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RESUMO GERAL

Garantir a qualidade dos solos agricolas é fundamental para a producéo sustentada de alimentos.
Um solo de alta qualidade possui valores de atributos microbioldgicos satisfatorios. Esses
atributos sdo preditores precoces e eficazes das mudancas que ocorrem no solo. Mas seus
valores como indicador podem ser influenciados pela metodologia utilizada e classe de solo
avaliada. Os objetivos desta tese foram analisar o efeito do tempo de armazenamento e de
diferentes classes de solos sobre os principais atributos microbioldgicos utilizados como
indicadores de qualidade do solo e o potencial desses atributos como indicadores da qualidade
de diferentes solos sob lavouras de café. Sete atributos foram avaliados (carbono de biomassa
microbiana, respiragdo microbiana basal, hidrélise de diacetato de fluoresceina - FDA, e a
atividade das enzimas urease, B-glucosidase, arilsulfatase e fosfatase acida) em cinco tempos
de armazenamento diferentes (15 horas e 15, 30, 60 e 120 dias). As amostras de solo foram
provenientes de quatro ambientes distintos (Latossolo sob floresta, Latossolo sob café,
Planossolo sob floresta e Planossolo sob café). Dependendo do tempo de armazenamento, todos
os atributos foram capazes de diferenciar os ambientes. Longos tempos de armazenamento
comprometem o uso da maioria dos atributos como indicadores de qualidade do solo. Portanto,
devem ser considerados quando esses atributos forem usados como indicadores de qualidade
do solo. Diferentes classes de solo sob condi¢Bes que permitem acumular matéria organica,
podem ter valores equiparaveis de carbono da biomassa microbiana, respiracdo basal
microbiana, urease e qCO». O carbono da biomassa microbiana, FDA, urease, B-glucosidase e
fosfatase cida exibiram maior capacidade de discriminacdo das areas mostrando que esses
atributos sdo bons indicadores da qualidade dos solos cultivados com café.

Palavras-chave: Indicadores microbioldgicos. Enzimas do solo. Carbono da biomassa
microbiana. Armazenamento do solo. Coffea arabica L.. Mata Atlantica.



GENERAL ABSTRACT

Ensuring the quality of agricultural soils is essential for the sustainable production of food. A
high-quality soil has satisfactory microbiological attribute values. These attributes are early and
effective predictors of soil changes. But their values as an indicator can be influenced by the
methodology used and the soil class evaluated. The objective of this thesis was to analyze the
effect of storage time and different soil classes on the main microbiological attributes used as
indicators of soil quality and the potential of these attributes as indicators of the quality of
different soils under coffee crops. Seven attributes were evaluated (microbial biomass carbon,
basal microbial respiration, fluorescein diacetate hydrolysis - FDA, and the activity of the
enzymes urease, B-glucosidase, arylsulfatase, and acid phosphatase) in five different storage
times (15 hours and 15 hours, 30, 60 and 120 days). The soil samples came from four different
environments (Oxisol under forest, Oxisol under coffee, Planosol under forest, and Planosol
under coffee). Depending on the storage time, all attributes were able to differentiate the
environments. Long storage times compromise the use of most attributes as indicators of soil
quality. Therefore, they should be considered when these attributes are used as indicators of
soil quality. Different soil classes under conditions that allow organic matter to accumulate may
have values comparable to microbial biomass carbon, microbial basal respiration, urease, and
gCO2. The carbon of the microbial biomass, FDA, urease, B-glucosidase, and acid phosphatase
exhibited greater capacity to discriminate areas showing that these attributes are good indicators
of the quality of soils cultivated with coffee.

Keywords: Microbiological indicators, Soil enzymes, Microbial biomass carbon, Soil storage,
Coffea arabica L., Mata Atlantica.
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PRIMEIRA PARTE (Capitulo I)

1 INTRODUCAO GERAL

O solo é fundamental para a manutencdo da vida no planeta. Sua importancia
abrange desde o fornecimento de energia para as cadeias troficas até a prestacdo de
servigos ecossistémicos globais. Por ser um recurso natural formado a uma taxa muito
lenta (370 a 1290 kg ha* ano™)* e que pode ter varios centimetros destruidos em uma
Unica chuva, é imperiosa a necessidade de se manejar esse ecossistema adequadamente.
Considerando sua importancia, mais de 14 mil trabalhos cientificos foram publicados
desde o ano de 1940 tratando do tema qualidade do solo (BASTIDA et al., 2008). Com
iSSO 0S avancos nas pesquisas sobre os subsistemas fisicos e quimicos do solo foram
expressivos. Entretanto relativamente pouco se estudou sobre o subsistema biol6gico. Em
razdo da maior necessidade de preservacdo do solo, no inicio da década de 1990 o tema
qualidade do solo passou a ser de interesse global. Apo6s esse periodo, 0 subsistema
biolégico do solo comecou ser estudado como componente indissociavel do
funcionamento harmonioso desse ecossistema. Em 2015 o tema foi reaquecido na reunido
das NacgOes Unidas em Paris que destacou a qualidade do solo como uma das metas
fundamentais do objetivo “agricultura sustentavel” (ONU, 2015).

O interesse global pela qualidade do solo incentivou as publicacfes de muitos
trabalhos que utilizaram os atributos microbioldgicos como indicadores da qualidade do
solo. Os atributos mais utilizados nesses trabalhos foram: carbono da biomassa
microbiana, respiracdo basal microbiana, quociente metabdlico, hidrolise do diacetato de
fluoresceina e atividades enzimaticas (GIL-SOTRES, 2005). Entre as enzimas, as mais
utilizadas foram: B-glucosidase, urease, fosfatase e arilsulfatase, devido suas relagdes
com os biociclos do carbono, nitrogénio, fosforo e enxofre, respectivamente (GIL-
SOTRES, 2005). Além disso essas enzimas atendem a maioria das premissas de um bom
indicador, isto &, apresentam intrinseca relacdo com fungdes chaves do solo, sdo sensiveis
ao maior namero possivel de agentes contaminantes, sdo de facil avaliacdo e refletem
niveis diferentes de degradacéo do solo.

Os resultados publicados sobre esses atributos s@o contrastantes e muitas vezes

incongruentes entre diferentes solos ou mesmo para a mesma classe de solo. As raz6es

*Estimativa global baseada no balan¢o geoquimico das rochas, solos e agua (Wakatsuki e
Rasyidin, 1992)
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mais provaveis para esses contrastes podem estar associadas, em parte, a complexidade
do solo, heterogeneidades dos ambientes e caracteristicas intrinsecas dos atributos. Nesse
caso, 0 maior desafio € identificar os atributos microbioldégicos mais consistentes em
detectar mudancas na qualidade do solo em funcéo de praticas de manejo. Nesse sentido,
0 qCO2 é um bom exemplo, pois frequentemente se associa a ambientes que apresentam
algum grau de estresse ecolégico (ANDERSON; DOMSCH, 1985). Para os demais
atributos microbioldgicos, as respostas divergentes sob mesmas condi¢des edéaficas séo
intrigantes e alertam para a possibilidade da influéncia dos procedimentos metodoldgicos
nesses resultados. Entre esses procedimentos, as distintas formas e épocas de coleta, pre-
tratamento das amostras, concentracdo do substrato, temperatura e tempo de
armazenamento sdo as principais razdes metodoldgicas para a origem de resultados
contraditérios nos estudos (GIL-SOTRES, 2005). Em relacdo a profundidade de coleta,
uma parte significativa das publicacdes tém utilizado a profundidade de 0-10 cm, isso
pode ser um indicativo da existéncia de um consenso em relagéo a esse aspecto. Nao
obstante, esse é um procedimento que precisa ser padronizado nas metodologias pois
outras profundidades (0-5, 0-15, 0-20, 0-30 cm) também aparecem na literatura
(BOWLES et al., 2014; MAYOR et al., 2016; BISWAS et al., 2017; DILLY et al., 2018).
Para a época de coleta, a literatura disponivel mostra que existe um efeito nas respostas
dos atributos entre os periodos secos e chuvosos. Entretanto esse efeito (se melhor ou
pior) varia entre os trabalhos. De modo gue tanto a profundidade quanto a época de coleta
precisam ser relatadas nos trabalhos para que sejam comparaveis entre si. A concentracdo
dos substratos foi adequadamente discutida por DeForest (2009). Por outro lado,
temperatura de armazenamento a 4°C embora pareca estar bastante corroborada (LEE et
al.,, 2007; DEFOREST, 2009), pois minimiza a morte microbiana e a inativacdo
enzimatica (ROSS, 1965; ANDERSON; DOMSCH, 1993), tem sido recentemente
discutida no conceito FERTBIO por pesquisadores brasileiros (LOPES et al., 2015;
MENDES et al., 2019). Entre esses aspectos metodoldgicos o tempo de armazenamento
é 0 menos considerado pelos cientistas dessa area. Embora muitos autores relatem que as
analises devam ser efetuadas o mais rapido possivel, nem sempre isso é possivel devido
a logistica, a distancia dos locais de coleta, a disponibilidade de mé&o-de-obra e as
limitagdes de espagos nos laboratdrios. Isso implica, por muitas vezes, na necessidade de
longos tempos de armazenamento. Ao se considerar que 0 tempo de armazenamento pode
influenciar de forma decisiva na eficacia dos atributos microbioldgicos como indicadores

de qualidade, este trabalho de tese se propde: verificar a influéncia do tempo de
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armazenamento nos principais atributos microbioldgicos utilizados como indicadores da
qualidade do solo e verificar a influéncia de diferentes classes de solos e coberturas
vegetais (sistemas em climax e agricolas) nos atributos microbiol6gicos e o potencial
desses atributos como indicadores da qualidade de diferentes solos sob lavouras de café

convencional no dominio da Mata Atlantica.

2 REVISAO DE LITERATURAE FUNDAMENTA(;AO TEORICA
2.1 Qualidade do solo

O conceito qualidade do solo é muito variavel e muitas vezes arbitrario. Inclui
desde a capacidade produtiva para um viés agricola até aspectos relacionados ao meio
ambiente (BASTIDA et al., 2008). Doran e Parkin, (1994) definiram qualidade do solo
como sendo “a capacidade de um solo funcionar dentro dos limites do ecossistema e do
uso da terra para sustentar a produtividade bioldgica, manter a qualidade ambiental e
promover a saude animal e vegetal”. Karlen et al. (1997) propuseram uma definigdo que
difere a de Doran e Parkin (1994) apenas por enfatizar as particularidades do solo, isto é,
“qualidade do solo é capacidade de um solo especifico em prestar servicos
ecossistémicos ” Esses conceitos, especialmente o primeiro, foram alvos de fortes criticas
de cientistas dessa area (SOJKA; UPCHURCH, 1999; LETEY et al., 2003). As criticas
abordavam diversos aspectos (BUNEMANN et al., 2018), mas o principal deles foi a
forma original da definicdo que exibiu muita énfase e valor a um nimero limitado de
culturas anuais que fornecem alimentos baratos e sdo fortemente subsidiadas.
Provavelmente o conceito proposto por Doran e Parkin (1994) tenha sofrido influéncia
do conceito mais antigo proposto por Mausel (1971) que definiu a qualidade do solo como
“a capacidade dos solos de produzir milho, soja e trigo em condicGes de manejo de alto
nivel ”. Com essas criticas, varios conceitos foram propostos e eles consideraram o fato
de que o solo pode ser usado para uma variedade maior de propositos (NORTCLIFF,
2002). Dessa forma, além dos aspectos relacionados ao uso do solo, que remetem a ideia
da necessidade de intervencdo humana para obtencgéo de resultados, a capacidade do solo
em fornecer servigos ambientais foi igualmente enfatizada.

No contexto de uso, qualidade é frequentemente relacionada a capacidade
produtiva do solo (MAUSEL, 1971; ARAGAO et al., 2020) enquanto que no contexto
ambiental, o conceito qualidade é associado a capacidade do solo em contribuir com os
Sservigos ecossistémicos e a preservacdo da biodiversidade dos ecossistemas naturais

(BUNEMANN et al., 2018). Essa amplitude conceitual dificulta o ranqueamento das


https://www.sciencedirect.com/science/article/pii/S0038071718300294#bib129
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/soybean
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caracteristicas capazes de indicar um solo em seu estado ideal. Apesar da dificuldade em
se estabelecer um conceito suficientemente capaz de definir a qualidade do solo, sabe-se
que um solo com qualidade (saudavel) é fundamental para a manutencdo da vida no
planeta. As criticas levaram a uma discussao gue colocou 0 manejo como uma questao
central da qualidade do solo (BUNEMANN et al., 2018). Sojka e Upchurch (1999)
também ressaltaram 0 manejo como cerne da discussdo e propuseram maior foco ao uso
do solo do que em suas fungdes. Dessa forma, a responsabilidade de se manter a qualidade
desse ambiente seria mais atribuida aos seus usuarios. Nesse sentido, agricultores,
administradores de areas de conservacao, margens de estradas, cursos de agua, areas
verdes urbanas, todas as industrias e todos aqueles que dependem do solo direta e
indiretamente precisariam ter participacdo na manutencdo da qualidade do solo
(BUNEMANN et al., 2018). Nessa perspectiva, Bastida et al. (2008) sugeriram que o
mais importante seria a aplicacdo dos conceitos de qualidade j& existentes, o que
aceleraria a elaboracéo de politicas de gestdo da qualidade do solo.

No sentido de tornar mais pragmatico o conceito qualidade do solo e aplica-lo
para as condi¢des tropicais, pode-se dizer que que um solo com qualidade € aquele em
que a relacdo entre os processos ordenativos e 0s processos dissipativos é > 1. Nesse
cenario, as praticas que contribuem para a adi¢cdo e manutencdo da matéria organica estao
superando as praticas que promovem processos de perda (processos dissipativos). Um
solo sob essas condicdes, provavelmente tera sua qualidade sustentada ao longo do tempo.
Por outro lado, aceitar esse conceito no seu extremo pode levar a entendimentos
equivocados. Por exemplo, o de que um Organossolo com carater tiomorfico possui
elevada qualidade, o que ndo é verdade devido a abundancia de enxofre e seus derivados.
Isso mostra que pressupostos muito rigidos podem contribuir para a indefinicdo da

qualidade do solo, ao invés de facilitar o entendimento do conceito.

2.2 Indicadores de qualidade do solo

“Um indicador de qualidade do solo é uma propriedade mensuravel que
influencia a capacidade de um solo em desempenhar uma determinada fungao”
(ACTON; PADBURY, 1993). Os indicadores mais comuns sdo matéria organica, pH, P
disponivel e armazenamento de dgua (BUNEMANN et al., 2018). Embora esse cenario
esteja mudando gradativamente, os atributos biologicos e/ou microbioldgicos ainda
aparecem sub representados nos trabalhos com esse objetivo. Todavia, por responderem

mais rapidamente as mudancas que ocorrem no solo, precisam ser mais explorados. Os
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atributos microbiolégicos mais utilizados nos trabalhos sobre qualidade do solo sédo
aqueles relacionadas aos biociclos do Carbono, Nitrogénio, Fésforo e Enxofre (GIL-
SOTRES, 2005). Esses atributos estdo descritos detalhadamente a seguir.

