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CAPITULO |

Figure 1. Experimental design: In A, is represented the screening performed to verify which
combination of microorganisms (upper panel) and which form of application (bottom panel) would
be most efficient to mitigate the damage triggered by drought. Microorganisms were applied in the
seeds, leaves, or both (bottom panel). The most efficient combinations are marked with a red
rectangle. In B are represented the treatments and forms of application selected to carry out the
hydraulic and physiological evaluations of the plants in water deficit, as well as the post-drought
FECOVENY €VAlUALION ... .ottt 8

Figure 2. Water relations: predawn water potential (Wpd - A), midday water potential (\Wmd - B), and
stem water potential (Wsem- C) in soybean plants fully irrigated (control — CT) or subjected to drought
(WD), alone or in combination with microorganisms. Two combinations of microorganisms were
applied: BV02+BV10 (Bacillus subtilis + Trichoderma asperellum via foliar application); and
BV03+BV10 (Bacillus amyloliquefaciens + Trichoderma asperellum via seed inoculation and foliar
application). Means followed by the same letter do not differ from each other by the SNK test
(P 0.0 ) ottt 16

Figure 3. Water loss and transport: transpiration rate (E - A), leaf residual transpiration rate (Qieat-
res - B), plant hydraulic conductivity (Kpiant - C), and leaf hydraulic conductivity (Kiear - D) in soybean
plants fully irrigated (control — CT) or subjected to drought (WD), alone or in combination with
microorganisms.. Two combinations of microorganisms were applied: BV02+BV10 (Bacillus subtilis
+ Trichoderma asperellum via foliar application); and BV03+BV10 (Bacillus amyloliquefaciens +
Trichoderma asperellum via seed inoculation and foliar application). Means followed by the same
letter do not differ from each other by the SNK test (P <0.05) ........cooviiiiiiiiiiiiiiiiie, 17

Figure 4. Percentage loss of conductivity (PLC) in in soybean plants fully irrigated (control — CT) or
subjected to drought (WD), alone or in combination with microorganisms. Two combinations of
microorganisms were applied: BV02+BV10 (Bacillus subtilis + Trichoderma asperellum via foliar
application); and BV03+BV10 (Bacillus amyloliquefaciens + Trichoderma asperellum via seed
inoculation and foliar application). Means followed by the same letter do not differ from each other
DY the SNK TESE (P <0.05) . uintitii it et et eeae e 18

Figure 5. Embolism tolerance: Embolism vulnerability curves (A), water potential at which 50%
(Pso - B) and 88% (Pgs - C) of the hydraulic conductivity is lost, hydraulic safety margin until reaching
Pso (HSMso - D) and Pss (HSMsg) (E), time to reach 50% of hydraulic failure (Tpso - F), and time to
reach lethal hydraulic failure (Trss - G) in soybean plants fully irrigated (control — CT) or subjected
to drought (WD), alone or in combination with microorganisms.. Two combinations of
microorganisms were applied: BV02+BV10 (Bacillus subtilis + Trichoderma asperellum via foliar
application); and BV03+BV10 (Bacillus amyloliquefaciens + Trichoderma asperellum via seed
inoculation and foliar application). Means followed by the same letter do not differ from each other
DY the SNK TESE (P <0.05) o uvini i e e e e e e 19
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Figure 6. Electrolyte leakage rate (ELR) in soybean plants fully irrigated (control — CT) or subjected
to drought (WD), alone or in combination with microorganisms. Two combinations of
microorganisms were applied: BV02+BV10 (Bacillus subtilis + Trichoderma asperellum via foliar
application); and BV03+BV10 (Bacillus amyloliquefaciens + Trichoderma asperellum via seed
inoculation and foliar application). Means followed by the same letter do not differ from each other
DY the SNK ESE (P <0.05) . uinininii ittt e e et e e e ae e 20

Figure 7. Leaf area (A), venation density (B) and root dry mass (C) in soybean plants fully irrigated
(control — CT) or subjected to drought (WD), alone or in combination with microorganisms. Two
combinations of microorganisms were applied: BV02+BV10 (Bacillus subtilis + Trichoderma
asperellum via foliar application); and BV03+BV10 (Bacillus amyloliquefaciens + Trichoderma
asperellum via seed inoculation and foliar application). Means followed by the same letter do not
differ from each other by the SNKtest (P <0.05) ..o 21

Figure 8. Post-drought recovery: recovery of hydraulic and photosynthetic parameters in soybean
plants. The variables (midday water potential (¥mq - A), plant hydraulic conductivity (Kpiant - B),
stomatal conductance (gs - C), transpiration rate (E - D), and net carbon assimilation rate (A - E)) were
evaluated after 10 days of drought (day 0) and daily for four days after rehydration. For each evaluated
day, means followed by an asterisk (*) differ from the control by the Student t-test (P <0.05) ...... 22
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Figura 1 — Rela¢6es hidricas: potencial hidrico da antemanha (Wam) (A), potencial hidrico do meio-
dia (Wmd) (B) e potencial de soluto (¥s) (C) condutividade hidraulica do caule (Ksem) (D), em plantas
de soja completamente irrigadas (controle — CT) ou submetidas a seca (DH), isoladamente ou em
combinagdo com biodefensivos. Foram aplicadas duas combinac6es de biodefensivos: BV02+BV10
(Bacillus subtilis + Trichoderma asperellum em folhas); e BV03+BV10 (Bacillus amyloliquefaciens
+ Trichoderma asperellum em sementes e folhas). Médias seguidas da mesma letra ndo diferem entre
si pelo teste SNK a 0,05% de probabilidade ...........ccccceoeiiiiiiiie i 44

Figura 2 — Impressdo epidérmica: Estomatos e células epidérmicas na face abaxial dos tratamentos,
CT (100% CC) (A); CT BV02+BV10 (100% CC + B. subtilis + T. asperellum em folhas) (B); CT
BV03+BV10 (100% CC + B. amyloliquefaciens + T. asperellum em sementes e folhas) (C); DH (30%
da CC) (D); DH BV02+BV10 (30% CC + B. subtilis + T. asperellum em folhas) (E) e DH
BV03+BV10 (30% CC + B. amyloliquefaciens + T. asperellum em sementes e folhas) (F) ........... 46

Tabela 1 — Caracterizacdo estomatica na face foliar adaxial e abaxial em plantas de Glycine max
completamente irrigadas (controle — CT) ou submetidas a seca (DH), isoladamente ou em combinacéo
com biodefensivos. Foram aplicadas duas combinac6es de biodefensivos: BV02+BV10 (Bacillus
subtilis + Trichoderma asperellum em folhas); e BV03+BV10 (Bacillus amyloliquefaciens +
Trichoderma asperellum em sementes e folhas). Médias seguidas da mesma letra ndo diferem entre
si pelo teste SNK a 0,05% de probabilidade. Abreviacdes: densidade estomatica (SD), tamanho do
estdbmato (S), tamanho do par de células-guarda (ag), condutividade estomatica maxima (Qwmax) €
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Figura 3 — Vasos dos xilemas foliares: densidade de venagdo (A), didmetro médio dos vasos
xilematicos (B), area do xilema (C) numero dos vasos Xilematicos (D), resisténcia ao colapso
induzido por estresse (t/b)® em Glycine max completamente irrigada (controle — CT) ou submetidas a
seca (DH), isoladamente ou em combinagdo com biodefensivos: BV02+BV10 (Bacillus subtilis +
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Trichoderma asperellum em folhas) e BV03+BV10 (Bacillus amyloliquefaciens + Trichoderma
asperellum em sementes e folhas). Médias seguidas da mesma letra ndo diferem entre si pelo teste
SNK a0,05% de probabilidade ...........coooiiiiieiiesieeee et 50

Figura 4 — Pigmentos cloroplastidicos: clorofila a (A), clorofila b (B), clorofilas totais (Chla+Chly)
(C), razéo entre a clorofilaa e b (Chl.+Chly) (D) e carotenoides (E), em plantas de soja completamente
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Figura 6 — Fluorescéncia de imagem da clorofila a: fluorescéncia minima (Fo), rendimento
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Figura 7 — Trocas gasosas: taxa de assimilacdo liquida de carbono (A) (A), condutancia estomatica
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Figura 9: Seccdo transversal da lamina foliar de G. max fixado em resina para deteccdo de
amido (reagente Lugol): EdAd- epiderme adaxial, PP- parénquima palicadico, PS-parénquima
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BV02+BV10 (Bacillus subtilis + Trichoderma asperellum em folhas) (B), CT BV03+BV10 (C)
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Figura 12 — Analises micromorfométricas do limbo foliar: epiderme adaxial (A) e abaxial (B),
espessura do limbo (C), mesofilo (D), parénquima palicadico (E) e parénquima esponjoso (F) em
Glycine max completamente irrigada (controle — CT) ou submetidas a seca (DH), isoladamente ou
em combinagdo com biodefensivos: BV02+BV10 (Bacillus subtilis + Trichoderma asperellum em
folhas) e BV03+BV10 (Bacillus amyloliquefaciens + Trichoderma asperellum em sementes e folhas).
Médias seguidas da mesma letra ndo diferem entre si pelo teste SNK a 0,05% de probabilidade ... 60
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seca (DH), isoladamente ou em combinacdo com biodefensivos. Foram aplicadas duas combinagdes
de biodefensivos: BV02+BV10 (Bacillus subtilis + Trichoderma asperellum em folhas); e
BV03+BV10 (Bacillus amyloliquefaciens + Trichoderma asperellum em sementes e folhas). Médias
seguidas da mesma letra ndo diferem entre si pelo teste SNK a 0,05% de probabilidade. Para a variavel
indice de tolerancia (IT) comparou-se DH com DH BV02+BV10; e DH com DH BV03+BV10
utilizando-se o teste t. Médias seguidas pelos (*) diferem do tratamento DH para o indice de tolerancia
LT or: R TP TP PPPTPRPUPRRPRI 61



LISTA DE SIMBOLOS, SIGLAS, ABREVIACOES E UNIDADES

A — Taxa fotossintética liquida

A/C; - Eficiéncia de carboxilagdo

AJ/E — Eficiéncia do uso da agua

ANOVA — Anélise de variancia

APX — Peroxidase do ascorbato

Bio-Imune® (Bacillus subtilis BV02)

CAT - Catalase

CC — Capacidade de campo

Chla+Chlb - Clorofila total

Chla/Chlb - Razéo da a clorofila a/b

Ci — Concentracéo interna de CO>

CO:. - Dioxido de carbono

CT — Controle

DIC — Delineamento inteiramente casualizado
DH — Déficit hidrico

E — Taxa transpiratéria foliar

ELR — Taxa de extravasamento de eletrélitos

fqc - Frac@o da epiderme alocada aos estdmatos

Fv/Fm — Rendimento quéntico potencial do fotossistema Il

Fo/Fm - Produgéo quantica basal dos processos ndao fotoquimico no fotossistema Il
Qleafres — Transpiracao residual

gs - condutancia estomatica

gwmax - Condutividade estoméatica méaxima

HPDC - Hidroperoxido Dieno Conjugado

H>0, — Peroxido de hidrogénio

IT — indice de tolerancia

Kieat - Condutividade hidraulica foliar



Kpiant - Condutividade hidraulica da planta

Kstem - Condutividade hidraulica caulinar

L - Comprimento da célula de guarda

MSH — Margem de Seguranca Hidraulica

MPCP - Microrganismos Promotores de Crescimento de Plantas
No-Nema® (Bacillus amyloliquefaciens BV03)

P - Area dos poros

PLC — Porcentagem de Perda de Condutividade

POX - Peroxidase

Pso - Potencial hidrico no qual as plantas perderam 50% da sua condutividade
Psg - Potencial hidrico no qual as plantas perderam 88% da sua condutividade
gn - Quenching ndo fotoquimico

gr — Extincéo fotoquimica

ROS — Espécies reativas de oxigénio

Rn — Respiracéo noturna

RWC — Teor relativo de agua

S - Tamanho dos estdmatos

SD - Densidade estomética

SNK — Student Newman Keuls

SOD - Superoxido Dismutase

TEE- Taxa de Extravasamento de Eletrolitos

TRA - Teor Relativo de Agua

Tricho-Turbo® (Trichoderma asperellum BV10)

Trso - tempo gasto para atingir 50% da falha hidraulica

Trss - Tempo para a falha hidraulica letal

W - Largura da célula-guarda

WD - Drought

agc - par de células-guarda

drsi - Eficiéncia fotoquimica do transporte de elétrons associado ao fotossistema Il

P — Potencial hidrico
W¥am - Potencial hidrico da antemanha

W¥mq - Potencial hidrico do meio-dia

xi



xii

RESUMO

SOUSA, L.F. A¢do da aplicacao de biodefensivos microbiolégicos nos aspectos hidraulicos,
fisioldgicos, bioquimicos e anatdmicos de soja exposta a seca. Outubro de 2023. Tese
apresentada ao Instituto Federal Goiano — Campus Rio Verde — GO, como parte das exigéncias
para obtencdo do titulo de doutora no Programa de P6s-Graduacdo em Ciéncias Agrarias

Um dos desafios do século XXI é fornecer comida suficiente para a crescente populagéo global
em um cenario de mudancas climaticas que restringe a producdo agricola, sendo essencial
buscar alternativas que aumentem a tolerancia das culturas ao déficit hidrico. Neste trabalho,
avaliou-se se a inoculacdo com diferentes microrganismos promotores de crescimento tem a
capacidade de intensificar as respostas da soja ao déficit hidrico. No capitulo 1 realizou-se um
screening para a definicdo das combinacgdes de microrganismos e forma de aplicacdo a serem
utilizadas. No screening as plantas de soja foram submetidas a dois regimes hidricos
diferenciais (irrigada ou em deficit hidrico); e sem o tratamento com microrganismos ou
expostas a oito combinacdes dos biodefensivos (Bio-Imune® (Bacillus subtilis BV02),
Biobaci® (B. subtilis BV09), No-Nema® (Bacillus amyloliquefaciens BV03) e Tricho-Turbo®
(Trichoderma. asperellum BV10)). Apés dez dias de exposicdo aos tratamentos, foram
avaliados o potencial hidrico, teor relativo de agua, trocas gasosas, extravasamento de
eletrolitos e clorofilas totais, sendo possivel escolher as duas combinacdes de biodefensivos
gue mantiveram as respostas mais similares ao controle. Plantas de soja foram novamente
cultivadas e, ao atingir o estddio R1, foram expostas a dois regimes hidricos diferenciais
(irrigacdo e seca), com ou sem a combinacdo com os biodefensivos selecionados no screening
(BV02 + BV10 aplicados em folhas e BV03 + BV10 aplicados em sementes e folhas). Apos
dez dias de exposicdo aos tratamentos observou-se que todas as plantas na seca apresentaram
plasticidade do aparato hidraulico, sendo capazes de aumentar a tolerancia ao embolismo. Em
adicdo, as plantas tratadas com os biodefensivos microbioldgicos mantiveram bom status
hidrico em seus tecidos, principalmente porque foram capazes de manter maior condutividade
hidraulica da planta, do caule e da folha. Fatores determinantes para a manutencdo da
capacidade de conduzir agua foram a maior densidade de venacdo e aumento da biomassa
radicular. Tais fatores, em conjunto, contribuiram para que as plantas tratadas com
microrganismos apresentassem recuperacdo mais rapida apos a seca. No capitulo 2 as plantas
de soja foram cultivadas até o estadio R1 e expostas a dois regimes hidricos (irrigacdo e seca),
de forma isolada ou em combina¢do com os biodefensivos (BV02 + BV10 e BV03 + BV10).
Foram avaliados o potencial hidrico, potencial de soluto, condutividade hidraulica do caule,
caracterizacdo estomatica e do xilema foliar, teor de pigmentos cloroplastidicos, fotossintese,
respiracdo noturna, caracteres micromorfométricos, danos celulares, metabolismo antioxidante
e produtividade. ApoOs dez dias de exposicdo aos tratamentos, observou-se que O 0S
microrganismos aumentaram a eficiéncia no uso da agua, diminuindo a transpiracdo e a
condutancia estomatica, a0 mesmo tempo que maximizaram a aquisicdo de carbono. O
fechamento estomatico, junto com a maior condutividade hidraulica do caule, contribuiu para
a manutencdo da hidratacdo dos tecidos. A hidratacdo dos tecidos e a acdo combinada das
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enzimas antioxidantes, por sua vez, foram essenciais para a reducdo dos danos celulares
causados pela seca. Todos esses fatores refletiram na produtividade, promovendo aumento
percentual no nimero de grdos e aumento no indice de tolerancia a seca. Os dados obtidos em
ambos os capitulos permitiram concluir que a combinagdo de biodefensivos a base de
microrganismos foi eficiente na atenuacdo dos efeitos negativos da seca nos aspectos
hidraulicos, fisioldgicos, anatdmicos, bioquimicos e produtivos, com resultados promissores do
ponto de vista social e agronémico.

Palavras-chave: Déficit hidrico; Glycine max; Microrganismos; Embolismo; Recuperacéo.
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ABSTRACT

SOUSA, L.F. Action of applying microorganisms-based products on the hydraulic,
physiological, biochemical and anatomical aspects of soybeans exposed to drought.
Outubro de 2023. Thesis presented to the Instituto Federal Goiano — Campus Rio Verde — GO,
as part of the requirements to obtain the title of doctor in Agricultural Sciences

One of the most important challenges of the 21st century is to provide sufficient food for the growing
global population in a scenario of climate change that restricts agricultural production, turning essential
to seek alternatives that increase crop tolerance to water deficit. In this study, it was evaluated whether
inoculation with different growth-promoting microorganisms has the capacity to intensify soybean
responses to water deficit. In chapter 1, screening was carried out to define the combinations of
microorganisms and form of application to be used. In screening, soybean plants were subjected to two
different water regimes (irrigated or drought); and without treatment with microorganisms or exposed
to eight combinations of microorganisms-based products Bio-Imune® (Bacillus subtilis BV02),
Biobaci® (B. subtilis BV09), No-Nema® (Bacillus amyloliquefaciens BV03) e Tricho-Turbo®
(Trichoderma. asperellum BV10)). After ten days of treatments, there were evaluated midday water
potential (¥Y'md), relative water content (RWC), gas exchange, electrolyte extravasation rate (ELR) and
total chlorophyll content (Chltotal). The data were used to choose two products combinations that
maintained the responses of water stressed plants like the control plants. Soybean plants were cultivated
again and, upon reaching the R1 stage, they were exposed to two differential water regimes (irrigation
and drought), alone or in combination with the products selected in the screening (BV02 + BV10 applied
to leaves and BV03 + BV10 applied to seeds and leaves). After ten days of treatments, it was discovered
that all plants in drought showed plasticity in the hydraulic system, being able to increase embolism
tolerance. Furthermore, plants treated with microorganism-based products maintained the water status
of their tissues like those of control plants, mainly because they were able to maintain greater hydraulic
conductivity. The determining factors for maintaining water conductivity capacity were the greater
venation density and the increase in root biomass. These factors, together, contributed to the plants
treated with microorganisms had a quicker recovery after drought. In chapter 2, soybean plants were
grown to the R1 stage and exposed to two water regimes (irrigation and drought), alone or in
combination with microorganisms-based products (BV02 + BV10 and BV03 + BV10). The water
potential, solute potential, hydraulic conductivity of the stem, stomatal and leaf xylem characterization,
chloroplast pigment content, photosynthesis, nocturnal respiration, micromorphometric characters,
cellular damage, antioxidant metabolism and productivity were evaluated. After ten days of treatments,
it was observed that microorganisms increased water use efficiency, reducing transpiration and stomatal
conductance while maximizing carbon acquisition. Stomatal closure, together with the greater hydraulic
conductivity of the stem, contributed to maintaining tissue hydration. Tissue hydration and the combined
action of antioxidant enzymes, in turn, were essential for reducing cellular damage caused by drought.
All these factors impacted productivity, promoting a percentage increase in the number of grains and an
increase in the drought tolerance index. The data obtained in both chapters allowed us to conclude that
the combination of microorganisms was efficient in mitigating the negative effects of drought on
hydraulic, physiological, anatomical, biochemical, and productive aspects, with promising results from
a social and agronomic point of view.

Keywords: Water deficit; Glycine max; Microorganisms; Embolism; Recovery.



INTRODUCAO GERAL

A agua é um recurso crucial para a vida na Terra, sendo insubstituivel em seu papel de
manter o funcionamento dos ecossistemas e da sociedade (D’odorico et al., 2020). A atividade
humana que consome a maior quantidade de agua € a agricultura, sendo que mais de 70% da
agua doce do mundo é utilizada nesse processo. Estima-se que, até 2050, a producdo de
alimentos tenha que aumentar em até 50% para alimentar o crescente contingente populacional,
0 que ira demandar o aumento de 10% na captacdo de recursos hidricos (FAO, 2017). Nas
ultimas décadas, a procura pelo incremento do desempenho da soja em condicgdes de restricdo
hidrica aumentou consideravelmente ao longo dos anos (Yaghoubian et al., 2022). Para atender
essa elevada demanda por alimentos é imprescindivel alternativas que consigam driblar a
pressdo que as mudancas climaticas imp&e sobre a producéo alimentar (Leng e Hall 2019).

