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RESUMO

A producdo de cogumelos € uma pratica sustentavel, mas que necessita de
melhorias, como no cultivo de Lentinula edodes (Berk) Pegler, que apresenta alta
demanda de agua e mao de obra. Nesse contexto, este estudo propds substituir o
método tradicional de indugao de primérdios por imerséo por um método de injegao
de agua. Foram comparados dois métodos de inducéo de primoérdios (imersao e
injecédo) e dois formatos de blocos de cultivo: cubo retangular (2 kg) e cilindrico (3,5
kg). O substrato, composto por serragem de eucalipto (72%), farelo de trigo (12,5%),
farelo de arroz (12,5%), CaCOs (1%) e CaSOs4 (2%), foi inoculado com a linhagem
LED 19/11 e incubado por 80 dias a 26 + 5 °C e 85 * 15% de umidade. Apos esse
periodo, os blocos foram lavados e transferidos para o ambiente de producado. A
frutificacao foi induzida por imersao ou por injecéo de agua, e a producgéo foi avaliada
ao longo de quatro fluxos de colheita. Os blocos de 2 kg apresentaram maior
rendimento com imersao (16,62%), enquanto os blocos de 3,5 kg responderam
melhor a inje¢ao (13,01%), demonstrando produgéo mais homogénea. O aumento da
quantidade de substrato contribui para maior estabilidade da colheita ao longo dos
ciclos de produgdo. As injegcdes de agua mostraram-se uma alternativa viavel,
reduzindo o manuseio e facilitando a produgcdo em larga escala. O uso dessa técnica
demonstra grande importancia na reducao do uso de agua e também na necessidade
de mé&o de obra no cultivo.

Palavras-chave: Producao de cogumelos; shiitake; métodos de cultivo; otimizacao

hidrica.



ABSTRACT

Mushroom production is a sustainable practice but requires improvements, such as in
Lentinula edodes (Berk) Pegler cultivation, which has high water and labor demands.
In this context, this study proposed replacing the traditional primordia induction method
by submersion with a water injection method. Two primordia induction methods
(submersion and injection) and two cultivation block formats were compared:
rectangular cube (2 kg) and cylindrical (3.5 kg). The substrate, composed of
eucalyptus sawdust (72%), wheat bran (12.5%), rice bran (12.5%), CaCO3 (1%), and
CaS04 (2%), was inoculated with strain LED 19/11 and incubated for 80 days at 26 +
5 °C and 85 £ 15% humidity. After this period, the blocks were washed and transferred
to the production environment. Fruiting was induced either by submersion or water
injection, and production was evaluated over four harvest flushes. The 2 kg blocks had
higher yields with submersion (16.62%), while the 3.5 kg blocks responded better to
injection (13.01%), showing more homogeneous production. Increasing the substrate
quantity contributes to greater harvest stability across production cycles. Water
injections proved to be a viable alternative, reducing handling and facilitating large-
scale production. The use of this technique demonstrates great importance in reducing
water use and also the need for labor in cultivation.

Keywords: mushroom production; shiitake; cultivation methods; water optimization
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1. REVISAO DE LITERATURA

1.1 O reino Fungi e seu papel ecolégico

O reino Fungi compreende um grupo de organismos de grande relevancia
ecoldgica, econbmica e biotecnoldgica, desempenhando fungdes fundamentais na
manutencdo dos ecossistemas e apresentando ampla aplicabilidade em diversos
setores produtivos. Espécies fungicas sao utilizadas em processos industriais
relacionados a produgéo de alimentos, medicamentos, enzimas, biocombustiveis e
compostos de interesse comercial, além de possuirem importancia para as industrias

farmacéutica, téxtil e alimenticia, entre outras (Lima et al., 2025).

Do ponto de vista biolégico, os fungos s&o organismos eucariontes,
heterotréficos por absorgdo, de substancias organicas presentes no meio. Esses
organismos sao caracterizados pela auséncia de clorofila, pela presenga de parede
celular constituida predominantemente por quitina e pelo acumulo de glicogénio como
principal substancia de reserva energética. Sua reprodugdo pode ocorrer por
mecanismos sexuados e assexuados, geralmente envolvendo a produgdo e
disseminagao de esporos, estruturas responsaveis pela perpetuacao e dispersao das

espécies (Alexopoulos; Mims; Blackwell, 1996; Webster; Weber, 2007).

A diversidade do reino Fungi € considerada extremamente elevada.
Estimativas recentes indicam a existéncia de aproximadamente 2,2 a 3,8 milhdes de
espécies em escala global, embora apenas cerca de 120 mil tenham sido
devidamente descritas e reconhecidas pela ciéncia até o presente momento
(Hawksworth e Lucking, 2017). Tal discrepancia evidencia o amplo potencial de
descoberta de novas espécies e ressalta a necessidade de estudos voltados a

taxonomia, ecologia e conservacéo da diversidade fungica (Rani et al., 2023).

Entre os principais grupos taxondmicos pertencentes ao reino Fungi, destaca-
se a classe Agaricomycetes, inserida no filo Basidiomycota. De acordo com Kirk et al.
(2008), aproximadamente um quinto das espécies fungicas conhecidas encontra-se

agrupado nesse clado. Os representantes de Agaricomycetes sé&o
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predominantemente fungos filamentosos, caracterizados pela formacéo de estruturas
reprodutivas macroscopicas especializadas, denominadas corpos de frutificagao ou
basidiomas. Essas estruturas desempenham papel fundamental no ciclo de vida
desses organismos, uma vez que sao responsaveis pela producao e liberagdo dos

esporos, permitindo a reprodugéao e a dispersao das espécies (Rani et al., 2023).

