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ARRIVABENE, H.P.ACUMULO, DISTRIBUICAO E ELIMINACAO DE FERRO EM
TRES ESPECIES VEGETAIS DO MANGUEZAL. 2016. 102p. TESE (DOUTORADO) —
INSTITUTO DE BIOCIENCIAS, UNESP - UNIVERSIDADE ESTAUAL PAULISTA,

BOTUCATU.

RESUMO - A poluigdo por metais tem sido um dos principaisbfgmas ambientais, tendo em vista a sua
toxicidade, persisténcia no ambiente e bioacumalagi manguezais frequentemente sdo expostos & esse
contaminantes, sendo o ferro um dos metais presemte maior concentracdo no sedimento e com papel
biogeoquimico importante quanto a precipitacdackagem de metais. Investigamos o acumulo, a dis¢dio e

a eliminacdo de ferro eAwicennia schaueriangtapf & Leechm. ex Modenkeaguncularia racemosél..)

C.F. Gaertn. ®hizophora mangle. submetidas a diferentes concentracbes de feam esse estudo,
propagulos das trés espécies estudadas foramdmdetan campo e cultivados em meio nutritivo de toah
ApOs o cultivo, as plantas foram submetidas a questamentos pela adicdo de 0 (controle), 10, 200emg L

1de Fe(I)SQno meio nutritivo. As plantas foram entdo coletadsendo realizadas andlises quimicas,
anatdmicas, histoquimicas e ultracitoquimicas.ePaléssas andlises também foi feita em campo para
comparacéo dos dados. Os resultados mostraram jaeaade ferro € local de grande acumulo de feessas
plantasL. racemosdoi a espécie que mais acumulou ferro em placa adzes, enquantA.
schauerianaapresentou 0s niveis mais altos em caules e folkdmoacumulacao de ferro em placa e raizes
del. racemosaumentou progressivamente a medida que a conc&otde ferro no substrato aumentou. A
secrecdo de ferro por glandulas de sal ocorreu ®riemente inibida sob concentragfes de ferronacilo
controle emL. racemosa enquanto erA. schauerianado houve uma queda evidente entre controle e
concentracdes de ferro mais elevadas. Em derahcemosapresentou os menores fatores de translocacgéo
entre as trés espécies estudadas. Com o aumefelnalao substrato houve reducéo nos fatores dsltreacao

de ferro entre partes aéreas e raiz e isso foi evaente eniR. mangle A maioria dos parametros analisados na
anatomia radicular ndo mostrou diferenca signifieaentre os tratamentos. Os parametros que mastrar
alteracdes foram espessura de raiz e corted.eschauerianacom valores maiores em plantas controle, e
espessura de raiz dmracemosacom valores menores em plantas expostas a 100Yr@ara as trés espécies
estudadas, os principais locais de bioacumulac&erde (Fe (II) e Fe (Ill)) em raizes foram pringimente a
epiderme, mas também o cortex. A bioacumulacéede &m caules e folhas foi diferente para cadadisp

Em caules, o cambio vascularlderacemosa a periderme d&. mangl€oram os principais locais de acimulo.
Por outro lado, em. schauerianado foi possivel identificar os principais locaisn folhas, o ferro foi
detectado principalmente no parénquima aquiferd.dechauerian@ no xilema dé. racemosa Ambas as
espécies também mostraram acumulo de ferro emgésde sal. ErR. mangle a bioacumulacéo foliar de
ferro ocorreu em diversos tecidos, sobretudo ongaienatico. Analises de material vegetal frescagne
coletado em campo, mostraram que glandulas deesal schauerian&L. racemosaambém exibem reacéo
histoquimica positiva quando testada com o reagdetePerl, indicando acumulo de ferro. Além disso,

ultracitoquimicamente e usando o mesmo marcadcecégm, o ferro foi localizado em células secraspr
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aderido a membrana de vacuolos e a plasmodesmaairibas as espécies residentes em campo, a preenca
ferro na secrecao foi confirmada por meio de aad@jismicaAo nosso conhecimento, este é o primeiro estudo
detalhado sobre a resposta de plantas de mangaezahcentracdes crescentes de ferro sob condicdes

controladas.

Palavras-chave:glandulas de sal, histoquimica, manguezal, padupg ferro, ultraestrutura.



ARRIVABENE, H.P.IRON ACUMULATION, DISTRIBUTION AND ELIMINATION
IN THREE PLANT SPECIES OF MANGROVE. 2016. 102p. PhD. THESIS -

BIOSCIENCE INSTITUTE, UNESP — SAO PAULO STATE UNIWSITY, BOTUCATU.

ABSTRACT - Metal pollution has long been one of the majovimnmental problems due to its toxicity,
environmental persistence and bioaccumulation. Margs are often exposed to these contaminantsyamds
one of the metals present in higher concentratiorsediments and has an important biogeochemidal as
regards the precipitation and cycling of metals. Vdeestigate the iron accumulation, distributiondan
elimination inAvicennia schauerian&tapf & Leechm. ex Modenkéaguncularia racemosdlL.) CF Gaertn.
and Rhizophora manglé. exposed to different concentrations of ironr Bos study, propagules of all species
were collected in field and were cultivated in Hizagl’s nutritive medium. After growing, plants wesgposed
to four treatments by adding 0 (control), 10, 2@ 400 mg ! of Fe(ll)SQ to the nutritive medium. Then,
plants were collected and chemical, anatomicatpbiiemical and ultracitochemical analysis wereiedrout.
Part of these analyses was also made in the fielddta comparison. The results showed that thel&epie is a
place of high iron accumulation in these plamhtsracemosaaccumulated the highest amounts of iron in the
plague and roots, whil&. schaueriangresented the highest levels in stems and ledVesbioaccumulation of
iron in plaque and roots &f racemosancreased progressively as the added-iron coratgrirrose. The iron
secretion through salt glands occurred and it wrasgly inhibited inL. racemosaat iron concentrations above
controls, while A. schauerianadid not show a noticeable drop from controls te thighest added-iron
concentration used. In generhl, racemosagresented the lowest translocation factors ambaghree studied
species. With the increase of iron in the substithgre was a drop in translocation factors betwasial parts
and root, and that was more evidentRn mangle Most analyzed parameters in root anatomy did siiw
significant changes throughout iron concentratiofise parameters showing changes were the thickokess
cortex and root irA. schauerianawith higher values in controls, and thicknessaidt in L. racemosawith
lower values in plants exposed to 100 mY The main places of iron bioaccumulation (Fe(hy &e(lll)) in
roots were mainly the epidermis, but also cortexthie three studied species. The bioaccumulationoaofin
stems and leaves was different for each speciedeins, the vascular cambiumlofracemosaand the periderm
of R. manglewere the main places for accumulation. Conversely. schauerianat was not possible to verify
the main places. In leaves, iron was mostly deteatewater storage parenchyma Af schauerianaand in
xylem of L. racemosaBoth species also showed accumulation of irosaiih glands. The leaf bioaccumulation
in R. mangleoccurred in several tissues, mainly the parenchyresh plant material analysis, recently sampled
in field, shown that salt glands fro& schauerianaandL. racemoséhad positive histochemical reaction when
tested with Perl's reagent, indicating iron accuatioh. Additionally, ultracitochemistry, using teame specific
marker, showed that iron was in secretory celleeaed to the membrane of vacuoles and to plasmadasin
both species resident in field, the presence of inothe secretion was confirmed by chemical anglyso our
knowledge, this is the first detailed report on tesponse of mangrove plants to increasing irorc@amations
under controlled conditions.



Keywords: histochemistry, iron pollution, mangrove, saltrgla, ultrastructure.



Introducao

A poluicdo por metais contaminantes tem sido um plescipais problemas da
atualidade, tendo em vista a sua toxicidade, pgérgim no ambiente e bioacumulacao
(Gbaruko & Friday 2007). Esses poluentes representena ameaca potencial a varios
organismos, afetando negativamente a densidadersidiade de comunidades bidticas (Hsu
et al. 2006).

Devido a sua distribuicdo costeira e proximidadecelgros urbanos, os manguezais
frequentemente sdo expostos a poluicdo por m&atsrget al. 1997, Silva Filheet al. 1998,
Tam & Yao 1998, Tam & Wong 2000, Defeat al. 2005), os quais se acumulam em teores
elevados no sedimento. De um modo geral, a aliactdgde de adsor¢cdo da matéria organica
acarreta em baixa biodisponibilidade dos metaisnatados (Lacerda & Abrdo 1984, Silea
al. 1990). Contudo, em concentra¢fes tdo elevadas,jnfima fracdo biodisponivel assume
uma importancia consideravel no que diz respeibboacumulacdo de metais em espécies
animais e vegetais do manguezal (Szedferal. 1998, Guhathakurta & Kaviraj 2000,
MacFarlaneet al. 2003).

As espécies vegetais do manguezal possuem relatigedncia aos metais pesados
presentes no sedimento (Macfarlane & Burchett 2@@2)jdo a adaptacbes anatdbmicas e
fisiologicas nas raizes que dificultam a absorcé@ongbtais por meio, principalmente, da
oxidacdo do sedimento (Thibodeau & Nickerson 1986, et al. 2009), da formacédo de
placas de ferro na superficie radicular (Machatal. 2005) e de barreiras na epiderme e
endoderme (MacFarlane & Burchett 2000). Mais remeente, alguns trabalhos
demonstraram que as glandulas de sal presentdslhas de algumas espécies de mangue
podem secretar metais, tais como zinco (Macfarl&éurchett 1999, 2000), cobre
(Macfarlane & Burchett 2000) e ferro (Arrivabenel2D

De um modo geral, o ferro € um dos metais em nwaincentracdo no sedimento dos
manguezais (Defewt al. 2005), sendo que em areas contaminadas, sobnetudadividades
mineradoras, o nivel desse elemento pode aumariistascialmente. Peters e colaboradores
(1997) compilaram, em revisdo, valores entre 188.492ug/g de Fe no sedimento em areas
diversas de manguezal. No Espirito Santo, estamide do maior complexo de producéo e
exportacao de pelotas de ferro do mundo (IBEF 2@ilyalores chegam a 23.29§8g de Fe
(Arrivabene 2015), estando muito acima da maioos hlores encontrados em outras areas
de manguezal poluidas (Lacemtaal. 1989, Silvaet al. 1990, Sadiq & Zaidi 1994, Sherman
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et al. 1998, Sarangkt al. 2002, Defewet al.2005). Além disso, o ferro apresenta-se como um
dos elementos responséveis por modular a biodisiidade e especiacdo de metais no
sedimento, uma vez que, devido ao ambiente anaerébao alto teor de matéria organica e
de sulfeto no sedimento dos manguezais, a formagéecipitacdo de Fe como sulfetos de
ferro contribuem para a alta taxa de sedimentagé&senambiente (Morse & Rickards 2004).

O ferro € um micronutriente essencial as plantagplegido em importantes funcdes
metabolicas, como na biossintese de clorofila ¢epras (Marschner 2012). Contudo, em
niveis muito elevados, esse elemento pode serat@scplantas, podendo acarretar estresse
oxidativo e danificar lipidios, proteinas e DNA gébrmacédo de radicais hidroxila na reacéo
de Fenton (Connolly & Guerinot 2002). Quando emeszo, um possivel mecanismo para a
destoxificacdo de ferro em plantas tolerantes éceugartimentalizacdo em vacuolos, onde
nao reage com substancias metabolicamente ativa&ula (Kim & Guerinot 2007).

A maior parte dos trabalhos que avaliaram a disg@o do ferro em espécies vegetais
do manguezal se concentrou unicamente na analie®dde ferro foliar (Cuzzuol & Campos
2001, Berniniet al. 2006, Agoramoorthyt al. 2008). Estudos que avaliem a distribuicdo do
ferro em diferentes O0rgdos vegetais de espéciamatmue, incluindo raiz, caule e folha,
foram desenvolvidom situ (Silvaet al. 1990, Saifullalet al. 2004), sendo encontrado apenas
um estudo sobre a bioacumulacéo de ferro em caeslicontroladas (Chergg al. 2012b).
Além disso, estudos anteriores ndo relataram aildigtio de ferro em todos os
compartimentos vegetais. Também néo foram encadrpdblicacbes acerca das respostas
anatémicas e ultraestruturais de mangues ao fentido no sedimento, tampouco um estudo
integrado sobre a distribuicdo desse elementoragnldos tecidos vegetais ou, ainda, onde se
encontram possiveis barreiras a sua translocagéo.

Sabendo que as florestas de manguezal sdo comksidearreiras biogeoquimicas
para o transporte de poluentes em areas costeiasais (Silvaet al. 1990) e que essas areas
tém sido consideradas em planos de gestdo da @ologmo uma alternativa no tratamento
de &guas residuais urbanas (Siétaal. 1990, Tam & Wong 1997), investigac6es sobre a
viabilidade do uso de espécies de mangue na retedgdmetais e informacdes sobre 0s
mecanismos de aprisionamento desses poluentest@m&undamentais.

Além disso, a avaliacdo do papel funcional de gléaslde sal na eliminacdo de
metais abre uma nova perspectiva de estudo, a rgaedce ser investigada em maior
profundidade, visto que, tradicionalmente, essaditasas tém sido descritas unicamente

como adaptacdes a elevada concentracao de salinteséo (Sobrado 2004, Y&t al. 2005).
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Diante do exposto, 0 presente estudo teve comdiabjavaliar, experimentalmente
(Fig. 1), o acumulo, a distribuicdo e a eliminagi® ferro emAvicennia schaueriana
Laguncularia racemosa Rhizophora mangleprocurando especificamente responder as
seguintes questdes: (1) Com o aumento do teorrde rie substrato ha um maior acumulo
desse elemento na placa de ferro?; (2) Com o aontknteor de ferro no substrato ha um
maior acumulo desse elemento em raizes, cauletbhas® (3) HA um maior teor de ferro
acumulado em raizes em relacédo a caules e fol@s€om o aumento do teor de ferro no
substrato ha alteracbes anatdbmicas nas raizes?ag®) sejam encontradas alteracdes, elas
estariam correlacionadas com a formacao da plackerde e com a quantidade de ferro
acumulada nos tecidos vegetais? (6) A epiderme d®demme radicular constituem os
principais locais de acumulo de ferro na raiz?;Ei) nivel celular, o vacuolo constitui o
principal local de acumulo de ferro?; (8) Ha eliagéo de ferro pelas glandulas de salfem
schauerianae L. racemosa; (9) Com o aumento do teor de ferro no substratama maior
eliminacdo desse elemento pelas glandulas de @)l*a alteracdes ultraestruturais em

glandulas de sal de individuos submetidos a maamesentracdes de ferro no substrato?



Figura 1. A-E. Etapas do experimento por meio do qual visamagsoreter as perguntas
propostas neste estud®. Coleta em campo dos propagulos para montagem mkyimento.
Propagulos dé. racemosdB) e A. schaueriandC) coletadosD. Montagem do experimento
em casa de vegetacdn.Mudas com 8 meses de idade.



