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Abstract

Arsenic (As) and cadmium (Cd) pollution in water a& important global issue.
Phytofiltration is an eco-friendly technology thHalps clean up pollutants using ornamental
plants, such as Micranthemum umbrosythhF. Gmel) S.F. BlakeAfter a seven-day
hydroponic experiment, M. umbrosum removed 79.398%s and 60-73.1% Cd from O to
1.0 pg As mtt and 0.3 to 30.0 pg Cd nilsolutions, respectively. For As treatment, root to
stem and stem to leaf translocation factors greftan 1.0 indicated that accumulation of As
in leaves was large compared to that in stem amdstoHowever, the accumulation of Cd in
roots was higher than that in the leaves and stemaddition, M. umbrosum completely
removed Cd within three days from 0.38 to arounpaydnL*Cd in the solution when the plant
was exchanged daily. Bio-concentration factors (®36r As and 3027 for Cd) for M.
umbrosum were higher than for other As and Cd phytediators. The results show that M.
umbrosum can be an effective accumulator of Cdahgper-accumulator of As, as it can
lower As toxicity to a level close to the limit@@emended by the World Health Organization
(0.01 pg As mt).
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INTRODUCTION

Arsenic (As) and cadmium (Cd) are the most toxid earcinogenic substances among
all of the possible xenobiotics (USEPA-IRIS, 2016¢curring naturally or as a result of
anthropogenic influences, and pose a serious theeanvironmental and human health
worldwide. Contamination in drinking water has beecognized as a serious global problem.
For example, As threatened the health of more 8@amillion people in Bangladesh (Smith et
al. 2000) and West Bengal, India (Nordstrom 20&2)dies have shown that As also enters
the food chain via crop uptake from soils contat@daby As-contaminated irrigation water
or mining activities (Williams et al. 2006; Zhu &t 2008). In Bangladesh, concentrations of
As in well water were found to be high, rangingniréess than 1 pgtto more than 300 ug
L™ (Smith et al. 2000), whereas the As standard fiokihg water is 10 ug t (WHO 2011).
The International Program on Chemical Safety (IR081) reported that long-term exposure
to As in drinking water increased the risk of canicethe skin, lung, bladder and kidney, as
well as other skin changes such as hyperkeratodisl@anges of dermal pigmentation.

Cd and its compounds are used in the steel industrplastic and batteries, and are
released to the environment through disposal ofngior industrial effluents, wastewater and
often from fertilizers. It causes kidney damageteosielacia, osteoporosis, and itai itai
disease, and has carcinogenic effects (WHO 201angher et al. (2012) that Cd

concentration of sediments in the Upper Clark Feiker, Montana, USA showed 4.4 (range



0.6-6.9) mg/kg. In addition, Marine black shalefslsslates have frequently been found to
contain anomalously high concentrations of Cd (<2d§'kg) (OECD, 1994). In potable
water in Saudi Arabia, 1-26 pg'lCd was reported (Mustafa et al. 1988) and the maxi
value recorded was 100 pg'lin the Rio Rimao in Peru (WHO/UNEP 1989), whertws
maximum Cd tolerance level in water is only 3 jiy(MVHO 2011). As and Cd are classified
as Group 1 and Group 2A carcinogenic compoundsutnans, respectively (IARC 1987).
Therefore, remediation of As and Cd from water soitlis an important global issue. Among
various technologies such as precipitation, mengdtration, adsorption, ion exchange,
permeable reactive barriers, biological treatmet ghytoremediation (Rahman et al. 2011),
phytofiltration is a type of phytoremediation argdan emerging, eco-friendly technology in
which green plants are used to remediate or remme&als from contaminated water
(Dushenkov et al. 2000). Several studies have fmtas phytoremediation of heavy metals
from water and soil; however, few plants showedabuity to translocate high amounts of As
from root to shoot (Rahman et al. 2011). Raab.€28I07) studied 46 different plant species
in terms of As accumulation, and found that tracalmn factors of these plants never
exceeded 0.9 for As(V). The fact that their tranatemn factors were less than 1 indicated
partial immobilization of As in their roots and @ conveyance of As to the shoots. This
immobilization reduces the phytoavailability of ¢aminants from the environment

(Vamerali et al. 2010)Pteris vittataL. has shown the highest ability to accumulate and



translocate As from root to shoot (Ma et al. 20(pirodela polyrhizaL. (Rahman et al.

