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RESUMO

Esta presente dissertacdo retne dois artigos cientificos, traduzidos para a lingua
inglesa, que discorrem sobre o potencial fitorremediador de Talinum paniculatum na
presenca dos metais pesados cadmio (Cd), chumbo (Pb), manganés (Mn) e ferro (Fe).
O objetivo do primeiro artigo é avaliar as respostas bioquimicas e ecofisiolégicas
dessa espécie quando exposta a altos niveis dos metais pesados supracitados. O
segundo artigo tem como intuito estudar e avaliar as caracteristicas fisiologicas e o
potencial fitorremediador de Talinum paniculatum, quando exposta especificamente
aos metais pesados chumbo (Pb) e Manganés (Mn). Os resultados obtidos giram em
torno do potencial positivo de Talinum paniculatum para despoluir areas degradadas,
umavez que a biomassa ganha permite a sobrevivéncia da planta, mas novos estudos

devem ser realizados para confirmar a sua tolerancia ao excesso de metais pesados.

Palavras-chave: Metais pesados; Trocas gasosas; Peroxidacdo lipidica; Enzimas
antioxidantes; Massa seca; Estresse oxidativo; Crescimento;

Fitorremediacéo; Sistema antioxidante; Talinacea.



ABSTRACT

This present dissertation gather two scientific articles, translated into English, to
discuss the phytoremediation potential of Talinum paniculatum for excess of lead (Pb),
iron (Fe), cadmium (Cd) and manganese (Mn). The goal of the first study is to evaluate
the biochemical and ecophysiological responses of Talinum paniculatum grown under
the excess of heavy metals mentioned above. The second study aims to evaluate the
physiological characteristics and the potential remediation of Talinum paniculatum
cuttings subjected to excess lead (Pb) and manganese (Mn). The results obtained
suggest that the potential for the depollution of degraded areas, since the biomass gain
allowed the plants to survive. However, further studies need to be conducted to confirm
their tolerance to excess metals and under other growing conditions.

Keywords: Heavy metals; Gas Exchange; Lipid peroxidation; Antioxidant enzymes; Dry
matter; Oxidative stress; Growth; Phytoremediation; Antioxidant system;

Gas exchange; Talinacea.
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1 INTRODUCAO

O Aumento das atividades poluidoras no campo e nas cidades, decorrentes de
atividades agricolas e industriais, contribuem para a emissdo e o0 descarte de
poluentes contendo metais pesados no meio ambiente. A incorporacao destes metais
na biosfera permite a sua difusdo na cadeia alimentar, causando sérios danos ao meio
ambiente e a saude humana (AGUIAR et al., 2012; WILSON et al., 2008).

Substancias minerais e alguns elementos metalicos (macro e micronutrientes),
guando absorvidos pelas plantas nas concentracdes corretas, atuam no metabolismo
vegetal e estdo envolvidos no seu crescimento e desenvolvimento. No entanto,
elementos metélicos como chumbo (Pb), cadmio (Cd), Manganés (Mn), Ferro (Fe),
dentre outros, quando absorvidos pelas plantas, podem causar alteracfes no
metabolismo vegetal. (VASCONCELLOS; PAGLIUSO; SOTOMAIOR, 2012).

O processo de fitorremediacéo consiste na extracao, retencéo ou absorgéo de
metais pesados, utilizando plantas “in situ”, sem alterar as propriedades do solo e a
atividade microbiana (RAJKUMAR et al., 2009; VAMERALI; BANDIERA; MOSCA,
2010). As plantas utilizadas no processo de remediacdo apresentam estruturas
fisiologicas favoraveis a acumulacdo de metais pelas raizes, tecidos e membranas,
além da translocacéo para diferentes partes da planta, permitindo a acumulagéo ou a
incorporacdo de metais em folhas, flores, sementes e frutos (TAVARES; OLIVEIRA,;
SALGADO, 2013).

Nesse sentido, tém-se as plantas acumuladora e hiperacumuladoras, as quais
absorvem elevadas concentracées dos metais, retirando-os do ambiente sem afetar
completamente o metabolismo vegetal. Plantas acumuladoras produzem maior
biomassa, porém acumlam menos metal, ao contrario de plantas hiperacumuladoras,
suas caracteristicas sao alta taxa de acumulagdo do metal e crescimento, menor
biomassa, destacando-se também a tolerancia ao metal (WATANABE, 1997). Estas
plantas podem ser cultivadas em ambientes contendo concentracées severas de
metais pesados, uma vez que realizam fitoextracdo ou rizofiltracdo (ANDRADE et al.,
2009). Apods a extracdo dos metais do ambiente, as plantas podem receber destinos
mais corretos, sendo descartadas ou eliminadas, visando a redugéo da concentragédo
de poluentes no ambiente (CUNNINGHAM; BERTI; HUANG, 1995).
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A espécie Talinum paniculatum (Jacq.) Gaertn., possui caracteristicas
desejaveis para plantas acumuladoras tais como ciclo de vida curto, rapido
crescimento e acumulo de biomassa (SOUZA et al.,, 2018). Quanto aos metais
pesados, plantulas de T. paniculatum mostraram bons resultados para absorcéo e
acumulo de Pb. Por outro lado, em plantas de T. triangulare, uma espécie
filogeneticamente proxima de T. paniculatum, verificou-se o potencial fitorremediador
para elementos-traco como o Pb, Cd, cobre (Cu) e niquel (Ni) (KUMAR; PRASAD,
2015).

Dessa maneira, devido as caracteristicas favoraveis de T. paniculatum para
utilizacdo como fitorremediadora, surge o interesse de conhecer o potencial
fitorremediador de plantas dessa espécie, que pode ser cultivada em diferentes
ambientes. Assim, o0 objetivo desta pesquisa seré avaliar o potencial fitorremediador
de plantas de T. paniculatum em ambientes com elevadas concentra¢cdes de Pb, Cd,
Mn e Fe.

1.1 OBJETIVOS

1.1.1 Objetivo geral

Avaliar o potencial fitorremediador de plantas de T. paniculatum na agua e no

solo com elevadas concentracdes de Pb, Cd, Mn e Fe.

1.1.2 Objetivos especificos

a) avaliar o processo de fitoextracdo com excesso de metais no solo;

b) avaliar o processo de rizofiltracdo com estacas de T. paniculatum ao excesso

de metais em solucéo hidroponica;

c) avaliar os parametros biométricos de T. paniculatum sob diferentes

concentracdes de Pb, Cd, Mn e Fe;

d) avaliar parametros ecofisioldgicos, bioquimicos associados a resposta de T.

paniculatum ao excesso de metais.
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2 DESENVOLVIMENTO

2.1 JUSTIFICATIVA

O aumento severo das atividades antropogénicas tem gerado maior nimero de
acidentes ambientais por metais pesados. O derrame acidental de residuos de
mineracao ocorreu com maior frequéncia em menos de uma década, comecando por
Aznalcollar Espanha, 1998, Ajka Hungria, 2010 e em novembro de 2015, Mariana-MG
Brasil, em ambos o0s casos, ocorreu o rompimento da barragem de rejeitos, liberando
grandes volumes de residuos contendo metais pesados (SEGURA et al., 2016).

A espécie T. paniculatum possui infinitos beneficios para a satde, mas também
visa bons resultados para a recuperacgao de areas degradadas como potencial espécie
para fitoextracao e rizofiltracdo devido a sua resisténcia a toxicidade por metais. Sua
eficiéncia na remocdo de Pb foi observada por (SOUZA et al.,, 2018), que cita o
acumulo de elementos-traco nos tecidos das raizes podendo acumular altas
concentragfes, devido aos mecanismos do sistema antioxidante enzimatico e da
sintese de prolina, além da maior espessura da epiderme radicular e aumento da
eficiéncia dos fotossistemas que garantem tolerancia a exposicdo ao metal pesado.

A fitorremediacdo € uma técnica de baixo custo a qual permite aplicacao in situ
de T. paniculatum em areas contaminadas, além de esta oferecer caracteristicas
favoraveis, devido seu rapido cultivo, crescimento, absor¢cdo e acumulo por metais.
Essas acBes minimizam altas concentracées de metais no solo ou na agua, permite o
controle da qualidade, para o uso posterior, evitando alta exposi¢do a saude humana,
animal e plantas, dificultando a reinserc@o dos metais a cadeia trofica e a biota.

2.2 REFERENCIAL TEORICO

2.2.1 Metais pesados

O conceito de metal pesado esta relacionado aos elementos minerais
presentes na natureza, em pequenas quantidades (<0,1% em peso) e de densidade
anatdbmica que varia entre os elementos minerais (1 a 5.0 g cm=3). A partir deste
conceito, os metais pesados podem ser chamados de elementos-trago, sao pequenas

particulas em baixas concentragfes que possuem a capacidade de serem dispersos
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e admitidos em outros minerais. Os elementos encontrados com maior abundancia na
natureza sao: zinco (Zn), ferro (Fe), cobre (Cu) e manganés (Mn). Os elementos Mn
e Fe ndo sdo considerados contaminantes em baixas concentracdes, de modo que Fe
e Mn sdo micronutrientes para as plantas. Porém esses elementos, quando em
elevadas concentracfes, tornam-se perigosos na forma catiénica ou ligados a cadeias
carbbnicas (SEGURA, 2016). Outros elementos-tracos como chumbo (Pb), cadmio
(Cd), arsénio (As), mercurio (Hg), niquel (Ni), guando absorvidos pelas plantas, podem
apresentar efeitos deletérios ao metabolismo vegetal até mesmo em baixas
concentracfes (FADIGAS et al., 2002).

Os elementos-traco apresentam potencial risco de toxicidade e ecotoxicidade,
para os seres vivos e a biota em geral, quando dispersados por poluentes. Embora na
maioria das vezes nao possuam funcao no metabolismo vegetal, esses elementos sao
absorvidos pelas plantas junto a outras substancias e elementos minerais (COSTA;
BOREM, 2003).

A poluicdo por metais pesados é reflexo das atividades antropicas, incluindo a
mineragao, setor industrial e beneficiamento de subprodutos como tintas, baterias,
componentes elétricos e pesticidas (SOUZA; MORASSUTI; DEUS, 2018). O aumento
das atividades industriais tem elevado o nivel de alerta para questdes a respeito de
poluentes e contaminantes de alta toxicidade, como é o caso do Cd e do Hg (IORI et
al., 2017).

Existe uma elevada quantidade de fontes antrépicas que resultam no
lancamento de metais, com risco de contamina¢do do ambiente e acumulacdo ao
longo da cadeia alimentar. Diante dos sérios riscos ao ambiente e a saude humana,
existem regulamentagdes no Brasil e no mundo para controlarem as emissdes desses
elementos na natureza.

No Brasil, o Ministério do Meio Ambiente dispde da Resolucdo CONAMA
396/2008, que define Valores Maximos Permitidos (VMP) para substancias
guimicas inorganicas que representam risco a saude. A Resolucdo CONAMA
420/2009 rege os critéerios para Valores de Prevencdo (VP) e Valor de
Investigacdo (VI) para substancias no solo, e a Resolugdo CONAMA 430/2011
para valores de substancias quimicas inorganicas presentes no langcamento de
efluentes. Estes valores complementam ao apresentado pela portaria n°
2.914/2011 do Ministério da Saude, que define valores para substancias nocivas
a saude humana (BRASIL, 2011b).
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2.2.1.1 Chumbo (Pb)

O Pb € um elemento de nimero anatémico 82, massa atébmica 207,2 g e com
baixo ponto de fuséo. Esta presente nas rochas magmaticas e sedimentos argilosos,
sendo encontrado em maiores proporcdes na rocha galena na forma de sulfeto de
chumbo Il (PbS). A oxidacdo do PbS ocorre lentamente formando carbonatos que séao
incorporados a outros elementos como Fe e Mn. A espécie catidnica mais comum
desse elemento traco é Pb2*, mas este pode sofrer maiores oxidacdes, chegando a
Pb% (KABATA-PENDIAS; PENDIAS, 2000).

Atualmente o Pb € um dos principais contaminantes ambientais, sendo a sua
presenca notavel em produtos como herbicidas, eletroeletrénicos, tintas, fumaca de
automoveis e em chaminés de fabricas. O uso de Pb em grande escala nas atividades
antrépicas tem acarretado sérios riscos a contaminacdo dos solos e da biota
(RIBEIRO et al., 2015).

Plantas em geral ndo séo tolerantes ao Pb, devido a sua toxicidade. No entanto,
esse elemento pode ser absorvido devido ao pequeno tamanho das particulas ou por
mecanismos de regulagcdo em decorréncia do desequilibrio nutricional. O Pb é
absorvido pela troca de cations, ligado a cadeias carbodnicas ou hidroxilas e a outros
minerais, podendo também ser incorporado por alteracdo do pH do ambiente
(ROMEIRO et al., 2007).

O excesso de Pb reduz o crescimento das plantas, influencia negativamente a
fotossintese, a nutricdo mineral e leva ao estresse hidrico. A absorcdo de Pb ocorre
primeiramente pelas raizes, envolvendo a membrana plasmatica e a parede celular,
onde h& deposicéo de calose. O elemento pode se mover através dos tecidos da raiz
via apopléastica e radialmente através do cértex na endoderme, subindo para o caule
e partes aéreas da planta. A inibicdo pelo chumbo reduz o crescimento vegetal em
decorréncia de clorose nas folhas, reducdo da fotossintese e escurecimento do
sistema radicular (ROMEIRO et al., 2007; SOUZA et al., 2018).