Revisao Bibliografica

1. O ecossistema manguezal

O manguezal € um ecossistema costeiro que ocoilrgertace entre 0s ecossistemas
marinhos e terrestres e esta sujeito ao regimeatésm Porque ele ocorre na fronteira entre a
terra e 0 mar, 0 manguezal é parte do ecossistentango de terrestre a totalmente marinho.
Ainda que tenda a reciclar nutrientes e matériarog de forma muito eficiente, ele € um
sistema aberto, no sentido de que &agua, sedimentsentes e matéria organica sao
importados dele ou exportados para ecossistemaseadigs pelas entradas e saidas de marés
e pelos fluxos de rio, contribuindo com as teidmeamtares e transferéncias de energia
(Clough 2013).

Os manguezais encontram-se principalmente ao Idagteltas que recebem grandes
guantidades de sedimentos rio acima, embora possamncontrados ao longo de costas
arenosas e rochosas protegidas, ilhas de cor@l medmo ao longo de litorais expostos a
ondas e correntes maritimas fortes (Clough 201ipjcdmente, 0s manguezais apresentam
sedimentos argilosos, alagados, com baixo teox@g€mio, ricos em matéria organica e alto
contetdo de sal (Woodroffe 1992).

O termo mangue é usado para descrever o grupovoegy arbustos, palmeiras, ervas
ou samambaias que crescem nesse ambiente e geeeaxib grau acentuado de tolerancia a
altas concentracdes de sal e anoxia do solo, prqdezem propagulos capazes de sobreviver
a dispersdo pela agua do mar (Saenger 2002). Asaplalesse ambiente apresentam um
conjunto de adaptacfes, tais como rizéforos quemastém nos sedimentos instaveis,
pneumatoforos que auxiliam nas trocas gasosas ielagam eficiente de nutrientes
(Tomlinson 1994). Algumas das adaptacdes anatbmeafisiologicas dos mangues
relacionadas com a salinidade incluem ultra-filicaglos sais nas raizes (Scholaneteal.
1962), baixa condutancia estomatica (Pamdaal. 2004), aumento da suculéncia foliar
(Suarez & Sobrado 2000, Sobrado 2004, 2005), sizrde sal por meio de glandulas de sal
(Sobrado 2004, Yet al. 2005) e acumulacéo foliar de ions (Hwang & Che®bl®uarez &
Sobrado 2000, Craet al.2002). A maior eficiéncia no uso da agua tem siflitada como o
sucesso eco-fisiolégico dessas espécies (Sobradd, 2@ et al. 2005) que, em geral,
apresentam maior estabelecimento em baixas coac¢érty de sal no sedimento (Ball 1998).

Os manguezais sao distribuidos predominantemente regides tropicais e

subtropicais, sendo o maior percentual encontrati@ &° N e 5° S de latitude (Giet al.
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2011). Aléem da diferente distribuicdo latitudinakiste uma diferenca na diversidade de
espécies, taxonomica e numericamente, entre oid®abiflo-Oeste e Leste Africano quando
comparado & Costa Atlantica da Africa Ocidentahe Américas. Existem duas teorias que
tentam explicar a diferente biodiversidade dos mamnais no globo: (1) a “hipotese centro de
origem” sugere que todos os taxons de mangue daseram-se no Pacifico Indo-Oeste e
depois se espalharam para outras partes do mu(@joae“hipétese da vicariancia” postula
que os taxons de mangue originaram em torno doddarethys e sua diversidade regional
foi resultado da diversificacda situ apos a deriva continental (Elliset al. 1999). Alguns
estudos baseados no registro fossil vegetal e amémmasuportado a segunda teoria, com a
aparicdo dos manguezais ocorrendo no final do €retéEllisonet al. 1999, Sadooni & Al-
Saad 2012). A nivel local, a composicéo floristiaa florestas de mangue é determinada pela
variabilidade espacial da elevacéo e topografiaetagdo ao nivel do mar, pela amplitude das
mares, pela proximidade com o mar e pela drenageah (Clough 2013).

Existem 73 espécies e hibridos de mangue, perttscen mais de 20 familias
(Spalding 2010). Segundo Tomlinson (1994) os masigoedem ser divididos em trés grupos:
elementos principais de manguezal ou mangues wardad elementos secundarios de
manguezal e elementos associados de mangue. Gsrperedo caracterizados por ocorrerem
exclusivamente no manguezal, desempenharem um papeltante na comunidade e
possuirem a capacidade de formar estandes pureseaparem especializa¢cdes morfolégicas
de adaptacdo ao ambiente, como raizes aéreas aluefo por viviparidade e algum
mecanismo fisiologico para exclusdo de sal; e passusolamento taxonémico de parentes
terrestres ao nivel de familia ou subfamilia. Ganeintos secundarios de manguezal nao
possuem a habilidade de formar elementos conspétaieegetacdo, enquanto os associados
de mangue nunca habitam comunidades de mangueade&s, ocorrendo somente na
vegetacao transicional com outros ecossistemas.

Considerando esta classificagdo, os mangues vemdadeasileiros possuem como
representantes da flora arbdrea tipica trés gérn@wisennial., Laguncularia Gaertn. e
Rhizophoral.) e seis espéciesRhizophora manglel., Rhizophora racemos#&.Mey,
Rhizophora harrisoniLeechm. Avicennia germinang..) L., Avicennia schauerian§tapf &
Leechm. ex Moldenke keaguncularia racemosé..) C.F.Gaertn.) (Kjerfve & Lacerda 1993).
No Brasil, as areas de manguezal cobrem uma ameximpda de 962.683 ha, sendo o
terceiro pais mais rico em manguezal no mundo, €4nuo total global das florestas (Gati
al. 2011).
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Os manguezais fornecem uma série de bens e seririchgsndo matérias-primas e
alimentos, manutencdo da pesca, turismo, recreaciiwacao e pesquisa. No contexto da
protecdo do ambiente, os manguezais estabilizaadimento fino evitando a eroséo costeira,
além de atuar como uma barreira natural, reduzasdefeitos de tempestades e inundacdes.
Os manguezais também desempenham um papel cruziajualidade da agua, pela
assimilacao e reciclagem de residuos, protegernifesele corais, leitos de algas marinhas e
aguas importantes de navegacao contra o assoreamenpoluicdo, além do seu papel na
estabilidade do clima, pelo sequestro de carboma vez que estdo entre os ecossistemas
mais produtivos e biogeoquimicamente ativos. Aléssa esse ecossistema Unico tem a
funcdo de promover a biodiversidade, suportando ampla variedade de vida selvagem
(Barbier et al. 2011, Voet al. 2012). Para comunidades costeiras que convivem @om
manguezal, o uso tradicional dos recursos € cah@ctiatimamente com a saude e o
funcionamento do sistema, sendo frequentementdaqur tradicbes e herancgas ligadas a
cultura tradicional (Walterst al. 2008). O valor econdmico dos manguezais foramrmesibs
entre US$ 10.000 hde US$ 35.921 hd, diferencas estas devidas a especificidade
geografica e temporal, onde o0 mesmo ecossistena tpodvalores diferentes em diferentes
areas geograficas causadas por distintas atividem@smicas e culturais (Met al. 2012).

Em todo o mundo, os servigos ambientais prestaélas florestas de mangue sao estimados
em pelo menos US$ 1,65 bilhdes por ano (Costanah1997).

Apesar de todos os bens e servicos fornecidos aarmidade, os manguezais
apresentam as taxas de perda de cobertura mais rdp$ ecossistemas em todo o mundo,
sendo estimada em 35% a area de florestas de mpagilida somente entre 0os anos 1980 e
2000 (Valielaet al. 2001). Dentre os impactos sofridos pelos mangsezdéo a poluicéo por
metais contaminantes, petréleo e Oleos dispersdmes como a exploracdo de madeira e a
conversdo de areas para aquicultura, agricultusali@as. A expansdo urbana costeira,
portudria, industrial e turistica, juntamente comlescaso dos gestores, tem sido responsavel
por perdas significativas de areas previamenteamagppor esse ecossistema (Clough 2013).

1.1. Poluicéo por metais

Identificar a origem dos metais presentes no sedimdos manguezais muitas vezes é
dificil, uma vez que sua presenca é uma combindedfontes naturais e antropogénicas.
Metais de origem antropogénica podem entrar nemetpor meio do transporte de rios,

intrusdo de agua marinha ou deposicao atmosféigge 2012). Uma vez introduzidos, os
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manguezais podem reter eficientemente os metasedionento e prevenir sua distribuicdo
para ecossistemas adjacentes, sendo por isso e@ukid barreiras biogeoquimicas ao
transporte desses contaminantes em areas cogihmset al. 2010). Além disso, o alto teor
de matéria organica e particulas finas, caradstio sedimento do manguezal, contribuem
para a retencdo de metais no ambiente (Macaadb2008, Zhotet al. 2011). De fato, altos
niveis de metais contaminantes tém sido relatadosedimento dos manguezais em varias
areas do globo (Lewist al. 2011, Bayen 2012). Aguas residuais industriaisilgente
contém teores elevados de metais (Barakat 2011egcoamento de herbicidas em areas
agricolas a montante também contribui para o agramto deste problema (Gimeno-Garcia
et al. 1996).

Os niveis de metais podem variar dentro do mangjdezacordo com a profundidade,
distancia da costa, tipo de vegetacao e hidrolegiguanto a biodisponibilidade e especiacao
dos metais acumulados no sedimento depende de aima de fatores ainda maior. Dentre
esses podemos citar associacdo com a matéria cagéorcdo sobre particulas finas,
condicOes redox e efeitos da salinidade, bem coomeponentes bidticos (como tipo de
vegetacdo e micro e macrofauna associada), os tgmisnfluéncia sobre esses processos
fisico-quimicos (Bayen 2012). O entendimento daisjmonibilidade desses contaminantes é
complexo, uma vez que é afetado por pelo menosa2et geoquimicos, hidroldgicos e
fisico-quimicos (Lewiset al. 2011). Assim, o destino do metal nos sedimentgevéernado
por indmeros processos, incluindo sorcdo/dessorcdoecipitacdo/dissolucdo e
complexacao/descomplexacdo, de modo que o0s elesna@@esentam-se nas seguintes
formas quimicas: (1) metais sollveis em agua, cmms livres ou inorganicos ou organicos
complexos; (2) metais trocaveis; (3) metais préaifis como compostos inorganicos,
incluindo sulfetos insolaveis; (4) metais compleomdom materiais humicos de grande peso
molecular; (5) metais adsorvidos ou ocluidos ahidioxidos precipitados; (6) metais ligados

dentro da estrutura de rede cristalina de mingraisarios (Du Laingt al. 2009).

1.2. Adaptacdes anatdmicas e fisioldgicas das plastaos metais

A acumulacdo de metais nas plantas deve ser coadadecomo um resultado
combinado entre a especiacao e biodisponibilidadentetais no sedimento e as adaptacdes
anatdémicas e fisiologicas das plantas associagesvancéo de sua bioacumulacao.

Plantas de manguezal possuem relativa toleransianatais presentes no sedimento

(Macfarlane & Burchett 2002), sendo registradosxdmifatores de bioconcentracdo para
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grande parte dos metais (Machataal. 2002, Saranget al. 2002, Saifullaket al. 2004). A
capacidade de manter a carga de metal a um babemgi@ de remobilizagcdo e captacéo
bidtica (Machadcet al. 2002) é conseguida, principalmente, pela perdelraé oxigénio
(ROL, radial oxygen lossa partir das raizes. Como a sobrevivéncia dastgdaem um
sedimento anaerdbio depende do fornecimento adeqledxigénio através do aerénquima
radicular, o oxigénio armazenado e transportadaraletesse tecido ou é consumido pelas
células, ou é difundido em direcé&o ao apice radrooli € perdido para a rizosfera, sendo este
altimo denominado ROL (Armstrong 1979). Quando R&@iorre, permite as raizes criarem
uma rizosfera aerdbica, onde produtos téxicos dalmodismo microbiano anaerébio podem
ser oxidados, diminuindo, assim, sua biodispomidde (Tripathiet al. 2014). Muitas
espécies conseguem evitar a perda excessiva dénaxigara a rizosfera formando uma
'barreira’ completa ou parcial nas camadas da repéjeexoderme ou subepiderme, sendo que
o tipo de barreira, a extensdo de ROL e a areadmguima no cortex variam ao longo da
raiz e essas variagfes sdo especificas para qastaecPiet al. 2009). Além disso, as plantas
de manguezal podem alterar o padrao espacial darbad ROL, de modo a absorver menos
metal e, assim, serem mais tolerantes aos comppstescialmente toxicos (Cherag al.
2010, 2012a).

Com ROL, parte dos metais oxidados na rizosfera ai#wla, precipitados junto a
superficie radicular, sendo essa capa de metalgecma como placa de ferro, uma vez que
possui, dentre outros metais, compostos ricos enrmidroxidos de ferro (Tripathet al.
2014). A placa de ferro pode servir como barrés&d a entrada de contaminantes na planta
e tem sido reconhecida como um importante mecancapaz de evitar a entrada excessiva
de metais em plantas de ambientes alagados (@hah@014b, Tripathet al. 2014).

Na raiz, a epiderme fornece a principal barreiratramsporte de metais, mas a
endoderme também apresenta importante contribuigéiog observado para Cu, Zn, Pb e Cd
em Kandelia obovataLu et al. 2014) e Cu, Pb e Zn eAwvicennia marina(MacFarlane &
Burchett 2000). Foi observadio situ que a periderme radicular de mangues é mais espess
em locais mais contaminados por metais (Setzh 2014a, 2014b, 2015), havendo inclusive
uma correlacdo negativa entre a espessura da peeid®m o nivel de As acumulado em
raizes de.. racemosgSouzaet al. 2014a) e com o nivel de Zn acumulado em raizes. de
schaueriana(Souzaet al. 2015). Ainda em raizes, foi documentado que oscésdde

tolerancia dos mangues aos metais sao positivamengacionados com as quantidades de
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deposicéo de lignina e suberina em paredes ceduli@rexoderme, uma vez que a captacao de
metais € retardada pela presenca desses compObtwét al. 2014a).

Uma vez absorvidos, 0os metais tendem a se acuemlajuantidades muito maiores
nas raizes quando comparados a parte aéreet @u2014, Naidocet al. 2014). Nas folhas,
foi comprovado que as glandulas de sal, presemeslgumas espécies, podem eliminar Cu,
Zn (Macfarlane & Burchett 2000, Naidoet al. 2014) e Fe (Arrivabene 2011), talvez
contribuindo para o menor acumulo foliar desseainet

Estudos subcelulares mostraram que a compartineagad dos metais em espécies
de mangue ocorre principalmente na parede celMlacKarlane & Burchett 2000, Wergg
al. 2012, Luet al. 2014) e no vacuolo (Hossaét al. 2012), sendo esses considerados 0s

principais locais de detoxificacdo desses contam@sa

2. Ferro: funcao, transporte e regulacado em plantas

Entre os micronutrientes essenciais paras as plaatderro (Fe) é necessario em
maior abundancia. Ele funciona em varios processpsrtantes, incluindo a fotossintese, a
respiracdo, a biossintese de clorofila, além de@mponente em proteinas heme, Fe-enxofre
e outras enzimas (Marschner 2012).