Os efeitos hidroclimaticos negativos provocados pelo El Nifio de 2015-2016
promoveram desertificacdo de terras em diversas regides do globo pela ocorréncia da
combinacéo de altas temperaturas e secas intensas (van Schaik et al., 2018). O EI Nifio de 2023
2024 esta sendo uma preocupacdo atual na época de cultivo de importantes culturas anuais,
sendo prevista desde junho de 2023 na projecao probabilistica NOAA CPC ENSO (Mugiyo et
al., 2023). Em resposta aos fatores climaticos, as plantas desenvolvem séries de ajustes
estruturais e funcionais para tentar driblar a pressdo causada pelo estresse (Brodribb et al., 2014;
Trueba et al. 2017), bem como, fechamento estomatico para reduzir a transpiracdo excessiva,
0 que limita a difusdo de CO: difusdo para a fotossintese (Galmés et al., 2013 ; Xiong et
al., 2016), reducdo da transpiracdo residual, Qieatres (Machado et al., 2021) e a manutengdo da
condutividade hidraulica. A falha hidraulica nos vasos do xilema causa dessecac¢do dos tecidos
podendo culminar na morte vegetal. Neste contexto, avaliar a vulnerabilidade das plantas ao
embolismo torna-se necessario, principalmente em importantes culturas sensiveis a seca. O Pso
e 0 Pgg sd0 pardmetros mais utilizados para determinar a vulnerabilidade ao embolismo, onde
0 Pso consiste no valor do potencial hidrico no qual 50% da condutividade hidraulica foi
perdida, enquanto o Pgg consiste na falha hidraulica letal (Hammond et al., 2019; Hartmann et
al., 2018).
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A soja (Glycine max L. Merril) € atualmente a principal leguminosa cultivada no mundo
(Bandillo et al., 2017). No Brasil, a classificacdo da soja é regulamentada pela Normativa N°
11, de 15 de maio de 2007 e Instrucdo Normativa N° 37 de 27 de julho de 2007, do Ministério
da Agricultura, Pecuéria e Abastecimento, permitindo avaliar a qualidade da safra que atende
as exigéncias do mercado (BRASIL, 2007a; 2007b; CONAB, 2021). No entanto, o crescimento,
a produtividade e a qualidade dos gréos de soja sdo fortemente afetadas pelo déficit hidrico
(Wang et al., 2018; Zou et al., 2021). Foi documentado que na safra 2021/22 o déficit hidrico
impactou negativamente no cultivo da soja, com queda de aproximadamente 4,12% em relacao
a safra passada (Barcelos, 2022).

A rizosfera possui um sistema biolégico complexo e dindmico, abrigando inimeros
microrganismos que podem ser benéficos para as plantas (Nannipieri et al., 2017). Ja esta bem
documentado que plantas cultivadas com Microrganismos Promotores do Crescimento de
Plantas (MPCP) conseguem mitigar 0s impactos negativos causados pelo estresse hidrico
(Hosseinzadeh et al., 2019). As bactérias do género Baccilus e fungos do género Trichoderma
por exemplo, podem aumentar a produgéo de fitohorménios, como auxinas no tecido radicular
alterando a sua arquitetura e acido abscisico para a regulacdo da abertura e fechamento
estomatico (Ambreetha et al., 2018; Poveda, 2020), além do aumento do contetudo de osmolitos,
induzir a expressdo de genes para manter a integridade das membranas e regular o acimulo de
ROS (Jumali et al., 2011; Mastouri et al., 2012; Zhang et al., 2019; da Silva et al., 2023). Neste
contexto, ainda ndo esta claro a influéncia dos microrganismos sobre a vulnerabilidade de
plantas herbaceas, como a soja, ao embolismo, o entendimento da recuperacdo subsequente

apos o alivio do estresse hidrico e, 0 impacto que isso pode gerar na produtividade.
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CAPITULO |

Xylem plasticity and maintenance of hydraulic functionality: An analysis of the impact
of drought and microbial inoculation on soybean plants

ABSTRACT

The objective of this work was to evaluate the use of microorganisms in the attenuation
of physiological and hydraulic damage caused by drought in soybean. Soybean plants,
inoculated or not with microorganisms (Bacillus subtilis, Bacillus amyloliquefaciens, and
Trichoderma asperellum), were exposed to drought for 10 days. Then, the plants were re-
watered and monitored until the complete recovery of the physiological processes. It was
observed that soybean plants have high plasticity of the xylem wvulnerability to embolism
(measured as Pso values). The adjustment in Pso may allow soybean plants to balance growth
and hydraulic safety during favorable and unfavorable conditions and allowed plants to operate
with a higher hydraulic safety margin. This plasticity occurred in plants inoculated and not
inoculated, but in plants treated with microorganisms, other aspects of water balance were
affected. Indeed, although total and residual transpiration were similar in all plants subjected to
stress, inoculated plants were able to maintain higher water transport in the stem and leaf and,
consequently, showed greater foliar hydration and delayed lethal hydraulic failure. By
maintaining hydraulic functionality, microorganisms not only decreased cellular damage
induced by drought but also ensured faster recovery when water was available again in the soil,
which is especially important for plants with short life cycles. Stomatal conductance remained
low in non-inoculated plants even after complete recovery of water potential, showing that non-
hydraulic factors were also part of stomatal control mechanisms. In addition, cellular damage
also influenced the slower recovery of photosynthesis. This study contributes, therefore, to the
understanding of water balance mechanisms in soybean grown under water restriction,
providing information about xylem plasticity and the ability of microorganisms to interact with
plants and alter hydraulic responses to stress.

Keywords: Water deficit, drought recovery, embolism, Bacillus subtilis, Bacillus
amyloliquefaciens, Trichoderma asperellum.

1. Introduction

Climate change has altered natural and agricultural ecosystems, compromising crop
survival and productivity due to the intensification of drought events (Malhi et al., 2021;
Liagat et al., 2022). One of the first responses of plants to water deficit consists of decreasing

transpiratory rates through stomatal closure (Sousa et al.,, 2020), which reduces
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photosynthetic activity consequently leading to negative carbon balance (Leng and Hall,
2019). This limitation to CO> diffusion is directly influenced by the plant's ability to transport
water from roots to transpiring tissues (Carminati and Javaux, 2020; Lei et al., 2023). Hence,
leaf hydraulic conductivity is fundamental for the maintenance of photosynthesis by
providing an adequate supply of water capable of maintaining stomatal opening (Sack and
Scoffoni, 2013). At the same time, the stomata closure helps to delay the occurrence of
embolism in the xylem vessels (Martin-StPaul et al., 2017; Klein et al., 2018). Thus, as the
soil dries out, stomata control leaf water loss to prevent the tension in the xylem vessels from
increasing beyond the tolerance range of the hydraulic system (Choat et al. 2012; Islam et
al., 2019). If this range is exceeded, the water column breaks due to the nucleation of air
bubbles (Trueba et al., 2017; Islam et al., 2019), which may induce hydraulic failure, tissue
desiccation, and ultimately plant death (Choat et al. 2012; Grossiord et al., 2017).

Despite being one of the main damages caused by drought, embolism is still little studied
in crops. Pso and Pgg are common parameters used to determine vulnerability to embolism and
lethal hydraulic failure in plants, respectively. They consist of the value of the water potential
at which 50% and 88% of the hydraulic conductivity is lost (Hartmann et al., 2018; Hammond
et al., 2019). Although Pso and Psg values are relevant to characterize the vulnerability of
different species to embolism (Urli, et al., 2013; Brodribb et al., 2020), these parameters should
not be evaluated in isolation to characterize the damage triggered by hydraulic failure. This is
because the plant water balance, determined also by water uptake and loss, can accelerate or
delay the hydraulic impairment of the xylem (McDowell et al., 2022). Thus, in addition to
stomatal functioning and xylem vulnerability to drought, other aspects such as residual
transpiration (Qieat-res), Water uptake by the root system, and venation density can influence plant
performance under stressful conditions (Li et al., 2016). For example, fast-growing plants
generally have high photosynthetic rates and high Qieafres, Which may increase xylem
susceptibility to hydraulic failure even without changes in Pso (Blackman et al., 20169;
Machado et al., 2021).

Soybean (Glycine max L. Merril) is the main legume grown worldwide (Bandillo et al.,
2017), but the climate instability with frequent short summer droughts may further aggravate
the current economic losses and compromise the planting of this important crop (IPCC, 2014;
Leng and Hall, 2019). An ecological and sustainable approach with the potential to generate
crop improvement under abiotic stress is the use of microorganisms present in the soil and living
in symbiosis with plants (Sathya et al., 2017; Sheirdil et al., 2019). The rhizosphere harbors a

wide range of microorganisms that interact with roots through signaling pathways and exert a
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beneficial effect on plant growth and productivity (Ahmad et al., 2013; Meena et al., 2017).
Plant growth-promoting microorganisms (PGPMs) comprise a group of bacteria and fungi that
play a significant role in mitigating the damage triggered by water deficit stress, enhancing crop
growth and yield (Sheirdil et al., 2019; Camargo et al., 2019). Microorganisms can improve
plant drought tolerance through the production of antioxidant compounds, phytohormones,
osmotic solutes, siderophores, alterations in leaf and root morphology, and even by regulating
stress-responsive genes (Timmusk et al., 2014; Ngumbi and Kloepper, 2016; Barnawal et al.,
2017; Meena et al., 2020; Ali and Khan, 2021). Many PGPMs also induce the production of
hormones that influence xylem formation and development in plants, having the potential to
affect plant vulnerability to embolism and consequently alter plant water balance. However,
this hypothesis remains to be tested.

Among several microorganisms characterized as capable of enhancing plant growth,
bacteria of the genus Bacillus and fungi of the genus Trichoderma stand out. They can fix and
solubilize essential nutrients and provide metabolites involved in the tolerance mechanisms to
abiotic stresses (Su et al., 2017, Camargo et al., 2019). Previous work has already demonstrated
that inoculation of PGPMs in soybean promotes plant defense responses related to drought
exposure (Moretti et al., 2021; Sheteiwy et al., 2021; Hoang et al., 2022; da Silva et al., 2023).
Despite these promising results, studies evaluating the possible beneficial effects of the
interaction between different microorganisms are still needed to develop an efficient
methodology for field application. Although PGPMs are commonly employed in isolation, the
combination of microorganisms has a higher potential to induce responses in crops compared
to single inoculation (Orozco-Mosqueda et al., 2021). Considering the central role of hydraulic
functioning in plant response to drought, it remains to be investigated whether the beneficial
effects triggered by microorganisms in drought-exposed plants correlate with the maintenance
of water transport. Here, we evaluated the potential of PGPMs to mitigate drought-induced
damage in soybean, focusing on aspects of water transport and xylem vulnerability to
embolism. The study aimed to answer the following questions: i) How does drought impact
soybean hydraulic responses? ii) Can different combinations of PGPMs and modes of
application have different effects on plants exposed to water deficit? And iii) Does the addition
of PGPMs have any impact on the hydraulic responses of soybean plants grown under water
restriction? We tested the hypothesis that PGPMs can impact the vulnerability of the xylem to
embolism, as well as alter characters involved in water conservation, assisting in the

maintenance of hydration of plant tissues.



2. Material and methods
2.1. Growth conditions

The authors divided the work into two complementary experiments, due to the large
number of treatments and analyses performed. The first experiment (item 2.2) was a screening
of 14 different treatments, with different combinations of microorganisms and application
forms. Regarding microorganisms, inoculations with a single microorganism or combinations
of microorganisms were evaluated. Concerning the form of application, most works perform
inoculation in the seeds before planting. However, since microorganisms are also susceptible
to water deficit in the soil, seed inoculation may not be the best strategy, which is why the
impact of foliar spraying was also evaluated. This screening served as the basis for the second
experiment (item 2.3). In the second experiment, only the treatments that were most efficient
in mitigating the damage caused by drought were used and an in-depth evaluation was carried
out to understand the form of action of the microorganisms.

The two experiments were carried out in the greenhouse of the Ecophysiology and Plant
Productivity Laboratory at the Goiano Federal Instituto, Campus Rio Verde, Goias, Brazil
(17°48'18.33"S, 50°54'0.04"W, 748 m altitude). Soybean seeds (cultivar Neo680, exhibits
precocious flowering and early maturity) supplied by the Associated Research Group of
Southwest Goias (GAPES, Brazilian acronym) were sown in 9 L PVVC pots containing fertilized
soil, sand, and organic matter (2:1:1 v/v/v). Before fertilization, the soil was autoclaved to
eliminate any microorganisms and ensure that the observed responses were triggered by the
inoculated microorganisms. Plants were irrigated at field capacity (FC) until the beginning of

the treatments.
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Fig. 1. Experimental design: In A, is represented the screening performed to verify which
combination of microorganisms (upper panel) and which form of application (bottom panel)
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would be most efficient to mitigate the damage triggered by drought. Microorganisms were
applied in the seeds, leaves, or both (bottom panel). The most efficient combinations are marked
with a red rectangle. In B are represented the treatments and forms of application selected to
carry out the hydraulic and physiological evaluations of the plants in water deficit, as well as
the post-drought recovery evaluation.

2.2. Screening of microorganisms and forms of application

To characterize the best mode of application and evaluate the beneficial potential of the
combination of microorganisms, the soybean plants were irrigated at FC until reaching the V2
vegetative stage. Plants were then subjected to 14 treatments (n = 5) via seed inoculation or
foliar application, using the standard doses indicated by the company Vittia S.A. Seed
inoculation (6 mL kg? of seeds as recommended by the Brazilian Agricultural Research
Corporation - EMBRAPA) was performed before sowing. The foliar application was carried
out only on the 1% day of drought, using a CO,-pressurized backpack sprayer, with a flow rate
of 150 L ha. Plants exposed only to drought, without the inoculation of microorganisms, were
sprayed with irrigation water to maintain the same degree of hydration of tissues that received

the foliar application of microorganisms. Plants were subjected to the following treatments:
T1 - Control

T2 — Water deficit (WD)

T3 -~ WD + BVO03 (seed inoculation)

T4 -WD + BVO03 (seed inoculation) + BV03 (foliar application)

T5 - WD + BVO03 (seed inoculation) + BV10 (seed inoculation)

T6 - WD + BVO03 (seed inoculation and foliar application) + BV10 (seed inoculation and

foliar application)

T7 — WD + BVO09 (foliar application)

T8 - WD + BVO09 (foliar application) + BV10 (foliar application)

T9 - WD + BVO09 (foliar application) + BV10 (seed inoculation)

T10 - WD + BV09 (foliar application) + BV10 (seed inoculation and foliar application)
T11 - WD + BV02 (foliar application)

T12 -WD + BV02 (foliar application) + BV10 (foliar application)

T13 — WD + BV02 (foliar application) + BV10 (seed inoculation)

T14 - WD + BVO02 (foliar application) + BV10 (seed inoculation and foliar application)
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in which Bio-Imune® [MAPA (Brazilian acronym for the Brazilian Ministry of Agriculture,
Livestock and Food Supply) registration number: 43418 - Bacillus subtilis], No-Nema®
(MAPA registration number: 34518 - Bacillus amyloliquefaciens), Biobaci® (MAPA
registration number: 36118 — Bacillus subtilis), and Tricho-Turbo® (MAPA registration
number: 34018 - Trichoderma asperellum) are referred to as BV02, BV03, BV09, and BV10,
respectively. All biostimulants were provided by Vittia S.A. and plants were subjected to the
treatments for 10 days. The selection of microorganisms, as well as the combinations tested in
the screening, were selected based on previous analyses carried out by the researchers involved

in the work.

2.2.1 Leaf water potential (¥w) and relative water content (RWC)

Midday leaf water potential (Wmd) was determined on individual leaves of each
treatment at the end of the dry period using a Scholander-type pressure bomb. Leaf relative
water content (RWC) was determined following the methodology proposed by Barrs and
Wheaterley (1962).

2.2.2 Leaf gas exchanges measurements

The net carbon assimilation rate (A), stomatal conductance (gs), and transpiration rate
(E) were determined in an open system under saturating light (1000 umol of photons m? s?),
with an infrared gas analyzer (IRGA, model LI1-6400XTR Nebraska, USA).

2.2.3. Cell membrane integrity

The electrolyte leakage rate (ELR) in each treatment was determined according to Lutts
et al. (1996), using a conductivity meter (Instrutherm Model CD-850). Five leaf discs (5 mm
diameter) were immersed in 30 mL of deionized water and kept at room temperature for 24 h.
The initial conductivity (Ci, uS cm™) was evaluated with a conductivity meter (Instrutherm
Model CD-850). The samples were then transferred to an oven at 90 °C for 1 h to induce
maximum (total) leakage (Ct, uS cm?). The ELR in each treatment was then calculated
according to the following formula (Lutts et al., 1996):

ELR (%) = (Ci/Cr) * 100
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2.2.4. Chlorophyll index

The leaf chlorophyll index was determined with a portable chlorophyll meter
(ChlorofiLOG1030®, Falker®, Porto Alegre, Brazil) to obtain the total chlorophyll content,
expressed as the chlorophyll index.

2.3. Physiological evaluation, hydraulics, and post-drought recovery: Impact of
inoculation on soybean plants exposed to drought

After the screening, soybean plants were grown again following the same pattern
described in item 2.1 until reaching the reproductive stage R1. Plants were then subjected to the
following treatments: (i) Control (CT - plants under full irrigation); (ii) CT BV02+BV10 (plants
irrigated and treated with BV02 and BV 10 via foliar application); (iii) CT BV03+BV10 (plants
irrigated and treated with BV03 and BV10 via seed inoculation and foliar application); (iv)
Water deficit (WD, suspension of irrigation until the amount of water in the soil reached 30%
of the control levels); (v) WD BV02+BV10 (plants subjected to WD and treated with BV02
and BV 10 via foliar application); and iv) WD BV03+BV10 (plants subjected to WD and treated
with BV03 and BV10 via seed inoculation and foliar application).

The combinations of microorganisms were based on the results of the screening and the
application of treatments was performed as described in item 2.2. Plants were exposed to the

treatments for 10 days before further analyses using leaves that expanded along the treatments.

2.3.1. Water relations and cell damage
2.3.1.1. Leaf water potential (%)

The leaf water potential was determined in individual leaves of each treatment at the
end of the dry period using a Scholander-type pressure bomb in the early morning (04:30 h -
05:30, Wpd) and at midday (Wmd). The stem water potential (Wsem) Was measured at noon on a
non-transpiring leaf covered with a ziploc plastic bag and aluminum foil for at least 1 h before

the measurement (Begg and Turner, 1970; Choné et al., 2001).

2.3.1.2. Transpiration rates

Daily transpiration (Eq) was determined using a gravimetric method by the weight
difference of the pots in the morning (05:00) and at noon (Lima et al., 2006; Silva et al., 2013).
The value was divided by the total leaf area of each plant, the molecular weight of water, and

the time interval between pot weighings.
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2.3.1.3. Residual transpiration (gieat-res)

For determining Qieat-res, leaves collected from each treatment were kept in the dark for
2 h to guarantee total stomatal closure. Subsequently, the leaves were weighed every 20 min on
an analytical balance to measure water loss until reaching giear-res. The temperature was recorded
during the weighing, and the data were tabulated until the linearity of all the measurements was
achieved. Weighings were stopped after obtaining at least three linear points (Brodribb et al.,
2014). The values obtained for gieat.res Were normalized by the total leaf area of the plant.

2.3.1.4. Plant hydraulic conductivity (Kpiant)

Plant hydraulic conductivity (Kpiant) was determined according to Stiller et al. (2003),
using Eq (described in section 2.3.1.2.) and the gradient between soil hydraulic (Wsoil - 04:30 -
05:30 am) and leaf hydraulic potential (Pieat — 12:00 pm):

Kplant = Ed/ (Psoil — Plear)

2.3.1.5. Leaf hydraulic conductance (Kiear)

Leaf hydraulic conductance (Kiear) Was estimated by the evaporative flux method, using
transpiration (E), Wstem, and Wiear. This technique required sampling of two adjacent leaves, one
of which was used to measure Wsem Whereas the adjacent leaf was sampled for E and Wiear. The
transpiration was measured with a gas analyzer (IRGA, model LI1-6400XTR Nebraska, USA)
at midday. After obtaining E, the leaf was collected for determination of Wiear. Leaves used as
an assay for Wsem Were covered in plastic film and aluminum foil before the measurement period
to ensure equilibration between the covered Wiear and Wstem (Simonin et al., 2015). Kiear Was
obtained according to Ohm's Law:

Kieat = E/ (Wstem — Pleaf)

2.3.1.6. Cell membrane damage
Cell membrane damage was characterized by the ELR, following the same methodology

described in section 2.2.3.

2.3.2. Embolism tolerance
2.3.2.1. Sapwood-specific hydraulic conductivity and percentage loss of conductivity (PLC)

Sapwood-specific hydraulic conductivity (Ksem) was determined in the main stem of
soybean following the protocol proposed by Markesteijn et al. (2011). The pots were transported

to the laboratory, where the soybean stem was separated from the root and shoot apex under
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distilled water. While submerged, the end of the stem was connected to a tubing system attached
to a pressurized reservoir (150 kPa) filled with a flow solution of 10 mmol KCI dissolved in
degassed and filtered (0.2 pum) distilled water. An elevated water reservoir supplied the same
flow solution to the stems, with the height quantified for each conductivity measurement to
allow the determination of pressure (approximately 5 kPa). The mass of the solution flowing
per unit time through the segments was constantly monitored to determine the Ksem. After
obtaining Ksem, the cavitated vessels were recovered by infiltrating the perfusion solution (20
mM KCI and 1 mM CacCl,) using a vacuum pump. Afterward, sapwood-specific hydraulic
conductivity was measured again to obtain the maximum hydraulic conductivity (Kmax). The
PCL was calculated according to the formula:
PCL =100 x [1- (Kstem/Kmax)]

2.3.2.2. Embolism vulnerability and hydraulic safety margin

To determine embolism vulnerability, soybean plants of each treatment were removed
from the soil, had their roots washed, and were kept hydrated in water for the whole night.
After that, plants were placed on a bench to simulate gradual desiccation caused by water
scarcity events. One leaf of each plant was continuously monitored to verify the occurrence of
embolism with the optical light transmission method (Brodribb et al., 2016), which monitors
changes in light transmission through the xylem vessels. Photos were taken every 4 min for 4
days allowing the visualization of embolism in the xylem vessels in real time. The images
obtained were processed and analyzed with ImageJ software and OSOV package and used for
determining Pso and Pgg (Brodribb et al., 2017). During the dry-down period, the water potential
measurements were taken every 1-3 h using a Scholander pressure chamber. Vulnerability
curves were generated using the Weibull function of the fitPLC package in R v.4.0.2 (R Core
Team 2018). The xylem vulnerability to embolism was assessed and associated with water
potential values to obtain the water potential value at which 50% (Pso) or 88% (Pss) of xylem
vessels were cavitated. Tpso was defined as the time between the onset of monitoring the

vulnerability curve to embolism and the point at which 50% of the vessels were embolized.