1.1.1 Ciclo reprodutivo

A maioria dos fungos que apresentam estruturas reprodutivas macroscopicas,
visiveis sem o auxilio de instrumentos oOpticos, pertence aos filos Ascomycota e
Basidiomycota. Dentre esses grupos, os basidiomicetos se destacam por abrigarem
a maior parte das espécies de cogumelos comestiveis conhecidas e exploradas

comercialmente (Kirk et al., 2008; Boontawon et al., 2021).

Nos fungos pertencentes ao filo Basidiomycota, o micélio vegetativo coloniza
o substrato e, quando submetido a condigdes ambientais favoraveis, da origem as
estruturas reprodutivas conhecidas como basidiomas. Essas estruturas séao
responsaveis pela formagdo e liberagdo dos esporos, desempenhando papel
fundamental na perpetuacido e disseminacdo das espécies. A emissdo dos
basidiomas depende de diversos fatores, dentre os quais se destacam a composi¢ao
e a disponibilidade de nutrientes do substrato, bem como condi¢cdes adequadas de
temperatura, umidade e aeracgao, tanto em ambientes naturais quanto em sistemas
de cultivo controlados (Chang; Miles, 2004; Webster; Weber, 2007).

No cultivo de cogumelos comestiveis em condi¢des laboratoriais, a
propagacao vegetativa por fragmentagcdo do micélio constitui uma pratica
amplamente empregada, pois possibilita a manutengao das caracteristicas genéticas
e produtivas da cepa selecionada. Quando os fragmentos miceliais sdo inoculados
em substratos apropriados e submetidos a condi¢cdes adequadas de temperatura e
umidade, ocorre a colonizagao do material e, posteriormente, a formagao dos corpos

de frutificagcao, popularmente conhecidos como cogumelos (Noa; Ghinda, 2022).
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1.2 Shiitake — Lentinula edodes

O Lentinula edodes (Berk.) Pegler, popularmente conhecido como shiitake, é
uma das espécies de cogumelos comestiveis de maior importancia econémica e uma
das mais produzidas em escala mundial. Sua origem esta associada a paises do leste
asiatico, especialmente China, Japao e Coreia do Sul, regides nas quais seu cultivo
e consumo possuem longa tradicdo (Chen et al., 2016; Silva et al., 2005).
Morfologicamente, o shiitake caracteriza-se por apresentar basidiomas de coloragao
marrom a marrom-avermelhada, com pileo espesso e carnoso, inicialmente convexo
e posteriormente mais achatado, sustentado por um estipe de consisténcia fibrosa
(Sokovic et al., 2018).

A formacéao e o desenvolvimento dos corpos de frutificagcdo de L. edodes séo
fortemente influenciados pelas condigdes ambientais. A incidéncia luminosa exerce
papel importante na diferenciagdo morfolégica dos basidiomas, afetando a
pigmentacao do pileo, o crescimento do estipe e o fototropismo positivo observado
nessa espécie. Por outro lado, concentragdes elevadas de didxido de carbono
favorecem o alongamento do estipe, ao mesmo tempo em que podem inibir a
expansao do pileo e reduzir a produgcdo de esporos. A manutencado de elevada
umidade relativa do ar, em torno de 90 a 95%, favorece a maturacao dos basidiomas,
enquanto temperaturas mais amenas, inferiores as ideais para o crescimento micelial,
sdo mais adequadas para a indugao da frutificacdo. Adicionalmente, valores de pH
préximos a 4,0 e a disponibilidade de compostos de reserva, como glicogénio,
trealose e manitol, previamente acumulados pelo micélio, sao fatores essenciais para

o adequado desenvolvimento dos corpos de frutificagdo (Herman; Bleichrodt, 2022).

Durante o processo de desenvolvimento, os basidiomas passam por diferentes
estagios morfoldgicos. Na fase inicial, correspondente aos primérdios, as margens do
pileo permanecem curvadas em diregdo ao interior, recobrindo o véu parcial. A
formacado dessas estruturas ocorre a partir da diferenciacdo do micélio dicaridtico
quando submetido a condigdes ambientais favoraveis. A medida que o cogumelo
atinge a maturidade, ocorre o rompimento do véu, expondo as lamelas localizadas na
face inferior do pileo, estruturas nas quais sado produzidos os basidiésporos

responsaveis pela reproducao da espécie (Eira; Bueno, 2005).
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Além do interesse comercial decorrente de suas caracteristicas sensoriais, 0
shiitake apresenta elevado valor nutricional, sendo considerado uma importante fonte
de proteinas, aminoacidos essenciais, fibras alimentares e vitaminas. Adicionalmente,
a espécie possui diversos compostos bioativos, incluindo esterdis, lipidios e outras
moléculas com potencial medicinal, as quais sao atribuidas propriedades terapéuticas

de interesse para a saude humana (Sawan et al., 2021; Yu et al., 2022).

1.2.1 Aproveitamento de residuos

A producgao de cogumelos comestiveis esta associada ao aproveitamento de
residuos oriundos das atividades agricolas e agroindustriais, promovendo a
conversdo desses materiais lignoceluldsicos em alimentos de elevado valor
nutricional. Dessa forma, a fungicultura representa uma alternativa ambientalmente
sustentavel, uma vez que os fungos possuem elevada capacidade metabdlica para
degradar e transformar compostos organicos complexos por meio de processos
microbioldgicos. Entretanto, para que essa atividade apresente viabilidade técnica e
econdmica, € necessario o controle adequado de fatores quimicos, fisicos, ambientais
e tecnoldgicos, os quais influenciam diretamente a eficiéncia dos processos
produtivos (Zied et al., 2020).