Carbono da Biomassa Microbiana

A biomassa microbiana do solo é a fragdo ativa da matéria organica. Ela €
constituida principalmente por organismos dos reinos Archea, Bactéria, Fungi,
protoctistas e nematoides do reino Animalia. Os grupos mais representativos da biomassa
microbiana sdo os fungos, bactérias, actinobactérias, leveduras e protozoarios
(MOREIRA; SIQUEIRA, 2006). Embora essa fracdo raramente ultrapasse 5% do total de
matéria organica do solo (SMITH; PAUL, 1990), sua fun¢do é imprescindivel nesse
sistema. Ela é a principal fonte de enzimas no solo e por isso é responsavel pela maior
parte das transformacfes organicas e geracdo de energia para as cadeias troficas
superiores. Entre os métodos de quantificacdo da biomassa microbiana o carbono extraido
das amostras € muito utilizado pelos pesquisadores dessa area. O método consiste na
exposicdo das amostras ao cloroférmio e, o carbono liberado pela morte dos
microrganismos é determinado por extracdo, oxidagdo e digestdo quimica seguida de
titulacdo. Cada 1 ml de K2Cr207 que ndo reage com o carbono extraido pelo K2SO4
equivale a 1.200 ug de carbono da biomassa microbiana (VANCE et al., 1987).

O Carbono microbiano tem uma relacéo direta com a quantidade e qualidade
da matéria organica do solo por isso € um importante indicador de qualidade. Na literatura
foi relatada uma reducéo de 40% do carbono da biomassa microbiana quando sistemas
naturais foram convertidos em agricultura itinerante na Amazonia (VILLANI et al.,
2017). Por outro lado, em sistemas de plantio direto foi verificado aumento de até 103%
nesse atributo (BALOTA et al., 1996; SANTOS et al., 2015). Carneiro et al. (2009) e
Melloni et al. (2017) observaram efeitos positivos & microbiota naqueles sistemas onde
havia a presenca de gramineas nas entrelinhas das culturas. Redugdo das comunidades
microbianas em sistemas com uso excessivo de agroquimicos, fogo e pastagens
sobrecarregadas também foi relatada na literatura (KASCHUK et al., 2010). Todos esses
relatos mostram que a biomassa microbiana do solo é dependente da quantidade e

qualidade da matéria organica e praticas conservacionistas de uso do solo.

Respiracdo Basal Microbiana
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A respiracdo microbiana € um parametro utilizado para quantificar a atividade
dos microrganismos do solo. A atividade microbiana é a expressdo de todas as reacoes
bioguimicas catalisadas pelos microrganismos, principalmente por fungos e bactérias
(ALVAREZ et al., 1995). Quando os microrganismos oxidam a matéria organica eles
utilizam o O; e produzem CO>. Portanto a respiragdo basal microbiana é medida pela
quantidade de CO produzido durante a oxidagdo da matéria organica do solo
(JENKINSON; POWLSON, 1976; ALEF; NANNIPIERI, 1995). O aumento da
respiracdo microbiana pode ocorrer tanto pela maior quantidade de matéria organica
depositada ao solo, quanto pela resposta a uma condicao de estresse imposta ao ambiente.
Na literatura essas duas situacoes séo frequentemente relatadas (EVANGELISTA et al.,
2013; LOPES et al., 2013) e revelam que a respiragdo microbiana nao €, por si so,
suficientemente elucidativa das condi¢des do solo. Entretanto sua quantificacdo é
fundamental (ARAGAO et al., 2020), pois permite calcular o quociente metabélico -
gCO2 (ANDERSON; DOMSCH, 1993).

Quociente metabdlico (qCO>) e quociente microbiano (QMIC)

O gCO: e gMIC séo parametros microbioldgicos indiretos, calculados a partir
da relacdo entre diferentes atributos do solo. O qCO. também referido na literatura como
respiracdo microbiana especifica (PIRT, 1975) contribui para o entendimento dos
processos ordenativos ou dissipativos no solo. O qCO; é resultante da razdo entre a
atividade microbiana e o carbono da biomassa microbiana (ANDERSON; DOMSCH,
1993). Originalmente foi expresso em ng C-CO, pg Cmic h™, mas em decorréncia da
biomassa e a respiracdo serem frequentemente expressas em mg por g de solo dia?, o
gCOztem sido expresso em mg C-CO, g** MBC dia™.

Quando uma grande unidade de biomassa microbiana esta respirando mais,
significa que o aporte de matéria organica ao solo esta sendo constante, nesse caso 0 qCO>
€ menor. Entretanto quando uma pequena unidade de biomassa esta respirando mais,
significa que a oferta de matéria organica ¢é baixa e as comunidades estdo degradando
compostos mais recalcitrantes do solo e por isso gastando mais energia. Nesse Gltimo
caso, 0 qCOz e maior e pode indicar uma condicao de estresse ecoldgico da comunidade
microbiana. Como o qCO; € um atributo muito utilizado na avaliacdo da qualidade do
solo, um resumo da sua importancia foi adequadamente apresentado na literatura
(BASTIDA et al., 2008).
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O gMIC é o resultado da relacao entre o carbono da biomassa microbiana e o
carbono organico total (SPARLING, 1992), é expresso em % e contribui para o
entendimento da qualidade da matéria orgénica. Sob condi¢Ges de deposicdo de
compostos organicos facilmente decomponiveis, especialmente aqueles com predominio
de radicais do grupo o-alquil, a biomassa microbiana aumenta a uma taxa maior que o
carbono orgénico total. Nesse caso o gMIC é maior e indica aumento do nimero de
celulas microbianas em decorréncia da maior energia disponivel. Por ser mais sensivel, a
biomassa microbiana tem uma tendéncia de variar mais quando comparada ao carbono
organico total, por isso, o resultado dessa relacdo € muito variavel no tempo e no espaco
(INSAM; DOMSCH, 1988). Contudo, em condi¢cdes de equilibrio ecolégico o gMIC
tende a estabilidade.

Hidrolise do diacetato de fluoresceina (FDA)

A hidroélise do diacetato de fluoresceina ndo é uma enzima ou um grupo de
enzimas do solo, é um substrato (3', 6'-Diacetylfluorescein) sintético que pode ser
hidrolisado por diversas classes de enzimas do solo como as proteases, lipases e esterases
(GUILBAULT et al., 1964). Quando esse substrato € hidrolisado o produto de sua
transformacdo € a fluoresceina. Esta pode ser visualizada dentro das células por
microscopia de fluorescéncia. Essa fluorescéncia pode ser quantificada por fluorimetria
ou espectrofotometria (SCHNURER; ROSSWALL, 1982; DICK, 1996). Por ser
hidrolisado por diversas enzimas, o diacetato de fluoresceina é utilizado para expressar a
atividade enzimatica global do solo. Alem disso, é também usado para determinar a
atividade microbiana total no solo (SWISHER; CARROLL, 1980). A FDA apresenta
relacdo positiva com a respiracdo microbiana do solo (FROUZ; NOVAKOVA, 2005) e
por ser sensivel em detectar diferentes formas de uso € frequentemente usada como
indicador da qualidade do solo (TRANNIN et al., 2007; CARNEIRO et al., 2009;
ARAGAO et al., 2020).

Enzima urease

A urease ou ureia amida hidrolase é uma enzima da classe das hidrolases que
rompem ligac6es quimicas funcionais por hidrolise (TABATABAI; BREMNER, 1972;
BURNS, 1978). Essa enzima atua na hidrolise da ureia, transformando-a em amonia e
diéxido de carbono (BYRNES; AMBERGER, 1989). Entre as enzimas do solo, a urease

€ uma das mais estudadas devido sua importancia na regulacdo do fornecimento de



23

nitrogénio as plantas. Em razéo da dindmica do nitrogénio no solo, existe sempre um
dilema sobre o nivel adequado de atividade dessa enzima nos solos agricolas. Se por um
lado, alta atividade significaria maior disponibilidade de nitrogénio assimilavel pelas
plantas, por outro lado, 0 aumento do nitrogénio disponivel no solo pode resultar em
perdas por volatilizacdo (amdnia) ou por lixiviacdo (amoénio), dependendo das condicGes
ambientais predominantes (BALOTA et al., 2013).

A urease possui estreita relacdo com a textura do solo. Dependendo da proporgéo
entre as fracGes granulométricas do solo, essa enzima pode persistir por maior ou menor
tempo nesse ambiente. A razdo para a maior estabilidade em solos mais argilosos esta
associada a predominancia de “microambientes’ que protegem a urease da biodegradagio
por enzimas proteoliticas (BORGHETTI et al., 2003). Além disso, a urease pode se
complexar por ligagcdes covalentes aos coloides organicos e permanecer no solo em forma
de complexos hdmico-proteicos (ZANTUA; BREMNER, 1977). Assim, manejos que
aumentam o teor de matéria organica sao significativamente favoraveis a manutencao da
urease no solo. A manutencéo dessa enzima é fundamental para o biociclo do nitrogénio
e ela tem sido apresentada na literatura como um importante indicador da qualidade, por
ser sensivel a diferentes formas de uso do solo (ROLDAN et al., 2005; LANNA et al.,
2010; LISBOA et al., 2012) e est associada com solos mais produtivos (ARAGAO et
al., 2020)

p-glucosidase

A B-glucosidase é uma subclasse de enzimas da classe das hidrolases (BURNS,
1978). Essa subclasse é muito abundante no solo e sua denominacao [ esta relacionada
com o tipo de ligacdo que a enzima hidrolisa. A B-glucosidase, portanto, hidrolisa a
ligacdo glicosidica a-1,4 de um dissacarideo transformando-o em celobiose. Esse é o
processo limite da transformacdo da celulose em glicose. O processo completo dessa
transformacdo é mediado por diversas enzimas celuloliticas e estd adequadamente
descrito em Saha et al. (1994). Nesse processo, a B-glucosidase ganha destaque néo
apenas por mediar uma etapa imprescindivel da transformacdo, mas também por reduzir
a inibicdo da celobiose as demais enzimas, garantindo que elas funcionem de modo mais
eficiente.

Considerando a importancia da glicose como fonte de energia, a abundancia dessa
enzima no solo é fundamental para o adequado funcionamento desse ecossistema

(TABATABAI, 1994). Por estar associada as transformacdes dos residuos orgénicos, a
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B-glucosidase reflete a dindmica do carbono e a atividade bioldgica do solo. Por ser
sensivel as mudancas que ocorrem no solo, essa enzima e frequentemente usada para
monitorar sua qualidade (BANDICK; DICK, 1999; ROLDAN et al., 2005; LISBOA et
al., 2012; SANTOS et al., 2015; ARAGAO et al., 2020).

Fosfatase

O termo fosfatase refere-se a um grupo de enzimas que hidrolisam éster e
anidridos de fosfato. As fosfatases atuam na transformacéo do fosforo organico a fésforo
inorganico (PO4). A comissdo de enzimas da Sociedade Bioquimica Internacional prop6s
uma divisdo dessas enzimas em subgrupos de acordo com o tipo de compostos que
hidrolisam (FLORKIN; STOTZ, 1964). Dessa forma, cinco subgrupos foram criados
(fosfomonoesterases, fosfodiesterases, fosfotriesterases, metafosfatases e pirofosfatases).
No subgrupo das fosfomonoesterases estdo as enzimas fitase, nucleotidase, aglcar
fosfatase e glicerofosfatase. As nucleases e fosfolipases compéem o subgrupo das
fosfodiesterases que degradam 4&cidos nucleicos e fosfolipidios, respectivamente
(FLORKIN; STOTZ, 1964; EIVAZI;, TABATABAI, 1977). Enquanto as
fosfotriesterases degradam grupos fosforil (FLORKIN; STOTZ, 1964; EIVAZI;
TABATABAI, 1977). Entre as fosfatases, as fosfomonoesterases sdo as mais conhecidas
e incluem a ortofosforica monoeéster fosfohidrolase EC 3.1.3.2 conhecida como fosfatase
acida e a ortofosforica monoéster fosfohidrolase EC 3.1.3.1, conhecida como fosfatase
alcalina. Essas enzimas se diferenciam somente pelo Gltimo codigo que recebem da
Comissdo de Enzimas que representa a mais especifica reacdo catalisada por elas
(TABATABAI; BREMNER, 1969; EIVAZI; TABATABAI, 1977; DICK et al., 1996).
As fosfatases sdo fundamentais para o funcionamento do solo pois atuam na
mineralizacdo do fdésforo organico e consequente disponibilizacdo as plantas. Por
apresentarem estreita relacdo com a matéria organica do solo, essas enzimas sao

frequentemente usadas como indicadoras da qualidade do solo (GIL-SOTRES, 2005).

Arilsulfatase

Arilsulfatase é a terminologia que designa um grupo de enzimas que hidrolisam
ésteres de sulfato organico resultando em producdo de sulfato (SO4), forma de enxofre
assimilavel pelas plantas (TABATABAI; BREMNER, 1970). Por hidrolisar a mais
abundante forma de enxofre do solo (ésteres de sulfato [40-70% do S do solo]), a

arilsulfatase sulfohidrolase EC 3.1.6.1. é a enzima mais estudada desse grupo
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(TABATABAI, 1994). A presenca abundante dessa enzima no solo é um indicativo de
alta taxa de mineralizag&o do enxofre orgénico e pode indicar alta biomassa de fungos,
que sdo os principais produtores de ésteres de sulfato do solo (DICK et al., 1996). A
arilsulfatase, por discriminar diferentes manejos e/ou formas de uso do solo, é apresentada
na literatura como importante atributo indicador da qualidade do solo (BANDICK et al.,
1994; BANDICK; DICK, 1999; LISBOA et al., 2012; MENDES et al., 2019).

2.3 Atributos microbioldgicos em solos de florestas e em areas agricolas no dominio
da Mata Atlantica

A Mata Atlantica € um dos biomas brasileiros mais ricos em biodiversidade. A
area de dominio desse bioma se estende ao longo da costa litoranea brasileira que vai do
Rio Grande do Norte ao Rio Grande do Sul. Originalmente a area de dominio da Mata
Atlantica abrangia 47 % do Estado de Minas Gerais, no entanto, apesar de ser o estado
com maior area remanescente da floresta, restam apenas 10,2 % desse total (FUNDACAQ
SOS MATA ATLANTICA, 2018). Pela sexta vez o Estado lidera o ranking de maior
desmatador da Mata Atlantica. Foram destruidos 3.379 hectares da vegetacdo entre 0s
anos de 2017 e 2018 (FUNDACAO SOS MATA ATLANTICA, 2018). Em razdo da
importancia desse bioma e da necessidade de sua preservacdo, muitas informagdes foram
geradas sobre seu componente vegetal e animal (TABARELLI et al., 2005). No entanto,
pouco se sabe sobre o impacto no funcionamento microbioldgico do solo quando essa
floresta é convertida em sistemas agricolas. O conhecimento produzido até agora, deriva
principalmente de estudos com pastagens e culturas que requerem preparos periodicos do
solo. A maioria desses estudos avaliou atributos microbioldgicos gerais como carbono,
nitrogénio e respiracdo microbiana. Para esses atributos, alguns estudos mostraram
superioridade dos solos da floresta comparados aos solos de culturas anuais (SILVA et
al., 2012; ALMEIDA; SILVA, 2016). Essa superioridade, no entanto, ndo foi observada
para sistemas agroflorestais e areas de pastagem (SILVA et al., 2012; NOGUEIRA et al.,
2016; TAVARES et al., 2018).

