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Abstract

Arsenic (As) is one of the heavy metals which causes acute bio-toxicity even at low concentration and has disastrous effect on en-
vironment. In some countries, As contamination has become alarming and increasing day by day as consequences of unsustainable
management practices. Many existing physical, chemical and biological processes for As removal from water system are not feasible due
to techno-economic limitations. The present study highlights the scope of biological strategy for As removal through phytoextraction.
Arsenic uptake and accumulation in the biomass of three plant species and their As tolerance abilities have been investigated to develop
an efficient phytoextraction system in combination of these plant species. Three non-crop plant species, Pteris vittata; Mimosa pudica,
and Eichhornia crassipus were treated with 0-200 mg/L As in liquid nutrient solution for 14 days. P vittata accumulated total 9,082.2
mg (8,223 mg in fronds) As/kg biomass and Eichhornia total 6,969 mg (4,517 mg in fronds)/kg biomass at 200 mg/L As concentration,
respectively. Bioaccumulation factor (BF) and translocation factor (TF) were estimated to differentiate between excluders, accumula-
tors and accumulation in above ground biomass. Pteris and Eichhornia have highest BF (67 and 17) and TF (64 and 3), respectively. In
contrast, Mimosa accumulated up to 174 mg As/kg plant biomass which is low in comparison with other two plants, and both BF and
TF were =<1. This study reveals that Pteris and Eichhornia are As hyperaccumulator, and potential candidates for As removal from water
system.
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1. Introduction

Arsenic (As) contamination in water is one of the world’s ma- tion of metals-contaminated soil and groundwater. General ap-
jor environmental problems, posing significant risks to human proaches for remediation of metal contamination include: iso-
life and ecosystem [1-3]. Arsenic is toxic, carcinogenic and a po- lation, immobilization, toxicity reduction, physical separation &
tent poison to different organisms. Arsenic toxicity is a serious extraction, adsorption, coagulation and precipitation of metal
threat to human life in many parts of the world due to contami- ions from the contaminated matrix [13, 14]. Although, the above
nation of potable water and food crops [4-6]. Arsenic concen- mentioned methods are successful in remediation at certain ex-
tration in water is increasing day by day due to various natural tents, they are not sustainable with respect to energy input and
as well as intensified environmentally unsound activities, such cost. Thus, development of eco-friendly and cost effective tech-
as volcanic eruption, dissolution of minerals from sedimentary nology for mitigation of As pollution is a R&D priority. Phytore-
rocks, dilution of geothermal waters, smelting of ores, disposal of mediation is one of the emerging technologies that offer signifi-
As containing industrial wastes, and others agricultural applica- cant benefit in comparison with the conventional technologies,
tions [7-9]. Arsenic is used in agriculture as herbicide and plagui- which employs plants for remediation purpose. It is aesthetically
cide in the form of synthetic compounds, such as sodium methyl pleasing, ecologically sound and environmentally sustainable
arsenate disodium methyl arsenate, and dimethyl arsenic acid. and safer for humans [15-17].

Discharge of As containing effluent and irrigation of As contami- Phytoextraction phenomenon is based on the ability of
nated ground or surface water are the main culprits for As con- plants to tolerate metal stress, metal accumulation in their
tamination in land and water ecosystems [9-11] which gets ac- above ground biomass, high growth rate and biomass accretion
cumulated in food crops, water and finds its way into the human with prolific root system [12]. In the last few years, importance
system by way of direct ingestion or through consumer products of metal accumulating hyperaccumulator plants have been re-
[10, 12]. A wide range of technologies are available for remedia- alized, which are potential candidates to enhance the existing
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phytoremediation process [18, 19]. In view of this, prospective
plant species for metal tolerance and accumulation and other
preferred characteristics are being actively tested to determine
their metal phytoremediation potential. Different plant species
primarily belonging to genus Brassicaceae and grasses have been
identified which show tolerance for various metals [18, 20-22].
Some aquatic plants have also been reported having capability
to accumulate heavy and toxic metals by different mechanisms,
which are potential for purification of metal contaminated wa-
ter [23-25]. Pteris vittata (brake fern) is the first As hyperaccu-
mulator plant having remarkable ability to accumulate As in its
shoots, followed by which 12 other As hyperaccumulator plants
have been identified [12, 26]. However, a number of fern species
and some plant species from the genus Brassicaceae have also
been reported to be As non-tolerant [27, 28]. Due to this paradox,
identification of candidate better plants species, for phytoreme-
diation application is a R&D priority.