Nesse contexto, a producédo de cogumelos encontra-se alinhada aos Objetivos
de Desenvolvimento Sustentavel (ODS) estabelecidos pela Organizagao das Nagbes
Unidas (ONU), iniciativa criada com o propésito de enfrentar desafios globais
relacionados a erradicagao da pobreza, reducido da fome, promogao da saude,

garantia do acesso a educagao e preservagao dos recursos ambientais (ONU, 2015).

Considerando tais aspectos, o cultivo de cogumelos comestiveis pode ser
compreendido como uma estratégia capaz de contribuir para o desenvolvimento
sustentavel e para a promogao da segurancga alimentar. A possibilidade de utilizagao
de substratos renovaveis e de baixo custo, aliada ao elevado valor nutricional desses
organismos, confere importancia crescente a atividade em ambito mundial. Espécies
como o shiitake (Lentinula edodes), o champignon-de-paris (Agaricus bisporus) € o

shimeji (Pleurotus ostreatus) destacam-se por apresentarem potencial para
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complementar a dieta humana e contribuir para a oferta de alimentos nutritivos e

produzidos de forma mais sustentavel (Chang; Miles, 2004).

1.2.2 Sistema de cultivo axénico

O cultivo de shiitake (Lentinula edodes) em blocos axénicos constitui
atualmente o sistema de producido mais difundido em escala mundial, uma vez que
proporciona maiores rendimentos e reduz o periodo necessario para obtencado dos
corpos de frutificacdo em comparagao ao cultivo tradicional realizado em toras de
madeira. Além disso, os blocos podem ser elaborados a partir de residuos
provenientes de diferentes atividades agroindustriais, favorecendo o aproveitamento

desses materiais (Cuquel, 2023).

Em razdo da utilizacdo de subprodutos agroindustriais, esse sistema é
considerado uma alternativa de baixo impacto ambiental. Adicionalmente, o cultivo
em blocos axénicos apresenta elevada eficiéncia bioldgica, maior produtividade e
menor duragao do ciclo produtivo quando comparado ao método convencional em
toras (Chen, 2005; Kobayashi et al., 2020).

A técnica baseia-se na inoculacido do micélio de L. edodes em substratos
formulados principalmente com serragem de madeira, correspondendo a
aproximadamente 80% da composic¢ao, acrescida de cerca de 20% de suplementos
ricos em amido, como farelo de trigo e farelo de arroz (Nabhan et al., 2025). Esses
componentes favorecem o adequado desenvolvimento do micélio e possibilitam
elevadas produgcdes mesmo em areas reduzidas (Pascholati; Marassatto; Stangarlin;
Brand, 2014). No preparo do substrato, também é realizada a corregao da acidez por
meio da adigcdo de carbonato de calcio, visando proporcionar condigdes mais

adequadas ao crescimento fungico (Zied et al., 2016).

ApoOs a mistura homogénea dos componentes, o substrato deve ser umedecido
até atingir aproximadamente 70% de umidade. Em seguida, procede-se a
esterilizagdo em autoclave, sob temperatura de 121 °C durante quatro horas (Sousa
et al., 2019). Concluido esse processo, o0 material deve permanecer em resfriamento

por cerca de 24 horas. Posteriormente, a inoculagdo € realizada em condi¢cbes
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assépticas, preferencialmente em camara de fluxo laminar, utilizando-se uma

quantidade de indculo correspondente a 2% do peso total do bloco (Calgaroto, 2019).

Para o acondicionamento do substrato, empregam-se sacos de polipropileno
de alta densidade providos de filtro para troca gasosa (Avila et al., 2023).
Anteriormente a producdo dos cogumelos, ocorrem as fases de corrida micelial e de
formagao da capa micelial. A corrida do micélio é conduzida em temperaturas entre
18 e 24 °C, com duragao variando de 28 a 35 dias. Na etapa seguinte, observa-se o
aparecimento de uma coloragao castanho-amarronzada nos blocos, juntamente com
pequenas protuberancias conhecidas popularmente como “pipocas”. Durante essa
fase, a temperatura ideal situa-se entre 20 e 22 °C, sendo que sua duragao pode

variar entre 50 e 70 dias (Vieira Junior, 2025).

Com o objetivo de melhorar a aeragao interna do substrato, recomenda-se a
realizacdo do desprendimento dos blocos, pratica que consiste em separar
cuidadosamente o substrato das paredes dos sacos de cultivo, sem que estes sejam
abertos (Avila et al., 2023). A frutificacdo ocorre, em média, apés aproximadamente
100 dias da inoculagao. Nessa etapa, os blocos sao transferidos para a camara de
producao, onde sao mantidos sob temperatura em torno de 19 °C e umidade relativa
préxima de 90 + 2%, condigbes favoraveis ao desenvolvimento dos basidiomas (Shen
et al., 2008).

1.3 Indugao de primérdios

A formacéao dos corpos de frutificacdo em basidiomicetos é influenciada por
diferentes fatores ambientais, que podem atuar de forma isolada ou em associacao.
Esses fatores podem ser classificados em fisicos e fisiologicos. Entre os fatores
fisicos, destacam-se a luminosidade, a temperatura e os danos mecanicos, enquanto
os fatores fisiologicos estdo relacionados a disponibilidade de nutrientes, a
composicdo gasosa do ambiente e a acdo de horménios. Apesar dos avangos no
entendimento da biologia dos fungos, os mecanismos pelos quais cada um desses
fatores atua na indugdo da frutificacdo em basidiomicetos ainda nido sao

completamente compreendidos (Sakamoto, 2018).
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Com a expansao do cultivo de Lentinula edodes, diversas empresas
especializadas na preparagao de substratos comerciais e na producao de blocos
contendo micélio fisiologicamente maduro passaram a fornecer esses materiais para
diferentes regides e paises, com o objetivo de viabilizar a formagao dos corpos de
frutificacdo. Para prolongar a vida util durante o transporte, esses blocos de substrato
sdo frequentemente armazenados sob baixas temperaturas ou submetidos ao
congelamento. Nessas condi¢cdes, a exposicdo ao frio associada as vibragcdes
decorrentes do transporte constitui um importante estimulo ambiental para a indugao
da frutificacdo em L. edodes (Song et al., 2025).