Em solos cultivados com café no dominio da Mata Atlantica, os resultados para
os atributos microbioldgicos sdo divergentes. Existem relatos de que a utilizacdo de
leguminosas como adubo verde influencia a atividade microbiana, tanto sob a copa do
café quanto entre as fileiras (BALOTA; CHAVES, 2010). Por outro lado, ndo houve
diferencga nos valores desses atributos em &reas com ou sem crotaléria (PIMENTEL et al.,

2006). Lammel et al. (2015) ao avaliarem a influéncia de diferentes sistemas de manejo
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do café nos parametros biologicos no sul de Minas Gerais, relataram que o0 uso combinado
de todos os atributos foi necessério para diferenciar os quatro sistemas de cultivo
avaliados (convencional, orgénico e consorciado com Brachiaria decumbens e Arachis
pintoi na entrelinha). Neste sentido, Partelli et al. (2012) observaram os melhores indices
de qualidade do solo na Mata Atlantica e café sob manejo organico. Em contraste, nao foi
observada diferengas significativas entre as areas de Mata Atlantica e café arabica sob
manejo organico e convencional para atributos como respiragao e quociente microbiano
(THEODORO et al., 2003; PIMENTEL et al., 2011). A omisséo de informaces sobre 0s
procedimentos metodoldgicos na maioria desses trabalhos ndo permite uma analise
sistémica sobre essas divergéncias. E possivel que elas estejam relacionadas com as
especificidades dos ambientes e atributos avaliados, mas podem também ser decorrentes

da auséncia de padronizacdo nos procedimentos metodolégicos.

2.4 Classes de solo de diferentes texturas e as comunidades microbianas e enzimas
do solo

O efeito da textura do solo na dindmica dos microrganismos é bastante
controverso nas publicacdes. Espera-se que os solos com menores granulometrias
(argilosos e siltosos) favorecam as comunidades microbianas. Entretanto a interagao entre
textura e microrganismos é complexa e os resultados disponiveis na literatura ndo sao
suficientemente elucidativos desse aspecto. Por um lado, os solos com predominio de
argila e silte podem favorecer as comunidades microbianas pela protecdo fisica contra
predacdo pela mesofauna e influéncia de fatores abidticos. Por outro lado, esses mesmos
solos podem impor restrigdes aos microrganismos por tornarem a matéria organica menos
acessivel a decomposicdo (VAN VEEN, 1987). Provavelmente por esse motivo a relagdo
positiva dos solos de texturas mais finas e a comunidade microbiana nem sempre é
observada (WARDLE, 1992). A maioria do conhecimento disponivel sobre esse tema foi
produzido a partir de solos agricolas frequentemente perturbados (BAUHUS, 1999).
Talvez por isso, 0 conhecimento comum tratado no inicio desse topico sobre a relagéo
positiva das texturas mais finas com a comunidade microbiana, seja tdo difundido.
Entretanto, classes de solos de diferentes texturas podem exibir resultados diferentes sob
ambientes florestais. Isso porque, a floresta € um ecossistema sob maior equilibrio
ecologico, cujo o aporte constante de residuos organicos pode reduzir os efeitos da textura
nos microrganismos. Com conhecimento disponivel, é possivel inferir que a ciclagem da

biomassa microbiana é maior nos solos mais grosseiros (VAN VEEN, 1987; HASSINK,
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1994; BECK et al., 1995). No entanto essa ciclagem parece estar mais associada com
menor capacidade desses solos em proteger a matéria organica do que com interagGes
diretas entre a comunidade microbiana e as fragdes minerais no tamanho areia.
Provavelmente por isso, quando ndo ha regularidade no fornecimento da matéria organica
nesses solos, a biomassa microbiana reduz significativamente. Considerando que 0s
microrganismos séo a principal fonte de enzimas no solo, os fatos que interferem em sua
sobrevivéncia, provavelmente interferirdio na atividade enzimatica. Nesse sentido,
conhecer o comportamento microbiano em lavouras de café e florestas adjacentes
formadas sobre classes de solos com diferentes texturas é fundamental para a selecéo de

atributos eficazes no monitoramento da qualidade ecolégica desses ambientes.

2.5 Influéncia do tempo e condi¢bes de armazenamento do solo nos atributos
microbioldgicos

O tempo de armazenamento é um aspecto importante a ser considerado pelos
cientistas que estudam os atributos microbiolégicos como indicadores da qualidade do
solo. Armazenamentos prologados podem reduzir os valores dos atributos e comprometer
a qualidade dos dados gerados. Usualmente as amostras de solo sdo armazenadas a 4°C
(ROSS, 1965; ISO, 1993; LEE et al., 2007; DEFOREST, 2009; ABELLAN et al., 2011).
O armazenamento nesta condi¢cdo minimiza a morte microbiana e a inativagao enzimatica
por preservar as condi¢es originais do solo. Entretanto longos periodos sobre essa
condicdo podem resultar em morte de células microbianas e/ou alteracéo da estrutura da
molécula enzimética (LOPES, 2015). Por outro lado, 0 armazenamento em temperatura
ambiente, recentemente proposto no conceito FERTBIO (LOPES et al., 2015; MENDES
et al., 2019), reduz a atividade enzimatica (LOPES et al., 2015). Isso ocorre devido as
alteracdes dos componentes que contribuem para a atividade geral de uma enzima do solo
(LADD, 1978). O armazenamento sob temperatura ambiente é considerado pratico por
alguns autores (LOPES et al., 2015; MENDES et al., 2019), pois permite a utilizacao dos
mesmos solos das analises fisicas e quimicas. Isto seria interessante para 0s casos em que
as amostras fossem imediatamente processadas (dentro de 24 horas), mas isso é
impraticavel na maioria das vezes. Do contrario, ainda ndo foi adequadamente elucidada
a extensdo dos efeitos dessa condi¢do de armazenamento nas respostas dos atributos. As
evidéncias que fundamentaram essa recomendagéo de armazenamento foram obtidas de
amostras secas ao ar e armazenadas ap6s um intervalo de dois anos (LOPES et al., 2015),

ndo usual para esses tipos de andlises. Além disso, a maior parte das publicacdes, ndo
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recomenda 0 armazenamento em temperatura ambiente e secagem ao ar, pois esses
tratamentos provocam redugdes drasticas nos valores dos atributos (ROSS, 1965;
TABATABAI; BREMNER, 1970, PANCHOLY; RICE, 1972, ANDERSON, 1987,
PARHAM; DENG, 2000, LEE et al., 2007, WALLENIUS et al., 2010). Dessa maneira,
trabalhos complementares sdo necessarios para melhor compreenséo desses efeitos.

Alguns autores mostraram que o congelamento das amostras mantém a
atividade da maioria das enzimas e a estrutura da comunidade bacteriana relativamente
estavel (ROSS, 1965; TUNER; ROMERO, 2010; WALLENIUS, 2010). Entretanto essa
condicdo de armazenamento € pouco pratica por demandar muito espaco em freezers,
tornando-se invidvel em situacdes cujo volume de solo € grande.

Como alternativa, o armazenamento refrigerado a 4°C é recomendado e
amplamente utilizado em ensaios microbioldgicos (ROSS, 1965; ISO, 1993; LEE et al.,
2007; DEFOREST, 2009; ABELLAN et al., 2011). Esta temperatura de armazenamento
esta presente na grande maioria dos trabalhos sobre esse tema. Alef e Nannipieri, (1995)
propuseram 4 semanas como um tempo razoavel de armazenamento das amostras. Turner
e Romero (2010) recomendaram duas semanas, enquanto na 1SO10381-6, (2009) a
recomendacdo é de 24 horas. Contudo ndo esta claro nessas publicacdes o efeito do
armazenamento em cada atributo, o que permitiria ao pesquisador adotar uma ordem de
prioridade entre suas andlises. Assim, é preciso considerar as particularidades de cada
atributo microbiologico e fornecer informagbes mais praticas sobre esse tema.
Informacdes nesse sentido podem ser muito Gteis para os avancos dos estudos sobre a
utilizacdo dos atributos microbiol6gicos como indicadores da qualidade do solo. E esse é
um dos objetivos deste trabalho de tese.

3 PROCEDIMENTOS METODOLOGICOS
3.1 Anélises microbiolégicas

Nesta tese foram avaliados o0s seguintes atributos microbiologicos: carbono da
biomassa microbiana, respiragdo basal microbiana, hidrolise do diacetato de fluoresceina

e atividades das enzimas urease, B-glucosidade, fosfatase 4cida e arilsulfatase.

Carbono de biomassa microbiana (MBC)
O carbono da biomassa microbiana foi determinado pelo método de fumigacéo e
extracdo (VANCE et al., 1987). Vinte gramas de cada amostra de solo foram pesados em

placas de petri (Figura 1a), com quatro repeti¢Oes, duas delas foram fumigadas em um
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dessecador contendo 30 ml de cloroférmio e duas ndo foram fumigados (Figura 1b). Apds
esse procedimento, todas as amostras foram incubadas no escuro a 27°C por 24 horas.
Para extracdo, 50 ml de K2SOs4 (0,5 M) foram adicionados as amostras e a mistura foi
agitada por 30 minutos. Na sequéncia, a suspensdo foi filtrada em papel filtro n® 42
(Quimica Moderna). O carbono microbiano foi determinado pela digestdo de 8 ml do
extrato filtrado com 2 ml de K>Cr207, 10 ml de H2SO4 (95%) e 5 ml de H3PO4 (85%). A
mistura (Figura 1c) foi aquecida durante 5 minutos e, ap6s o resfriamento, foi adicionado
10 ml de &gua destilada e titulado com sulfato ferroso amoniacal, utilizando difenilamina
como indicador. Os mesmos procedimentos foram realizados nas amostras controle,

exceto adicdo do extrato.

Respiracdo basal microbiana (MBR)

A estimativa do CO: evoluido durante a incubag&o consistiu em captura-lo por
NaOH e posterior titulagdo com HCI (JENKINSON; POWLSON, 1976). Aliquotas de 20
g de cada amostra de solo foram pesados e umedecidos até aproximadamente 55% da
capacidade de campo e colocados em frascos hermeticamente fechados (Figura 1d),
juntamente com 20 ml de uma solugdo de NaOH (0,5 M). A mistura foi incubada por 72
horas no escuro (Figura 1e). O controle foi formado por quatro recipientes com 20 ml de
NaOH incubados nas mesmas condi¢fes, mas sem o solo. Apés o periodo de incubacéo,
0 CO; capturado pelo NaOH foi precipitado pela adicdo de 5 ml de BaCl,.2 H.O (0,5 M).
O NaOH que néo reagiu foi titulado com HCI (0,5 M) e cinco gotas do indicador de

fenolftaleina (0,1%) até mudar de cor vermelha incolor.
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Figura 1 — llustracdo dos procedimentos metodologicos do carbono da biomassa
microbiana e respiragdo basal microbiana. a) incubacdo do solo com
cloroférmio, b) dessecador com amostras de solo fumigadas, ¢) amostras
quantificadas do carbono da biomassa microbiana, d) solo incubado com
NaOH e e) armazenado em auséncia de luz.

Fonte: Arquivos do projeto do autor

Determinacdo da hidrdlise do diacetato de fluoresceina (FDA)
A hidrélise do diacetato de fluoresceina por células microbianas foi determinada
pela liberagdo de fluoresceina (DICK et al., 1996). O procedimento analitico consistiu em
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pesar 2 g de solo em um tubo Falcon de 50 ml, no qual foram adicionados 40 ml de
solugdo tampdo de fosfato de sédio a pH 7,0 com diacetato de fluoresceina. Em seguida,
o0 tubo foi fechado e incubado em rotacdo (120 rpm) a 35°C por 24 horas. ApoOs esse
periodo, 2,0 ml de acetona foram adicionados para interromper a reacdo e o sobrenadante
foi filtrado (Figura 2a) em papel filtro n°® 42 (Quimica Moderna) para posterior leitura em
um espectrofotdmetro a 490 nm. Os mesmos procedimentos acima foram adotados para
as réplicas de controle, exceto a adi¢do do substrato (diacetato de fluoresceina).

Quantificacao de urease

A andlise da atividade da urease foi baseada na determinacdo de aménia liberada
apos incubacdo do solo com solucgdo de ureia (TABATABAI; BREMMER, 1972). Cinco
gramas de solo foram pesados e acondicionados em tubo falcon. Neste foram adicionados
2,0 ml de tolueno, 9,0 ml de tampdo MUB com pH 9,0 e 1,0 ml de solucdo com ureia (0,2
M). Esta mistura foi mantida por 2 horas a 37°C em uma cadmara de incubagéo, em seguida
35 ml de cloreto de potéssio e sulfato de prata (KCl 2M-Ag2SO4 100ppm) de solucédo
aquosa foram adicionados para interromper a reacao. Apos agitacdo, a mistura foi deixada
por cinco minutos a temperatura ambiente e o volume foi completado para 50 ml com
solucgéo de KCI-Ag2S0O4, e agitado por alguns minutos. Pipetou-se 20 ml desta suspensao,
na qual 0,2 grama de 6xido de magnésio foram adicionados, e esta foi passada para um
microdestilador. O destilado foi coletado em um Erlenmeyer contendo solucdo de acido
borico e indicadores vermelho de metila e verdes de bromocresol (Figura 2b) que foram
titulados com H>SOs padronizado (0,005 M). O controle seguiu 0S mesmos
procedimentos acima; no entanto, a ureia foi adicionada apenas apés a solugdo KCI-
AQ2SO0s.

Quantificac¢ao da -glucosidase, arilsulfatase e fosfatase acida.

A analise da atividade da B-glucosidase foi baseada na determinacédo
colorimétrica de p-nitrofenyl 3-D-glucopyranoside (PNG) (DICK et al., 1996). Um grama
de solo de cada amostra foi pesado, no qual foram adicionados 0,25 ml de tolueno, 1,0 ml
de tampéo universal modificado (MUB) a pH 6,0, e 1,0 ml de solugdo PNG (Figura 2c).
Os tubos falcons com essa mistura foram agitados e incubados por 1 hora a 37°C. Apds
esse periodo, foram adicionados 1,0 ml de CaClz e 4,0 ml da solugéo tris hidroximetil
aminometano (pH 12). O sobrenadante foi filtrado em papel filtro n°® 42 e a cor amarelada

foi lida em espectrofotémetro a 410 nm (Figura 2d).
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A quantificacdo da arilsulfatase foi baseada no método descrito por Dick et al.
(1996), que consiste no uso de Potassium p-nitrophenyl sulfate (PNS) como substrato.
Um grama de solo foi pesado em um tubo Falcon, no qual foram adicionados 0,25 ml de
tolueno, 4,0 ml de solucdo tampéo acetato, e 1,0 ml de solucdo de PNS. Os tubos foram
fechados e depois agitados por alguns segundos e incubados por 1 hora a 37°C. Apds esse
periodo, a reacdo foi interrompida pela adi¢do de 1,0 ml de CaCl> (0,5 M) e 4,0 ml de
NaOH (0,5 M). Para o controle, foram adotados os mesmos procedimentos acima, exceto
pela adicdo do substrato PNS, que foi colocado somente apos a adi¢cdo do CaCl, e do
NaOH.