This investigation was carried out to identify fast-growing,
high biomass non-crop plant species for metal phytoextraction
from polluted water. Three different plant species, i.e, Pteris vit-
tata, Mimosa pudica, and Eichhornia crassipus were selected
for treatment with different As concentration and assess their
response with reference to morphological changes of the plant
and metal accumulation in their biomass. Hydroponic screen-
ing method reported by Kumar et al. [29] was used to identify the
potential plant species out of the three varieties.

2. Materials and Methods
2.1. Experimental Setup

Three plant species namely P, vittata, M. pudica and E. crassi-
pus of similar age were selected for the present study. All the
three plant species were having 4-6 whitls of leaves, 6-8" height
in case of Pteris and Mimosa and 2-6 leaves and 2-2.5" height in
the case of Eichhornia. These plants were already maintained in
the glass house at the Council of Scientific & Industrial Research—
National Environmental Engineering Research Institute, Nagpur,
India. The plants used for the treatment study were acclimatized
in the hydroponic condition in 20% Hoagland nutrient solution
with pH 5.4-6 [30] for 2 weeks under controlled temperature and
humidity. Subsequently, these plants were transferred into cul-
ture vessels containing 500 mL nutrient solution supplemented
with 0, 25, 50, 100, 150, and 200 mg/L of arsenate in the form of
sodium arsenate (Na,HAsO,-7H,0), control plants were grown in
the nutrient solution without As amendment. During the treat-
ed duration, volume of the treatment medium was maintained
with Milli-Q water. The experimental setups were conducted in
a closed manner to prevent loss of As from the liquid medium.
The experiments were conducted in glass house under 25°C-
30°C temperature and 70%-90% humidity, in natural light in-
tensity and 14:10 (light:dark) photoperiod. After 14 days, plants
were harvested, thoroughly washed with tap water followed by
distilled water, and separated into fronds and roots. The plant
samples were oven dried at 60°C for 72 hr, and dry weight of each
sample was recorded to determine the biomass accumulation.
Known dry weight of the root and shoot biomass were taken for
As estimation.
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2.2. Effect of As on Plant Growth and As Removal Efficiency

To determine the effect of As on plant growth, the fresh weight
and height of plant at initial and final day of treatment were mea-
sured. Plant height was measured from the crown to the apex of
the highest shoot. Physiological and morphological changes of
the plants with respect to As exposure were also recorded by vi-
sual observations. Relative growth rates (RGR) of the plants were
calculated as per the formula given in the Eq. (1).

RGR = (InW,— InW,) / (t,t,) M

where, W, and W, are the initial and final weights and t, and t, are
the beginning and end of treatment durations, respectively. Two
indices, i.e., bioaccumulation factor (BF) and translocation fac-
tor (TF) were calculated to estimate the phytoextraction ability
of selected plants. The BF for As accumulation in plant biomass
was determined as the ratio of As accumulated in the biomass to
that of the treated nutrient solution. The TF was calculated as the
ratio of As accumulated in shoot to that of root to evaluate the
plant’s ability to translocate metal from roots to the aerial part to
determine its phytoextraction potentiality.

2.3. Arsenic Determination in Plant Samples

Known weight of dried plant biomass (0.1-0.5 g) was grinded
in mortar and pestle, mixed with 10 mL concentrated nitric acid
and digested in Microwave Digestion (Ethos 900; Milestone Inc.,
Shelton, CT, USA) under 300 W for 15 min. The digested samples
were cooled and volume adjusted to 50 mL with Milli-Q water,
filtered through Whatman Grade 42 filter paper and stored in
capped polypropylene bottles until As estimation. Arsenic con-
tent of the digested samples were analyzed using Inductively
Coupled Plasma Optical Emission Spectrophotometer (ICP-OES;
PerkinElmer, Waltham, MA, USA) against blank and 2, 5, and 10
ppm As standards (Merck Cat. No. 0C486486).