Os resultados obtidos por Song et al. (2021) contribuem para a compreensao
da influéncia dos fatores fisioldégicos e ambientais sobre a indugao da frutificagdo em
Lentinula edodes. De acordo com os autores, quando o periodo de incubacdo é
suficientemente prolongado, a formagao dos corpos de frutificagdo pode ocorrer
mesmo na auséncia de estimulos ambientais especificos. No entanto, a aplicagcao
desses estimulos favorece a antecipagao da frutificagdo e promove melhorias nas
caracteristicas agronémicas dos basidiomas, refletindo em maior numero e tamanho
dos corpos de frutificacdo (Song et al., 2021).

A exposicao a baixas temperaturas constitui um importante estimulo ambiental
para os fungos, uma vez que condigbes térmicas adversas podem comprometer a
sobrevivéncia do micélio vegetativo. Em resposta a esse estresse, a reprodugao
sexuada é desencadeada, favorecendo a formacéo dos corpos de frutificagdo e a
disseminagao da espécie (Sakamoto, 2018).

A reducgdo da temperatura € amplamente empregada como um estimulo para
a indugdo da formacdo dos corpos de frutificacdo em diversas espécies de
cogumelos. Esse mecanismo tem sido descrito para espécies de importancia
comercial, como Lentinula edodes (Nakazawa et al., 2008), Agaricus bisporus (Morin
et al.,, 2012) e Flammulina velutipes (Sakamoto et al., 2002), evidenciando a
relevancia das variagcdes térmicas no desencadeamento do processo de frutificagao
em basidiomicetos (Stamets, 2011).

A agua desempenha papel fundamental no desenvolvimento dos basidiomas,
contribuindo para a manutengao do turgor celular e favorecendo processos como o
alongamento do estipe e a expansao do pileo. Além disso, mais de 90% da
composicado dos corpos de frutificagdo € constituida por agua (Herman; Bleichrodt,

2022). Com base nesse principio, os produtores realizam o desbaste dos primérdios
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e ajustam fatores ambientais passiveis de controle, como luminosidade,
disponibilidade hidrica, temperatura e concentragcdo de diéxido de carbono, com o
objetivo de otimizar a utilizagdo dos carboidratos acumulados pelo micélio e obter
basidiomas com formato adequado e elevada produtividade (Song et al., 2025). Em
Lentinula edodes, a colheita € geralmente realizada quando as margens do pileo
ainda se encontram levemente curvadas para o interior ou quando este apresenta
aproximadamente 60 a 70% de expansao, estagio em que os cogumelos podem ser
comercializados tanto na forma fresca quanto desidratada (Chen, 2001).

Os mecanismos moleculares responsaveis pelo desenvolvimento do corpo de
frutificacao (basidioma) de Lentinula edodes tém sido muito pesquisados (Song et al.,
2025). No entanto, como ¢é dificil realizar manipulagdes genéticas diretas (in vivo)
nessa espeécie, testar hipoteses na pratica ainda € um desafio. Por isso, muitos
resultados permanecem no campo das previsdes, dependendo bastante da
comparacao de dados por meio de técnicas dmicas (Nagy et al., 2023). Além disso,
o uso de amostras diferentes e os variados objetivos de cada pesquisa fazem com
qgue os resultados encontrados na literatura variem bastante, um comportamento que
€ comum entre os fungos da classe Agaricomycetes (Song et al., 2025).

Para organizar essas informagdes, Nagy et al. (2023) apresentaram a
descricdo mais completa até agora sobre os processos moleculares envolvidos no
desenvolvimento do basidioma em Agaricomycetes. Os autores construiram esse
modelo reunindo dados de estudos anteriores e observando padrées no
funcionamento dos genes e suas respectivas fungbes. Em resumo, o
desenvolvimento do corpo de frutificagdo nesse grupo de fungos pode ser dividido em
trés fases principais: os eventos iniciais (que envolvem a formagao do primérdio e a
rapida multiplicagao das células), a fase de expansao celular e, por ultimo, os eventos
finais, que incluem os processos de maturagao sexual e a formacgao de esporos (Nagy
et al., 2023).
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2. OBJETIVOS

2.1 Objetivo Geral

Avaliar o impacto da quantidade de substrato (massa dos blocos) e de
diferentes métodos de indugdo de frutificagdo (submersdo e injecdo de agua) no
desempenho agronémico e na eficiéncia operacional do cultivo do cogumelo Lentinula

edodes.

2.2 Objetivos especificos
Analisar a formacéao de primérdios, a produtividade e a estabilidade produtiva
de L. edodes cultivado em blocos com diferentes capacidades (2 kg e 3,5 kg)

submetidos a diferentes técnicas de estresse hidrico;

Determinar qual método de choque hidrico (submerséao classica ou injegcéo de
agua) apresenta melhor resposta fisioldgica de acordo com o volume/formato do bloco

de substrato;
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1. Introduction
Lentinula edodes (Berk.) Pegler is a mushroom of Asian origin, with its center
of origin in countries such as China, Japan, and South Korea [1]. Commonly known
as black mushroom, oak mushroom, and in Brazil and worldwide as shiitake, it has
attracted the attention of researchers due to its nutritional, medicinal, and therapeutic

properties, as well as its excellent palatability [2,3].

