Ana Cristina da Silva Rocha

INVESTIGATION OF EXUDATION FROM
MARSH PLANTS AND THEIR ROLE ON THE
BIOAVAILABILITY AND REMEDIATION OF
POLLUTANTS

Supervisor: Maria Clara Ramalho Monteiro Pires Basto

Thesis for PhD degree in Environmental Sciences and Technology of
Faculdade de Ciências da Universidade do Porto, Portugal

Dissertação submetida à Faculdade de Ciências da Universidade do Porto
para obtenção do grau de Doutor em Ciências e Tecnologia do Ambiente

Porto
February 2013

iii

ACKNOWLEDGMENTS
To Professor Maria Teresa Vasconcelos, as Lab leader of Chemical Speciation and
Bioavailability Laboratory (CS&B) and my former supervisor, for the use of the installations
and facilities and for the orientation, support, and availability. Thank you for all the scientific
advice and knowledge transmitted.
To Prof. Maria Clara Basto, my actual supervisor, for the orientation, support and
availability throughout these years, for the knowledge transmitted and all the insightful
discussions about this research.
To Marisa Almeida for her guidance, advice and the stimulating discussions about this
research. Thank you for your help with the fieldwork, friendship and availability.
To European Regional Development Fund (ERDF) and Fundação para a Ciência e
Tecnologia for the financial support under the COMPETE - Operational Competitiveness
Programme

and

under

the

national

projects

REEQ/304/QUI/2005

and

PesT-

C/MAR/LA0015/2011, respectively, and for my PhD fellowship (SFRH/BD/38780/2007).
To Departamento de Química e Bioquímica, Faculdade de Ciências da Universidade
do Porto, for the use of the installations and facilities.
To Professor Vitor Vasconcelos, as Lab leader of Laboratory of Ecotoxicology,
Genomics and Evolution (LEGE), for the support and for the use of Interdisciplinary Centre
of Marine and Environmental Research (CIIMAR/CIMAR) equipment and facilities.
To Marisa Almeida and Ana Paula Mucha, the researchers responsible for the project
PHYTOBIO – “Phytoremediation and bioremediation of contaminants in salt marshes: plant –
microorganisms

interactions”

(PTDC/MAR/099140/2008)),

for

providing

the

logistic

conditions required to pursue the study on Phragmites australis response to metal
contamination at microcosm scale, in terms of thiolic compounds production.
To all my laboratory colleagues and former colleagues, Mafalda Baptista, Pedro
Carvalho, Paulo de Morais, Teodor Stoichev, Simone Cavenati, Nazaré Couto, for the great
working environment, friendship, support and help whenever needed throughout these
years. Thanks to João Almeida and Jorge de Carvalho for all the help in some field and
laboratory work. Special thanks to Moisés Xavier for his technical support and friendship, to
Pedro Carvalho for all the help with the chromatographic equipment and to Simone Cavenati
for all the work performed on the adaptation of a method for thiolic compounds
determination.
To Ana Paula Mucha and Hugo Ribeiro for their assistance in the determination of
organic matter content of estuarine sediments and to Prof. Manuel Azenha for lending the
equipment necessary for sediment characterisation.
To all my friends for the support, incentive and friendship.
To Jó, my sister and, especially, my parents. For their enormous support, love and for
being an example of courage and perseverance in my life.

v

RESUMO

As raízes das plantas produzem e segregam substâncias químicas para o
meio envolvente (rizosfera), fenómeno designado por rizodeposição ou exsudação.
Dos compostos de carbono libertados pelas raízes, os ácidos orgânicos alifáticos
de baixa massa molecular (aliphatic low molecular weight organic acids,
ALMWOAs) apresentam um papel preponderante em diversos processos
biológicos, químicos e geológicos. Diversos fatores bióticos e abióticos podem
estimular a ocorrência deste fenómeno, nos quais se destaca a exposição de
plantas a meios contaminados. Tendo em conta o potencial dos ALMWOAs para
complexar metais vestigiais, tornando-os menos tóxicos e fitodisponíveis, estes
exsudados

podem

influenciar

a especiação química,

biodisponibilidade e

remediação de poluentes metálicos. Além da exsudação de ALMWOAs, a
exposição de plantas a meios contaminados pode desencadear outros mecanismos
de defesa para manter o equilíbrio das células e assegurar a resistência das plantas
a poluentes. Os compostos tiólicos, por exemplo, encontram-se associados à
defesa da planta contra à toxicidade de metais, estando envolvidos na diminuição
de espécies reativas de oxigénio (ROS), formadas em consequência da exposição
de plantas a metais. O conhecimento relativo à ocorrência da exsudação de
ALMWOAs e da acção dos compostos tiólicos nas células é bastante extenso para
plantas de solo, mas bastante limitado no que respeita a plantas de sapal.
Um objeto principal desta dissertação para doutoramento foi a avaliação da
composição dos ALMWOAs libertados por raízes de plantas vasculares de sapal e
o estudo da influência de contaminantes frequentemente encontrados no meio
ambiente (metais e organoestanhos) na exsudação destas substâncias. Foi
também investigada a composição e concentração de compostos tiólicos
antioxidantes, presentes nos tecidos celulares de plantas de sapal em diferentes
condições ambientais e níveis de contaminação, bem como o envolvimento destes
compostos nos mecanismos de tolerância desencadeados neste tipo de plantas.
Várias espécies de plantas comummente distribuídas nos sapais estuarinos
europeus foram utilizadas em diferentes condições experimentais (in situ, para
avaliar os níveis naturais dos compostos químicos em estudo, in vitro e em escala
de microcosmos).
Dado que as soluções de exsudados de raízes têm matrizes complexas e que
os níveis naturais de ALMWOAs são bastante baixos, para a determinação destes
compostos foi necessário começar por desenvolver uma metodologia analítica que
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incluísse uma etapa de pré-tratamento da amostra, extração em fase sólida (SPE),
combinada com cromatografia líquida de alta eficiência (HPLC) com um detetor
diode array (DAD). Para a purificação da matriz e a pré-concentração de
ALMWOAs nas soluções de exsudados foi selecionado um sorbente com
caraterísticas mistas de fase reversa e permuta aniónica (Oasis MAX), tendo-se
revelado bastante eficiente na extração dos ALMWOAs em estudo (percentagens
de recuperação acima dos 80%). O método SPE-HPLC-DAD desenvolvido foi
testado com sucesso em soluções de água doce contendo exsudados de raízes de
Phragmites australis e Halimione portulacoides. A presença de alguns metais
frequentemente encontrados no meio ambiente (Cu, Ni e Cd) não afetou as
percentagens de recuperação de ALMWOAs.
A capacidade das plantas de sapal em libertarem ALMWOAs para o meio
envolvente foi estudada in vitro, usando exemplares de P. australis e H.
portulacoides, recolhidos nos estuários dos Rios Lima e Cávado, respetivamente
(amostragens entre 2008 e 2010). Como meio de exposição das raízes das plantas
usou-se água do Rio Cávado não contaminada e enriquecida em diferentes
contaminantes (Cd (0; 0,01 e 1 mg/L), Cu (0; 0,1 e 10 mg/L), Ni (0; 0,5 e 5 mg/L) e
tributilestanho (TBT, 5 µg/L)). Realizaram-se experiências em diferentes estações
do ano.
Ambas as plantas libertaram os ácidos oxálico e cítrico. P. australis também
libertou ácido fórmico e H. portulacoides ácido acético. Quer a espécie da planta
quer a natureza do meio de exposição influenciaram a composição e concentração
de ALMWOAs exsudados pelas plantas. Uma comparação dos ALMWOAs
libertados nos estudos in vitro com a ocorrência natural destes compostos mostrou
que a exsudação pode contribuir para a presença de ALMWOAs nos rizosedimentos. De facto, encontraram-se níveis mensuráveis de ácido oxálico na água
intersticial dos rizo-sedimentos de H. portulacoides, sendo esta a planta que em in
vitro libertou maior quantidade deste ácido (547 ± 315 µg/g
seca

raiz seca

vs 14 ± 6 µg/g

raiz

para P. australis, níveis observados na primavera).
A exsudação dos ácidos oxálico e cítrico por ambas as plantas foi

influenciada pela contaminação de Cu (estimulada ou inibida, dependendo dos
níveis de exposição). Cádmio, Ni e TBT não tiveram um efeito significativo na
libertação de ALMWOAs, com a exceção de inibição da exsudação de ácido cítrico
por H. portulacoides na presença de TBT. Portanto, a resposta de P. australis e H.
portulacoides à contaminação química parece ser dependente da natureza do
contaminante. Os resultados obtidos também levam a admitir um possível
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envolvimento do ácido oxálico na acumulação de Cu nas raízes de H.
portulacoides.
O estado fisiológico da planta provocou também alterações qualitativas e
quantitativas na exsudação de ALMWOAs. Para ambas as plantas, a fase de
crescimento, na primavera, foi o período de maior atividade, sendo caracterizada
por um aumento significativo na libertação dos ácidos oxálico e cítrico. A
sazonalidade influenciou também a libertação dos ácidos oxálico, cítrico e fórmico
por P. australis exposta a Cu.
Realizaram-se vários estudos focados nos compostos tiólicos de tecidos
celulares de plantas de sapal: (1) um estudo in situ, para determinação dos níveis
de alguns metais acumulados nas raízes e de tióis não proteicos (NPT) (cisteína
(Cys), glutationa reduzida (GSH) e glutationa oxidada (GSSG)) e compostos tiólicos
totais (Tióis Totais) em raízes de várias plantas de sapal (P. australis, H.
portulacoides, Juncus maritimus and Triglochin striata) recolhidas nos estuários dos
Rios Lima e Cávado, em 2010; e (2) dois tipos de estudos, simulando, em
condições controladas, o meio natural e envolvendo espécimes de P. australis
adaptadas a condições ambientais salinas (estuário do Rio Lima, colheitas em 2011
e 2012): (i) in vitro, utilizando rizo-sedimento misturado com solução do respetivo
elutriado e enriquecida com Cu (0, 10 e 100 mg/L) e Cd (0, 1 e 10 mg/L); e (ii) à
escala de microcosmos, realizado apenas para Cd (1,2 µg/g

DW

e 9 µg/g

DW ).

O

estudo relativo à contaminação por Cu durou 7 dias. Para Cd, dois períodos de
exposição foram testados, nomeadamente 7 dias e 15 dias em (i) e 6 horas e 2
meses em (ii).
O estudo in situ demonstrou que tanto a espécie de planta como o meio no
qual a planta está inserida influenciaram as concentrações de Cys, GSH, GSSG e
Tióis Totais na planta. Por outro lado, encontraram-se correlações positivas
significativas entre os níveis de GSH e de Cu nas raízes das plantas, assim como,
entre os níveis de GSSG e de Cd, Pb e Cu. A glutationa (GSH e GSSG) pode assim
ter um papel preponderante nos mecanismos de tolerância das plantas a metais.
Os estudos in vitro (i) demonstraram ainda que uma mesma planta poderá
responder de forma diferente a metais de natureza diferente, tendo-se observado
diferenças consideráveis na resposta de P. australis a Cu e a Cd. A contaminação
por Cu causou um decréscimo significativo na concentração de Tióis Totais,
indicando que o Cu poderá ter um maior efeito a nível da produção de outros
compostos tiólicos diferentes de Cys, GSH e GSSG. Por outro lado, a
contaminação por Cd causou alterações nos níveis de GSSG nas raízes e nas
folhas de P. australis.
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Em ambos os estudos (i) e (ii), a exposição de curta duração de espécimes
de P. australis a Cd causou um decréscimo nos níveis de GSSG. Além disso,
verificou-se um decréscimo significativo nos níveis de Tióis Totais nas folhas de P.
australis e um aumento significativo de Tióis Totais nas raízes da mesma (em (ii)),
sugerindo que a GSSG pode ser convertida em GSH, para participar,
posteriormente, na síntese de outros compostos como, por exemplo, as
fitoquelatinas (PC). Os resultados da exposição de longa duração a Cd sugeriram
que os espécimes de P. australis se adaptaram ao meio contaminado, tendo os
compostos tiólicos atingido níveis semelhantes aos basais (anteriores à exposição
ao contaminante).
Este trabalho demonstrou que plantas de sapal adaptadas a meios salinos
conseguiram resistir e tolerar os meios contaminados, visto não terem sido
observados sinais de toxicidade em nenhumas das plantas em nenhum dos
estudos efetuados. Por conseguinte, as plantas de sapal constituem escolhas
adequadas para estudos de fitoestabilização. Os ALMWOAs e os compostos
tiólicos parecem desempenhar papéis importantes nos mecanismos de tolerância
das plantas que permitem a sua sobrevivência e reprodução em ambientes
estuarinos, particularmente no caso de ambientes contaminados.
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ABSTRACT

Plant roots are known to produce and secrete substances into the surrounding
environment (rhizosphere), phenomenon usually known as rhizodeposition or root
exudation. Within the released carbon-containing substances, aliphatic low
molecular weight organic acids (ALMWOAs) play an important role in several
biological, chemical and geological processes. Considering the potential of
ALMWOAs to complex metals, transforming them either into less toxic or more
phytoavailable forms, these root exudates can influence the chemical speciation,
bioavailability and phytoremediation of metals. However, plant exposure to
pollutants can trigger other internal responses, apart from ALMWOAs exudation, in
order to maintain plant cells equilibrium and enhance plant resistance to
contaminants. For instance, thiolic compounds are frequently involved in plant
defence mechanisms against metals toxicity, by diminishing the concentration of
reactive oxygen species (ROS) in cell, and transporting and storing pollutants in
appropriated places of the cells. Literature focused on ALMWOAs and thiolic
compounds is relatively extensive for soil plants, but still limited with regard to marsh
plants adapted to environments with harsh conditions.
This PhD work aimed at assessing the chemical composition of ALMWOAs
released by vascular marsh plants and how very common environmental
contamination, like trace metals and organotins, may condition the liberation of such
compounds. An additional aim consisted in pursuing research on the profile and
contents of antioxidant thiolic compounds present in marsh plant tissue, in different
environmental and contamination conditions, and on their involvement on marsh
plants’ metal tolerance mechanisms.
Several plants species, very commonly distributed in European estuarine
marshes were used in different experimental conditions (in situ, to evaluate natural
levels of the compounds that were subject of study, in vitro and at microcosm scale).
For pursuing research on the liberation of ALMWOAs by marsh plants and
attending to the fact that root exudate solutions present a complex nature and that
ALMWOAs levels in the environment are very low, a solid phase extraction (SPE)
combined with high pressure liquid chromatography (HPLC) with diode array
detector (DAD) method was developed. A mixed-mode anion-exchange and reverse
phase mode sorbent (Oasis MAX) was selected for matrix purification and preconcentration of the ALMWOAs from exudates solutions, revealing an efficient
performance for extracting the ALMWOAs under study (recovery percentages above

x

80% obtained). The SPE-HPLC-DAD method showed to be suitable for the
determination of the ALMWOAs released into freshwater by Phragmites australis
and Halimione portulacoides roots. In addition, the presence of some trace metals
commonly found in natural environment (Cu, Ni and Cd) did not affect the
ALMWOAs recovery percentages.
The ability of marsh plant roots to liberate ALMWOAs into the surrounding
medium was studied in vitro, using specimens of P. autralis and H. portulacoides,
collected at Lima and Cávado River estuaries, respectively (sampling between 2008
and 2010). Non-contaminated freshwater (from Cávado River) and freshwater
enriched with different pollutants (Cd (0, 0.01, 1 mg/L), Cu (0, 0.1, 10 mg/L), Ni (0,
0.5, 5 mg/L) and tributyltin (TBT, 5 µg/L)) were used as the medium to which plants
roots were exposed. Experiments were carried out in different seasons.
Oxalic and citric acids were liberated by both plants roots, being formic acid
also exuded by P. australis and acetic acid by H. portulacoides roots. Both plant
species and the nature of the medium were shown to influence the profile and/or the
concentration of the ALMWOAs exuded by the plants. A comparison between the
ALMWOAs profiles achieved in the in vitro studies and the natural occurrence of
these substances indicated that root exudation may contribute for the presence of
ALMWOAs in rhizosediments. Indeed, measurable amounts of oxalic acid were
found in pore water from rhizosediments of H. portulacoides, the plant that could
exude higher amounts of oxalic acid in the in vitro study (547 ± 315 µg/g
(DW)

root dry weight

vs 14 ± 6 µg/g root DW found for P. australis, levels observed in spring).
Furthermore, Cu contamination caused an increase or inhibition (depending

on the exposure levels) on the exudation of oxalic and citric acids by P. australis and
H. portulacoides roots. Cadmium, Ni and TBT did not have any significant effect on
the liberation of ALMWOAs except for an inhibition of citric acid exudation by H.
portulacoides roots in the presence of TBT. Therefore, P. australis and H.
portulacoides response to chemical contamination seemed to be dependent upon
the nature of the contaminant. On the other hand, an involvement of oxalic acid on
Cu uptake by H. portulacoides roots seemed to occur.
The life stage of the plants was shown to compose an important feature
determining the qualitative and quantitative exudation of ALMWOAs by both plants.
For both plants, the growing season seemed to be a period of higher root activity,
being characterised by a significantly higher liberation of oxalic and citric acids.
Seasonality also influenced the liberation of oxalic, citric and formic acids by P.
australis roots in response to exposure to Cu.
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With regard to the occurrence of thiolic compounds in marsh plant tissue,
several sets of experiments were carried out: (1) an in-situ study, for the
determination of levels of some metals accumulated in roots as well as those of non
protein thiols (NPT) (cysteine (Cys), reduced glutathione (GSH) and oxidised
glutathione (GSSG)) and of total acid-soluble sulfhydryl (SH) thiolic compounds
(Total Thiols) in roots of several marsh plants (P. australis, H. portulacoides, Juncus
maritimus and Triglochin striata), collected in Lima and Cávado River estuaries in
2010; and (2) two types of experiments, simulating in controlled conditions the
natural medium and using specimens of P. australis adapted to a salt-rich natural
environment (Lima River estuary, samplings in 2011 e 2012): (i) in vitro, using
rhizosediment soaked with the respective elutriate solution prepared with estuarine
water enriched with Cu (0, 10, 100 mg/L) and Cd (0, 1, 10 mg/L); and (ii) at
microcosm scale, performed only for Cd (1.2 µg/g

DW

and 9 µg/g

DW ).

Experiments

regarding Cu contaminated media lasted 7 days. For Cd, two periods of exposure
were tested, namely, 7 and 15 days, for experiment (i), and 6 hours and 2 months,
for experiment (ii).
The in-situ study revealed that plant species and the nature of the inhabiting
medium are two important features, determining the amounts of Cys, GSH, GSSG
and Total Thiols present in root cells. Positive significant correlations were found
between the levels of GSH and those of Cu accumulated in the plant roots as well
as between the amounts of GSSG and those of Cd, Pb and Cu, indicating that
glutathione (GSH and GSSG) may have a prominent role on plant’s tolerance
mechanisms regarding metals. Furthermore, the in vitro studies (i) highlighted that a
single plant responded differently to different metals, marked differences being
observed in P. australis response to Cu and Cd. Copper contamination caused a
significantly decrease in the amounts of Total Thiols, indicating a more marked
effect of Cu on other thiolic compounds apart from Cys, GSH and GSSG. Cadmium
induced changes especially in GSSG levels in P. australis roots and leaves.
In both (i) and (ii) experiments, a short period of exposure of P. australis to Cd
caused a decrease in GSSG levels. Additionally, a significant decrease in Total
Thiols levels in P. australis leaves and a significant increase of those compounds in
roots also occurred (in experiment (ii)), suggesting that GSSG may be converted
into GSH to be used in the synthesis of other thiolic compounds, e.g. phytochelatins
(PC). In the long-term exposure, P. australis seemed to become accustomed with
the contamination, restoring the contents of thiolic compounds to levels similar to
basal ones.
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Moreover, this work showed that marsh plants adapted to high salinity media
were able to resist and tolerate chemical contamination, showing no external signs
of toxicity in any of the experiments carried out, being therefore suitable choices for
phytostabilisation purposes. Both ALMWOAs and thiolic compounds seem to play
important roles in the plant tolerance mechanisms which allow them to survive and
reproduce in environments with harsh conditions as well as to cope with stresses
triggered by media contamination.
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Figure 2.4 – Illustration of sample collection of rhizosediment corers from areas
colonised by H. portulacoides and P. australis (A and C, respectively) and of
72

sediment corers at approximately 1.5 m from the marsh plants stands (B and D,
respectively).
Figure 2.5 – Illustration of P. australis specimens immersed in freshwater in the
72

presence or in the absence of contaminants.
Figure 2.6 – Illustration of the in vitro experimental set (A). Sediment soaked in
elutriate (B) and evidence that plants roots were completely immersed in the
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elutriate (C) are also shown.
Figure 2.7 – Illustration of the experimental set used for the microcosm study (A).
Detail of the plastic vessels containing rhizosediment cores with P. australis stands
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adapted with plastic taps is also shown (B).
Figure 3.1 – Example of the chromatograms obtained for mixed ALMWOAs
standard solutions prepared in both deionised water (I) and freshwater (II): (1)
oxalic acid, (2) citric acid, (3) maleic acid, (4) malic acid, (5) malonic acid, (6)
96

succinic acid, (7) formic acid and (8) acetic acid. The ALMWOAs concentrations
were 8.0 mg/L, except for oxalic and maleic acids which were 1.6 mg/L and 0.80
mg/L respectively.
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Figure 5.1 – Concentration of Cu, Ni and Cd (mean and standard deviation, n=3)
found in roots of H. portulacoides and P. australis after their exposure, for 2 hours,
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to different concentrations of Cu, Ni and Cd (isolated or in mixture).
Figure 5.2 – Concentration of Cu, Ni and Cd (mean and standard deviation, n=3)
found in solution after (light grey) H. portulacoides roots and P. australis roots
immersion, for 2 hours, in freshwater in the absence and in the presence of Cu, Ni

148

and Cd (isolated or in mixture). Metals concentrations in solution without plant root
immersion are also presented (dark grey).
Figure 5.3 – Concentration of Cu (mean and standard deviation, n=3) found, in
different seasons, in roots of P. australis plants after their exposure to freshwater
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spiked with different concentrations of Cu.
Figure 5.4 – Concentration of Cu (mean and standard deviation, n=3) found, in
different seasons, in solutions after (light grey) P. autralis roots immersion in
150

freshwater spiked with different Cu concentrations. Cu concentrations in solution
without plant root immersion are also presented (dark grey).
Figure 5.5 – Levels (mean and standard deviation, n=3) of ALMWOAs found in
freshwater, to which no plant roots were exposed ( ), and in root exudate solutions
of H. portulacoides plants exposed, for 2 hours, to freshwater in the presence ( ) or
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in the absence ( ) of 5 µg/L of TBT.
Figure 5.6 – Levels (mean and standard deviation, n=3) of ALMWOAs found in
freshwater, to which no plant roots were exposed ( ), and in root exudate solutions
of P. australis plants exposed, for 2 hours, to freshwater in the presence ( ) or in
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the absence ( ) of 5 µg/L of TBT.
Figure 6.1 – Contents (mean and standard deviation, n=3) of Pb, Cr, Cu, Mn, Ni, Zn
and Cd in rhizosediments of P. australis, T. striata, and J. maritimus and in non-
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colonised sediment all collected in Lima River estuary.
Figure 6.2 – Contents (mean and standard deviation, n=3) of Pb, Cr, Cu, Mn, Ni, Zn
and Cd in rhizosediments of H. portulacoides and in non-colonised sediment
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collected in Cávado River estuary.
Figure 6.3 – Contents (mean and standard deviation, n=3) of Pb, Cr, Cu, Mn, Ni, Zn
and Cd in rhizosediments of T. striata and J. maritimus and in non-colonised
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sediment collected in Cávado River estuary.
Figure 6.4 – Enrichment factors (EF= [M]rhizosediment/[M]sediment) of Pb, Cr, Cu, Mn, Ni,
Zn and Cd in rhizosediments of P. australis, T. striata, H. portulacoides and J.
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maritimus collected in both River estuaries. The grey line indicates EF=1.
Figure 6.5 – Contents (mean and standard deviation, n=3) of Pb, Cu, Mn, Zn, Cr, Ni
and Cd in roots of P. australis, T. striata, H. portulacoides and J. maritimus
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collected in both River estuaries.
Figure 6.6 – Bioaccumulation factors (BF= [M]root/[M]sediment) of Pb, Cr, Cu, Mn, Ni,
Zn and Cd in roots of P. australis, T. striata, H. portulacoides and J. maritimus
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collected in both River estuaries. The grey line indicates BF=1.
Figure 6.7 – Correlation between cysteine (Cys) levels found in roots of H.
portulacoides, P. australis and T. striata roots (collected at both River estuaries)
and the amount of each metal determined in the same tissue. In the two178

dimensional plane, each symbol represents the coordinates of each point
comparing the Cys level and metal level in each plant species’ roots (mean values
(n=3) were used).
Figure 6.8 – Correlation between reduced glutathione (GSH) levels found in roots of
H. portulacoides, P. australis and T. striata roots (collected at both River estuaries)
and the amount of each metal determined in the same tissue. In the twodimensional plane, each symbol represents the coordinates of each point

180

comparing the GSH level and metal level in each plant species’ roots (mean values
(n=3) were used).
Figure 6.9 – Correlation between oxidised glutathione (GSSG) levels found in roots
of H. portulacoides, P. australis and T. striata roots (collected at both River
estuaries) and the amount of each metal determined in the same tissue. In the two181

dimensional plane, each symbol represents the coordinates of each point
comparing the GSSG level and metal level in each plant species’ roots (mean
values (n=3) were used).
Figure 7.1 – Levels (mean and standard deviation, n=3) of Cu found in roots,
rhizomes, stems and leaves of P. australis specimens exposed to rhizosediment
and the respective elutriate, during 7 days, in the absence or in the presence of Cu
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and nutrients. Basal levels correspond to the initial Cu concentration in each P.
australis tissue.
Figure 7.2 – Levels (mean and standard deviation, n=3) of Cu found, after 7 days,
in the elutriate solutions and rhizosediments with (

) and without (

) plant
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exposure and enriched or not with Cu and nutrients.
Figure 7.3 – Levels (mean and standard deviation, n=3) of chlorophyll a (Chl. a),
chlorophyll b (Chl. b), total chlorophyll (Total Chl.) and carotenoids found in leaves
of P. australis specimens exposed to rhizosediment and the respective elutriate,
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during 7 days, in the absence or in the presence of Cu and nutrients.
Figure 7.4 – Mean air temperatures and precipitation totals registered in March of
2011 and 2012.
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Figure 7.5 – Levels (mean and standard deviation, n=3) of Cd found in roots,
rhizomes, stems and leaves of P. australis specimens exposed to rhizosediment
and the respective elutriate, during 7 days and 15 days, in the absence or in the
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presence of Cd and nutrients. Basal levels correspond to the initial Cd
concentration in each P. australis tissue.
Figure 7.6 – Levels (mean and standard deviation, n=3) of Cd found, after 7 days
and 15 days, in elutriate solution and rhizosediment to which P. australis specimens
were or not exposed. Media enriched with ( ) and without ( ) nutrient and with two
different Cd concentrations (1mg/L (

) and 10 mg/L (
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)).

Figure 7.7 – Levels (mean and standard deviation, n=3) of chlorophyll a (Chl. a),
chlorophyll b (Chl. b), total chlorophyll (Total Chl.) and carotenoids found in leaves
of P. australis specimens exposed to rhizosediment and the respective elutriate,
during 7 days and 15 days, in the absence or in the presence of Cd and nutrients.
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1.1

GENERAL INTRODUCTION

1.1.1 General background

Living in terrestrial or aquatic environments, plants face serious challenges
during their life time due to changes on the inhabiting environment induced by
natural climatic and edaphic factors or anthropogenic activities. As a result, to cope
with such environmental stresses, plants have developed efficient acclimation
mechanisms. Land and sea environments are nowadays and worldwide
contaminated with several pollutants, especially those verging urban centres, due to
the constant discharges of pollutants into the environment as a cost for world
industrialisation and development.
Being in a very exposed geographical position, estuarine sediments and
ecosystems are frequently subjected to important loads of land and sea-derived
pollutants. In fact, evidence that estuarine sediments are contaminated with different
metals, such as Cu, Cd, Zn, Ni, Pb, Cr, Fe, Mn, As, can be found in literature
(Fletcher et al. 1994a; Otero and Macıa
́ s 2002; Fitzgerald et al. 2003; Weis and
Weis 2004). In Portugal, the presence of varying concentrations of different metals
was also found in sediments from different estuaries, e.g. Douro estuary (Almeida et
al. 2004, 2006a, 2006b), Tagus estuary (Caçador et al. 1996; Caetano and Vale
2002; França et al. 2005; Caetano et al. 2007; Reboreda et al. 2008)), Lima estuary
(Almeida et al. 2011), Cávado estuary (Almeida et al. 2008), Sado estuary (Almeida
et al. 2008) and Guadiana estuary (Caetano et al. 2007; Caetano et al. 2008). In
addition, marsh sediments also function as filters for organic pollutants as, for
example, butyltins (BTs) especially in the vicinity of shipyards and harbours (De
Bettencourt et al. 1999; Coelho et al. 2002; Carvalho et al. 2007; Jadhav et al.
2009), organochlorines contaminants (e.g. dichlorodiphenyltrichloroethane (DDT),
other DDT metabolites, chlordane, chlorophenoxy acid) (Fletcher et al. 1994b;
Masters and Inman 2000), polychlorinated biphenyls (PCB) (Scrimshaw et al. 1994)
and petroleum hydrocarbons (Rozas et al. 2000; Reddy et al. 2002).
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Anthropogenic contamination of estuarine ecosystems poses a serious
problem for the ecological equilibrium of those ecosystems and the surrounding
media, menacing the maintenance of such environments and the inhabiting fauna
and flora. As a consequence of the entrance of pollutants into food webs, the
deleterious effects of pollution may also achieve human population. Therefore, an
urge to clean-up contaminated media has been rising over the last decades.
Remediation of such sediments is crucial not only for the conservation of the
ecosystems, but also to prevent the access and propagation of pollutants into food
webs.
Among the several in-situ and ex-situ methods that have been developed in
order to remediate the contaminated soil/sediments, effort has been put into the
study of plants as pollutants removers or degraders. Adaptation mechanisms of
plants to soil/sediment induce several changes on the biogeochemistry of
rhizosphere, the narrow zone of soil adjacent to roots and influenced by their activity
(Sandnes 2003), which, consequently, have also been shown to influence the
phytoavailability, mobility, degradation and removal of pollutants retained in the
soil/sediments (Fageria and Stone 2006).
Examples of plants acclimation mechanisms to soil/sediment contamination
are: (1) the exudation of aliphatic low molecular weight organic acids (ALMWOAs)
and (2) production of antioxidant thiolic compounds against oxidative stress. A vast
knowledge about both mechanisms can be found in literature regarding soil plants.
Nevertheless, little is known about the occurrence of such phenomena in plants
adapted to waterlogged conditions. More recently, as a result of the recognition of
the ecological importance of these ecosystems and the urge to better understand
them and their relation with surrounding media, studies concerning intertidal
estuarine wetlands dynamics and the role of vegetation on different features of
these ecosystems, such as, sedimentation (Salgueiro and Caçador 2007), nutrients
production (Sánchez et al. 1998; Sousa et al. 2010), nutrients and pollutants
accumulation in their sediments (Caçador et al. 1996; França et al. 2005; Almeida et
al. 2006b; Reboreda and Caçador 2007) have intensified. Few studies were carried
out regarding the marsh root exudation (Mucha et al. 2005; Haoliang et al. 2007;
Mucha 2010) or production of thiolic compounds (Padinha et al. 2000; Válega et al.
2009). Nevertheless, knowledge on the occurrence of both mechanisms in such
plants and their involvement on plant tolerance and pollutant remediation is still
scarce.
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1.1.2 Defence mechanisms of plants

1.1.2.1 Plant roots exudation
Plant roots have the remarkable ability to produce and secrete substances into
the rhizosphere (rhizodeposition or root exudation) (Jones 1998; Badri and Vivanco
2009) which consist primarily on carbon-containing substances as low molecular
weight compounds (sugars, amino acids, organic acids and phenolic compounds)
and high molecular weight compounds (mucilage and proteins). In addition, non–
carbon substances, e.g. water, enzymes, ions, free oxygen, ubiquitous H+, electrons
and gases, are also liberated (Bertin et al. 2003; Bais et al. 2006).
Exudation is considered to occur principally through the root tip; however,
studies have shown that different parts of the root system can also release
compounds into rhizosphere (Jones 1998; Badri and Vivanco 2009). Root exudates
are released via different mechanisms (Figure 1.1): (1) diffusion, substances are
passively transported across the cellular membrane due to different concentration
gradients between the cytoplasm of the root and the soil surrounding it; (2) ion
channels, opening channels on the cellular membrane which mediate the controlled
release of compounds. These channels are used when high concentrations of
exudates must be released into rhizosphere, being this efflux not possible by
diffusion; and (3) vesicle transport, normally used for the transport of high molecular
weight compounds (Jones 1998; Bertin et al. 2003).

Figure 1.1 – Scheme of the possible mechanisms of root exudation through the root lipid membrane.
(Source: Bertin et al. 2003)

32

FCUP
Introduction

The concentration and composition of root exudates is highly variable and
dependent upon plant species and age (Strobel 2001; Chen et al. 2006; Tuason and
Arocena 2009), the physiochemical environment surrounding the roots (Strobel et al.
1999; Kim et al. 2010) and biotic and abiotic stress factors (Jones 1998; Badri and
Vivanco 2009). Generally, rhizosphere presents higher concentrations of organic
compounds in relation to the bulk soil (Tuason and Arocena 2009; Kim et al. 2010).
Furthermore, considering the same plant, the exudation rates are variable according
to the development stage of the plant, being generally low at seedling stage,
increasing during the growing stage and decreasing again at maturity (Badri and
Vivanco 2009).

1.1.2.1.1 Exudation of ALMWOAs

Low molecular weight organic acids in soil solution include aliphatic and
aromatic carboxylic acids (Strobel 2001). The ALMWOAs are short-chain carboxylic
acids, presenting a maximum molecular weight at approximately 300 and found in
the environment in mono-, di- and tri- form (Jones 1998; Strobel 2001). These
carboxylic acids (e.g. Table 1.1) can present a saturated or unsaturated carbonchain and include hydroxyl groups (Figure 1.2) (Strobel 2001; Li et al. 2003; Wang
et al. 2003).
Table 1.1 – ALMWOAs under study and values of their pKa. (Weast 1989-1990)

ALMWOAs

pKa1

pKa2

pKa3

Oxalic acid

1.25

4.27

-

Citric acid

3.14

4.77

6.40

Maleic acid

1.93

6.58

-

Malic acid

3.40

5.11

-

Malonic acid

2.83

5.69

-

Succinic acid

4.12

5.64

-

Formic acid

3.75

-

-

Acetic acid

4.76

-

-
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Inside roots cells, given the pH of cytoplasm (around 7.1), ALMWOAs present
their anionic form, being the total concentration of organic acids in root around 10-20
mM (Jones 1998). In soil solution, ALMWOAs are also in a dissociated form (at least
one carboxylic acid group per compound), presenting the ability to complex metals.
The concentration of ALMWOAs in soil solution is considerably low, being the total
content of these acids estimated to account for 2-10% of the total dissolved organic
carbon (Strobel 2001). Over the last years, a number of different aliphatic acids
have been found in soil solution and plant roots exudates such as formic acid (Wang
et al. 2003; Sandnes et al. 2005), acetic acid (Wang et al. 2003; Sandnes et al.
2005; Chiang et al. 2006), propionic acid (Sandnes et al. 2005; Koo et al. 2006),
oxalic acid (Sandnes et al. 2005; Chen et al. 2006; Koo et al. 2006), citric acid (Xu et
al. 2002; Wang et al. 2003; Sandnes et al. 2005), malonic acid (Sandnes et al. 2005;
Chen et al. 2006), malic acid (Xu et al. 2002; Wang et al. 2003), succinic acid (Wang
et al. 2003; Chen et al. 2006), tartaric acid (Xu et al. 2002; Koo et al. 2006), lactic
acid (Sandnes et al. 2005; Chiang et al. 2006), fumaric acid (Chen et al. 2006),
shikimic acid (Sandnes et al. 2005), maleic acid (Chiang et al. 2006), butyric acid
(Sandnes et al. 2005), glycolic acid (Chiang et al. 2006) and adipic acid (Sandnes et
al. 2005).

Figure 1.2 – Chemical formulas of the mono-, di- and tri- aliphatic carboxylic acids under study and
which may be present in root exudates and soil solution. (Source: Strobel 2001)

Soil plant roots are capable of exuding ALMWOAs with many purposes (Jones
1998; Yang et al. 2001; Dakora and Phillips 2002; Wang et al. 2006b) and, over the
last century, studies were performed with the intention of understanding the factors
triggering rhizodeposition. The exudation of ALMWOAs responds to environmental
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stimuli such as photoperiod, temperature, water, imbalance in plant absorption of
cations and anions, soil texture and salinity (Jones 1998; Wang et al. 2003; Koo et
al. 2006). Nutrient stress, e.g. P, Zn, Fe, K and Ca deficiency, has been proven to
induce ALMWOAs exudation probably because low nutrient availability can pose a
problem to plant growth (Neumann and Römheld 1999; Hoffland et al. 2006; Bao et
al. 2011). Moreover, plant exposure to high contents of metals, as Al, Cd, Cu, etc,
can also trigger rhizodeposition as a detoxification mechanism (Menosso et al.
2001; Chiang et al. 2006; Qin et al. 2007). The effects of metals on plant vitality, as
well as, on the composition of ALMWOAs exuded by a plant, are dependent upon
metal toxicity and its concentration in soil (Qin et al. 2007). Plant litter
decomposition, microbial decomposition products, microbial and fungi exudates and,
to some extent, atmospheric dry and wet deposition also contribute to the presence
of ALMWOAs in soil solution (Jones 1998; Strobel 2001).

