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RESUMO

Myracrodruon urundeuva Allemao (aroeira-do-sertdo) € uma espécie arborea nativa
da floresta tropical sazonalmente seca importante para a conservagdo da
biodiversidade deste bioma, mas que encontra-se ameacada de extincdo. Em regides
semidridas, o regime hidrico é apontado como fator de maior peso sobre a distribuicao
das espécies. Contudo, alguns estudos sugerem que o tipo de solo pode influenciar a
tolerancia das plantas ao estresse hidrico. Devido aos efeitos previstos das mudancas
climéaticas sobre a distribuicdo de M. urundeuva, este estudo avalia a influéncia do tipo
de solo sobre as mudancas fisioldgicas desencadeadas pelo déficit hidrico nesta
espécie. O experimento foi realizado em casa de vegetacdo em delineamento
inteiramente casualizado e em esquema fatorial 2x2. Os efeitos de dois tipos de solo:
franco argilo arenoso e arenoso, e de dois regimes hidricos: irrigado e déficit hidrico
com posterior recuperacao) sobre as trocas gasosas, eficiéncia quantica maxima e
efetiva do PSII (Fv/Fm e ®PSII), status hidrico (Wwiear), contetdo relativo de clorofila
(indice SPAD) e concentracdo de compostos organicos (proteinas, aminoéacidos,
prolina e acgucares) foram analisados através de uma analise de variancia. O tipo de
solo teve influéncia sobre as mudancas fisiologicas desencadeadas pelo déficit hidrico
no tocante a eficiéncia instantanea do uso da agua, status hidrico das plantas e
acumulo de osmorreguladores. Ao contrario do que se esperava, as plantas em solo
franco argilo arenoso atingiram taxas fotossintéticas proximas de zero mais
rapidamente e necessitaram de um tempo maior para recuperagcado do que as plantas
em solo arenoso, o que pode ser atribuido a maior concentracdo de solutos neste
solo. Apesar disso, sua resposta estomatica ao déficit hidrico moderado € mais
eficiente, o que foi percebido pela incapacidade das plantas em solo arenoso de
aumentar a eficiéncia do uso da agua sob estas condi¢bes. Por outro lado,
provavelmente M. urundeuva em solo arenoso adota uma estratégia diferente que é
manter sua abertura estomatica por mais tempo durante o déficit hidrico, garantindo o
influxo de CO2 necessario para manter as taxas de crescimento, apesar dos maiores
riscos de falha hidraulica. Mesmo com taxas fotossintéticas préximas a zero, M.
urundeuva néo sofreu reducdo na Fv/Fmem nenhum tipo de solo. Além disso, plantas
em solo franco argilo arenoso acumularam aminoacidos além de prolina para
osmorregulacdo e apresentam melhor status hidrico, revelando que a
osmorregulacdo, combinada com a reducéo da abertura estomatica, € uma estratégia
eficiente para a economia agua neste substrato. O consideravel acumulo de prolina
nas plantas de ambos os tipos de solo pode ter desempenhado um papel importante
também na rapida recuperacdo das plantas apds o déficit hidrico, dado seu papel
como osmoprotetor e como estoque de carbono e nitrogénio. Péde ser percebido
através deste estudo que as comunidades de M. urundeuva em regides de solo
arenoso possuem uma resposta estomatica com elevado grau de anisohidrismo, ou
seja, mantém seus estdmatos abertos durante a maior parte do periodo de deficiéncia
hidrica. Esta estratégia, contudo, representa um consideravel aumento das chances
da morte destas plantas por falha hidraulica e assim, da extin¢do destas comunidades
em um cenario onde eventos de seca se tornam progressivamente mais longos e mais
severos.

Palavras-chave: Floresta tropical sazonalmente seca, mudancas climaticas, trocas
gasosas.



ABSTRACT

Edaphic conditions influence the tolerance of Myracrodruon urundeuva
Alleméao (Anacardiaceae) to water deficit and its subsequent recovery

Myracrodruon urundeuva Alleméo is a tree species native to the seasonally dry tropical
forest. It is important in the recovery plans of degraded areas and it is a key species
for the maintenance of the biodiversity of this biome, despite being threatened with
extinction. In semiarid regions, the water regime is pointed out as the variable with the
greatest influence on the distribution of plant species. However, some studies suggest
that the type of soil can affect the tolerance of plants to water stress. This study
evaluates the influence of the soil type on the physiological changes triggered by water
deficit in M. urundeuva species. Its relevance is related to the risk of changes in the
distribution pattern of M. urundeuva as a result of climate changes. The experiment
was carried out in a greenhouse in a completely randomized design and in a 2x2
factorial scheme. ANOVA test was used to assess the effects of two types of soll
(sandy clay loam and sandy), and two water regimes (irrigated and water deficit with
subsequent recovery) on gas exchange, maximum and effective quantum efficiency of
PSII (Fv/Fmand ®PSII), water status (Pwiear), relative chlorophyll content (SPAD index)
and concentration of organic compounds (proteins, amino acids, proline and sugars).
Our findings support that the soil characteristics can influence the response pattern of
M. urundeuva to stress by water deficit and its subsequent recovery in regards to
instantaneous water use efficiency, water status and accumulation of osmorregulators.
Contrary to expectations, plants in sandy clay loam soil reached photosynthetic rates
close to zero faster and required more time to recover than plants in sandy soil. This
can be attributed to the higher concentration of solutes in this soil. Despite this, their
stomatal response to moderate water deficit is more efficient, which is recognized by
the inability of plants to increase their water use efficiency in sandy soil under moderate
stress situations. On the other hand, presumably M. urundeuva in sandy soil adopts a
different strategy: to maintain its stomata open for longer periods during the water
deficit. It aims to ensure the necessary CO: input to maintain growth rates, despite the
greater risk of hydraulic failure. Even with photosynthetic rates close to zero, M.
urundeuva did not suffer with reductions in the maximum quantum efficiency of PSII,
regardless of the soil type. Also, plants in sandy clay loam soil accumulate amino acids
in addition to proline for osmoregulation and had better water status. This revealed that
osmoregulation, combined with the reduction of stomatal opening is an efficient
strategy to save water when growing on this substrate. The large accumulation of
proline in plants in both soil types may have also played an important role in the rapid
recovery of plants after the water deficit, given its role as an osmoprotective and as a
carbon and nitrogen stock after rehydration. This study shows that M. urundeuva
communities in sandy soil regions have a stomatal response with a high degree of
anisohydrism, meaning that they keep their stomata open during most of the water
deficit period. However, this strategy represents a considerable increase in the
chances of death of these plants due to hydraulic failure and, thus, the extinction of
these communities in a scenario where drought events become progressively longer
and more severe.

Keywords: Seasonally dry tropical forest, climate changes, gas exchange.



APRESENTACAO

Myracrodruon urundeuva Allemao (aroeira do sertdo) é uma espécie arbérea
da familia Anacardiaceae, com ampla distribuicdo geogréfica, ocorrendo em algumas
formagOes vegetais da floresta tropical sazonalmente seca (RIBEIRO et al. 1983;
MAIA, 2004). Devido a exploracdo madeireira desordenada (COSTA et al. 2015) e as
diversas utilidades que M. urundeuva recebe na medicina popular, esta espécie se
encontra na lista vermelha das espécies da Flora do Brasil ameacadas devido as
praticas de exploracdo predatéria e seu potencial de extincdo (SOUZA et al. 2020),
sendo classificada como espécie de alta prioridade para a conservacao
(ALBUQUERQUE e OLIVEIRA, 2007).

M. urundeuva também é utilizada em projetos de revegetacdo (BERTONHA et
al. 2016), pois tem desenvolvimento inicial eficiente mesmo em solo com baixa
disponibilidade hidrica (VOLPATO e MARTINS, 2013). Também é uma espécie de
grande valor para a recuperacdo de areas degradadas por ser apontada como
fitoextratora e fitoestabilizadora de cobre em solos contaminados por este metal
(ASENSIO et al. 2019).

Como é uma espécie nativa de regides de floresta tropical sazonalmente seca,
M. urundeuva experimenta naturalmente longos periodos de deficiéncia hidrica.
Assim, alguns estudos ja constataram que esta espécie possui mecanismos
morfofisioldgicos que a permite tolerar periodos de escassez de agua, como 0 ajuste
osmotico, reducdo da abertura estomatica e do metabolismo (COSTA et al. 2015;
SOUZA et al. 2020; QUEIROZ et al. 2002).

Em regifes semiaridas como a Caatinga, o regime hidrico € apontado como a
variavel com maior influéncia sobre a distribuicdo das espécies vegetais (JESUS et al.
2019; SANTOS et al. 2017), associado as altas temperaturas e elevadas taxas de
evapotranspiracdo, que acarretam no déficit hidrico durante boa parte do ano
(MARQUES et al. 2020). Os diferentes tipos de solo, por sua vez, podem ter influéncia
sobre as respostas da vegetacdo ao déficit hidrico. Alguns estudos realizados para
investigar o efeito de diferentes tipos de solo sobre alteracBes fisioldgicas
desencadeadas pelo déficit hidrico encontraram diferencas no diametro da raiz,
diferencas também na razéo raiz/parte aérea (KHALIL et al. 2020) e na taxa de
sobrevivéncia de plantas jovens (CURRAN et al. 2009; CURRAN et al. 2013).



M. urundeuva ocorre em alguns dos diferentes tipos de solo da floresta tropical
sazonalmente seca, mas ocorre majoritariamente sobre solos arenosos e argilosos
(CARVALHO, 2003). No Cerrado é geralmente encontrada em afloramentos calcarios,
onde é considerada uma espécie calcicola (LEITE, 2002). No Paraguai, esta espécie
¢ encontrada sobre solos arenosos e bem drenados (LOPEZ, 1987), que
proporcionam boa aeragéo ao sistema radicular (KHALIL et al. 2020). Ja na Caatinga,
ocorre comumente sobre solos argilosos (PINHEIRO et al. 2010) e férteis, apesar de
nao exigir um solo rico para seu bom desenvolvimento (LEITE, 2002).

Embora ocorra em alguns tipos de solo no mosaico edafico da floresta tropical
sazonalmente seca, M. urundeuva experimenta periodos de deficiéncia hidrica em
todos eles durante boa parte do ano (RIBEIRO et al. 1983; TROVAO et al. 2007).
Dessa forma, as diferentes propriedades fisico-quimicas dos diferentes tipos de solos
onde esta espécie cresce podem exercer influéncia, em algum grau, sobre as
alteracoes fisiologicas desencadeadas pelo déficit hidrico, como ja verificado em
outras espécies de plantas (KHALIL et al. 2020; CURRAN et al. 2013; CURRAN et al.
2009).