2007),Lemna gibba.. (Mkandawire and Dudel 2005p0lygonum hydropipek. (Robinson

et al. 2005), andAzolla carolinianalL. (Zhang et al. 2008) were also identified as As

accumulators. In additionNymphaea aurora.. (Schor-fumbarov et al. 2003%olanum

nigrum L. (Sun et al. 2007)Thlaspi caerulescend.&C. Presl. (Zhao et al. 2003), and

Arabidopsis halleriL. (Kupper et al. 2000) were recognized as Cd iecdators. However,

these plants have low bio-concentration factors lamdroot to shoot translocation factors.

This indicates the difficulty in employing theseapls for As and Cd phytoremediation at a

field scale. Therefore, it is necessary to idenpiignts having high bio-concentration factors

and translocation factors (i.e., greater than &) dan remove As and Cd from contaminated

drinking water to levels below the tolerable limit.

Micranthemum umbrosurfJ.F. Gmel) S.F. Blake, commonly known as Waten,fe

Baby's tears, or Pearl grass, belongs to the fahiigerniaceae, and it is widely used as an

aquarium ornamental plant. In this study, this plaas employed to remediate As and Cd

contaminated water for the following reasons: @ whole plant can be easily removed from a

water environment; ii) its growth rate is high aredatively vigorous; iii) it grows under

submerged conditions; iv) its light requirement gwowth is moderate; and v) It can be used

as ornamentation for room in addition to accumatatof As and Cd from water as it is

popular as an aquarium plant. There is currentlgata regarding phyoremediation of As and



Cd usingM. umbrosumIn this study, to understand whetir umbrosumwvould be a good
candidate for phytoremediation, metal accumulagatiern inM. umbrosungrown in water
including As or Cd was investigated. In additiors And Cd bio-concentration factors and

translocation factors dfl. umbrosunwere determined.

MATERIALSAND METHODS

Plant and Culture Conditions

M. umbrosun{J.F. Gmel) S.F. Blake, was obtained from Aquartetielokusui (Hokkaido,
Japan). Initially, the plants were acclimated fowéek in water containing plant nutrients
(contains some essential trace elements and patassiqua Design Amano, Nigata, Japan)
under laboratory conditions, to allow for adaptatiprior to the experiment. Then, M.
umbrosum was grown in glass pots (volume: 765.45%chim Milli-Q water
(Millipore-Gradient A10, Milli-Q Gradient ZMQG) cdaining 0.2, 0.45, and 1.0 pg‘lAs
(as NaAs@), or 0.3, 3.0, and 30.0 ug*LCd solutions (as CdebH,0). The exposure
experiments were carried out for 7 days under tleviing conditions: 14:10 h light/dark
cycle, 100125 pmol ts? light intensity, and 75% humidity at 21+1°C. The palue of the
solutions was maintained at 6.8. After every 2déiter samples were collected from each pot

to measure the As and Cd concentrations in thermigaeh experiment was performed thrice.



Milli-Q water containing adequate concentrations A& and Cd was added daily to

compensate for the water loss due to plant traaispir and evaporation. After 7 days, the

plants were harvested, rinsed four times with Miliwater, and then placed on clean

absorbent paper for water removal from the plarfeasa. The plants were then separated into

root, stem, and leaf for measurement of the matalimulation, bio-concentration factors,

and translocation factor in each component.