O Pb é um elemento perigoso, venenoso e bioacumulativo e, quando ingerido
por animais e pessoas, pode agravar a saude e resultar em problemas neuroldgicos,
além de inibir a acdo de enzimas e causar dores gastrointestinais (ALMEIDA, 2009).
Segundo a Agéncia de Protecdo Ambiental (EPA), nos Estados Unidos da América
(EUA), as concentracdes de Pb no solo variam de 50 a 400 ppm (EPA, 2017).
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O Ministério da Saude (MS), por meio da portaria n° 2.914/2011, adverte aos
perigos ocasionados a saude humana pela exposicdo a metais, limitando o valor
méaximo permitido (VMP) em agua potavel para o consumo humano, para substancias
inorganicas que apresentam riscos a salde. O Pb possui um VMP de 0,01 mg L7,
mesmo valor indicado na Resolucdo CONAMA 396/2008 (BRASIL, 2008).

2.2.1.2 Cadmio (Cd)

O Cd apresenta numero atébmico 48, massa atébmica 112,4 g, baixo ponto de
fusdo e baixa condutividade elétrica. E um elemento-traco encontrado com
abundancia nas rochas magmaticas e em pequenas quantidades nas sedimentares.
Encontra-se concentrado em depdsitos argilosos e de xisto, onde apresenta maior
afinidade ao enxofre (S) e ao (Zn). A principal forma i6nica natural é Cd?*, sendo que
compostos de Cd sdo facilmente oxidados e interagem com outros compostos
catidnicos como Zn?*, Co?*, Ni?*, Fe?*, Mg?* e Ca?* (KABATA-PENDIAS; PENDIAS,
2000).

A contaminagédo por poluentes contendo Cd ocorre com maior intensidade
através das atividades industriais e fabricacdo de produtos eletrbnicos. Também é
possivel encontrar tracos de Cd em fumaca de termelétricas pela queima de carvao,
a partir da fundicéo de chumbo, zinco e cobre (RODRIGUES et al., 2016).

O elemento Cd ndo apresenta caracteristicas positivas para o desenvolvimento
de plantas devido a sua ecotoxicidade, mas € facilmente absorvido e acumulado nas
partes dereas de leguminosas, herbaceas e suculentas. O metal se propaga atraves
das vias de absorcédo de elementos essenciais, especialmente Zn e Fe (IORI et al.,
2017). A exposicao ao Cd constitui-se um estresse aos vegetais, que apresentam
alteracdes fisioldgicas na presenca desse metal (DRESLER et al., 2014; IORI et al.,
2017). A fotossintese € afetada pela acdo de Cd, que se acumula inicialmente nos
cloroplastos, inibindo atividades das enzimas da biossintese da clorofila e dos
complexos proteina-pigmentos. Também ocorrem perdas no fotossistema Il pela
oxidacdo de Cd?* aumentando o fluxo de elétrons ao redor do fotossistema | e O2
(YING et al., 2010).

A capacidade de compostos como o Cd em se acumular nas folhas, aumenta

0S riscos a saude animal e humana, sendo que a presenca de Cd no organismo pode
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causar uma grande variedade de perturbacfes neuroldgicas agudas e efeitos toxicos
cronicos (IORI et al., 2017).

Por conta da problematica envolvida pela contaminacdo de Cd no meio
ambiente, o Ministério da Saude, através da portaria 2.914/2011, regulamenta VMPs
para concentracdes de Cd em substancias inorganicas em 0,005 mg L, mesmo valor
exigido pela Resolucdo CONAMA 398/2008 (BRASIL, 2008) para aguas subterraneas,
limitado a valores mais baixos a partir da Res. CONAMA 430/2011 (BRASIL, 2011a)
que define em 0,2 mg L para langcamento de efluentes.

2.2.1.3 Manganes (Mn)

O Mn apresenta nimero atdbmico 25 e massa atdmica 54,9 g. E o segundo
elemento em maior abundancia nos solos, derivado de rochas primarias, classificadas
como ferromagnesianas. O Mn também esta presente em outros diversos minerais
em sua forma oxidada como ion Mn2* ou quelada, mas também é encontrado nas
formas Mn3*, Mn** e Mn’. E absorvido pelos vegetais na forma MnZ*, que é
naturalmente mais disponivel em solos acidos, com elevado teor de matéria organica
ou solos alagados. Por ser um micronutriente, o Mn é requerido pelas plantas em
baixas concentracdes, de modo que o excesso de Mn pode causar toxidade aos
vegetais, resultando em reducdo do crescimento (COSTA; MARENCO, 2007,
KABATA-PENDIAS; PENDIAS, 2000).

O Mn é um elemento que esta presente em todos 0s organismos da terra de
forma natural, mas também é liberado por intermédio das atividades antrdpicas, a
partir da queima de combustiveis fosseis pelo MMT (methylcyclopentadienyl
manganese tricarbonyl) aditivo para gasolina, fumaca de chaminés para queima de
ferro e Aco e eroséo dos solos contendo Mn entre outros (ATSDR, 2017).

O excesso de Mn pode interferir na absorgéo e causar deficiéncia de outros
nutrientes, tais como Ca, Mg, Cu e Zn (COSTA; MARENCO, 2007). Em espécies
cultivaveis sintomas como encarquilhamento da folha, clorose marginal seguida de
necrose, sendo o sistema foliar mais afetado pelo excesso de Mn do que as raizes
(SHOLER et al., 2014).

O Mn participa do metabolismo vegetal como cofator da enzima dismutase do
superoéxido, constituinte do centro de evolugdo do oxigénio e ativador de diversas

metaloenzimas (SHOLER et al., 2014). No entanto, por se tratar de um micronutriente,
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€ requerido em concentracfes muito baixas e pode facilmente atingir niveis toxicos ao
metabolismo vegetal. Nesse caso, esta relacionado a menor ativagdo da Ribulose 1,5
Bifosfato Carboxilase/Oxigenase (Rubisco), redugcéo da atividade de enzimas do
metabolismo respiratorio, maior producao de espécies reativas de oxigénio, alteracédo
na estrutura da membrana celular (SANTOS et al., 2017; ZAMBROSI et al., 2016) e
reducdo do crescimento e producéo vegetal.

O principal meio de exposi¢cao ao Mn para populacéo ocorre ingerindo vegetais
cultivaveis Organiza¢do Mundial da Satude (OMS) (VENEZUELA, OLIVEIRA, PEREZ,
2001), mas os efeitos nocivos do excesso de Mn a salde humana sao ocasionados
principalmente a altos niveis de Mn na atmosfera em ambientes industriais, onde a
exposicdo gera problemas no sistema nervoso, movimentos lentos nas méaos e
irritacdo nos pulmdes quando ingerido grandes quantidades em pd ou fumos,
acarretando em pneumonia (ATSDR, 2017).

A Portaria do MS 2.914/2011 limita o VMP para Mn presente em substancias
inorganicas em 0,1 mg L*, enquanto a Resolucdo CONAMA 430/2011 (BRASIL,
2011a) cita VMP de 1,0 mg L* para Mn dissolvido para o langamento de efluentes.

2.2.1.4 Ferro (Fe)

O elemento Ferro apresenta niumero atbmico 26, massa atdmica 55,845 g, €
um dos principais constituintes da litosfera cerca de 4%, além de ser encontrado
facilmente nos horizontes A, B e D do solo na forma de 6xidos e hidroxidos em
pequenas particulas, presente em estruturas de outros minerais, como Mn, Zn, Pb e
aluminio (Al) (KABATA-PENDIAS; PENDIAS 2000). Na natureza, o ferro € encontrado
em compostos ou rochas como a hematita (Fe203), sendo seu principal mineral
(MEDEIROS, 2010).

O Ferro é um micronutriente essencial para o desenvolvimento das plantas,
possui importante funcdo no desempenho de metabdlitos como sintese de DNA,
respiracao e fotossintese (ROUT; SAHOO, 2015). Elemento necesséario para a sintese
de clorofilas, sendo constituinte fundamental dos citocromos, da ferredoxina e de
algumas enzimas, como a catalase e as peroxidases. No solo, Fe esta presente na
forma Fe?* e Fe®* onde exerce grande afinidade para formar complexos organicos e
qguelatos, que auxiliam a absor¢cdo de nutrientes essenciais pelas raizes e sua

transferéncia para parte aérea (JUCOSKI et al., 2016).
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Na regido Sul do Brasil o nivel de Fe presente nas camadas superiores do solo
€ maior comparado a outras regides, devido a predominancia do horizonte B. Este
elemento prevalece em niveis maiores principalmente em é&reas alagadas para o
cultivo de arroz. Em excesso ocasiona toxicidade e sérios danos as células,
fotossintese, clorofila e a resisténcia estomatica (PINTO et al., 2016).

Ja em determinadas regifes onde a concentracdo de Fe é menor, este implica
no cultivo de grande parte das culturas como, a soja, cana de agucar entre outras
(MARIA et al., 2014). A aplicagdo de fertilizantes e adubos a fim de aumentar a
capacidade de absorcdo de nutrientes e outros minerais essenciais, pode aumentar a
capacidade de Fe disponivel no solo, aumentando a quantidade de Fe presente na
parta aérea da planta e desequilibrio das atividades metabdlicas, dificultando o
crescimento e desenvolvimento, devendo demandar a disponibilidade de ferro no solo
necessaria para o cultivo de plantas (SCHMIDT; THOMINE; BUCKHOUT, 2020).

O Brasil ocupa o 7° lugar das reservaibras de minério de ferro do mundo em
questdo de volume, os estados de Minas-Gerais (Quadrilatero Ferrifero) e Para
lideram as maiores reservas brasileiras e concentram grandes siderargicas para o
beneficiamento desta matéria-prima, (OMACHI, 2015). Atualmente houve queda da
extracdo e producao de ferro no Brasil, porém os riscos que as atividades mineradoras
provocam ao meio ambiente ainda sao inevitaveis, como exemplo, o rompimento de
barragens da Companhia Vale e Samarco no estado de Minas-Gerias nas cidades de
Mariana (2015) e brumadinho (2019), provocando um grande desastre ambiental
(GUERRA et al., 2017).

Os efeitos da toxicidade por ferro no organismo humano podem ocorrer a partir
de forma organica ou inorganica, pela ingestdo de vegetais, carnes e remeédios
(GROTTO, 2010). A inalacdo de poluentes atmosféricos, contendo fumos de (Zn),
(Mn), (S), (Pb) entre outros elementos-traco, podem causar danos (ATSDR, 2017).

A Portaria do MS 2.914/2011 limita o VMP para Fe presente em substancias
inorganicas em 2,4 mg L1, enquanto a Resolugdo CONAMA 430/2011 cita VMP de
15,0 mg/L para Fe dissolvido oriundos de sistemas de disposi¢éo final de residuos

sélidos e lancamento de efluentes.
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2.2.2 Fitorremediacéao

A fitorremediagcéo envolve o uso de microorganismos e plantas para remover
ou detoxicar poluentes do meio ambiente, a partir de diferentes técnicas e processos
subdivididos em: fitoextracdo, rizofiltracdo, fitoestabilizacdo, fitovolatizacdo e
rizodegradacdo. Cada técnica depende de fatores como o local e tipo de poluente a
se remediar, pois efeitos adversos podem limitar ou potencializar o tratamento
(SERRAT et al., 2014; SILVA, 2017).

Um fato importante ao avaliar a eficiéncia de cada espécie em absorver os
metais pesados em excesso no solo € avaliar a quantidade retida em relacéo a matéria
seca da planta. Por esta razdo, as plantas hiperacumuladoras possuem baixa
producdo de biomassa e alta acumulagdo de metais, ao contrario de plantas
acumuladoras, que produzem mais biomassa, mas acumulam menos metal em

relacdo as hiperacumuladoras (GREGER, 2017).

2.2.2.1 Fitoextracéo

A fitoextracdo é um processo de remediacdo de metais ou sais de solos contaminados,
mediante absorcdo pelas raizes, transporte e concentracdo na biomassa da parte
aérea. Ap0s a absorcdo do poluente retido, ocorre 0 armazenamento no tecido
vegetal, o que facilita o descarte do material (RODRIGUES et al., 2016). Essa técnica
pode ser aplicada na agua ou no solo, porém apresenta maior viabilidade quando
utilizado em solos contaminados com elevadas concentragdes permitindo cultivo e
controle das plantas a curto prazo além de reutilizar os metais acumulados na planta
(SERRAT et al., 2014).

2.2.2.2 Rifiltragao

A rizofiltrac&o se concentra no processo de remediacdo em meios hidroponicos,
onde ocorre o acumulo de contaminantes e metais nos tecidos das raizes através da
adsorcao, precipitacdo e absorcdo, o uso de plantas com acumulo de biomassa
radicular apresentam grande viabilidade nesta técnica para remocao de metais na
agua e em solucéo hidroponica facilitando o controle do descarte e disposicao final
das plantas (ANDRADE et al., 2009).
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2.2.3 Talinum paniculatum (jacq.) gaertn.

A T. paniculatum € uma herbacea suculenta, pertencente a familia Talinaceae,
grupo das Angiospermas apds a sua nova taxonomia. Até o ano de 2008 era
conhecida como T. patens, ou T. triangulare (KUMAR; PRASSAD, 2015). Originaria
de regibes dos tropicos, € considerada nativa no Brasil e ocorre nos seis dominios
fitogeograficos, sendo popularmente chamada de cariru-do-mato ou beldroega. T.
paniculatum ainda oferece varios beneficios & saide humana, seja para alimentagcéo
ou uso medicinal (COELHO; ZAPPI, 2015; SOUZA, 2005).

Estudos demonstram que plantas pertencentes a familia Talinaceae
apresentam bons indicadores de caracteristicas acumuladoras por metais pesados
como o Pb, Cd, Cu, Ni e Zn, em seus tecidos. A absorc¢do ocorre inicialmente pela
raiz, sendo dispersados através das vias metabdlicas, atingindo os demais érgéos da
planta (SEKHAR et al 2007; SOUZA et al., 2018).

T. paniculatum possui rapido crescimento e desenvolvimento, rapida
germinacgédo, ocorre de 6 a 7 dias apos seu cultivo, passados 15 dias, nascem as
primeiras folhas, e ao longo de 50 dias, as raizes incham gerando tubérculos

posteriormente com 60 dias, surgem flores e frutos (NGUYEN et al., 2018).