Segundo autores como BOTKIN et al. (2007), periodos secos tenderdo a
aumentar em frequéncia e intensidade em consequéncia das mudancas climaticas.
Apesar da capacidade de M. urundeuva de tolerar longos periodos de deficiéncia
hidrica, em seu estudo de modelagem de nicho ecoldgico, Rodrigues et al. (2015)
sugeriram que as areas atualmente ocupadas por floresta ombrofila e savana
poderiam se tornar mais adequadas para a ocorréncia desta espécie, uma vez que as
regides ocupadas pela Caatinga se tornariam muito aridas. Dessa forma, estudos que
investiguem a influéncia de outros fatores como o solo, associados ao déficit hidrico

sobre a fisiologia de M. urundeuva séao de extrema relevancia.

Dada a importancia de M. urundeuva no campo da restauracdo de areas
degradadas, seu valor econdmico e cultural para as populacdes rurais, como também
0 avanco das descobertas acerca de seu potencial farmacoldgico, é urgente a
necessidade de compreender melhor sua fisiologia em situacdes de estresse. A
combinacgéo de estresse hidrico e diferentes tipos de solo se torna bastante relevante,
guando a area de ocorréncia da espécie apresenta tendéncia de sofrer alteracdes

frente as mudancas climaticas.



Além de expandir o conhecimento sobre a fisiologia do estresse hidrico das
espécies nativas das florestas tropicais sazonalmente secas, 0s resultados deste
estudo possuem um enorme potencial de aperfeicoar estratégias para a conservacao
de M. urundeuva, que ja se encontra na lista vermelha de espécies ameacadas de
extincdo, e é apontada como prioritaria para a conservacdo e manutencdo da

biodiversidade na Caatinga.

Assim, este estudo teve como objetivo avaliar e descrever a influéncia dos dois
tipos de solo onde a M. urundeuva ocorre com maior frequéncia: solo argiloso (franco
argilo arenoso) e solo arenoso, sobre as alteracdes fisiolégicas desencadeadas pelo
estresse por déficit hidrico e sua posterior recuperacdo. Diante dos achados
disponiveis na literatura cientifica levantados, foi hipotetizado que a magnitude das
respostas de M. urundeuva a deficiencia hidrica € especifica para cada tipo de solo.

Os objetivos especificos que nortearam este estudo foram:

o Avaliar o efeito do estresse hidrico sobre as trocas gasosas de M. urundeuva
cultivada em dois tipos de solo;

o Avaliar o efeito do estresse hidrico sobre eficiéncia quantica e saude do
fotossistema Il de M. urundeuva cultivada em dois tipos de solo;

o Avaliar o efeito do estresse hidrico sobre o acumulo de osmodlitos (prolina,
acucares e aminoacidos) em M. urundeuva cultivada em dois tipos de solo;

. Avaliar o efeito do estresse hidrico sobre o contetdo relativo de clorofila em M.
urundeuva cultivada em dois tipos de solo.



CAPITULO 1 - REVISAO DE LITERATURA

1.1  Myracrodruon urundeuva Alleméo

Myracrodruon urundeuva Allem&o tem diversos nomes vernaculares, dentre
eles aroeira do sert&o, ou aroeira preta. E uma espécie arborea xerdfita e decidua da
familia Anacardiaceae (OLIVEIRA-FILHO et al. 1998) e especialista de areas de
floresta tropical sazonalmente seca (FTSS) (LINARES-PALOMINO et al. 2011), cuja
distribuicdo natural se estende pelas regides Nordeste, Sudeste e Centro-Oeste do
Brasil até a regido do Chaco na Bolivia, Paraguai e Argentina (RODRIGUEZ et al.
2018). No Brasil € encontrada principalmente no Cerrado e Caatinga, onde alcanca
de 5 - 15 m de altura e até 65 cm de didmetro de tronco (LEITE, 2002).

M. urundeuva é uma espécie de grande valor econémico e importancia cultural.
Quase todas as partes da planta séao utilizadas para algum fim. A madeira é densa e
resistente e duravel, o que acaba lhe dando enorme valor econdmico (PEREIRA et al.
2014). Suas folhas séo utilizadas como forragem para os animais e além disso, o
extrato de folhas e frutos de M. urundeuva tem propriedades analgésicas, anti-
inflamatdrias (VIANA et al. 2003), antivirais (CECILIO et al. 2012), antibidticas
(FIGUEREDO et al. 2013) e como larvicida de Aedes aegypti (SA et al. 2008). Sua
casca € utilizada para inumeros fins medicinais devido ao elevado teor de taninos
(VIANA et al. 2014). Em estudos recentes foi demonstrado que a casca do caule desta
espécie traz beneficios em lesdes do sistema nervoso central, podendo ser usada em
conjunto com outras terapias para doencas relacionadas ao cérebro (NOBRE-JUNIOR
et al. 2009). Na agropecuaria pode ser eficiente como repelente de cupins (SA et al.
2009), eficiente contra pragas em culturas de milho (NAPOLEAO et al. 2013) e anti-
helmintico para ruminantes (OLIVEIRA et al. 2011) além de possuir importantes
relacbes ecolégicas com outras espécies como aves e insetos (VOLPATO e
MARTINS, 2013).

Devido ao elevado valor econémico e medicinal, M. urundeuva se encontra na
lista vermelha das espécies da Flora do Brasil ameacadas de extin¢do, por conta das
praticas de exploracdo predatoria e seu potencial de extingdo (SOUZA et al. 2020,
MONTEIRO et al. 2012), sendo também apontada como espécie prioritaria para
conservacao (VIEIRA et al. 2002).



M. urundeuva tem crescimento inicial eficiente mesmo com baixa
disponibilidade de 4gua (VOLPATO e MARTINS, 2013). Dessa forma, esta espécie
tem sido bastante utilizada em projetos de recuperacéo de areas degradadas, tanto
pelo desmatamento (BERTONHA et al. 2016), quanto pela contaminacdo do solo,
devido sua atuacdo como como fitoextrator e fitoestabilizador de cobre em solos
contaminados pelo metal (ASENSIO et al. 2019).

Por ser nativa de regifes que experimentam longos periodos de deficiéncia
hidrica, como a Caatinga, M. urundeuva possui mecanismos morfofisiolégicos que a
permite tolerar periodos de escassez de agua (COSTA et al. 2015).

Queiroz et al. (2002) submeteram plantas jovens de M. urundeuva ao estresse
por déficit hidrico através da suspensao da rega, com posterior recuperacao sob baixa
intensidade de luz, uma vez que esta espécie ocorre formando adensamentos, onde,
provavelmente, sofre com o efeito conjunto do sombreamento com o déficit hidrico.
Estes autores constataram queda das taxas fotossintéticas, atribuida a reducao da
condutancia estomatica, uma vez que, apesar de também observarem incremento da
peroxidacdo lipidica, ndo foi detectada reducdo das taxas de eficiéncia quantica
efetiva do fotossistema Il. Uma observacao importante destacada neste estudo foi que
a manutencdo das taxas de eficiéncia quantica efetiva do fotossistema Il
provavelmente esteve relacionada a condicao de baixa luminosidade a qual as plantas
foram submetidas durante o experimento (60 pmol m?2 s?).

Costa et al. (2015) cultivaram M.urundeuva submetidas ao déficit hidrico
através da suspensdo da rega, com posterior reidratacdo até a recuperacdo. Os
autores detectaram reducéo das trocas gasosas e incremento nos teores de solutos
compativeis (aminoacidos e acucares), o que contribuiu para a regulacdo osmoética
como estratégia de tolerancia a seca.

J& Souza et al. (2020) cultivaram plantas de M. urundeuva sob déficit hidrico
imposto através da suspensao da rega por 20 dias, seguidos de 20 dias de reidratacao
para recuperacao. Neste estudo, os autores sugeriram que esta planta entra em um
estado latente durante o estresse por déficit hidrico, onde ocorre reducdo das
atividades metabdlicas até que as condicbes ambientais voltem a ser favoraveis.
Ressalta-se que a reducdo da abertura estomatica foi apontada como estratégia
importante de tolerancia ao estresse hidrico. Por estas razfes, M. urundeuva é

considerada uma espécie tolerante a escassez hidrica e pode ser utilizada em estudos



em nivel de comparacdo com outras espécies cuja tolerancia a seca ainda ndo €
conhecida.

Periodos maiores de seca tenderdo a se tornar cada vez mais recorrentes, em
consequéncia das mudancas climéticas (BOTKIN et al. 2007). Acredita-se que M.
urundeuva tenha grande potencial de sobreviver a estas mudancas, contudo, em seu
estudo de modelagem de nicho ecoldgico, Rodrigues et al. (2015) sugeriram que as
areas atualmente ocupadas por floresta ombréfila e savana poderiam se tornar mais
adequadas para a ocorréncia desta espécie, uma vez que as regides ocupadas pela

floresta tropical sazonalmente seca se tornariam demasiado aridas.

1.2 A Florestatropical sazonalmente seca

As florestas tropicais sazonalmente secas sao formacdes florestais dominadas
por arvores deciduas, e com temperatura média anual de = 25 °C, e precipitagcao
irregular, que varia entre 700 e 2000 mm/ano (MARQUES et al. 2020). Estas
formacOes florestais ocorrem de forma disjunta e em diferentes tamanhos desde o
México e ainda no norte argentino e Brasil. Devido a irregularidade de chuvas, estas
formacOes florestais estdo sujeitas a um periodo de estiagem minimo entre cinco a
seis meses, onde a média de precipitacdo fica abaixo de 100 mm (SANCHEZ-
AZOFEIFA et al. 2005, KORTZ, 2012).

Durante a maior parte do ano, devido aos baixos indices de precipitacdo e
também de elevada incidéncia de radiacdo solar, as areas de floresta tropical
sazonalmente seca tém consideravel aumento do déficit de pressao de vapor, por
consequéncia do aumento na temperatura atmosférica e da queda da umidade relativa
do ar (KORTZ, 2012). O desbalanco entre a aporte hidrico e a evapotranspiracéo
levam a deficiéncia hidrica (ressecamento) do solo (MARQUES et al. 2020). Por conta
da dindmica climética natural desses ecossistemas, as plantas nativas de regides
semiaridas estiveram sujeitas a longos periodos em condicéo de baixa disponibilidade
hidrica do solo (KORTZ, 2012). Diante deste cenario, a vegetacao da floresta tropical
sazonalmente seca tem sido submetida ao estresse por déficit hidrico ao longo do
tempo evolutivo (COSTA et al. 2015).

A maior area continua de floresta tropical sazonalmente seca do mundo é a
Caatinga, regido semiarida que ocupa a maior parte do nordeste do Brasil

(RODRIGUES et al. 2015). Estas florestas, contudo, se encontram sob diferentes tipos



de ameacas, principalmente devido as atividades antropicas, como as mudancas
climaticas, a fragmentacdo do habitat, fogo, conversdo agricola e 0 aumento da
densidade da populagdo humana (MILES et al. 2006). Frente ao valor de
biodiversidade destas formacgfes, sdo necessarias acbes de conservacao urgentes
(RODRIGUES et al. 2015).