2.4. Statistical Analysis

All experiments were carried out in three replicates. Data pre-
sented here are expressed as the mean + SD of three independent
experiments. Statistical analysis was carried out using MINITAB
16 software and treatment effects were determined by analysis of
variance using Tukey test given in the software.

3. Results and Discussion
3.1. Comparative Growth Performance of Selected Plants

The hydroponic screening experiment was carried out to test
the effect of As on growth and metal accumulation in three non-
crop plants belonging to different habitats, i.e., Mimosa (terres-
trial) and Pteris and Eichhornia (lithophytic and macrophyte),
respectively. In addition to the ability for efficient extraction of
As from liquid medium, growth performance which is indica-
tive of biomass accumulation is one of the essential features for
identification of prospective plants for successful As phytoreme-
diation application. Comparative growth performance of control
and treated experimental plants were evaluated during the study
period of two weeks and presented in this paper. Out of the three
plants, As treated Eichhornia and Mimosa plants showed toxic-



Arsenic Tolerance, Accumulation and Hyperaccumulation of Three Plant Species

Heigh of frond (cm)

0 25 50 100 150 200
As concentration (mg/L)

45’0 oPv  mEc =aMp
40+ J
,é 35] ages EE R & 7
< . » . %
é 251 : : Z
S 204 %
S 151 %
z 10/ ;
5] 7
ol |

0 25 50 100 150 200
As concentration (mg/L)

Fig. 1. Graph representing height of frond of three different plant species in 0-200 mg As/L medium at (a) 0 day and (b) 14th day. Pv: Pteris

vittata, Ec: Eichhornia crassipus, Mp: Mimosa pudica.

ity symptoms in all concentration of As. Leaves started turning
yellow and wilted after one week, whereas the control plants
remain green and normal. At higher As concentration, onset of
toxicity was early. In case of these two plants, leaves dried within
two weeks, whereas in case of Pteris the plant remains green even
after one month. This finding shows that Pteris is more tolerant
to As stress in comparison to other two plants. Moreover, Pteris
was able to survive even in 200 mg/L As concentration, although
toxicity symptoms were visible lately.

One of the factors that plays important role in phytoextrac-
tion efficiency is plant biomass accretion under metal stress
condition. This parameter was also considered in this study to
evaluate stress response of the investigated plants to determine
their As phytoextraction potentiality in addition to tolerance of
the stress. Growth performances of these three plants with re-
spect to height of the plant were compared at initial and final
day of As treatment (Fig. 1). Out of these three plants, in Pteris
root and shoot elongation was clearly evident and it flourished
in all studied As concentration. Nevertheless, in lower concen-
trations of As up to 50 mg/L, Pteris biomass increased as com-
pared to control plant. On the contrary, Mimosa and Eichhornia
plants didn’t show significant growth with respect to plant height
in most concentration of As. Although Mimosa plant survived
in 25 and 50 mg/L As, but at higher As concentrations toxicity
was prominent. The RGR of the studied plants treated with all
concentrations of As was determined with reference to controls
(Table 1). The results clearly indicate that in all As treatment
concentrations Pteris showed highest RGR in comparison to the
other two plant species.