The hydraulic safety margin was calculated based on the difference between W min
(lowest water potential during the imposition of drought) and Pso and Wmin and Pss, according
to the formula:

HSMso = Wmin - Pso;and HSMgg = Wmin - Pss
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2.3.3. Leaf area
Leaf area (cm?) was measured non-destructively by taking pictures of all the leaves per

plant in each treatment. The images were analyzed using ImageJ software.

2.3.4. Root dry weight

Plant roots were removed from the pots and washed in water before drying in a forced
circulation oven at 70°C. The root dry weight was obtained using an analytical balance (Silva
et al., 2013).

2.3.5. Post-drought recovery

To evaluate post-drought recovery, plants were well irrigated (at 100 % FC) after 10
days of drought. The Wmd, Kpiant, gs, E, and A were evaluated daily (following the methodologies

described in the previous sections) until all variables were similar to the control.

2.3.6. Statistical analyses

The experiment was conducted in a randomized block design (n = 5). Data normality
was checked using the Shapiro-Wilk test, and differences among treatments were tested via
ANOVA followed by post hoc SNK test (P < 0.05). For post-drought recovery data, each

variable was compared with the control using Student t-test (P <0.05).

3. Results
3.1. Screening

The imposition of drought for 10 days affected the water relations and physiology of the
soybean plants (Table 1). Treatments with microorganisms were effective in mitigating the
damage caused by drought, but treatments T6 and T12 stood out. All treatments with
microorganisms decreased membrane damage when compared with the WD treatment.
Treatments T6, T11, and T12 were the only ones in which the ¥mq remained higher than in
plants submitted only to drought. In T6, T7, T8, T12 and T14 treatments, an increase in A was
observed, without increments in gs or E, which is very promising for cultures. Finally, the
chlorophyll index at T4, T6, and T12 was higher than in plants subjected only to water deficit.
Thus, as they are the only treatments that improved all parameters evaluated during screening,
T6 (WD + BVO03 (seed inoculation and foliar application) + BV10 (seed inoculation and foliar
application)) and T12 (WD + BVO02 (foliar application) + BV10 (foliar application)) were

selected for deeper characterization and the results are described in topic 3.2.
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Table 1. Leaf water potential at midday (Wmd), relative water content (RWC), net carbon
assimilation rate (A), stomatal conductance (gs), transpiration rate (E), and total chlorophyll
contents (Chlotal) in soybean plants under full irrigation or subjected to drought and treated or
not with different combinations of microorganisms. The plants were subjected to the following
treatments: T1 — Control; T2 — water deficit (WD); T3 — WD + BVO03 (seed inoculation); T4 —
WD + BVO03 (seed inoculation) + BV03 (foliar application); T5 - WD + BV03 (seed
inoculation) + BV10 (seed inoculation); T6 - WD + BV03 (seed inoculation and foliar
application) + BV10 (seed inoculation and foliar application); T7 — WD + BV09 (foliar
application); T8 - WD + BV09 (foliar application) + BV10 (foliar application); T9 - WD +
BVO09 (foliar application) + BV10 (seed inoculation); T10 - WD + BV09 (foliar application) +
BV10 (seed inoculation and foliar application); T11 — WD + BV02 (foliar application); T12 —
WD + BVO02 (foliar application) + BV10 (foliar application) ; T13 — WD + BV02 (foliar
application) + BV10 (seed inoculation); T14 - WD + BV02 (foliar application) + BV10 (seed
inoculation and foliar application).

Wmd RwWC A Os E ELR Chlota
Treatment
(MPa) (%) (umol CO; m?2s1)  (mol H,O m2s?)  (mol H;O m2s%?) (%) FCI

T1 -0.23a 80.88+0.70a 23.39+1.17a 1.13+0.01a 0.012+0.00 a 15.29+0.15¢ 39.42+0.48ab
T2 -0.86¢c 64.89+3.31b 11.49+0.93¢e 0.09+0.26 b 0.002 £0.00c 26.30+£041a 33.67+0.23c
T3 -0.87¢c 62.81+250b 15.67 £ 3.13 bcde 0.21+0.01b 0.004 + 0.00 bc 20.02+0.16 b 36.02+0.48 bc
T4 -0.75bc 72.79+3.18ab 16.82 + 0.93 bcde 0.35+0.08 b 0.006 + 0.00 bc 22.35+0.16 b 38.40+0.16ab
T5 -0.63bc 71.37+3.18ab 15.69 +0.93 bcde 0.23+0.08 b 0.004 + 0.00 bc 20.88+0.31b 36.90 +0.66 abc
T6 -058b 72.65%+2.14ab 18.50+0.91 abcd 0.23+0.08 b 0.004 + 0.00 bc 18.74+0.18 b 40.60+0.88a
T7 -0.63bc 71.89+3.06ab 20.70%0.51ab 0.37+£0.02b 0.006 +0.00 b 20.63+0.19b 37.07 £0.58 abc
T8 -0.63bc 69.39+297ab 19.76 £0.15abc 0.39+0.05b 0.007 +0.00b 21.30+0.65b 37.65%0.59 abc
T9 -0.70bc 70.85+2.75ab  14.20 £ 0.45 cde 0.19+0.04b 0.004 + 0.00 bc 21.80+0.38b 37.00+0.48 abc
T10 -0.72bc 68.54+3.50ab 14.90 +£0.47 cde 0.16 £0.02b 0.003 + 0.00 bc 20.77+0.35b 35.65+ 0.60 bc
T11 -058b 71.76+2.05ab 13.28+1.05de 0.23+0.12b 0.004 + 0.00 bc 21.81+0.31b 35.75+0.48hc
T12 -055b 74.77+2.09ab 18.86+ 1.68 abcd 0.30+0.03b 0.005 + 0.00 bc 19.22+0.31b 38.52+0.47 ab
T13 -0.74bc 69.83+3.08ab 14.90 + 0.49 cde 0.22+0.02b 0.004 + 0.00 bc 21.83+0.23b 35.60+ 0.87 bc
T14 -0.60bc 71.20+1.43ab 18.56 + 0.33 abcd 0.26+£0.04b 0.005 + 0.00 bc 18.76 £0.70 b  37.00 £ 0.50 abc

Data are means + SE (n = 5). Different letters represent significant differences (SNK test, P < 0.05).

3.2. Physiological evaluation, hydraulics, and post-drought recovery:

inoculation on soybean plants exposed to drought

3.2.1. Water relations (water status)

Impact of

Exposure to drought resulted in soybean plants with altered water relations (Fig. 2). All
treatments led to lower early morning water potential (Wam) and WD BV02+BV10 had
increased values of this variable (Fig. 2A). The midday water potential (Wmd), in turn, showed

a decrease only in plants exposed only to water deficit (WD) and remained constant in
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treatments combining WD with microorganisms (Fig. 2B). This same pattern was observed for

the stem water potential (Wstem) (Fig. 2C).
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Figure 2. Water relations: predawn water potential (Wps - A), midday water potential (Wmd -
B), and stem water potential (Wstem- C) in soybean plants fully irrigated (control — CT) or
subjected to drought (WD), alone or in combination with microorganisms. Two combinations
of microorganisms were applied: BV02+BV10 (Bacillus subtilis + Trichoderma asperellum
via foliar application); and BV03+BV10 (Bacillus amyloliquefaciens + Trichoderma
asperellum via seed inoculation and foliar application). Means followed by the same letter do
not differ from each other by the SNK test (P <0.05).

3.2.2. Water relations (transport)

The daily transpiration (Eq) was reduced in all WD treatments (Fig. 3A), while the
residual transpiration (Qieat-res) Was lower in WD and WD BV02+BV10 when compared with
CT BV02+BV10, which presented the highest value in this parameter (Fig. 3B). Concerning
the hydraulic conductivity of the plant (Kpiant), most treatments showed values close to the
control and the only significant change was detected comparing WD and CT BV02+BV10 (Fig.
3C). Kieat had a sharp decrease in WD and microorganism inoculation led to significant

increments in this parameter (Fig. 3D).



7000 ) 1.8
a a
fon) & ab
525 g 3 I
g =1 abc
) E abc
S350 - = 2
E b b b be
2 7
= b o <
E 175 n% 11
w
0.00 - ' 0 -
0.0025 1
a ~
= ab o
0.0020 -
& L b =
& ab o
0.0015 - o
2 p D 5
4 =
0.0010 A = <
E g
= o
" 6.0005 | 8
i
0.0000 -
RN TR LA LR N
Q"X “r\ R 10'}X 1Qﬂ b
SV e o N
'ﬂ?’ Cﬁ’% «O?’ «0’6

Figure 3. Water loss and transport: transpiration rate (E - A), leaf residual transpiration rate
(Qreatres - B), plant hydraulic conductivity (Kpiant - C), and leaf hydraulic conductivity (Kieaf - D)
in soybean plants fully irrigated (control — CT) or subjected to drought (WD), alone or in
combination with microorganisms.. Two combinations of microorganisms were applied:
BV02+BV10 (Bacillus subtilis + Trichoderma asperellum via foliar application); and
BV03+BV10 (Bacillus amyloliquefaciens + Trichoderma asperellum via seed inoculation and
foliar application). Means followed by the same letter do not differ from each other by the SNK
test (P <0.05).

3.2.3 Percentage loss of conductivity (PLC)
Exposure of plants to WD promoted a 35% loss of hydraulic conductivity in the xylem
vessels of the stem. When the drought was combined with the inoculation of microorganisms,

plants showed, on average, 21% PCL (Fig. 4).
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Figure 4. Percentage loss of conductivity (PLC) in in soybean plants fully irrigated (control —
CT) or subjected to drought (WD), alone or in combination with microorganisms. Two
combinations of microorganisms were applied: BV02+BV10 (Bacillus subtilis + Trichoderma
asperellum via foliar application); and BV03+BV10 (Bacillus amyloliquefaciens +
Trichoderma asperellum via seed inoculation and foliar application). Means followed by the
same letter do not differ from each other by the SNK test (P <0.05).

3.2.4. Embolism tolerance

Soybean plants exposed to drought showed increased embolism tolerance, with
increments in both Pso and Pss when compared with the control (Fig. 5A-C). The same pattern
was observed in WD BV02+BV10, while plants subjected to WD BV03+BV10 were similar to
the control. The mean values of Wy, to reach Pso were -2.6 MPa for WD and WD BV02+BV10,
and -1.8 MPa in WD BV03+BV10 (Fig. 5B). Similarly, in WD BV03+BV10 the Pgg was on
average -2.2 MPa, while in the other plants subjected to drought this value was -3.2 MPa (Fig.
5C). Soybean plants cultivated under full irrigation operate with narrow (< 1 MPa) hydraulic
safety margins (Fig. 5 D-E). Xylem plasticity in drought-exposed soybeans, however, increased
HSMso and HSMgs in WD and WD BV02+BV10 treatments. The combination of
microorganisms led to a greater time spent to reach 50% of hydraulic failure (Teso) and lethal
hydraulic failure (Treg) (Fig. 5F-G), and this difference was more expressive in the treatment
with B. subtilis + T. asperellum, in which Tpgs was almost the double of that observed for plants
in WD only.
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Figure 5. Embolism tolerance: Embolism vulnerability curves (A), water potential at which
50% (Pso - B) and 88% (Pss - C) of the hydraulic conductivity is lost, hydraulic safety margin
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until reaching Pso (HSMso - D) and Pgs (HSMgs) (E), time to reach 50% of hydraulic failure
(Tpso - F), and time to reach lethal hydraulic failure (Trss - G) in soybean plants fully irrigated
(control — CT) or subjected to drought (WD), alone or in combination with microorganisms..
Two combinations of microorganisms were applied: BV02+BV10 (Bacillus subtilis +
Trichoderma asperellum via foliar application); and BV03+BV10 (Bacillus amyloliquefaciens
+ Trichoderma asperellum via seed inoculation and foliar application). Means followed by the
same letter do not differ from each other by the SNK test (P <0.05).

3.2.5. Cell membrane integrity
ELR increased by around 20% in soybean plants subjected to WD, while it remained
similar to the control when microorganisms were inoculated in combination with drought (Fig.

6).
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Figure 6. Electrolyte leakage rate (ELR) in soybean plants fully irrigated (control — CT) or
subjected to drought (WD), alone or in combination with microorganisms. Two combinations
of microorganisms were applied: BV02+BV10 (Bacillus subtilis + Trichoderma asperellum
via foliar application); and BV03+BV10 (Bacillus amyloliquefaciens + Trichoderma
asperellum via seed inoculation and foliar application). Means followed by the same letter do

not differ from each other by the SNK test (P <0.05).

3.2.6. Foliar leaf area, leaf venation density, and root biomass
Soybean plants subjected to drought had a significantly reduced number of leaves in all

treatments (Fig. 7A). However, the inoculation of the microorganisms increased the leaf

venation density, with values higher than those observed in WD only (Fig. 7B). All treatments
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exposed to water deficit showed a reduction in the dry mass of the root system. Despite this,
root dry mass was higher in treatment WD BV03+BV10 compared to WD (Fig. 7C).
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Figure 7. Leaf area (A), venation density (B) and root dry mass (C) in soybean plants fully
irrigated (control — CT) or subjected to drought (WD), alone or in combination with
microorganisms. Two combinations of microorganisms were applied: BV02+BV10 (Bacillus
subtilis + Trichoderma asperellum via foliar application); and BV03+BV10 (Bacillus
amyloliquefaciens + Trichoderma asperellum via seed inoculation and foliar application).
Means followed by the same letter do not differ from each other by the SNK test (P <0.05).

3.2.7. Post-drought recovery

Soybean plants exposed to drought were able to fully recover hydraulic parameters on
the first day after rehydration (Fig. 8A-B). Diffusive parameters were only restored on the third
day and photosynthetic rates from the fourth day after the start of rehydration (Fig. 8C-E). Both
combinations of microorganisms accelerated the recovery of gs and photosynthesis, with the
net carbon assimilation rate being similar to the control already on the second day after the start

of rehydration.
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Figure 8. Post-drought recovery: recovery of hydraulic and photosynthetic parameters in

soybean plants. The variables (midday water potential (‘Wmd - A), plant hydraulic conductivity

(Kpiant - B), stomatal conductance (gs - C), transpiration rate (E - D), and net carbon assimilation

rate (A - E)) were evaluated after 10 days of drought (day 0) and daily for four days after

rehydration. For each evaluated day, means followed by an asterisk (*) differ from the control

by the Student t-test (P <0.05).
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4. Discussion

4.1. The combination of microorganisms is more efficient than single inoculation in
maintaining physiological processes

Several studies have highlighted the beneficial effect of microorganisms on plant
response to drought, but inoculation with multiple microorganisms is a more recent and
promising strategy compared to single inoculation (Tabacchioni et al., 2021). This is because
the combined use of distinct microorganisms results in a broader spectrum of responses
triggered in plants, representing an interesting alternative to increase plant tolerance to different
environmental conditions (Bradacova et al., 2019; Tabacchioni et al., 2021). Our results
reinforce this hypothesis as the combination of microorganisms, except for the T9 treatment,
resulted in a more conspicuous response in soybean plants exposed to drought in comparison
to single inoculation (Table 1). Indeed, the bacteria Bacillus subtilis and Bacillus
amyloliquefaciens acted synergistically with the fungus Trichoderma asperellum, increasing
the photosynthetic capacity of the plants, and maintaining the degree of tissue hydration and
the chlorophyll index.

The differential response of plants treated with BV02 and BV10 via foliar application
and with BV03 and BV10 via seed inoculation and foliar application may be a consequence of
the impact of the stresses on the microorganism colonization. Indeed, microorganisms are also
affected by water stress (Rahman et al. 2021), so their performance and survival can be
impacted and, consequently, their effect on the plant will be different. Although in this study
we did not assess the inoculation efficiency or the survival rate of the microorganisms, it is
feasible to suggest that the colonies remained viable at least long enough to impact plant
physiology, due to the various contrasting responses between treatments only with stress and
treatments with stresses + microorganisms. The greater response shown in the plants of the
selected treatments, however, may be a consequence of the mode of application (foliar
application, so that the microorganisms were not exposed to soil drought); or the greater drought

tolerance of the selected microorganisms.

4.2. Plasticity of the hydraulic apparatus and water relations: The effect of drought and the
synergistic action of microorganisms

Water potential reflects the water status of the plant and is determined, in an integrated
manner, by the processes of water uptake, transport, and loss (Jain et al., 2021). Plants typically
minimize the risk of hydraulic dysfunction and lethal dehydration of tissues via stomatal

regulation (Creek et al., 2018) but changes in residual transpiration (Qieaf-res) are also
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determinants of plant survival during water deficit (Machado et al., 2021). The higher water
potential values in soybean treated with microorganisms did not involve modifications in
transpiratory processes (Fig. 3A-B) but changes in water transport were determinants for leaf
hydration. The microorganisms assisted in maintaining Kpiant at similar levels to the control,
which contributed to higher Kiear (Fig. 3C-D) (Scoffoni et al., 2018). Increases in Kieat have
already been associated with the maintenance of water potential in soybean plants (Sousa et al.,
2020), but the synergistic effect of B. subtilis and T. asperellum, and B. amyloliquefaciens and
T. asperellum on these traits had not yet been demonstrated.

A preponderant factor for the response observed in Kpant Was the maintenance of a
functional xylem in the stem capable of transporting water to the transpiring surfaces, as
evidenced by the lower PLC in plants treated with the microorganisms (Fig. 4). Increases in
PLC are often associated with a blockage in water transport due to nucleation of air bubbles
(Scoffoni et al., 2017). The occurrence of embolism is also pointed out as a determinant for
decreases in Kieat. In this work, treatments combining drought and microorganisms did not
affect the Pso of the leaves when compared to plants exposed to water restriction only (Fig. 5A-
B). It is likely, therefore, that the microorganisms affected other aspects of water transport that
contributed to the maintenance of Kiar. By maintaining higher Kpiant, for example, the
microorganisms facilitated water transport to the leaves, preventing structural damages that
could compromise leaf hydraulic conductance. This is in line with electrolyte leakage data (Fig.
6) showing that drought compromised the integrity of cell membranes, which was attenuated
in plants treated with microorganisms.

It is interesting to note that, although no differences in the vulnerability of the xylem to
embolism between the WD and WD BV02+BV10 were observed, these two treatments differ
from plants kept fully irrigated (Fig. 5A-C), with decreases in the values of Pso and Psgs after
the application of stress. Soybean, including the cultivar analyzed in this study, is particularly
vulnerable to embolism, having 50% of its hydraulic conductivity compromised when reaching
water potential near -1.0 MPa. Although not a universal pattern, different species present a
trade-off between efficiency and hydraulic safety (Markesteijn et al., 2011; Gleason et al., 2016;
Liu et al., 2021). Species with more vulnerable xylem tend to present higher hydraulic
conductivity, which, in turn, favors gas exchange and growth (Reich et al., 2003). Thus, the
high vulnerability of soybean to embolism may be a consequence of structural characteristics
that allow its rapid growth and short life cycle, while the plastic capacity of the xylem observed
here would increase hydraulic safety during drought events, enabling plant survival and

recovery after the stress. Similar results have been observed for sunflower (Cardoso et al.,
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2018), indicating that xylem plasticity in response to drought may be a strategy that allows
herbaceous plants to prioritize growth or hydraulic safety according to environmental
conditions. Another possibility may involve the high construction costs of embolism-tolerant
xylem (Eller et al., 2018). The plasticity would guarantee the construction of “‘expensive” xylem
vessels (in terms of carbon investment) only when it would be essential. The plasticity also
allowed plants subjected to drought (except for WD BV03+BV10) to operate with higher HSM,
decreasing the risk of leaf hydraulic failure (Fig. 5D-E).

Despite not having decreased Pso and Pgg in comparison with plants exposed only to
drought, treatment with microorganisms delayed the occurrence of lethal hydraulic failure
(Tres), practically doubling the time that the crop took to reach Pgs (Fig. 5G). This effect of
microorganisms is extremely interesting because it increases the time thresholds of water stress
exposition within which plants can maintain the functionality of their hydraulic apparatus.
Moreover, in many places soybean is grown during the rainy season (Adie and Krisnawati,
2021; Brumatti et al., 2020), in which water restriction events, although frequent, are succeeded
by the return of precipitation. Thus, delaying the occurrence of hydraulic failure may allow this
crop to survive until water is again available in the soil.

Although the delay in Tpsg is important, one can ask: if the values of Pso and Psgsg in
leaves did not decrease, how did the addition of the microorganisms delay the hydraulic failure
in these organs? In this sense, it is worth noting that the maintenance of the hydraulic
functioning of plants is a complex process, which could hardly be explained by a single
parameter. A characteristic that certainly contributed to the delay of the hydraulic failure in the
leaves was the lower PLC in the stem of the plants inoculated with microorganisms (Fig. 4).
The maintenance of stem conductivity would favor the transport of water from the internal
reservoirs to the leaf. Even without changes in the amount of water stored in the root or stem
tissues, the maintenance of the hydraulic conductivity of the stem, by itself, would already allow
greater reallocation of water resources, delaying the variations in leaf water potential (Scholz
et al., 2011). The higher venation density, observed in both treatments that associated drought
with microorganisms (Fig. 7B), is another factor that may helped to delay lethal hydraulic
failure in soybean leaves due to a higher water transport rate (higher Kieaf). This is because the
higher number of veins per unit surface area increases alternative water pathways in case of
partial drought-induced damage to leaf veins (Nardini et al., 2012; Nardini et al., 2014). Finally,
for the WD BV03+BV 10 treatment, the longer time to reach the lethal hydraulic failure may be
correlated with the higher root biomass (Fig. 7C). Increased root mass allows for maximizing

soil water exploration, which contributes to greater water uptake and absorption from deeper
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soil layers (Bacher et al., 2023). The greater root biomass also enables more water to be stored
in the root tissues, which can be distributed to other organs, such as stems and leaves (Domec
et al., 2009).