1.1.2.1.2 Role of ALMWOAs in plant processes and on biogeochemistry of
rhizosphere

Aliphatic low molecular weight organic acids play a key role in the
physiological activity of plants, being involved in several metabolic processes, for
example: (1) the Krebs cyclic pathway (e.g. citric acid, malic acid and succinic acid);
(2) maintaining the cation charge balance and osmotic potential in root cells (Jones
1998); and (3) reducing anaerobic pressure on plant roots (by secretion of lactic
acid, malic acid, alanine and ethanol into rhizosphere) (Jones 1998; Legnani et al.
2010). In soil solution, depending on their dissociation properties, the pH and the
number of carboxylic groups, ALMWOAs can present varying negative charges
which allows the complexation of metal cations in solution and the displacement of
anions from soil matrix (Jones 1998). For this reason, ALMWOAs have been
implicated in various soil processes.
For instance, in case of nutrient (P, Zn, Fe, etc) deficiency, ALMWOAs have
been shown to be involved in the solubilisation of nutrients, increasing their
availability (Reichard et al. 2005; Hoffland et al. 2006; Pavinato et al. 2008) and their
mobilisation. Such carboxylic acids may replace phosphates groups adsorbed to soil
structure and form stronger complexes with metals (Al, Ca, Fe cations), substituting
and liberating phosphate (Ryan et al. 2001). Citric, oxalic and malic acids have been
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reported as ALMWOAs with an important role in nutrient acquisition (Neumann and
Römheld 1999; Aono et al. 2001; Dakora and Phillips 2002). Furthermore,
ALMWOAs are also assumed to be involved in mineral dissolution and pedogenic
processes, contributing for the redistribution of metals within the soil profile (Jones
1998). In fact, van Hees et al. (2000) inferred that ALMWOAs were implicated on the
downward migration of Al and Fe in podzol soils. Likewise, di and tricarboxylic acids
can complex Fe (III) cations from soil mineral surface of goethite and ferrihydrite,
promoting a possible leaching of iron through soil (Jones 1998).
The exudation of ALMWOAs has been hypothesised to be a tolerance
mechanism of plants against metal toxicity. Excessive metal concentrations in soil
can threaten plant growth and development. Several studies have subjected
different plant species to Cd (Chiang et al. 2006; Tong et al. 2010), Cu, Pb (Luo et
al. 2008; Tong et al. 2010; Kim et al. 2010a), Ni (Yang et al. 2001) and Al (You et al.
2005; Wang et al. 2006a) contaminations and malic, citric and oxalic acids, for
instance, were indeed frequently involved in metal detoxification. Rhizodeposition is
thought to diminish metal toxicity by means of nontoxic complexes formation (Jones
1998; Quartacci et al. 2009; Kim et al. 2010a). For example, Al-tolerant plants
liberated higher amounts of ALMWOAs into rhizosphere than Al-sensitive plants,
correlating the authors this ability to plant tolerance to Al (Ma et al. 2001; Menosso
et al. 2001; Wang et al. 2006b). In consequence of that, plants become more
resistant to metals and capable of accumulating the metal complexes formed in their
organs (roots, shoots, stems or leaves) (Heim et al. 2002; Tu et al. 2004; Tong et al.
2010). Owing to this, the use of plants for soil remediation against metal pollution
has been gaining interest over the last years (Mahmood 2010).
Ultimately, root exudates represent a readily utilisable carbon source for
microorganisms and fungi in the rhizosphere contributing for their proliferation in the
vicinity of roots (Jones 1998; Renella et al. 2006). Apart from being utilised as
substrates for growth, root exudates also play as chemoattractants for soil microbes
to the rhizosphere (Dakora and Phillips 2002). Therefore, microorganisms are much
higher in the soil surrounding plant roots than in soil far from the roots (Kamilova et
al. 2006). Broeckling et al. (2008) demonstrated that root exudates play an active
role on the composition of soil fungal communities in diverse soils. However, the
attraction of both beneficial and pathogenic microorganisms may occur (Dakora and
Phillips 2002; Badri and Vivanco 2009). Since ALMWOAs are consumed by
microorganisms, their persistence in soil is variable, depending upon soil type and
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temperature which may hamper their role on metal detoxification, nutrient supply
and on other soil processes (Jones et al. 1996; Ryan et al. 2001). Nevertheless,
microbially-mediated degradation is an important key for the balance between the
production sources and the removal mechanisms of ALMWOAs. Furthermore,
studies revealed that plant and microbes may present positive interactions, which
enhance plant growth, and negative interactions, which presents detrimental effects
on plant health and survival (Bais et al. 2006). Microorganisms (fungi and bacteria)
are also capable of liberating exudates to the rhizosphere (Dakora and Phillips
2002) assisting the plant in cases of nutrient deficiency or metal contamination
(Ahonen-Jonnarth et al. 2000; Van Schöll et al. 2006; Johansson et al. 2008).

1.1.2.1.3 ALMWOAs as marsh plants exudates

The literature on root exudation is extensive. Nevertheless, most studies have
been conducted aiming at augmenting crop productivity or assessing metal toxicity
to plant crops (Neumann and Römheld 1999; Li et al. 2000; Ström et al. 2005). For
this reason, this phenomenon is well-documented for soil plants (essentially cultivar
plants). More recently, other types of plants (e.g. trees, aquatic plants, halophytic
plants, etc) (Ahonen-Jonnarth et al. 2000; Mucha et al. 2005; Haoliang et al. 2007)
have also been subject of study but knowledge on this matter is still scarce. As
mentioned, important loads of pollutants are frequently released into water systems
being trapped in wetland sediments located at the mouth of the rivers. Plants
inhabiting these areas have a great potential to concentrate pollutants in the
sediments around their roots, to accumulate in their organs or to potentiate their
degradation (Caçador et al. 2000; Weis and Weis 2004), having recently been
considered for phytoremediation procedures. Nevertheless, little is known about the
exudation of ALMWOAs by these plants roots, the factors triggering this
phenomenon and their role on the detoxification of pollutants and on the removal of
the same.
Few studies have demonstrated that plants inhabiting waterlogged conditions
can also liberate ALMWOAs through their roots. For instance, higher concentrations
of acetate were found in Spartina alterniflora sediments than in non-colonised
sediments areas (Hines et al. 1994). Oxalic, succinic and acetic acids were detected
in pore water from sediments of Juncus maritimus and Scirpus maritimus by Mucha
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et al. (2010). In both works, the presence of ALMWOAs was attributed to the
exudation of marsh plants roots. Collection of root exudates in solution (deionised
water frequently used) revealed that roots of Kandelia candel, a mangrove plant,
secreted formic, acetic, butyric, malic, latic, maleic and citric acids (Haoliang et al.
2007) whereas J. maritimus released oxalic and malonic acids (Mucha et al. 2005).
The concentration and composition of root exudates from marsh plants roots
are highly variable and dependent of several factors including plant species (Mucha
2010; Blossfeld et al. 2011) and plant seasonality (Hines et al. 1994; Mucha 2010).
The physiochemical features of the environment surrounding roots have also a
remarkable contribution for variations in root exudates profiles. In fact, differences
were found between Phragmites australis stands in land site or in deep-water
(Cízková et al. 1999), between J. maritimus collected in muddy and sandy
sediments (Mucha et al. 2005; Mucha 2010) and between different species of
Juncus subjected to different pHs (Blossfeld et al. 2011).
As for soil plants, nutrient deficiency, exposition to toxic levels of metals and
other pollutants and other environmental stimuli, such as photoperiod, temperature,
water supply and salinity, may also trigger the exudation of ALMWOAs by marsh
plants roots. For instance, K. candel roots, suffering from P deficiency, liberated
higher amounts of acetic, butyric, malic, oxalic and citric acids, being the total
concentration of ALMWOAs 8 folds higher than control (Haoliang 2006). The same
plant was shown to present, under different Cd stress conditions, different profiles of
ALMWOAs composition and amounts (Haoliang et al. 2007). It was suggested that
the exudation of ALMWOAs in response to Cd contamination probably represented
a defence mechanism of the plant against metal stress (Haoliang et al. 2007).
Mucha et al. (2010) observed that the exudation of oxalic acid from J. maritimus
roots was stimulated by Cu, after root exposure to a solution with salinity 3 g/L.
However, in the same study, S. maritimus seemed not to exude ALMWOAs in
function of external Cu levels. Saline stress and alkaline stress seemed to inhibit the
growth and photosynthesis of two genotypes of a halophytic plant (Leymus
chinensis), augmenting, on the other hand, the accumulation of citric acid in roots
and leaves (Sun and Hong 2011). In addition, exogenous application of citric acid
improved growth rates, photosynthesis rates and water contents, as well as, internal
citric acid accumulation in roots and leaves, and stimulated the activities of
antioxidant enzymes. Therefore, citric acid was thought to play an important role on
stress tolerance of L. chinensis (Sun and Hong 2011).
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For marsh plants, higher concentrations of ALMWOAs were also found in the
rhizosphere (Hines et al. 1994). Nevertheless, contradicting previous findings,
Blossfeld et al. (2011) observed that the total ALMWOAs concentration liberated by
Juncus roots augmented from rhizosphere toward bulk soil. This was associated to
a change in the composition of the microbial community from the anaerobic bulk soil
to the aerobic conditions of rhizosphere, since plant roots are capable of liberating
oxygen (Blossfeld et al. 2011).
Further research is of critical importance to thoroughly understand the factors
that may trigger root exudation in plants adapted to waterlogged conditions and the
mechanisms involved on such phenomenon.

1.1.2.2 Internal defence system – thiolic compounds
1.1.2.2.1 Oxidative stress in plants

An increment in reactive oxygen species (ROS) production is a common
response in plants subjected to either biotic or abiotic stresses (Arora et al. 2002).
These compounds are oxygen species, such as superoxide radical (O2- •), hydrogen
peroxide (H2O2), hydroxyl radical (HO•), hydroperoxyl (HO2•) and singlet oxygen
(1O2), extremely reactive comparing to the oxygen molecule and characterised as
the by-products formed in the process of oxygen molecule reduction into water
and/or excitation (Bartosz 1997). In fact, ROS are naturally produced by plant’s
aerobic metabolisms so, even under non-stressful conditions, these species are
usually generated in chloroplasts, mitochondria, peroxisomes and electron transport
chains (Seth et al. 2012).
In normal conditions, a dynamic equilibrium between ROS production and
depletion is maintained within plant cells owing to the antioxidant defence system of
the plant (Apel and Hirt 2004). On the other hand, under stressful conditions, this
equilibrium is menaced and the production of ROS is increased in detriment to the
amount of antioxidant agents. This phenomenon is generally known as oxidative
stress being remarkably important for living organisms since cellular equilibrium is
deregulated in the process and cellular damage, or even death, may occur (Bartosz
1997). Hydroxyl radical and singlet oxygen are the most reactive and therefore the
most dangerous ROS produced (Apel and Hirt 2004).
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Studies have shown that oxidative stress may be induced in plants due to
occurrence of different events of biotic or abiotic nature (Bartosz 1997; Arora et al.
2002), since a drastic change in an environmental factor conditioning plant’s vitality
induces a higher production of ROS, causing an imbalance in the metabolic
equilibrium of the plant. Literature presents evidence that oxidative stress may be
exacerbated by drought, flooding, temperature, ultraviolet radiation, light intensity,
salinity, nutritional deficiency, hypertonicity, air pollutants (for instance, SO2, NO,
NO2 and O3), soil/sediment pollutants (e.g. herbicides, metals) and toxins liberated
by pathogens. The production of ROS has also been associated to aging, ripening
and maturing processes and to plant cell manipulations (Bartosz 1997; Arora et al.
2002).
Given their extreme reactivity, ROS are considerably prone to react with
biomolecules within plant’s cells causing, for instance, lipid peroxidation, inactivation
of enzymes and proteins and injuries in deoxyribonucleic acid (DNA) (Guimarães et
al. 2008). However, despite the destructive character, in some processes, ROS are
also important to cells, namely, as a defence mechanism against pathogens
(oxidative burst (Bartosz 1997)), as a marker of tracheary element formation and
lignification of cell wall and as intermediate signalling molecules in the regulation of
gene expression (Schützendübel and Polle 2002; Apel and Hirt 2004).

1.1.2.2.2 Antioxidant mechanisms against oxidative stress

To maintain either cellular equilibrium in normal conditions or minimise the
deleterious effects of ROS induced by stress factors, plants are endowed with a
protective and efficient antioxidant defence system composed by low molecular
weight antioxidant molecules and specialised antioxidant enzymes. By means of
these antioxidant agents, oxidative stress is reduced due to the scavenging of ROS
(Arora et al. 2002).
Figure 1.3 exhibits the main low molecular weight antioxidant molecules
involved on cellular protection. Non-protein thiols (NPT), such as glutathione (GSH)
and cysteine (Cys), have been reported as important agents against oxidative
stress. Cysteine is a hydrophilic α-amino acid which composes the first S-organic
product produced after sulphur assimilation by plant (normally in sulphate form from
soil and in form of sulphur dioxide or hydrogen sulphide from air) (Gill and Tuteja
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2011). This NPT is a metabolic sulphur donor for the synthesis of S-organic
compounds, proteins, vitamins and co-enzymes (Bonner et al. 2005). The
importance of Cys is also centred on its role as a precursor of GSH, a tripeptide (γglutamate-cysteine-glycine) which is one of the most abundant organic sulphur
forms found in plants and considerably important in plant defence (Gill and Tuteja
2011). Apart from being a limiting factor for GSH synthesis, Cys is also able to
reduce oxidised compounds (e.g. ROS) and to complex metals (Hernández-Allica et
al. 2006). The involvement of Cys in plant tolerance system has been reported in
literature (Zeng et al. 2011).

Cysteine

Reduced Glutathione

Oxidised Glutathione

Figure 1.3 – Chemical formulas of cysteine, reduced glutathione and oxidised glutathione, the main
thiolic compounds involved in plant cell defence mechanisms. (Source: http://www.sigmaaldrich.com)

Glutathione presents several functions in plant metabolism and plant
protection. This NPT is a product of primary assimilation, a storage and a transport
form of organic sulphur (Dixon et al. 1998), a substrate for several enzymes and an
important element in ascorbate regeneration (Arora et al. 2002). Glutathione also
acts as a reductant and scavenging agent of ROS (protecting protein and enzymes
thiol groups and, thus, preventing their inactivation), a detoxifying agent against
pollutants (for example, herbicides and metals) and a precursor for phytochelatins
(PC) synthesis (peptides forms considerably important against metal toxicity) (Anjum
et al. 2012). The reactions between GSH and ROS may be or not catalysed by
enzymes. For instance, GSH reacts with ROS (e.g. 1O2, HO•) non-enzimatically by
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donating a hydrogen ion, whereas reaction with H2O2 occurs in the presence of
glutathione peroxidase (Bartosz 1997). In these reactions, GSH is converted to its
oxidised form, oxidised glutathione (GSSG). Normally, GSH is found in plant cells in
its reduced form, presenting a small proportion in its oxidised form (Dixon et al.
1998). The ratio between the reduced and the oxidised form of GSH is remarkably
important for cellular equilibrium due to GSH pivotal functions in cell’s protection.
Low GSH-to-GSSG ratios are in fact an indicator that a plant is under oxidative
stress (Anjum et al. 2012).
Antioxidant enzymes scavenge ROS helping on the restoration of cell
equilibrium.

For

decomposition of

instance,
O2- •

superoxide

dismutase

(SOD)

accelerates

the

into O2 and H2O2. Catalase (CAT), on the other hand,

converts H2O2 in O2 and H2O, hampering its spread through surrounding cells
(Bartosz 1997). Plant cell presents other means of converting H2O2 into H2O,
namely by reaction with GSH catalysed by glutathione peroxidase and/or reaction
with ascorbic acid catalysed by ascorbate peroxidase (APX). In order to assure the
continuous cell protection, enzymes such as glutathione reductase (GR) and
dehydroascorbate reductase play a pivotal role in the conversion of GSSG to GSH
in the presence of nicotinamide adenine dinucleotide phosphate and the reduction of
dehydroascorbate to ascorbic acid in the presence of GSH, respectively (Arora et al.
2002). Antioxidant enzymes present therefore two approaches as plant defenders
against oxidative stress: (1) a direct approach in which ROS are quenched and
converted to O2 and/or H2O; and (2) an indirect approach in which levels of the
reduced forms of compounds, such as GSH, with important functions in plant’s
defence are restored.

1.1.3 Phytoremediation
Phytoremediation, the removal of pollutants from contaminated environments
by plants, has been gaining great interest as a cleaning up soil method for being
cost effective and environmentally friendly (Gratão et al. 2005; Nascimento and Xing
2006b). Plants are capable of removing inorganic and organic pollutants from
contaminated soil (Mahmood 2010). Nevertheless, their mechanisms to remediate
soil are dependent upon the soil contaminated, the type of plants used and the level
of remediation desired (Padmavathiamma and Loretta 2007).
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Soil phytoremediation can be categorised (Susarla et al. 2002; Singh and Jain
2003) in: 1) phytoextraction, when plants uptake pollutants in their roots and
translocate and accumulate them in their higher organs; 2) phytostabilisation, when
plants immobilise pollutants by accumulation in their roots or by precipitation in the
rhizosphere, reducing the contaminant mobility through soil; 3) phytovolatilisation,
when plants uptake pollutants and volatilise them in their tissue, releasing them into
the atmosphere by plant transpiration; 4) phytodegradation, when plants take up
pollutants and metabolise them in their tissue, transforming them to less or non-toxic
forms; 5) rhizodegradation, when plants stimulate the growth of bacteria and fungi in
rhizosphere that metabolise pollutants, reducing them down to less or non-toxic
compounds; and 6) rhizofiltration, when plants remove contaminants from water and
soil solution, reducing their migration through absorption and precipitation of
pollutants.

1.1.3.1 Relevance of ALMWOAs for phytoremediation

Most research on plants potential to remediate soil has been essentially
focused on metal remediation. Plants were shown to accumulate metals in their
organs removing them from soil (Mei et al. 2002; Yoon et al. 2006; Sun et al. 2008)
and to release ALMWOAs (among other compounds) into rhizosphere as a defence
mechanism against metal toxicity. Aliphatic low molecular weight organic acids can
complex metals into less toxic and more phytoavailable metals forms, increasing the
influx and accumulation of metals inside plants (Heim et al. 2002; Chiang et al.
2006; Tong et al. 2010). The liberation of ALMWOAs and other root exudates
enhance the effectiveness of phytoremediation (Nascimento and Xing 2006b)
contributing not only for metal phytoavailability and uptake but also to metal
translocation to shoots and leaves (Mahmood 2010). For instance, the interactions
between Cd and organic ligands (malic, citric and aspartic acids) resulted in the
formation of mobile Cd forms which improved Cd uptake when compared to similar
amounts of Cd in the ionic form (Nigam et al. 2001). Furthermore, the presence of
an anionic citrate-complex of Ni was found on leaves of different plants as Sebertia
acuminata, Homalium francii, Homalium guillainii, Homalium kanaliense, Hybanthus
austrocaledonicus and Hybanthus caledonicus (Lee et al. 1977). On the contrary,
McNear Jr et al. (2010) observed that metal storage in Alyssum murale specimens
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was performed by metal-complexes with malate and others ALMWOAs or counterions (e.g. sulphate) but Ni translocation from roots to shoots was accomplished by
metal-complexes with histidine.
Soil amendments have been extensively employed in phytoremediation
procedures with the purpose of augmenting metal phytoavailability, uptake and
translocation (induced phytoextraction) (Nascimento and Xing 2006b; Mahmood
2010). The use of ALMWOAs as an alternative to synthetic organic amendments
(e.g. ethylenediaminetetraacetic acid, hydroxyethylenediaminetetraacetic acid,
cyclohexylenedinitrilotetraacetic acid and diethylenetriaminepentaacetic acid) has
been subject of study in the last decades. Synthetic chelating agents were
successfully used to increase phytoextraction of metals from contaminated soils
(Cao et al. 2007; Sinegani and Khalilikhah 2008; Meighan et al. 2011).
Nevertheless, the use of such chelating agents has been highly criticised due to the
risks associated with their utilisation (low degradation rates, formation of stable
metal-complexes which can be toxic to soil microorganisms and plant itself
(Saifullah et al. 2010) and leached downwards contaminating the underlying soil and
groundwater (Nascimento et al. 2006a; Evangelou et al. 2007)).
For those reasons, natural and biodegradable amendments, considered
environmentally friendly, such as ALMWOAs, have been proposed as alternatives to
synthetic chelating agents. Nevertheless, the effectiveness of ALMWOAs versus
synthetic organic amendments is not consensual. On one hand, the synthetic
chelating agents were shown to be more efficient at desorbing metals from soil than
ALMWOAs, especially toxic metals (e.g. Pb, Cd) (Wu et al. 2003; Nascimento et al.
2006a; Saifullah et al. 2010) whereas ALMWOAs were capable of solubilising
mainly plant micronutrients (Cu, Ni and Zn) (Nascimento 2006c). The effectiveness
of ALMWOAs amendments depends on the stability of the metal-complex formed
with the acids. Furthermore, ALMWOAs can be easily degraded by soil
microorganisms, fact that may also explain their low efficiency for metal desorption
in comparison to synthetic chelating agents (Nascimento and Xing 2006b; Mahmood
2010). Organic acids degradation was found to occur to a higher extent on surface
horizons (t1/2 = 0.5h) comparing to deeper soil layers (t1/2 = 8h) (Jones et al. 2001). In
addition, Renella et al. (2006) found, by measuring soil respiration, that degradation
of ALMWOAs depended on the carboxylic acid added, being citric acid the one
mineralised to a higher extent. Nevertheless, metal amendments can decrease
ALMWOAs mineralisation, e.g. Cd (Renella et al. 2006).
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On the other hand, several studies have reported that ALMWOAs mobilise
metals as efficiently as synthetic chelating agents. Most studies have centred their
research on citric acid although other ALMWOAs, e.g. oxalic and malic acids, have
also been studied (Nascimento et al. 2006a; Parra et al. 2008; Duquène et al. 2009).
The effect of ALMWOAs amendments on metals uptake by plants seems to be
related to plant species, microbial communities in rhizosphere, soil nature,
concentration applied and the stability of the metal-complex formed (Schmidt 2003;
Meers et al. 2005; Evangelou et al. 2007; Parra et al. 2008). Induced
phytoextraction using ALMWOAs amendments has public acceptance since these
compounds are natural substances involved in natural processes as root exudation.
Furthermore, ALMWOAs presented lower rates of metal leaching than the ones
achieved for synthetic chelating agents (Freitas et al. 2009), being therefore
considered an environmentally safer alternative. For instance, in the case of Indian
mustard, ALMWOAs amendments (mainly citric acid) were considered as efficient
as synthetic chelating agents due to ALMWOAs lower phytotoxicity (Nascimento et
al. 2006a).
Apart from metals, reports show that plants can also remove and reduce soil
contamination

by

organic

contaminants

such

as

pesticides,

petroleum

hydrocarbons, polynuclear aromatic hydrocarbons (PAH), nitroaromatic compounds,
PCBs, phenolic compounds (Susarla et al. 2002; Singh and Jain 2003; Huang et al.
2004; Hoang et al. 2010). Nevertheless, the role of ALMWOAs on the
phytoremediation of these contaminants is still poorly understood. In fact,
contradictory information is documented on this matter. For instance, increasing
levels of phenanthrene were shown to trigger the exudation of oxalic acid by a
perennial ryegrass (Mingji et al. 2009) and not to stimulate ALMWOAs exudation by
sorghum roots (Muratova et al. 2009). Nevertheless, studies have also
demonstrated that ALMWOAs may influence the availability of some organic
contaminants and may enhance rhizodegradation and phytoextraction of such
pollutants (Luo et al. 2006; Ling et al. 2009; Ficko et al. 2011).
With respect to marsh plants, they have been categorised as metal
phytostabilisers and phytoextractors (Caçador et al. 2000; Windham et al. 2003),
depending on plant aptitude to immobilize metals in their roots or rhizosediment,
preventing their migration either in soil, groundwater or air, or to translocate and
accumulate metals in their aboveground biomass (Weis and Weis 2004). In addition,
marsh plants roots have been shown to influence metal speciation and
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bioavailability in sediments (Caçador et al. 1993; Caçador et al. 2000; Reboreda and
Caçador 2007) and their ability to uptake and accumulate metals in their tissue is
supported by a vast literature on the matter (Reboredo 1991; Caçador et al. 1996;
Caçador et al. 2000; Reboredo 2001; Aksoy et al. 2005; Almeida et al. 2006b;
Duman et al. 2007; Caetano et al. 2008; Sousa et al. 2008; Bragato et al. 2009;
Duarte et al. 2010; Almeida et al. 2011).
Marsh plants have been suggested as suitable alternatives for soil/sediment
remediation, especially when considering harsh environments as contaminated
sediments with high salinity (Manousaki and Kalogerakis 2010). Several studies
have also revealed that marsh plants can also remove organic pollutants from the
colonised medium (Lin and Mendelssohn 2008; Carvalho et al. 2010; Couto et al.
2011) but phytoremediation by marsh plants is dependent upon the pollutant nature,
plant species and the physiological stage of the plant.
Little is known about the involvement of ALMWOAs on the remediation of
pollutants from marsh sediments. Nevertheless, ALMWOAs have been reported to
promote the solubilisation of Cr and Ni and the reduction of Cd desorption from
marsh sediments (particularly oxalic acid) (Mucha et al. 2005). In a hydroponic
study, Duarte et al. (2007) observed that Cd accumulation in roots and its
translocation within Halimione portulacoides was enhanced by the addition of citric
acid whereas Ni accumulation was inhibited. Furthermore, in a study performed on
intact sediments cores of Spartina maritima contaminated with several metals, the
same authors found that acetic acid was the most efficient ALMWOA in stimulating
the metals uptake by the studied plant, while malic acid was shown to be less
effective (Duarte et al. 2011). Further research is still needed in order to thoroughly
understand the ALMWOAs influence in pollutant desorption, mobilisation and
remediation or degradation particularly in the case of marsh plants and sediments.

1.1.3.2 Relevance of thiolic compounds for phytoremediation

Inorganic (mainly, metals) (Ait Ali et al. 2002; Ben Ammar et al. 2008; Aygun
et al. 2011) and organic, such as PAHs, herbicides, PCBs, tributyltin (TBT) (Menone
and Pflugmacher 2005; Paková et al. 2006; Yin et al. 2008), pollutants were
reported to damage plant organs by, for example, inhibiting plant growth, reducing
the levels of root hairs and the content of chlorophylls in leaves, leading to chlorosis,
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root deformation, late blooming and cell lignification. In the worst case, cell
membrane structures can collapse and important organelles, e.g. chlorophyll and
mitochondria, may undergo significant deformations (Liu et al. 2009). Most of these
injuries are triggered by the oxidative stress derived from plant exposure to
contaminated media in which ROS are consequently formed.
Evidence that organic and inorganic pollutants enhance the amounts of ROS,
as well as the levels of indicators of cellular peroxidation (e.g. thiobarbituric acid
reactive substances, malondialdehyde), in cell can be found in literature (Schröder
et al. 2003; Wang et al. 2004; Thounaojam et al. 2012). In addition, significant
variations in the contents of antioxidant substances and in the activities of
antioxidant enzymes have also been reported to occur, denoting the inducement of
an antioxidant response for cellular protection (Paková et al. 2006; Chamseddine et
al. 2009; Wang et al. 2011). Nevertheless, apart from scavenging ROS, such
antioxidant system is also involved in the detoxification of pollutants, in their
degradation and/or in their storage in plant tissue (Pilon-Smits 2005). In fact, once
sequestered into plant tissue, pollutants are often complexed by chelators or form
conjugates (Meagher 2000). Figure 1.4 illustrates the detoxification mechanisms
that can be triggered in case of plant exposure to inorganic or/and organic
pollutants. Both types of pollutants can be sequestered into cell membrane wall or
enter into cell cytoplasm through cell membrane spaces of active transporters
(brown boxes with arrow). Once in cytoplasm, inorganic pollutants can form
complexes with metallothioneins (MT), nicotianamine (NA), organic acids (OA), GSH
and PC. The complexes are thereafter transported and stored in cell vacuole. With
regard to organic pollutants, these are, firstly, enzymatically modified being
subsequently degraded or, if not the case, the metabolites form conjugates with
GSH and glucose (Glu). These conjugates are also transported within cell and
stored in vacuoles or in cell wall.
In cells, metals can bind strongly to nitrogen, oxygen and sulphur atoms
causing the inactivation of enzymes, the denaturation of proteins and lipid
peroxidation. Moreover, redox active metals (e.g. Cu (I) and Fe (II)) participate in
biological redox reactions in which the destructive HO• is produced (Fenton and
Haber-Weiss type reactions) (Schützendübel and Polle 2002). Thiolic compounds,
containing sulfhydryl groups (SH), have high affinity for metals forming complexes
with them and proceeding thereafter with their transport within plant cells and
storage in appropriate cell’s compartments (Anjum et al. 2012). Several works have
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revealed that the content of NPT (especially GSH) increased after soil plants
exposure to metal contamination (Bruns et al. 2001; Israr et al. 2006; Gupta et al.
2010; Aygun et al. 2011; Requejo and Tena 2012). On the other hand, declines on
those contents have also been reported in literature (De Vos et al. 1992; Wang et al.
2004; Ben Ammar et al. 2008). Non-protein thiols, especially GSH, can react directly
with metals by forming thiolic compounds/metal complexes in cytoplasm in order to
reduce metal toxicity and proceed to metal compartmentalisation in cell (Krystofova
et al. 2009). In fact, Bruns et al. (2001) confirmed that Cd was bound to SH groups
(probably those from GSH) in moss cells’ cytoplasm. These complexes were
thought to be transported and stored in vacuoles where they would be degraded and
accumulated in the form of phosphate (Bruns et al. 2001). Glutathione has a dual
role as a constituent of cell’s defence mechanisms participating in reactions of
oxidation and reduction (scavenging of ROS) and in metal complexation (Jozefczak
et al. 2012).

Figure 1.4 – Scheme of plant cells detoxification mechanisms against inorganic and organic pollutants
(metallothioneins (MT), nicotianamine (NA), organic acids (OA), glutathione (GSH), phytochelatins (PC)
and glucose (Glu), brown boxes with arrow represent the possible entrances for pollutants into the cell).
(Source: Pillom-Smits 2005)
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Furthermore, GSH is a substrate for PC biosynthesis, important metal-binding
ligands with a general structure of (γ-Glu–Cys)n–Gly (n varies from 2 to 11) (Cobbett
and Goldsbrough 2002). The use of buthionine sulfoximine, an inhibitor of GSH
biosynthesis, have successfully demonstrated a close relationship between PC
production and GSH, as well as, between PC and plant’s tolerance to metals
(Inouhe 2005; Ben Ammar et al. 2008). Cadmium has been considered the main
activator of PC in plant cells (Guimarães et al. 2008), nevertheless other metals, e.g.
Cu, As, Zn Ag, Pb, can also induce the PC biosynthesis (Inouhe 2005; Arnetoli et al.
2008). These peptides are particularly effective in complexing metals ions being
therefore associated to metal accumulation in plants (Inouhe 2005). In addition, PC
might also be involved in metal translocation from roots to stems, for instance, in the
case of Pb (Figueroa et al. 2007). Inside plant tissues, such chelating compounds
play a role in tolerance, sequestration, and transport of metals being unquestionable
their relevance for the phytostabilisation and phytoextraction of metals.
Herbicides, PCBs, TBT, PAHs have also been shown to trigger an antioxidant
response in plant cells affecting either the levels of antioxidant molecules (Paková et
al. 2006; Iriti et al. 2009; Liu et al. 2009) or the activities of antioxidant enzymes
(Pflugmacher et al. 2000; Schröder et al. 2003; Paková et al. 2006). The
detoxification of organic pollutants seems to be mediated by the antioxidant system
of plants (Dixon et al. 1998). Conjugation of organic pollutants to GSH catalysed by
enzymes can occur in cytoplasm (Pilon-Smits 2005) and plays a role in the
sequestration and tolerance of organic pollutants. Furthermore, such pollutants can
be transported out of cells or into vacuoles in which their subsequent degradation
may occur (Meagher 2000).
The uptake, translocation and accumulation of both inorganic and organic
pollutants in plant tissue without triggering major toxic effects are desirable
properties when choosing a plant for phytoremediation purposes. Plants’ response
to pollutants seems to be dependent upon plant species, pollutant nature and
concentration and the conditions of the experiment. Plant’s detoxification
mechanisms help them to cope with inorganic and organic contamination but, in
some cases, they are not sufficient and efficient enough to prevent the occurrence
of, to a higher or lower extent, deleterious effects (e.g. lipid peroxidation) (Ben
Ammar et al. 2008; Thounaojam et al. 2012). Plants with more efficient detoxifying
mechanisms seem to have greater tolerance and capacity to remediate pollutants
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(metal hyperaccumulators or metal accumulating plants) than sensitive plants
(Gupta et al. 2010; Tian et al. 2011).
Little is still understood about the antioxidant response of salt marsh plants
triggered after plant exposure to contaminants and the involvement of thiolic
compounds in pollutants remediation. Indeed, most studies on this matter have been
centred on cultivar and herbaceous plants similarly to what happened for
ALMWOAs. Nevertheless, available studies have already confirmed that marsh
plants also rely on antioxidant molecules and enzymes to maintain their equilibrium.
For instance, thiolic proteins and PC have been found in S. maritima (Padinha et al.
2000) and H. portulacoides (Válega et al. 2009) tissue collected from their natural
environment. Hydroponic studies have also revealed that Cd contamination induced
the production of GSH and PC (Iannelli et al. 2002; Pietrini et al. 2003; Ederli et al.
2004; Chen et al. 2007) and the activity of antioxidant enzymes (Fediuc and Erdei
2002; Iannelli et al. 2002; Ederli et al. 2004) in P. australis roots and leaves cells
being those involved in the detoxification of Cd. Nevertheless, P. australis
specimens used in these studies were adapted to freshwater systems, being scarce
the knowledge concerning specimens adapted to media with high salinity.
Pollutants sequestration and tolerance are related traits, so that plant’s
tolerance

to

pollutants

phytoremediation.

contamination

Understanding

constitutes

plants’

a

detoxification

prerequisite

for

mechanisms

their
is

of

considerable importance for optimising the use of plants in phytoremediation
procedures. In marsh plants case, these have been used in constructed wetlands for
phytoremediation purposes and are utterly important for the clean-up of
contaminated sediments (their inhabiting medium). Therefore, a better molecular
understanding of the key processes behind detoxification, storage and translocation
of pollutants in these plants is still necessary.

1.2

OBJECTIVES

This PhD project aimed at surveying the chemical composition of exudates,
particularly, ALMWOAs, released by vascular marsh plants, and how very common
environmental contamination, like trace metals and organotins, may condition the
liberation of such compounds. Information on this topic for salt marsh plants is still
scarce, despite being very relevant to understand the role of ALMWOAs on
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chemical speciation, bioavailability and remediation of pollutants from, for example,
estuarine environments. In order to attain this aim, a prior goal, the development of
suitable analytical methodology for determination of ALMWOAs released by marsh
plants roots, had to be pursued.
As thiolic compounds are frequently involved in plant defence mechanisms
against metals toxicity, an additional aim consisting in surveying the chemical
composition and the levels of thiolic compounds accumulated in marsh plants
tissues in different environmental conditions and contamination levels, was also
assessed.
Several marsh plants species, very common in European estuarine marshes,
were used. Some studies were carried out in situ to evaluate natural levels of the
compounds that were subject of the study. However, most of the experiments were
carried out in well-controlled conditions, in vitro or at microcosm scale, to facilitate
the interpretation of the results.

1.3

ORGANISATION OF THE DISSERTATION

This dissertation is structured in four parts, namely, introduction, experimental
procedures, results and their discussion and conclusions.
The first part (Chapter 1) includes a general introduction on the research
already conducted on the exudation of ALMWOAs by plant roots and the production
of thiolic substances in plant cells. The aims and the organisation of the dissertation
are also presented.
The second part (Chapter 2) contains the description of the experimental
designs of all the studies conducted, the sampling and analytical procedures and the
reagents and solutions used.
The third part is devoted to the presentation and discussion of the results
achieved on each of the different studies performed. Each chapter starts with a short
introduction focusing the specific aspects about the described work and the specific
aims, followed by an experimental section devoted to particular experimental details.
At the end of chapter, the main conclusions of the work are also presented. This
third part is composed by five chapters.
Chapter 3 describes the development of a solid phase extraction (SPE) - high
performance liquid chromatography (HPLC) – diode array detector (DAD) method
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for ALMWOAs determination in plant root exudates. This chapter is in submission
process for publication in an international peer review scientific journal.
Chapter 4 is devoted to the study about the ability of P. australis and H.
portulacoides for releasing ALMWOAs into the surrounding medium taking into
consideration possible seasonal variation.
Chapter 5 presents the results of an in vitro study on the response of P.
australis and H. portulacoides to media contaminated with different metals or
organotins, in terms of ALMWOAs liberation. In addition, a study on the seasonal
variation of ALMWOAs exudation by P. australis roots in the presence of Cu is also
presented and discussed.
In Chapter 6, the levels of trace metals and thiolic compounds, particularly
NPT, accumulated in the natural environment in roots of the salt marsh plants P.
australis, J. maritimus, Triglochin striata and H. portulacoides were determined in
order to research a possible relationship between the levels of metals accumulated
and those of NPT found in marsh plants roots. This chapter is in submission process
for publication in an international peer review scientific journal.
In Chapter 7, the involvement of NPT on metal tolerance mechanisms of P.
australis against Cd and Cu toxicity was researched in controlled experimental
conditions which simulated the natural estuarine environment.
In the fourth part (Chapter 8), the global conclusions of the work are
presented.
A list of references is included at the end of each chapter.
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2.1

FIELD WORK

Freshwater, estuarine water, marsh plants and sediments were collected at
two rivers of the north of Portugal, Lima and Cávado Rivers (Figure 2.1 A and B),
and at the respective estuarine areas.

2.1.1 Sampling areas
The estuary of Lima River (Figure 2.1, A) develops on the mouth of the river
which flows from Orense province (Spain) towards the city of Viana do Castelo,
presenting a watershed of about 2500 km2 (INAG 2000a). This estuary presents a
semidiurnal high-mesotidal regime, reaching a maximum height of 4 m at
astronomical spring tide. Both margins of the estuary present tidal flats and intertidal
ecosystems, such as salt marshes (Vieira and Pinho 2010). An important
Portuguese harbour, serving commercial navigation and fishing activities, is situated
within the estuary area, being, along with agriculture runoff and urban and industrial
discharges, source of disturbance to the estuarine ecosystems (Sousa et al. 2007).

A

B

Figure 2.1 – Geographical locations of the sampling sites (A) Lima River estuary and (B) Cávado River estuary
(white circles).
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Cávado River estuary is also located in the north-western coast of Portugal
(Figure 2.1, B), in the coastal zone of Esposende (area presenting an extension of
over 15 km from Neiva River until Apúlia). The estuary forms on the mouth of
Cávado River, which flows from Larouco mountain range towards the city of
Esposende and presents a watershed of about 1600 km2 (INAG 2000b). Coastal
zone of Esposende has been considered a segment of mixed energy and wave
dominated-type, presenting the estuary a mesotidal semidiurnal regime and a mean
spring-tide range of 3.75 m (Loureiro et al. 2005). Cávado River estuary is
separated from the sea by an extensive spit and is limited, on the north margin, by
the city of Esposende, presenting a natural area of 6 ha. The north margin is
characterised by an intense anthropogenic activity due to the presence of a harbour,
serving naval construction, fishing and recreation activities, while the south margin is
mainly composed by natural areas as tidal banks, salt marshes and estuarine
islands (Coelho 2005).

2.1.2 Sampling procedures
Specimens of different marsh plants, namely, P. australis, T. striata and J.
maritimus were collected in Lima River estuary (41.6855 N; 8.8209 W) and
specimens of H. portulacoides, J. maritimus and T. striata were collected in Cávado
River estuary (41.5228 N; 8.7846 W) (Figure 2.1 (white circles) and Figure 2.2). For
the in vitro studies, part of the sediment surrounding roots of H. portulacoides and P.
australis specimens was removed at the site. Only green plants without a senescent
appearance and with similar size and age were collected. The plant specimens were
transported to the laboratory in plastic buckets within 1 to 2 hours. At the laboratory,
plants were rinsed with deionised water with the purpose of removing all sediment
around roots. Before proceeding with the in vitro experiments (section 2.2), roots of
the selected plants were always rinsed in deionised water containing the
antimicrobial agent Micropur@ (active ingredient: silver ions) for 1 minute, to stop
microbial action (to prevent degradation of the exudates during the further
experiments) (Pedler et al. 2000) and then rinsed in the water selected for the in
vitro experiments for 30 s to remove the mentioned agent.
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For the microcosm study (section 2.3), rhizosediment cores containing P.
australis stands (cubes of approximately 10 per 10 cm) were collected, transported
in plastic buckets and placed in a greenhouse.
Sediment (non-colonised but next to stands of the specimens collected),
rhizosediment (sediment surrounding the plant roots) and estuarine water were
collected in a salt marsh area of Cávado and Lima River estuaries colonised by the
plants collected (Figure 2.1). Sediments were retrieved by means of a plastic shovel,
placed in polyethylene plastic bags and immediately stored in a portable refrigerator.
Estuarine water was collected in 1.5 L plastic bottles (firstly rinsed with water at the
site). Sediments and rhizosediments, for sediment characterisation and for metal
determination, were placed in plastic trays and dried at room temperature, until no
variation of the respective weight was observed.

A

B

Figure 2.2 – Sampling procedures: A – H.
portulacoides specimens B – P. australis plants
specimens C – Removal of the sediment surrounding
roots of P. australis.

C

Freshwater from Cávado River, used for the in vitro studies on marsh plants
exudation (section 2.2), was collected in 1.5 L plastic bottles (rinsed with water at
the site) at Barca do Lago, Esposende, Portugal, at approximately 8 km far from the
river mouth. At the laboratory, freshwater (not used in those studies) was filtered
using plastic filtration systems provided with 0.45 µm porosity nitrocellulose filters
(Millipore), stored in plastic bottles and frozen at -20 °C until use. All sampling
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proceedings were carried out at low tide. During sampling, temperature, conductivity
and salinity of waters were measured using YSI 6820 CTD equipment.