Currently, shiitake is the most widely produced and consumed mushroom in the
world, accounting for 22% of global production [4]. In Brazil, shiitake ranks as the third
most cultivated mushroom, following white shimeji (Pleurotus ostreatus var. Florida)
and button mushroom (Agaricus bisporus), with an annual production of approximately
2,178,000 kg of fresh mushrooms, generating an economic turnover of approximately

90 million reais [5].

However, this scenario is expected to change, as the main bottleneck in shiitake
production is linked to the cultivation method, which requires complex physical
infrastructure. These structures are influenced by the size and shape of the substrate
blocks, as well as by the technique used to apply water for primordia induction and
harvesting. Considering these factors, mushroom growers must carefully design their
cultivation systems, taking into account the use of production chambers or
greenhouses (with fruiting temperatures between 18 and 20 °C), the number of
shelves (i.e., substrate density per square meter), and the proximity to immersion

tanks, which are essential for inducing water stress.

Currently, the cultivation block is rectangular cube (20 cm in length x 15 cm in
height x 10 cm in depth) and weighs approximately 2 kg [6]. This block design allows

for easy handling during both harvesting and the application of water stress (necessary
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for primordia induction), considering that a medium-sized mushroom grower typically

cultivates around 10,000 blocks per month.

However, in recent decades, shiitake growers have faced significant challenges
regarding the labor required for cultivation, as part of operations are performed
manually [7]. Therefore, the search for mechanized processes and practices that
reduce labor demand is essential, given that the cultivation cycle of L. edodes lasts
approximately 160 days. This cycle is divided into the vegetative phase (mycelium run
and brown cap formation), which lasts 80 days, and the reproductive phase (four

harvest cycles), which also lasts 80 days [8].

In Brazil, initiating harvest cycles of L. edodes requires, as a fundamental step,
the submersion of cultivation blocks in water for approximately 8 to 12 h [9]. This
process involves the manual transport of each block from the cultivation chamber to
immersion tanks, which are typically located 100 to 300 m away. In light of this context,
the present study proposes an alternative method for water-based primordia induction
that eliminates the need to relocate the blocks, using portable equipment capable of

injecting water directly into the substrate.

2. Materials and Methods
The experiment was conducted at the Centro de Estudo em Cogumelos,
Faculdade de Ciéncias Agrarias e Tecnoldgicas (FCAT), Universidade Estadual
Paulista (UNESP), Dracena campus, Brazil. The study was designed to evaluate the
effectiveness of an alternative injection method for inducing shiitake fruiting in

comparison to the conventional water submersion method.

2.1 Substrate Production

The substrate was prepared using a formulation commonly used for the
production of L. edodes: 72% eucalyptus sawdust, 12.5% wheat bran, 12.5% rice
bran, 1% calcium carbonate (CaCOs), and 2% calcium sulfate (CaSOs4). The chemical
analysis of the substrate is presented in Table 1, for which its determination was
carried out using the methods proposed by the Brazilian Ministry of Agriculture and

Livestock [10,11]. The raw materials were homogenized and mixed with water until
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reaching 60% moisture. The substrates were then packed in high-density polyethylene
(HDPE) autoclave-resistant plastic bags in two distinct formats (rectangular cube and

cylindrical).

The substrate was packed in two different container formats. The rectangular
format (20 cm length x 15 cm height x 10 cm depth), currently used in experiments
conducted in some countries, was filled with 2 kg of moist substrate, representing the
standard quantity adopted in experimental trials. The cylindrical format (25 cm
diameter x 50 cm length) was filled with 3.5 kg of moist substrate, new methodologies
that are arriving in Europe and America (substrate sold by China and South Korea).
The substrates were autoclaved at 121 °C for 4 h. After cooling, inoculation was
carried out with 2% spawn under aseptic conditions, followed by incubation at 25 + 2
°C and 80 = 15% relative humidity for 80 days, until complete mycelial colonization
and substrate browning. The chemical characteristics of the substrate are presented
in Table 1.

Table 1. Chemical analysis of the substrate for Lentinula edodes cultivation.

Variables analyzed Unit of measurement Results

N 0.703 £ 0.01
Ca 0.629 +0.01
Mg " 0.321 +£0.01
S 0+0.01
Na mg/kg 226.124 £ 3.85
C/N ratio 75 +1.37
Electrical conductivity mS/cm 1.768 £ 0.06
pH 5.89 +0.09

2.2.  Spawn Production

LED 19/11 strain was used, isolated from commercial shiitake cultivations
named FUNGIBRAS® (22°51'01" S, 48°29'26" W), in Botucatu, SP, Brazil. Inoculum
production followed the stages: production of subculture, parent spawn, as well as the

spawn, according to the methodology described by Moreaux [12]. The production of
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subculture was carried out in Petri dishes containing potato dextrose agar (PDA)
medium, while the parent spawn and spawn were grown in a sawdust substrate with

the same formulation used in the substrate production.

2.3.  Production and Harvesting

At the end of the 80-day substrate browning period by the fungus, the substrate
was removed from the plastic bags, washed with running water, and then transferred
to the cultivation chamber with temperature of 19 + 4 °C, relative humidity of 85 + 15%,
and a CO2 concentration of 850 £ 500 ppm. Harvesting was carried out manually, two
to four times a day, always before the full opening of the pileus, which is considered

the ideal harvest point.

