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RESUMO 

 

O crescimento populacional e as mudanças climáticas intensificam os estresses abióticos, 

com a salinidade emergindo como um dos principais fatores limitantes à produtividade 

agrícola e à sobrevivência de espécies nativas. Neste contexto, os objetivos desta pesquisa 

foram investigar as respostas fisiológicas, morfológicas e anatômicas da Melosa 

(Dizygostemon riparius), ao estresse salino induzido por NaCl em condições de cultivo 

in vitro, e avaliar o potencial da biotina (vitamina B7) na mitigação de estresse salino. No 

Experimento I, a exposição a 0, 50 e 100 mM de NaCl demonstrou que a salinidade impôs 

um estresse em D. riparius, pois as plantas apresentaram redução no comprimento e a 

massa seca da parte aérea e o conteúdo relativo de água na folha, especialmente na maior 

concentração de NaCl. Fisiologicamente, houve redução nos pigmentos fotossintéticos e 

no índice de desempenho (PI) das plantas, indicando estresse funcional, embora a 

eficiência quântica máxima do fotossistema II (Fv/Fm) tenha se mantido estável. Quanto 

a resposta adaptativa, a planta exibiu alterações anatômicas, como o aumento da espessura 

da epiderme adaxial e do parênquima paliçádico. Além disso, o estresse salino alterou o 

conteúdo de poliaminas livres totais, com destaque para a putrescina, sugerindo 

potenciais limitações nos mecanismos de defesa da planta frente a salinidade. O 

Experimento II investigou a mitigação do estresse salino (50 mM) pela suplementação 

exógena de biotina. Observou-se que a salinidade, nesta concentração, causou uma 

limitação não estomática e bioquímica à fotossíntese, evidenciada pela queda acentuada 

na taxa de assimilação líquida de CO₂ e na eficiência de carboxilação (A/Ci), sugerindo 

um comprometimento na capacidade metabólica de fixação de carbono. A suplementação 

com biotina (16 mg L⁻¹) demonstrou ser um regulador metabólico eficaz, restaurando a 

taxa de assimilação líquida de CO₂, a eficiência de carboxilação e a eficiência intrínseca 

do uso da água (A/gs). Essa recuperação funcional ocorreu sem alterações na condutância 

estomática ou na anatomia foliar. Portanto, a salinidade limita a fotossíntese em D. 

riparius por meio de restrições bioquímicas e induz ajustes morfoanatômicos e 

metabólicos.  Os resultados indicam que a biotina pode atuar como um agente modulador 

fisiológico na mitigação ao estresse salino em D. riparius. Esses dados contribuem para 

estratégias de conservação e avanço do conhecimento biotecnológico sobre a fisiologia 

de plantas nativas do Maranhão. 

Palavras-chave: Planta medicinal; Melosa; Salinidade; Poliaminas; Biotina; Cultivo in 

vitro. 

  



 
 

 

ABSTRACT 

 

Population growth and climate change are intensifying abiotic stresses, with salinity 

emerging as one of the main factors limiting agricultural productivity and the survival of 

native species. In this context, the objectives of this study were to investigate the 

physiological, morphological, and anatomical responses of Melosa (Dizygostemon 

riparius) to NaCl-induced salt stress under in vitro cultivation conditions, and to evaluate 

the potential of biotin (vitamin B7) in mitigating salt stress. In Experiment I, exposure to 

0, 50, and 100 mM NaCl demonstrated that salinity imposed stress on D. riparius, as the 

plants exhibited reductions in the length and dry mass of the aerial parts and in relative 

water content in the leaves, especially at the highest NaCl concentration. Physiologically, 

there was a reduction in photosynthetic pigments and in the plants’ performance index 

(PI), indicating functional stress, although the maximum quantum efficiency of 

photosystem II (Fv/Fm) remained stable. Regarding the adaptive response, the plant 

exhibited anatomical changes, such as increased thickness of the adaxial epidermis and 

palisade parenchyma. Furthermore, salt stress altered the content of total free polyamines, 

particularly putrescine, suggesting potential limitations in the plant’s defense mechanisms 

against salinity. Experiment II investigated the mitigation of salt stress (50 mM) through 

exogenous biotin supplementation. It was observed that salinity, at this concentration, 

caused a non-stomatal and biochemical limitation on photosynthesis, evidenced by a 

marked decrease in the net CO₂ assimilation rate and carboxylation efficiency (A/Ci), 

suggesting an impairment in the metabolic capacity for carbon fixation. Biotin 

supplementation (16 mg L⁻¹) proved to be an effective metabolic regulator, restoring the 

net CO₂ assimilation rate, carboxylation efficiency, and intrinsic water use efficiency 

(A/gs). This functional recovery occurred without changes in stomatal conductance or 

leaf anatomy. Therefore, salinity limits photosynthesis in D. riparius through biochemical 

constraints and induces morphoanatomical and metabolic adjustments. The results 

indicate that biotin can act as a physiological modulator in mitigating salt stress in D. 

riparius. These data contribute to conservation strategies and the advancement of 

biotechnological knowledge regarding the physiology of plants native to Maranhão. 

 

Keywords: Medicinal plant; Melosa; Salinity; Polyamines; Biotin; In vitro cultivation. 
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1. INTRODUÇÃO 

 

O crescimento populacional aliado às intensas mudanças climáticas tem 

ampliado a ocorrência e a severidade de estresses abióticos, e se configura como um dos 

principais desafios para a sustentabilidade dos ecossistemas naturais e dos sistemas 

agrícolas (Waseem et al., 2024; Begna et al., 2025; Dubey et al., 2025). Dentre esses 

estresses, a salinidade destaca-se por sua crescente incidência, especialmente em regiões 

áridas e semiáridas, em decorrência da irrigação inadequada, da salinização dos solos, da 

escassez de água doce e das alterações nos regimes hidrológicos (De Souza et al., 2025; 

Sheikh et al., 2025). 

O estresse salino impõe uma cascata de eventos deletérios às plantas, induzindo 

desequilíbrios iônicos, osmóticos e oxidativos, que resulta em alterações fisiológicas, 

bioquímicas e morfológicas e comprometem processos essenciais, tais como germinação, 

crescimento vegetativo, desenvolvimento, floração e frutificação (Yanez-Yazlle et al., 

2021; Cao et al., 2023; Arminjon et al., 2025). Esses distúrbios afetam diretamente a 

produtividade e a sobrevivência das espécies vegetais, podendo levar à redução da 

diversidade vegetal em ambientes naturais (Kumar et al., 2021; Kumar et al., 2025).  

Além dos sistemas agrícolas, espécies nativas de ambientes naturais, 

especialmente plantas ribeirinhas, também têm sido severamente afetadas pelo avanço da 

salinidade (Bănăduc et al., 2024; Desta, 2025). Alterações no regime de cheias e vazantes 

dos rios, a intrusão salina em áreas marginais, o represamento de cursos d’água e a 

elevação do nível do mar têm promovido mudanças na qualidade da água e do solo, 

aumentando a concentração de sais em ecossistemas fluviais e ripários (Xin et al., 2022; 

Sharma et al., 2024; Birati et al., 2025). Plantas ribeirinhas, embora adaptadas a ambientes 

úmidos, nem sempre apresentam tolerância ao excesso de sais, o que pode comprometer 

sua plasticidade morfofisiológica, sobrevivência e manutenção das populações naturais 

(Busoms et al., 2023; Zhang et al., 2025). 

Dentre os mecanismos adaptativos acionados pelas plantas em resposta a 

estresses abióticos, destaca-se a síntese de moléculas de sinalização e proteção celular, 

como as poliaminas (PAs) (Pagnotta, 2025). Essas moléculas são compostos 

policatiônicos nitrogenados que contém mais de dois resíduos de amina e desempenham 

papel fundamental na manutenção da homeostase celular sob condições adversas (Kusano 

et al., 2014; Maurya et al., 2025). As principais PAs vegetais incluem putrescina (Put), 
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espermidina (Spd), espermina (Spm) e cadaverina (Cad) (Zhu et al., 2021). O aumento 

nos níveis de poliaminas constitui um dos indicadores metabólicos mais expressivos em 

plantas submetidas a diferentes tipos de estresse, como seca, salinidade, frio, calor, 

hipóxia, radiação UV e metais pesados (Nandy et al., 2022; Alsharafa et al., 2023; 

Napieraj et al., 2023). 

Com o objetivo de mitigar os efeitos da salinidade, diferentes estratégias têm 

sido investigadas, incluindo o uso de fitoprotetores, biorreguladores e vitaminas, com 

resultados promissores no aumento da tolerância das plantas ao estresse salino 

(Albuquerque et al., 2024; Fitzpatrick et al., 2024; Fatahiyan et al., 2025). Entre essas 

substâncias, a biotina (vitamina B7) destaca-se por ser uma vitamina essencial, 

hidrossolúvel e amplamente distribuída nas células vivas (Alban et al., 2000). Em plantas, 

a biotina participa de processos metabólicos fundamentais, incluindo a biossíntese e o 

acúmulo de ácidos graxos, além de atuar como cofator enzimático, o que sugere seu 

potencial envolvimento em mecanismos de tolerância a estresses abióticos (Hahn et al., 

2015; Wang et al., 2020; Wang et al., 2025). 

Apesar dos avanços, ainda são limitadas as informações disponíveis sobre os 

mecanismos pelos quais a biotina atua na mitigação dos efeitos de estresses abióticos em 

plantas, especialmente sob condições de salinidade. No caso de Dizygostemon riparius, 

os estudos disponíveis ainda são escassos quanto à caracterização dos efeitos do estresse 

salino sobre sua morfofisiologia, e, até o presente momento, não há registros na literatura 

que avaliem o potencial da biotina como agente mitigador desse estresse.  Essa espécie 

foi descrita cientificamente em 2019 no município de São Benedito do Rio Preto, 

Maranhão, às margens do rio, caracterizando-se como uma espécie ribeirinha adaptada a 

ambientes sujeitos a variações sazonais no regime hídrico (Scatigna et al., 2019). 

Pertencente à família Plantaginaceae, D. riparius é um subarbusto aromático, de 

pequeno porte (até cerca de 50 cm de altura), com caules frequentemente ramificados e 

presença de tricomas glandulares, responsáveis por sua característica pegajosidade e pela 

produção de compostos voláteis (Galvão et al., 2023). A espécie ocorre em áreas de 

transição entre ambientes aquáticos e terrestres, podendo ser submetida a condições de 

alagamento periódico e, potencialmente, a variações na salinidade, o que a torna um 

modelo interessante para estudos de respostas a estresses abióticos (Dildar et al., 2025). 

Além disso, por ser uma espécie endêmica e de distribuição restrita, seu estudo é relevante 

não apenas do ponto de vista fisiológico, mas também para estratégias de conservação e 

uso sustentável (Scatigna et al., 2019; Galvão et al., 2023). 
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A espécie tem despertado interesse científico devido à presença de compostos 

bioativos identificados em extratos foliares e em seu óleo essencial, aos quais têm sido 

atribuídas atividades larvicida contra Aedes aegypti, fungicida no controle da antracnose 

(Colletotrichum gloeosporioides) em frutos de manga e acaricida no manejo do ácaro-

vermelho Tetranychus neocaledonicus (Brandão et al., 2020; Galvão et al., 2023; Corrêa 

et al., 2023; Ferreira et al., 2025). Contudo, até o momento, existe apenas um estudo 

avaliando a resposta dessa espécie ao estresse salino, em que os autores utilizaram o ácido 

salicílico como agente mitigador em condições de casa de vegetação (Albuquerque et al., 

2024), portanto, ainda é pouco compreendida quanto a sua plasticidade morfofisiológica, 

anatômica e bioquímica frente a estresses abióticos. 

Diante desse cenário, torna-se necessário investigar  resposta de Dizygostemon 

riparius sob condições de estresse salino, bem como avaliar o potencial da biotina na 

atenuação dos efeitos do cloreto de sódio (NaCl) em plantas cultivadas in vitro. O presente 

estudo apresenta caráter inédito ao empregar condições controladas de cultivo in vitro 

para simular o estresse salino em uma espécie ribeirinha endêmica do Maranhão, 

contribuindo para a elucidação de seus mecanismos fisiológicos e bioquímicos de 

tolerância. Além disso, os resultados obtidos poderão subsidiar estratégias de 

conservação, manejo e uso sustentável da espécie, bem como ampliar o conhecimento 

sobre a aplicação de abordagens biotecnológicas na mitigação de estresses abióticos em 

plantas medicinais nativas.  
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2. REFERENCIAL TEÓRICO 

  

2.1 A Melosa (Dizygostemon riparius) 

A espécie Dizygostemon riparius (Figura 1 A) pertence à família Plantaginaceae. 

Este grupo botânico compreende aproximadamente 25 gêneros e mais de 300 espécies 

com ampla distribuição mundial, sobretudo em regiões tropicais e subtropicais (Scatigna 

et al., 2019). O gênero Dizygostemon (Benth.) Radlk. ex Wettst. está atualmente inserido 

na tribo Gratioleae, um grupo predominantemente tropical dentro das Plantaginaceae, e 

apresenta distribuição restrita ao Nordeste do Brasil, configurando-se como um gênero 

endêmico dessa região (Souza; Giulietti, 2009). 

Figura 1. Dizygostemon riparius oriundo de propagação vegetativa cultivada em vaso 

(A); D. riparius cultivado in vitro (B). 

Historicamente, Dizygostemon foi descrito como uma seção monotípica do 

gênero Beyrichia Cham. & Schltdl., entretanto, diferenças morfológicas consistentes 

levaram à sua segregação e posterior elevação ao status de gênero independente (Scatigna 

et al., 2019). Até poucos anos atrás, o gênero era representado exclusivamente por 

Dizygostemon floribundum (Benth.) Radlk. ex Wettst. (sin. Dizygostemon angustifolium 

Giul.), espécie com distribuição restrita às formações de Cerrado e Caatinga dos estados 

do Piauí, Ceará, Pernambuco e Bahia (Giulietti, 1971; Souza; Galvão et al., 2023). 

A descrição botânica de Dizygostemon riparius é recente, tendo sido publicada 

em 2019, a partir de populações nativas do leste do estado do Maranhão. Popularmente 

conhecida como “melosa” pela comunidade local do município de São Benedito do Rio 

Preto (MA), a espécie apresenta folhas e caules delgados com aroma refrescante 

característico (Scatigna et al., 2019; Galvão et al., 2023). Morfologicamente, trata-se de 
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um subarbusto aromático, com caules rastejantes a eretos, quadrangulares, ramificados e 

frequentemente providos de raízes adventícias, densamente recobertos por tricomas não 

capitados e glândulas sésseis, cuja densidade aumenta em direção ao ápice (Scatigna et 

al., 2019). 

As folhas são predominantemente opostas, sésseis ou com pecíolos curtos, 

apresentando indumento diferenciado entre as superfícies adaxial e abaxial, com tricomas 

capitados e não capitados intercalados com glândulas sésseis. As flores são axilares, 

solitárias ou geminadas, com pedicelo curto e indumento semelhante ao das folhas. A 

corola é bilabiada, personada, de coloração branca a lilás, com manchas claras na 

garganta, característica típica do gênero (Scatigna et al., 2019). 

Do ponto de vista ecológico, D. riparius apresenta comportamento singular ao 

ocupar ambientes ribeirinhos sujeitos a variações sazonais acentuadas. Durante a estação 

seca, a floração ocorre entre os meses de maio e dezembro, enquanto, no período chuvoso, 

populações naturais já foram registradas parcialmente ou totalmente submersas nas águas 

do Rio Preto, no município de São Benedito do Rio Preto (MA). Esses registros indicam 

que a espécie está adaptada a habitats periodicamente alagados, nos quais alternam-se 

condições de saturação hídrica e escassez de água ao longo do ano, evidenciando elevada 

plasticidade ecológica frente a variações extremas na disponibilidade hídrica (Scatigna et 

al., 2019). 

Embora se trate de uma espécie recentemente descrita, D. riparius tem 

despertado crescente interesse científico em função de seu potencial biotecnológico. 

Estudos prévios demonstraram que seus extratos e óleos essenciais apresentam elevada 

atividade larvicida contra Aedes aegypti, evidenciando seu potencial como fonte de 

compostos naturais para o controle desse vetor de importância sanitária (Brandão et al., 

2020; Martins et al., 2023). Além disso, Corrêa et al. (2023) relataram a eficácia 

antifúngica do óleo essencial da espécie no controle da antracnose em frutos de manga 

(Colletotrichum spp.), enquanto Ferreira et al. (2025) demonstraram efeito acaricida 

significativo contra Tetranychus neocaledonicus, associado a propriedades repelentes e à 

inibição da oviposição. 

Outras abordagens recentes ampliaram a compreensão do potencial 

biotecnológico da espécie. Santos et al. (2024) evidenciaram o papel de fungos 

endofíticos associados a D. riparius na otimização da produção de metabólitos 

antifúngicos de interesse farmacêutico. Galvão et al. (2023) demonstraram que o 

rendimento e a composição química do óleo essencial variam significativamente em 
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função da sazonalidade e do período do dia, ressaltando a influência de fatores ambientais 

sobre o metabolismo secundário da espécie. Mais recentemente, Brandão et al. (2025) 

propuseram a incorporação do óleo essencial de D. riparius em sistemas nanoestruturados 

à base de polissorbato 80, configurando uma estratégia promissora de nanotecnologia 

verde para aplicações em saúde pública, com valorização da biodiversidade brasileira. 

No que se refere ao estresse salino, a literatura disponível sobre D. riparius ainda 

é extremamente limitada. Até o momento, apenas dois estudos abordaram os efeitos da 

salinidade sobre a espécie. Albuquerque et al. (2024) demonstraram que a aplicação de 

ácido salicílico em condições de casa de vegetação contribui para a atenuação dos danos 

fisiológicos induzidos pela salinidade, aumentando a tolerância da planta ao estresse. De 

forma complementar, Pinheiro et al. (2025) relataram que D. riparius apresenta respostas 

adaptativas restritas ao estresse salino, sendo sua sensibilidade associada principalmente 

à incapacidade de manter níveis adequados de poliaminas e a eficiência fotossintética sob 

condições salinas. 

Apesar desses avanços iniciais, permanecem lacunas significativas no 

entendimento do comportamento morfofisiológico, bioquímico e anatômico de D. 

riparius frente ao estresse salino, especialmente em sistemas controlados de cultivo in 

vitro. Ademais, não há registros na literatura sobre o papel de vitaminas, como a biotina, 

na mitigação dos efeitos deletérios da salinidade nessa espécie. Dessa forma, 

investigações que explorem o uso de abordagens biotecnológicas, aliadas ao cultivo in 

vitro, são fundamentais para elucidar mecanismos de tolerância ao sal, bem como para 

subsidiar estratégias de conservação, domesticação e uso sustentável dessa espécie 

medicinal endêmica do Maranhão. 

 

2.2 Cultivo in vitro e estresse salino 

Os fundamentos do cultivo in vitro de células vegetais e da cultura de tecidos 

remontam ao início do século XX, quando Gottlieb Haberlandt formulou o conceito de 

totipotência celular, segundo o qual cada célula vegetal contém toda a informação 

genética necessária para originar uma planta completa (Haberlandt, 2003; Fehér, 2019; 

Reddy, 2024). Essa hipótese consolidou a compreensão de que células vegetais 

diferenciadas são capazes de reentrar no ciclo celular, desdiferenciar-se, proliferar e 

regenerar tecidos, órgãos e, eventualmente, indivíduos completos, desde que submetidas 

a condições ambientais e nutricionais adequadas (Bidabadi; Jain, 2020; Boumya et al., 

2024; Delgado-Aceves et al., 2025). Tal capacidade regenerativa está diretamente 
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relacionada à elevada plasticidade do desenvolvimento vegetal, característica que permite 

às plantas ajustarem seu crescimento e metabolismo em resposta a estímulos endógenos 

e exógenos (Pulianmackal et al., 2014; Ikeuchi et al., 2019; Zhang, Y et al., 2025). 

A cultura de tecidos vegetais pode ser definida como o cultivo asséptico de 

células, tecidos ou órgãos vegetais isolados, mantidos em meios nutritivos artificiais sob 

condições ambientais controladas, com o objetivo de promover crescimento, 

diferenciação e regeneração (Lakshmana et al., 2005; Loyola-Vargas et al., 2018; Mishra 

et al., 2024;). Esses explantes são previamente desinfestados e cultivados em meios de 

cultura específicos, contendo macro e micronutrientes, fontes de carbono, vitaminas e 

reguladores de crescimento, permitindo o controle preciso das variáveis que influenciam 

o desenvolvimento vegetal (Andrade, 2002; Pasternak et al., 2024). Nesse contexto, a 

micropropagação destaca-se como uma técnica eficiente para a produção rápida, 

uniforme e sustentável de plantas, com ampla aplicação na conservação de germoplasma, 

melhoramento genético e multiplicação de espécies de interesse agronômico, florestal e 

medicinal (Lakshmana et al., 2005; Shukla et al., 2024; Kavinaya et al., 2025). 

