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Abstract

Arsenic (As) and cadmium (Cd) are noxious and cagenic pollutants that can be
removed from water by using emerging, ecofrienglyytofiltration technology that
employs Micranthemum umbrosum. After culturing M. umbrosum for 7 days in a
hydroponic experiment, accumulation of 1219+44.41As g* and 799.40+30.95 pg
Cd g* were observed in the leaves, from 1000 pg Asahd 1000 pg Cd't of water,
respectively. Plant and water samples were analyaedissessing the As and Cd
accumulations, translocations, phytotoxic effeafstake mechanisms and kinetics, and
for evaluating the potential dfl. umbrosum in As and Cd phytofiltration. The uptake
pattern was leaf > stem > root for both pollutaiitse plant showedigherresistance to
As than tothatto Cd. Uptake of inorganic As species was much grehsen that of
organic As and was found at above the substrateecdration. However, Cd showed
similar uptake pattern to that of inorganic As spgcand the data was better fit to a
non-linear than a linear model. Low molecular weiglibstances that have thiol
group(s) may be responsible for the binding of Asplants whereas Cd showed a
different mechanism to that of A84. umbrosum showed good As phytofiltration
capabilities without any phytotoxic effects, but was found to be a moderate
accumulator of Cd with some phytotoxic effegimpare to some other previously
studied plant.

Key words. arsenic, cadmiumyicranthemum umbrosum, phytotoxic, phytofiltration,

uptake.



1. Introduction

Arsenic (As) and cadmium (Cd) are classified asugré carcinogenic compounds to
human (IARC, 2012). In some areas of Bangladesh ladd, As concentration in
groundwater has exceeded 2000 ify (British Geological Survey, 2000; Hossain,
2006). According to the British Geological surve30Q0), 51% of tube well water
samples collected from 41 out of 64 districts ciovetd more than 10 pgLof As, 35%
were above 50 pgt, 25% were above 100 pg'L8.4% were above 300 pg'land
0.1% were above 1000 pg™L whereas thepermissible limit of World Health
Organization (WHO)for As in drinking water is 10 pgt (WHO, 2011), and the
national standard for drinking water in Bangladés®0 pg L' (World Bank, 2005).
There are different forms of As that exist in thevieonment e.g., inorganic (arsine,
arsenious acid, arsenite, arsenic acids or argeratganic (monomethyl arsonic acid
[MMAA] and dimethylarsinic acid [DMAA]), biologicgland other forms (Rahman and
Hasegawa, 2011 Arsenictoxicity depends on the As species; and genenatigganic
As species (arsenite and arsenate) are more texdorapared with organic As species
(Meharg and Hartley-Whiteker, 2002; Ng, 2005). Toeicity level of the various As
species is As (l11)>As(V)>DMAA>MMAA (Patrick et al2000).

Cadmium is a widespread toxic heavy metal that is maingeased into the
environment by paints and pigments, plastic stadyi$i, electroplating, incineration of
cadmium-coated plastics, by-products of cement, phdsphate fertilizer factories
(Sanita di Toppi and Gabbrielli, 1999; Salem et2000; Pulford and Watson, 2003). It
causes carcinogenic, mutagenesis, interferes watbiuen regulation in biological
systems, renal failure, and chronic anemia (Degra#981; Salem et al., 2000). More

than 30 pg ! Cd was recorded in the drinking water, though ré@mmended Cd



level in drinking water is only 3 pg'L(WHO, 2011).

Therefore, the removal of As and Cd from contanadatater has been of the utmost
importance in order to minimize their impacts oro®stems.Although different
physical, chemical, and biological approaches hmen employed for this purpose, one
novel approach is phytofiltration, which has beesppsed as a promising, environment
friendly, esthetically pleasant technology by uding plants to remove As and Cd from
contaminated water (Ali et al., 2013). There anms@lants that can accumulate As and
Cd in their harvestable par®teris vittata L. (Ma et al., 2001)Wblffia globosa (Zhang