At the end of each production cycle—characterized by a reduction in primordia
formation and, in this study, standardized as occurring after 20 days—the blocks were
subjected to primordia induction, using either the immersion technique or the injection
method. A total of four production flushes were carried out, resulting in a cultivation
period of 160 days, which included 80 days allocated to substrate colonization by the
fungus. At the end of each flush, the blocks were subjected to a water shock to induce
primordia formation. Subsequently, they were reconditioned, when necessary, in the
cultivation chambers, where environmental conditions—temperature, relative
humidity, and CO2 concentration—were kept constant and unaltered throughout the

period.

2.4.  Fruiting Induction
For primordia induction, at the end of each harvested flush, two methods were

employed: Submersion (traditional method) and injection (Figure 1).

e Submersion method: The substrate (rectangular cube and cylindrical blocks)
was transferred to tanks filled with water until they were completely submerged,
for 8 h. The tank has a volume measurement of 2.05 x 0.57 x 0.84 m. After this
period, the blocks were removed and relocated to the cultivation chamber,

maintaining the previous environmental conditions.
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Injection method: A device with a fine tip, approximately 2 cm in diameter, was
introduced into the center of the substrate (rectangular and cylindrical blocks)
to a depth of 19 cm. This water injection equipment was designed to facilitate
the process of water stress induction. During the procedure, water was injected
at a flow rate of 0.045 L per second. The injection rod remained inserted in the
block for a duration proportional to the block’s weight: 34 s for 2 kg blocks and
60 s for 3.5 kg blocks. To assemble the water injection system for the cultivation
blocks, the following materials and configurations were employed, as
exemplified in Figure 2:

The perforation rod was made of stainless steel with a diameter of 6 mm,
featuring a 3 cm pointed tip at its end. A depth limiter, also made of stainless
steel, was installed to regulate the insertion length of the rod into the cultivation
block. This limiter had a circular shape with a 3 cm diameter. A V2" threaded
fitting was adapted at the opposite end to connect the rod to the elbow joint.
The 90° elbow joint was made of galvanized steel with a 72" thickness. One end
received the perforation rod, and the other was fitted with a straight male
quickconnect fitting (6 mm x 2" threaded) to allow the attachment of the water
supply hose.

A 6 mm hose (3 m in length) was connected through a hose reducer fitting (6
mm to '2”), enabling the transition to a larger diameter hose.

The 2" hose (10 m in length) was connected to a water tap using a quick-
connect coupling system with a %" threaded fitting, which served as the water
source.

The average pressure exerted by the injection rod during the water application
process was 70 kPa.

The water used was untreated and sourced directly from an artesian well. It
was stored in a conical water tank with a total capacity of 10,000 L, with the
following specifications: column height of 6.0 m, cone height of 0.8 m, upper
section (“bowl”) height of 3.2 m, total height of 10.0 m, column diameter of 0.95

m, and bowl| diameter of 1.91 m.
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Figure 1. Equipment for water injections. The device has a total length of 29.2 cm and
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Figure 2. Total production (g) of Lentinula edodes across different production flushes,

with variations in block weight and primordia induction methods.
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2.5. Analyzed Variables and Experimental Design

The experiment was evaluated based on agronomic parameter, as yield (weight
of harvested mushrooms x 100/initial wet substrate weight), biological efficiency
(weight of harvested mushrooms x 100/initial weight of dry substrate, carried out by
dehydration in a forced air oven at a temperature of 105 °C for 24 h), number (counted
unit) and weight of mushrooms (fresh mushroom weight/number of mushrooms),
Weight gain by water, where for its determination the blocks were weighed before and
immediately after carrying out the method, be it submersion or injection, and the
calculation was carried out through: difference between mass after induction and the
initial mass x 100/initial mass (values expressed as a percentage). The experiment
followed a completely randomized design in a two-factor factorial scheme. The first
factor corresponded to different primordia induction methods (submersion and
injection), while the second consisted of different block formats: rectangular cube (2
kg) and cylindrical (3.5 kg). Each treatment had 20 replicates, totaling 80 experimental

units.

At the end of the study, data were subjected to statistical analysis and Tukey’s
mean comparison test at a 5% significance. The statistical analyses were performed
using R software 4.3.3 [13], while graphical representations were generated using
Flourish and Canva (Canva Pty Ltd., London, UK) [14].

3. Results
The primordia induction method showed differences in substrate block format/
weight. For blocks with an initial weight of 2 kg, the traditional submersion method
proved to be more effective in inducing L. edodes fruiting. However, in heavier blocks
(3.5 kg), the alternative injection technique demonstrated greater efficiency, leading to
higher yields (Table 2).

Cultivation blocks of 2 kg achieved a yield of 16.6% when subjected to the
submersion method. However, when using the injection method, there was a 33%

reduction in yield. In contrast, for blocks weighing 3.5 kg, primordia induction via water
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injection resulted in an approximate 13% increase in yield. The same occurs for

biological efficiency.

The highest number of mushrooms was observed in the treatments with the
greatest productive yields. However, for the 3.5 kg cultivation blocks, no statistically
significant differences were identified among the different induction methods.
Regarding mushroom weight, the highest average individual weights were recorded in
treatments using 3.5 kg cultivation blocks. Nevertheless, no statistically significant

differences were detected between the induction methods evaluated.

Table 2. Yield of Lentinula edodes according to different water induction methods for

fruiting and varying block weights.