Além de seu uso para propagação clonal, o cultivo in vitro consolidou-se como 

uma importante ferramenta biotecnológica para o estudo de respostas das plantas a 

estresses abióticos, uma vez que permite a simulação de condições ambientais adversas 

em sistemas altamente controlados e reprodutíveis (Akhtar et al., 2024; Sota et al., 2025). 

A aplicação de estresses abióticos em condições in vitro tem sido amplamente utilizada 

para investigar alterações fisiológicas, bioquímicas, anatômicas e moleculares, 

possibilitando a identificação de mecanismos de tolerância e adaptação em nível celular 

e tecidual (Ritonga et al., 2021; Saharan et al., 2022; Al-Khayri et al., 2023; Kaur et al., 

2025). 

No contexto do estresse salino, a adição de cloreto de sódio (NaCl) ao meio de 

cultura é uma estratégia recorrente para simular ambientes salinos e avaliar o 

comportamento das plantas em condições controladas (Al Kashgry, 2025). Diversos 

estudos demonstram que essa abordagem permite reproduzir, de forma eficiente, os 

efeitos osmóticos e iônicos da salinidade observados em condições naturais, sendo 

amplamente empregada na avaliação da tolerância ao sal em diferentes espécies (Nas et 

al., 2023; Sahu et al., 2023; Yarte et al., 2023; Mahadik et al., 2024; Raspor et al., 2024; 

Atrous et al., 2025; Batool; Ma et al., 2025). Dessa forma, o cultivo in vitro constitui uma 

plataforma experimental robusta para a análise dos impactos da salinidade sobre o 

crescimento e o metabolismo vegetal. 
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O estresse salino é reconhecido como um dos principais fatores abióticos 

limitantes ao desenvolvimento das plantas, promovendo uma série de alterações 

fisiológicas, bioquímicas e morfológicas (Dixit et al., 2024; Admas et al., 2025). Durante 

as fases iniciais do desenvolvimento, a salinidade compromete a germinação das 

sementes, interferindo na absorção de água, na mobilização de reservas e na atividade 

metabólica necessária ao estabelecimento das plântulas (Wu et al., 2019; Manono, 2025). 

O aumento do potencial osmótico do meio e o acúmulo de íons tóxicos reduzem o 

potencial hídrico celular, afetam a disponibilidade de reservas energéticas e alteram o 

metabolismo proteico, comprometendo a viabilidade e o vigor das plantas jovens (Saud 

et al., 2022; Atta et al., 2024; Crivellaro et al., 2026). 

Além disso, a salinidade reduz a taxa de germinação e altera o equilíbrio 

hormonal, promovendo o acúmulo de açúcares solúveis, ácido abscísico e amido, 

concomitantemente à redução dos níveis de ácido giberélico, o que resulta em atraso no 

crescimento e no desenvolvimento vegetal (Zorb et al., 2019; Anwar et al., 2023; Ghosh 

et al., 2025). Em estágios mais avançados, observa-se diminuição acentuada da biomassa, 

da área foliar e do crescimento de raízes e caules, refletindo limitações tanto no 

crescimento celular quanto na expansão dos tecidos (Silvestro et al., 2025; Falcioni et al., 

2025; Linger et al., 2025). 

A fotossíntese é um dos processos fisiológicos mais sensíveis ao estresse salino 

(Wang et al., 2024). A salinidade afeta diretamente a transpiração e a condutância 

estomática, resultando em redução da assimilação de carbono (Barhoumi et al., 2022; Jha, 

2024; Dhansu et al., 2026). Essas limitações podem ocorrer tanto por mecanismos 

difusivos, associados ao fechamento estomático, quanto por danos diretos ao aparato 

fotoquímico e ao metabolismo do carbono no cloroplasto, incluindo a inibição de 

enzimas-chave do ciclo de Calvin (Maia et al., 2016; Qiao et al., 2024). 

Consequentemente, a eficiência fotossintética é comprometida, afetando o crescimento e 

a produtividade das plantas (Li et al., 2025). 

Adicionalmente, o estresse salino interfere em parâmetros fisiológicos 

fundamentais, como a fluorescência da clorofila, a síntese de carotenoides e a estabilidade 

dos pigmentos fotossintéticos, favorecendo a degradação da clorofila e prejudicando a 

funcionalidade do sistema fotossintético (Tsai et al., 2019; Dou et al., 2025). A salinidade 

também impacta negativamente o potencial hídrico foliar, a pressão de turgor e o 

potencial osmótico celular, além de induzir toxicidade iônica decorrente do acúmulo 
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excessivo de Na⁺ e Cl⁻ nos tecidos vegetais (Tripathi et al., 2025; Himami et al., 2025; 

Dhiman et al., 2026). 

Esse acúmulo iônico favorece a geração de espécies reativas de oxigênio 

(EROs), como oxigênio singlete (¹O₂), ânion superóxido (O₂⁻), peróxido de hidrogênio 

(H₂O₂) e radical hidroxila (OH), como resultado da desorganização do fluxo de elétrons 

nas cadeias transportadoras, estes promovem estresse oxidativo e danos às membranas 

celulares, proteínas e ácidos nucleicos (Fathi et al., 2025). Essa desorganização 

(Cloroplasto) promove o “vazamento” de elétrons, que passam a reagir com o oxigênio 

molecular, intensificando a formação dessas espécies altamente reativas. (Jomova et al., 

2023). Paralelamente, ocorre redução na absorção e no transporte de íons essenciais, 

como potássio (K⁺) e cálcio (Ca²⁺), que agrava o desequilíbrio nutricional 

comprometendo processos metabólicos vitais (Wani et al., 2019; Wang et al., 2025; 

Sharma et al., 2025). O desequilíbrio iônico induzido pela salinidade afeta diretamente a 

arquitetura do sistema radicular, a absorção de nutrientes e a eficiência fisiológica das 

plantas, culminando em severas restrições ao crescimento e ao desenvolvimento (Sirohi 

et al., 2016; Khoza et al., 2025). 

Nesse cenário, o cultivo in vitro destaca-se como uma abordagem estratégica 

para a compreensão integrada dos efeitos do estresse salino, permitindo a avaliação de 

respostas específicas em diferentes níveis de organização biológica. Essa abordagem 

possibilita investigar não apenas os impactos fisiológicos e estruturais, mas também a 

atuação de moléculas sinalizadoras, como as poliaminas, que participam da estabilização 

celular e da modulação do estresse oxidativo, e da biotina, uma vitamina essencial 

envolvida em reações metabólicas de carboxilação e na manutenção da homeostase 

celular. Dessa forma, o cultivo in vitro subsidia o desenvolvimento de estratégias 

mitigadoras baseadas na modulação bioquímica e metabólica, especialmente em espécies 

de interesse medicinal e ecológico.  

 

2.3 Poliaminas (PAs) 

As poliaminas (PAs) constituem um grupo de compostos alifáticos nitrogenados, 

de baixo peso molecular, hidrossolúveis e caracterizados pela presença de dois ou mais 

grupos amino, e amplamente distribuídas em todos os organismos vivos (Dinler et al., 

2021; Shoket, 2024; Şengül et al., 2025). Nas células vegetais, podem ocorrer tanto na 

forma livre quanto conjugadas a ácidos fenólicos, proteínas, fosfolipídios e ácidos 

nucleicos, o que amplia sua diversidade funcional e seu papel na regulação metabólica e 
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estrutural (Fazilati et al., 2015; Rakesh et al., 2021; Puente-Moreno et al., 2025). Em 

plantas, as poliaminas participam ativamente de processos fundamentais do 

desenvolvimento, incluindo embriogênese somática, organogênese, diferenciação 

celular, floração, frutificação e senescência, além de desempenharem funções centrais nas 

respostas a estresses abióticos e bióticos (Rajam et al., 1998; Kumria et al., 2002; Tyagi 

et al., 2023; Blázquez et al., 2024; Sreepathi et al., 2025). 

As poliaminas mais abundantes em plantas superiores são a putrescina (PUT), a 

espermidina (SPD) e a espermina (SPM), embora termospermina e cadaverina também 

possam ser detectadas em tecidos específicos ou em determinadas espécies (Minocha et 

al., 2014; Jancewicz et al., 2016; Burke et al., 2024). A distribuição subcelular dessas 

moléculas é distinta e funcionalmente relevante: SPD e SPM encontram-se 

predominantemente associadas à parede celular, interagindo com polissacarídeos e 

contribuindo para a regulação da lignificação, da rigidez celular e do pH apoplástico, 

enquanto a PUT é majoritariamente citosólica, e está diretamente envolvida em processos 

metabólicos dinâmicos (Oelmüller et al., 2023; Kolesnikov et al., 2024; Lavandosque et 

al., 2025). A cadaverina, por sua vez, ocorre em concentrações reduzidas, é mais 

frequentemente relatada em leguminosas (Bais et al., 2000; Rakesh et al., 2021). Essas 

diferenças refletem não apenas a diversidade estrutural das PAs, mas também sua 

especialização funcional ao longo da evolução vegetal (Munné-Bosch, 2025). 

Do ponto de vista fisiológico, as poliaminas exercem papel central na proteção 

das plantas frente a estresses ambientais, como variações extremas de temperatura, déficit 

hídrico, salinidade e ataques bióticos (Shao et al., 2022; Amiri et al., 2024). Evidências 

experimentais indicam que essas moléculas atuam em múltiplos níveis de organização 

celular, desde a regulação da expressão gênica até a modulação direta da estabilidade de 

membranas e macromoléculas (Berberich et al., 2014; Schibalski et al., 2024). Sob 

condições de estresse salino, a biossíntese, o acúmulo e o balanço entre PUT, SPD e SPM 

são frequentemente alterados, configurando um importante marcador metabólico da 

capacidade adaptativa das plantas (González-Hernández et al., 2022; Jangra et al., 2023). 

Diversos estudos demonstram que as PAs contribuem para a tolerância ao 

estresse em plantas por meio de mecanismos complementares e interdependentes. Entre 

esses mecanismos destacam-se:  

(i) sua atuação como solutos compatíveis, em conjunto com outros 

osmólitos, como prolina, glicina betaína e ácido gama-aminobutírico 

(GABA), auxiliando na manutenção do potencial osmótico celular;  
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(ii) a interação eletrostática com macromoléculas negativamente carregadas, 

como DNA, RNA, proteínas e membranas, promovendo estabilização 

estrutural e proteção contra desnaturação;  

(iii) a função antioxidante direta, por meio da neutralização de espécies 

reativas de oxigênio (EROs), e indireta, via indução da atividade de 

enzimas antioxidantes e da síntese de metabólitos protetores;  

(iv) o papel como moléculas sinalizadoras em vias de resposta ao estresse, 

frequentemente integradas à sinalização mediada por ácido abscísico 

(ABA) e pela geração controlada de peróxido de hidrogênio (H₂O₂);  

(v) a regulação de canais iônicos, especialmente aqueles relacionados ao 

transporte de K⁺, Ca²⁺ e Na⁺, contribuindo para a homeostase iônica;  

(vi) a participação em processos de morte celular programada, fundamentais 

para a adaptação e defesa das plantas (Takahashi et al., 2010; Alet et al., 

2011; Hussain et al., 2011; Gupta et al., 2013; Shi et al., 2014; Jangra et 

al., 2023; Blázquez, 2024; Burke et al., 2024; Lavandosque et al., 2025; 

Khan et al., 2026). 

 

No contexto do cultivo in vitro, as poliaminas assumem relevância adicional, 

uma vez que seus níveis endógenos e a razão entre PUT, SPD e SPM podem refletir com 

precisão o estado fisiológico das plantas submetidas a condições controladas de estresse 

(Mogazy, 2024). Sistemas in vitro permitem a avaliação detalhada do metabolismo de 

PAs em resposta à salinidade, possibilitando identificar padrões metabólicos associados 

à tolerância ou sensibilidade ao estresse, sem a interferência de variáveis ambientais 

externas (Talarico et al., 2025). 

Para espécies medicinais nativas e pouco estudadas como D. riparius, a 

investigação do metabolismo de poliaminas sob estresse salino torna-se particularmente 

relevante. Estudos recentes indicam que a espécie apresenta respostas adaptativas 

limitadas à salinidade, associadas, entre outros fatores, à incapacidade de manter níveis 

adequados de PAs e à redução da eficiência fotossintética sob estresse (Pinheiro et al., 

2025). Esses achados reforçam a hipótese de que o balanço de poliaminas pode 

desempenhar papel decisivo na sensibilidade da espécie ao NaCl. 

Assim, a análise integrada do conteúdo de poliaminas em D. riparius cultivada 

in vitro, associada a parâmetros morfofisiológicos, anatômicos e bioquímicos, representa 

uma abordagem promissora para elucidar os mecanismos subjacentes à resposta da 
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espécie ao estresse salino. Além disso, esse conhecimento pode subsidiar estratégias de 

mitigação, incluindo o uso de agentes moduladores do metabolismo, como vitaminas e 

reguladores de crescimento, contribuindo para a conservação, domesticação e exploração 

biotecnológica sustentável dessa espécie endêmica de elevado valor medicinal. 

 

2.4 Biotina 

A biotina, também conhecida como vitamina H ou vitamina B7, é uma vitamina 

hidrossolúvel amplamente reconhecida por sua atuação como cofator essencial de uma 

família restrita, porém metabolicamente estratégica, de carboxilases envolvidas no 

metabolismo primário (Carling et al., 2019; Malik et al., 2023). Seu papel bioquímico foi 

elucidado há quase três décadas, quando se estabeleceu que a biotina integra o grupo 

prostético de enzimas-chave responsáveis por reações de carboxilação, descarboxilação 

e transcarboxilação, fundamentais para a manutenção da homeostase celular (Alban et al., 

2000; Pinon et al., 2005; Mildvan et al., 2025). 

Diferentemente dos animais, que dependem exclusivamente da ingestão 

dietética dessa vitamina, as plantas e a maioria dos microrganismos possuem vias 

metabólicas próprias para a biossíntese de biotina (Yang et al., 2024). Em plantas 

superiores, essa biossíntese ocorre de forma compartimentalizada, envolvendo etapas no 

citosol e nas mitocôndrias, o que reflete a integração funcional da biotina com processos 

metabólicos energéticos e redox (Alban et al., 2000; Fonseca‐Pereira et al., 2023). No 

nível celular, a biotina pode ser encontrada tanto na forma livre quanto ligada 

covalentemente a proteínas, especialmente às carboxilases (Shen et al., 2024). Enquanto 

em células animais e bacterianas a fração livre é extremamente reduzida ou indetectável, 

células vegetais apresentam quantidades relativamente elevadas de biotina livre, 

sugerindo funções adicionais além da atuação clássica como cofator enzimático (Xu et 

al., 2023; Kim et al., 2023). 

A descoberta da biotina está historicamente associada à identificação da avidina, 

uma proteína presente na clara do ovo capaz de se ligar fortemente à biotina, induzindo 

estados de deficiência em modelos animais. Esse achado foi decisivo para o entendimento 

de sua função biológica e impulsionou pesquisas sobre sua importância metabólica em 

diferentes organismos (Hertz, 1946; Lanska, 2012; Balzer et al., 2023). Em plantas, 

estudos subsequentes revelaram que a biossíntese e a disponibilidade de biotina são 

rigidamente reguladas, uma vez que seu acúmulo excessivo implica elevado custo 
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energético, especialmente em tecidos com alta taxa metabólica (Dias et al., 2025; Garneau 

et al., 2025). 

A demanda por biotina é particularmente intensificada em fases de rápido 

crescimento e diferenciação celular, como o desenvolvimento vegetativo, a formação de 

sementes e as respostas adaptativas a condições adversas (Fan et al., 2024). Entre as 

enzimas biotina-dependentes, destaca-se a acetil-CoA carboxilase (ACC), responsável 

pela etapa inicial e limitante da biossíntese de ácidos graxos (Čavužić et al., 2024). Dessa 

forma, a biotina desempenha papel central na manutenção da integridade das membranas 

celulares, na fluidez da bicamada lipídica e na funcionalidade de organelas como 

cloroplastos e mitocôndrias (Baldet et al., 1997; Alban et al., 2000; Alban, 2011; Gibbs 

et al., 2021). 

Além de sua função estrutural e metabólica, evidências recentes sugerem que a 

biotina pode atuar indiretamente na modulação das respostas das plantas ao estresse 

abiótico (Fonseca‐Pereira et al., 2023; Ergashev et al., 2024). Alterações na 

disponibilidade de biotina afetam o metabolismo de lipídios, carboidratos e aminoácidos, 

impactando a eficiência fotossintética, o balanço redox e a capacidade de adaptação 

celular frente a condições de salinidade, déficit hídrico e estresse oxidativo (Kumari et 

al., 2022; Wang et al., 2025). Isso porque a vitamina B7 é indispensável para a atividade 

da Acetil-CoA Carboxilase (ACCase), uma enzima-chave na biossíntese de ácidos 

graxos, precursores de lipídios estruturais e de reserva nas plantas (Tong, 2013).  

Além disso, é um cofator essencial para a Piruvato Carboxilase, que participa da 

gliconeogênese, convertendo piruvato em oxaloacetato, um intermediário crucial para a 

síntese de açúcares a partir de fontes não carboidratos (Lietzan et al., 2014). A sua 

presença assegura, portanto, a integridade de processos energéticos e estruturais que 

sustentam o crescimento, desenvolvimento e adaptação das plantas (Alban, 2011). Nesse 

contexto, a suplementação exógena de biotina tem sido investigada como uma estratégia 

potencial para mitigar danos metabólicos induzidos por estresses ambientais 

(Dakshinamurti, 2005; Wal et al., 2023), embora seus mecanismos de ação ainda não 

estejam completamente elucidados, especialmente em espécies nativas e não modelo. 

Para Dizygostemon riparius, uma espécie medicinal endêmica e associada a 

ambientes ribeirinhos sujeitos a flutuações sazonais de disponibilidade hídrica e 

qualidade da água, a investigação do papel da biotina torna-se relevante. Considerando a 

sensibilidade previamente relatada da espécie à salinidade e sua limitada capacidade de 

ajuste bioquímico sob estresse (Pinheiro et al., 2025), a biotina pode representar um fator 
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modulador do metabolismo, contribuindo para a manutenção da integridade das 

membranas, da eficiência fotossintética e do crescimento vegetal em condições salinas. 

Assim, o estudo da biotina no contexto do cultivo in vitro de D. riparius oferece 

uma abordagem inovadora para compreender a integração entre metabolismo primário, 

estresse abiótico e mecanismos de mitigação, além de fornecer subsídios para estratégias 

biotecnológicas voltadas à conservação e ao uso sustentável dessa espécie.  

Com o intuito de melhor apresentação e a discussão dos resultados, esta tese foi 

estruturada em capítulos independentes e complementares. O Capítulo II aborda o estudo 

intitulado “Homeostase de poliaminas e respostas morfofisiológicas à salinidade em 

Dizygostemon riparius: uma espécie endêmica do bioma Cerrado brasileiro”, no qual são 

investigados os mecanismos fisiológicos e bioquímicos associados à resposta da espécie 

ao estresse salino. Já o Capítulo III contempla o trabalho “A biotina exógena modula a 

limitação fotossintética não estomática sob salinidade em Dizygostemon riparius 

cultivado in vitro”, focando no papel da biotina como agente mitigador, com ênfase nas 

respostas fotossintéticas e metabólicas. Dessa forma, os capítulos se articulam de maneira 

complementar, proporcionando uma compreensão integrada dos mecanismos de resposta 

a salinidade na espécie estudada.