3.2. As Accumulation in Plant Biomass

After 2 weeks, the older and green leaves of the plants were

Table 1. Relative growth rate (RGR) of experimental plants at 14th day

taken for As estimation as described in the materials and meth-
ods. The results of As accumulation inside the shoot and root of
both control and As treated plants of Pteris, Eichhornia, and Mi-
mosa species are presented in Fig. 2. P vittata plant shows the
highest As accumulation in shoot, i.e., 8,223 mg/kg dry biomass.
Arsenic accumulation in Eichhornia shoot, i.e., 4,517 mg/kg bio-
mass was nearly half that of Pteris; whereas, Mimosa plant show
very low accumulation in its shoots. On the other hand, in the
case of Pteris, extent of Arsenic accumulation in shoots increased
with increase in concentration. As accumulation in roots also
followed the same trend as that of shoot. Previous studies have
reported Pb, Cu and Cd phytoextraction ability of Mimosa [31]
with the adsorption efficiency 71%, 81% and 33%, respectively.
Ashraf et al. [32] have also reported Zn accumulation in M. pu-
dica, i.e., 38.94 mg/kg biomass. Although Mimosa is reported to
be accumulator for the other heavy metals our study shows that
it is not suitable for extraction of As. Previously, Eichhornia has
been utilized for As removal from water matrix which showed 1.8
+ 0.5 mg As/kgremoval under the assay conditions at 0.15 mg/L
concentration of As [33]. They suggested that high As removal ef-
ficiency of Eichhornia was due to high biomass. Our results also
show high As accumulation by Eichhornia and this findings is
similar to the other studies reported earlier.

It is reported that As hyperaccumulator plants can accumu-
late As up to 2% dry weight of their biomass in the above ground
parts with As TF usually exceeding 1 [12, 34]. Arsenic tolerance
by a plant system depends on its inherent ability for avoidance
of metal entry to the plant body as well as biochemical adapta-
tion to tolerate intracellular As stress. The plant with high BF and
TF >1 has been categorized as hyperaccumulator [35]. Pteris and
Eichhornia plant have high As BF in the biomass, i.e. 67 and 64,
respectively, at 25 mg/kg in Fig. 3(a). Further, the BF increased up
to 50 mg/L As concentration and high TF indicted more As ac-

Arsenic concentration (mg/L) Eichhornia crassipus Mimosa pudica Pteris vittata
0 0.003 0.002 0.013
25 0.000 0.000 0.017
50 -0.004 -0.000 0.020
100 -0.005 -0.000 0.022
150 -0.006 -0.001 0.001
200 -0.008 -0.000 0.002

Negative value shows RGR reduction over control and positive value shows RGR increase over control.
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Fig. 2. Graph representing arsenic accumulation in (a) fronds and (b) roots of different plants in 0-200 mg As/L medium. Pv: Pteris vittata, Ec:

Eichhornia crassipus, Mp: Mimosa pudica.
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Fig. 3. Graph representing bioaccumulation factor (BE a) and translocation factor (TE b) of different plants in 0-200 mg As/L medium. Pv:

Pteris vittata, Ec: Eichhornia crassipus, Mp: Mimosa pudica.

cumulation in shoot in comparison to roots. Fig. 3(a) also shows
that Pteris and Eichhornia has As BF >1 which signifies one of the
characteristics of hyperaccumulators; whereas, Mimosa has BF
<1 indicating as As non-hyperaccumulator. BF for As in case of
Mimosa was significantly different in comparison to other two
plants. Arsenic translocation to the above ground biomass was
highest in case of P vittata showing TF up to 17, i.e. highest in
comparison to other two plants (Fig. 3(b)). Arsenic treated Eich-
hornia plant died within 7 days unlike Pteris, which were green
up to one month. Our finding shows that Pferis plant is tolerant
up to 100 mg/L As. On the other hand, the plant continues to
grow with increasing plant biomass under 50 mg/L As stress.
Therefore, As extraction and accumulation in the plant biomass
was possible simultaneously. Based on these findings it is cer-
tain that phytoextraction potentiality of this P vittata genotype is
more in comparison to the other two plants.

