manejo da produgdo adotadas (MENDES et al.,
2018a; MENDES et al., 2019). Além disso, essas enzimas estdo fortemente associadas a
produtividade das culturas e ao conteudo de MOS (LOPES et al., 2013), encaixando-se bem na
necessidade de definir limites criticos destes bioindicadores-chave (LOPES et al., 2013;
MENDES et al., 2018b; MENDES et al.,, 2019). Para isso, também foi proposta uma
padronizagdo de amostragem, incluindo a posi¢do na superficie do solo (amostragem de um
ponto na linha e trés em ambas entrelinhas de cultivo), profundidade de amostragem (0-10 cm),
época (pos-colheita), bem como o pré-tratamento das amostras (secagem do solo ao ar antes da
realizagdo das analises de laboratorio) (MENDES et al., 2019).

De acordo com o levantamento de Sobucki et al. (2021), o interesse cientifico e o

numero de estudos publicados sobre a atividade enzimatica no solo, vém crescendo ¢ a



23

aplicag¢do desse conhecimento no manejo sustentavel de ambientes agricolas, traz perspectivas

futuras promissoras.

2.2.1. p-glicosidase

As glicosidases sdo enzimas abundantemente localizadas no solo, envolvidas na
catalisacdo da hidrolise de varios glicosideos presentes em restos de plantas em decomposi¢ao
no interior do solo, sendo sua denominacdo variada de acordo com o tipo de ligacdo que
hidrolisa (TABATABALI, 1994; BALOTA et al., 2013; ADETUNIJI et al., 2017). Apresenta-se
como um mecanismo para obtengdo de fonte de energia de C crucial para a existéncia de
numerosos microrganismos dentro do solo (ESEN 1993; BANDICK e DICK, 1999; KAUR et
al., 2020).

A despolimerizagao da celulose presente nos residuos de plantas ¢ realizada da seguinte
maneira: em um primeiro momento ocorre a a¢do da enzima endoglucanase, que corta
aleatoriamente as ligagdes 3-1,4 glicosidicas, quebrando assim a longa cadeia de celulose, assim,
com as cadeias moleculares quebradas acabam tendo uma extremidade redutora e outra nao
redutora (WALLENSTEIN E BURNS, 2011; CHEN, 2015; SOBUCKI et al., 2021).
Posteriormente, ocorre a a¢ao da celobiosidase nas cadeias curtas de celulose, onde a
celobiosidase compreende dois componentes que cortam, respectivamente, glicose e celobiose
da extremidade redutora da cadeia longa (WALLENSTEIN E BURNS, 2011; CHEN, 2015;
THAPA et al., 2020; SOBUCKI et al., 2021). Apos isso, sdo liberados fragmentos de celobiose
(dissacarideos compostos por duas moléculas de glicose unidas por ligagdes B (1—4). A B-
glicosidase atua na celobiose e outras celodextrinas soliveis em 4gua a partir da extremidade
redutora, resultando em moléculas de glicose que podem entdo ser absorvidas pelas células
microbianas (WALLENSTEIN E BURNS, 2011; SOBUCKI et al., 2021).

Apesar das enzimas celulases ndo fornecerem nutrientes as plantas de forma direta, a
glicose resultante de sua agdo € necessaria para o crescimento dos microrganismos do solo, que
por sua vez controlam a disponibilidade de N, P, S e outros nutrientes, promovendo o
crescimento das plantas por outros meios (DOTANIYA et al., 2019; SOBUCKI et al., 2021).
Levando-se em consideragao de que a B-glicosidase atua na etapa final da despolimerizacao da
celulose, sendo a ultima enzima envolvida no processo, sua atividade pode ser considerada um
parametro adequado para avaliar a atividade microbiana e a saide do solo (SOBUCKI et al.,
2021).

A atividade da B-glicosidase, desse modo, ¢ influenciada pela qualidade dos residuos de
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culturas e por diversas praticas de manejo do solo (ADETUNII et al., 2017), se apresentando
como um indicador confidvel da qualidade do solo devido a sua estreita relagao de dependéncia
da fragdo organica do solo na ciclagem de C, apresentando um sinal precoce de alteragdes em
seus compartimentos, antes que ocorram perdas drasticas de MOS (KAUR et al., 2020). Estudos
corroborando com isso, demonstram que AC tende a aumentar a atividade da -glicosidase além
da biomassa microbiana, C ¢ N do solo, em relagdo a sistemas de preparo convencional,
principalmente nas primeiras camadas do solo (MANKOLO et al., 2012; PANDEY et al., 2014;
PIRES et al., 2020).

2.2.2. Arilsulfatase

A enzima arilsulfatase desempenha um papel essencial no ciclo do S do solo, mediando
a transformacao do éster sulfato organico, através da quebra da ligacdo S-oxigénio, resultando
em sulfato inorganico (SO4%"), a forma em que o S ¢ preferencialmente absorvido pelas plantas,
estando assim, esta enzima amplamente difundida nos solos (TABATABAI, 1994;
GANESHAMURTHY et al., 1995; KERTESZ e MIRLEAU, 2004; KAUR et al., 2020).

Esta enzima foi detectada pela primeira vez por Tabatabai e Bremner (1970) e
determinada em cepas de bactérias (Actinobacteria, Pseudomonas, Klebsiella e Raoultella),
fungos (Trichoderma sp. e Eupenicillium sp.), plantas e animais (NICHOLLS e ROY, 1971)
podendo ser tanto intracelular como extracelular (SOBUCKI et al., 2021).

O S esté presente em aminoacidos, como metionina e cisteina, tornando a MOS o maior
reservatorio de S do solo (LUCHETA e LAMBALIS, 2012; FLIS e JONES, 2020; SOBUCKI et
al., 2021). Arilsulfatases sdo secretadas consideravelmente por bactérias para o ambiente
externo como resposta a limitacdo de S (MCGILL e COLLE, 1981). Uma parte do SO4* é
utilizado no metabolismo microbiano, enquanto outra fra¢ao estara disponivel na solugdao do
solo para absorcao pelas plantas (SOBUCKI et al., 2021). O S ¢ um nutriente importante na
nutricdo das culturas de soja e milho e solos tropicais frequentemente sdo deficientes em sua
disponibilidade para as plantas (LOPES et al., 2018; MENDES et al., 2021).

Assim como a atividade da B-glicosidase, a atividade da arilsulfatase foi relatada mais
alta em sistemas sob AC em comparagao com outros sistemas de preparo do solo (MANKOLO
et al., 2012) e esteve relacionada a produtividade relativa acumulada das culturas (LOPES et
al., 2013), estando correlacionada com a biomassa microbiana do solo e MOS (BALOTA et al.,

2013; XU et al., 2015).
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2.2.3. DNA do solo

O termo metagenomica refere-se a uma abordagem baseada na investigagdo das
moléculas de DNA de diversas populagdes microbianas em uma amostra, sendo constituido
pela andlise gendmica de DNA microbiano, o qual ¢ extraido diretamente de amostras
ambientais, contornando a necessidade e as dificuldades de cultivo destes microrganismos
(HANDELSMAN et al., 1998; PIRES, 2019).

O avango da metagendmica tornou possivel a determinacao da diversidade e a atividade
de comunidades, vias metabdlicas, microrganismos ou genes especificos ¢ dominantes,
passando a ser empregada em estudos em ambientes diversos, entre eles o solo (STEELE e
STREIT, 2005; BALOTA et al., 2013). Além disso, o uso de técnicas moleculares em ecologia
microbiana possibilitou a descoberta de novos microrganismos até entdo desconhecidos, muitos
dos quais ndo sdo possiveis de serem cultivados em metodologias convencionais (WHITMAN
et al., 1998; MACRAE, 2000; PEREIRA et al., 2006).

Deste modo, a disponibilidade de novos e avangados métodos moleculares baseados em
acidos nucleicos do solo, revolucionou os estudos da microbiota do solo, em particular, a
compreensdo da enorme diversidade de microbios do solo cresceu, abrindo novos desafios
sobre o funcionamento e as interagdes microbianas (ELSAS e BOERSMA, 2011). Segundo
Thies (2015), os métodos moleculares nos permitiram o acesso a 90-99% da comunidade
bioldgica do solo, em grande parte ndo descrita.

Thies (2015), destaca que a metagendmica envolve a andlise em larga escala de genomas
microbianos extraidos do solo, onde a metatranscriptomica ¢ o estudo dos genes sendo
expressos pelos membros ativos da comunidade biodtica do solo e baseia-se na andlise de
transcricdes de RNA; o estudo de proteinas extraidas da amostra ambiental ¢ a provincia da
metaprotedmica; enquanto a metaboldmica abrange o estudo de metabolitos, incluindo agucares,
lipidios, aminoacidos e nucleotideos e recentemente, o volatiloma do solo (compostos
organicos volateis com atividade biologica) comecou a ser estudado (INSAM, 2013). Essas
novas abordagens estdo permitindo identificar e avaliar de forma abrangente a atividade e
funcdo dos membros da comunidade biolégica do solo (NANNIPIERI et al., 2014; THIES,
2015).

Os alvos mais comuns para caracterizar as comunidades microbianas sdao os genes rRNA
devido a sua importancia no estabelecimento de relagdes filogenéticas e taxonomicas (WOESE
et al., 1990; THIES, 2015). Os genes mudam a medida que adquirem mutacdes fixas ao longo

do tempo, a modo de que o nimero de diferengas entre duas sequéncias homologas reflete tanto
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a taxa evolutiva das sequéncias quanto o tempo que as separa, ou seja, hd quanto tempo elas
ndo tém um ancestral comum, desse modo, diferentes sequéncias precisam ser selecionadas
para resolver a variagdo em diferentes niveis taxonomicos (THIES, 2015).

O DNA nao codificante, geralmente evolui mais rapido do que o DNA transcrito, pois
estd sob pressdo de selecdo para permanecer inalterado, portanto, as regides espacadoras
intergénicas evoluem mais rapidamente do que outras sequéncias. Os mais lentos para mudar
sao os genes estruturais de rRNA, embora estes também tenham regides variaveis que sao
exploradas regularmente para caracterizar comunidades bioldgicas do solo (THIES, 2015).

A identificacdo molecular de microrganismos cultivaveis é realizada por meio regioes
de genes codificadores de rRNA. Estes genes apresentam areas variaveis e conservadas de um
microrganismo para outro, podendo entdo serem utilizadas para identificacio de
microrganismos. Esta disposi¢do do DNA permite que estas sequencias sejam amplificadas pelo
método da reagdo em cadeia da polimerase (PCR) e depois, sequenciados (BRUNALE, 2017).

A PCR ¢ uma técnica altamente sensivel, onde sdo obtidas milhdes de copias de
sequencias de acidos nucleicos, por meio de uma reagao enzimatica, partir de diminutas
quantidades de sequencias de DNA. Esta técnica permite obter milhdes de copias de um
segmento especifico de DNA por meio da acdo da enzima Taq DNA polimerase e de
oligonucleotideos iniciadores (primers) sobre um DNA molde. E realizada em um equipamento
automatizado e computadorizado, denominado termociclador, que promove a alternancia de
temperaturas por determinados periodos de tempo, possibilitando a ocorréncia de ciclos
repetitivos de desnaturacdo e sintese do DNA (GANDRA et al., 2008; BRUNALE, 2017).

Aregido V3 de genes 16S rRNA ¢ um alvo comum na anélise de diversidade bacteriana,
enquanto o espacador transcrito interno (ITS) € usado frequentemente para estudos de
diversidade fungica, pois os genes 18S rRNA ndo sdo suficientemente variaveis (THIES, 2015;
BRUNALE, 2017). Essas estruturas possuem regides altamente conservadas intercaladas com
regides varidveis o que permite o desenvolvimento de primers, para sua amplificacdo e,

posteriormente, seu sequenciamento (BRUNALE, 2017).

2.3. MICRORGANISMOS DO SOLO E SUAS INTERACOES COM AS PLANTAS

O solo, em sua complexa dinadmica, ¢ constituido por componentes organicos e
inorganicos, onde os microrganismos do solo (componente organico) sdo constituintes
essenciais para seu funcionamento (MENDES et al, 2018a; OZIMEK e HANAKA, 2020). Boa

parte da microbiota atua como decompositores capazes de degradar uma série de compostos e
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criar um ambiente de solo muito dindmico, onde suas atividades podem resultar em uma maior
biodisponibilidade de elementos-chave como N, COT, P, e outras substancias nao
exclusivamente para si, mas também para outros organismos, o que ¢ crucial em solos agricolas
(OZIMEK e HANAKA, 2020). Por outro lado, hd uma gama de microrganismos que atuam
como fitopatdégenos, comprometendo o crescimento e a produtividade das plantas (SHORESH
etal., 2010; SHAH et al., 2021).

A rizosfera ¢ a regido do solo com a interferéncia de diversos compostos secretados
pelas raizes. Nesta zona ¢ onde ha maior concentragdo de microrganismos que mantém
associagcdes com as plantas, as quais podem ser benéficas ou ndo, portanto essa regiao se
constitui como um “hot-spot” da saide do solo (DE SOUZA et al., 2015). Os chamados
microrganismos promotores do crescimento vegetal pertencem a um grupo heterogéneo e
benéfico de microrganismos que podem ser encontrados na rizosfera, na superficie radicular ou
associados a ela (associagdo mutua), que sdo capazes de potencializar o crescimento das plantas,
regular processos fisioldgicos, protegé-las de doencas e estresses abioticos (DIMKPA et al.,
2009; GROVER et al., 2011; GLICK, 2012; DE SOUZA et al., 2015; SHAH et al., 2021).

Entre os principais géneros de organismos promotores de crescimento de plantas, estdo
Bacillus e Pseudomonas, conhecidos como bactérias promotoras de crescimento as plantas (DE
SOUZA et al., 2015; KHAN et al., 2020); Penicillium e Trichoderma, conhecidos como fungos
promotores de crescimento as plantas e agentes de biocontrole (ETHUR et al.,, 2007;
SHORESH et al.,, 2010; RADHAKRISHNAN et al., 2014; KHAN et al., 2020) e;
Bradyrhizobium, Rhizobium e Azospirillum atuando na fixagdo atmosférica de N
(VANLAUWE et al., 2019; CASSAN et al., 2020).

Estes microrganismos podem sintetizar diferentes tipos de metabolitos vegetais como
cianeto de hidrogénio, 2,4-diacetilfloroglucinol; hormonios como 4cido 1-aminociclopropano-
1-carboxilico (ACC) desaminase (regula a producdo de etileno vegetal metabolizando ACC
antes que ele possa ser convertido em etileno), acido indol-3-acético (IAA) (afeta a divisao,
extensdo e diferenciacdo das células vegetais, estimula a germinagdo e a taxa de
desenvolvimento do xilema e das raizes; controla os processos de crescimento vegetativo, a
formagdo de raizes laterais e adventicias; medeia as respostas a luz, gravidade, afeta a
fotossintese, a formacao de pigmentos, a biossintese de varios metabolitos e a resisténcia a
condigdes estressantes), acido salicilico e jasmonico (responsaveis pela tolerancia a seca em
plantas e induzir resisténcia a patdgenos); antibidticos, por exemplo, fenazina e; compostos
volateis que estimulam o crescimento das plantas (GLICK, 2012; DE SOUZA et al., 2015;
KHAN et al., 2020; SINGH et al., 2020).
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Essas estratégias podem ser classificadas de duas maneiras, direta e indireta. As
estratégias diretas incluem a producao de fitohormonios, mineralizagdo de compostos organicos,
solubilizacdo de nutrientes minerais e fixacdo de nitrogénio. As estratégias indiretas
neutralizam ou previnem completamente os efeitos nocivos dos patdégenos das plantas por
fitoquimicos que aumentam a resisténcia natural das plantas (YASMIN et al., 2020).