4.3. Soybean recovery from drought

The ability of plants to recover after a stressful event is essential for their survival and
recovery of their productive potential (Couchoud et al., 2020), especially for soybean that
endures drought events often followed by the return of precipitation (Rold&o et al., 2015). For
some crops, such as maize, the ability to recover from damage triggered by water deficit may
be more important for plant resilience than drought tolerance per se (Chen et al., 2016). G. max
plants were able to rapidly recover water relations parameters (Ww and Kpiant), With complete
restoration of water transport and leaf hydration 24 h after water resupply (Fig. 8A-B). Some
authors associate the rapid recovery of hydraulic processes with active repair mechanisms of
embolized vessels (Martorell et al., 2014). Considering that refilling has so far not been fully
proven even in herbaceous plants (Johnson et al., 2018; Lamarque et al., 2018), we reasoned
that the rapid recovery occurred because no extensive impairment of stem water transport
occurred in any of the plants. Even in the plants exposed to drought only, the loss of stem
hydraulic conductivity remained below 50% (Fig. 4). Similarly, due to the plasticity of the leaf
xylem, in all treatments the plants operated far from the thresholds that cause hydraulic
dysfunction. Thus, much of the xylem remained functional and was able to transport water as
soon as this resource became available again in the soil.

For plants exposed to drought only, a delay in the recovery of gs was observed (Fig. 8C-
D) as this parameter remained lower than in control plants even after W\ recovery. These data
highlight that, after water restriction, non-hydraulic factors are also involved with stomatal
regulation in soybean. As observed by McAdam and Brodribb (2015), this delay was likely
caused by the time required for the complete degradation of ABA and other signaling molecules
involved in stomatal closure. However, even after the complete restoration of gs, the
photosynthetic rate in the WD treatment remained compromised, which did not occur in plants
inoculated with microorganisms (Fig. 8E). This delay in A recovery may be related to the
occurrence of cellular damage in photosynthetic membranes, which would keep carbon
assimilation rates lower regardless of CO; availability (Wang et al., 2018). In contrast, the
synergistic action of microorganisms was effective in maintaining cellular structures (Fig. 6),
which enabled a twofold faster recovery of photosynthetic rate. Delayed recovery of

photosynthetic rate can have significant impacts on crop growth and productivity, especially
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considering that short-lived crops such as soybean experience more than one drought event
before the end of the reproductive stage.

5. Conclusions

In this study, we demonstrated that soybean has a high plasticity of its hydraulic
apparatus, which not only allows conciliate growth and drought safety but also guarantees a
fast recovery of tissue hydration after stress. Despite this, the recovery of the photosynthetic
process occurred slowly, both due to diffusion factors, which showed a recovery delay
compared to water potential; as well as non-stomatal limitations, reflecting the damage induced
by water deficit. The combined inoculation of microorganisms, however, was efficient in
mitigating the damage induced by drought by ensuring the maintenance of hydraulic
functioning and delaying lethal hydraulic failure, which involved a decrease in the generation
of embolisms in the stem, an increase in root biomass, and changes in vein density in the leaves.
Therefore, this study demonstrates that soybean can modify its hydraulic characteristics when
exposed to drought, which may reflect differential strategies of herbaceous plants with a short

life cycle, and that these mechanisms can be maximized by interaction with microorganisms.

References

Adie, M.M., Krisnawati, A., 2021. Yield and yield component performance of soybean
promising line in upland during the rainy season. In IOP Conference Series: Earth Environ
Sci. 911, 012021.

Ahmad, M., Zahir, Z.A., Nadeem, S.M., Nazli, F., Jamil, M., Khalid, M., 2013. Field evaluation
of Rhizobium and Pseudomonas strains to improve growth, nodulation and yield of mung
bean under salt-affected conditions. Soil Environ. 32, 158-165.

Ali, S., Khan, N., 2021. Delineation of mechanistic approaches employed by plant growth
promoting microorganisms for improving drought stress tolerance in plants. Microbiol.
Res. 249, 126771.

Araujo-Filho, P.F., 2019. Andlise climatica do veranico no periodo chuvoso do municipio de
Sé&o Jose do Egito - PE. In: XXIII Simposio Brasileiro de Recursos Hidricos. Foz do Iguagu
—PR. 1-10.

Bacher, H., Montagu, A., Herrmann, |., Walia, H., Schwartz, N., Peleg, Z., 2023. Stress-induced
deeper rooting introgression enhances wheat yield under terminal drought. J Exp Bot.
erad059.

Bandillo, N.B., Anderson, J.E., Kantar, M.B., Stupar, R.M., Specht, J.E., Graef, G.L., Lorenz,
A.J., 2017. Dissecting the genetic basis of local adaptation in soybean. Sci Rep. 7: 17195.

Barnawal, D., Bharti, N., Pandey, S.S., Pandey, A., Chanotiya, C.S., Kalra, A., 2017. Plant
growth-promoting rhizobacteria enhance wheat salt and drought stress tolerance by altering
endogenous phytohormone levels and TaCTR1/TaDREB2 expression. Physiol. Plant. 161,
502-514.

Barrs, H.D., Weatherley, P.E., 1962. A re-examination of the relative turgidity technique for
estimating water deficits in leaves. Aust. J. Biol. Sci. 15, 413-428.

Begg, J.E., Turner N.C., 1970. Water potential gradients in field tobacco. Plant Physiol. 46,
343-346.



28

Blackman, C.J., Pfautsch, S., Choat, B., Delzon, S., Gleason, S.M., Duursma, R.A., 2016.
Toward an index of desiccation time to tree mortality under drought. Plant Cell Environ.
39, 2342-2345.

Bradacova, K., Florea, A.S., Bar-Tal, A., Minz, D., Yermiyahu, U., Shawahna, R., J.A., Erel,
R., Dietel, K., Weinmann, M., Zimmermann, B., Berger, N., Ludewig, U., Neumann, G.,
Posta, G., 2019. Microbial consortia versus single-strain inoculants: an advantage in
PGPM-assisted tomato production? Agronomy. 9, 105.

Brodribb, T.J., Carriqui, M., Delzon, S., Lucani, C. 2017. Optical measurement of stem xylem
vulnerability. Plant Physiol. 174, 2054—2061.

Brodribb, T.J., Powers, J., Cochard, H., Choat, B., 2020. Hanging by a thread? Forests and
drought. Science, 368, 261-266.

Brodribb, T.J. McAdam, S.A., Jordan, G.J., Martins, S.C. 2014. Conifer species adapt to low-
rainfall climates by following one of two divergent pathways. PNAS. 111, 14489- 14493.

Brodribb, T.J., Bienaimé, D., Marmottant, P., 2016. Revealing catastrophic failure of leaf
networks under stress. PNAS. 113, 4865-4869.

Brumatti, L.M., Pires, G.F., Santos, A.B., 2020. Challenges to the adaptation of double
cropping agricultural Systems in Brazil under changes in climate and land cover.
Atmosphere. 11, 1310.

Camargo, G.S.M., 2019. Acdo de Trichoderma sp. e Bacillus subtilis associado a fungicida em
tratamento de semente na promocdo da germinacdo de sementes de feijdo. Centro
Universitario de Anapolis — UniEVANGELICA. 36f.

Cardoso, A.A., Brodribb, T.J., Lucani, C.J., DaMatta, F.M., McAdam, S.A., 2018. Coordinated
plasticity maintains hydraulic safety in sunflower leaves. Plant Cell Environ. 41, 2567-
2576.

Carminati, A., Javaux, M., 2020. Soil rather than xylem vulnerability controls stomatal response
to drought. Trends Plant Sci. 25, 868-880.

Choat, B., Jansen, S., Brodribb, T.J., Cochard, H., Delzon, S., Bhaskar, R., Bucci, S.J., Feild,
T.S., Gleason, S.M., Hacke, U.G. Jacobsen, A.L., 2012. Global convergence in the
vulnerability of forests to drought. Nature. 491, 752-755.

Chen, D., Wang, S., Cao, B., Cao, D, Leng, G., Li, H., Deng, X., 2016. Genotypic variation in
growth and physiological response to drought stress and re-watering reveals the critical
role of recovery in drought adaptation in maize seedlings. Front. Plant Sci. 6, 1241.

Choné, X., Van Leeuwen, C., Dubourdieu, D., Gaudillére, J.P., 2001. Stem water potential is a
sensitive indicator. Ann. Bot. 87, 477-483.

Couchoud, M., Salon, C., Girodet, S., Jeudy, C., Vernoud, V., Prudent, M., 2020. Pea efficiency
of post-drought recovery relies on the strategy to fine-tune nitrogen nutrition. Front Plant
Sci. 11, 204.

Creek, D., Blackman, C.J., Brodribb, T.J., Choat, B., Tissue, D.T., 2018. Coordination between
leaf, stem, and root hydraulics and gas exchange in three arid-zone angiosperms during
severe drought and recovery. Plant Cell Environ. 41, 2869-2881.

Cunha, A.P.M., Zeri, M., Deusdard Leal, K., Costa, L., Cuartas, L.A., Marengo, J.A.,
Tomasella, J., Vieira, R.M., Barbosa, A.A., Cunningham, C., Garcia, J.V.C., Broedel, E.,
Alvala, R., Ribeiro-Neto, G., 2019. Extreme drought events over Brazil from 2011 to 2019.
Atmosphere. 10, 642.

da Silva, M.C.A.P., Batista, P.F., Menezes-Silva, P.E., Sousa, L.F., Loram-Lourenco, L.,
Alencar, K.M., Abrel, I.M.P.G., Alves, R.D.F.B., Freire, E.S., Silva, F.G., Silva, J.B.,
Farnese, F.S., 2023. With a little help from my friends: inoculation with Bacillus
amyloliquefaciens and Trichoderma asperellum alleviates drought and salt stress in
soybean. Theor. Exp. Plant Physiol. 35, 169-183.

Domec, J-C, Palmroth, S., Ward, E., Maier, C.A., Thérézien, M., Oren, R.A.M., 2009.
Acclimation of leaf hydraulic conductance and stomatal conductance of Pinus taeda


https://sciprofiles.com/profile/562283
https://sciprofiles.com/profile/author/bFBnMjA3TGRsOVJFbEE4ekg1MnZCTmhRc25JVjVLVTBNK0U2ZUZTbHdwZz0=
https://sciprofiles.com/profile/2625700
https://sciprofiles.com/profile/author/VEFsYnBmbU9hUjliTFN5alJ2a3hRUGRRUTh0Z2hTKzhCc2N4V2pvSi93az0=
https://sciprofiles.com/profile/613492
https://sciprofiles.com/profile/author/QXZWK3dMcWI5d0RLeUFDSXNoNmkzem9ibkVRUUVlYXNtaE1uRitzSy95QT0=
https://sciprofiles.com/profile/800478
https://sciprofiles.com/profile/1810312
https://sciprofiles.com/profile/1877443
https://sciprofiles.com/profile/author/NktMamt3V3BmU0ZkR1JScWJEVThveEZ0eHIrcDU2TCtLbHBFblF3WXpFYz0=
https://sciprofiles.com/profile/author/bWpPNzRDRXBkRUlQcWhxR3ZvcDgrUGtGdVFobURTeDRmZjRYRkxlSTBrSTFZRlBJRU14S3p1OWpjazdYYk1iTg==
https://sciprofiles.com/profile/author/NGhoak9oeHhURWQxK3V6Q29VR3NsZUc2MXEySVdsN3NpVmZSOC9rU0p3UT0=
https://sciprofiles.com/profile/author/bk82MTl3YjY0RXMvdldEQmFCRi9JZnN5Qzg1M1dBbEJ3NnllUnE1SUJpOEMzbGRvY1p6cWN1Q1NyZU15cFdpeg==
https://sciprofiles.com/profile/481448
https://sciprofiles.com/profile/481448

29

(loblolly pine) to long-term growth in elevated CO2 (free-air CO2 enrichment) and N-
fertilization. Plant, Cell Environ. 32, 1500-1512.

Eller, C.B., Barros, F. V., Bittencourt, P. R. L., Rowland, L., Mencuccini, M., Oliveira, R. S.,
2018. Xylem hydraulic safety and construction costs determine tropical tree growth. Plant
Cell Environ. 41, 548-562.

Gleason, S.M., Westoby, M., Jansen, S., Choat, B., Hacke, U.G., Pratt, R.B., Bhaska, R.,
Brodribb, T.J., Bucci, S.J., Cao, K-F., Cochard, H., Delzon, S., Domec, J-C., , Ze-Xin, F.,
Field, T.S., Jacobsen, A.L., Johnson, D.M., Maherali, H., Stefan Mayr, S., Zanne, A.E.,
2016. Weak tradeoff between xylem safety and xylem-specific hydraulic efficiency across
the world's woody plant species. New Phytol. 209, 123-136.

Grossiord, C., Sevanto, S., Adams, H.D., Collins, A.D., Dickman, L.T., McBranch, N.,
Michaletz, S.T., Stockton, E.A., Vigil, M., McDowell, N.G. 2017. Precipitation, not air
temperature, drives functional responses of trees in semi-arid ecosystems. J. Ecol. 105,
163-75.

Hammond, W.M., Yu, K., Wilson, L.A., Will, R.E., Anderegg, W.R., Adams, H.D., 2019. Dead
or dying? Quantifying the point of no return from hydraulic failure in drought-induced tree
mortality. New Phytol. 223, 1834-1843.

Hartmann, H.M., Anderegg, C.F., Ruehr, W.R., Salmon, N.K.,Y., Allen, C.D., Breshears, D.D.,
Davi, H., Galbraith, D., Ruthrof, K.X., Wunder, J., Adams, H.D., Bloemen, J., Cailleret, M.,
Cobb, R., Gessler, A., Grams, T.E.E., Jansen, S., Kautz, M., Lloret, F., O'Brien, M., 2018.
Research frontiers for improving our understanding of drought-induced tree and forest
mortality. New Phytol. 218, 15-28.

Hoang, D.T.T., Rashtbari, M., Anh, L.T., Wang, S., Tu, D.T., Hiep, N.V., Razavi, B.S., 2022.
Mutualistic interaction between arbuscular mycorrhiza fungi and soybean roots enhances
drought resistant through regulating glucose exudation and rhizosphere expansion. Soil
Biol. Biochem. 171, 108728.

Islam, M., Rahman, M., Brauning, A., 2019. Impact of extreme drought on tree-ring width and
vessel anatomical features of Chukrasia tabularis, Dendrochronologia. 53, 63-72.

IPCC, 2014: Climate Change 2014: Synthesis Report. Contribution of Working Groups I, 11
and I11 to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change
[Core Writing Team, R.K. Pachauri and L.A. Meyer (eds.)]. IPCC, Geneva, Switzerland,
151.

Jain, P., Liu, W., Zhu, S., Stroock, A.D., 2021. A minimally disruptive method for measuring
water potential in planta using hydrogel nanoreporters. PNAS, 118, e2008276118.

Johnson, K.M., Jordan, G.J., Brodribb, T.J., 2018. Wheat leaves embolized by water stress do
not recover function upon rewatering. Plant Cell Environ. 41, 2704-2714.

Klein, T., Zeppel, M.J.B., Anderegg, W.R.L., Bloemen, J.,, Kauwe, M.G., Hudson, P.,
Ruehr, N.K., Powell, T.L., von Arx, G., Nardini, A., 2018. Xylem embolism refilling and
resilience against drought-induced mortality in woody plants: processes and trade-offs. Ecol
Res. 33, 839 -855.

Lamarque, L.J., Corso, D., Torres-Ruiz, J.M., Badel, E., Brodribb, T.J., Burlett, R., Delzon, S.,
2018. An inconvenient truth about xylem resistance to embolism in the model species for
refilling Laurus nobilis L. Ann. For. Sci. 75, 88.

Lei, G., Zeng, W., Nguyen, TH, Zeng, J., Chen, H., Srivastava, AK, Gaiser, T., Wu, J., Huang,
J., 2023. Relating soil-root hydraulic resistance variation to stomatal regulation in soil-
plant water transport modeling. J Hydr. 617, 128879.

Leng, G., Hall, J,. 2019. Crop yield sensitivity of global major agricultural countries to droughts
and the projected changes in the future. Sci Total Environ. 654, 811-821.

Li, Y., Xu, S., Gao, J., Pan, S., Wang, G., 2016. Bacillus subtilis-regulation of stomatal
movement and instantaneous water use efficiency in Vicia faba. Plant Growth Regul. 78,
43-55.


https://nph.onlinelibrary.wiley.com/authored-by/ContribAuthorRaw/Breshears/David+D.
https://nph.onlinelibrary.wiley.com/authored-by/ContribAuthorRaw/Davi/Hendrik
https://nph.onlinelibrary.wiley.com/authored-by/ContribAuthorRaw/Galbraith/David
https://nph.onlinelibrary.wiley.com/authored-by/ContribAuthorRaw/Ruthrof/Katinka+X.
https://nph.onlinelibrary.wiley.com/authored-by/ContribAuthorRaw/Wunder/Jan
https://nph.onlinelibrary.wiley.com/authored-by/ContribAuthorRaw/Adams/Henry+D.
https://nph.onlinelibrary.wiley.com/authored-by/ContribAuthorRaw/Bloemen/Jasper
https://nph.onlinelibrary.wiley.com/authored-by/ContribAuthorRaw/Cailleret/Maxime
https://nph.onlinelibrary.wiley.com/authored-by/ContribAuthorRaw/Cobb/Richard
https://nph.onlinelibrary.wiley.com/authored-by/ContribAuthorRaw/Gessler/Arthur
https://nph.onlinelibrary.wiley.com/authored-by/ContribAuthorRaw/Grams/Thorsten+E.+E.
https://nph.onlinelibrary.wiley.com/authored-by/ContribAuthorRaw/Jansen/Steven
https://nph.onlinelibrary.wiley.com/authored-by/ContribAuthorRaw/Kautz/Markus
https://nph.onlinelibrary.wiley.com/authored-by/ContribAuthorRaw/Lloret/Francisco
https://link.springer.com/article/10.1007/s11284-018-1588-y#auth-Melanie_J__B_-Zeppel
https://link.springer.com/article/10.1007/s11284-018-1588-y#auth-William_R__L_-Anderegg
https://link.springer.com/article/10.1007/s11284-018-1588-y#auth-Jasper-Bloemen
https://link.springer.com/article/10.1007/s11284-018-1588-y#auth-Martin_G_-Kauwe
https://link.springer.com/article/10.1007/s11284-018-1588-y#auth-Patrick-Hudson
https://link.springer.com/article/10.1007/s11284-018-1588-y#auth-Nadine_K_-Ruehr
https://link.springer.com/article/10.1007/s11284-018-1588-y#auth-Thomas_L_-Powell
https://link.springer.com/article/10.1007/s11284-018-1588-y#auth-Georg-Arx
https://link.springer.com/article/10.1007/s11284-018-1588-y#auth-Andrea-Nardini

30

Liagat, W., Celaleddin B., Muhammad, U.F., Haseeb, A., Muhammad, F.J, Zahoor, A., Haq,
N., Ming, Li., 2022. Climate change in relation to agriculture: A review. Span. J. Agric.
Res. 20, 1-15.

Lima, J.R.S., Antonino, A.C.D., Andrade, A.P., Souza, C., Soares, W.A., Souza, E.S., Silva,
I.F., 2006. Comparacgéo da sonda de néutrons e de sensores tipo TDR para a determinagéo
dos componentes do balanco hidrico no solo e evapotranspiracdo do feijdo caupi. Agro.
Tec. 27, 21-29.

Liu, H., Ye, Q., Gleason, S.M., He, P., Yin, D., 2021. Weak tradeoff between xylem hydraulic
efficiency and safety: climatic seasonality matters. New Phytol. 229, 1440-1452.

Lutts, S., Kinet, J.M., Bouharmont, J., 1996. Effects of salt stress on growth, mineral nutrition
and proline accumulation in relation to osmotic adjustment in rice (Oryza sativa L.)
cultivars differing in salinity resistance. Plant Growth Regul. 19, 207-218.

McDowell, N.G., Sapes, G., Pivovaroff, A., Adams, H.D., Allen, C.D., Anderegg, W.R., Arend,
M., Breshears, D.D., Brodribb, T., Choat, B., Cochard, H., Caceres, M., Kauwe, M.G., Grossiord,
C., Hammond, W.M., Hartmann, H., Hoch, G., Kahmen, A., Klein, T., Mackay, D.S., Mantova, M.,
Martinez-Vilalta, J., Medlyn, B.E., Xu, C., 2022. Mechanisms of woody-plant mortality under
rising drought, CO2 and vapour pressure deficit. Nat. Ver. Earth Env. 3, 294-308.

Machado, R., Loram-Lourenco, L., Farnese, F.S., Alves, R.D.F.B., Sousa, L.F., Silva, F.G.,
Filho, S.C.V., Torres-Ruiz, J.M., Cochard, H., Menezes-Silva, P.E., 2021. Where do leaf
water leaks come from? Trade-offs underlying the variability in minimum conductance
across tropical savanna species with contrasting growth strategies. New Phytol. 229, 1415-
1430.

Malhi, G.S., Kaur, M., Kaushik, P. 2021. Impact of climate change on agriculture and its
mitigation strategies: A review. Sustainability, 13, 1318.