Metal Analysis

After harvesting the plants, the whole plants washed by milliQ water for three

times then the roots, stem and leaves were sefdaateplaced on paper and air dried on the

plastic table under room temperature for 24 h. Abdreated samples were dried for 48 h in

an oven at 65°C (Constant Temperature Oven, DKN88&)ato Scientific Co. Ltd., Japan)

until they reached a constant weight. Dried sampie® weighed on a digital balance (A&D

Co. Ltd, Japan, HF-200, Max 210 g, d = 0.001 g}eAtutting the samples, 20-40 mg

samples of root, stem, or leaf were separatelyeplagto 15-mL polyethylene tubes (Thermo

Fisher Scientific, NY). Two mL of 65% HN{Q(Wako Pure Chemical Ind. Ltd., Japan) was

added, and the samples were kept under the fumeé fowal2 h. Then, the samples were

heated on a heating block (TAH-2G, Dry Thermo Ud#pan) using lids at 95°C for 2 h to

digest. After cooling, 1 mL of 30% 4@, (Wako Pure Chemical Ind. Ltd., Japan) was added,
7



and the samples were heated again at 105°C for ia0(Rahman et al. 2007). Digested
samples were diluted up to 10 mL with Milli-Q watesing 10-mL volumetric flasks (Pyrex,
IWAKI Glass), as described by Cai et al. (2000) &a&hman et al. (2007). To digest the
wet-weighed Cd-treated samples, they were treatdd 2vmL of 68% HNQ (Walko Pure
Chemical Ind. Ltd., Japan), and subsequently heatdd 0°C for 2 h. The digested samples
were diluted up to 10 mL with Milli-Q water usin@-InL volumetric flasks. Both sets of
diluted samples were then filtered using a Qudb-syringe-driven filter unit (Millipore,
Billerica, USA) and stored in 15-mL polyethylenetttes. The As and Cd contents were
measured using an inductively coupled plasma-naast®photometer (ICP-MS; SPQ 6500,
Plasma Quadrupole Mass Analyser, SlI-Seiko Instnim#&apan) and a flame-type atomic
absorption spectrophotometer (AAS; model 180-80tadti, Japan), respectively. The
accuracy of the analysis was checked by the usentified standard reference material for
As (013-15481, Lot ALK 9912, 1000 ppm) and Cd (@33:71, Lot TSP9842, 1000 ppm)
obtained from Wako Pure Chemical Ind. Ltd., Jafdm® results were expressed as ftgigy

weight for As and pggwet weight for Cd in root, stem, and leaf.

Bio-concentration Factor (BCF)
The BCF was determined as an index of the plamiltyato accumulate a metal with

respect to the metal concentration in the substfEte BCF was calculated (L R as



follows (Snyder 2006):
BCF = As in the plant component (root, stem, of)léag kg')/As in the substrate water (mg

LY

Trandlocation Factor (TF)

The TF was calculated to determine the relativesticcation of metals from the water to
the various plant components (root, stem, and [&sH)man et al. 2000; Gupta et al. 2008).
TF = Concentration of As in plant tissue (root,nsteor leaf)/Concentration of As in

corresponding water or root

Satistical Analysis
The mean, standard deviation (SD) and standard efrmean (SEM) were calculated,
and TTEST was performed to determine any significhiferences among treatments at the

0.1%, 1%, and 5% levels using the Microsoft Exd@)-2 program.

RESULTSAND DISCUSSION
Phytofiltration of Asfrom Water
As concentration in the solution decreased withréasing time, andl. umbrosum

significantly removed (when compared to the presiolay) As up to the third, sixth, and



fourth day from the 0.2, 0.45, and 1 pg As hrdolutions, respectively (Figure 1). For the 0.2
and 0.45 pg mt As solutions, the water contained only 0.041 (Fégle) and 0.047 pg riL
As (Figure 1b), respectively, after seven days @fngng M. umbrosum However, an As
concentration of 0.207 ug rilwas observed in the water when the initial As eot@tion
was 1.006 pg mit (Figure 1c). In addition, As concentration remdigenstant in the control
treatment without plants (data not shown). Theesfat lower initial concentrations (0.2 and
0.45 pg As mL%), M. umbrosunremoved As from the water to achieve a final cotregion
below the maximum level (0.05 ug MLprescribed by the Bangladesh Government (World
Bank 2005). As listed in Table 1, the plant remoyedfrom the water solution to differing
extents as the As concentration was increased,(80.6, and 79.3% As were removed from
water containing 0.2, 0.45, and 1.0 pg Ashtespectively). This tendency might be due to
As inhibiting growth of the plant at a concentratiof 1 pg As mL* since at 1.8 pg mtAs,
the plant died (data not shown). Growth of Wolfflabosa was also significantly inhibited (P
< 0.001) by arsenate at more than 30 uM conceottraind by arsenite at more than 10 uM
concentration, and it decreased total As concéatran the solution from 200 to 116 pg'L

within 48 h (Zhang et al. 2009).