Azospirillum ¢ um dos géneros de bactérias promotoras de crescimento vegetal mais
estudadas, abrangendo pelo menos 22 espécies, incluindo 17 espécies firmemente validadas, as
quais foram identificadas, isoladas de solos agricolas, sendo a espécie Azospirillum brasilense
a mais conhecida (CASSAN et al., 2020). As espécies de Azospirillum fixadoras de nitrogénio,
correspondem as classes diazotroficas endofiticas opcionais que colonizam a superficie e o
interior das raizes (SHAH et al., 2021). Azospirillum também promove o crescimento de raizes
e aumentam a taxa de absorcao de 4gua e minerais, incluindo a solubiliza¢do de P por algumas
cepas (FUKAMI et al., 2018; CASSAN et al., 2020), sendo muito estudada nas culturas como
soja, milho e trigo, para os quais a bactéria provou ter eficiéncia agronomica (SHAH et al.,
2021).

Além disso, estudos demonstram mecanismos de resisténcia sistémica induzida,
mediada pelo aumento dos niveis de fitohormonios via 4cido jasmonico/etileno, incluindo
também auxinas, citocininas, giberelinas e acido abscisico que auxiliam na mitiga¢do de
estresses abioticos, como salinidade e seca (FUKAMI et al., 2018). Também atua na resisténcia
sistémica adquirida, estando relacionada ao controle bioldgico de fitopatdgenos, que ¢
controlado por niveis intermediarios de 4cido salicilico, possibilitado pela sintese de siderdforos,
assim, limitando a disponibilidade de ferro para fitopatdgenos ou causando alteragdes no
metabolismo da planta hospedeira, incluindo a sintese de uma variedade de metabolitos
secundarios que aumentam a resisténcia da planta a infecg¢@o por patogenos (FUKAMI et al.,
2018).

O uso comercial de Azospirillum ¢ difundido na América do Sul, com mais de 100
produtos ja no mercado na Argentina, Brasil e Uruguai (SHAH et al., 2021). A inoculacao
combinada de leguminosas com rizobios e Azospirillum (co-inoculagdo), tornou-se uma pratica
agricola emergente nos ultimos anos, principalmente para a soja e o feijdo, apresentando alta
reprodutibilidade e eficiéncia em condi¢des de campo, permitindo beneficios como o aumento
e precocidade para a nodulagdo pelos rizobios (FUKAMI et al., 2018; SHAH et al., 2021).

Os rizdbios (géneros Bradyrhizobium e Rhizobium) atuam na fixacdo bioldgica do N
através da formacdo de nddulos nas raizes das plantas leguminosas em uma associagdo

simbiotica (DE SOUZA et al., 2015; SINGH et al., 2020; SHAH, et al., 2021). Nestes nddulos,
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os rizobios transformam-se em estruturas sem forma definida chamados bacterodides, sdo nestas
estruturas onde ocorre a conversdo do nitrogénio atmosférico (N2) em amodnia (NH3)
(CARDOSO et al., 1992; SINGH et al., 2020).

Os noddulos proporcionam um ambiente microanaerdbico perfeito, devido ao seu
tamponamento tecidual, juntamente com alta atividade respiratéria do bacterdide para proteger
a nitrogenase, que ¢ um complexo enzimatico sensivel ao oxigénio que catalisa todo o processo
de conversao (SINGH et al., 2020). Além disso, uma proteina monomérica conhecida como
“leg hemoglobina™ liga a molécula de oxigénio, esta substancia ¢ quem previne a inativacao da
nitrogenase pelo oxigénio e ao mesmo tempo facilita o transporte de O2 para os bacteroides.
(CARDOSO et al., 1992; SINGH et al., 2020). A amoénia ¢ imediatamente transferida do
bacteroide para o citoplasma da célula vegetal hospedeira, onde ¢ assimilada e utilizada na
fabricagdo de compostos organicos nitrogenados (CARDOSO et al., 1992). A fixagdo biologica
¢ a principal fonte de N para a cultura da soja (DE SOUZA et al., 2015) e estima-se que
anualmente 200 milhdes de toneladas sdo produzidas via fixagdo bioldgica de N (PEOPLES et
al. 2009), sendo a inoculagdo e re-inoculacdo destes microrganismos uma estratégia
fundamental (VANLAUWE et al., 2019).

Virias espécies de Penicillium, assim como dos géneros Bacillus € Pseudomonas, estao
entre os principais microrganismos que desempenham a func¢ao de solubilizadores de P no solo
(DE SOUZA et al., 2015; KHAN et al., 2020; SINGH et al., 2020). Os microrganismos
solubilizadores de P representam aproximadamente 40% do potencial de solubilizagdo de P,
estes atuam no P do solo através de mecanismos de acidificacdo do solo, pela liberacdo de
enzimas (como fosfatases e fitases) ou pela producao de carboxilatos como gluconato, citrato e
oxalato (SINGH et al., 2020).

A capacidade destes organismos na solubilizagio de fosfatos inorgénicos do solo, como
Caz(POs)2, FePO4 e AIPOy4, através da producdo de acidos orgénicos, enzimas, sider6foros e
ions hidroxila (SINGH et al., 2020) sao de grande importancia agricola, principalmente em
solos tropicais, altamente intemperizados, como ¢ o caso dos Latossolos, cujo os quais
rapidamente imobilizam formas inorganicas soltiveis de P por sor¢do em superficies de minerais
argilosas do solo (gibbsita, hematita, goethita) ou por precipitagdo com Fe, Al ou Ca, tornando-
o indisponivel as plantas (SANTOS et al., 2018; PAVINATO et al., 2020).

Outra forma de aumento na eficiéncia de absor¢ao do P pelas plantas mediada por
microrganismos, ocorre através da mobilizagdo de P, por meio de micorrizas que estabelecem
uma associagdo simbiotica entre o fungo e as raizes de uma série de plantas, aumentando a

capacidade de aquisi¢ao deste nutriente pelo aumento de area do solo explorada (SINGH et al.,
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2020).

O biocontrole de agentes patogenos as plantas exercido por estes microrganismos ¢
outro ponto de extrema importancia. Entre os principais microrganismos benéficos que tem esta
capacidade, estdo espécies dos géneros Trichoderma, Bacillus, Pseudomonas, Azospirillum e
Penicillium (DE SOUZA et al., 2015; SINGH et al., 2020; SHAH, et al., 2021).

Trichoderma sdo fungos ascomicetos assexuados, produtores de esporos, que sdo
facilmente isolados, cultivaveis em substratos e presentes em quase todos os solos e outros
habitats diversos (RUSH et al., 2021). Ele ¢ considerado um fungo de biocontrole e atua sobre
numerosos patdgenos foliares, radiculares e de frutos e até mesmo invertebrados, como
nematodides (SHORESH et al., 2010). Os efeitos das espécies de Trichoderma em outros
organismos sao amplamente influenciados pela produgdo e secrecdo de metabolitos, que atuam
como moléculas sinalizadoras de comunicac¢do entre microrganismos € seus hospedeiros, ou
como agentes de defesa em interagdes com organismos vizinhos estimulando ou inibindo a
biossintese de outros metabolitos (RUSH et al., 2021). Vérios efeitos deste género sdo relatados
para controlar doenc¢as causadas por Fusarium sp. (SHAH et al., 2020).

Radhakrishnan et al. (2014) reportaram que algumas cepas de Penicillium podem atuar
como um biofertilizante (fonte de IAA e giberelina) e um agente de biocontrole para melhorar
o crescimento das plantas e aumentar a sobrevivéncia das plantas contra o estresse salino e a
infeccdo por Fusarium sp. Essa atividade antagonica contra patdgenos, se deve a producdo de
antibidticos como 2,4-diacetilfloroglucinol, pioluteorina, pirrolnitrina, piocianina, oligomicina
e fenazina e induzem resisténcia em plantas, ativando varios sinais de defesa (NIELSON et al.,
1998; RADHAKRISHNAN et al., 2014).

Também héd estudos que comprovam o controle sobre Macrophomina sp. (outro
importante patdogeno causador de podriddes em culturas de graos como soja e milho) por
Trichoderma (ELAD et al., 1986) e além dele, Bacillus e Pseudomonas também demonstraram
potencial no controle deste patdgeno (YASMIN et al., 2020). Ainda, a eficacia de Bacillus sp.
foi identificada em varias plantas de cultivo para controlar diferentes patdogenos como
Rhizoctonia  solani,  Colletotrichum  acutatum, Colletotrichum  capsici,  Pythium
aphanidermatum e Colletotrichum gloeosporioides; e Pseudomonas sp. exibem atividade
antifingica contra Rhizoctonia solani, Pyricularia oryzae e Xanthomonas oryzae, Fusarium

oxysporum em ambientes in vitro e de campo (SHAH et al., 2020).
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2.4. AGRO-ECORREGIOES BRASILEIRAS

Atualmente, o Brasil possui cerca de 43 M ha de areas agricolas manejadas sob AC com
distintos niveis de implementagdo situadas em diferentes agro-ecorregides, refletindo a
dimensdo continental do pais (quinto maior pais do mundo em termos de area) e diversas
tradi¢des de cultivo agricola (KASSAM et al., 2019). Esta vasta dimensao territorial do pais
condiciona distintos sistemas de manejo e rotagdes de culturas que se enquadram de acordo
com as especificidades de cada agro-ecorregido, partindo de fatores edafoclimaticos (solos,
relevo e clima), até fatores culturais, economicos e sociais, criando um mosaico de sistemas de
manejo. Estes sistemas de manejo variam de sistemas de AC situados nos primeiros anos de
transicdo em relacdo a agricultura convencional, até sistemas de AC maduros que foram
transformados por agricultores pioneiros do plantio direto hé varias décadas.

Entre as principais agro-ecorregides agricolas brasileiras, estdo a agro-ecorregiao Sul,
Centro-Oeste e Nordeste. Locais onde os solos em sua maioria sdo naturalmente acidos com
altos teores de oxidos de aluminio e ferro, baixos valores de CTC ¢ teores de MOS,
caracteristicas consideradas como obstaculos intransponiveis para a producao de culturas em
latitudes tropicais (BUOL, 2009), mas que podem se tornar extremamente produtivos e

resilientes, desde que adequadamente manejados.

2.4.1. Agro-ecorregiao Sul

A agro-ecorregido Sul, que abrange os estados do Rio Grande do Sul, Santa Catarina e
Parand, possui dois periodos distintos de cultivos ao longo do ano safra para culturas produtoras
de grdos, periodo de inverno e verdo. O maior condicionador disto € o clima, que apresenta
quatro estacdes bem definidas, chuvas bem distribuidas ao longo do ano, o qual ¢ classificado
predominantemente como Cfa, nas regides com altitude de até¢ 600 m (verdo quente) e em menor
propor¢ao Cfb em regides com altitudes superiores a 650 m, de acordo com a classificagdo de
Koppen, onde a temperatura média anual se situa entre 16 a 20 °C e com precipitacdo anual em
torno de 1800 mm (ALVAREZ et al., 2013). No entanto, por efeito da continentalidade e da
menor altitude, normalmente ocorrem noites quentes e umidade relativa baixa, além de eventos
de estiagem, por vezes durante periodos prolongados (anos de La Nifa) nas regides de clima
Cfa (TIECHER et al., 2016).

Esta agro-ecorregido, atualmente, € responsavel por aproximadamente 30% da producao

agricola do pais, levando-se em consideracgao cereais, oleaginosas e leguminosas (IBGE, 2022).
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Em relacdo aos sistemas de cultivos anuais, ao longo do ano safra, o periodo de inverno
geralmente ¢ o momento onde ha a presenga de maior diversidade de espécies de culturas,
predominando culturas produtoras de graos (como o trigo e cevada), pastagens (azevém) e
plantas de cobertura do solo, incluindo policultivos. J& no periodo de verdo as principais
culturas sdo a soja, o milho e o arroz, sendo a primeira a cultura predominante (ocupando até
90% da area de cultivo em algumas regides do estado do RS) (PASSINATO et al., 2020).

Os solos predominantes desta agro-ecorregiao sao Latossolos, Neossolos, Argissolos, e
Cambissolos com respectivamente 20,2, 17,9, 16,7 e 16,5% da area ocupados por estas classes
de solos (IBGE, 2019). J4 no Bioma Pampa (metade sul do RS) predominam Argissolos,
Planossolos, Gleissolos, Neossolos, Plintossolos, Cambissolos e Latossolos de textura arenosa
nos horizontes superficiais (PEDRON e DALMOLIN, 2019). Mais de 60% do relevo desta
agro-ecorregiao situa-se em area de planalto, onde condicionam solos altamente intemperizados
como Latossolos e Argissolos e, ainda nestas condi¢cdes, em porgdes de relevo com maior
declividade ou mais planas ha a ocorréncia de solos mais jovens, devido as dindmicas do relevo
e agua, condicdes climaticas e material de origem, as quais limitaram ou ndo permitiram a
evolugdo destes solos, no caso dos Neossolos (SANTOS et al., 2018; IBGE, 2019). Em areas
de varzea ha a ocorréncia de solos mal drenados (Planossolos e Gleissolos) (PEDRON e

DALMOLIN, 2019).

2.4.2. Agro-ecorregioes Centro-Oeste e Nordeste

As agro-ecorregidoes Centro-Oeste (Mato Grosso, Mato Grosso do Sul, Goiés e Distrito
Federal) e Nordeste (Maranhao, Piaui, Ceara, Rio Grande do Norte, Paraiba, Pernambuco,
Alagoas, Sergipe e Bahia) (Cerrado), apresentam distingdes de manejos e periodos de cultivos
ao longo do ano safra em relagdo a agro-ecorregido Sul. O clima destas agro-ecorregides €
caracterizado predominantemente como Aw, segundo a classificagdo de Koppen, onde a
temperatura média anual situa-se entre 20 a 26 °C (ALVAREZ et al., 2013). Uma caracteristica
marcante que influencia a dindmica dos sistemas de cultivos destas agro-ecorregioes, sao as
estacdes chuvosas e secas, que possuem duragado relativamente igual. A precipitagdo anual varia
de 800 a 1800 mm, volume de chuvas o qual ocorre mais de 70% na estacdo chuvosa,
correspondente aos meses de novembro a abril (GOMES et al., 2019), com o menor volume de
precipitagdo ocorrendo na agro-ecoregiao Nordeste (ALVAREZ et al., 2013).

Os tipos de solos predominantes sdao Latossolos (em torno de 41%), sendo

principalmente Latossolos Vermelhos, Latossolos Amarelos e Latossolos Vermelho-Amarelos
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com o terceiro nivel categorico classificado principalmente como Distrofico (SANTOS et al.,
2011), estes solos classificados conforme o Sistema Brasileiro de Classificagdo de Solos, sao
correspondentes a Ferralsols e Hapludox (Oxisols), nas classificagdes da FAO (WRB) e
Americana (Soil Taxonomy), respectivamente (SANTOS et al., 2018). Esses solos sao
altamente intemperizados e apresentam naturalmente baixos teores de MOS e nutrientes,
principalmente N e P (MEDINA, 1993; SANTOS et al., 2018). O relevo ¢ predominantemente
plano com areas de colinas suaves (VALERIANO et al., 2009; GOMES et al., 2019).