O ferro € o segundo elemento mais abundante daactesrestre, porém sua
solubilidade é extremamente baixa, principalmenteselos alcalinos. Em sistemas aerados,
as concentracdes dos ions Fe sdo menores gtievilfievido a formacdo de o6xidos,
hidroxidos e oxihidroxidos de Fe (Marschner 2012).

Quelatos de Fe(ll) e Fe(lll) sdo as formas domiggmde Fe solavel no solo. Como um
elemento de transicéo, Fe é caracterizado pelamgadam seu estado de oxidacaé' ke—>
Fe’* e pela sua habilidade em formar complexos octat@siricom varios ligantes.
Dependendo do ligante, o potencial redox de FHIYI\aria amplamente. Esta variabilidade
explica a importancia dos estados redox de Fe stensas bioldgicos. Contudo, em sistemas
aerdbicos, quando o Fe existe em um estado livreoou muitos quelatos de baixo peso
molecular, essa mesma propriedade o torna propangeracdo de espécies reativas de
oxigénio (ROSreactive oxygen speciggais como radical superoxido ou radical hidra»l
compostos relacionados, por exemplo (Marschner)2012

O+ Fe*> Oy + Fé*
ou na reagao de Fenton:

H.O, + F&* > Fé* + OH + OH
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ou néo reacgao de Haber-Weiss:

Oz + H:O2 > O + OH + OH

Esses radicais sdo altamente toxicos e responsaekeisoxidacdo de acidos graxos
poli-insaturados de lipidios e proteinas de men#mréanprevencdo do dano oxidativo tem
sido alcancada pela forte ligacdo ou incorporaghbeda estruturas (por ex. proteinas heme e
ndo-heme), as quais permitem serem controladazaodes reversiveis de oxi-reducao Fe(ll)
<> Fe(lll), incluindo aquelas de protecao oxidantaksthner 2012).

A ativacéo da absorcéo de ferro € um perigo duydo:s6 o ferro em si € toxico, mas
0s sistemas de captacdo de ferro sdo mal selediymitem a entrada de outros metais
potencialmente tdxicos. As plantas, por conseguii@senvolveram mecanismos para lidar
com a entrada concomitante de metais toxicos. Rememte, um importante progresso na
compreensao dos genes envolvidos na absorcaordgéas plantas, neutralizacdo de metais
toxicos que entram juntamente com esse metal gbdigsfio de ferro para organelas tem sido
feito (Thomine & Vert 2013).

O controle rigido da captacéo, da utilizacdo erdmaaenamento de Fe em resposta a
disponibilidade ambiental permite as plantas adgbe suficiente, evitando sua toxicidade.
Os progressos recentes na regulacdo do Fe témnsent@do enArabidopsis thalianae
arroz, que geralmente representam sistemas nadrgriasne gramineas, respectivamente. As
plantas desenvolveram duas estratégias para adfprimo da rizosfera: a de reducédo de
plantas ndo-gramineas (estratégia I) e a de queticgramineas (estratégia Il) (Kobayashi &
Nishizawa 2012, Thomine & Vert 2013).

Os dois processos principais na Estratégia | sédacdo de quelatos férricos na
superficie da raiz e a absorcao dos ions ferros@lgs através da membrana plasmatica da
raiz. Outros processos envolvidos na Estratégmcluém excrecdo de protons e compostos
fendlicos a partir das raizes para a rizosfera,aquedita-se aumentar a solubilidade de ions
férricos ou ajudar na capacidade de reducdo derFied na superficie da raiz. A inducdo
destes componentes moleculares sob baixa disgded® de Fe é acompanhada por
alteracbes morfologicas na arquitetura da raizs @mo a formacdo de células de
transferéncia e pelos radiculares extras. A reapestolvida na Estratégia Il baseia-se na
biossintese e secrecdo de fitosideréforos da fardds acidos muginéicos (MAnugineic
acid9, que sao especificos para plantas gramineas. @s $&cretados na rizosfera,
solubilizam Fe (lll), e os complexos Fe (lll)-MA sidtantes sdo retomados nas células

radiculares pelos transportadores (Kobayashi & ikdsta 2012). Componentes-chave,
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incluindo transportadores moleculares, enzimaseatag quelantes foram esclarecidos para
ambas as estratégias, e muitos desses components fLincionar também no interior da
planta facilitando o transporte interno de ferrar@sporte intracelular de ferro também esta
sendo esclarecido. A maioria dos genes que codificastes componentes s&o
transcricionalmente regulados em resposta a disidaide de ferro e a regulagdo do gene é
um passo crucial para o enfrentamento em ambidhtiemntes (Kobayashi & Nishizawa
2012, Thomine & Vert 2013).

Devido a fraca solubilidade e elevada reatividaolé-€, a sua translocacéo dentro do
corpo da planta deve ser associada a moléculaamjegle ao controle adequado dos estados
redox entre as formas ferrosa e férrica. A trarsgléo de Fe envolve vérias etapas, incluindo
o transporte radial entre os tecidos da raiz;msprarte simplastico pelas estrias de Caspary; o
transporte, carregamento e descarregamento do &ilantransferéncia xilema a floema; o
transporte, carregamento e descarregamento dodla@movimento simpléastico em direcao
ao local da procura; e a retranslocacao da font#bdecido em senescéncia (Kim & Guerinot
2007). Estudos indicam que, entre os principaisit@gequelantes dentro do corpo da planta,
estdo o citrato, a nicotianamina e MAs (KobayasiNig&hizawa 2012).

Uma vez dentro da célula, o Fe deve ser entregquen@artimentos apropriados para
sua utilizagdo na funcéo celular e para evitarsguacumule em excesso, o que poderia levar
a toxicidade. O cloroplasto € o local de maior addde Fe em células vegetais, acumulando
cerca de 80% - 90% do Fe celular, onde ha grantamtta por Fe no aparato fotossintético.
Plastidios e mitocondrias sdo ndo sé locais paamades enzimaticas e de transporte de
elétrons mediados por Fe, mas também local de mésgépara o aglomerado Fe-enxofre.
Além disso, o vacuolo geralmente se apresenta eomimcal de grande acumulo de metais,

evitando sua toxicidade (Marschner 2012).

3. Descricéo das espécies em estudo
Avicennia schauerianetapf & Leechm. ex Moldenke (Acanthaceae)

Conhecida popularmente como mangue preto ou sjrijdgatence a familia
Acanthaceae, a qual possui distribuicdo predomemagmte pantropical e inclui cerca de 200
géneros e 3000 espécies (Souza & Lorenzi 2008)BiNail ocorrem 40 géneros e 449
espécies (Proficet al. 2015).

Descricdo da espécie: Raizes subterraneas extengasmtando pneumatéforos e

raizes de absorcdo. Casca variavelmente asperaagesigida e fissurada. Lamina foliar
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inteira, coridcea ou um pouco carnosa com nervimasnspicuas e nervura central
proeminente na face abaxial. LaAminas foliares mdoade ovadas, elipticas a estreitamente
lanceoladas; apice arredondado, ligeiramente emaatgj base aguda. Presenca de glandulas

de sal em ambas as faces da lamina foliar (Tormii884).

Laguncularia racemosdL.) C.F. Gaertn. (Combretaceae)

Conhecida popularmente como mangue branco, perteriamilia Combretaceae, a
qual possui distribuicdo predominantemente partebg inclui cerca de 20 géneros e entre
400 e 500 espécies (Souza & Lorenzi 2008). No Bmirrem 5 géneros e 62 espécies
(Marqueteet al. 2015).Lagunculariaé um género monotipico de mangue com distribuicdo
restrita nas Américas e no Oeste da Africa (Torohink994).

Descricdo da espécie: Raizes subterraneas extensa®) cabo, suportando

pneumatoforos e raizes de absorgcdo. Casca aspgstaadla, cinza. Ramos com numerosas
lenticelas, ligeiramente proeminentes. Lamina folim pouco carnosa, eliptica a oblonga,
margem inteira, arredondada a ligeiramente ematgiapicalmente. Base truncada e glabra.
Folhas com peciolo curto, apoiando duas glanduleslares na superficie adaxial da lamina
(Tomlinson 1994). Francisco e colaboradores (20@8pnheceram 5 tipos de estruturas
glandulares: um par de nectérios extraflorais ngdm adaxial do peciolo; glandulas “tipo
vulcao”, secretoras de sal, distribuidas por todaperficie abaxial e adaxial da lamina foliar;
micro-pélos na face abaxial, distribuidos desdeetade distal até o apice da lamina foliar, e
sobre a nervura mediana; hidatédios na periferifoliiea sobre as nervuras secundarias no
lado abaxial da lamina foliar; e glandulas do boiddricadas ao redor de toda a margem
foliar.

Rhizophora mangld.. (Rhizophoraceae)

Conhecida popularmente como mangue vermelho, per@fiamilia Rhizophoraceae,
a qual possui distribuicdo pantropical e incluigBheros e cerca de 150 espécies (Souza &
Lorenzi 2008). No Brasil ocorrem 4 géneros e 1egs (Mansanet al. 2015). A tribo
Rhizophoreae inclue 4 géneros exclusivos de mariBueguiera Ceriops Kandelia e
Rhizophorg, nos quais a condi¢&o vivipara € uma particudaiéd Tomlinson 1994).

Descricdo da espécie: Presenca de rizoforos coimogessmo positivo, responsavel

por fornecer estabilidade no sedimento inconsisfer# quais, quando em contato com o solo,

formam as raizes (Menezes 2006). Folhas simplestan, elipticas, com margens um pouco
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recurvadas. Textura foliar coriacea, glabra, mas caumerosos pontos suberizados na
superficie abaxial, visiveis em folhas mais velb@asio pontos escuros. Nervuras evidentes,
mas nao proeminentes. Peciolo curto e cilindriceméhtes viviparas, germinadas pela
extensdo do hipocotilo; propagulos com 15-20 crm) $enticelas conspicuas (Tomlinson
1994).
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Conforme estabelecido pelo Programa de Pés-GradweamaCiéncias Bioldgicas (Botanica)
do IBB, UNESP, os resultados obtidos durante awgxrdeste projeto de Doutorado foram

reunidos em artigos cientificos para publicacao.

Artigo 1 — “Differential bioaccumulation and traoshtion patterns in three mangrove plants
experimentally exposed to iron. Consequences foir@mmental sensing” submetido ao

periodico Environmental Pollution (Al, avaliacdodls Capes).

Artigo 2 — “lIron elimination through salt glands ieaves of two mangrove species” a ser
submetido ao periodico The Science of Nature - Massenschaften (Al, avaliacdo Qualis

Capes).
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Artigo 1

Differential bioaccumulation and translocation patterns in three mangrove plants

experimentally exposed to iron. Consequences for @nonmental sensing.

Hiulana Pereira ArrivabeAeCamilla Rozindo Dias Milan&zSilvia Rodrigues Machado

2 Programa de Poés-graduacdo em Ciéncias Biol6giBatarfica), Universidade Estadual
Paulista “Julio de Mesquita Filho” - UNESP, Institude Biociéncias de Botucatu, 18618-
970, P.O. Box 510, Botucatu, Sao Paulo, Brazil.

b Universidade Federal do Espirito Santo, Centro Giéncias Humanas e Naturais,
Departamento de Ciéncias Biologicas, 29075-91@rNit Espirito Santo, Brazil.

¢ Universidade Estadual Paulista “Julio de Mesqfilao” - UNESP, Instituto de Biociéncias
de Botucatu, Departamento de Botanica, 18618-9710, Box 510, Botucatu, Sado Paulo,

Brazil.
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Abstract

Avicennia schaueriana, Laguncularia racema@sal Rhizophora manglewere
experimentally exposed to increasing levels of {@n10, 20 and 100 mgLadded Fe(ll) in
Hoagland’s nutritive medium). The uptake and ti@oetion of iron from roots to stems and
leaves, Fe-secretion through salt glands ¢$chauerianaand L. racemosa as well as
anatomical and histochemical changes in plantessuere evaluated. The main goal of this
work was to assess the diverse capacity of thesgpto detect mangroves at risk in an area
affected by iron pollution (Vitoria, Espirito SantBrazil). Results show that plants have
differential patterns with respect to bioaccumulati translocation and secretion of iron
through salt glandd.. racemosashowed the best environmental sensing capacite sime
bioaccumulation of iron in both Fe-plaque and roeés higher and increased as the amount
of added-iron rose. Fewer changes in translocd#otors throughout increasing added-iron
were observed in that species. Furthermore, theuatrad iron secreted through salt glands of
L. racemosawas strongly inhibited when exposed to added-iBetween the three species,
A. schauerianashowed the highest levels of iron in stems anddeaOn the other hang.
manglepresented low values of iron in these compartmeénten so, there was a significant
drop in the translocation factor between aerialtpawith respect to roots, since the
bioaccumulation in plague and roots Rf mangleincreased as iron concentration rose.
Moreover, rhizophores d®. mangledid not show changes in bioaccumulation througioeit
studied concentrations. So far, we propbsecemosas the best species for monitoring iron
pollution in affected mangroves areas. To our kmealgk, this is the first detailed report on
the response of these plants to increasing irorcasdration under controlled conditions,

complementing existing data on the behavior ofsmae plants under field exposure.

21



Keywords:
Histochemistry, iron bioaccumulation, iron plagu®n translocation, mangrove pollution,

pollution sensing.

Highlights:
» First detailed evaluation on the response of marmgptants exposed to iron pollution.
» Laguncularia racemospresented the best capacity for sensing iron pofu
» Rhizophora manglbad a drop in iron translocation factors throughocreasing iron.

» Avicennia schauerianghowed the highest levels of iron in stems anddea
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1. Introduction

Mangroves are part of the ecosystem continuum ftemestrial to fully marine
environments that occur at the boundary betweed el sea, and are flooded regularly by
the tide (Clough, 2013). Coastal wetlands have lveeagnized for their ability to stabilize
shorelines and to protect coastal communities. @bagetland vegetation is an effective
shoreline buffer, which acts as a natural barpestabilize fine sediment, preventing coastal
erosion. Moreover, they reduce effects of stormd fhmoding, maintain water quality and
biodiversity, and support a wide range of wildlifldangroves may have an indirect value in
the protection of coastal property and economiiviéiets such as fishery (Barbier et al., 2011,
Vo et al.,, 2012). However, despite all the goodd aervices provided around the world,
estimated at $1.7 to $2.8 billion per year (Branderal, 2012; Costanza et al., 1997),
mangroves have the fastest rates of loss of e@mgsivorldwide, and are increasingly
impacted by pollution (Valiela et al., 2001). Amotng contaminants, pollution by metals is a
concern, since these elements can be uptaken,famn@ts and involved in metal
biomagnification along the food chain, generatimgdity for the biota (Cardwell et al, 2013;
Nica et al, 2012).

Metal accumulation in mangrove sediment is favoled its high capacity of
absorption of organic matter (OM) and small paesc(Zhou et al., 2010). The anaerobic
environment, in addition to high levels of OM anon sulfide, in mangrove sediments
enhance iron settling, and the accumulation of IeetBherefore, iron is responsible for
modulating the bioavailability and redox charadcs of metals in sediments (Morse and
Rickard, 2004).