Na floresta tropical sazonalmente seca alguns estudos foram realizados para
tentar acessar as variaveis que influenciam a distribui¢cdo das espécies (JESUS et al.
2019; SANTOS et al. 2016; PEREIRA et al. 2012), e também para identificar as
estratégias que as plantas utilizam para tolerar os periodos de seca (SOUZA et al.
2020; COSTA et al. 2015). O regime hidrico é apontado como a variavel de maior peso
sobre a diversidade de plantas nestas formac¢des por muitos destes estudos (JESUS
et al. 2019; SANTOS et al. 2017), associado as altas temperaturas, e niveis de
radiacdo solar, que acentuam os efeitos do déficit hidrico sobre a vegetacao
(MARQUES et al. 2020).

Os diferentes tipos de solo que compdem o0 mosaico edafico da floresta tropical
sazonalmente seca também podem exercer influéncia sobre as respostas da
vegetacdo durante o periodo de seca, (KHALIL et al. 2020). Os tipos de solo
predominantes na Caatinga sdo os Latossolos (19%), Neossolos litdlicos (19%),
Argissolos (15%) and Luvissolos (13%) (SILVA et al. 2015). Estes solos podem ter
origem de duas unidades geoldgicas, os de origem dos embasamentos cristalinos e
os de origem das bacias sedimentares e platés (solos arenosos profundos e bem
drenados) (BELTRAO e LAMOUR, 1985).

1.3 O estresse hidrico

1.3.1 Os efeitos do déficit hidrico sobre as plantas

A 4gua é essencial a vida na terra e como outros fatores (internos ou externos
a planta) também pode atuar como um fator estressante para as plantas, quando esta
se encontra sob alagamento (OLIVEIRA e GUALTIERI, 2017) ou em situacdo de
deficiéncia hidrica do solo (SILVA-PINHEIRO et al. 2016).

Em regibes semiaridas, como a floresta tropical sazonalmente seca, as

elevadas taxas evapotranspiratorias (MARQUES et al. 2020) e precipitagao



concentrada em um breve periodo do ano (SANCHEZ-AZOFEIFA et al. 2005;
POREMBSKI, 2007) estdo muitas vezes associadas a solos com baixa capacidade de
retencdo de agua (AMANCIO-ALVES et al. 2009). A situacdo de déficit hidrico do solo
impde, entdo, a vegetacdo a condi¢cao de seca e consequentemente a longos periodos
de estresse hidrico (MARQUES et al. 2020).

O estresse por déficit hidrico se desenvolve quando uma planta se encontra em
solo com pouca disponibilidade de 4gua, e em decorréncia disso, ocorre reducéo da
guantidade de agua no corpo da planta em tempo e intensidade suficientes para que
0 metabolismo vegetal seja negativamente afetado (SOUZA et al. 2020). Diante de
situacdes de estresse hidrico moderado é comum que as plantas desenvolvam
mecanismos de aclimatacdo que as possibilitem tolerar o estresse hidrico e, entao,
apos a umidade do solo retornar a niveis favoraveis ao seu desenvolvimento, a planta
normaliza seu metabolismo (QUEIROZ et al. 2002). Em situacdes mais drasticas, 0
estresse hidrico pode se tornar severo e afetar o metabolismo vegetal de forma muito
acentuada. Em consequéncia disto, os mecanismos de aclimatacéo utilizados podem
nao garantir a manutencdo dos processos basicos e nem evitar a senescéncia da
planta (KRASENSKY e JONAK, 2012).

Durante o periodo de estiagem, que corresponde a maior parte do ano em
regides semiaridas como a floresta tropical sazonalmente seca, as plantas se
encontram em situacdo de déficit hidrico em um solo com umidade muito baixa
(MARQUES et al. 2020). Logo, a planta ndo consegue manter um equilibrio entre a
guantidade de agua que ela consegue absorver do solo e a agua que ela perde para
a atmosfera por transpiracdo e ela passa a ficar cada vez mais desidratada, ou seja,
com seu status hidrico prejudicado (DOMBROSKI et al. 2011). Com isso, pode ocorrer
a “murcha”, ou seja, a perda de turgor das células e tecidos da planta, que é um dos
primeiros sinais visiveis dos efeitos do déficit hidrico. A longo prazo, a perda de turgor
prejudica os processos de alongamento celular, limitando a manutencéo da area foliar
e a producéao de biomassa (LUDLOW e MUCHOW, 1990).

A perda do turgor celular ainda promove a reducdo da abertura estomatica
impactando diretamente as trocas gasosas. Com isso, ocorrem a limitacao das taxas
fotossintéticas, uma vez que a assimilacdo de carbono acaba sendo limitada pela
reducdo no aporte de CO», processo que ja foi observado em M. urundeuva por
COSTA et al. (2015). A reducdo da abertura estomatica e a consequente reducgéo da

transpiracdo ainda prejudicam a taxa fotossintética devido ao efeito negativo exercido



pela relacdo O2/CO2 no meio intracelular e pelo aumento da temperatura sobre a
enzima rubisco. Tanto a reducao da concentracdo de CO> e 0 aumento da temperatura
aumentam a especificidade da rubisco pelo Oz, promovendo a fotorrespiracéo
(JORDAN e OGREN, 1984).

Estudos revelam que a deficiéncia hidrica também afeta a producdo de
biomassa através de limitagdes nao-estomaticas (QUEIROZ et al. 2002; SOUZA et al.
2020). Em seu estudo com algumas espécies arbéreas da Caatinga, SILVA-
PINHEIRO et al. (2016) discutiram sobre o efeito prejudicial do estresse sobre o
aparato fotossintético ao verificar reducdes na eficiéncia quantica do fotossistema |l
em plantas submetidas ao déficit hidrico. Sob condicdes de estresse, como o déficit
hidrico, a reducao do aporte de CO2, prejudica o a reciclagem do NADP* durante o
ciclo de Calvin, necessario para os processos do Fotossistema |, o que acarreta na
producéo de espécies reativas de oxigénio (MARTINS et al. 2018).

O dinamismo da fotoinibicdo natural em plantas em ambientes com altos niveis
de radiacao solar, ainda fica comprometido durante o estresse por déficit hidrico. O
mecanismo de reparo da proteina D1, responsavel por transferir a energia captada
pelas clorofilas para os fotossistemas, torna-se insuficiente. Dessa forma, as clorofilas
altamente energizadas acabam transferindo sua energia para o O, produzindo mais
espécies reativas de oxigénio (MARTINS et al. 2018). Estas espécies reativas de
oxigénio, em altas concentracdes, podem causar um processo secundario, chamado
estresse oxidativo, causando a peroxidacdo lipidica das membranas de diversos
compartimentos celulares, dentre eles os cloroplastos, inibicdo da atividade de
enzimas, degradacéo proteica e danos aos acidos nucléicos (SHARMA et al. 2012).

As espécies reativas de oxigénio sdo associadas a reducdo da eficiéncia
guantica do fotossistema Il em muitos estudos (SMIRNOFF, 1993). Contudo, em seu
estudo com M. urundeuva, Queiroz et al. (2002) relatam que ndo houve reducéo do
Fv/Fm, uma medida para verificacdo do estado de saude do fotossistema II, que
informa sobre a extensdo dos danos causados pelas espécies reativas de oxigénio e
pelo excesso de radiacdo solar. Contudo, outros estudos também realizados com
espécies arboéreas nativas de ambientes semiaridos e submetidas a deficiéncia hidrica
relatam reducdes da Fv/Fm (SILVA-PINHEIRO et al. 2016).

Durante os periodos de deficiéncia hidrica no solo, a planta ainda sofre com a
limitacdo da corrente transpiratoria, que auxilia a absor¢cdo e transporte de agua e

nutrientes, necessarios a sintese de biomoléculas como &cidos nucleicos,
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aminoéacidos e proteinas (KOVACS, 2005; FIRMANO et al. 2009) formando um

cenario onde todo o metabolismo vegetal fica comprometido.

1.3.2 Estratégias de tolerancia ao déficit hidrico

Apesar das adversidades climéticas, a floresta tropical sazonalmente seca
possui enorme biodiversidade de espécies (MARQUES et al. 2020). As plantas nativas
de areas que passam pelo déficit hidrico naturalmente, possuem adaptacfes para
tolerar os periodos de seca (COSTA et al. 2015). A “tolerancia ao estresse” diz
respeito a capacidade de um organismo para se aclimatar frente a condi¢cdes de
desenvolvimento desfavoraveis. Por sua vez, diz-se que uma espécie possui
adaptacdes a determinado ambiente quando possui tragos genéticos que surgiram ao
longo do tempo evolutivo e foram sendo retidos e passados as futuras geracdes, por
possibilitarem alguma vantagem no ambiente onde a espécie vive (LICHTENTHALER,
1996).

Dentre as estratégias utilizadas estdo ajustes nas taxas de crescimento, como
maior investimento no desenvolvimento do sistema radicular; ajustes
morfoanatdémicos, como a reducdo do numero de folhas e nimero de estdmatos e
reducédo da area foliar, como também alteracdes fisiolégicas (MARQUESet al. 2020;
Queiroz et al. 2002).

Uma estratégia fisiolégica comum em plantas da Caatinga € o ajuste da
abertura estomatica, quando as plantas fecham ou reduzem a abertura de seus
estdbmatos durante os periodos mais quentes do dia para evitar a perda excessiva de
agua atraveés da transpiracdo (MAIA et al. 2017). Esta estratégia pode garantir um
incremento na eficiéncia do uso da agua, ou seja, no balan¢o entre a quantidade de
CO, fixada pelas plantas por unidade de agua perdida em consequéncia da
transpiracao.

Outra estratégia de tolerancia comum em plantas adaptadas ao clima semiarido
€ 0 ajuste osmatico, que ocorre através da sintese e acumulo de solutos compativeis,
ou osmalitos, como acucares e aminoacidos. Esta estratégia auxilia na manutencao
do turgor celular (COSTA et al. 2015; CHAVES et al. 2002). O ajuste osmético ainda
possibilita que a planta consiga reduzir seu potencial hidrico sem perder agua. Esta é
uma caracteristica particularmente importante em ambientes semiaridos, visto que as

plantas absorvem agua através de gradientes de potencial hidrico entre seus 6rgaos
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e 0 meio externo (solo — planta — atmosfera) e, assim, precisa manter-se com potencial
hidrico menor que o do solo (TAIZ e ZEIGER, 2013). Os osmdlitos também sé&o
chamados de osmoprotetores, visto que algumas destas moléculas protegerem
diversos componentes celulares durante o estresse, evitando a oxidacdo ou
desnaturacdo (TAN et al. 2006; NOUJAN et al. 2018).