2.2

IN VITRO STUDIES OF ALMWOAs EXUDATION BY
MARSH PLANTS ROOTS

Exudation studies (Chapter 4 and 5) were performed, in vitro, using P.
australis and H. portulacoides specimens. P. australis is a perennial macrophyte
which presents, in temperate climate, a distinct seasonal cycle. The vegetative cycle
initiates in spring and achieves its maximum of development in summer. On the
other hand, winter is characterised for the dying back of the aboveground parts,
however the underground rhizomes are constantly active throughout the seasons
(Baldantoni et al. 2009). H. portulacoides is a greyish-green shrub, with a wide
distribution in the European salt marshes, presenting a clear seasonal variation in its
cycle of life. With sowing occurring in autumn (mature stage of the plant), the seeds
germinate from winter onward. From spring to early summer, the aboveground parts
biomass increase and flowering occurs from July to September. Subsequently, plant
biomass gradually decreases until winter (Válega et al. 2008).
Only robust P. australis specimens with well-developed root systems and of
similar size were selected. Roots and a small part of the stems of H. portulacoides
specimens were cut and the remaining part was placed in plastic vessels filled with
one quarter strength modified Hoagland nutrient solution (Hoagland and Arnon
1950) for approximately one month to permit new root biomass development
(procedure adapted from Almeida et al. (2008) (Figure 2.3)). During this period,
vessels were wrapped in aluminium foil, to prevent the exposure of the new roots to
light. Plants were kept at 18–21 °C and subjected t o natural light/dark cycles and
nutrient solutions were replaced every three days.

Figure 2.3 – Illustration of the conditions used for
promoting new root biomass growth on H. portulacoides
specimens.
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Response of P. australis roots, in terms of ALMWOAs exudation, was tested
by immersing groups of roots (three specimens per replicate), for 2 hours, in 40 mL
of the selected solutions. A 410 mM NaCl solution prepared in deionised water,
Cávado River freshwater and Cávado River estuary water (both waters tested in
sterilised and non-sterilised conditions) were used for the purpose. Waters
sterilisation (freshwater and estuarine water) was carried out by performing two
consecutive filtrations (plastic filtration system provided with 0.45 µm porosity
nitrocellulose membranes (Millipore) followed by filtration using 0.1 µm porosity
nitrocellulose membranes (Millipore)). For H. portulacoides, groups of roots from
specimens of this plant (five specimens per replicate) were exposed only to
freshwater (30 mL), for 2 hours, after the root washing procedure described above.
The exudate collection procedure was adapted from a previous work performed in
our laboratory (Mucha et al. 2005). All studies were carried out in triplicate. In vitro
studies with freshwater were performed for P. australis specimens collected in
spring, summer, autumn and winter and in spring and autumn for H. portulacoides
(Chapter 4).
For assessing the content of ALMWOAs present in pore waters from
rhizosediments around roots of P. australis and H. portulacoides and non-colonised
sediments, these were collected with plastic corers (Figure 2.4), closed with
Parafilm@, and carried intact to the laboratory within about 2 hours under
refrigeration. Pore waters from rhizosediments and sediments were extracted by
centrifugation (2500 rotations per minute (rpm) for 20 minutes, being this procedure
repeated three times) and the supernatant was immediately filtered through a filter
unit of 0.45 µm pore size (Whatman) by means of a syringe (interstitial water was
acidified by the addition of a suitable amount of a 1.8 M H2SO4 solution for posterior
analysis in HPLC) (adapted procedure Mucha et al. (2010)).
To investigate short-term response of the plants under study to pollutants
contamination (Figure 2.5), groups of P. australis and H. portulacoides plant roots
(three and five specimens per replicate, respectively) were immersed separately
(being firstly washed as described above), for 2 hours, in freshwater (control) and
freshwater enriched with different concentrations of Cu, Ni and Cd (100 µg/L and 10
mg/L of Cu, 50 µg/L and 5 mg/L of Ni and 10 µg/L and 1 mg/L of Cd (isolated and
mixed)) and 5 µg/L of TBT. In vitro studies with freshwater enriched with Cu were
performed for P. australis specimens collected in spring, summer and autumn
(Chapter 5).

72

FCUP
Experimental procedures

A

B

C

D

Figure 2.4 – Illustration of sample collection of rhizosediment corers from areas colonised by H.
portulacoides and P. australis (A and C, respectively) and of sediment corers at approximately 1.5 m
from the marsh plants stands (B and D, respectively).

All in vitro studies were carried out in triplicate. In all experiments, plants were
manipulated and kept under the same light (natural sunlight) and temperature
conditions (controlled room temperature 20 °C) in o rder to allow valid comparisons.

Figure 2.5 – Illustration of P. australis specimens immersed in freshwater in the presence or in the
absence of contaminants.
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At the end of the experiments, plants roots were rinsed with deionised water
and dried at room temperature until constant weight for metal determination.
Specimens not exposed to the contaminated and non-contaminated media (basal
levels) were treated similarly. In order to identify and quantify compounds exuded by
the plants, all the obtained solutions were immediately filtered through 0.45 mm
cellulose nitrate membranes (Millipore) and frozen at – 20 °C. Regarding plant’s
response to metals, aliquots of the filtered solutions were acidified (1% nitric acid)
for metal analysis. Aliquots of freshwater and freshwater enriched with the chosen
contaminants and not exposed to any of the plant roots were also stored for
determination of ALMWOAs and metals in order to quantify natural concentrations of
ALMWOAs in freshwater and the concentration of the selected contaminant after
equilibrium and/or during the exposure period.

2.3 IN VITRO AND MICROCOSMS STUDIES OF THIOLS
PRODUCTION IN MARSH PLANTS
For assessing the natural levels of thiolic compounds in roots of P. australis,
T. striata, H. portulacoides and J. maritimus collected as described in section 2.2,
the roots of each plant species under study were separated from the plants and
immediately frozen, at – 20 ºC (Chapter 6). Rhizosediments of each marsh plant
and non-colonised sediments, as well as roots of each marsh plants, were dried until
no weight variation for metal determination (Cu, Ni, Cd, Pb, Mn, Zn and Cr).
At laboratorial scale, two sets of experiments were carried out: (1) in vitro
studies, performed for Cu and Cd in rhizosediment soaked with the respective
elutriate solution, and (2) a microcosm study, using rhizosediment cores with P.
australis stands (performed only for Cd). The set (2) of experiments was only
possible by the kindness of the researchers responsible for the project PHYTOBIO –
“Phytoremediation and bioremediation of contaminants in salt marshes: plant –
microorganisms interactions” (PTDC/MAR/099140/2008)), which provided the
required logistic conditions.
For the in vitro studies (Chapter 7, section 7.3.1), rhizosediment elutriate was
obtained by mixing 50 g of wet sediment with 200 mL of estuarine water, being
vigorously stirred for 30 minutes with a mechanical stirrer (P Selecta-Unitronic OR)
complemented by manual agitation, every 10 minutes, to ensure complete mixing,
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according to Environmental Protection Agency protocols (USEPA, 1991) as
described in Almeida et al. (2008). Then, P. australis plant roots (4 specimens per
replicate) were placed in glass vessels (250 mL) (wrapped in aluminium foil)
containing rhizosediment soaked in elutriate enriched with different concentrations
of Cu (0, 10 and 100 mg/L) and Cd (0, 1 and 10 mg/L) (Figure 2.6). All variables
were tested in triplicate. Two periods of exposure were tested: 7 days for both
metals and 15 days only for Cd. During the experiments, plants were kept under 18
– 20 °C and subjected to natural day/night regime w ith natural sunlight. In order to
guarantee that nutrient starvation would not be a factor contributing for oxidative
stress, a modified Hoagland nutrient solution was added to the media in day 1 (in all
experiments) and day 7 (in the 15 days experiment). However, a variable without
nutrient solution addition or metal contamination was also tested with the intention of
determining thiols levels in P. australis organs in these conditions. In addition,
rhizosediments soaked in elutriate enriched or not with metals, but not exposed to
plant roots, were kept under the same conditions.
A

B

C

Figure 2.6 – Illustration of the in vitro experimental set (A). Sediment soaked in elutriate (B) and evidence
that plants roots were completely immersed in the elutriate (C) are also shown.

For the microcosm study (Chapter 7, section 7.3.2), rhizosediment cores
containing P. australis stands were placed in plastic vessels adapted with plastic
taps and kept in a greenhouse randomly arranged (Figure 2.7). In order to minimise
sediment losses through the taps, a mixture of previously washed river pebbles was
placed in the bottom of the vessels. For acclimation purposes, vessels were watered
with a saline solution consisting in 2 L of a modified Hoagland solution and 2 kg of
NaCl for 200 L of tap water (prepared every other day in a large plastic bin) through
an automated irrigation system regulated so that the vessels were under 2 daily tidal
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cycles (each one of two 6 hours periods: one of flood and other of draught)
mimicking natural floods.
After six days, six vessels were contaminated with a saline solution (170 mM
NaCl) of 20 mg/L Cd and three vessels with a solution containing 2 mg/L Cd. For this
purpose, the irrigation system was shut down and vessel taps were closed. Then, 1
L of the Cd saline solution was added, being the tap of each vessel opened after six
hours.

A

B

Figure 2.7 – Illustration of the experimental set used for the microcosm study (A). Detail of the plastic
vessels containing rhizosediment cores with P. australis stands adapted with plastic taps is also shown
(B).

The output solutions were recovered to individual plastic bottles and poured
once again into the corresponding vessels (with the taps closed), in the following
day, being permitted to sink in for 3 hours. At this stage, three vessels doped with
the highest Cd concentration were removed to evaluate the response of the plants
to a short-term exposure to Cd. The remaining vessels were kept in the greenhouse
for 2 months in the abovementioned conditions. Temperature inside greenhouses
suffered from significant changes, varying in the first two weeks from 20 to 33 ºC
and in the remaining experiment period from 8 ºC to 20 ºC.
At the end of the experiments, plants from experiments (1) were removed from
the containers, washed with deionised water and part of the specimens was dried at
room temperature, until constant weight. Elutriate solutions were transferred to
plastic tubes (15 mL), centrifuged and acidified. Rhizosediments were placed in
plastic trays and dried at room temperature until no variation of the respective
weight was observed. The contents of Cd and Cu were determined in elutriate
solutions, rhizosediments and in P. australis plant tissues (roots, rhizomes, stems
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and leaves). In experiment (2), vessels were disassembled with plants’ aboveground
tissues being separated from plants’ belowground structures, which in turn were
carefully separated from the sediment and washed.
In both experiments, part of fresh roots and leaves of P. australis were frozen
and stored at – 20 °C for thiolic compounds determi nation and for chlorophyll and
carotenoids analysis (only for experiment (1)).

2.4

REAGENTS,

MATERIAL

AND

ANALYTICAL

METHODS

2.4.1 Reagents and material

The concentrations of auxiliary solutions used in the determinations performed
are expressed in molarity. The concentrations of metals and TBT solutions prepared
for spiking the media, to which the plants under study would be exposed, as well as,
their stock solutions, and the concentrations of concentrated stock or diluted
solutions of ALMWOAs, thiols and metals used for calibration purposes are
expressed in mass per litre. All results achieved are expressed in mass of the
substance measured per litre or per gram of plant or sediment.
Concentrated stock solutions of ALMWOAs (1000 mg/L) were prepared by
dissolving each ALMWOA in its acid form (citric, maleic, malic, malonic, succinic,
formic and acetic acids) or salt form (di-sodium oxalate) in deionised water
(conductivity < 0.1 µS/cm), being all reagents used pro analysis or HPLC grade.
Sodium hydroxide (pro analysis) was used to prepare a 1 M NaOH solution for pH
adjustment. Sodium chloride (pro analysis) was used to prepare the saline solutions
required for the in vitro and microcosm studies. A solution of 1.8 M H2SO4 was
prepared from H2SO4 95-97% (pro analysis). Metal stock solutions were prepared
from the respective metal chlorides salts (pro analysis) to be used on the in vitro
studies and microcosm study described in section 2.2 and 2.3.
Concentrated stock solutions of Cys (purity > 99.0 %, 100 mg/L), GSH (purity
> 98.0 %, 250 mg/L) and GSSG (purity > 98.0 %, 750 mg/L), as well as, solutions of
6 mM dithiothreitol (DTT) (purity > 99.0 %) and of 6 mM N-ethylmaleimide (NEM,
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purity > 99.0 %), were daily prepared by dissolving an appropriate amount of each
compound in deionised water. Solution of 0.2 M 2-(cyclohexylamino) ethanesulfonic
acid (CHES, purity ≥ 99.0 %) was prepared weekly in deionised water. The
derivatization solution (30 mM monobromobimane (mBrB, purity > 95.0 %)) was
prepared in methanol (HPLC grade). Solutions were kept in amber glass at 4 ºC in a
refrigerator (light protected from photo-degradation). K2HPO4 (pro analysis) and 5,5'dithiobis(2-nitrobenzoic acid) (purity > 99.0 %) were used to prepare a 0.5 M and a
10 mM solution, respectively, for total acid-soluble SH compounds (Total Thiols)
determination. Hydrochloric acid (37 %, reagent ACS, pro analysis) was used to
prepare a 0.1 M HCl solution. A 40 mM calcium carbonate (pro analysis) solution
was prepared in methanol (HPLC grade) for chlorophyll and carotenoids
determination.
The metal standards solutions used in the atomic absorption spectrometry
(AAS) determinations were prepared by dilution of AAS standard solutions (BDH,
Spectrosol grade) (1000 mg/L) in deionised water and acidified with 3% of
concentrated HNO3 (suprapure). Suprapure concentrated HNO3 and hydrogen
peroxide (30%, Anala-R NORMAPUR grade) were used for sediment and plant
tissue digestion.
All sample manipulations were carried out in a clean room with Class 100
filtered air (Class ISO 5). To prevent contamination, all sampling and labware
material were soaked in 20% (v/v) HNO3 solution for at least 24 hours, rinsed
several times with deionised water and dried in a Class 100 laminar flow hood
(Class ISO 5). Vials from HPLC were washed with deionised water in an ultrasonic
bath (Transsonic 460/H, Elma®). The SPE manifold components were washed with
deionised water and ethanol in the ultrasonic bath.

2.4.2 Sediment characterisation
The determination of organic matter (OM) content (mean and respective
standard deviation of three independent replicates) in the sediments was carried out
according to the European Committee for Standardization (1999) methodology. The
content of OM was determined in dry sediments (at 100 °C) by loss on ignition (4
hours at 500 °C). To quantify particle size distrib ution, sediments samples were
divided into five fractions in a mechanical shaker for sediment sieving, being
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adopted the following standard system: silt and clay (< 0.063 mm), fine sand
(0.063–0.25 mm), medium sand (0.25–1 mm), coarse sand (1–2 mm) and gravel (>
2 mm). Each fraction was weighed and expressed as percentage of the total dry
weight.

2.4.3 Determination of ALMWOAs

2.4.3.1 SPE purification and pre-concentration

Purification and pre-concentration of the ALMWOAs present in exudate
solutions of H. portulacoides and P. australis were performed in a 24-position SPE
Extraction Vacuum Manifold (VisiprepTM 24, Supelco) provided with Oasis Max
cartridges (6 cc/150 mg, 30 µm particle size) from Waters Oasis®.
The SPE cartridges were preconditioned with 6 mL of methanol followed by 6
mL of an aqueous solution with pH adjusted to 9 (with NaOH). After a solution
(standard, for optimisation procedures 6 mL, or sample, 20 mL, with pH adjusted to
9) being passed through the cartridges, these were washed with the aqueous
solution of NaOH (pH 9, 6 mL) and the analytes were then eluted with 8.5 mM
H2SO4 solution in methanol (6 mL).
Subsequently, the SPE pre-treatment was applied for both the loading solution
and the elution solution obtained on the abovementioned SPE purification. For this
purpose, the loading solution pH was firstly adjusted to 9 and the eluted solution
was evaporated, under a nitrogen flow at 30 °C (after pH adjustment to 9 with a 0.1
M NaOH solution), and the residue dissolved in deionised water (pH adjusted to 9).
New SPE cartridges were used in each purification step. Eluted solutions from these
last two SPE procedures were evaporated and the residue was dissolved in 1 mL of
8.5 mM H2SO4 aqueous solution (HPLC mobile phase) for analysis.
Exudate solutions from experiments with estuarine water and synthetic NaCl
solution were directly analysed in the HPLC. The same procedure was carried out
for pore water from sediments and rhizosediments of P. australis and H.
portulacoides plants. Recovery percentages of the ALMWOAs under study in pore
waters were assessed by means of addition of two known amounts (within the
concentration range used) of each ALMWOA standard.
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2.4.3.2 HPLC analysis

The ALMWOAs were determined by HPLC (method adapted from the column
manufacture’s specifications) using a Phenomenex column Rezex ROA-organic
acids H+ (300x7.80 mm, 8 µm) in a Beckman Coulter System Gold HPLC with a 126
solvent module, provided with a 168 DAD and a 508 auto-sampler. The mobile
phase (8.5 mM H2SO4 aqueous solution) was previously filtered through a 0.45 µm
porosity nitrocellulose filter (Millipore) and degassed in an ultrasonic bath for 30
minutes. The column operated at room temperature at a flow rate of 0.36 mL/minute
and each run took 30 minutes. Prior to the analysis, all injected solutions were
acidified for pH < 3 with a suitable volume of 1.8 M H2SO4 solution. The injection
volume was 50 µL for all runs. All data were acquired and processed with 32 Karat
TM

software package (Beckman Coulter) with a photo diode array acquisition from

190 to 600 nm, being the ALMWOAs detected at 210 nm. Standard solutions for
ALMWOAs analysis were daily prepared in deionised water (conductivity <0.1
µS/cm) from a mixed stock standard solution (100 mg/L) prepared from the
individual stock solutions of each ALMWOA (1000 mg/L). Calibration was performed
by means of six mixed standards solutions with different concentrations of the
ALMWOAs. The standard solutions concentration range used was: 2 to 12 mg/L for
citric, malic, malonic, succinic, formic and acetic acid, 0.4 to 2.4 mg/L for oxalic acid
and 0.2 to 1.6 mg/L for maleic acid.

2.4.4 Determination of thiols
Cysteine, GSH and GSSG were determined in roots of P. australis, H.
portulacoides, J. maritimus and T. striata and in roots and leaves of P. australis
used in the in vitro and microcosms studies described in 2.3.

2.4.4.1 Thiolic compounds extraction and derivatization

For thiolic compounds extraction, 200 mg of frozen root or leaf material was
disintegrated with a mortar and pestle to a fine powder, by means of liquid nitrogen,
and thiols were extracted with 2 mL of 0.1 M HCl solution on vortex, being
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afterwards centrifuged for 30 minutes at 2.500 rpm. The supernatant was filtered
through a 0.45 µm cellulose nitrate membrane.
For proceeding with Cys, GSH and its oxidation product, GSSG, analysis, the
pH of the extract was adjusted to 7.0 (by addition of NaOH 1 M) and a derivatization
process was carried out. To determine Cys and GSH, a 120 µL aliquot of the
sample extract or of a standard solution was mixed with 180 µL of 0.2 M CHES
buffer (pH 9.3) and 30 µL of 6 mM DTT solution and incubated 1 hour on ice. In the
case of GSSG, a 200 µL aliquot of the extract or of a standard solution was mixed
with 300 µL of CHES solution and treated with 50 µL of 6 mM NEM. The reaction
was carried out at room temperature for 10 minutes, being 30 µL of 3 mM DTT then
added to the aliquots and incubated for 1 hour on ice. Subsequently, 10 µL of 30
mM mBrB was added to the aliquots. After an incubation time of 15 minutes in the
dark, the reaction was stopped by adding 250 µL of an 873 mM acetic acid solution,
being afterwards analysed by HPLC. The used method was based on methods
proposed for thiol analysis in biological samples (Newton and Fahey 1995;
Koprivova et al. 2002; Jarosz-Wilkołazka et al. 2006; Rother et al. 2006).

2.4.4.2 NPT analysis

The analysis of the thiolic compounds was performed using a C8 Luna column
(250 mm × 4.60 mm, Phenomenex, UK) in a Beckman Coulter System Gold HPLC
with a 126 solvent module, provided with a fluorescence detector (JASCO, FP1520)
and an auto-sampler (module 508). The mobile phases were (A): 2% (v/v)
methanol/98% (v/v) water/ 0.25% (v/v) acetic acid (pH 4.3) and (B): 90% (v/ v)
methanol/10% (v/v) water/0.25% (v/v) acetic acid (pH 3.9), being filtered through a
0.45 µm porosity nitrocellulose membrane (Millipore) and degassed in an ultrasonic
bath for 30 minutes prior use. The column operated at room temperature at a flow
rate of 0.80 mL/minute and each run took 30 minutes. The injection volume was 50
µL for all runs. The following gradient was used: 7 % of eluent B (93 % of eluent A),
keeping isocratic conditions during 3 minutes, followed by 27 minutes of linear
gradient to 100 % of eluent B and, later, 3 minutes of a linear gradient to 3 % of
eluent B (97 % eluent A) in order to re-equilibrate the column. All data were acquired
and processed with 32 Karat

TM

software package (Beckman Coulter), being the

derivatization product detected by fluorescence (λ excitation = 380 nm and λ
emission = 480 nm). Calibration was performed by means of standards solutions

FCUP

81

Experimental procedures

with different concentrations (five) prepared daily in a 0.1 M HCl solution (with pH
corrected to 7 with a 1 M NaOH solution) from more concentrated standard solutions
(100 mg/L Cys, 250 mg/L GSH and 750 mg/L GSSG). The thiol standard solutions
concentration range used was: 0.1 to 1.2 mg/L for Cys, 0.25 to 3 mg/L for GSH and
0.25 to 4.5 mg/L for GSSG.

2.4.4.3 Total acid-soluble SH compounds analysis

For determining the level of Total Thiols 600 µL of the extract (with acidic pH)
was mixed with 1.26 mL of 0.5 M K2HPO4 (pH adjusted to 7 with a 1 M NaOH
solution) and 50 µL of 10 mM 5,5'-dithiobis(2-nitrobenzoic acid). The absorbance at
412 nm was read after 5 minutes (De Vos et al. 1992). Calibration was performed by
using GSH standard solutions prepared in a 0.1 M HCl solution (0 mg/L – 20 mg/L).

2.4.5 Chlorophyll and carotenoids determination

Chlorophyll a (Chl. a), chlorophyll b (Chl. b), total chlorophyll (total Chl.) and
carotenoids in P. australis leaves were extracted and quantified according to a
modified protocol of Abadía et al. (1984). For that, 12.5 mL of 40 mM calcium
carbonate solution prepared in methanol were added to 0.5 g of P. australis leaves.
After 48h, the supernatant was collected and the absorbance signal was measured
at 480 nm, 663 nm and 645 nm. The amount of total chlorophyll, Chl. a, Chl. b and
carotenoids extracted (expressed in mmol/g of leaf fresh weight (FW)) was
calculated based on the equations (1), (2), (3) and (4).
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2.4.6 Metal determination
Copper, Ni and Cd were determined in freshwater, root exudate solutions and
plant roots of P. australis and H. portulacoides involved on the exudation studies.
Cadmium and Cu were measured in elutriate solutions, P. australis organs and
rhizosediments from the in vitro and microcosm (only Cd) studies described in
section 2.3. Furthermore, apart from the mentioned metals, Zn, Pb, Cr and Mn were
also determined in non-colonised sediment, rhizosediment and plant roots of P.
australis, H. portulacoides, J. maritimus and T. striata collected from their natural
habitats.
Dried tissues of the plants under study were digested as described in another
work (Almeida et al. 2004). Aliquots of the plant tissue (ca. 0.5 g) were digested in
closed polytetrafluoroethylene (PTFE) vessels at high-pressure, with 1 mL of
suprapure concentrated HNO3 and 5 mL of H2O2 (30% (v/v)), using an advanced
microwave digestion system (Ethos 1, Millestone).
Aliquots of dried sediment (ca. 0.25 g) were also digested in closed PTFE
vessels at high-pressure, with 5 mL of suprapure concentrated HNO3. The digestion
program used for both digestions consisted in three steps of 5 min each, at 250 W,
400 W and 500 W, respectively. After digestion, the obtained solutions were diluted
to 10 mL with deionised water and transferred to polyethylene tubes.
Metal contents were determined by AAS either with flame atomization (AAS-F)
(PU 9200X, Philips) or with electrothermal atomization (AAS-ET), provided with a
Zeeman background correction (4100 ZL, Perkin-Elmer coupled to an AS 70
autosampler), depending on the levels, by means of hallow cathode lamp of the
respective metal (Heraeus). Table 2.1 presents the instrumental conditions used.
External calibrations were performed every working day by means of five aqueous
matched standards solutions.

Table 2.1 – Instrumental conditions and some characteristics of the method used in the analysis of metals by AAS.
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INTRODUCTION AND AIMS

For identifying and quantifying ALMWOAs from environmental samples, a
number of analytical techniques have been used, namely, liquid chromatographymass spectrometry (Erro et al. 2009), ion chromatography (Casey et al. 1998; Xiao
et al. 2009), capillary electrophoresis (Wang et al. 2003; Rivasseau et al. 2006), gas
chromatography (Chen et al. 1998; Szmigielska et al. 2002) and HPLC (van Hees et
al. 1999; Ahonen-Jonnarth et al. 2000; Tawaraya et al. 2006; Wang et al. 2006a).
High pressure liquid chromatography has been the technique most commonly used,
despite difficulties being observed in some studies in terms of an efficient separation
and accurate quantification of some ALMWOAs caused by: (1) the complex nature
of the matrices, (2) low concentration of ALMWOAs in the nature and (3) easily
contamination during handling of the samples from sampling to analysis (Wang and
Zhou 2006). Therefore, a sample pre-treatment step may be required prior to
ALMWOAs analysis by HPLC in order to overcome some of the mentioned
problems, as well as, to avoid the damage of the analytical equipment.
Solid phase extraction is a sample-extraction technique which permits the
extraction of the chemical constituents from a liquid sample via retention on a
contained solid sorbent, being subsequently eluted by means of a solvent with
greater affinity for the sorbent (Blevis et al. ; Kunin 1958; Berrueta et al. 1995). This
is a very versatile technique as there is a variety of sorbents available, being
simultaneously used for purification and enrichment of analytes (Blahova and
Brandsteterova 2004). For these reasons, SPE has been applied as a pre-treatment
step on several environmental and biological samples (Fontanals et al. 2011).
Efficient SPE recovery obviously depends on an appropriate SPE sorbent
selection, since the interactions established between the surface of the sorbent and
a chemical (van der Waals, π-π interactions, hydrogen bond and Coulomb forces)
will determine the affinity of the chemical for that sorbent (Bäuerlein et al. 2011).
Therefore, it is essential to have knowledge about the chemical characteristics of
both sorbent and analytes of interest (Blevis et al. ; Kunin 1958).
Initially, SPE sorbents were silica-based being the sorbents of different
nature/modes as groups of C18, C8, C2, phenyl and CH (reverse-phase mode) or CN
and NH2 (normal-phase mode) were introduced in the silica substrate. Ion-exchange
sorbents presented sulfonic acid, carboxylic acid, quaternary, secondary and ternary
amines in the silica substrate (Blevis et al.). Silica-based sorbents had, however,
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some limitations as instability at extreme pHs, low recovery percentages for polar
compounds and presence of residual silanol groups (Fontanals et al. 2010). Later,
carbon-based sorbents and macroporous polymeric sorbents have emerged. These
polymeric sorbents overcame some of the mentioned limitations of the silica-based
ones, but also, some of the limitations of carbon-based sorbents (for instance,
irreversible retention of some analytes). More recently, hypercrosslinked sorbents
were shown to be highly efficient owing to their high specific surface area (greater
number of interaction points) (Fontanals et al. 2010).
Mixed-mode ion-exchange sorbents have been gaining interest over the last
decades. This type of sorbents results from the combination of a polymeric sorbent
with ion-exchange groups, hence the establishment of both reverse-phase and ionexchange interactions is possible (Fontanals et al. 2007). Some mixed-mode anionexchange sorbents are generally very stable and charged at any pH (high pKa)
(Bäuerlein et al. 2011), having been designed to extract selectively anionic
substances from complex matrices by means of ion-exchange interactions with the
cationic groups. Nevertheless, hydrophilic and hydrophobic interactions can also be
established with the polymeric structure (Fontanals et al. 2010).
Apart from the appropriate choice of a sorbent, the SPE procedure also
depends significantly upon the efficiency of the extraction and elution process of the
analytes (Kunin 1958; Fontanals et al. 2010). Generally, a SPE procedure is
composed by four steps, namely, a conditioning step (wetting of the sorbent with a
suitable sorbent (normally, methanol) in order to proportionate a proper environment
for analytes retention), a loading step (in which the sample is loaded through the
sorbent), a washing step (to remove possible interferences which remained in the
sorbent) and an elution step (to elute the retained analytes). For some sorbents, a
drying step before elution may even be required. A study on the suitability of the
chemical characteristics of the sample solution and of the washing and elution
solutions to be used must, therefore, be carefully conducted in order to maximise
the retention of analytes, the removal of interferences and, later, the elution of the
aiming chemicals.
Solid phase extraction has been used for ALMWOAs determination, providing,
simultaneously, purification and pre-concentration of these analytes. In solution and
under a certain alkaline pH, ALMWOAs present anionic characteristics as a result of
the loss of hydrogen ions from the carboxyl groups. An anion-exchange mechanism,
which permits ionic interactions between carboxylic acids from the sample and the
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cationic sorbent, has been employed on many studies, mainly on root exudate
solutions released by crop plants exposed to Al (for example, rye (Li et al. 2000),
wheat (Wang and Zhou 2006; Wang et al. 2006a), buckwheat (Zheng et al. 1998;
You et al. 2005) and sugar beet (Casey et al. 1998)) and legumes plants subjected
to phosphorus deficiency (Johnson et al. 1996; Aono et al. 2001)). Anion-exchange
mechanisms have also been employed on hyphal exudate solutions released by
mycorrhizal fungi (Tawaraya et al. 2006), fruit juice (Chinnici et al. 2005; Marconi et
al. 2007) and coffee matrices (Rodrigues et al. 2007) in studies on food quality.
Silica-based sorbents have been frequently used on these studies, not being,
despite the abovementioned limitations, reported any problems concerning their
use. In fact, for some ALMWOAs, high recoveries have been reported (Ma et al.
1997; Wang et al. 2006a) and the use of such sorbents as a pre-treatment step prior
to the analysis was shown to improve the ALMWOAs analysis (Casey et al. 1998).
To the best of our knowledge, no other types of SPE sorbents were tested for the
measurement of ALMWOAs in root exudate solutions. But, for instance, anionexchange polymeric sorbents have some features that may pose an advantage
regarding the pre-concentration of ALMWOAs.
On the other hand, most studies on rhizodeposition of ALMWOAs have been
centred on cultivar and herbaceous plants, being this kind of studies on marsh
plants still scarce. Solutions containing exudates resulting from the exposure of the
plant to water (natural or synthetic), despite being simpler than soil solutions,
present complex matrices since, apart from ALMWOAs, plants exude a wide range
of compounds into the surrounding environment. In addition, marsh plants (adapted
to high salinity media) have more complex root exudates solutions than plants from
agricultural soil, due to the increasingly presence of inorganic anions, which may
interfere to some extent with the analysing method of ALMWOAs. To simplify the
matrix, in the few studies carried out on this subject, root exudates were collected by
means of roots incubation in a simpler aqueous medium (Mucha et al. 2005;
Haoliang et al. 2007), not presenting, apart from a possible evaporation step, a
sample pre-treatment step.
The main aim of this work was to develop a method for determining the
ALMWOAs released from marsh plant roots subjected to different exposure
conditions. As ALMWOAs occur in nature at very low concentrations (Jones 1998),
a pre-concentration step of the exudation solution before analysis is highly
recommended, so SPE was selected for that purpose. Two sorbents were tested,
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namely, an anion-exchange sorbent of similar nature to the ones used on previous
works involving ALMWOAs pre-concentration from root exudate solution (Johnson
et al. 1996; Casey et al. 1998; Aono et al. 2001; Chinnici et al. 2005; Rodrigues et
al. 2007) and a mixed-mode anion-exchange and reverse-phase sorbent which is
characterised for having high selectivity and sensitivity for acidic compounds and, to
the best of our knowledge, has never been used for ALMWOAs pre-concentration.

3.2

EXPERIMENTAL PROCEDURES

Estuarine water from Cávado River estuary and freshwater from Cávado River
were sampled in 2008 and 2009, as described in Chapter 2, registering salinity of 24
g/L and below 0.2 g/L, respectively.
To purify and concentrate ALMWOAs from plant exudate solutions, SPE SAX
cartridges (UCT Clean-up CUQAX123, 200 mg), with an anion-exchange silicabased sorbent with chloride counter-ion, were selected in a first stage of this work.
The sorbent was preconditioned with methanol followed by an aqueous solution
(5mL) with pH adjusted to 9 (with 1 M NaOH). Then, a ALMWOAs standard solution
(with pH adjusted to 9, 5 mL) was loaded through the sorbent, being washed with an
aqueous solution (pH 9). The analytes were later eluted with 6 mL of an 8.5 mM
H2SO4 solution (the lowest volume capable of eluting the highest amount of
analytes) and then analysed by HPLC (as described in Chapter 2). For the SPE
procedure development, mixed standard solutions of ALMWOAs with two different
concentrations (within the linear range tested for HPLC (see further in Table 3.1)),
namely 3 mg/L for all ALMWOAs (except for maleic acid (0.3 mg/L) and oxalic acid
(0.6 mg/L)) and 6 mg/L for all ALMWOAs (except for maleic acid (0.6 mg/L) and
oxalic acid (1.2 mg/L)) were used to assess the sorbent capacity to retain the
analytes of interest. Different elution solutions (namely 1 M HCl, 0.2 M HCl, 1 M
H2SO4, 0.2 M H2SO4 and 8.5 mM H2SO4) were also considered for the purpose.
Additionally, the inclusion in the procedure of a cleaning procedure, in which the
elution solution (6 mL of 8.5 mM H2SO4 solution) was applied on the sorbent
between two conditioning steps (before the loading of standard solutions), was
tested.
Solid phase extraction Oasis Max cartridges (150 mg), containing a mixedmode anion-exchange and reverse-phase sorbent, were also used for purifying and
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concentrating ALMWOAs from plant exudate solutions. For the development of the
procedure several conditions were tested. Final procedure is described in Chapter 2.
The developed SPE method was applied to aqueous ALMWOAs standard solutions
(prepared either in deionised water or river freshwater), both in the absence and in
the presence of some metal ions, and to synthetic solutions of 50 mM NaCl spiked
with a ALMWOAs mixed standard solution (final concentration of 3 mg/L for all
ALMWOAs, except for maleic acid, 0.3 mg/L, and oxalic acid, 0.6 mg/L) to test the
possible presence of interferences. Solutions containing exudates of roots of plants
after their exposure to freshwater enriched with a mixture of trace metal ions, which
may stimulate the release of exudates, were later subjected to the SPE pretreatment.
For the measurement of the ALMWOAs, a HPLC-DAD method was
developed. Final conditions are described in Chapter 2. All reagents and materials
used in this work are also described in Chapter 2.
In an attempt to remove inorganic ions from estuarine water to reduce the
complexity of the matrix, a desalinisation system was built involving two acrylic
columns of 30 cm of height and 1.2 cm of diameter, equipped, on the bottom, with a
tap (a polyamide linen, 61 µm porosity, prevented the resin from blocking it), filled
with the anion-exchange resin Amberlite IRA 402 Cl. The resin was under Cl- form,
being converted to HO- form by loading, at low flow, a 4 M NaOH solution followed
by washing with deionised water until pH of the exiting solution was neutral. Several
bed volumes and concentrations of NaOH solution were tested in order to achieve
suitable conditions for inorganic anions removal. To assess the system capacity for
this purpose, tests were carried out with synthetic solutions of 170 mM NaCl and
estuarine water (410 mM of NaCl if it is considered the only salt present in the
water), being the solution exiting the column collected. The presence of Cl- in the
eluted solution (in case of saturation of the resin) was tested by addition of 20 µL of
2 M AgNO3 solution, after acidification with concentrated HNO3 (to prevent the
formation of a brow precipitate of AgHO, which would mask the reaction of interest,
namely the formation of an opaque white precipitate of AgCl with low solubility in
water (Ksp = 1.77x10-10 (Weast 1989-1990)). After sample loading, the resin was
always regenerated by using a 4 M NaOH solution and washing with deionised
water. To test whether the demineralised solutions would interfere with the SPE
procedure, the solutions exiting the resin column system were spiked with a
ALMWOAs mixed standard solution (final concentration of 3 mg/L for all ALMWOAs,
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except for maleic acid, 0.3 mg/L, and oxalic acid, 0.6 mg/L) and subjected to the
SPE procedure.
Recovery percentages of ALMWOAs were obtained calculating the mean
values of three independent replicates. Unpaired t-Student test was performed to
test for significant differences (p<0.05).

3.3

RESULTS AND DISCUSSION

3.3.1 HPLC-DAD method characteristics
When applied to aqueous standard solutions, the HPLC-DAD method
provided acceptable resolution for all studied ALMWOAs (chromatogram I in Figure
3.1). The performance of the method was evaluated with regard to repeatability,
reproducibility, linearity, limits of detection (LOD) and limits of quantification (LOQ)
using signals expressed by peak area and data from calibration curves (Miller and
Miller 2000).

II

I

Figure 3.1 – Example of the chromatograms obtained for mixed ALMWOAs standard solutions prepared in
both deionised water (I) and freshwater (II): (1) oxalic acid, (2) citric acid, (3) maleic acid, (4) malic acid, (5)
malonic acid, (6) succinic acid, (7) formic acid and (8) acetic acid. The ALMWOAs concentrations were 8.0
mg/L, except for oxalic and maleic acids which were 1.6 mg/L and 0.80 mg/L respectively.
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Acceptable linear regression was obtained for all the ALMWOAs (each
calibration curve was composed by six experimental points) (Table 3.1). The relative
standard deviations (RSD) of the slopes of the linear regression curves were lower
than 5 % and practical linear response was observed for all ALMWOAs, in the
concentration range used (Table 3.1). Chromatographic signals obtained for oxalic
acid and maleic acid were much higher than those for the remaining acids. For this
reason, the working concentration ranges for these acids were lower than those
used for the other ALMWOAs.
The precision of the method on different days was measured in order to
assess whether the method could be accurately replicated. The reproducibility for a
mixed ALMWOAs standard solution (0.8 mg/L for oxalic acid, 0.4 mg/L for maleic
acid and 4 mg/L for the remaining ALMWOAs) was calculated (n=6), being the RSD
values ≤ 7 % for all ALMWOAs peak areas. The repeatability was measured by
performing three consecutive analysis of the same mixed standard solution in a
single day, being the RSD values ≤ 6 % for all ALMWOAs peak areas. Limit of
detection ranged between 0.003 mg/L to 0.62 mg/L and LOQ varied between 0.01
mg/L and 2.0 mg/L, depending on the chemical species (LOD and LOQ were
calculated from the calibration curve (Miller and Miller 2000), Table 3.1).
Table 3.1 – Characteristics of the HPLC-DAD method.

Linear
Rangea
(mg/L)

RSDb of
slope
variation
(%)

LODc
(mg/L)

LOQd
(mg/L)

Re

Reproducibilityf
%

Repeatabilityf
%

Oxalic acid

0.10 – 2.4

2

0.03

0.10

0.9998

3

2

Citric acid

1.1 - 12

2

0.33

1.1

0.9999

3

2

Maleic acid

0.01 - 1.2

1

0.003

0.01

1.0000

1

1

Malic acid

0.86 - 12

3

0.26

0.86

0.9995

2

5

Malonic acid

0.86 - 12

4

0.26

0.86

0.9998

4

6

Succinic acid

1.8 - 12

4

0.54

1.8

0.9951

7

5

Formic acid

1.5 - 12

4

0.44

1.5

0.9991

3

3

Acetic acid

2.0 - 12

3

0.62

2.0

0.9963

6

5

Compound

(a) Higher concentrations were not used (b) Relative standard deviation (c) Detection limit (d) Quantification limit (e) Correlation
coefficient of a working day for each ALMWOA calibration curve; (f) Values concerning a standard of 0.8 mg/L of oxalic acid, 0.4 mg/L
of maleic acid and 4 mg/L of all the remaining ALMWOAs.