et al., 2009),Spirodela polyrhiza L. (Rahmanet al., 2007a),Lemna gibba L.
(Mkandawire and Dudel, 2005Rolygonum hydropiper (Robinson et al., 2005), and
Azolla caroliniana (Zhang et al., 2008) were identified for As accuatols.
Limnocharis flava L. (Abhilash et al., 2009)\Nymphae aurora (Schor-Fumbarov et al.,
2003), Solanum nigrum L. (Sun et al., 2007)Thlaspi caerulescens (Zhao et al., 2003),
andArabidopsis halleri (Kupper et al., 2000) were found to be Cd accutowa
However, only few aquatic plants were known to ppli@d removal of heavy metals
from water body, although aquatic plants could kpeeted to remedy heavy metals
from surface wateM. umbrosum, commonly called the Water fern or Baby's teass, i
one of them that has been identified as an As lagoemulator because of its high
bio-concentration factors (>1000) and translocafextor (>1.0) and also a moderate
Cd accumulator at low concentrations, and it camone 79.3-89.5% As and
60.0-73.1% Cd from 0 to 1.g As mL* and 0.3 to 30.Qug Cd mL* solutions,
respectively (Islam et al., 2013)he precise mechanism of heavy metal removall.in
umbrosum could not be clarified yePlants exposed to heavy metals showed tolerance

and hyper accumulation by adjusting and/or altesogie physiological mechanism



depending on the type of pollutant, dose intenany plant species; for example, Cd
caused increased synthesis @iytochelatins(PCs), but reduced the synthesis of
ascorbate and antioxidant enzymegPidia stratiotes L. than inEichhornia crassipes
(Mart.) Solms (Sanita di Toppi et al., 2007), wiar€d compartmentalization occurred
in the epidermal vacuoles dhlaspi caerulescens leaves (Kupper et al., 2004). In the
case of As, main route of As (V) uptake within glathrough phosphate transporter
(Asher and Reay, 1979; Meharg et al., 1994) andlisis through aquaglyceroporins
(Meharg and Jardine, 2003; Isayenkov and Maatl2@68; Maet al., 2008) Arsenic
substantially increases the synthesis of glutathi@®SH) and PCs (Schat et al., 2002;
Grill et al., 2006). Raab et al. (2005) identifiéd different As complexes, including
PCs, inHelianthus annuus L., but As appears to be present in its unbound arocy
form in P. vittata hyperaccumulator (Rabb et al., 2004; Pickeringlgt2006). These
phenomenasuggestthat As and Cd hyper accumulation occurred throdiferent
mechanisms in various plant specik.umbrosum plant have the tendency to absorb
As and Cd (Islam et al., 2013). However, interagyinthe current study showed that
this plant has different uptake mechanisms witheceiht As and Cd doses exposures
and different response to growth with respect totghigment production and macro
and micronutrient uptake.

Thus, in the present study, we evaluated the pateof M. umbrosum for the
phytofiltration of As and Cd from contaminated walby investigating the phytotoxic
effects, effects on macro and micro nutrient uptalpeake kinetics, and possible uptake

mechanisms that these two carcinogenic elementgeshm this plant.

2. Materialsand Methods



2.1 Plant culture

Micranthemum umbrosum was obtained from Aqua Friend Hokusui (Hokkaido, Jgpan
Initially, the plants were grown in hydroponic auks in laboratory conditions for
seven days to allow for adaptation. Then aboutg3(§esh weight) oM. umbrosum
were grown in glass pots in Milli-Q water (MillipetGradient A10, Milli-Q Gradient
ZMQG) containing 0, 200, 500, 1000 pg A$ [from sodium (meta) arsenite, NaAg0O
and 0, 300, 1000 pg Cd'tfrom CdCh.2.5H0 with 500 mLHoagland nutrient solution
(Hoagland and Arnon, 1950) as a nutrient source. @H of the solution was adjusted
to 6.0 by adding KOH or HCI. The experiments weaieried out for 7 days in a growth
chamber under a controlled environment at the Wohg conditions: 14L:10D
light/dark cycle, 100-125imol.m%s? light intensity, 75% humidity and 21 + 1°C
temperature. Three replications were done in aksaand a control was maintained
both for the metal and the plant.