2.2.4 Normas e resolucdes

Existem inimeros estudos e pesquisas que avaliam o potencial de agentes
contaminantes presente no solo, 4gua e na atmosfera, os efeitos nocivos para os
seres vivos e sua disposicdo no meio ambiente séo limitados via resolucdes e de
agéncias internacionais, como a Agéncia de Protecdo do Meio Ambiente dos Estados
Unidos (U.S. Environmental Protection Agency — EPA), dispde de parametros e
técnicas para remediacdo de areas degradadas, que sdo definidos no Brasil a partir
das Resolu¢coes CONAMA 396 CONAMA 420, CONAMA 430 e também a portaria do
Ministério da Saude de 2011, estas normas e resolu¢des sdo essenciais para limitar

a disperséo e disponibilidade de contaminantes de alta toxicidade.
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APENDICE A — PHYTOREMEDIATION POTENTIAL OF TALINUM PANICULATUM
FOR EXCESS LEAD, IRON, CADMIUM AND MANGANESE

Pedro Ernesto dos Reis, Kamila Rezende Dazio de Souza, Gisele de Fatima
Esteves, Gabriel Ferreira Romao, Keila Yumi Ishii, Juliana Leo Poloni, Thiago Corréa

de Souza, Plinio Rodrigues dos Santos Filho

ABSTRACT

Talinum paniculatum is a herbaceous plant species common in the Northern and
Southern hemispheres, with potential use in phytoremediation, since it is easily grown
in poor or nutritionally deficient soils and has a short life cycle. Therefore, the objective
of this study was to evaluate the biochemical and ecophysiological responses of T.
paniculatum, grown under the excess of heavy metals Cd, Pb, Fe and Mn. Thus, plants
at five months of age were used, cultivated in pots containing 500 mL of substrate,
which were submitted to five concentrations of each metal: Pb (0, 0.5, 5, 25 and 50 mg
L1); Cd (0,0.2,2,4and 8 mg L?1); Mn (0, 1, 5, 10 and 150 mg L™1); Fe (0, 15, 150, 300
and 600 mg L?). The treatments were maintained for 35 days, when the following
physiological parameters were evaluated: gas exchange; pigment content; root
morphology; lipid peroxidation in roots and shoots; dry biomass in roots and shoots.
The parameters most affected by metals were related to root morphology, in addition
to small reductions in gas exchange and increased lipid peroxidation in the leaves.
Reductions in biomass were more significant in the roots than in the shoot of plants
under excess metals. The use of T. paniculatum for phytoremediation of heavy metals
has the potential for the depollution of degraded areas, since the biomass gain allowed
the plants to survive. However, further studies need to be conducted to confirm their

tolerance to excess metals and under other growing conditions.

Keywords: Heavy metals. Gas exchange. Lipid peroxidation. Antioxidant enzymes. Dry
matter. Oxidative stress. Growth.
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1 INTRODUCTION

Activities that involve the extraction and use of heavy metals for the manufacture
and composition of various products contribute to environmental contamination,
increasing the number of pollutants dispersed, mainly in the soil and in the water
(RAJKUMAR et al.,, 2009; VASCONCELLOS; PAGLIUSO; SOTOMAIOR, 2012).
Elements such as cadmium (Cd), lead (Pb), iron (Fe) and manganese (Mn) have a
high degree of toxicity for living beings. These elements are discarded in the
environment in different ways, as a result of both agricultural and industrial activities,
domestic effluents, as well as natural and atmospheric sources. The elements Cd and
Pb are present in batteries, cosmetics and electronics; Fe and Mn are associated with
the use of fertilizers and mining waste (SOUZA; MORASSUTI; DEUS, 2018).

Since they are part of everyday life, there is the possibility of absorption and
accumulation of these metals in plant and animal organisms, causing metabolic
disturbances (ANTONIADIS et al., 2017; KABATA-PENDIAS; PENDIAS, 2000). The
excess of metals in plants is related to the occurrence of oxidative stress, which causes
cellular damage due to the greater generation of reactive oxygen (ROS) and nitrogen
(RNS) species (RIBEIRO et al., 2015). The excess of these reactive species leads to
the breakdown of cellular homeostasis, altering metabolic reactions, enzyme activities
and causing cellular damage, which can culminate in plant growth reduction and, in
more extreme cases, in senescence and plant death (LEON et al., 2012).

In addition to oxidative stress, other common effects of metals on plants are
related to a reduction in gas exchange and chlorophyll content, an increase in
respiratory rates, among others (CURVELO et al., 2013). As a result, visual symptoms
such as leaf chlorosis, bending, leaf loss, root tip necrosis and plant senescence can
occur (KUMAR; PRASAD; SYTAR, 2012; LI et al., 2013). In this context, tolerance to
excess metals is related to the requirement of the antioxidant system for neutralization
of reactive species, reduction in transpiratory flow, release of organic acids in order to
reduce the availability of metals for absorption and complexation with organic
compounds, making metals unavailable for metabolic pathways (CLEMENS, 2001).

Hyperaccumulator plants are tolerant to excess metals due to metabolic
adaptations through the production of substances of the primary and secondary
metabolism, existence of an efficient antioxidant system, in addition to morphological

and anatomical changes that allow survival (SILVA et al., 2019).
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Thus, hyperaccumulator plants can be used in techniques for removing metals
from the environment, since they accumulate in shoots or in roots (SARWAR; IMRAN;
SHAHEEN, 2017).

Phytoremediation is a technique that has great potential for removing heavy
metals from soil and water, using accumulator and hyperaccumulator plants
(MARQUES; CHAFIM AGUIAR; SILVA, 2011; TAVARES; OLIVEIRA; SALGADO,
2013). Once it is a low-cost technique, it can be useful for large companies in the
mineral sector as a way to minimize the environmental impacts resulting from their
activities (WAN; LEI; CHEN, 2016).

The species Talinum paniculatum (Jacq.) Gaertn. belongs to the Talinaceae
group, and can be found in the Southern and Northern hemispheres, strictly in warmer
regions (COELHO; ZAPPI, 2015; NGUYEN et al., 2018). It is easily cultivable in poor
or nutritionally deficient soils and has a short life cycle, about 70 days (MACHADO;
MELO; SALES, 2012; SCAFIDI; RAIMONDO, 2017). Plants of the genus Talinum (T.
triangulare) showed tolerance to excess metals in nutrient solution (KUMAR; PRASAD,
2015), as well as seedlings (T. paniculatum) were tolerant to excess Pb (SOUZA et al.,
2018), but there are still few studies involving species of this genus, which shows the
novelty of this study.

Given the above, it was hypothesized that T. paniculatum is a species with the
potential to recover degraded areas, with phytoremediation potential due to its
tolerance to excess metals and characteristics of its life cycle. Therefore, the objective
of this study was to evaluate the biochemical and ecophysiological responses of T.
paniculatum, grown under the excess of heavy metals Cd, Pb, Fe and Mn, correlating

to its phytoremediation potential.

2 MATERIAL AND METHODS

2.1 PLANT MATERIAL, CONDUCTION OF THE EXPERIMENT AND COLLECTIONS

The experiment was conducted in the greenhouse of Universidade Federal de
Alfenas main campus. Plants containing 6 fully expanded leaves were obtained, by
growing the seed bank of the research group. T. paniculatum plants were grown in
standard soil taken from an open field area, sieved and fertilized for seedling

production (soil, cattle manure and sand at a 3:1:1 ratio).
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Initial plant growth, until the obtention of six fully expanded leaves, occurred in
a growth room, at a temperature of = 25 °C and white light, 12/12h photoperiod,
receiving daily irrigation and weekly supplementation with 10 mL Hoagland and Arnon
nutrient solution (1975). The plants were transferred to the greenhouse and underwent
an acclimatization period of 15 days until the treatments were applied. The plants were
again irrigated daily and had weekly application of nutrient solution. In the greenhouse,
the average growing temperature was 25 °C and relative humidity, 72%.

After the acclimatization period, treatments consisting of five doses of Pb, Cd,
Mn or Fe were applied. The sources of the metals used were high-purity reagents: lead
nitrate — Pb (NO3)2; cadmium nitrate — Cd (NOs)2; manganese sulfate — MnSO4-H20;
and iron sulfate Il — FeSO4-7H20. The concentrations used were based on the limit
concentrations of CONAMA Resolution No. 420 (CONAMA, 2009), for the final
disposal of residues and inorganic substances in water and soil. The concentrations
used for each of the metals were: Pb (0, 0.5, 5, 25 and 50 mg L™); Cd (0, 0.2, 2, 4 and
8 mg L?); Mn (0, 1, 5, 10 and 150 mg L?); Fe (0, 15, 150, 300 and 600 mg L?). The
metals were applied weekly, in the morning, together with the complete nutrient
solution, which was administered directly to the substrate.

The experiment was conducted in a completely randomized design, in a 4x5
factorial scheme, consisting of four metals (Pb, Cd, Mn and Fe) and five
concentrations, with four replications. Thus, the experiment contained 80 experimental
plots, consisting of two plants each. The experiment was carried out for a period of 35
days after the application of the treatments and, at the end of the experimental period,
gas exchange and relative chlorophyll content were analyzed. Subsequently, the
plants were collected for biometric, morphological and biochemical analysis, besides

metal quantification.

2.2 BIOMETRIC ANALYSIS AND ROOT MORPHOLOGY

Biometric analyses were carried out at the end of the experiment, at which the
number of leaves and plant height (cm) were obtained with the aid of a caliper and
ruler. The shoots were collected and stored in paper bags, for drying in an oven with
forced air circulation at 65°C, until constant weight, for the determination of shoot dry
biomass (SDB). Roots were washed in trays and stored in plastic containers with 70%

ethanol for root morphology using the WinRhizo Pro 2007a equipment (Régent Instr.



29

Inc.), coupled to a professional Epson XL 10000 scanner which, in turn, was equipped
with an additional light unit (TPU). The evaluated parameters were length, root surface
area and total root volume, in addition to the average diameter (SOUZA et al., 2012).
After root analysis, they went through an oven drying process, with forced air circulation

at 65°C, until constant weight, for the determination of root dry biomass (RDB).

2.3 GAS EXCHANGE

Gas exchange was analyzed in the morning, between 8 and 11 am, with the aid
of an IRGA LI 6400XT (Infra Red Gas Analyzer, LI-COR Inc., Lincoln, Nebraska, USA).
All readings were performed on fully expanded leaves. A fixed flow chamber with a leaf
temperature of 28 °C, a flow of 500 pmol/s of air and photosynthetically active radiation
of 1,200 umol/m?s - were used, based on the light curve previously constructed. Net
photosynthetic rate (An), transpiration (E), stomatal conductance (gs), internal CO2

concentration (Ci) and carboxylation efficiency (K) were evaluated.

2.4 QUANTIFICATION OF TOTAL CHLOROPHYLL

The determination of the relative chlorophyll content was based on the readings
of the SPAD 502-Plus chlorophyll meter (Konica-Minolta — Osaka, Japan). In total,
eight readings were performed on the two completely expanded leaves, by replication.
The chlorophyll content was then determined by the Arnon method (1949) and a
calibration curve of the species was constructed, correlating the SPAD units and the
readings by the Arnon biochemical method (LICHTENTHALER, LANGSDORF, LENK,

2005). The total chlorophyll content was expressed in mg g of fresh biomass (FB).

2.5 LIPID PEROXIDATION

Lipid peroxidation was quantified in leaves and roots, according to Buege and
Aust (1978). Thus, 0.2 g of leaves and 0.4 g of roots were macerated in trichloroacetic
acid (0.1%). Subsequently, centrifugation was carried out at 12,000 g for 15 minutes
at 4 °C, and the supernatant was collected. Aliquots of the supernatant were added:
trichloroacetic acid (10%) and thiobarbituric acid (0.5%), incubated for 30 minutes in a

water bath at 30 °C. The formation of malondialdehyde (MDA) was then determined
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based on the absorbances of the samples at 535 and 600 nm. The MDA content was

expressed as nmol MDA mg FB.

2.6 DETERMINATION OF HEAVY METALS

For the determination of heavy metals, dry biomass samples of four replications
were used for each treatment of shoot and root, crushed in a centrifuge at 14,000 rpm.
Subsequently, 0.5 g of the plant tissue was submitted to nitro-perchloric digestion.
Thus, the samples were added to digestion tubes, containing nitric acid (HNO3s) and
perchloric acid (HCLO4) at a 3:2 ratio. Packaged in a digestion block, the tubes
underwent a gradual increase in temperature until reaching 220°C. After this process,
the samples were cooled, completing the volume to 13 mL. The digested samples were
centrifuged at 2,000 rpm and then a 10-mL aliquot was taken to quantify metals present
in the tissues, verified by readings on a flame spectrometer (Shimadzu AA-7000

Atomic Absorption, Spectrophotometer).

2.7 DATA ANALYSIS

The data obtained were subjected to analysis of variance, ANOVA, linear
regression, multiple linear regression, polynomial regression (2nd and 3rd degree),
using the software Origin 15.0, BioEstat 5.3 and Sisvar — the choice of models was
based on the significance of the coefficient regression (P<0.05) at 5% probability and
Pearson determination coefficient for sample normality. The criterion for presenting the

results was only for those that are significant.

3 RESULTS AND DISCUSSION

3.1 BIOMETRIC ANALYSIS

The biometric parameters of T. paniculatum plants, grown under the excess of
different metals, suffered little variation after 35 days of treatment. Only the parameters
that showed significant variations will be presented below. SDB did not demonstrate

significant changes in relation to the control for all metals (Figure 1 A-D). Regarding
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root biomass, significant changes were observed only for Pb, Cd and Fe (Figure 2 A-

C).