Vascular plants mangroves are crucial to the dyosrof the estuarine ecosystem,
strongly influencing the processes of metals reantwith unique biological mechanisms.

Some mechanisms involved in the resistance of noaegplants to metals, namely the
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accumulation of metals in roots in comparison with aerial parts of the plants, have been
reported (Nath et al., 2014). These mechanismdvauvbe formation of an iron (Fe) plaque
on the root surface (Cheng et al., 2014; Du et2413), and metal retention in the root
(epidermis and endodermis) (Lu et al. 2014; Mackeland Burchett, 2000). Evidence
suggests that the extent of Fe-plague formed orgroae root is species-specific (Pi et al.
2011) and that the amount of Fe-plaque can beecklad adaptive changes in the root
anatomy in response to pollution (Pi et al., 201X)).additional adaptive response in some
mangrove plants is the secretion of metals thraajhglands (Macfarlane and Burchett 1999;
2000; Naidoo et al. 2014).

Avicennia schauerian&tapf & Leechm. ex Moldenkéaguncularia racemosé..)
C.F. Gaertn. anRhizophora mangle. are mangrove species, commonly found in Brazil
(Giri et al., 2011; Tomlinson, 1994). These plaat® well adapted to saline wetlands,
presenting aerenchymatose roots with air gapsatieatisually bigger iA. schauerianandL.
racemosain comparison withR. mangle which additionally shows warming root cells
(Menezes, 2006; Youssef and Saenger, 1996). Tinese species show different ways to
cope with the saline sedime#t. schauerianandL. racemosare species with salt glands in
leaves; converselyR. mangléhave glabrous leaves (Tomlinson, 1994). Mangrplants
secreting salt through salt glands are capablebsbrding more salt through the root (salt-
including species), which has been proposed aschanesm that facilitates the absorption of
metals, resulting in a higher bioaccumulation iasth plants (Bernini et al., 2006; Cuzzuol
and Campos, 2001; Sarangi et al., 2002).

The presence of iron mines close to mangrove a@asesult in an additional load of
metals in the sediment; particularly iron (Veergsim et al., 2015). The state of Espirito
Santo (Brazil) has the largest iron productionha tountry, being the biggest mining harbor

in Brazil (IBEF, 2011). Levels of iron in sedimemtsthis area reach 23 mg gArrivabene et
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al., 2015), which are above levels found in ledfuped mangrove areas (Defew et al., 2005;
Lacerda et al., 1989; Sadiq and Zaidi, 1994; Saraingl., 2002; Sherman et al., 1998; Silva
et al., 1990).

Some field studies have been carried out to ewvaltte# bioaccumulation of iron in
mangrove plants (Souza et al. 2014a, 2014b; 26idyever, to our knowledge, there are few
studies on the bioaccumulation of iron under cdlgdo conditions (Cheng et al. 2012),
looking to isolate the behavior of this metal frdhe complex matrix present in mangrove
sediments, like the presence of different amouritorganic matter, dissolved oxygen,
granulometry, etc. (Arrivabene et al., 2015). Ferthore, previous studies did not report the
iron distribution in all plant compartments is worth to mention that, in addition to being a
micronutrient, iron can reach concentrations tawi¢he plant if its amount in sediments as
well as its bioavailability are high enougkabayashi et al., 20)2

Considering the above-described evidence, the guah of this work was to evaluate
the diverse capacity of these three plants to @abdomnslocate and bioaccumulate iron in
different plant compartments, as well as to evaluwdianges in the plant anatomy. Thus, we
look to verify if these plants can be used as piollusentinels in an area with mangroves at

risk because of iron pollution (Vitoria, Espiritar8o, Brazil).

2. Materials and Methods
2.1. Experimental set up

Propagules ofA. schauerianal. racemosaand R. manglewere collected at the
ecological reserve of the Lameirdo county (Estd€éoldgica Municipal llha do Lameirdo),
State of Espirito Santo, Brazil, during the spr2@d.3 @A. schaueriang or the summer 2014
(L. racemosaand R. mangle Propagules were transported to a greenhouskeeaFdderal

University of Espirito Santo, where they were aalted in pre-cleaned PVC pots (2.8 L each)
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containing washed sand. Sand pots were storeccapt&cles containing a nutritive medium
(Hoagland and Arnon, 1950), with 0.25 ionic strénghd a salt content of 7 g'LThe level
of the nutritive medium wasa. 3 cm during plant grow, anda. 7 cm during exposures,
simulating mangrove conditions without the presesfaerganic matter. The nutritive medium
was covered with a black PVC film to prevent phokidation.

Propagules were developed during eight monthsyvadrel plants were used for
exposure. Exposures were performed by adding Qr@yn10, 20 and 100 mgtFe(I)SQ
(to simulate the bioavailable form of iron), disaci EDTA and MES buffer (ImM, pH 6) to
the nutritive medium. Iron concentrations of 10 &@dmg L* were selected as they are close
to values found in the interstitial water duringldi studies in the mangrove area of Espirito
Santo (Arrivabene et al., 2015). The highest comagon (100 mg [}) was selected to
simulate a more toxic condition, with iron levelsceeding current environmental levels,
similar to the levels found during an incident litkee recent mine dam break in the neighbor
State of Minas Gerais (Brazil). The nutritive mediwas renewed weekly.

Sets of five independent plants (n=5) from eaclhcigge(randomly selected) were
exposed to different iron concentrations duringhtigieeks. After exposure, plants were

harvested and analyzed as described below.

2.2. Chemical analysis of iron

Glassware and plasticware used for sampling préparand analysis were previously
washed using a neutral detergent Extran MA 02 (3%, 15-50% v/v nitric acid (63.7%)
sub-boiling grade and ultrapure water (<5 pgTOC). Ultra-pure water was obtained from a
purification system Arium 61316-RO, plus Arium 6WY (Sartorius, Germany). Nitric acid

sub-boiling grade was prepared from analytical graeid, using a sub-boiling distiller
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(Figmay, Coérdoba, Argentina). The purity of therinitacid was checked by Mass

Spectrometry Inductively Coupled Plasma (ICP-MSjil@nt 7500cx, USA).

Iron concentrations were determined in triplicate IRP-MS, using an ASX-100
autosampler (CETAC Technologies, Omaha, NE), acegrdo USEPA (2009) methods.
Quality assurance (QA) and quality control (QC) evperformed using a certified reference
material (CRM): peach leaves NIST SRM 1547. Redegdrom CRMs were above 80% as
recommended by USEPA. Spiked samples were als@m@gor roots, stems, rhizophores
and leaves to verify the matrix effect. Thus, seaddVerck VI CertiPUR® (Merck Quimica,
Buenos Aires, Argentina) was added to dried plaatiemials; the rest of the procedure was the
same as used for non-spiked samples. The averegeerg of these assays ranged from 92 to

105%.

2.2.1. Iron in plaque

The extraction of the Fe-plaque was performed usiaglithionite-citrate-bicarbonate
technique (DCB), which is effective in extractirfgetiron retained in the Fe-plaque present
along the root surface of plants. There are differeports on the proportion of reagents used
in this method (Liu et al., 2004; Otte et al., 199hylor and Crowder, 1983). Thus, we
carried out a comparison between these three metlfddble 1) to verify the best
experimental set up to be used with our samplesnFrable 1, we can see that the method
proposed by Taylor and Crowder (1983) allows thghést extraction of iron from the Fe-
plaque, while no significant differences were fodadtotal iron (Fe-plague + internal root)
among the three methods. Therefore, we used theqgmioreported by Taylor and Crowder
(1983) to extract the Fe-plaque. Briefly, the entipot system was washed with reverse
osmosis water (RO-water) and air-dried. Next, amwamh equivalent to 0.2 g dry root was

stirred at room temperature for 3 h in a cold D@Rison (40 mL of 0.3M NgCeHs07.2H:0;
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5 mL of 1M NaHCQ, and 3 g de N&,04) (Taylor and Crowder, 1983). The approximate
ratio between fresh and dry mass of roots was aedlyreviously in roots from different
individuals. After DCB extraction, roots were ridseith RO-water, dried in an oven (37°C)
until constant weight. The DCB extraction solutiwas filtered using nitrocellulose 0.45 pum

filters (Millipore, USA), acidified with ultra-puréiNOs, and stored at 4°C until analysis.

2.2.2. Iron in roots, stems, rhizophores and leaves

Roots, stems, rhizophores and leaves samples washed with RO-water, dried at
37°C until constant weight, grinded and homogeningth a mortar. All samples were
digested according to Chappaz et al. (2012) witthsimodifications, using 4 mL nitric acid
(70% ultra-pure, sub-boiling grade) and 1 mL HCT%g ultra-pure sub-boiling grade), in
pre-cleaned PTFE tubes (Sevillenex, USA) at comgeanperature during 24 h. All samples
were filtered (0.45um, Millipore, USA) and stored at 4°C until analys@Sontrols were

prepared using the same protocol without samplly feagents).

Translocation factors (Tf) were calculated betwekifierent plant compartments:
TFsr: [Fe]-stem/[Fe]-root; TFIs: [Fe]-leaves/[Fedis; TFIr: [Fe]-leaves/[Fe]-root; and TFsh:

[Fe]-(leaf + stem)/[Fe]-root.

2.2.3. Iron in the secretion from salt glands (éhauerianaandL. racemosa).

The entire procedure was performed within a PVCGasbructure, protecting leaves
from possible atmospheric contamination by paréitaiiron, including dust. Leaves from the
third node were successively washed with 5% v/vdxMA 02 neutral detergent and then
with RO-water. The PVC cubic structure was wrappesing a transparent PCV film,
containing small orifices to prevent saturationhwitater vapor, and minimize interference

with the photosynthetically active radiation on tleaves, which could cause the stomata
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closure and consequent reduction in the flow aigp@ration and secretion (as observed by
Scholander et al.,, 1962). After three days, leawvege collected and immersed in DCB
solution for 3 h (Taylor and Crowder, 1983). Leavesre also used to determine glandular
density (n°® mmf) by the printing technique, using a drop of cyamgkate ester adhesive
(Super-Bonder®) in a histological slide. Thus, tit#ained foliar surface was analyzed by
microscopy (Nikon E200 microscope, Tokyo, Japank fndom optical fields were
measured from each foliar surface, documented thghTsview v.6.1.3.2 software (Tucsen
Imaging Technology Co. Limited). In order to cake secretion rate per area and mass unit,
both leaf area (cf and leaf dry weight (g) were measured. The leaé avas measured with
the Area Meter LI-COR 3100 (Lincoln, USA), whileetliry mass was obtained by weighing

the samples after they were oven-dried at 60°C catistant weight.

2.3. Root anatomy

The thickness of epidermal, cortex and total ramtgap area and diameter of vascular
cylinder of absorption roots were calculated. Rowtse dehydrated using ethanol series,
embedded in historesin (Leica, Germany), crossesesd (8—10 pum thick) using a rotary
microtome, and stained with 0.05% toluidine bluél 4.7 (O’'Brien et al., 1964). Thirty
measurements per root section were performed us$iagsoftware Nikon NIS-Elements
(Tokyo, Japan). Pictures from analyzed sectionsewercorded using a light microscope
(Nikon Eclipse 50i, Tokyo, Japan), equipped wittigital camera.

To compare differences between species, we comrsidbe variance of data obtained

from each treatment, which were compared to theesponding control.

2.4. Iron histochemistry staining of roots, stemd &eaves
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Freehand sections from rootsa( 2cm root apex), stemsg. 10 cm from the shoot
apex), and leaves (middle third) were obtained withazorblade and immersed in Perl’s
reagent (1% potassium ferrocyanide, 2% HCI in aptdportion; Bancroft et al., 2008) for
Fe(lll) detection. Additionally, another set of pta sections were treated with Lillie’s reagent
(400 mg of potassium ferricyanide in 40 mL 0.5% HBancroft et al., 2008) for Fe(ll)
detection. After 24 hours, sections were washedtums from analyzed sections were
recorded using a light microscope (Nikon Eclipse $0kyo, Japan), equipped with a digital
camera. Positive staining was verified by the Ramsélue color of Perl’s reagent (ferric

iron), or by the Turnbull blue from Lillie"s reaggffierrous iron).

2.5. Statistical analysis

All data were tested for normal distribution. Whaormally distributed, we used the
analysis of variance followed by the Tukey's tasg when not normally distributed, we used
the Kruskal-Wallis test, both with a significanex¢lP < 0.05.

The following multivariate statistical methods weapplied to different sets of data
(chemical, biological and combination parametec®nonical correlation analysis (CCA),
Spearman's rank correlation coefficient and gerre@lProcrustes analysis (GPA). CCA and
Spearman's rank were used to analyze correlatemgebn two groups of variables (chemical
and biological). Spearman’s rank shows correlatlmgtsveen variables. CCA improves the
information between iron bioaccumulation and biadagresponses. GPA was used with six
dataset (chemical and biological data from threedistl species) to understand their
distribution and correlations.

Multivariate statistical methods are important tghtight the contribution of various

variables in the model and their ability to disanate one class from another (Wunderlin et
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al., 2001). The statistical packages Statisticaad@ Infostat (Di Rienzo et al., 2010) were

used for analyzes.

3. Results
3.1. Iron concentration in plaque, roots, stemayks and saline secretion from salt glands
Figure 1 and Tables 1S and 2S (supplementary raBtshow the iron concentration
in plague, roots, stems and leaves of three stuspedies under different concentrations of
added-iron. Figure 2 and Table 1S and 2S showrtimeconcentration in secretions from salt
glands. Controls show presence of iron due to thdent of this element in the nutritive
medium. These results evidence that the Fe-plagj@place of high iron accumulation in
these plants (Table 29). racemosaaccumulated the highest amounts of iron in theysa
and roots, whilé. schaueriangresented the highest levels in stems and le&gsré 1 and
Table 1S). Also in Figure 1, it is evident that thieaccumulation of iron in the plaque and
roots ofL. racemosancreased progressively as the added-iron coreténirrose. Figure 2
and Table 1S show that the iron secretion through glands is strongly inhibited ih.
racemosaat iron concentrations above controls, while schauerianadid not show a
noticeable drop from controls to the highest adided-concentration used. On the other hand,
salt glands density in botlA. schauerianaand L. racemosado not significantly vary

throughout the different amounts of added-iron (€4l5).

3.2. Translocation factors

Figure 3 and Table 1S show translocation factotsédxn different parts of the studied
plants, exposed to diverse added-iron amountsop oir Tf between aerial parts Bf mangle
and its root (TFsr, TFIr and TFsh) becomes evidénhverselyR. mangleshowed a trend to

increase Tf between stems and leaves, althougistatstically significant (Figure 3, Table
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1S). The rest of studied species did not show aeg Tf at all dosages of iron, although
schauerianahad a significant drop in Tf when exposed to 10§ It Fe(ll). On the other
hand,L. racemosavidenced a drop in Tf only between leaves amiistand between leaves
and roots, at the maximum iron concentration udeédu¢e 3, Table 1S). In generdl,

racemosgresented the lowest Tf among the three studietymae plants (Table 1S).