Fruiting induction Block de 2kg Block of 3.5kg
Yield (%)

Submersion 16.62+0.67a A 11.30+£0.81b
Injection 11.08+0.70b B 13.01 £0.82a
CV, % 25.96

Biological efficiency, %
Submersion 41.55+1.67aA 28.25+2.03b
Injection 277+1.75bB 32.52+2.05a
CV, % 25.96

Number of mushroom (u)
Submersion 10.15+0.67a A 7.95+0.68b
Injection 6.90+0.68b B 9.20+0.87 a
CV, % 38.24

Mushroom weight (g)

Submersion 34.63+1.83b 5193 +£2.26a
Injection 3420+2.02b 54.66+3.92a
CV, % 26.95

Averages followed by * the standard error value. Lowercase letters compare results between columns
and uppercase letters compare results between rows. Different letters indicate statistical difference by
Tukey’s test at 5% significance; absence of letters indicates that the values were not significantly
different. At the end of the means obtained for the different primordia induction methods, the coefficient

of variation (CV) for the evaluated trait was presented in the central row of the table.
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Table 3 presents the water absorption data after applying the primordia
induction method before the second and third flush that was statistically significant
differences. In the second flush, the 2 kg blocks absorbed more water than the 3.5 kg
blocks when submerged in water. Between block sizes, the water injection

demonstrated a smaller weight gain, that is, the substrate retained less water.

Unlike the second flush, in the third flush the injection method influenced the
weight gain positively in the 2 kg blocks. In addition, for the third flush the weight gain

was significantly equal in the 2 kg block.

Regarding production behavior across different flushes, in blocks containing 2
kg of substrate, the submersion method resulted in a production peak in the first flush,
followed by a decline in the second, with subsequent recovery until the fourth flush,
where the second-highest production was recorded. When using the injection method,
the highest production also occurred in the first flush, and the third flush were the

second-highest production (Figure 2).

Table 3. Weight gain of Lentinula edodes blocks with different substrate amounts after

being subjected to two different fruiting induction methods.

Fruiting induction Block de 2kg Block of 3.5kg

Weight gain before 2nd flush, %
Submersion 33.11+2.20a A 21.12+1.85b A
Injection 18.77+2.11 B 13.02+2.10 B
CV, % 33.12

Weight gain before 3rd flush, %
Submersion 204+ 1.43 1852+ 1.54 A
Injection 21.64+092a 9.06+1.26bB
CV, % 33.61

Averages followed by * the standard error value. Lowercase letters compare means between columns
and uppercase letters compare means between rows. Different letters indicate statistical difference by
Tukey’s test at 5% significance; absence of letters indicates that the values were not significantly

different.
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For 3.5 kg blocks, the production pattern under the submersion treatment was
similar to that observed in 2 kg blocks. However, in the injection treatment, production

was more uniform across different harvest flushes.

The Generalized Linear Mixed Model (GLMM) analysis revealed differences in
L. edodes production among the evaluated treatments. The 2 kg blocks exhibited
greater data variability, evidenced by the number of outliers, indicating a less
homogeneous response to fruiting induction. In contrast, the 3.5 kg blocks showed
lower dispersion, suggesting a more stable and consistent process. Additionally, the
submersion method exhibited a tendency toward higher yields in the first flush, while
injection showed similar or superior performance in total production, especially in the
larger-mass blocks. These results indicate that increasing the substrate quantity

contributes to greater harvest stability across production cycles (Figure 3).
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Figure 3. Generalized Linear Mixed Model (GLMM) Analysis for the behavior of fresh
mushroom harvest data of Lentinula edodes produced in blocks with different

substrate quantities and different water stress methods for fruiting induction.

4. Discussion

The yields observed in this study were lower than those reported by other
authors [15-18], whose average yield varies around 30%, where higher values are
rare and can be presented in some treatments, reaching or approaching 40% in some
cases. In the present experiment, the highest yield obtained was 16.62% in the
standard treatment, which used rice and wheat bran as supplements and Eucalyptus
sawdust as the bulk substrate, with 2 kg blocks. These variations in productivity are
considered common depending on the production period of L. edodes and may be

related mainly to the season of the year, as well as its meteorological variations
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[19,20]. In previous experiments conducted under fully controlled conditions, only
minor variations in yield were observed using the same strain applied in the present
study [18,21,22]. Therefore, it is expected that under semicontrolled conditions—
which are more susceptible to environmental fluctuations—a reduction in yield may

occur.

During the experimental period, low winter temperatures and low relative
humidity likely compromised the productive potential of L. edodes [23], as well as the
constant fluctuations in temperature and environmental variables [24,25] due to the
transition from summer/autumn to winter. However, due to the uniformity of the
experimentation, ensured by the completely randomized design, the reliability of
comparisons between the two primordia induction techniques evaluated was not

compromised.

The number of mushrooms was directly related to the yields obtained, meaning
higher productivity (%) resulted in a greater mushroom number. Additionally,
cultivation in 3.5 kg blocks resulted in a higher mushroom mass, which may positively
impact quality. Larger mushrooms are preferred both in the market, due to their greater
commercial acceptability [26,27], and by growers, as harvesting fewer but larger

mushrooms reduces labor demand [28].

Regarding the use of injections as an alternative method for primordia induction,
it proved efficient when used in blocks with a larger substrate quantity (3.5 kg),
demonstrating a reduction in the operational labor of the cultivation process as well as
a more rational use of water in mushroom farming. It should be noted that when using
this method, it is important to be careful with blocks contaminated with Trichoderma

spp., due to the introduction of the same equipment (skewer) into different blocks.

During colonization and browning, an estimated weight loss of around 15%
occurs, varying according to the substrate used and whether it is carried out in a light-
exposed environment. In dark environments, this loss can be reduced to
approximately 16% [29]. During the cultivation process, shiitake blocks lose weight
primarily due to mushroom harvests and water evaporation. The primordia induction
process through water stress also serves to rehydrate the blocks, which is crucial for

mushroom development.