With the purpose of developing studies involving high salinity media, standard
solutions were prepared in brackish water and analysed. Brackish water has a very
complex matrix, including a variety of inorganic anions. Therefore, when standard
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solutions were analysed directly, the chromatogram exhibited an extremely wide
void peak associated to a continuous baseline deformation along all run. This
resulted from the fact that high concentration of sea salts interferes in the
separation/absorption of organic acids (in low concentration) (Ding et al. 1997;
Tedetti et al. 2006).
When calibration curves were carried out using a simpler matrix, freshwater,
the void peak was still large, covering oxalic acid signal (see Figure 3.1) indicating
that freshwater matrix still interfered to some extent with the determination of some
ALMWOAs. Oxalic acid elutes close to the void peak due to its low pKa.
Furthermore, baseline deformation makes difficult the quantification of citric, maleic,
malic and malonic acids signals when these ALMWOAs are at relatively low
concentrations. However, in the concentration ranges covered, practical linearity
was also achieved for all ALMWOAs except for oxalic acid, due to the enlargement
of the void peak. A similar problem has also been observed before, using different
HPLC columns, for matrices of similar or different nature, such as industrial streams
(Chen 1996), root exudate solutions (Casey et al. 1998; van Hees et al. 1999), fruit
juice (Chinnici et al. 2005) and tobacco (Qiu 1999). In the present case, inorganic
anions (e.g. NO3-, CO32-, PO43-, etc) and possibly other compounds present in the
freshwater may be the main interfering agents. Matrix constituents may also be
adsorbed on the HPLC column sorbent, affecting column performance and column
life. Therefore, a pre-treatment step, prior to HPLC analysis is required in order to
improve the ALMWOAs separation. The pre-treatment step can simultaneously
eliminate interfering compounds from the sample matrix and concentrate the
analytes, which is an additional advantage as, in real samples, ALMWOAs usually
are present in very low concentrations (Jones 1998).

3.3.2 SPE pre-treatment using an anion-exchange sorbent
In a first stage of this work, UCT SAX cartridges containing an strong anionexchange (SAX) sorbent (200 mg), which is a result of a functional group
(quaternary amine) covalently bonded to a silica substrate, in chloride form (UCT
Catalogue), were tested for the purification and pre-concentration of the ALMWOAs
under study.
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The pH value of the loading and washing solutions used in the SAX sorbent
were initially corrected to pH 10, as solutions pH should be at least two units above
the pKa of the analytes (shown in Table 1.1 in Chapter 1) to guarantee analytes
retention on an anion-exchange sorbent (Blevis et al.). For testing the sorbent
capacity to retain the ALMWOAs under study, HPLC analysis of solutions exiting the
cartridges after the sample load and the subsequent washing of the sorbent were
carried out. No ALMWOAs losses were observed on both steps for the lowest
concentration tested. However, a higher concentration was shown to saturate the
sorbent. For this reason, all tests were performed with ALMWOAs mixed standard
solutions of 3 mg/L for all ALMWOAs (except for maleic acid (0.3 mg/L) and oxalic
acid (0.6 mg/L)).
Several concentrations of HCl and H2SO4 solutions, chosen based on
literature (Casey et al. 1998; Chinnici et al. 2005; Chen et al. 2006) and SPE
sorbent manufactures’ indications, were tested as elution solutions. Unsatisfactory
results, due to wide void peaks and baseline deformation and consequent poor
resolution of ALMWOAs peaks, were achieved except for the 8.5 mM H2SO4
solution. The HPLC mobile phase presented indeed the suitable characteristics for
eluting the ALMWOAs retained in the SPE sorbent. Higher resolution of the
ALMWOAs peaks, as a result of thinner void peaks and absence of baseline
deformation occurred and higher recovery percentages were achieved for some of
the ALMWOAs.
Recovery percentages of the ALMWOAs under study are shown in Table 3.2,
Test I. For maleic, malic and formic acids the percentages of recovery were above
80% and for citric and malonic acids they were above 70%, indicating that the
selected sorbent and procedure were suitable for pre-concentrating the mentioned
ALMWOAs. However, unsatisfactory results were observed for oxalic, succinic and
acetic acids. Acetic acid was never detected in the eluted solution. As in some
replicates this ALMWOA was detected in solutions from previous SPE steps
(loading and washing solutions), it seems that acetic acid was not properly retained
in the cartridge. Oxalic acid was, in all replicates, co-eluted with the void peak and
succinic acid was co-eluted with interference, facts that explain the lower recovery
percentages obtained (54% and 39%, respectively (values underestimated for both
ALMWOAs)). The elution of other substances, apart from ALMWOAs, from the SPE
sorbent may be a possible explanation for the results obtained. These substances
may comprise impurities from the SPE sorbent which were shown to interfere with
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the chromatographic separation, since they were eluted at retention times close to
oxalic and succinic acids.
With that in mind, the removal of impurities from the SPE sorbent by means of
an interference elution prior to the loading step seemed important. The application of
the cleaning procedure (described in 3.2) showed no improvements on the recovery
percentages of the ALMWOAs. In fact, loading a solution of 8.5 mM H2SO4 in the
conditioning step proved to interfere with the interactions between sorbent and
analytes and losses of ALMWOAs were thus observed in solutions from loading and
washing steps. In addition, the interferences hindering with HPLC separation of
succinic and oxalic acids were not eliminated during the cleaning step and continued
to be eluted along with ALMWOAs. The cleaning procedure was, hence, not
considered for the SPE procedure.

Table 3.2 - Mean percentages and standard deviations (n=3) of SPE recovery percentages of ALMWOAs
present in mixed standard solutions achieved on tests involving UCT SAX sorbent*.

Compound

I

II

Oxalic acid

54 ± 33

17

Citric acid

75± 20

70 ± 9

75 ± 7

Maleic acid

81 ± 6

86 ± 5

89 ± 4

Malic acid

91 ± 3

88 ± 7

93 ± 8

Malonic acid

79 ± 10

73 ± 12

85 ± 15

Succinic acid

39 ± 3

67 ± 8

74 ± 9

a, b

III
**

20

a

**

b

Formic acid

80 ± 9

90 ± 14

94 ± 13

Acetic acid

***

41 ± 9

39± 3

Apart from elution solution, all solutions were, initially, corrected to pH 10 (I) and then to pH 8 (II) and pH 9 (III).
* A single solution containing 0.6 mg/L of oxalic acid, 0.3 mg/L of maleic acid and 3 mg/L of each one of the remaining compounds.
** Oxalic acid was only detected in one of the replicates.
***Acetic acid was not detected in any of the replicates.
Same letter indicates significant difference (p < 0.05) between values.

The interactions between an analyte and an anion-exchange sorbent depend
on pH. As better retention is achieved when sample pH is at least 2 units above the
pKa of the acids under study (Blevis et al.), a pH of 10 was initially chosen for the
ALMWOAs solutions to be analysed. Afterwards, a study was performed to assess a
possible influence of the pH value on ALMWOAs SPE recoveries. Aqueous
solutions containing the ALMWOAs under study with pH of 8 and 9 were SPE preconcentrated and then analysed. Lower pH values were not tested because few
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ALMWOAs would be incompletely ionised. Table 3.2 (Tests II and III) shows that, for
most of the ALMWOAs under study, the recovery percentages were statistically
identical for the two pH (above 70%). Compared with the data achieved at pH 10,
the recovery percentage of succinic acid increased significantly with the decrease of
pH. In addition, acetic acid was detected in the eluted solutions, although recoveries
percentages were very low. In contrast, the recovery percentages for oxalic acid
decreased with pH drop, being only measured on one of the replicates (recovery
percentage of oxalic acid underestimated). Problems regarding oxalic acid
determination were also observed in other works due to the closeness of the
ALMWOA peak to the void peak (Chinnici et al. 2005).
Taking into account the advantages and disadvantages of the different pHs
tested and in order to guarantee the total ionisation of all ALMWOAs, particularly
that of citric acid which presents the highest pKa values (pKa1 3.14, pKa2 4.47 and
pKa3 6.40 (Weast 1989-1990)), the pH of all solutions preceding the elution step
(standard solution, conditioning and washing step solutions) were adjusted to 9.
Anyway, the UCT SAX sorbent only seemed to have an acceptable performance for
six of the eight ALMWOAs under study (citric, maleic, malic, malonic, succinic and
formic acids). Therefore, another pre-treatment system was searched, as discussed
below.

3.3.3 SPE pre-treatment using a mixed-mode sorbent
Mixed-mode ion-exchange sorbents have been gaining interest over the last
decades and were proven to present advantages regarding silica-based sorbents
(Fontanals et al. 2007; Bäuerlein et al. 2011). Given the unsatisfactory results
achieved with UCT SAX cartridges, a commercial cartridge, containing a mixedmode anion-exchange and reverse-phase sorbent characterised for having high
selectivity and sensitivity for acidic compounds, was used for pre-concentrating
ALMWOAs. In addition to ionic interaction between cationic groups of the sorbent
and anionic carboxyl groups from the analytes, other interactions (van der Waals
interactions, etc) are also possible in the aliphatic chain of the ALMWOAs.

102

FCUP
Development of SPE pre-treatment for determination of
ALMWOAs exudates from marsh plant roots

3.3.3.1 Development of the procedure

The method recommended by the manufacture (Water Oasis® Catalogue,
2006) was firstly used (a 5 % NH3 solution as washing solution and MeOH as
eluent). However, it proved to be unsuitable for the purification and preconcentration of the ALMWOAs under study. In fact, a fraction of the ALMWOAs
were lost during the washing of the cartridge (ALMWOAs were detected in the
washing solution) and another fraction remained retained in the sorbent after the
elution step, resulting in very low recoveries of the selected ALMWOAs (< 30 % for
all ALMWOAs). Therefore, several parameters, including washing and elution
solutions, were varied until acceptable ALMWOAs recovery percentages were
achieved.
Given its anion-exchange nature, better retention in the sorbent can be
achieved if the pH of the ALMWOAs solution is at least 2 units above the pKa of the
acids under study, as previously referred. Thus, taking this fact into consideration,
acidic solutions could not be used for washing, being an aqueous solution of NaOH
(alkaline pH) selected for further tests. With regard to the elution solution, an
acidified solution (8.5 mM H2SO4 solution) was first used but only a small
percentage of the ALMWOAs (< 50%) were eluted from the sorbent. Attending to
the dual nature of the sorbent and relying once more on the potential of the mobile
phase to elute ALMWOAs through the HPLC column, a 8.5 mM of H2SO4 solution
prepared in methanol (manufacture references indicate that methanol is required for
elution) would be the most appropriated solution for ALMWOAs elution. The
presence of both ionised and molecular species with low polarity in the elution
solution is advantageous because the used sorbent contains a mixed-mode anionexchange and reverse-phase nature.
Considering the solutions chosen and aiming, apart from concentrating the
analytes eluted, at removing the methanol in the solution (since the use of this
solvent in the HPLC column used is not recommended by the manufacture), the
influence of solvent evaporation conditions of the SPE eluted solution on ALMWOAs
recoveries was first researched. For this purpose, a synthetic elution solution
containing known concentrations of the ALMWOAs under study (0.8 mg/L for oxalic
acid, 0.4 mg/L for maleic acid and 4 mg/L for the other ALMWOAs in a 8.5 mM
H2SO4 methanolic solution) was prepared. This solution was evaporated under
nitrogen flow at room temperature and analysed after residue dissolution in HPLC
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mobile phase. Total loss of acetic and formic acids and the partial loss of the
remaining ALMWOAs were observed (Table 2, Test I). The experiment was
repeated after adjusting pH of the solutions to 9 to favour the ionisation of the
ALMWOAs and thus prevent losses of ALMWOAs by evaporation. The recovery
percentages were above 80 % for most ALMWOAs (Table 2, Test II). Evaporation
process was repeated at 30 °C (Test III) and 40 °C (Test IV), for solutions with pH
adjusted to 9, to try to accelerate this step. Higher temperatures were not tested
since some of the ALMWOAs under study may volatilise. Table 2 shows that
statistically higher ALMWOAs recoveries (≥ 94 %) were observed when evaporating
the solution at 30 °C comparing to evaporation at room temperature. In addition,
data from Test III and Test IV were, in general, statistically identical (except for
oxalic acid). Nevertheless, at 40 °C the recoveries of formic and acetic acids were
somewhat affected given that those ALMWOAs were only detected in one of the
three replicates (probably due to losses during the evaporation process). Since
temperatures higher than the environmental one have the additional advantage of
being less time-consuming, evaporation at 30 °C was chosen for further work.

Table 3.3 – ALMWOAs recovery percentages* observed using different conditions of solvent evaporation** .

Compound

I

II

n=1

n=4

III
n=3
94±2

c

100±2

85±1

d

d

92±3

e

55

68±8

Citric acid

58

84±1

Malic acid

52
81
61

88±1

Succinic acid

50

100±14

Acetic acid

n.d.

78 ±12

c

90±13
86±12
90±12

f

90±10

107±7
94.0±0.1

h

110±6

b

e

100±5

g

77±7

76±10

101±2

f

n.d.

a,b

99±1

Malonic acid

Formic acid

n=3

a

Oxalic acid

Maleic acid

IV

h

90±8
g

89
94

* For n ≥ 3 mean values and standard deviation are presented.
** All tests were carried out with mixed standard solutions prepared in a matrix of 8.5 mM H2SO4 in methanol (simulation of eluate).
I - Evaporation at room temperature of a solution without previous alkalinisation; II –Evaporation at room temperature, after pH
adjustment to 9; III - Evaporation at 30 °C after pH adjustment to 9; IV - Evaporation at 40 °C after pH adjustment to 9.
n.d. – not detected.
Same letter indicates significant difference (p < 0.05) between tests for each ALMWOA.

The same guidelines regarding the solutions pH followed for anion-exchange
silica-based sorbent were used for mixed-mode sorbents. Therefore, similarly to
UCT SAX sorbent, it was assumed that pH 9 would be an optimum working pH for
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Oasis MAX sorbent and that an extreme alkaline pH would interfere with the sorbent
performance. Therefore, the pH of all solutions preceding the elution step was
adjusted to 9.
The presence of oxalic and formic acids (0.12 ± 0.01 mg/L and 1.17 ± 0.05
mg/L, respectively) in blank solutions (solution of pH 9 prepared in deionised water,
pre-treated and analysed in triplicate) were observed. Contamination may be
caused by memory effect on both sorbent and manifold system (despite the regular
washing). Therefore, blank signal was systematically measured and corrected.
Mixed ALMWOAs standard solutions (prepared in deionised water) were SPE
treated, in triplicate, and analysed. High recovery percentages were achieved for all
ALMWOAs (Table 3.4), with standard deviations of the recovery percentages lower
than 10 %. Recovery percentages from oxalic, citric, succinic and acetic acids were
significantly higher than those obtained when UCT SAX sorbet was used (Table 3.1,
Test III), indicating that the mixed-mode sorbent was globally more efficient in preconcentrating the group of ALMWOAs under study.
Table 3.4 – Mean percentages and standard deviations of SPE recoveries of ALMWOAs present in mixed
standard solutions prepared both in deionised water (n=3) and freshwater (n=3) in the presence and in the
absence of metals *.

Solution matrix
Compound
Deionised water

Deionised water

Freshwater

(with metal addition)

Oxalic acid

108 ± 4

104 ± 9

Citric acid

105 ± 2

82 ± 3

Maleic acid

Freshwater
(with metal addition)

103 ± 12

102 ± 5

a

102 ± 9

83 ± 2

94 ± 3

95 ± 3

93 ± 7

93 ± 3

Malic acid

99 ± 2

94 ± 6

104 ± 7

101 ± 4

Malonic acid

106 ± 8

b

89 ± 5

b

102 ± 9

94 ± 5

Succinic acid

104 ± 4

98 ± 6

100 ± 11

99 ± 4

Formic acid

108 ± 2

95 ± 4

109 ± 9

84 ± 7

Acetic acid

87 ± 7

a

c

c

77 ± 14

A

B

100 ± 20

A

B

81 ± 5

* A single solution containing 0.8 mg/L of oxalic acid, 0.4 mg/L of maleic acid and 4 mg/L of each one of the remaining
compounds.
Same letter indicates significant difference (p < 0.05) between values (small letters compare each ALMWOA recovery percentage
achieved in deionised water with and without metal addition, capital letters compare each ALMWOA recovery percentage
achieved in freshwater with and without metal addition).

The LOD attained with the global method (SPE of 6 mL of solution and HPLCDAD analysis) ranged from 0.5 µg/L to 100 µg/L and LOQ in the same conditions
varied between 2 µg/L and 330 µg/L, depending on the ALMWOAs (Table 3.5).
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These LODs are lower than the LODs reported for determinations of ALMWOAs in
root exudates by HPLC without a pre-concentration step (van Hees et al. 1999;
Cawthray 2003; Mucha et al. 2010). Low LODs are advantageous, because the
levels of ALMWOAs in exudates solutions are usually very low. Nevertheless, little
information can be found in literature on the LODs achieved in previously reported
SPE-HPLC methods for determining ALMWOAs in root exudates.
The method showed to be suitable for the pre-concentration of all ALMWOAs
under study when they are present in aqueous solution of simple matrices.
However, matrices of environmental samples are more complex and may affect the
interactions among ALMWOAs and sorbent, jeopardising the successful retention of
the ALMWOAs. For this reason, more complex matrices were studied.
Table 3.5 – Detection and quantification limits of the global method for all the studied ALMWOAs*.
**

***

Compound

LOD (µg/L)

LOQ

(µg/L)

Oxalic acid

5

17

Citric acid

55

180

Maleic acid

0.5

2

Malic acid

43

140

Malonic acid

43

140

Succinic acid

90

300

Formic acid

73

250

Acetic acid

100

330

* SPE of 6 mL of an aqueous mixed standard solution and HPLC analysis; ** Detection limit; *** Quantification limit.

3.3.3.2 Influence of matrix

Firstly, a real but relatively simple matrix, freshwater, was tested. Mixed
ALMWOAs “standard” solutions prepared in freshwater and blank solutions (both
with pH adjusted to 9) were treated and analysed in triplicate. High recoveries were
achieved for all ALMWOAs (about 100 %) and standard deviations were lower than
20 % (Table 3.4). The recovery percentages obtained were statistically identical to
the ones obtained for tests involving deionised water matrix (Table 3.4).
Metals may be present in solutions containing plant exudates due to either
their presence in the natural medium (as environmental contamination and/or
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released by the plant roots together with different organic compounds) or as a result
of the spiking of the experimental medium with metals aiming at studying their
influence on ALMWOAs exudation. As ALMWOAs are capable of complexing metal
ions (Budavari 1989), a possible influence of metals (Cu, Ni and Cd) on the
determination of ALMWOAs by the SPE-HPLC-DAD method, particularly on the
SPE step, was evaluated. However, inorganic anions, namely the counter-ions of
the metal cations added to the medium in the form of inorganic salts, may also
interfere with both SPE sorbent and, principally, with the HPLC column sorbent
(causing enlargement of the width of the void peak and the instability of the baseline
in the chromatogram). Preliminary tests using, comparatively, several salts of the
different metals with different counter-anions (Cl-, NO3-, SO42-, CO32- and PO43-),
used for spiking standard ALMWOAs solutions, showed that Cl- did not affect
significantly the HPLC baseline, whereas the other anions caused baseline drifts.
Therefore, metal chlorides were used for further tests.
Levels of 10 mg/L Cu, 5 mg/L Ni and 1 mg/L Cd were chosen for this study
being similar to those used in previous studies involving plants and metal
interactions (Low and Lee 1981; Reboredo 1991, 2001). The tested metals did not
interfere significantly with ALMWOAs determination by HPLC-DAD without SPE
treatment since the parameters of the calibration curves obtained for ALMWOAs
standards in the presence or in the absence of metals were similar. As standard
solutions and mobile phase were at pH 1, the ALMWOAs were mostly in their
molecular form in the solutions, so their capacity of complexation was very low.
The SPE pre-treatment was then applied to standard solutions containing a
mixture of metals. The ALMWOAs recovery percentages achieved were statistically
similar to those obtained in the absence of metals (Table 3.4), indicating that the
metals tested did not interfere with the method (significant difference was only
observed for citric acid, however high recovery percentages were still achieved (>
80%)). Aliphatic low molecular weight organic acids with di- and tri-carboxyl groups
are capable of forming stable complexes with several metals contrary to monocarboxyl groups which have low metal complexing ability. However, the formation of
complexes is highly dependent on pH (Binassi 2000). At high pH, interactions
between HO- and metals can occur due to its high concentration in the solution,
possibly preventing the formation of metal complexes of the studied ALMWOAs. For
instance, it was found that, at high pH, the concentration of Zn and Cu chelates
decreases due to the formation of inorganic hydrolysis species (Norvel 1991).
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Nevertheless, even in case of complex formation, metals did not have a major
interference in the developed method. In addition, the amount of chloride ions in the
tested solutions, in consequence of the spiking with metals chloride salts, did not
interfere with the performance of the sorbent retention.

Similarly to this work, Wang and Zhou (2006) also reported high recovery
percentages (> 80 %) for oxalic, citric, acetic, malonic, succinic and malic acids after
pre-concentrating soil solution spiked with a know amount of each ALMWOA. Little
is found in literature about the recovery percentages achieved when preconcentrating ALMWOAs with SPE sorbents. Most of the published studies found
aimed at researching factors that trigger root exudation, the recovery percentages of
the used method being not reported (Li et al. 2000, Zheng et al. 1998; You et al.
2005, Johnson et al. 1996; Aono et al. 2001). It was found in the literature recovery
percentages obtained when SPE-HPLC methods were applied to fruit juice (Chinnici
et al. 2005; Marconi et al. 2007) and coffee (Rodrigues et al. 2007)) in works with
food quality purposes (also for determination of ALMWOAs). However, they are not
directly comparable to results achieved in this work, owing to the different nature of
the sample matrices.
The recovery percentages of ALMWOAs did not seem to be compromised by
the freshwater matrix in the presence of metals. In fact, by using a sorbent with
higher specific surface area, in which ionic and reverse phase interactions (including
Van der Waals, π-π interactions, hydrogen bond, Coulomb forces, etc) can be
established with the analytes, it was expected that the retention of ALMWOAs could
be enhanced, leading to higher recovery percentages. Until now, sorbents with only
anion-exchange characteristics

have been used for the ALMWOAs

pre-

concentration, such as Bond Elut SAX cartridges (Casey et al 1998, Aono et al
2001) and Dowex 1x8 resin (Li et al 2000, Wang et al 2006, Wang et al 2006a,
Zhang et al 1998, You et al 2005). However, these sorbents have limitations
(Fontanals et al. 2010) and mixed-mode sorbents have been designed to support
the establishment of different types of interactions (Fontanals et al. 2007) which may
pose an advantage in the retention of analytes. In addition to the high recovery
percentages achieved, this sorbent has the additional advantage of its performance
not being affected by an unintentional drying of the sorbent prior to the analyte
retention (Blahova and Brandsteterova 2004) contrary to anion-exchange sorbents
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since, in case of dryness, a new solvation is crucial (Blevis et al.) otherwise the
sorbent will not be able to interact effectively with the analytes.
Considering that the main aim of this work was the study of ALMWOAs
exudation from marsh plant roots, which tolerate brackish media, the SPE procedure
was tested for synthetic solutions of 50 mM NaCl spiked with a known amount of a
ALMWOAs mixed standard solution. Unsatisfactory results were obtained since
none of the ALMWOAs tested were retained in the SPE sorbent, probably due to the
high amounts of the inorganic anion (Cl-) that saturated the cationic sorbent. Anionexchange sorbents are not, therefore, adequate for cleaning the matrix of waters
with high salinities while retaining ALMWOAs.

3.3.4 Attempts to remove inorganic anions from saline water
In light of removing interfering ions from sample matrix, a demineralisation
procedure prior to the ALMWOAs pre-concentration may be a possible solution.
Amberlite IRA 402 Cl, which is a strong basic, clear gel, anion-exchange resin with a
crosslinked polystyrene structure, was evaluated for this purpose. Amberlite IRA 402
Cl was chosen because it was designed to give optimum regeneration efficiency in
water treatments and be capable of removing strong and weak acids in
demineralisation applications (Rohms and Haas product data sheet, 2003). Taking
into consideration that Cl- is the most predominant anion in seawater (Weast 19891990) and in brackish water, synthetic solutions of NaCl (170 mM) were used to test
the performance of the resin.
Three different bed volumes of the resin (13.6, 24.9 and 28.3 cm3) were tested
without success (incomplete removal of Cl- from the solution). Therefore, the eluted
solution was passed through two successive columns of 28.3 cm3 of bed volume
and acceptable results were then obtained, that is, at naked eye observation,
absence of formation of a white precipitate of AgCl, when AgNO3 was added.
For regenerating the resin 2, 4 and 6 M NaOH solutions were tested. Both 4 M
and 6 M solutions were efficient (permitted practically complete retention of Cl- in the
subsequent matrix cleaning). Therefore, a 4 M NaOH solution was used for
regenerating the resin between sample loadings. Estuarine water was also treated
and acceptable results were also obtained.
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Choride removal from a saline solution by means of an ion-exchange resin
implies, however, the substitution of this anion with another counter-ion, in this
particular case HO-, rendering the eluted solution very alkaline. By spiking these
solutions with a known amount of a mixed standard solution of ALMWOAs it was
observed that the relatively high pH interfered with retention of the ALMWOAs on
the SPE sorbent, confirming the previous conclusion that the ALMWOAs under
study were better retained at pH 9. Therefore, the very alkaline pH resulting from the
demineralisation of saline solutions was unsuitable for the SPE pre-treatment. The
possibility of lowering pH by adding a suitable amount of an acid would not solve the
problem, because such procedure would re-introduce into the solution the anion
interfering with the SPE pre-treatment. Given the unsuitableness of the
demineralisation procedure tested and the complexity of brackish matrices (which
interfere with the ALMWOAs pre-treatment procedure and analysis technique), the
use of matrices of relatively lower salinity in this work seemed to be imperative to
allow searching the ability of marsh plants to exude ALMWOAs.

3.3.5. Determination of ALMWOAs released by plant roots
The presence of ALMWOAs in the solution resulting from of H. portulacoides
or P. australis roots exposure, for 2 hours, to freshwater, enriched with a mixture of
10 mg/L Cu, 5 mg/L Ni and 1 mg/L Cd (with the purpose of stimulating roots
exudation) was investigated using the SPE-HPLC-DAD method. An enlargement of
the void peak and a baseline drift, relatively to those observed for synthetic
standards prepared in deionised water, were observed in the chromatograms, as a
result of the salinity of the matrix. To simplify the matrix and prevent losses of
ALMWOAs in SPE steps, two subsequent SPE pre-treatments were carried out, as
it was described in Chapter 2. It was observed that oxalic acid was released by both
plants: 24 ± 1 µg/g

root dry weight (DW),

P. australis, and 686 ± 67 µg/g

root DW ,

H.

portulacoides. P. australis also released into the solution measurable amounts of
citric and maleic acids (31 ± 10 µg/g

root DW

and 0.68 ± 0.05 µg/g

root DW ,

respectively).

On the other hand, those ALMWOAs were not detected on H. portulacoides exudate
solutions.
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3.4

CONCLUSIONS

Given that root exudates solutions present generally complex matrices and
that ALMWOAs occur in nature at low concentrations (Jones 1998), a pre-treatment
step allowing sample purification and ALMWOAs concentration can be fundamental
to guarantee the accuracy of one results.
When UCT SAX sorbent was used in the SPE procedure applied to aqueous
standard solutions, recovery percentages above 74 % were observed for citric,
maleic, malic, malonic, succinic and formic acids. However, very low recoveries
were obtained for oxalic and acetic acids (20 % and 39 %, respectively). Oasis MAX
sorbent revealed a better performance in terms of ALMWOAs extraction. For
identical solutions, recovery percentages were above 87 % for all ALMWOAs under
study. Therefore, Oasis MAX sorbent was chosen for the subsequent experiments.
Freshwater and freshwater enriched with metals practically did not interfere with the
SPE performance and HPLC-DAD analysis, as high recovery percentages of
ALMWOAs (> 80 %) could be achieved. However, the analytical method could not
be applied to brackish water, like estuarine water, due to its relatively high
concentration of inorganic anions (Cl- and others).
Attempts to remove inorganic anions by anionic exchange, using Amberlite
IRA 402 Cl resin, were ineffective because the main anions from brackish water
were replaced in the eluted solution by HO-, which interfered with the posterior SPE
sample treatments. Partial neutralisation of HO- by the action of an acid could not
solve the problem because it would re-introduce the inorganic anions that were
removed previously.
The SPE-HPLC-DAD method allowed identifying and estimating the
concentration of ALMWOAs released by roots of plants frequently found in marsh
areas (P. australis and H. portulacoides were selected). To the best of our
knowledge, the use of a SPE sorbent with a mixed-mode anion-exchange and
reverse-phase nature in a pre-treatment step for such purpose has never been
reported before.
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4.1

INTRODUCTION AND AIMS

Over the last decades, most studies concerning root exudation were centred
on cultivar and herbaceous plants. However, in the last years, marsh plants, such as
P. australis (Čı́žková et al. 1999), J. maritimus and S. maritimus (Mucha et al. 2005,
2010), K. candel (Haoliang et al. 2007), S. alterniflora (Hines et al. 1994), L.
chinensis (Sun and Hong 2011) and J. effusus, J. inflexus and J. articulatus
(Blossfeld et al. 2011), have also become subject of research. In these few studies,
some ALMWOAs were found in plant tissues (mainly, roots and leaves) (Sun and
Hong 2011), in the sediment pore water and in exudates solutions collected directly
from the rhizosediment or obtained from in vitro studies (Mucha et al. 2005;
Haoliang et al. 2007; Mucha et al. 2010; Blossfeld et al. 2011). Such studies have
demonstrated that the concentration and composition of root exudates is highly
variable and dependent upon plant species and age (Mucha et al. 2010; Blossfeld et
al. 2011) and upon the physicochemical environment surrounding the roots (Čıž́ ková
et al. 1999; Mucha et al. 2005, 2010). Considering the variability of the ALMWOAs
profiles on root exudates, more research is essential to thoroughly understand this
phenomenon and how the environmental biotic and abiotic factors may influence it.
In addition, knowledge about the exudation of substances from marsh plants roots is
still scarce, despite the recent efforts in developing studies on this matter.
The work here described aimed at studying the ability of P. australis and H.
portulacoides to liberate ALMWOAs into the surrounding medium. In order to
achieve this aim, in vitro tests were carried out with the purpose of assessing the
composition and concentration of ALMWOAs released by roots of P. australis and
H. portulacoides. Experiments were performed seasonally to estimate whether the
life cycle of the plants would influence the exudation of ALMWOAs. With the
intention of comparing the ALMWOAs profiles achieved in the in vitro studies with
natural occurrence of these substances, the presence of ALMWOAs were also
determined in pore waters from sediments colonised by both plants (rhizosediment)
and from non-colonised sediments (collected in the same location as the plants).
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4.2

EXPERIMENTAL PROCEDURES

Specimens of P. australis and H. portulacoides and freshwater from Cávado
River were sampled between November of 2008 and April 2010 as described in
Chapter 2. Rhizosediment and non-colonised sediment for pore water extraction and
estuarine water were also sampled within the same period.
Sediments collected around roots of P. australis and H. portulacoides were
characterised in terms of OM content and grain size distribution (Table 4.1).
Rhizosediment from the area inhabited by H. portulacoides had coarser particles
than rhizosediment from the area colonised by P. australis. In fact, rhizosediments
from Lima River estuary presented higher silt and clay percentage (< 0.063 mm)
than rhizosediment from Cávado River estuary (37% against 26%). Consequently,
higher OM contents were observed for Lima River estuary, as well as, larger
volumes of pore water.
Table 4.1 – Organic matter (OM) content and particle size fraction of dry rhizosediments and non-colonised
sediments from areas inhabited by P. australis and H. portulacoides.
Grain size percentage relatively to total weight
Location

Percentage
of OM

Gravel

Coarse

Medium

Fine

Silt and

sand

sand

sand

clay

Lima River estuary
Rhizosediment

16.5 ± 0.1

1

6

34

21

37

Sediment

10.1 ± 0.2

1

2

51

25

20

Rhizosediment

13.6 ± 0.3

0.3

3

40

29

26

Sediment

9.5 ± 0.1

0.4

4

51

22

23

Cávado River estuary

At the time of sampling, freshwater temperature ranged between 9 ºC (in
winter) and 21 ºC (in summer) and presented salinity of 0.2 g/L. The temperature of
estuarine water was around 18 ºC and had salinity around 24 g/L. Pore water from
rhizosediment colonised by H. portulacoides and from non-colonised sediment (next
to the plant stands) presented salinity of 30 g/L and the ones from P. australis plants
had salinity of 35 g/L.
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P. australis plants total dry weight ranged from 5.83 g to 12.29 g, while H.
portulacoides plants used in the in vitro tests presented total dry weight values
between 4.48 g and 8.50 g. Plant roots represented 2.0 % - 7.1 % of total P.
australis plant weight and 0.5 % - 2.0 % of total H. portulacoides plant weight.
Reagents, materials and the methodologies used are described in Chapter 2.
Three independent replicates were carried out for determination of ALMWOAs
concentrations in root exudate solutions in order to calculate the respective mean
values. Unpaired t-student test (p<0.05) was performed to test for significant
differences among mean concentrations.

4.3

RESULTS AND DISCUSSION

4.3.1 P. australis ability to exude ALMWOAs
Aiming at enhancing the knowledge on the exudation of ALMWOAs by marsh
plants, some studies were conducted using P. australis specimens. In several
works, plant root exudates have been often collected in deionised water (Fan et al.
1997; Mucha et al. 2005; Haoliang et al. 2007; Badri and Vivanco 2009). However,
in an environmental point of view, deionised water composes an unrealistic and
stressful medium for marsh plants since these plants inhabit brackish media. On the
other hand, from a practical point of view, performing the root exudates collection in
brackish water would not allow the pre-concentration of the ALMWOAs by the
method selected for this purpose, as discussed in Chapter 3. For these reasons, in
attempt to use a more natural matrix but without the excessive amount of interfering
salts, freshwater was selected for the in vitro studies. Roots of P. australis were
therefore immersed, for 2 hours, in freshwater (in sterilised and non-sterilised
conditions), being a pre-treatment step always performed before the HPLC analysis.
The period of root exposure was chosen according to Mucha et al. (2005), since
those authors found no significant differences on the composition of exudate
solutions of S. maritimus and J. maritimus after 1, 2 and 3 hours of root exposure,
whereas a decrease on the volume of solution was observed after 24 hours of
exposure.
Table 4.2 exhibits the concentrations of ALMWOAs found in root exudates of
P. australis collected in winter. Data were corrected previously accordingly to the

FCUP

120

Influence of marsh plants on the surrounding medium in terms of ALMWOAs

levels of ALMWOAs found in freshwater (not exposed to plant roots) representing,
therefore, the actual amounts released by the roots of the plant. Oxalic, citric and
formic acids were found on the exudate solutions of P. australis roots collected in
sterilised and non-sterilised freshwater.
Plants have been proven to exude ALMWOAs into the surrounding medium
(Jones 1998). Several studies, involving crop plants, trees and marsh plants, have
reported the liberation of some ALMWOAs by the respective roots (Yang et al. 1997;
Čı́žková et al. 1999; Strobel 2001; Chen et al. 2006; Tuason and Arocena 2009;
Mucha et al. 2010; Blossfeld et al. 2011) being root exudation a phenomenon
stimulated by different factors including salinity (Jones 1998). Results presented
herein show that P. australis roots are capable of exuding citric, oxalic and formic
acids in the conditions tested (low salinity media).
Table 4.2 – Levels (mean and standard deviation, n=3) of the ALMWOAs released by P. australis roots when
exposed, for 2 hours, to waters of different nature.

ALMWOA (µg/g root DW)

High salinity medium

Low salinity medium

Medium of exposure
Oxalic acid

Citric acid

Maleic acid

Freshwater
(non-sterilised)

7 ± 2a

62 ± 58 b

< 0.02

Freshwater
(sterilised)

16 ± 5a, A

121 ± 13A, c

0.14 ± 0.02A

NaCl solution
(Salinity 24 g/L)

< 3.3

*

140 ± 5

< 0.33

*

< 49

*

Estuarine water
(non-sterilised)

< 3.3

*

158 ± 17b

< 0.33

*

< 49

*

Estuarine water
(sterilised)

< 3.3

*

232 ± 82 c

< 0.33

*

< 49

*

*

Formic acid
18 ± 9

91 ± 88

* LOD
Same letter indicates significant differences (p < 0.05) between values (small letters compare data regarding the same
ALMWOA (within the same column); capital letters compare data regarding a medium (within the same line)).

In general, P. australis roots exuded amounts of citric acid significantly higher
than the remaining liberated ALMWOAs (statistical similarity was observed for
formic acid). Very low concentrations of maleic acid were released by P. australis
roots, being only quantifiable when plant roots were immersed in sterilised
freshwater. In addition, a statistically lower level of oxalic acid was found in exudate
solutions obtained from tests with non-sterilised freshwater. Levels of citric and
formic acids, on the other hand, were generally statistically identical. The nature of
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medium have been proven to influence the exudation of ALMWOAs by plant roots
(Jones 1998). In the present case, the matrices used presented similar features,
differing only in the presence or in the absence of microorganisms. Microorganisms
are known to use ALMWOAs as carbon source (Jones 1998), so degradation of
ALMWOAs by freshwater microorganisms pose a possible explanation for the
amounts of ALMWOAs found in root exudates solutions collected in non-sterilised
freshwater.
It should be noted that, in the in vitro studies carried out in this work, P.
australis plants were possibly subjected to osmotic effects and other stress factors,
because the experiments were not performed in their natural medium. The stress
factors may increase as the salinity of the medium decreases. Such stress may
influence the release of root exudates, not being the ALMWOAs levels presented a
fateful reflection of what may occur in the natural environment of the plant. In
consequence of the exposure of marsh plants to low salinity media, the exudation of
ALMWOAs may be underestimated or overestimated due to ionic unbalancing
(Mucha et al. 2005). Nevertheless, with regard to the composition of root exudates
and the identification of ALMWOAs released by plant roots, these media proved to
be advantageous.
Despite the analytical limitation mentioned before, experiments were also
conducted using estuarine water (in the presence or in the absence of
microorganisms) with a view to compare the P. australis response in both media
(low and high salinity). Estuarine water poses indeed a more natural medium for P.
australis. Tests using a synthetic NaCl solution (with a salt concentration equivalent
to the salinity registered for estuarine water) were also carried out. The exudates
solutions richer in salt were analysed directly by HPLC (Chapter 2) as it was already
performed by other authors (Mucha et al. 2005, 2010). Matrix interference
complicated the HPLC analysis of ALMWOAs, citric acid being the only one
quantified in all the exudate solutions of high salinity (Table 4.2). Nevertheless, in
the chromatograms of the analysed samples, it is also perceptible that the void peak
was overlapping a possible peak at the retention time of oxalic acid, which suggests
a potential liberation of this ALMWOA by P. australis roots. Therefore, this plant
roots were shown to be capable of releasing at least citric acid into natural estuarine
water. Citric acid has been often reported to be exuded by cultivar and herbaceous
plants (Ma et al. 1997; Yang et al. 1997) and, more recently, by marsh plants
(Čıž́ ková et al. 1999; Mucha et al. 2010). Data showed no marked differences on
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citric acid exudation by the roots of P. australis regarding the different high salinity
media to which they were exposed (statistically significance among values).
However, there was a tendency for a higher liberation of this ALMWOA in sterilised
estuarine water.
Root exudation by P. australis specimens differed in media with low and high
salinity. A statistically significant higher exudation of citric acid was observed when
the plant was exposed to estuarine water (either in sterilised or in non-sterilised
conditions), confirming that the nature of the matrix (specifically its salinity)
influences the exudation of ALMWOAs (in this case, citric acid).
The determined levels of ALMWOAs have relatively high standard deviations
associated to the mean values, which reflect the natural variability of the plant
response. Despite having been chosen, in all the experiments, plants with similar
size and aspect, it is difficult to guarantee that the selected plants were all of the
same age or in the same physiological state. Therefore, variations of these features
among the plants selected may explain the high variability achieved among
replicates in terms of ALMWOAs exudation. Variability of similar magnitude has also
been observed before (Čı́žková et al. 1999; Mucha et al. 2005, 2010; Blossfeld et al.
2011).