Atualmente estas duas agro-ecorregides sdo responsaveis por 55% da produgdo de
cereais, leguminosas e oleaginosas (IBGE, 2022). E esta agro-ecorregido ¢ onde esta ocorrendo
a maior parte do desenvolvimento da producdo de graos do pais, a qual passou de 200.000 de
ha em 1955, para 40.000.000 de ha em 2005, ou seja, o maior aumento de terras agricolas do
mundo em um periodo de 50 anos, desde a coloniza¢do do Centro-Oeste dos Estados Unidos
(EUA) (BUOL, 2009), sendo atualmente uma das maiores areas cultivadas do mundo (MAIA
etal., 2013).

Os principais sistemas de cultivos sdo constituidos culturas produtoras de graos, como
a soja e milho (ambas podendo ser cultivadas no mesmo ano safra) e culturas de pastagens
tropicais, que possuem um elevado aporte radicular, como por exemplo a Brachiaria spp. em

uso Unico ou em combinacao com milho (MENDES et al., 2018a).

2.5. AGRICULTURA DE PRECISAO E AMBIENTES DE POTENCIAL PRODUTIVO

A agricultura de precisdo ¢ uma filosofia de gerenciamento agricola que possui a
premissa de um manejo correto da lavoura, respeitando e digitalizando a variabilidade espacial
dos principais fatores que determinam o desempenho das culturas. Por meio de suas ferramentas
e tecnologias, objetiva-se otimizar a quantidade de insumos adicionada ao ambiente, bem como
o retorno econdmico, priorizando a alocagdo de insumos nos locais com a maior probabilidade
de resposta, ou seja, adotando a pratica de manejo correta, no lugar correto, no momento correto
e de maneira correta (TSCHIEDEL e FERREIRA, 2002; SCHWALBERT et al., 2016;
CORASSA, 2018).

Segundo Shafi et al., (2019) com o advento da automagao de eventos agricolas baseada
na Internet das Coisas (IoT) o setor agricola vem mudando de estatico e manual para dindmico
e inteligente, proporcionando uma produ¢do aprimorada com esfor¢os humanos reduzidos. A
Agricultura de Precisdo utiliza sensores e softwares especificos para garantir que as culturas

recebam exatamente o que precisam, no intuito de otimizar a produtividade e a sustentabilidade,



34

incluido a recuperagdo de dados reais sobre as condigdes do solo, culturas e clima através de
sensores implantados nos campos ou via remota (em plataformas aéreas ou de satélite) onde
estes dados sdo processados para extrair informagdes que apoiam decisdes futuras (SHAFI et
al., 2019).

A produtividade varia de acordo com o local da lavoura e a compreensao disso, foi o
ponto de partida para o desenvolvimento de sistemas automatizados capazes de monitorar a
produtividade (EITELWEIN et al., 2016). A partir da década de 80, através da automatizagao
da operagdo de sensores embarcados em colhedoras, possibilitou-se produzir mapas da
produtividade de graos, ganhando um enorme apelo comercial na década de 90, sobretudo nos
EUA e Europa. A inser¢do no mercado brasileiro iniciou no fim da década de 90 e se
popularizou somente depois dos anos 2000 (EITELWEIN et al., 2016).

Para Eitelwein et al. (2016) o mapa de produtividade continua sendo a melhor
ferramenta de apoio para a gestdo da propriedade, pois se trata da materializagdao do resultado
de todas as agdes de manejo e ambiente impostas a cultura. Este mapeamento se trata da
representacdo grafica da resposta das plantas as condigdes de manejo e ambiente submetidas,
sendo considerado o resultado que se obteve com as técnicas empregadas (MOORE, 1998;
SANTI et al., 2013). Desse modo, uma das principais aplicagdes dos mapas de produtividade ¢
a investigacdo das causas que levaram a ocorréncia de regides da lavoura com baixa e alta
produtividade. Através dessa analise pode-se planejar estratégias de manejo mais eficientes para
os anos seguintes (EITELWEIN et al., 2016).

A partir de um histérico de mapas de produtividade pode-se realizar uma analise de
similaridade, delineando os ambientes com produtividade constante (alta, média e baixa) ao
longo dos anos, o que pode ser chamado de estabilidade produtiva temporal e a partir disso,
definir com zonas de manejo, mas devem ser respeitados os limites e condi¢des de
agrupamentos desejados ou adequados (MOLIN, 2002; EITELWEIN et al., 2016).

Para Molin (2002) ¢ necessario haver consisténcia temporal para a definicdo correta de
unidades de manejo diferenciadas. Portanto, a anélise individual de mapas ¢ restritiva e pode
ndo representar, com autoridade, tais ambientes. Desta forma, o uso de varios mapas de
produtividade para a definicdo e consolida¢do de zonas com distintos potenciais produtivos
parece ser a maneira mais eficiente para caracterizar a variabilidade das lavouras (MOLIN,
2002; MILANI et al., 2006; SUSZEK et al., 2011; SANTI et al., 2013).

Uma maneira usual de comparar mapas de diferentes safras e culturas ¢ através da
normaliza¢do dos valores absolutos de produtividade, ou seja, transformam-se os dados de

produtividade em um valor percentual em relacdo a média da lavoura, e a partir destes se
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estabelecem classes de agrupamento (MOLIN, 2002). Mas de maneira geral, a estabilidade
produtiva nas areas ndo ¢ uma regra, podendo ser variavel ao longo dos anos.

As culturas de milho e trigo, de maneira geral, apresentam uma maior similaridade
produtiva ao longo dos anos, em relagdo a soja (EITELWEIN et al., 2016). Outro importante
fator que pode alterar as tendéncias produtivas ¢ o clima, em anos secos a variabilidade
produtiva pode se comportar de maneira inversa a de anos umidos. Em outros casos a
variabilidade produtiva ¢ muito pequena e nao ira formar agrupamentos para a diferenciagao de
zonas (EITELWEIN et al., 2016).

A adogdo da distingdo de ambientes com potenciais produtivos dentro de uma area
agricola, pode ser baseada em atributos do solo e das culturas, como por exemplo o mapeamento
de determinados nutrientes ¢ desempenho produtivo das culturas, para realizar determinadas
intervengdes em sitio especifico, correspondendo estas as zonas de manejo (YAN et al., 2007;
SANTI et al., 2013).

Ao longo da consolidacao da agricultura de precisdo observou-se que mesmo apds a
adubagdo de correcdo a taxa varidvel, uma significante persisténcia na variabilidade do
desempenho produtivo (SHEPERS et al, 2000; SCHWALBERT et al., 2016). Tal
comportamento pode ser explicado, em partes, pela existéncia de regides dentro do campo de
producdo que apresentam caracteristicas diferentes, de dificil alteragdo ao longo do tempo
(relevo, exposi¢ao solar, profundidade de horizontes, textura, capacidade de armazenagem de
agua, entre outras) e que apresentam diferentes potenciais de produtividade, impossibilitando
um desempenho vegetal homogéneo na drea (SCHWALBERT et al., 2016).

Além de mapas de colheita, outra abordagem para a delimitagdo de zonas de manejo
consiste em sobrepor informagdes de propriedades de dificil modificagdo como relevo e de
propriedades do solo como textura, mineralogia, profundidade de horizontes, e a condutividade
elétrica, dando-se preferéncia a informacdes mapeadas com alta resolugdo espacial e com baixo
custo (SCHWALBERT et al., 2016).

E por fim, a combinacao das duas abordagens anteriores com a sobreposicao de camadas
de informacdes (layers) € outra maneira mais completa em estabelecer zonas de manejo
(ORTEGA ¢ SANTIBANEZ, 2007; SCHWALBERT et al., 2016). Com base nas zonas de
manejo podem ser aplicadas estratégias de adubacdo e semeadura em taxa varidvel;
intervengdes de manejo; direcionamento de culturas e cultivares/hibridos; experimentos de
curva de resposta e colheita seletiva separando graos de qualidade superior (EITELWEIN et al.,

2016; POTT et al., 2019).
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2.6. ESTATISTICA MULTIVARIADA

A analise de variaveis através de métodos estatisticos, pode ser dividida em dois grupos:
um que trata da estatistica com uma visdo das varidveis de maneira isolada, a estatistica
univariada, e outro que tem uma visdo das variaveis de forma conjunta, a estatistica
multivariada (VICINI et al., 2018). O desenvolvimento tecnoldgico e o uso de computadores
permitiram o advento das técnicas multivariadas, ou seja, de modo contrario nao seria possivel
analisar grande numero de variaveis de forma conjunta (HONGYU, 2018).

Os métodos multivariados sdo escolhidos de acordo com os objetivos da pesquisa, pois
a analise multivariada ¢ uma analise exploratdria de dados, permitindo a geragdo de hipdteses
a partir de um grande volume de dados e, assim, se tornando muito populares em vdrias areas
do conhecimento como agronomia, zootecnia, ecologia, florestal, entre outras (HONGYU,
2018; VICINI et al., 2018). Ja quando o interesse ¢ verificar como as amostras se relacionam,
ou seja, o quanto estas sdo semelhantes, destacam-se dois métodos: a analise de agrupamento
hierarquico (AA) e a andlise fatorial (AF) com andlise de componentes principais (ACP)

(VICINI et al., 2018).

2.6.1. Analise de agrupamento hierarquico - AA

A AA, em sua aplicagdo, engloba uma variedade de técnicas e algoritmos, sendo que o
seu objetivo € explorar as similaridades entre individuos ou objetos, definindo-os em grupos,
considerando, simultaneamente, todas as variaveis observadas em cada individuo ou objeto
(ARAUJO et al., 2013). Esta analise estuda todo um conjunto de relagdes interdependentes, ndo
fazendo disting¢ao entre varidveis dependentes e independentes, isto €, variaveis do tipo causa e
efeito, como na regressao (VICINI et al., 2018).

O principio da AA consiste em que cada observa¢do de uma amostra multivariada
corresponda a um ponto em um espago euclidiano multidimensional, onde os processos de
classificacdo resultam no agrupamento dos pontos em conjuntos que evidenciam aspectos
marcantes da amostra (CORRAR et al., 2007; ARAUJO et al., 2013). O critério que quantifica
a distancia entre dois objetos ¢ chamado de medida de dissimilaridade, sendo comumente
utilizados para este fim a distancia euclidiana média, o quadrado da distancia euclidiana, a
distancia ponderada e a distancia generalizada de Mahalanobis (SILVA, 2012).

Esta pode ser representada através de um dendograma ou fenograma, representando uma

sintese grafica do trabalho desenvolvido. A sintetizagdo provoca uma pequena perda da
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informacdo, embora isso aconteca, esse grafico ¢ de grande utilidade para a classificagdo,

comparagdo e discussdo de agrupamentos (VICINI et al., 2018).

2.6.2. Analise de componentes principais - ACP

A ACP consiste em uma técnica multivariada de modelagem da estrutura de covariancia
(HONGYU et al., 2016). Esta analise tem por objetivo descrever os dados contidos num quadro
individuos-variaveis numéricas, transformando linearmente um conjunto original de varidveis,
inicialmente correlacionadas entre si, num conjunto substancialmente menor de variaveis nao
correlacionadas que contém a maior parte da informagdo do conjunto original, ndo se fazendo
uma simples selecdo de algumas variaveis, mas sim a constru¢do de novas variaveis sintéticas,
obtidas pela combinagdo linear das variaveis inicias, por meio dos fatores (HONGYU et al.,
2016; VICINI et al., 2018).

A ACP possibilita investigagdes com um grande nimero de dados disponiveis, além
disso, permite a identificagdo das medidas responsaveis pelas maiores variagdes entre os
resultados, reduzindo a massa de dados com a menor perda possivel de informag¢des (HONGYU
etal., 2016; VICINI et al., 2018). Para isso, a ACP transforma um conjunto original de variaveis
em outro conjunto: os componentes principais (CP) de dimensdes equivalentes (VICINI et al.,
2018).

Os CP apresentam propriedades importantes: cada componente principal ¢ uma
combinagao linear de todas as variaveis originais, sao independentes entre si € estimados com
o proposito de reter, em ordem de estimagdo, o maximo de informagao, em termos da variagao
total contida nos dados (JOHNSON e WICHERN, 1998; HONGYU, 2015; HONGYU et al.,
2016).

2.6.3. Analise fatorial - AF

A AF possui como objetivo reduzir o nimero de variaveis iniciais com a menor perda
possivel de informagdo, ou seja, esta ¢ aplicada visando a busca de identificagdo de fatores num
conjunto de medidas realizadas. Portanto, a AF possibilita identificar quais varidveis em um
conjunto de medidas que poderao ser reunidas num fator, permitindo identificar novas variaveis,
em um numero reduzido em relagdo as variaveis iniciais, sem ocorrer uma perda significativa

de informagao contida nos dados originais (VICINI et al., 2018).
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Na primeira etapa da AA se verifica a adequabilidade da base de dados e determina a
técnica de extracdo e o nimero dos fatores (HONGYU, 2018). Posteriormente, o pesquisador
deve seguir para rotagao dos fatores, a qual consiste em transformar os fatores provisorios, com
0 objetivo de se encontrar novos fatores, mais faceis de serem interpretados (HONGYU, 2018).
O método varimax, proposto por Kaiser (1958), € o tipo de rotacdo de fatores mais bem aceito,
quando a variancia atinge o maximo, o fator tem maior interpretabilidade ou simplicidade, no
sentido de que as cargas deste fator tendem ou a unidade, ou a zero (HAIR et al., 2009;
HONGYU, 2018).

Tanto a ACP, quanto a AF, sdo aplicadas em um conjunto de variaveis para descobrir
quais dessas sao mais relevantes, na composi¢ao de cada fator, sendo estes independentes um
dos outros (VICINI et al., 2018). Os fatores, que sdo gerados, sdo utilizados de maneira
representativa do processo em estudo e utilizados para andlises futuras (VICINI et al., 2018).

O objetivo da ACP ndo ¢ explicar as correlagdes existentes entre as variaveis, mas
encontrar funcdes matematicas, entre as variaveis iniciais, que expliquem o maximo possivel
da variagdo existente nos dados e permita descrever e reduzir essas variaveis (VICINI et al.,
2018). Ja a AF explica a estrutura das covariancias, entre as variaveis, utilizando um modelo
estatistico casual e pressupondo a existéncia de p variaveis ndo-observadas e subjacentes aos
dados (VICINI et al., 2018). A AF ¢ uma técnica que ¢ aplicada para identificar fatores em um
determinado conjunto de medidas realizadas, sendo utilizada, também, como uma ferramenta
na tentativa de reduzir um grande conjunto de variaveis para um conjunto mais significativo,
representado pelos fatores. Desta maneira, esse método determina quais varidveis pertencem a

quais fatores, e o quanto cada variavel explica cada fator (VICINI et al., 2018).
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Abstract: Conservation agriculture has been promoted as the main strategy to regenerate soil life but
its effect on soil enzyme activity remains little documented. This study investigated the 3-glucosidase
and arylsulfatase enzymes as tools to evaluate soil health at the field level. Croplands in four main
grain-producing states in Brazil were selected for this study. In each cropland, three environments
(high yield (HYE), medium yield (MYE), and low yield (LYE)) were delineated for soil sampling to
determine soil chemical attributes and enzyme activity. In one of these fields with a large temporal
database, soil DNA characterization was also undertaken. The two soil enzymes investigated were
affected by a range of soil attributes and the most important of these were identified. Around 40% of
the data points sampled had low soil organic matter content; these were associated with low enzyme
activity. Furthermore, in HYE there was more biodiversity and a higher presence of plant-growth
promoters, while in LYE there were more plant pathogenic organisms.