2.2 Sampling and photopigment analysis

Leaf sampling were done at 0, 4, and 7 day interaad immediately used for the
estimation of chlorophyll a, chlorophyll b, totalhlorophyll, carotenoids and
anthocyanine contents. Chlorophyll and carotermidtentsin leaves were extracted
using 80% chilled acetone, contents of these w&imated using the equation given by
Lichtenthaler and Wellburn (1983). Anthocyanine teoh was also estimated in leaves
as described by Sims and Gamon (2002). Two nelfditwater samples were collected
from each pot at 24 h intervals to measure the s @d status in the water. After 7
days, whole plants were harvested and rinsed withr® water three times to remove
any apoplastic As and Cd, then kept in clean alesdrpaper to remove the remaining

water from the surface. Final fresh weight was matee a digital balance (A&D Co. Ltd,



Japan, HF-200, Max 210 g, d = 0.001 g). Then, thelevplants were separated into
leaves, stems and roots for analysis of As, Cagsaam (K), calcium (Ca), magnesium
(Mg), manganese (Mn), and zinc (Zn) contents.

2.3 Sample preparation and chemical analysis

Separated leaf, stem, and root samples were kep24oh for air drying at room
temperature on absorbent paper. Then, most ofamples (some of 0 and 1000 pg L
As and Cd treated leaf were kept fresh for amirid andthiol content analyses) were
oven dried at 65°C (Constant Temperature Oven, DKIN&amato Scientific Co. Ltd.,
Japan) for at least 48 h until they reached a eomsteight. After grinding the samples,
25-40 mg samples of roots, stems, or leaves weparaely placed into 15 mL
polyethylene tubes (Thermo Fisher Scientific, NYSA). Two milliliters of 65% HNQ
(Wako Pure Chemical Ind. Ltd., Japan) were added,the samples were kept under
the fume hood for 12 h. Then, the samples wereredvand heated on a heating block
(TAH-2G, Dry Thermo Unit, Japan) at 95°C for 2 hdigest. After coolingl.0 mL of
30% HO, (Wako Pure Chemical Ind. Ltd., Japan) was addetithe samples were
covered and heated again at 105°C for 20 min (Ratehal.,2007a). Digested samples
were diluted up to 10 mL with Milli-Q water usind@ InL volumetric flasks (Pyrex,
IWAKI Glass), as described by Cai et €000) and Islam et al. (2013). The diluted
samples were then filtered using a Owb- syringe-driven filter unit (Millipore,
Billerica, USA) and stored in 15 mL polyethylenetles. As, Mg, Mn and Zn contents
were measured using an inductively coupled plasmassmspectrophotometer (ICP-MS;
Agilent G1820 Model), whereas Cd, K and Ca conterdsee measured by a flame-type
atomic absorption spectrophotometer (AAS; Model -B8Y) Hitachi, Japan). The

accuracy of the analysis was checked using ceftfiandard reference materials for As



(013-15481, Lot ALK 9912, 1000 mg'lb_and Cd (036-16171, Lot TSP9842, 1000 mg
LY obtained from Wako Pure Chemical Ind. Ltd., Japan

2.4 Uptake kinetics of inorganic and organic As speciesand Cd

Approximately 3.5 g of fresh plant (whole) weretauéd in 0, 200, 500, 1000 pg As L
[each from sodium (meta) arsenite (NaAsSigma-Aldrich, India), DMAA (GH7ASO,,
TCI, Tokyo, Japan), and MMAA (CiAsO;, Wako Pure Chemical Ind. Ltd., Japan)],
and 0, 300, 1000 pg Cd*i(from CdCb.2.5H0, Wako Pure Chemical Ind. Ltd., Japan)
contaminated water with Hoagland nutrient solutidonagland and Arnon, 1950) for 24
h. Then plant samples were collected and washeld m&-cold deionized water to
remove As and Cd from plant’s surface (Irtelli &avari-1zzo, 2008). Water samples
were also collected for each pot to determine teeaAd Cd absorption by the plants
after the first 24 h. Kinetics parameters were mea$ by fitting data to the
Michaelis-Menten function. MMAA and DMAA were onlysed for the uptake kinetics
study, so no data for MMAA and DMAA, other than alg¢ kinetics, are shown in this
manuscript.