4.3.2 Seasonal variation of ALMWOAs exudation from P. australis and H.
portulacoides roots
Exudation of ALMWOAs by roots of P. australis and H. portulacoides was
estimated using freshwater, in different seasons, in order to assess whether the
physiological stage of the plant would influence ALMWOAs exudation. For P.
australis, determinations were carried out in four seasons, whereas, for H.
portulacoides, determinations were carried out in spring and autumn. The life cycle
of H. portulacoides does not differ markedly from that of P. australis as mentioned in
Chapter 2 (section 2.2). Taking into account this resemblance between life cycles
and owing to some methodological limitations, in vitro studies involving H.
portulacoides were only performed in two seasons, embracing the growing period
and the decaying period.
As can be seen in Table 4.3, P. australis roots released oxalic, citric and
formic acids in autumn and winter (decaying stage) whereas in spring and summer
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(in the growing and in the developing stage) only oxalic and citric acids were found.
Nevertheless, the plant seemed to release larger amounts of these ALMWOAs in
these last seasons (although results were not always statistically different). Maleic
acid was found at a very low level in spring. Formic acid was only measurable in the
mature stage of the plant’s life, autumn and winter (statistically higher liberation
observed in autumn).
It is worthy to note that, in the growing and in the developing stage, the
concentrations of formic acid found in the solutions at the end of the experiments
were lower than the initial levels present in freshwater, where the level of formic acid
ranged between 404 ± 36 µg/L and 3002 ± 180 µg/L. A similar situation occurred for
acetic acid but for every life stage of P. australis life cycle (initial level of acetic acid
in freshwater ranged between 110 ± 61 µg/L and 286 ± 54 µg/L).

Table 4.3 – Levels (mean and standard deviation, n=3) of the ALMWOAs* released by P. australis and H.
portulacoides roots when exposed, for 2 hours, to freshwater in different seasons.

ALMWOA (µg/g root DW)

SEASON

H. portulacoides

P. australis

PLANT

Oxalic acid

Citric acid

Maleic acid

Formic acid

Acetic acid

Autumn

6 ± 3a, A

44 ± 13c

**

184 ± 95d

**

Winter

7 ± 2b

62 ± 58

< 0.02***

18 ± 9d

**

Spring

14 ± 6B

146 ± 95c

0.28 ± 0.23

**

**

Summer

13 ± 2a, b

87 ± 8

< 0.03***

**

**

Autumn

261 ± 53A

< 13***

0.96 ± 0.03

**

**

Spring

547 ± 315B

127 ± 58

< 0.20***

**

86 ± 7

* Normalised for the dry mass of the plant roots used in the experiments and corrected according to the levels of ALMWOAs found
initially in freshwater.
** Concentration of ALMWOA found in the root exudate solution was lower than the initial freshwater concentration.
*** LOD
Same letter indicates significant difference (p < 0.05) between values (small letters compare data regarding a specific ALMWOA
released from the same plant roots; capital letters compare data regarding a specific ALMWOA released from different plants roots).

As

ALMWOAs

represent

a

readily

utilisable

carbon

source

for

microorganisms, the degradation of formic and acetic acids by freshwater
microorganisms may pose a possible explanation for the results achieved, whether
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there was or not a release of these ALMWOAs by the plant. In fact, ALMWOAs are
known to possess short half-lives and different root exudates may be mineralised at
different extent (van Hees et al. 2002; Renella et al. 2006). Nevertheless, plant roots
might have also removed formic and acetic acids from the medium. The influx of
exudates has been frequently ignored in most studies investigating root exudation.
However, apart from exuding organic compounds, roots had also been proven to
uptake them (Farrar and Jones 2000). For instance, Jones and Darrah (1995)
observed that the external concentration of citric acid significantly affected the influx
rate of the ALMWOA, having previously reported an 11.4 % re-absorption of the
ALMWOA by maize tissues (Jones and Darrah 1992). The same authors had also
observed that 98 % of the organic carbon released by maize roots was taken up by
the plant in sterilised conditions, whereas, in non-sterilised conditions, there was a
competition between microorganisms and roots for the exudates (Jones and Darrah
1993). Hence, roots might be able to control the levels of low molecular weight
substances accumulated in the rhizosphere via both loss and re-absorption (Farrar
and Jones 2000), playing the influx of carbon released by plant roots an important
role in the regulation of the amount of carbon lost (Jones and Darrah 1996). The
matrix chosen for the in vitro experiments (freshwater) allowed the free diffusion of
substances released within the medium, being therefore more accessible to a
possible absorption all along the root length (thus giving lower carbon yields) or/and
to the microorganisms present in the medium (being the two hours of plant exposure
possibly sufficient to proportionate a degradation of acetic acid and formic acid
present in freshwater).
The variation of the exudation rates according to the development stage of the
plant has been observed before. For instance, Aulakh et al. (2001) verified that the
exudation of ALMWOAs from rice cultivar roots, collected in a solution of CaCl2, was
generally low at the seedling stage, increased during the growing stage and
decreased again at maturity. On the other hand, Mucha et al. (2010) observed that
amounts of oxalic acid liberated by S. maritimus roots increased from its growing
stage (in winter) to its mature stage, indicating that the plant presented a higher
activity in the end of its cycle. No significant variability was found on the exudation of
ALMWOAs from J. maritimus roots among seasons, possibly because the plant
remains active throughout the year (Mucha et al. 2010).
Understanding the influence of the physiological stage of a plant on roots
exudation is remarkably important for the development of studies on this matter.
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Throughout seasons, the changes in the physiological aspect of the aboveground
parts of P. australis are perceptible. Such changes may influence the phenomenon
of rhizodeposition, although P. australis rhizomes maintain their activity throughout
the year. Therefore, the present results suggest that P. australis life cycle has an
important role on the qualitative and quantitative composition of ALMWOAs liberated
by its roots into the surrounding environment.
The composition and concentration of ALMWOAs released from H.
portulacoides roots (Table 4.3) were markedly different from those observed for P.
australis. Oxalic and maleic acids were the only found at measurable levels in
autumn whereas, in spring, oxalic, citric and acetic acids were found. Exudation of
oxalic acid by H. portulacoides roots tended to be higher in spring than in autumn,
despite results not being statistically significant. Formic acid concentrations were
below the amounts found in freshwater in both seasons (the same was registered
for acetic acid in autumn) probably for the reasons mentioned above. Again, the
presented results indicate that the life stage of H. portulacoides also had a marked
influence on the composition of ALMWOAs released by the plant roots.
Comparing now the ALMWOAs profiles obtained for both plants, in similar
experimental conditions (Table 4.3), H. portulacoides liberated significantly different
and much higher quantity of oxalic acid per gram of mass of root than P. australis
either in autumn or in spring. In addition, P. australis released measurable amounts
of citric acid in all seasons, while for H. portulacoides this ALMWOA was found only
in spring, the levels being statistically identical for both plants. The exudation of the
remaining ALMWOAs was distinct for the two plants: P. australis released formic
acid in autumn and H. portulacoides acetic acid in spring. Therefore, the plant
nature could influence the profile of ALMWOAs exudation (concentration and
composition), corroborating results observed before for cultivar or herbaceous plants
(Shen et al. 1996; Strobel 2001; Chen et al. 2006; Tuason and Arocena 2009) and
also for other marsh plants (Mucha et al. 2010; Blossfeld et al. 2011).

4.3.3 Estimation of ALMWOAs in pore water from the plants’ sites
In the inhabiting environment of a plant, several and diversified processes
regulate the ALMWOAs production and their removal from sediments/soils, fact that
ought to be considered when performing studies on this matter. With this in mind,
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one was prompted to search for ALMWOAs in the pore waters extracted from
rhizosediment colonised by each one of the two plants under study and from noncolonised sediment located next to stands of the plants. Samples were collected in
spring.
Owing to the relatively high salinity of the solutions, the presence of
ALMWOAs had to be estimated through direct analysis by HPLC. Pore water from
estuarine sediments from salt marshes presents a very complex nature owing to, not
only the salinity of those sites, but also the load of pollutants from upstream sources
that these ecosystems receive. Therefore, the determination of ALMWOAs in such
samples by HPLC is very difficult and the results compose only rough estimates.
In pore water from P. australis rhizosediment, none ALMWOAs were detected.
Given the ALMWOAs profile found in the in vitro studies (spring, Table 4.3), it was
expected that rhizosediment pore water would present quantifiable amounts of
oxalic and citric acids, at least. Furthermore, this area is constantly subjected to
roots activity and therefore, to rhizodeposition. Nevertheless, ALMWOAs are known
for presenting low concentrations in the environment (Jones 1998), because they
can be sorbed by particulate matter and quickly degraded by microorganisms
(Jones et al. 2001; Renella et al. 2004), hence the absence of ALMWOAs in pore
water of P. australis rhizosediment may have resulted from low concentrations of the
ALMWOAs (values below the limit of detection of the method) or/and from
microorganisms degradation.
Regarding the rhizosediment colonised by H. portulacoides only oxalic acid
(0.6 mg/L) was found. The concentration of this ALMWOA may be underestimated,
as recovery percentages around 70 % were found (Chapter 2, section 2.5.3.1). The
fact that oxalic acid was the most relevant ALMWOA exuded by H. portulacoides
roots in the in vitro experiments suggests that a part of the oxalic acid found in the
rhizosediment pore water may have its origin in plant exudation.
In pore water extracted from non-colonised sediment next to H. portulacoides
stands none ALMWOAs were detected, whereas 7.5 mg/L of acetic acid was
measured in pore water from non-colonised sediment in the vicinity of P. australis (in
this case, recovery percentage above 85 % was found (Chapter 2, section 2.5.3.1)).
Acetic acid may have resulted from the decomposition products of microbial activity
or atmospheric deposition. Indeed, apart from root exudation, other sources, such
as, plant decomposition, microbial decomposition products, microbial and fungi
exudates and, to some extent, atmospheric dry and wet deposition, may contribute

FCUP

127

Influence of marsh plants on the surrounding medium in terms of ALMWOAs

for the presence of ALMWOAs in soil/sediment solution (Jones et al. 2001; Strobel
2001). However, a plant exudation contribution to the presence of acetic acid in pore
water cannot be discarded, although this acid was not detected in the in vitro
experiments carried out in freshwater. For instance, Blossfeld et al. (2011) observed
higher levels of acetic acid in the bulk soil than in the rhizosphere of three species of
Juncus, and connected their results to the reduced degradation of root exudates in
the bulk soil due to the lack of inorganic electron acceptors, such as Fe (III), nitrate,
sulphate, etc, at more anaerobic and reducing conditions. Nevertheless, in general,
vegetated sediments/soils normally contain higher concentrations of ALMWOAs
than the non-vegetated ones (Hines et al. 1994; Kim et al. 2010).

4.4

CONCLUSIONS

Both marsh plants, P. australis and H. portulacoides, were shown to be
capable of liberating oxalic and citric acids into the surrounding medium. Formic acid
was also found in P. australis root exudate solutions and acetic acid in the ones
from H. portulacoides. Therefore, exudation may contribute for the presence of
ALMWOAs in sediments colonised by these plants.
Data corroborate previous results reported for other plant species, namely that
plant nature is an important feature that influence the composition and
concentrations of ALMWOAs released from roots. For instance, in this work H.
portulacoides exuded much higher amounts of oxalic acid (547 ± 315 µg/g

root DW )

than P. australis (14 ± 6 µg/g root DW) (levels observed in spring).
Seasonal variations in qualitative and quantitative exudation were also
observed for both plants, suggesting that the plant life cycle may affect
rhizodeposition in the marshes where the plants live in and, therefore, very probably
also the chemical speciation and bioavailability of trace metals present therein.
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5.1

INTRODUCTION AND AIMS

Rhizodeposition of a large variety of compounds into rhizosphere is largely
dependent on several factors concerning the plant and the environment surrounding
it as, for example, soil nature and texture (Strobel et al. 1999; Chen et al. 2006; Kim
et al. 2010), plant species and its development stage (Jones 1998; Wang et al.
2003; Koo et al. 2006). Plant root exposure to metals (e.g. Al, Cd, Cu, etc) (Chiang
et al. 2006; Wang et al. 2006; Pinto et al. 2008) or to organic pollutants (Mingji et al.
2009) was also shown to stimulate the occurrence of this phenomenon as a possible
defence mechanism. There is extensive literature regarding root exudation of
cultivar plants and the factors stimulating this phenomenon. However, this
knowledge is still limited for marsh plants with only a few recent studies regarding P
deficiency (Haoliang 2006) and metal exposure (Haoliang et al. 2007; Mucha et al.
2010). Therefore, further investigation for these plants is in need.
The main aim of the work presented in this chapter was to assess the
influence of some trace metals (Cd, Cu and Ni) and of an organometallic pollutant
(TBT) on the exudation of ALMWOAs by marsh plant roots. Two marsh plants, H.
portulacoides and P. australis, were chosen for this purpose. To avoid interference
of high salinity media (as those in estuarine environments) with the analytical
method of ALMWOAs determination, experiments were carried out in vitro and
relying on a simpler and less interfering matrix (freshwater).
Regarding the metals selected for the studies, these are commonly found in
Portuguese estuarine sediments (Caçador et al. 1996; Almeida et al. 2008; Caçador
et al. 2009; Almeida et al. 2011). Cu and Ni are essential micronutrients, important
for plant metabolism, whereas Cd is a non-essential metal and with a still unknown
role in plant metabolism (Marschner 1995). However, in excess, all the mentioned
metals were proven to be toxic for plants (Reboredo 1991; Yang et al. 1997;
Reboredo 2001). For this reason, two concentrations were chosen for each selected
metal (section 5.2). The influence of a mixture of different metals on ALMWOAs
exudation was also tested considering that, in natural environment, plant roots are
exposed to a diverse variety of substances, which may have antagonistic and
synergistic effects on plant’s response (Shamsi et al. 2007; Luan et al. 2008; Azooz
et al. 2011). The seasonal variation on ALMWOAs exudation was also assessed but
only for P. australis and in the presence of Cu. Amounts of Cu, Ni and Cd
accumulated in plant roots during the experiments were also measured for
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researching possible significant correlations between ALMWOAs exudation and
metal accumulation.
Recent works have shown that other pollutants beside metals also stimulate
the exudation of ALMWOAs (PAHs, for instance (Mingji et al. 2009)). Organotins are
pollutants usually present in estuarine environments, being possible that their
presence may influence ALMWOAs exudation by marsh plants roots. This is the first
time that the response of marsh plants, in terms of ALMWOAs exudation, to an
organometallic exposure was evaluated.

5.2

EXPERIMENTAL PROCEDURES

Specimens of P. australis and H. portulacoides and freshwater from Cávado
River were sampled between November of 2008 and April 2010 as described in
Chapter 2 (section 2.1.2). Information on freshwater parameters, such as
temperature and salinity, was presented in Chapter 4 (section 4.2). Reagents,
materials and the methodologies used in this work were described in Chapter 2.
Total dry weight of the plants used ranged from 4.85 g to 14.50 g for P.
australis specimens and between 2.50 g and 5.46 g for H. portulacoides specimens.
Plant roots represented 2.4 % - 3.6 % of total dry weight for P. australis and 1.0 % 1.6 % of total dry weight for H. portulacoides.
Two metal concentrations were chosen to spike the freshwater used in these
studies (0.10 mg/L Cu, 0.050 mg/L Ni and 0.010 mg/L Cd and 100 times higher than
those concentrations (10 mg/L Cu, 5.0 mg/L Ni and 1.0 mg/L Cd)). These last
concentrations may not normally occur in the environment. However, given to the
reduced time of the experiment, such concentrations may cause a marked effect on
the plants and measurable results may be more easily attained. Concentrations of
the same order of magnitude have been applied already in previous studies
involving plant exposition to metals (Reboredo 1991, 2001; Yang et al. 2001;
Almeida et al. 2008). Regarding the study involving an organometallic pollutant, a 5
µg/L TBT solution was selected for the exudation studies.
Data presented represent the mean values of three independent replicates.
Unpaired t-student test (p<0.05) was performed to test for significant differences
between mean concentrations.
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5.3

RESULTS AND DISCUSSION

5.3.1 Influence of metals on the exudation of ALMWOAs by marsh plants
roots
H. portulacoides and P. australis were separately exposed to freshwater
spiked with different concentrations of Cu, Ni and Cd, isolated or in mixture, with the
purpose of researching whether these metals would influence ALWMOAs root
exudation. As expected, freshwater contained already very low concentrations of
each metal under study (Table 5.1). The real concentrations of metals in the
solutions, after spiking and before plant roots exposure, were measured (Table 5.1)
being slightly lower (Cu and Ni) or higher (Cd) than the expected concentration,
since commercial standard solutions were not used and metal solutions were
prepared from hydrated metal chlorides. The pH of the solutions was 6.5, not being
observed any coloration or turbidity in the solutions (due to the formation of possible
precipitates) during the experiment.
Table 5.1 – Levels (mean and standard deviation, n=3) of trace metals found in freshwater and in metal
solutions prepared for the in vitro studies involving H. portulacoides and P. australis plants (measured before
plant exposure).

Solution

Freshwater
(without metal addition)
Freshwater
with low metal concentration
Freshwater
with high metal concentration

Cu

Ni

Cd

mg/L

mg/L

mg/L

0.0014 ± 0.0004

< 0.0015

0.0008 ± 0.0006

0.067 ± 0.005

0.029 ± 0.006

0.013 ± 0.001

6.9 ± 0.4

5.0 ± 1.0

1.1 ± 0.1

*

* LOD

The levels of ALMWOAs found in root exudate solutions in the absence or in
the presence of metals and in freshwater (initial concentrations) are shown in Table
5.2 for H. portulacoides and in Table 5.3 for P. australis. Table 5.4 exhibits the
ALMWOAs concentrations corrected accordingly to the root mass present in each
vessel, after subtracting the amount of each ALMWOA present initially in freshwater.
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Table 5.2 – Levels (mean and standard deviation, n=3) of the ALMWOAs found in freshwater and in root exudate
solutions of H. portulacoides plants when exposed, for 2 hours, to freshwater containing different concentrations
of different metals (isolated or in mixture).

ALMWOAs (µg/L)
Oxalic Acid

Maleic Acid

Formic acid

Acetic Acid

22 ± 7 a-g

< 0.15

2259 ± 1293

425 ± 181 i

451 ± 57 a

16 ± 1 h

1227 ± 96

426 ± 36

67 µg/L

1011 ± 74 b

8 ±3h

1581 ± 5

1136 ± 1053

6.9 mg/L

1555 ± 74 b

< 0.15

*

1275 ± 48

295 ± 271

29 µg/L

717 ± 271 c

< 0.15

*

2050 ± 146

988 ± 760

5.0 mg/L

**

< 0.15

*

**

**

13 µg/L

579 ± 204 d

< 0.15

*

1205 ± 1022

264 ± 176

1.1 mg/L

631 ± 82 e

< 0.15

*

1741 ± 765

245 ± 236

Low
concentration

624 ± 414 g

< 0.15

*

1098 ± 264

424 ± 104

High
concentration

1021 ± 134 f

< 0.15

*

1146 ± 31

112 ± 51 i

Freshwater (initial values)

Metal concentration added to freshwater

Without metal addition

*

Cu

Ni

Cd

Metal
mixture

* LOD
** Due to technical difficulties, this data was lost.
Same letter indicates significant difference (p < 0.05) between values.

Table 5.3 – Levels (mean and standard deviation, n=3) of the ALMWOAs found in freshwater and in root exudate
solutions of P. australis roots when exposed, for 2 hours, to freshwater containing different concentrations of
different metals (isolated or in mixture).

Metal concentration added to freshwater

ALMWOAs (µg/L)
Oxalic Acid

Citric Acid

Maleic Acid

Formic acid

Acetic Acid

Freshwater (initial values)

161 ± 68 a

n. d.

< 0.15

*

3002 ± 180f-m

203 ± 3 o-r

Without metal addition

232 ± 7

597 ± 71 c, d

< 0.15

*

2718 ± 528

121 ± 15 o

67 µg/L

252 ± 13

1254 ± 379c,e

1.7 ± 0.1 f

1198 ± 63 f

183 ± 9

6.9 mg/L

224 ±63

437 ± 242 e

1.8 ± 0.2 f

1385 ± 322 g

201 ± 2

29 µg/L

175 ± 26

507 ± 476

< 0.15

*

1274 ± 240 h

140 ± 25

5.0 mg/L

207 ± 35

500 ± 278

< 0.15

*

1600 ± 174 i

150 ± 25

13 µg/L

267 ± 5

1176 ± 558

7±3g

1890 ± 184 j

158 ± 32 s

1.1 mg/L

299 ± 119

867 ± 222

2.5 ± 0.2 g

1741 ± 222 k

60 ± 28 p, s

Low
concentration

180 ± 8 b

558 ± 551

< 0.15

1603 ± 15 l, n

95 ± 2 q, t

High
concentration

307 ± 2 a, b

192 ± 49 d

4.26 ± 0.04

2093 ± 10 m, n

114 ± 1 r, t

Cu

Ni

Cd

Metal
mixture

* LOD
Same letter indicates significant difference (p < 0.05) between values.

*
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For both marsh plants, formic and acetic acids concentrations in exudate
solutions (either in the absence or in the presence of added metals at any tested
concentration) were, in general, lower than the initial levels found in freshwater
(Tables 5.2 and 5.3). This suggests, as already pointed out in Chapter 4 (section
4.3.2), the occurrence of a possible degradation of these two ALMWOAs as a result
of the presence of microorganisms in freshwater or/and of the influx of formic and
acetic acids through plants roots. However, no significant effect was observed on
the influx and/or microbial degradation of the mentioned ALMWOAs after H.
portulacoides exposure to the metal-enriched medium (a statistically significant
decrease was only registered for acetic acid, comparing to the initial levels, when
the roots were exposed to the mixture of metals, at the highest concentration). For
P. australis, there was a significant decrease on formic acid concentration after plant
roots immersion in freshwater contaminated with metals. In contrast to the
presented results, metals, such as Cd, Cu, as well as Zn, have been reported, in
studies carried out in solution or in soil, to stimulate the exudation of formic and
acetic acids, among other ALMWOAs, by roots from either cultivar plants (Cieśliński
et al. 1998; Chiang et al. 2006; Qin et al. 2007) or halophytic plants (Haoliang et al.
2007). In fact, acetic acid was one of the predominant ALMWOAs in exudate
solutions on several cases (Cieśliński et al. 1998; Haoliang et al. 2007). In general,
in the mentioned studies, there was a tendency for a higher exudation of ALMWOAs
with plant exposure to increasing metal concentrations (Cd and Cu concentrations
within or above the range used). On the contrary, Bao et al. (2010) verified that
acetic acid liberation by Zea mays roots was inhibited at Cd concentrations above
0.56 mg/L.
Contrary to that observed for formic and acetic acids, there was a significant
increase (statistically significant differences were not always found) on the
concentration of oxalic, citric (only in the case of P. australis) and maleic acids
comparing to the initial ALMWOAs concentrations in freshwater (Tables 5.2 and
5.3). Therefore, the exudation of these ALMWOAs, after 2 hours of root exposure to
freshwater, occurred for both plants (Table 5.4). Maleic acid was present in very low
amounts in the root exudate solutions of both marsh plants. Metal exposure
appeared to have inhibited the release of maleic acid by H. portulacoides, since the
highest concentration of this ALMWOA was observed in the absence of metals. In P.
australis root exudate solutions, maleic acid was observed only when the plant roots
were exposed to Cu, Cd and to the highest concentration of the mixture of metals.
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Thus, those metals have triggered the release of maleic acid by P. australis roots.
Nevertheless, the metal concentration to which the plant was exposed was not an
important factor since the amounts of maleic acid released were statistically identical
for both Cu and Cd concentrations tested. On the contrary, the combination of all
metals may have had a positive effect on the exudation of maleic acid, fact
confirmed by a statistically significant increase on the amounts of the ALMWOA
(Table 5.4). The release of maleic acid in low amounts have already been reported
for other halophytes as K. candel (levels higher but of the same order of the amount
released by P. australis roots) with a tendency for a higher liberation with increasing
Cd concentrations (Haoliang et al. 2007).
Table 5.4 – Levels (mean and standard deviation, n=3) of the ALMWOAs released by H. portulacoides and P. australis
roots when exposed, for 2 hours, to freshwater containing different concentrations of different metals (isolated or in
mixture) performed in autumn and summer, respectively.

H. portulacoides

P. australis

(µg/g root DW)

(µg/g root DW)

Metal concentration

Oxalic Acid

Maleic Acid

Oxalic Acid

Citric Acid

Maleic Acid

Without metal addition

261 ± 53 a,b

0.96 ± 0.03 d

13 ± 2 e, f

87 ± 8 h, j

< 0.023**

67 µg/L

516 ± 24 a

0.4 ± 0.1 d

11.2 ± 0.5

150 ± 31 h, i

0.21±0.04

6.9 mg/L

790 ± 49 a

< 0.11

**

*

59 ± 22 i

0.27±0.03 k

29 µg/L

403 ± 208

< 0.11

**

*

46 ± 39

< 0.023

**

5.0 mg/L

***

7±5

77 ±40

< 0.023

**

13 µg/L

263 ± 103

< 0.11

**

14 ± 4

129 ± 34

0.7 ± 0.2

1.1 mg/L

310 ± 89

< 0.11

**

16 ± 12

129 ± 10

0.4 ± 0.1 l

Low
concentration
High
concentration

315 ± 222 c

< 0.11

**

3 ± 1 e, g

84 ± 76

< 0.023

686 ± 67 b, c

< 0.11

**

24 ± 1 f, g

31 ± 10 j

Cu

Ni
***

Cd

Metal
mixture

**

0.68 ±0.05k,l

* Concentration of ALMWOA found in the root exudate solution was lower than the initial freshwater concentration.
** LOD
*** Due to technical difficulties, this data was lost.
Same letter indicates significant difference (p < 0.05) between values.

Regarding the liberation of other ALMWOAs, only Cu seemed to influence the
exudation of oxalic acid by H. portulacoides plant roots. Concentrations of the
mentioned ALMWOA increased significantly with the increase of Cu level in the
solution (Tables 5.4). Similarly, Cu stress was reported to stimulate oxalic acid
liberation by poplar roots (Qin et al. 2007), coniferous tree roots (Pinus sylvestris)
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(Ahonen-Jonnarth et al. 2000) and a metallophyte species roots (Imperata
condensate) (Meier et al. 2012) after exposure to solutions enriched with Cu
(concentration within the range used in this work). Furthermore, in case of marsh
plants, Mucha et al. (2010) noticed that, among the five ALMWOAs detected on root
exudates solutions of J. maritimus, only the liberation of oxalic acid was stimulated
by Cu stress, augmenting significantly the levels of oxalic acid in the medium at
higher Cu concentrations. On the contrary, for another marsh plant species (S.
maritimus), a different response was observed, with the amounts of oxalic acid
exuded tending to decrease with Cu contamination (Mucha et al. 2010).
As concerns P. australis, roots exposure to 6.9 mg/L of Cu caused a
significant decrease on the amounts of oxalic acid (levels below the initial freshwater
concentration). Two possible situations might have occurred that could explain the
results achieved: (1) a possible inhibition on oxalic acid release accompanied by
plant uptake of the ALMWOA present in solution; or (2) oxalic acid might have been
released and the Cu-oxalate complexes formed were taken up by P. australis roots
within the period of the experiment. ALMWOAs are well-known for their ability to
form complexes with metal ions, being involved on several processes such as metal
tolerance, metal transport through xylem and metal sequestration in vacuoles
(Clemens 2001). In the present case, ALMWOAs were only determined on the root
exudate solutions accounting only with the amounts of ALMWOAs present in
solution after two hours of root exposure. Likewise, the majority of works have
neglected the amount of ALMWOAs that may have entered the roots however
metal-ALMWOA complexes have been found in plant tissue (Rellán-Álvarez et al.
2010).
Unlike Cu, no effect of Cd was observed on the liberation of oxalic acid by H.
portulacoides or P. australis roots since the oxalic acid concentrations were similar
in the absence or in the presence of the metal (Table 5.4). No significant effect of Ni
on oxalic acid exudation by P. australis was observed either (data were, in general,
statistically identical). Due to technical difficulties, data regarding the root exudate
solution obtained from H. portulacoides roots exposure to the highest concentration
of Ni were lost, so the study concerning the influence of this metal on ALMWOAs
exudation by roots of H. portulacoides plants was not conclusive. The influence of
Cd and Ni on the exudation of oxalic acid is not consensual in literature. In
agreement with data herein presented, Greger and Landberg (2008) found that the
exposure of several types of wheat to Cd-contaminated soil, as well as the
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accumulating capacity of those plants, had not affected the concentration of
ALMWOAs exuded by the roots, including oxalic acid. Furthermore, AhonenJonnarth et al. (2000) observed that Ni (1 mg/L) and Cd (0.05 mg/L) also did not
stimulate the exudation of ALMWOAs by Pinus sylvestris. In contrast, several
studies involving cultivar plants have reported an inducement of rhizodeposition of
several ALMWOAs, including oxalic acid, as a response to Cd (at concentrations
within the range or higher than those tested herein) (Yang et al. 2001; Hassan et al.
2008).
In terms of plants roots exposure to a mixture of metals, H. portulacoides roots
liberated tendentiously higher amounts of oxalic acid with increasing metal
concentrations (although results were not always significantly different). In addition,
the level of oxalic acid was slightly lower than the amounts achieved for the 6.9
mg/L Cu treatment. Therefore, the release of oxalic acid by H. portulacoides roots
may be somewhat conditioned by the combined effect of mixture of metals when
comparing to the effect of Cu in isolate. In P. australis case, at low metal
concentration, the release of oxalic acid diminished significantly (3 ± 1 µg/g

root DW )

comparing to the amount of the ALMWOA found on the root exudate solution
obtained from roots exposure to freshwater without metal addition (13 ± 2 µg/g
DW ).

root

On the other hand, at high metal concentration, there was a statistical

significant increase on the liberation of oxalic acid (24 ± 1 µg/g

root DW ),

being, in fact,

the highest concentration of oxalic acid found in root exudate solutions of P.
australis. The combination of all three metals (at high concentration) may have
triggered the exudation of the mentioned ALMWOA possibly as a defence
mechanism against the increasing metal toxicity.
The exudation of citric acid by P. australis roots was mainly influenced by the
presence of Cu in the matrix. In fact, data achieved for Ni and Cd were statistically
identical comparing to the ALMWOA level released by the plant roots in the absence
of metals. Likewise, Cd and Ni did not have a significant effect on the release of
citric acid by Agrogyron elongatum roots, being essentially stimulated the secretion
of malic and oxalic acids (Yang et al. 2001). Furthermore, citric acid concentration
increased in Zea mays root exudate solution but only at Cd concentrations below
0.56 mg/L (Bao et al. 2010). On the contrary, root exudates from K. candel were
shown to present, under different Cd stress conditions (from 0 mg/L to 50 mg/L),
different profiles of ALMWOAs composition and amounts, being citric acid one of the
predominant ALMWOAs released (Haoliang et al. 2007).
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In the case of Cu, the release of citric acid increased significantly at the 67
µg/L Cu treatment and decreased significantly after plant exposure to 6.9 mg/L of
Cu. It seems, therefore, that the lowest Cu concentration may have triggered the
liberation of citric acid by P. australis roots, whereas no stimulation of the ALMWOA
release seemed to occur when the roots were exposed to a higher concentration. To
note that citric acid was not detected in the freshwater, the presence of citric acid
being only observed after plant exposure. This denotes that the provenience of this
ALMWOA was essentially from plant root exudation. On root exudates solutions of
H. portulacoides, citric acid was never detected. The occurrence of citric acid
release, especially as a response to metal stress, can be found in literature. The
exudation of this ALMWOA is commonly associated to Fe and P deficiency and Al
toxicity (Jones 1998; Neumann and Römheld 1999; Hoffland et al. 2006). However,
several studies have shown that other metals, such as Cu, may also induce the
liberation of this ALMWOA, since citric acid forms highly stable complexes with
metal ions. For instance, Yang et al. (2001) observed that Cu was the most effective
in inducing root exudation of citric acid, among other ALMWOAs, after Agrogyron
elongatum roots exposure to different concentrations of metals. Meier et al. (2012)
reported that the white lupin and sunflower (two agricultural plants) exuded mainly
citric acid when exposed hydroponically to Cu, nevertheless the amounts exuded
maintained constant, especially, at high Cu concentrations (1 and 2 mg/L). On the
contrary, a metallophytic plant, Imperata condensate, presented a different
behaviour, releasing higher amounts of citric acid as Cu concentration in the
medium increased (Meier et al. 2012). With regard to marsh plants, in studies
involving S. maritimus and J. maritimus, no significant changes were observed on
citric acid levels released in the absence and in the presence of Cu (Mucha et al.
2010).
When a mixture of metals was present in the media, results were identical, in
terms of citric acid, to those observed when only Cu was present. Changes in root
exudation induced by plant’s exposition to a mixture of metals have been reported
before. For instance, Koo et al. (2006) observed that the application of biosolids in
soil (which may introduce significant amounts of several metals (Koo et al. 2010))
enhanced the ALMWOAs production in the rhizosphere of corn plants and
influenced the composition of the ALMWOAs profiles liberated. The response of
sunflower roots, in terms of secretion of citric, oxalic and tartaric acids, was also
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dependent on the concentration of a mixture of Cd and Pb in a sand culture (Niu et
al. 2011).
To the best of our knowledge, the study on the exudation patterns of H.
portulacoides and P. australis roots stimulated by the presence of metals was never
performed before. Studies involving the release of ALMWOAs by marsh plant roots
induced by metals are indeed scarce. The marsh plants under study can tolerate
media of high salinity, presenting therefore different defence mechanisms than
agricultural plants. In fact, Manousaki and Kalogerakis (2010) inferred that
halophytes present advantages over nonhalophytic plants since they are able to
survive and reproduce in salt-rich environments (owing to plants intern
biophysicochemical mechanisms), feature that may ensure their tolerance to other
environmental stress as metal contamination. The phenomenon of rhizodeposition
was proven to compose a defence mechanism of plants against metal toxicity
(Miyasaka et al. 1991; Ryan et al. 2001; Pinto et al. 2008). Therefore, H.
portulacoides roots may have liberated significant amounts of oxalic acid with
increasing Cu concentration to reduce Cu toxicity by, for instance, complexing the
metal ions.
It is worth mentioning that the profile of ALMWOAs and the concentrations
found in the present in vitro studies represent the H. portulacoides and P. australis
response to the conditions to which they were subjected. Since the plants under
study were not tested in their natural medium, the amounts of the determined
ALMWOAs may be underestimated or overestimated, as already mentioned in
Chapter 4. In spite of being chosen plants with similar size and aspect, it is difficult
to guarantee that the selected specimens were all of the same age or in the same
physiological state. Therefore, variations of these features among the specimens
selected for the presented studies and the natural variability of the plant response
may have been associated to the high standard deviations achieved for some
variables.
Nonetheless, the differences reported herein on plant response, in terms of
ALMWOAs exudation, to metal stress corroborate with previous findings concerning
the fact that plant species is a feature of critical importance which condition
remarkably the plant response to metals (Jones 1998; Greger and Landberg 2008;
Meier et al. 2012). Consequently, some plant species may liberate ALMWOAs due
to metal exposure, whereas for other species, the same metal or metal
concentration may not trigger the occurrence of this phenomenon. In addition, plant
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response to metal toxicity and the profile of ALMWOAs released by plant roots may
also depend upon the metal in question and the concentration to which the plant is
exposed. In fact, the ALMWOAs liberated in response to metal exposure may be a
specific response to the stress caused by the metal, constituting this a mechanism
of resistance (Ma et al. 1997; Meier et al. 2012).
In the present case, the obtained results indicated that the two plants, in the
conditions used, did not respond to the presence of Cd or Ni in the medium whereas
Cu seemed to affect the release of citric and oxalic acid by the marsh plants roots.
Data here presented demonstrate the importance of taking into consideration plant
species, the metal or mixture of metals and the metal concentrations when
conducting studies on rhizodeposition, since these features were proven to influence
significantly the response of a plant in terms of ALMWOAs release.

5.3.2 Seasonal variation of P. australis response to Cu exposure
P. australis is a perennial plant, presenting a distinct seasonal cycle (which
initiates in spring and ends in winter) despite maintaining their rhizomes active
throughout the year (Baldantoni et al. 2009). It was already demonstrated (Chapter
4) that the plant physiological state can influence the composition and the amounts
of root exudates released in terms of ALMWOAs. In case of exposure to toxic
substances, plant response may also be affected by the physiological changes that
a plant suffers during its life cycle. As Cu influenced the exudation of ALMWOAs by
P. australis roots, in vitro studies were performed for assessing whether that
influence would vary among seasons. Methodological limitations prevented the
experiments in winter (nevertheless, significant differences in the composition and
the amount of the ALMWOAs (except for formic acid) exuded between autumn and
winter (the two seasons the mature stage of the plant) were not expected (see
Chapter 4)).
Table 5.5 presents the amounts of ALMWOAs released by P. australis roots,
in spring, summer and autumn, after exposure to freshwater containing different
concentrations of Cu. An analysis of the results achieved revealed that, at the
beginning of P. australis life cycle (spring), a significant liberation of oxalic acid
occurred for the highest concentration of Cu (6.9 mg/L). In contrast, in summer, the
same Cu concentration seemed to cause an inhibition on the exudation of oxalic
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acid, as the amount of the ALMWOA measured was lower than that found in the
absence of metal. At the beginning of the plant’s decaying period (autumn), Cu
contamination did not induce any major effect on oxalic acid exudation, since all
data were statistically similar, being the amounts released relatively low.
As concerns citric acid, the plant behaviour was different. In spring, Cu did not
influence significantly citric acid release, but in summer P. australis seemed to
respond to the contaminant. Indeed, for the lowest Cu concentration (67 µg/L), P.
australis released significantly more citric acid. However, for the highest Cu level
(6.9 mg/L), stimulation of citric acid exudation did not occur (levels were statistically
similar to that found in the absence of metal addition) similarly to that observed for
oxalic acid. In autumn, on the contrary, the highest Cu concentration caused the
release of significantly more citric acid.

Table 5.5 – Levels (mean and standard deviation, n=3) of the ALMWOAs released by P. australis roots when
exposed, for 2 hours, to freshwater containing different concentrations of added Cu in different seasons of the year.

SEASON

Spring

concentration

Oxalic Acid

Citric Acid

Maleic Acid

Formic acid

Acetic Acid

0 µg/L

14 ± 6 a

146 ± 95

0.3 ± 0.3

*

*

b,j

n

**

*

67 µg/L
6.9 mg/L
0 µg/L

Summer

Autumn

ALMWOAs (µg/g root DW)

Added Cu

67 µg/L

15 ± 6

a,b,l

48 ± 15

13 ± 2 i
11 ± 1

6.9 mg/L

*

0 µg/L

6 ± 3i

67 µg/L
6.9 mg/L

2±1

k

67 ± 33
195 ± 72

87 ± 8 d,m

8±4

l

< 0.017

0.7 ± 0.4
**

*
*

0.21 ± 0.04

*

*

0.27 ± 0.03

*

*

44 ± 13 f,m

*

184 ± 95

*

26 ± 24

g,o

*

118 ± 36

77 ± 11

f,g,q

150 ± 31

e,p

<0.028

85 ± 55

*
r

*

d,e,n,o

59 ± 22

j,k

p,q

*

259 ± 62

4.4 ± 0.1
r

5±2

* Concentration of ALMWOA found in the root exudate solution was lower than the initial freshwater concentration.
** LOD
Same letter indicates significant difference (p < 0.05) between values (from a to h, comparison in each season; from i to r,
comparison among seasons).