1.4 Influéncia do tipo de solo sobre as respostas ao déficit hidrico

Alguns estudos foram realizados para investigar o efeito de diferentes tipos de
solo sobre a sobrevivéncia e alteracdes fisiolégicas desencadeadas pelo déficit
hidrico. Dentre as diferentes respostas ao déficit hidrico em funcdo do solo estédo
diferengas no diametro da raiz, diferencas também na razao raiz/parte aérea (KHALIL
et al. 2020) e na taxa de sobrevivéncia (CURRAN et al. 2013; CURRAN et al. 2009).

A “compensacao edafica” pode ser um exemplo adequado para representar
como o solo pode influenciar a tolerancia das plantas em situacdo de deficiéncia
hidrica. Este conceito tenta explicar o fato de haver, em regides semiaridas, manchas
de vegetacao tipica de areas mais umidas, 0 que € associado as maiores fertilidade e
capacidade de retencdo de agua dos solos argilosos em comparacdo com solos de
textura mais grossa, como solos arenosos (CURRAN et al. 2009). Dessa forma,
segundo a compensacao edafica, apesar dos fatores climaticos adversos em relacéo
a area tipica de ocorréncia da vegetacdo (de ambientes mésicos), os autores que
defendem a ocorréncia deste fenbmeno, o solo de textura mais fina permitiria o seu
desenvolvimento e estabelecimento em clima semiarido (CURRAN et al. 2013).

Em seu estudo com Triticum aestivum L., Khalil et al. (2020), verificaram que
os efeitos do estresse hidrico foram menos intensos em plantas cultivadas em solo
franco arenoso do que em solo franco argiloso, 0 que 0s autores associaram a
estrutura e maior porosidade do primeiro tipo de solo.

Ja Curran et al. (2013) investigaram o efeito do tipo e textura do solo sobre a
tolerancia a seca de espécies de plantas nativas de ambientes secos da Australia e
outras plantas de clima mésico daquele pais. Os resultados de seus estudos sugerem
gue ambos 0s grupos de plantas se desenvolvem melhor em solos argilosos do que
em solos arenosos, 0 que 0s autores apontaram como resultado da maior capacidade
de retencdo de agua e textura mais fina do solo argiloso. Ainda segundo os autores,

as caracteristicas do solo podem ter atuado como drives para a biodiversidade local.
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M. urundeuva ocorre naturalmente e majoritariamente sobre solo de origem
arenitica ou basaltica, com textura argilosa ou arenosa, apesar do consideravel
contraste em relacdo as suas particularidades fisico-quimicas (CARVALHO, 2003). A
espécie € particularmente comum em afloramentos calcarios no Cerrado. Segundo
alguns autores o estabelecimento da espécie nestas regides estd associado a
guantidades significativas de célcio no solo de pH alcalino, sendo considerada uma
espécie calcicola (LEITE, 2002). No Nordeste é encontrada principalmente em solos
argilosos (argissolos) (PINHEIRO et al. 2010) e férteis, apesar de ndo exigir um solo
rico para seu bom desenvolvimento (LEITE, 2002). Contudo, no Paraguai a espécie
ocorre em solos arenosos e bem drenados (LOPEZ, 1987).

Solos argilosos sao interessantes para plantas de regides semiaridas, pois
apresentam boa capacidade de retencdo de agua, contudo (CURRAN et al. 2013).
Apesar das particulas de argila reterem mais agua, a agua acaba nao ficando
totalmente disponivel a planta devido suas cargas i6nicas. Ja os solos arenosos,
apesar de reterem menos agua, proporcionam melhor desenvolvimento, com
destaque para o sistema radicular, o que provavelmente esta diretamente relacionado
a maior porosidade e aeracdo (KHALIL et al. 2020). Contudo, outros fatores além das
caracteristicas fisicas do solo podem afetar o desempenho de uma planta em situacéo
de déficit hidrico.

A fertilidade do solo pode ter um papel importante para o vegetal durante o
estresse por déficit hidrico. Como mencionado anteriormente, o solo argiloso, apesar
de maior capacidade de retencdo de agua, parte da agua fica indisponivel para a
planta devido que parte da agua retida por solos argilosos, esta firmemente retida nos
microporos das particulas de argila e ndo esta disponivel para as plantas (Curran et
al. 2009). Outro fator que pode afetar a disponibilidade de agua deste solo é a
guantidade de solutos dissolvidos. Apesar do solo argiloso muitas vezes possuir um
melhor status nutricional, a maior concentracdo de solutos associada as
caracteristicas ibnicas da argila pode deixar a 4gua ainda menos disponivel para as
plantas (KRAMER e BOYER, 1995). Dessa forma, em situacao de deficiéncia hidrica,
as plantas podem ter mais facilidade em absorver agua de um solo arenoso do que

de um solo argiloso, mesmo se o primeiro possuir menos umidade.
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CAPITULO 2 - Condigdes edaficas influenciam a tolerancia de Myracrodruon
urundeuva Allemé&o (Anacardiaceae) ao déficit hidrico e sua posterior

recuperacao

O manuscrito apresentado no Capitulo 2 desta dissertacdo comunica 0S
resultados deste estudo e foi formatado de acordo com as normas da revista cientifica
onde pretende-se submeter, a Acta Physiologiae Plantarum (percentil 79). A revista
foi escolhida pois entendeu-se que é adequada para a divulgacao cientifica em ambito

nacional e internacional do conhecimento construido neste PPG, nesta universidade.
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Abstract

Myracrodruon urundeuva Allemao is an endangered tree species native to the seasonally
dry tropical forest, important for the conservation of this biome. Due to the predicted
effects of climate changes on its distribution, this study investigates the influence of the
soil type on physiological changes triggered by water deficit in M. urundeuva. The effects
of two soil types: sandy clay loam and sandy, and two water regimes: irrigated and water
deficit with subsequent recovery on gas exchange, maximum and effective quantum
efficiency of PSIl (FJ/Fm and @PSII), water status, relative chlorophyll content and
concentration of organic compounds were investigated. Contrary to expectations, plants
in sandy clay loam soil reached photosynthetic rates close to zero faster and required more
time to recover. However, their stomatal response to moderate water deficit is more
efficient, given the ability to raise WUE in moderate stress. M. urundeuva in sandy soil
adopts a different strategy and maintain its stomata opening for longer during the water
deficit, ensuring the CO> input to maintain growth rates. Despite the photosynthetic rates
close to zero, M. urundeuva maintained its F./Fm. Plants in sandy clay loam soil
accumulates amino acids in addition to proline to osmoregulation and maintained their
water status. The accumulation of proline as an osmoprotector and carbon and nitrogen
stock may have played an important role to the rapid recovery. We emphasize the need
of conservation of the communities of M. urundeuva growing in sandy soils given their
degree of anisohydrism, leading to the raise of the risk of hydraulic failure due the

increase in duration and intensity of drought events predicted due to climate changes.

Keywords: Aroeira-do-sertdo - Water stress - Seasonally dry tropical forest - climate

changes - Water potential - Gas exchange
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Introduction

Myracrodruon urundeuva Allem&o (aroeira-do-sertdo) is a tree species of
Anacardiaceae typical of the seasonally dry tropical forest (Ribeiro et al. 1983; Maia
2004). Due to disorderly logging (Costa et al. 2015) and the great attention it receives
from popular medicine, this species is threatened due to predatory exploration practices
and its extinction potential (Souza et al. 2020; MMA 2008) being classified as a high
priority species for conservation (Albuquerque and Oliveira 2007). M. urundeuva is also
important in revegetation projects (Bertonha et al. 2016) as it has efficient initial
development even in soil with low water availability (VVolpato and Martins 2013), also
playing a role as a phytoextractor and phytostabilizer in soils contaminated by heavy
metals (Asensio et al. 2019).

As it is native to regions naturally subject to long periods of water deficit, M.
urundeuva has morphophysiological mechanisms that allow it to tolerate periods of water
scarcity, such as osmotic adjustment, reduction of stomatal opening and the metabolic
activity (Costa et al. 2015; Souza et al. 2020; Queiroz et al. 2002). Despite water
availability as the environmental variable with the major influence on the distribution of
plant species in semi-arid ecosystems (Jesus et al. 2019; Santos et al. 2017; Marques et
al. 2020), different types of soil also can influence vegetation responses to water deficit
(Nascimento et al. 2014). Soil is known to be an important factor in determining the
distribution and abundance of plant species (Sellan et al. 2019). Soils from different
regions have physicochemical properties such as texture (Khalil et al. 2020), water
retention capacity (Curran et al. 2013) and nutritional status (Pedone-Bonfim et al. 2018)
that are characteristic and exert pressure on species either by themselves or associated
with other abiotic and biotic factors (Nascimento et al. 2014; Sellan et al. 2019).
Therefore, edaphic factors act as important environmental filters for biodiversity (Sellan
et al. 2019).

M. urundeuva is native to regions with sandstone or basaltic soils, occurring
mostly in areas with clayey or sandy soil texture, despite the considerable contrast in
relation to its physicochemical particularities (Carvalho 2003). M. urundeuva is usually
found in calcareous soils in the Cerrado, where it is considered a calcicolous species
(Leite 2002). In northeastern Brazil (Caatinga), M. urundeuva commonly occurs on
clayey and fertile soils (Pinheiro et al. 2010). In addition, in Paraguay, this species is

found on sandy and well-drained soils (Lopez, 1987) that provide good aeration to the
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root system (Khalil et al. 2020). Clay soils are interesting for plants from semi-arid
regions, as they have good water retention capacity (Curran et al. 2013). Sandy soils, on
the other hand, provide better development, with emphasis on the root system, which is
probably directly related to greater porosity (Khalil et al. 2020). Thus, the different types
of soil where it is established may influence, to some degree, the physiological changes
triggered by water deficit, as already seen in other plant species cultivated such as
Triticum aestivum L (Khalil et al. 2020) and also in several tree species native to the
tropical forest (Curran et al. 2013; Curran et al. 2009).

According to Botkin et al. (2007), dry periods will tend to increase in frequency
and intensity as a result of climate change. Despite the ability of M. urundeuva to tolerate
periods of water deficit, in their study of ecological niche modeling, Rodrigues et al.
(2015) found that areas currently occupied by rainforest and savanna could become more
suitable for the occurrence of this species, as some ecoregions in the seasonally dry
tropical forest domain will become very arid. Given this scenario, studies that investigate
the influence of other factors, such as the effect of the edaphic component on the tolerance
of M. urundeuva to water deficit, are extremely relevant, given its situation as a threatened
species and as a key species for the success of biodiversity conservation strategies in the
seasonally dry tropical forest.

Thus, this study aims to identify and describe the influence of two types of soil
where M. urundeuva generally occurs: clayey (sandy clay loam soil) and sandy soil, on
the physiological changes triggered by water deficit and its subsequent recovery. We
hypothesize that the magnitude of M. urundeuva physiological responses to drought stress

and recovering is soil type specific.