Keywords: Brazil agro-ecoregions; soil biodiversity; soil enzymes; organic matter

1. Introduction

The projected global population growth over the coming decades will increase the
demand for food, fibre, biofuel, energy, water, and other agricultural products. In conse-
quence, there will be growing pressure on natural ecosystems and agroecosystems,
which are already facing sustainability challenges due to climate change and increasing
soil degradation linked to loss of biodiversity, compromising a range of environmental
services and crop productivity at different scales [1]. This scenario highlights the imper-
ative need for the development of more sustainable agricultural systems. A business-as-
usual attitude towards agricultural production in most world regions will fail to deliver
sustainable production intensification to meet future needs [1,2]. Therefore, there is an
urgent need for the redesign of agriculture production systems in order to decrease envi-
ronmental, economic, and social costs associated with current intensive tillage-based pro-
duction systems that create bare soils and entail high agrochemical applications [3-5].

Conservation agriculture (CA) has been practiced for more than four decades in the
pioneer regions in North and South America [1,6]. Based on the positive results obtained,
it has been gradually spreading worldwide to address important shortcomings of ‘busi-
ness-as-usual’ tillage agriculture in addressing societal needs and environmental chal-
lenges. The three interlinked principles that define CA are: (a) continuously minimizing
or avoiding mechanical soil disturbance by tillage of all forms, including no inversion of
soil layers, and reducing the rate of crop residue break down and avoiding mixing it into
the soil, thus preventing short-term peaks of biological activity associated with flushes of
carbon (C) and nitrogen (N) soil inputs and the disruption of soil physical aggregates; (b)
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maintaining year-round diverse vegetative biomass mulch cover with living and dead
plant material over the soil to protect the soil surface and serve as a continuous and
diversified source of substrate for a diverse community of soil microorganisms; and (c)
enhancing plant species diversification in the cropping system through crop rotations
and associations, including cover crops that would utilize any spare time windows be-
tween cash crops, including N-fixing legumes which result in a high quality crop bio-
mass input into the soil, enhancing plant-growth promoting bacteria and fungi [1,3,6,7].
Currently, Brazil has about 43 M ha under CA cropland of varying time durations spread
across different agro-ecoregions reflecting the continental dimensions of the country
(i.e., the fifth largest territorial country in the world in terms of area) and diverse farming
traditions [6]. In consequence, there is a complex interaction of weather, soil, and human
(CA management experience) conditions creating a mosaic of production management
systems. These range from CA systems in the very early years of transition from tillage
agriculture to mature CA systems that were transformed by no-till pioneer farmers sev-
eral decades ago. The consequences for soil health resulting from this range of CA sys-
tems of varying duration are not well documented. This is an important knowledge gap
that needs be filled in order to avoid drawing the wrong or misleading conclusions about
soil quality and CA effectiveness. In this sense, bioindicators, such as soil enzyme activ-
ity, are management sensitive, and are strongly associated with the living portion of the
soil [8]. Thus, soil enzyme activity can serve as an integrated indicator of various key
soil attributes, supporting its assessment as part of a holistic and thorough CA evalua-
tion.

Soil health can be defined as the capacity of a specific soil type to function within
natural boundaries in order to sustain plant and animal productivity, maintain or en-
hance water and air quality, support human and animal health, and incorporate biolog-
ical diversity [4,9,10]. The concept ‘conservation effectiveness’ encompasses not only the
conservation of soil and water, but also enhancement of the soil biotic component that is
the basis of sustainability [1]. In an analogous way, ‘crop production effectiveness’ en-
compasses not only the maintenance of topsoil chemical nutrient levels above certain
critical levels, but also the provision of a welcoming habitat for diverse soil microbiomes
that will stimulate nutrient cycling, soil aggregation, water infiltration and retention,
and enhance root uptake of water and plant nutrients.

Soil health requires that the main soil functions, such as productivity capacity, en-
vironmental protection, and plant and animal health, are well balanced through wise
management decisions [11]. In addition, soil health can be understood as a subcompo-
nent of broader ecosystem health. A healthy ecosystem depends on efficient nutrient
cycling, a high photosynthesis rate, continuous energy flow, stability, and resilience to
stress [12,13]. In this sense, there is a strong link between ecosystem health, soil health,
and plant vigour, in which microbial activity, biodiversity, and community stability play
an essential role [13]. Therefore, building soil health through farming practices is a pri-
mary pathway for ensuring sustainable agriculture. The microbiome living in the rhizo-
sphere is a hot-spot where the microbiota can act as plant growth promoters and plant
growth regulators. Alternatively, the microbiota can act as plant pathogens or plant
growth detractors, affecting root growth through negative effects on plant nutrient up-
take and water use efficiency, and by exacerbation of biotic and abiotic stress events
[14,15]. Building a diverse microbiome in the rhizosphere is necessary to suppress or
alleviate pressures from plant pathogens, and to decrease disease incidence and its se-
verity, resulting in more vigorous plants with greater resilience to climate change
[13,16,17].

Soil physical attributes, particularly soil texture, structure, compaction, bulk den-
sity, aggregation, porosity and water availability, and soil chemical attributes, especially
hydrogen potential (pH), soil organic matter (SOM), N, plant root exudates, salinity, al-
uminium (A**), hydrogen, cation exchange capacity (CEC), and cropping system and
weather conditions, drive soil microbial activities and their functional diversity [13]. Mi-
crobial activity and diversity are sensitive bioindicators of soil management quality
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[3,15]. Therefore, assessment of enzyme activity and of the soil microbiome may provide
early insights into the quality of soil management in terms of whether it is improving
soil health or promoting degradation before matters are too far advanced [13].

Among many soil enzymes that play an important role in soil and plant health,
Mendes et al. [8] proposed {3-glucosidase and arylsulfatase enzyme activity as key indi-
cators for understanding the function of soil nutrient cycling, assigning similar weights
to these enzymes in relation to their importance to this specific function. These two soil
enzymes are gradually being included in routine soil analyses in Brazil [8] because they
have been found to be efficient bioindicators in the Brazilian Cerrados (Central-West)
soils, acting as warning indicators of soil quality changes associated with the production
management practices adopted [15,18]. In addition, Mendes et al. have highlighted that
these enzymes are strongly associated with crop yields and SOM content [19], fitting
well with the need to define critical limits of key bioindicators [18-20]. The 3-glucosidase
enzyme plays an important role in the soil C cycle and in nutrients cycling, primarily of
N [8]. Arylsulfatase plays a role in the soil sulfur (S) cycle, mediating the transformation
of organic S to SO+, the form in which it can be taken up by plants. S is an important
nutrient in soybean and maize crop nutrition and tropical soils frequently are deficient
in its availability to plants [8,21].

The main hypothesis of this study is that crop performance in different yield envi-
ronments is strongly associated with soil biological activity which can be positively or
negatively affected according to a complex interaction involving the soil management
system adopted, the soil type, and the weather. A knowledge of this interaction would
create opportunities to boost soil life and crop yield.

In this study, we sought to advance knowledge concerning the relationship be-
tween varying yield environments (YEs) within production fields and 3-glucosidase and
arylsulfatase enzyme activity. We also wanted to understand the main soil attributes
that affect enzyme activity in the main Brazilian agro-ecoregions. Finally, we wanted to
study the presence of plant-growth-promoting organisms and plant pathogenic organ-
isms in the varying YEs. These issues are still only barely covered in the CA literature
but knowledge about them would create the opportunity for farmers to apply site-spe-
cific soil management to build and sustain soil life and plant health.

The main objective of this study was to assess soil health, through the activity of
two enzymes as bioindicators, in long-term CA croplands in the main Brazilian agro-
ecoregions. Moreover, in one field for which there was a large temporal data set on crop
yield, soil DNA characterization was undertaken to capture microbiome relationship
with different crop YEs within field.

2. Materials and Methods
2.1. Agro-Ecoregions, Croplands and Within-Field Yield Environments

This study was carried out in seven grain production fields distributed in four states
that have been continuously managed under CA over the past 10 to 20 years. These fields
were selected because they offered crop yield records kept by the Aquarius Project team
(https://www.facebook.com/projetoaquariusufsm/, accessed on 20 october 2021) which
were representative of farming systems currently adopted in their agro-ecoregion. In
general, the fields had soybean yields above the national average (3.5 Mg ha in 2020/21),
with one field (5-1) holding a national record for soybean and maize yields
(https://thefurrow.co.uk/brazilian-farmers-aim-for-sustainability/, accessed on 24 october
2021).

The selected fields were in the main agro-ecoregions of Brazil which are: South,
Central-West (‘Cerrado’) and Northeast (Figure 1 and Table 1) which have a range of soil
textures. The soil type is Hapludox, except in field S-3 which is Paleudalf according to
Soil Taxonomy classification. In each field, three within-field YEs were delineated based
on crop yield records and satellite images (NDVI) according to the available farm data.
The HYE was classified as >110% average crop yield in the field, the MYE as 80-110%,
and the LYE as <80%. The criteria to define YEs in the study has been extensively used in
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precision agriculture literature [22-25]. In our study, all the previous crop yield data
within each field were relativized so that the year and crop grown were taken account of
in the study. For example, the maize yield was relativized in relation to the highest maize
yield obtained in the field in that specific year taking account of the spatial variability
captured through the grain yield sensor fitted in the combine harvester.

The same was undertaken for soybean in order to capture the spatial variability in
crop performance. Previous studies by the Aquarius Project team have shown that the
maize yield map had closer relationships with soil attributes than the soybean yield map,
justifying its use in YEs delineation when available. The LYE in each field served as a
reference management level that needs to be improved. The HYE in each field and in the
whole set of fields served as a reference level of efficient management that needs to be
understood in terms of soil attributes that minimize the crop yield limiting factors.
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Figure 1. Geographical distribution of the fields sampled in the main agro-ecoregions of Brazil.
Agro-ecoregions with different colors: green color = South (fields S-1 = Carazinho, S-2 = Nao-
Me-Toque and S-3 = Rosario do Sul, in Rio Grande do Sul state); orange color = Central-West
(fields CW-1 = Primavera do Leste, in Mato Grosso state and CW-2 = Rio Verde, in Goiés state);
gray color = Northeast (fields NE-1 = Luis Eduardo Magalhdes and NE-2 = Luis Eduardo
Magalhaes, in Bahia state).

Table 1. Field locations, areas, average annual temperature (T), annual accumulated precipitation (P), average altitude
(E) and soil texture and classification.

Localization Area T P E
Field ; Soil Texture ! U.S Soil Taxomy!
(City-State) (ha) (°O) (mm y™) (m)
5-1 Carazinho-RS 60.1 18.3 1856 565 Clay loam Typic Hapludox
S-2 Nao-Me-Toque-RS 136.0 19.0 1771 500 Clay loam Typic Hapludox
S-3 Rosério do Sul-RS 25.0 19.5 1493 155 Sandy loam Paleudalf
CW-1 Primavera do Leste-MT 348.8 24.0 1471 650 Sandy clay loam Hapludox
CW-2 Rio Verde-GO 509.8 23.1 1294 875 Clay loam Hapludox
NE-1 Luis Eduardo Magalhaes-BA 13761  23.6 881 830 Sandy clay loam Hapludox
NE-2 Luis Eduardo Magalhaes-BA 690.9 25.0 1089 880 Sandy clay loam Hapludox

1 Soil texture classified according to Soil Survey Staff (2014) [26]; Meteorological data extracted from the database of nearest INMET
weather automatic stations, corresponding to the years 2018, 2019, and 2020. RS = Rio Grande do Sul; MT = Mato Grosso; GO = Goias;
BA =Bahia. S = South; CW = Central-West; NE = Northeast.
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2.2. Sampling Strategies for Soil Enzyme, Physicochemical Soil Analysis, Soil DNA
Characterization and Crop Yield

In each of three YEs, three random samples were collected in the seven fields
selected, totaling 63 georeferenced sampling points. The soil was collected at 0-0.10 m
depth. Soil samples for enzyme activity analysis were collected 40 days after crop
emergence (soybean at flowering stage) using a manual shovel. Seven subsamples were
used to obtain one composite soil sample following the scheme: one in the center of crop
row and three on each side of the row. After sieving (<2 mm) and removing crop residues,
the soil samples were air dried following the methodology proposed by Mendes et al.
[8,18]. The B-glucosidase and arylsulfatase enzymes activity laboratory analysis followed
the methodology of Tabatabai [27].

The chemical analyses were soil pH in water (1:1), potassium (K*) and phosphorus
(P) extracted with Mehlich-I solution. The K* content was determined by flame
photometry and the P content by colorimetry, using molybdenum blue [28]. Calcium
(Ca%), magnesium (Mg?), manganese (Mn?*), and Al** were extracted using 1.0 mol L
KCl solution [29]. Copper (Cu?) and zinc (Zn?") were extracted using HC1 0.1 mol L [29].
Ca%, Mg?, and Mn?" were determined by atomic absorption spectrophotometry. The Al*
was titrated with NaOH 0.025 mol L-'. S was extracted by Ca phosphate solution and
determined in BaCl: gelatine solution. Boron (B) was extracted by digestion and
determined by colorimetry. The CEC at pH 7 was determined by the sum of the
exchangeable bases (K*, Ca*, and Mg?) plus potential acidity (H + Al*) according to
Tedesco et al. [29]. The soil texture was determined by pipette method according to
Teixeira et al. [30].

The SOM content was determined by adapting the Walkley—Black method with
oxidation by sulfochromic solution with external heat and Cr* content by
spectrophotometry [29]. The total soil organic C and total N (TOC and TN) concentrations
were determined by dynamic flash combustion through elemental analysis (Thermo
Fisher Scientific—FlashEA® 1112, Waltham, MA, USA, detection limit = 0.01%). For this,
approximately 50 mg of soil, that had been oven-dried (60 °C, 72 h) and finely macerated,
was weighed with a scale with 0.001 mg precision and prepared for dry combustion at
975 °C. The TOC and TN stocks were figure out taking account the bulk density of each
soil.

The production fields selected for this study had records of soybean and maize
yields from previous seasons that allowed the delineation of YEs. During the 2020/21
season the grain yield was determined by manual harvesting of 1 m? in three replicates.
The weather data were obtained from the nearby weather station of the National Institute
of Meteorology (INMET). The normalized differences in vegetation index (NDVI) for
soybean were determined keeping the soil enzyme sampling as central points, using the
Atfarm® platform (Yara Ltda, Oslo, Norway). The satellite images were selected at
soybean flowering stage and classified using an index according to a scale ranging from
0.0 to 1.0.

One of the fields of the Aquarius Project (S-2) that had a large available data set,
obtained over a period of 20 years, was selected for soil DNA characterization. The soil
texture was clayey, kaolinitic, and classified as a Rhodic Hapludox [26]. This cropland
field has been managed under CA management since 2002; more details can be found in
Pott et al. [23]. In the growing season of 2019/2020 composite soil samples, following the
same methodology previously described, were collected in the HYE, MYE and LYE at 0—
0.10 m depth, and sent to Biome Markers® (https://biomemakers.com, accessed on 20
october 2021), in the United States (USA) for molecular analysis of the microbiota. The
DNA extraction was performed with the DNeasy 420 PowerLyzer PowerSoil Kit from
Qiagen [31]. In order to characterize bacterial and fungal microbial communities
associated with the soil samples, the 165 rRNA and ITS marker regions were selected.
Libraries were prepared following the two-step PCR Illumina protocol using custom
primers amplifying the 165 rRNA V4 region and the ITS1 region as described previously
[31]. The DNA sequencing was conducted in an Illumina MiSeq instrument using pair-
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end sequencing (2 x 300 bp). The platform BeCrop® (West Sacramento, CA, USA) was
used in this study, and more details can be found in Imam et al. [31].