27 
 

 

REFERÊNCIAS 

ADMAS, T. et al. Salt stress-responsive transcription factors provide insights to 

enhance barley improvement: A review. Planta, v. 262, n. 3, p. 56, 2025. 

https://doi.org/10.1007/s00425-025-04760-8 

AKHTAR, A. et al. Stress biology in plant tissue culture: recent advances. Stress 

Biology in Photosynthetic Organisms: Molecular Insights and Cellular Responses, 

p. 185-211, 2024. https://doi.org/10.1007/978-981-97-1883-2_9 

AL KASHGRY, N. A. Evaluation of genotoxicity and expression pattern of genes 

associated with terpenes in lemon (citrus limon l.) plants under the influence of salinity 

stress. Applied Ecology & Environmental Research, v. 22, n. 2, 2024. 

http://dx.doi.org/10.15666/aeer/2202_18671883 

AL-KHAYRI, J. M. et al. The role of nanoparticles in response of plants to abiotic 

stress at physiological, biochemical, and molecular levels. Plants, v. 12, n. 2, p. 292, 

2023. https://doi.org/10.3390/plants12020292 

ALBAN, C. Biotin (vitamin B8) synthesis in plants. Advances in botanical research, 

v. 59, p. 39-66, 2011. https://doi.org/10.1016/B978-0-12-385853-5.00005-2 

ALBAN, C; JOB, D; DOUCE, R. Biotin metabolism in plants. Annual review of plant 

biology, v. 51, n. 1, p. 17-47, 2000. https://doi.org/10.1146/annurev.arplant.51.1.17 

ALBUQUERQUE, I. C. et al. The Role of Salicylic Acid in Salinity Stress Mitigation 

in Dizygostemon riparius: A Medicinal Species Native to South America. Plants, v. 13, 

n. 21, p. 3111, 2024. https://doi.org/10.3390/plants13213111 

ALET, A. I. et al. The accumulation of putrescine in transgenic Arabidopsis thaliana 

lines increases tolerance to dehydration and freezing stress. Plant Signaling and 

Behavior, v. 6, n. 2, p. 278-286, 2011. https://doi.org/10.4161/psb.6.2.14702 

ALSHARAFA, K. Exploring the interplay of phytohormones and polyamines in 

drought-stressed Cress (Lepidium sativum L.) leaves. Journal of Biological 

Research/Bollettino della Società Italiana di Biologia Sperimentale, v. 96, n. 2, 

2023. https://doi.org 10.4081/jbr.2023.11706 

AMIRI, H. et al. Polyamines: New plant growth regulators promoting salt stress 

tolerance in plants. Journal of Plant Growth Regulation, v. 43, n. 12, p. 4923-4940, 

2024. https://doi.org/10.1007/s00344-024-11447-z 

ANDRADE, S. R. M. Princípios da cultura de tecidos vegetais. 2002. 

ANWAR, T. et al. Synergistic effect of biochar-based compounds from vegetable 

wastes and gibberellic acid on wheat growth under salinity stress. Scientific Reports, v. 

13, n. 1, p. 19024, 2023. https://doi.org/10.1038/s41598-023-46487-0 

ARMINJON, L. et al. Quick in vitro Screening of PGPMs for salt tolerance and 

evaluation of induced tolerance to saline stress in tomato culture. Microorganisms, v. 

13, n. 2, p. 246, 2025. https://doi.org/10.3390/microorganisms13020246 



28 
 

 

ATROUS, G. et al. In vitro-Selected Clones of the Halophyte Arthrocaulon 

macrostachyum Display Enhanced Salinity Stress Tolerance. Plants, v. 14, n. 8, p. 

1164, 2025. https://doi.org/10.3390/plants14081164 

ATTA, M. I. et al. Nitrogen and carbohydrate metabolisms are key factors in maize 

(Zea mays L.) germination under chromium-induced ROS. Journal of Plant Diseases 

and Protection, v. 131, n. 6, p. 2099-2109, 2024. https://doi.org/10.1007/s41348-024-

00962-6 

BAIS, H. P et al. Influence of polyamines on growth and formation of secondary 

metabolites in hairy root cultures of Beta vulgaris and Tagetes patula. Acta 

Physiologiae Plantarum, v. 22, p. 151-158, 2000. https://doi.org/10.1007/s11738-000-

0070-x 

BALDET, P; et al. Biotin synthesis in higher plants: purification and characterization of 

bioB gene product equivalent from Arabidopsis thaliana overexpressed in Escherichia 

coli and its subcellular localization in pea leaf cells. FEBS letters, v. 419, n. 2-3, p. 

206-210, 1997. https://doi.org/10.1016/S0014-5793(97)01458-0 

BALZER, A. H. A. et al. An analysis of the biotin–(strept) avidin system in 

immunoassays: Interference and mitigation strategies. Current Issues in Molecular 

Biology, v. 45, n. 11, p. 8733-8754, 2023. https://doi.org/10.3390/cimb45110549 

BARHOUMI, Z. et al. Effects of high salinity on photosynthesis characteristics, leaf 

histological components and chloroplasts ultrastructure of Avicennia marina 

seedlings. Acta Physiologiae Plantarum, v. 44, n. 8, p. 85, 2022. 

https://doi.org/10.1007/s11738-022-03418-2 

BATOOL, N. et al. In vitro step up NaCl treatment method as inducer of salinity 

tolerance in Basmati rice varieties. Advancements in Life Sciences, v. 12, n. 1, p. 168-

174, 2025. https://doi.org/10.62940/als.v12i1.1154 

BEGNA, T. et al. Climate‐Smart Agriculture: Effect of Climate Change on Food 

Security and Its Mitigation Strategies. International Journal of Agronomy, v. 2025, n. 

1, p. 9972955, 2025. https://doi.org/10.1155/ioa/9972955 

BERBERICH, T. et al. Polyamines in plant stress response. In: Polyamines: A universal 

molecular nexus for growth, survival, and specialized metabolism. Tokyo: Springer 

Japan, p. 155-168, 2014. https://doi.org/10.1007/978-4-431-55212-3_13 

BIDABADI, S.S. et al. Mohan. Cellular, molecular, and physiological aspects of in 

vitro plant regeneration. Plants, v. 9, n. 6, p. 702, 2020. 

https://doi.org/10.3390/plants9060702 

BIRATI, S. et al. Investigation of the impact of seawater intrusion on the agricultural 

land quality along river margins. Applied Water Science, v. 15, n. 4, p. 1-21, 2025. 

https://doi.org/10.1007/s13201-025-02392-7 

BLÁZQUEZ, M. A. Polyamines: Their role in plant development and stress. Annual 

review of plant biology, v. 75, 2024. https://doi.org/10.1146/annurev-arplant-070623-

110056 



29 
 

 

BOUMYA, S. et al. Beta-caryophyllene as a therapeutic agent in 2d and 3d in vitro 

models of hepatic steatosis: potential involvement of extracellular vesicles. European 

journal of histochemistry, v. 68, n. s1, p. 32-32, 2024. 

https://dx.doi.org/10.4081/ejh.2024.4071 

BRANDÃO, C. M. et al. Composition and larvicidal activity of the oil of Dizygostemon 

riparius (Plantaginaceae), a new aromatic species occurring in Maranhão, Brazil. 

Chemistry & Biodiversity, v. 17, n. 11, p. e2000462, 2020. 

https://doi.org/10.1002/cbdv.202000462 

BURKE, R et al. Spermine and spermidine inhibit or induce programmed cell death in 

Arabidopsis thaliana in vitro and in vivo in a dose‐dependent manner. The FEBS 

Journal, v. 291, n. 16, p. 3665-3685, 2024. https://doi.org/10.1111/febs.17165 

BUSOMS, S. et al. Chasing the mechanisms of ecologically adaptive salinity tolerance. 

Plant communications, v. 4, n. 6, 2023. https://doi.org/10.1016/j.xplc.2023.100571 

BĂNĂDUC, D. et al. Multi-interacting natural and anthropogenic stressors on 

freshwater ecosystems: their current status and future prospects for 21st century. Water, 

v. 16, n. 11, p. 1483, 2024. https://doi.org/10.3390/w16111483 

CAO, Y.H et al. HaASR2 from Haloxylon ammodendron confers drought and salt 

tolerance in plants. Plant Science, v. 328, p. 111572, 2023. 

https://doi.org/10.1016/j.plantsci.2022.111572 

CARLING, R. S.et al. Methods for assessment of biotin (Vitamin B7). In: Laboratory 

assessment of vitamin status. Academic Press, p. 193-217, 2019. 

https://doi.org/10.1016/B978-0-12-813050-6.00010-3 

CORRÊA, L.A. D. et al. Antifungal potential of essential oils from Pectis 

brevipedunculata and Dizygostemon riparius in anthracnose control in mango. Revista 

Brasileira de Fruticultura, v. 45, p. e-889, 2023. https://doi.org/10.1590/0100-

29452023889 

CRIVELLARO, K. S. et al. Trichoderma for mitigating the effects of salinity on maize 

seed germination. Journal of Toxicology and Environmental Health, Part A, p. 1-11, 

2026. https://doi.org/10.1080/15287394.2026.2615469 

 

ČAVUŽIĆ, M. T. et al. Insights into the methodology of acetyl-CoA carboxylase 

inhibition. In: Methods in Enzymology. Academic Press, 2024. p. 67-103. 

https://doi.org/10.1016/bs.mie.2024.10.017 

DAKSHINAMURTI, K. Biotin a regulator of gene expression. The Journal of 

nutritional biochemistry, v. 16, n. 7, p. 419-423, 2005. 

https://doi.org/10.1016/j.jnutbio.2005.03.015 

DE SOUZA, P. P. S. et al. Water indices and evapotranspiration of forage plants grown 

in semi-arid environments: a review. Editora Impacto Científico, p. 68-83, 2025. 

https://doi.org/10.56238/edimpacto2025.080-006 



30 
 

 

DELGADO-ACEVES, L. et al. Indirect somatic embryogenesis of Agave maximiliana 

Baker. Frontiers in Plant Science, v. 16, p. 1648362, 2025. 

https://doi.org/10.3389/fpls.2025.1648362 

DESTA, T. T. Sustainable Intensification of Subsistence Agriculture, Socioeconomic 

Transformation, and Food Security. Advances in Agriculture, v. 2025, n. 1, p. 

6671209, 2025. https://doi.org/10.1155/aia/6671209 

DHANSU, P. et al. Salinity responses and tolerance mechanisms in sugarcane 

(Saccharum officinarum L.): Recent updates and future perspectives. Industrial Crops 

and Products, v. 239, p. 122556, 2026. https://doi.org/10.1016/j.indcrop.2025.122556 

DHIMAN, I. et al. Plant growth promoting rhizobacteria (PGPR) mediated amelioration 

of plant tolerance to abiotic stresses: Drought, salinity, and heavy metals. Archives of 

Microbiology, v. 208, n. 2, p. 100, 2026. https://doi.org/10.1007/s00203-025-04631-6 

DILDAR, T. et al. Aquatic organisms in response to salinity stress: ecological impacts, 

adaptive mechanisms, and resilience strategies. Biology, v. 14, n. 6, p. 667, 2025. 

https://doi.org/10.3390/biology14060667 

DIAS, P. et al. Biological properties of vitamins of the B-complex, part 2–vitamins B6 

and B7 (biotin, vitamin H). Nutrition Research Reviews, p. 1-107, 2025. 

https://doi.org/10.1017/S0954422425100097 

DINLER, B. S. et al. Paclobutrazol induced non-enzymatic antioxidants and polyamine 

levels in soybean plants grown under salinity stress. Botanica, v. 27, n. 2, p. 149-159, 

2021. https://doi.org/10.35513/Botlit.2021.2.5 

DIXIT, S. et al. Plant responses to concurrent abiotic and biotic stress: unravelling 

physiological and morphological mechanisms. Plant Physiology Reports, v. 29, n. 1, p. 

6-17, 2024. https://doi.org/10.1007/s40502-023-00766-0 

DOU, J. et al. Effects of exogenous melatonin on the growth and photosynthetic 

characteristics of tomato seedlings under saline-alkali stress. Scientific Reports, v. 15, 

n. 1, p. 5172, 2025. https://doi.org/10.1038/s41598-025-88565-5 

DUBEY, A. et al. Impact of Climate Change and Land Degradation on Agriculture. In: 

Eco-Resilience: Climate Change, Land Degradation and Sustainable Solutions. Cham: 

Springer Nature Switzerland, 2025. p. 49-95. https://doi.org/10.1007/978-3-032-

00708-7_3 

ERGASHEV, U. et al. The key targets of no-mediated post-translation modification 

(PTM) highlighting the dynamic metabolism of ROS and RNS in 

peroxisomes. International Journal of Molecular Sciences, v. 25, n. 16, p. 8873, 

2024. https://doi.org/10.3390/ijms25168873 

FALCIONI, R. et al. Progressive Water Deficit Impairs Soybean Growth, Alters 

Metabolic Profiles, and Decreases Photosynthetic Efficiency. Plants, v. 14, n. 17, p. 

2615, 2025. https://doi.org/10.3390/plants14172615 

FAN, D. et al. Progress of Biotin Research in Plants. Molecular Soil Biology, v. 15, 

2024. https://doi:10.5376/msb.2024.15.0001 



31 
 

 

FATAHIYAN, F. et al. Enhancing salt stress tolerance in Carthamus tinctorius L. 

through selenium soil treatment: anatomical, biochemical, and physiological 

insights. BMC Plant Biology, v. 25, n. 1, p. 100, 2025. https://doi.org/10.1186/s12870-

025-06078-9 

FATHI, A. et al. Reactive oxygen species (ROS) and antioxidant systems in enhancing 

plant resilience against abiotic stress. International Journal of Agronomy, v. 2025, n. 

1, p. 8834883, 2025. https://doi.org/10.1155/ioa/8834883 

FAZILATI, M. et al. The role of polyamine to increasing growth of plant: As a key 

factor in health crisis. Int. J. Health Syst. Disaster Manag, v. 3, p. 89-94, 2015. 

https://doi.org/10.4103/2347-9019.151316 

FEHÉR, A. Callus, dedifferentiation, totipotency, somatic embryogenesis: what these 

terms mean in the era of molecular plant biology?. Frontiers in plant science, v. 10, p. 

536, 2019. https://doi.org/10.3389/fpls.2019.00536 

FERREIRA, M. C. et al. Bioactivity of essential oils of Dizygostemon riparius 

(Plantaginaceae) on Tetranychus neocaledonicus (Acari: 

Tetranychidae). Phytoparasitica, v. 53, n. 3, p. 1-10, 2025. 

https://doi.org/10.1007/s12600-025-01275-6 

FITZPATRICK, T. B. B Vitamins: An Update on Their Importance for Plant 

Homeostasis. Annual Review of Plant Biology, v. 75, 2024. 

https://doi.org/10.1146/annurev-arplant-060223-025336 

FONSECA‐PEREIRA, P. et al. Harnessing enzyme cofactors and plant metabolism: an 

essential partnership. The Plant Journal, v. 114, n. 5, p. 1014-1036, 2023. 

https://doi.org/10.1111/tpj.16167 

GALVÃO, F. S. et al. Seasonal and circadian evaluation of the essential oil of 

Dizygostemon riparius (Plantaginaceae), an aromatic wild herb from eastern Maranhão, 

Brazil. Chemistry & Biodiversity, v. 20, n. 8, p. e202300864, 2023. 

https://doi.org/10.1002/cbdv.202300864 

GARNEAU, M. G. et al. PII interactions with the acetyl-CoA carboxylase subunits 

BADC and BCCP co-regulate lipid and nitrogen metabolism in Arabidopsis. Plant 

Physiology, v. 199, n. 4, p. kiaf627, 2025. https://doi.org/10.1093/plphys/kiaf627 

GHOSH, T. et al. Hormonal signaling at seed germination and seedling stage of plants 

under salinity stress. Plant Growth Regulation, p. 1-18, 2025. 

https://doi.org/10.1007/s10725-025-01305-7 

GIBBS, N. M. et al. Cadaverine regulates biotin synthesis to modulate primary root 

growth in Arabidopsis. The Plant Journal, v. 107, n. 5, p. 1283-1298, 2021. 

https://doi.org/10.1111/tpj.15417 

GIULIETTI, A. M. Dizygostemon angustifolium, nova espécie de Scrophulariaceae para 

o Brasil, An. XXIII Congr. Nac. Botânica, p. 52–54, São Paulo, Brasil 1971. 



32 
 

 

GONZÁLEZ-HERNÁNDEZ, A. I. et al. Putrescine: a key metabolite involved in plant 

development, tolerance and resistance responses to stress. International journal of 

molecular sciences, v. 23, n. 6, p. 2971, 2022. https://doi.org/10.3390/ijms23062971 

GUPTA, K. D. et al. Plant polyamines in abiotic stress responses. Acta physiologiae 

plantarum, v. 35, p. 2015-2036, 2013. https://doi.org/10.1007/s11738-013-1239-4 

HABERLANDT, G. Culturversuche mit isolierten Pflanzenzellen. In: Plant tissue 

culture. Springer, Vienna, p. 1-24, 2003. https://doi.org/10.1007/978-3-7091-6040-4_1 

HAHN, H.G et al. Triazolyl phenyl disulfides: 8-Amino-7-oxononanoate synthase 

inhibitors as potential herbicides. Pesticide Biochemistry and Physiology, v. 125, p. 

78-83, 2015. https://doi.org/10.1016/j.pestbp.2015.05.006 

HERTZ, R. Biotin and the avidin-biotin complex. Physiological Reviews, v. 26, n. 4, p. 

479-494, 1946. https://doi.org/10.1152/physrev.1946.26.4.479 

HIMAMI, R. et al. Physiological and morphological responses of three rice varieties 

under NaCl stress. In: BIO Web of Conferences. EDP Sciences, p. 03011, 2025. 

https://doi.org/10.1051/bioconf/202520203011 

HUSSAIN, S.S. et al. Poliaminas: tolerância natural e artificial ao estresse abiótico e 

biótico em plantas. Biotechnology Advances, v. 29, n. 3, p. 300-311, 2011. 

https://doi.org/10.1016/j.biotechadv.2011.01.003 

IKEUCHI, M. et al. Molecular Mechanisms of Plant Regeneration. Anu. Rev. Plant 

Biol. n. 70, p. 377-406, 2019. https://doi.org/10.1146/annurev-arplant-050718-100434 

JANCEWICZ, A. L. et al. Cadaverine’s functional role in plant development and 

environmental response. Frontiers in plant science, v. 7, p. 870, 2016. 

https://doi.org/10.3389/fpls.2016.00870 

JANGRA, A. et al. Polyamines: the gleam of next-generation plant growth regulators 

for growth, development, stress mitigation, and hormonal crosstalk in plants—a 

systematic review. Journal of Plant Growth Regulation, v. 42, n. 8, p. 5167-5191, 

2023. https://doi.org/10.1007/s00344-022-10846-4 

JOMOVA, K. et al. Reactive oxygen species, toxicity, oxidative stress, and 

antioxidants: chronic diseases and aging. Archives of toxicology, v. 97, n. 10, p. 2499-

2574, 2023. https://doi.org/10.1007/s00204-023-03562-9 

JHA, Y. Regulation of photosynthesis under stress. In: Improving Stress Resilience in 

Plants. Academic Press, p. 35-48, 2024. https://doi.org/10.1016/B978-0-443-18927-

2.00002-9. 

KAUR, R. et al. From microscopy to omics: a comprehensive review of tools and 

techniques in studying endophytic adaptation under abiotic and biotic stress. Journal of 

Plant Growth Regulation, v. 44, n. 12, p. 6766-6784, 2025. 

https://doi.org/10.1007/s00344-024-11323-w 

KAVINAYA, S. K. et al. Propagation, Conservation and Improvement of Industrial 

Crops Through Tissue Culture. In: Industrial Crops Improvement: Biotechnological 



33 
 

 

Approaches for Sustainable Agricultural Development. Cham: Springer Nature 

Switzerland, 2025. p. 155-169. https://doi.org/10.1007/978-3-031-75937-6_9 

KHAN, S. et al. Polyamines–phytohormones crosstalk: implications for plant abiotic 

stress tolerance. In: Polyamines-Phytohormones-Nutrients Network. Academic Press, 

2026. p.183-210. https://doi.org/10.1016/B978-0-443-24734-7.00008-4 

KHOZA, T. et al. Alleviating Plant Density and Salinity Stress in Moringa oleifera 

Using Arbuscular Mycorrhizal Fungi: A Review. Journal of Fungi, v. 11, n. 4, p. 328, 

2025. https://doi.org/10.3390/jof11040328 

KIM, T. W. et al. Mapping the signaling network of BIN2 kinase using TurboID-

mediated biotin labeling and phosphoproteomics. The Plant Cell, v. 35, n. 3, p. 975-

993, 2023. https://doi.org/10.1093/plcell/koad013 

KOLESNIKOV, Y. S. et al. Polyamines metabolism and their biological role in plant 

cells: what do we really know?. Phytochemistry Reviews, v. 23, n. 4, p. 997-1026, 

2024. https://doi.org/10.1007/s11101-024-09913- 

KUMAR, M. et al. Underlying Survival Mechanisms in Model Trees for Enhanced 

Abiotic Stress Tolerance. In: Cutting Edge Technologies for Developing Future Crop 

Plants. Singapore: Springer Nature Singapore, 2025. p. 251-279. 

https://doi.org/10.1007/978-981-96-2508-6_12 

KUMAR, S. et al. Effect of salt stress on growth, physiological parameters, and ionic 

concentration of water dropwort (Oenanthe javanica) cultivars. Frontiers in plant 

science, v. 12, p. 660409, 2021. https://doi.org/10.3389/fpls.2021.660409 

KUMARI, V. V. et al. Plant nutrition: An effective way to alleviate abiotic stress in 

agricultural crops. International Journal of Molecular Sciences, v. 23, n. 15, p. 8519, 

2022. https://doi.org/10.3390/ijms23158519 

KUMRIA, R. et al. Ornithine decarboxylase transgene in tobacco affects polyamines, in 

vitro-morphogenesis and response to salt stress. Journal of plant physiology, v. 159, n. 