2.5 Separation and quantification of thiol containing peptides

Arsenic and Cd-treated (1000 pg™)L leaf samples (500 mg fresh wt) were
homogenized in a stirrer (Yamato Labo-Stirrer, L-3&pan) in 5 mL of ice cold 50 mM
Tris-Cl (Promega, USA and Wako Pure Chemical Inttl.,.LJapan) buffer, pH 7.4,
containing 0.1% sodium dodecyl sulfate (SDS; Sighd8A). Homogenized samples
were then centrifuged (Kubota 6200 Centrifugeradg@t 10000 x g for 30 min at 4°C.
The obtained supernatants were filtered through4&40m syringe-driven filter unit
(Millipore, Billerica, USA) and immediatel\3.0 mL of supernatant was on a Gel

filtration column chromatography equipped with dugen (1.1 x 110 cfA) containing



Sephadex G-50 (Pharmacia, Sweden). The chromatograjs carried out in the
presence of 50 mM Tris-Cl buffer pH 7.4 (Schmogeale 2000) and eluted at a flow
rate of 2.5mL/min. Sixty fractions of the eluate (2 mL fraction giméere measured for
As (using ICP-MS) or Cd (by AAS) and absorbanc28i nm of each fraction using a
UV/IVIS spectrophotometer (Beckman, DU-65 Spectropmeter, USA) for protein
quantification (Walker, 1996). Thiol-containing pigles (GSH, PCs and related
peptides) were detected at 412 nm after post coldemwvatization with Ellman’s
reagent (5-5"dithio(2-nitrobenzoic acid); SanitaTaippi et al., 2007). For Cd-treated
leaves, we again concentrated the Cd containirgidras and applied them to a Gel
filtration column chromatography equipped with dugen (1.1 x 110 cfA) containing
Sephadex G-15 (Pharmacia, Sweden). The chromatograjps carried out in the
presence of 50 mM Tris-Cl solution and eluted #ow rate of 0.8mL/min (Schmoger
et al., 2000). Sixty fractions of the eluate (2 mction size) were tested for Cd (by
AAS), and Cd containing fractions were separated ouerAlrying these samples using
a SpeedVac Concentrator SVC100H (Savant, USA)ppait acid oxidation (Walker,
1996) was performed using 1.5 mL performic acid @@H:H,O,= 9:1) at 6°C for 24
h. Again, samples were dried and analyzed for oyster cysteic acid and other amino
acids using a High Performance Amino Acid AnalyfEiitachi High-Technologies
Corporation, Tokyo, Japan).

2.6 Statistical analysis

Results were expressed as the means + standardemean (SEM) of three replicates.
Significance degree was calculated usingtest and curve fitting was done using the
computer package Microsoft Excel program (Microaffice 2007 Professional).

3. Results



3.1 Arsenic and Cd contentsin each partsof the plant and growth medium

The concentrations of the metals studied in thieiht parts oM. umbrosum and the
water are depicted in Figs. 1, 2. As and Cd coma#gahs in the plant increased
significantly with increasing added As and Cd lsviel hydroponic solution (Figs. 1a,
1b). The maximum accumulation of As (about 1220gifgand Cd (800 pg1 were
found in leaves at 1000 pg'lireatment (Figs. 1a, 1bjrsenic accumulation pattern
was root < stem < leaf, and translocations of Asificontaminated water to root, root to
stem and stem to leaf were significant (p < 0.0d @®5) in almost all cases (Fig. 1a).
Cd uptake occurred significantly from Cd-taintedtevabut translocation was not
significant from root to stem to leaf (Fig. 1b).

Arsenicand Cd concentration remaining in the solutioeath day after culturiniyl.
umbrosum for 7 days are shown in Fig. 2. It was indicatdthtt As and Cd
concentrations decreased significantly up to thel®y (Fig. 2a) and™day (Fig. 2b),
respectively. After 7 days, total As and Cd conign remaining in the solution was
below 50 pg [* (Fig. 2a) and 100 pg L (Fig. 2b) from about 500 and 310 pd,L
respectively, and the accumulation pattern was>estém > root for both pollutants.

3.2 Phytotoxicity of Asand Cd on M. umbrosum

Phytotoxicity of As and Cd oM. umbrosum was evaluated in response to measuring
the final fresh weight and contents of the phottisgtic pigments like chlorophyll a,
chlorophyll b, total chlorophyll, carotenoids anditleocyanin. As shown in
SupplementaryFig. la, the plant growth increased significantly (p <010. with
increasing As concentration in the growth mediumtu500 pg As ). Similarly total
chlorophyll Supplementaryig. 2c) andanthocyanin(Supplementaryrig. 2e) content

in leaves increased significantly up to 500 pg AS Contents of chlorophyll a
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(SupplementaryFig. 2a) and carotenoidSSiipplementaryFig. 2d) were observed to
increase for the entire sampling period, as contparth their controls. However, in the
case of chlorophyll b, it increased significantly to 4 days but later increases were not
significant as compared with the contrdsipplementaryig. 2b).