Materials and methods

Plants cultivation and experimental design

Seeds of Myracrodruon urudeuva Allemao were collected in a semiarid region in
a seasonally dry tropical forest domain and were germinated in plastic bags containing
soil from the collection area. The seedlings, with approximately 15 months of age, were
transplanted to pots containing 20 kg of soil and settled under a shed. Half of the
individuals were transplanted to pots containing sandy soil collected in a Restinga area,
at coordinates 9°47'52.7"S, 35°51'57.0"0O. The other half was transplanted to pots
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containing sandy clay loam, collected in a semiarid area at coordinates 9°23'28.1"S,
37°12'38.9"W. Two months later, plants were placed inside a greenhouse of the
Laboratory of Plant Physiology of the Campus of Engineering and Agricultural Sciences
(CECA) of the Federal University of Alagoas (UFAL), to acclimatization for about thirty
days until the beginning of the experiment.

Soil water status was monitored daily through soil humidity measurements using
a model HH2 moisture meter coupled to a model SM200 moisture sensor (DELTA-T
Devices, Cambridge, England).

For physicochemical characterization of the soil, samples of approximately 0.5 kg
of both types of soil were analyzed by the Laboratory of soil, water and plant of the UFAL
(Table 1). The classification was made according to the Brazilian Soil Classification
System (SiBCS). Using the concentrations of exchangeable cations Ca, Mg, K and AI®*
and the organic matter content (converted to percentage) the soil fertility was measured
using the Soil Evaluation Factor — SEF, proposed by Lu et al. (2002), through the

equation:
SEF = [Ca+ Mg + K —log(1 + Al)] * MO + 5

The percentages of coarse sand, fine sand, silt and clay in each soil type were
combined according to Coelho et al. (2008) in a variable called HC, which expresses the
relative water and nutrient-holding capacity, through the formula: (silt% + clay%o)/(coarse
sand% + fine sand%).

Microclimatic data were registered with a meteorological station (WS - GP1,
Delta-T Devices, Cambridge, England) installed inside the greenhouse (Figure 1). Air
temperature, relative air humidity and photosynthetically active radiation (PAR) were
recorded. Vapor pressure deficit (DPV leaf-air) was assessed through the difference
between the saturation pressure (es) and the actual air pressure (e), according to the

following formula:

17,27 - T es —RH
vpD = es —s = o108 e (532=—)]| - (g5

Where: es = Saturated vapor pressure (kPa)
s = Air vapor pressure (kPa)

T = Temperature (°C)
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RH = Relative Air Humidity (%)

Fig. 1 Microclimatic data inside the greenhouse: temperature (°C) and relative humidity
(%) (a), and photosynthetically active radiation (PAR - pumol m? s?) and vapor pressure
deficit (VPD - KPa) (b) during the experiment. Each point (day) represents the average
of 24 daily records (hour-hour)
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The experiment was carried out in a completely randomized design and 2x2
factorial scheme, with two types of soil (sandy clay loam and sandy) and two water
regimes (irrigated and water deficit), totaling four treatments with five replications. The
irrigated plants were maintained in soil at field capacity throughout the experiment. The
water deficit treatment plants were subjected to stress by water deficit through the total
suspension of irrigation until their photosynthetic rates were close to zero, this moment
was named the “water stress day”. Then, the soil was rehydrated and maintained in field
capacity until the photosynthetic rates of these plants matched the photosynthetic rates
verified in irrigated plants, characterizing the recovery of plants. This moment was called

“recovery’’.

Physiological analysis
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Gas exchange was monitored daily in marked leaves of the first pair of fully
expanded leaves. On the water stress day and on the day of recovery, leaf water potential,
maximum and effective quantum efficiency rates of photosystem Il were verified. The
analyzed leaves were collected and stored in an ultra-freezer at -80 °C to quantify the
organic compounds: proteins, amino acids, proline and total soluble sugars.

Gas exchange

Gas exchange measurements (photosynthetic rate (A), stomatal conductance (gs),
transpiration rate (E), leaf internal carbon concentration (Ci) were performed between
8:00 am and 10:00 am, in one of the first pair of fully expanded leaves, using a portable
infrared CO; analyzer — IRGA model LI-6400XT (LI-COR, Lincoln, USA) with a photon
flux density of 1200 umol m™ s, established with the aid of a light curve. With the gas
exchange data, it was possible to calculate the photosynthetic water use efficiencies:
instantaneous (IWUE - A/E) and intrinsic (IWUE - A/gs) (Guerrieri et al. 2019).

Analysis of the quantum efficiency of photosystem I1 (PSII)

The photochemical efficiency of PSII was evaluated with a PAM-2500 modulated
fluorescence meter (Walz Heinz GmbH, Effeltrich, Germany). The maximum quantum
efficiency of the PSII (F./Fm) was evaluated on predawn (4:00 am — 05:00 am) and at
midday (12:00 am — 01:00 pm) in the same leaf used in gas exchange measurements. The
readings started 30 minutes after dark adaptation of the leaves using special leaf tweezers
and were carried out by applying a saturating pulse of actinic light (8000 pumol m?2s?, 1
second). The effective quantum efficiency of the PSII (®PSII) was evaluated at midday,
with the aid of a measuring rod (Leaf clip holder, Walz Heinz GmbH, Effeltrich,

Germany).
Relative chlorophyll content (SPAD index)
Relative chlorophyll content was estimated using a non-destructive method with

a chlorophyll meter (SPAD-502 - Minolta, Japan). SPAD index was obtained from the

average of five readings performed on leaflets randomly chosen from each plant.
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Plants water status

The verification of the water status of the plants was performed through leaf water
potential (Pwiear) following Scholander et al. (1965) and Turner (1981). Measurements
was carried out in predawn and at midday, in order to verify possible effects of

microclimatic variations on Pwieas.

Biochemical analysis

Extraction and quantification of organic compounds

The extract for quantification of leaf proline, total soluble sugars and amino acids
was obtained from 500 mg of fresh leaf plant material with 5 mL of MCW (methanol:
chloroform: water) in the proportion 12:5:3, according to the methodology proposed by
Bieleski and Turner (1966). The extract for protein dosage was prepared from leaf
material precipitated during the preparation of the MCW extract. The precipitate was
homogenized in 10 mL of 0.1 N NaOH, with vigorous stirring in a tube shaker and stored
under refrigeration for 24 h for protein extraction. Finally, the extract was centrifuged at
4,000 x g for 9 minutes and the supernatant was stored in a freezer at -20 °C.

Proline quantification was performed according to the recommendations of Rena
and Masciotti (1976). Total soluble sugars were quantified by the phenol-sulfuric
colorimetric method of Dubois et al. (1956). The methodology of Yemm and Cocking
(1955) was followed for the quantification of amino acids. The determination of protein
contents was carried out following the methodology of Bradford (1976) through the
method of protein binding to the Coomassie Brilliant Blue G-250.

Statistical analysis

Daily data of gas exchange according to soil type were compared using the T-test
(p <0.05). To verify the effect of treatments (soil type and water regime) and the possible
interaction between these factors on the physiology of M. urundeuva, the results were

submitted to an analysis of variance (ANOVA) using the software Sisvar (version 5.7).
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The assumption of normality was tested and the all data were transformed (vVX + 1). The

graphs were plotted using SigmaPlot software version 11.0 (trial version).

Results

Soil characterization

After the irrigation suspension, reductions in humidity of the sandy clay loam soil
was observed from the third day until the 11" day (day of water stress for the plants in
this treatment), with humidity around 5.69%, representing a difference of 77% compared
to the soil of irrigated plants (25.16%) (Fig. 2A). However, contrary to what was
expected, the sandy soil lost moisture more slowly than the sandy clay loam. Its humidity
reduced just 24 hours after the suspension of irrigation until the 16™ day (day of water
stress for this treatment), when soil humidity was around 6.32%, representing a difference
of 78% compared to the soil of irrigated plants (29.7%) (Fig. 2B).

Fig. 2 Soil humidity of the pots where M. urundeuva were cultivated under two water
regimes: irrigated and water deficit. The arrows indicate respectively the water stress day

and the day of recovery. Bars indicate standard deviation. n =5
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The sandy clay loam soil had higher SEF, that is, it is more fertile compared to the
sandy soil (SEF 117.2 cmol. dm™ and SEF 36.2 cmol. dm, respectively). These results
were expected given the physical differences between the types of soil, one with a large
percentage of clay and the other practically composed by sand, their different amount of
negative charges and consequent cation retention capacities, which was corroborated by
the results of effective cation exchange capacity and base saturation of both soils (Table
1). The nutrients whose contents show the greatest differences are P and K, which are
found in concentrations four and nine times higher in sandy clay loam soil than in sandy
soil. Given the calcicole characteristic of M. urundeuva, is important to highlight that the
Ca content in the sandy clay loam soil was more than three times higher than in the sandy

soil.

Table 1 Physicochemical characterization of soils

Physical characterization

Coarse Sand Fine Sand Silt Clay Textural classification
9/Kg
SCL soil 410 180 190 220 Sandy clay loam
Sandy soil 940 20 20 20 Sandy

Chemical characterization

pH oM P K Na APt  H+AI Ca Mg ECEC V

gKg?! - mg dm3--— - cmole dmS3----m-memeeeeem % %

SCL soil 5.7 11.8 14 90 20 0.09 2.28 3.48 1.67 5.56 71 2
Sandy soil 5.3 185 3 15 15 0.16 3.48 1.08 0.87 2.22 37 7

pH in water: 1:2.5; OM = soil organic matter; P-K-Na: Mehlich extractor; Ca-Mg-Al: KCI 1M extractor;
H+Al: SMP extractor; ECEC = effective cation exchange capacity; V: base saturation; m: Al saturation;

SCL sandy clay loam.

Through the analysis of the relative water and nutrient-holding capacity, it was
found that the sandy clay loam soil had higher HC compared to the sandy soil used in this
study (HC 0.69 and HC 0.04, respectively).

Gas exchange

The water deficit caused reductions in gas exchange of plants cultivated in sandy
clay loam soil from the fourth day after irrigation suspension (Fig. 3). Plants gs was
reduced by about 97% on the day of water stress (11th day) compared to irrigated plants

(0.006 mol m? st and 0.24 mol m? s, respectively), as shown in Figure 3A. As a



304
305
306
307
308
309
310
311
312
313
314
315
316
317
318
319
320
321
322
323
324
325
326
327
328
329
330
331
332
333
334
335
336
337

33

probable consequence of the stomatal closure, the A of M. urundeuva also reduced from
the fourth day after the suspension of irrigation, reaching rates close to zero on the 11"
day of the experiment (Fig. 3B). At this moment, photosynthetic rates were 95% lower
than those observed in irrigated plants (15.8 umol CO, m? stand 0.69 pmol CO, m? s,
respectively), as a probable consequence of the 73% reduction in Ci comparing with
irrigated plants (91.4 mmol m? st and 349 mmol m?2 s?, respectively) (Fig. 3C). The
reduction in gs may have influenced the decrease in E, of about 95% compared to irrigated
plants (0.12 mmol H20 m? st and 2.8 mmol H.0 m? s, respectively), as shown in
Figure 3D. After rehydration, Ci were recovered after three days, E after four days and gs

and A were recovered after five days.