3.3. Root anatomy

Table 2 shows studied anatomical parameters fdsrobthe three studied species.
Most analyzed parameters did not show significar@nges throughout studied added-iron
concentrations. The parameters showing changes theleness of cortex and root .
schaueriana with higher values in controls compared to expopkants. Additionally, the
root of L. racemosawas significantly thinner in plants exposed to 18§ L and thicker

upon exposure to 20 mgt(Table 2).

3.4. Histochemistry

Figures 4, 5 and 6 show results from histochenanalysis.

From Figure 4 we can observe the main places of imaccumulation in roots.
Mainly the epidermis, but also cortex, were theaarshowing the highest accumulation of
both iron species (Fe(ll) and Fe(lll)) in the thitadied species. Iron was also detected in
vessel elements &. mangleand in vascular cambium baf racemosaxposed to the highest
dose (100 mg ).

Figure 5 shows that the vascular cambiumLofacemosaand the periderm oR.
manglewere the main places for bioaccumulation of botimispecies in stems from these
two plant species. Conversely,An schauerianat was not possible to verify the main places

for iron bioaccumulation within the stem. Howev&ems ofA. schauerianahowed presence
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of Fe(ll) and Fe(lll) in epidermis, subepidermisnticel, xylem (mainly in protoxylem) and
salt glands cells. Moreover, Fe(ll) was massivaiedted in vessel elements, phloem, cortical
parenchyma and pith &f. schaueriana

Figure 6 shows some places of iron bioaccumulaitioleaves. The main place for
bioaccumulation imA. schauerianavas the water storage parenchyma and, additiqrihkdy
cortex of the midvein, epidermis, salt glands apangly parenchyma. On the other hand,
racemosa presented the main iron bioaccumulation in its mylebut also lower
bioaccumulation in salt glands, and in both wateragie and palisade parenchyma. Finally,
the bioaccumulation of iron in leaves Rf mangleoccurred in several places, mainly in the

cortex of the midvein, and in both palisade andewatorage parenchyma.

3.5. Statistical analysis

Chemical data (Table 1S) and anatomical informafiteble 2) were independently
evaluated for each plant species to assess the thinbest correlates the bioaccumulation
with changes in the anatomy. CCA demonstratesltheicemosawvas the species showing
the best correlation between chemical and bioldgiearix (R2= 0.98,P = 0.01), followed by
A. schaueriangR?= 0.97,P = 0.03), with no significant correlation f&. manglgR?= 0.89,
P=0.3).

Spearman test showed a positive correlation betweziron concentration in the Fe-
plaque and the amount of iron in rootsLofracemosaSpearman R = 0.80) atl mangle
(Spearman R = 0.82). In addition, a negative caticgh was found between iron
concentration in plaque and translocation factoiR.tmanglgSpearman R for TFsr = -0.77,
TFlr = -0.84, TFsh = -0.84) and racemosgSpearman R for TFIr = -0.64). No significant
correlation P > 0.05) was found between the density of saltdgaand the concentration of

iron in the secretion fronA. schauerianaand L. racemosa Furthermore, no significant
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correlation was found between the iron concentnafiom salt glands secretion and the
amount of iron in leaves &. schauerianandL. racemosa.

A GPA was performed to evidence the correspondbebseen chemical parameters
(Table 1S) and biological data (Table 2) along ttimee studied mangrove plants. Figure 7
shows the graphical representation of GPA, withfitts¢ function (CP1) explaining 53.5% of
the total variance, and 27.0% for the second fonctCP2). Also from Figure 7 it is evident
that four studied groups (corresponding to differlavels of added-iron) can be clearly
separated by considering the three studied mangspeeies, mainly when exposed to the

highest iron level (100 mg1).

4. Discussion
4.1. Bioaccumulation of iron from exposure mediordifferent plant compartments

Sections 3.1 and 3.2 describe results found for utpeake, translocation and
bioaccumulation of iron from the exposure medium different plant compartments,
including secretion through salt glands presemeaves of two species. From Figures 1A and
Table 1S, it is evident that racemosahowed a dose-dependent behavior, with low levels o
iron in both plaque and roots in controls, and @pgssive increase until reaching maximum
values at the highest added-iron concentrationo Alsm Figure 1A, we can observe tliat
mangle presented a similar behavior o racemosawith a less pronounced response to
increased amounts of added-iron. So far, rootk.afacemosacould be proposed as good
bioindicator for iron in the mangrove environment.

Reports from the literature point out that compaumth in iron oxides and
hydroxides are attached to the root in wetland tpldmripathi et al., 2014). Thus, the Fe-
plaque could act as a buffer (Jiang et al., 2009gKal., 2009), or as a barrier regulating the

uptake of metals by the plant (Cheng et al., 2@&h et al., 2014). Our current results with
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racemosaand R. mangle(Table 1S and Spearman statistical analysis) shopositive
correlation between the amount of iron in the pkaguad the corresponding level in the root
(internal). Thus, it is possible to believe thag filaque is not limiting the input of iron from
the environment to the root, but probably acting &siffer.

From Figure 1B, we observed that stems and leaiwgsat show a clear dose-
dependent response, with the exception of stems AroschauerianandL. racemosawhich
evidenced a significant increase of iron in stenisptants exposed to the highest
concentration compared to controls.

We did not observe higher iron content in roots nvbempared to aerial parts Af
schauerianaThat result do not agree with reports from tberditure on wild species exposed
to environmental irong.g.Souza et al. 2015). The large bioaccumulatiomarf found during
this work in leaves of studied species reinforaeithportance of this element for the structure
of chlorophyll and photosynthesis (Briat et al., 130 Furthermore, reports on the high
accumulation of iron and other metals in whole-rg@aque + internal) could be due to the
retention of metals in the Fe-plaque, and not tea bioaccumulation of these elements
within the root (internal).

Differences found in the bioaccumulation of ironroots, stems and leaves of the
three studied species could be attributed to tgelagory mechanisms of salt in roots, which
allows the entry of other metals in the procesxérdaet al.,1985). Generally, salt secreting
plants have higher concentrations of salt in tHemwgtic sap than those without salt-secreting
glands (Scholandest al.,1962). In these cases, the salt ultra-filtratiorchamism present in
roots is responsible for this difference. R1 mangle a species without salt glands, both
external hypodermis and endodermis seem to wortkkvassheaths of the ultrafilter, which
would explain the lower concentration of salt foundhe sap (Werner and Stelzer, 1990). In

this context, some studies have shown that metsentrations, such as iron and other
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nutrients, are higher in leaves of salt-secretilagtis when compared to species that do not
secrete salt (Bernini et al., 2006; Cuzzuol and @asn2001; Sarangit al.,2002). Higher
concentrations of iron in leaves have been repanédicenniaandLaguncularia compared

to the levels observed iRhizophora(Bernini et al., 2006; Cuzzuol and Campos, 2001).
Previous and current results from our research pralemonstrate a preferential
bioaccumulation of iron (and other elements) irvésaofA. schauerianandL. racemosan
relation toR. manglecorroborating this trend (Souza et al., 20144420 2015).

Figure 2 shows that the secretion of iron from gldhds ofL. racemosas strongly
inhibited upon exposure to added-iron, whleschauerianalid not exhibit a clear change,
despite showing significant drops in relation taitcols at both 10 and 100 mg'ladded-iron.

So far, and considering this differential behawetween the studied plants when exposed to
increasing Fe(ll) concentrations, we could propbseacemosaas the best bioindicator
species for biomonitoring of iron in mangrove areasler risk of iron pollution. Moreover,
the use of salt glands secretion framracemosacan be proposed as a method for sensing
iron pollution without excessively disturbing thiaupt.

We observe similarities when comparing our curresults with previous reports on
the presence and distribution of metals in wild grame plants, using the same species
sampled from the study area where propagules ferstidy were obtained (Vitoria, Espirito
Santo, Brazil). For instance, will. schauerianashowed a variable response between levels
of iron in roots in relation to bioavailable iron the environment (Souza et al., 2015); a
similar behavior was reported for wild. mangle(Souza et al., 2014a) and for wild
racemosa(Souza et al., 2014b). These reports indicate ttfeasum of internal and external
levels of iron in roots of wild.. racemosaanged from 3,995 to 7,169 ug (average= 4,864
ng gt Souza et al., 2014b); iR. manglelevels ranged from 804 to 13,477 u¢ @verage=

4,993 ug ¢; Souza et al., 2014a); andAn schauerianalevels ranged from 1,319 to 8,938
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ug g* (average= 3,205 pg'gSouza et al., 2015). So far, racemosandR. mangleshowed
the highest average bioaccumulations of iron ing,0m agreement with our current results,
although previous reports did not differentiatewssin Fe-plaque and root (external and
internal iron in the root).

Furthermore, when comparing our current resultsrtor in leaves with field reports,
we can observe that wild. racemosaanged from 107 to 427 pgtdaverage= 211 pugly
Souza et al., 2014b)R. mangleranged from 71 to 183 ug‘daverage= 101 pug'g Souza et
al., 2014a); and\.. schauerianaanged from 97 to 665 pg‘daverage= 308 pug'y Souza et
al., 2015). Thus, results for iron in leaves frone three studied species also show good
agreement between field and experimental exposure.

There are not previous reports on levels of irorstems or in secretions from salt
glands of studied plants evaluated in the field. olm knowledge, this is the first report
evaluating secreted iron using increasing leveld-efil) during the growth of mangrove
plants. It is worth to remark that controlled seslicould help evaluate the behavior of a
particular element, isolating it from the complexatnx associated with environmental

samples.

4.2. Translocation of iron from root to aerial placompartments

Differences observed with translocation factor§) (ere not so evident as in the
results obtained with bioaccumulation. However, g@neral, increasing dosages of iron
decreases the translocation of this metal intoplhets (Table 1S, Figure 3). A significant
drop of translocation was found k mangleandA. schauerianavhen evaluating aerial parts
and roots (TFsr, TFIlr and TFsh) (Figure 3, Tablg. Iis drop was dose-dependeht.

racemosadid not show changes in TFsr and TFsh throughoeitstudied concentrations of
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added-iron. This could evidence that higher comeginns of iron in the substrate could more
negatively affect Tf irR. mangleandA. schaueriandhan inL. racemosa

The statistical analysis showed a negative cdrogldSpearman) between Tf and iron
concentration in the plaque far racemosaandR. mangle Some studies have demonstrated
that the Fe-plaque can diminish the translocatiosome metals from the root to aerial parts
of the plant (Cheng et al., 2014, Liu et al., 20I8)us, our current results agree with these

reports.

4.3. Anatomical and histochemical changes in expp&ants

Few anatomic alterations were found in roots ahfd exposed to increasing levels of
iron (Table 2). No correlation was observed betwibenFe-plaque and the size of air gap. So
far, an incidence of the aerenchymal area on thgldge in the root could be not expected.
This last result does not agree with the repoRiadt al. (2010), on the effects of wastewater
in two mangrove plants. They observed a greatexr af@ir gap, with formation of more Fe-
plaque, due to more radial oxygen loss (ROL). Deh@l. (2010) also noted the positive
correlation between the aerenchymal area and foomatf Fe-plaque, although they found
that it was not due to the increased release of ROLto the root surface area for Fe-plaque
grip.

On the other hand, the lower root thickness obskw®en the concentration of added-
iron rose confirms some previous reports. For msta Cheng et al. (2012) observed a
decrease in total biomass in six out of eight mewgmplants exposed to iron. On the other
hand, Alongi (2010) found an increase in total plaomass, but a reduction in root growth in

two out of five mangrove species studied.
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Plant epidermis was confirmed as the main compantirfoe iron bioaccumulation in
roots (Figure 4), probably being the main barriertihe uptake of metals by the plant.
However, histochemical analysis did not detect ¢saaulation of iron in the root endoderm.

In this study, the detection of iron by histocheahitest in walls and cell content of
leaves, roots and stems, suggests that therehwriadistance for the transport of iron via both
apoplast and symplast, as reported by Bauer and(26). The release of iron in xylem
vessels requires the efflux of Fe from the symptasthe apoplastic space. It is generally
accepted that iron is present forming Fe(lll)-¢gr@omplexes in the xylem. However, the
mechanism involved in the absorption of iron inexgl vessels and leaf tissues is still unclear
(Kim and Guerinot, 2007).

The secretion of iron through salt glandsAinschauerianandL. racemosawvas first
tested using histochemistry (Figure 6), and furt@firmed by chemical analysis (ICP-MS)
(Table 1S, Figure 2). Our current results do maws an increase in secreted iron as added-
iron concentrations rose. Conversely, racemosashowed a significant drop, while A.
schauerianapresented a non-clear pattern with a significanpdvhen comparing controls
with the higher iron-dose. These results do no¢@agvith previous reports by Macfarlane and
Burchett (1999, 2000) and Naiddo et al. (2014), wked increasing amounts of zinc and Cu
in sediments, resulting in higher Zn and Cu eliiora through salt glands. This
contradictory result could indicate that the seoretof iron through salt glands could be
interfered by other factors. Particularly,racemosaeems to be more sensitive to changes in
the iron concentration. This could not be attrilbute the drop in Tf at higher added-iron
concentrations, mainly because levels of iron iavés ofL. racemosaremained almost
unchanged (Figure 1B, Table 1S). Moreover, no tatioce was found between the amount of

secreted iron and the density of salt glands indsadfL. racemosaor in A. schaueriana
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(Table 1S). Further research is needed to elucttiatenhibition observed in secreted iron. To

our knowledge, this is the first report on saltnglain stems oA. schaueriangFigure 5).

5. Conclusions

Three studied plants are capable of biosensingatineunt of added-Fe(ll)L.
racemosashowed a dose-dependent response in root andeplagaddition to an inhibitory
behavior with secretion of iron through salt glanfe far, we proposk. racemosaas the
most appropriate species for biosensing the amofimon in mangroves exposed to high
amounts of this element due to environmental poltutFurthermore, the inhibition of iron
secretion through salt glands enables the use ©f plarameter for environmental
biomonitoring, avoiding excessive damage on wildngd, although bioaccumulation in the
root of this species (both internal and plaque}@néed the best response.

A drop in translocation factors between aerial paft the plant and the root were
evident and significant, mainly iR. mangleandA. schauerianaindicating the impact on the
plant transportation mechanism induced by high entrations of added-Fe(ll).

Changes in plants anatomy and histochemistry wetem evident as those observed
with bioaccumulation and translocation.

To our knowledge, this is the first detailed repont the response of these plants to
increasing iron concentrations under controlledd@tioms, complementing existing data on

the behavior of the same plants under field exposur
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FIGURE CAPTIONS

Fig.1. Iron concentration (ug“gdry weight) in (a) Fe-plaque and roots, and (bjnsteind

leaves ofA. schauerianal. racemosaandR. mangleexperimentally exposed to increasing
amounts of added-Fe(ll). Reported values corresporttie median. Significant differences
for the same parameter, analyzed between diffemgpbsure concentrations for each plant,

are pointed out using different letters (KruskaliWgaest,P < 0.05).