Markesteijn, L., Poorter, L., Paz, H., Sack, L., Bongers, F., 2011. Ecological differentiation in
xylem cavitation resistance is associated with stem and leaf structural traits. Plant Cell
Environ. 34, 137-148.

Martin-StPaul N., Delzon, S., Cochard, H., 2017. Plant resistance to drought depends on timely
stomatal closure. Ecol. Lett. 20, 1437-1447.

Martorell, S., Diaz-Espejo, AN.T.O.N.I.O., Medrano, H., Ball, M.C., Choat, B., 2014. Rapid
hydraulic recovery in Eucalyptus pauciflora after drought: linkages between stem
hydraulics and leaf gas exchange. Plant Cell Environ. 37, 617-626.

McAdam, S.A., Brodribb, T.J., 2015. Hormonal dynamics contributes to divergence in seasonal
stomatal behaviour in a monsoonal plant community. Plant Cell Environ. 38, 423-432.
Meena, V.S., Meena, S.K., Verma, J.P., Kumar, A., Aeron, A., Mishra, P.K., Bisht,
J.K,, Pattanayak, A., Naveed, M., Dotaniya, M.L., 2017. Plant beneficial rhizospheric
microorganism (PBRM) strategies to improve nutrients use efficiency: a review. Ecol Eng.

107, 8-32.

Meena, M., Swapnil, P., Divyanshu, K., Kumar, S., Tripathi, Y.N., Zehra, A., Marwal, A.,
Upadhyay, R.S., 2020. PGPR-mediated induction of systemic resistance and
physiochemical alterations in plants against the pathogens: Current perspectives. J. Basic
Microbiol. 60, 828-861.

Meza, I., Siebert, S., Doll, P., Kusche, J., Herbert, C., Eyshi Rezaei, E.,Nouri, H., Gerdener, H.,
Popat, E., Frischen, J., Naumann, G., Vogt, J.V., Walz, Y., Sebesvari, Z., Hagenlocher,
M., 2020. Global-scale drought risk assessment for agricultural systems. Nat Hazards Earth
Syst Sci. 20, 695-712.

Moretti, L. G., Crusciol, C.A.C., Bossolani, JW., Calonego, J.C., Moreira, A., Garcia, A.,
Momesso, L., Kuramae, E., Hungria, M., 2021. Beneficial microbial species and
metabolites alleviate soybean oxidative damage and increase grain yield during short dry
spells. Eur J Agron. 127, 126293.


https://www.nature.com/articles/s43017-022-00272-1#auth-Matthias-Arend
https://www.nature.com/articles/s43017-022-00272-1#auth-David_D_-Breshears
https://www.nature.com/articles/s43017-022-00272-1#auth-Tim-Brodribb
https://www.nature.com/articles/s43017-022-00272-1#auth-Brendan-Choat
https://www.nature.com/articles/s43017-022-00272-1#auth-Herv_-Cochard
https://www.nature.com/articles/s43017-022-00272-1#auth-Miquel-C_ceres
https://www.nature.com/articles/s43017-022-00272-1#auth-Martin_G_-Kauwe
https://www.nature.com/articles/s43017-022-00272-1#auth-Charlotte-Grossiord
https://www.nature.com/articles/s43017-022-00272-1#auth-William_M_-Hammond
https://www.nature.com/articles/s43017-022-00272-1#auth-Henrik-Hartmann
https://www.nature.com/articles/s43017-022-00272-1#auth-G_nter-Hoch
https://www.nature.com/articles/s43017-022-00272-1#auth-Ansgar-Kahmen
https://www.nature.com/articles/s43017-022-00272-1#auth-Tamir-Klein
https://www.nature.com/articles/s43017-022-00272-1#auth-D__Scott-Mackay
https://www.nature.com/articles/s43017-022-00272-1#auth-Marylou-Mantova
https://www.nature.com/articles/s43017-022-00272-1#auth-Jordi-Mart_nez_Vilalta
https://www.nature.com/articles/s43017-022-00272-1#auth-Belinda_E_-Medlyn
https://nph.onlinelibrary.wiley.com/authored-by/ContribAuthorRaw/Filho/Sebasti%C3%A3o+Carvalho+Vasconcelos
https://nph.onlinelibrary.wiley.com/authored-by/ContribAuthorRaw/Filho/Sebasti%C3%A3o+Carvalho+Vasconcelos
https://nph.onlinelibrary.wiley.com/authored-by/ContribAuthorRaw/Torres%E2%80%90Ruiz/Jos%C3%A9+M.
https://nph.onlinelibrary.wiley.com/authored-by/ContribAuthorRaw/Cochard/Herv%C3%A9
https://onlinelibrary.wiley.com/authored-by/ContribAuthorRaw/Marwal/Avinash

31

Nardini, A., Nardini, A., Gullo, M.A.L., Trifilo, P., Salleo, S., 2014. The challenge of the
Mediterranean climate to plant hydraulics: Responses and adaptations. Environ. Exp. Bot.
103, 68-79.

Nardini, A., Peda, G., La Rocca, N., 2012. Trade-offs between leaf hydraulic capacity and
drought wvulnerability: morpho-anatomical bases, carbon costs and ecological
consequences. New Phytol. 196, 788—798.

Ngumbi, E., Kloepper, J., 2016. Bacterial-mediated drought tolerance: current and future
prospects. Appl. Soil Ecol. 105, 109-125.

Orozco-Mosqueda, M.D.C., Flores, A., Rojas-Sanchez, B., Urtis-Flores, C.A., Morales-
Cedefio, L. R., Valencia-Marin, M.F., Chavez-Avila, S., Rojas-Solis, D., Santoyo,
G., 2021. Plant growth-promoting bacteria as bioinoculants: Attributes and challenges for
sustainable crop improvement. Agronomy. 11, 1167.

Pertussatti, C. A., 2013. Veranicos no estado do Mato Grosso: analise da variabilidade espaco-
temporal e modelagem estatistica. Universidade de Brasilia. 101p.

Reich, P.B., Wright, 1.J., Cavender-Bares, J., Craine, J.M., Oleksyn, J., Westoby, M., Walters,
M.B., 2003. The evolution of plant functional variation: traits, spectra, and strategies.
Int. J. Plant Sci. 164, S143-S164.

Core Team, R., 2018. R: A language and environment for statistical computing. Version 3.5. 2.
R Foundation for Statistical Computing, Vienna, Austria.

Rolddo, A.D.F., 2015. Influéncia do fendmeno veranico na produtividade da soja na
mesorregido do Tridngulo Mineiro/Alto Paranaiba-MG. Estudos Geogréaficos, 116f.

Sack, L., Scoffoni, C., 2013. Leaf venation: structure, function, development, evolution,
ecology and applications in the past, present and future. New Phytol. 198, 983-1000.
Scholz, F.G., Phillips, N.G., Bucci, S.J., Meinzer, F.C., Goldstein, G., 2011. Hydraulic
capacitance: biophysics and functional significance of internal water sources in relation to

tree size. Size- age-related Chang. tree Struct. Funct. 4, 341-361.

Sathya, A., Vijayabharathi, R., Gopalakrishnan, S., 2017.Plant growth-promoting
actinobacteria: a new strategy for enhancing sustainable production and protection of grain
legumes. 3 Biotech. 7, 102.

Silva, P.E.M., Cavatte, P.C., Morais, L.E., Medina, E.F., DaMatta, F.M., 2013. The functional
divergence of biomass partitioning, carbon gain and water use in Coffea canephora in
response to the water supply: implications for breeding aimed at improving drought
tolerance. Environ. Exp. Bot. 87, 49-57.

Scoffoni, C., Sack, L., 2017. The causes and consequences of leaf hydraulic decline with
dehydration. J. Exp. Bot. 68, 4479-4496.

Scoffoni, C., Albuquerque, C., Cochard, H., Buckley, T.N., Fletcher, L.R., Caringella, M.A.,
Bartlett, M., Brodersen, C.R., Jansen, S., McElrone, A.J., Sack, L., 2018. The causes of leaf
hydraulic vulnerability and its influence on gas exchange in Arabidopsis thaliana. Plant
Physiol, 178, 1584-1601.

Sousa, L.F., Menezes-Silva, P.E., Loram-Lourenco, L., Galmes, J., Guimardes, A.C., Silva,
AF., Lima, AP.R., Henning, LM.M., Costa, A.C., Silva, F.G., Farnese, F,S., 2020.
Improving water use efficiency by changing hydraulic and stomatal characteristics in
soybean exposed to drought: the involvement of nitric oxide. Physiol. Plant. 168, 576-589.

Sheteiwy, M.S., Ali, D.F.1., Xiong, Y.C., Brestic, M., Skalicky, M., Hamoud, Y.A., Ulhassan,

Z., Shaghaleh, H., Elgawad, H.A., Faroogq, M., Sharma, A., El-Sawah, A.M., 2021.
Physiological and biochemical responses of soybean plants inoculated with Arbuscular
mycorrhizal fungi and Bradyrhizobium under drought stress. BMC Plant Biol. 21, 195.

Sheirdil, R.A., Hayat, R., Zhang, X.X., Abbasi, N.A., Ali, S., Ahmed, M., Khattak, J.Z.K.,

Ahmad, S., 2019. Exploring potential soil bacteria for sustainable wheat (Triticum aestivum
L.) Production. Sustainability. 11, 3361.


https://sciprofiles.com/profile/author/VVd2Z1o5UmV5NjRqNjFmYU1CVkYycEtQZ2t1TElPdXVSMUdBQmwvUTNSOD0=
https://sciprofiles.com/profile/author/eEVyOFJYSGkvR0dGY1p3Y2V0VDAwaUNVMmw2T1VGYVk4bHVRYXNpUjVhWT0=
javascript:;
javascript:;
javascript:;
javascript:;
https://onlinelibrary.wiley.com/authored-by/ContribAuthorRaw/Menezes%E2%80%90Silva/Paulo+E.
https://onlinelibrary.wiley.com/authored-by/ContribAuthorRaw/Louren%C3%A7o/Lucas+L.
https://onlinelibrary.wiley.com/authored-by/ContribAuthorRaw/Galm%C3%A9s/Jeroni
https://onlinelibrary.wiley.com/authored-by/ContribAuthorRaw/Guimar%C3%A3es/Aline+C.
https://onlinelibrary.wiley.com/authored-by/ContribAuthorRaw/Silva/Aline+F.
https://onlinelibrary.wiley.com/authored-by/ContribAuthorRaw/Reis+Lima/Ana+P.
https://onlinelibrary.wiley.com/authored-by/ContribAuthorRaw/Henning/Liliane+M.+M.
https://onlinelibrary.wiley.com/authored-by/ContribAuthorRaw/Costa/Alan+C.
https://onlinelibrary.wiley.com/authored-by/ContribAuthorRaw/Silva/Fabiano+G.
https://onlinelibrary.wiley.com/authored-by/ContribAuthorRaw/Farnese/Fernanda+dos+Santos
https://sciprofiles.com/profile/author/bVdwUGw1bWRNZ0xubVFMcU9TZDBYOHp5WVh6Z2RQL3BFbllTQ3RqS1JzND0=

32

Stiller, V., Lafitte, H.R., Sperry, J.S., 2003. Hydraulic properties of rice and the response of gas
exchange to water stress. Plant Physiol. 132, 1698-1706.

Su, A.Y., Niu, S.Q., Liu, Y.Z., He, AL., Zhao, Q., Paré, P.W., Li, M-F., Han, Q.Q., Khan, S.A.,
Zhang, J.L., 2017. Synergistic effects of Bacillus amyloliquefaciens (GB03) and water
retaining agent on drought tolerance of perennial ryegrass. Int J Mol Sci. 18, 2651.

Tabacchioni, S., Passato, S., Ambrosino, P., Huang, L., Caldara, M., Cantale, C., Hett, J., Fiore,
A.D., Fiore, A., Schllter, A., Sczyrba, A., Maestri, E., Marmiroli, N., Neuhoff, D., Nesme,
J., Serensen, S.J., Aprea, G., Nobili, C., Presenti, O., Bevivino, A., 2021. Identification of
beneficial microbial consortia and bioactive compounds with potential as plant biostimulants
for a sustainable agriculture. Microorganisms. 9, 426.

Timmusk, S., Abd EI-Daim, I.A., Copolovici, L., Tanilas, T., Kannaste, A., Behers, L., Nevo,
E., Seisenbaeva, G., Stenstrom, E., Niinemets, U., 2014. Drought-tolerance of wheat
improved by rhizosphere bacteria from harsh environments: enhanced biomass production
and reduced emissions of stress volatiles. PloS one. 9, e96086.

Trueba S., Pouteau, R., Lens, F., Feild, T.S., lIsnard, S., Olson, M.E., Delzon,
S., 2017. Vulnerability to xylem embolism as a major correlate of the environmental
distribution of rain forest species on a tropical island. Plant Cell Environ. 40, 277— 289.

Urli, M., Porte, A.J., Cochard, H., Guengant, Y., Burlett, R., Delzon, S., 2013. Xylem embolism
threshold for catastrophic hydraulic failure in angiosperm trees. Tree physiol. 33, 672-683.

Wang, Z., Li, G., Sun, H., Ma, L., Guo, Y., Zhao, Z., Gao, H., Mei, L., 2018. Effects of drought
stress on photosynthesis and photosynthetic electron transport chain in young apple tree
leaves. Biol Open. 7, bio035279.


https://sciprofiles.com/profile/384916
https://sciprofiles.com/profile/author/Zkh4SktjdnRqd1hVM2hNbW1CN2JpN0ZVWGFia1R3dTNrRDlBUHpyeEJSUT0=
https://sciprofiles.com/profile/author/dW11QXozTlI5V3RJZHBLU3ZDWjVtaXp6eldIbjhNNUppbXlQcmhEU0VkRT0=
https://sciprofiles.com/profile/1431211
https://sciprofiles.com/profile/author/Z2pMa1hLcnBwUHBtQUFYVzJ3eUNQVXZrS3R3dmJxeVlWdnp4YXkzTWszST0=
https://sciprofiles.com/profile/author/b0cyanI2S3RPSkFOdGpmelg1SXpLNEorM28rbDkzYUtndDFRZmxnZlJDdz0=
https://sciprofiles.com/profile/674555
https://sciprofiles.com/profile/704824
https://sciprofiles.com/profile/1149037
https://sciprofiles.com/profile/938141
https://sciprofiles.com/profile/782176
https://sciprofiles.com/profile/1477698
https://sciprofiles.com/profile/author/UElwallSc0JGUkdoUFREUy9tSkpyQT09
https://sciprofiles.com/profile/author/WklNR0VHdTd6Wlo1SHl3a21jdmF0ZDhnZnJJTFh1QWhSRUJRZWF2TUkxWT0=
https://sciprofiles.com/profile/649743
https://sciprofiles.com/profile/author/NHlNQmhmYVhtVFBiQjFJcUIvTjZCa3IwblpFSlpEMEEwYktrbkJKTksrcz0=

33

CAPITULO II:

PLASTICIDADE FENOTIPICA EM RESPOSTA AO DEFICIT HIDRICO:
EFEITO DOS BIODEFENSIVOS A BASE DE MICRORGANISMOS SOBRE
OS PROCESSOS MORFOANATOMICOS FOLIARES, FISIOLOGICOS E
BIOQUIMICOS E SEU IMPACTO NA PRODUTIVIDADE EM Glycine max
(L.) Merrill)

RESUMO

A agua é o principal determinante para o desempenho e produtividade das culturas. A restricdo
hidrica ocasiona inumeras disfungdes no metalismo vegetal, afetando principalmente as
caracteristicas morfoanatdomicas foliares, reducdo de pigmentos cloroplastidicos, aumento no
grau de desidratacdo dos tecidos, danos celulares e o conjunto desses fatores refletem
negativamente a fotossintese e a produtividade vegetal. Neste contexto, os Microrganismos
Promotores do Crescimento de Plantas sdo alternativas economicamente viaveis que
conseguem mitigar os danos desencadeados pela restricdo hidrica em importantes culturas,
como a soja. O estudo foi realizado em casa de vegetacdo do Laboratério de Ecofisiologia e
Produtividade Vegetal, no Instituto Federal Goiano, Campus Rio Verde, avaliando os efeitos
dos microrganismos nos principais aspectos fisiologicos, morfoanatdmicos que impactam a
produtividade de Glycine max a seca. Para isso, sementes de soja foram inoculadas com
biodefensivos Bio-Imune® (B. subtilis BV02), No-Nema® (B. amyloliquefaciens BV03) e
Tricho-Turbo® (T. asperellum BV10) e cultivadas até o estadio R1, sendo entdo submetidas aos
seguintes tratamentos: T1 - Controle (100% da capacidade de campo (CC)); T2 - CT
BV02+BV10 (100% CC, ambos microrganismos aplicados via foliar); T3 - CT BV03+BV10
(100% CC, ambos tratados em sementes e folhas); T4 - DH (30% da CC); T5 - DH BV02+BV10
(30% CC, ambos tratados em folhas); T6 - DH BV03+BV10 (30% CC, ambos tratados em
sementes e folhas), permanecendo nestas condi¢cdes por 10 dias. Em seguida, foram realizadas
andlises de relacdes hidricas, pigmentos cloroplastidicos, caracteriza¢cdo morfoanatdémica foliar,
aspectos fisiologicos, bioquimicos e produtividade vegetal. Neste contexto, os resultados
mostraram que a acao sinergica dos microrganismos em plantas de soja na seca promoveram
maior condutividade hidraulica do caule e maior didmetro nos vasos xilematicos, contribuindo
para a maximizacdo no transporte de adgua para o tecido foliar, que por sua vez, manteve a
concentracdo de pigmentos cloroplastidicos, com incremento na taxa fotossintética mesmo
estando com a condutdncia estomatica e taxa transpiratoria reduzida. A manutencdo de
hidratacdo dos tecidos juntamente com o aumento das atividades de enzimas antioxidantes,
como superoxido dismutase e a catalase foram essenciais para atenuar o dano oxidativo. Como
reflexo, esses fatores contribuiram para o incremento do percentual no namero de gréos.

Palavras-chave: Fotossintese, Bacillus subtilis; Bacillus amyloliquefaciens; T. asperellum;
Bioquimica; Produtividade.
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1. INTRODUCAO

Compreender os impactos da seca na producgdo agricola é fundamental para garantir a
seguranca alimentar global (Leng e Hall, 2019). A crescente demanda por alimentos coloca em
destaque os grdos de soja como fonte de alto valor nutricional, estando entre as quatro plantas
mais cultivadas mundialmente, sendo a primeira entre as leguminosas (O“Donoghue et al.,
2017; Valliyodan et al., 2017). Para atender essa elevada demanda, no entanto, é necessario
driblar a severa pressao que as mudancas climaticas imp&e sobre a producao de alimentos (Leng
e Hall 2019; Etesami, 2018), ja que a agricultura brasileira é amplamente dependente do ciclo
hidrolégico local (Agéncia Nacional de Aguas, 2020), sendo severamente afetada por eventos
de seca, que estdo previstos para aumentar em frequéncia e intensidade nos préximos anos
(Borges et al., 2018; Leng e Hall, 2019).

Umas das principais alteracbes desencadeadas pelo déficit hidrico nas plantas é a
reducdo da abertura estomatica, a fim de evitar a taxa transpiratoria excessiva (E), o que
influencia o grau de hidratacdo dos tecidos. Assim, a reducéo de E contribui para a manutencao
do potencial hidrico (Ww) dentro de limites que sustentem o metabolismo celular (Marcos et al.,
2018; Sousa et al., 2020). Neste contexto, as caracteristicas morfoanatdmicas dos estdmatos
assumem papel central na regulacdo da perda de agua por transpiragdo (Choat et al., 2018;
Almeida, 2022) e, recentemente, foi constatado que mesmo apds o completo fechamento
estomatico, o tamanho e a distribuicdo dessas estruturas continuam a influenciar a perda de
agua para a atmosfera (Machado et al., 2021). Desse modo, a alteracdo no padrdo de
distribuicdo dos estdbmatos na epiderme foliar, determinado pela densidade estomatica (SD),
juntamente com o tamanho do estdmato (S), o tamanho do par de células-guarda (aqc) e area
maxima do poro estomatico (amax), determinam a condutancia estomatica maxima (gsmax) (Boer
et al., 2016) e a intensidade da perda de agua pela transpiracédo residual (Machado et al., 2021).

O controle no fechamento estomatico também é importante para a prevencédo da falha
hidraulica nos vasos xilematicos ocasionado pela ocorréncia de embolismo, que por sua vez,
pode desencadear a dessecacdo dos tecidos culminando na morte vegetal (Klein et al., 2018;
Islam et al., 2019). Além do funcionamento estomatico, outros aspectos anatdmicos foliares
influenciam na performance vegetal em condigdes estressantes. A epiderme foliar, mesofilo e
nervura central de plantas herbaceas sdo caracteres funcionais estratégicos em condicGes de
restricdo hidrica (Yanget al., 2023). Células epidérmicas maiores contribuem para baixa
transpiragdo estomatica e cuticular (Queiroz-Voltan et al., 2014; Machado et al., 2021). A
reducdo na espessura do parénquima palicadico e esponjoso pode facilitar o caminho para a

conducéo e fixagdo do dioxido de carbono (CO3) na Rubisco (Yang et al., 2023). Em adigéo,
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aumentos na espessura das nervuras, nos vasos Xilematicos e na densidade de venagdo podem
diminuir a desidratacédo foliar (Ro&caas et al., 2001; Li et al., 2018).