9, p. 983-990, 2002. https://doi.org/10.1078/0176-1617-00822 

KUSANO, T. et al. Polyamine catabolism in plants. In: Polyamines: a universal 

molecular nexus for growth, survival, and specialized metabolism. Tokyo: Springer 

Japan, 2014. p.77-88. https://doi.org/10.1007/978-4-431-55212-3_6 

LAKSHMANAN, P. et al. Sugarcane biotechnology: the challenges ande opportunities. 

In vitro cellular and developmental biology – Plant, v.41, p. 345-363, 2005. 

https://doi.org/10.1079/IVP2005643 

LANSKA, D. J. The discovery of niacin, biotin, and pantothenic acid. Annals of 

Nutrition and Metabolism, v. 61, n. 3, p. 246-253, 2012. 

https://doi.org/10.1159/000343115 

LAVANDOSQUE, L. et al. Polyamine-Mediated Growth Regulation in Microalgae: 

Integrating Redox Balance and Amino Acids Pathway into Metabolic Engineering. 

SynBio, v. 3, n. 2, p. 8, 2025. https://doi.org/10.3390/synbio3020008 



34 
 

 

LI, X. et al. Mechanisms of salt tolerance: insights into photosystem function and 

carbon metabolism in tomato seedlings. Plant and Soil, p. 1-25, 2025. 

https://doi.org/10.1007/s11104-025-07810-y 

LINGER, E. et al. Phosphorus stress disrupts leaf-root trait relationships and reduces 

biomass in a tropical cloud forest: Evidence from a two-year phosphorus addition 

experiment. Forest Ecology and Management, v. 586, p. 122726, 2025. 

https://doi.org/10.1016/j.foreco.2025.122726 

LIETZAN, A. D. et al. Functionally diverse biotin-dependent enzymes with 

oxaloacetate decarboxylase activity. Archives of biochemistry and biophysics, v. 544, 

p. 75-86, 2014. https://doi.org/10.1016/j.abb.2013.10.014 

LOYOLA-VARGAS, V. M. et al. An introduction to plant tissue culture: advances and 

perspectives. Plant cell culture protocols, p. 3-13, 2018. https://doi.org/10.1007/978-1-

4939-8594-4_1 

MA, R. et al. Anthocyanin Metabolism Associated with Tea Polyphenol-Alleviating 

Effect on Salinity Toxicity in Wheat Leave. Journal of Plant Growth Regulation, p. 

1-16, 2025. https://doi.org/10.1007/s00344-025-11701-y 

MAHADIK, S. P. et al. Bioprospecting rhizosphere fungi endowed with multifarious 

plant growth-promoting potential to enhance finger millet growth under salinity stress. 

Plant Growth Regulation, v. 104, n. 3, p. 1483-1505, 2024. 

https://doi.org/10.1007/s10725-024-01234-x 

MAIA, F. M. A. et al. Photosynthesis and water relations of sunflower cultivars under 

salinity conditions. Afr. J. Agric. Res, v. 11, n. 30, p. 2817-2824, 2016. 

https://doi.org/10.1016/j.scienta.2019.05.007 

MALIK, D. et al. Water-Soluble Vitamins. In: Textbook of Nutritional Biochemistry. 

Singapore: Springer Nature Singapore, p. 291-389, 2023. 

https://doi.org/10.1007/978-981-19-4150-4_10 

MANONO, B. O. Effects of Salinity on Seed Germination: Mechanisms, Impacts, and 

Mitigation Strategies. Seeds, v. 5, n. 1, p. 1, 2025. https://doi.org/10.3390/seeds5010001 

MARTINS, S. M. A. et al. Chemical profiling of Dizygostemon riparius 

(Plantaginaceae) plant extracts and its application against larvae of Aedes aegypti L. 

(diptera: Culicidae). Acta Tropica, v. 237, p. 106706, 2023. 

https://doi.org/10.1016/j.actatropica.2022.106706 

MAURYA, A. K. et al. Unraveling the crosstalk among ethylene, nitric oxide, and 

polyamines in tailoring the abiotic stress resilience in plants. Stress Biology, v. 5, n. 1, 

p. 20, 2025. https://doi.org/10.1007/s44154-024-00198-2 

MILDVAN, A. S. et al. Mechanistic role of biotin in enzymatic carboxylation reactions. 

In: A Study of Enzymes, Volume II. CRC Press, 2024. p. 105-115. 

https://doi.org/10.1201/9781003575023 

MINOCHA, R. et al. Polyamines and abiotic stress in plants: a complex relationship. 

Frontiers in plant science, v. 5, p. 175, 2014. https://doi.org/10.3389/fpls.2014.00175 



35 
 

 

MISHRA, S. et al. A review on plant tissue culture. Asian J. Biol, v. 20, n. 2, p. 14-18, 

2024. https://doi.org: 10.9734/AJOB/2024/v20i2387 

MOGAZY, A. M. The Regulatory Function of Polyamines in Plant Abiotic Stress. In: 

Plant Growth Regulators to Manage Biotic and Abiotic Stress in Agroecosystems. CRC 

Press, 2024. p. 257-277. https://doi.org/10.1201/9781003389507 

MUNNÉ-BOSCH, S. Phytohormones revisited: what makes a compound a hormone in 

plants. Trends in Plant Science, 2025. https://doi.org/10.1016/j.tplants.2025.08.020 

NANDY, S. et al. Role of polyamines in molecular regulation and cross-talks against 

drought tolerance in plants. Journal of Plant Growth Regulation, v. 42, n. 8, p. 4901-

4917, 2023. https://doi.org/10.1007/s00344-022-10802-2 

NAPIERAJ, N. et al. Interactions of polyamines and phytohormones in plant response 

to abiotic stress. Plants, v. 12, n. 5, p. 1159, 2023. 

https://doi.org/10.3390/plants12051159 

NAS, Z. et al. The responses of ‘Viking’Aronia variety to salinity stress under in vitro 

conditions. Erwerbs-Obstbau, v. 65, n. 6, p. 2547-2552, 2023. 

https://doi.org/10.1007/s10341-023-00954-0 

OELMÜLLER, R. et al. Signals and their perception for remodelling, adjustment and 

repair of the plant cell wall. International journal of molecular sciences, v. 24, n. 8, p. 

7417, 2023. https://doi.org/10.3390/ijms24087417 

PAGNOTTA, M. A. Molecular breeding for abiotic stress tolerance in crops: recent 

developments and future prospectives. International Journal of Molecular Sciences, 

v. 26, n. 18, p. 9164, 2025. https://doi.org/10.3390/ijms26189164 

PASTERNAK, T. P. et al. Plant growth regulation in cell and tissue culture in 

vitro. Plants, v. 13, n. 2, p. 327, 2024. https://doi.org/10.3390/plants13020327 

PINHEIRO, J. F. et al. (2025). Polyamine Homeostasis and Morphophysiological 

Responses to Salinity in Dizygostemon riparius: An Endemic Species from Brazilian 

‘Cerrado’Biome. Biology, v. 14, n. 11, p. 1494, 2025. 

https://doi.org/10.3390/biology14111494 

PINON, V. et al. Biotin synthesis in plants. The first committed step of the pathway is 

catalyzed by a cytosolic 7-keto-8-aminopelargonic acid synthase. Plant physiology, v. 

139, n. 4, p. 1666-1676, 2005. https://doi.org/10.1104/pp.105.070144 

PUENTE-MORENO, J. et al. The renaissance of polyamines: new roles in crop yield 

and quality properties in freshly fruit. Agronomy, v. 15, n. 1, p. 201, 2025. 

https://doi.org/10.3390/agronomy15010201 

PULIANMACKAL, A. J. et al. Competence and regulatory interactions during 

regeneration in plants. Frontiers in plant science, v. 5, p. 142, 2014. 

https://doi.org/10.3389/fpls.2014.00142 

QIAO, M. et al. Impacts of drought on photosynthesis in major food crops and the 

related mechanisms of plant responses to drought. Plants, v. 13, n. 13, p. 1808, 2024. 

https://doi.org/10.3390/plants13131808 



36 
 

 

RAJAM, M. V. et al. Genetic engineering of polyamine and carbohydrate metabolism 

for osmotic stress tolerance in higher plants. Journal of biosciences, v. 23, p. 473-482, 

1998. https://doi.org/10.1007/BF02936141 

RAKESH, B. et al. Role of polyamines in plant tissue culture: An overview. Plant Cell, 

Tissue and Organ Culture (PCTOC), v. 145, p. 487-506, 2021. 

https://doi.org/10.1007/s11240-021-02029-y 

RASPOR, M. et al. Cytokinin deficiency confers enhanced tolerance to mild, but 

decreased tolerance to severe salinity stress in in vitro grown potato. Frontiers in Plant 

Science, v. 14, p. 1296520, 2024. https://doi.org/10.3389/fpls.2023.1296520 

REDDY, J. Plant tissue culture. CRC Press, 2024. 

https://doi.org/10.1201/9781032712611 

RITONGA, F. N. et al. Abiotic stresses induced physiological, biochemical, and 

molecular changes in Betula platyphylla: A review. Silva Fennica, v. 55, n. 3, 2021. 

https://doi.org/10.14214/sf.10516 

SAHARAN, B. S. et al. Molecular and physiological mechanisms to mitigate abiotic 

stress conditions in plants. Life, v. 12, n. 10, p. 1634, 2022. 

https://doi.org/10.3390/life12101634 

SAHU, M. et al. In vitro selection for drought and salt stress tolerance in rice: an 

overview. Plant Physiology Reports, v. 28, n. 1, p. 8-33, 2023. 

https://doi.org/10.1007/s40502-023-00713-z 

SALDANHA, C. W. et al. A low-cost alternative membrane system that promotes 

growth in nodal cultures of Brazilian ginseng [Pfaffia glomerata (Spreng.) 

Pedersen]. Plant Cell, Tissue and Organ Culture (PCTOC), v. 110, n. 3, p. 413-422, 

2012. 

SANTOS, A. K. M. et al. Effect of Mn (II) and Co (II) on Anti-Candida Metabolite 

Production by Aspergillus sp. an Endophyte Isolated from Dizygostemon riparius 

(Plantaginaceae). Pharmaceuticals, v. 17, n. 12, p. 1678, 2024. 

https://doi.org/10.3390/ph17121678 

SAUD, S. et al. The impact of chromium ion stress on plant growth, developmental 

physiology, and molecular regulation. Frontiers in Plant Science, v. 13, p. 994785, 

2022. https://doi.org/10.3389/fpls.2022.994785 

SCATIGNA, A. V. et al. Stemodia cipoensis (Plantaginaceae): A new species from 

Serra do Cipó, Minas Gerais, Brazil. Systematic Botany, v. 42, n. 2, p. 371-377, 2017. 

https://doi.org/10.1600/036364417X695583 

SCHIBALSKI, R. S. et al. The role of polyamine metabolism in cellular function and 

physiology. American Journal of Physiology-Cell Physiology, v. 327, n. 2, p. C341-

C356, 2024. https://doi.org/10.1152/ajpcell.00074.2024 

SHAO, J. et al. Versatile roles of polyamines in improving abiotic stress tolerance of 

plants. Frontiers in Plant Science, v. 13, p. 1003155, 2022. 

https://doi.org/10.3389/fpls.2022.1003155 



37 
 

 

SHARMA, A. et al. Silicon-mediated alleviation of salinity stress in horticultural crops: 

mechanisms and applications. Journal of Plant Nutrition, p. 1-21, 2025. 

https://doi.org/10.1080/01904167.2025.2563298 

SHARMA, L. K. et al. Saline wetland ecosystems. In: Conservation of saline wetland 

ecosystems: An initiative towards UN decade of ecological restoration. Singapore: 

Springer Nature Singapore, 2024. p. 33-75. https://doi.org/10.1007/978-981-97-5069-

6_2 

SHEIKH, A. A. et al. Assessing the impact of climate change on water resources in 

semi-arid regions: a case study from pakistan. Kashf Journal of Multidisciplinary 

Research, v. 2, n. 06, p. 71-89, 2025. https://doi.org/10.71146/kjmr512 

SHEN, J. et al. Chloroflexus aurantiacus acetyl-CoA carboxylase evolves fused biotin 

carboxylase and biotin carboxyl carrier protein to complete carboxylation 

activity. Mbio, v. 15, n. 5, p. e03414-23, 2024. https://doi.org/10.1128/mbio.03414-23 

SHI, H. et al. Improvement of plant abiotic stress tolerance through modulation of the 

polyamine pathway. Journal of Integrative Plant Biology, v. 56, n. 2, p. 114-121, 

2014. https://doi.org/10.1111/jipb.12128 

SHOKET, H. Targeting Compatible Solutes for Abiotic Stress Tolerance in Plants. 

Plant Secondary Metabolites and Abiotic Stress, p. 105-130, 2024. 

https://doi.org/10.1002/9781394186457.ch4 

SHUKLA, S. et al. Micropropagation for crop improvement and it's commercialization 

potential. In: The Potential of Microbes for a Circular Economy. Academic Press, 

2024. p. 271-287. https://doi.org/10.1016/B978-0-443-15924-4.00006-0 

SILVESTRO, R. et al. From Roots to Leaves: Tree Growth Phenology in Forest 

Ecosystems. Current Forestry Reports, v. 11, n. 1, p. 12, 2025. 

https://doi.org/10.1007/s40725-025-00245-9 

SIROHI, G. et al. Emerging trends in epigenetic regulation of nutrient deficiency 

response in plants. Molecular biotechnology, v. 58, p. 159-171, 2016. 

https://doi.org/10.1007/s12033-016-9919-0 

ŞENGÜL, M. et al. Secondary metabolites: Classification, therapeutic Properties, and 

potential usage in the food industry. Turkish Journal of Agriculture-Food Science 

and Technology, v. 13, n. 10, p. 3144-3156, 2025. 

https://doi.org/10.24925/turjaf.v13i10.3144-3156.7872 

SOTA, V. et al. Unveiling the Balkans’ advances: In vitro biotechnology of woody 

plants in the early 21st century. Frontiers in plant science, v. 16, p. 1586013, 2025. 

https://doi.org/10.3389/fpls.2025.1586013 

SOUZA, V. et al. Levantamento das espécies de Scrophulariaceae sensu lato nativas do 

Brasil. Pesquisas, Botânica, v. 60, p. 7-288, 2009. 

SREEPATHI, N. et al. GABA as a Signaling Molecule in Plants. GABA in Plants: 

Biosynthesis, Plant Development, and Food Security, p. 65-96, 2025. 

https://doi.org/10.1002/9781394217786.ch4 



38 
 

 

TAKAHASHI, T. et al. Polyamines: ubiquitous polycations with unique roles in growth 

and stress responses. Annals of botany, v. 105, n. 1, p. 1-6, 2010. 

https://doi.org/10.1093/aob/mcp259 

TALARICO, E. et al. Epigenetic Regulation of Salt Stress Responses in Rice: 

Mechanisms and Prospects for Enhancing Tolerance. Epigenomes, v. 9, n. 4, p. 46, 

2025. https://doi.org/10.3390/epigenomes9040046 

TONG, L. Structure and function of biotin-dependent carboxylases. Cellular and 

Molecular Life Sciences, v. 70, n. 5, p. 863-891, 2013. https://doi.org/10.1007/s00018-

012-1096-0 

TRIPATHI, J. M. et al. Gibberellic acid improves photosynthetic electron transport and 

stomatal function in crops that are adversely affected by salinity exposure. Plants, v. 14, 

n. 21, p. 3388, 2025. https://doi.org/10.3390/plants14213388 

TSAI, Y.C et al. Chlorophyll fluorescence analysis in diverse rice varieties reveals the 

positive correlation between the seedlings salt tolerance and photosynthetic efficiency. 

BMC plant biology, v. 19, p. 1-17, 2019. https://doi.org/10.1186/s12870-019-1983-8 

TYAGI, A. et al. Revisiting the role of polyamines in plant growth and abiotic stress 

resilience: mechanisms, crosstalk, and future perspectives. Journal of Plant Growth 

Regulation, v. 42, n. 8, p. 5074-5098, 2023. https://doi.org/10.1007/s00344-022-10847-

3 

WAL, A. et al. Regulatory role, mechanism, and metabolic profile of Biotin in gene 

expression. Current Pharmacogenomics and Personalized Medicine, v. 20, n. 2, p. 

73-86, 2023. https://doi.org/10.2174/1875692120666230712160812 

WANG, H. et al. Multi-omics insights of biotin-enhanced astaxanthin and total fatty 

acid productivity in heterotrophic Chromochloris zofingiensis under stress 

conditions. Algal Research, p. 104158, 2025. 

https://doi.org/10.1016/j.algal.2025.104158 

WANG, X. et al. Sensitivity and responses of chloroplasts to salt stress in 

plants. Frontiers in Plant Science, v. 15, p. 1374086, 2024. 

https://doi.org/10.3389/fpls.2024.1374086 

WANG, Y. et al. Biotin plays an important role in Arabidopsis thaliana seedlings under 

carbonate stress. Plant science, v. 300, p. 110639, 2020. 

https://doi.org/10.1016/j.plantsci.2020.110639 

WANI, A. S. et al. Epibrassinolide and proline alleviate the photosynthetic and yield 

inhibition under salt stress by acting on antioxidant system in mustard. Plant 

physiology and biochemistry, v. 135, p. 385-394, 2019. 

https://doi.org/10.1016/j.plaphy.2019.01.002 

WASEEM, M. et al. Understanding the mechanistic basis of plant adaptation to salinity 

and drought. Functional Plant Biology, v. 51, n. 3, 2024. 

https://doi.org/10.1071/FP23216 



39 
 

 

WU, L. et al. Effects of solid matrix priming (SMP) and salt stress on broccoli and 

cauliflower seed germination and early seedling growth. Scientia horticulturae, v. 255, 

p. 161-168, 2019. https://doi.org/10.1016/j.scienta.2019.05.007 

XIN, P. et al. Surface water and groundwater interactions in salt marshes and their 

impact on plant ecology and coastal biogeochemistry. Reviews of Geophysics, v. 60, n. 

1, p. e2021RG000740, 2022. https://doi.org/10.1029/2021RG000740 

XU, S. L. et al. Proximity labeling in plants. Annual review of plant biology, v. 74, n. 

1, p. 285-312, 2023. https://doi.org/10.1146/annurev-arplant-070522-052132 

YANG, Y. et al. Navigating the B vitamins: Dietary diversity, microbial synthesis, and 

human health. Cell Host & Microbe, v. 32, n. 1, p. 12-18, 2024. 

https://doi.org/10.1016/j.chom.2023.12.004 

YARTE, M. E. et al. Plant growth promoting bacteria mitigates salt stress during 

Handroanthus impetiginosus in vitro rooting. Plant Cell, Tissue and Organ Culture 

(PCTOC), v. 154, n. 2, p. 261-277, 2023. https://doi.org/10.1007/s11240-023-02477-8 

YAÑEZ-YAZLLE, M. F. et al. Halotolerant bacteria isolated from extreme 

environments induce seed germination and growth of chia (Salvia hispanica L.) and 

quinoa (Chenopodium quinoa Willd.) under saline stress. Ecotoxicology and 

environmental safety, v. 218, p. 112273, 2021. 

https://doi.org/10.1016/j.ecoenv.2021.112273 

ZHANG, M. et al. Plant survival strategies under heterogeneous salt stress: Remodeling 

of root architecture, ion dynamic balance, and coordination of metabolic homeostasis. 