A andlise da atividade da fosfatase acida baseou-se na leitura em
espectrofotometro do p-nitrofenol (DICK et al., 1996). Em um grama de solo, foram
adicionados 0,2 ml de tolueno, 4,0 ml de solucdo tampéo universal (pH 6,5) e um ml de
p-nitrophenyl disodium orthophophate (PNF) 0,05 M. A mistura foi incubada a 37 °C por
uma hora. Passado esse periodo, a reacdo foi interrompida pela adi¢éo de um 1,0 de CaCl:
(0,5 M) e quatro ml NaOH (0,5 M) e agitada por alguns segundos. O controle foi formado
com 0s mesmos procedimentos descritos acima, com exce¢do do PNF que foi adicionado
somente apos adi¢do do CaCl, e NaOH. O filtrado dessas duas ultimas enzimas (Figura

2e) também foi lido em espectrofotbmetro a 410 nm.
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Figura 2 — llustracdo dos procedimentos metodologicos de hidrélise do diacetato de
fluoresceina e atividades das enzimas urease, B-glucosidade, fosfatase acida
e arilsulfatase. a) filtragem de amostras do solo, b) destilacdo da urease, ¢)
amostras apds incubacdo, d) cubeta para leitura em espectrofotdmetro, e)
amostras de enzimas apos filtragem.

- Floresta
argila areia areia argila

Fonte: Arquivos do projeto do autor
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ABSTRACT
Purpose: The aim of this study was to analyze the effect of storage time on the main
microbiological attributes used as soil quality indicators.
Methods: Seven attributes were evaluated (microbial biomass carbon, microbial basal
respiration, fluorescein diacetate hydrolysis - FDA, and the activity of the enzymes
urease, P-glucosidase, arylsulfatase, and acid phosphatase) in four different soil
environments (clayey soil in forest, sandy soil in forest, clayey soil in coffee field, and
sandy soil in coffee field). Each attribute was quantified at five different storage times
(15 hours and 15, 30, 60, and 120 days).
Results: The values of FDA, microbial biomass carbon, and arylsulfatase declined
significantly in the first 15 days of storage. Therefore, these attributes should be evaluated
soon after soil collection. The values of microbial basal respiration declined on day 30;
therefore, it should be evaluated up to day 15 of storage. The decline in urease values
varied depending on soil texture; therefore, the shortest storage period, 15 days, should
be considered. The values of B-glucosidase declined only on day 120. Therefore, soil
samples can be stored for up to 60 days for determination of this enzyme. Acid
phosphatase activity was not affected by storage time.
Conclusions: Depending on storage time, all the attributes were able to differentiate the
soil environments. Long storage times compromise use of most of the attributes as soil
quality indicators, as well as their usefulness in discriminating soil environments.
Therefore, storage times should be considered when these attributes are used as soil

quality indicators.

Keywords: Microbiological indicators, Enzymatic activity, Microbial biomass carbon,

Microbial basal respiration, Soil storage.

Highlights
e The best storage time for soil samples at 4°C is enzyme specific
e FDA, arylsulfatase, and MBC should be evaluated right after taking the soil
sample
e Basal respiration and urease should be assessed within 15 days
e B-glucosidase should be evaluated within 60 days

e Acid phosphatase can be evaluated within at least 120 days
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1 Introduction

One of the challenges of the twentieth century is implementation of agricultural
systems that are able to ensure ecosystem sustainability. The development of effective
tools is paramount for monitoring the health of these systems. Microbiological attributes
are relevant in this context and should be integrated as an inseparable and harmonious
element in soil studies. These attributes change significantly with small environmental
variations, reflecting different levels of degradation. They are therefore directly related to
soil quality (Nannipieri et al. 1990; Doran and Parkin 1994) and crop yield (Aragéo et al.
2020).

The microbiological attributes most used to monitor soil quality are microbial
biomass carbon, microbial basal respiration, and enzymatic activities (Dick et al. 1996;
Doran and Parkin 1994). The enzymes most used for this purpose are related to the C, N,
P, and S cycles (Gil-Sotres et al. 2005; Moreira and Siqueira 2006; Bastida et al. 2008).
Nevertheless, the results presented in the literature regarding the usefulness of these
attributes are often divergent, and this impedes comparisons among different studies. This
divergence can be explained by characteristics intrinsic to each attribute and soil
environment, but especially by the absence of methodological standards for these
analyses. Gil-Sotres et al. (2005) carried out a meta-analysis of 1500 studies published on
microbiological attributes of soil quality and reported that different manners of collection,
pre-treatment of the samples, substrate concentration, and storage temperature and time
are the main methodological reasons that give rise to contradictory results in studies.
Storage is of decisive importance in these responses. Yet, the lack of detailed procedures
in the methods of the articles evaluated shows the lack of rigor in this step, and few articles
evaluate procedural aspects.

We reviewed 100 articles on the Web of Science and Scopus on the theme
“microbiological indicators of soil quality” published in the last 15 years in periodicals
with a high impact factor. Only 21 reported the storage time of the samples. That means
that only 21% of the studies evaluated considered the importance of this variable. The
samples were stored for up to 24 hours in 19% of the studies, for up to 14 days in 71%,
for up to 30 days in 5%, and for more than 60 days in the other 5%. This temporal
variability makes direct comparisons among these studies conducted in different
laboratories impossible and may be one of the causes of incongruences among the results

available in the literature.
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Information regarding the effects of storage time on microbiological indicators
of soil quality is insufficient and often contradictory. Tuner and Romero (2010) suggested
that tropical soils can be stored for no longer than two weeks at either 4°C or 22°C for
evaluation of the B-glucosidase, acid phosphatase, and N-acetyl-pB-D-glucosaminidase
enzymes and of microbial phosphorus. DeForest (2009) did not observe clear and
consistent patterns of the effect of storage time (21 days) at 4°C or -20°C on the enzymatic
activities of acidic forest soils. Wallenius et al. (2010) concluded that storage time is
determined by the objective and experimental set up of the study; however, the author
tested the effects of storage only on frozen and air-dried samples. These and other authors
made conclusions concerning attributes in general, such as the need to store samples for
as little time as possible (Ross 1965; Lee et al. 2007), but they considered that short
storage time is not always possible (Burns et al. 2013) and, in some cases, they did not
test different storage times (Alef and Nannipieri 1995; Bandick and Dick 1999).
However, logistics, the distance of the sampling locations, the availability of human
resources, and space limitations in laboratories often lead to the need for storage times
well beyond the 24 hours or 14 days reported in the literature (1ISO10381-6 2009; Turner
and Romero 2010, respectively). Furthermore, the recommendation for a single storage
time for all microbiological attributes does not take into account their specific
characteristics and responses to storage, which compromises the validity of conclusions
regarding the best indicators of soil quality under given conditions.

Lopes et al. (2015) recommended storage at room temperature, although they
showed that p-glucosidase declined by 26% and arylsulfatase by 53% in tropical soils
after two years of storage at room temperature. Many authors have also reported drastic
reductions (> 50%) in enzymatic activity in temperate soils, and they did not recommend
storing samples at room temperature (Ross 1965; Tabatabai and Bremner 1970; Pancholy
and Rice 1972; Anderson 1987; Parham and Deng 2000; Lee et al. 2007; Wallenius et al.
2010). Although it has been noted that storage is enzyme specific, no useful practical
information has been presented on adequate storage time (Wallenius et al. 2010).
Additionally, as far as we know, there are gaps concerning the best storage time of
samples for evaluation of several indicators, such as microbial biomass carbon, microbial
basal respiration, hydrolysis of fluorescein diacetate, and urease and arylsulfatase
activities, in tropical soils. Given this situation, we identified the need for a more specific
study that considers the individual effect of storage on each attribute. Thus, the aim of

this study is to provide scientists and laboratories with information needed to give priority
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to those analyses that must be performed first, especially when many samples need to be
handled. Thus, microbiological analyses can be performed with greater flexibility and
more precise criteria.

Given this situation, we investigated the following hypotheses: Storage time at
4°C affects the values of the attributes in tropical soils. Responses to storage time depend
on the attribute and soil environments. Storage time affects the ability of the attribute to
discriminate different soil environments. To test these hypotheses, soils with contrasting
conditions and from different environments (sandy and clayey, from coffee fields and
forests) were evaluated for the purpose of determining the effect of storage time on the
main microbiological attributes used as indicators of soil quality. Specific objectives were
(1) to determine how long the soil can be stored without compromising the effectiveness
of the attributes in distinguishing different edaphic conditions; (2) to provide detailed
information regarding storage; and (3) to provide an order of priority in analyses of soil

attributes, based on sensitivity to storage time.

2 Methodology
2.1 Characterization of the areas and experimental design

The study was conducted with soil samples collected from environments under
the same water regime (February 2019) in the municipalities of Lavras and Itumirim in
the Alto Rio Grande region, belonging to the Atlantic Plateau geomorphological unit
(Curi et al. 2017) in the South (region) of Minas Gerais in the southeast of Brazil. The
geographic coordinates of the municipality of Lavras are 21°14°06 S, 45°00°00>” W and
altitude of 918 m AMSL, and of Itumirim, 21°15°57” S, 44°50°49’> W and 870 m AMSL.
The climate in the region according to the Koppen classification is Cwa, temperate rainy
(mesothermal), with a dry winter and wet summer and mean temperature of 20.4°C
(Dantas et al. 2009).

The samples were obtained from four distinct soil environments. The first (clay-
forest) is a native forest formed on an Oxisol, with clayey texture (Curi et al. 2017) and
flat topography. The forest is a seasonal semideciduous mountain type (D’angelo Neto et
al. 1998), with open canopy of around 15 meters height. The second (sand-forest) is a
native forest formed on a Planosol, with a slightly accentuated slope in the direction of a
stream. It is classified as a gallery forest (Loschi et al. 2013) and follows the water course,
and the tree canopy at the two sides is around 10 m in height. The third (clay-coffee) is

an experimental coffee (Coffea arabica L.) field, grown on an Oxisol of very clayey
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texture and flat topography. The crop field does not have an irrigation system, and weed
growth is controlled by mowing and depositing the plant biomass between the rows. The
fourth soil environment (sand-coffee) is a specialty coffee (Coffea arabica L.) field,
grown on a Planosol with a mild slope. The crop field is managed with application of

NPK (10-28-20), has a drip irrigation system, and is mowed for weed control.

2.2 Soil collection and storage

For each microbiological attribute, the soil was sampled at the same storage time
for each of the different soil environments (clay-forest, sand-forest, clay-coffee, and sand-
coffee). Since these analyses are laborious and time consuming, each individual attribute
was sampled at a different time (three days from analysis of one attribute to another).
Thus, field samples were taken for microbial biomass carbon, urease, B-glucosidase,
arylsulfatase, fluorescein diacetate hydrolysis, microbial basal respiration, and acid
phosphatase on February 4, 7, 10, 13, 16, 19, and 22 of 2019, respectively. The climatic
conditions of this period are shown in Fig. 1. The sampling procedure consisted of
collection of five compound samples (n = 5), equally spaced (50 m) in a 250 m transect
in each soil environment. Each sample was composed by mixing four subsamples
obtained at a depth of 0-10 cm. In the forests, the plant litter was carefully removed, and
single samples were taken in a circle around the sampling point with the aid of a shovel.
In the coffee-growing areas, soil samples were taken in a circle under the plant canopy.
Samples with the same moisture content from the field were sieved in 2-mm mesh
screens, and a 400-g aliquot was removed for physical and chemical analyses. For the
microbiological analyses, the soil was placed in plastic bags and then in cold storage at
4°C. Storage at 4°C is recommended and widely used in microbiological trials since this
temperature minimizes the effect of enzyme inactivation in short storage periods (Ross
1965; ISO 1993; Lee et al. 2007; DeForest 2009; Abellan et al. 2011). Each
microbiological attribute was measured at five different storage times (15 hours and 15,
30, 60, and 120 days). The time of 15 hours after collection for the first measurement
was adopted because analyses performed immediately after collection can overestimate
the values of the attributes (Petersen and Klug, 1994, Turner and Romero, 2010). This
may occur due to release of intracellular enzymes from roots and fungal hyphae because
of disturbing the soil during sampling and processing, resulting in an increase in

microbiological activity (Petersen and Klug, 1994).
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Fig. 1 Climatic conditions in the collection period of soil samples for microbiological

analyses (February 2019).

2.3 Physical and chemical analyses

The physical and chemical attributes evaluated were pH, measured in a soil and
water suspension (1:2.5); phosphorus (P), potassium (K), zinc (Zn), manganese (Mn), and
copper (Cu), extracted by the Mehlich-1 solution (Mehlich 1953); calcium (Ca),
magnesium (Mg), and aluminum (Al), extracted by 1 mol L™ KCI (McLean et al. 1958);
potential acidity (H + Al) extracted by the SMP extractant (Shoemaker et al. 1961); sum
of exchangeable bases (SB); base saturation (V); aluminum saturation (m); cation
exchange capacity at pH 7.0 (T); sulfur (S), extracted by monocalcium phosphate in acetic
acid (Hoeft et al. 1973); organic matter (MO), by oxidation with potassium dichromate
in acid medium (Walkley and Black 1934); and texture, by the Bouyoucos method
(Bouyoucos 1951). Physical and chemical characterization of the locations studied is

shown in Table 1.

Table 1 Chemical and physical attributes of soil environments studied.
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Chemical attributes

soil pH P K Ca** Mg?* S Mn Cu Zn*?

environment - mg dm3-----—-  ----- cmole dm3 1TO e 1 —

Clay-forest 457+0.3" 42+07 75+7 32+08 08+02 47+17 70623 29+03 2+04
Sand-forest 4.6 +0.3 11+14 133+60 14+09 06+03 33+03 143+88 08+04 3*04
Clay-coffee 4.8+0.3 134+32 583+42 35+02 07+0 13+31 120+12 56+04 16=*2

Sand-coffee 5.5+0.1 351+89 147+46 15+01 12+01 14+03 150+23 63+12 41+34

Chemical attributes Physical attributes
soil SB H+Al T \Y m oM Clay Silt Sand
environment ... cmol dm3 % T (e R— (LT 0 p—

Clay-forest 43+1.0 10+23 14+32 29+2 10+33 73+13 35+4 20+2 44 + 6
Sand-forest 24+11  17+32 19+31 12+5 41+17 6.4+10 18+3 16 +6 64 +5
Clay-coffee 57+05  89+21 14+20 39+7 27+08 45+05 49+1 23+1 27 +2
Sand-coffee 31+03 33+03 6+04 48+3 31+03 20+01 15+1 64+1  78+1

fMeans obtained from a value n = 5, T'Standard deviation. SB: sum of exchangeable
bases, H + Al: potential acidity, T: cation exchange capacity at pH 7.0; V: base saturation,

m: aluminum saturation, OM: organic matter.

2.4 Microbiological analyses

The following microbiological attributes were evaluated: microbial biomass
carbon, microbial basal respiration, fluorescein diacetate hydrolysis (FDA), and activities
of the enzymes urease (EC 3.5.1.5), B-glucosidase (EC 3.2.1.21), arylsulfatase (EC
3.1.6.1), and acid phosphatase (EC 3.1.3.2).

The microbial biomass carbon was determined by the fumigation and extraction
method (Vance et al. 1987). The estimate of evolved CO; - microbial basal respiration
during the incubation process followed the protocol of Jenkinson and Powlson (1976).