40

Before the first induction process, weight gain variation among the blocks did
not result in statistically significant differences between treatments, because all blocks
were washed in running water. However, before the second induction, the 3.5 kg
blocks showed a lower capacity for water absorption, even with a prolonged injection
time (60 s) compared to the 2 kg blocks (34 s). This phenomenon may be associated
with greater fungal biomass development within the blocks, as white-rot fungi can
hinder water penetration in lignocellulosic materials [30]. Given that the primary
composition of the substrate used in this study was eucalyptus sawdust, this factor
may have influenced the water absorption dynamics. This process occurs due to
capillary forces acting on the material, and over time, as cultivation progresses, water
diffusion into the wood fibers reduces, leading to a shorter water relaxation time in the
logs [31].

The difference in response between 3.5 kg and 2 kg blocks may be related to
the efficiency of water absorption during hydration treatments. In the injection method,
the direct introduction of water into the substrate interior promotes more uniform
hydration, particularly in larger blocks. Conversely, in the submersion method, the
exposure time may not have been sufficient for the water to reach the center of the
larger blocks, which could explain their lower performance compared to the smaller

blocks, which absorb water more rapidly due to their reduced volume.

The greater variability observed in the data from the 2 kg blocks compared to
the 3.5 kg blocks may be related to the fruiting induction method, as the data exhibited
distinct patterns between the two procedures. In the submerged induction method, the
blocks were removed from the cultivation environment and submerged in water under
uncontrolled conditions for approximately 8 h. In contrast, the injection method was
performed within the cultivation chamber, with minimal changes in temperature,
relative humidity, and gas concentration. Furthermore, smaller blocks tend to reach
water saturation more rapidly than larger ones, which may influence the physiological

response of the mycelium.

The goal of applying stress to shiitake blocks is to stimulate the development of
primordia, and this stress can be administered through various methods, including
mechanical and hydraulic techniques. In commercial cultivation environments, these

stimuli are carefully planned and monitored, with techniques including temperature
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reduction, increased humidity, ventilation, and lighting adjustments. These changes

alter the fungal metabolism and direct its energy toward mushroom formation [32].

Typically, primordia induction involves immersing blocks or logs in water, often
chilled, to increase stress on the mycelium, thereby promoting its development [33].
Mechanical shock, in turn, is applied by subjecting logs to strong impacts at one end
after immersion, which also stimulates mushroom production [30]. In general, most
shiitake strains respond better to induction when submerged in water, with immersion
times ranging from 8 to 72 h [34,35].

Labor shortages in mushroom production are a recurring concern, as reported
in both previous and recent studies [36,37]. This factor represents one of the main
costs in the production chain, and, together with current climate changes, has driven
the adoption and development of new technologies in mushroom farming. These
innovations aim not only to maintain good productivity levels but also to promote
greater environmental balance [18,38]. Therefore, simplifying or eliminating certain

processes can contribute to reducing production costs.

Another relevant issue concerns the rational use of freshwater, a resource that
is becoming increasingly scarce on a global scale. Mushroom production requires a
considerable amount of water throughout the entire production process. It is estimated
that obtaining 1 kg of mushrooms requires approximately 9 L of water, depending on
the species [39]. When considering the water demand for producing the raw materials
used in cultivation, this value can reach around 4072 L of water for obtaining 100 g of
protein or 282 L for generating 100 kcal, depending on the species [40]. Although
these values are lower than those recorded for other production chains, such as pork,
which requires approximately 12,696 L for the same amount of protein [41], optimizing

water consumption in mushroom farming remains a relevant concern.

For fruiting induction in approximately 120 shiitake blocks weighing 3.5 kg, the
traditional immersion method requires a total water volume of approximately 1000 L.
Moreover, the blocks absorb an average of 19.82% of their initial weight, as observed
in our study (Table 3). On the other hand, the injection induction method requires
approximately 324 L of water (considering 60 s per block at a flow rate of 0.045 L per
second) for the same number of blocks, representing a 67.6% reduction in water

consumption. These results suggest that the injection technique may be an efficient



42

alternative for reducing water waste, contributing to sustainability in shiitake
cultivation. However, further studies are necessary to evaluate the efficiency of this

method without compromising production yields.

From an economic perspective, the construction of a masonry tank for the
submersion of approximately 120 Lentinula edodes blocks requires an area of around
3.7 m3, with an average cost of USD 60.45 per m® (Value according to direct
conversion from Real (R$) to Dollar (USD) through quotation from the Central Bank of
Brazil) [42], totaling approximately USD 223.66. This estimate does not include
additional expenses related to waterproofing, plumbing systems, faucets, grates, and
other components necessary for complete block submersion, which may vary

significantly among producers.

In comparison, the assembly of a water injection system—comprising
approximately 100 m of hose and four simultaneous applicators—requires an
investment of about USD 189.87. This cost includes all connectors, hoses, and the
professional fabrication of the water injection needle. The system is capable of
inducing up to 1900 production blocks in a single 8 h workday, operated by just one

person and without the need to remove the blocks from the cultivation chamber.

Additionally, there is a notable reduction in water consumption. With the
average cost of 1 m® of water estimated at approximately USD 0.019 [43], this method
results in an estimated saving of USD 107.06 per production cycle, contributing to

greater process efficiency and sustainability.

5. Conclusions
The results demonstrate that the choice of primordia induction method should
consider the substrate block size. For 2 kg blocks, immersion was more efficient, while
for 3.5 kg blocks, water injection performed better and provided greater production
stability. Additionally, the injection method reduced handling and water consumption,
offering a viable alternative for large-scale cultivation. The water and operational
efficiency of this method may represent a significant advancement in mushroom

farming, especially in the face of resource and labor shortages.
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