34

338 Fig. 3 Stomatal conductance (gs), photosynthetic rate (A), leaf internal carbon
339  concentration of CO2 (Ci) and transpiration rate (E) of M. urundeuva cultivated in two
340  types of soil (sandy clay loam and sandy) and under two water regimes (irrigated and
341  water deficit) during the experiment
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345 On the other hand, in plants grown in sandy soil, the gas exchange started to reduce

346  due to the effects of water deficit at different moments. It was observed that gs started to
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reduce from the 11" day with a reduction of 92% on the water stress day compared to
irrigated plants, with gs of 0.01 mol m? s and 0.23 mol m? s, respectively (Fig. 3E).
However, A began to reduce earlier than gs, from the third day after the suspension of
irrigation and reached rates close to zero on the 17" day after the suspension of irrigation
(Fig. 3F). At this moment, the photosynthetic rate of plants under water deficit was 86%
lower compared to irrigated plants, with 1.9 pmol CO, m? s and 14.0 pmol CO, m? st
respectively. Ci reduced from the 12" day (Fig. 3G), with a reduction of 46% on the water
stress day compared to irrigated plants (198 mmol m? s and 369 mmol m? s?,
respectively). Transpiration rates were reduced from the 11" day (Fig. 3H) with a
reduction of 89% on the water stress day compared to control plants with transpiration
rates of 0.3 mmol H.O m? s and 2.8 mmol H,O m s, respectively. After rehydration,
Ci was recovered in just one day. Plants gs, A and E were recovered two days after
rehydration.

Plants under water deficit cultivated in sandy clay loam soil were able to increase
their IWUE and IWUE before the water stress day (during moderate stress) (Figs. 4A,
4B). On the day of water stress, however, the iWUE of M. urundeuva was 0.72 pmol CO;
mmol?* H,O™ which represents a reduction of 87% compared to irrigated plants, with 5.8
umol CO, mmol™* H,O. The IWUE was also negatively affected on the water stress day,
with a reduction of 79% compared to irrigated plants (14.5 pmol CO2 mol* H.O* and
70.5 umol CO2 mol™? H,O%, respectively). After rehydration, the water use efficiency of
M. urundeuva surpassed the water use efficiency of the irrigated plants for a few days.

In contrast, plants in sandy soil had reductions in iWUE and IWUE from the third
to the ninth day after the suspension of the irrigation (Figs. 4C, 4D). The water use
efficiency surpassed irrigated plants only during a brief period before the day of water
stress. At this moment, however, there was no difference in IWUE or IWUE between

treatments.
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Fig 4 Instantaneous water use efficiency (IWUE) and intrinsic water use efficiency
(IWUE) in M. urundeuva cultivated in two soil types (sandy clay loam and sandy) and
under two water regimes (irrigated and water deficit). * indicates significant difference
(p<0.05.n=5
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* indicates significant difference at p < 0.05. Bars indicates standard error.n =5

On table 2, ANOVA informs that was detected that on the water stress day there
was an interaction between soil type and water regime on the iIWUE of the plants. This
result suggests that, under severe stress, plant’s grown in sandy soil have higher iWUE,
as shown in Table 3. Table 2 presents the summary of the analysis of variance of the data
of gas exchange and also the data of plants water status, the quantum efficiency of PSII,
relative chlorophyll content and concentration of organic compounds, whose results will

be discussed in the next topics.

Table 2 Summary of the analysis of variance of gas exchange (gs — stomatal conductance, A
— photosynthetic rate, C; — leaf internal CO, concentration, E — transpiration rate, IWUE —
instant water use efficiency, IWUE — intrinsic water use efficiency), leaf water potential in
the predawn (¥wiearpp) and in the midday (#wieanvo), maximum quantum efficiency of PSII in

the predawn (Fv/Fnep) and in the midday (F./Fnwp), effective quantum efficiency of PSII
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(Psi), relative chlorophyll content (SPAD index) and concentration of organic compounds
(proteins, amino acids, proline and total soluble sugars) of M. urundeuva cultivated in two
soil types (sandy clay loam and sandy) and two water regimes (irrigated and water deficit) on
the water stress day on the day of recovery.

Water stress day Recovery
Var. SV DF MS F CVv MS F Ccv
Gas exchange Os WR 1 005 173,77 1,7 0,00 1,12™ 23
S 1 0,00 0,06 0,00 0,15™
WRxS 1 0,00 0,2"m 0,00 0,00"
Error 16 0,00 0,00
A WR 1 31,9 1798™ 154 0,00 0,07™ 6,5
S 1 0,03 0,18™ 0,01 0,26™
WRxS 1 0,40 2,3™ 0,00 0,00"
Error 16 0,17 0,07
Ci WR 1 393 209™ 29,7 0,80 3,93 24
S 1 81,4 4,3m 0,19 0,95™
WRxS 1 60,4 3,2™ 0,00 0,00"
Error 16 18,7 0,20
E WR 1 36 241,1™ 80 000 0,33 73
S 1 0,01 0,7m 0,14 6.51™
WRxS 1 0,00 0,5m™ 0,00 0,00™
Error 16 0,01 0,02
iWUE WR 1 1,62 2,4m 37,1 0,00 0,22™ 6,1
S 1 1,98 2,8 0,20 8,71™
WRxS 1 3,15 45" 0,00 0,00"
Error 16 0,68 0,02
IWUE WR 1 37,7 2,56m 57,3 0,78 1,18™ 9,7
S 1 31,5 2,1m 0,00 0,00"
WRxS 1 48,0 3,2™ 0,06 0,09"
Error 16 14,7 0,65
Plant water status ~ ¥wieafep WR 1 013 1577 75 0,00 0,06™ 54
S 1 0,01 15m 0,00 1,67™
WRxS 1 0,04 48" 0,00 0,34"
Error 16 0,00 0,00
Y'WieatMD WR 1 0,63 159" 14,7 0,00 0,95™ 4,8
S 1 0,03 0,08™ 0,00 2,75™
WRxS 1 0,06 1,65™ 0,00 0,63™
Error 16 0,03 0,00
Quantum Fv/Frpp WR 1 0,00 1,39 0,42 0,00 0,89™ 0,7
efficiency of PSII S 1 0,00 1,11™ 0,00 0,04™
WRxS 1 0,00 0,03 0,00 1,23m
Error 16 0,00 0,00
Fv/Fuvp WR 1 0,00 0,24m 09 000 037™ 0,6
S 1 0,00 4,78" 0,00 5,157
WRxS 1 0,00 0,00m 0,00 0,05™
Error 16 0,00 0,00
DPSIT WR 1 0,01 5,56 3,8 000 0,25™ 22
S 1 0,01 5,707 0,01 14,9
WRxS 1 0,00 0,56™ 0,00 0,03"
Error 16 0,00 0,00
Relative SPAD WR 1 0,59 7,16* 46 0,00 0,01™ 4,3
chlorophyll index S 1 031 385m™ 0,01 0,22"
content WRxS 1 0,00 0,04m 0,06 0,86™
Error 16 0,08 0,07
Organic Proteins WR 1 042 065™ 116 0.05 3.62™ 11
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compounds S 1 002 975" 0.16 1.25™
WR x S 1 0.00 0.27m™ 0.12 276"
Error 16 043 0.04
Amino WR 1 062 001™ 145 0.28 11.32™ 10
acids S 1 0.00 1.79m™ 1.79 1.81™
WR x S 1 021 0627 1.58 10.04™
Error 16 0.34 0.15
Proline WR 1 0.00 17.63™ 177 0.00 0.20™ 1.7
S 1 0.89 0.11m™ 0.00 1.02"
WR x S 1 0.05 1.11m™ 0.00 0.00"
Error 16 0.05 0.00
Total WR 1 019 307™ 122 122 105™ 14
soluble S 1 7.20 0.08m 359 036"
sugars WRXS 1 172 0.73™ 8.17 2.40™
Error 16 232 2.40

SV = sources of variation, DF = degrees of freedom, WR = water regime, S = soil type, MS = mean square,
F = calculated F, CV = Coefficient of variation (%).*, **, *** significant at p < 0.05, 0.01 e 0.001,

respectively. ns: not significant. n =5
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Table 3 Unfolding the interaction between soil type (sandy clay loam and sandy) and water regime (irrigated and water deficit) with the variables of

instant water use efficiency (IWUE), leaf water potential on predawn (#weaep) and amino acids content on the water stress day.

iWUE PWieatPD Amino acids
Soil Control Water deficit Mean Control Water deficit Mean Control Water deficit Mean
Sandy clay loam 580aA  0,72bA 3.3 -0.22aA -0.52aA -0.43 11.5aA 21.2 bA 16.3
Sandy 490aA 7,90aB 6.4 -0.25aA -0.90bB -0.57 13.7aA 14.2 aB 14.0
Mean 54 43 -0.29 -0.71 12.6 17.7

Means followed by the same lowercase letter, in the lines, and upper case, in the columns, do not differ significantly from each other (p < 0.05). n =5
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Quantum efficiency of photosystem |1

The Fu/Fm was not affected by the water deficit (Fig. 5). The ®PSII, on the other
hand, was reduced by about 28% in plants grown in sandy clay loam soil, and 14% in
plants cultivated in sandy soil (Fig. 6A). The ANOVA detected the effect of the soil type
on the quantum efficiency of M. urundeuva at midday, regardless of the water regime
(Table 2). Plants in sandy clay loam soil had lower Fv/Fm (Fig. 5B) at midday and lower
®PSII (Fig. 6A) on the water stress day, compared to plants in sandy soil. However, after
the recovery of the photosynthetic rates there was an inversion and these plants had higher
Fv/Fm at midday (Fig. 5D) and higher ®PSII (Fig. 6C) than plants in sandy soil.

Fig. 5 Maximum quantum efficiency of PSII (F./Fm) of M. urundeuva cultivated in two
types of soil (sandy clay loam and sandy) submitted to two water regimes (irrigated and
water deficit) in two moments: water stress day and recovery, in the predawn (04:00am) and
at midday (12:00pm).

Water stress day Recovery
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Same lowercase letter between water regime and upper case latter between soil types indicates that
means did not differ significantly from each other (p < 0.05), ns = not significant. Bars indicates standard

error.n=5
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Relative Chlorophyll Content (SPAD Index)

The water deficit caused a reduction of 9% in the relative chlorophyll content of
plants in sandy clay loam soil and 11% in plants in sandy soil (Fig. 6B). After recovery,
there was no difference in the SPAD index between treatments. No interaction was
detected between treatments (soil type and water regime) on the relative content of
chlorophyll in M. urundeuva (Table 2).