AsAccumulation in Plant Material
As accumulation patterns in the root, stem, and ¢¢aM. umbrosum?7 days after
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incubation are shown in Figure 2. The leaf componeok up significantly (P < 0.001 and
0.005) higher amounts of As than the corresponditegn and root components. The As
accretion patterns from contaminated water to romif to stem, and stem to leaf showed
high accumulation for each treatment (Figure 2pafland stem contained 1179.3+11.6 and
1001+16.5 pg As §(dry wt. basis) at the 1 pg As'ldose, whereas 802+18.7 and 470+14.5
ng As g was accumulated in leaves at the 0.45 and 0.2 signis' doses, respectively
(Figure 2). These results are consistent with stidf Zhang et al. (2009) who reported that
Wolffia globosaaccumulated 1057+61 mg As kglry weight after 7 days growth in 15-uM
As solution. Rahman et al. (2007) also showed $paiodela polyrhizdook up 0.353+0.003
umol As g' dry weight 6 days after exposure to 4 uM As. Hosvexompared to these
previous studies, the plant used in this study tagk much more As from the
As-contaminated water. Thereforgl. umbrosumhas a high potential for As remediation

from contaminated drinking water.

Phytofiltration of Cd from Water

Cd concentrations in the water were detected actptd the time-dependent manner in
which plants were grown (Figure 3). The Cd conedins in the water gradually decreased
day by day. The pattern of Cd decrease was siraiavss the 0.3, 3, and 30 pg Cd L
treatments (Figure 3). The rate of Cd concentraliecrease was observed to be largest on the

11



first day with a strongly significant differencessisved in the 0.3-pg Cd riltreatment (P <
0.05) (Figure 3a). The rate of decrease expongntlatlined day by day. As shown in Figure
3, at 0.3, 3, and 30 pg Cd fmlconcentrationsiM. umbrosuncould not completely remove
Cd from the solution. Therefore, the plants wengdaeed with new ones each day and Cd
concentration in the water was measured. Undeetbesditions, it was observed that when
initial Cd concentration in the water was 0.38 pg™mCd in the water was completely
remediated after three days (data not shown). Abhikt al. (2009) conducted an experiment
usingLimnocharis flava Lgrown in 0.5, 1, 2, and 4 mg Cd Isolutions, and found that after
30 days, more than 93% of the Cd was removed. Hekyénere M. umbrosuncan remove
around 100% of the Cd within 3 days by replacirg plants with new ones each day. When
the plants were not replaced, 70.4, 73.1, and 60%€e removed after 7 days from the 0.3,

3.0, and 30 pg Cd mitsolutions, respectively (Figure 3).

Cd Accumulation in the Plant

Cd accumulation in the leaves, stem, and root.afmbrosums shown in Figure 4. The
amount of Cd accumulation in the plant componentss wn the following order:
roots>leaves>stems. Cd accumulation in each conmpamas significantly increased by the
increase in Cd levels in the hydroponic solutioig@Fe 4). In the case of 30 pg Cd thL
exposure, the Cd contents in the roots (13296.22896g ¢ wet weight) were higher than