Fig.2. Iron concentration (g dry weight) in salt glands secretion Af schauerianandL.
racemosaexperimentally exposed to increasing amounts ofeddee(ll). Reported values
correspond to the median. Significant differencasalyzed between different exposure
concentrations for each plant, are pointed outgudifferent letters (Kruskal-Wallis ted®, <

0.05).

Fig.3. Translocation factors (Tfs) between leaves andsraand aerial parts and roots Af
schauerianalL. racemosaand R. mangleexperimentally exposed to increasing amounts of
added-Fe(ll). Reported values correspond to theane&ignificant differences for the same
parameter, analyzed between different exposureetrations for each plant, are pointed out

using different letters (Kruskal-Wallis tegt,< 0.05).

Fig. 4. Histochemical detection of Fe(ll) or Fe(lll) inoss-sections of roots. The blue color
indicates a positive reaction to the test. (A-B{IFein A. schauerianaxposed to 10 (A) and
20 mg L (B) of iron. (C-D) Fe(lll) in L. racemosaexposed to 0 (C) and 10 mgt (D) of

added-iron. (E-F) Fe(ll) irR. mangleexposed to 0 (E) and 20 mg*(F) of added-iron.
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(Arrow = epidermis, co = cortex, en = endodermes,=ppericycle). Bars: (A)= 50 um, (B)=

25 um, (C, D, E, F) =100 pum.

Fig. 5. Histochemical detection of Fe(ll) or Fe(lll) inoss-sections of stems. The blue color
indicates a positive reaction to the test. (A-DjIFen A. schauerianaxposed to 10 (A, C,
D) and 20 mg ! (B) of added-Fe(ll)(E-F) L. racemosaexposed to 100 mgtof added-
Fe(ll). Detection of Fe(ll) (E) and Fe(lll) (F). {8) R. mangleexposed to 100 mgiof
added-Fe(ll). Detection of Fe(ll) (G) and Fe(lIH)( (Arrow = epidermis, co = cortex, en =
endodermis, pd = periderm, ph = phoem, pr = phloay sg = salt gland, vc = vascular
cambium, xy = xylem, xr = xylem ray). Bars: (A)= %n, (B)= 25 um, (C, D, E, F) = 100

pum.

Fig. 6. Histochemical detection of Fe(ll) or Fe(lll) inosis-sections of leaves. The blue color
indicates a positive reaction to the test. (A-B)(F® in A. schauerianaxposed to 20 mgt

of added-Fe(I)(C-D) Fe(lll)in L. racemosaxposed to 10 (C) and 20 m¢ (D) of added-
Fe(ll). (E-F)R. mangleexposed to 10 mgt of added-Fe(ll). Detection of Fe(lll) (E) and
Fe(ll) (F). (co = cortex, ph = phloem, sg = salrgl, sp = spongy parenchyma, wp = water-

storage parenchyma, xy = xylem). Bars (C, F)= 100 (A, D, E)= 50 um and (B)= 25 um.

Fig. 7. Generalized Procrustes Analysis (GPA) of paramsetrdied for each treatment with

added-Fe(ll). (AS A. schauerianaLR =L. racemosaRM =R. manglg
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Figure 2
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TABLES

Table 1

Iron concentration (g fdry weight) in different compartments &. mangle Fe-plaque
(external iron; calculated from DCB extract, measluby ICP-MS), roots (internal iron; acid
digestion of roots after removing Fe-plaque by D@Bthod), and total iron (Fe-plaque +
roots). Percentage of extracted iron was calculfxted the ratio between Fe-plague and total
iron. Reported values correspond to mean + SD.ifgignt differences between three DCB

protocols are indicated by different letters in slaene row (Tukey tes®, < 0.05).

DCB extraction protocols for Fe-plaque as repoitetthe literature

Plant compartment  Taylor and Crowder (1983)  Otial.g{1991) Liu et al. (2004)

[Fe] plaque 0.38+0.15a 0.16 £0.03 b 0.28 #@b
[Fe] root 0.25+0.05b 0.73+£0.20 ab 0.46 + 25
[Fe] total 0.63+0.20 a 0.90+0.22 a 0.73 + 29
% extracted Fe 0.60£0.04 a 0.19+0.04c 0.4011 6
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Table 2

Variations (compared to controls) in epidermis khess, cortex thickness, vascular cylinder
diameter, root diameter and air gap area in robté.oschauerianal. racemosaand R.
mangle exposed to different amounts of added-Fe(ll). Valaee reported as mean + SD.
Significant differences for the same parameter,lyaed between different exposure
concentrations for each plant, are pointed outgukwercase letters. Significant differences

between three studied species, with the same espazncentration, are reported with

uppercase letters. Different letters corresporglgnificant differences (Tukey tef,< 0.05).

A. schaueriana L. racemosa R. mangle
Epidermis 0.80+£0.09 aB 1.00 £ 0.09 aAB 1.17 £ 0.42 aA
1 Cortex 1.25+0.32aA 0.70 £ 0.15 aA 1.16 £ 0.52 aA
£ Vascular cylinder 1.32£0.32 aA 0.97 +0.15 aA 1.12 + 0.56 aA
S Root 1.32+0.33 aA 0.90 £ 0.09 abA 1.16 £ 0.51 aA
Air gap 1.45+0.78 aA 1.85+2.04 aA 1.03+0.67 aA
(2]
é Epidermis 0.67+0.11 aB 1.10+0.23 aA 0.96+ 0.20 aAB
g " Cortex 0.67 £0.17 bB 0.97 £0.11 aA 1.15+0.37 aA
a g’ Vascular cylinder 1.13+0.35aA 1.20+£0.34 aA 1.01+£0.19 aA
S S Root 0.81 % 0.23 bA 1.05+0.11 aA 1.10 £0.28 aA
o Air gap 0.78 £0.93 aB 2.94+0.98 aA 0.94 £0.34 aB
w
_, Epidermis 0.80+0.05 aA 0.98 + 0.30 aA 1.16 £ 0.30 aA
;)' Cortex 0.70 £ 0.11 bA 0.72+0.31 aA 1.03+0.41aA
€ Vascular cylinder 0.93+0.21 aA 0.87£0.12 aA 0.97£0.31 aA
8 Root 0.76 £ 0.13 bA 0.75+£0.18 bA 1.04 £0.39 aA
™ Air gap 0.81 +0.59 aB 1.53 + 0.36 aA 0.74 + 0.44 aB
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Supplementary material

Table 1S: Iron concentration (ug*gry weight) in Fe-plagque, roots, rhizophores, stems
leaves and salt glands secretion (flgiey weight or pug cri) of A. schauerianal.. racemosa
and R. mangleincluding density of salt glands in leavesAofschauerianae L. racemosa
Reported values correspond to median = first quaBignificant differences for the same
parameter, analyzed between different exposureecdrations for each plant, are pointed out
using lowercase letters. Significant differencesveen three studied species, with the same
exposure concentration, are reported with uppertatters. Different letters correspond to
significant differences (Kruskal-Wallis ted?, < 0.05). TFsr: translocation factor between
stems and roots; TFIs: translocation factor betwieawes and stems; TFIr: translocation
factor between leaves and roots; TFsh: translatd@ator between aerial parts (stems +
leaves) and roots; Upper glands: salt glands ireugprface of leaves; Lower glands: salt
glands in lower surface of leaves; NA: not avagabl

A. schaueriana L. racemosa R. mangle
Plaque 134.25 + 128.62 aA 464.58 + 209.28 cA 32.72 £ 31.83cB
Root 28.86 + 18.12 bAB 177.08 £ 150.46 cA 496+1.35cB
Rhizophore NA NA 155+1.38a
Stem 43.68 + 37.11 abA 11.82 +4.11 bB 6.85+4.37 aB
Leaf 129.77 £ 94.04 aA 38.67 +24.24 aB 25.21 £ 23.05 aB
Secretion (g) 8.36 £ 8.36 aB 33.81 +33.81 aA NA
Secretion (cm) 0.06 £ 0.06 aB 0.24 +£0.19 aA NA
Tfsr 1.99+1.72 aA 0.05+0.01 aB 1.81+1.13aA
Tfls 2.58 +2.26 aA 3.27 £2.36 aA 3.37 £ 3.26 aA
Tflr 450+3.19 aA 0.21+0.18 aB 5.45 £+ 3.93 aA
" Tfsh 6.48 + 4.43 aA 0.23+0.23 aB 8.68 + 4.81 aA
S Upper glands 17.48 +16.94 aA 0.98+£0.81 aB NA
I Lower glands 8.27 +7.86 aA 0.27+0.14 aB NA
c
§ Plaque 89.14 + 66.29 cAB 838.59 + 838.59 bcA 35.87 £ 33.92 bcB
3 Root 30.48 + 20.74 bB 406.27 + 392.55 bcA 32.16 £ 31.95 bcB
P Rhizophore NA NA 129+1.27a
Stem 52.45 + 35.92 abA 39.69 + 3.33 bAB 11.36 +1.37 aB
Leaf 104.03 +£96.71 aA 57.67 + 53.24 aAB 47.73 £ 46.89 aB
Secretion (g) 3.69 = 3.69 bA 0.04 £ 0.01 bA NA
Secretion (cn) 0.03 £ 0.02 bA 0.04 = 0.03 bcA NA
Tfsr 1.77 +1.18 abA 0.09+0.01 aB 0.29 + 0.06 abB
Tfls 2.69+1.19 abA 1.68 +1.56 aA 4.40 + 3.96 aA
Tflr 3.17 £ 2.10 abA 0.14 +0.12 aB 1.44 + 1.36 abAB
Tfsh 4.35+3.87 aA 0.22+0.15 aB 1.74 + 1.57 abAB
Upper glands 25.07 £ 21.00 aA 1.22 +0.95 aB NA
Lower glands 9.62+7.18 aA 0.27 £ 0.27 aB NA
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Table 1S (cont.)

A. schaueriana L. racemosa R. mangle

Plaque

Root
Rhizophore
Stem

Leaf
Secretion (g)
Secretion (cm)
Tfsr

Tfls

TfIr

Tfsh

Upper glands
Lower glands

Plaque

Root
Rhizophore
Stem

Leaf
Secretion (g)
Secretion (cn)
Tfsr

Tfls

TAlr

Tfsh

Upper glands
Lower glands

107.52 + 107.25 bcAB 1302.34 + 1302.34 abA  62.49 £ 51.81 abB
35.49 + 34.03 abB 451.85 +408.73 abA  75.38 + 71.37 abAB
NA NA 1.42+107a
34.10 + 16.47 bA 32.91 +18.22 bA 5.04 £ 1.44 aB
95.52 £72.84 aA 77.88 £ 46.08 aAB 44.67 £25.72 aB

7.49 £5.62 aA 1.67 +0.05 bB NA
0.05 + 0.04 abB 0.23 +0.23 abA NA
1.15 + 0.46 bcA 0.06 £ 0.04 aB 0.07 £0.02 bcB

2.80+2.15aA 2.01+1.94 aA 9.70 £ 3.22 aA
2.92 £ 2.14 abA 0.12 +£0.10 abB 0.56 = 0.38 bcAB
3.55 £ 3.29 abA 0.18+0.13 aB 0.58 £ 0.40 bcAB
22.49 + 20.46 aA 1.36 +1.08 aB NA

8.40+£7.72 aA 0.54 +£0.14 aB NA

125.71 +125.68 abB  2646.07 + 2365.11 aA 334.98 £ 223.17 aAB
57.98 £ 55.53 aB 601.86 +557.76 aA  230.59 £ 199.80 aAB
NA NA 157+147a
80.48 +1.16 aA 56.97 + 50.23 aAB 142 +1.41 aB
102.84 +92.27 aA 42.24 £ 9.56 aB 37.46 + 28.51 aB

3.38 +3.38 bA 0.03 + 0.0034 bB NA

0.03+0.03b 0.0003 + 0.00004 ¢ NA

0.02 +0.02 cA 0.10 + 0.08 aA 0.01 +0.005 cB

1.37 + 1.45 bB 0.68 +0.17 bB 29.29 + 19.53 aA

1.77 + 1.60 bA 0.07 +0.02 bB 0.17 + 0.06 cB

1.79+ 1.61 bA 0.17+0.14 aB 0.18 +0.07 cB
16.40 + 14.36 aA 1.76 + 0.63 aB NA

8.27 +8.13 aA 0.41+0.41 aB NA
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Table 2S: Iron concentration (ug'gry weight) in Fe-plaque, roots, rhizophores, stems
leaves and salt glands secretionfofschauerianal. racemosaand R. mangle Reported
values correspond to median + first quartil. Sigaiit differences between measured
variables, corresponding to the same amount ofcxdda, are indicated by different letters
(Kruskal-Wallis testP < 0.05). NA: not available.

A. schaueriana L. racemosa R. mangle
Plaque 134.25 +£128.62 a 464.58 +209.28 a 32.72+31.83a
- Root 28.86 + 18.12 bc 177.08 + 150.46 ab 496+1.35¢c
<, Rhizophore NA NA 1.55+1.38 ¢
£ Stem 43.68 £ 37.11 ab 11.82+4.11cd 6.85+4.37 bc
© Leaf 129.77 £ 94.04 a 38.67 +24.24 bc 25.21+23.05ab
Secretion (g) 8.36 + 8.36 bc 33.81 +33.81 bc NA
Secretion (cnd) 0.06 £ 0.06 ¢ 0.24+£0.19d NA

Plaque 89.14 + 66.29 ab 838.59 +838.59 a 35.87 +33.92 ab
<, Root 30.48 + 20.74 bc 406.27 +392.55 a 32,16 +31.95 ab
o Rhizophore NA NA 1.29+1.27c
" E Stem 52.45 + 35.92 ab 39.69 +3.33 bc 11.36 £1.37 bc
& ' Leaf 104.03 +96.71 a 57.67 £ 53.24 ab 47.73+46.89 a
© Secretion (g) 3.69+3.69 cd 0.04+0.01c NA
g Secretion (cnf) 0.03+0.02d 0.04+£0.03c NA
(&S]
c
S Plaque 107.52 +107.25 a 1302.34 £ 1302.34 a 62.49 +51.81 a
& =, Root 35.49 + 34.03 abc 451.85 +408.73 ab 75.38+71.37 a
o Rhizophore NA NA 1.42+1.07b
E Stem 34.10 £ 16.47 bc 32.91+18.22 bc 5.04+1.44b
N Leaf 95.52 £72.84 ab 77.88 £ 46.08 ab 44.67 + 25.72 ab
Secretion (g) 7.49+£5.62cd 1.67+0.05c NA
Secretion (cnf) 0.05+0.04d 0.23+0.23¢c NA

Plaque 125.71 £+ 125.68 a 2646.07 + 2365.11a  334.98 +223.17 a
7 Root 57.98 + 55.53 bc 601.86 £ 557.76 ab 230.59 £199.80 a
g Rhizophore NA NA 1.57+147b
o Stem 80.48 +1.16 ab 56.97 £ 50.23 bc 142+141b
S Leaf 102.84 £ 92.27 ab 42.24 + 9.56 bc 37.46 £ 28.51 ab
Secretion (g) 3.38+3.38¢c 0.03 £ 0.0034 cd NA
Secretion (cnf) 0.03+0.03c 0.0003 £ 0.00004 d NA
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Abstract