On the other hand, growth was significantly infeditp < 0.05) with elevated levels of
Cd concentration in the hydroponic mediu@upplementaryFig. 1b) because of
decreases in the photosynthetic pigmestgplementaryigs.3a-e).

3.3 Macro and micro elemental compositions of M. umbrosum

The concentrations of essential macro-(K, Ca andl &mgl micro-(Mn and Zn) nutrient
elements in the plant parts were examined aftesys do find out the effect of As and
Cd on the uptake process dhese mineral nutrient elements and determine the
implications for water management (fertilizationparticular) ofM. umbrosum in As
and Cd phytofiltration practices.

The present study showed that treatmen¥lotimbrosum with As supply increased K
and Mg concentrations in the stems and leavesgectisply, up to 500 pug Ast
treatment, later on, decreases were seen compathd tontrolSupplementary Tables
1, 2} however As accumulation negatively influenced &aumulation in the leaves
(Supplementarylable 1). Enhanced Cd treatment decreased thexd#g contents in
the roots and leaves whereas K content increasembia Gupplementarifable 2).

Mn showed negative correlation with As accumulatiSipplementarylable 1), but
significant positive correlationSupplementaryTable 2) on Cd uptake withii.
umbrosum as compared with the control. Zn concentrationleiaves, ranging from
around 50 to 70 pggfor As and 65 to 70 pggfor Cd treatment, was significantly

decreased by As and Cd treatment.
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3.4 Arsenic and Cd uptake kinetics

The long term (24 h) concentration-dependent Asrfanic arsenite, organic MMAA
and DMAA) and Cd influx isotherm exhibited a hypelib pattern in relation to the
external concentration (Fig3a, 3b) and the data fit moderately well for arsenitd @,
but not for MMAA and DMAA, usingMichaelis-Menten equation for linear regression
model GupplementaryTable 3). However, uptake kinetics data were dlesdr
satisfactorily by the MichaelisMenten equation using non-linear curve fitting by
applying the natural logarithm of As and Cd inflwithin M. umbrosum (Fig. 3c, 3d)
rather than the linear onégble 1 andSupplementary Table).3The Viux for inorganic
arsenite (403.43 pg'dW 24 K was about 5 to 9 times greater than that of MMAA
and DMAA (Table 1), and marginally more than Cd (365.04 ug BW 24 hHY).
HoweverVoax values were almost similar using non-linear anddr regression models
but theK, values were quite different from each other.

3.5Arsenic and Cd uptake mechanism

After Sephadex G-50 gel filtration of leaf extrdicim the plant treated with 1000 ug
L™t As and Cd, the maximum amounts of As (Fig) and Cd (Fig5a) were found at
90-108 and 80-104 mL of eluents, respectively. Abaoces at 280 nm were also
counted for each fraction because proteins give ntaximum absorbance at this
wavelength. According to Figla, small amounts of As were scarcely observeden th
high molecular weight fraction, whereas Cd-bindgupstance(s) might be those other
than proteins, as they gave different peaks (5&j.in the G-50 column. Later each
fraction was treated with Ellman’s reagent &télcontents were measured by recording
the absorbance at 480 nm (Ellman, 1959). Data septed in Fig4b show that the

maximum amount of thiol (9 uM) was found in thectian having the maximum
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amount of As. On the contrary, control le&fientsamples have lower thiol content (2.8
M) when treated with the 0 mg As'lsolution (Fig.4c). In the case of Cd, no thiol
formation occurred in high Cd-containing eluentig(Bb). For confirmation of whether
Cd formed any substances having thiol compound®frwe again purified the eluents
containing high levels of Cd through a Sephadex5Gyél filtration column and after
performic acid treatment we measured the cysteid/@steine (thiol containing
peptides) and other amino acids. The dataupplementaryfable4 indicate that only
0.95 nmol of cysteic acid which is 2.13% of theat@mino acids were present in the
eluents containing high levels of Cd. This meard @d might follow different uptake
mechanism than that for As.