Quantification of FDA by microbial cells was determined by fluorescein release,
using fluorescein diacetate lipase as a substrate, according to Dick (1996). Urease activity
was based on determination of ammonia released after incubation of the soil with urea
solution (Tabatabai and Bremmer 1972).

The enzymes B-glucosidase, arylsulfatase, and acid phosphatase were quantified
by colorimetric determination of p-nitrophenol using 4-nitrophenyl f-D-glucopyranoside,
potassium 4-nitrophenyl sulfate, and 4-nitrophenyl disodium orthophosphate as
substrates, respectively (Dick et al. 1996). Modifications in the above methods are
described in Aragéo et al. (2020). The same brands of reagents were used in all the

analyses and enzymatic substrates. For enzymatic analyses, lower cost filters that were
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used were compared to the filters of the original method (Whatman) to ensure consistent

results.

2.5 Data analysis

Analysis of variance was performed on the data, and after validation of the
statistical model, a multiple comparison was made based on mean cluster analysis by the
Scott-Knott algorithm at the 0.05 significance level in the programming language R 3.3.1.
After that, the values were used for regression analysis and models with the best fit were
chosen with the assistance of the Curve Expert Professional 2.6.5 program. The figures
were made with Sigma Plot 12.5 and Illustrator CC 2017 21.0.0.

3 Results

All the attributes were able to discriminate the different soil environments
evaluated; however, this ability declined with the increase in storage time (Fig. 2, 3, 4a,
and 4b). Storage time significantly affected the values of microbial biomass carbon,
microbial basal respiration, diacetate hydrolysis, and activity of the enzymes [-
glucosidase, urease, and arylsulfatase, but it did not affect acid phosphatase activity (Fig.
4c).

3.1 Microbial biomass carbon and microbial basal respiration

The effect of storage time on microbial biomass carbon did not depend on soil
texture or land use (Fig. 2a). For the clay-forest, the linear model best fit the data, showing
a constant decrease in microbial biomass carbon over storage time. The sand-forest and
clay-coffee soil environments were described by the logistic power and quadratic models,
respectively (Fig. 2a). According to the models, the microbial biomass carbon declined
in the first few days and the rate of decline decreased over prolonged storage times. This
response is best observed in the sand-forest and clay-coffee soil environments. A
reduction of 14% in sand-forest and 26% in clay-coffee was observed between 15 h and
day 15 (Fig. Sl1a). The logistic power model (Fig. 2a) best described the decline in
microbial biomass carbon in the sand-coffee soil environment. The response of this
variable was stable up to day 30 of storage, as observed in mean cluster analysis, which
showed statistically significant differences beginning only at day 30. The microbial
biomass carbon decreased 46% from day 30 to 60 and 37% from day 60 to 120.
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The measurements of microbial basal respiration in all sample types were
affected by storage time (Fig. 2b). The most accentuated effect was observed in samples
from the clay-forest and sand-forest environments, which exhibited an average reduction
of 87% from 15 hours after sampling to 120 days of storage. The microbial basal
respiration in these soil environments was described by a logistic power model with
coefficient of determination (R?) of 0.80 for clay-forest and a reciprocal quadratic model
with R? of 0.86 for sand-forest (Fig. 2b). The reduction from 15 hours after sampling to
day 15 was 19% for the clay-forest samples and 14% for the sand-forest samples.
However, this reduction was considered to be statistically insignificant by complementary
mean cluster analysis (Fig. 2b) (p > 0.05). Significant reductions of 56% for clay-forest
and 46% for sand-forest samples up to day 30 were observed. The decline in microbial
basal respiration was best described by logistic power and quadratic models for samples
from the clay-coffee and sand-coffee sites, respectively (Fig. 2b). These models were able
to describe 90% (clay-coffee) and 85% (sand-coffee) of the total variability of microbial
basal respiration. According to the multiple comparison test, the reduction in microbial
basal respiration in samples from both soil environments was not significant up to day

30. The differences became significant only after this period (Fig. S1b).
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Fig. 2 Variation in storage time in a) microbial biomass carbon (MBC) and b) microbial

basal respiration (MBR) in soil samples from sandy and clayey soils under forest and
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coffee-growing environments. Zero time corresponds to the evaluation carried out 15
hours after soil collection. Equations of lines for MBC: clay-forest (y=-
2.31**x+1311.6***); sand-forest (y = 1300.65***/(1+(x/306.5*)0.728%)); clay-coffee (y
= 0.034**x2 - 6.66***x+868.82***); and sand-coffee (y = 378.7***/1 +
(x/95.1***)2.45*), ***) Equations of the lines for MBR: clay-forest
(y=369.4***[(1+(x/25.52***)1.89***)); sand-forest (y=1/(0.003***-
0.000005x+0.000003*x2)); clay-coffee (y=164.19***/(1+(x/39.6***)2.95***); and
sand-coffee (y = 0.005**x2-1.22***x+127.13***). *Significant at the 0.1 probability
level, **significant at the 0.05 probability level, and ***significant at the 0.01 probability

level.

3.2 Fluorescein diacetate hydrolysis (FDA) and urease activity

Among the attributes evaluated, FDA was most affected by storage time,
regardless of soil texture and land use. All combinations of soil texture and soil
environments were adequately described by logistic models (Fig. 3a). The models
represented 98%, 96%, 95%, and 86% of the total variability of the data for clay-forest,
sand-forest, clay-coffee, and sand-coffee, respectively. They describe an extreme
reduction in FDA in the first few days of storage. The rate of decline decreases over time
and stabilizes at day 30. Although the responses of this attribute varied in the same
direction, the magnitudes differed according to sample type. From 15 hours to day 15,
FDA declined 65, 51, 41, and 23 % in the samples from the clay-forest, sand-forest, clay-
coffee, and sand-coffee environments, respectively (Fig. S1c).

The effect of storage time on urease activity was more dependent on soil texture.
Urease activity was more sensitive to storage time in samples from sandy soils; however,
the activity in these soils declined only after day 15 (Fig. 3b). Urease activity declined
13% from 15 day to day 30 of storage in the sand-forest samples; the decline continued
gradually, with the greatest reduction (50%) observed from days 60 to 120. For the sand-
coffee samples, activity decreased moderately and stabilized from days 60 to 120. For the
clayey soils, the models describe a stable response of the enzyme up to day 60 of storage.
However, after this period, there was an extreme change in activity, with a reduction of

68% in clay-forest and 50% in clay-coffee samples from day 60 to day 120 (Fig. S1d).
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Fig. 3 Variation in storage time in a) fluorescein diacetate hydrolysis (FDA) and b) urease
activity in soil samples from sandy and clayey soils under forest and coffee-growing
environments. Zero time corresponds to the evaluation carried out 15 hours after soil
collection. Equations of lines for FDA: clay-forest (y = 204.79***/(1-0.75****exp(-
0.069***x))); sand-forest (y = 194.06***/(1-0.67**** exp(-0.056***x))); clay-coffee (y
=193.99***/(1-0.6****exp(-0.055***x))); and sand-coffee (y = 111.74***/(1-0.54****
exp(-0.036**x))). Equations of lines for urease: clay-forest (y = 24.16***/(1+exp(-
5.42*+(0.052x*)))); sand-forest (y = 22.16***/(1+exp(-3.97*+(0. 033x*))); clay-coffee
(y = 1179%**%/(1+(x/127.52***)5.96)); and sand-coffee (y = 0.0005x2*-
0.0952x**+5.169***). *Significant at the 0.1 probability level, **significant at the 0.05
probability level, and ***significant at the 0.01 probability level.

3.3 p-glucosidase, arylsulfatase and acid phosphatase activity

In the first few days, p-glucosidase activity was little affected by storage time.
For clay-forest, sand-forest, and sand-coffee samples, reduction in the activity of this
enzyme was not significant up to day 60 (Fig. 4a). After this period, B-glucosidase activity
in samples from all soil environments differed significantly, with reduction of 47%, 38%,
52%, and 53% on day 120 for clay-forest, sand-forest, clay-coffee, and sand-coffee,

respectively (Fig. Sle).
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Arylsulfatase activity decreased with increased storage time; however, the
responses of activity of this enzyme varied with the land use and soil texture
combinations, showing no consistent pattern of decline. The quadratic model for clay-
forest and logistic power model for sand-coffee represented the total variability of the
data, with R? of 0.80 for clay-forest and 0.86 for sand-coffee. These models showed an
extreme reduction in enzymatic activity up to day 30; after that period, the reduction was
moderate (Fig. 4b). The reduction from 15 hours after storage to day 15 was 44% for clay-
forest and 53% for the sand-coffee soil samples. The models described the total variability
of the data, with R? of 0.81 for sand-forest and 0.79 for clay-coffee. In these soil
environments, activity remained constant up to day 15 of storage. The activity declined
after that period, exhibiting a 47% reduction for sand-forest and 73% reduction for clay-
coffee from day 15 to day 30 (Fig. S1f).

Storage time did not affect the activity of acid phosphatase in any of the soil
environments evaluated (Fig. 4c and Fig. S1g).
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Fig. 4 Variation in storage time in a) P-glucosidase, b) arylsulfatase, and c¢) acid
phosphatase activity in soil samples from sandy and clayey soils under forest and coffee-
growing environments. Zero time corresponds to the evaluation carried out 15 hours after
soil collection. Equations of lines for B-glucosidase: clay-forest (y = 3766.37***/(1+exp(-
4.14**+(0.035**x)))); sand-forest (y = 1774.03***/ (1+ (x/121.16***)2.46%)); clay
coffee (y = 2246.26****exp(-(x-24.07*)?/(2*82.052***))); and sand-coffee (y = 1392.13
***[(1+exp(-3.91**+(0.035**x)))). Equations of lines for arylsulfatase: clay-forest (y =
0.005***x2-0.95***x+101.46***); sand-forest (y = 44.53***/(1+(x/76.51***)
2.24***%)): clay-coffee (y = 0.0013*x2-0.31***x+25.07***); and sand-coffee (y =
0.003***x2-0.61***x+35.77***), For acid phosphatase y = mean. *Significant at the 0.1
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probability level, **significant at the 0.05 probability level, and ***significant at the 0.01
probability level.

4 Discussion

In order to establish suitable storage times, we chose contrasting soil
environments (with and without plant diversity) and contrasting soil textures (sandy and
clayey). These factors can affect microorganism survival (Zantua and Bremner 1977;
Burns 1982; Flores-Renteria et al. 2020) and thus affect the degree of microbial sensitivity
to storage. In this study, the microbial communities were more sensitive to storage in the
soil samples coming from the clay-forest, sand-forest, and clay-coffee soil environments
(Fig. 2a). This sensitivity may be associated with the carbon supply in these environments
(Table 1). The mean microbial biomass carbon values at 15 hours ranged from 930 mg C
kg of dry soil in the clay-coffee sample to 1377 mg C kg in the forest environment
sample (Table 2), which indicates high microbial biomass in these environments (Lopes
et al. 2013). Reduction in microbial biomass over storage time may be associated with an
increase in decomposition of easily oxidizable organic compounds (Coxson and
Parkinson 1987). This increase is caused by greater availability of oxygen brought about
by soil turnover at the time of sample collection (Burns et al. 2013). Without replacement
of energy sources, the community will decrease until reaching stability. This process was
adequately shown in Fig. 2b, in which a significant reduction in microbial biomass carbon
was observed in the first few days of storage, but then values did not change from day 60
to day 120.

The reduction in microbial biomass carbon, followed by an increase from day
15 to day 30 (Fig. 2b), may be related to the priming effect on the microbial community
of the clay-forest environment (Hamer and Marschner 2005). This may have arisen from
microbial competition for energy sources available during soil storage, which may have
led to the death of some groups and promotion of others, such as r-strategists, increasing
their biomass (Fontaine et al. 2003). Similar to the response in other soil environments,
the community declines once more because of limitation of energy, with only k-strategist
microorganisms remaining, which are continually active since they use more recalcitrant
organic compounds (Kendrick and Burges 1962). The predominance of this latter group
of microorganisms in the soil explains the stability of microbial biomass carbon from day

60 to day 120 of storage.
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Storage time had a different effect on microbial biomass carbon in the soil
environments evaluated, and reduction occurred in the first 15 days. This leads to the
recommendation that this attribute be evaluated as quickly as possible. Otherwise,
microbial biomass carbon will be underestimated and its magnitude in the hierarchy of
the soil environments will be reduced.

The different models that describe microbial basal respiration in the four soil
environments show that microbial activity was greatly affected by storage time. Such
results are consistent with those observed in microbial biomass carbon, in which there
was also a reduction from the first few days on. The greatest reductions in microbial basal
respiration occurred where it was originally greater (clay-forest and sand-forest). This
may be due to interruption of the addition of organic matter caused by removal of the soil
sample from its natural environment (Hamer and Marschner 2005). The effect of storage
conditions on microbial oxidative capacity is added to this. In general, the rates of
microbial reactions are higher at temperatures of around 28°C and decrease below 25°C
(Moreira and Siqueira 2006). Considering that the soil was stored at a temperature of 4°C,
this condition may have interfered in microbial activity. However, the limited availability
of studies does not allow a more precise conclusion regarding the effect of storage
temperature on this attribute. Thus, it is essential that storage time not exceed 15 days,
because there is a sharp reduction in the values of this attribute even after short storage
times (Fig. 2b). Nevertheless, under limiting conditions and in an exceptional manner,
samples can be conserved for a maximum of 30 days when taken from agricultural
ecosystems.

Among the attributes evaluated, FDA was most affected by storage time, and a
transformation on the x axis (x = y?) was necessary for better visualization of the
overlapping of the models regarding the different soil environments. Overlapping shows
that an increase in storage time leads to loss of capacity to differentiate the soil
environments (Fig. 3a). In forest soils, the FDA was most affected by storage time. This
reduction is directly related to reduction in viable cells from the soil since FDA is strongly
correlated with microbial basal respiration (Schnurer and Rosswall 1982). In fact, the
shape of the curves in the regressions of these two attributes shows that they respond in a
similar way to storage (Fig. 2a and 3a), i.e., dormancy and death of microbial cells
affected FDA. The fluctuation of microbial communities in the soil may also have
contributed to reduction in FDA (Fig. 2a). As fluorescein diacetate is hydrolyzed by

enzymes (proteases, lipases, and esterases) mainly produced by fungi and bacteria
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(Guilbault and Kramer 1964; Schnurer and Rosswall 1982), the factors that affect these
microorganisms affect the production of enzymes and, consequently, affect FDA. In
addition, these enzymes are mainly extracellular, i.e., they are linked to external
membranes of the cell or are excreted to the environment. Thus, they become more
vulnerable to biodegradation (hydrolysis by other enzymes) (Burns, 1986). Another
aspect that may be associated with reduction in the values of FDA is exposure of the
samples to long periods of low temperature (4°C). That may have led to enzymatic
inactivation over time, since the greatest efficiency of FDA occurs at temperatures of
35°C (Diack 1997; Jia et al. 2015). Given the limited availability of studies on the
influence of temperature on this attribute, we recommend that quantification be
performed with the soil still fresh, immediately after collection. That way, the differences
expected among soil environments are more likely to be observed (Fig. 3a). In the event
of limitations, the soil can be stored, however, for a period of less than 15 days.