Figure 1 — Shoot dry biomass (SDB, A-D) of T. paniculatum plants, grown under excess

Pb, Mn, Cd and Fe, respectively, for a period of 35 days. The bars represent the

standard error of the mean (n = 4).
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Figure 2 — Root dry biomass (RDB, A-D) of T. paniculatum plants, grown under excess

Pb, Cd and Fe, respectively, for a period of 35 days. The bars represent the standard
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For height, there was a subtle increase at the highest concentrations, with a
quadratic behavior in plants under Pb, Cd and Fe while, at intermediate Pb
concentrations, there was an increase in height; for Cd, height was lower at
intermediate concentrations (Figure 3 A, B). On the other hand, the number of leaves
tended to decrease in response to the increase in Pb concentrations (Figure 3 C).
Regarding Fe, there was an increase in leaf number. However, height did not differ for

control plants. Mn did not lead to changes in plant height or number of leaves.

Figure 3 — Height (A, B) and leaf number (C, D) of T. paniculatum plants, grown under
excess Pb, Cd and Fe, respectively, for a period of 35 days. The bars represent the

standard error of the mean (n = 4).
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Considering the root parameters, plants subjected to excess Fe had a reduction
in surface area and root volume (Figure 4 A, B), while plants under excess Cd suffered

a decrease in most of the analyzed parameters; only root length (Figure 4 C) remained
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in balance as the concentrations increased. Plants treated with Mn had only a reduction

in root diameter, compared to the control (Figure 4 D).

Figure 4 — Surface area (A), root volume (B), root length (C) and mean diameter (D) of
T. paniculatum plants, grown under excess Fe, Cd and Mn, respectively, for a period

of 35 days. The bars represent the standard error of the mean (n = 4).
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3.2 GAS EXCHANGE AND CHLOROPHYLL CONTENT

The gas exchange parameters of T. paniculatum plants varied according to the
metal and its concentrations. Regarding the net photosynthetic rate, while plants grown
under Pb and Cd showed a decrease in An (Figure 5 A, C), plants under Mn showed
an increase in An (Figure 5 B) with the increase in the concentrations of this metal. In
plants under excess Fe, a higher An was observed at intermediate concentrations,
yielding values close to those of the control at the highest Fe concentration (Figure 5
D).

The stomatal conductance rate (gs) of plants under excess Pb showed a

downward trend with the increase in the concentrations of this metal while, in plants
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under Mn, there was an increase in (gs) with the increase in their concentrations
(Figure 6 A, B). There was an increasing tendency in relation to Ci at intermediate Fe
concentrations, yielding values close to the control (Figure 6 C) and, in plants under
excess Pb, there was a decrease in Ci at the highest metal concentration (Figure 6 D).

Figure 5 — Net photosynthetic rate (An, A-D) of T. paniculatum plants, grown under
excess Pb, Mn, Cd and Fe, respectively, for a period of 35 days. The bars represent
the standard error of the mean (n = 4).
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Figure 6 — Stomatal conductance (gs, A-B) of T. paniculatum plants, grown under
excess Pb and Mn, and intercellular carbon concentration (Ci, C-D) of T. paniculatum
plants, under excess Fe and Pb, for a period of 35 days. The bars represent the
standard error of the mean (n = 4).
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Regarding carboxylation efficiency (Figure 7), plants under excess Pb and Cd
showed a reduction in k (Figure 7 A, C). In plants under excess Mn, there was an
increasing tendency for k with increasing concentrations of this metal (Figure 6 B).
Finally, it was observed that, in plants grown under excess Fe, there was a slight

increase in k at intermediate metal concentrations (Figure 7 D).
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Figure 7 — Carboxylation efficiency (k, A-D) of T. paniculatum plants, grown under
excess Pb, Mn, Cd and Fe, respectively, for a period of 35 days. The bars represent
the standard error of the mean (n = 4).

A _ B K
0.30 | m K -
& oz}
"-ln
% 018} i
E
™~
Q
O paz2f
E
y=0.18 - 0.001x - 2.57%° =0.14 + 0.01x - 1.97x10"He
5 oo} Rt = 0.94 Y!_ X x x
R*=0.31
¥
0.00 . " . . ; .
0 10 20 30 40 50 0 10 20 30 40 50
Pb (mgiL) Mn (mgfL)
C D
0.30 ¢
K K
& o024} ]
'?m L
o L L
£ 0.18
o~ -
]
O 012p -
E y =0.20 - 0.027x + 0.003x* y =017 - 2.3510%¢ - 2.87.10"%* -2.87.10"*
3 o006} R = 0.67 - R'=0.86
¥
u.ou L s L 'S L L L L L
0 2 4 [ 8 0 150 300 450 600
Cd(mg/L) Fe (mgiL)

Source: created by the author (2020).

The chlorophyll content increased for Fe concentrations (Figure 8 C) and
effectively increased with higher concentrations of Mn (Figure 8 B). In plants under
excess Pb and Cd, there was an increase in chlorophyll content at intermediate
concentrations, followed by a decrease at the highest concentration of these metals
(Figure 8 C, D). For Pb and Cd, there was a reduction in the chlorophyll content when
compared to the control and, at the end of the experiment, yellow leaves and symptoms

of leaf chlorosis were recorded, as well as loss of young leaves.
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Figure 8 — Total chlorophyll concentration (A-D) of T. paniculatum plants, grown under
excess Pb, Mn, Cd and Fe, respectively, for a period of 35 days. The bars represent

the standard error of the mean (n = 4).
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3.3 LIPID PEROXIDATION

In the shoot, T. paniculatum plants grown under Pb and Fe in the production of
MDA showed an increase in the concentration of metals (Figure 9A, D). In plants grown
under Cd, there was a tendency towards a decrease in MDA production (Figure 9 C)
while, in plants under Mn, there was no significant variation in MDA content (Figure 9

B) with the increase in metal concentration.
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Figure 9 — Lipid peroxidation expressed by the content of malondialdehyde (MDA) in
leaves (A-D) of T. paniculatum plants, grown under excess Pb, Mn, Cd and Fe,
respectively, for a period of 35 days. The bars represent the standard error of the mean
(n=4).

A = MDAPA B = MDA PA
. 70 ~
60 |
_ ! 60 | E
[ 5
50}
| sl
£ a0} I
s | 40
.EE 30 E 30k
= }
= 0}
< 20
= | y = 42,95 - 1.03x +0.02¢ [ ¥ = 44,66+ 1.45x - 0.02¢*
= 10l R*=0.68 ok R* = 0.66
U L L L L L L U L L L L L L
0 10 20 30 40 50 0 10 20 30 40 50
c Pb {mgiL} D Mn {mg/L)
m MDAPA m MDA PA
- 8[] -
60| -
I § 70} I
I L
= 50} 60} E
£ a0} 50}
s | -
E a0l 40:
< 20: 30:
=z y= 4525+ 3.35x - 0.54% 20k y =44.41+ 0.12x% - 1.59¢
= ol : = (.57 - R*=0.43
10}
0 0
0 2 4 & 8 0 150 300 450 600
Cd {mg/L) Fe{mg/L)

Source: created by the author (2020).

In general, MDA generation was lower in the roots than in the shoot, showing
lower levels of oxidative stress in the roots. In addition, plants grown on all metals
showed a tendency to reduce the MDA content with the increase in metal

concentrations (Figure 10 A-D).
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Figure 10 — Lipid peroxidation expressed by the content of malondialdehyde (MDA) in
roots (A-D) of T. paniculatum plants, grown under excess Pb, Mn, Cd and Fe,
respectively, for a period of 35 days. The bars represent the standard error of the mean
(n=4).
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As observed, T. paniculatum plants showed tolerance to cultivation with excess
metals present in the soil. This can be demonstrated by the absence of harmful effects
to the accumulation of biomass in the shoot and roots of these plants grown under Mn
and Fe. On the other hand, when subjected to excess Cd, they presented only a
reduction in RDB, without affecting the shoot. Plants grown under excess Pb, that is,
with increased concentrations of this metal, had a greater accumulation of RDB in
relation to the control plants.

Brazilian soils are rich in Mn and Fe (FADIGAS et al., 2002); the absorption of
these micronutrients is higher in acidic soils, with a high content of organic matter, or
in swampy soils (CAMARGO; SANTOS; ZONTA; 1999; PINTO et al., 2016). These
excess metals can reduce the availability of essential nutrients and reduce plant growth
in situations of remediation or even of cultivars, posing toxicity risks to plants and living
beings (CARMO et al., 2017).



40

Since they are micronutrients, Mn and Fe are elements required at low
concentrations to act in a favorable way to the functioning of plant metabolism and,
consequently, they can easily reach toxic levels that end up implicating in plant
metabolism. In the specific case of the species T. paniculatum, at the end of the
experimental period, the plants under excess Mn presented only marginal chlorosis in
the leaves, that is, mild symptoms of excess Mn. Plants under excess Mn normally
show symptoms of marginal chlorosis, brown spots on their leaves, bending, cracking
and leaf necrosis in more extreme cases (SANTOS et al., 2017).

In addition, no reductions in shoot or root dry biomass were observed in
response to different Mn concentrations. The excess of Mn can be related to the
following factors: lower activation of Ribulose 1,5-Bisphosphate
Carboxylase/Oxygenase (Rubisco), reduced activity of enzymes in the respiratory
metabolism, greater production of reactive oxygen species, changes in the structure of
the cell membrane (RODRIGUES et al., 2016; ZAMBROSI et al., 2016) and reduced
plant growth and production (KABATA-PENDIAS; PENDIAS, 2000). However, it was
observed that the Mn concentrations used in this experiment did not cause plant
responses by the excess of this metal, since there was only a small increase in net
photosynthetic rate and in carboxylation efficiency, besides low levels of lipid
peroxidation. Comparing the damage of the concentrations of MNSQ04.4H20, from 10,
15 and 20 mM applied in treatments with N. tabacum, they were much higher and
difficult to contain, as well as soybean plants under concentrations of 0 to 300 pmol L
1 (SANTANDREA, SCHIFF, BENNICI, 1998; SANTOS et al., 2017).

Based on these results, there are basically two possibilities to be analyzed: the
firstis that T. paniculatum really has tolerance to excess Mn, since no oxidative stress
has been detected either in shoots or in roots; the second possibility is that the applied
Mn concentrations did not allow metal availability for the plant. The results of metal
determination in plants are in the process of conclusion and will provide more
conclusive data in this regard.

In relation to Fe, in general, the excess of this metal causes high toxicity to
plants, leading to negative effects on the respiratory process and stomatal
conductance, caused by the formation of reactive oxygen species ROS (JUCOSKI et
al., 2016). Plants under excess Fe have higher generation of ROS, reduced shoots,
number of leaves and root length, in addition to low dry biomass production (JUCOSKI

et al., 2016). The greatest generation of ROS was related to photosynthetic limitation
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and damage to the dissipation of excess energy, as well as to the reduction in the
amount of photosynthetic pigments in rice (PINTO et al., 2016). In the specific case of
T. paniculatum, it was observed that the excess of Fe did not alter the biomass
accumulation of these plants. Despite having caused oxidative stress in the leaves, the
excess of this metal still led to an increase in An, k and chlorophyll at intermediate
doses. Again, the Fe concentrations used in this experiment may not have been
sufficient to cause a reduction in plant dry biomass.

Pb is currently one of the main environmental contaminants on the planet; it has
brought serious risks to soil and biota contamination (KUMAR; PRASAD, 2015). In
plants, Pb can be easily absorbed by tissues in the roots and dispersed to its other
organs, causing disturbances in electron transfer, minimizing mechanisms of action
and the ability to absorb essential nutrients linked to Pb in the form of cations
(KABATA-PENDIAS; PENDIAS, 2000). The reduction in plant growth caused by Pb
has been related to leaf chlorosis, reduced photosynthesis, interruption of electron flow
in the electron transport chain and darkening of the root system (MARQUES et al.,
2016; ROMEIRO et al.,, 2007; SOUZA et al., 2018). In T. paniculatum plants in
particular, the presence of Pb reduced An, gs and chlorophyll content, and increased
lipid peroxidation in the shoot and roots. At the end of the experimental period, the
plants showed symptoms of leaf chlorosis. Despite these changes, SDB remained
unchanged with the increase in Pb concentration and the roots showed an increase in
biomass and a reduction in its average diameter.

Plants of the species Talinum triangulare showed an increase in shoot and root
biomass, despite the variation in gas exchange rates at Pb concentrations of 25 mg L-
Lin nutrient solution. However, there was a decrease in volume, diameter, root length
and surface area, in addition to the generation of reactive oxygen species and cellular
damage resulting from excess Pb (RAJKUMAR et al., 2009). Even so, the authors
consider the potential of using these plants for phytoremediation due to their rooting
power in the presence of metals. In addition, the low harmful effect of Pb on root growth
has already been proven for T. triangulare (RAJKUMAR et al., 2009).

There are indications of T. paniculatum seedling tolerance to excess Pb. A study
with seedlings of this species, exposed to concentrations of 50 to 500 uM Pb(NO3)z2,
demonstrated the absence of Pb effects on the germination index, and production of
seedling fresh and dry matter. This tolerance was related to the antioxidant defense

capacity to prevent cell damage caused by excess metal (SOUZA et al., 2018). This
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suggests that, in the case of T. paniculatum plants in this study, the antioxidant system
may also be active, preventing oxidative damage from being high to the point of
causing cellular damage that leads to a reduction in plant dry biomass, allowing
survival for 35 days under excess Pb.

Environmental contamination by Cd is also related to anthropic action, through
industrial activities and the manufacture of electronic products.