Plant and Soil, p. 1-40, 2025. https://doi.org/10.1007/s11104-025-07760-5 

ZHANG, Y. C et al. Long noncoding RNAs as molecular architects: Shaping plant 

functions and physiological plasticity. Molecular Plant, 2025. 

https://doi.org/10.1016/j.molp.2025.09.008 

ZHU, H. et al. CsCDPK6, a CsSAMS1-interacting protein, affects polyamine/ethylene 

biosynthesis in cucumber and enhances salt tolerance by overexpression in tobacco. 

International journal of molecular sciences, v. 22, n. 20, p. 11133, 2021. 

https://doi.org/10.3390/ijms222011133 

  



40 
 

 

 

 

 

 

 

 

 

 

 

 

CAPÍTULO II 

Artigo publicado na Revista Biology e adaptado as normas da Tese de Doutorado em 

Ciências Agrárias 

 

Polyamine Homeostasis and Morphophysiological Responses to Salinity in 

Dizygostemon riparius: An Endemic Species from Brazilian ‘Cerrado’ Biome 

  



41 
 

 

Abstract 

Dizygostemon riparius is an endemic tropical Brazilian species whose physiological 

responses to salinity are poorly understood. This study evaluated the effects of NaCl (0, 
50, and 100 mM) on in vitro-grown D. riparius by integrating growth, anatomical, 

photosynthetic, and biochemical analyses. Salinity significantly reduced biomass and 

growth parameters, indicating impaired development. Photosystem II efficiency declined, 

as evidenced by decreases in the performance index and chlorophyll content, while 

anatomical changes such as epidermal thickening and reduced vascular bundles reflected 

structural adjustments under stress. At the biochemical level, salinity altered polyamine 

metabolism, with reductions in total free polyamines, suggesting potential limitations in 

defense mechanisms. Hyperhydricity observed under high salinity indicated a non- 

adaptive response. Overall, D. riparius displayed limited tolerance to salt stress, with 

physiological and biochemical impairments outweighing structural plasticity. This study 

provides the first data-driven characterization of salinity effects in this species and 

highlights the value of in vitro culture as a tool to investigate stress responses. 

Keywords: anatomical plasticity; in vitro culture; morpho-physiology; polyamines; 

salinity. 
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1. INTRODUCTION 

Dizygostemon riparius, commonly known as “melosa”, is a tropical aromatic 

subshrub endemic to the northeastern Brazilian Cerrado, which belongs to the 

Plantaginaceae family [1]. Although recently cataloged, this species has already 

demonstrated remarkable potential for medicinal and agrochemical applications [2]. Its 

essential oils and crude extracts exhibit significant larvicidal, acaricidal, and antifungal 

activities [2–5], with promising results being obtained in green nanotechnological 

formulations [2]. Considering the potential of biotechnological techniques for the 

production of such compounds, it is important to investigate the phenotypic plasticity of 

D. riparius under in vitro conditions, decreasing the knowledge gaps regarding D. riparus 

cultivation, and allowing its domestication and sustainable use. 

Salinity, a major abiotic stress that strongly impacts plant growth, can also act 

as an elicitor in the production of secondary metabolites [6,7]. In tropical regions such as 

Brazil, salinity is an increasingly critical problem due to irregular rainfall distribution, 

high evapotranspiration rates, and inadequate irrigation management, which promote the 

accumulation of soluble salts in agricultural soils [6]. These conditions threaten 

biodiversity and the productivity of endemic and cultivated species adapted to these 

ecosystems. This stress primarily disrupts the osmotic balance of cells, reducing the 

uptake of water and nutrients, and causing ionic toxicity due to the accumulation of Na+ 

and Cl−, which compromise membrane integrity, nutrient balance, and DNA stability [6]. 

Such disturbances stimulate excessive production of reactive oxygen species (ROS), 

including superoxide anion (O2
−), hydrogen peroxide (H2O2), and hydroxyl radicals 

(•OH), ultimately reducing cell viability [8–10]. Therefore, understanding the 

physiological and biochemical responses of endemic tropical species to salinity stress is 

essential for developing strategies to improve their resilience and conservation under 

changing environmental conditions. 

To counter these effects, plants rely on biochemical defense systems, among 

which polyamines have emerged as key modulators of developmental and stress-related 

processes [11]. These small aliphatic amines, such as putrescine (Put), cadaverine (Cad), 

spermidine (Spd), and spermine (Spm), contribute to membrane stabilization, ion 

homeostasis, ROS scavenging, and regulation of gene expression [12]. Salinity often 

reduces Put and Spd, while Cad and Spm show variable responses depending on species 

and stress intensity [13,14]. Despite their importance, the dynamics of polyamines under 

salinity remain poorly studied in tropical medicinal plants cultured in vitro. 
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Disturbances at the cellular and biochemical levels often extend to plant structure 

and function. Anatomical modifications include epidermal thickening, reduction of 

palisade and spongy parenchyma, and vascular collapse, which impair hydraulic 

conductivity and tissue functionality [15]. Physiologically, salinity diminishes 

chlorophylls and carotenoids, impairs chlorophyll a fluorescence, and compromises 

photosystem II, resulting in reduced photosynthetic efficiency [16]. These effects 

culminate in macroscopic symptoms such as chlorosis, necrosis, premature senescence, 

and growth inhibition, leading to reduced leaf area, impaired stem and root development, 

and decreased overall biomass production [17,18]. Hormonal imbalances, including 

increased abscisic acid and reduced auxins and cytokinins, further aggravate these 

responses by impairing cell division, promoting turgor loss, and restricting development 

[19]. 

In pot-grown plants of D. riparus, salinity was reported to impair carbon 

assimilation and dry mass production, with no reductions in photosynthetic pigment 

content or photosystem II efficiency [20]. Although in vitro culture offers a powerful and 

controlled platform to investigate plant responses to abiotic stress, no studies to date have 

characterized the integrated morpho-physiological, anatomical, and biochemical 

responses of D. riparius to salinity under this system. This knowledge gap restricts our 

understanding of its adaptive capacity and limits its future as a phytotherapeutic and 

agroindustrial resource derived from tropical vegetation [20]. 

Here, we hypothesize that salinity impairs growth, tissue structure, and pigment 

content in D. riparius while simultaneously inducing alterations in polyamine 

metabolism, since these molecules are associated with antioxidant defenses and the 

regulation of cell division and expansion, which may indicate limited adaptive plasticity 

under in vitro conditions. Based on this hypothesis, this study aimed to evaluate the 

effects of salinity on growth parameters, water status, photosystem II integrity, pigment 

content, anatomical traits, and polyamine metabolism in D. riparius cultured in vitro. 

 

2. MATERIALS AND METHODS 

2.1 Plant Cultivation and Experimental Design 

The D. riparius plants used in this experiment originated from the plant 

collection maintained at the Tissue Culture Laboratory of the State University of 

Maranhão (LCT/UEMA), MA, Brazil (2°34′00″ S and 44°12′00″ W), since 2022 and 
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subcultured every 90 days. These plants were maintained in vitro under a 

photomixotrophic system, in transparent 350 mL glass flasks, each containing 60 mL of 

Murashige and Skoog (MS) medium with vitamins [21] (PhytoTechnology®, Lenexa, 

KS, USA), supplemented with 30 g L−1 sucrose (w/v; Dinâmica® Química 

Contemporânea Ltda, São Paulo, SP, Brazil) and solidified with 5.5 g L−1 agar (Êxodo 

Científica®, São Paulo, SP, Brazil). The cultures were maintained at 25 ± 2 °C, under an 

irradiance of 85 µmol m−2 s−1 provided by six white tubular LED lamps (T8, 9 W; Avant, 

São Paulo, SP, Brazil), with a 16 h photoperiod. 

Single-node stem explants approximately 1.5 to 2.0 cm in length were excised 

from the bank plants and inoculated into 350 mL glass flasks containing 60 mL of MS 

medium [21] (PhytoTechnology®, Lenexa, KS, USA), under the same environmental 

conditions previously described. The salinity experiment consisted of three treatments 

with different NaCl concentrations: 0 mM (control), 50 mM, and 100 mM. The flasks 

were sealed with polypropylene caps containing two 10 mm holes covered with 

microporous tape membranes, following the methodology described by Saldanha et al. 

[22]. After inoculation, the flasks were maintained for 45 days in a growth room under 

an irradiance of 85 µmol m−2 s−1, with a 16 h photoperiod and a temperature of 25 ± 2 °C. 

The experimental design was completely randomized, with three salinity treatments and 

twelve replicates per treatment, and the experimental unit consisted of five explants per 

flask. 

2.2 Growth Parameters 

After 45 days of in vitro cultivation, shoot length (cm), stem diameter (mm), and 

the length of the longest root (cm) were measured. Subsequently, leaf area (cm2) was 

deter- mined using ImageJ® software (Version 1.52e). After the measurements, leaves, 

stems, and roots were sectioned, collected, and placed into pre-labeled paper bags for 

drying. These plant organs were oven-dried (SolidSteel®, Piracicaba, SP, Brazil) at 45 

°C until reaching constant weight, and dry mass was then determined for the aerial part 

(g) and roots (g). 

2.3 Relative Leaf Water Content (RLWC) 

Five leaf disks (3 mm in diameter) were collected from fully expanded leaves in 

each treatment. The disks were immediately weighed on an analytical balance to 

determine fresh mass (FM). They were then transferred to 8 mL plastic cups containing 

distilled water for 24 h to obtain turgid mass (TM). Afterward, the disks were oven-dried 
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at 45 °C for 48 h to determine dry mass (DM). The RLWC was calculated using the 

formula [23]: RLWC (%) = [(FM − DM)/(TM − DM)] × 100. 

2.4 Chlorophyll a Fluorescence 

Chlorophyll a fluorescence measurements were performed on the third pair of 

fully expanded leaves, counted from the apex toward the base of the stem, at 45 days of 

in vitro cultivation. A non-modulated fluorometer, model Pocket PEA (Plant Efficiency 

Analyser, Hansatech®, Kingʹs Lynn, UK), was used. Prior to measurement, leaves were 

dark- adapted for 30 min using leaf clips to ensure that the reaction centers were fully 

open and heat dissipation was minimized. 

The following parameters were evaluated: initial fluorescence (F0), maximum 

fluorescence (Fm), variable fluorescence (Fv), maximum quantum yield of photosystem 

II (Fv/Fm), energy absorbed per active reaction center (RC/ABS), variable fluorescence 

rela- tive to initial fluorescence (Fv/F0), and performance index (PI). 

2.5 Extraction and Determination of Photosynthetic Pigment Concentrations 

After 45 days of in vitro cultivation, pigments were extracted from three leaf 

disks, each 3 mm in diameter, collected from the third fully expanded leaf pair counted 

from the apex to the base of the stem. The disks were placed in test tubes containing 3 

mL of dimethyl sulfoxide (DMSO) as the organic extracting solvent and kept in the dark 

for 48 h, as described by Santos et al. [24]. 

Absorbance readings were performed using a UV/Vis spectrophotometer (model 

UV-M51; BEL Engineering, Monza, Italy) at wavelengths of 480, 645, and 665 nm in 10 

mm cuvettes. The concentrations of chlorophyll a, chlorophyll b, chlorophyll total, and 

carotenoids were calculated using the equations proposed by Wellburn [25]. In addition, 

the chlorophyll a/b ratio and the total chlorophyll-to-carotenoid ratio were calculated. 

 

2.6 Leaf Thermography 

Thermal images of the leaf surface were captured from the third and fourth leaf 

pairs, counted from the apex to the base of the stem, using a FLIR E8 WIFI thermal 

camera (FLIR Systems®, Wilsonville, OR, USA). The camera was positioned vertically 

90 cm from the leaves. Image acquisition was conducted between 08:30 and 09:00 AM 

(Brasília time, Bra- zil). The images were processed using FLIR Thermal Studio Suite 

software, version 2.0.x (Copyright®, 2024, Thousand Oaks, CA, USA). 
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2.7 Determination of Polyamine Concentration 

Samples of 300 mg of fresh mass were freeze-dried and homogenized with 0.6 

mL of 5% (v/v) perchloric acid (Merck®, Darmstadt, Germany), incubated on ice for 1 

h, and centrifuged at 16,000× g for 20 min at 4 °C. The free polyamines (PAs) were then 

dansylated. For this, 40 µL of the extract were mixed with 20 µL of 1.7-diaminoheptane 

(DAH) at 0.05 mM (used as an internal standard), 50 µL of saturated sodium bicarbonate 

solution (Na- HCO3), and 100 µL of dansyl chloride (5 mg mL−1 in acetone; 1.8 mM) 

(Merck®). 

The samples were incubated in the dark at 70 °C for 50 min. Excess dansyl 

chloride was removed by adding 25 µL of proline solution (100 mg mL−1), followed by 

incubation at room temperature in the dark for 30 min. The dansylated PAs were extracted 

with 200 µL of toluene, and 175 µL of the organic (non-polar) phase containing the PAs 

were collected, evaporated under a nitrogen stream, and resuspended in 175 µL of 

absolute acetonitrile. 

Identification and quantification of the PAs were performed using high-

performance liquid chromatography (HPLC), with a reverse-phase C18 column 

(Shimadzu Shim-pack CLC ODS, 5 µm). The mobile phase consisted of 10% acetonitrile 

in water (pH 3.5, adjusted with 1 N HCl) as solvent A, and absolute acetonitrile as solvent 

B. Peak areas and retention times of the PAs were compared with commercial standards 

of putrescine (Put), spermidine (Spd), and spermine (Spm) (Sigma-Aldrich®, St. Louis, 

MO, USA). Polyamines were determined through an estimate of dry mass. 

2.8 Anatomy and Micromorphometry of Leaf, Stem, and Root 

For anatomical characterization, samples of leaf, stem, and root tissues were 

fixed in a 50% FAA solution (formalin, acetic acid, and ethyl alcohol) following the 

protocol de- scribed by Johansen [26] for 48 h. Subsequently, the samples were 

dehydrated in a graded ethanol series composed of 30%, 40%, 50%, 60%, and 70% 

ethanol for one hour each, followed by further dehydration in 80%, 90%, 95%, and 100% 

ethanol for two hours each at 4 °C. After dehydration, the samples were embedded in 

Historesin® (Leica Instruments, Heidelberg, Germany), according to the manufacturer’s 

recommendations. Transverse sections with a thickness of 6 µm were obtained using a 

rotary microtome (Lupetec® model MRP2015, São Carlos, Brazil). These sections were 

mounted on glass slides and stained with toluidine blue solution at 0.05% and pH 4.0, as 

described by O’Brien and McCully [27], for eight minutes. 
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Micromorphometric analysis was performed on transverse sections of the leaf 

mid- rib, stem, and root. From each slide, four anatomical sections were photographed 

using a light microscope (model B20T; Bioptika, Colombo, PR, Brazil) equipped with a 

U-photo system and a digital camera (CMOS-5.0; Bioptika, Colombo, PR, Brazil), 

connected to a computer with Capture V2.1 software. The images were captured at a 

magnification of 4× and analyzed using the ImageJ® software, with measurements 

expressed in millimeters. In leaf tissues, the parameters measured included the thickness 

of the adaxial and abaxial epidermis, the palisade parenchyma, the spongy parenchyma, 

as well as the diameter of both transverse and longitudinal vascular bundles. In stem 

tissues, measurements in cluded the thickness of the epidermis, cortical parenchyma, 

vascular bundles, and medullary parenchyma. In root tissues, the thickness of the 

epidermis and cortical parenchyma was determined, along with the diameter of the 

transverse and longitudinal vascular bundles. 

2.9 Data Analyses 

Growth and physiological analyses were performed with 10 replicates per 

treatment, while polyamine analyses were performed with 3 replicates per treatment. All 

evaluated variables were tested for homogeneity using Bartlett’s test and for normality 

with the Shapiro–Wilk test. Subsequently, they were subjected to analysis of variance 

(ANOVA), and when significant effects were detected, the means were compared using 

Tukey’s test (p ≤ 0.05). The statistical procedures were performed using the Sisvar 

software (version 5.0) [28]. 

3. RESULTS 

3.1 Salinity impairs growth and alters morphoanatomy of Dizygostemon riparius 

cultured in vitro 

Salinity induced pronounced morphological changes in D. riparius cultured in 

vitro after 45 days (Figure 1A). A progressive reduction in the length of the aerial part 

was observed with increasing NaCl concentration, with statistically significant 

differences among treatments (Figure 1B). Compared to the control, shoot length was 

decreased by 21% and 49% under 50 and 100 mM NaCl, respectively (Figure 1B). Root 

length remained unchanged between 0 and 50 mM but was 40% smaller at 100 mM NaCl 

(Figure 1C). Stem diameter was also negatively affected, decreasing by 28% under 100 

mM NaCl compared to the control (Figure 1D). 
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The dry mass of the aerial part and roots was decreased by 46% and 40%, respec- 

tively, at the highest salinity level (Figure 1E,F). In contrast, relative leaf water content 

was increased under salinity, reaching its maximum at 100 mM NaCl, corresponding to 

a 257% increase over the control (Figure 1G). The number of leaves declined by 19% 

under 100 mM NaCl (Figure 1H), and leaf area was similarly reduced by 45% (Figure 

1I). Leaf temperature showed only minor variations across treatments, with a 1.1% 

increase at 100 mM NaCl, which was not statistically significant (Figure 1J). 

Salinity also induced significant anatomical changes in leaves and roots of D. 

riparius (Figure 2A,C). The adaxial epidermis thickness increased with rising NaCl 

concentrations, with increments of approximately 46% at 50 mM and 75% at 100 mM 

compared to the control (Table 1). In contrast, the abaxial epidermis remained statistically 

unchanged across treatments. Palisade parenchyma thickness, in turn, was slightly 

increased under salinity, with values rising by 3% and 6% at 50 and 100 mM NaCl, 

respectively (Table 1). Spongy parenchyma was also increased by about 4% under both 

salinity levels, compared to the control. In the vascular system, transverse bundle 

thickness was progressively decreased with increasing salinity, with a 13% reduction at 

100 mM NaCl compared to the control (Table 1). However, longitudinal vascular bundle 

thickness was not significantly affected. 
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Figure 1. Morphology, growth, and relative leaf water content of Dizygostemon riparius under three NaCl 

concentrations (0, 50, and 100 mM) at 45 days of in vitro cultivation. (A) Pictures of representa- tive plants; 

(B) shoot length (cm); (C) root length (cm); (D) stem diameter (mm); (E) shoot dry mass (g); (F) root dry 

mass (g); (G) relative leaf water content (%); (H) number of leaves; (I) leaf area (cm2); (J) leaf temperature 

(°C). Different letters above the bars indicate significant differences (p ≤ 0.05) according to Tukey’s test. 

Values are means ± standard error (n = 10). Scale for the flasks standing up = 2 cm, and scale for the bottom 

of the flasks = 3 cm. 
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Figure 2. Transverse section micrography of Dizygostemon riparius leaves, stems, and roots after 45 days 

of in vitro cultivation under three NaCl concentrations (0, 50, and 100 mM). (A) Transverse sections of the 

leaf midrib (up) and leaf blade (below); (B) transverse sections of stems; (C) transverse sections of roots. 

Ep = epidermis, Ad = adaxial epidermis, Ab = abaxial epidermis, Vb = vascular bundle, Pp = palisade 

parenchyma, Sp = spongy parenchyma, Gp = ground parenchyma, X = xylem, Ph = phloem, Cp = cortical 

parenchyma, Mp = medullary parenchyma, Tr = trichome, and Ae = aerenchyma. Scale bar = 100 µm. 

Unlike the leaf, stem anatomy of D. riparius remained structurally stable under 

salinity (Figure 2B; Table 1). No significant differences were observed in epidermis 

thickness, cortical parenchyma, vascular bundle thickness, or medullary parenchyma, 

indicating high anatomical resilience of stem tissues even under moderate to high salinity 

conditions. In contrast, salinity significantly altered root anatomy, particularly the 

vascular system (Figure 2C; Table 1). Transverse vascular bundle thickness was 

progressively decreased with increasing NaCl, showing a 48.57% reduction at 100 mM 

compared to the control. This reduction was statistically significant, indicating root 

vascular sensitivity to elevated salinity. Meanwhile, epidermis thickness, cortical 
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parenchyma, and longitudinal vascular bundle thickness remained statistically 

unchanged.  

Table 1. Micromorphometric parameters of Dizygostemon riparius leaves, stems, and roots after 45 days 

of in vitro cultivation under three NaCl concentrations (0, 50, and 100 mM). 