12



those in the corresponding stems (3377.7+208.0 Ingeg weight) and leaves (4491.4+300.3
ng g* wet weight). The accumulation of Cd in the varipasts of aquatic macrophytes under
laboratory conditions has been reported in sevepmcies of aquatic plants such as
Limnocharis flava(Abhilash et al. 2009)pomea augaticgWang et al. 2008 otamogeton
natans (Fritioff and Greger 2006).emna minor(Hou et al. 2007), an&lodea canadensis
(Fritioff and Greger 2007). Cd concentrations wesgorted to be higher in the roots in most
of these studies. The high Cd concentrations imdbes ofM. umbrosunwere because of the
numerous fibrous roots of this plant, as mentiobgdAbhilash et al. (2009) fokL. flava
Similarly, with 3 and 0.3 pg Cd miLexposure, Cd contents in the root were also $light
higher than those in the stem and leaf (FigureHdwever, in the case of treatment with
different As concentrations, roots contained loasounts of As as compared with stems and
leaves. The reason for differing accumulation ofd@d As in the plant components is still
unclear; a possible reason could be the usage ftéreht uptake and translocation

mechanisms for As and Cd (Schiorup and Larsen 1981)

BCF of Asand Cd in M. umbrosuum

BCF is defined as the ratio of metal concentraiiothe plant to the initial concentration
of metal in the feed solutions. Higher values of B@dicate the ability of plants to
concentrate metals in their tissues (Abhilash et28D9). The BCF values for different

13



components (root, stem, and leaf)Mf umbrosunfor As and Cd at different exposure levels
were calculated (Tables 1 and 2). The highest B&@lkevwas obtained after exposure to 0.2
ng As mL* (2350+72.3 for leaf) and 0.3 pg Cd thi(3026.9%1389.12 for root), and the
lowest BCF value was found for both As and Cd atltlghest concentration treatment in the
experiments (Tables 1 and 2). It was observedttieplant was a good accumulator of As
and Cd if the water contained concentrations 5@sigup to 500 pgt) and 100 times (up to
300 pg ) the maximum levels of As (10 pg L-1) and Cd (3L+#)) recommended by the
World Health Organization, respectively (WHO 201EHrom the point of view of
phytoremediation, a good accumulator has been etbfas having the ability to concentrate
the heavy metal in its tissues. In general, a platit a BCF of more than 1000 is considered
a hyperaccumulator. A plant with a BCF of 1 to l#smn 1000 is considered an accumulator,
and with a BCF of less than 1 as an excluder (Zagtedl. 1998). In addition, A plant is
defined to be a hyper-accumulator if it can conedatthe pollutants in any above ground
tissue of dry weight; which varies according to gwlutant involved: >1000 mg/kg for Ni,
Cu, Co, Cr or Pb; >10,000 mg/kg for Zn or Mn (Moeglal. 2006). In this study, as the BCF
value ofM. umbrosunwas shown to be higher than 1000 in the leaf, stard root in the 0.2
ng As mL* and 0.3 pg Cd mit treatments, and leaf and stem in the 0.45 angid.As mL*
treatments (Tables 1 and 2), the plant can be rezed as a hyperaccumulator for As and Cd.
Some plant species have shown similar or highenraatation of As and Cd. For example,

14



BCF values of W. globosa were 940 and 476 for 15 afsenite and 30 uM arsenate,
respectively (Zhang et al. 2009). Abhilash et 2000) reported Cd BCF values of more than
934 inL. flava In addition, Sela et al. (1989) reported markddgh BCF values (24000) for
Cd in the roots oAzolla filiculoids However, some other plant species were showrate h
lower accumulation of As and Cd, and low BCF valudswar et al. (2006) assessed the
exposure and bioavailability of As usiRgeridium aquilinumErica australis Juncus effuses
Phalaris caerulescensandSpergula arvensiplant species in contaminated soils from the La
Parrilla mine, Spain. They reported BCF values.&ftd 593.9 for the As contaminated site.
Brix et al. (1983) found a BCF value of 6 fdosterna maringgrown in a Cd-contaminated

site.