4, Conclusions

The results of this investigation show that Pteris and Eichhor-
nia have significant capacity for As accumulation in the biomass,
but Pteirs has more tolerance to As toxicity. Arsenic accumula-
tion was found to be more in shoot of Pteris; whereas, in case
of Eichhornia, it was more in roots. The Pteris and Eichhornia
plants accumulated 8,223 + 791 and 4,517 + 402 mg As/kg of dry
shoot biomass and 859 + 79 and 2,452 + 162 mg in roots per kg of
dry shoot biomass of the respective plants. They are more poten-
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tial to accumulate As in plant biomass in comparison to Mimosa
plant. The results indicate that Pteris plant has tolerance limit
up to 100 mg/L As and has high As accumulation in the biomass
with high BF up to 67. Under As stress, As accumulation in Pteris
and Eichhornia plant biomass increased with increase in treat-
ment concentration up to 200 mg/L. However, Eichhornia plant
died after treatment with 50 mg As/L medium. High BF shows
that both the plants can be used for As phytoextraction, but P vit-
tata is more suitable in comparison to Eichhornia due to higher
TF for accumulation in above ground biomass and biomass ac-
cretion under As stress. The results of this study, along with the
fact that this plant species are capable of thriving in As amended
water support that P vittata and E. crassipes could be the suitable
species for sustainable As removal from contaminated water.

Acknowledgments

The authors acknowledge financial support to Sarita Tiwari
by the CSIR under the 6th 5-Year Plan Project. The authors also
wish to acknowledge encouragement of Director, NEERI and
providing research facility to carry out the work.

References

1. Chiban M, Zerbet M, Carja G, Sinan E Application of low-cost
adsorbents for arsenic removal: a review. J. Environ. Chem.

148



Arsenic Tolerance, Accumulation and Hyperaccumulation of Three Plant Species

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Ecotoxicol. 2012;4:91-102.

Katsoyiannis IA, Zouboulis Al. Application of biological pro-
cesses for the removal of arsenic from groundwaters. Water
Res. 2004;38:17-26.

Tseng CH, Tseng CP, Chiou HY, Hsueh YM, Chong CK, Chen
CJ. Epidemiologic evidence of diabetogenic effect of arsenic.
Toxicol. Lett. 2002;133:69-76.

Panda SK, Upadhyay RK, Nath S. Arsenic Stress in Plants.
J. Agron. Crop Sci. 2010;196:161-174.

Bagchi S. Arsenic threat reaching global dimensions. CMAJ
2007;177:1344-1345.

Winkel LH, Pham TK, Vi ML, et al. Arsenic pollution of
groundwater in Vietnam exacerbated by deep aquifer exploi-
tation for more than a century. Proc. Natl. Acad. Sci. U. S. A.
2011;108:1246-1251.

van Lis R, Nitschke W, Duval S, Schoepp-Cothenet B. Ar-
senics as bioenergetics substrates. Biochim. Biophys. Acta
2013;1827:176-188.

Pal S, Patra A, Reza S, Wildi W, Pote J. Use of bio-resources
for remediation of soil pollution. Nat. Resour. 2010;1:110-125.
Schmoger ME, Oven M, Grill E. Detoxification of arsenic by
phytochelatins in plants. Plant Physiol. 2000;122:793-801.
Watts RJ. Hazardous wastes: sources, pathways, receptors.
New York: John Wiley & Sons; 1998.

Pickering 1J, Prince RC, George MJ, Smith RD, George GN,
Salt DE. Reduction and coordination of arsenic in Indian
mustard. Plant Physiol. 2000;122:1171-1177.

Zhao FJ, McGrath SP, Meharg AA. Arsenic as a food chain
contaminant: mechanisms of plant uptake and metabolism
and mitigation strategies. Annu. Rev. Plant Biol. 2010;61:535-
559.

Mulligan CN, Yong RN, Gibbs BE Remediation technologies
for metal-contaminated soils and groundwater: an evalua-
tion. Eng. Geol. 2001;60:193-207.

Malik AH, Khan ZM, Mahmood Q, Nasreen S, Bhatti ZA. Per-
spectives of low cost arsenic remediation of drinking water
in Pakistan and other countries. J. Hazard. Mater. 2009;168:1-
12..

Sridhar BB, Han FX, Diehl SV, Monts DL, SuY. Effect of phy-
toaccumulation of arsenic and chromium on structural and
ultrastructural changes of brake fern (Pteris vittata). Braz.
J. Plant Physiol. 2011;23:285-293.