 

 

 

 

 

 

 

 

 

Values are means ± standard error of 4 individuals. Different letters indicate significant differences (p ≤ 

0.05) among NaCl concentrations (lines) according to Tukey’s test. Transv = Tranverse; Long = 

Longitudinal. 

3.2 Salinity decreases photosynthetic pigment content and chlorophyll a 

fluorescence in Dizygostemon riparius 

The contents of photosynthetic pigments in D. riparius were significantly 

affected by salinity, with chlorophyll a content being decreased by 14% and 36% under 

50 and 100 mM NaCl, respectively, compared to the control (Figure 3A). Similarly, the 

content of total chlorophylls had a marked reduction of 36% at 50 mM and 42% at 100 

mM NaCl, com- pared to the control (Figure 3B). Carotenoid content was also negatively 

affected, with decreases of 26% at 50 mM and 50% at 100 mM, compared to control 

(Figure 3C). On the other hand, chlorophyll b content, chlorophyll a/b ratio, and total 

chlorophyll-to-carotenoid ratio were not affected by salinity. 

Chlorophyll a fluorescence was significatively impaired by 100 mM NaCl, with 

the initial fluorescence (F0), maximum fluorescence (Fm), and variable fluorescence (Fv) 

being reduced by 29%, 23%, and 22%, respectively, compared to the control (Figure 3D–

F). The Fv/Fm ratio of salt-stressed plants did not differ from the control, although plants 

under 50 mM exhibited slightly higher values compared to 100 mM NaCl (Figure 3G). 

In turn, the number of active reaction centers per absorbed energy unit (RC/ABS) and the 

performance index (PI) were decreased by 22% and 30% at 100 mM, respectively (Figure 

3H,I). The Fv/F0 ratio was not affected by salinity levels. 

Organ Variables (mm) 0 mM NaCl 50 mM NaCl 100 mM NaCl 

Leaf Adaxial epidermis 0.024 ± 0.002 c 0.035 ± 0.003 b 0.042 ± 0.006 a 

 Abaxial epidermis 0.019 ± 0.005 a 0.024 ± 0.005 a 0.025 ± 0.004 a 

 Palisade parenchyma 0.032 ± 0.009 c 0.053 ± 0.003 b 0.081 ± 0.017 a 

 Spongy parenchyma 0.044 ± 0.004 b 0.088 ± 0.008 a 0.087 ± 0.007 a 

 Transv. vascular bundle 0.303 ± 0.052 a 0.218 ± 0.035 ab 0.195 ± 0.014 b 

 Long. vascular bundle 0.102 ± 0.021 a 0.076 ± 0.018 a 0.065 ± 0.005 a 

Stem Epidermis 0.027 ± 0.009 a 0.027 ± 0.004 a 0.027 ± 0.003 a 

 Cortical parenchyma 0.183 ± 0.011 a 0.186 ± 0.042 a 0.194 ± 0.011 a 

 Vascular bundle 0.087 ± 0.012 a 0.074 ± 0.022 a 0.082 ± 0.008 a 

 Medullary parenchyma 0.336 ± 0.033 a 0.314 ± 0.019 a 0.308 ± 0.016 a 

Root Epidermis 0.038 ± 0.023 a 0.037 ± 0.008 a 0.032 ± 0.009 a 

 Cortical parenchyma 0.229 ± 0.083 a 0.293 ± 0.010 a 0.246 ± 0.022 a 

 Transv. vascular bundle 0.355 ± 0.063 a 0.276 ± 0.012 ab 0.182 ± 0.034 b 
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Figure 3. Photosynthetic pigments and chlorophyll a fluorescence parameters of Dizygostemon riparius at 

45 days of in vitro cultivation under three NaCl concentrations (0, 50, and 100 mM). (A) Chlorophyll a (µg 

cm−2); (B) total chlorophyll (µg cm−2); (C) carotenoids (µg cm−2); (D) initial fluorescence (F0); (E) 

maximum fluorescence (Fm); (F) variable fluorescence (Fv); (G) maximum quantum yield of photosystem 

II (Fv/Fm); (H) absorbed energy per active reaction center (RC/ABS); and (I) performance index (PI). 

Different letters above the bars indicate significant differences (p ≤ 0.05) according to Tukey’s test. Values 

are means ± standard error (n = 10). 

3.3 Salinity modulates endogenous polyamine levels in Dizygostemon riparius 

cultured in vitro 

Salinity significantly affected the contents of free endogenous polyamines in D. 

riparius cultured in vitro (Figure 4). Compared to the control, the contents of putrescine 

(Put) and cadaverine (Cad) were decreased by 67% and 42% at 100 mM NaCl, 

respectively, while spermidine (Spd) was decreased by 46% at 50 mM NaCl (Figure 4A–

C). In contrast, spermine (Spm) contents remained unchanged across treatments (Figure 

4D). Total free polyamines were significantly lower under salinity, with reductions of 

59% and 57% under 50 and 100 mM NaCl, respectively (Figure 4E). Similarly, the PAs 

ratio [Put/(Spd + Spm)], commonly used as a metabolic stress indicator, was decreased 

by 56% at 100 mM NaCl compared to the control (Figure 4F). 
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Figure 4. Endogenous polyamine content (determined by dry mass) in Dizygostemon riparius at 45 days 

of in vitro cultivation under three NaCl concentrations (0, 50, and 100 mM). (A) Putrescine (µg g−1); (B) 

Cadaverine (µg g−1); (C) Spermidine (µg g−1); (D) Spermine (µg g−1); (E) Total free polyamines (µg g−1); 

and (F) Polyamine ratio [Put/(Spd + Spm)]. Different letters above the bars indicate significant differences 

(p ≤ 0.05) according to Tukey’s test. Values are means ± standard error (n = 3). 

4. DISCUSSION 

Salinity compromised the growth of both aerial and root organs, mainly under 

the highest NaCl concentration (100 mM). Shoot length, leaf number, leaf area, stem 

diameter, and dry biomass were all decreased under high NaCl concentrations. This 

growth inhibition is likely related to salt-induced osmotic stress and ionic toxicity, as they 

are known to inhibit cell division and elongation, decrease meristematic activity, and 

impair the deposition of cellulose and lignin [6]. The impairment in stem and leaf 

development also disrupts sap transport and compromises the physiological performance 

[29,30]. Root growth also declined under 100 mM NaCl, likely due to ionic toxicity and 

oxidative stress in the root zone [6]. Moreover, root growth inhibition might be related to 

the salinity-induced reduction in water potential of the medium, which impairs nutrient 

and water uptake and leads to nutritional imbalances [31–33]. 

Anatomical responses highlighted both compensatory mechanisms and 

structural damages. The adaxial epidermis was thickened in response to salinity, which 

may be a protective barrier against osmotic stress by reducing transpiration and restricting 

ion entry [34]. Palisade and spongy parenchyma were also thickened, suggesting an 

attempt to maintain photosynthetic capacity and partially compensate for pigment loss 
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and reduced PSII efficiency [35,36]. In contrast, the transverse vascular bundles in both 

leaves and roots became thinner under high salinity, suggesting impaired transport of 

water and nutrients. This reduction likely resulted from cell retraction, vascular collapse, 

or stress-induced deposition of lignin and suberin [37,38]. 

Relative water content was markedly increased under 100 mM NaCl, which could 

initially suggest osmotic adjustments. In general, plants maintain cellular turgor in saline 

environments by accumulating compatible solutes such as sugars, amino acids, and 

inorganic ions, which balance water potential and protect cellular structures [39–41]. In 

this study, however, the exceptionally high RWC values revealed hyperhydricity induced 

by salinity. This physiological disorder, commonly observed in in vitro conditions, 

involves excessive water accumulation in tissues, resulting in a translucent appearance, 

aqueous consistency, and structural abnormalities [42,43]. A high NaCl concentration is 

likely to trigger osmotic imbalances and altered membrane permeability, thereby favoring 

this phenomenon. Thus, although the data show water retention, this scenario represents 

a maladaptive stress response rather than a functional adaptation. 

Salinity also altered the content and proportion of photosynthetic pigments. 

Chlorophyll a and total chlorophyll declined, suggesting pigment degradation probably 

through ROS that damage thylakoid membranes and pigment-protein complexes [44,45], 

and salinity-induced inhibition of chlorophyll biosynthesis by targeting key enzymes such 

as ALA synthase (5-aminolevulinic acid) [46]. As carotenoids dissipate excess light 

energy and scavenge ROS such as singlet oxygen and peroxyl radicals, their reduction 

likely increases cellular vulnerability to photoinhibition and lipid peroxidation [47,48]. 

Thus, low carotenoid contents under salinity indicate impaired non-enzymatic antioxidant 

defenses. The unchanged chlorophyll a/b and chlorophyll/carotenoid ratios suggest 

proportional pigment degradation, indicating that both photosystems and their associated 

light-harvesting complexes were similarly affected. These results differ from those of 

Albuquerque et al. [20], who reported unexpectedly high pigment levels in pot-grown D. 

riparius under salinity. Differences in stress intensity or exposure duration may explain 

this discrepancy, since both factors directly influence pigment dynamics. 

Chlorophyll a fluorescence, a sensitive tool for evaluating the integrity and 

efficiency of photosystem II (PSII), was also strongly affected by salinity. The decreases 

in maximum fluorescence (Fm) under 100 mM NaCl indicate damages to reaction centers 

and impaired energy coupling between antenna pigments and PSII [49]. Initial 

fluorescence (F0) was also decreased, indicating irreversible inactivation of PSII centers 
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[50], while the decline in active reaction centers per absorption (RC/ABS) corresponds to 

decreases in functional PSII density [51]. This likely resulted from inhibited protein 

synthesis, particularly of D1, a primary target of degradation under stress, as well as 

increased oxidative damage in thylakoid membranes [45,52]. The drop in performance 

index (PI) further confirmed reduced PSII vitality and potential collapse of the electron 

transport chain [53]. 

Salinity significantly reduced the endogenous levels of putrescine and 

spermidine, while cadaverine only declined at higher concentrations, resulting in a 

decrease in the total content of free polyamines and indicating a disruption in nitrogen 

metabolism. Plants synthesize putrescine from L-ornithine via ODC or from L-arginine 

through arginine decarboxylase (ADC), followed by agmatine, with both pathways 

driving the initial stages of PA biosynthesis [54,55]. Thus, the sharp decline in putrescine 

may reflect the inhibition of ornithine decarboxylase (ODC) or precursor molecules such 

as L-arginine. The reductions in cadaverine and spermidine may also reflect a metabolic 

bottleneck or enhanced degradation of polyamines as a stress response [56]. 

The decreased Put/(Spd + Spm) ratio indicates that D. riparius experienced an 

imbalance in polyamine dynamics under higher salinity levels, potentially due to 

metabolic diversion of putrescine toward conjugation or oxidation. The pronounced 

reduction in total free polyamines at both 50 and 100 mM NaCl may have contributed to 

physiological constraints such as impaired cell elongation, disrupted ion homeostasis, and 

altered water relations, which are likely related to the hyperhydricity observed under high 

salinity [57– 60]. While these interpretations are based on species-specific observations, 

we did not measure oxidative stress markers; thus, the proposed interplay between 

polyamine reduction and hyperhydricity remains hypothetical and should be further 

explored in fu- ture studies. 

In summary, salinity reduced growth, biomass accumulation, and anatomical 

integrity of D. riparius, impairing both shoot and root development. Photosynthetic 

efficiency declined due to pigment degradation and reduced PSII activity, particularly 

through losses of chlorophylls and carotenoids. Salinity also disrupted polyamine 

metabolism, with marked reductions in putrescine, spermidine, and total free PAs, and a 

decline in cadaverine under higher stress, all of which indicate nitrogen metabolism 

imbalance and low adaptive capacity. Anatomical modifications, such as epidermal 

thickening and expanded parenchyma, indicate partial compensatory responses that may 

support limited homeostasis under moderate salinity conditions. 
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Importantly, this study provides the first evidence of salinity-induced alterations 

in polyamine metabolism and anatomical plasticity in D. riparius, an endemic medicinal 

species of the Brazilian semiarid region. Unlike widely studied model or crop species, D. 

riparius thrives under naturally fluctuating osmotic conditions, making it a valuable 

model for understanding how polyamine-mediated mechanisms contribute to stress 

tolerance in plants adapted to seasonally saline tropical ecosystems. By characterizing 

these responses, our findings broaden the physiological basis for exploring the ecological 

resilience and potential biotechnological uses of native tropical species under increasing 

salinity pressures. 

5. CONCLUSIONS 

Our findings demonstrated that Dizygostemon riparius, when cultivated in vitro, 

exhibits limited adaptive responses under increasing salinity. Salinity impaired shoot and 

root development, reduced biomass accumulation, and altered vascular structure. 

Physiological evaluations revealed decreased photosynthetic performance, pigment loss, 

and symptoms of hyperhydricity. Biochemically, the marked decline in endogenous 

polyamines, particularly putrescine, cadaverine, and spermidine, indicates disruption of 

polyamine metabolism. Although structural adjustments such as adaxial epidermal 

thickening and mesophyll expansion occurred, these changes were not sufficient to 

sustain functional balance under elevated salt concentrations. 

These findings enhance our understanding of salinity responses in a poorly 

studied medicinal tropical species, highlighting its potential use in in vitro screening, 

clonal propagation, and conservation under controlled conditions. Moreover, the 

generated data may guide future efforts to optimize cultivation protocols in saline-prone 

regions, such as the Tropics, and support the selection of tolerant genotypes for ex situ 

conservation and biotechnological applications. 

 

 

 

 

 

 

 



57 
 

 

REFERENCES 

1. Scatigna, A.V.; Brandão, C.M.; Dalla Colletta, G.; Teles, R.D.M.; Cavalcante, 

K.S.B.; Souza, V.C.; Simões, A.O. Dizygostemon riparius (Plantaginaceae, Gratioleae), 

a new species from Maranhão, northeastern Brazil. Willdenowia 2019, 49, 177–186. 

https://doi.org/10.3372/wi.49.49206. 

2. Brandão, C.M.; Cavalcante, K.S.B.; Teles, R.M.; Marques, G.E.C.; Monteiro, 

O.S.; Andrade, E.H.A.; Maia, J.G.S. Composition and larvicidal activity of the oil of 

Dizygostemon riparius (Plantaginaceae), a new aromatic species occurring in Maranhão, 

Brazil. Chem. Biodivers. 2020, 17, e2000462. https://doi.org/10.1002/cbdv.202000462. 

3. Martins, S.M.A.; Cavalcante, K.S.B.; Teles, R.M.; Brandão, C.M.; Godinho, A.S.; 

Silva, L.K.; Rocha, C.Q. Chemical profiling of Dizygostemon riparius (Plantaginaceae) 

plant extracts and its application against larvae of Aedes aegypti L. (Diptera: Culicidae). 

Acta Trop. 2023, 237, 106706. https://doi.org/10.1016/j.actatropica.2022.106706. 

4. Corrêa, L.A.D.; Rodrigues, A.A.C.; Dias, L.R.C.; Silva, E.K.C.E.; Monteiro, 

O.D.S.; Oliveira, L.D.J.M.G.D. Antifungal potential of essential oils from Pectis 

brevipedunculata and Dizygostemon riparius in anthracnose control in mango. Rev. Bras. 

Frutic. 2023, 45, e-889. https://doi.org/10.1590/0100-29452023889. 

5. Ferreira, M.C.; Nojosa, E.C.N.; Marques, I.S.; Brandão, C.M.; Santos, D.R.; 

Carvalho Marques, G.E.; Barbosa, D.R.E.S. Bioactivity of essential oils of Dizygostemon 

riparius (Plantaginaceae) on Tetranychus neocaledonicus (Acari: Tetranychidae). 

Phytoparasitica 2025, 53, 54. https://doi.org/10.1007/s12600-025-01275-6. 

6. Atta, K.; Mondal, S.; Gorai, S.; Singh, A.P.; Kumari, A.; Ghosh, T.; Jespersen, D. 

Impacts of salinity stress on crop plants: Im- proving salt tolerance through genetic and 

molecular dissection. Front. Plant Sci. 2023, 14, 1241736. 

https://doi.org/10.3389/fpls.2023.1241736. 

7. Reshi, Z.A.; Ahmad, W.; Lukatkin, A.S.; Javed, S.B. From nature to lab: A review 

of secondary metabolite biosynthetic pathways, environmental influences, and in vitro 

approaches. Metabolites 2023, 13, 895. https://doi.org/10.3390/metabo13080895. 

8. Tsai, Y.C.; Chen, K.C.; Cheng, T.S.; Lee, C.; Lin, S.H.; Tung, C.W. Chlorophyll 

fluorescence analysis in diverse rice varieties reveals the positive correlation between the 

seedlings salt tolerance and photosynthetic efficiency. BMC Plant Biol. 2019, 19, 403. 

https://doi.org/10.1186/s12870-019-1983-8. 

9. Sahu, M.; Maurya, S.; Jha, Z. In vitro selection for drought and salt stress tolerance 

in rice: An overview. Plant Physiol. Rep. 2023, 

28, 8–33. https://doi.org/10.1007/s40502-023-00713-z. 

10. Habibi, N.; Aryan, S.; Sediqui, N.; Terada, N.; Sanada, A.; Kamata, A.; Koshio, 

K. Enhancing salt tolerance in tomato plants through PEG6000 seed priming: Inducing 

antioxidant activity and mitigating oxidative stress. Plants 2025, 14, 1296. 

https://doi.org/10.3390/plants14091296. 

11. Pallavi, S.; Chauhan, S.; Karuna, I.S.; Malik, A. Polyamines and plant growth 

regulators: The dynamic duo alleviating salinity stress in plants. J. Integr. Biol. Sci. 2025, 

105, 1–11. 



58 
 

 

12. Blázquez, M.A. Polyamines: Their role in plant development and stress. Annu. 

Rev. Plant Biol. 2024, 75, 95–117. https://doi.org/10.1146/annurev-arplant-070623-

110056. 

13. Todorova, D.; Katerova, Z.; Sergiev, I.; Alexieva, V. Role of polyamines in 

alleviating salt stress. In Ecophysiology and Responses of Plants Under Salt Stress; 

Springer: New York, NY, USA, 2012; pp. 355–379. https://doi.org/10.1007/978-1-4614-

4747-4_13. 

14. Lechowska, K.; Wojtyla, Ł.; Quinet, M.; Kubala, S.; Lutts, S.; Garnczarska, M. 

Endogenous polyamines and ethylene biosynthesis in relation to germination of 

osmoprimed Brassica napus seeds under salt stress. Int. J. Mol. Sci. 2021, 23, 349. 

https://doi.org/10.3390/ijms23010349. 

15. Jiang, L.; Wu, D.; Li, W.; Liu, Y.; Li, E.; Li, X.; He, X. Variations in physiological 

and biochemical characteristics of Kalidium foliatum leaves and roots in two saline 

habitats in desert region. Forests 2024, 15, 148. https://doi.org/10.3390/f15010148. 

16. Waheed, A.; Zhuo, L.; Wang, M.; Hailiang, X.; Tong, Z.; Wang, C.; Aili, A. 

Integrative mechanisms of plant salt tolerance: Bio- logical pathways, phytohormonal 

regulation, and technological innovations. Plant Stress 2024, 14, 100652. 

https://doi.org/10.1016/j.stress.2024.100652. 

17. Molnar, S.; Clapa, D.; Hârța, M.; Andrecan, F.A.; Bunea, C.I. Investigation of 

salinity tolerance to different cultivars of highbush blueberry (Vaccinium corymbosum 

L.) grown in vitro. Not. Bot. Horti Agrobot. Cluj-Napoca 2024, 52, 13691. 

https://doi.org/10.15835/nbha52113691. 

18. Diallo, B.; Diatta, S.; Founoune-Mboup, H.; Fall, A.F.; Sane, D. In vitro morpho-

physiological characterization of cassava acces- sions according to salinity tolerance. 

Biotechnol. Agron. Soc. Environ. 2024, 28, 102–112. https://doi.org/10.25518/1780-

4507.20804. 

19. Shi, B.; Li, K.; Xu, R.; Zhang, F.; Yu, Z.; Ding, Z.; Tian, H. Methionine-mediated 

compensation between plant growth and salt tolerance. Plant Physiol. 2025, 197, kiaf074. 

https://doi.org/10.1093/plphys/kiaf074. 