The excess of Cd in plants reduces photosynthesis, since this metal initially
accumulates in chloroplasts, inhibiting the enzyme activity of chlorophyll biosynthesis
and protein-pigment complexes (ALIl; KHAN; SAJAD, 2013). Losses in photosystem Il
also occur due to Cd?* oxidation and the increase in the cyclic electron transport flow
around photosystem | (YING et al., 2010). Cd intoxication leads to an imbalance of
homeostasis and damage to cell tissues, due to the input and output of chelating
substances, which accumulate in the vacuole (BENAVIDES; GALLEGO; TOMARO,
2005). In addition to photosynthesis inhibition and non-assimilation of nutrients, Cd is
related to the transpiration rate (SALT et al., 1995). As Cd is easy to accumulate in the
root, it limits the transport of essential nutrients for translocation between root and
shoot (CHAVES; SOUZA, 2014).

In the experiment, the presence of Cd led to a reduction in net photosynthetic
rate and carboxylation efficiency at intermediate concentrations, in addition to a
reduction in chlorophyll content and root growth at the highest concentrations. The
highest generation of MDA was observed in shoots and roots at intermediate
concentrations of Cd. At the end of the experiment, the plants showed signs of
chlorosis at the highest Cd concentrations. Under low concentrations, Cd has greater
plant mobility than at high concentrations, since phytochelatins allow greater Cd
mobilization to the shoot, which leads to greater degradation of chlorophyll pigments
(AUGUSTO et al., 2015). This may be related to the leaf yellowing observed at the end
of the experimental period.

The decrease in chlorophyll concentration in plants under heavy metals may be
related to the ability of metals to affect the biosynthesis process. In these cases, there
is a competition between the absorption of metals and that of important nutrients for
the synthesis of chlorophyll, such as Fe, magnesium (Mg) and zinc (Zn). In this context,
due to the greater metal availability, their absorption is prioritized over nutrient
absorption (CHINMAYEE et al., 2012; DRESLER et al., 2014; IORI et al., 2017). In

addition, there is a question that the presence of metals breaks down cellular
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homeostasis, leading to the production of reactive oxygen species, which cause
damage to cells and impair processes related to the absorption of light and the
conversion of light energy into chemical energy.

Cd, which inhibits nutrient absorption, can also become an electron acceptor in
photosystem Il, causing changes in the activity of several enzymes that act in
photosynthesis and respiration (AUGUSTO et al., 2015; BARCELO;
POSCHENRIEDER, 1990). Pb is related to a lower capacity to absorb essential
nutrients linked to Pb in the form of cations (KABATA-PENDIAS; PENDIAS, 2000).
Excess Fe can also affect the assimilation of essential nutrients (JUCOSKI et al.,
2016). Mn, on the other hand, can interfere with the absorption of essential nutrients,
such as Calcium (Ca) and Potassium (K), and increase the concentrations of Mg and
Zn (SANTOS et al., 2017).

Metal absorption availability depends mostly on soil characteristics such as pH,
cation exchange capacity (CTC) and presence of organic matter (SOUZA; FRANCA;
FERREIRA, 2011). These factors, together with the available concentration of nutrient
solution, affect the absorption of the metals under study by plants. Therefore, the
application of a complete nutrient solution together with the metal may have
contributed to the absorption of a greater amount of metal by the plants, causing them
to suffer less from its effects, since the nutrients were also replaced. That is, a well-
nourished plant may have handled excess metals better than a plant that goes through
excess metals without complementary nutrition. This confirmation will be possible after
determining the concentration of metals in the plants that are in the completion
process.

Considering that the application of the nutrient solution may have mitigated the
effects of metals on plants grown in the soll, the proposition arises that this species be
analyzed in a medium with excess metals and in the absence of nutrients, to
understand the physiological responses related only to metals. Other variations may
be related to the concentrations of metals used and the time of plant exposure.

From the result to be obtained with metal quantification, it will be possible to
analyze the potential of T. paniculatum in the phytoextraction of heavy metals in the

soil, both in soil with and without fertilization.



44

4 CONCLUSION

T. paniculatum is a plant tolerant to high concentrations of Pb, Cd, Mn and Fe
in the soil. For Pb and Cd, in general, despite the cellular damage caused in plants,
only Cd reduces biomass accumulation in the roots. With respect to Mn and Fe, the
effect of these metals on plant physiology is minimal, not altering biomass
accumulation after 35 days of treatment. The analysis of metal concentration in the
plants will help in the conclusion about the amount of metal absorbed by the plants and
their potential use for phytoremediation purposes.

Future experiments without nutrient supplementation can be carried out to prove

the effects of metals on T. paniculatum plants.
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ABSTRACT

Rhizofiltration is a technique that uses plants to remove heavy metals from water. The
search for species with potential rooting and an increase in biomass for use in
rhizofiltration processes becomes important, given the increased presence of metals
present in contaminated water resources. Therefore, the objective of this study was to
evaluate the physiological characteristics and the potential remediation of Talinum
paniculatum cuttings subjected to excess lead (Pb) and manganese (Mn). Thus,
cuttings excised from T. paniculatum were transferred to a nutrient solution, in which
different concentrations of lead (0; 10; 50; 100; 200 mg L*) and manganese (0; 10; 50;
100; 150 mg L) were added. The treatments were maintained for a period of 30 days,
when the plant material was collected for the following analysis: biometric, root
morphology, activity of antioxidant enzymes and lipid peroxidation in shoots and roots.
Gas exchange, relative chlorophyll content and chlorophyll “a” fluorescence were

analyzed at the beginning (C1) and at the end (C2) of the experiment. The cutting
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tolerance index was over 70% for Pb and Mn. The increase in dry matter and the
resistance to exposure of the hydroponic solution containing Pb and Mn, showed
efficiency for the analyzed parameters. While root morphology and antioxidant system
activity showed tolerance to treatments, the plant response to excess Mn and Pb
showed that the most related variables were gas exchange and chlorophyll
fluorescence. T. paniculatum cuttings have the potential for use in Pb and Mn
phytoextraction, mainly due to the rapid rooting and cutting growth, in addition to cutting

tolerance to the excess of these metals.

Keywords: Phytoremediation. Antioxidant system. Gas exchange. Heavy metals.

Talinacea.

1 INTRODUCTION

Currently, environmental contamination by heavy metals is increasingly present
in agricultural soils and in water resources (SARWAR et al., 2017). Pollution by heavy
metals occurs mostly in mineral extraction, industries, manufacture of electronic
products and in their disposal. Automotive exhaust gases, coal combustion, fertilizers,
insecticides and Pb-based paints, are the main ways to release the pollutant in the
world. Mn has accumulated in the soil over decades, due to the presence of Fe and
oxides Mn, by mineral exploration, employment in industry, and manufacturing of
fertilizers (NAKBANPOTE; MEESUNGNOEN; PRASAD, 2016).

Small particles and concentrations of these metals are released into water
bodies, even if pre-treatment is carried out before disposal or final disposal, but there
are techniques that allow reducing the availability or extracting these metals from the
water. (ANKIT, 2019). A Rhizofiltration is a technique with great poltential for removing
heavy metals from water (MARQUES et al., 2011; TAVARES et al., 2013). In this
technique, the environment is decontaminated through the use of accumulator or
hyperaccumulator plants for the absorption, adsorption and precipitation of these
metals (SARWAR et al., 2017). O sistema radicular das plantas trabalha como um
biofiltro que reduz a mobilidade dos metais e a migracdo para aguas subterraneas, as
raizes capturam os metais contribuindo para despouluicéo do local contaminado, além

de reduzir a biodisnibilidade dos metais na cadeia alimentar. (GALAL et al., 2018).
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Heavy metals are mineral elements present in nature in small amounts; they
have an anatomical density that varies between the mineral elements (1 to 5 g cm-3)
(RASCIO; NAVARI, 2011). These elements are easily absorbed in the form of ions,
salts or linked to carbon and nitrogen chains (ANDRADE et al., 2009). In exchange for
2 to 5 mM, manganese (Mn) has no toxicity when used in low tools; it is also a
micronutrient. However, when absorbed at necessary highs, above 5mM, lead (Pb)
and Mn cause serious damage to plant metabolism, including reduced growth and
development (ANTONIADIS et al.,, 2017; KABATA-PENDIAS; PENDIAS 2000).
However, there are plants that tolerate the presence of these metals, which gives them
the ability to absorb large amounts without compromising plant metabolism. These
species can be divided by their growth potential and biomass gain or through
metabolism as accumulators or hyperaccumulators, and their ability to translocate
metals, which are retained in their roots, aerial part or not stem (PIO, ANTONY,
SANTAN, 2013).

Due to the low cost and ease of disposing of the plants through incineration,
rhizofiltration is a convenient technique for large and small companies in the mineral,
agricultural, livestock sector and that deposit contaminants in the water even
performing a pre-treatment, in addition to minimizing the environmental impacts
caused by incorrect or impractical disposal of heavy metals (WAN; LEI; CHEN, 2016).

One of the main symptoms observed in plants undergoing phytoremediation is
oxidative stress resulting from the accumulation of oxygen species (ROS), generated
by the breakdown of cellular homeostasis by metals (BARBOSA et al., 2014). The plant
defense mechanism tries to block the entry of metal into cells, activating the antioxidant
system and the production of enzymes and lipid peroxidation. Absorption of excess
metals can inhibit nutrient uptake by plants, as well as the entry of these metals into
metabolic pathways, triggering physiological changes that inhibit plant growth under
excess of Pb and Mn. In general, there is a change in chlorophyll fluorescence, gas
exchange and pigment content, which leads to the appearance of visual symptoms
such as leaf chlorosis, leaf loss, senescence and root darkening (KUMAR; PRASAD;
SYTAR, 2012; YONG et al., 2013). However, accumulator plants have tolerance
mechanisms related to the reduction in damage caused by metals, allowing plants to
survive under such conditions (MALAR et al., 2014).

The species Talinum paniculatum (Jacq.) Gaertn. or Talinum patens (L.)

Wild belongs to the Talinaceae group, and can be found in the Southern and Northern
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hemispheres, strictly in warmer regions. It is easily cultivable in poor or nutritionally
deficient soils and has a short life cycle, 65 days or more, depending on the care taken
(MACHADO; MELO; SALES, 2012; SCAFIDI; RAIMONDO, 2017;). Souza et al. (2018)
verified the tolerance of T. paniculatum seedlings to excess Pb through
ecophysiological and biochemical responses. In addition, RAJKUMAR et al. (2009)
reported the tolerance of Talinum triangulare cuttings - a species of the same family -
to the presence of heavy metals in solution. Kumar and Prasad. (2015) also observed
characteristics of tolerance to the imposition of metals in nutrient solution in T.
triangulare plants, which shows a great propensity of plants of this genus for potential
use in rhizofiltration.

In view of the growth characteristics of T. paniculatum and the tolerance to the
excess of Pb described above, the obtention of T. paniculatum cuttings was
hypothesized as favoring the use of this species in phytoremediation. Therefore, the
objective of this study was to evaluate the physiological characteristics and their

potential for rhizofiltration of T. paniculatum cuttings submitted to excess Pb and Mn.

2 MATERIAL AND METHODS

2.1 OBTENTION OF PLANT MATERIAL AND CONDUCTION OF THE EXPERIMENT

The experiment was conducted in a greenhouse at Federal University of
Alfenas. Seeds obtained from the seed bank of the research group were sown in pots
containing substrate composed by soil and cattle manure (at the ratio 3:1) of soil and
cattle manure for a period of two months.

Plants were grown for two months, when the cuttings were excised. The process
from obtaining cuttings to starting treatments is detailed in Figure 1. Cuttings containing
six fully expanded leaves were excised from the plants and placed in pots containing
nutrient solution % strength (Hoagland and Arnon 1950) (Figure 1 A, E). Five days
later, when the cuttings were already rooted, the nutrient solution was changed to %2
strength (Figure 1 B, F). After ten days, the nutrient solution was changed to full
strength for cutting cultivation and growth (Figure 1C, G). Finally, 20 days after the
beginning of the experiment (Figure 1 D, H), rooted cuttings were selected for size
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uniformity and exposed to different concentrations of Pb (0; 10; 50; 100; 200 mg L)
and Mn (0; 10; 50; 100 and 150 mg L1).

Figure 1 — Period from obtaining Talinum paniculatum cuttings to the beginning of

Source: created by the author (2020).

High purity reagents Pb (NO3)2 and MnSO4.H20 were used as Pb and Mn
sources. The concentrations used were previously defined based on Conama
Resolution 430 (The National Environment Council in Brazil - CONAMA), which have
allowed values for concentrations of inorganic substances in water, total Pb (0.5 mg L
1) and dissolved Mn (1.0 mg L'). Metals were added to the nutrient solutions, which
were changed weekly. The pH was maintained at 6 £ 0.5 and the nutrient solutions
were maintained under continuous aeration.

The treatments were applied for a period of 30 days, when the plant material
was collected. Biometric and ecophysiological evaluations were performed at the first
day of metal exposure (C1) and at the end of the experiment (30 days of treatments,
C2), while biochemical and morphological analyses, when were performed on the
material collected at the end of the experiment.
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2.2 VISUAL SYMPTOMS AND BIOMASS DETERMINATION

During the experimental period, visual symptoms of plant wilting, leaf chlorosis,
necrosis and bending were observed. Shoot and root were dried in a forced air oven

at 65 °C until constant weight for the determination of dry biomass.

2.3 DETERMINATION OF MACRO — AND MICRONUTRIENTS AND PB

For the quantification of nutrients and Pb concentrations, plants were divided in
shoots and roots and were dried at 65 °C under air circulation until constant weight.
Then, the samples were ground in a rotor type mill (Pulverisette 14 Classic Line, Fritsch
GmbH, Germany) at 16,000 rpm. Subsequently, samples were subjected to nitro-
perchloric digestion to determine the nutrient and Pb concentrations. N was
determined by Sulphur digestion followed by the Kjeldahl distillation. Ca, Mg, K, Cu,
Fe, Zn, Mn and Pb were determined by high sensitivity atomic emission spectrometry
(MIP-AES Agilent 4200, Santa Clara, USA). P, S and B were determined by
spectrofotometry (FEMTO 600S, Sdo Paulo, Brazil). The content of macro- and
micronutrients and Pb was determined according to standard laboratory protocols and
methods following the recommendations of Malavolta et al. (1997). The limit of
quantification (LOQ = 10 * standard deviation of blank/slope of calibration curve) was
0.22 mg kg for N; 0.11 mg kg for P; 0.32 mg kg™ for K; 0.22 mg kg* for Ca; 0.11 mg
kg* for Mg; 0.11 mg kg for S; 2.03 mg kg for Cu; 3.79 mg kg™ for Fe and 4.13 mg
kgt for Zn; 4.02 mg kg for Mn and 0.01 mg kg™ for Pb.