Exudation of formic acid occurred only in spring, in the presence of the highest
Cu concentration, and in autumn. In this last season, formic acid was released both
in the presence and in the absence of added Cu, being tendentiously higher for the
highest Cu level. Differences among seasons induced by Cu contamination were not
observed for maleic and acetic acids. Maleic acid was not released at measurable
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levels in autumn whereas acetic acid was observed only in autumn in the presence
of Cu (but the levels were independent of Cu concentration).
The presented results revealed differences among seasons either in terms of
the profile and of the amounts of ALMWOA released into the medium as a response
to Cu contamination. Oxalic and citric acids were released in all studied seasons but
were exuded in significantly higher amounts in spring (the growing stage of the
plant’s life). The growing season is generally a period of higher plant activity. In fact,
Badri and Vivanco (2009) have indicated that exudation rates of ALMWOAs may be
low at seedling stage, increasing during growing stage and decreasing again in
maturity. P. australis seemed to be more prone to release higher amounts of the
mentioned ALMWOAs in this season in response to Cu. On the other hand, acetic
acid was only found in autumn as well as formic acid (although this was also
observed in spring for the highest level of Cu contamination). Influence of the
physiological cycle on ALMWOAs exudation as a response to a given level of Cu
contamination was observed essentially in the case of oxalic acid (the highest
concentration was observed in spring) and citric acid (the highest concentration was
observed in spring for the 6.9 mg/L Cu treatment and in summer for the 67 ug/L Cu
treatment).
The liberation of ALMWOAs by plant roots in response to Cu exposure was,
therefore, influenced by plant seasonality. As a result, when investigating the plant
response to a contaminant or assessing the plant potential for phytoremediation
purposes, the physiological cycle of the plant in question must be taken into
consideration. Furthermore, studies on this matter are of crucial importance to
accurately interpret the results obtained. Till now, to the best of our knowledge, this
is the first study concerning the seasonal variation regarding the response of plant
roots to a contaminant in terms of ALMWOAs exudation. Given the vast literature
denoting the importance of the physiological state of a plant on its behaviour, it was
important to research whether P. autralis would respond differently, for instance to
Cu contamination, throughout the seasons. The majority of the works found in
literature, regarding the seasonal variation of plant’s behaviour, have been focused
on the natural rhizodeposition of ALMWOAs by plants or the ALMWOAs
concentrations present in soil/sediment pore water during the plant’s life cycle, in the
absence of a contaminant.
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5.3.3 Metal accumulation in plant roots
Both H. portulacoides and P. australis roots were proven to accumulate Cu, Ni
and Cd especially when exposed to solutions containing a higher metal
contamination (isolated or in mixture) (Figure 5.1). Simultaneously it was observed a
tendentious decrease of the metals concentrations in the solutions (Figure 5.2), as
expected, because a fraction of metal was removed from them by plant roots.
Results herein are in accordance with previous findings on the ability of both plants
to uptake different metals (Reboredo 1991, 2001; Windham et al. 2003; Duman et
al. 2007; Baldantoni et al. 2009), as will be discussed forward in Chapter 6 (where
experiments carried out in more realistic conditions are discussed).
No apparent signals of toxic effects of the selected metals on the plants were
observed during the reduced period of plant exposure to metal contamination (2
hours). Toxicity effects on H. portulacoides specimens had been reported for
exposure to Cu concentrations above 25 mg/L whereas no apparent damage was
registered when the plant was exposed to solutions containing 5 mg/L of Cu during
8 weeks (Reboredo 1994). Furthermore, morphological changes in H. portulacoides
roots and a decrease on chlorophyll a and chlorophyll b levels have occurred after
15 days of plant exposure to 1.0 mg/L and 5.0 mg/L of Cd (Reboredo 2001).
Figure 5.3 exhibits the levels of Cu found in P. australis roots, collected in
different seasons, after root exposure to freshwater enriched with two different Cu
concentrations. Data show that P. australis accumulated Cu in their roots during all
seasons, presenting a significant increase on metal retention when exposed to
freshwater contaminated with 6.9 mg/L Cu (occurring, naturally, a decrease on Cu
concentration in the medium (Figure 5.4)). However, Cu accumulation in roots did
not differ significantly among the different physiological stages (for both
concentrations tested) differently from what has been observed in natural
environment (Caçador et al. 2000; Duman et al. 2007; Bragato et al. 2009).

Metal accumulation versus ALMWOAs exudation

Significant

correlations

between

the

ALMWOAs

released

and

Cd

contamination (Chiang et al. 2006), as well as, with the Cd and Cu accumulated in
organs of agricultural plants and Cu-metallophytes have been reported (Cieśliński et
al. 1998; Bao et al. 2010; Meier et al. 2012).

FCUP

Same letter indicates significant difference (p < 0.05) between values.

Figure 5.1 –Concentration of Cu, Ni and Cd (mean and standard deviation, n=3) found in roots of H. portulacoides and P. australis after their exposure, for 2 hours, to
different concentrations of Cu, Ni and Cd (isolated or in mixture).
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* Data below the limit of detection (1.5 µg/L for Ni).
Same letter indicates significant difference (p < 0.05) between values.

Figure 5.2 –Concentration of Cu, Ni and Cd (mean and standard deviation, n=3) found in solution after (light grey) H. portulacoides roots and P. australis roots
immersion, for 2 hours, in freshwater in the absence and in the presence of Cu, Ni and Cd (isolated or in mixture). Metals concentrations in solution without plant
root immersion are also presented (dark grey).
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Nevertheless, data from the in vitro studies herein presented were insufficient to
establish significant correlations between the concentration of metal accumulated in
roots with the amounts of the ALMWOAs released by H. portulacoides or P.
australis.
However, in section 5.3.1, it was inferred that Cu contamination stimulated the
release of oxalic acid by H. portulacoides roots. Crossing the levels of the
ALMWOAs per gram of root released by H. portulacoides (Table 5.4) and data in
Figure 5.1, it can be seen that the accumulation of Cu augmented with the increase
of the concentration of oxalic acid liberated, suggesting a possible involvement of
oxalic acid on the Cu uptake by H. portulacoides roots. The release of ALMWOAs is
often associated to plant mechanisms of metal detoxification.
ALMWOAs can in fact influence metal speciation and bioavailability in
sediments (Qin et al. 2004; Mucha et al. 2005; Luo et al. 2008; Pinto et al. 2008). In
fact, metal-ALMWOAs complexes are reported to be less toxic metal-forms to plants
and easily transported inside roots and even translocated to the aboveground parts
(Yang et al. 1997; Jones et al. 2001; Han et al. 2006). The majority of works have
established correlations between the levels of ALMWOAs found in soil or roots
exudate solutions and the metals accumulated in roots of plants different from those
used here. Nevertheless, the amount of ALMWOAs that may have entered in the
roots, as anion or metal-complexes, has been frequently neglected.
The liberation of ALMWOAs is metal-specific and not all ALMWOAs are exuded as a
result of metal stress or are involved in metal accumulation by plant roots.
Furthermore, apart from the liberation of ALMWOAs, plants present other protective
mechanisms against metal toxicity, such as the existence of metal specific
transporter proteins in roots membranes, production of amino acids, as histidine,
phenolic compounds, phytochelatins and antioxidant substances (cysteine, reduced
glutathione, etc) and enzymes, etc (Heim et al. 2001; Iannelli et al. 2002; McNear Jr
et al. 2010; Rascio and Navari-Izzo 2011). Providing that the amount of metal
accumulated by H. portulacoides roots and P. australis roots increased when metal
concentrations in the medium solution increased, such protective mechanisms may
have been induced besides the liberation of ALMWOAs. Mucha et al. (2010) also
observed that S. maritimus and J. maritimus accumulated relatively high amounts of
Cu, although only the release of oxalic acid by J. maritimus roots was stimulated by
Cu exposure, suggesting that alternative internal mechanisms may have been
triggered to reduce Cu toxicity and allow the retention of metal in plants tissue.

Same letter indicates significant difference (p < 0.05) between values.

Figure 5.3 –Concentration of Cu (mean and standard deviation, n=3)
found, in different seasons, in roots of P. australis plants after their
exposure to freshwater spiked with different concentrations of Cu.

Same letter indicates significant difference (p < 0.05) between values.

Figure 5.4 –Concentration of Cu (mean and standard deviation, n=3) found, in
different seasons, in solutions after (light grey) P. autralis roots immersion in
freshwater spiked with different Cu concentrations. Cu concentrations in solution
without plant root immersion are also presented (dark grey).
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5.3.4 Influence of tributyltin on ALMWOAs exudation by marsh plants roots
Results achieved from the exposure of H. portulacoides and P. australis
specimens to freshwater enriched with 5 µg/L of TBT are presented in Figure 5.5
and Figure 5.6, respectively. Levels of the ALMWOAs corrected to the mass of dry
root are shown in Table 5.6 for both plants.
A significant increase on the amount of oxalic acid in root exudates solutions
of H. portulacoides (in the absence and in the presence of TBT) was observed
comparing to the initial level of oxalic acid in freshwater (Figure 5.5). Nevertheless,
data corrected to the root dry weight (Table 5.6) revealed that the levels of oxalic
acid released into the mentioned media were statistically identical. The
concentration of formic acid in root exudate solutions was significantly lower than
the one registered for freshwater, indicating an influx or degradation of the
ALMWOA. TBT did not therefore influence the exudation of oxalic and formic acids
by H. portulacoides. On the other hand, the exudation of citric acid by H.
portulacoides roots seemed to be inhibited since citric acid was not detected after
roots exposure to TBT, in contrast to what happened in the absence of TBT (127
µg/g

root DW )

(Table 5.6). In the in vitro studies discussed above (section 5.3.1), citric

acid was not found in none of the root exudates solutions of H. portulacoides.
However, as discussed in Chapter 4, this marsh plants seemed to exude citric acid
in spring (a period of higher plant’s activity). The presence of citric acid was not
detected in the initial freshwater solutions, denoting that this ALMWOA was released
by plant roots.
No statistical significant influence of TBT on the amounts of acetic acid was
observed. Nevertheless, relatively to freshwater only, there was a slight trend for an
increase in the amount of the ALMWOA in the presence of the plant roots and a
slight decrease to values lower than those in freshwater when H. portulacoides roots
were exposed to TBT (Figure 5.5). Maleic acid concentrations were below the limit
of detection in all cases. Therefore, results indicate that only the exudation of citric
acid by H. portulacoides roots was influenced by the presence of TBT in the
medium.
As it was discussed above, roots of P. australis specimens can exude oxalic,
citric, maleic and formic acids. In this case, significantly higher amounts of oxalic
and citric acids were found in root exudate solutions after roots exposure to TBT
(Figure 5.6). In terms of formic acid, significantly higher amounts were determined
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Figure 5.5 – Levels (mean and standard deviation, n=3) of ALMWOAs found in freshwater, to which no
plant roots were exposed ( ), and in root exudate solutions of H. portulacoides plants exposed, for 2
hours, to freshwater in the presence ( ) or in the absence ( ) of 5 µg/L of TBT.
* Below the limit of detection (16,5 µg/L).
Same letter indicates significant difference (p < 0.05) between values.
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Figure 5.6 – Levels (mean and standard deviation, n=3) of ALMWOAs found in freshwater, to which no
plant roots were exposed ( ), and in root exudate solutions of P. australis plants exposed, for 2 hours, to
freshwater in the presence ( ) or in the absence ( ) of 5 µg/L of TBT.
* Below the limit of detection (16,5 µg/L for citric acid and 0.003 µg/L for maleic acid).
Same letter indicates significant difference (p < 0.05) between values.
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in root exudate solutions in the presence of the organotin. However, when the mass
of root was taken in consideration (Table 5.6), statistically significant differences in
the amounts of oxalic, citric and formic acids released in the presence and in the
absence of TBT were not found, although there was a tendency for an increasing
exudation of citric and formic acids when the roots were exposed to TBT.
A slight and not statistically significant decrease on the amount of acetic acid
either in the absence or in the presence of TBT (comparing to its initial
concentration) was observed (Figure 5.6), suggesting that there might have been an
influx of the ALMWOA or the degradation of acetic acid by microorganisms present
in freshwater, as experiments were carried out in non-sterilised conditions. Results
here presented suggest that TBT did not significantly influence the secretion of the
mentioned ALMWOAs by roots of P. australis, in the conditions used.
Table 5.6 – Levels (mean and standard deviation, n=3) of ALMWOAs, expressed in µg/g root DW, observed
after 2 hours of P. australis and H. portulacoides roots exposure to freshwater in the presence or in the
absence of 5 µg/L of TBT.

H. portulacoides

P. australis

Added TBT

Added TBT

ALMWOAs

Oxalic Acid
Citric Acid

0 µg/L

5 µg/L

0 µg/L

5 µg/L

547 ± 315

568 ± 326

17 ± 7

38 ± 16

144 ± 93

333 ± 132

0.3 ± 0.2

**

127 ± 57
*

< 13

*
*

Maleic Acid

< 0.15

Formic acid

**

**

87 ± 70

134 ± 48

Acetic Acid

86 ± 7

**

**

**

< 0.15

* LOD
** Concentration of ALMWOA found in the root exudate solution was lower than in the initial freshwater concentration.

5.3.5 Plant species: an important feature influencing the plant’s response, in
terms of ALMWOAs exudation
The in vitro studies aiming at researching the influence of different metals
(isolated and in mixture) on the liberation of ALMWOAs from H. portulacoides and P.
australis roots were performed in different seasons. Chapter 4 (section 4.3.2)
demonstrated that exudation of ALMWOAs changed throughout the life cycles of
both plants. So, only data from experiments conducted in the same season (in this
case, autumn), involving the exposure of both plants to media contaminated with
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Cu, could be appropriately compared (Table 5.4 (H. portulacoides) and Table 5.5 (P.
australis, autumn)). H. portulacoides roots exuded significantly higher amounts of
oxalic acid than P. australis roots. The amounts of oxalic acid released augmented
accordingly to the Cu contamination level whereas, in the case of P. australis, the
presence of Cu appeared not to induce the liberation of oxalic acid. On the other
hand, root exudate solution of P. australis plants presented citric, formic and acetic
acids. Citric acid was not measured on H. portulacoides root exudate solutions in
autumn and the amounts of formic and acetic acids found were lower than the initial
levels in freshwater. Maleic acid was released in very low amounts by the roots of
both plants species.
Regarding the exposure of both marsh plants to TBT in spring (Table 5.6),
results demonstrated that TBT seemed not to have a significant influence on the
secretion of ALMWOAs from roots of both plants. Nevertheless, higher levels of
oxalic acid were found on H. portulacoides root exudates solutions in comparison to
the ones exuded by P. australis (H. portulacoides ability to exude higher amounts of
oxalic acid have already been shown in Chapter 4 (section 4.3.3)). However, no
inhibition on the release of citric and formic acids was observed for P. australis.
Therefore, a dissimilar behaviour between H. portulacoides and P. australis
response to pollutants was observed. This result corroborates those from other
authors (Jones 1998; Greger and Landberg 2008; Mucha et al. 2010; Meier et al.
2012) which have also found evidence that different plants species present different
behaviours when subjected to a specific contaminant or mixture of contaminants.

5.4 CONCLUSIONS
The present work showed that Cu was the only metal which influenced the
release of oxalic acid by H. portulacoides and P. australis roots. The exudation of
citric acid was substantially stimulated when P. australis roots were exposed to the
lowest Cu concentration, though no significant stimulation was observed after plant
exposure to the highest metal contamination tested. In the conditions used, the
presence of Cd or Ni did not stimulate the liberation of ALMWOAs by H.
portulacoides and P. australis roots. When exposed to a mixture of metals, the
release of oxalic acid by both plant roots was triggered with increasing metal
contamination, indicating a possible activation of a defence mechanism against
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metal toxicity. On the other hand, the behaviour of P. australis roots, in terms of
citric acid secretion, was similar to the one observed when the plant was only
exposed to Cu, suggesting that the presence of the other two metals caused no
effect. Plant seasonality was shown to influence the liberation of ALMWOAs from P.
australis roots in response to Cu exposure. Differences among physiological stages
of the plants either on the profile of the ALMWOAs released or on the specific
liberation of oxalic, citric and formic acids were observed.
During the short-term exposure experiments, both plants were able to
accumulate Cu, Ni and Cd in their roots. No seasonal variation of Cu accumulation
(the only metal tested) by P. australis roots was observed possibly as a result of the
short time of exposure. In addition, no significant correlation between ALMWOAs
released by the plant and the metal accumulated in roots was observed.
Tributyltin did not have any significant effect on the exudation of oxalic, formic
and acetic acids by either P. australis or H. portulacoides. However, TBT
contamination seemed to inhibit citric acid exudation by H. portulacoides roots.
Data here presented demonstrate important differences on the liberation of
ALMWOAs (qualitatively and quantitatively) from roots accordingly to the marsh
plant species, the contaminant used and the concentration to which plant roots were
exposed and, within the same plant, during its life cycle. Therefore, all these
features should be taken into consideration when conducting studies on
rhizodeposition involving marsh plants.
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6.1

INTRODUCTION AND AIMS

In natural environment, plants are exposed to constant biotic and abiotic
stresses (including exposure to trace metals) which may unbalance their equilibrium.
As a result, plants have developed important defence mechanisms as, for instance,
the production of low molecular weight thiols such as Cys and GSH. Much effort has
been put into studying the response of soil plants continuously exposed to metals, in
terms of thiols production (De Vos et al. 1992; Bruns et al. 2001; Ben Ammar et al.
2008). However, research on this topic involving salt marsh plants is still relatively
scarce with only two studies published, one about the presence of thiolic proteins in
H. portucaloides (Válega et al. 2009) and the other on the amounts of PC in S.
maritima (Padinha et al. 2000) exposed to metal-contaminated sediments.
Therefore, more information is needed on the contents of thiol compounds as well
as on the factors that influence their production in plants inhabiting estuarine
environments.
This situation prompted us to survey the levels of NPT (namely, Cys, GSH and
GSSG) and Total Thiols in roots of different salt marsh plants P. australis, J.
maritimus, T. striata and H. portulacoides specimens, which are commonly found in
European marsh areas. These salt marshes were collected at two marshes located
in two different Portuguese estuaries, being naturally exposed to metals retained in
marsh sediments. Taking into account that marsh plants accumulate metals in their
belowground tissues (Almeida et al. 2006; Duarte et al. 2010), a possible
relationship between the content of each NPT and metal accumulated in root tissue
of each plant, collected from their natural medium, was searched.

6.2

EXPERIMENTAL PROCEDURES

Specimens of H. portulacoides, T. striata and J. maritimus were collected in
Cávado River estuary and specimens of P. australis, T. striata and J. maritimus
were collected in Lima River estuary. Rhizosediments of each plant stand and noncolonised sediments located within 1.5 m of each plant stand (one sample in Lima
River estuary and two in Cávado River estuary) were also collected. All the sampling
was performed in spring of 2011.
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Several metals (Cd, Cr, Cu, Mn, Ni, Pb and Zn) and the compounds Cys,
GSH, GSSG, as well as Total Thiols, were measured in the root biomass of the
different plants. The same metals were also determined in sediments and
rhizosediments. Reagents, materials and the methodologies used are described in
Chapter 2.
Concentration values represent the mean values of three independent
replicates. Unpaired t-student test (p<0.05) was performed to test for significant
differences among mean concentrations. Statistical significance of correlations
between the thiolic content found in the plants roots and the metal accumulated in
the same organ were determined by Pearson correlation coefficient (p<0.05).

6.3

RESULTS AND DISCUSSION

6.3.1 Non-protein thiols levels in plant roots
Contents of NPT and of Total Thiols were determined in roots of the plants
under study and are shown in Table 6.1. J. maritimus roots from specimens
collected at both of the studied estuaries did not display measurable amounts of any
of the NPT in contrast to what happened with the other plants. Cysteine and GSH
have been shown to be involved in the production of other thiolic compounds such
as PC, methionine, vitamins co-factors, etc (Bonner et al. 2005; Seth et al. 2012).
Therefore, the absence of detectable levels of Cys and GSH may be consequence
of their use to produce other substances involved in the maintenance of plant’s
equilibrium. In fact, measurable amounts of Total Thiols were found in the roots of J.
maritimus collected at Cávado River estuary, despite the absence of detectable
level of NPT (Table 6.1).
Comparing to the remaining plant species under study, slightly higher levels of
GSH and GSSG were observed for T. striata roots of both estuaries, though
statistically significant differences were not found. Such systematic tendency was
not found for P. australis and H. portulacoides roots. In Cys case, T. striata roots
displayed a significantly higher content than those from H. portulacoides in Cávado
River estuary but a significantly lower level than those from P. australis in Lima
River estuary. However, in terms of Total Thiols, T. striata roots presented
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significantly higher levels than the roots of all the other plants in both estuaries.
These results indicated that thiols contents of salt marsh plants roots depend on
plant species, corroborating previous results regarding other types of plants (De Vos
et al. 1992; Bruns et al. 2001; Ben Ammar et al. 2008). For roots of T. striata
specimens, in both estuaries, and of H. portulacoides, only collected at Cávado
River estuary, Total Thiols were significantly higher than the measured total NPT.
These results suggest that other thiols may incorporate plant cell cytoplasm. For
instance, other thiolic compounds, such metallothioneins, DL-homocysteine, Nacetyl-L-cysteine, γ-glutamylcysteine, homoglutathione and PC, have also been
found in soil plant tissues (Klapheck 1988; Cobbett and Goldsbrough 2002; AlvarezLegorreta et al. 2008; Diopan et al. 2010).

Table 6.1 – Levels (mean and standard deviation, n=3) of cysteine (Cys), reduced glutathione (GSH), oxidised
glutathione (GSSG) and total acid-soluble SH compounds (Total Thiols), expressed in µg/g root FW, found in roots of
several marsh plants collected in both River estuaries. ∑ NPT is the sum of the three non protein thiols measured.

Lima River estuary

Cys

GSH
a,A

9.0 ± 0.4

a,c,B

12 ± 5

*

< 0.67

Phragmites australis

6.0 ± 0.3

Triglochin striata

2.4 ± 0.2

Juncus maritimus

< 0.30

∑ NPT

Total Thiols

A

40

35 ± 7

e,B

50

399 ± 84

*

-

**

D

22

131 ± 8

e,F

34

647 ± 36

*

-

63 ± 12

GSSG
A

B

25 ± 2
36 ± 7

*

< 5.16

d;C

13 ± 3

f

f,h

Cávado River estuary
Halimione portulacoides

0.86 ± 0.01

Triglochin striata

6.3 ± 0.4

Juncus maritimus

b, C,D

b,c,E;F

< 0.31

*

8±1

14 ± 1

d,E

< 0.68

*

14 ± 3

< 5.23

g

g,h

g

* LOD
** Total thiols determination not performed due to technical difficulties.
Same letter indicates significant difference (p<0.05) between values (small letters compare data from the same NPT (within the
same column); capital letters compare data from the same plants (within the same line)).

Dissimilarities in thiol content between the roots of T. striata specimens
collected at Lima and Cávado River estuaries were also observed (Table 6.1),
indicating that, apart from plant species, the inhabiting environment can also
influence the NPT content in plant roots. For instance, roots of T. striata specimens
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from Cávado River estuary presented significantly higher levels of Cys but
significantly lower amounts of GSSG whereas GSH content was statistically similar.
An analysis of Table 6.1 also shows that, in Lima River estuary, statistically
higher contents of GSSG than GSH were observed. In fact, plant roots inhabiting
Lima River estuary showed higher levels of GSSG comparing to marsh plant roots
from Cávado River estuary. As it will be discussed in the next section, marsh plants
from Cávado River estuary were shown to bioconcentrate and bioaccumulate more
metals in their rhizosediments and roots, respectively, than marsh plant roots from
Lima River estuary. Nevertheless, plants inhabiting Lima River estuary may be
experiencing some oxidative stress as this area is more exposed to anthropogenic
stresses than salt marshes from Cávado River estuary, presenting Lima River
estuary sediments slightly higher metal concentrations (particularly, Cd, Cu and Zn
as further shown in section 6.3.2). These facts pose a possible explanation for the
differences achieved.
Concentrations of GSSG tend to be generally low in plant cells, but increase
rapidly as GSH is oxidised as a consequence of GSH involvement in detoxifying
reactions. In fact, low GSH/GSSG ratios (< 1) normally indicate that plant is
experiencing oxidative stress (Anjum et al. 2012). In this work, GSH/GSSG ratios
below 1 were found for all marsh plants except for T. striata specimens from Cávado
River estuary. Evidence that metal contamination induce oxidative stress in plant,
leading to GSH depletion in detriment to the increase of GSSG levels in plant’s cells
can be found in literature (De Vos et al. 1992; Di Baccio et al. 2005; Ben Ammar et
al. 2008). Nevertheless, contradictory findings (namely an increment of the GSH cell
content or no significant changes in terms of GSSG levels) have also been reported
(Bruns et al. 2001; Israr et al. 2006; Thounaojam et al. 2012).
Regarding Total Thiols, T. striata roots from Lima River estuary presented
significantly lower levels than those of T. striata from Cávado River estuary (Table
6.1). Subtracting the amount of GSH from the amount of Total Thiols, the theoretical
level of phytochelatin-SH can be estimated (Bhargava et al. 2005). It was found a
higher level of PC in roots of T. striata from Cávado River estuary than in the plant
roots from Lima River estuary (633 µg/g

root FW

and 387 µg/g

root FW ,

respectively).

Phytochelatins are well-known metal chelators involved in the complexation,
transport and storage of metals in cell compartments aiming at diminishing metal
toxicity (Cobbett and Goldsbrough 2002). In fact, this difference in PC content may
be related to the ability of T. striata from Cávado River estuary to bioaccumulate

FCUP

167

Levels of non-protein thiols in roots of different marsh plants inhabiting
natural environment and possible correlation with metal accumulation

more metals in its roots than those from T. striata from Lima River estuary probably
due to a higher mobility of metals in Cávado River estuary comparing to Lima River
estuary (as it will be discussed in the next section). It seems that such higher metal
accumulation in roots of T. striata from Cávado River estuary triggered a more
intense production of PC in this plant roots, so that metal toxicity to the plant could
be reduced and metals could be stored in appropriated cell compartments
(vacuoles, for instance). Furthermore, these results may also be linked to the
differences found among Cys, GSH and GSSG levels in both T. striata plant
species. Considering that Cys is a precursor of GSH (Bonner et al. 2005) and GSH
is a precursor of PC (Seth et al. 2012), it can be assumed that for producing PC, T.
striata roots (Cávado River estuary) required a higher demand for Cys and GSH
which, in turn, probably stimulated the synthesis of both NPT in order to guarantee
the production of such metal chelators. Ben Ammar et al. (2008) associated the
depletion of GSH in roots (and leaves) of tomato plants exposed to Cd to the
increment on PC concentration. Nevertheless, Ederli et al. (2004) inferred that the
biosynthesis of GSH is stimulated in consequence of PC production after observing
significantly increased amounts of GSH and PC in P. australis roots (adapted to
freshwater systems) after Cd exposure. It is worth to notice that GSSG levels were
statistically lower in roots of T. striata specimens from Cávado River estuary than in
those of T. striata from Lima River estuary, fact that may also be related to that
higher demand for GSH (GSSG was probably converted to GSH). The results
achieved seem to support previous findings (Jozefczak et al. 2012) concerning the
dual role of GSH as a constituent of cell’s defence mechanism namely by
participating in PC synthesis or/and in reactions of oxidation and reduction.
Few studies were carried out with some of the plants species under evaluation
here, namely H. portulacoides and P. australis. However, only Válega et al. (2009)
have used H. portulacoides collected in a salt marsh environment. P. australis
specimens, used in hydroponic studies (Fediuc and Erdei 2002; Iannelli et al. 2002;
Pietrini et al. 2003; Ederli et al. 2004), were previously adapted to a freshwater
environment. Reduced and oxidised thiols from proteins extracts and PC were found
in plant tissue (roots, shoots or leaves) of specimens of those plants species (Fediuc
and Erdei 2002; Válega et al. 2009). Reduced glutathione and GSSG have
inclusively been identified in roots (and leaves) of such P. australis specimens
(Iannelli et al. 2002; Pietrini et al. 2003; Ederli et al. 2004). For instance, Fediuc and
Erdei (2002) concluded that, despite the increment on reduced and oxidised thiols
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concentrations in P. australis roots as Cd contamination increased until 10 µM, this
plant strategy against Cd toxicity relied on increased antioxidant enzymes activities.
In the present study, only the levels of NPT of P. australis roots were surveyed,
seeming that Cys, GSH and GSSG were the main thiolic compounds in cell roots as
the sum of NTPs levels and the content of Total Thiols were statistically similar.

6.3.2 Metal concentration in plant roots and in colonised and non-colonised
sediments

Levels of several metals were measured in rhizosediments and in noncolonised sediments nearby stands of P. australis, T. striata and J. maritimus
collected in Lima River estuary (Figure 6.1) and stands of H. portulacoides (Figure
6.2) and T. striata and J. maritimus (Figure 6.3) collected in Cávado River estuary.
In general, levels of metals were higher in Lima River estuary sediments than
in Cávado River estuary (except for Mn). The metal levels found in this work were of
the same order of magnitude as those previously found either in Cávado River
estuary in 2007 (Almeida et al. 2008) or in Lima River estuary in 2009 (Almeida et
al. 2011), indicating that the metal concentration has remained stable since then.
Sediments from both sites under study and plants’ rhizosediments presented metal
concentrations below the respective effect-low range (ERL) quality guidelines (Long
et al. 1995) with the exception of those of Pb, Cu and Zn (no ERL value available for
Mn). Correctly, for Lima River estuary, both sediments and rhizosediments collected
presented Pb concentrations (61.1 – 85.7 µg/g

DW )

above Pb ERL (ERL = 46.7 µg/g

DW ).

A similar situation occurred for Cu (except for T. striata rhizosediment (28 µg/g

DW ))

as the concentrations (38 – 52 µg/g

34 µg/g

DW ).

DW )

were above the respective ERL (ERL =

In the case of Zn, only J. maritimus rhizosediment and non-vegetated

sediment had Zn levels above the ERL (ERL = 150 µg/g DW).
Non-vegetated sediments from Cávado River estuary displayed Pb and Cu
concentrations lower than the ERL (< 35.4 µg/g DW for Pb and < 26.6 µg/g DW for Cu)
whereas the levels measured in rhizosediments from H. portulacoides, T. striata and
J. maritimus were within the range or slightly above the ERL (45.7 – 55.3 µg/g DW for
Pb and 41.4 – 48.8 µg/g

DW

for Cu). Both River estuaries are exposed to constant

anthropogenic pollution. However, the selected sampling site of Lima River estuary
is located in an area of more intense anthropogenic activity (proximity to a harbour).

Same letter indicates statistical difference (p<0.05) between values.
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Figure 6.1 – Contents (mean and standard deviation, n=3) of Pb, Cr, Cu, Mn, Ni, Zn and Cd in rhizosediments of P. australis, T. striata, and J.
maritimus and in non-colonised sediment all collected in Lima River estuary.
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Figure 6.3 – Contents (mean and standard deviation, n=3) of Pb, Cr, Cu, Mn, Ni, Zn
and Cd in rhizosediments of T. striata and J. maritimus and in non-colonised
sediment collected in Cávado River estuary.
* LOD (0.013 µg/g DW for Cd)
Same letter indicates statistical difference (p<0.05) between values.

Figure 6.2 – Contents (mean and standard deviation, n=3) of Pb, Cr, Cu, Mn, Ni,
Zn and Cd in rhizosediments of H. portulacoides and in non-colonised
sediment collected in Cávado River estuary.

Same letter indicates statistical difference (p<0.05) between values.
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Furthermore, Lima River estuary sediments presented significantly higher OM
content than sediments from Cávado River estuary (Table 6.2), feature that may
contribute to the higher metal contents found in Lima River estuary sediment
samples. High OM content can lead to a more pronounced retention of metals by
means of complexation (Chapman and Wang 2001) and consequent adsorption of
metals ions.
In Cávado River estuary, the marsh plant stands were located in two different
areas, whereas in Lima River estuary all specimens were located within the same
area. Therefore, the comparison regarding the metals contents in rhizosediment and
sediment were performed separately for H. portulacoides (Figure 6.2) and for T.
striata and J. maritimus (Figure 6.3). Non-vegetated sediments in the proximity of T.
striata and J. maritimus stands had significantly lower amounts of all metals than
non-vegetated sediments near H. portulacoides stands. Once again, this was
probably related to the lower OM content of non-colonised sediments near T. striata
and J. maritimus stands than of those close to H. portulacoides stands (Table 6.2).

Table 6.2 – Organic matter (OM) content and particle size fraction of rhizosediments of the marsh plants
inhabiting Lima River estuary and Cávado River estuary and of non-colonised sediments nearby the marsh plants
stands.

Location

Percentage of

Grain size percentage relatively to total weight

OM

Gravel

Coarse
sand

Medium
sand

Fine
sand

Silt and
clay

a,b,c

1

6

34

21

37

c,d

1

2

51

25

20

a,e

0.3

3

40

29

26

b,f

0.3

5

39

21

29

d,e

0.4

4

51

22

23

d,f

1

14

48

24

20

Lima River estuary
Rhizosediment

16.5 ± 0.1

Sediment

10.1 ± 0.2

Cávado River estuary
Rhizosediment
H. portulacoides

13.6 ± 0.3

J. maritimus and T. striata

13.5 ± 0.1

Sediment
H. portulacoides

9.5 ± 0.1

J. maritimus and T. striata

1.4 ± 0.5

Same letter indicates statistical difference (p<0.05) between values.
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Evidence that marsh plants play an important role in concentrating higher
metal contents in sediments surrounding their roots (rhizosediment) in detriment to
non-colonised sediments can be found in literature (Caçador et al. 1996; Almeida et
al. 2004; Reboreda et al. 2008). Data achieved in this work showed that, for
instance, in Lima River estuary, P. australis presented significantly higher
concentrations of Pb, Cr and Cu in its rhizosphere than those in the bulk sediment
(Figure 6.1). Furthermore, P. australis showed also a higher ability to concentrate
the mentioned metals in its rhizosediment than T. striata and J. maritimus (statistical
significance was registered in most cases) (Figure 6.1 and 6.4). On the other hand,
Mn and Ni were more concentrated in T. striata rhizosediment than in the
rhizosediment of the other two marsh plants (Figure 6.4).
Non-colonised sediment presented significantly higher amounts of Zn and Cd
in comparison to the rhizosediment of the three specimens collected at Lima River
estuary (enrichment factor (EF) = [M]rhizosediment/[M]sediment below 1 for both metals and
for all plants (Figure 6.4)). Nevertheless, J. maritimus rhizosediment had a
significantly higher concentration of both metals comparing to P. australis and T.
striata rhizosediments (Figure 6.1).

Figure 6.4 – Enrichment factors (EF= [M]rhizosediment/[M]sediment) of Pb, Cr, Cu, Mn, Ni, Zn and Cd in
rhizosediments of P. australis, T. striata, H. portulacoides and J. maritimus collected in both River
estuaries. The grey line indicates EF=1.

In Cávado River estuary, H. portulacoides, T. striata and J. maritimus
rhizosediments also presented statistically significant higher amounts of all the
metals than non-vegetated sediments (significant differences were not observed
only for Ni, in the case of H. portulacoides, Figure 6.2, and for Mn, in the case of J.
maritimus, Figure 6.3). With the exception of Cd and Cu, metal concentrations were
significantly higher in T. striata rhizosediment than in J. maritimus rhizosediment. Cu
concentration was similar in both rhizosediments whereas Cd concentration was
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higher in J. maritimus rhizosediment. Even though H. portulacoides and T. striata
presented generally significantly higher amounts of metals in their rhizosediment
than J. maritimus rhizosediment, attending to the EF calculated for each species, J.
maritimus and, especially, T. striata, displayed higher ability to concentrate metals in
their rhizosediments than H. portulacoides (Figure 6.4). Marsh sediments are many
times waterlogged, anoxic and reduced environments (Sundby et al. 2003). Metals
are therefore normally under a reduced form in such sediments, having
consequently a low bioavailability as observed in previous studies (e.g. (Almeida et
al. 2004)). On the other hand, sediments surrounding marsh roots use to have a
more oxidative, acidic and organic matter-rich nature due to the presence of roots
and their interaction with the environment (Reboreda and Caçador 2007). These
facts will also explain, apart from the significantly higher OM content found in
rhizosediments than in sediments, the tendency for higher metals concentrations in
rhizosediments observed in this work and before, with roots influencing metal
speciation and distribution (Caçador et al. 2000; Almeida et al. 2004; Weis and Weis
2004; Almeida et al. 2005; Reboreda and Caçador 2007; Reboreda et al. 2008).
Comparing the EFs achieved for T. striata and J. maritimus collected at both
River estuaries (Figure 6.4), it can be inferred that specimens inhabiting Cávado
River estuary concentrated more metal (EFs > 2 for all metals, except for Cd in T.
striata case and for Mn and Zn in the case of J. maritimus) in their rhizosediment
than the specimens from Lima River estuary. The difference between rhizosediment
characteristics of both River estuaries is a possible explanation for the results
achieved (rhizosediments from Lima River estuary presented not only higher OM
content but also slightly higher percentages of silt and clay than those of Cávado
River estuary (Table 6.1)). Apart from the OM contribution, sediments with higher
percentage of fine-grained fractions are in fact more prone to adsorb metal. Almeida
et al. (2004) compared metal accumulation within rhizosediments of J. maritimus
collected at two sites in Douro River estuary with different sediment characteristics.
Those authors observed that J. maritimus concentrated more metals in the
rhizosediments with lower OM content and higher grain size particles, probably
because metals were more mobilised in those sediments. Similarly, metals in
sediments from Cávado River estuary were probably more easily mobilised towards
the roots. Furthermore, in Lima River estuary, metals were probably more strongly
bounded to the sediment, owing to sediment characteristics which disfavoured their
mobility (namely, finer grain size, in the case of rhizosediments, higher MO content

* LOD (25 µg/g root DW for Pb)
Same letter indicates statistical difference (p<0.05) between values (small letters compare data regarding marsh plants inhabiting the same River estuary; capital letters compare data of the same
plant species (T. striata and J. maritimus) but inhabiting different River estuaries).

Figure 6.5 – Contents (mean and standard deviation, n=3) of Pb, Cu, Mn, Zn, Cr, Ni and Cd in roots of P. australis, T. striata, H. portulacoides and J. maritimus
collected in both River estuaries.
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and probable more reduced redox conditions).
Figure 6.5 exhibits the levels of metals found in roots of the several marsh
plants under study collected in the two River estuaries (natural environment). There
were significant differences among levels of the different metals within the same
plant roots, as expected, and in the roots of the same plant species collected at
different River estuaries (Figure 6.5). For a single metal, significant differences were
observed in roots of different plant species. In general, metal levels in the plants
roots increased as follows Cd < Ni < Cr < Pb < Cu < Zn < Mn, being Cd levels much
lower than those of the remaining metals. The capacity of P. australis for
accumulating Pb, Cu, Ni, Mn, Zn and Cd in roots has already been reported by
Duman et al. (2007). Furthermore, accumulation of Pb, Cu, Zn and Cd in H.
portulacoides specimens inhabiting Tagus River estuary can also be found in
literature (Caçador et al. 2000; Reboreda and Caçador 2007a; Duarte et al. 2010).
A comparative analysis of the plants collected at Lima River estuary revealed
that J. maritimus roots were richer in Cu, Ni and Cd (statistical difference found in
most cases) and poorer in Zn and Cr than P. australis and T. striata roots. Those
plants roots contained statistically identical levels of Pb, Zn, Ni and Cd.
Nevertheless, when the metal levels in the sediment collected nearby the colonised
area were considered, bioaccumulation factors (BF=[M]root/[M]sediment) equal or higher
than 1 were only registered for T. striata, in the case of Pb and Cd, and for J.
maritimus regarding Cu and Cd (Figure 6.6). Therefore, in Lima River estuary, only
Cd, Cu and Pb could be bioaccumulated by plant roots. In a previous work carried
out in Douro River estuary (Almeida et al. 2006), two marsh plants, J. maritimus and
S. maritimus, presented different accumulation capabilities. Bioaccumulation of Cu
and Cd was observed for J. maritimus and those authors associated that result with
the fact of this two metals being weakly bound to the sediment (Almeida et al. 2005).
The present work demonstrated that other factors, including biological ones
(differences among plant species), can play a role on metal bioaccumulation in a
certain colonised area.
In Cávado River estuary, higher concentrations of Pb, Cu, Mn, Cr and Ni were
found in T. striata roots in comparison to J. maritimus and H. portulacoides roots
(statistical significance found in all cases) (Figure 6.5). On the other hand, J.
maritimus roots presented the highest level of Cd (about 3-fold and 5-fold higher
than H. portulacoides and T. striata, respectively). With the exception of Zn, H.
portulacoides had statistically significant lower amounts of all metals than the roots
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of the other plant species (Pb level was indeed too low to be quantified). Therefore,
T. striata roots presented the highest BFs for Pb, Cr, Cu, Mn and Ni and could also
bioaccumulate Zn and Cd. J. maritimus had the highest BF for Cd but was also
capable of bioaccumulating Cu, Mn, Ni, Zn and Cr. On the other hand, H.
portulacoides displayed the highest BF for Zn but besides this metal, only
accumulated Cd (Figure 6.6).
Despite metal accumulation being dependent on the metal and on plant
species, the environment inhabited by the plant seems to pose an important feature
that also influences metal accumulation. In fact, comparison of BFs for the same
metal and plant species collected at two estuarine areas (Figure 6.6) showed that, in
Cávado River estuary, all metals were considerably bioaccumulated by T. striata
and J. maritimus roots (BFs > 2 in most cases) especially Cu and Cd. In Lima River
estuary, the same species only had BFs values above one for Pb, Cu and Cd.
Different metal accumulation patterns were also found for J. maritimus specimens
inhabiting two sediments with different characteristics in Douro River estuary
(Almeida et al. 2004). As previously referred, these results are compatible with the
already mentioned differences between sediments from both River estuaries. In
addition, marsh plants are able to release substances, such as ALMWOAs (see
Chapter 4 and 5), which interact geochemically with sediments and may form stable
metal-complexes rendering the metal more mobile in the sediment and more
available to the plant.