Chandra Sekhar K, Kamala CT, Chary NS, Balaram V, Garcia
G. Potential of Hemidesmus indicus for phytoextraction of
lead from industrially contaminated soils. Chemosphere
2005;58:507-514.

Fischerova Z, Tlustos P, Jirina Szakova, Kornelie Sichorova.
A comparison of phytoremediation capability of selected
plant species for given trace elements. Environ. Pollut.
2006;144:93-100.

Kramer U. Metal hyperaccumulation in plants. Annu. Rev.
Plant Biol. 2010;61:517-534.

Hernandez-Allica J, Becerril JM, Garbisu C. Assessment of

149

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

the phytoextraction potential of high biomass crop plants.
Environ. Pollut. 2008;152:32-40.

Ebbs SD, Lasat MM, Brady DJ, Cornish J, Gordon R, Kochian
LV. Phytoextraction of cadmium and zinc from a contami-
nated soil. J. Environ. Qual. 1997;26:1424-1430.

Ebbs SD, Kochian LV. Toxicity of zinc and copper to brassica
species: implications for phytoremediation. J. Environ. Qual.
1997;26:776-781.

Ebbs SD, Kochian LV. Phytoextraction of zinc by oat (Av-
ena sativa), barley (Hordeum vulgare), and Indian mustard
(Brassica juncea). Environ. Sci. Technol. 1998;32:802-806.
Maine MA, Duarte MV, Sune NL. Cadmium uptake by float-
ing macrophytes. Water Res. 2001;35:2629-2634.

Chua H. Bio-accumulation of environmental residues of rare
earth elements in aquatic flora Eichhornia crassipes (Mart)
Solms in Guangdong Province of China. Sci. Total Environ.
1998;214:79-85.

So LM, Chu LM, Wong PK. Microbial enhancement of Cu2+
removal capacity of Eichhornia crassipes (Mart.). Chemo-
sphere 2003;52:1499-1503.

Ma LQ, Komar KM, Tu C, Zhang W, CaiY, Kennelley ED. A fern
that hyperaccumulates arsenic: a hardy, versatile, fast-grow-
ing plant helps to remove arsenic from contaminated soils.
Nature 2001;409:579.

Rascio N, Navari-Izzo E Heavy metal hyperaccumulating
plants: how and why do they do it? And what makes them so
interesting? Plant Sci. 2011;180:169-181.

Meharg AA. Variation in arsenic accumulation: hyperaccu-
mulation in ferns and their allies. New Phytol. 2003;157:25-
31.

Kumar PB, DushenkovV, Motto H, Raskin I. Phytoextraction:
the use of plants to remove heavy metals from soils. Environ.
Sci. Technol. 1995;29:1232-1238.

Hoagland DR, Arnon DI. The water-culture method for grow-
ing plants without soil. Berkeley: University of California,
College of Agriculture, Agricultural Experimental Station;
1938.

Chen WM, Wu CH, James EK, Chang JS. Metal biosorption
capability of Cupriavidus taiwanensis and its effects on
heavy metal removal by nodulated Mimosa pudica. J. Haz-
ard. Mater. 2008;151:364-371.

Ashraf M.A, Maah MJ, Yusoff I. Assessment of phytoextrac-
tion efficiency of naturally grown plant species at the former
tin mining catchment. Fresenius Environ. Bull. 2012;21:523-
533.

Alvarado S, Guedez M, Lue-Meru MB et al. Arsenic removal
from waters by bioremediation with the aquatic plants Wa-
ter Hyacinth (Eichhornia crassipes) and Lesser Duckweed
(Lemna minor). Bioresour. Technol. 2008;99:8436-8440.

Zhao FJ, Ma JE Meharg AA, McGrath SP. Arsenic uptake and
metabolism in plants. New Phytol. 2009;181:777-794.

Brooks RR, Chambers ME Nicks L], Robinson BH. Phytomin-
ing. Trends Plant Sci. 1998;3:359-362.

http://eeer.org