The content of macro- and micronutrients and Pb was determined by the
product of dry matter x nutrient concentration in shoots and roots. The content was

expressed in mg of nutrients/metals per each plant part analyzed (shoots and roots).

2.4 TRANSLOCATION FACTOR AND TOLERANCE INDEX

The translocation factor (TF) of Mn e Pb from roots to shoots were calculated
by: (element content in shoot/ element content in roots) * 100. The translocation factor
was expressed in percentage (Xue et al. 2018).

The tolerance index (IT) was determined using the formula: IT = (MS treatment/

MS control) x 100 where: treatments were considered the different concentrations of
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Pb or Mn and the control was considered the concentration 0 mg Lt Pb or 0 mg Lt Mn
(Mou et al. 2011).

2.5 ROOT MORPHOLOGY

The roots were properly collected, washed in running water and stored in pots
containing 70% alcohol until the analyses using the Winrhizo Pro 2007 software
(Regent Instruments, Sainte-Foy, QC, Canada) in order to obtain total root length,

surface area and root volume.

2.6 GAS EXCHANGE AND RELATIVE CHLOROPHYLL CONTENT

Gas exchange was analyzed between 8 and 11 am, with an Infra-Red Gas
Analyzer model LI 6400XT (LI-COR Inc., Lincoln, Nebraska, USA). A fixed flow
chamber with a leaf temperature of 28 °C, a flow of 500 pmol/s of air and
photosynthetically active radiation of 1,200 umol/m2 s were used, based on the light
curve previously plotted for the species. The rates analyzed were net photosynthesis
(An), intercellular CO2 concentration (Ci) and transpiration (E). From these parameters,
water use efficiency (WUE) and instant carboxylation efficiency (k), obtained by the
ratios An/E and An/Ci, respectively, were calculated.

The relative chlorophyll content was determined by the SPAD index, using a
502-Plus chlorophyll meter (Konica-Minolta — Osaka, Japan). Eight readings were

performed on two completely expanded leaves, by replication.

2.7 CHLOROPHYLL “A” FLUORESCENCE

Chlorophyll “a@” fluorescence was analyzed using a modulated fluorimeter (Mini-
PAM — Heinz Walz, Effeltrich, Germany). After 30 minutes of adaptation in the dark,
the minimum fluorescence (Fo) was measured with a sufficiently low light, avoiding
photochemical reactions, and the maximum fluorescence (Fm), by applying a saturating
light pulse of 7000 um photons m2 s for 0.8 seconds. In the samples adapted in the
dark, the maximum efficiency of the photosystem (PS Il) was estimated by the Fv/Fm
ratio. The leaves were then illuminated with actinic light at an intensity of 1500 pmol

photons m?2s?, Subsequently, constant fluorescence (Fs) was obtained and then
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another saturating light pulse was applied for 1s to obtain the maximum fluorescence
emitted by the leaves (Fm’). The actinic light was removed and the leaves were
irradiated with far-red light, for the obtention of Fo adapted to light (Fo’). Photochemical
quenching was calculated as qP = (Fm’-Fs)/(Fm’-Fo’), and non-photochemical
guenching was calculated as qN = (Fm-Fm’)/Fm’. Electron transport rate (ETR) =
[(Fm’-Fs/Fm’) x PPFD x 0.5 x 0.84 was also evaluated (van Kooten and Snel 1990).

2.8 BIOCHEMICAL ANALYSES

The plant material (roots and leaves) was collected in liquid nitrogen and stored

at -80 °C until the analyses

2.8.1 Activity of antioxidant enzymes

The enzymes were extracted according to Biemelt et al. (1998). The
supernatant collected at the end of the extraction process was used to quantify the
activity of the enzymes superoxide dismutase (SOD), ascorbate peroxidase (APX) and
catalase (CAT).

SOD activity was assessed through the ability to inhibit nitrotetrazolium blue
(NBT) photoreduction, as described by Giannopolitis and Reis (1977). One unit of SOD
was calculated as the amount of enzyme necessary to inhibit NBT photoreduction by
50%. CAT activity was assessed by the decreasing absorbance at 240 nm (Havir and
McHale 1987). The activity was expressed in pmol H202 min-t mg* fresh matter (molar
extinction coefficient, 36 mM* cm™?). Using the methodology of Nakano and Asada
(1981), APX activity was measured by monitoring the oxidation rate of ascorbate at
290 nm. The activity was expressed in ymol AsA mint mg? fresh matter (molar

extinction coefficient, 2.8 mM*cm™).
2.8.2 Lipid peroxidation
Lipid peroxidation was determined according to Buege and Aust (1978)(1978

and the formation of malondialdehyde was then quantified by the following equation:
[MDA] = (A535 — A600)/(¢.b), where: ¢ (extinction coefficient = 1.56 x 10° cm™); b
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(optical length = 1). Peroxidation will be expressed in nmol of malondialdehyde (MDA)

g of fresh matter.

2.9 EXPERIMENTAL DESIGN AND DATA ANALYSIS

The experiment was conducted in a completely randomized design using a
factorial scheme (5 x 4), with five metal concentrations and four replications. Each
replication consisted of two cuttings.

The data were tested for the assumptions and subjected to analysis of variance
(ANOVA) and then multiple linear regression analyses by the Bioestat 5.3 software;
when not significant, the means test was performed and they were compared using
the Scott-Knott test (p< 0.05). The analyses were performed using the SISVAR
statistical software.

The relationship between Pb and Mn concentrations and the variables in this

study were analyzed using principal component analysis (PCA) by correlation matrix.

3 RESULTS

The first visual symptoms in plants were observed after 15 days of treatment
imposition. In both cases, the most apparent symptom was leaf chlorosis, which did
not occur in a generalized way, but only in some of the leaves of cuttings under excess
Pb and Mn (Figures 2 and 3). In the case of roots, the main visual symptom observed

was the darkening of the tissue under Mn excess (Figure 3).
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Figure 2 — Visual symptoms of leaves (A-E) and roots (F-J) of Talinum paniculatum
cuttings submitted to different concentrations of Pb (0, 50, 100, 150, 200 mg L™?) for a
period of 30 days.

0mgL' Pb 50 mg L' Pb 100 mg L' Pb 150 mg L' Pb 200 mg L' Pb

Source: created by the author (2020).

Figure 3 — Visual symptoms of leaves (A-E) and roots (F-J) of Talinum paniculatum
cuttings submitted to different concentrations of Mn (0, 10, 50, 100, 150 mg L) for a
period of 30 days.

0mgL"! Mn 10 mg L' Mn 50 mg L'' Mn 100 mg L' Mn 150 mg L' Mn

Source: created by the author (2020).

The general visual aspect of the plants at the end of the experiment, after 30
days of exposure to different concentrations of Pb and Mn, can be seen in Figure 4. It
should be noted that the plant growth was not significantly affected by treatments when
compared to the control despite the visual symptoms mentioned above.
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Figure 4 — Visual aspect of Talinum paniculatum cuttings submitted to
different concentrations of Pb (0, 50, 100, 150, 200 mg L) (A) and Mn (0, 10, 50, 100,
150 mg L*) (B) for a period of 30 days. The bar represents 10 cm.
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Source: created by the author (2020).

Shoot and root dry biomass showed quadratic and cubic behavior. Shoot and
root dry biomass of cuttings under Pb did not change, following a dry mass reduction
trend, compared to the control (Figure 5A, C), as well as root dry biomass under Mn
(Figure 5D) followed a third degree regression with a decrease in mass, followed by
an increase from the concentration and again a downward trend at the highest

concentration tested. Shoot dry biomass under Mn (Figure 5B) had a quadratic
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behavior with a decreasing hyperbole in the first treatments and a slight increase at
the highest concentration. For Mn, there was a reduction in shoot and an increase in

roots due to greater availability and absorption in the roots.

Figure 5 — Shoot (A, B) and root (C, D) dry biomass of rooted Talinum paniculatum
cuttings grown under increasing concentrations of Pb and Mn, respectively, for a period
of 30 days.
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Source: created by the author (2020).

Under Pb and Mn excess, shoots showed higher contents of macro- and
micronutrients than roots, except for Fe (Tables 1 and 2). Generally, nutrients content
showed no specific dose-response to the increase in Pb concentrations (Table 1). In
shoots, the most expressive variations occurred for P, K and Mg contents, once there
was a decrease in P content and increase in K and Mg contents in response to the
increase in Pb concentrations. In roots, Fe and Mn contents decreased in response to
the increase in Pb concentrations.

Under Mn excess, the content of nutrients varied in response to the increase in
Mn concentrations (Table 2). In shoots, the contents of N, P, K, Ca, Mg, S and B
decreased with the increase in Mn concentrations. In roots, the contents of P, Fe and

Zn increased in response to the increase in Mn concentrations in the nutrient solution.
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Excess Pb and Mn influenced the concentrations of some nutrients (Tables 1
and 2). The concentrations of N, K, Ca, Mg, and B in the shoots increased with
increasing Pb concentrations in the nutrient solution. In the roots, N, S, B, Fe, and Mn
concentrations decreased with increasing Pb concentrations (Table 1).

With increased Mn concentrations, K increased and Ca, B, and Fe decreased
in the shoots. In the roots, N, P, Fe, and Zn concentrations increased while S and B

decreased with the increase in Mn (Table 2).
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Table 1 — Mean concentrations of nutrients in the shoots and roots of rooted Talinum paniculatum cuttings grown under increasing
concentrations of lead (Pb) for a period of 30 days.

Pb N | P K | ca | Mg | s | B | Ccu | Fe | Mn | Zn
concentration - mg e e T —— —
0 384.3 84.6 Ab 468.7 Ab 156.0 Ac 99.5 Ad 26.8 0.367 Ab 0.054 1.072 0.843 Aa 0.218 Aa
Aa Aa Aa Ba
10 399.4 86.3Ab 647.4Aa 2454 A0 113.4 Ac 21.0 0.468 Aa 0.059 0.604 0.762Ba 0.255 Aa
Aa Ac Aa Ba
50 4321 108.2Aa 716.6 Aa 285.9 Aa 150.5 Aa 26.9 0.387 Ab 0.058 0.691 1.038 Aa 0.280 Aa
Shoots Aa Aa Aa Ba
100 405.0 84.9Ab 7044 Aa 259.1 Ab 149.2 Aa 23.8 0.469 Aa 0.062 0.800 0.962 pa 0.266 Aa
Aa Ab Aa Ba
200 406.9 73.6 Ac 659.3Aa 2443 Ab 134.0 Ab 24.3 0.401 Ab 0.062 1.152 0.948 aa 0.251 Aa
Aa Ab Aa Ba
0 78.9 Ba 7.4 Bb 176Ba 375Ba 14.6Ba 5.7Bb 0.047 Ba 0.024 5.545 0.474Bb 0.062 Ba
Bb Ab
10 45.1 Ba 15.2 Bb 13.2Ba 42.2Ba 10.7Ba 4.5Bb 0.028 Ba 0.017 4799 1.205Aa 0.048 Ba
Bb Ab
Roots 50 50.3 Ba 6.1Bb 10.5Ba 44.0Ba 10.0Ba 4.6Bb 0.030Ba 0.019 3.393 0.429Bb 0.056 Ba
Bb Ac
100 74.3 Ba 23.9 Ba 17.1Ba 67.3Ba 16.1Ba 8.3Ba 0.042Ba 0.038 8.126 0.601Bb 0.097 Ba
Ba Aa
200 68.2 Ba 12.8 Bb 134Ba 416Ba 149Ba 4.2Bb 0.022Ba 0.022 3.179 0.247 Bc 0.066 Ba
Bb Ac

* Upper case letters compare the part of the plant (shoots and roots) and lower-case letters compare the concentrations in each collection time. Means followed
by the same letter do not differ, according to the Scott Knott test (p < 0.05) (n = 5).

Source: created by the author (2020).
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Table 2 — Mean concentrations of nutrients in the shoots and roots of rooted Talinum paniculatum cuttings grown under increasing

concentrations of manganese (Mn) for a period of 30 days.

Mn | N | P | K | cCa Mg S B Cu Fe Zn
concentration mg

0 391.4 Aa 84.6 Aa 468.7 Aa 156.0 Aa 995Ab 26.8 Aa 0.367 Aa  0.054 Ab 1.070Ba 0.218 Aa
10 355.3 Ab 81.8 Aa 515.4 Aa 147.0Aa 112.8Aa 23.3Ab 0.349Aa 0.051 Ab 0.361Bb  0.265 Aa
Shoots 50 294.9 Ac 73.2 Ab 488.7 Aa 133.6 Ab 112.2Aa 24.0Ab 0.299 Ab  0.053 Ab 0.329Bb  0.248 Aa
100 279.3 Ac 55.3 Ac 467.8 Aa 110.4 Ac 93.6 Ac 243 ADb 0.360 Aa  0.088 Aa 0.182Bb 0.232 Aa
150 281.4 Ac 58.0 Ac 437.6 Aa 95.0 Ad 78.7Ad 19.0 Ac 0.207 Ac  0.057 Ab 0.262Bb  0.260 Aa
0 78.9 Ba 7.4 Bc 17.6 Ba 37.5Ba 14.6 Ba 5.7 Ba 0.047 Ba 0.024 Bb 5545 Ac 0.062 Bc
10 52.7 Ba 7.3 Bc 9.3 Ba 33.8Ba 11.1 Ba 2.3Ba 0.021Ba 0.015Bb 4.164 Ac 0.074 Bc
Roots 50 53.6 Ba 14.1 Bb 12.3 Ba 35.9 Ba 9.8 Ba 3.2Ba 0.019Ba 0.048 Ba 8.108 Ab 0.110Bb
100 71.3 Ba 16.5Bb 12.9 Ba 26.1 Ba 11.5Ba 3.8 Ba 0.019Ba 0.017Bb 12.107 Aa 0.123Bb
150 82.9 Ba 21.5Ba 17.5 Ba 31.6 Ba 15.7 Ba 4.6 Ba 0.027Ba 0.021Bb 12.238Aa 0.173 Ba

* Upper case letters compare the part of the plant (shoots and roots) and lower-case letters compare the concentrations in each collection time. Means followed

by the same letter do not differ, according to the Scott Knott test (p < 0.05) (n = 5).