Apesar de ser essencial para manuten¢do do Ww, a reducdo da abertura estomética
diminui a condutancia estomatica (gs) (Sales et al., 2015), ou seja, limita a difusdo do CO-, que
afeta negativamente a atividade fotossintética (Nguyen et al., 2018), podendo resultar em
balango negativo de carbono (Ping et al., 2015). Além do fechamento estomatico, outros fatores
cooperam na limitacdo da fotossintese em condi¢des de restricdo hidrica, e pode ocorrer, por
exemplo, devido a reducdo na concentracdo das clorofilas a e b (Adiba et al., 2021), limitacbes
difusivas relacionadas a condutancia do mesofilo, além dos fatores hidraulicos (transporte de
agua aos tecidos transpirantes) e fatores bioquimicos (como limitacdo na atividade das enzimas
do ciclo de Calvin-Benson) (Gago et al., 2019; Nagy, et al., 2013).

Desiquilibrios, principalmente na etapa fotoquimica da fotossintese, podem desencadear
a superproducéo de espécies reativas de oxigénio (ROS), por meio da transferéncia de elétrons
para o Oz (Silveira et al, 2017) e como reflexo promover danos celulares e até a morte vegetal.
Para manter niveis constantes de ROS, aumentos nas atividades de enzimas do metabolismo
antioxidantes auxiliam na desintoxicacdo desses compostos. As enzimas antioxidantes mais
comuns incluem a superéxido dismutase (SOD), atuando na primeira linha de defesa,
convertendo o0 O2 (anion superdoxido) em peroxido de hidrogénio (H202). O H.Oz, por sua vez,
pode ser eliminado pela acdo das enzimas catalase (CAT), ascorbato peroxidase (APX) ou
peroxidase (POX) (Mishraet al.,, 2023). Para estimar danos causados pelo ROS, o
Hidroperéxido Dieno Conjugado (HPDC) é um produto priméario da peroxidagdo lipidica,
sendo um importante marcador de dano oxidativo as membranas celulares (Giampaoli et al.,
2021).

O impacto das alteracdes citadas acima depende da planta analisada, da intensidade do
estresse e do estadio de desenvolvimento da cultura, sendo que o estadio fenoldgico reprodutivo
é frequentemente o estadio mais sensivel a restricdo hidrica, conforme evidenciado em estudos
em feijdo (Miorini et al., 2011), milho (Clemente, 2017) e soja (Nakagawa et al., 2018). Nas
leguminosas, por exemplo, a indisponibilidade hidrica pode promover o abortamento floral,
abortamento de vagens, senescéncia foliar, distarbios no vigor e qualidade dos grdos nas vagens
presentes, além do encurtamento do ciclo de vida da planta (Farooq et al., 2017; Barcelos et al.,
2022).

A soja (Glycine max (L.) Merrill) é considerada uma das commodities mais relevantes
para a economia mundial, mas é uma cultura é particularmente sensivel a seca. Na safra

2018/19, por exemplo, um dos estados mais afetados foi Goias, no qual a ocorréncia de dois
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veranicos acarretou queda de aproximadamente 2 milhdes de toneladas na produtividade da
soja (CONAB, 2019). Na safra 2021/22 a escassez hidrica comprometeu novamente o cultivo
dessa oleaginosa, com queda de aproximadamente 4,12% em relacdo a safra passada (Barcelos,
2022). Essas perdas contribuem para diminuir a competitividade do produto brasileiro quando
comparado a outros paises, como Argentina e EUA. E importante ressaltar que o El Nifio de
2015-2016 promoveu desertificacdo de terras em diversas regides do globo ocasionado pelas
altas temperatura combinadas com secas intensas (Van Schaik et al., 2018). Para a safra atual,
a amostragem probabilistica de NOAA CPC ENSO prevé efeitos hidrocliméaticos ainda mais
negativos provocados pelo El Nifio de 2023-2024 (Mugiyo et al., 2023). Neste contexto, torna-
se necessario a introducdo de novas tecnologias que sejam capazes de mitigar os danos
desencadeados pela seca.

Microrganismos promotores de crescimento de plantas (MPCP) séo Uteis para o
crescimento e melhoria da produtividade vegetal (Meena et al., 2017; Ahmad et al., 2018;
Karuppiah et al., 2019; Silva, 2019). As bactérias do género Bacillus e fungos do género
Trichoderma sdo capazes de colonizar as raizes de diversas culturas, com capacidade de
estimular o desenvolvimento radicular e a tolerancia a estresses bioticos e abioticos, sendo este
altimo contribuindo no aumento do teor relativo de agua, pigmentos cloroplastidicos,
fotossintese e indice de estabilidade da membrana em plantas em condicGes de déficit hidrico
(Camargo, 2019; da Silva, 2023; Bakhshi et al., 2023). Estes microrganismos estdo entre 0s
mais abundantes na rizosfera, sendo comumente encontrados em diversas zonas climaticas, e
diferentes estudos apontam que a associacdo entre plantas e as bactérias Bacillus subtilis,
Bacillus amyloliquefaciens e o fungo Trichoderma asperellum podem trazer beneficios tanto
para 0s microrganismos quanto para os vegetais (Hashem et al., 2019; Izquierdo-Garcia et al.,
2020; Mulato et al., 2022; da Silva, 2023). Existem ainda estudos que apontam que a
combinacdo de diferentes microrganismos tém um potencial ainda maior para induzir respostas
vegetais, por abranger maior gama de respostas, mas essa abordagem é mais recente e seus
efeitos e potencialidades ainda ndo estdo totalmente esclarecidos (Srivastava et al., 2021; Diaz-
Urbano et al., 2023; Etesami et al., 2023). Dessa forma, o presente estudo objetivou avaliar
como a interacdo entre bactérias e fungos afeta a fisiologia e a reproducéo da soja, testando as
seguintes hipoteses: (i) a combinacdo de biodefensivos a base de microrganismos atenuara o
efeito negativo da seca sobre 0s processos centrais do metabolismo da soja; (ii) Plantas de soja
ndo tratadas com biodefensivos em exposicdo a seca apresentardo alteracGes nas estruturas
foliares, estomaticas e Xxilematicas, desidratacdo dos tecidos, com consequente, impacto

negativo dos processos fisioldgicos e na reproducéo.
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2. OBJETIVOS
2.1 Objetivos gerais

Caracterizar a combinacdo de biodefensivos a base de microrganismos Bacillus
subtilis BV02 + Trichoderma asperellum BV10 e B. amyloliquefaciens BV03 + T. asperellum
BV10, nos aspectos fisioldégicos, morfoanatdmicos, bioquimicos e produtivos de plantas de
Glycine max exposta a seca.

2.2 Objetivos especificos

e Caracterizar a acdo do déficit hidrico e a combina¢do de microrganismos sobre as
relacdes hidricas vegetais;

e Avaliar o impacto dos microrganismos nos principais aspectos fisioldégicos e
bioguimicos de plantas de soja submetidas a restricdo hidrica;

e Determinar as caracteristicas morfoanatdmicas foliares, estomaticas e xilematicas em

resposta a restricao hidrica, isoladamente ou em conjunto com microrganismos;

e Avaliar o potencial da combinagdo dos microrganismos sobre a produtividade vegetal.

3. MATERIAL E METODOS

3.1. Condicoes de cultivo

O experimento foi conduzido em casa de vegetacdo do Laboratdrio de Ecofisiologia e
Produtividade Vegetal, no Instituto Federal Goiano, Campus Rio Verde — GO, Brasil
(17°48'18.33" de latitude sul e 50°54'0.04" de longitude oeste e 748 m de altitude). Sementes
de soja da cultivar Neo680, com grau de precocidade superprecoce, fornecidas pela empresa
GAPES (Grupo Associado de Pesquisa do Sudoeste Goiano), foram semeadas em vasos de
PVC com capacidade para nove litros, contendo solo adubado, areia e matéria organica na
proporcao de 2:1:1 (v/v) e mantidas irrigadas na capacidade de campo (CC) até o estadio
vegetativo R1. O experimento foi conduzido em delineamento experimental inteiramente
casualizado, composto por seis tratamentos e com cinco repeti¢es cada. Apds essas condicdes,
as plantas foram submetidas aos seguintes tratamentos: 1. CT (100% CC); 1l. CT BV02+BV10
(100% CC, ambos aplicados via foliar); 1ll. CT BV03+BV10 (100% CC, ambos
microrganismos tratados em sementes e folhas); IV. DH (suspensdo da irrigacdo até 30% da
CC); V. DH BV02+BV10 (30% CC, ambos microrganismos tratados em folhas) e VI. DH
BV03+BV10 (30% CC, ambos microrganismos tratados em sementes e folhas). Os

biodefensivos a base de microrganismos utilizados sdo referenciados como Bio-Imune®
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(registro no MAPA: 43418 - B. subtilis BV02), No-Nema® (registro no MAPA: 34518 - B.
amyloliquefaciens BV03) e Tricho-Turbo®, (registro no MAPA: 34018 - T. asperellum BV10),
fornecidos pelo Vittia S.A. As plantas controles permaneceram permanentemente irrigadas,
enquanto plantas expostas a seca foram submetidas a suspensdo gradual de irrigacdo até que o
solo secasse de forma natural e gradativa até atingir 30% CC (seca severa), sendo 0S vasos
pesados diariamente. As sementes foram tratadas com os biodefensivos a base de
microrganismos antes da germinagcao, utilizando o volume de calda de 6 mL kg de sementes,
conforme recomendacdo da Empresa Brasileira de Pesquisa Agropecuéria (EMBRAPA). A
aplicacdo dos tratamentos via foliar foi realizada apenas no 1° dia de seca, no estadio R1,
utilizando um pulverizador agricola costal de CO,, com a vazdo de 150 L ha™*. Apés a aplicagdo
de cada tratamento, o pulverizador foi higienizado com solucdo de hipoclorito de sédio a 2%.
As plantas expostas apenas a seca, sem adi¢do de biodefensivos, receberam pulverizagdo com
agua de irrigagéo, a fim de, manter o grau de hidratacdo dos tecidos que receberam tratamentos
via foliar com biodefensivos. Por fim, as plantas permaneceram nessas condi¢des por 10 dias,

sendo entdo utilizadas nas analises descritas a seguir.

3.2. Relacdes hidricas
3.2.1 Potencial hidrico (Wv)

O potencial hidrico foliar foi determinado em folhas individuais de cada um dos
tratamentos, ao final do periodo de déficit hidrico, com o auxilio de bomba de pressao tipo
Scholander, na antemanha (04h30 — 05h30) (Wam) € a0 meio-dia (Wmad).

3.2.2 Potencial de soluto (¥s)

O potencial osmético foliar (¥s) foi mensurado de acordo com Pask et al. (2012). As
amostras foliares foram acondicionadas em seringas esterilizadas com trava de émbolo e o suco
celular foi extraido com a utilizacdo de uma pipeta automatica, sendo acondicionado em
microtubos devidamente identificados. Uma aliquota de 10 pL do suco celular foi utilizada para
determinacdo da osmolaridade utilizando um osmémetro de pressdo de vapor (modelo 5600;
VAPRO). A determinacao do s foi realizada utilizando a equagdo de Van't Hoff:

Ys=-RxTxCs

Onde R € a constante universal dos gases (0.08205 L atm mol*K™?), T é a temperatura

em K (T K=T°C +273) e Cs a concentragdo do soluto (M), usualmente expressa em atmosferas

e convertida em MPa.



39

3.2.3 Condutividade hidraulica do caule (Kstem)
A condutividade hidrdulica de segmentos caulinares (Ksem) de soja foi determinada com
0 auxilio de um sistema de fluxo, seguindo a metodologia proposto por Torres-Ruiz et al.
(2014). Onde, foi monitorada constantemente a massa de solucéo fluindo por unidade de tempo
através dos segmentos, com o uso de pipetas volumétricas. Este valor, juntamente com a presséo
aplicada e o comprimento do segmento utilizado foram usados para a obtencdo da
condutividade hidraulica (K) baseando-se na seguinte formula:

K (Kg ms* MPa?) = fluxo (Kg s) x comprimento do caule (m)/pressio aplicada MPa).

Os valores de K foram utilizados para o célculo da condutividade hidréaulica especifica

do caule (Kstem).

3.3. Caracterizacdo morfoanatémica
3.3.1 Caracterizagao estomatica

Para a caracterizacdo estomatica, foi utilizada a técnica de impressdo epidérmica para
determinar a densidade estomatica (SD), tamanho do estémato (S), tamanho do par de células-
guarda (agc), condutividade estomatica maxima (gwmax) € fragdo da epiderme alocada aos
estdmatos (fqc). Para isso, a impressao da epiderme foi realizada utilizando cola instantanea em
laminas histoldgicas, onde o material vegetal foi pressionado contra essa lamina por alguns
minutos. Em seguida, as laminas foram observadas na ampliacdo de 20x com o auxilio de um
fotomicroscopio (modelo AX70TRF, Olympus Optical) equipado com o sistema U-Photo.

Para analise na lamina histologica, foram selecionados 30 campos nas faces foliares
abaxial e adaxial para determinar a SD, o comprimento da célula de guarda (L), a &rea dos poros

(P) e a largura da célula-guarda (W) usando o software Image Pro Plus (Martins et al. 2014).

3.3.2 Caracterizacgao do xilema foliar
Para a determinacdo da densidade de venacdo, utilizou-se fragmentos da parte central
do limbo foliar, posteriormente foram lavados e acondicionados no processo de clarificacéo,
emergindo os fragmentos em hidréxido de s6dio (NaOH) a 10% no periodo de 2 horas, seguido
da imersdo dos fragmentos em hipoclorito de sédio 20% até a obtencdo do clareamento. Em
seguida, os fragmentos foram lavados com agua destilada e corados com safranina. Apds isso,
montou-se laminas histolégicas com as amostras, levadas ao microscopio 6tico de luz Olympus

(BX61, Tokyo, Japdo) acoplado com camera DP-72 e fotografadas. As imagens foram
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analisadas no software Imagens J e mensuradas pela raz&o entre comprimento total das nervuras
e superficie da area foliar (Uhl e Mosbrugger, 1999).

Para as analises morfoanatomicas da nervura foliar foram coletadas 3 mm? de amostras
foliares de Glycine max da regido central. Inicialmente as amostras foram fixadas em FAAvo.
Apos 24 horas foi armazenada em alcool 70% e desidratada em série etilica crescente de 30%
a 100%, posteriormente, pré-infiltrada e infiltrada em historesina (Leica, Alemanha). Em
seguida, as amostras foram seccionadas transversalmente a Sum de espessura em micrétomo
rotativo (Modelo 1508R, Logen Scientific, China) e os cortes corados com azul de toluidina -
coloragdo policromatica (0,05% tampao fosfato 0,1 M, pH 6,8) (O’Brien et al., 1964). Apds
isso foram preparadas laminas com os cortes histologicos e fotografadas no fotomicroscopio.
As mensuracdes dos nimeros de vasos dos xilemas, didmetro médio dos vasos, a rea total dos
vasos e a resisténcia ao colapso induzido por estresse (t/b)® foram calculadas como a média dos
didmetros maximo e minimo de cada limen, sendo analisadas pelo programa ImageJ
(Blackman et al., 2010; Rodriguez-Dominguez et al., 2018; Rueden et al., 2017).

3.4 Analises Fisiologicas

3.4.1 Teor de pigmentos cloroplastidicos

A anélise da concentracdo de clorofilas e carotenoides foi determinada por meio da
extracdo com dimetilsulfoxido (DMSO), saturado com carbonato de calcio (CaCOs3), descrita
por Kuki et al. (2005). Aproximadamente 5 discos foliares com diametro de 5 mm foram
acondicionados em frascos vedados e envolvidos com papel aluminio, contendo 5 mL da
solugcdo de DMSO, por um periodo de 24 horas a 65 °C em banho-maria. Posteriormente, a
leitura da absorbancia foi realizada em espectrofotometro UV/VIS (Modelo Evolution 60S,
Thermo Scientific, Madison -USA) nos comprimentos de onda 480, 649.1 e 665.1 nm. Os dados

foram calculados de acordo com Wellburn (1994) e expresso por massa seca.

3.4.2 Fluorescéncia da clorofila a e trocas gasosas
Os dados de fluorescéncia da clorofila a foram obtidos com o uso de fluorémetro
modulado, acoplado ao leitor de gases a infravermelho (L1-6400, Li-Cor Inc., Nebraska, EUA)
e fluorbmetro modulado Imaging-PAM (versdo MAXI-Standard, Heinz Walz, Effeltrich,
Alemanha). Inicialmente as folhas foram adaptadas por pelo menos 1 hora no escuro e

analisadas seguindo o proposto por Maxwell e Jhonson (2000). Com esses parametros, foram
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calculados os coeficientes de extin¢ao fotoquimica (ge), a eficiéncia fotoquimica do transporte
de elétrons associado ao fotossistema Il (drsn).

A taxa de assimilagdo liquida do carbono (A), a condutancia estomética (gs), a
concentracdo interna de CO; (Ci) e a taxa transpiratoria (E) foram determinadas em sistema
aberto, sob luz saturante (1000 umol de fotons m? s?), com o analisador de gases a
infravermelho supracitado. Com os dados destes parametros foram calculadas as razdes: Fv/Fm,
Fo/Fm, AICie AJE.

3.4.3 Respiracao noturna (Rn)
A respiracdo noturna (Rn), ou taxa de assimilacdo liquida de COz noturna, foi avaliada
antes do amanhecer utilizando um analisador de gases a infravermelho (LI-6400, Li-Cor Inc.,
Nebraska, EUA). Com os dados de Rn e A foi calculada a razéo taxa de respiragdo noturna

sobre a fotossintese (Rn/A).

3.5 Analises Bioquimicas
3.5.1 Peroxido de hidrogénio (H202)

Os niveis de peroxido de hidrogénio (H202) nas células foram determinados seguindo o
proposto por Kuo e Kao (2003). Inicialmente macerou-se aproximadamente 0,25g de tecidos
foliares em nitrogénio liquido e meio de extragcdo composto por tampé&o fosfato de potassio 50
mM, pH 6,5, contendo hidroxilamina 1 mM. As amostras foram entdo centrifugadas a 10.000
X g, por 15 minutos, a 4°C (Kuo e Kao, 2003). Apos isso, uma aliquota de 100 pL do
sobrenadante foi adicionado a 250 uM de meio de reacdo contendo FeNH4S04, 25 mM de
acido sulfurico, 250 uM de laranja de xilenol e 100 mM de sorbitol (Gay e Gebicki, 2000). As
amostras foram incubadas no escuro durante 30 minutos e a leitura da absorvancia determinada
em espectrofotdmetro UV-VIS (Modelo Evolution 60S, Thermo Scientific, Madison — USA) a
560 nm. As concentracdes do H>O, foram estimadas com base em curva de calibracdo

preparada com padrdes de H20. e normalizadas em funcéo do peso das amostras.

3.5.2 Avaliacédo da Peroxidacao Lipidica
O dano oxidativo nas membranas celulares foi estimado pela quantificacdo de
Hidroperéxido dieno conjugado (HPDC). Para isso, macerou-se aproximadamente 0,100g de
tecidos foliares com o auxilio de nitrogénio liquido, sendo o tecido homogeneizado em 12mL
de etanol 96%. O extrato resultante foi filtrado e uma aliquota foi diluida na proporgao 1:15 em

agua deionizada (Wannaz & Pignata 2006). Posteriormente lido em espectrofotbmetro sob



42

comprimento de onda de 234 nm. A peroxidacao lipidica foi estimada como contetdo de HPDC
e calculado a partir da constante &= 2,65 x 104 M cm? (Levin & Pignata 1995). Os resultados

foram expressos em pmol.g? MS.

3.5.3 Ensaios de enzimas antioxidantes

Foram determinadas as atividades das enzimas antioxidantes Superdxido Dismutase
(SOD), Catalase (CAT), Peroxidase (POX) e Peroxidase do Ascorbato (APX). Para isso,
aproximadamente 0,30g de amostras foliares foram maceradas com nitrogénio liquido e
homogeneizadas em tampdo fosfato de potassio 0,1 M, pH 6,8, EDTA 0,1 mM e
polivinilpirrolidona (PVPP) 1% para (SOD, EC 1.15.1.1), (POX, EC 1.11.1.7) e (APX, EC
1.11.1.11) (Peixoto et al., 1999; Carlberg e Mannervik, 1985). A seguir, os homogenatos foram
submetidos a centrifugacdo a 12.000 g por 15 min, a 4°C, sendo os sobrenadantes utilizados
como extrato enzimatico bruto. Os seguintes meios de reacdo foram utilizados: tampéo fosfato
de sddio 50 mM, pH 7,8, metionina 13 mM, azul de p-nitro tetrazélio (NBT) 75 um, EDTA 0,1
mM e riboflavina 2 um, para SOD (Giannopolitis e Ries, 1977); tampao fosfato de potéassio 50
mM e H202 12,5 mM, para CAT (Peixoto et al., 1999); tampéo fosfato de potéssio 25 mM, pH
6,8, pirogalol 20 mM e H202 2 mM, para POX (Peixoto et al., 1999); tampdo fosfato de potassio
50 mM, pH 6,0, acido ascorbico 0,8 mM e H202 1 mM, para APX (Peixoto et al., 1999). Para
determinacdo da SOD as amostras foram iluminadas por 5 min e absorbéncia foi lida a 560 nm.
Uma unidade de SOD foi definida como a quantidade de enzima necessaria para reduzir em
50% a fotorreducdo do NBT (Giannopolitis e Ries, 1977). As atividades das enzimas POX e
APX foram estimadas pela leitura da absorbancia durante o primeiro minuto de reacdo, nos

comprimentos de onda de 420 e 290 nm, respectivamente (Peixoto et al., 1999).

3.6. Caracterizacdo micromorfométrica
3.6.1 Aspectos anatémicos foliares

Para as analises morfoanatémicas foram coletadas 3 mm? de amostras foliares de
Glycine max da regido central e da margem no décimo dia de déficit hidrico. Inicialmente as
amostras foram fixadas em FAA7. Apds 24 horas foram armazenadas em &lcool 70% e
desidratadas em série etilica crescente de 30% a 100%, posteriormente, pré-infiltradas e
infiltradas em historesina (Leica, Alemanha), conforme as recomendagdes do fabricante.