Salt glands are specialized epidermal cells presemtaves of halophytes species
capable of controlling the internal balance of .sHlbwever, some studies have found that
these structures can eliminate metals unrelate@ltdalance. During a histochemical study,
using a specific marker for iron, we observed thesence of iron in salt glands Aficennia
schauerianandLaguncularia racemosawhich is not yet reported in the literature. Thilés
study aimed at investigating the iron elimination salt glands present in leaves of these
species. Salt glands from both species showediymditstochemical reaction when tested
with Perl's reagent, indicating iron accumulatidwditionally, ultracitochemistry, using the
same specific marker, showed that iron was in sexyreells, adhered to the membrane of
vacuoles and to plasmodesmata. In both speciesprétgence of iron in the exudate was
confirmed by GF-AAS9.4 ng cn?d? and 1025 ng¢d™ in A. schauerianal1.6 ng crif d?
and 1039 ng ¢ d?! in L. racemosi To our knowledge, this is the first report ownr
elimination by salt glands in leaves of mangrovangs, which could explain the higher iron
content found in leaves of species containing glalhds A. schauerianaandL. racemosa

compared to species that do not have these stescfsmch aRhizophora mang)e

Keywords: ultracitochemistry, iron, salt glands, mangrovenp)| ultrastructure.
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1. Introduction

Salt glands are specialized epidermal cells ohamges, which play an active role in
the elimination of dissolved mineral salts and stimes organic substances. Salt glands vary
in structure and in methods of salt release. Insé@etory process, salt may be eliminated
into vacuoles of the bladder cells, or to the algwf the glands through pores (Evert 2006).
Salt glands occur in several families of eudicatgies and one family of monocotyledons,
Gramineae (Fahn 1979, 1988; Evert 2006). In eudiedbns they are characteristic of the
Frankeniaceae, Plumbaginaceae and Tamaricaceaalsbubccur in some genera of other
families, such as Chenopodiaceae, ConvolvulacedePamulaceae. Salt glands are present
in many mangrove plants, e.giegialitis (Plumbaginaceae)Aegiceras (Myrsinaceae),
Avicennia(Acanthaceae) aridaguncularia(Combretaceae) (Fahn 1988).

It is accepted that the salt glands occurring elédaves of some mangrove species are
adaptive structures to the high salt concentratiotihhe sediment (Ball 1988; Sobrado 2004;
Ye et al.2005). These structures secrete ions, mainlyasa Ci controlling the internal salt
balance (Tomlinson 1994). In this process, othas iare also eliminated, such at Kig?*,
ca*, SO%, NOs, PQ* and HCQ@ (Fahn 1988; Evert 2006). More recent studies Ishosvn
that other metals, such as Zn and Cu, can be eddpgtsalt glands. Furthermore, the metal
secretion is increased as its concentration irséument rose, as it is the case wAthcennia
marina (MacFarlane and Burchett 1999, 2000; Naidoo €2@l4).

The mangrove swamp is a coastal ecosystem, logatbeé transition between marine
and terrestrial ecosystems, which is subject tal trdgime (Tomlinson 1994). In general,
mangrove sediments are hypoxic, rich in organictenahaving a high content of salt and
metals (Ovalle et al1990). Among metals, iron presents high concewotnain mangrove

sediments (Defew et al. 2005).
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Avicennia schauerianandLaguncularia racemosare two mangrove plant species,
commonly found in the State of Espirito Santo (Byaaffected by iron pollution arising
from mine, industrial and harbor activities (Arbene et al. 2015). Both species have salt-
secreting glands in their leaves (Tomlinson 199%) are classified as salt-secreting (Parida
and Jha 2010). During a field study, dedicated ¢dfy the negative effects of iron on
mangrove plants (Arrivabene et al. 2015), we olexihie presence of iron within salt glands,
a fact not yet reported in the literature. Thuss thtudy aimed at investigating the iron
elimination by salt glands present in leaves ob¢hspecies. We theorized that iron is being
secreted through salt glands in these mangrovesplarobably contributing to the high iron-

content in leaves of these two species exposeavicommental pollution with iron.

2. Materials and Methods
2.1. Study area

The field sampling was carried out in February 2Qfb® chemical, anatomical and
histochemical analysis), and in February 2015 @ftracytochemical analysis). Sampling was
performed during the low tide in the morning. Thengrove swamp area selected for
sampling is located in the Ecological Mangrove Res®f Rivers Piraqué-acu and Piraqué-
Mirim, in the municipality of Aracruz, State of Hsjpo Santo (Brazil) (19°56'26"S and
40°13'27"W; Figure 1). This mangrove swamp cové.8 knt and it was selected because it
is a well-preserved area (Jesus et al. 2009). [Bhnistfc composition of the grove consists of
three tree specied,. schauerianal. racemosaandR. mangle All samples were collected
from individuals located at the edge of the mangrdixsiccates of studied species were
deposited at the VIES herbarium at the Federal é&fsity of Espirito Santo (Brazil),

identified with numbers 19649, 19650, and 19651cdokding to Kottek et al. (2006) the
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climate classification in the State of Espirito ®ars equatorial (A); and in Aracruz the

climate is equatorial savannah with a dry wintéw-(< 60 mm rainfall during the winter).

2.2.Chemical analysis of iron

All glassware, plastic bottles/containers and ICB-MTFE probes and pipes were
previously decontaminated using a neutral detergemtan MA 02 (5% v/v), 15-50% v/v
nitric acid (63.7%) sub-boiling grade and ultrapurater (<5 pg ! TOC). Ultra-pure water
was obtained from a purification system Arium 61R®, plus Arium 611 UV (Sartorius,
Germany). Nitric acid sub-boiling grade was pregdrem analytical grade acid, using a sub-
boiling distiller (Figmay, Cérdoba, Argentina). Therity of the nitric acid was checked by

Mass Spectrometry Inductively Coupled Plasma (ICE)}Agilent 7500cx, USA).

2.2.1.1ron in sediment

The analysis was carried out based on three indiepérsediment samples collected
near to the rhizosphere of the studied specie(6r2 depth). Samples were chilled, placed
in pre-cleaned glass containers, and dried in mlets steel oven (60°C) until constant
weight. The dried material was crushed and sieheough a nylon mesh (63 um) with an
acrylic frame (to avoid contamination from metalliwesh). Dried sediment was digested
using a mixture of nitric and hydrochloric acidsqnartz close-vessels using a microwave
oven (Anton Paar Multiwave 3000, Graz, Austria).n€ols were prepared using the same
protocol without sample (only reagents). The iramaentration was analyzed in triplicate
using an ICP-MS (Agilent 7500cx, USA), in accorditagthe method described by USEPA
(2009). Quality assurance (QA) and quality con{@C) were performed using a certified

reference material (CRM): EnviroMAT Sewage Sludge-B as well as spiked samples
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(doubling the staring iron concentration). CRM skdvamounts within + 5% of the certified
value. Spiked samples showed recoveries above &% commended by USEPA.

For the purpose of general characterization ofsidiment, the analysis of organic
matter, granulometry, pH and salinity was alsoiedrout. The salinity was measured through
the electrical conductivity (EC) of the interstitimater (bioavailable fraction), using an EC
electrode Tetracon 325 (WTW, Multiline P4, Germanihe determination of pH, organic
matter and granulometry were performed at the Agjtical Analysis and Consultancy Lab —
Fullin, Linhares, Espirito Santo. The pH was detaad using a pH meter DIGIMED model
DM 22 (Séao Paulo, Brazil). Organic matter (OM) @nitwas extracted by oxidation with
NaCr.07- 2H0 (4 mol L'Y) + H;SQu (10 mol %), and measured by atomic absorption
spectrometry (Buck Scientific, Model 210 VGP, Eldstrwalk, USA) according to Raji et al.
(2001). Sediment granulometry was determined bysitlemetry (Embrapa 1997), and

classified according to the Brazilian Society ofl Szience.

2.2.2.Iron in leaves

Leaves collected from four individuals per speciesre used. All samples were
washed with RO-water, dried at 37°C until constastght, grinded and homogenized with
mortar and pestle. Samples were then digested uding acid and hydrochloric acid (37%,
ultra-pure, sub-boiling grade) (HN®ICI = 4:1), in pre-cleaned PTFE tubes (Sevillenex,
USA) for 24 h. The digested material was filter@6 pm, Millipore, USA) and stored at
4°C until analysis. Controls were prepared using shme protocol without sample (only
reagents).

The iron concentration was analyzed in triplicaseng an ICP—-MS (Agilent 7500cx,
USA), following the method described by USEPA (200Quality assurance (QA) and

quality control (QC) were done using the CRM pelaaves NIST SRM 1547. CRM showed
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amounts within £ 5% of the certified value. Spilsinples were also prepared to verify the
matrix effect. For this, standard solutions MerckGertiPUR® (Merck Chemicals, Buenos
Aires, Argentina) were added to a known amountregddsamples; the rest of the procedure
was the same used for non-spiked samples. Aftdysisaspiked samples showed an average
recovery of 95 + 13%.

To determine the degree of iron accumulation inheptant species, the bio-
concentration factor (BCF) was calculated as thie @& the iron concentration in leaves to

the iron concentration in the corresponding sedimen

2.2.3. Iron in the secretion from salt glands

Leaves from five individuals of each species wesshed using a neutral detergent
Extran MA 02 (Gonzaléz and Gonzaléz-Chavez 2006J, then rinsed several times with
RO-water. The sampled branches were covered wabktipl bags to prevent deposits of
particulate matter or to prevent washing by ralnisle were careful to use transparent plastic
bags in order to minimize interference in the pegtdhetically active radiation on the leaves,
which could cause stomatal closure and consequezhiction of transpiration flow and
secretion as observed by Scholaneteal.(1962). Moreover, small openings were made at the
bottom of the bags to avoid the saturation of ihevdah the resulting humidity of this closed
system, which could also cause a decrease in dnspiration flow. After 24 h, the leaves
were immersed for about 3 seconds in TPP tubegaioomg 50 mL of 0.1% v/v ultrapure
nitric acid (adapted from Manousadd al. 2008). Each analysis was performed in triplicate,
using a graphite furnace atomic absorption speatem(GF-AAS) (ZEEnit 700, Analytik
Jena, Germany), equipped with an autosampler (MRBéha, Germany). Due to the lack of
certified reference material, both an analyte aeldiplot and recovery tests were used to

ensure result reliability (QA + QC). Recoveriesgea between 98 and 103%.
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In order to calculate the secretion rate per anebnaass unit, both leaf area @rand
leaf dry mass (g) of the leaves used to collectstheretion were measured. Leaf area was
measured with the Area Meter LI-COR 3100 (LincoiSA), while the dry mass was

obtained by weighing the samples after they wesnairied at 60°C until constant weight.

2.3. Leaf anatomical analysis

Leaves of four randomly sampled independent indizisl were collected to study leaf
anatomy. Samples of the middle third of the leafdel were fixed in FAA 50 (Johansen
1940), and stored in 70% ethanol. The material delsydrated in a graded ethylic series,
embedded in methacrylate historesin (L&)caccording to the manufacturer instructions.
Cross sections (8 um in thickness) were obtaingtgus rotary microtome. The cuts were
dyed with 0.05% toluidine blue (O’Brien et al. 196hd mounted in Canada balsam. The
sections were documented using an image captureensysoupled to a Nikon E200

microscope (Tokyo, Japan).

2.4. Iron histochemistry staining of leaves

Samples of fully expanded leaves from four indepandndividuals ofL. racemosa
andA. schauerianalocated on the third node from the apical budrensdllected and rinsed
with RO-water to remove any particulate depositshanleaf surface. To detect Fe(lll) in leaf
tissues, cross sections of fresh plant materiaidfieee gathered, were immersed in Perl’'s
reagent (Bancroft et al. 2008). After 24 h of reattthese sections were rinsed and mounted
in RO-water between a slide and a coverslip. Thetien was considered positive for Fe(lll)
in areas showing Prussian blue color. Negativerotmtconsisting of samples without Perl’'s
reagent, were also analyzed. Sections were docechamging a photomicroscope Nikon

Eclipse 50i (Tokyo, Japan).
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2.5.Ultracytochemical detection of iron in salt glands

Leaf samples located on the first node from theagiud were collected and fixed
using 3% glutaraldehyde solution in 0.1M cacodylatéfer (pH 7.3). After 24 h, samples
were immersed in Perl's reagent to evidence thegoiee of Fe(lll) as previously described.
Samples were rinsed using a sucrose-cacodylaterppfist-fixed for 1 h in 1% Og0n 0.1
M cacodylate buffer, dehydrated in alcohol seriesl @ropylene oxide, soaked in low-
viscosity medium Spurr (adapted from Parmley efil@¥.8). Then, ultrafine sections (80 nm)
were contrasted using uranyl acetate and leadeitReynolds 1963), followed by analysis in
a transmission electron microscope Tecnai Spigt ¢o., Hillsboro, USA). Sections without
contrast were analyzed in parallel for better idmation of the reaction, which is observed

by stain deposits, generally cuboidal or irreguteshape.

2.6. Test to verify the iron elimination

To verify that the iron would be leaving from thatgglands and not coming through
external contamination, three propagules of eaatiep were collected at the ecological
reserve of the Lameirdo county (Estacdo Ecologiemibpal Ilha do Lameirdo), State of
Espirito Santo (Brazil), during the spring 2018 échauerianpand the summer 2014..(
racemosa After sampling, propagules were transported tgreenhouse at the Federal
University of Espirito Santo, where they were aated in PVC pots (2.8 L each) containing
washed sand. Sand pots were stored in receptamhgiing a nutritive medium (Hoagland
and Arnon 1950), renewed weekly, with 0.25 ioni@sgith and a salt content of 7 ¢'.L
Propagules were developed under these conditionsgdaight months. Then, for 1 month,
plants were not fed with iron in nutrient solutiand after this period, some leaves were

sprayed for 3 days with a solution 1 uM of Fe asSkk. Leaves that had and had not been
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sprayed with iron in solution were collected fostbchemical detection of Fe as describe in

the section 2.4.

3. Results
3.1. Physical and chemical analysis of sediment

The sediment of the sampled mangrove area in Azasroomposed mostly of silt and
clay; classified as silty clay. The organic mattentent was 111 + 8 g din The average

salinity was 35 £ 5 psu and the pH of the aredighty acidic (6.7 = 0.5) (Table 1).

3.2. Iron concentration in sediment, leaves andeteamn from salt glands

The iron concentration in sediment was 19.9 + Ogsgh Higher values of iron were
observed in the leaf tissue Af schaueriang0.28 + 0.02 mg¢) than inL. racemosg0.18 +
0.02 mg ¢), with bioconcentration factors of 0.014 and 0,0&&pectively. The analysis of
salt secretion in both species indicated the pieEsenhiron, finding slightly higher values in
L. racemosa12 + 4 ng crf and 1039 + 319 ng¥y compared taA. schaueriang9 * 3 ng

cm?2 and 1025 + 241 ngy (Table 2).