Urease activity was not affected by storage time from 15 hours to day 15. This
result may be due to the type of interaction of this enzyme with the soil constituents and
to their capacity of protecting it, for a certain period, from biodegradation (Zantua and
Bremner 1977). Unlike the FDA enzymes, urease is mentioned in the literature (Burns
1982; Burns 1986; Moreira and Siqueira 2006) as an enzyme with high hydrolytic
efficiency in the soil structural microunits with a diameter of less than 50 pum. These
reports support the results of this study, especially in the samples from the clay-forest and
clay-coffee soil environments, which proved to be more resistant to storage time (Fig.
3b). In the soils from these environments, there is predominance of organo-mineral
complexes by the association between organic molecules and silicate clays and/or iron
and aluminum oxides and hydroxides (Schulten and Leinweber 2000; Christensen 2000).
This association forms the “microbial microenvironments” that can protect urease (Burns
1986). These results are consistent with the findings of Pancholy and Rice (1972), who
did not observe a reduction in activity in samples stored at 4°C for 30 days. However, as
observed in this study, this enzyme may be subject to loss of activity as time passes as
catalytic sites will become less available because of diffusion of urea in the soil. An
additional explanation is the effect of storage on the microbial community (Fig. 2a). As
urease is mainly produced by microorganisms of the rhizosphere (Estermanm and
McLarem 1961), their reduction may lead to a decrease in the abundance and activity of
this enzyme. This process was clearly observed from day 15 to day 30 for sandy soils,

and from day 60 to day 120 for clayey soils (Fig. 3b). Thus, it is recommended that
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quantification of this enzyme in sandy soil samples be performed within the first 15 days
after collection. For samples coming from clayey soils in agricultural soil environments,
however, maximum storage time at 4°C can be up to 60 days. Thus, considering that
urease responses depend on the type of soil sample, it is better for evaluations to be made
within the first 15 days after sample collection.

Resistance of B-glucosidase to storage up to day 60 in the soil environments
studied may be associated with the abundance of these enzymes in the soil (Bhatia et al.
2002). This characteristic allows greater ability to obtain energy by cellulose degradation.
This process mainly occurs through selective cleavage of the B-1,4-glycosidic bond in
various disaccharides, oligosaccharides, glycoconjugates, aminoglycosides, and alkyl-
and aryl-B-d-glycosides (Bhatia et al. 2002; Yang et al. 2008). Since cellulose is a very
abundant biopolymer in the environment (Yang et al. 2008), these enzymes may have
been favored by such an energy source, remaining active for a longer time in the soil
(Turner and Romero 2010). However, during storage, there was no replacement of this
energy source, which may have affected activity from day 60 of storage on (Fig. 4a). In
addition, these enzymes are extracellular (Parham and Deng 2000) and may be
biodegradable beginning at a certain period (60 days in the case of this study). Therefore,
for B-glucosidase activity, reliable results may be obtained up to day 60 of storage.

The sensitivity of the arylsulfatase enzyme to storage time may be associated
with the form in which this enzyme occurs in the soil. Arylsulfatases form an important
group of enzymes that catalyze the hydrolysis of esters of organic arylsulfates (Tabatabai
et al. 1994). A considerable part of these enzymes are found outside of the cells and are
mainly secreted by bacteria (McGill Colle 1981). In the environment, they may be
immediately metabolized by microorganisms or form protein-colloid complexes (Burns
1982; Moreira and Siqueira 2006; Balota et al. 2013). Interaction with the physical,
chemical, and biological medium may result in adsorption, denaturation, and
biodegradation of this enzyme, reducing its activity over time (Burns 1982; Moreira and
Siqueira 2006). In addition, the factors that affect the soil microbial communities can
affect the activity of this enzyme, since it is mainly produced by microorganisms (McGill
Colle 1981). Tabatabai and Bremner (1970) observed a reduction of 18% in 3 months and
Lopes et al. (2015) reported a 53% reduction in arylsulfatase activity in 2 years in air-
dried samples stored at room temperature. These authors attributed the reduction in
activity to the effect of air drying on the viable microbial community of the soil. Our

study did not show a consistent pattern of the effect of soil texture and type of land use
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on arylsulfatase activity, making it necessary to quantify it as quickly as possible for all
soil environments.

The lack of effect of storage time on acid phosphatase activity may be a result
of the mechanisms of cell protection for this enzyme. When such enzymes are secreted,
they remain in the external cortical cells of the roots and especially in the plasmalemma
(Ladd 1978). The plasmalemma, with its large quantity of phospholipids, has the function
of coating, protecting, and creating the selective permeability of the cell. Thus, the acid
phosphatases may have been benefitted by these mechanisms, as they are more stable in
the soil. As a consequence, this may have favored maintenance of the molecular structure
of acid phosphatase. Likewise, DeForest (2009) did not observe a reduction in acid
phosphatase activity even after 21 days when acidic soil was stored at 4°C. Nevertheless,
Lopes et al. (2015) observed a reduction of 72% in the activity of this enzyme in air-dried
samples stored for two years at room temperature, which may have been a consequence
of enzyme denaturation. Our results corroborate that storage at 4°C preserves acid
phosphatase activity in tropical soils for long periods, thus providing greater flexibility of
storage time when a large number of samples must be processed.

The results of this study show that the effect of storage time depends on each
attribute. In short, the variable responses may be related to the way in which each enzyme
is associated with the soil matrix. The greater affinity of phophatase and urease with the
smaller fractions of the soil (Burns 1986; Marx et al. 2005) may have contributed to the
greater stability of these enzymes over time. In addition, the size of the fractions affects
the diffusion of the substrate (Handrikova et al. 1996) and may explain the variable
catalytic efficiency among the enzymes (Marx et al. 2005; Bailey et al. 2012). Substrate
availability is fundamental for enzyme viability and activity in the soil and may be related
to maintenance of the B-glucosidase activity that degrades cellulose, a compound that is
very abundant in the soil (Yang et al. 2008). Enzymatic dependency on live cells also
contributes to an explanation. Such is the case of the enzymes that degrade fluorescein
diacetate (Schnurer and Rosswall 1982). In addition, storage can affect soil pH (Turner
and Romero 2009), which, associated with temperature and humidity, affect cell stability
(Baldrian et al. 2012; Zhang et al. 2018), causing reduction in FDA and in microbial
biomass carbon. Microbial basal respiration is also affected by the quantity of active cells;
however, other disturbances of the environment can make a small unit of microbial
biomass have high respiration (Trujillo-Narcia et. 2019). The pattern of the effect of

storage time on arylsulfatase activity is less clear, possibly through its relation to
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microbial biomass, the main source of production of this enzyme de (McGill Colle 1981).
However, arylsulfatase can form protein complexes with soil mineral fractions (Burns
1982), which may explain the temporary stability in two of the soils studied (clay-coffee
and sand-forest). Additional studies, however, may be useful in better clarifying the
variable response patters of these attributes, for example, monitoring the effect of storage
on the kinetic enzyme system. Enzyme activity does not depend only on the amount of
enzymes, but also on more active enzyme systems (Marx et al. 2005).

Arriving at consensus on storage time of samples is fundamental. Differences
in this respect may compromise the effectiveness of these attributes in discriminating
different soil environments and may be one of the causes of the incongruence observed
among the results of diverse studies regarding this subject. For that reason, it is crucial to
standardize the experimental conditions and procedures, including soil sample storage
times and conditions, because this is a fundamental factor in interpretation of values of
the attributes (DeForest 2009). In other words, the scientific community needs to make a
coordinated effort in the sense of faithfully representing the conditions of the different
soil environments. This may be possible through knowledge of the soil storage time
suitable for evaluation of each attribute. The aim of our study was to make a contribution
towards reaching this goal. Our findings are relevant for guiding soil quality studies in
the context of tropical soils.

5 Conclusions

The storage time of soil environments used for quantification of microbiological
attributes significantly affects the data that are generated and can change the way these
data are interpreted, leading to erroneous conclusions and compromising the use of these
microbiological attributes as soil quality indicators. Therefore, the results of this study
lead to the following conclusions: (1) The best storage time for soil samples at 4°C is
enzyme specific; (2) FDA, arylsulfatase, and microbial biomass carbon should be
evaluated right after taking the soil sample; (3) Basal respiration and urease should be
assessed within 15 days; (4) B-glucosidase should be evaluated within 60 days; (5) Acid
phosphatase can be evaluated within at least 120 days.

Thus, the following order of priority is recommended for microbiological
analyses in accordance with their sensitivity to storage: 1% - fluorescein diacetate
hydrolysis / microbial biomass carbon / arylsulfatase; 2" - microbial basal respiration /

urease; 3" - B-glucosidase; and 4" - acid phosphatase.
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Adoption of this order, taking into consideration the maximum storage limit of
each attribute, may resolve possible incongruences among different studies and increase
the effectiveness of the results, allowing greater advances in studies regarding soil quality.
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Fig. S1 Variation in storage time in a) microbial biomass carbon (MBC), b) microbial
basal respiration (MBR), c) fluorescein diacetate hydrolysis (FDA), d) urease, €) B-
glucosidase, f) arylsulfatase, and g) acid phosphatase activity. Zero time corresponds to
the evaluation carried out 15 hours after soil collection. The letters compare the different
days of storage for each soil environment studied at the 0.05 probability level (Scott-

Knott). Bars represent means of five replications (n = 5).
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ABSTRACT- Ensuring soil quality of coffee fields is fundamental for sustainable
production of coffee itself. Microbiological attributes are especially effective predictors
of changes in the soil. But their value as indicators can vary depending on the soil class
and plant cover. This study aimed to determine the effect of different soil classes and
plant covers on microbiological attributes and the potential of these attributes as
indicators of the quality of different soils used for conventional coffee growing in the
Atlantic Forest domain. Two coffee fields and two adjacent forests formed on Oxisol and
Planosol were studied. The microbiological attributes evaluated were microbial biomass

carbon - MBC, microbial basal respiration - MBR, fluorescein diacetate hydrolysis,
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metabolic quotient - gCO>, microbial quotient, and the activity of the enzymes urease, [3-
glucosidase, arylsulfatase, and acid phosphatase. The lowest values of most attributes
were observed in the Planosol growing coffee. The activities of most of the enzymes were
higher in the Oxisol under forest and lower in the Planosol under coffee. The
microbiological attributes evaluated showed high correlation with soil organic matter.
Different soil classes in more stable ecosystems, such as forests, may have comparable
values of MBC, MBR, urease, and qCO2. However, in coffee, there is a marked effect of
the soil class on the values of these biological attributes. MBC, urease, 3-glucosidase, and
acid phosphatase are good soil quality indicators for coffee fields, which corroborates the

results of another study in homogeneous environments in a Oxisol.

Keywords: Microbial biomass carbon, Microbial basal respiration, Soil enzymes,

Atlantic Forest, Coffea arabica L.
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Introduction

Brazil is the country of greatest production and export of coffee in the world. It
leads this ranking with 1/3 of worldwide production, which is grown on 2.16 million
hectares, with mean production of 3.57 million kg of coffee per year (CONAB 2020). Of
the total planted area, 1.23 million hectares are in the state of Minas Gerais, with
production of around 1.8 million kg of hulled coffee per year (CONAB 2020).

Conventional coffee growing in the state of Minas Gerais is based on intensive
use of mechanization, fertilizers, and agricultural chemicals. This type of management of
the production system can diminish the yield potential of growing areas over time due to
loss of organic matter, soil compaction, and soil erosion. This process can lead to
abandonment of these soils and migration of the coffee growing activity to new areas,
including those of natural vegetation. Not coincidentally, the state of Minas Gerais has
the highest rate of deforestation of the second largest Brazilian biome, the Atlantic Forest.
In the last 10 years, 1.65 thousand hectares have been deforested (Fundacdo SOS Mata
Atlantica and INPE 2019) and in 2018 and 2019, the rate of deforestation rose 27.2%,
which makes this biome the most endangered in Brazil (Fundacdo SOS Mata Atlantica
2020). In spite of legal protection, the threats to this biome persist, especially through
attempts at expansion of agricultural areas as a result of flexibilization of environmental
laws.

Given the global importance of coffee growing and considering that the state of
Minas Gerais is responsible for 52% of Brazilian coffee production (CONAB 2020), it is
necessary to conciliate production of this crop with environmental protection. There is
thus a pressing need to monitor, enhance, and/or maintain the quality of coffee field soils.
Ensuring this quality will result in sustainable production from the soil and avoid
expansion of agricultural lands to natural forest areas. This is indispensable, especially
because the state has the largest area of natural forest (2.8 million hectares) of the Atlantic
Forest biome (Fundacdo SOS Mata Atlantica and INPE 2019).

The need to preserve soils to ensure provision of their ecosystem services and
sustained yield has awakened worldwide interest. Prominent among the objectives

proposed by the United Nations for the 2030 agenda are practices that improve the quality
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of the soil and the models of agricultural production (ONU 2015). Achieving these
objectives requires an understanding of soil as a dynamic ecosystem, whose equilibrium
is a result of harmonious operation of physical, chemical, and biological components.
Microbiological components are vital for maintaining the soil because they act to generate
energy through biochemical transformations and, since they are sensitive to changes that
occur in the soil, they are considered early and effective indicators of its quality (Doran
1980; Doran and Parkin 1994). However, their value as indicators can vary according to
the soil class and the type of plant cover, as shown in studies developed with other
objectives (Acosta-Martinez et. 2008; Vinhal-Freitas et al. 2017)

Few studies have evaluated the biological quality of the soil in the Atlantic Forest
domain in regard to coffee growing. Research found in the literature on this theme is
mainly concerned with general microbiological attributes such as microbial carbon and
macrofauna, with little exploration of soil enzymatic activities (Theodoro et al. 2003;
Pimentel et al. 2006; Lammel et al. 2015). Recently, a more encompassing study (Aragao
et al. 2020a) showed that microbiological attributes were more related to higher coffee
yield than physical and chemical attributes. The authors showed that under homogeneous
conditions (including edaphic conditions), microbial biomass carbon, qCO2, and the
enzymes urease and B-glucosidase had greatest importance in discrimination of higher
yielding areas. In this respect, knowing the response of the microbiological attributes in
coffee fields and adjacent forests formed over different soils is fundamental for
monitoring the ecological quality of these environments. This knowledge is indispensable
for finding quality indicators that can be applied under different edaphic conditions and
for determining the need for interventions to maintain sustained production of the soils.

Our aim in this study was to determine the effect of different soil classes and
plant covers (climax communities and agricultural systems) on microbiological attributes
and the potential of these attributes as soil quality indicators for conventional coffee fields
in the Atlantic Forest domain. The attributes were evaluated in Oxisols and Planosols
under the hypothesis that the relevance of the biological attributes as quality indicators

can vary among soil classes and plant covers.

Methodology
Characterization of the region and of the experimental areas
The study was conducted in the state of Minas Gerais in February 2019 in

experimental areas and farms in the municipalities of Lavras and Itumirim in the
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Southeast region of Brazil (Fig. 1a). The geographic coordinates of the area in Lavras are
21°14°06”S, 45°00°00°°W, and altitude of 918 masl; and in Itumirim are 21°15°57°S,
44°50°49°°W, and altitude of 870 masl. The climate of the region is classified as rainy
temperate, with dry winter and wet summer. The predominant climate conditions in the
period of soil sample collections are described below (Fig. 1b).