Fig. 6 Effective quantum efficiency of PSII (®PSIl) and SPAD index of M. urundeuva
cultivated in two types of soil (sandy clay loam and sandy) submitted to two water

regimes (control and water deficit) in two moments: water stress day and recovery.

Water stress day 0 Recovery
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“ s 5
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Sandy clay loam Sandy Sandy clay loam Sandy

Same lowercase letter between water regime and upper case latter between soil types indicates that

means did not differ significantly (p < 0.05), ns = not significant. Bars indicates standard error.n =5

Plants water status

Only plants grown in sandy soil had their water status affected by the water deficit
(Fig. 7A, 7B). During the predawn, there was a reduction of Pwiesr around 2.5 times, and
at midday, the reduction was accentuated to a Pwiear around four times smaller comparing
to irrigated plants (Fig. 7A, 7B). Through analysis of variance was detected interaction

between water regime and soil type on PWiear 0f M. urundeuva on the water stress day in
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predawn (Table 2), suggesting better water conservation by plants grown in sandy clay
loam soil (Table 3).

Fig. 7 Leaf water potential (¥wi..r) Of M. urundeuva cultivated in two soil types (sandy
clay loam and sandy) submitted to two water regimes (control and water deficit) in two
moments: water stress day and recovery, in the predawn (04:00 am) and at midday (12:00
pm).
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Concentration of organic compounds

Protein content was not affected by the water regime on the water stress day (Fig.
8A). However, M. urundeuva cultivated in sandy clay loam soil had 15% higher protein
content than plants grown in sandy soil (2.69 mg g* FW and 1.56 mg g* FW,

respectively). After recovery, there was no difference between treatments (Fig. 8E).
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482  Fig. 8 Proteins, amino acids, proline and total soluble sugars content in leaves of M.

483  urundeuva cultivated in two types of soil (sandy clay loam and sandy) submitted to two

484  water regimes (irrigated and water deficit) in two moments: water stress day and recovery.
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489
490 As shown in Table 2, ANOVA detected interaction between soil type and water

491 regime on the amino acid concentration of M. urundeuva on water stress day. Water
492  deficit caused an increase of about 84% in amino acid contents in plants cultivated in
493  sandy clay loam soil (Fig. 8B), despite no effect was observed in plants cultivated in

494  sandy soil. It was also found that, under water deficit, plants of M. urundeuva cultivated
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in sandy clay loam soil had amino acid contents about 32% higher than that of plants in
sandy soil. After recovery, no difference was detected between treatments (Fig. 8F).
Proline was the organic compound most affected by the water deficit. Plants
grown in sandy clay loam had an increase of about 28 times in proline content, while
plants in sandy soil had an increase of about 5 times (Fig. 8C). No interaction was detected
between soil type and water regime on proline concentration in M. urundeuva (Table 2).
After recovery, there was no difference in proline content between treatments (Fig. 8G).
The total soluble sugar content was not influenced by treatments (Fig 8D, 8H).

Discussion

The results of this study suggest that the type of soil influences on the pattern of
response of M. urundeuva to water deficit and its subsequent recovery. It was possible to
verify the influence of the interaction of these factors on instantaneous water use
efficiency, plant water status and osmotic adjustment. In addition, the effect of soil type
on the PSII quantum efficiency was detected in M. urundeuva regardless of the water

regime.

Soil characteristics influence plant tolerance to water deficit

It was expected that plants in sandy clay loam soil would take longer to reach
photosynthetic rates close to zero, as well as for recovery after rehydration, due to the soil
with greater water retention capacity and greater fertility. The fact that plants in sandy
clay loam soil had their photosynthetic rates reduced to close to zero in less time
compared to plants in sandy soil corroborates the findings of Khalil et al. (2020), Ai et al.
(2017) and Saad et al. (2009) who also evaluated the water deficit on plants in clayey and
sandy substrate. For these authors, this is due to the texture and other physicochemical
characteristics of the sandy clay loam soil, such as the greater relative water and nutrient-
holding capacity (HC) and greater fertility (SEF) observed in this study in relation to the
sandy soil. Probably the high content of solutes contributed to increase the necessary
effort that plant roots needed to make to absorb water from the soil (Khalil et al. 2020),
which become less accessible to plants than the water in the sandy soil. These results

suggest that the physicochemical characteristics of each soil, such as texture and
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nutritional status, influence the tolerance time for M. urundeuva during periods of water
deficit.

However, M. urundeuva occurs mainly in regions subject to moderate water
deficit (Carvalho 2003) and in soils with high Ca content. Due to this, the sandy clay loam
soil may represent a more suitable or favorable substrate for its establishment in natural
conditions, given the better stomatal control and consequent increase in the water use
efficiency, during the period of moderate water stress in this experiment, which allowed
better water conservation compared to that observed in plants in sandy substrate.

Edaphic conditions change the dynamics of gas exchange during water deficit

The reduction in gs, observed in plants in sandy clay loam soil from the fourth day
is an important strategy used by plants native to semiarid environments (Freire et al. 2021
in press; Silva-Pinheiro et al. 2016) and probably acted as a defense mechanism for water
rationing (Wang et al. 2020) given the reduction of E in these plants from that same day.
The reduction in gs, despite the osmotic adjustment suggested by the accumulation of
proline and amino acids, as will be seen later in this paper, indicates that this is an adaptive
strategy adopted by M. urundeuva growing in sandy clay loam soil. The negative effect
of stomatal closure on photosynthesis was probably both due to the reduction in CO>
input, verified through the observed reduction in C;i (Costa et al. 2015) and to the
deleterious effect of the probable increase in leaf temperature on the Rubisco enzyme
(Barros et al. 2020). Assessing the effect of water deficit on M. urundeuva, Costa et al.
(2015) also reported that plants reached photosynthetic rates close to zero on the 11th day
after watering suspension, the same period as plants cultivated in sandy clay loam soil in
the present study, with similar gs and E behavior.

Despite the deleterious effects of the water deficit on the A of M. urundeuva
cultivated in sandy soil from the third day after the suspension of irrigation (even before
the detection of reductions in gs, Ci and E), plants were able to maintain photosynthetic
rates stable for a longer period compared to plants in sandy clay loam soil. Even having
a lower relative water and nutrient-holding capacity (HC), sandy soil has a lower fertility
(SEF), so, despite less amount of water, it is more available to plants (Khalil et al. 2020)
than the water in sandy clay loam soil. The maintenance of gs, Ci and E rates until 11th

day suggests that the A of plants in sandy soil may have suffered some type of non-
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stomatic limitation since the third day after the suspension of irrigation (Flexas and
Medrano 2002).

On the day of water stress (photosynthetic rates close to zero), plants grown in
sandy soil had higher iWUE and IWUE, compared to plants grown in sandy clay loam
soil. However, as a result of the inability to adjust the stomatal opening under moderate
stress, they suffered a reduction in the IWUE and IWUE from the first days after the
suspension of irrigation. The advantages of the greater control of stomatal opening can
be seen when evaluating the dynamics of iWUE and IWUE throughout the experiment.
By maintaining A stable during moderate stress and reducing the gs and consequently E,
plants grown in sandy clay loam soil were able to increase their iWUE and IWUE during
the period of moderate water stress. This strategy ensures a better ratio between the
amount of carbon assimilated per unit of water lost (Hatfield and Dold 2018) during these
periods that are common in regions where the species occurs naturally (Carvalho 2003).

The ability to increase the water use efficiency can ensure safety to plants in sandy
clay loam soil during periods of low water availability in the seasonally dry tropical forest,
where the period of water deficit has a longer duration than in this experiment (Hatfield
and Dold 2018; Marques et al. 2020). However, despite the increase in WUE being an
important strategy for species adapted to semi-arid climates (Hatfield and Dold 2018),
the reduction in internal carbon concentrations as a result of the smaller stomatal opening
harms plant growth (Costa et al. 2015). Thus, the strategy adopted by plants in sandy soil
may not represent a disadvantage, since it is noteworthy that M. urundeuva naturally
occupies regions that experience periods of generally moderate water deficit (Carvalho
2003). Unlike plants in sandy clay loam soil, plants in sandy soil maintain their stomatal
conductance rates for a longer period of time, which can ensure that they maintain their
growth rates during the period of water deficit at the cost of a greater risk of xylem
cavitation (Tyree and Sperry 1989). This finding draws great attention as the natural
communities of M. urundeuva living on sandy soils are also subject to climate change
that lead to most common and severe drought events, which increase the chances of death
from hydraulic failure (Tyree and Sperry 1989; Botkin et al. 2007; Rodrigues et al. 2015)
and the risk of extinction of these communities. In the same way, plants in sandy soil
were not able to increase their water use efficiency during recovery, different from plants
in sandy clay loam soil, which corroborates the differences between tolerance strategies

between two types of soil.
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Photochemical efficiency is influenced by soil type during the water deficit and

recovery

Several authors report a reduction in F./Fn rates in plants native to semiarid
regions when subjected to water stress (Silva-Pinheiro et al. 2016). The maintenance of
Fv/Fm by the plants in this experiment, even at a time when photosynthetic rates were
close to zero, may be related to some mechanism of protection of the photosynthetic
apparatus, by antioxidant compounds (Sharma et al. 2012) and adaptive strategies such
as adjustments to chlorophyll content (Husen et al. 2014; Silva-Pinheiro et al. 2016). We
also emphasize that the levels of radiation inside the greenhouse may have contributed to
attenuate the effects of water stress on the rates of F./Fn of these plants. Thus, the
reduction in photosynthesis observed in plants cultivated in sandy soil from the third day
after the suspension of irrigation, attributed to non-stomatic limitations, may have a
different origin from F./Fn as observed in studies such as that by Flexas and Medrano
(2002). Despite the higher midday quantum efficiency of PSII of plants grown in sandy
soil on the day of water stress, plants in sandy clay loam soil had F./Fm above 0.725, the
threshold established by Critchley (1998), which indicates that no plant suffered from
photoinhibitory damage during the experiment.

Although slight, the reduction in the relative chlorophyll content may have been
the result of photodegradation (Long et al. 1994) or the action of reactive oxygen species
(Sharma et al. 2012). Despite being a result of the negative effect of water deficit, the loss
of chlorophyll is seen as an adaptive strategy used also by other species from semiarid
regions such as Bauhinia monandra Kurz and Tabebuia aurea (Silva Manso) Benth. &
Hook.f. ex S.Moore (Silva-Pinheiro et al. 2016). In this context, authors such as Husen et
al. (2014) and Silva-Pinheiro et al. (2016) relate the reduction of chlorophyll content with
lower excitation energy input to the already overloaded photosystems, which reduces the
generation of free radicals. Thus, the loss of chlorophylls may have contributed to the
maintenance of the F./Fr, rates observed in M. urundeuva under water deficit in this study.