Source: created by the author (2020).
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Pb contents in shoots and roots increased with the increase in Pb
concentrations in the solution, showing linear behavior for shoots and polynomial
of second degree for roots (Figure 6 A, C). Mn content showed quadratic behavior
for shoots, with an increase in the intermediary concentrations and a decrease in
the higher Mn concentrations (Figure 6 B). In roots, Mn content increased linearly

with the increase in Mn concentrations in the nutrient solution (Figure 6 D).

Figure 6 — Shoot and root contents of Pb and Mn of rooted Talinum paniculatum
cuttings grown under increasing concentrations of Pb (A) and Mn (B),

respectively, for a period of 30 days.
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Source: created by the author (2020).

Pb translocation factor did not differ among Pb concentrations, remaining
around 10% (Figure 7 A), while Mn translocation factor reduced with the increase
in Mn concentrations in the solution (Figure 7 B). The cutting tolerance index for
Pb and Mn was over 70%. In the case of excess Pb, a higher IT was observed at
a concentration of 100 mg L and there were no differences between the other
concentrations (Figure 7 C). For Mn, the IT values were greater than 70% and
there was no statistical difference between the different Mn concentrations
(Figure 7 D).
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Figure 7 — Translocation factor and tolerance index of rooted Talinum
paniculatum cuttings grown under increasing concentrations of Pb (A) and Mn
(B), respectively, for a period of 30 days. Means followed by the same letter do
not differ, according to the Scott Knott test (p < 0.05).
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Source: created by the author (2020).

The results of root morphology are shown in Figure 8. With the increase in
Pb concentrations, there was a tendency towards the reduction in root length and
surface area with a second degree polynomial adjustment (Figure 8A, C), besides
an increase in root volume with linear adjustment, making the roots become
thicker and with a large volume (Figure 8E). In the case of increased Mn
concentrations, there was an increasing tendency in length with second degree
polynomial adjustment (Figure 8B), linear increase in surface area (Figure 8D)
and increase in the total root volume with second degree polynomial adjustment
(Figure 8F) for T. paniculatum plants. Cuttings that received Mn in solution in both
analyzed root morphology parameters, showed an increase in the roots and

decrease in the shoot.
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Figure 8 — Root length (A-B), surface area (C-D) and total volume (E-F) of rooted

Talinum paniculatum cuttings grown under increasing concentrations of Pb and

Mn, respectively, for a period of 30 days.
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The net photosynthetic rate (An) was lower in collection 2 when compared
to the collection 1 both for Pb and Mn treatments (Figure 9A, B). In addition, An

was lower in cuttings of treatments with excess Mn than in the control for both

collections. However, there was no variation of An in response to the different

excess concentrations of Mn.

Gas exchange rates of Pb cuttings showed a reduction in the high

concentrations in C1 and higher when compared to C2. Intercellular carbon

concentration (Ci) of cuttings under Pb treatments showed a linear trend in both

collections (Figure 9C), decreasing in collection 1 and increasing in collection 2.
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In cuttings under Mn excess, there was a quadratic and linear behavior,
respectively, in collections 1 and 2, both with a decreasing trend at the highest
concentrations (Figure 9D). Regarding transpiration (E), it was higher in collection
2 than in collection 1 for cuttings under excess Pb (Figure 9E). Under excess Mn,
E showed a linear behavior with a decreasing trend for both collections (Figure
oF).

Figure 9 — Net photosynthetic rate (An, A-B), intercellular carbon concentration
(Ci, C-D) and transpiration (E, E-F) of rooted Talinum paniculatum cuttings grown
under increasing concentrations of Pb and Mn, respectively, for a period of 30
days. Means followed by the same letter do not differ, according to the Scott Knott
test (p < 0.05). Upper case letters compare the collection times and lower case

letters compare the concentrations in each collection time.
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Water use efficiency (WUE, Figure 10 A-B) was higher in collection 1 than
in collection 2 for cuttings grown under Pb and Mn. On the other hand, instant
carboxylation efficiency (k) showed a second degree polynomial behavior in
collection 1 for cuttings under excess Pb and Mn (Figure 10 C-D), with a lower k
at intermediate concentrations. In collection 2, there was a second degree
polynomial behavior in cuttings under excess Pb and a third degree polynomial

behavior in those under excess Mn (Figure 9D).

Figure 10 — Water use efficiency (WUE, A-B), and instant carboxylation efficiency
(k, C-D) of rooted Talinum paniculatum cuttings grown under increasing
concentrations of Pb and Mn, respectively, for a period of 30 days. Means
followed by the same letter do not differ, according to the Scott Knott test (p <
0.05). Upper case letters compare the collection times and lower case letters

compare the concentrations in each collection time.
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The relative chlorophyll content (SPAD index) was higher in collection 1
than in collection 2. For cuttings grown under excess Pb, a second degree
polynomial behavior was observed in collection 1 and a third degree polynomial

behavior in collection 2 (Figure 11 A). In cuttings under excess Mn, there was a
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linear behavior with an increasing trend in collection 1 and a second degree

polynomial behavior in collection 2 (Figure 11 B).

Figure 11 — Relative chlorophyll content (A, B) of rooted Talinum paniculatum
cuttings grown under increasing concentrations of Pb and Mn, respectively, for a

period of 30 days.
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Source: created by the author (2020).

Regarding chlorophyll “a” fluorescence, there was only an isolated effect
of the concentration of metals or collections for the analyzed variables. The
electron transport rate (ETR) showed a second degree polynomial behavior for
both metals, with higher values at intermediate concentrations (Figure 12 A, B).
The same behavior was observed for photochemical quenching (qP) under
excess Pb (Figure 12 C). Under excess Mn, gP was higher in collection 1 than in
collection 2 (Figure 12 D). Under excess Pb, the maximum quantum yield of
photosystem Il (Fv/Fm) was higher in collection 1 than in collection 2 (Figure 12
E) and was not influenced by collections or Mn concentrations. Non-
photochemical quenching showed a third-degree polynomial behavior under
increasing concentrations of Mn (Figure 12 F), but was not influenced by

collections or concentrations of Pb.
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Figure 12 — Electron transport rate (ETR, A-B), photochemical quenching (qP, C-
D), maximum quantum yield of photosystem II (Fv/Fm, E) and non-photochemical
quenching (gN, F) of rooted Talinum paniculatum cuttings grown under
increasing concentrations of Pb and Mn, respectively, for a period of 30 days.
Means followed by the same letter do not differ, according to the Scott Knott test
(p =0.05). Upper case letters compare the collection times and lower case letters

compare the concentrations in each collection time.
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Considering the activity of the antioxidant system in the shoot, SOD activity
presented a decreasing linear behavior under concentrations of Pb and of second
degree under Mn (Figure 13A, B). CAT had a second-degree polynomial
adjustment with a decreasing tendency at the highest Pb concentrations (Figure
13C) and a linear increase in activity with the increase in Mn concentrations
(Figure 13D). APX activity showed a second-degree polynomial adjustment, with

increased activity at the highest concentrations of Pb and Mn (Figure 13E, F).
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Figure 13 — Activity of antioxidant enzymes superoxide dismutase (SOD, A-B),

catalase (CAT, C-D) and ascorbate peroxidase (APX, E-F) in leaves of rooted

Talinum paniculatum cuttings grown under increasing concentrations of Pb and

Mn, respectively, for a period of 30 days.
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In roots, SOD activity did not vary with the increase in Pb concentrations

and showed a second degree polynomial adjustment with the increase in Mn

concentrations (Figure 14A, B). CAT activity had a second degree polynomial

adjustment,

showing an

increasing tendency with the

increase in Pb

concentrations (Figure 14C). In the case of excess Mn, CAT activity showed a

third degree polynomial tendency (Figure 14D). With regard to APX, a second

degree polynomial adjustment was observed, presenting an increasing tendency
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in activity with an increase in Pb concentrations and a decreasing tendency in

activity with increasing Mn concentrations (Figure 14E, F).

Figure 14 — Activity of antioxidant enzymes superoxide dismutase (SOD, A-B),
catalase (CAT, C-D) and ascorbate peroxidase (APX, E-F) in roots of rooted
Talinum paniculatum cuttings grown under increasing concentrations of Pb and

Mn, respectively, for a period of 30 days.
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Lipid peroxidation was measured by the concentration of
malondialdehyde. In roots and shoot of plants under Pb, there was a second
degree polynomial adjustment with an increase in lipid peroxidation in response

to the increase in Pb concentrations (Figure 15A, C). On the other hand, there
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were no statistical differences between treatments in plant shoot due to the
different concentrations of Mn (Figure 15B). In the roots, there was an increase

in MDA at concentrations of 10, 100 and 150 mg L* Mn (Figure 15B).

Figure 15 — Malondialdehyde (MDA) content produced in leaves (A-B) and roots
(C-D) of rooted Talinum paniculatum cuttings grown under increasing
concentrations of Pb and Mn, respectively, for a period of 30 days. Means

followed by the same letter do not differ, according to the Scott Knott test (p <

0.05).
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Principal component analysis showed that, although the cuttings have
withstood the 30 days of treatment under different concentrations of Pb and Mn
without major damage to their growth, the strategies used were different for each
metal (Figure 16). The two principal components accounted for about 57% of data
variation in this study and, while root morphology and antioxidant system activity
were more related to the plant response to excess Mn, the most related variables

under excess Pb were gas exchange and chlorophyll fluorescence.
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Figure 16 — Principal component analysis relating the variables analyzed in this
study (Shoot and root dry biomass, root morphology, gas exchange, chlorophyll
“a” fluorescence, relative chlorophyll content, antioxidant system activity and lipid
peroxidation) in Talinum paniculatum cuttings under increasing concentrations of
Pb and Mn.

0.0
-4 0.8
44 sPb 100 1
#r0:.100 ein 100 [ U8
% oiVin 50
err/”
e *Pb 200 l / 104
b 2 sEb:100 ff VDA PA ®Mn 100 i
© *Ph 50 i / M 100 do2
= T f o =
~ i . N " ol .MXMLBQQDME
O 0 g P = A 0.0
o ng‘j‘/.wiﬂﬁ H“‘*-\H 4
Rl Rbwsas0
SF'AMUL;Q *Wino an 150 192
S pAD ohin 10 ]
-2 - P8 Bb 10 GN ohin al‘\.ﬂn 10
—4-04
*PiaPs 10
- -06
-4 T T T T
-5 0 5
PC1 (47.19%)
Source: created by the author (2020).
4 DISCUSSION

T. paniculatum cuttings containing six fully expanded leaves allowed the
obtention of plants viable for the rhizofiltration of heavy metals. The use of nutrient
solution optimized the rooting process, as well as the presence of fully expanded
leaves may have contributed to the rapid cutting development. Despite the
appearance of some symptoms related to leaf chlorosis and root darkening, the
cuttings showed tolerance to excess metals for a period of thirty days. At the end
of the experimental period, there was a 14% reduction in total plant dry biomass
at the highest concentration of both metals in relation to the concentration of O
mg L. The species under study adopted different strategies to survive the
excess of Pb and Mn, culminating in a high tolerance index, regardless of the
metal concentration used. Talinum paniculatum has the potential for Pb and Mn
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rhizofiltration, which will be confirmed by the evaluation of metals in shoots and
roots.

The use of cuttings in phytoremediation has already been described by
Rajkumar et al. (2009), aiming to obtain cuttings with high rooting capacity to
increase the absorption capacity of the metals present in the medium, where the
rooting process was carried out in an aqueous medium and already in the
presence of metals; this process was delayed by the increase in the concentration
of metals and there was no formation of lateral roots. Even so, the rooted cuttings
of Talinum triangulare, a species close to T. paniculatum, showed a high uptake
of metals such as lead, nickel and cadmium in the medium. In this study, the use
of the nutrient solution, optimized the rooting process and allowed the obtention
of physiologically viable cuttings for metal absorption in a short time. Due to the
large number of roots formed, T. paniculatum cuttings are expected to be able to
absorb large amounts of the metals present in the solution. In addition, the
presence of the nutrient solution allows the supply of nutrients that are essential
for the maintenance of cutting growth and development.

The accumulation of dry biomass showed the same cubic behavior for
shoots and roots under excess Pb, in which the highest values were found at a
concentration of 100 mg L, which culminated in a higher tolerance index for the
plants at this metal concentration. On the other hand, under excess Mn, there
was a decreasing tendency in relation to shoot dry biomass and increase in that
of roots, which allowed the maintenance of the species tolerance index
regardless of the applied Mn concentration. The trend of maintaining the
tolerance index even at the highest metal concentrations can be considered as
an indicative of the species tolerance to this metal (KUMAR; PRASSAD; SYTAR,
2012).