3.3. Anatomical analysis and histochemical detectibiron in leaves

Leaves ofA. schauerianahave uniseriate epidermis with two types of sattrsting
structures: long-stalked and short-stalked glafitie. first type is composed of stalk cell and
secretory head and occur in small depressionseofipiper surface, while those located in the
lower surface generally occur in the same levedhasother epidermal cells. The second type
is also distributed on both sides of the epidertnésng more frequent on the upper surface,
and is situated in small depressions. It is forfgdaollecting cells, a flattened cell stalk and

secretory cells coated with cuticle. The leaves laypostomatic and have dorsiventral
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mesophyll with water storage parenchyma underlytiegupper surface of the epidermis (Fig.
2A).

In A. schauerianathere was a positive reaction to the Perl’s netatgst in cells of
collenchyma and cortical parenchyma in the midrdgion. In the internerval area,
additionally, there was accumulation of iron inlg&f water storage and spongy parenchyma
(Fig. 2B) — including those defining the substorhateamber (Fig. 2C), as well as in long-
stalked (Fig. 2D) and in short-stalked salt glafklg. 2E).

Leaves ofL. racemosahave uniseriate epidermis with salt glands, whaie
distributed on both sides of the leaves. The dalds consist of a secretory multicellular
head, located at the bottom of a flask-shaped yasitd the cavity wall cells, which are
immersed in the palisade parenchyma. It is alscsiples to differentiate two glandular
regions: the chamber or crypt, which is locatedretecy head to the depth, and the
antechamber. The multicellular secretory head stssif collecting cells located at the base,
stalk cells of flattened shape and a head withesieg cells themselves. The leaves are
amphistomatic and have isobilateral mesophyll widter storage parenchyma in the central
region (Fig. 3A).

Cross sections of the laminalofracemosahowed positive reaction to histochemical
test, mainly in conductor cells and parenchymatitsof xylem (Fig. 3C and 3D), but also in
the phloem and cortical parenchyma cells in therimickgion (Fig. 3C). In the internerval
area, there was accumulation of iron in the xylenthe secretory head of salt glands (Fig.

3B), as well as in the gland’s exudate (Fig. 3E).

3.4. Ultracytochemical detection of iron in salagtls
In A. schauerianastain deposits of cubic, irregular or circulaagé were observed in

short-stalked salt glands, indicating positive tesc to Perl’s reagent (Fig. 4A). Iron
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accumulation was detected in cuticle layers andhm cuticle proper (Fig. 4B), in the
periclinal wall of the secretory cell wall in contawith the cuticle (Fig. 4C), and in the cell
wall of secretory cells and plasmodesmata of stalk (Fig. 4D). Only short-stalked glands
were analyzed because there were not obtained snadeng-stalked glands in transmission
electron microscopy, probably due to disruptiomladder cell.

In L. racemosathere was positive reaction to Perl's reagensearetory cells of
glandular head, where stain deposits were obseadbéred to the membrane of vacuoles
(Fig. 5A and C), to plasmodesmata (Fig. 5D), aratteced throughout the dense cytoplasm
(Fig. 5B and D). Furthermore, iron accumulation wagected in cytoplasm of stalk cell (Fig.

5B).

3.5 Test to verify the elimination of iron throusgit glands

Findings describing the presence of iron withirt gdnds can be questioned, mainly
because the observed iron could be introduced thmtosalt glands for diffusion from the
external surface. So far, it is necessary to detratesthat the observed iron arise from the
internal part of the plant (root uptake and tracatmn until reach leaves and salt glands). The
histochemical test done in leaves sprayed withitbe solution showed that this metal
remained in the outer surface of long-stalked glalhds ofA. schauerianawithout evidence
of this metal within the gland (Fig. 6A). Also far racemosaron was mainly located in the
antechamber, the outer portion of salt glandsomessections we observed presence of iron
in the chamber of salt glandsg.in the inner portion of glands. However, we did abserve
iron in the glandular head or xylem cells (Fig. 6B)

Leaves not sprayed with iron did not show prese@fi¢kis metal in salt glands.

4. Discussion
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The elimination of iron through salt glands of wiitants ofA. schauerianaandL.
racemosawas confirmed by histochemical analysis, ultraclyamical assays and by GF-
AAS of the secretion. This secretion occurred uratedironmental conditions typical of the
mangrove ecosystem, since the sampled area waactdrdgzed by silt clay sediment, rich in
organic matter and with slightly acidic pH. To durowledge, our current results constitute
the first report on the elimination of iron by sglands in leaves of mangrove plants.

Additionally, the histochemical analysis perfornmdleaves sprayed with an aqueous
iron solution, and the corresponding non-sprayextroh allowed verifying that the iron
observed in salt glands is coming probably front-tquiake. Conversely, iron added on the
leave surface was not able to penetrate the imtefiA. schauerianasalt glands. Fot..
racemosa species having salt glands with a suitable shagbe entrance of contaminants,
iron was not detected in the secretory head andnxytells, although this metal has been
detected in the material contained within the glahdmber. This ensures us that, in addition
to all the care taken in field to protect the lea@gainst possible air pollution by particulate
iron, the iron accumulation in salt glands reveatetiistochemical analysis reflects the iron
being eliminated by these structures, and not bembgorbed by possible external
contamination.

We do not rule out the hypothesis that the storaegaalso involved in the release of
iron to the leaf surface. The iron accumulatiorcélls of spongy parenchyma defining the
substomatal chamber, observed by histochemical seisfgests a probable route for iron
mobilization to both the salt gland and the stom@ther research groups have reported the
excretion of the metals (Cr, Cu, Pb, Zn and Hgleaves ofPhragmites australisa species
that does not have salt glands (Buekal.2000; Windhanet al.2001; Weiset al.2002). This
last findings could be related to water loss bygparation (Burkeet al. 2000) rather than

metal secretion as it is in our case.
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A greater accumulation of iron was observed in ésawf A. schauerianawhen
compared td.. racemosalt seems thaf. schauerianahas a preferential accumulation, not
only for iron, but for several metals, as have besported in previous studies (Souza et al.
2014a, 2015). However there was no difference an toncentration secreted between the
two species.

The higher iron content found in leaves of spew#h salt glands (a#. schaueriana
andL. racemosacompared to species that do not have these stesc{such aRhizophora
manglg (Berniniet al.2006; Cuzzuol and Campos 2001, Souza et al. 2@Daib, 2015)
can be explained by the presence of these strgctubsfferences found in the
bioaccumulation of metals could be attributed te tagulatory mechanisms of salt in roots
(Lacerdaet al. 1985), with a higher amount of salt being absorbgdsalt-secreting plants
(salt-including). In these cases, the salt ultitaation mechanism present in roots could be
responsible for this difference.

Intracellularly, most of the iron was found adhetedhe vacuolar membrane of salt
glands. The role of vacuoles in iron storage hanhbdearly demonstrated rabidopsis
That organelle generally functions as a metal poavoid toxicity, with various influx and
efflux transporters involved in iron transport beam the vacuole and cytosol (Kobayashi and
Nishizawa 2012, Thomine and Vert 2013). Iron wa® dbcated in both in cell walls as in
plasmodesmata of salt glands, highlighting the &stic and symplastic transport of this
metal (Kobayashi and Nishizawa 2012). Avicennia marina a mangrove plant, Zn
(MacFarlane and Burchett 1999, 2000) and Cu (MdaRarand Burchett 2000) was in higher
concentration in cell walls than cytoplasmic cotgenf all cell types of leaf tissue suggesting
a large proportion of zinc is transported througdf tissue apoplastically and or chelation of
zinc to cell wall matrices was occurring. Severahgs have been identified in subcellular

transport of iron in plants (Thomine and Vert 20E3)d some studies have verified the
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accumulation (Lavid et al. 2001) and eliminatioruf@ et al. 2006) of this metal in secretory
structures. However, to the best of our knowledge,found no studies that have evaluated
the subcellular accumulation and iron transposgah glands.

The Perl’s reagent is one of several methods ctlyrased to detect iron in plants the
light microscopy level (Samira et al. 2013). Howewhe use of that reagent as an iron
marker in the ultrastructural studies has beentdichito animal cells, mostly duodenal
mucosal cell of rats (Parmley 1978). In our studw, found that this technique applied in
transmission electron microscopy can be succegdiskd in plant material, being a suitable

method for analyzing the iron distribution in thedl plant.
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FIGURE CAPTIONS

Fig. 1 Location of study area (coordinates 19°56’26"S 18R 7"W)

Fig. 2 Leaf blade cross sections Afiicennia schaueriana Section stained with toluidine
blue, B-E Detection of iron by histochemical test with Pgnfeagent in internerval are.
General appearancé; Detail of stomata showing the detection of iron the cells
surrounding the substomatal chambé&dDetail of the long-stalked salt gland showing the
iron inside (arrow)E Detail of the short-stalked salt gland showing i@ inside (arrow).
(Pp = palisade parenchyma; Sg = short-stalkedgsattd; Sp = spongy parenchyma; St =
stomata; Lg = long-stalked salt gland; Wp = waterage parenchyma). Bars = pth (A-B)

and 10um (C-E)

Fig. 3 Leaf blade cross sections lodhguncularia racemosa Section stained with toluidine
blue, B-E Detection of iron by histochemical test with PerkagentB General appearance
of internerval areaC-D Midrib. C General appearance, Detail of the xylemE Internerval
area showing detail of the salt gland with positigaction to the test in secretion (Arrow =
secretor head of the salt gland; Ac = antechan®ers: chamber; Cp = cortical parenchyma;
Ph = phloem; Pp = palisade parenchyma; Sg = saiidglSt = stomata; Wp = water storage

parenchyma; Xy = xylem). Bars = 10t (C), 50um (A-B), 20um (E) and 10um (D)

Fig. 4 Cytochemical detection of Fe in short-stalked g#dinds ofAvicennia schaueriana
observed under transmission electron microscoen Seposits indicate positive reaction to
Perl's reagentA General appearance of salt glaBdD Details of the picture AB Stain

deposits scattered on the cuticle, with visibleuacglation of Fe at the boundary between this
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layer and the cuticle itselC Accumulation of stain deposits on the outsidehaf ¢xternal

wall periclinal in contact with the cuticl® Positive staining to Fe in the internal periclinal
wall of secretory cell and plasmodesmata of stalk ¢large arrow = stain deposits, thin
arrow = plasmodesmata, * = space in cuticle, Cvelwall, Sc = secretory cell, St = stalk

cell). Bars: 2 um (A), 200 nm (B), 500 nm (C and D)

Fig. 5 Cytochemical detection of Fe in salt glandd.afjuncularia racemosabserved under
transmission electron microscope. Stain deposdate positive reaction to Perl's reagent.
A General appearance of salt glaBeD Details of the picture AB Stain deposits scattered in
the cytoplasm of the stalk cell and secretory cé@l$ositive staining to Fe in the membrane
of the vacuole of secretory celB.Positive staining to Fe in cytoplasm and plasmodéa.
(large arrow = stain deposits, thin arrow = plasesmdata, Cw = cell wall, Sc = secretory

cell, St = stalk cell, Va = vacuole). Bars: 2 un),(Bum (B), 500 nm (C and D)

Fig. 6 Detection of iron by histochemical test with Penleagent in leaves sprayed with the

iron solution. Leaf blade cross section Aficennia schaueriangdA) and Laguncularia

racemosgB). Bars = 5Qum (A and B)
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TABLES

Table 1. Granulometric fractions, textural classificati@nganic matter content (OM), pH and
salinity of the mangrove sediment in Aracruz, Blra¥alues correspond to the mean *

standard deviation.

_ ) Textural OoM o
Granulometric fractions (%) - pH Salinity
classification (g dn®)

Coarse Fine

Silt Cla
sand sand Y Y
55+ 1.7+ 514+ 413+ ) 111 + 6.7 + 34.7 +
Silty clay
2.2 0.5 6.0 2.3 8 0.4 4.8
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Table 2. Iron concentrations in sediment, leaves, salt etiger from salt glands and
bioconcentration factors (CF) iA. schauerianaand L. racemosa occurring in mangrove

swamp in Aracruz, Brazil. Values correspond torttesan + standard deviation.

Sediment Leaf Secretion Secretion CF
(mg g?) (mg g¥) (ng g% (ng cnr?)
A. schaueriana 19.9+ 0.5 0.28 £0.02 1025 + 241 9+3 0.014
9+0.
L. racemosa 0.18 +0.02 1039 + 319 12+4 0.009
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Consideracoes Finais

Os resultados mostram que as plantas tém padrdeserdiais em relacdo a
bioacumulacao, translocacéo e secrecao de femeestde glandulas de sal.

Em geral, 0 aumento do teor de ferro no substredoretou em maior acumulo desse
elemento em placa de ferro, raizes e caules, maseméfolhas. Os menores fatores de
translocacao encontrados sob maiores doses denfestvam que o aumento do teor de ferro
no substrato afetou significativamente a translécadesse elemento nas trés espécies
estudadas.

N&o observamos maior teor de ferro em raiz quaondwparado a parte aérea paia
schaueriana diferente do comumente relatado em literaturasilPAs 0 maior teor de ferro
acumulado em raizes mostrado em alguns estudos,sgodlevido a retencédo desse metal na
placa de ferro e ndo ao acumulo real desse elemesttecidos radiculares.

Houve maior acumulo de ferro em racemosa(para raiz) eA. schauerianapara
caule e folha) em relacdo R. mangle com menor acumulo, 0 que destaca a absorcdo
diferencial de elementos devido aos mecanismodaggres de sal nas raizes.

Poucas alteracbes anatbmicas foram encontradasiess rsob diferentes doses de
ferro. Nao houve aumento da lacuna de ar e essaenéorrelacionou com a placa de ferro,
tdo pouco com a quantidade de ferro acumuladagcaos vegetais.

A epiderme se confirmou como o principal local @éiraulo de ferro em raizes e,
provavelmente, confere a principal barreira a elatrdesse metal nas plantas. Contudo,
histoquimicamente, ndo detectamos acumulo de ferendoderme radicular.

A eliminacdo de ferro por glandulas de sal Aleschauerianae L. racemosafoi
indicada por meio de teste histoquimico e ultrgeitmico, e confirmada por meio de analise
quimica. Contudo, diferente do relatado em liteegtundo verificamos maior secrecdo de
ferro sob concentragdes crescentes desse elenwatistrato.

Para fins de monitoramento ambiental da poluicao fpoo, avaliando-se as trés
espéciesl.. racemosdaoi a que apresentou melhor capacidade de uso dwontdicadora,
uma vez que a bioacumulacdo de ferro em placa rde éeraizes foi maior e aumentou
progressivamente com o0 aumento de ferro no substiEém disso, nessa espécie, a
guantidade de ferro secretada por glandulas deidafltemente inibida quando os individuos

foram expostos a maiores dosagens de ferro.
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Ao nosso conhecimento, este € o primeiro estudndiadeio sobre a resposta de plantas
de manguezal a concentracdes crescentes de ferbo cemdicdes controladas,

complementando dados existentes em campo.
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