Water deficit had a negative effect on ®PSII on M. urundeuva on the water stress
day. While the F./Fn, reflects the health status of the PSII, informing the extent of damage
caused by excess light energy or oxidative stress (Maxwell and Johnson 2000), the ®PSII
assesses the photosynthetic performance of plants, measuring the fraction of energy
absorbed by PSII and, in fact, used in the photochemical step (Lichtenthaler et al. 2005).
Similar results were related by Ai et al. (2017). Silva-Pinheiro et al. (2016) also reported
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reductions in ®PSII in plants native to semiarid subjected to water deficit, associating
with a reduction in the ability to use the energy captured by the PSII reaction centers,
which can cause a sequence of deleterious effects, such as structural and permanent
damage in thylakoids (Maxwell and Johnson 2000).

Despite the lower F./Frn and ®PSII on the water stress day, M. urundeuva in sandy
clay loam soil had higher F./Frn and ®PSII rates than plants in sandy soil after recovery.
This dynamic may indicate a significant and efficient investment in the recovery of the
photosynthetic apparatus, what can be associated to the higher fertility of this soil.
Furthermore, despite the lower photochemical efficiency on the day of water stress
(photosynthetic rates close to zero), plants in sandy clay loam soil has a greater stock of
carbon and nitrogen in the form of proline and amino acids than plants in sandy soil. This
stock becomes available for the synthesis of biomolecules during the re-establishment of
metabolic processes after rehydration and thus may have provided a greater
photochemical efficiency soon after recovery.

Plants water status and compatible solute profile are soil specific

After the suspension of irrigation, the amount of water in the soil gradually
decreased. Due to the limited availability of water in the soil, the volume of water
transpired exceeds the volume of water absorbed, the plant enters into a state of water
deficit and dehydrates (Wang et al. 2020). Turgor loss and reduced leaf water potential
are indicators of reduced plant water status (Nounjan et al. 2018). The water deficit
affected the water status of M. urundeuva differently according to the type of soil where
the plant was cultivated, as a probably the result of differences in the magnitudes of
response to water deficit in the two types of soil. Apparently, the time needed for plants
to reach A rates close to 0 was not enough to affect the water status of plants grown in
sandy clay loam soil and it may be related to the efficient stomatal control of plants in
this type of soil during the suspension of irrigation. Several studies carried out with tree
species native to semiarid regions subjected to water deficit such as Tabebuia aurea (Silva
Manso) Benth. & Hook. f. ex S. Moore and Carapa guianensis Aubl. (Freire et al. 2021
in press; Gongalves et al. 2009) or even in field conditions during the dry period as
Libidibia ferrea (Mart. ex Tul.) L.P.Queiroz and Handroanthus impetiginosus (Mart. ex
DC.) Mattos (Dombroski et al. 2011; Dombroski 2014) also point to the reduction of leaf
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water potential as a consequence of the water deficit, as happened in this study with M.
urundeuva cultivated in sandy soil.

Although the reduction in leaf water potential is indicative of the decrease in water
content in the plant body, plants are also able to reduce their water potential without a
real need for water loss (Tan et al. 2006), through the process named osmoregulation
(Nounjan et al. 2018; Tan et al. 2006). The advantage of spending energy on
osmoregulation (via production and/accumulation of compatible solutes) is due to the
maintenance of water potential gradients with the environment, given that a plant can
maintain soil water absorption according to its capacity to reduce its water potential to
levels lower than those of the soil (Dombroski et al. 2011; Dombroski 2014). Among
osmoregulators, total soluble sugars and proline stand out for tolerance against various
abiotic stresses, such as that caused by water deficit (P’erez-Alfocea and Larcher 1995).
Although soluble sugar contents were not affected, the marked accumulation of proline
in plants grown in both types of soil on the day of water stress suggests that M. urundeva
invest in proline synthesis and accumulation as an osmoregulator/osmoprotector, what
was also verified in different plant species in other studies (Tan et al. 2006; Nounjan et
al. 2018).

The increase in proline levels is associated with a reduction in protein synthesis
and an increase in the action of proteolytic enzymes as a result of stresses, such as that
caused by water deficit (Stewart 1973), since both results in the availability of substrate
for the production of this osmoregulator (Falahi et al. 2018; Noujan et al. 2018). However,
in this study there was no influence of the water regime on the protein content in the
leaves of M. urundeuva, only the effect of the type of soil, and, contrary to expectations,
the plants in sandy clay loam soil, which also had a higher protein concentration, had
higher levels of amino acids compared to plants in sandy soil. Falahi et al. (2018) report
that proline plays an important role not only as an osmoregulator (Freire et al. 2021 in
press), but also as an osmoprotector, maintaining the integrity of cell structures during
dehydration (Krasensky and Jonak 2012). Thus, proline accumulation may have played a
prominent role in the rapid recovery of plants under water deficit in this study, since in
addition to osmoregulation and osmoprotection, it is still a stock of carbon and nitrogen
that is available to the plant during the post-rehydration recovery process (Tan et al. 2006;
Nounjan et al. 2018).

A common process by which plants increase their amino acid concentration is

through protein degradation during stresses as water stress (Lee et al. 2013; Souza et al.
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2020). Since the protein contents were not influenced by the water regime, the higher
amino acid content found in plants cultivated in sandy clay loam soil is probably related
to the greater fertility of this soil, compared to the sandy soil. A more fertile soil can offer
more nutrients for the synthesis of biomolecules such as amino acids, and these
compounds can accumulate under stress situations where protein synthesis (and the use
of this substrate) is also impaired (Souza et al. 2020). Thus, even without the action of
proteases, plants grown in sandy clay loam soil may have been able to increase the levels
of this osmoregulator, which was not observed in plants grown in sandy soil (with lower
fertility) in this experiment

The increase in the concentration of amino acids brings advantages to plants
because, as proline, this compound can act as osmoprotectors and also in cell signaling,
preventing photooxidative damage (Vieira et al. 2017). Amino acids accumulation
probably brought some benefit to M. urundeuva cultivated in sandy clay loam soil, once,
despite suffering with reductions in the effective quantum efficiency of PSII, maintained
its maximum quantum efficiency of PSII preserved. Although many studies with plants
native to semiarid regions report increased levels of this organic compound (Vieira et al.
2017), Souza et al. (2020) report reductions in the content of amino acids, protein and
total soluble sugars in plants of M. urundeuva under water deficit. Thus, the results of
these studies strongly suggest that its amino acid concentration during periods of water
deficit may be related to the type of soil where M. urundeuva is established.

This study presents the first evidence of the influence of soil type on the
physiology of M. urundeuva under water deficit situation. Our findings support that the
soil characteristics can influences the response pattern of M. urundeuva to stress by water
deficit and its subsequent recovery. Contrary to expectations, plants in sandy clay loam
soil reached photosynthetic rates close to zero faster and required more time to recover
than plants in sandy soil, which can be attributed to the higher concentration of solutes in
this soil. Despite this, their stomatal response to moderate water deficit is more efficient,
which is perceived by the inability of plants in sandy soil to raise WUE in moderate stress
situations. On the other hand, presumably M. urundeuva in sandy soil adopts a different
strategy that is to maintain its stomata opening for longer during the water deficit,
ensuring the necessary CO; input to maintain growth rates, despite the greater risks of
hydraulic failure. Even with photosynthetic rates close to zero, M. urundeuva did not
suffer with reductions in the maximum quantum efficiency of PSII regardless of the soil

type. Also, plants in sandy clay loam soil accumulates amino acids in addition to proline
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to osmoregulation and had better water status, revealing that osmoregulation, combined
with the reduction of stomatal opening is an efficient strategy to save water. The large
accumulation of proline in plants in both soil types may have played an important role
also in the rapid recovery of plants after the water deficit, given its role as an
osmoprotective and as a carbon and nitrogen storage after rehydration.

We emphasize the need for conservation actions for communities of M. urundeuva
growing in sandy soils which, given their characteristics with degree of anisohydrism,
have a greater risk of death from hydraulic failure with the increase in duration and
intensity of drought events predicted due to climate changes.
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CONCLUSOES

Contrariando as expectativas, as plantas em solo franco argilo arenoso
atingiram taxas fotossintéticas préximas a zero mais rapidamente e
necessitaram de um tempo maior para recuperacao do que as plantas em solo
arenoso, 0 que pode ser atribuido a maior concentracdo de solutos no solo.
Apesar disso, sua resposta estomatica ao déficit hidrico moderado € mais
eficiente, o que foi percebido pela incapacidade das plantas em solo arenoso de
aumentar a eficiéncia do uso da agua sob estas condi¢des. Por outro lado,
provavelmente M. urundeuva em solo arenoso adota uma estratégia diferente
gue é manter sua abertura estomatica por mais tempo durante o déficit hidrico,
garantindo o influxo de CO> necessario para manter as taxas de crescimento,
apesar dos maiores riscos de falha hidraulica. Mesmo com taxas fotossintéticas
proximas a zero, M. urundeuva ndo sofreu reducdo na eficiéncia quantica
maxima do PSIl em nenhum tipo de solo. Além disso, plantas em solo franco
argilo arenoso acumularam aminoacidos além de prolina para osmorregulacéo e
apresentam melhor status hidrico, revelando que a osmorregulagcéo, combinada
com a reducdo da abertura estomatica, € uma estratégia eficiente para a
economia agua. O consideravel acumulo de prolina nas plantas de ambos os
tipos de solo pode ter desempenhado um papel importante também na rapida
recuperacdo das plantas apdés o déficit hidrico, dado seu papel como
osmoprotetor e como estoque de carbono e nitrogénio.

Os achados apresentados nesta dissertacao tém grande relevancia para
a construcdo do conhecimento acerca da fisiologia das espécies arboreas, em
especial as nativas de ambientes semiaridos. De forma especifica, ainda, o
manuscrito apresentado no capitulo 2 reforgca como outros fatores além do déficit
hidrico devem ser levados em conta ao se avaliar o risco representado pelas
mudancas climaticas e a consequente alteracdo de distribuicdo geografica
imposta a diversas espécies. O risco oferecido torna-se maior quando ameaca a
distribuicdo de espécies jA& ameacadas de extincdo e também aquelas
consideradas chaves para a manutencdo da biodiversidade em biomas
ameacados, como a floresta tropical sazonalmente seca.

Os resultados deste estudo revelam a necessidade de acbes imediatas

de conservacdo dada a problemética das mudancgas climaticas e sua relacao
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com a fisiologia de M. urundeuva. Péde ser percebido através deste estudo que
as comunidades de M. urundeuva em regides de solo arenoso possuem uma
resposta estomatica com elevado grau de anisohidrismo, ou seja, mantém seus
estbmatos abertos durante a maior parte do periodo de deficiéncia hidrica. Esta
estratégia, contudo, representa um consideravel aumento das chances da morte
destas plantas por falha hidraulica e assim, da extincdo destas comunidades em
um cenério onde eventos de seca se tornam progressivamente mais longos e

mais severos.