Figure 6.6 – Bioaccumulation factors (BF= [M]root/[M]sediment) of Pb, Cr, Cu, Mn, Ni, Zn and Cd in roots of P. australis,
T. striata, H. portulacoides and J. maritimus collected in both River estuaries. The grey line indicates BF=1.

Regarding the particular case of Cd and Cu, T. striata and J. maritimus were
shown, in this work, to be phytostabilisers of Cu and Cd, at least, independently of
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the medium in which they were settled. In Lima River estuary, the EFs for Cd were
lower than 1 for both plant species but they were able to bioaccumulate Cd (Figure
6.6). Higher metal concentration in sediment in detriment to rhizosphere may result
from either the anaerobic conditions of the sediment (CdS is very insoluble) or, if it is
not the case, the uptake of Cd by the plants. The last hypothesis is the most
probable in the present case. In Cávado River estuary, the highest EFs found for
both plant species were related to Cu (EF = 16.6 and EF = 16.7 for T. striata and J.
maritimus, respectively). Cu was in fact the most bioaccumulated metal by T. striata
roots (BF = 17.9). Nevertheless, J. maritimus bioaccumulated more intensely Cd in
its roots (EF = 28.7), being Cu the second metal most accumulated (BF= 4.2). Data
herein presented indicate that J. maritimus will have a specific ability to uptake and
bioaccumulate Cd its roots.

6.3.3 Possible correlations between the levels of non protein thiols and of
metals found in the marsh plants roots
Metals have been shown to induce oxidative stress in plant cells by interacting
with functional groups, displacing essential elements and enhancing the production
of ROS. As a consequence, the antioxidant defence system of the plant is triggered
in order to diminish metal toxicity and restore plant’s equilibrium (Seth et al. 2012).
With that in mind, possible relationships between the content of thiolic compounds
and of each metal accumulated in marsh plants roots were researched.
For all plants studied, significant correlations were not found between the
levels of Cys in roots and the levels of different metals (Pearson correlation
coefficient (r) < 0.736, Figure 6.7). Through its SH group, Cys can in fact form
complexes with metals in cytoplasm (Jozefczak et al. 2012). Furthermore, Cys is an
important biomolecule which is incorporated in proteins and GSH, being also able to
catalyse redox reactions (Hesse et al. 2004). Nevertheless, it seems that Cys
production was independent from the amount of each accumulated metal.
Regarding GSH, a significant correlation was only observed with Cu (r =
0.964, Figure 6.8). A possible relation between GSH and Zn levels seemed to exist
as well, despite a significant correlation not being found (r = - 0.8921). Copper and
Zn are essential micronutrients which participate in important metabolic processes
occurring in plant cells (Påhlsson 1989). However, these metals are also susceptible
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of causing oxidative stress in plants, increasing the levels in ROS (Di Baccio et al.
2005).

Phragmites australis (Lima River estuary)
Triglochin striata (Lima River estuary)
Halimione portulacoides (Cávado River estuary)
Triglochin striata (Cávado River estuary)

Figure 6.7 – Correlation between cysteine (Cys) levels
found in roots of H. portulacoides, P. australis and T.
striata roots (collected at both River estuaries) and
the amount of each metal determined in the same
tissue. In the two-dimensional plane, each symbol
represents the coordinates of each point comparing
the Cys level and metal level in each plant species’
roots (mean values (n=3) were used).

The correlations established indicate that marsh plants with elevated amounts
of Cu in their roots (as in the case of T. striata specimens collected at both River
estuaries) required a higher demand for GSH, whose roots levels were relatively
high. It is known, for instance, that within cell, Cu is likely to be involved in Haber-
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Weiss and/or Fenton reactions in which HO• is formed (Arora et al. 2002). The free
radical HO• is the most reactive ROS causing severe damage to plant cells due to
lipid peroxidation and modification in DNA, proteins and many small molecules
(Arora et al. 2002). Taking that into consideration, T. striata specimens probably
needed higher amounts of GSH in order to tolerate Cu concentration in roots.
Copper has been in fact shown to trigger GSH production in roots of rice plant, after
being exposed hydroponically to different Cu concentrations (Thounaojam et al.
2012). The authors have suggested that the increment in GSH content was a signal
of a higher Cu tolerance (GSH probably involved in maintaining the cell’s balance)
or may also reflect the biosynthesis of PC. This fact is also in agreement with the
results observed in this work and discussed in the section 6.3.1. Roots of T. striata
presented the highest levels of Total Thiols which might denote a higher production
of PC in these marsh plants relatively to P. australis and H. portulacoides (which
presented lower amounts of Cu in their roots).
For Zn, an opposite response was observed regarding the one verified for Cu.
Di Baccio et al. (2005) inferred that GSH had an important role in poplar response to
Zn exposure, based in the observation of a decrease on the total glutathione content
([GSH] + [GSSG]) and a higher contribution of GSSG to that content in leaves of
poplar specimens exposed to increasing Zn concentrations. In this work, results
showed that the marsh plants that accumulated higher amounts of Zn had lower
GSH content in their root tissue. However, no significant correlation was found
between GSSG and Zn (r = 0.105) suggesting that GSH was not involved in
reactions which converted it to GSSG. On the other hand, GSH is also a metal
chelator (Jozefczak et al. 2012). With that in mind, it is possible that, after the
entrance of Zn in cytoplasm, GSH complexed Zn, transported and stored it in
appropriated cell compartments. Especially in the cases of P. australis and H.
portulacoides, these two species may have used GSH for that purpose, given that
they presented higher Zn concentration in their roots.
Figure 6.9 shows that GSSG correlated significantly with Pb and Cd (r = 0.915
and 0.959, respectively), the marsh plants with higher accumulation of these metals
presenting higher levels of GSSG in their roots. A significant correlation can also be
found between GSSG and Cu, if data from T. striata from Cávado River estuary is
not considered (R2 = 0.998 and r = 1.00). Observing the plots in Figure 6.9, for most
metals, the relationship [GSSG]root versus [metal]root found for T. striata from Cávado
River estuary was different than that for the other plants tested. Nevertheless, in Cu
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case, the behaviour of this marsh plant stood out regarding the other plants owing to
its exceptional ability to bioconcentrate and bioaccumulate Cu (Figure 6.4 and
Figure 6.6) while maintaining low GSSG concentration in their roots.

Phragmites australis (Lima River estuary)
Triglochin striata (Lima River estuary)
Halimione portulacoides (Cávado River estuary)
Triglochin striata (Cávado River estuary)

Figure 6.8 – Correlation between reduced glutathione
(GSH) levels found in roots of H. portulacoides, P.
australis and T. striata roots (collected at both River
estuaries) and the amount of each metal determined
in the same tissue. In the two-dimensional plane, each
symbol represents the coordinates of each point
comparing the GSH level and metal level in each plant
species’ roots (mean values (n=3) were used).

No significant correlations were found for the remaining metals. Unlike Cu and
Zn, Pb and Cd do not seem to play any specific function in plant cell’s metabolism
and have toxic effects in plants even at low concentrations (Påhlsson 1989). Within
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cell, metals are known to induce the generation of ROS which damage plant cells. In
the process of defending plant cell against oxidative stress, GSH is converted into
GSSG as the biomolecule scavenges the ROS (Anjum et al. 2012). Cd, in particular,
has a high affinity for SH groups, denaturating proteins and deactivating enzymes
(Guimarães et al. 2008).

Phragmites australis (Lima River estuary)
Triglochin striata (Lima River estuary)
Halimione portulacoides (Cávado River estuary)
Triglochin striata (Cávado River estuary)

Figure 6.9 – Correlation between oxidised glutathione
(GSSG) levels found in roots of H. portulacoides, P.
australis and T. striata roots (collected at both River
estuaries) and the amount of each metal determined in
the same tissue. In the two-dimensional plane, each
symbol represents the coordinates of each point
comparing the GSSG level and metal level in each plant
species’ roots (mean values (n=3) were used).

The correlations achieved for Pb and Cd seemed to reflect the toxicity of these
metals. Spruce cells, for instance, were reported to liberated H2O2 when exposed to
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soil eluates contaminated with Cd and Pb, inducing Cd oxidative burst even at low
concentration (Schröder et al. 2003). Evidence that GSSG levels can be enhanced
in plant tissue after Cd and Pb exposure can also be found in literature. Sunflower
roots, for instance, presented significantly higher GSSG concentration in roots after
6 days of exposition to high Pb concentration comparing to medium with low Pb
contamination (Krystofova et al. 2009). Iannelli et al. (2002) observed higher GSH
and GSSG levels in roots, stems and leaves of P. australis after being exposed to
Cd. Therefore, it seems that higher incorporation of Pb and Cd in roots of marsh
plants probably induced an imbalance within root cells and GSSG rates increased
as GSH entered in redox reactions with the ROS produced.
Therefore, marsh plants presented different contents of thiolic compounds
which were positively correlated, at least, with the amounts of Cu, Cd and Pb found
in the roots. In turn, these metals were bioaccumulated in the roots of salt marsh
plants that presented higher contents of GSH and GSSG. These results corroborate
previous ones observed for other plant species, confirming that GSH is, in fact,
involved in plant’s tolerance mechanisms regarding metals.

6.4

CONCLUSIONS

Results of this work demonstrated that the content of thiolic compounds in
marsh plant roots varied either among plant species or the medium inhabited by
these plants. For instance, the contents of NPT and Total Thiols in plant roots were
generally higher in T. striata specimens collected at both River estuaries.
Furthermore, differences in the contents of thiolic compounds found for roots of T.
striata specimens, collected at both River estuaries, were observed: significantly
higher GSSG levels were found in the specimens from Lima River estuary whereas
Total Thiols production was more intense in T. striata roots from Cávado River
estuary.
T. striata and J. maritimus from Cávado River estuary could bioconcentrate
higher amounts of metals in their rhizosediments (EFs>1) and bioaccumulate higher
metals concentrations in their roots (BFs>2 in most cases) than the same plant
species inhabiting Lima River estuary, despite Lima River estuary sediments
presenting higher metals contents than Cávado River estuary sediments. Higher
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mobility of metals in Cávado River estuary may have been in the origin of the
observed results.
With regard to metal accumulation, this work corroborated previous findings:
(1) metal content was generally higher in rhizosediment comparing to the bulk
sediments; (2) salt marsh plants were capable of retaining metals in their
belowground parts; and (3) metal accumulation was dependent upon plant species,
sediment characteristics and metal nature. Furthermore, T. striata and J. maritimus
were shown to present a potential for phytostabilising Cu and Cd, at least,
independently of the biogeochemical characteristics of the inhabiting medium.
Metals are known for inducing oxidative stress in plant, stimulating or inhibiting
NPT production in cells. Herein, considering only roots, significant positive
correlations were observed between GSH and Cu and between GSSG and Pb, Cd
and Cu. GSH is assumed to act as a cell defender either by complexing metals,
participating in their transport and storage in cell compartments (in the case of Cu),
or by scavenging ROS formed in consequence of metal toxicity (in the case of Pb
and Cd). Non-significant correlations were found between the levels of Cys and any
metal.
Ultimately, present results indicate that marsh plants may rely on thiolic
compounds to cope with metal toxicity, which can have a positive effect regarding
the use of these plants in phytoremediation processes aiming at recovering
impacted estuarine areas.
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7.1

INTRODUCTION AND AIMS

Copper is an essential metal for plants, playing key roles in several
physiological processes, being therefore required for plant’s normal growth and
development (Yruela 2005). On the other hand, Cd does not present any known
particular function in plant’s metabolism (Påhlsson 1989) but it is known to be easily
uptaken by plant roots and translocated to aboveground parts (Gill and Tuteja
2011). Depending on their concentration in the medium, both metals have been
proven to be toxic for plants (Påhlsson 1989). In fact, evidence that these metals
can induce oxidative stress in plant cells can be found in literature (Anjum et al.
2012). To cope with metal toxicity, plants have developed different strategies
including,

for

instance,

immobilisation,

exclusion,

chelation

and

compartmentalisation of the metal ions (Cobbett and Goldsbrough 2002) and rely on
an efficient antioxidant defence mechanism involving non-enzymatic and enzymatic
antioxidants to repair the inhibitory effects caused by metal-induced oxidative stress
(Bartosz 1997; Gill and Tuteja 2011).
Salt marsh plants face serious challenges to cope with the environmental
stresses, to which they are exposed, since they inhabit waterlogged, anoxic,
reduced and saline environments which also receive important loads of pollutants
from upstream anthropogenic activity. These plants may pose an advantage to other
plants inhabiting freshwater habitats since they had to develop efficient means to
survive and reproduce in salt-rich environments (Manousaki and Kalogerakis 2010).
Therefore, one was prompted to research the role of NPT in the tolerance
mechanisms against Cu and Cd toxicity of P. australis specimens inhabiting these
areas. Influence of Cd on the level of thiolic compounds in P. australis tissues has
been already studied by Iannelli et al. (2002), Fediuc and Erdei (2002), Pietrini et al.
(2003) and Ederli et al. (2004). GSH, PC and antioxidant enzymes have been
shown to have an important protective role in defending plant cells against Cd
toxicity. Nevertheless, all the previous studies were conducted in a synthetic
hydroponic medium and the P. australis specimens used have been previously
adapted to freshwater environments.
In this work, specimens of P. australis adapted in nature to salt-rich
environments were used, the natural medium being simulated of two different ways:
(1) by means of in vitro experiments (for Cu and Cd) using rhizosediment soaked
with the respective elutriate solution prepared with estuarine water; and (2) by
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means of a microcosm experiment using a substrate collected in the field
(performed only for Cd). The purpose was to diminish the osmotic effects and other
stress factors subsequent to the removal of the plants from their natural habitat, in
order to attain either more accurate results or a more fateful perspective of how the
plant will respond to metal contamination in its natural environment. The set (2) of
experiments was only possible by the kindness of the researchers responsible for
the project PHYTOBIO – “Phytoremediation and bioremediation of contaminants in
salt marshes: plant – microorganisms interactions” (PTDC/MAR/099140/2008)),
which provided the required logistic conditions. To the best of our knowledge,
studies at microcosm scale on the antioxidant response of a marsh plant against Cd
toxicity have never been conducted before.

7.2

EXPERIMENTAL PROCEDURES

For experiments (1) mentioned in section 7.1, specimens of P. australis, as
well as the respective rhizosediment and estuarine water, were collected at Lima
River estuary. Sampling was performed in spring (2012) as described in Chapter 2
(section 2.1.2). The experiments were carried out in rhizosediments soaked with the
respective elutriate which was prepared as described in Chapter 2 (section 2.4). A
known amount of a modified Hoagland solution (Hoagland and Arnon 1950) was
added to the medium with the purpose of preventing oxidative stress caused by
plant starvation. For comparison purposes, experiments in the absence of nutrient
addition were also performed. Total dry weight of the P. australis specimens used
ranged from 13.86 g to 29.52 g, representing plant roots 7.4 % - 22.5 % of total plant
weight.
Two periods of exposure were selected (7 and 15 days) for Cd experiments,
whereas only a 7 days exposure period was tested in Cu case. Longer periods of
exposure were not tested with the intention of preventing anoxia as the experiment
was conducted in relatively tight containers. Two metal concentrations of Cd and Cu
were chosen for contaminating the medium, being the selected concentrations
based on the sediment quality guidelines, namely the ERL (concentration above
which adverse effects may occasionally occur) and the ERM (concentration above
which adverse effects would frequently occur) (Long et al. 1995). All conversion
calculations were performed considering the dry weight of rhizosediment
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(considering that about 50 % of weight was water) and total volume of the system
used (rhizosediment + elutriate solution). For Cu treatment, the medium was
contaminated with solutions of 10 mg/L and 100 mg/L Cu, in order to obtain Cu
contaminations higher than the ERL (34 µg/g

DW)

and the ERM (270 µg/g

DW )

(the

highest concentration being ten times higher than the lowest concentration used).
These concentrations may not normally occur in the environment, however, they
may cause a marked effect on the plants and measurable results would be more
easily attained. For the Cd experiments, elutriate solutions enriched with 1 mg/L and
10 mg/L Cd were mixed with rhizosediments so that Cd contaminations in the order
of the ERM (9 µg/g

DW )

and ten times the ERM (90 µg/g

DW )

in sediment were

obtained. In previous works carried out in synthetic hydroponic conditions, Cd
concentrations above 1 mg/L have been used (Ederli et al. 2004; Maksymiec et al.
2007; Alvarez-Legorreta et al. 2008; Ben Ammar et al. 2008; Wang et al. 2011) and,
in sand cultures, Cu concentration higher than 100 µg/g

DW

was used (Aygun et al.

2011).
For experiment (2), sediment cores and rhizosediment cores containing P.
australis stands were collected at Lima River estuary and placed in plastic vessels
adapted with plastic taps. All the sampling was performed at the beginning of
autumn (2011) as described in Chapter 2 (section 2.1.2 and 2.4). During the
experiments, the microcosm systems were kept randomly arranged in a
greenhouse. The total dry weight of P. australis specimens used ranged from 101 g
to 215 g, representing plant roots 8 %, rhizomes 17 %, stems 55 % and leaves 18 %
of total P. australis plant weight.
Both sediment cores and rhizosediment cores were contaminated with a
synthetic saline solution containing two different Cd concentrations (2 mg/L and 20
mg/L), aiming at achieving sediment and rhizosediment contaminations of 1.2 µg/g
DW

Cd and 9 µg/g

DW

Cd [corresponding to the ERL and the ERM values (Long et al.

1995)]. Concentrations were calculated taking into account an estimation of the
amount of sediment in each vessel and its percentage of water. The experiment was
carried out for two months (long-term exposure) with the purpose of simulating a
situation posterior to a Cd contamination of the estuary, in which Cd would be
progressively incorporated in the sediment (being, for this reason, in a less available
form) but also removed from it by plant roots. Cadmium accumulation and the
response of P. australis to acute Cd contamination was also studied - short-term
exposure - mimicking a flood period (six hours) in which Cd would be transported, in
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a very bioavailable form (as explained in Chapter 2 (section 2.3), for metal and
thiolic compounds, measurements were only performed in vegetated sediments
contaminated with the highest Cd concentration).
Reagents, materials and the methodologies used are described in Chapter 2.
Concentration values represent the mean values of three independent replicates.
Unpaired t-student test for 95 % confidence limits was performed to test for
significant differences between mean concentrations.

7.3

RESULTS AND DISCUSSION

7.3.1 In vitro experiments
7.3.1.1 P. australis response to Cu contamination
Copper accumulation in P. australis plant tissues

Copper concentrations found in the below and aboveground tissues of P.
australis plants after 7 days of exposure are exhibited in Figure 7.1 which includes
the initial Cu levels found in each plant organ (basal levels). P. australis roots were
the main organ accumulating Cu, presenting significantly higher amounts of Cu than
rhizomes, stems and leaves. Significantly higher amounts of Cu were also found in
rhizomes in comparison to stems and leaves. Data herein corroborate the results
previously presented (Chapter 5), confirming that this plant is a Cu accumulator
(Duman et al. 2007). Indeed, roots and rhizomes exhibited significantly higher
amounts of Cu as the metal concentration increased in the medium. On the other
hand, P. australis stems and leaves had statistically similar Cu levels and no
significant variations were observed after plant exposure to the contaminated media.
These results point out that P. australis was not capable of translocating Cu into its
aboveground parts. Metal retention in the belowground parts and the prevention of
metal translocation have been frequently reported as defence mechanisms of plants
against metal toxicity (Caçador et al. 2000; Almeida et al. 2006a; Reboreda and
Caçador 2007a). These mechanisms may protect the photosynthetic system
(considerably important for plant’s vitality) from metal toxicity as suggested by
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Bragato et al. (2009). Nevertheless, those authors observed that, in winter
(December), P. australis translocated Cu efficiently into shoots and they
hypothesised that, at the end of its life cycle, P. australis stored Cu in the senescent
aboveground tissues in order to eliminate the metal by leaf fall. Similarly, Duman et
al. (2007) also reported that the highest Cu accumulation factors in P. australis
shoots occurred in winter, whereas the lowest accumulation factors were observed
in spring and summer. As the present study was performed in spring, the absence of
Cu translocation was in accordance with previous findings.

b

d
b

a
b
c
a

d
d

e

c
e

Figure 7.1 – Levels (mean and standard deviation, n=3) of Cu found in roots, rhizomes, stems and leaves of
P. australis specimens exposed to rhizosediment and the respective elutriate, during 7 days, in the absence
or in the presence of Cu and nutrients. Basal levels correspond to the initial Cu concentration in P. australis
tissues.
Same letter indicates statistical difference (p < 0.05) between values.

Figure 7.2 presents the Cu concentrations found in the rhizosediments and the
respective elutriates after the 7 days of exposure experiment. A significant decline in
the Cu concentration of the elutriate solutions was observed when P. australis was
present due to metal incorporation in rhizosediments and also to plant uptake.
These results are compatible with the observed metal retention in P. australis
belowground organs. In the rhizosediments, Cu concentrations were statistical
similar in media with or without plant.
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Figure 7.2 – Levels (mean and standard deviation, n=3) of Cu found, after 7 days, in the elutriate
solutions and rhizosediments with (
) and without (
) plant exposure and enriched or not with
Cu and nutrients.
Same letter indicates statistical difference (p < 0.05) between values (small letters compare data from before and after P.
australis exposure; capital letters compare data between the different tested variables).

For this situation several factors may have accounted: (a) initial Cu level was
higher in rhizosediment than in the elutriate, as Cu forms insoluble compounds and
can be adsorbed on particle surface; (b) the metal is present in less available forms;
and (c) the biomass was relatively low (only five specimens were used per
experimental variable tested). The elutriate solution from Cu-non-contaminated
medium to which nutrient solution was added presented significantly higher Cu
levels than the equivalent medium without metal addition (in the rhizosediment this
difference was not so obvious by reasons mentioned above) (Figure 7.2), probably
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resulting from the presence of copper sulphate in the nutrient solution. This explains
the fact of the amount of Cu removed from the medium by the plant being higher in
the presence of nutrients (Figure 7.1).

Assessment of toxicity signs

The Cu concentrations to which P. australis plants were exposed are likely to
cause adverse effects. However, after 7 days of treatment, P. australis specimens
did not present any external and visible deleterious effects induced by Cu
contamination. Likewise, the photosynthetic activity was shown not to have been
affected since the contents of Chl. a, Chl. b, Total Chl. and carotenoids were
statistically similar before and after Cu exposure (Figure 7.3).

Figure 7.3 – Levels (mean and standard deviation, n=3) of chlorophyll a (Chl. a), chlorophyll b (Chl.
b), total chlorophyll (Total Chl.) and carotenoids found in leaves of P. australis specimens exposed
to rhizosediment and the respective elutriate, during 7 days, in the absence or in the presence of Cu
and nutrients.

Absence of leaf chlorosis (Ait Ali et al. 2002) or carotenoids content variation
(Aygun et al. 2011) was also observed after the exposure of plant to Cu levels but in
different experimental conditions. Nevertheless, in studies involving soil plants, a
decline in the chlorophyll content after plants exposure to Cu contamination, either
in hydroponics (Maksymiec et al. 2007) or in sand cultures (Aygun et al. 2011), have
been reported.
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Levels of thiolic compounds

Levels of Cys, GSH, GSSG and Total Thiols in roots and leaves of P. australis
specimens exposed for 7 days to rhizosediment soaked in elutriate in the absence
and in the presence of Cu are presented in Table 7.1.
Table 7.1 – Levels (mean and standard deviation, n=3) of cysteine (Cys), reduced glutathione (GSH), oxidised
glutathione (GSSG) and total acid-soluble SH compounds (Total Thiols), expressed in µg/g root FW, found in roots
and leaves of P. australis plants exposed to rhizosediment and the respective elutriate, during 7 days, in the
absence or in the presence of Cu and nutrients.∑
∑ NPT is the sum of the three non-protein thiols measured.

Roots

Cys

GSH

GSSG

∑ NPT

Total Thiols

Basal levels

2.1 ± 0.6a,b

5±1

9 ± 2f,g

16 ± 1A

26 ± 5h,A

0 mg/L Cu
No nutrient

10 ± 2a,c

8±3

3 ± 1f

21 ± 6B

39 ± 3h,B

0 mg/L Cu
Nutrient

4.1 ± 0.4 b,c,d,e

4.4 ± 0.4

< 1.8

*

8 ± 2C

32 ± 8i,C

10 mg/L Cu
Nutrient

6 ± 1d

4±1

4 ± 1g

12 ± 3

24 ± 10

100 mg/L Cu
Nutrient

8 ± 1e

4±1

< 1.8

*

11 ± 2

14 ± 6i

Basal levels

2.1 ± 0.2j,l

53 ± 9m,n

200 ± 50

255 ± 59D

480 ± 18D

0 mg/L Cu
No nutrient

5 ± 1j

102 ± 14m

272 ± 41

380 ± 28E

530 ± 26E

0 mg/L Cu
Nutrient

6 ± 2l

86 ± 9n

174 ± 71

267 ± 77F

587 ± 98o,F

10 mg/L Cu
Nutrient

5±2

82 ± 7

152 ± 15

243 ± 11G

496 ± 133G

100 mg/L Cu
Nutrient

6±1

82 ± 22

182 ± 70

270 ± 89H

429 ± 6o,H

Leaves

* LOD
Same letter indicates statistical difference (p<0.05) between values (small letters regarding data within the same organ; capital letter
compares data from roots and leaves).

Basal Cys, GSH, GSSG and Total Thiols levels in P. australis roots were
generally lower comparing to the basal NPT levels observed in specimens collected
in a different year but in the same season (Table 6.1, Chapter 6).
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Figure 7.4 – Mean air temperatures and precipitation totals registered in March of 2011 and 2012.
Data from Portuguese Meteorological Institute (http://www.meteo.pt/pt/oclima/acompanhamento/index.jsp?selTipo=m&selVar=rr&selAna=to&selAno=-1).

In both years (2011 and 2012), the mean air temperatures recorded in March were
within the same range (around 12 - 14 ºC, Figure 7.4) whereas precipitation totals
differed considerably, being the precipitation in March of 2011 around 5-fold higher
than the value measured in March of 2012 (50-100 mm and 10-25 mm, respectively,
Figure 7.4). Evidence that climatic factors may change cell’s equilibrium in plants,
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causing oxidative stress, has already been reported (Bartosz 1997; Arora et al.
2002). Climatic dissimilarities may be a direct or indirect cause of the differences in
the NPT contents observed in cells of P. australis roots in different dates.
After plant exposure to the non-contaminated medium in the absence and in
the presence of nutrient addition, it was observed a significant increase in Cys levels
in roots in comparison to basal levels. Despite elutriate solution containing itself
some nutrients, namely substances present in the rhizosediment which were
transferred to the liquid phase during elutriate preparation, its content in micro and
macronutrients probably decreased to critical levels after 7 days of plant exposure.
On the contrary, the nutrient-enriched media will contain enough supplies of nitrates,
sulphates, phosphates and metals to ensure plant’s growth and development. These
facts may explain the statistically higher content of Cys found in P. australis roots in
the absence of nutrients than in the presence of nutrients. In the first case, after the
7 days of exposure, roots were probably experiencing some stress.
Copper is a component of several electron transport enzymes and is involved
in the catalysis of redox reactions in mitochondria and chloroplasts (Marschner
1995). Being a redox metal, Cu can be very reactive in cells and induce an extreme
situation of oxidative stress by entering in Haber-Weiss and Fenton reactions in
which hydroxyl radical is produced (Arora et al. 2002). Herein, Cu contamination
triggered a statistically significant increase (although low) in Cys levels measured in
P. australis roots (Table 7.1). Nevertheless, P. australis response was only driven by
the metal in detriment to the Cu concentration in the medium (statistically similar
levels were found for both Cu levels of contamination) and to the content of Cu
retained in the plant roots.
On the other hand, no significant variation was found in GSH contents before
and after plant exposure to Cu contamination. Conversely, GSSG levels were
considerably lower than basal levels (statistical significance found in all cases, Table
7.1) which might be a consequence of some kind of stress. Previous studies using
different plant species and different experimental conditions reported that Cu
affected GSH and/or GSSG contents in plant cells. For instance, Cu contamination
has been shown to induce oxidative stress in roots of sensitive and tolerant
specimens of Silene cucubalus, causing an increase in GSSG levels (De Vos et al.
1992). In rice specimens, on the other hand, GSH levels in roots increased in
response to the oxidative stress induced by Cu probably to combat the ROS formed
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(Thounaojam et al. 2012). These dissimilarities indicate that plant response against
the oxidative stress induced by Cu can be dependent upon plant species.
Total Thiols contents significantly higher than the sum of all NPT were
registered in P. australis roots exposed to the non-contaminated media.
Nevertheless, the same was not observed in Cu contaminated media (Total Thiols
contents statistically similar to the sum of all NPT, Table 7.1). Exposure to Cu
induced a decrease in Total Thiols levels (statistical significance only found for the
medium contaminated with the highest Cu concentration) indicating that Cu
contamination inhibited the production of other thiolic compounds in P. australis
roots. In the previous chapter, a positive significant correlation between the levels of
Cu and those of GSH and of GSSG measured in roots of several salt marsh plants
was found. However, herein the GSH levels did not vary significantly with Cu levels
in P. australis roots. De Vos et al. (1992) reported that roots of specimens of Silene
cucubalus (a sensitive and a tolerant plant) produced PC as a result of roots
exposure to a hydroponic solution containing Cu, inferring that GSH was involved in
PC synthesis. In this experiment, this GSH involvement seemed not to occur, fact
that might explain the results achieved.
Similarly to roots, P. australis leaves presented Cys levels significantly higher
than basal levels (Table 7.1). However, no specific response to Cu contamination
occurred, the amounts of Cys measured in Cu-non-contaminated and Cucontaminated media being statistically similar which is compatible with the absence
of Cu in leaves (see previous section). Likewise, the content of GSH increased
significantly during the experiments in comparison to basal levels, but no significant
variation was observed as a result of P. australis exposure to Cu contamination. On
the other hand, GSSG levels were tendentiously lower than basal levels, though
statistical significance was not found. Nevertheless, no specific response to Cu was
either observed. On the contrary to the results presented, Aygun et al. (2011)
observed that, among other antioxidant molecules, NPT concentrations in leaves of
a Cu-tolerant plant increased after plant exposure to Cu concentrations above 270
µg/g DW.
The content of Total Thiols in leaves of P. australis specimens was
significantly higher than the sum of the three NPT measured, indicating the
presence of other thiolic compounds in those organs. In addition, for specimens
subjected to the non-contaminated media, leaves cells displayed Total Thiols levels
tendentiously higher than basal levels. However, exposure to Cu caused a
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significant decrease on the amounts of Total Thiols produced (statistical difference
only found for the medium containing the highest Cu concentration). This suggests
that, as observed for roots, Cu contamination affected majorly the concentration of
other thiolic compounds besides Cys and GSH, indicating that P. australis may have
developed alternative defence mechanisms against Cu toxicity.

7.3.1.2 P. australis response to Cd contamination

Cadmium accumulation in P. australis plant tissues

Figure 7.5 exhibits the Cd concentrations found in roots, rhizomes, stems and
leaves of P. australis specimens after 7 days and 15 days of treatment, being also
presented the initial Cd levels found in each plant organ (basal levels). Results show
that Cd was mostly concentrated in the belowground organs (roots and rhizomes) of
P. australis. Capability of P. australis roots to accumulate Cd was already observed
in this work in other experimental conditions, both in vitro (Chapter 5) and in situ
(Chapter 6) studies. In addition, a similar trend was observed before, in different
conditions, either for P. australis (Fediuc and Erdei 2002; Windham et al. 2003;
Duman et al. 2007) or for other salt marsh plants (Almeida et al. 2004;
Suntornvongsagul et al. 2007; Reboreda and Caçador 2007a; Sousa et al. 2008).
Despite not being recognised as an essential metal for plant metabolism, Cd can
easily enter root cells probably by means of the same trans-membrane carrier of
essential micronutrient metal ions with similar chemical properties, namely, Zn
(Benavides et al. 2005). Nevertheless, Cd contamination poses a considerable
threat to plants and other living organisms owing to its high mobility and high toxicity
even at small concentrations (Påhlsson 1989; Gill and Tuteja 2011).
In both treatments (7 days and 15 days), the levels of Cd in roots and
rhizomes, as well as in stems and leaves, increased significantly as the Cd
concentration of the medium increased. Therefore, Cd accumulation in the
belowground and aboveground structures was dependent on metal exterior
concentration. Similar findings were found in hydroponic studies for P. australis
specimens adapted to freshwater systems (Fediuc and Erdei 2002), and for other
aquatic and cultivar plants species (Alvarez-Legorreta et al. 2008; Ben Ammar et al.
2008).

Same letter indicates statistical difference (p<0.05) between values (for each organ, small letters compare data from the same treatment; capital letters compares data from both treatments
(7 and 15 days)).
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Figure 7.5 – Levels (mean and standard deviation, n=3) of Cd found in roots, rhizomes, stems and leaves of P. australis specimens exposed to
rhizosediment and the respective elutriate, during 7 days and 15 days, in the absence or in the presence of Cd and nutrients. Basal levels correspond to
the initial Cd concentration in each P. australis tissue.
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In addition, the period of exposure to Cd contamination was also shown to compose
an important feature influencing Cd accumulation in plant tissues, especially in the
main accumulator organ. For the 10 mg/L Cd treatment, significantly higher amounts
of Cd were found in roots exposed for 15 days than in the ones exposed only for 7
days. Notwithstanding, no statistically significant difference was found for 1 mg/L Cd
treatment for both periods of exposure. In rhizomes, statistically similar amounts of
Cd were found for both periods of exposure. With respect to the aboveground
tissues, significant differences between the results achieved for the two periods of
exposure were only found for specimens submitted to 10 mg/L Cd treatment for
stems and to the 1 mg/L Cd treatment for leaves.
In both cases, the Cd content increased with the exposure period. An
increment of Cd concentration in stems and leaves of P. australis during the
experiments denotes Cd transportation, at least to some extent, from roots and
rhizomes to the aboveground tissues. Nevertheless, [Cd]aboveground:[Cd]belowground ratios
were far smaller than one unit for both treatments (7 days and 15 days) and for both
Cd concentration tested (for 7 days treatment, ratios were 0.02 and 0.005 for 1 mg/L
and 10 mg/L Cd, respectively; and for 15 days treatment, ratios were 0.03 and 0.003
for 1 mg/L and 10 mg/L Cd, respectively). Therefore, results suggest that P.
australis has a low potential to translocate Cd into the aboveground structures.
Translocation of only a small amount of Cd from roots to leaves (0.007%) was also
observed after P. australis specimens exposure for 21 days to a hydroponic medium
with 50 µM of CdSO4 (Iannelli et al. 2002).
Cadmium concentrations in both non-contaminated and contaminated media
(rhizosediment and the respective elutriate) to which P. australis was exposed are
presented in Figure 7.6. The elutriate solutions of both Cd-contaminated and noncontaminated media with plant exposure presented significantly lower amounts of
Cd comparing to the equivalent media without plant exposure. The decrease was
very pronounced in the contaminated elutriates, the lowest Cd levels being found at
the end of the 15 days treatment, indicating the Cd bioaccumulation proceeded
during all the period of exposure.
In rhizosediments, where the metal probably was less available than in the
elutriate, the effect of the plant on Cd removal was not so evident. In general, Cd
levels remained statistically similar throughout the experiments, in rhizosediment
with and without plant exposure, especially after the 7 days experiment, as observed
for Cu. Nevertheless, Cd levels in non-contaminated rhizosediments, to which P.
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australis was exposed, were tendentiously higher than those found for media
without plant (although differences were not significant, whether there was or not
nutrient addition), suggesting that P. australis excreted some Cd.
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Figure 7.6 – Levels (mean and standard deviation, n=3) of Cd found, after 7 days and 15 days, in elutriate
solution and rhizosediment to which P. australis specimens were or not exposed. Media enriched with ( )
and without (
) nutrient and with two different Cd concentrations (1mg/L (
) and 10 mg/L ( )).
Same letter indicates statistical significance (p<0.05) between levels (small letters compare data from the same treatment; capital
letters compare data from both treatments (7 and 15 days)).

Assessment of toxicity signs

Cadmium is well-known for causing damage in plants, even at low
concentrations, as it interferes with important biological processes vital to plants’ life
(Påhlsson 1989; Gill and Tuteja 2011). In this work, no external deleterious effects,
such as leaf chlorosis and wilting of tops (Yadav 2010) were observed in the tested
specimens after both exposure periods. Likewise the photosynthetic activity was
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shown not to have been affected, since the contents of Chl. a, Chl. b, Total Chl. and
carotenoids were statistically similar before and after Cd exposure (Figure 7.7).

Figure 7.7 – Levels (mean and standard deviation, n=3) of chlorophyll a (Chl. a), chlorophyll b (Chl. b), total
chlorophyll (Total Chl.) and carotenoids found in leaves of P. australis specimens exposed to
rhizosediment and the respective elutriate, during 7 days and 15 days, in the absence or in the presence of
Cd and nutrients.

The absence of toxicity signs in plants exposed to a Cd-contaminated medium
has been also reported before. For instance, Bruns et al. (2001) submitted,
hydroponically, terrestrial and aquatic bryophytes to a Cd treatment (100 µM) and
observed no visible loss of plant vitality. No significant structural or ultra-structural
modifications, apart from lignin deposition, induced by Cd contamination were also
observed in P. australis roots exposed to a nutrient solution contaminated with 100
µM Cd (Ederli et al. 2004). Reports on the deleterious effects of Cd contamination in
plant material are frequently found in literature. For instance, tomato leaves and
roots showed signs of growth inhibition and chlorosis (in the case of leaves) after
being hydroponically exposed to several Cd concentrations (lower than 50 µM,
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around 6 mg/L) (Ben Ammar et al. 2008). Lipid peroxidation and signs of chlorosis
triggered by Cd contamination (10 µM in hydroponics) have also been registered in
stems and leaves of Ceratophllum demersum, a macrophyte plant (Aravind and
Prasad 2005).
Regarding P. australis, reports of Cd toxicity can be found in literature. For
instance, hydroponic exposure to Cd has been shown to cause a 40 % decrease on
the maximum capacity of photosynthesis (Iannelli et al. 2002) or total chlorophyll
content in leaves (Pietrini et al. 2003). However, in the mentioned works, the P.
australis specimens used were adapted to freshwater systems, no works regarding
specimens adapted to salt-rich media being found in literature, to the best of our
knowledge. Therefore, it seems that salt marsh plants, like P. australis, which are
well adapted to harsh environmental conditions, can be more resistant to Cd toxicity.
This corroborates the opinion of Manousaki and Kalogerakis (2011) by whom
halophytic plants adaptation to severe environmental conditions is a feature that
makes them more tolerant to media with high metal concentrations. Indeed, P.
australis is an invasive plant easily adapted to very different environments (Ederli et
al. 2004) and which must possess efficient internal mechanisms in order to cope
with the biogeochemical differences of the media.