Two soil classes with contrasting physical characteristics (Oxisol and Planosol)
were used in this study. These classes were chosen because they represent approximately
41% of Brazilian territory (Santos et al. 2011) and are highly used for coffee production.
The first area of study was an experimental coffee (Coffea arabica L.) field, with soil
composed of 50% clay, 23% silt, 27% sand, and 4.93 dag kg™ organic matter, classified
as a Oxisol (Latossolo Vermelho Distréfico Tipico - Curi et al. 2017) on flat terrain. The
second area was an irrigated field with production of specialty coffee, produced for
export. This crop field was formed on a very sandy Planosol (Planossolo Haplico - Santos
et al. 2018) composed of 15% clay, 6.4% silt, and 78% sand, with 2.0 dag kg™ of organic
matter. The third area was a forest formed on a soil composed of 36% clay, 20% silt, 44%
sand, and high input of organic matter (7.3 dag kg™). The soil of this area is classified as
a Oxisol (Latossolo Vermelho-Amarelo Distrofico Tipico - Curi et al. 2017), also on flat
terrain. This forest is a fragment that remains of the Atlantic Forest with open canopy of
approximately 15 m height. It is classified as a seasonal semideciduous montane forest,
and the main species are Miconia cinnamomifolia, Piptadenia gonoacantha, Maprounea
guianensis, and Cabralea canjerana (D’angelo Neto et al. 1998). The fourth area was a
forest fragment classified as a gallery forest (Loschi et al. 2013), with a steep slope in the
direction of a stream. This forest was formed on a Planosol (Planossolo Haplico - Santos
et al. 2018) with 18% clay, 17% silt, and 65% sand, and high organic matter content (6.4
dag kg?) in the first 10 cm of depth. The trees of this forest have an open canopy and are
of approximately 10 m height, and the most representative species are Protium
spruceanum, Copaifera langsdorffii, Tapirira obtusa, Protium widgrenii, Machaerium

villosum, Luehea candicans, and Myrcia tomentosa (Loschi et al. 2013).
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Fig. 1 (a) Satellite image showing the locations of soil sample collection in the areas
studied in the municipalities of Lavras and Itumirim in Minas Gerais, Brazil. (b) Rainfall

and mean temperature in February 2019 in the region under study.

Collection of soil samples

Field samplings for microbial biomass carbon, urease, [-glucosidase,
arylsulfatase, fluorescein diacetate hydrolysis, microbial basal respiration, and acid
phosphatase were carried out on February 4, 7, 10, 13, 16, 19, and 22, 2019. A three-day
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interval between soil collections was used to ensure that each attribute was quantified 15
hours after field collection. Thus, an effect of storage time on the responses of the
microbiological attributes would be avoided (Aragdo et al. 2020b). Five compound
samples (n = 5) spaced at 50 m from one another were obtained from each area. This
distance was used to capture a significant amount of variability of the areas, compensate
the effects of spatial autocorrelation, and minimize the sources of pseudoreplication
(Hargrove and Pickering 1992; Mariotte et al. 1997; Ritz et al. 2004). The compound
samples were formed from the mixture of four single samples collected in the area of a
circle with radius of 1 m around a georeferenced point. A total of 20 compound samples
were obtained (two soil classes x two types of plant cover x five replications). The soil
samples were removed with the aid of a straight shovel to a depth of 10 cm after careful
removal of plant litter. These samples were taken in plastic bags to the laboratory for
processing at the Universidade Federal de Lavras. The soil with the same moisture content
as in the field was sieved in 2 mm screens for removal of fine roots and other plant litter,
and a 400 g aliquot was removed for physical and chemical analyses. The rest of the
sample was weighed and stored at 4°C for microbiological analyses on the morning of the

following day, for a total of 15 hours between collection and analyses.

Physical and chemical analyses

The physical and chemical attributes evaluated were pH, phosphorus (P),
remaining phosphorus (PRem), potassium (K), zinc (Zn), manganese (Mn), copper (Cu),
calcium (Ca), magnesium (Mg), exchangeable aluminum (Al), active acidity (pH),
potential acidity (H + Al), aluminum saturation percentage (m), exchangeable sum of
bases (SB), base saturation (V), effective cation exchange capacity (t), potential cation
exchange capacity (T), sulfur (S), organic matter (OM), and texture. These attributes were
quantified according to the proposed methodologies of Mehlich (1953), Shoemaker et al.
(1961), McLean et al. (1958), Hoeft et al. (1973), Walkley and Black (1934), and

Bouyoucos (1951), and the results are shown in Table 1.

Table 1 Chemical and physical attributes of soil environments studied. (Aragéo et al.,
2020b)
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Chemical attributes

oil pH P K Ca** Mg?* S Mn Cu Zn*?

environment - mg dm3------- - cmolc dm Mg dmM3-mmmmmmmemmeeeeeee

Clay-forest 457+03" 42+07 75+7 32+08 08x02 47+17 706+23 29+03 2+04
Sand-forest 4.6 +0.3 11+14 133+60 14+09 06+03 33+03 143+88 08+04 3+04
Clay-coffee  4.8+0.3 134 +32 583+42 35+02 07+0 13+31 120+12 56+04 16%2

Sand-coffee  55+0.1 351+89 147+46 15+01 12+01 14+03 150+23 63+12 41+34

Chemical attributes Physical attributes
soil SB H+Al T \% m oM Clay Silt Sand
environment  ___________ cmol, dm3 % dag kgl -----e---e dag kgl---------------

Clay-forest  43+10 10+23 14+32 29+2 10+3.3 73+13 35+4 20+2 44+6
Sand-forest  24+11  17+32 19+31 12+5 41+17 6.4+1.0 18+3 16 +6 64+5
Clay-coffee  57+05  89+21 14+20 39+7 27+08 45+05 49+1 23+1 2742
Sand-coffee  31+03 33+03 6+04 48+3 31+03 20+01 15+1 64+1 781

TMeans obtained from a value n = 5, "'Standard deviation. SB: sum of exchangeable
bases, H + Al: potential acidity, T: cation exchange capacity at pH 7.0; V: base saturation,

m: aluminum saturation, OM: organic matter.

Microbiological analyses

The following microbiological attributes were evaluated: microbial biomass
carbon by the fumigation method with ethanol-free chloroform (Jenkinson and Powlson
1976) and carbon extraction with K2SOs, assuming a fumigation-extraction efficiency of
0.45 (Vance et al. 1987); microbial basal respiration by the estimate of CO> evolved
during the incubation process (Jenkinson and Powlson 1976); fluorescein diacetate
hydrolysis, determined by release of fluorescein (Dick, 1996); urease activity (EC 3.5.1.5)
based on determination of ammonia released after incubation of the soil with urea solution
(Tabatabai and Bremmer 1972); and B-glucosidase (EC 3.2.1.21), arylsulfatase (EC
3.1.6.1), and acid phosphatase (EC 3.1.3.2) activities, determined by colorimetry (Dick
et al. 1996). A detailed methodological description of these analyses was presented in
Aragdo et al. (2020a).

Data analyses

The normality test (Shapiro-Wilk) was used on the data by the Past Statistics
1.0.0.0 program, and when they were not in conformity with the suppositions of the
analysis, they were transformed in log at base 10. After meeting the statistical

presuppositions, we used the permutational multivariate analysis of variance
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(PERMANOVA) as hypothesis test. This analysis was used because it is the most robust
and appropriate analysis for multivariate ecological data coming from non-classical
experimental designs, whose responses can be simultaneous and of potentially non-
independent variables (Anderson 2001). After that, principal component analyses (PCA)
were performed from the covariance matrix of the original variables. The first two
components (PC1 and PC2) were used to represent the total variability of the data, and
the attributes with the highest eigenvectors were considered most important in
discrimination of the areas. The PCA was used to cluster the variables in factors based on
their correlation structure, and the groups identified in it were significant by
PERMANOVA. The PCA with all variables was calculated following the nonlinear
iterative partial least-squares algorithm (NIPALS, Algorithm 2.1) (Wold, 1966; Varmuza
and Filzmoser, 2009). The PERMANOVA was calculated using the vegan package
(Oksanen et al. 2018) in the R 3.3.1 programming language (R Core Team 2018). When
significance was found by PERMANOVA, analysis of variance was carried out and the
mean values of the attributes in the areas were separated by multiple comparison based
on cluster analysis of mean values by the Scott-Knott algorithm at the p < 0.05 level of
significance. The data were expressed in mean values, and the standard deviation was
used as a measure of variability. The results of this analysis for the microbiological
attributes are shown in bar graphs produced in the Sigma Plot 12.5 and Illustrator CC
2017 21.0.0 programs and in tables for the physical and chemical attributes. Finally, a
correlation matrix was made to explore the relations between the microbiological

attributes and soil organic matter.

Results
Permutational multivariate analysis of variance (PERMANOVA) and principal
components (PCA) of the physical, chemical, and microbiological attributes
PERMANOVA identified that both the soil classes and the types of plant covers
and their interactions were highly significant (Table 2). The PCA calculated based on
microbiological attributes explained 81.43% of the variation of the data in the first two
components (Fig. 2a). PC1, in particular, explained 65.63% of this variation and had high
power of discrimination among the soil classes and types of plant covers studied. When
only the microbiological attributes were analyzed, the FDA, microbial biomass carbon,
and the enzymes urease, B-glucosidase, and acid phosphatase had greater importance in
this discrimination (Table S1).
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When calculated based on the physical and chemical attributes, PCA explained
74.77% of the total variation of the data and identified a gradient represented by pH, P,
remaining P, Zn, Mg, Cu, V, potential CEC (T), H+Al, and organic matter in the first
component (42.08%). This analysis shows a contrast of the forests and the coffee field on
a Oxisol compared to the coffee field on a Planosol (Fig. 2b and Table S1). PC2 (32.69%)
represents a gradient of attributes linked to fertility (Ca, K, S, B, SB, Al) and texture (clay
and sand). Among these attributes, organic matter, T, H+Al, pH, P, and Zn exhibited the
greatest weight in discrimination of the areas (Table S1).

The PCA that included all the attributes explained 68.76% of the total variation
of the data in the first two components (Fig. 2c). The separation of the study areas was
quite similar to that observed in the second PCA (Fig. 2b). Except for gCO; and gMIC,
all the microbiological attributes were positively and significantly correlated with soil

organic matter (Fig. 3).
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Fig. 2 Principal Component Analysis for (a) microbiological attributes, (b) physical and
chemical attributes, and (c) physical, chemical, and microbiological attributes in the four
areas studied. The red vectors represent the attributes of greatest importance in
discrimination of the areas. OM: soil organic matter, MBC: microbial biomass carbon,
MBR: microbial basal respiration, qCO2: metabolic quotient, gMIC: microbial quotient,

FDA: fluorescein diacetate hydrolysis.

Table 2 Permutational multivariate analysis (PERMANOVA) of variance of physical,
chemical and microbiological atributes in soil clasess, plant covers and contrast Soil

Class:Plant cover.

Microbiological atributes

Source Df SS MS model F R2 p-value
Plant cover 1 0.62 0.62 241 0.51 0,001***
Soi Class 1 039 0.39 152 0.32 0,001***
Soil Class : Plant cover 1 0.15 0.15 57 0.12 0,001***
Residue 16 0.04 0.00 0.03

Total 19 0.22 1.00

Physical-chemical atributes

Fonte Df SS MS model F R2  p-value
Plant Cover 1 098 0.98 122 0.55 0,001***
Soil Class 1 037 0.37 46 0.29 0,001***
Soil Class : Plant cover 1 0.28 0.28 35 0.16 0,001***
Residue 16 0.12 0.01 0.07

Total 19 1.76 1.00

Df: degrees of freedom, SS: sum of squares, MS: mean square. ***significant p-value <
0,001.
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Fig. 3 Correlation matrix of the soil microbiological attributes and organic matter. MBC:
microbial biomass carbon, MBR: microbial basal respiration, qCO2: metabolic quotient,
gMIC: microbial quotient, FDA: fluorescein diacetate hydrolysis, Phos: phosphatase,
Ure: urease, B-glu: B-glucosidase, Aryl: arylsulfatase, OM: organic matter. * significant
atp <0.05.

Effect of the different soil classes and plant covers on microbiological attributes

In accordance with the significance observed in PERMANOVA, individual
ANOVAs were carried out for each attribute. Comparison of the mean values showed
that microbial biomass carbon, microbial basal respiration, and urease were similar in the
soil classes from the forest areas, but higher than the values from the different soil classes
in the coffee fields (Fig. 4a, 4b, and 4f). Lower values of microbial biomass carbon (374
mg C kg™ dry soil) and microbial basal respiration (127 mg C-CO, kg dry soil day™?)

were observed in the Planosol under coffee growing. This area had the highest metabolic
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quotient (Fig. 4c), and the microbial quotient was similar among all the areas evaluated
(Fig. 4d).

Enzymatic activity was greater in the Oxisol of the forest area, which had higher
values of FDA and activities of the enzymes B-glucosidase, arylsulfatase, and acid
phosphatase (Fig. 4e, 4g, 4h, and 4i). An exception was for urease activity (Fig. 4f), which
did not differ between the forest areas. The values of FDA, urease, and acid phosphatase
were lower in the Planosol under coffee growing, and the other areas had intermediate
values of these enzymes. Arylsulfatase activity did not differ between the Planosols under

forest and coffee growing.



mg C kg ' dry soil

%

ng p-nitrophenol g dry soil h”!

1800

—=Planosol-coffee

1600 -

=
B
(=]
o
I

a) MBC
q 4

== Planosol-coffee

o
2

d) gMIC

a 4 a

500

— Planosol-coffee

400

300

200

100

g) p-glu

ug p-nitrophenol g dry soil h''(y=x

88

= Oxisol-coffee mmm Planosol-forest = Oxisol-forest

600

b) MBR

N (2]
o o
(=] o
I I
c

-

o

o
1

o
I

mg C-CO, kg™ dry soil day!
o

1000

¢) FDA

=]

(=]

o
1

[22]

Q

o
1

400

mg fluorescein g dry soil day!
o

0 -

a

ug N-NH, g' dry soil 2h’!

0,0 -

¢) ¢CO,

a

isol-coffee @ Planosol-forest = Oxisol-forest

30

N
5]
1

a4}
o
L

-
3]
1

-
o
1

(8]
1

0 -

f) Urease

= Oxisol-coffee = Planosol-forest === Oxisol-forest
1200

o 40

h) Aryl

30 4

ug p-nitrophenol g' dry soil h'!

-
o
o
<

o]
o
<

600+

400+

200+

i) Phos




89

Fig. 4 Microbiological attributes of the four areas studied in the municipalities of Lavras
and Itumirim, MG, Brazil. MBC: microbial biomass carbon; MBR: microbial basal
respiration; qCO»: metabolic quotient; gMIC: microbial quotient; FDA: fluorescein
diacetate hydrolysis; B-glu: B-glucosidase; Aryl: arylsulfatase; Phos: phosphatase. The
bars represent the mean values of five replications (n=5) and the letters compare the

different areas by the Scott-Knott algorithm

Discussion

To interpret the values of the microbiological attributes as quality indicators of
a determined soil, there must be reference values. These values can be obtained through
evaluation of an adjacent natural environment or can come from an area with high yield
(Doran and Parkin 1994; Binemann et al. 2018). In the latter case, although the
association between microbiological attributes and high coffee yield has been clearly
shown, it was not possible to identify a cause/effect relationship between them (Aragéo
et al. 2020a). For that reason, we used the adjacent natural forests to observe the dynamic
of the microbiological attributes in contrasting soil classes, but under more stable
ecosystems. This would consequently allow an understanding of the effect of different
soil classes on the relevance of these attributes as quality indicators in agricultural
systems.