In this field the soil penetration resistance in the 0-0.40 m soil depth was determined
using a digital penetrometer PLG PenetroLOG 2040 (Falker®, Porto Alegre, Brazil) with
0.01 m depth accuracy. The penetrometer readings were performed at the flowering
soybean stage when the soil was close to field capacity with gravimetric soil moisture
sampling at 0-0.10, 0.10-0.20, 0.20-0.30, and 0.30-0.40 m [30]. The apparent soil electrical
conductivity (EC) was determined close to soil sampling points at 0-0.30 m with VERIS
CE® (VERIS Technologies, Salina, KS, USA). The soil macroporosity data from topsoil
were obtained from Pott et al. [23].

2.3. Statistical Analysis

The enzyme activity and chemical analysis were submitted to variance analysis (p <
0.01 and p < 0.05) and Pearson’s correlation. In the fields that had soybean grown in the
2020/21 season (54 soil-sampling points), a principal component analysis (PCA) was
performed to determine the drivers of soybean yield and enzyme activity and factor
analysis was used to better define the original variables that most contributed to the
formation of the main components and factors, using the varimax normalized rotation.
Additionally, cluster analysis was performed to determine the differences and similarities
between agro-ecoregions, fields, and their YEs, using Ward’s method for amalgamation
(linkage) rule and square Euclidean distances as a measure of similarity. In order to group
variables and cases in dendrograms and correlate them with the scatter plot of variables
produced in the factorial analysis [32,33], Statistica 12® software was used. The
relationships of enzyme activity with soil attributes and biota diversity (number of
species identified in the samples) were investigated by linear and quadratic adjustments.
The enzyme activity and SOM in each YEs within field was compared by Tukey test (p <
0.05). The Tukey test and all relationships used the R Studio® statistical package.

3. Results and Discussion

3.1. Characterization of Soil Attributes, Crop Yield and Enzyme Activity by Yield
Environments in Selected Fields

The chemical soil analysis of seven fields selected for this study is presented in
Tables 2 and 3. The chemical attributes reflect the farmer’s and consultant’s management
in each agro-ecoregion. Remarkable differences in soil texture ranging from 14% to
39.7% of clay content and 16.7% to 78.1% of sand content were observed (Table 3).

Table 2. Soil contents of phosphorus (P), potassium (K*), sulphur (5), aluminium (Al*), calcium (Ca?") magnesium (Mg?"),
cation exchange capacity (CEC), Ca?*/Mg?* ratio, and base saturation (BS) at 0-0.10 m depth in varying yield potential
environments (YE) in seven fields managed under conservation agriculture in main Brazilian agro-ecoregions.

P K s Al Ca Mg CEC  Ca*/Mg¥ BS
Field  YE
(mg dm-) (cmol dm) (%)
H  355+83 30834358 282+154 0000 69+20 32+08 135+27 22401  799+33
s1 M 39185  3273+590 147428  00£00 5712 23+04 112419 25:04 79005
L 568+132 20534486  116+04  00+00 47+09 19405 92+16  24+01  780+15
H 413459 38534664  67+14  00+00 58+13 19+03 115+17 3.0+10 759455
S2 M 374+41 2933199  81+07  00+00 55+05 15+02 113403 3.6+03 69055
L 532+378 28374220 95404  00+00 54+12 18+04 114107 3.0+03  693+50
H 613459  2363+38  79+31 0000 99+25 3106 162+33 3200 837423
S3 M 358:06 1257423  59+08  00£00 80+13 29404 127417 2801 88412
L 76739  2463+91  175+45  00+00 36+02 14+01 68403  25+00 82105
H 242475  1603+301 18629  00+00 33+01 14:01 80:04 2301  654+52
CW-1 M 2179  1490:+128  162+104  00£00 40+05 17+03 8404  23:03 72068
L

184+9.6

1400+128 13.1+34 00+0.0 39+0.3 1.8+03  83+06 22+04 732+6.6
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Table 2. Cont.

. P K+ S A+ Ca? Mg CEC Ca*/Mg* BS
Field YE
(mg dm™) (cmolc dm) (%)
H 21.1+96 135.0+48.6 324+164 00+0.0 52+1.7 12+03 97+x19 45+04 68.6+82
CW-2 M 193+57 1420+184 332+16.1 00+0.0 50+1.2 12+03 99+16 4.1+0.1 66.4+6.0
L 162+82 1783 +55.5 59.1+185 00+0.0 57+1.1 14+03 100x09 4.0+05 749+53
H 287+64 883+83 89+0.7 00+0.0 27+0.8 12+04 5210 2.3+0.1 788 +6.7
NE-1 M 404+155 60.3+5.1 8.1+0.6 00+0.0 30+0.7 12+02 55+08 24+02 792+24
L 454+10.7 873+237 79+1.6 00+0.0 27+05 11+03 51+08 25+02 77.6+5.1
H 484+85 148.0+34.0 36.6+76 00+0.0 32+06 09+03 56+09 3.7+02 792+46
NE-2 M 625+16.7 157.3+38.8 65.6+37.8 00+0.0 28+0.2 06+02 49+04 4.7+03 779+2.1
L 543 +25.0 1473 +54.6 39.6+15.7 00+0.0 24+0.6 05+02 43x10 4.7+03 740+5.1

S =South (fields S-1 = Carazinho, S-2 = Nao-Me-Toque and S-3 = Rosario do Sul, in Rio Grande do Sul State); CW = Central-West (fields
CW-1 = Primavera do Leste, in Mato Grosso State and CW-2 = Rio Verde, in Goias State); NE = Northeast (fields NE-1 = Luis Eduardo
Magalhdes and NE-2 = Luis Eduardo Magalhdes, in Bahia State). H = high yield environment; M = medium yield environment; L = low
yield environment. +=corresponds to the standard deviation.

Table 3. Soil texture, pH in water, potential acidity (H + Al*), and micronutrients, zinc (Zn?), cupper (Cu?), boron (B) e
manganese (Mn?*) at 0-0.10 m depth in varying yield potential environments (YE) within fields under conservation
agriculture in main Brazilian agro-ecoregions.

. H+AB* Sand Silt Clay In? Cu? B Mn?*
Field YE pH (cmolc dm™) (%) (mg dm™)
H 6.1+0.1 27+02 432+52 185+4.1 383+1.2 43+0.8 34+05 0.8+0.1 70+1.0
51 M 63+0.3 23+04 41.7+10 233+12 35.0+£2.0 45+07 3102 06+0.1 33+21
L 65+0.1 20+0.3 497+151 223+190 28.0x5.0 55+1.4 24+0.1 0.7+0.0 23+0.6
H 62+02 27+0.6 36.7+44 257+4.7 37.7+06 37+07 25+04 05+0.1 70+£35
S2 M 6.0+£0.2 3507 415+45 192+18 39.3+35 41+£13 3.0+£09 04+0.0 97+29
L 59+0.3 35+05 416+116  187+37  39.7+102 33+0.6 25+1.0 04+0.1 73+21
H 6.0+0.0 26+0.1 619+1.1 18.1+28 200+1.7 14+03 03+0.0 04+0.1 37+12
S3 M 6.6+0.1 14+0.1 484+19 333+1.1 183+1.2 1.1+00 06+0.0 04+0.1 1.7+£0.6
L 6.4+0.0 12+0.0 781+04 79+14 140+1.0 42+03 08+0.1 04+00 53+0.6
H 62+04 28+06 519+24 18.7+3.0 293+3.1 35+0.7 08+0.1 0.6+£0.2 1.3+£0.6
CW-1 M 65+03 23+0.6 531+3.6 209+12 26.0+3.0 3.8+08 09+02 07£02 1.0+£0.0
L 6.6+0.3 22+0.7 50.8+1.6 212+1.3 280+2.6 32+0.6 08+0.2 05+0.1 1.3+0.6
H 62+03 30+£03 270+24 453+6.2 277+38 75+09 1.3+0.2 0.7+0.1 1.3+0.6
CW-2 M 6.0+0.2 33+03 23.8+72 485+10.1 277+38 10.1+£6.6 15+0.6 0.6+0.1 20+00
L 62+0.3 25+0.3 16.7+2.6 50.3+3.1 33.0+3.6 2.7+0.8 09+0.2 0.7+0.1 1.0+0.0
H 70+05 1.1+0.2 639+05 10.1+£2.1 260+1.7 40+09 12+0.7 05+0.1 1.0+£0.0
NE-1 M 69+0.1 1.1+0.1 659+32 9.1+51 250420 62+3.0 16+0.6 04+0.1 1.0+£0.0
L 7.0+0.2 11+0.1 583+4.6 124+36 29.3+4.0 27+1.0 0.7+0.3 04+00 1.0+0.0
H 65+03 1.1+£03 69.5+3.0 85+3.0 220+44 84+02 23+05 04+0.0 27+29
NE2 M 6.7+02 1.1+0.2 71.2+40 54+17 233+4.0 8.0+08 21+04 04+01 1.0+£0.0
L 6.6+0.1 1.1+00 705+04 58+0.8 237+12 81+35 22+04 04+0.1 1.0+0.0

S = South (fields S-1 = Carazinho, S5-2 = Nao-Me-Toque and S-3 = Rosario do Sul, in Rio Grande do Sul State); CW = Central West (fields
CW-1 = Primavera do Leste, in Mato Grosso State and CW-2 = Rio Verde, in Goias State); NE = Northeast (fields NE-1 = Luis Eduardo
Magalhaes and NE-2 = Luis Eduardo Magalhaes, in Bahia State). H = high yield environment; M = medium yield environment; L = low
yield environment. += corresponds to the standard deviation.

The soybean and corn yield (NE-2), NDVI, -glucosidase and arylsulfatase soil
enzymes activity, TN, TOC and SOM are shown in Table 4. The SOM had a large range
of 1.4% to 4.2%, and so as did TOC and TN. These results were associated with cropping
systems, soil texture, and climate of different agro-ecoregions. The 3-glucosidase ranged
from 90.8 to 256.0 mg p-nitrophenol kg soil h™ and arylsulfatase from 32.3 to 287.3 mg p-
nitrophenol kg soil h™'. This broad range provided us with the opportunity to explore the
relationships of soil attributes, crop yield, and enzyme activity (Table 4).
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Table 4. Soybean and corn* grain yield near soil and enzyme sampling, normalized difference vegetation index (NDVI),
[-glucosidase e arylsulfatase soil enzyme activity, soil organic matter (SOM), total soil organic carbon (TOC), total nitrogen
(TN) and carbon/nitrogen ratio (C/N), and at 0-0.10 m depth in varying yield potential environments (YE) in same field
managed under conservation agriculture in main Brazilian agro-ecoregions.

Field  YE Crop Yield NDVI  B-glucosidase  Arylsulfatase SOM! TOC? TN? C/N
(kg ha™) (mg p-nitrophenol kg soil h™) (%) (Mg ha?)

H 55321210  090+0.02  209.8+255 2873+8.1 32+0.12 276197 236+0.15 11.7+0.23
51 M 4514 +287 073+005  180.0+23.7 2595+24 28+0.38 238+183 206+0.17 11.6+017
L 4582 + 288 043+0.10 2052+7.8 2359+27 2.7+0.06 198+115 1.71+0.10 11.5+0.26
H 6120+ 106 088+003 2105+183 2535+17.1 3.3+0.00 265+160 225+0.16 11.8+0.15
S2 M 5686+ 733 074+004  1983+273 2404 +£47.8 32+032 267+167 227+029 11.8+0.73
L 5144 + 268 031+006  2154+10.8 2498 £53.5 31+0.25 254+165 208+0.18 122+044
H 4530+570 077008  2130+120 255.7£54.8 2.7+0.00 235+042 214+008 11.0+0.37
S-3 M 3620+ 151 0.55+0.05 183.0+4.3 2225+19.8 23+0.06 208+098 1.73+0.04 12.0+£0.27
L 3600+ 60 0.38£0.02 1194+59 786186 1.7+0.00 151+188 1.52+0.18 99+0.13
H 3629+ 158 069012  1621+16.6 91.8+6.2 3.3+0.06 277+165 190x0.15 14.6+£0.28
CW-1 M 3627 +289 059+012  1367+275 706 6.7 31+0.26 246+196 175+0.15 141+0.11
L 3932+159  017+0.08  130.0+20.3 68.1+78 31+044 272+137 187+013 14.6 040
H 4711197 0.79+0.13 2074+6.2 160.2+12.2 39+040 363+513 266+048 13.7£0.63
CW-2 M 4496+360  055+0.19  233.0+29.5 199.3£47.6 38+0.12 353+482  263+039 134+0.20
L 4032 +393 028+008  256.0+12.9 232.7+£10.6 42+047 369+405 2.74+037 13.5+0.33
H 5443 +193 0.87+0.15 157.1+1.2 494+131 1.3+0.10 121+£095 1.01+0.14 12.1+0.80
NE-1 M 4956+283  0.80+0.18  1404+36.6 483+129 1.7+021 136+220 1.10+0.30 12.6+1.56
L 5042 + 416 041+004 1128+135 326+6.8 15+0.23 131+383 0.85+022 153+0.73
H 11,333+885  0.80+0.03  1333+244 282+33 15+0.15 11.7+245  0.89+0.20 13.3+0.79
NE2* M 12,442 +282 074003  121.8+185 382+123 14+0.26 11.0+£327 080+0.22 13.6 £0.50
L 12,827+558  0.53+0.06 90.8+114 323+49 14+0.29 1294250 094+023 13.9+0.78

* Field cultivated with maize. S = South (fields S-1= Carazinho, S-2 = Nao-Me-Toque and S-3 = Rosario do Sul, in Rio Grande do Sul State);
CW = Central-West (fields CW-1 = Primavera do Leste, in Mato Grosso State and CW-2 = Rio Verde, in Goias State); NE = Northeast (fields
NE-1 = Luis Eduardo Magalhdes and NE-2 = Luis Eduardo Magalhaes, in Bahia State). H = high potential yield environment; M = medium
potential yield environment; L =low potential yield environment. ' SOM determined by wet oxidation through the Walkley-Black adapted
method [29]; 2TOC and TN determined by dry combustion method. += corresponds to the standard deviation.

3.2. Soil Attributes by Fields in Agro-Ecoregion and Relationship with Soil Enzyme Activity

According to agro-ecoregion, the soil attributes showed differences that were related
to soil type and soil fertility management (Table 2). Soil texture affected soil enzyme
activity in the South and Central-West agro-ecoregions but not in the Northeast (Table 5).
In general, in the South and Central-West agro-ecoregions the increase of sand content
was associated, as expected, with a decrease in enzyme activity. On the other hand, in the
Northeast, where the soils had high sandy content and there was a narrow range in soil
texture (Table 3), it was not observed. Soil texture influenced structure, CEC, SOM
content, soil temperature, and water holding capacity that affect the biological activity in
soil. Typically, clay soils are expected to have higher microbial biomass and enzyme
activity than sandy soils under similar weather and management conditions.

Jietal. [34] reported that the actinomyces and fungi population in clay soil was 151%
and 43% higher than in loam soil. The authors linked this result to fine clay particles that
hold higher water content and SOM than sand and silt particles. Elliot et al. and Alvarez
etal. [35,36] have highlighted the protective effect of clay on the microbiome. In our study
the clay content had a relationship with B-glucosidase in the South fields, and with
arylsulfatase in the South and Central-West fields (Table 5).
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Table 5. Pearson’s correlation of 3-glucosidase and arylsulfatase with soil organic matter (SOM), total nitrogen (TN), soil
texture, cation exchange capacity (CEC), and calcium content (Ca?") in fields in ecoregions.