3.6 Phytofiltration potential

M. umbrosum shows one of the effectiyehytofiltrator of As and moderate accumulator
for Cd compare to other previously studied plargcsgs (Supplementary Table 5), and
it candecrease the total As concentration from about&@D200 to 40 and 25 pg'L
(Fig 2a), respectively, without showing any phytatoeffects. This are ranges below
the national standard for drinking water in Bangktd and China, which is 50 pg'L
(World Bank, 2005). However, while Cd concentratiorthe solution could be lowered
from around 1040 and 310 to 415 and 80 Ly (Eig 2b), respectivelyevident
phytotoxic effects were seen. As and Cd conceptrattmained stable (205-220 and
1000-1017 ug I for As and Cd, respectively) in the control treattwithout plants
for the entire experimental period. As and Cd uptkiuetic data also showed thdt
umbrosum is a better accumulator of inorganic As than Cd arghnic As at lower
substrate concentratioArsenicuptake involved the thiol formation mechanism, athi

was different from the Cd uptake mechanisnvirumbrosum.
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4. Discussions

In this study M. umbrosum was shown to be a strong accumulator of As, bec#us
accumulated more than 1000 pg ASig stem and leaf biomasses and also reduced the
As concentration in the solutionf about 10-folg whereas other plants used for
phytofiltration, such a%V globosa, decreased the total As concentration in the salutio
from 200 to 116 pg T within the first 48 h, but no further decreasé\mconcentration
was noted (Zhang et al., 2009). Howewdr,umbrosum was shown to be a moderate
accumulator of Cd based on the <1000 pg Cdapt and shoot biomass uptake that
was observed. The As accumulation capacitiotimbrosum is much higher than any
non-hyper accumulator species, which suffer from phgtotoxicity when tissue As
concentration exceeds 10-100 pg* gKabata-Pendias and Pendias, 1992).
Cadmiumtreated plant roots contained relatively highemaamtrations of Cd than the
As concentrations in the roots of As-treated ptantsvever, aerial part (stem and leaf
combinedly) contained higher amount of Cd than .rdtiese results were consistent
with the studies of Abhilash et al. (2009), who aepd thatLemna flava roots
contained higher amount of Cd than the pedunclel@aidseparately, but that the total
Cd concentration in the aerial parts was highem thahe roots.

Accumulations of As and Cd withid. umbrosum were significant up tthe 5" andthe

4™ day, respectively, sincel. umbrosum can grown in submerged conditions and the
whole plant can act as an active site for As anakXbrption as there is no evidence of
Fe-oxide deposition or physiochemical adsorptiothelse pollutants by this plants or
glass pot as described by Robinson et al. (2006).

There is a co-relation between plant growth andtggymthetic pigments. The final

fresh weight oM. umbrosum showed that As initially enhanced the growth digantly
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(p < 0.01) up to the concentration of 500 ug in hydroponic culture due to the
increase in photosynthetic pigments, but at higleeicentration, the growth of the plant
was reduced. Therefore it appeared that low-levelcAncentration stimulated plant
growth. Mirza et al. (2010) also reported that gtownd total chlorophyll contents of
Arundo donax L. increased in solutions up to the 600 pg AS With subsequent
decreases at 1000 p,Land Rahman et al. (2007b) found that chloroptuitents and
rice plant growth decreased with increasing As eatration in the soil. On the other
hand, the final fresh weight was inversely chamdmte by Cd treatment due to the
significant reduction in chlorophylls a and b arttles pigments, which resulted in the
development of some toxic symptoms, such as tHewselg of leaves and necrotic leaf
margin. Stobart et al. (1985) also concluded thdt iGhibited the formation of
chlorophylls by interfering with protochlorophyledreduction and the synthesis of
aminoevulinic acid in barley. Heavy metals generat&ctive oxygen species, which
damage photosynthetic pigments, in the plants growmer stress conditions
(Romero-Puertas et al., 2002jere in Cd treated leaves, though chlorophyll a land
ratio increases but total chlorophyll contents dases compare to control indicated the
plant showing Cd stress. Delfine et al. (1999) dtsod that chlorophyll a and b ratio
increases and decrease in total chlorophyll costensalt stressed spinach leaves after
certain periodsThus, the increased chlorophyll a and carotenaidl$ein the As-treated
leaves is probably a part of a strategy adoptetthéyplant to counteract the toxic effects
of the free radicals generated under As stressdinty that agrees with other reports on
other aquatic plants (Aslan et al., 2003).