20. Albuquerque, I.C.; Silva-Moraes, V.K.D.O.; Alves, G.L.; Pinheiro, J.F.; 

Henschel, J.M.; Lima, A.D.S.; Felipe, S.H.S. The role of salicylic acid in salinity stress 

mitigation in Dizygostemon riparius: A medicinal species native to South America. Plants 

2024, 13, 3111. https://doi.org/10.3390/plants13213111. 

21. Murashige, T.; Skoog, F. A revised medium for rapid growth and bio assays with 

tobacco tissue cultures. Physiol. Plant. 1962, 

15, 473–497. https://doi.org/10.1111/j.1399-3054.1962.tb08052.x. 

22. Saldanha, C.W.; Otoni, C.G.; de Azevedo, J.L.F.; Dias, L.L.C.; do Rêgo, M.M.; 

Otoni, W.C. A low-cost alternative membrane system that promotes growth in nodal 

cultures of Brazilian ginseng [Pfaffia glomerata (Spreng.) Pedersen]. Plant Cell Tissue 

Organ Cult. 2012, 110, 413–422. https://doi.org/10.1007/s11240-012-0162-5. 

23. Barrs, H.D.; Weatherley, P.E. A re-examination of the relative turgor technique 

for estimating water deficits in leaves. Aust. J. Biol. Sci. 1962, 15, 413–428. 

https://doi.org/10.1071/BI9620413. 



59 
 

 

24. Santos, R.P.; da Cruz, A.C.F.; Iarema, L.; Kuki, K.N.; Otoni, W.C. Protocolo para 

extração de pigmentos foliares em porta- enxertos de videira micropropagados. Rev. 

Ceres 2008, 55, 356–364. 

25. Wellburn, A.R. The spectral determination of chlorophylls a and b, as well as total 

carotenoids, using various solvents with spectrophotometers of different resolution. J. 

Plant Physiol. 1994, 144, 307–313. https://doi.org/10.1016/S0176-1617(11)81192-2. 

26. Johansen, D.A. Plant Microtechnique; McGraw-Hill Book Co.: New York, NY, 

USA, 1940; p. 194. 

27. O’Brien, T.P.; McCully, M.E. The Study of Plant Structure: Principles and 

Selected Methods; Termarcarphi Pty Ltd.: Melbourne, Australia, 1981. 

28. Ferreira,  D.F.  Sisvar:  Um  sistema  computacional  de  análise  estatística.  Cienc.  

Agrotec.  2011,  35,  1039–1042. https://doi.org/10.1590/S1413-70542011000600001. 

29. Munns, R.; Tester, M. Mechanisms of salinity tolerance. Annu. Rev. Plant Biol. 

2008, 59, 651–681. https://doi.org/10.1146/an- nurev.arplant.59.032607.092911. 

30. Fu, H.; Yang, Y. How plants tolerate salt stress. Curr. Issues Mol. Biol. 2023, 45, 

5914–5934. https://doi.org/10.3390/cimb45070374. 

31. Hassan, N.E. Salinity stress in plants: Growth, photosynthesis and adaptation 

review. GSC Adv. Res. Rev. 2024, 20, 231–243. 

https://doi.org/10.30574/gscarr.2024.20.2.0304. 

32. Rai, G.K.; Mishra, S.; Chouhan, R.; Mushtaq, M.; Chowdhary, A.A.; Rai, P.K.; 

Gandhi, S.G. Plant salinity stress, sensing, and its mitigation through WRKY. Front. Plant 

Sci. 2023, 14, 1238507. https://doi.org/10.3389/fpls.2023.1238507. 

33. Hostetler, A.N.; Morais de Sousa Tinoco, S.; Sparks, E.E. Root responses to 

abiotic stress: A comparative look at root system architecture in maize and sorghum. J. 

Exp. Bot. 2024, 75, 553–562. https://doi.org/10.1093/jxb/erad390. 

34. Shams, M.; Khadivi, A. Mechanisms of salinity tolerance and their possible 

application in the breeding of vegetables. BMC Plant Biol. 2023, 23, 139. 

https://doi.org/10.1186/s12870-023-04152-8. 

35. Li, S.; Lu, S.; Wang, J.; Chen, Z.; Zhang, Y.; Duan, J.; Guo, J. Responses of 

physiological, morphological and anatomical traits to abiotic stress in woody plants. 

Forests 2023, 14, 1784. https://doi.org/10.3390/f14091784. 

36. Tang, J.; Ji, X.; Li, A.; Zheng, X.; Zhang, Y.; Zhang, J. Effect of persistent salt 

stress on the physiology and anatomy of hybrid walnut (Juglans major × Juglans regia) 

seedlings. Plants 2024, 13, 1840. https://doi.org/10.3390/plants13131840. 

37. Keshavarzi, M.; Esna-Ashari, M. Anatomical changes in root and aerial organs of 

grapevine (Vitis vinifera Cv. Yaghooti) affected by salinity. Plant Prod. 2022, 45, 169–

180. https://doi.org/10.22055/ppd.2022.39886.2009. 

 38. Zhang, R.; Wang, Y.; Wang, X.; Jiao, S.; Lu, Y.; Du, Y.; Qin, S. Differential 

responses of microstructure, antioxidant defense, and plant hormone signaling regulation 

in potato (Solanum tuberosum L.) under drought, alkaline salt, and combined stresses. 

Sci. Hortic. 2025, 341, 114014. https://doi.org/10.1016/j.scienta.2025.114014. 



60 
 

 

39. Silva, E.N.D.; Silveira, J.A.G.; Rodrigues, C.R.F.; Lima, C.S.D.; Viégas, R.A. 

Contribution of organic and inorganic solutes to osmotic adjustment of physic nut under 

salinity. Pesqui. Agropecu. Bras. 2009, 44, 437–445. https://doi.org/10.1590/S0100- 

204X2009000500002. 

40. Turner, N.C. Turgor maintenance by osmotic adjustment: 40 years of progress. J. 

Exp. Bot. 2018, 69, 3223–3233. https://doi.org/10.1093/jxb/ery181. 

41. Singh, P.; Choudhary, K.K.; Chaudhary, N.; Gupta, S.; Sahu, M.; Tejaswini, B.; 

Sarkar, S. Salt stress resilience in plants mediated through osmolyte accumulation and its 

crosstalk mechanism with phytohormones. Front. Plant Sci. 2022, 13, 1006617. 

https://doi.org/10.3389/fpls.2022.1006617. 

42. Polivanova, O.B.; Bedarev, V.A. Hyperhydricity in plant tissue culture. Plants 

2022, 11, 3313. https://doi.org/10.3390/plants11233313. 

43. Bethge, H.; Mohammadi Nakhjiri, Z.; Rath, T.; Winkelmann, T. Towards 

automated detection of hyperhydricity in plant in vitro culture. Plant Cell Tissue Organ 

Cult. 2023, 154, 551–573. https://doi.org/10.1007/s11240-023-02528-0. 

44. Lu, W.; Wei, G.; Zhou, B.; Liu, J.; Zhang, S.; Guo, J. A comparative analysis of 

photosynthetic function and reactive oxygen species metabolism responses in two 

hibiscus cultivars under saline conditions. Plant Physiol. Biochem. 2022, 184, 87–97. 

https://doi.org/10.1016/j.plaphy.2022.05.023. 

45. Stefanov, M.A.; Rashkov, G.D.; Borisova, P.B.; Apostolova, E.L. Changes in 

photosystem II complex and physiological activities in pea and maize plants in response 

to salt stress. Plants 2024, 13, 1025. https://doi.org/10.3390/plants13071025. 

46. Wu, Y.; Jin, X.; Liao, W.; Hu, L.; Dawuda, M.M.; Zhao, X.; Yu, J. 5-

Aminolevulinic acid (ALA) alleviated salinity stress in cu- cumber seedlings by 

enhancing chlorophyll synthesis pathway. Front. Plant Sci. 2018, 9, 635. 

https://doi.org/10.3389/fpls.2018.00635. 

47. Surówka, E.; Latowski, D.; Dziurka, M.; Rys, M.; Maksymowicz, A.; Żur, I.; 

Miszalski, Z. ROS-scavengers, osmoprotectants and violaxanthin de-epoxidation in salt-

stressed Arabidopsis thaliana with different tocopherol composition. Int. J. Mol. Sci. 

2021, 22, 11370. https://doi.org/10.3390/ijms222111370. 

48. Homayouni, H.; Razi, H.; Izadi, M.; Alemzadeh, A.; Kazemeini, S.A.; Niazi, A.; 

Vicente, O. Temporal changes in biochemical responses to salt stress in three Salicornia 

species. Plants 2024, 13, 979. https://doi.org/10.3390/plants13070979. 

49. Makhtoum, S.; Sabouri, H.; Gholizadeh, A.; Ahangar, L.; Katouzi, M.; Mastinu, 

A. Genomics and physiology of chlorophyll fluorescence parameters in Hordeum vulgare 

L. under drought and salt stresses. Plants 2023, 12, 3515. 

https://doi.org/10.3390/plants12193515. 

50. Guidi, L.; Lo Piccolo, E.; Landi, M. Chlorophyll fluorescence, photoinhibition 

and abiotic stress: Does it make any difference the fact to be a C3 or C4 species? Front. 

Plant Sci. 2019, 10, 174. https://doi.org/10.3389/fpls.2019.00174. 

51. Yan, K.; Mei, H.; Dong, X.; Zhou, S.; Cui, J.; Sun, Y. Dissecting photosynthetic 

electron transport and photosystems performance in Jerusalem artichoke (Helianthus 



61 
 

 

tuberosus L.) under salt stress. Front. Plant Sci. 2022, 13, 905100. 

https://doi.org/10.3389/fpls.2022.905100. 

52. Lin, S.; Song, X.F.; Mao, H.T.; Li, S.Q.; Gan, J.Y.; Yuan, M.; Chen, Y.E. 

Exogenous melatonin improved photosynthetic efficiency of photosystem II by reversible 

phosphorylation of thylakoid proteins in wheat under osmotic stress. Front. Plant Sci. 

2022, 13, 966181. https://doi.org/10.3389/fpls.2022.966181. 

53. Hammami, Z.; Tounsi-Hammami, S.; Nhamo, N.; Rezgui, S.; Trifa, Y. The 

efficiency of chlorophyll fluorescence as a selection criterion for salinity and climate 

aridity tolerance in barley genotypes. Front. Plant Sci. 2024, 15, 1324388. 

https://doi.org/10.3389/fpls.2024.1324388. 

54. Kusano, T.; Berberich, T.; Tateda, C.; Takahashi, Y. Polyamines: Essential factors 

for growth and survival. Planta 2008, 228, 367– 

381. https://doi.org/10.1007/s00425-008-0772-7. 

55. Napieraj, N.; Reda, M.; Janicka, M. The role of NO in plant response to salt stress: 

Interactions with polyamines. Funct. Plant Biol. 2020, 47, 865–879. 

https://doi.org/10.1071/FP19047. 

56. González-Hernández, A.I.; Scalschi, L.; Vicedo, B.; Marcos-Barbero, E.L.; 

Morcuende, R.; Camañes, G. Putrescine: A key metab- olite involved in plant 

development, tolerance and resistance responses to stress. Int. J. Mol. Sci. 2022, 23, 2971. 

https://doi.org/10.3390/ijms23062971. 

57. Upadhyay, R.K.; Fatima, T.; Handa, A.K.; Mattoo, A.K. Differential association 

of free, conjugated, and bound forms of poly- amines and transcript abundance of their 

biosynthetic and catabolic genes during drought/salinity stress in tomato (Solanum 

lycopersicum L.) leaves. Front. Plant Sci. 2021, 12, 743568. 

https://doi.org/10.3389/fpls.2021.743568. 

58. Samanta, I.; Roy, P.C.; Das, E.; Mishra, S.; Chowdhary, G. Plant peroxisomal 

polyamine oxidase: A ubiquitous enzyme involved in abiotic stress tolerance. Plants 

2023, 12, 652. https://doi.org/10.3390/plants12030652. 

59. El-Beltagi, H.S.; El-Yazied, A.A.; El-Gawad, H.G.A.; Kandeel, M.; Shalaby, 

T.A.; Mansour, A.T.; Ibrahim, M.F. Synergistic impact of melatonin and putrescine 

interaction in mitigating salinity stress in snap bean seedlings: Reduction of oxidative 

damage and inhibition of polyamine catabolism. Horticulturae 2023, 9, 285. 

https://doi.org/10.3390/horticulturae9020285. 

60. Borromeo, I.; Domenici, F.; Del Gallo, M.; Forni, C. Role of polyamines in the 

response to salt stress of tomato. Plants 2023, 12, 1855. 

https://doi.org/10.3390/plants12091855. 

 

  



62 
 

 

 

 

 

 

 

 

 

 

 

 

 

CAPÍTULO III 

 

 

Exogenous biotin modulates non-stomatal photosynthetic limitation under salinity 

in in vitro–grown Dizygostemon riparius 

 
 

 

 

 

  



63 
 

 

Abstract 

This study investigates whether exogenous biotin (vitamin B7) mitigates salinity-induced 

physiological limitations in Dizygostemon riparius, a medicinal species endemic to 

Maranhão, Brazil, grown in vitro. Salinity (50 mM NaCl) significantly restricts shoot 

growth, reduces shoot dry mass, and decreases leaf number. Gas exchange analyses 

demonstrate that the salinity-induced decline in photosynthesis is driven predominantly 

by non-stomatal limitations, as evidenced by reduced carboxylation efficiency and 

intrinsic water use efficiency, indicating biochemical constraints on carbon fixation. 

Biotin supplementation (16 mg L⁻¹) partially alleviates these effects, restoring 

photosynthetic performance and attenuating growth reductions under salinity. In contrast, 

photosynthetic pigment composition, maximum quantum efficiency of photosystem II 

(Fv/Fm), and leaf micromorphology remain stable across treatments, indicating that 

salinity does not induce photochemical impairment or structural damage. These findings 

demonstrate that biotin modulates salinity responses primarily at the metabolic level, 

sustaining carbon assimilation and water use efficiency without anatomical or 

photochemical adjustment. The results highlight the sensitivity of D. riparius to salinity 

and identify biotin as a potential metabolic regulator of photosynthetic resilience in vitro. 

 

Keywords: Salinity stress; exogenous biotin; non-stomatal limitation; carbon 

assimilation; in vitro culture. 
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1. INTRODUCTION 

Soil salinity is one of the most restrictive abiotic stresses to plant productivity 

and species conservation in tropical regions, a condition that has been intensified by 

climate change and inadequate irrigation practices (Naorem et al., 2023; Sanga et al., 

2024; Rahim et al., 2025). Salinity imposes a biphasic challenge to plants, initially 

through an osmotic component that reduces the water potential of the growth medium and 

limits water uptake, followed by an ionic toxicity phase resulting from excessive 

accumulation of Na⁺ and Cl⁻ ions in plant tissues (Khalid et al., 2023; Albaladejo-Marico 

et al., 2025; Singh et al., 2025). These processes promote nutritional imbalances and 

stimulate the generation of reactive oxygen species (ROS), which may lead to oxidative 

damage to cellular membranes, photosynthetic pigments, and the integrity of the 

photosynthetic apparatus (Zhang et al., 2024; Roosta et al., 2025). 

Within this context, photosynthesis is among the physiological processes most 

sensitive to salinity (Kumari et al., 2025). Reductions in net carbon assimilation may arise 

from both diffusive limitations associated with stomatal closure and non-stomatal 

limitations related to biochemical constraints within the chloroplast stroma (Du et al., 

2025; Pena et al., 2025). Recent evidence indicates that ionic toxicity can impair the 

activity of key enzymes, such as ribulose-1,5-bisphosphate carboxylase/oxygenase 

(RuBisCO), and compromise the regeneration of the CO₂ acceptor ribulose-1,5-

bisphosphate (RuBP) due to reduced availability of ATP and NADPH (Rajkhowa et al., 

2022; Lobo et al., 2024; Gietler et al., 2025). Importantly, such functional photosynthetic 

limitations may occur before detectable changes in photochemical efficiency or leaf 

anatomy, particularly under moderate stress conditions. Given the complexity of these 

responses, in vitro culture has become a strategic experimental tool, as it allows controlled 

and reproducible investigation of salinity effects on plant physiological, anatomical, and 

biochemical processes at cellular and tissue levels (Ortega-Ante et al., 2025). 

Approaches aimed at alleviating salinity effects have increasingly considered the 

role of B-complex vitamins, with particular emphasis on biotin (vitamin B7) (Salifu et 

al., 2025). Biotin plays a fundamental role in carboxylation reactions and in the 

metabolism of fatty acids, amino acids, and carbohydrates, and is indirectly associated 

with cellular membrane integrity and energy metabolism regulation (Velazquez-Arellano 

et al., 2020; Wal et al., 2023; Vo et al., 2025). Recent evidence suggests that biotin may 

contribute to metabolic stability, photosynthetic performance, and plant growth under 

adverse conditions (Fan et al., 2024). However, the functional nature of biotin-mediated 



65 
 

 

functional responses under salinity stress, particularly with respect to photosynthetic 

limitations, remains insufficiently understood, especially in controlled in vitro systems. 

Experimental evidence supporting this conceptual framework has been provided 

in Arabidopsis thaliana under carbonate stress. Wang et al. (2020) demonstrated that 

alkaline stress alters endogenous biotin metabolism and induces the expression of BIO2, 

a gene encoding biotin synthase, and that enhanced biotin availability, either through 

exogenous supply or genetic overexpression, improves plant performance under stress 

conditions. Importantly, these effects were primarily associated with metabolic 

regulation, redox balance, and stress tolerance, rather than with constitutive structural 

alterations, reinforcing the view that stress exposure may induce functional B vitamin 

deficiencies, in which modest disruptions in vitamin-derived cofactors constrain 

metabolic fluxes without necessarily causing overt structural or biochemical damage 

(Hanson et al., 2016). 

Within this physiological framework, Dizygostemon riparius (Plantaginaceae), 

a medicinal species endemic to the state of Maranhão, Brazil, represents a suitable non-

model system for evaluating biotin-mediated responses under salinity. The species 

exhibits recognized bioactive potential associated with the production of essential oils 

and compounds of pharmacological and biotechnological interest (Scatigna et al., 2019; 

Brandão et al., 2025) and has attracted scientific attention due to its larvicidal, antifungal, 

insecticidal, and acaricidal activities (Brandão et al., 2020; Martins et al., 2023; Corrêa et 

al., 2023; Ferreira et al., 2025). Although recent studies have addressed 

morphophysiological and biochemical responses of D. riparius to salinity (Albuquerque 

et al., 2024; Pinheiro et al., 2025), its responses to vitamin-mediated modulation under 

saline conditions remain largely unexplored, particularly in vitro. 

Based on these gaps, this study tested the hypothesis that exogenous biotin 

modulates salinity-induced morphophysiological responses in Dizygostemon riparius 

grown in vitro. Specifically, we evaluated whether exogenous biotin supply attenuates 

non-stomatal photosynthetic limitations and partially sustains plant growth under NaCl 

stress, without necessarily inducing detectable changes in leaf anatomy or photosystem 

II efficiency. To address this question, growth parameters were integrated with gas 

exchange measurements, chlorophyll fluorescence, pigment composition, and anatomical 

analyses in vitro-grown plants. 
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2. MATERIALS AND METHODS 

2.1 Cultivation and experimental design 

The Dizygostemon riparius plants used in this experiment originated from the 

plant bank maintained at the Tissue Culture Laboratory of the State University of 

Maranhão (LCT/UEMA), MA, Brazil (2°34′00″ S, 44°12′00″ W). This bank is 

maintained in vitro under a photomixotrophic system in 350 mL transparent glass vials, 

each containing 60 mL of Murashige and Skoog (MS) medium with vitamins (Murashige 

and Skoog, 1962) (PhytoTechnology®, Lenexa, KS, USA), supplemented with 30 g L⁻¹ 

sucrose (w/v; Dinâmica® Química Contemporânea Ltda, São Paulo, SP, Brazil) and 

solidified with 5.5 g L⁻¹ agar (Êxodo Científica®, São Paulo, SP, Brazil). Cultures were 

maintained at 25 ± 2 °C under an irradiance of 85 μmol m⁻² s⁻¹ provided by six white 

LED tubular lamps (T8, 9 W; Avant, São Paulo, SP, Brazil), with a 16 h photoperiod. 

Single-node stem explants, approximately 1.5–2.0 cm long, were excised from bank 

plants and inoculated into 350 mL glass flasks containing 60 mL of MS medium 

(Murashige and Skoog, 1962) (PhytoTechnology®, Lenexa, KS, USA) under the same 

environmental conditions described above. 