Certain plant species absorb the heavy metals present in the soil or water,
as long as they are at low concentrations or available with other minerals and
nutrients essential for plant development. The ability of these metals to
accumulate in plant biomass allows them to be characterized by their
phytoremediation potential due to the ability to survive and develop despite the
presence of metals (GONG; ZHAO; WANG, 2018). T. triangulare plants have
already been described as potential for rhizofiltration due to their ability to
bioaccumulate metals both in aqueous solution (RAJKUMAR et al., 2009), as well
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as in contaminated solid medium (EZE, 2014). In these cases, there is a tendency
of greater metal accumulation in the roots than in the shoot of these plants.

T. paniculatum cuttings showed tolerance in certain parameters analyzed
under excess Mn. Since it is a micronutrient, Mn plays a vital role in
photosynthesis and respiration INOSTROZA-BLANCHETEAU et al., 2017). This
is due to its role in the center of evolution of oxygen and action as an enzymatic
cofactor (RODRIGUES et al., 2016; ZAMBROSI et al., 2016). However, when in
excess, Mn can affect the production of essential metabolites, limit biomass
growth and accumulation, reducing photosynthesis, chlorophyll and even leading
to changes in the structure of chloroplasts (CARDOSO; NAVARRO; NOGUEIRA,
2003; ZAMBROSI et al., 2016).

In Citrus grandis and Citrus sinensis plants, Mn toxicity (0,5 mM)
decreased CO2 assimilation, stomatal conductance and transpiration rate, but
had no influence on intercellular CO2 concentration (YOU et al., 2017). As in this
study, the photosynthetic rate, transpiration, intercellular carbon concentration,
water use efficiency (WUE), instant carboxylation efficiency and SPAD index
showed a reduction curve compared to the control. However, between Mn
concentrations, there were no expressive variations. The drop in gas exchange
rates for Mn is assigned to oxidative stress, due to the higher production of ROS,
which directly affect photosystem Il (SHOLER et al., 2014). A common response
of plants to neutralize reactive oxygen species generated by excess metals is the
action of the antioxidant system. Thus, there is the action of enzymes such as
ascorbate peroxidase (APX), catalase (CAT) and superoxide dismutase (SOD),
which neutralize excess ROS, reducing oxidative stress (SHARMA; DUBEY,
2005). Plants under excess Mn showed higher responses of antioxidant enzymes
in the shoot, showing only increased activity of catalase in the roots. This better
performance of the antioxidant system was sufficient to avoid oxidative stress in
the shoot of these plants, but an increase in root lipid peroxidation was observed.
Even so, there was a reduction in shoot biomass and a tendency to increase root
biomass; the increased Mn in the plant allows greater investment of this metal in
the roots, also showing that there was a certain efficiency of the antioxidant
system in preventing the damage resulting from the excess of manganese in

these cuttings.
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Soybean plants under excess Mn in a period of 30 days showed damage
to the metabolism and physiology of shoot and roots (SANTOS et al., 2017), at
lower concentrations (2, 10, 100, 200 and 300 mM) than those used in this study.
Symptoms such as marginal chlorosis in the leaves are mild symptoms of excess
manganese and are related to the decrease in chlorophyll production in response
to excess Mn. The appearance of these symptoms shows that the action of the
antioxidant system was essential to reduce the damage caused by excess Mn in
T. paniculatum, allowing its survival for 30 days in treatments with only mild
toxicity symptoms.

The excess of Pb causes severe damage to plant physiology and
biochemistry, presenting high toxicity to plants by inhibiting the activity of
enzymes, reducing photosynthesis, altering water balance and mineral nutrition.
Pb also changes the hormonal state, affects the structure and permeability of the
cell membrane, in addition to causing visible symptoms such as reduced growth,
chlorosis and darkening of the root system (SHARMA; DUBEY, 2005).

In treatments with T. paniculatum cuttings, it can be observed that the
presence of lead with the nutrient solution reduced shoot and root dry matter; this
factor is linked to the ability of this element to inhibit plant mineral nutrition (LU;
ZHANG; SHAN, 2005). In T. triangulare plants, Pb (0, 0.25, 0.5, 0.75, 1.0, and
1.25 mM) can easily accumulate in plant tissues causing phytotoxicity and
oxidative stress, resulting in a decrease in gas exchange, chlorophyll
fluorescence and mechanisms of photosystem Il, reducing dry matter
accumulation (KUMAR; PRASAD, 2015). It is noteworthy that despite this, the
metal increase did not change the accumulation in the roots, being an important
mechanism to immobilize or accumulate the metals inside the plant in the short
to medium term, an important factor for rhizofiltration.

At high concentrations, both Pb and Mn are harmful to the photosynthetic
apparatus of plants, compromising the performance of photosystem II. Kumar
and Prasad (2015) considered the fluorescence parameters of chlorophyll “a” as
markers of Pb stress in T. triangulare. Chlorophyll fluorescence was one of the
parameters that suffered the least influence from the treatments applied,
indicating that, for T. paniculatum, these parameters are not good stress

indicators for Pb and Mn.
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In cuttings under excess Pb, there was no reduction in gas exchange rate
or stomatal conductance compared to the control, but lipid peroxidation increased
with the increase in Pb concentrations. This may be due to the exposure time of
the cuttings and the use of nutrient solution, once Pb induces the production of
ROS and increases lipid peroxidation and oxidative degradation of plant
metabolism (ASADA, 2006). In rice cultivars with concentrations of 0,5 and 0,1
mM Pb (NOs)2 in a growth period of 5-20 days, there was a significant increase
in lipid peroxidation, indicating that Pb induces oxidative stress in these plants
(VERMA; DUBEY, 2003).

Pb ions induce lipid peroxidation, decrease the level of saturated fatty
acids and increase the content of unsaturated fatty acids in the membrane in
various plant species (KOHLI et al., 2020). In experiments with Pluchea sagittalis,
the increase in the concentration of Pb (0, 0,2, 0,4, 0,6, 1 mM) led to a higher
generation of H202 and an increase in lipid peroxidation, which led to a decrease
in root and shoot dry matter. However, the concentration of chlorophyll and
carotenoids was not affected (ROSSATO, 2010).

In plants, Pb is easily absorbed by the tissues in the roots together with
essential nutrients linked to Pb in the form of cations (SILVA; SANTOS; SOUZA
GUILHERME, 2015). The presence of Pb contributes to homeostasis breakdown,
causing damage to cellular components or even to the DNA. In T. paniculatum
cuttings, an increased activity of APX, CAT and SOD was detected in the roots,
while APX activity increased only in the shoot. In T. triangulare plants under
excess Pb, the essential role of the ascorbate-glutathione cycle was observed,
mainly of reduced and oxidized glutathione in the protection against oxidative
stress (KUMAR et al., 2014), which may also be related to a higher APX activity
in T. paniculatum. In the special case of T. triangulare roots, there was an
increase in the activity of the enzymes SOD, CAT and APX, but it was not
sufficient to prevent the peroxidation of membrane lipids and the oxidation of
proteins (KUMAR et al., 2013).

The toxic effect of Pb and its deleterious effects on plant physiology and
biochemistry present several physical symptoms such as green and dark leaves,
wilting of older leaves and shoot, besides darkening of low-volume,
underdeveloped and brown roots, as well as marginal chlorosis (AUGUSTO et
al.,, 2015). In T. triangulare, the excess of Pb increased root porosity, caused
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damage to cell membranes, in addition to rupture of the xylem, with reduced
transport of water and nutrients to the shoot (KUMAR et al., 2013). Pb damage
to roots was also observed for T. paniculatum cuttings in this study, characterized
by a reduction in root length, surface area and volume. Despite the response of
the antioxidant system, it was not sufficient to prevent damage to root tissues,
resulting in a reduction in root parameters.

Despite the variation in physiological parameters, cuttings under excess
Pb and Mn survived for 30 days under such conditions, showing mild symptoms
of toxicity by metals. This suggests a species tolerance to these metals, which
can act in rhizofiltration for both. The quantification of metals in shoot and roots
will provide information on the absorption capacity and their likely of metals and

their probable phytoextractor in shoot or roots.

5 CONCLUSION

Talinum paniculatum is tolerant to excess Pb and Mn, responding with an
increase in the activity of the antioxidant system. The use of the nutrient solution
assists in the rooting process and cutting initial development. T. paniculatum
cuttings have potential for use in Pb and Mn rhizofiltration.

Besides the rapid cutting rooting and growth, Talinum paniculatum rooted
cuttings absorb high amount of Pb and Mn, which is stocked mainly in roots. The
tolerance mechanisms of T. paniculatum are different for Pb and Mn, but in both
cases allow plants to survive under those conditions. Talinum paniculatum leaves
open the way and interest to extrapolate the mechanisms of tolerance to heavy
metals for further studies and also using other plant species under excess of

these metals.
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Table S1 — Concentration of nutrients and lead in shoots and roots of rooted Talinum paniculatum cuttings grown under increasin

concentrations of Pb for a period of 30 days.

Ph N P K | Ca Mg S B Cu Fe | Mn | zn | PDb
__________________________________ B ——e -1 _
concentration Tg 9 mg kg
0 22.9 12.9 4.9 Ac
Bc 5.0Ab 279Ac 9.3Bc 59Ac 16Bb 21.8Ab 3.2Ba 63.9Ba 50.0Ba Ba
10 24.0 41.4 14.6 1.3 27.7 49.2 16.3 17.8 Bc
Ac  5.1Ab Ab Bb 7.9 Ab Bb Aa 3.8Ba 47.1 Ba Ba Ba
Shoots 50 31.8 52.9 21.0 11.1 28.4 76.3 20.6 25.0 Bc
Aa 8.0 Aa Aa Aa Aa 2.0 Aa Aa 4.3Ba 50.7 Ba Ba Aa
100 25.1 15.3 1.4 27.8 56.9 15.7 43.4 Bb
Ab 5.0Bb 41.7 Ab Bb 8.6 Ab Bb Aa 3.7 Ba 47.4 Ba Ba Ba
200 26.6 39.1 16.3 59.8 Ba
Ab 4.8 Ab Ab 15.2 Ab 82Ap 16Ab 26.2Aa 4.1Ba 67.0Ba 61.8Ba Ba
0 29.8 2091.0 179.1 23.3 1.8 Ad
Aa 2.8 Bc 6.6Ba 14.1 Ab 55Aa 21Ap 18.0Ba 9.1 Ab Ab Ac Aa
10 25.1 2051.1 495.4 28.2 1644.2
Ab 6.7 Ab 6.3Ba 24.2 Aa 55Ba 2.3Ab 16.3Bb 8.6 Ab Ab Aa Aa Ac
Roots 50 24.5 1647.1 242.6 26.6 1876.3
Bb 3.5Bc 51Ba 21.5Aa 45Bb 2.3Ab 145Bb 9.3Ab Ac Ab Aa Ac
100 25.9 12.5 31433  173.3 315  2937.2
Ab 9.7 Aa 5.8Ba 23.3 Aa 59Ba 3.0Aa 15.48Bb Aa Aa Ac Aa Ab
200 26.3 1299.1 29.5 3485.4
Ab 5.7 Ab 5,5Ba 15.5Ab 56Ba 1.5Ac 8.1Bc 9.8 Ab Ac  99.8 Ac Aa Aa

* Means followed by the same letter do not differ, according to the Scott Knott test (p < 0.05). Upper case letters compare the part of the plant (shoots and roots)
and lower-case letters compare the concentrations in each collection time.

Source: created by the author (2020).
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Table S2 — Concentration of nutrients in shoots and roots of rooted Talinum paniculatum cuttings grown under increasing

concentrations of Mn for a period of 30 days.

Mn N | P | K | ca | Mg | S B | Cu | Fe | Mn | Zn
concentration | - mg g*------ mg kg*
0 21.8
229Bb 5.0Ab 28.7Ad 9.3Bb 5.9 Ab 1.6 Bb Bc 3.2Bb 63.8 Ba 48.9Bc 12.9Ba
10 11.4 25.7
25.2Ba 6.3Aa 38.1Ab Ba 8.7 Aa 1.7 Ab Ab 4.2 Bb 29.1 Bb 593.1Bb 19.5Ba
Shoots 50 10.8 27.2
259Aaa 5.8Ba 41.2Aa Ba 9.1 Aa 2.0 Aa Ab 4.4 Bb 27.8 Bb 898.4Bb 20.8 Ba
100 29.8
245Bb 4.6Bb 38.8Ab 9.6Bb 8.2 Aa 2.0 Aa Aa 7.9 Ba 15.2Bb 1544.6Ba 19.2 Ba
150 14.8
206Ab 4.1Bb 31.3Ac 6.8Bc 5.6 Ab 1.4 Bc Ad 4.1 Bb 18.9 Bb 579.3Bb 18.6 Ba
0 14.1 18.0
29.8Ab 2.8Bb 6.6 Ba Ab 5.5 Aa 2.1 Aa Aa 9.1Ab 2091.0 Ac 179.1 Ae 23.3 Ad
10 17.3 10.0
270Ab 3.48Bb 5.1Ba Aa 5.7 Ba 1.2 Bd Bb 75Ab 2005.8 Ac 1320.7 Ad 38.1 Ac
Roots 50 17.9
26.7 Aa 7.8 Aa 6.1 Ba Aa 5.5 Ba 1.6Bc 89Bb 23.8Aa 4067.7Ab 6667.2Ac 54.7 Ab
100 12.6 13782.7
30.3Aa 7.8Aa 6.1 Ba Ac 4.8 Ba 1.9Ab 8.0Bb 75Ab 4728.4 Aa Ab 52.8 Ab
150 11.0 17799.2
28.7Aa 7.5Aa 6.1 Ba Ad 5.4 pa 1.6Ac 9.5Ab 7.4 Ab 4240.4 pAa Aa 61.4 Aa

* Means followed by the same letter do not differ, according to the Scott Knott test (p < 0.05). Upper case letters compare the part of the plant (shoots and roots)
and lower-case letters compare the concentrations in each collection time.

Source: created by the author (2020).