Arsenicsupply significantly increased K and Mg contemtsihoot parts. K in plants is

preferentially transported to young meristemassues and has close relationships with
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protein synthesis, cytokinin supply and plant gtowMengel and Kirkby, 1987)
whereas Mg serves as a core element of the chlgifoptolecule (Jones, 1998).
Therefore K and Mg concentration in the shootdvbfumbrosum had a significant
relationship with plant biomass production up t® 5@y As L* treatment. Carbonell et
al. (1998) also reported that inorganic As increa&e concentration inSoartina
alterniflora Loisel shoots and a reduction in total dry biomatsa high level of As. On
the other hand, K also serves as a dominant cairacounter balancing anions in plants
(Marschner, 1995). Therefore, enhanced As uptak®l.inumbrosum results in an
increase in K concentration to balance the excesaivion presence caused by As
hyperaccumulation. Tu and Ma (2005) also found #ahight function as a counter
cation for As hyperaccumulation iR vittata. Increasing Mg concentration iNl.
umbrosum might indicate the increasing chlorophyll contents andhagiced plant
growth in As treatment and vice versa for Cd. Cansessential macronutrieeiement
for plants (Jones, 1998), and its concentrationredses with increased As or Cd
concentration in the growth medium M. umbrosum. This may suggest that Ca has a
limited role in the defense mechanism of the pkgdinst As and Cd toxicity. Tu and
Ma (2005) also reported that Ca concentration desem@ with increasing As in the
fronds ofP. vittata, an As hyperaccumulatadvlicronutrient(Mn and Zn) concentrations
were higher in Cd-treated leaves than As treatastele Mn and Zn concentrations
significantly decrease with increased As level carepo respective measurement in the
control. Carbonell-Barrachina et al. (1997) shovikdt As caused a reduction in
micronutrient content (B, Cu, Mn, and Zn) in tomalants Lycopersicum esculentum
Mill). Increasing micronutrients concentration lmetCd-stressed plants may be related

to a “concentration effect”, since biomass decréasih elevated doses of Cd in the
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hydroponic solution.

The longterm concentration-dependent arsenite and Cd uptakexinfere linear up to
the 500 pg L[* treatment. Decreased As and Cd influx after ti®llis probably due to
toxicological inhibition. Meharg and Jardine (2008ported that the time dependent
uptake of 0.1 mM arsenite in excised rice rootsagtblinear influx up to 30 min, and
no further influx thereafter due to toxicologicalnhibition. Ve and Kp,
(Michaelis-Menten parameter) were calculated frdmesé concentration-dependent
experiments. Th¥ . value of arsenite, MMAA, DMAA and Cd were almoshsgar in
order of magnitude by using linear and non-lineadets, but the datiited betterto
the non-linear model than linear modBifferent Ky, values resulted from the different
calculation methods, for example using natural litigan (In) to fit the data in the case
of the non-linear model. However, the higher maxmi,, value for Cd (around 480
ng LY than As (around 455 pg) indicated thaM. umbrosum has higher affinity to
uptake As Vmax = 420 pg §DW 24 H') than Cd Ymex = 390 pg § DW 24 hY). At a
slow rate, MMAA uptake showed hyperbolic curve dhd limited uptake of DMAA
occurred because to aer@abancontain a smaller concentration of this specieasb itn
translocation from root to shoot is restricted (@@l et al, 1987,
Carbonell-Barrachinat al., 1998). Abedin et al. (2002) also found s$imailar uptake
kinetics of MMAA and DMAA in rice plants.