The experiment consisted of four treatments: 0 mM (control), 16 mg L⁻¹ biotin, 

50 mM NaCl, and 16 mg L⁻¹ biotin + 50 mM NaCl. Flasks were sealed with 

polypropylene caps containing two 10 mm holes covered with microporous tape 

membranes, following the methodology described by Saldanha et al. (2012). After 

inoculation, flasks were maintained for 45 days in a growth room under an irradiance of 

85 μmol m⁻² s⁻¹, a 16 h photoperiod, and a temperature of 25 ± 2 °C. 

The experimental design was completely randomized, with four treatments and 

ten replicates per treatment. The flask was considered the experimental unit, containing 

five explants. 

2.2 Growth Parameters 

After 45 days of in vitro cultivation, shoot length (cm), stem diameter (mm), and 

the length of the longest root (cm) were measured. Subsequently, leaves, stems, and roots 

were separated, collected, and placed into pre-labeled paper bags for drying. Plant organs 

were oven-dried (SolidSteel®, Piracicaba, SP, Brazil) at 45 °C until constant weight, and 

dry mass was determined for leaves (g), stems (g), and roots (g). 

2.3 Chlorophyll a fluorescence and Leaf Gas Exchange 

Chlorophyll a fluorescence measurements were performed on the third pair of 

fully expanded leaves, counted from the apex toward the base of the stem, at 45 days of 



67 
 

 

in vitro cultivation. A non-modulated chlorophyll fluorimeter (Pocket PEA; Plant 

Efficiency Analyser, Hansatech®, England) was used. Prior to measurements, leaves 

were dark-adapted for 30 min using leaf clips to ensure that reaction centers were fully 

open and heat dissipation was minimized. The following parameters were evaluated: 

initial fluorescence (F₀), maximum fluorescence (Fm), variable fluorescence (Fv), 

maximum quantum yield of photosystem II (Fv/Fm), energy absorbed per active reaction 

center (RC/ABS), variable fluorescence relative to initial fluorescence (Fv/F₀), and 

performance index (PI). 

Gas exchange analyses were performed using an open gas exchange system (LI-

6400XT; LI-COR, Lincoln, NE, USA). Net CO₂ assimilation (A), stomatal conductance 

to water vapor (gs), transpiration rate (E), internal CO₂ concentration (Ci), the 

intercellular-to-ambient CO₂ concentration ratio (Ci/Ca), carboxylation efficiency (A/Ci), 

and intrinsic water use efficiency (A/gs) were measured between 06:30 and 08:00 h (local 

time), under an external CO₂ concentration of 400 μmol mol⁻¹ air and a mean air 

temperature of 32 °C. To optimize stomatal opening, all measurements were conducted 

under artificial saturating light of 1200 μmol m⁻² s⁻¹ provided by a light-emitting diode 

with 10% blue light. 

2.4 Extraction and determination of photosynthetic pigment concentrations 

After 45 days of in vitro cultivation, pigments were extracted from three leaf 

discs (3 mm diameter each) collected from the third fully expanded leaf pair counted from 

the apex toward the base of the stem. Discs were placed in test tubes containing 3 mL of 

dimethyl sulfoxide (DMSO) and kept in the dark for 48 h, following the method described 

by Santos et al. (2008). 

Absorbance readings were performed using a UV/Vis spectrophotometer (model 

UV-M51; BEL Engineering, Monza, Italy) at wavelengths of 480, 645, and 665 nm using 

10 mm cuvettes. Chlorophyll a, chlorophyll b, total chlorophyll, and carotenoid 

concentrations were calculated using the equations proposed by Wellburn (1994). The 

chlorophyll a/b ratio and the total chlorophyll-to-carotenoid ratio were also calculated. 

 

2.5 Anatomy and Micromorphometry of Leaf 

For anatomical characterization, leaf tissue samples were fixed in 50% FAA 

solution (formaldehyde, acetic acid, and ethyl alcohol) following the protocol described 

by Johansen (1940) for 48 h. Samples were dehydrated through a graded ethanol series 

(30%, 40%, 50%, 60%, and 70% for 1 h each), followed by dehydration in 80%, 90%, 
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95%, and 100% ethanol for 2 h each at 4 °C. Subsequently, samples were embedded in 

Historesin® (Leica Instruments, Heidelberg, Germany) according to the manufacturer’s 

recommendations. 

Cross sections (6 μm thick) were obtained using a rotary microtome (Lupetec® 

model MRP2015, São Carlos, Brazil), mounted on glass slides, and stained with 0.05% 

toluidine blue solution at pH 4.0 for 8 min, following O’Brien and McCully (1981). 

Micromorphometric analyses were performed on cross sections of the leaf midrib. From 

each slide, five anatomical sections were photographed using an optical microscope 

(model B20T; Bioptika, Colombo, PR, Brazil) equipped with a U-photo system and a 

digital camera (CMOS-5.0; Bioptika, Colombo, PR, Brazil), connected to a computer 

running Capture V2.1 software. Images were captured at 4× magnification and analyzed 

using ImageJ® software, with measurements expressed in millimeters. Parameters 

measured included the thickness of the adaxial and abaxial epidermis, palisade 

parenchyma, spongy parenchyma, and the diameter of transverse and longitudinal 

vascular bundles. 

2.6 Statistical analysis 

All variables were subjected to analysis of variance (ANOVA), and when 

significant effects were detected, means were compared using the Scott–Knott test at a 

5% probability level (p ≤ 0.05). Statistical analyses were performed using the Sisvar 

software (Ferreira, 2011). 

 

3. RESULTS 

3.1 Biotin-mediated modulation of morphological responses of Dizygostemon 

riparius to salinity under in vitro conditions 

Salinity induced marked morphological changes in Dizygostemon riparius 

grown in vitro after 45 days of cultivation (Fig. 1). NaCl exposure significantly reduced 

shoot length by 46% at 50 mM compared with the control, whereas the combined 

treatment (B7 + NaCl) resulted in a numerically lower reduction (44%), indicating partial 

attenuation of salinity effects (Fig. 2A). Root length, stem diameter, and root dry mass 

did not differ significantly among treatments (Figs. 2B, 2C, and 2E). 
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Shoot dry mass decreased by approximately 42% under salinity, however, plants 

grown under the combined B7 + NaCl treatment exhibited values statistically like the 

control, indicating partial recovery of aboveground biomass (Fig. 2D). The number of 

leaves was reduced by 27% under NaCl stress, while the presence of biotin reduced this 

decrease to 19%, suggesting that exogenous biotin modulated the severity of salinity-

induced morphological effects rather than fully reversing them (Fig. 2F). 

 

Figure. 1 Morphological response of Dizygostemon riparius to concentrations of NaCl (0 and 50 mM), 

biotin (16 mg L-1), and the combination of both B7 (16 mg L-1) + NaCl (50 mM) after 45 days of in vitro 

culture. Scale bar = 2 cm 
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 Figure. 2 Parameters related to the growth of Dizygostemon riparius at 45 days of in vitro culture under 

concentrations of NaCl (0 and 50 mM), biotin (16 mg L⁻¹), and the combination of both B7 (16 mg L-1) + 

NaCl (50 mM). (A) Shoot length (cm); (B) Root length (cm); (C) Stem diameter (mm); (D) Shoot dry mass 

(g); (E) Root dry mass (g); (F) Number of leaves. Different letters above the bars indicate significant 

differences (P < 0.05) according to Skoot-Knot test. Values are means ± standard error (n = 5). 

 

3.2 Biotin effects on chlorophyll fluorescence and photosynthetic pigments of 

Dizygostemon riparius under salinity in vitro 

The maximum quantum efficiency of photosystem II (Fv/Fm) remained within 

a narrow and physiologically optimal range across all treatments, indicating the absence 

of photoinhibitory stress (Fig. 3A). Although plants exposed to NaCl, with or without 

biotin supplementation, exhibited slightly higher Fv/Fm values compared with the 

control, these differences were small in magnitude and reflect the overall stability of PSII 

photochemistry under the experimental conditions. No significant differences were 

observed among treatments for the performance index (PI), total chlorophyll content, 

carotenoid concentration, or the total chlorophyll-to-carotenoid ratio (Figs. 3B–E). 

These results indicate that neither salinity nor exogenous biotin induced 

detectable changes in the photochemical efficiency of PSII or in pigment composition, 
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supporting the interpretation that biotin-mediated responses under salinity occurred 

independently of alterations in photosynthetic pigments or photochemical processes. 

 

Figure. 3 Chlorophyll a fluorescence parameters and Photosynthetic pigments of Dizygostemon riparius at 

45 days of in vitro culture under concentrations of NaCl. (0 and 50 mM), biotin (16 mg L⁻¹), and the 

combination of both B7 (16 mg L-1) + NaCl (50 mM). (A) Maximum quantum yield of photosystem II 

(Fᵥ/Fₘ); (B) Performance index (PI); (C) Total chlorophyll (µg cm⁻²); (D) Carotenoids (µg cm⁻²); (E) Total 

chlorophyll to carotenoid ratio Different letters above the bars indicate significant differences (P < 0.05) 

according to Skoot-Knot test. Values are means ± standard error (n = 5). 

 

3.3 Effects of exogenous biotin on gas exchange of Dizygostemon riparius under 

salinity in vitro 

Salinity significantly altered gas exchange parameters in Dizygostemon riparius 

grown in vitro (Fig. 4). Net photosynthetic CO₂ assimilation (A) decreased by 

approximately 57% under 50 mM NaCl compared with the control, indicating a strong 

functional limitation of carbon assimilation under saline conditions (Fig. 4A). In contrast, 

plants grown under the combined B7 + NaCl treatment exhibited A values statistically 

like the control, indicating a substantial recovery of photosynthetic performance. 

Stomatal conductance (gs) did not differ significantly among treatments (Fig. 

4B), indicating that reductions in A under salinity were not primarily driven by stomatal 

limitation. Consistently, internal CO₂ concentration (Ci) increased by approximately 3% 

in response to biotin application and by 5% under NaCl stress (Fig. 4C), suggesting 
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reduced biochemical capacity for CO₂ fixation. A similar pattern was observed for the 

Ci/Ca ratio (Fig. 4E), further supporting the predominance of non-stomatal limitations to 

photosynthesis. 

Transpiration rate (E) increased under both biotin and NaCl treatments (Fig. 4D), 

reflecting altered gas exchange dynamics under stress and supplementation conditions. In 

contrast, the instantaneous carboxylation efficiency (A/Ci) declined sharply under salinity 

(59% reduction) but was fully restored in the presence of biotin (Fig. 4F). Likewise, 

intrinsic water use efficiency (A/gs) was severely reduced under NaCl stress (82% 

reduction), whereas biotin supplementation under salinity restored A/gs to control levels 

(Fig. 4G). 

Figure. 4 Gas exchange parameters of Dizygostemon riparius at 45 days of in vitro culture under 

concentrations of NaCl (0 and 50 mM), biotin (16 mg L⁻¹), and the combination of both B7 (16 mg L-1) + 

NaCl (50 mM). (A) Net CO₂ assimilation rate (A); (B) Stomatal conductance (gs); (C) Intercellular CO₂ 

concentration (Ci); (D) Transpiration rate (E); (E) Ci/Ca ratio; (F) Carboxylation efficiency (A/Ci); and (G) 

Intrinsic water-use efficiency (A/gs). Different letters above the bars indicate significant differences 

(P < 0.05) according to Skoot-Knot test. Values are means ± standard error (n = 3). 
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3.4 Leaf micromorphology of Dizygostemon riparius under salinity and 

exogenous biotin in vitro 

Leaf anatomical analyses revealed a high degree of structural stability in 

Dizygostemon riparius across all treatments (Fig. 5). No significant differences were 

detected in the thickness of the adaxial and abaxial epidermis, palisade parenchyma, 

spongy parenchyma, or in the dimensions of transverse and longitudinal vascular bundles 

among control plants and those subjected to biotin supplementation, salinity, or their 

combination (Figs. 5C–H). 

Consistently, qualitative observations of leaf midrib and blade cross sections 

showed preserved tissue organization, with no evidence of anatomical disruption or 

structural rearrangement under salinity or biotin treatments (Figs. 5A and 5B). These 

results indicate that neither salinity nor exogenous biotin induced detectable changes in 

leaf micromorphology under experimental conditions, supporting the interpretation that 

biotin-mediated responses to salinity occurred independently of anatomical adjustments. 
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Fig. 5 Micromorphometric parameters of Dizygostemon riparius at 45 days of in vitro culture under 

concentrations of NaCl (0 and 50 mM), biotin (16 mg L⁻¹), and the combination of both B7 (16 mg L-1) + 

NaCl (50 mM). (A) Transverse sections of the leaf midrib; (B) Transverse sections of the leaf blade; (C) 

Adaxial epidermis thickness (mm); (D) Abaxial epidermis thickness (mm); (E) Palisade parenchyma 

thickness (mm); (F) Spongy parenchyma thickness (mm); (G) Transverse vascular bundle thickness (mm); 

and (H) Longitudinal vascular bundle thickness (mm). Different letters above the bars indicate significant 

differences (P < 0.05) according to Skoot-Knot test. Values are means ± standard error (n = 5). Ep = 

epidermis, Ad = adaxial epidermis, Ab = abaxial epidermis, Vb = vascular bundle, Pp = palisade 

parenchyma, Sp = spongy parenchyma, Gp = ground parenchyma, Tr = trichome. Scale bar = 100 µm 
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4. DISCUSSION 

Salinity imposed a clear functional constraint on the growth of Dizygostemon 

riparius under in vitro conditions, as reflected by the pronounced reduction in shoot 

length and aboveground biomass. Such inhibition is consistent with the osmotic and ionic 

components of salt stress, in which excess Na⁺ and Cl⁻ disrupt cellular water relations, 

nutrient balance, and cell expansion, thereby constraining growth processes (Kaur et al., 

2024; Pandit et al., 2024; Dias et al., 2025; Xu et al., 2025). The preferential sensitivity 

of aerial tissues indicates that salinity primarily affected carbon-dependent growth rather 

than inducing generalized growth impairment. 

In contrast, root length and root dry mass remained unchanged across treatments, 

suggesting a conservative allocation strategy that preserves root structural integrity and 

function under saline conditions (Tsogtsaikhan et al., 2025; Vasconcelos et al., 2025). 

Maintenance of the root system under stress is particularly relevant given its role in water 

uptake and ion exclusion or compartmentalization, often occurring at the expense of shoot 

growth (Yetgin, 2024; Gao et al., 2025). This divergence between shoot and root 

responses supports the view that salinity constrained growth primarily through limitations 

in assimilating availability rather than through structural damage. 

Photosynthetic pigment composition remained stable under salinity, with no 

detectable changes in chlorophylls or carotenoids. This stability indicates that the applied 

stress did not induce severe photo-oxidative damage or pigment degradation and that 

photoprotective capacity was sufficient to preserve thylakoid integrity (Naqi et al., 2025; 

Abdi et al., 2025; Khan et al., 2025). The absence of carotenoid accumulation further 

suggests that non-enzymatic photoprotection was not markedly upregulated, consistent 

with moderate stress intensity (Dash et al., 2025; Lee et al., 2025). 

Consistently, the maximum quantum efficiency of photosystem II (Fᵥ/Fₘ) 

remained within a narrow optimal range across treatments, with only minor increases 

under salinity and biotin supplementation. This response reflects stable PSII 

photochemistry rather than enhanced photosynthetic capacity and confirms that salinity-

induced limitations occurred downstream of photochemical energy conversion (Ahmed 

et al., 2024; Rudikovskii et al., 2025; Wang et al., 2025). 

Gas exchange analyses clearly indicate that salinity-induced reductions in net 

CO₂ assimilation were not driven by stomatal limitation. Despite the strong decline in 

photosynthetic rate, stomatal conductance and transpiration remained unchanged or 

increased, while internal CO₂ concentration and Ci/Ca ratio rose. Together with the 
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marked decrease in instantaneous carboxylation efficiency (A/Ci), these patterns 

demonstrate a predominance of non-stomatal, biochemical limitations to photosynthesis 

under NaCl stress (Amaral et al., 2024; Qiao et al., 2025). Such limitations are consistent 

with impaired RuBisCO activity and reduced RuBP regeneration due to constraints on 

ATP and NADPH supply (Chen et al., 2025; Yang et al., 2025), explaining the 

concomitant reduction in shoot biomass. 

Exogenous biotin supplementation under salinity effectively restored net 

photosynthetic assimilation, carboxylation efficiency, and intrinsic water use efficiency, 

without altering stomatal conductance, pigment composition, or PSII photochemistry. 

This response indicates that biotin acted at the biochemical level, modulating metabolic 

capacity rather than diffusive or photochemical processes (Dias et al., 2025; Kunz et al., 

2024). Given its role as a cofactor in carboxylation reactions and lipid metabolism, biotin 

supply likely compensated for stress-induced limitations in vitamin-dependent enzymatic 

fluxes within the Calvin cycle (Liu et al., 2022). 

Importantly, these functional recoveries occurred in the absence of anatomical 

plasticity. Leaf micromorphological traits remained unchanged across treatments, 

indicating that salinity-induced photosynthetic constraints preceded any requirement for 

structural adjustment and that biotin-mediated modulation operated independently of 

anatomical remodeling (Pinheiro et al., 2025). 

Collectively, these findings demonstrate that salinity imposed a predominantly 

non-stomatal limitation on photosynthesis in Dizygostemon riparius, characterized by 

reduced biochemical capacity for carbon fixation without photochemical or anatomical 

disruption. Exogenous biotin effectively modulated these functional constraints, restoring 

carbon assimilation and water use efficiency under salinity. This response pattern aligns 

with the concept that stress exposure may induce functional B vitamin deficiencies, in 

which modest disruptions in vitamin-derived cofactors constrain metabolic fluxes without 

causing overt structural damage (Hanson et al., 2016). 
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5. CONCLUSION 

This study demonstrates that salinity constrains photosynthesis in Dizygostemon 

riparius primarily through non-stomatal, biochemical limitations, occurring in the 

absence of detectable changes in photochemistry or leaf anatomy. Exogenous biotin 

restores carbon assimilation and water use efficiency under salinity without affecting 

stomatal conductance, pigment composition, or structural traits. These findings establish 

biotin as a metabolic regulator of photosynthetic resilience under salinity and support the 

concept that stress induces functional B vitamin limitations that restrict metabolic fluxes 

rather than structural integrity. 
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CONSIDERAÇÕES FINAIS 

Os resultados desta tese demonstram que D. riparius apresenta sensibilidade ao 

estresse salino, evidenciada principalmente pela redução do crescimento da parte aérea e 

por limitações fisiológicas associadas à assimilação de carbono. As análises indicaram 

que essas restrições ocorreram predominantemente em nível bioquímico, caracterizando 

limitações não estomáticas à fotossíntese, sem comprometimento significativo da 

fotoquímica do fotossistema II ou da estrutura anatômica foliar, o que sugere que os 

efeitos do estresse se manifestam inicialmente em nível funcional. 

No que diz respeito à homeostase de poliaminas, observou-se uma capacidade 

limitada de ajuste metabólico frente à salinidade, indicando que, embora essas moléculas 

desempenhem papel relevante na estabilidade celular e na resposta ao estresse oxidativo, 

sua regulação não foi suficiente para mitigar os efeitos deletérios do NaCl. Por outro lado, 

a aplicação exógena de biotina promoveu mitigação parcial dos efeitos do estresse, 

restaurando a assimilação fotossintética, a eficiência de carboxilação e o uso da água, sem 

alterações nos parâmetros estomáticos, pigmentares ou anatômicos, evidenciando sua 

atuação predominante em nível metabólico. 

De forma integrada, os achados reforçam que a salinidade impõe limitações 

iniciais ao metabolismo fotossintético em D. riparius, e que a modulação bioquímica, 

especialmente via biotina exógena, representa uma estratégia promissora de mitigação. 

Além disso, o cultivo in vitro mostrou-se uma ferramenta eficaz para a investigação 

desses mecanismos, contribuindo para o avanço do conhecimento sobre a ecofisiologia 

de uma espécie endêmica ainda pouco explorada, fornecendo subsídios para estratégias 

de conservação, domesticação e uso sustentável. Adicionalmente, abre perspectivas para 

futuras pesquisas voltadas à integração de abordagens metabolômicas, moleculares e 

biotecnológicas, com vistas ao aprofundamento dos mecanismos de tolerância ao estresse 

salino e à aplicação de compostos moduladores, como a biotina, em espécies de interesse 

agronômico e farmacológico. 

 