Fields in SOM1 TN 2 Sand Silt Clay CEC Caz*
Agro-Ecoregion (%) (Mg ha?) (%) (cmolc dm3)
South 0.78 ** 0.72 ** -0.61* 0.39* 0.48 * 0.49 * 0.35 ns
B-glucosidase Central-West 0.83 ** 0.80**  -0.91* 0.85** 0.43ns 0.58* 0.56*
(mg p-nitrophenol o
ke soil ) Northeast 0.67 0.36 ns  -0.07ns 0.24ns -0.13ns 0.31ns 0.20ns
Average 0.77 ** 0.81 ** -0.76 ** 0.70** 0.41** 0.67 * (0.59 **
South 0.79 ** 0.70 ** -0.72* 0.35ns 0.67** 055* 0.38ns
Arylsulfatase Central-West 0.80 **  0.74*  -0.89** 0.82** 0.47* 0.51* 0.53*
(mg p-nitrophenol
ke soil ) Northeast -0.13ns 0.19ns -0.08ns -0.06 ns 0.18 ns -0.14ns -0.18 ns
Average 0.65 ** 0.73 ** -0.64 ** 0.49 ** 0.53** 0.82** (.72 **
South - 0.89 ** -0.78** 0.24ns 0.84** 0.37ns 0.13ns
SOM Central-West - 0.92 ** -0.83** 0.81* 0.26ns 0.72** (.75 **
Northeast - 0.61 ** -0.29ns 0.30ns 0.13 ns 0.54* 0.38ns
Average - 0.95 ** -0.86 ** 0.78* 0.49** 0.61* 0.46 **

1 SOM determined by wet oxidation through the Walkley-Black adapted method [29]; 2 TN determined by automated dry combustion
method. Significance codes: ** p <0.01; * p < 0.05; ns = not significant; n = 63.

The CEC had a positive effect on enzyme activity in the South and Central-West
fields. In tropical soils, the CEC is dependent on clay mineralogy and is mainly of SOM
content. Soares et al. and Bayer et al. [37,38] reported that Oxisols, which are highly
weathered, had around 80% of their CEC associated with SOM content. The interaction
between SOM and clay minerals (i.e., organomineral complexes) increases soil
aggregation and physically protects SOM from microbial degradation. Ferreira et al. and
Xu et al. [39,40] reported that CEC and base saturation (BS) were drivers of SOM content
in tropical CA soils. These results indicate that nutrient management plays an important
role in SOM restoration in dystrophic tropical Oxisols.

In our study, the Ca? content had a positive relationship with enzyme activity in the
Central-West fields (Table 5). In addition, averaged across all fields, Ca%* had
relationships with B-glucosidase and arylsulfatase enzyme activity of 0.59 and 0.72 (p <
0.01), respectively (Table 4). In the South and Central-West fields, there was no significant
relationship with Ca? content. This result could be explained as follows: In the Central-
West fields the Ca?* content was in the range 3.3 to 5.7 cmole. dm. In this range crop yield
has a high probability of increasing with further Ca?* input. In the South fields most of
the Ca? content values were already higher than 5.5 cmolc dm=, so that the probability
for crop yield to increase with further input of Ca? is low. On the other hand, in the
Northeast region fields most of the Ca? content values were low, in a narrow range from
2.4 to 3.2 cmolc dm=3, that could explain the lack of a clear relationship (Table 2).
Previously, Pires et al. [7] reported that Ca?* was a driver of 3-glucosidase in a South CA
long-term experiment. Ca?* serves as a constituent of plant cell walls and membranes and
can act as a physical barrier against pathogens [41]. It is assumed that a healthy plant
provides higher amounts of exudates to feed the soil biota. In addition, Ca?* increases root
growth, mainly of the finer roots that are very active in providing exudates to the
microbial rhizosphere community. Finally, Ca? is important for soil aggregation and
SOM stabilization under CA [39] and the increase of Ca?* content in subsoil decrease the
AP+ toxicity [42] boosting plant root growth and, in consequence, microbial activity.

The SOM had a stronger relationship with enzyme activity in the South and Central-
West fields with r values of 0.78 to 0.83 (p < 0.01) (Table 5). In the Northeast fields the
SOM had a relationship with (3-glucosidase but not with arylsulfatase. Moreover, in this
agro-ecoregion the only soil attribute that had a relationship with 3-glucosidase activity
was SOM. The relationship of B-glucosidase and arylsulfatase enzyme activity with TOC
was previously reported by Mankolo et al. [43] in Alabama (USA) cotton fields, with r
values of 0.58 and 0.66, respectively, and with TN, with r values of 0.39 and 0.48,
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respectively. These authors highlight that the enzymes 3-glucosidase and arylsulfatase
were efficient bioindicators in detecting changes in soil tillage systems (CA compared to
conventional tillage). The sandy soils from Alabama in that study had a soil texture
similar that of the soils in the Central-West fields in our study (Table 5).

In our study, TN had relationships of 0.94, 0.81, and 0.73 (p < 0.01) with SOM, f-
glucosidase, and arylsulfatase enzymes, respectively (Table 5). These relationship r
values are higher than those reported by Mankolo et al. [43]. In our study, the lower
relationship between TN and SOM with enzyme activity occurred in the Northeast fields,
where only the p-glucosidase had a significant relationship with SOM. This result may
be associated with the lower lability of SOM in this agro-ecoregion fields that had higher
C/N ratio (12.0 to 15.4) than other agro-ecoregions fields, such as the South that had lower
C/N (9.9 to 12.2) (Table 4).

In the PCA analysis, the two main components explained 92.2% of the data variance
of enzyme activity, physics, and chemical soil attributes, elevation, precipitation,
temperature, NDVI, and crop yield (Figure 2a). Attributes that related positively to
enzyme activity were SOM, TOC, TN, CEC, Ca? content, and Ca?/Mg?* ratio and H +
AJP*. On the other hand, in the opposite quadrant (QIV), sand content, soil pH in water,
pH SMP index, temperature, and Mg?* saturation were negatively related to enzyme
activity (Figure 2a,b). Regarding soybean yield, the main drive factors were NDV], yield
obtained in previous seasons, clay content, and Cu? and Mn? micronutrients content. In
general, it was possible to note that a greater number of attributes were associated with
enzyme activity (QII Figure 2a). This result confirms that enzyme activity is a sensitive
environmental bioindicator.

The annual average air temperature was positioned in the opposite quadrant (QIV
Figure 2a) from enzyme activity (QII Figure 2a). The high temperature typical of the
tropical environment enhanced SOM biological oxidation rate and reduced its stock,
mainly the labile fraction, that is the main substrate for soil biota. On the other hand, the
annual average precipitation was positioned in the same quadrant of enzyme activity (QII
Figure 2a). The high precipitation could be associated with a high photosynthesis rate
and high crop residue input resulting in higher SOM content and enzyme activity. In
addition, microbiota is positively related to increase in soil moisture until it reaches a
maximum limit [39].

The dispersion case is shown in Figure 2b where the Northeast agro-ecoregion field
was positioned in quadrant QIV, being in a distinct position relative to other fields. The
Northeast fields have some specific characteristics that may explain this fact, such as
higher air temperature, lower annual precipitation (Table 1), higher sand content, lower
SOM content, higher soil pH in water and pH SMP index, and a narrower Ca*/Mg? ratio
(Table 2) in relation to the other fields. In general, the South and CW-1 fields were
positioned in the same quadrants (QI and QII). These fields have distinct characteristics
of climate and soil according to the agro-ecoregions they are located in, but they have in
common the fact that the high quality CA systems have gradually improved soil quality
based on the increase in crop residue input by use of cover crops (i.e., consortium of cover
crops in South agro-ecoregion field) or tropical pasture with deep root systems (e.g.,
Brachiaria spp. in single use or in combination with maize in CW-2 agro-ecoregion field).
In addition, there was an improvement in subsoil chemical quality by Ca?" increase and
Al decrease and site-specific soil fertility management through precision agriculture,
resulting in these fields being grouped in the same quadrants in the PCA analysis.

The CW-1 field was positioned in a quadrant different from most of the other fields
(QII Figure 2). The CW-1 field had higher sand content (Table 2), lower SOM content
(Table 3), and lower elevation (Table 1) in relation to the CW-2 field, thus helping to
explain that although both sites were in the Central-West agro-ecoregion, they were
positioned in different quadrants. The S-3 agro-ecoregion (Rosario do Sul county) had
sandy textured soil, lower altitude, lower precipitation, and higher summer temperature
(Table 1) that resulted in lower SOM content (Table 4) in relation to the S-1 and S-2 fields
(Nao-Me-Toque and Carazinho counties, respectively). The LYE of the S-3 field was
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positioned in the same quadrant as the CW-1 field (QIII). In general, most of the S-1 and
S-2 fields with MYE and HYE were positioned in quadrant QI that was associated with
high crop yield in the PCA (QI Figure 2a). Most of the 5-1, S-2 and CW-2 fields with MYE
and LYE were positioned in quadrant QIII that was associated with enzyme activity in
the PCA analysis (QII).
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Figure 2. (a) Projection of the dispersion of variables (b) and of the cases by principal components analysis (PCA), among
soil attributes, elevation, climate and crop yield in conservation agriculture fields of main Brazilian agro-ecoregions. 3-
glucosidase (B_gluc) and arylsulfatase (Aryl) activity and soybean crop grain yield (Current_Yield) of the 2020/21 season
were taken as the main variables in the analysis. The supplementary variables (*) were: previous years relative yield
(Prev_yield); sand; silt; clay; total nitrogen (TN); total organic carbon (TOC); potential of hydrogen (pH); SMP index
(SMP); phosphorus (P); potassium (K*); soil organic matter (SOM); calcium (Ca?"); magnesium (Mg?*); cation exchange
capacity (CEC); potential acidity (H+Al); bases saturation (BS); sulphur (S); zinc (Zn?); copper (Cu?); boron (B);
manganese (Mn?"); calcium/magnesium relation (Ca_Mg); calcium saturation (Sat_Ca); magnesium saturation (Sat_Mg);
potassium (Sat_K); average annual air temperature (T); annual precipitation (Precip); slope; elevation (Elev); normalized
difference vegetation index (NDVI); (c) dispersion of variables, according to their contribution to the formation of Factors
1 and 2; n =54.

Interestingly, even the fields with very distinct soil attributes, such as soil texture
and climate such as subtropical (S-3) and tropical (CW-1), were grouped together with
regards to crop performance and enzyme activity (S and CW-1 fields in quadrant QII and
S-3 LYE and CW-2). This suggests that soil management had a strong effect on crop
performance and enzyme activity, regardless the climate and soil texture. This result
suggests that with appropriate regional management practices under CA, it is possible to
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reach high crop performance and soil health, assessed by enzyme activity in a broad range
of soil types and climates. The case of the S-3 agro-ecoregion is particularly interesting in
LYE which was closer to the CW-1 field (QIII), in MYE which was closer to the CW-2 field
(low portion of the QII), and finally, in HYE which was closer to the S-1 and S-2 fields in
MYE or LYE and with the CW-2 field in HYE (high position of quadrant QII). In
decreasing order of crop performance and enzyme activity, we observed: 5-1 > 5-2 > S-3
> CW-2 > CW-1 > NE-1. It is important to highlight that S1 is the field that had Du Pont
national prizes for high soybean yield (5668 kg ha' in the 2015 season)
(https://revistacultivar.com.br/noticias/dupont-do-brasil-reconhece-desempenho-de-
sojicultores-da-regiao-sul, accessed on 20 october 2021) and in 2016/17 season the maize
yield in this field reached 14,700 kg ha™. These cases demonstrate that CA management
was a tool that facilitated higher crop yields with improved soil life based on enzyme
activity and restoration of SOM content (Table 4).

The soil attributes and weather attributes in the PCA analysis are shown in Figure
2c. In the first quadrant (QI), the arylsulfatase and p-glucosidase were grouped, as
expected, with SOM, TOC, TN and silt content (Table 3) and Ca?/Mg? ratio (Table 2). In
addition, the CEC, Ca? and Mg? content and Ca? saturation, annual precipitation, K* and
Cu? content, and previous crop yields were positioned in Q1, i.e., the same quadrant of
high crop performance (Figure 2a). In an opposite position to these attributes were
grouped sand content, Mg?* saturation, soil pH in water and pH SMP (QIII and QIV,
Figure 2¢). It should be highlighted that in the NE-1 agro-ecoregion the soil pH in water
was higher than in other agro-ecoregion fields (Table 3) justifying in part the presence of
this attribute. While the Mg? saturation was associated with imbalances in the Ca?/Mg?*
ratio. On the other hand, the P content that had values within the range 18.4-76.7 mg dm-
show that some fields had very high P content concentrate in a specific soil layer (0-0.10
m), where a content near to 15 mg dm- could be the crop critical level (Table 2).

The temperature and elevation (QII, Figure 2c) were also grouped in a position far
from the promoters of crop performance confirming that the high temperature in the
tropical environment was an important plant abiotic stress factor.

Figure 3 shows the relationship of key soil attributes with {3-glucosidase and
arylsulfatase. This figure shows that SOM content in 0-0.10 m depth had a positive linear
relationship with (-glucosidase which explained around 60% of the variability of this
enzyme activity. The maximum enzyme activity was reached with the highest SOM
content (near to 5%). The arylsulfatase had a quadratic relationship with SOM, with
maximum activity reaching close to 3.55%. Xu et al. [40] reported that SOM and TN had
a positive relationship of 0.83 with enzyme activity. The authors explained that
microorganisms need nutrients and energy from labile fractions of SOM. In addition,
SOM retains soil moisture, and enhances CEC and soil aggregation that boosts microbial
activity. In our study TN had a positive linear relationship with $-glucosidase suggesting
that legume cover crops could be an important strategy to restore TN stocks and enhance
soil biological activity [38].

A recent exploratory study of soil analyses from South Brazil laboratories (1 =35,362)
reported that 55% of the soil samples had SOM < 2.5% [44]. In our study, with a more
limited database, we found around 40% of the data points with low SOM (<2.5%) that
were associated with low enzyme activity (Figure 3). These data suggest an urgent need
to revise the cropping system adopted by enhancing rotations and the use of legume
cover crops in association with no tillage in order to build up SOM [45].

SOM restoration and enzyme activity are strongly linked to CA principles. Pires et
al. [7] reported in a long-term tillage systems experiment (32 years) that crop rotation and
cover crops under CA increased SOM in the topsoil compared with intensively tilled soils.
Moreover, the crop diversification increased soil microbial diversity, resulting in
aggregate stability and SOM protection. In their study, the 3-glucosidase activity was 69%
higher in CA than in tillage-based systems. Moreover, [3>-glucosidase was increased by
23% under CA with crop rotation compared to no-till monocropping systems. Avoidance
of mechanical soil disturbance stimulates fungi growth and its hyphal networks, which
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allows fungi to establish bridges at the mulch—soil interface, increasing SOM stabilization.
In addition, the effect of maintaining the mulch cover year-round in the range of 3-5 Mg
ha™ on the soil surface is to reduce soil temperature and increase soil moisture that
enhances beneficial fungi activity and balances the fungi/bacteria ratio (F/B) [46]. In
general, the fungi community is more sensitive to soil disturbance and the quantity and
quality of root exudates and crop residues input [47]. Therefore, this community can be
boosted by polyculture of cover crops including legumes and crop rotation [48,49].
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Figure 3. Relationships between the activity of 3-glucosidase and arylsulfatase enzymes with soil organic matter (SOM)
determined by wet oxidation, total organic carbon (TOC), and nitrogen (TN) determined by dry combustion, calcium
content (Ca?), cation exchange capacity (CEC) and Ca?*/Mg?* ratio in seven Brazilian fields from main agro-ecoregions.
Significance codes: ** p <0.001; *p <0.05.