Em seguida, as amostras foram seccionadas transversalmente a S5pum de espessura em
micrétomo rotativo (Modelo 1508R, Logen Scientific, China) e os cortes corados com azul de

toluidina - colorag@o policromatica (0,05% tampao fosfato 0,1 M, pH 6,8) (O’Brien et al.,
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1964). As imagens anatdmicas da epiderme, mesofilo, parénquima pali¢adico, esponjoso e
nervura principal foram obtidas através do microscopio Olympus (BX61, Tokyo, Japao)
acoplado com cémera DP-72 utilizando opcdo de campo claro. Posteriormente, foram
realizadas observagdes morfoanatémicas da epiderme nas faces adaxial e abaxial, parénquima
paligadico, esponjoso, mesofilo e nervura principal. Para o teste histoquimico com o regente de
Lugol para deteccdo de amido, foram feitos cortes seriados de amostras previamente fixadas
em FAA7 e incluidas em historesina.

3.7 Produtividade

As vagens das plantas foram colhidas manualmente, apds o estadio R8 de
desenvolvimento, quando os grdos mantiveram o grau de umidade abaixo de 15% (base umida).
Posteriormente, os gréos de soja foram debulhados das vagens, limpos com o auxilio de
peneiras, secos em condig¢des naturais.

A avaliagdo da produtividade foi quantificada pelo nimero de vagens por planta, o
namero de grdos por legume e a massa especifica do grdo. A massa especifica aparente dos
gréos de soja sera medida em uma balanca de peso hectolitrico de ¥ de litro utilizando graos
limpos, ou seja, 0s graos retidos na peneira de 3,00 mm de diametro, de acordo com a Portaria
n® 262, de 23/11/1983, do Ministério da Agricultura Pecuéria e Abastecimento (Brasil, 1983).

3.8 Indice de tolerancia (1T)
O indice de tolerancia a seca foi estimado seguindo a férmula proposto por Wilkins
(1978):
IT (%) = (RW*/Rw)
Em que: Rw* é o nimero de graos nos tratamentos de seca (com ou sem a combinacéo
com microrganismos); e Rw € o nimero de gréos produzidos pelas plantas cultivadas com plena

irrigacdo (controle).

3.9. Analises estatisticas
A normalidade dos dados foi avaliada usando o teste Shapiro-Wilk, sendo os dados
submetidos a analise de variancia (ANOVA) e as médias calculadas pelo teste SNK (Student

Newman Keuls), a 5% de probabilidade
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4. RESULTADOS
4.1. Relagdes hidricas

A exposicdo das plantas de Glycine max a seca afetou diferentes aspectos relacionados as
relagdes hidricas das plantas (Fig. 1). Em relagdo ao potencial hidrico da antemanha (Wam),
foram observadas alteragdes em todos os tratamentos de seca, 0S quais apresentaram menor
potencial hidrico, com incremento nos valores dessa variavel no tratamento DH BV02+BV10
(Fig. 1A). O potencial hidrico do meio-dia (Wmd), por sua vez, apresentou queda apenas nas
plantas expostas apenas ao deficit hidrico (DH), enquanto nos tratamentos de seca com
biodefensivos esse pardmetro manteve-se constante e similar ao controle (Fig. 1B). Nao foram
observadas alteragdes significativas no potencial osmotico (Ws) em comparagdo ao CT (Fig.
1C), o qual foi menor em todos os tratamentos de seca. Por fim, a condutividade hidraulica do
caule (Kstem) foi menor em todos os tratamentos em déficit hidrico, com incrementos parciais

nos tratamentos contendo biodefensivos microbioldgicos (Fig. 1D).
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Figura 1 — Relacdes hidricas: potencial hidrico da antemanha (Wam) (A), potencial hidrico do
meio-dia (Wmd) (B) e potencial de soluto (Ws) (C) condutividade hidraulica do caule (Ksem) (D),
em plantas de soja completamente irrigadas (controle — CT) ou submetidas a seca (DH),
isoladamente ou em combinacdo com biodefensivos. Foram aplicadas duas combinacGes de
biodefensivos: BV02+BV10 (Bacillus subtilis + Trichoderma asperellum em folhas); e
BV03+BV10 (B. amyloliquefaciens + T. asperellum em sementes e folhas). Médias seguidas
da mesma letra ndo diferem entre si pelo teste SNK a 0,05% de probabilidade.
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4.2. Caracterizacao estomatica

As caracteristicas morfologicas dos estdmatos foram alteradas pela exposi¢do aos dez
dias de seca, com comportamento bastante varidvel em cada um dos tratamentos analisados
(Tabela 1). Em relagdo a densidade estomatica (SD), ndo houve diferenca significativa entre os
tratamentos nas duas faces. Houve redugéo do tamanho dos estomatos (S) em ambas as faces
da epiderme, sendo que na face adaxial foram observados estdmatos menores em todos 0s
tratamentos com exposicao a restri¢do hidrica, enquanto na face abaxial apenas os tratamentos
DH e DH+BV02+BV10 apresentaram diferenca no tamanho dos estomatos em relagdo aos
respectivos controles. Na face abaxial, a queda em S foi mais expressiva no tratamento DH
BV02+BV10, sendo que os estdmatos foram 17.82 % menores do que no controle. Como
resultado do S, o tamanho do par de células-guarda (ay) foi diminuido em todos os tratamentos
em deficit hidrico nas duas faces, com excecdo de DH BV03+BV10, que ndo diferiu
estatisticamente do controle na face abaxial. Alem disso, ndo houve alteracdo na condutividade
estomatica maxima (gwmax) €ntre os tratamentos avaliados. E, por fim, as mudancas nas
caracteristicas estomaticas refletiram na fracdo da epiderme alocada aos estématos (fqc), sendo
menor na face adaxial no tratamento DH BV03+BV10 quando comparado ao CT BV03+BV 10,
enquanto na face abaxial a reducédo de fqc foi intensa em todos os tratamentos em déficit hidrico
com e sem microrganismos, em comparagdo aos seus respectivos controles. A figura 2 ilustra
a distribuicdo dos estdomatos na epiderme foliar da face abaxial por meio da impressdo

epidérmica.
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Figura 2 — Impressdo epidérmica: Estdmatos e células epidérmicas na face abaxial dos
tratamentos, CT (100% CC) (A); CT BV02+BV10 (100% CC + B. subtilis + T. asperellum em
folhas) (B); CT BV03+BV10 (100% CC + B. amyloliquefaciens + T. asperellum em sementes
e folhas) (C); DH (30% da CC) (D); DH BV02+BV10 (30% CC + B. subtilis + T. asperellum
em folhas) (E) e DH BV03+BV10 (30% CC + B. amyloliquefaciens + T. asperellum em
sementes e folhas) (F).
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Tabela 1 — Caracterizagdo estomatica na face foliar adaxial e abaxial em plantas de Glycine max completamente irrigadas (controle — CT) ou submetidas
a seca (DH), isoladamente ou em combinacdo com biodefensivos. Foram aplicadas duas combinagfes de biodefensivos: BV02+BV10 (Bacillus subtilis
+ Trichoderma asperellum em folhas); e BV03+BV10 (B. amyloliquefaciens + T. asperellum em sementes e folhas). Médias seguidas da mesma letra
ndo diferem entre si pelo teste SNK a 0,05% de probabilidade. Abreviacdes: densidade estomatica (SD), tamanho do estdmato (S), tamanho do par de

células-guarda (agc), condutividade estomatica maxima (gwmax) € fracdo da epiderme alocada aos estdmatos (fqc).

Tratamento SD (um?2) S (um?) age (Mm?) Qwmax (Mol m2s1) fgc (%)

CT 151+00a 281.1+£7.7b 0.0017+£0.0b 0.005+0.0a 0.26 £ 0.0 bc

CT BV02+BV10 1.72+0.1a 297.2+4.0a 0.0018 +0.0a 0.005+0.0a 0.32+0.0ab

Adaxial CT BV03+BV10 1.71+0.1a 3106 +23a 0.0019+0.0a 0.006 £0.0a 0.39+£0.0 a
DH 1.45+00a 2289+ 28¢ 0.0014+0.0c 0.006 £0.0a 0.21£00 c

DH BV02+BV10 180+00a 237.7+6.8¢C 0.0014+0.0c 0.006 £0.0a 0.27 £ 0.0 bc

DH BV03+BV10 154+00a 245.315.0c 0.0015+0.0c 0.005x0.0a 0.23+x0.0 c
CT 3.9+£0.00 ab 291.7£5.7 ab 0.0018 £ 0.0 ab 0.012+0.0 ab 0.71+£0.02 ab

CT BV02+BV10 40+£0.10a 298.4+48 a 0.0019+£0.0 a 0.011+00 b 0.75+£0.02 a

Abaxial CT BVO03+BV10 4.0+000ab  291.0+3.0ab  0.0018 + 0.0 ab 0011200 b 0.73+0.02 a
DH 34+£020 b 260.6 £6.2 C 0.0016 £0.0 c 0.014+0.0 a 0.54+0.02 d

DH BV02+BV10 3.9+0.10ab 2452+43 d 0.0015+0.0 c 0.013+0.0ab 0.60+0.01 cd

DH BV03+BV10 3.8+0.10ab 273.7 £ 6.3 bc 0.0017+£0.0 b 0.013+0.0 ab 0.65 +0.02 bc

Médias seguidas da mesma letra ndo diferem entre si pelo teste SNK a 0,05% de probabilidade.
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4.3. Caracterizacéo dos vasos do xilema foliar

A adicdo dos microrganismos aumentou a densidade de venagao, com valores superiores aos
observados nas plantas na seca sem microrganismos (Fig. 3A). Avaliando os vasos xileméticos na
nervura principal da folha, constatou-se que o diametro médio dos vasos xilematicos e a area total do
xilema reduziram significativamente nas plantas na seca isolada em comparagdo com as plantas em
seca e tratadas com microrganismos (Fig. 3B-C). O nimero de vasos, no entanto, ndo se alterou em
nenhum dos tratamentos em comparag¢do com os respectivos controles (Fig. 3D). Por fim, observou-
se que 0 aumento da resisténcia ao colapso induzida por estresse (Fig. 3E) aumentou apenas na seca

sem microrganismos, mantendo-se igual ao controle nos demais tratamentos de restricdo hidrica.

4.4. Pigmentos cloroplastidicos

A seca promoveu alteracGes nos pigmentos cloroplastidicos em Glycine max, sendo essas
alteracdes mais conspicuas nas plantas expostas a seca isoladamente. O contetdo de clorofila a (Chl,)
foi reduzido no tratamento DH, enquanto em ambos os tratamentos de seca com biodefensivos a
concentracdo de pigmentos manteve-se similar ao controle (Fig. 4A). Em relacdo ao contetdo de
clorofila b (Chly), apenas o tratamento DH BV02+BV10 conseguiu promover um aumento na
concentragdo desse pigmento em comparacdo com as plantas no tratamento DH, embora no DH
BV03+BV10 a Chl,, ndo tenha diferido do controle sem microrganismos (Fig. 4B). Como
consequéncia, a concentragéo de clorofilas totais (Chl.+Chly) diminuiu apenas no tratamento DH, em
comparacdo ao CT, enquanto os tratamentos DH BV02+BV10 e DH BV03+BV10 foram similares
ao controle (Fig. 4C). Ndo foram observadas alterac6es na razdo da a clorofila a/b (Chla+Chly), ja no

conteddo de carotenoides foi reduzido no tratamento DH em comparacdo ao controle (Fig. 4D-E).
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Figura 3 — Caracterizacao do xilema foliar: densidade de venagéo (A), diametro médio dos vasos
xilematicos (B), area do xilema (C) numero dos vasos Xilematicos (D), resisténcia ao colapso
induzido por estresse (t/b)® em Glycine max completamente irrigada (controle — CT) ou submetidas a
seca (DH), isoladamente ou em combinacdo com biodefensivos: BV02+BV10 (Bacillus subtilis +
Trichoderma asperellum em folhas) e BV03+BV10 (Bacillus amyloliquefaciens + Trichoderma
asperellum em sementes e folhas). Seta preta indica as nervuras e 0s vasos Xilematicos,
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respectivamente. Médias seguidas da mesma letra ndo diferem entre si pelo teste SNK a 0,05% de
probabilidade.
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Figura 4 — Pigmentos cloroplastidicos: clorofila a (A), clorofila b (B), clorofilas totais (Chla+Chly)
(C), razdo entre aclorofilaa e b (Chla+Chly) (D) e carotenoides (E), em plantas de soja completamente
irrigadas (controle — CT) ou submetidas & seca (DH), isoladamente ou em combinagdo com
biodefensivos. Foram aplicadas duas combinagdes de biodefensivos: BV02+BV10 (Bacillus subtilis
+ Trichoderma asperellum em folhas) e BV03+BV10 (B. amyloliquefaciens + T. asperellum em
sementes e folhas). Médias seguidas da mesma letra ndo diferem entre si pelo teste SNK a 0,05% de
probabilidade.



52

4.5. Fluorescéncia da clorofila a

A seca alterou a primeira etapa da fotossintese, evidenciado pela fluorescéncia da clorofila a
e fluorescéncia de imagem (Fig. 5 e 6). O rendimento quéntico potencial do fotossistema Il (Fv/Fm) e
o rendimento quéntico basal dos processos fotoquimicos (Fo/Fm) (Fig. 5A-B) ndo se alteraram em
nenhum dos tratamentos analisados (Fig. 5A). O rendimento quantico efetivo do PSII ($psi), por
outro lado, diminuiu significativamente em todos os tratamentos de seca, mas essa queda foi menos
intensa quando os microrganismos estavam presentes (Fig. 5C). O quenching ndo fotoquimico (qn)
aumentou nos tratamentos DH e DH BV02+BV10, enquanto DH BV03+BV10 manteve-se similar
ao controle (Fig. 5D). O quenching fotoquimico (gp), por outro lado, apresentou queda apenas no
tratamento DH, enquanto a combinacdo dos biodefensivos nessas condigdes manteve o ge proximo
ao controle (Fig. 5E).

A fluorescéncia de imagem ilustrou o aumento da fluorescéncia minima (Fo) no DH isolado;
incrementos no ¢psii, fragdo de centros abertos do PSII (qL) e gP com a adi¢do dos biodefensivos
microbioldgicos; e, aumento de gN em DH e DH BV02+BV10 (Fig. 6).

4.6. Trocas gasosas

A exposicao das plantas a seca afetou todos 0s parametros das trocas gasosas analisados (Fig.
7). A taxa de assimilacdo liquida do carbono (A) diminuiu em todos os tratamentos, sobretudo nas
plantas expostas a DH, com incremento significativo em DH BV02+BV10 e DH BV03+BV10 (Fig.
7A). Queda acentuada também foi observada na condutancia estomatica (gs) e na taxa transpiratoria
(E) apds a exposicdo aos estresses, ndo havendo, nesse caso, diferenca entre os tratamentos em
restricdo hidrica (Fig. 7B-C). Nao foi observado alteraces na concentracdo interna de CO2 (Ci) ao
final da imposicdo dos tratamentos (Fig. 7D). Entretanto, a eficiéncia de carboxilagdo da Rubisco
(A/C;) foi menor nos tratamentos de seca, com incremento significativo em ambos os tratamentos
com a combinacdo de biodefensivos (Fig. 7E). Por fim, a maior eficiéncia no uso da agua,
representada pela razdo entre A/E, foi apresentada no tratamento DH BV02+BV10 em comparagao

ao controle (Fig. 7F).
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Figura 5 — Fluorescéncia da clorofila a: rendimento quantico potencial do fotossistema Il (Fv/Fm)
(A), producdo quéntica basal dos processos ndo fotoquimico no fotossistema Il (Fo/Fm) (B),
rendimento quantico efetivo do PSII (¢rsi) (C), quenching ndo fotoquimico (gn) (D) e quenching
fotoquimico (ge) (E), em plantas de soja completamente irrigadas (controle — CT) ou submetidas a
seca (DH), isoladamente ou em combinacdo com biodefensivos. Foram aplicadas duas combinagdes
de biodefensivos: BV02+BV10 (Bacillus subtilis + Trichoderma asperellum em folhas); e
BV03+BV10 (B. amyloliquefaciens + T. asperellum em sementes e folhas). Médias seguidas da
mesma letra ndo diferem entre si pelo teste SNK a 0,05% de probabilidade.
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Figura 6 — Fluorescéncia de imagem da clorofila a: fluorescéncia minima (Fo), rendimento
quantico potencial do fotossistema Il (F./Fm), rendimento quéntico efetivo do PSII (¢psi), quenching
nao fotoquimico (gN), fracdo de centros do PSII abertos (qL) e quenching fotoquimico (gP), em
plantas de soja completamente irrigadas (controle — CT) ou submetidas a seca (DH), isoladamente ou
em combinagdo com biodefensivos: BV02+BV10 (Bacillus subtilis + Trichoderma asperellum em
folhas) e BV03+BV10 (B. amyloliquefaciens + T. asperellum em sementes e folhas). Aumento
significativo entre tratamentos em déficit hidrico sdo indicadas por asteriscos (*) pelo teste SNK a
0,05%.
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Figura 7 — Trocas gasosas: Assimilacdo liquida de carbono (A) (A), condutancia estomatica (gs) (B),
transpiracéo (E) (C), concentracéo interna de CO (Ci) (D), eficiéncia de carboxilagdo (A/Ci) (E) e
eficiéncia no uso da agua (A/E) (F), em plantas completamente irrigadas (controle — CT) ou
submetidas a seca (DH), isoladamente ou em combinacdo com biodefensivos. Foram aplicadas as
combinacdes de biodefensivos: BV02+BV10 (Bacillus subtilis + Trichoderma asperellum em
folhas); e BV03+BV10 (B. amyloliquefaciens + T. asperellum em sementes e folhas). Médias
seguidas da mesma letra ndo diferem entre si (SNK, 0,05% de probabilidade).

4.7. Respiracdo noturna (Rn)
Em relacdo a respiracdo noturna (Rn) ndo foram observadas alterac6es significativas apos a

imposicao dos tratamentos (Fig. 8A). No entanto, houve alteracdo na relagéo entre a taxa de respiragéo
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e a taxa fotossintética (Rn/A), com aumento consideravel nas plantas em DH e parcialmente nos
tratamentos de seca combinada com biodefensivos (DH BV02+BV10 e DH BV03+BV10) (Fig. 8B).
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Figura 8 — Taxa respiratdria: respiragdo noturna (Rn) (A) e razdo entre a taxa de respiracéo € a
fotossintese (Rn/A) (B), em plantas de soja completamente irrigadas (controle — CT) ou submetidas &
seca (DH), isoladamente ou em combinacdo com biodefensivos. Foram aplicadas duas combinacgdes
de biodefensivos: BV02+BV10 (Bacillus subtilis + Trichoderma asperellum em folhas); e
BV03+BV10 (B. amyloliquefaciens + T. asperellum em sementes e folhas). Médias seguidas da
mesma letra ndo diferem entre si pelo teste SNK a 0,05% de probabilidade.

4.8. Deteccdo de amido transitério foliar
Apenas tratamento déficit hidrico, sem microrganismos, apresentou menor coloracdo com

lugol, principalmente no parénquima esponjoso (Fig. 9).

Figura 9: Seccdo transversal da lamina foliar de G. max fixado em resina para deteccdo de
amido (reagente Lugol): EdAd- epiderme adaxial, PP- parénquima paligadico, PS-parénquima
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esponjoso, EpAb- epiderme abaxial, em plantas completamente irrigadas (controle — CT) ou
submetidas a seca (DH), isoladamente ou em combinacdo com biodefensivos: CT (A), CT
BV02+BV10 (Bacillus subtilis + Trichoderma asperellum em folhas) (B), CT BV03+BV10 (C)
Bacillus amyloliquefaciens + T. asperellum em sementes e folhas), e submetidas ao déficit hidrico,
DH (D), DH BV02+BV10 (E) (B. subtilis + T. asperellum em folhas) e DH BV02+BV10 (B.
amyloliquefaciens + T. asperellum em sementes e folhas) (F). Seta branca indicando tricoma
glandular. Barras de 200 pm.

4.9. Danos celulares e metabolismo antioxidante

A exposicado das plantas ao déficit hidrico ocasionou danos celulares e aumento da atividade
do metabolismo antioxidante, sendo essas alteragdes atenuadas pelo tratamento com microrganismos
(Fig. 10). Em comparagdo ao CT, o estresse hidrico, quando aplicado isoladamente, aumentou a
concentracdo de H>O> nas células vegetais, ndo observando diferenca estatistica nos tratamentos com
biodefensivos (Fig. 10A). O incremento em H2O., por sua vez, refletiu em danos nas membranas
celulares de G. max no tratamento DH, onde a concentracdo de Hidroperoxido Dieno Conjugado
(HPDC) foi elevada (Fig. 10B).

Em relacdo as enzimas antioxidantes, observou-se que nas plantas submetidas ao estresse e
tratadas com microrganismos ocorreu aumento na atividade da SOD e da CAT, enguanto nas plantas
expostas a restricdo hidrica de forma isolada apenas a enzima CAT apresentou maior atividade do
que o controle (Fig. 10C-D). As enzimas APX e POX ndo diferiram do controle (CT) em nenhum
dos tratamentos (Fig. 10E-F).
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Figura 10 — Danos em membranas e metabolismo antioxidante: peroxido de hidrogénio (H20-) (A),
hidroperdxido dieno conjugado (HPDC) (B), superoxido dismutase (SOD) (C), catalase (CAT) (D),
ascorbato peroxidase (APX) (E) e peroxidase (POX) (F), em plantas de soja completamente irrigadas
(controle — CT) ou submetidas a seca (DH), isoladamente ou em combina¢do com biodefensivos.
Foram aplicadas duas combinag6es de biodefensivos: BV02+BV10 (Bacillus subtilis + Trichoderma
asperellum em folhas); e BV03+BV10 (B. amyloliquefaciens + T. asperellum em sementes e folhas).
Médias seguidas da mesma letra ndo diferem entre si pelo teste SNK a 0,05% de probabilidade.