In this study, the superiority of the values for most of the microbiological
attributes in the forests is probably due to the constant supply of carbon and to the quality
of the organic matter added to the soil. In the literature, authors have reported higher
values of microbial biomass carbon and microbial basal respiration in soils of the Atlantic
Forest compared to conventional coffee fields (Partelli et al. 2012). These authors and
other authors, however, did not observe differences between these attributes for forests
and organic coffee growing (Theodoro et al. 2003). These results may be related to the
addition of organic matter rich in nitrogen in these soils over long periods of time. In that
regard, the values of microbial biomass carbon in the forests we studied were higher than
in other studies in the Atlantic Forest (Pimentel et al. 2006, Partelli et al. 2012). This
superiority may be related to the greater organic matter content in the soil. For example,
the Oxisol and the Planosol of the forests we studied had 7.3 and 6.4 dag kg™ organic
matter, respectively, whereas the forests studied by the authors cited above had 2.7 and
2.9 dag kg?, respectively. These results show the importance of organic matter in

maintaining the ecological balance of the soil. In a healthy forest, the abundance of plant
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species promotes constant renewal of a diversity of organic compounds. The most labile
compounds, with predominance of O-alkyl groups, serve as substrates for the fungal
biomass that composes a large part of microbial biomass and grows rapidly under these
conditions (Flanagan and Van Cleve 1983). Compounds of intermediate stability, such as
lignin (Baldock et al. 1992), serve as substrates for r-strategist microorganisms, and those
with predominance of aromatic groups, such as polymethylenes, serve as a source of
energy for the K-strategists. Thus, the entire microbial community derives benefit from
this environment and, therefore, it has high biomass and activity, regardless of the soil
texture. Thus, the greater the availability of carbon in the soil, the greater the amount of
energy for microorganisms and, therefore, the greater the number of microbial cells
formed. The absence of significant differences in microbial biomass carbon, microbial
basal respiration, urease, and qCO> between the forests (Fig. 4a, 4b, 4c, and 4f) indicates
that under conditions that allow accumulation of organic matter, the microbial community
can increase in a Planosol. This increase is sufficient to become comparable to a Oxisol,
where there is greater protection and retention of nutrients because of the clay.

Between the coffee fields, the lower values for most of the microbiological
attributes for the Planosol may be related to the lower capacity of this soil to protect
organic matter. Lower physical protection and greater availability of oxygen can explain
the greater microbial cycling in this soil, indicated by the qCO> (Van Veen et al. 1987).
In the sandier texture, the number of microbial “microenvironments” is smaller, since
they are associated with soil microporosity. In this respect, the greater qCO; in the
Planosol soil under coffee growing may be associated with oscillation in the availability
of water and nutrients, and rapid decomposition of organic matter by greater availability
of oxygen and higher temperature (Anderson and Domsch 1990; Franzluebbers et
al.1996; Muller and Hoper 2004). All these factors impose stress conditions on the
community, reducing the number of microbial cells and increasing respiration per
biomass unit, which results in higher gCO.. Along with these factors is the disturbance
caused by conventional soil management practices, which, associated with the lower
supply of carbon, place stress on the microbial community. These results are consistent
with those of other authors, which showed higher values of qCO: in traditional
agricultural areas in contrast with natural, revegetated, or organic production areas in the
Atlantic Forest domain (Partelli et al. 2012; Nogueira et al. 2016; Tavares et al. 2018).
The results are also in agreement with those presented by Aragdo et al. (2020a), who

observed higher values of qCO: for lower yielding coffee fields in the Brazilian Cerrado
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(tropical savanna). Therefore, the higher values of qCO- in the Planosol under coffee
growing indicate that there is greater susceptibility to conventional management practices
in that soil.

Higher values of FDA and activity of the enzymes B-glucosidase, arylsulfatase,
and acid phosphatase in the clayey soil under forest may be due to the role of mineral
fractions in protection of these enzymes. In that environment, the predominance of the
mineral fractions in the silt and clay particle size (2-50 and < 2 pum, respectively) may
have promoted greater protection against enzymatic biodegradation. These enzymes are
mainly extracellular and, therefore, more subject to the pressures imposed by the
environment (McGill Colle 1981; Bhatia et al. 2002). In this respect, the soils with a
greater silt-clay proportion, because of their lower fluctuation in temperature, pH, and
water availability, may have protected the enzymes from denaturation, increasing their
stability and survival in the soil (Curtin and Rostad 1997; Bauhus and Khanna 1999). Our
results indicate that the enzyme x texture interaction is more direct and prominent than
the microbial biomass x texture interaction. That can likely result in an effect of texture
on the dynamic of enzymes as indicators of soil quality. Nevertheless, definitive and
unequivocal inferences in this respect require greater investigations. Even so, this is an
aspect that cannot be ignored. However, the difficulty in applying a classical experimental
design capable of isolating factors in field studies in perennial crops increases the need
for studies on a broader geographical scale.

The superiority of the forest values for most of the microbiological attributes
(Fig. 4) suggests an impact from conversion of these environments on the soil microbial
community. Although these microorganisms constitute only a small portion of the soil
organic matter (Smith and Paul 1990) as indicated by the gqMIC (4-5%) found in this study
(Fig. 4d), they are vital in maintaining soil health and in the organic matter decomposition
process. This process is closely connected with the dynamics of carbon, energy
production, and biogeochemical cycling of nitrogen, phosphorus, sulfur, and other
elements (Hu et al. 1997). These aspects determine the good fertility, operation, and
sustained production of the soil. In other words, the high values of the microbiological
attributes are consistent with the state of greater ecological balance in the forest soils.

Except for acid phosphatase and FDA, microbial biomass carbon and the
enzymes urease and B-glucosidase, were the ones that discriminated the areas evaluated
in this study under heterogenous conditions. Aragao et al. (2020a) also found microbial

biomass carbon and the enzymes urease and B-glucosidase discriminating the highest
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yielding from the lowest yielding coffee areas, however, under homogeneous conditions.
Results of Aragéo et al. (2020a) do not agree with results of the present study regarding
FDA. The importance of FDA as an indicator may be related to the diversity of organic
substrates existing in systems with greater plant diversity, such as forests, compared to
that of a monocrop such as coffee which could explain these different findings. FDA
represents a pool of enzymes (proteases, lipases, and esterases) and, therefore, it shows
the capacity to transform a greater diversity of substrates (Schnurer and Rosswall 1982).
In contrast, qCO>, relevant for discriminating high yielding areas under homogeneous
conditions (Aragdo et al. 2020a), had lower relevance in this study. Nevertheless, in
choosing microbiological attributes as indicators of soil quality, storage time must be
considered. It was recently shown that storing soil for long periods at 4°C significantly
reduces the values of the microbiological attributes (Aragéo et al. 2020b). Considering
that the PCA is obtained through the covariance matrix of the original variables (Wold et
al. 1987), prolonged storage can reduce their eigenvectors and, consequently, the
relevance of the attributes as soil quality indicators.

This study shows the need to use more sustainable management practices in soils
growing coffee, especially sandier soils, and reinforces the role of the Atlantic Forest in
protection of the soil microbial community. Management practices in coffee growing
should be directed to enhancing the processes of gain in organic matter and/or reducing
the processes of loss. The positive correlation of the microbiological attributes with
organic matter indicates its importance in maintaining the biochemical processes of the
soil that ensure soil quality. In this regard, agricultural practices capable of capturing and
retaining carbon are fundamental for the quality of the soil of coffee fields in the Atlantic
Forest domain. In addition, this study contributes to finding soil quality indicators that

can be applied under heterogeneous edaphic conditions.

Conclusions

(a) In the coffee fields studied, the microbiological attributes had lower values in
the Planosol, indicating that this soil may be under a state of lower ecological balance.
(b) The high correlation of the microbiological attributes with organic matter indicates its
importance in maintaining the biochemical processes of the soil that ensure soil quality.
(c) Among the physical and chemical attributes, organic matter content, potential acidity,
potential cation exchange capacity, pH, phosphorus, and zinc were most important in

discrimination of the areas. (d) Different soil classes under adequate conditions, in the
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case of more stable ecosystems such as forests, can have comparable values of microbial
biomass carbon, microbial basal respiration, urease, and qCO>. (e) In contrast, coffee
fields had more discrepant values for all the attributes, indicating the more drastic effect
of changes on the chemical and physical attributes of the soil. (f) FDA and the B-
glucosidase and acid phosphatase enzymes were most affected by the different soil
classes. (g) Microbial biomass carbon, FDA, urease, B-glucosidase, and acid phosphatase
exhibited greater capacity in discrimination of the areas, showing that these attributes are

good soil quality indicators for coffee growing areas.
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Supplementary material
Table S1 Eigenvectors of Principal component analysis — PCA-Fig. 2a - microbiological
attributes, Fig. 2b - physical-chemical attributes, Fig. 2c - physical-chemical and

microbiological attributes of the four studied areas.

Microbiological attributes

PC1 PC2 PC1 PC2
MBC! 0.37 0.18 FDA3 0.40 0.01
MBR? 0.32 -0.35 Arilsulfatase 0.34 -0.25
Phosphatase 0.39 -0.06 qCO* -0.13 -0.74
Urease 0.35 0.01 gMIC® 0.23 0.49
B-glucosidase 0.36 -0.12

Physical-chemical attributes

PC1 PC2 PC1 PC2
OoM® 0.28 0.01 m?t 0.18 -0.25
pH -0.29 -0.01 P-Rem?*? -0.29 -0.10
K -0.00 0.29 Zn -0.24 0.01
P -0.29 0.01 Fe 0.18 -0.10
Ca 0.08 0.31 Mn 0.07 0.00
Mg -0.21 0.01 Cu -0.25 0.19
Al 0.21 -0.23 B -0.02 0.19
H+AI 0.28 0.10 S 0.09 0.30
SB’ -0.02 0.35 Clay 0.11 0.32
t8 0.14 0.30 Silt 0.22 0.21
T® 0.29 0.01 Sand -0.16 -0.30
V1o -0.28 0.18

Physical-chemical and microbiological attributes

PC1 PC2 PC1 PC2
MBC -0.25 -0.03 Al -0.14 -0.25
MBR -0.20 -0.08 H+Al -0.20 -0.13
Phosphatase -0.21 0.21 SB -0.03 0.33
Urease -0.24 -0.10 t -0.12 0.28
B-glucosidase -0.17 0.13 T -0.22 -0.04
FDA -0.24 0.01 \% 0.20 0.20
Arylsulfatase -0.15 0.01 P-Rem 0.23 -0.07
qCoO; 0.11 -0.11 Zn 0.20 0.02
gMIC -0.10 0.11 Cu 0.20 0.20
oM -0.25 -0.01 B 0.04 0.21

pH 0.23 0.03 S -0.06 0.28
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K 0.03 0.27 Argila -0.10 0.30
P 0.25 0.03 Silte -0.20 0.20
Ca -0.10 0.30 Areia 0.14 -0.30

MBC- Microbial biomass carbon, 2 MBR-Microbial basal respiration, 3FDA-fluorescein
diacetate hydrolysis, 4 qCO.metabolic quotient, ® gmicmicrobial quotient. *°OM-Organic
matter, 'SB: sum of bases, 8t: cation exchenage capacity, °T: potential cation exchenage
capacity,’? V: Base saturation, 1*m: percentage of Al saturation, 2P-Rem: Remaining.

Consideracoes finais

Todos os aspectos tratados neste estudo fazem parte de um conjunto de esforgos
que permitirdo o monitoramento da qualidade dos solos. Neste sentido, nés buscamos
elucidar a influéncia do tempo de armazenamento a 4 °C na efetividade dos atributos
microbioldgicos utilizados como indicadores da qualidade de solos tropicais. Observamos
que o armazenamento por longos periodos afeta significativamente os dados gerados e
pode alterar a forma como sdo interpretados, levando a conclusdes erroneas e
comprometendo 0s avancos na utilizacdo desses atributos. Por exemplo, em uma analise
de componentes principais, o prolongamento do tempo de armazenamento pode reduzir
0S autovetores e, consequentemente, a relevancia dos atributos como indicadores de
qualidade (Figura 1 e Tabela 1). Portanto, n6s chamamos a atencdo para esse aspecto e
propomos uma ordem de prioridade para a quantificacdo de cada atributo. Isso dara maior
flexibilidade a realizacdo de andlises, especialmente nos casos em que for necessario
processar muitas amostras.

Com relacdo ao efeito de diferentes classes de solo sobre os atributos
microbioldgicos e o potencial desses atributos como indicadores da qualidade de
diferentes solos, foi observado: a) diferentes classes de solo sob condi¢fes que permitem
acumular matéria organica, como em florestas, podem ter valores equiparaveis de
carbono da biomassa microbiana, respiracdo basal microbiana, urease e qCO2; b) O
carbono da biomassa microbiana, FDA, urease, 3-glucosidase e fosfatase acida exibiram
maior capacidade de discriminacdo das &reas mostrando que esses atributos sdo bons
indicadores da qualidade dos solos cultivados com café.

Finalmente, sugerimos que mais trabalhos criticos de aspectos praticos sobre
procedimentos metodoldgicos sejam realizados. Isso elucidard muitas questdes
indefinidas e poder4d maximizar a utilizacdo desses atributos como ferramentas de

monitoramento da qualidade dos solos.
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Fig. 3. Analises de componentes principais dos atributos microbiologicos em 15 horas e

120 dias de armazenamento do solo. MBC: carbono da biomassa microbiana, MBR:

respiracdo basal microbiana, qCOz: quociente metabolico, gMIC: quociente microbiano,

FDA: hidrélise do diacetato de fluoresceina.

Tabela 1: Autos vetores das PCA’s de 15 horas e 120 dias dos atributos microbioldgicos

Atributos microbiolégicos 15h

Variaveis PC1 PC2 Variaveis PC1 PC2
MBC 0.37 0.18 FDA 0.40 0.01
MBR 0.32 -0.35 Arilsulfatase 0.34 -0.25
Fosfatase 0.39 -0.06 qCO: -0.13 -0.74
Urease 0.35 0.01 gMIC 0.23 0.49
B-glucosidase 0.36 -0.12

Atributos microbioldgicos 120d

Variaveis PC1 PC2 Variaveis PC1 PC2
MBC 0.39 0.02 FDA 0.37 0.21
MBR -0.05 -0.59 Arilsulfatase 0.30 -0.45
Fosfatase 0.35 -0.26 qCoO; -0.34 -0.38
Urease 0.27 0.33 gMIC 0.40 -0.03
B-glucosidase 0.35 -0.27

MBC: carbono da biomassa microbiana, MBR: respiracdo basal microbiana, qCO::
quociente metabdlico, gqMIC: quociente microbiano, FDA: hidrolise do diacetato de

fluoresceina.