Arsenite withinM. umbrosum appeared to involve an induction of thiol synteesr
binding with protein —SH groups, and the importaotéesehiol groups toccounteract
the biotic and abiotic stresses, including thesstienposed by As (Hartley-Whitaker et
al., 2001; Zhao et al.,, 2003; Mishra et al., 20@8ivastava and D’Souza 2009;

Srivastava et al., 2010) at a specific level (5@0As L") compared to the respective
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control. It was suggested that As induced low moleculad tteonpound(s) such as PCs
in M. umbrosum for detoxification of As.Recent studies also support these current
findings, and showed that eight species were ifledtas thiol-bound As species (PCs,
GSH, and cysteine), including three newly identifieamplexes: Cys-As(lll)-P£
Cys-As-(GS), and GS-As(lll)-desgly-PLin Ceratophyllum demersum macrophytes
(Mishra et al., 2013). By contrast, Cd is likelylte taken up by a mechanism other than
thiol formation. Further confirmation by measuririge content of amino acids
concluded that only 2.13% of the amino acids preserthe Cd treatedeaf samples
were thiol containing cysteic acid. Cosio et al0q2) found that Cd accumulation
increases i. caerulescens ‘Ganges’ and decreasesAnhalleri protoplasts indicating
that Cd-permeable transport proteins are diffeafigitregulated. They also concluded
that Cd could be transported by a Zn and Ca pathmwaklaspi caerulescens ‘Prayon’,
whereas in ‘Ganges’, Cd was transported by othgmwesys (Cosio et al., 2004). Thus,
Cd uptake mechanisms might vary from one specigdanit to another. More intensive
research, such as vacuole sequestration and otgramism will be conducted in the
future to determine the Cd uptake mechanisiM.inmbrosum.

Finally, if we compare with other aquatic plantedigor As and Cd phytoremediator
then we found thaw. umbrosum is one of the effective aquatic plant species uUeed
the remediation As and Cd from contaminated water.

4. Conclusions

M. umbrosum, has the potential to be an As and Cd phytofitiraspecies in drinking
water contaminated with low levels of As and CdO(%@ L) without any phytotoxic
effect, in addition to its beautification potentiffom the aesthetic view point of

phytoremediation) by culturing in an aquarium. Thlant has high affinity to uptake
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inorganic As rather than Cd and organic As speeied,the intensity of uptake order is
Arsenite > Cd > MMAA > DMAA. Arsenic induced low molecular thiol containing
compound(s) withirM. umbrosum for detoxification or enhanced the accumulation of
As from the water environment but Cd follow diffeteiptake mechanism than that for
As. Furthermore, it may play a significant roletive understanding of the As and Cd
mobility and detoxification mechanisms within othaquatic plant systems. More
intensive biochemical and physiological parametghsbe analyzed to find out the Cd

uptake mechanism within this plant in near future.
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FigureTitle
Fig. 1 Arsenic (a) and Cd (b) uptake pattern in root, stem aafi & M. umbrosum
seven days after exposure to 0, 200, 500, 1@p@As L' and 0, 300, 100Qg Cd L*
water. Error bars indicate mean + SEM (n =3). *tldrdenote significant differences at
P < 0.01 and 0.05, respectively, compared to Asifreater to root, root to stem, and
stem to leaf.
Fig. 2 Arsenic (a) and Cd (b) remainingig L) in water in whichM. umbrosum was
grown with 0, 200, 500, 1000g As L* and 0, 300, 100Qg Cd L* water. Error bars

indicate mean £ SEM (n =3). ** and * denote sigraint differences at P < 0.01 and
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0.05, respectively, compared to previous days.

Fig. 3 Concentration dependent kinetics for arsenite, MMMIBMAA (a, c¢) and Cd (b,

d) within M. umbrosum, curve fitting with Michaelis Menten linear (a, mdnon-linear

(c, d) model.

Fig. 4 Arsenicconcentration (ug L), absorbance at 280 nm (a), and SH content (b) of
each 2 mL eluent obtained from Sephadex G-50 dghtion column usingM.
umbrosum leaf treated with 1000 and 0 (c) pg AS olution.

Fig. 5 Cd concentration (ugt), absorbance at 280 nm (a), and SH content (kpok

2 mL eluent obtained from Sephadex G-50 gel filratcolumn usingV. umbrosum

leaf treated with 1000 pg Cd'isolution.
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Table 1 Non-linear model for uptake kinetic parametersrafrganic and organic As
species; and Cd influx intidi cranthemum umbrosum

Species Non-linear model
Vinax (g g DW 24H) Km(HgL™) R’
Arsenite 403.43 141.68 0.9616
MMAA 81.45 120.24 0.9129
DMAA 44.70 94.21 0.8468
Cadmium 365.04 120.1 1.0
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