4.10. Descrigao anatémica e micromorfométricas do limbo foliar
Em secgdo transversal do limbo foliar foi observado que a epiderme de G. max € simples com

presenca de mucilagem e estdmatos em ambas as faces, caracterizando a folha como anfiestomética
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(Fig. 11A). Ha presenca de tricomas tectores (seta verde) e glandulares (seta laranja) (Fig. 11 D, seta
amarela) projetados acima das células epidérmicas. O parénquima clorofiliano palicadico é do tipo
dorsiventral, contendo duas camadas de células alongadas, ocupando cerca de 50% da espessura do
mesofilo e o parénquima clorofiliano esponjoso é constituido de trés a quatro células com grandes
espacos intercelulares. A exposicdo aos dez dias de seca promoveu remoc¢do de algumas células da

epiderme adaxial no tratamento na seca isolada (Fig. 11D, seta preta).

Figura 11 - Caracterizacdo anatdomica do limbo foliar EpAd - epiderme adaxial, EpAb - epiderme
abaxial, PP — parénquima pali¢ddico, PS — parénquima esponjoso. Seta lilas indicando presenca de
mucilagem nas epidermes. Seta laranja indicando tricoma glandular, seta verde indicando tricoma
tector e a seta preta indicando remocdo de células da epiderme. Em Glycine max completamente
irrigada (controle — CT) ou submetida ao déficit hidrico (DH), isoladamente ou em combinagdo com
biodefensivos: CT (A), CT BV02+BV10 (Bacillus subtilis + Trichoderma asperellum em folhas) (B),
CT BV03+BV10 (C) B. amyloliquefaciens + T. asperellum em sementes e folhas), e submetidas ao
déficit hidrico, DH (D), DH BV02+BV10 (E) (B. subtilis + T. asperellum em folhas) e DH
BV02+BV10 (B. amyloliquefaciens + T. asperellum em sementes e folhas) (F). Barras de 200 pum.
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4.11. Analises micromorfométricas do limbo foliar

A exposicao aos dez dias em déficit hidrico alterou os aspectos anatémicos foliares em G. max
(Fig. 12). A epiderme adaxial (EpAd) foi reduzida no tratamento DH BV03+BV10 quando
comparado ao seu respectivo controle (CT BV03+BV10) (Fig. 12A). N&o houve alteragcdes na
epiderme abaxial (EpAb) e no parénquima palicadico entre os tratamentos avaliados (Fig. 12B e E).
Por outro lado, a espessura do limbo foliar e do mesofilo foi reduzida no tratamento DH sem
microrganismos em comparacao ao CT, sendo essa alteracdo também observada no tratamento DH
+BV02+BV10 (Fig. 12C-D). E, por fim, o parénguima esponjoso foi menor nos tratamentos em DH
e DH BV02+BV10 em comparagao aos respectivos controles (Fig. 12F).
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Figura 12 — Analises micromorfométricas do limbo foliar: epiderme adaxial (A) e abaxial (B),
espessura do limbo (C), mesofilo (D), parénquima palicadico (E) e parénquima esponjoso (F) em
Glycine max completamente irrigada (controle — CT) ou submetidas a seca (DH), isoladamente ou
em combinagdo com biodefensivos: BV02+BV10 (Bacillus subtilis + Trichoderma asperellum em
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folhas) e BV03+BV10 (B. amyloliquefaciens + T. asperellum em sementes e folhas). Médias seguidas
da mesma letra ndo diferem entre si pelo teste SNK a 0,05% de probabilidade.

4.12. Produtividade e indice de toleréncia

A exposicao das plantas por dez dias de seca afetou a produtividade das plantas, sendo esse
efeito danoso parcialmente atenuado pela combinacdo de microrganismos (Fig. 13). O nimero de
vagens e de gréos diminuiu consideravelmente nas plantas expostas a seca sem o tratamento com 0s
biodefensivos e, embora queda também tenha sido observada nos tratamentos na seca com
microrganismos, a queda foi menor e as plantas mantiveram-se similares ao controle (Fig. 13A-C).
De fato, em comparagdo com o tratamento DH, houve aumento de 41% e 38% no nimero de vagens
e de 38 % e 34 % no nimero de grdos para os tratamentos DH BV02+BV10 e DH BV03+BV 10,
respectivamente. Em relagdo ao volume dos grdos, essa variavel foi menor nas plantas tratadas em
DH quando comparado ao controle. O tratamento com biodefensivos resultou em aumento de 12%
do volume de grdos em comparacdo com o deficit hidrico. Como consequéncia, tratamentos em

déficit hidrico com microrganismos apresentaram maior indice de tolerancia a seca.
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Figura 13 — Produtividade: Numero de vagens (A), namero de grdos (B) e volume de gréos (C) e
indice de tolerancia (D) em plantas de soja completamente irrigadas (controle — CT) ou submetidas a
seca (DH), isoladamente ou em combinacdo com biodefensivos. Foram aplicadas duas combinacdes
de biodefensivos: BV02+BV10 (Bacillus subtilis + Trichoderma asperellum em folhas); e
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BV03+BV10 (B. amyloliquefaciens + T. asperellum em sementes e folhas). Médias seguidas da
mesma letra ndo diferem entre si pelo teste SNK a 0,05% de probabilidade. Para a variavel indice de
tolerancia (IT) comparou-se DH com DH BV02+BV10; e DH com DH BV03+BV10 utilizando-se o
teste t. Médias seguidas pelos (*) diferem do tratamento DH para o indice de tolerancia a seca.

5. DISCUSSAO

A seca é o principal fator abidtico limitante do rendimento das culturas e a queda na
produtividade esta relacionada com o comprometimento de importantes processos centrais do
metabolismo vegetal (Zhang et al., 2022). Uma alternativa de grande interesse comercial, que tende
a atenuar as perdas na agricultura, aumentando a tolerancia de plantas a seca de forma sustentavel, é
0 uso biodefensivos multicepa (Mpanga et al., 2019). Neste estudo, avaliou-se os efeitos da seca,
aplicada isoladamente ou em combinacdo com MPCP, nos principais aspectos fisiologicos,
morfoanatdémicos e produtivos de Glycine max. Foi possivel constatar que os biodefensivos mitigaram
0s danos desencadeados pela seca e mantiveram a funcionalidade de importantes processos, sendo
atributos fundamentais quando se pensa no aumento de produtividade em um cenario de mudancas

climéticas globais.

A manutengdo do status hidrico celular demandou ajustes nos mecanismos de perda e

transporte de agua pelas plantas

O potencial hidrico é considerado o melhor indicador do estado hidrico da planta, porque € o
resultado integrado das condicdes ambientais acima e abaixo do solo (De Swaef et al., 2022). Com
efeito, o potencial hidrico reflete o balanco entre o suprimento hidrico, largamente determinado pela
disponibilidade de agua no solo, e a perda de &gua para a atmosfera, que pode ser parcialmente
regulada pela planta. Todas as plantas na seca apresentaram alteracfes capazes de diminuir a perda
de 4gua para a atmosfera, através de ajustes em gs (Fig. 7). Além disso, algumas alteracGes na
anatomia dos estbmatos também contribuem para diminuir a transpiracdo. Nesse sentido, todas as
plantas em déficit hidrico apresentaram menor tamanho dos estématos na face adaxial, enquanto na
face abaxial foram observadas reducfes nos tratamentos DH e DH+BV02+BV10 (Tabela 1).
Estbmatos menores na soja exposta a seca tem sido observado em diferentes estudos (Zhang et al.,
2016; Sousa et al., 2020; Mano et al., 2023) e sdo comumente associados a maior velocidade de
resposta (Drake et al., 2013). Em variedades de arroz, por exemplo, foi demonstrado que cultivares
com estdmatos menores apresentavam maior reducdo em gs quando expostas a seca (Ouyang et al.,
2027). Na soja, a diminuicdo no tamanho do estdmato ndo foi acompanhada por aumentos na

densidade, de forma que fqc apresentou a mesma tendéncia observada em S (Tabela 1). Assim como
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a diminuicdo no tamanho das células-guarda, decréscimos em fyc também podem resultar em menor
perda de agua para a atmosfera, incluindo, nesse caso, tanto a transpiracdo estomatica quanto a
transpiracdo residual (Machado et al., 2021). Apenas as alteragdes na perda de agua para a atmosfera,
no entanto, ndo sao suficientes para explicar as diferengas observadas no Ww em plantas tratadas ou
ndo com microrganismos, ja que alteraches estomaticas ocorreram em praticamente todos 0s
tratamentos com restricdo hidrica. Porém, nas plantas tratadas com microrganismos, também foi
possivel observar ajustes no transporte de dgua, com maior condutividade hidraulica do caule (Kstem,
Fig. 1D), garantindo uma maior disponibilidade de recursos hidricos para as folhas (Poorter et al.,
2014). Em adicdo, as folhas dos tratamentos com microrganismos mantiveram, em comparagdo com
o déficit hidrico isolado, vasos xileméaticos com maior didmetro (Fig. 3 B), maior &rea de xilema (Fig.
3 C) e maior densidade de venacgéo (Fig. 3 A). Segundo a equacédo de Hagen-Poiseuille, a eficiéncia
do transporte de 4gua de um conduto é equivalente a quarta poténcia do seu didmetro (Pickard &
Melcher 2005). Nesse sentido, vasos xilematicos com didmetros maiores contribuem para a
maximizacdo no transporte de agua para o tecido foliar o que, juntamente com aumentos na densidade
de venacdo, amplificam as vias alternativas de transporte hidrico (Nardini et al., 2014), mantendo
maior nivel de hidratacdo foliar (Roécaas et al., 2001; Li et al., 2018).

Aumento no diametro do vaso xilematico pode resultar em maior vulnerabilidade tedrica ao
embolismo se ndo for acompanhada de alterac6es na espessura da parede (Rodriguez-Ramirez et al.,
2023; Isasa et al., 2023), o que foi evidenciado pelos menores valores de (t/b)® em G. max tratadas
com microrganismos (Fig. 3 E). Esses dados evidenciam, portanto, que a adicdo de microrganismos
altera a resposta da planta ao déficit hidrico, investindo, principalmente, em mecanismos de aquisi¢éo
e transporte de agua. A longo prazo, essa estratégia pode resultar no esgotamento da agua disponivel
no solo. Convém ressaltar, no entanto, que cultivares de soja sdo selecionadas para serem cultivadas
durante a estacdo chuvosa, na qual os eventos de seca séo curtos e periddicos, de forma que investir
em transporte de dgua pode ser mais importante do que investir em tolerancia ao embolismo. Os
dados corroboram com o estudo de Ddria et al (2019) em diversas espécies herbaceas anuais,
mostrando que a tolerancia ao embolismo ndo é afetada pelo didmetro dos vasos xilematicos. Em
adicdo, maior tolerancia ao embolismo ndo necessariamente ird ocorrer por maior espessura de parede
em proporc¢ao a area de limen. Com efeito, Doria et al., 2019 observaram que, em espécies herbaceas,
0 aumento na concentracdo de fibras pode fornecer o suporte celular contra implosédo dos vasos do
xilema, aumentando a tolerancia ao embolismo sem que ocorram alteracdes na espessura da parede
dos vasos.). Especula-se que o aumento no diametro dos vasos xilematicos dos peciolos foliares

aumenta a eficiéncia no crescimento compensatério apds eventos de seca (Pereira, 2019).
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Biodefensivos microbioldgicos promoveram ajustes no balanco de carbono e metabolismo
antioxidante em G. max

Plantas que conseguem promover a manutengao do Ww reduzem os riscos de danos celulares,
favorecendo a manutencdo da estrutura celular, bem como, os niveis adequados de moléculas
necessarias ao metabolismo vegetal (Sousa et al., 2020). Em relagdo a estrutura, observou-se que as
plantas em déficit hidrico apresentaram menor espessura de diversas partes da folha, como é o caso
da epiderme abaxial, do limbo foliar e do mesofilo (Fig. 12), podendo refletir a perda de turgor das
células. Com efeito, ha forte correlagdo entre a espessura da folha e o teor relativo de 4gua (Afzal et
al., 2017). A diminuicdo na concentracdo de moléculas, por outro lado, pode comprometer 0s
processos fisioldégicos. Decréscimos nas clorofilas a e b, por exemplo, sdo comuns em plantas
submetidas a seca (Adiba et al., 2021) devido, principalmente, a fatores como peroxidacdo de
membranas cloroplastidicas, aumento na atividade das clorofilases e regulacdo negativa de enzimas
responsaveis pela biossintese de clorofilas (Tewari et al., 2008; Zhu et al., 2017). No entanto, manter
os teores de clorofilas reduzidos por muito tempo compromete o crescimento, o grau de tolerancia e
a produtividade vegetal (Kalaji et al., 2018), de forma que a manutencdo dessas moléculas é um traco
robusto na toleréncia ao estresse por seca (Ma et al., 2020). No presente estudo, os resultados ilustram
que o déficit hidrico reduziu as concentracdes de clorofilas a e b e clorofilas totais (Chla+), enquanto
as plantas tratadas com a combinacéo de biodefensivos apresentaram apenas tendéncia a queda, sem
diferenca do controle (Fig. 4).

A seca promoveu alteracGes nos parametros de fluorescéncia da clorofila a (Fig. 5-6). O Fv/Fm
ndo se alterou em nenhum dos tratamentos em déficit hidrico, ficando dentro dos valores considerados
otimos, em torno de 0,75 a 0,85, 0 que pode indicar auséncia de danos aos componentes do
fotossistema 11 (Fig. 5A) (Baker, 2008; Murchie & Lawson, 2013). De forma similar, embora diversos
autores utilizem a relagdo Fo/Fm como indicativo de estresse, neste estudo essa razdo se manteve
constante em todos os tratamentos (Fig. 5B), estando proximos aos valores considerados normais ou
preconizados, em torno de 0,14 e 0,20 (Rohacek, 2002). Por outro lado, a seca desencadeou queda no
dpsi, aumento na dissipacdo de energia na forma de calor e reducéo na proporcdo dos centros de
reacdo abertos do PSII, evidenciado pelo gn e ge, respectivamente (Fig. 5C-E). Com efeito, o baixo
rendimento quantico do PSII (fotossistema I1) pode ter sido reflexo do baixo contetudo de clorofilas,
0 que, provavelmente, comprometeu a taxa o transporte de elétrons, reduzindo a absorcdo e
transferéncia de energia para o PSIl (Luki¢ et al., 2020; Agathokleous et al., 2020). Ao manter a
concentracdo de pigmentos, no entanto, os biodefensivos microbiol6gicos conseguiram mitigar 0s

danos desencadeados pela seca nos parametros de fluorescéncia.


https://www.sciencedirect.com/science/article/pii/S1319562X19302025#b0345
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Como observado para a primeira etapa da fotossintese, a exposicao das plantas aos dez dias
de seca, sem o tratamento com biodefensivos, impactou as trocas gasosas (Fig. 7). Em condigdes de
restricdo hidrica a fotossintese pode ser limitada por trés fatores principais: aspectos difusivos,
hidraulicos e bioquimicos (Gago et al., 2019). Os fatores difusivos dizem respeito as resisténcias para
a difusdo do CO., as quais podem ser divididas em resisténcia estomatica (gs) e mesofilica (gm)
(Martins et al., 2014). J4 a limitacdo hidraulica estd intimamente relacionada com a primeira
resisténcia citada e diz respeito a capacidade da planta em transportar 4gua do tecido radicular para
os tecidos transpirantes (Scharwies et al., 2019). E, por fim, a limitacdo bioquimica é caraterizada
pela inibicdo da atividade enzimatica do ciclo de Calvin-Benson (Wang et al., 2018). Os resultados
aqui obtidos apontam que as plantas expostas ao déficit hidrico sem os biodefensivos passaram pelas
trés limitaces desencadeadas pela seca, o que resultou na queda na taxa de assimilacdo liquida de
carbono (A) (Fig. 7A). Assim, o fechamento estomatico desencadeou a diminuicdo de gs (Fig. 7B) e
essas plantas apresentaram menores valores de condutividade hidraulica do caule. Em relacéo as
limitacGes bioquimicas, as plantas expostas a seca isoladamente apresentaram quedas mais intensas
na razdo A/C;, a qual reflete a eficiéncia de carboxilagéo da Rubisco (Fig. 7D).

E interessante observar que os tratamentos de seca com e sem o0s biodefensivos permaneceram
com a mesma E e gs mas, apesar disso, a fixacdo de carbono foi maior nas plantas tratadas com os
biodefensivos. E provavel que tanto a combinago de B. subtilis e T. asperellum quanto a combinagio
de B. amyloliquefaciens e T. asperellum tenham aumentado a capacidade de assimilacédo de carbono,
conforme evidenciado pela raz&o A/Ci. Assim, é possivel que, ao manter a hidratag&o dos tecidos, 0s
microrganismos tenham atenuado o0s danos sobre a Rubisco e, dessa forma, permitido maior
carboxilagdo. Em adicdo, os biodefensivos também aumentaram a eficiéncia da primeira etapa da
fotossintese, refletindo em ganhos na fixacdo de CO». Esse dado é particularmente importante do
ponto de vista agrondémico, pois aumentar a taxa fotossintética sem incrementos em gs permite obter
maior estabilidade de producdo sem, contudo, desencadear a desidratacdo dos tecidos vegetais (Sousa
et al., 2020).

Uma abordagem que permite evidenciar o balanco de carbono foliar consiste na razdo entre a
taxa de respiragdo noturna e a fotossintese (Rn/A), ou seja, mols de O> consumidos por mols de
CO: incorporados (Pattison et al., 1998). No presente estudo essa razdo foi maior nas plantas em
déficit hidrico isolado (Fig. 8B), indicando que essas plantas apresentaram maiores custos
respiratorios em relacdo a capacidade carbono assimilado (Galmés et al., 2007) o que, a longo prazo,
pode comprometer todo o balango de carbono vegetal. Tal afirmacéo foi corroborada pelo acimulo
de amido nas folhas de soja, o qual foi visualmente menor nas plantas expostas apenas a restri¢do
hidrica (Fig. 9).


https://www.sciencedirect.com/science/article/pii/S0140196306001789?casa_token=fD0-T4nKT_4AAAAA:26vWVaoH75o_A771R964rFdtAhAUNT5baYxoS-6eNAZnq2OCNnLHI_4ZXThobgqQNO4PQ6B7FvGY#bib49
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A imposicdo do déficit hidrico sem os biodefensivos microbiolégicos amplificou o estresse
oxidativo em G. max, conforme evidenciado pelo aumento na concentragéo de H>O2 e de HPDC (Fig.
6A e B). Nem mesmo o incremento na atividade das enzimas antioxidantes (Fig. 6C — F) foi suficiente
para atenuar o dano oxidativo que ocorreu nas plantas cultivadas apenas na seca. Niveis do indicador
HPDC em plantas tratadas com biodefensivos similares as plantas controles, por sua vez, podem ser
explicados tanto pela menor ocorréncia de danos, devido a manutengédo da hidratagéo foliar, quanto
pela agdo combinada da ativacdo de enzimas do metabolismo antioxidante, particularmente a SOD e
a CAT.

Impacto na produtividade

As alteracBes na taxa fotossintética e no balanco de carbono na soja cultivada em condi¢des
de seca refletiram em queda na produtividade da cultura, o que foi atenuado parcialmente pela
combinagdo de microrganismos (Figura 13). O estadio fenoldgico reprodutivo de plantas de soja é
um dos mais sensiveis a restricdo hidrica (Sentelhas et al., 2015). Plantas nessas condi¢des aceleram
a precocidade do periodo de florescimento, além disso o abortamento floral e de vagens (Mundstock
& Thomas, 2005). No estadio de enchimento de gréos, por sua vez, basta um curto periodo de
exposicdo a seca, associada a altas temperaturas, para que as sementes produzidas reduzam o seu
tamanho e o grau de vigor (Peske & Barros, 2003). Neste estudo € importante salientar que, embora
o tratamento com biodefensivos tenha promovido aumento percentual no nimero de graos, vagens e
no volume dos gréos, a produtividade nesses tratamentos ndo foi estatisticamente diferente daquela
observada nas plantas submetidas a seca sem tratamento adicional. Apesar disso, os dados obtidos
sdo extremamente relevantes quando se tem em mente o produtor de soja, uma vez que ganhos
proximos a 40% no namero de grdos tem grande impacto econdmico, sobretudo quando se considera
grandes propriedades rurais. Por fim, foi possivel observar que os tratamentos com microrganismos
efetivamente alteraram o indice de tolerdncia a seca, 0 que é importante, sobretudo em locais de
instabilidade climatica, em especial a precipitacdo pluvial no periodo de cultivo da soja, a exemplo

da regido Centro-Oeste brasileira.

6. CONCLUSAO

Conseguir manter a produtividade com riscos minimos as culturas durante a restri¢do hidrica
é uma prioridade entre os estudos cientificos. Observou-se que a combinacdo de biodefensivos
microbioldgicos foi eficiente na atenuagdo dos efeitos negativos da seca nos principais aspectos
fisioldgicos, morfoanatdmicos, bioquimicos e produtivos de Glycine max, com capacidade de ajustar

a perda de &gua para a atmosfera, por meio de ajustes estomaticos e Xilematicos e maior
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condutividade hidraulica foliar, garantindo assim maior hidratacdo dos tecidos, 0 que promoveu
incremento da taxa fotossintética mesmo com reducdo da abertura estomatica. Estes resultados sao
interessantes do ponto de vista social e agrondémico, pois a manutengdo da produtividade é essencial

para a seguranca alimentar e energética do pais.
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