The Ca? content had a quadratic relationship with [3-glucosidase reaching a plateau
near 8 cmolc dm that is double the Ca? critical level suggested for most of crops (4 cmol.
dm). The CEC had a quadratic relationship with 3-glucosidase reaching the plateau near
14 cmolc dm=3. The Ca?/Mg?* ratio also had a quadratic relationship with (3-glucosidase
suggesting that a ratio of 3-5 could boost this enzyme activity. The fields with Ca>/Mg?*
below 3 and Mg? saturation higher than 20% were associated with long-term dolomitic
lime input [42] and monocropping soybean that had higher Ca? grain exportation than
Mg?2+ [50].

Dalla Nora and Amado [51] reported that Ca? and Mg? contents are drivers of root
growth in acid tropical soils allowing roots access to available water in the subsoil. The
positive effect of Ca?* in root cell division results in higher root growth which is important
for SOM content restoration and improvements in soil aggregation in addition to
increasing root exudates that stimulate soil biota and enzyme activity [39].

The arylsulfatase had a quadratic relationship with SOM, TOC and TN, having
lower sensitivity to these attributes than 3-glucosidase that had a linear relationship with
these attributes. The arylsulfatase had a quadratic relationship with Ca? content but with
higher sensitivity to low Ca?* content than (3-glucosidase (Figure 3). A similar trend was
noted with CEC where arylsulfatase was more sensitive than [3-glucosidase to low CEC
values. The Ca?/Mg? ratio was more critical to {3-glucosidase than to arylsulfatase,
although both had quadratic relationships.
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The P content was grouped with other attributes that were contrary to crop yield
and enzyme activity (Figure 2c). This behavior was not expected in weathered tropical
soils with high P-fixation capacity. However, long-term high rates of P fertilization input
with high rates at the same depth could result in strong vertical nutrient stratification due
to low P soil mobility [52,53] with a negative impact on soybean root deepening and grain
yield under water stress [54]. This is because there is a strong stimulus to shallow root
growth in high P concentration zones in detriment to deepening of the root system
through soil profile (Table 2). Previous studies aimed at evaluating the relationship of soil
P content and soil biota have revealed that high P content was associated with reduction
in biota diversity, mainly mycorrhizal fungi [55-57]. In addition, excessive P fertilization
can aggravate Zn? and Cu? deficiency, as noted in this study in Figure 4 and in the PCA
analysis (Figure 2c).
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Figure 4. Relationships among the activity of 3-glucosidase and arylsulfatase enzymes with soil pH, sand content, copper

(Cu?) and manganese (Mn?) in seven Brazilian fields from main agro-ecoregions.

0.05; ns* = not significant.

Significance codes: *** p < 0.001; *p <

Figure 4 shows the relationship of soil pH water and sand texture with enzyme
activity, where a negative linear relationship was found. The negative relationship of soil
pH in water with enzyme activity in acid tropical and subtropical soils was not expected,
but was associated with values of soil pH in water reported in our study (Table 2). The
range of soil pH in water was 5.9 (+0.3) to 7.0 (+0.5) with a high number of sampling points
with soil pH in water exceeding 6.0 that could explain the negative relationship found. In
Table 2 only 9.5% of the sampling points were less than 6.0 soil pH in water where a
positive relationship between soil pH in water and enzyme activity was expected. On the
other hand, 46.0% had higher values than 6.5 soil pH in water where the probability of
lime crop yield response was very low.

Although, both enzymes investigated had a negative linear relationship with high
soil pH in water, the linear coefficient for arylsulfatase was almost double that of 3-
glucosidase, suggesting that the former was more sensitive to change in soil pH in water.
However, values of soil pH in water higher than 6.5 in acid tropical soils were harmful to
enzyme activity. In natural conditions, these soils generally have a soil pH in water below
5.0 [58]. Although the microbiome has mechanisms to adjust to abrupt environmental
changes from an acid soil pH in water to much higher levels than in the natural condition,
this can cause breakages in the helical DNA structure and increase in lipid hydrolysis in
microorganisms [59-61].
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Stark et al. [62], in tundra ecosystems, reported that an increase in soil pH in water
from 5.6 to 6.6 resulted in higher plant nutrient availability which in turn enhanced
enzyme activity, mainly B-glucosidase. However, when the soil pH in water was
increased above 6.6, there was a decrease in enzyme activity as reported in our study.
However, there is some uncertainty about whether this was a direct effect on microbiota
or on the available organic substrate. In our study the optimum range of pH for enzyme
activity was in the range of 5.5 to 6.5.

The Northeast field had the highest soil pH in water values (Figure 2). The soil of
this agro-ecoregion is sandy with low SOM content that results in a low buffer capacity.
Many farmers from that agro-ecoregion come from the South agro-ecoregion and they
are used to applying higher lime rates adjusted to clay soils and high SOM content and,
in consequence, to higher buffer capacity [63]. The input of these rates in the Northeast
fields resulted in a sharp increase in soil pH in water that was associated with low metallic
micronutrients availability, such as Cu* and Mn?* [64] (Figure 4). The sand content had a
linear and quadratic relationship with p-glucosidase and arylsulfatase, respectively. As
the sand texture increased, the SOM and TN decreased (Table 5) with a negative impact
on the soil biota. In our study a positive relationship of Cu?* with both enzyme activity
and of Mn? to arylsulfatase activity was found. The metal organic complex of Cu? and
Mn? affects the plant nutrient uptake [65] and the enzyme activity (Figure 4). This agrees
with the PCA analysis that showed that these metallic micronutrients were associated
with crop yield in previous seasons and NDVI in the current season (Figure 2).
Considering that the low metallic micronutrients availability was associated with soil pH
in water higher than 6.5 highlights that there is a need in some tropical soils with low
buffer capacity to accurately formulate the lime rate prescription and use fertilizers with
these nutrients to compensate for their removal in grain exportation (Figure 4).

Mn? plays an important role in plant metabolic functions acting as an essential
cofactor in the reduction of oxygen and stimulating the photosynthetic machinery by
catalyzing the water division in photosynthesis [66]. In addition, Cu?* is an essential
component of various proteins that act in photosynthesis, respiration, and
phytohormones linked to pollen production [64]. Therefore, the metallic micronutrients
are essential to plant hormonal metabolism related to crop performance, as observed in
the PCA analysis in our study (Figure 2). Their deficiency generally is associated with
high pH (Figure 4), low SOM content, and dry soil [64], as verified in the Northeast field
in our study (Table 2).

3.3. Enzyme Activity and Biodiversity under Varying Crop Yield Environments

The cluster analysis shown in Figure 5a agrees with the cluster analysis shown in
Figure 2a. In Figure 5a there is a division of data by agro-ecoregions and YEs. In the first
cut the NE-1 and CW-1 fields were split from the others with a strong influence of sand
content, Mg? saturation, P content, soil pH in water, temperature, and elevation. On the
other hand, the CW-2 agro-ecoregion field was similar to the S-3 field, being in an
intermediate position. Finally, the 5-1 and S-2 (clay soils) fields were affected by (-
glucosidase and arylsulfatase enzymes activity, Ca?/Mg?* ratio, SOM content, TOC, CEC,
Ca and Mg? content, silt, and H + Al**, as previously discussed in the PCA analysis
(Figure 2). In this way, four groups were constructed in Figure 5. The first group was
associated with soil and weather detractor factors of enzyme activity, the second and
third groups were in an intermediate position, and the fourth group was associated with
promoter factors of enzyme activity.

In Figure 5a, the YEs within fields were distinguished, mainly in the second cut
(Figure 5a). In Figure 5b, the different YEs, averaged across agro-ecoregions, were
distinguished which highlighted that LYE was different from HYE and confirmed that
the use of precision agriculture was an important tool for site-specific management in
CA systems. Lorenz et al. [67] previously reported that p-glucosidase activity had a
relationship with corn yield. In our study, the LYE had lower enzyme activity compared
with HYE, with decreases of 18.0% and 19.6%, respectively (Figure 5b). These decreases
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were higher than the difference in SOM content between these environments which
was 8.6% but without significant statistical difference.
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Lopes et al. [19] carried out a study aiming to establish critical levels of cellulase, 3-
glucosidase, arylsulfatase, and phosphatase enzyme activities for Central-West Brazilian
Oxisols. They reported that high yielding soils generally had higher microbial biomass C,
microbial respiration, and high enzymatic activity. These findings are in line with the
results reported in our study (Figure 5b). Based on these critical enzyme activity levels
[19], nearly 70% of the whole database of our study, comprising 63 sampling points, was
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classified as high enzyme level (>115 mg p-nitrophenol kg soil h™') and 30% as moderate
enzyme level (66-115 mg p-nitrophenol kg soil h'). On the other hand, with
arylsulfatase the enzyme activity levels were 55.5%, 30.2%, and 14.3% corresponding to
high (>90 mg p-nitrophenol kg soil h'), moderate (41-90 mg p-nitrophenol kg soil h™),
and low activity (<40 mg p-nitrophenol kg soil h™), respectively. It is important to
highlight that these critical levels were proposed for the Central-West agro-ecoregions,
and extrapolation to other Brazilian agro-ecoregions should be made with caution [15].

In one field (5-2), we investigated the relationship of the enzyme activity to soil DNA
analysis (Figure 6). There was a linear relationship between [(-glucosidase and
arylsulfatase enzymes and the diversity of the microorganism community (fungus,
bacteria, protist and archaea genera) with coefficients of determination of 0.85 (p < 0.01)
and 0.79 (p < 0.05), respectively. These results reinforce the role of enzyme activity as an
efficient bioindicator of soil health [15].
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Figure 6. Relation of 3-glucosidase and arylsulfatase enzymes activity under conservation agriculture and biodiversity
assessed by DNA characterization in Southern Brazil field (S-2) Nao-Me-Toque, RS. Significance codes: ** p <0.01; * p <0.05.

Bacteria and fungi are the main producers of extracellular enzymes that drive the
process of degradation of complex polymeric compounds into simpler compounds
(oligomers and monomers). Protists (protozoa and simple algae) play an important role
in soil biogeochemical decomposition processes by bacteria that release nutrients to
plants and create a “microbial loop” that is highly dependent on the quality of the crop
residue input [68-70].

The microbiome species characterization in the S2 field (Figure 7a) showed that the
HYE had a better balance among microorganism species, where the top 100 more
abundant genera in the community comprised 52.9% of the total population. On the other
hand, in the MYE and LYE the top 100 genera comprised 59.2% and 57.7% of the total
microorganism community population suggesting lower microbial diversity [46].

The abundance of beneficial soil microorganism species is an important indicator
of soil health. In our study, the genus Mortierella was the most abundant, accounting for
14.4%, 13.7% and 11.2% of total microbial population in HYE, MYE and LYE,
respectively (Figure 7a). Ozimek and Hanaka [71], in a review of plant growth-
promoting microorganisms, reported that some fungi, such as the Mortierella genus, are
usually present in large amounts in the rhizosphere and help plant growth in hostile
environments by increasing plant P uptake. Some microorganisms associated with
legumes cover crops could provide phytohormones such as enzyme 1-
aminocyclopropane-1-carboxylate (ACC) deaminase, responsible for the conversion of
ACC (the precursor of ethylene in plants) into ammonia and a-ketobutyrate, which
promotes plant growth by decreasing ethylene levels. This bioenzyme could help plants
to pest attack protection and increase their environmental adaptation skill [72].
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Figure 7. (a) Soil biodiversity evaluated by DNA barcode approach and accumulated proportion of most abundant genera
of soil microorganisms classified as (b) pathogens and (c) beneficial to plant growth under varying yield environments
under conservation agriculture in Southern Brazil (S-2 field) Nao-Me-Toque, RS, n = 6.

Plant-microbe interactions in the rhizosphere are key factors in plant vigour and
grain yield [73]. The main mechanisms involved are related to the bioavailability of
nutrients, such as phosphate solubilization and biological N fixation, and biotic and
abiotic stress alleviation [73]. Among the main genera of plant growth-promoting
organisms are Bacillus and Pseudomonas, known as plant growth-promoting bacteria
(PGPB) [14,73], and Penicillium and Trichoderma, known as plant growth-promoting
fungus (PGPF), and soil biocontrol promoters [14,74-76]. Atmospheric N fixation could
also be associated with the presence of Bradyrhizobium and Rhizobium [77]. These
microorganisms were more abundant in HYE, being 64% and 96% more abundant than
in MYE and LYE, respectively (Figure 7c). The organisms selected in our study were
previously proposed by Shah et al. [5] in a review article regarding the role of soil
microbes in sustainable crop production and soil health.

The most important plant pathogenic microorganisms found in our study were
Fusarium, Macrophomina, and Aspergillus genera, that together were about 245% higher
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in MYE and LYE than in HYE (Figure 7b). Therefore, the plants growing in MYE and
LYE were under much higher pressure from soil plant diseases than in HYE.

Production fields managed under soybean monocropping and without
diversification with cover crops are more prone to Fusarium root rot [78]. This is one of
the most important soybean soil diseases that occurs in many fields in the North
and South America [79,80]. Soybean lateral roots with Fusarium root rot may die
and, in consequence, reduce plant nutrients uptake and exudates production that
could support a more diversified soil biota [81]. It is important to highlight that this
genus was the most prevalent in LYE and MYE and was associated with a decrease in
plant-growth-promoting organisms (Figure 7c). Ranzi et al. [80], evaluating the soybean
and maize in monocropping systems, were able to identify up to nine Fusarium species
connected with the lack of crop diversity and high soil compaction.

The genera Penicillium, Bacillus, Pseudomonas, and Trichoderma play an important
role in plant protection from Fusarium attack [74-76,82-84] through the production of
antibiotic bioproducts, the modulation of ACC deaminase expression, and by increasing
soil nutrient uptake that results in higher plant photosynthesis rates and plant vigour
status. In addition, these microorganisms could induce a reprogramming of plant gene
expressions that increases plants’ ability to cope with biotic and abiotic stresses
[74,75,85-87]. In our study, Penicillium was strongly associated with YEs being 351% and
1338% higher in HYE than in MYE and LYE, respectively (Figure 7). Therefore, in MYE
and LYE, the lower population of Penicillium was linked with a higher population of
Fusarium sp. (Figure 7).

In our study, soil compaction was evaluated based on the soil penetration resistance
(PR) in the three YEs investigated (Figure 8). Our results are consistent with those of Pott
et al. [23] in the same field of our study that reported higher PR, lower macroporosity
and lower water infiltration in LYE than HYE. In our study, PR was higher at depths
greater than 0.15 m and followed the decreasing order: LYE > MYE > HYE (Figure 8). PR
>2.5 MPa is assumed to be a critical value for soybean root growth and crop yield [88].
LYE had PR greater than this critical value, while MYE and HYE did not reach this
reference at any soil depth (Figure 8). High PR values could affect soil aeration, mainly
in clay soils, and stimulate the occurrence of Fusarium sp. under frequent rainfall
conditions [89-91].
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Figure 8. Soil penetration resistance and soil moisture in varying environment yields in conservation
agriculture in South Brazil (S-2 field). Error bars correspond to standard deviation.
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Figure 9a shows the PCA that explains 75.1% of the variance in the data of plant-
growth organisms and plant pathogenic organisms and their relationships with soil
attributes. This information is important for biologically oriented soil management. There
was a positive effect of Ca?*, Mg?, K* content, corn yield (season 2019/20), macroporosity,
silt, SOM, TOC, TN, CEC, EC, pH SMP, Zn?** and soil pH in water, with Trichoderma sp.,
Penicillium sp. and Bacillus sp. positioned in QI and QII (Figure 9a). On the other hand,
the pathogenic organisms represented by Fusarium sp., Macrophomina sp. and Aspergillus
sp. were associated with PR, S, Cu?, Ca?/Mg? ratio, sandy content, H + Al3*, soybean
yield (2020/21), were positioned in QIII and QIV (Figure 9a).