Levels of thiolic compounds

Levels of Cys, GSH, GSSG and Total Thiols in roots and leaves of P. australis
specimens exposed to rhizosediment soaked in elutriate contaminated with two
different Cd concentrations are exhibited in Table 7.2, which includes the basal
levels of those compounds. After 7 days of exposure to Cd-non-contaminated media
with or without nutrient addition, P. australis roots contained levels of Cys, GSH and
GSSG statistically similar. Furthermore, the NPT levels did not differ significantly
from basal levels, suggesting that the medium composition did not cause major
stress in P. australis roots. This behaviour differed from the one observed in the
previous experiment (section 7.3.1.1). Natural variability of plant response is a
possible explanation for the differences registered between both two studies.
Despite having been chosen specimens with similar size and aspect, it is impossible

Table 7.2 – Levels (mean and standard deviation, n=3) of cysteine (Cys), reduced glutathione (GSH), oxidised glutathione (GSSG) and total acid-soluble SH compounds (Total Thiols),
expressed in µg/g root FW, found in roots and leaves of P. australis plants exposed to rhizosediment and the respective elutriate, during 7 days and 15 days, in the absence or in the
presence of Cd and nutrients.∑
∑ NPT is the sum of the three non-protein thiols measured.
Leaves

Roots
Cys

GSH

GSSG

∑ NPT

Total Thiols

Cys

GSH

GSSG

∑ NPT

Total Thiols

2.1 ± 0.6a

5 ± 1a

9 ± 2b

16 ± 3a

26 ± 5a,e,g,c

2.1 ± 0.2j,k

53 ± 9l,m,a

200 ± 50n,o,b

255 ± 59

480 ± 18f,t,c

0 mg/L Cd
No nutrient

1.7 ± 0.3

6 ± 2e

7 ± 3i

12 ± 7

26 ± 8D,k

3 ± 1G

54 ± 5I,e

201 ±20N,i

258 ± 24

413 ± 42e,P,k

0 mg/L Cd
Nutrient

1.4 ± 0.7A

3 ± 1C,f

6 ± 4j

11 ± 5

21 ± 5b,E, l

3 ± 1H

57 ± 9J,f

152 ± 48j

212 ± 53

719 ± 24e,f,g,h, l

1 mg/L Cd
Nutrient

1.71 ± 0.06d

4 ± 1g

< 1.8 *

5 ± 1c

39 ± 10b,c, m

3.9 ± 0.4d

46 ± 5L,g

144 ± 46O

194 ± 51

563 ± 53g, m

10 mg/L Cd
Nutrient

1.3 ± 0.3B,e

4 ± 1h

< 1.8 *

5 ± 1d

21 ± 10F,d, n

4 ± 1e

42 ± 5M,h

119 ± 23

161 ± 24

456 ± 104h, n

0 mg/L Cd
No nutrient

3 ± 1o

3 ± 1c, q

< 1.8 *

7 ± 2d

49 ± 9d,e,D,u

5.4 ± 0.6j,G, o

104 ± 25l,I, q

77 ± 25n,N

186 ± 50p

619 ± 41t,P,p,u

0 mg/L Cd
Nutrient

3.2 ± 0.2a,b,A, p

6 ± 1c,C, r

< 1.8 *

9 ± 1f

35 ± 2f,g,E,v

6 ± 1k,H, p

97 ± 9m,J, r

70 ± 24o

173 ± 29q

592 ± 134q,v

1 mg/L Cd
Nutrient

3±1

4 ± 1s

< 1.8 *

7 ± 2h

46 ± 10h,w

9±4

87 ± 20L,s

58 ± 12O

154 ± 35r

688 ± 201r,w

10 mg/L Cd
Nutrient

2.5 ± 0.3b,B

4 ± 1t

< 1.8 *

6 ± 1i

47 ± 9F,i, y

4±3

91 ± 18M,t

76 ± 23

171 ± 34s

547 ± 105s,y

Basal levels
7 days of exposure

15 days of exposure

* LOD
Same letter indicates statistical difference (p<0.05) between values (small letters compare data within the same time of exposure (blue – 7 days treatment, black – 15 days treatment); small letters in green
compare data from roots and leaves within the same time of exposure; capital letters compare data from both times of exposure).
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to guarantee that the selected ones were all of the same age or in the same
physiological state. For instance, Katerova et al. (2009) observed that young leaves
of peas presented higher levels of low molecular thiols than the mature leaves
suggesting that such difference may have resulted from the physiological and
development differences among young leaves.
P. australis roots exposed for 7 days to Cd-contaminated media (both
concentrations tested) presented amounts of Cys and GSH similar to those found in
the absence of contamination. However, GSSG levels decreased significantly in the
presence of Cd contamination. For the 15 days experiment, levels of Cys and GSH
were generally similar to those found for the 7 days experiment. Nevertheless, in the
last case, the levels of GSSG were very low (below the LOD) even in the absence of
contamination. Globally, these results together with the values of both ∑ NPT and
Total Thiols, which in most cases were similar in the presence and in the absence of
Cd contamination, seemed to indicate that exposure to Cd did not influence
significantly the levels of thiolic compounds in plant roots. However, in the shortterm experiments carried out in microcosms, described below, a behaviour pattern
for GSSG similar to that observed here for the 7 days treatment was observed (see
section 7.3.2 below) indicating that the initial contact of plant roots with Cd
contamination in some way caused a decrease on GSSG levels in roots.
Table 7.2 also shows that, in P. australis leaves, the contents of Cys, GSH
and GSSG were, after 7 days of exposure, statistically similar in both Cd-noncontaminated media (though GSSG levels were tendentiously lower in leaves of
specimens exposed to the medium with nutrients) and also similar to the basal
levels. Exposure to Cd contamination did not influence significantly the levels of
GSH and GSSG in leaves, although a tendency to decrease the GSSG levels
seemed to occur particularly in the presence of higher Cd levels. Oxidised
glutathione is generally associated to stressful conditions, since GSH is converted to
its oxidised form by reacting with oxidising compounds inside the cell (Szalai et al.
2009). Cadmium is a well-known inducer of oxidative stress in plant cells since it has
a high affinity for SH groups (Schröder et al. 2003; Guimarães et al. 2008). Indeed,
Cd contamination led to an increase in GSSG levels in cells of P. australis
specimens (adapted in nature to freshwater systems) and bryophyte specimens
exposed to a contaminated hydroponic medium for 21 days and 10 days,
respectively. That increase was related to the Cd concentration in the medium
(Iannelli et al. 2002; Ben Ammar et al. 2008). Thus, the previous reported results

208

FCUP
The role of non-protein thiols in P. australis tolerance
mechanisms against Cu and Cd contamination

were opposite to those achieved in this work for the 7 days treatment in the
presence of Cd contamination, where GSSG levels decreased in roots (and
tendentiously in leaves).
In Chapter 6, a significant positive correlation between the Cd and GSSG
levels measured in several salt marsh plants roots was found, that is plants with
higher Cd contents in their roots presented also higher GSSG levels. Taking this
relationship into account, it was hypothesised that the synthesis of GSSG would
increase as GSH entered in redox reactions with the ROS produced. Herein, results
suggest that a probable increase of GSSG levels, as a consequence of an increase
of Cd contamination, may only take place after a relative extended period of
exposure to the contamination (as it will be seen in section 7.3.2).
Total Thiols contents were, in most cases, significantly higher than the sum of
the three NPT levels (7 days of exposure, Table 7.2), indicating that P. australis
roots and leaves cells contained other thiolic compounds apart from Cys, GSH and
GSSG. The content of Total Thiols in roots was similar in most cases (basal levels
and levels after plant exposure to contaminated or non-contaminated media). On the
contrary, in leaves, significantly higher amounts of Total Thiols were found in the
nutrient-rich and non-contaminated medium in relation to the basal levels or those
found for an equivalent medium without nutrient addition. This fact was probably a
result of the presence in the nutrient solution of sulphur, in sulphate form (a very
bioavailable form to plants). Plants acquire sulphur predominantly in the form of
sulphate, which is later converted to nutritionally and functionally important Scontaining compounds (Gill and Tuteja 2011). After assimilation by the plant, sulphur
is incorporated into cysteine, which is later converted into important thiolic
compounds, such as GSH and PC, involved in stress tolerance in plants (Yi et al.
2010). Exposure to Cd led to a statistically significant decrease on the Total Thiols
levels in P. australis leaves comparing with the non-contaminated medium.
Nevertheless, this decrease was not proportional to the external Cd concentration,
as statistically similar amounts of Total Thiols were measured in P. australis leaves
exposed to both Cd concentrations tested (although there was a tendency for a
lower amount of Total Thiols when the plant was exposed to the highest Cd
concentration). Additionally, the decrease in the content of Total Thiols indicated
that other thiolic compounds may be used by the plant as a mechanism to tolerate
Cd.
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Apart from NPT, several enzymes and other thiolic compounds have also a
major role in the defence system of plants against oxidative stress (Bartosz 1997).
Cadmium is in fact considered an important inducer of PC in plant cells (Inouhe
2005) and these may have been involved in Cd ions sequestration into the
appropriate cell compartments. Other authors, e.g. Iannelli et al (2002) and Fediuc
and Erdei (2002), have observed that Cd also induced a strong antioxidant response
in P. australis specimens including, in addition to elevated GSH contents, higher
enzymatic activities of SOD, GR, CAT and APX. Glutathione reductase has a pivotal
function in maintaining the reduced state in cells, since this enzyme converts GSSG
into GSH (Bartosz 1997).
Assuming that Cd contamination induced a higher demand for antioxidant
substances, GSSG may have been converted to GSH (as a result of a possible
increase of GR activity). Nevertheless, as no increment on GSH levels was
registered in this work (Table 7.2) as the amount of GSSG decreased (GSH levels in
leaves were tendentiously lower), it is hypothesised that, in an attempt to mitigate
Cd toxicity, GSSG was possibly converted into GSH to be promptly used in the
production of PC so that these compounds were used for Cd sequestration. In fact,
the depletion of GSH has already been associated to the increment on PC
concentration in roots and leaves of soil plants after plant exposure to Cd (Ben
Ammar et al. 2008).
In most cases, significantly higher amounts of Cys, GSH, GSSG and Total
Thiols in P. australis leaves than in roots were found. Higher levels of thiolic
compounds in shoots than in roots after P. australis exposure to a hydroponic
solution contaminated with Cd were also found by Fediuc and Erdei (2002). The
production of ROS is a usual phenomenon occurring in plant cells under normal or
stressful physiological conditions. ROS are produced in the course of various
metabolic reactions taking place in different cellular compartments, such as
chloroplasts, mitochondria and peroxisomes (Arora et al. 2002). Taking into
consideration that leaves cells contain all three organelles, it is expected that leaves
require larger pools of NPT than roots in order to scavenger ROS and maintain cell’s
equilibrium.
Table 7.2 also shows that 15 days of exposure to both non-contaminated and
contaminated media led to statistically similar levels of Cys, GSH, GSSG and Total
Thiols levels, either in P. australis roots or leaves (GSSG levels were below the LOD
in P. australis roots preventing quantification). However, in comparison to basal
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levels, the contents in leaves of Total Thiols, Cys and GSH increased and the
content of GSSG decreased, the differences being significant in several cases.
These results indicate that the stress induced by 15 days of exposure to the medium
prevailed over the stress induced by metal contamination. During the experiments,
the plants were confined to a tight container exposed to rhizosediment soaked with
elutriate that, even with regular agitation, was prone to become hypoxic. Evidence
that hypoxia can cause oxidative stress in plants cells is reported in literature.
Oxygen deprivation may induce an excessive production of ROS and, therefore, the
plant’s antioxidant defence system (antioxidant enzymes and antioxidant low
molecular mass compounds) is triggered in the process in order to protect plant cells
(Blokhina et al. 2003).
Nevertheless, P. australis may be able to resist stress using defence
strategies involving various enzymatic and non-enzymatic antioxidants (Xu et al.
2010). In the present case, GSH might have a central role on the protection of P.
australis cells (no loss of plant vitality was observed during the treatment). One of its
functions in cells (among others) is to scavenger ROS in order to prevent the
occurrence of lipid peroxidation, enzymes deactivation, etc (Szalai et al. 2009). In
the present case, considering that the plant was under stress, higher demand for
GSH was probably required in order to reduce the reactivity of ROS and,
consequently, the stress inside cells. Thus, GSSG may have been reduced to GSH,
which would explain the decrease of GSSG levels and the increase of GSH levels,
in comparison to the basal levels. Nevertheless, the Total Thiols levels were
significantly higher than the sum of the three NPT both in roots and leaves,
indicating that other thiolic compounds continued to be produced probably to combat
oxidative stress as well. The increase of Cys content in roots and leaves cells during
the 15 days treatment may be associated to the production of GSH and other
compounds with SH groups (Bonner et al. 2005). PC were very likely produced,
since P. australis carried on uptaking Cd from the media and translocating small
amounts to the aboveground parts (Figure 7.5). Those thiolic compounds were
possibly used to storage Cd in the appropriated cell compartments. To note that P.
australis have the ability to accumulate considerable amounts of metals but oxygen
deprivation can decrease lipid and membrane integrity (Blokhina et al. 2003) which,
if the case, may have facilitated the Cd entrance in roots. As it was already
highlighted in the previous chapter, data herein discussed reinforce the possibility of
GSH being used in P. australis cells of two different ways: as a constituent of cell’s
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defence mechanism by participating in PC synthesis or/and in reactions of oxidation
and reduction (Jozefczak et al. 2012).

7.3.2 Microcosms experiments
7.3.2.1 Possible involvement of non protein thiols in P. australis tolerance to
Cd contamination

Levels of thiolic compounds

Levels of Cys, GSH, GSSG and Total Thiols observed in roots and leaves of
P. australis plants before and after six hours (short-term) and two months (longterm) of exposure to Cd contamination in the microcosms experiment are shown in
Table 7.3.
In P. australis roots, statistically identical amounts of Cys and GSH were found
in the presence and in the absence of Cd contamination for both concentrations
tested and for both exposure periods. With respect to GSSG levels after the shortterm treatment, a statistically significant decrease relatively to basal levels was
observed. A similar result was obtained in experiments carried out in vitro (in
rhizosediment soaked in elutriate) (see section 7.3.1.2). Therefore, during the shortterm exposure, the metal contamination seemed to cause a decrease in GSSG
levels in P. australis roots. After two months of exposure GSSG levels recovered,
being statistically similar to basal levels (Table 7.3).
In leaves, after the short-term treatment the levels of Cys, GSH and GSSG
were significantly lower than the basal levels, probably as a result of the six hours of
exposure to Cd contamination. Thus, the stress caused in the plant by the metal
affected NPT levels also in leaves, leading to their depletion. After the two months of
experiment, Cys, GSH and GSSG levels in leaves were significantly higher than
those observed in the short-term treatment. For Cys, the levels were also
significantly higher than basal levels but did not depend significantly on Cd level. No
significant differences were observed for the contents of GSH and GSSG in
comparison to the respective basal levels, though they were tendentiously higher
after plant exposure to the highest Cd concentration, indicating that metal
contamination may have some influence in the levels of these NPT.
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Table 7.3 – Levels (mean and standard deviation, n=3) of cysteine (Cys), reduced glutathione (GSH), oxidised
glutathione (GSSG) and total acid-soluble SH compounds (Total Thiols), expressed in µg/g root FW, found in roots and
leaves of P. australis plants before and after six hours (short-term) and two months (long-term) of exposure to
rhizosediment contaminated with two different concentrations of Cd in the microcosms experiment. ∑ NPT is the sum
of the three non-protein thiols measured.

exposure
exposure

Long-term

Short-term

Roots

Cys

GSH

GSSG

∑ NPT

Total Thiols

Basal levels

6±2

13 ± 3

14 ± 3a

33 ± 6A

44.7 ± 0.5c,d,e,A

Low [Cd]

*

*

*

*

*

High [Cd]

3±2

17 ± 1

6.9 ± 0.4a,b,a

26.7 ± 0.2B

168 ± 12B,c,f

Low [Cd]

2.7 ± 0.7

19 ± 10

30 ± 13

52 ± 23

31 ± 6d

High [Cd]

3.0 ± 0.8

18 ± 4

18 ± 5b

39 ± 9

35 ± 5e,f

Basal levels

2.0 ± 0.1g,h

73 ± 19i

271 ± 51l

291 ± 65C

620 ± 64C,o

Low [Cd]

*

*

*

*

*

High [Cd]

1.7 ± 0.1g

23 ± 6i,j

69 ± 18l,m,a

93 ± 24

121 ± 35o,p

Low [Cd]

2.5 ± 0.1h

75 ± 8k

228 ± 17n

305 ± 74

533 ± 189

High [Cd]

2.8 ± 0.4g

98 ± 9j,k

350 ± 64m,n

451 ± 72D

611 ± 15D,p

exposure
exposure

Long-term

Short-term

Leaves

* No measurements performed
Same letter indicates statistical difference (p<0.05) between values (small letters compare data from each plant organ within the
same column; capital letters compare data from ∑ NPT and Total Thiols; blue small letters compares [NPT] in roots with [NPT] in
leaves, only for the short-term treatment).

The content of Total Thiols was, in several cases, markedly higher than the
sum of all three measured NPT (especially for P. australis leaves), statistical
significance being found in most cases. This result corroborates those found in the
previous sets of experiments (Chapters 6 and 7), indicating the presence of other
thiolic compounds in addition to NPT in P. australis cells. Nevertheless, a marked
decline in the Total Thiols levels occurred in leaves as a consequence of the shortterm exposure to Cd (Total Thiols levels were statistically similar to the sum of the
NPT), whereas the production of such substances was intensively triggered in the
roots (levels significantly higher than the basal levels).
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After the long-term treatment, markedly different results were observed. The
contents of Total Thiols in P. australis roots were significantly lower than the basal
levels (they were statistically similar to the sum of the three NPT measured) and in
leaves the levels of Total Thiols were statistically similar to basal levels. As
observed for the NPT under study, with regard to Total Thiols levels, at the end of
the two months exposure, P. australis restored those levels to values within the
range of basal levels.
Other thiolic compounds, besides Cys and GSH/GSSG, also have an
important role in ROS scavenging and metal detoxification (Cobbett and
Goldsbrough 2002; Alvarez-Legorreta et al. 2008; Diopan et al. 2010). As mentioned
before, it is possible that GSSG was reduced into GSH by means of GR (Bartosz
1997) and GSH was subsequently converted into other thiolic compounds, such as
PC (Seth et al. 2012). Such phenomena would explain the non significant variation
of GSH values and the significant increase of Total Thiols levels in P. australis roots
observed after the short-term treatment. Evidence that thiolic compounds (e.g. GSH,
PC and γ-glutamylcysteine) can be transported from leaves to roots via phloem was
observed before (Meneguzzo et al. 1999; Li et al. 2006) and the occurrence of such
phenomena is compatible with the sharp decline on the content of Total Thiols in
leaves observed in the present work for the short-term treatment.
The microcosm and the in vitro experiments (section 7.3.1) were conducted in
different seasons. Such differences in the contents of NPT in P. australis roots and
leaves, as well as in plant response to Cd contamination, were expected as
seasonality can influence several physiological processes in plants as shown before
(Chapters 4 and 5). The experimental conditions used were also different, the study
at microcosm scale representing a more realistic response and fateful view of what
happens in natural environment. Despite the differences mentioned, a similar trend
was observed in both experiments, as follows: (1) Cd contamination seemed to
affect the levels of GSSG leading to their depletion as a result of a short period of
exposure, and (2) both sets of experiments showed that, in response to Cd
contamination, defensive mechanisms involving thiolic compounds were activated in
P. australis organs.
A vast range of published works on oxidative stress or production of thiolic
compounds triggered by metal contamination has relied upon hydroponic studies. In
this work, P. australis specimens were subjected to more natural and realistic
media. Furthermore, most works have centred on soil plants and freshwater
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systems plants (Bruns et al. 2001; Iannelli et al. 2002; Pietrini et al. 2003; Aravind
and Prasad 2005; Ben Ammar et al. 2008). Little was then known about the
detoxification process of P. australis specimens adapted to high salinity media. The
pair GSH/GSSG and other thiolic compounds, probably PC, were shown to have a
prominent role on Cd, (as well as on Cu) detoxification. Nevertheless, given that no
deleterious effects were observed in P. australis organs, the plant may also rely on
other defence mechanisms besides the use of antioxidant molecules.

P. australis as a Cd phytostabiliser

The experiment in microcosms also assessed the accumulation of Cd in P.
australis organs during plant exposure to Cd contamination. Such experiments were
performed by other researchers and the results were already published (Silva 2012).
In summary, it was concluded that P. australis could accumulate considerable
amounts of Cd when exposed to both concentrations tested without showing signs
of toxicity. Short-term exposure relatively to high Cd contamination led to a
significant metal uptake and accumulation in P. australis belowground tissues.
Translocation of the metal to leaves and stems was also shown to occur.
Nevertheless, after long-term exposition to Cd contamination metal uptake still
occurred but only in the belowground structures, indicating that the plant prevented
more metal translocation. In addition, Cd levels in P. australis leaves decreased with
the increase of Cd in the medium, supporting the last assumption. Despite the initial
stress, P. australis roots continued to remove considerable amounts of Cd from the
medium (Silva 2012) while maintaining their functionally and integrity throughout the
experiment. No significant differences were observed in the amounts of total
chlorophylls and carotenoids in aboveground parts of P. australis specimens for
both Cd concentrations tested and for both short and long periods of exposure (Silva
2012). These facts indicate that P. australis managed to tolerate Cd contamination.
These results were in agreement with those observed in this work, confirming the
suitability of P. australis for phytostabilisation procedures.
Thiolic compounds appear to play an important role in P. australis acclimation
to the contaminated medium, especially at the immediate contact with the
contaminant. However, in a long-term basis, as the contents of thiolic compounds
were restored, P. australis possibly relied not only on such substances to cope with
the metal uptake but also on other processes and substances which in unison
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alleviated Cd toxicity and allowed Cd retention in plant tissues. For instance, it is
known (Rice-Evans et al. 1996) that phenolic metabolites are important antioxidant
substances synthesised by plants and present an important role in cell’s processes
and Silva (2012) found significantly higher levels of total soluble phenolics after P.
australis exposure to the highest Cd contamination, in both short-term and long-term
exposure periods. Furthermore, other alternative defence mechanisms may be
triggered, such as, an increase of antioxidant enzymes activity (Fediuc and Erdei
2002; Iannelli et al. 2002), production of other antioxidant compounds, like ascorbic
acid and amino acids, (Smirnoff 1996; Sharma and Dietz 2006; Lefèvre et al. 2009;
Manousaki and Kalogerakis 2010) or exudation of ALMWOAs (Jones 1998; Ma et
al. 2001; Ryan et al. 2001; Tong et al. 2010), etc. Nevertheless, further research is
needed to deepen the knowledge about the processes involved in the tolerance of
toxic metals and acclimation of this salt marsh plant, in order to optimise the
application of P. australis for phytoremediation purposes.

7.4

CONCLUSIONS

This work, which was carried out in experimental conditions closer to those
occurring in natural environments than the ones described in several previous
chapters, confirmed that P. australis can accumulate Cu and Cd mainly in their
belowground parts, particularly in roots, though considerably high amounts of both
metals were also found in rhizomes. Metal accumulation increased as the
concentration of the metal increased in the surrounding medium. Nevertheless, low
potential for metal translocation into aboveground tissues was observed, no
measurable translocation being observed for Cu.
Short-term exposure of P. australis to Cu contamination (10 and 100 mg/L) did
not cause any detectable adverse effect in the plant specimens. Regarding thiolic
compounds levels, Cu exposure did not have significant influence on the
concentrations of GSH and GSSG, whereas the content of Cys increased in the
presence of Cu but not in function of the metal concentration in the medium.
However, other thiolic compounds apart from the NPT under study suffered a
significant decrease when Cu concentration increased in the medium. A prominent
role of the thiolic compounds in tolerance to Cu by P. australis could not be
demonstrated.
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Short-term exposure to Cd (1 and 10 mg/L for experiment (1) and 9 µg/g DW for
experiment (2)) also did not cause significant changes in Cys and GSH levels in P.
australis roots and leaves, but it led to a considerable decline in GSSG levels in
those plant tissues. In addition, in microcosms experiments, short-term exposure to
Cd contamination caused also a significant decrease on levels of other thiols, apart
from the NPT under study, in plant leaves and a significantly increase of those
compounds in roots. GSSG might be converted into GSH to be used in the
synthesis of other thiolic compounds, e.g. PC, possibly to alleviate the Cd toxicity,
by complexation and storage of the metal in stable chemical forms not harmful to
plant. Therefore, in an initial period of exposure, the impact of the toxic metal on
plant may have destabilised the P. australis cell’s equilibrium, having the plant
defence mechanisms been triggered to cope with sudden change in the medium
and prevent toxicity. However, in a longer exposure (2 months for the microcosms
experiment) to Cd (1.2 µg/g

DW

and 9 µg/g

DW )

P. australis appears to be able to

adapt to the contaminated medium, getting tolerant to relatively high Cd
concentrations as P. australis cells showed a tendency for restoring their thiolic
contents to levels similar to basal levels.
In fact, no signs of toxicity in P. australis specimens were detected during or
just after the experiments. Therefore, P. australis showed to be resistant to the Cu
and Cd concentrations used in the experiments. Apart from antioxidant thiolic
compounds, P. australis has probably relied on other mechanisms to alleviate metal
toxicity. With respect to thiolic compounds, marked differences were observed for
Cu and Cd, since the two metals have different chemical properties and cause
different biological effects, denoting that plant’s response to metal contamination is
dependent upon the nature of the metal.
Taking into consideration the ability of the plant to accumulate Cu and Cd in
belowground tissues and the resistance of the plant to metal toxicity, it can be
inferred that salt marsh P. australis will be a suitable choice for phytostabilisation
purposes.
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8.1 FINAL CONCLUSIONS
Plant roots have the remarkable ability to produce and secrete substances into
the surrounding environment (usually called rhizosphere), phenomenon known as
rhizodeposition or root exudation. Among the released substances, it is worth
mentioning here the aliphatic low molecular weight organic acids (ALMWOAs),
short-chain carboxylic acids which are weak acids, generally non volatile, presenting
a saturated or unsaturated C-chain and with hydroxyl groups. The exudation of
ALMWOAs by plant roots can occur for many purposes, inclusively as a defence
mechanism against metal toxicity. Taking into account the potential of ALMWOAs to
complex metals, transforming them into less toxic and more phytoavailable forms,
these root exudates are important for phytoremediation processes and, more
generally, they play a role on chemical speciation, bioavailability and remediation of
pollutants.
Most studies concerning root exudation have been focused on cultivar and
herbaceous plants whereas little information is available about the nature and
concentration of ALMWOAs released by marsh plants and their role on
rhizosediment physical, chemical and biological processes. Therefore, we were
prompted to survey the chemical composition of ALMWOAs released by vascular
marsh plants and how very common environmental contamination, like trace metals
and organotins, may condition the liberation of such compounds. In order to attain
this goal, it was necessary to begin by developing an analytical methodology
suitable for determination of ALMWOAs in natural waters enriched with plant
exudates.
Thiolic compounds are also frequently involved in plant defence mechanisms
against metals toxicity and, as for ALMWOAs, little is known about their involvement
on salt marsh plants’ tolerance mechanisms, with most knowledge available on soil
plants. Therefore, an additional aim, consisting in surveying the chemical
composition and levels of non-protein thiols (NPT), as well as levels of total acidsoluble SH compounds (Total Thiols), accumulated in marsh plants tissues, in
different environmental conditions and contamination levels, was also pursued.
Several plants species, specified below, very common in European estuarine
marshes were used in different experimental conditions (in situ, to evaluate natural
levels of the compounds that were subject of study, in vitro and at microcosm scale).
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As for the analytical method, considering that the matrices of the solutions to
be analysed are generally very complex and that concentrations of ALMWOAs, in
nature, are relatively low, it was necessary to include a pre-treatment step, which
allowed either sample matrix purification or ALMWOAs concentration, two
fundamental conditions to guarantee the accuracy of the results. For this purpose,
solid phase extraction (SPE), using an Oasis MAX sorbent (mixed-mode anionexchange and reverse-phase nature) was selected, revealing a good performance in
terms of ALMWOAs extraction. To the best of our knowledge, this was the first time
that this sorbent was used for this purpose. The new SPE method combined with
analysis by high performance liquid chromatography with a diode array detector
(HPLC-DAD) demonstrated to be suitable for determining the ALMWOAs released
into a freshwater matrix by marsh plant roots. High recovery percentages were
obtained for all ALMWOAs under study and the presence of trace metals (Cu, Cd
and Ni) did not affect ALMWOAs recoveries.
Subsequently, studies on the ability of P. australis and H. portulacoides roots
to liberate ALMWOAs into the surrounding medium were carried out. In vitro
experiments, using freshwater from Cávado River and plants collected at Lima and
Cávado River estuaries, were performed seasonally (between November of 2008
and April 2010) to estimate the composition of ALMWOAs released by these marsh
plants and whether the life cycle of the plants would influence exudation. For both
plants, the main exudates were oxalic and citric acids. However, plant nature
influenced the composition and concentrations of ALMWOAs released by roots. For
instance, in this work H. portulacoides exuded much higher amounts of oxalic acid
(547 ± 315 µg/g

root dry weight (DW))

than P. australis (14 ± 6 µg/g

root DW )

(levels observed

in spring). In addition, P. australis could also liberate formic acid and H.
portulacoides acetic acid.
In an attempt to compare the ALMWOAs profiles achieved in the in vitro
studies with natural occurrence of these substances, the presence of ALMWOAs
were also determined in pore waters from non-colonised sediments and colonised
sediments by both plants (collected in the same location as the plants). In pore
water from P. australis rhizosediment none ALMWOAs were detected, possibly due
to microbial degradation. However, in the rhizosediment colonised by H.
portulacoides oxalic acid (0.6 mg/L) could be found. These results, which are
compatible with a much higher exudation of oxalic acid observed in vitro for H.
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portulacoides, indicate that roots exudation can contribute significantly for the
presence of ALMWOAs in rhizosediments.
To survey the influence of chemical contamination on plant exudation, P.
australis and H. portulacoides specimens (collected seasonally at Lima and Cávado
River estuaries, respectively, between November of 2008 and April 2010) were also
exposed to freshwater (collected at Cávado River) enriched with metals (Cu, Ni and
Cd), in isolate and in mixture, and to tributyltin (TBT). It was found that Cu could
influence the release of oxalic acid by both H. portulacoides and P. australis roots
(stimulation and inhibition of the ALMWOA exudation, respectively), as well as the
release of citric acid by P. australis roots (exudation stimulated at low Cu
concentration but not stimulated at a higher metal contamination). Cadmium, Ni and
TBT did not have any significant effect on the liberation of ALMWOAs by the plants,
except for an inhibition of citric acid exudation by H. portulacoides roots in the
presence of TBT. Exposure to a mixture of metals triggered a similar response to
the one observed when the plants were exposed only to Cu, suggesting that the
presence of the other two metals caused no effect.
Marsh plants seemed to respond differently according to the contaminant
used, Cu being the main metal influencing these ALMWOAs exudation. In addition,
a possible involvement of oxalic acid on Cu uptake by H. portulacoides roots was
found.
Seasonality was shown to influence the exudation of ALMWOAs by P.
australis and H. portulacoides and the P. australis response to Cu exposure in terms
of liberation of ALMWOAs. Variations in qualitative and quantitative exudation for
both plants under study during their different life stages (growing, developing and
decaying stage) were observed. For both plants, the growing season showed to be
the period of higher root activity, occurring a significantly higher liberation of oxalic
and citric acids. Additionally, changes suffered by P. australis during its life cycle
seemed to influence the release of oxalic, citric and formic acids as a result of plant
roots exposure to Cu (oxalic and citric acids were generally liberated in higher
amounts in the growing stage whereas a higher variety of ALMWOAs were exuded
in the decaying stage (apart from oxalic and citric acids, formic and acetic acids
were also detected) and, furthermore, different liberation patterns of ALMWOAs
were observed in each physiological stage in response to Cu contamination). Data
suggested that, in natural environment, the plant life cycle may affect
rhizodeposition of these marsh plants and, therefore, very probably also the
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chemical speciation and bioavailability of trace metals present therein as well as
metal phytoremediation.
Besides ALMWOAs, antioxidant thiolic compounds, which typically have an
important role in the mechanisms of plant tolerance to metals, were also surveyed.
More precisely, the levels of NPT (cysteine, Cys, glutathione, GSH, oxidised
glutathione, GSSH) and Total Thiols were determined in the plant tissue of different
marsh plants collected at salt marshes located in Lima and Cávado Rivers
estuaries. Taking into account that marsh plants accumulate metals in their
belowground tissues and that metals may condition the production of these
compounds, possible significant relationships between the content of each NPT in
root tissue and the metal accumulated were searched. Several complementary sets
of experiments were carried out for this purpose.
One set of experiments consisted in determining the contents of thiolic
compounds (and trace metals) in roots of P. australis, H. portulacoides and T.
striata, as they occurred in the natural environment (sampling in spring of 2011).
Marked differences among the plant species were found. Generally, T. striata
specimens (collected at both River estuaries) presented higher contents of Cys,
GSH, GSSG and Total Thiols. Therefore, similarly to that found for ALMWOAs, the
levels of thiolic compounds present in plants cells varied with the nature of the plant.
Furthermore, the nature of the medium inhabited by the plants also posed an
important feature in regulating the content of thiolic compounds. For instance,
significant differences were observed in levels of thiolic compounds for specimens of
T. striata collected in the estuaries of the two Rivers (significantly higher GSSG
levels being found in the specimens from Lima River estuary whereas Total Thiols
production was more intense in T. striata roots from Cávado River estuary).
Considering both the content of thiolic compounds and the concentrations of
metals found in roots of the different plants species, significant positive correlations
were observed between GSH and Cu, indicating that marsh plants with higher
amounts of Cu in their roots (the highest occurring for T. striata roots), required a
higher demand for GSH, in order to increase tolerance to Cu concentration in roots.
Roots of T. striata presented also the highest levels of Total Thiols which might
denote a higher production of phytochelatins (PC) in these marsh plants relatively to
P. australis and H. portulacoides (which presented lower amounts of Cu in their
roots).
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Significant positive correlations were also observed between GSSG and Pb,
Cd and Cu. In the process of defending plant cell against oxidative stress, GSH may
be converted into GSSG as the biomolecule scavenges the reactive oxygen species
(ROS). The present results suggested that incorporation in roots of a potentially
toxic level of a trace metal probably induced an imbalance within root cells and
GSSG rates increased as GSH entered in redox reactions with the ROS produced.
Therefore, this work demonstrated that GSH is, in fact, involved in marsh plant’s
tolerance mechanisms regarding metals, similarly to what has been observed in
other plant species.
For all plants studied, significant correlations were not found between the
levels of Cys and the levels of different metals in roots. Cys can form complexes
with metals through its sulfhydryl groups and, in addition, it is an important
biomolecule which is incorporated in proteins and GSH, being also able to catalyse
redox reactions. Nevertheless, results of this work indicated that Cys production was
independent from the amount of each accumulated metal.
Two other sets of experiments were performed, using only specimens of P.
australis adapted to a salt-rich natural environment (Lima River estuary). In these
experiments, the natural medium was simulated in two different ways: (1) by means
of in vitro experiments (for Cu and Cd) using rhizosediment soaked with the
respective elutriate solution prepared with estuarine water (sampling in spring 2012)
and (2) by means of a microcosm experiment performed only for Cd (sampling at
beginning of autumn 2011). The purpose was to diminish the osmotic effects and
other stress factors subsequent to the removal of the plants from their natural
habitat, in order to attain either more accurate results or a more fateful perspective
of how the plant will respond to metal contamination (similar to the conditions tested)
in its natural environment. To the best of our knowledge, studies at microcosm scale
on the antioxidant response of a salt marsh plant against Cd toxicity have never
been conducted before.
Results of both sets of experiments indicated that GSH may play a dual role in
cell protection against metals by: (i) participating in reactions of oxidation and
reduction for the scavenging of ROS; and (ii) complexing itself metal ions or
participating in PC synthesis so that metals ions are transported and stored in
appropriate compartments in cell. However, marked differences were observed in
plant response to Cu and Cd. Cu contamination slightly affected the amounts of Cys
(an increase was observed but not in function of the metal concentration). In
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addition, the content of Total Thiols significantly decreased in the presence of Cu,
indicating a more marked effect of Cu on other thiolic compounds apart from Cys,
GSH and GSSG. In contrast, Cd contamination affected especially GSSG levels in
plant roots and leaves, causing a considerable decrease after a short period of
exposure to the metal. In addition, a significant decrease of Total Thiols levels in
leaves and a significantly increase of those compounds in roots was registered in
the microcosm study. In the light of these results, GSSG might have been converted
into GSH to be used in the synthesis of other thiolic compounds, e.g. PC (probably
to alleviate the Cd toxicity by complexation and storage), being the thiolic
compounds possibly transported from leaves to roots. Nevertheless, after the longterm exposure to Cd, the content of thiolic compounds were restored to values
similar to the basal levels, indicating that P. australis was able to tolerate relatively
high Cd concentrations in the long-term, probably relying on other mechanisms to
alleviate Cd toxicity.
Finally, it is worth mentioning that, no external signs of toxicity were detected
at the end of any of the experiments carried out in this work, in any one of the plants
used. This fact denotes that the marsh plants were resistant to the trace metal
concentrations tested, being therefore suitable choices for phytostabilisation
purposes. These halophytic plants have efficient morphological, physiological, and
biochemical adaptation mechanisms which make them very tolerant to metal stress
and allow them to survive and reproduce in salt-rich and contaminated
environments. In biochemical adaptation mechanisms to chemical contamination,
thiolic compounds and ALMWOAs will play prominent roles.

8.2 FINAL REMARKS
In this PhD, several features, e.g. plant species, plant life cycle, nature of the
medium, nature and concentration of contaminants, have been shown to influence in
some way the exudation of ALMWOAs and the contents of antioxidant thiolic
compounds in salt marsh plants’ cells. Either ALMWOAs or thiolic compounds are
involved in plant’s internal mechanisms triggered so that plants’ equilibrium and
vitality is maintained. In terms of sediment remediation, understanding such
mechanisms and including such findings in the planning of phytoremediation
procedures is utterly important to maximise the efficiency of these processes when
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using salt marsh plants. Nevertheless, this topic deserves further research to
complement and substantiate the information provided in the present study.
In terms of ALMWOAs exudation, studies in a medium as close as possible to
the natural environment of salt marsh plants would help understanding the
occurrence of this phenomenon in halophytic plants and their response to pollutants
in the event of an environmental contamination. Moreover, in case of metal pollution,
research on the formation of metal-ALMWOA complexes in root exudates solutions
and their diffusion rates through root cells, as well as on the contents of ALMWOAs
and metal-ALMWOAs complexes accumulated in roots, is needed to better
understand the actual amounts of ALMWOAs produced in response to metal
contamination and interpret their role on metal removal.
Apart from thiolic compounds, antioxidant enzymes and other compounds are
commonly involved in the antioxidant defence system of cells. The stress induced by
metals in salt marsh plants, e.g. in terms of ROS production or lipid peroxidation, is
still poorly understood. Research on those parameters, as well as, on the activity of
antioxidant enzymes, especially those directly linked to GSH cycle, and on the
production of other antioxidant molecules (e.g. ascorbic acid, amino acids) would
facilitate the interpretation of the role of the antioxidant defence system in salt marsh
plants tolerance to stress factors.