TF of Asand Cd in M. umbrosum

TF values of the various As and Cd treatmentsdot to stem and stem to leaf transfers
are given in Tables 1 and 2. All TF values for Asetreatments, and TF values of stem to leaf
for the Cd treatments, were greater than 1.0. & wwdicated that As was readily translocated
from root to stem and stem to leaf. Abhilash e{2009) reported that TF values forflava
were from 0.90 to 4.41 for 0.5, 1, 2, and 4 mg Cdtleatments after 3, 7, 21, and 30 days.
Rabb et al. (2007) studied 46 plant species torih@te translocation into the shoots for
arsenate, methyl arsonate, and dimethylarsinatey Tdund, for arsenate (V), that none of the

15



plant species had a TF of more than 0.9 for slwoidt transfer. In this study, high TF values

(>1) of root to stem and stem to leaf for As, amelrs to leaf for Cd, revealed thM.

umbrosumis a good phytofiltrator as compared with othexcsgs.

CONCLUSION

Water pollution by heavy metals such as As and <Cd serious problem for humans

and aguatic organisms. One approach to remedypditigtion, is to develop cost effective,

practically applicable, novel, and eco-friendly irgmediation technologies. Although many

studies have already been conducted using planten@diate contaminants from water

bodies, the lack of suitable plants is still imgithe effectiveness of phytoremediation. In the

present study, we uset. umbrosumin a hydroponic environment to evaluate its

phytofiltration potential for two noxious metalssAand Cd. It was revealed tiat umbrosum

was a suitable plant for the phytofiltration of kdewel As and Cd contamination in water

because of i) a high removal rate (79.3-89.5% As @M73.1% Cd), ii) an enough BCF

(2350 for As and 3026.91 for Cd), iii) a TF valdenwore than 1, and iv) ease of culturing and

harvesting. Therefore, the proposed plant is aidatel as a good phytoremediator for As-

and/or Cd-contamination. Further investigation vad needed to clarify the mechanism of

metal accumulation iM. umbrosumn order to use it as an effective phytofilter A&s and Cd

removal from drinking water.
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Figure 1: Remaining As (ug r). in water in whichM. umbrosumwas grown with 0.2 (a),
0.45 (b), and 1.0 (c) pg As itLError bar indicates mean+S.E.M. (n = 3). ** andenote

significant differences at P < 0.01 and 0.05, re8pely, compared to previous days

Figure 2: As accumulation in root, stem and leaMofumbrosunseven days after exposure
to 0.2, 0.45, and 1.0 ug As mMiwater. Error bars indicate mean+S.E.M. (n = 3)aid *
denote significant differences at P < 0.001 an@®.0espectively, compared to As from

water to root, root to stem, and stem to leaf

Figure 3: Remaining Cd in water in whith umbrosunwas grown with 0.3 (a), 3.0 (b), and

30 (c) pg Cd mt. Error bar indicates mean+S.E.M. (n = 3). * desosignificant

differences at P < 0.05, compared to day O

Figure 4. Cd accumulation in leaf, stem and rooMofumbrosunseven days after exposure
to 30, 3.0, and 0.3 pg Cd miwater. Error bars indicate mean+S.E.M. (n = 3jehotes

significant differences at P < 0.05, compared tdrGoh root to stem
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Table 1. BCF valuedqdry weight basis)root to stem and stem to leaf TF values, andefsoval

efficiency (%) ofM. umbrosum(n = 3)

Conc. of As (ug mL) Plant parts  BCF [MeantSEM] TF % Removed

Root 1140+121.4

0.2 Stem 1983+38.4 1.74 80.48
Leaf 2350+72.3 1.18
Root 567.4+32.9

0.45 Stem 1253.3+¥17.3 2.21 89.56
Leaf 1782.2+41.5 1.42
Root 289.3+19.2

1

Stem 1001+16.5 3.46 79.3
Leaf 1179.3+11.6 1.27
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Table 2: BCF values(fresh weight basig)root to stem and stem to leaf TF values, and Cd

removal efficiency (%) oM. umbrosum(n = 3)

Conc. of Cd (ugmth) Plant parts BCF [MeantSEM] TF % Removed

Root 3026.91-1389.12

0.3 Stem 1473.91-219.02 0.49 70.4
Leaf 1686.56-277.22 1.14
Root 585.14+215.21

3.0 Stem 542.97+39.18 0.93 73.1
Leaf 596.49+-86.06 1.10
Root 443.2165.42

30 Stem 112.59+6.93 0.25 60
Leaf 149.7110.01 1.33
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