There was an antagonistic relationship between Penicillium sp. (Ql) and Fusarium sp.
(QLV), and between Trichoderma sp. and Macrophomina sp. (Figure 9a). These results could
be explained by the biocontrol effect of Penicillium sp. and Trichoderma sp. The Bacillus sp.
was in the same quadrant (QII) of TN, SOM and TOC soil attributes.

In the factorial analysis, it was shown that: Penicillium sp. was associated with Ca?*
content and CEC (Figure 9b,c); Bradyrizobim sp. was associated with Pseudomonas sp.
(Figure 9b); Trichoderma sp. was associated with macroporosity (Figure 9b,c); and Bacillus
sp. was associated with EC, biodiversity, crop yield, and NDVI (Figure 9b,c). On the other
hand, Macrophomina sp., Fusarium sp. and Aspergillus sp. were associated with high PR,
an indicator of soil compaction. In addition, the imbalance in lime and fertilization
expressed by high soil pH in water and high P content concentrate in a shallow layer
affected these plant pathogenic organisms. These results reinforce the notion that soil
attributes are an important driver of soil biota and that they could be managed at the
farming level to support a diversity of organisms that are plant-growth promoters.
However, further studies are required to more fully understand these relationships.
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Figure 9. (a) Projection of the dispersion of variables by principal components analysis (PCA), among most abundant genera of
soil microorganisms classified as pathogens and beneficial to plant growth evaluated by molecular analysis of DNA, soil
attributes and crop yield growth in varying yield environments under conservation agriculture in Southern Brazil (S-2 field)
Nao-Me-Toque, RS. Proportion of genera Penicillium, Bacillus, Pseudomonas, Trichoderma, Bradyrhizobium, Rhizobium, Fusarium,
Macrophomina and Aspergillus in the soil microbiome were taken as the main variables in the analysis. The supplementary
variables (*) were: soybean crop grain yield of the 2020/21 season (Soy_y_20_21); corn crop grain yield of the 2019/20 season
(Corn_y_19_20); normalized difference vegetation index (NDVI_20_21), species number in the soil by molecular analysis
(N_sp); p-glucosidase (B_Gluc) and arylsulfatase (Aryl) soil enzyme activity; sand; silt; clay; total nitrogen (TN); total organic
carbon (TOC); potential of hydrogen (pH); pH SMP index (SMP); phosphorus (P); potassium (K*); soil organic matter (SOM);
calcium (Ca?); magnesium (Mg?*); cation exchange capacity (CEC); potential acidity (H+Al); bases saturation (BS); sulphur (S);
zinc (Zn%); copper (Cu?); boron (B); manganese (Mn?"); calcium/magnesium relation (Ca_Mg); soil electrical conductivity of 0—
0.30 m depth (EC_0_30); soil penetration resistance, average of 0-0.40 m depth (PR_0_40), and macroporosity of 0.05-0.10 m;

(b) dispersion of variables and (c) cluster analysis according to their contribution to the formation of Factors 1 and 2; n=6.

4. Conclusions

The (3-glucosidase and arylsulfatase enzyme activity were efficient indicators of soil
biodiversity under CA. In addition, the activity of these enzymes serves as an efficient
tool to distinguish low yield environments from high yield environments within fields.

In general, fine soil particles (clay and silt), high CEC, high Ca? content, high
Ca*/Mg? ratio, high TOC, TN and SOM were promoters of [(-glucosidase and
arylsulfatase soil enzyme activity in the fields of the main Brazilian agro-ecoregions. On
the other hand, soil pH in water (>6.5), high sand content, high P content concentrated in
a shallow layer, high temperature, low Cu? and Mn?* availability decreased the activity
of these enzymes.

A large proportion of data points investigated (40%) had low SOM, TOC and TN
content, creating conditions that were associated with low enzyme activity and restricted
biodiversity. These results reinforce the view that the application of the three interlinked
principles of CA operate synergistically to build and sustain soil health in production
systems. In addition, imbalance in soil correction and fertilization input affects soil
enzyme activity. The overuse of these inputs could result in high soil pH in water, high
phosphorus concentration in specific soil depth, low copper and manganese availability,
narrow Ca?/Mg? ratio, and high Mg? saturation that together with sandy texture and
high temperature were associated with low enzyme activity. On the other hand, low or
lack of use of these inputs could result in low Ca? and Mg?* content, low soil pH in water,



61

high Al* content, low base saturation and CEC that were associated with low SOM
content and low TOC and TN that were also linked to low enzyme activity.

Through the soil microbiome characterization, it was possible to add a new data
layer that, together with data on soil and plant attributes, helped to explain the varying
yield environments within a production field. In our study, high yield environments had
a more diverse soil microbial community with a higher presence of biota that promote
plant growth (Bacillus sp., Penicillium sp., Trichoderma sp., Pseudomonas sp., Bradyrhizobium
sp. and Rhizobium sp.). In the low yield environments, there was a higher presence of
Fusarium sp. and Macrophomina sp. that were negatives for plant growth. These
pathogenic organisms were associated with the presence of high soil penetration
resistance and low microbiota diversity as a consequence of soil compaction.

It is concluded that applying the three integrated principles of CA with a focus on
crop rotation and cover crops in the cropping system results in enhancement of soil health
and crop productivity. The key drivers in this soil health regeneration process are the
restoration of soil organic matter and total nitrogen content through crop diversification,
calibrated correction of plant nutrients with fertilization that focuses on increased Ca?
content, avoidance of soil compaction and stimulation of plant root growth that will
support plant-growth promoting microorganisms and a diverse soil biota community.
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4. CONSIDERACOES FINAIS

A atividade enzimatica do solo, em especifico das enzimas B-glicosidase e arilsulfatase,
demostraram-se eficientes indicadores da biodiversidade do solo sob AC, distinguindo as agro-
ecorregides (distintas condi¢des edafoclimaticas), bem como, os YEs dentro dos campos de
producdo (alto em relacdo ao baixo potencial) e, deste modo, constituindo-se uma importante
ferramenta para verificar o estado da saude do solo.

Estas enzimas estiveram associadas com uma complexa dindmica entre os atributos do
solo, relevo e clima, onde um conjunto de atributos atuaram como promotores de suas
atividades, sendo estes as particulas finas de solo (argila e silte), alta CTC, alto teor de Ca*",
alta relagdo Ca**/Mg?", alto COT, NT e MOS. Por outro lado, o pH do solo em 4gua (acima de
6.5), alto teor de areia, alto teor de P concentrado em camada superficial, alta temperatura, baixa
disponibilidade de Cu** e Mn?’, atuaram como detratores e diminuiram a atividade destas
enzimas.

O cenério do estudo apresentou uma grande propor¢ao dos pontos investigados (40%)
com baixo teor de MOS, COT e NT, os quais também estiveram associados a baixa atividade
enzimatica e uma biodiversidade restrita. Esses resultados reforcam a visao de que a aplicagdo
dos trés principios interligados da AC opera sinergicamente para construir € sustentar a satide
do solo nos sistemas de produgdo. Além disso, o desequilibrio na correcao do solo e no aporte
de fertilizagao afeta a atividade enzimatica do solo. O uso excessivo desses insumos (corretivos
e fertilizantes quimicos) pode resultar em alto pH do solo em agua, alta concentracdo de fosforo
em profundidade especifica do solo, baixa disponibilidade de cobre e manganés, estreita relagao
Ca*"/Mg?" e alta saturagio de Mg?* que, juntamente com textura arenosa e alta temperatura,
foram associadas a baixa atividade enzimatica. Por outro lado, o baixo ou ndo uso desses
insumos pode resultar em baixo teor de Ca?" e Mg?*, baixo pH do solo em 4agua, alto teor de
AI**, baixa saturagio por bases e CTC que foram associados a baixo teor de MOS e baixo COT
e NT que também foram associados a baixa atividade enzimatica.

Através da caracterizagdo do microbioma do solo, foi possivel adicionar uma nova
camada de dados que, juntamente com dados sobre os atributos do solo e das plantas, ajudaram
a explicar os diferentes YEs dentro de um campo de producao. Em nosso estudo, ambientes de
alta produtividade apresentaram uma comunidade microbiana do solo mais diversificada com
maior presenca de biota que promove o crescimento das plantas (Bacillus sp., Penicillium sp.,

Trichoderma sp., Pseudomonas sp., Bradyrhizobium sp. e Rhizobium sp.). Nos ambientes de
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baixa produtividade, houve maior presenca de Fusarium sp. € Macrophomina sp. que foram
negativos para o crescimento das plantas. Esses organismos patogénicos foram associados a
presenca de alta resisténcia a penetracdo do solo e baixa diversidade da microbiota como
consequéncia da compactacao do solo.

A aplicagdo dos trés principios integrados da AC com foco na rotagdo de culturas e
culturas de cobertura no sistema de cultivo, resulta em melhoria da satide do solo e
produtividade das culturas. Os principais impulsionadores desse processo de regeneracao da
saude do solo sdo: (1) a restauracdo da matéria organica do solo e do teor de nitrogénio total
por meio da diversificagdo das culturas; (2) correcdo calibrada dos nutrientes das plantas com
fertilizacdo que se concentra no aumento do teor de Ca®"; (3) evitar a compactagdo do solo e;
(4) estimular o crescimento das raizes das plantas que irdo suportar microrganismos promotores
de crescimento vegetal e uma comunidade diversificada da biota do solo.

Salienta-se que os campos de producgdo estudados correspondiam a propriedades com
produtividades superiores a média nacional e com niveis tecnologicos elevados, sendo
referéncias em suas respectivas regides, podendo ndo representar as condigdes
predominantemente encontradas no pais. Desse modo, para haver uma maior compreensao da
complexa dindmica existente no sistema solo, sdo necessarios maiores estudos sob amplas
variacoes de niveis tecnologicos das propriedades, condigdes de manejo de solo e cultivos, em
distintos niveis de regionalizacdo e ambientes dentro de campos de produgdo, principalmente,

visando compreender processos-chave entre a microbiota e seus principais drivers.
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APENDICE A - QUADRO DE CORRELACOES DE PEARSON (MEDIA DOS SETE CAMPOS)

S1.Quadro de correlacdes de Pearson entre atributos quimicos e biolégicos do solo em sete dreas sob agricultura conservacionista no Brasil.
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B-gluc | Aryl [MOS | Areia | Silte |Argilal pH |SMP | P K Ca (Mg |CTC|H+Al [BS | S Zn |Cu B Mn (Ca/Mg| NT [COT| C/N
B-gluc| 1.00 | 0.80 | 0.77 | -0.76 | 0.70 | 0.41 [-0.67 | -0.71 043 [ 059 | 041 | 0.67 [ 0.67 0.44 0.81 | 0.73 [-0.31
Aryl 1.00 | 0.65 [-0.64 | 0.49 | 0.53 [-0.64 |-0.69 0.67 | 0.72 | 0.66 | 0.82 | 0.65 0.36 | 0.34 | 0.53 0.73 | 0.59 [-0.50
MOS 1.00 (-0.86| 0.78 | 0.49 [-0.64 |-0.86|-0.49| 0.38 | 0.46 | 0.35 | 0.61 | 0.80 [-0.40 0.64 0.95 | 0.97
Areia 1.00 |-0.90 [-0.58 | 0.54 | 0.73 | 0.58 -0.36 -0.48 ] -0.70 | 0.38 -0.56 -0.83 | -0.87
Silte 1.00 [ 046 | -040[-056 | -050 0.40 043 | 051 0.51 078 | 082
Argila 1.00 (-0.46 |-0.60 | -0.38 | 0.49 0.62 |-047 0.59 | 0.31 | 0.47 043 | 043
pH 1.00 | 0.86 -0.51 [ -0.44 -0.60 | -0.85 | 0.51 -0.55 -0.67 [ -0.62
SMP 1.00 | 0.35 (-0.47|-0.48 | -0.38 [ -0.68 | -0.98 | 0.57 -0.46 | -0.48 -0.84| -0.83
P 1.00 -0.32 | 0.37 -0.43 -0.36] -0.51| -0.48
K 1.00 | 042 | 042 | 0.54 | 045 0.51 0.69 048| 0.31| -0.54
Ca 1.00 | 0.83 [ 096 | 043 | 037 -0.34 0.33 0.58| 0.46| -0.44
Mg 1.00 | 0.86 [ 0.32 | 0.44 |-0.37 | -0.49 036 | -0.48 046| 0.32| -0.48
CEC 1.00 [ 0.64 -0.37 0.48 0.71] 0.59| -0.44
HeAl 1.00 |-0.62 039 | 053 078| 078
BS 1.00 -0.39| -0.45
S 1.00 | 0.34 0.67
Zn 1.00 | 0.36 0.42
Cu 1.00 0.51
B 1.00 0.59| 0.63
Mn 1.00 0.35 -0.53
Ca/Mg 1.00
NT 1.00 | 0.96
COT 1.00
C/N 1.00

[B-glicosidase (B_Gluc); arilsulfatase (Aryl); matéria organica do solo (MOS); areia; silte; argila; potencial de hidrogénio (pH); indice pH SMP (SMP); fésforo (P); potassio (K);

calcio (Ca); magnésio (Mg); capacidade de troca catidnica (CTC); acidez potencial (H+Al); saturacao de bases (BS); enxofre (S); zinco (Zn); cobre (Cu); boro (B); manganés (Mn);

relacdo calcio/magnésio (Ca/Mg); nitrogénio total (NT); carbono organico total (COT); relagao C/N (C/N).
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APENDICE B - TABELA DE AUTOVALORES E CORRELACAO DAS VARIAVEIS
ORIGINAIS DA ACP DA “FIGURE 2”

S2. Tabela de Autovalores e Correlagdo das varidveis originais com os componentes principais
mais importantes referentes a “Figure 2”.

Analise de Componentes Principais

Numero do valor EV1 EV 2 EV 3
Autovalor 1.92 0.84 0.23
Variancia Total (%) 64.13 28.07 7.80
EV Cumulativo 1.92 2.77 3.00
S Total Cumulativo (%) 64.13 92.20 100.00
Variavel Correlagodes (p<0.05)

PC1 PC2 PC3
Prev_Yield 0.29 0.30 0.19
B_gluc 0.89 -0.30 0.33
Aryl 0.92 -0.20 -0.35
Sand -0.63 0.22 -0.26
Silt 0.42 -0.46 0.37
Clay 0.55 0.34 -0.10
TN 0.66 -0.42 0.13
TOC 0.50 -0.44 0.26
pH -0.61 0.27 0.08
SMP -0.59 0.27 -0.01
P 0.00 0.04 -0.28
K 0.60 0.05 -0.41
SOM 0.55 -0.41 0.18
Ca 0.54 -0.38 -0.28
Mg 0.36 -0.28 -0.51
CEC 0.64 -0.36 -0.33
H+Al 0.57 -0.18 0.03
BS -0.06 -0.03 -0.30
S 0.20 -0.45 0.38
Zn 0.13 0.06 0.25
Cu 0.58 0.33 -0.31
B 0.21 -0.30 0.20
Mn 0.48 0.25 -0.36
Ca_Mg 0.41 -0.21 0.35
Sat_Ca 0.11 -0.19 -0.04
Sat_Mg -0.39 0.14 -0.32
Sat_K 0.19 0.17 -0.33
T -0.60 0.01 0.58
Precip 0.47 -0.26 -0.42
Slope 0.36 -0.16 -0.51
Elev -0.11 0.25 0.60
Current_Yield 0.54 0.84 0.04

NDVI 0.30 0.42 0.03
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