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3. Rhizosphere, rhizobacteria and metal transporters used in radionuclide
remediation.

4. Radionuclide exposure and plant responses.

5. Radio-phytoremediation—an approach to decontaminate radionuclides using
plants.

1 Introduction

With the discovery of X-rays in 1895 and radioactivity in the subsequent year,
awareness of radiation and radioactivity became obvious and a new branch of
science was started and subsequently developed into its deliberate use. However,
the term radionuclide is much newer. Referring to an atomic species having precise
constitution of its nucleus containing a certain number of nucleons (neutrons
(N) and protons (Z) and its nuclear energy state), in 1947, Dr. T.P. Kohman of
University of Chicago proposed the name nuclide. Thus, a nuclide consists of
strongly bound protons and neutrons often referred to as nucleons (Kohman
1947). Nuclides may be stable and exist for an indefinite period of time (common
material) or unstable. Usually, elements having atomic number higher than
83 (heavier than bismuth ®Bi), have only unstable nuclei with excess energy
available. This surplus energy within a nucleus is either transformed internally or
passed on to a newly formed radiation particle within the nucleus. This kind of
nuclides with potential to undergo radioactive decays is called radionuclide. The
decay goes together with the release of ionizing radiations like gamma ray(s) and/or
subatomic, high speed alpha or beta particles. The nuclides are ultimately converted
to stable nuclides. Ionizing radiation is capable of generating ions by displacing
electrons in the living matter (like in DNA) and thereby disturbing its
function (http://water.epa.gov/drink/contaminants/basicinformation/radionuclides.
cfm, accessed 24.08.2015). However, exposure to radioactivity is a common and
natural phenomenon. Apart from about 20 % anthropogenic sources (especially
diagnostic imaging like X-rays, CT scans etc.) (Brenner and Hall 2007), most of
the radiation exposures are usually natural (like cosmic radiation, radon gas from
rocks and soil, or 40 through foods). Water from natural sources may contain
radionuclides due to dissolution of such materials from the earth crust or sporadic
release from laboratories or nuclear power plants. Though, in nature, unstable
nuclides with long half-lives, so called primordial radionuclides, are also present.
Especially **°U has been widely used for different applications in defence and
civilian sectors. It is best used in nuclear power plants (due to low cost consump-
tion), where, theoretically 1 kg of U (approx. 1500 tonnes of coal equivalent) can
produce about 20 terajoules (2 x 10'? J) of energy.

However, extensive use and indiscriminate or improper disposal of wastes,
insufficient decontamination at mining sites, release of production tails or
decommissioning sites of such material are a serious environmental concern and
can lead to contamination by radioactive substances. And, radiation is produced by


http://water.epa.gov/drink/contaminants/basicinformation/radionuclides.cfm
http://water.epa.gov/drink/contaminants/basicinformation/radionuclides.cfm

Radionuclides: Accumulation and Transport in Plants 141

spontaneous decay of radioactive materials, the amount of which and power for
penetration within the body may vary with each type. However, all kinds of
ionizing radiations produce health effects that may vary in different tissues and
even in different individuals. Exposure to radiation and radionuclides (radiation
emitters) are well-known to affect the entire body while inhalation or ingestion may
affect diverse tissues inside the body (http://www.medindia.net/patients/
patientinfo/radiation-hazards.htm). Ionizing radiation is capable of ionizing many
atoms or molecules and destroying molecular bonds. For example, due to a nuclear
explosion or accident at a nuclear power plant, radioactive caesium or iodine can be
released into the environment, which may directly or indirectly get accumulated
within the body, for example through the food chain. For quantification of the
radionuclide uptake efficiency the soil-to-plant transfer factor (TF) is widely used
to analyse radiological human dose via the ingestion pathway (Chakraborty
et al. 2013). The TF is basically the concentration of element in plant (Bq kg™ ")
divided by concentration of the same element in soil (Bq kg~ '). The TF may vary
depending upon the element, soil pH and its texture, solid/liquid distribution
coefficient, exchangeable K", organic matter and availability of the element at the
root zone (Chakraborty et al. 2013). Starting from a given contamination level the
total effective dose equivalent (TEDE) to individuals living in the neighbouring
areas of waste-disposal/decommissioning sites can be calculated using models of
biosphere and living habits. The Nuclear Regulatory Commission (NRC) has
developed some sophisticated methodologies for the assessment of probable dose
to man from evaluations of groundwater and soil contamination, irrigation pro-
cesses, subsequent to food-chain pathways, of crops and forage and lifestyle of
potentially exposed individuals (USNRC 2003; Napier et al. 2005, 2007). Above
said chains, we want to focus following on soil to plant transfer of such radionu-
clides at contaminated sites (Fig. 1). Uptake of the radionuclides by plants depends
upon several factors including mode of interaction with the materials and physio-
logical characteristics of the species and factors like concentrations, bioavailability,
and mobility of radionuclides in surface and subsurface geologic systems (Napier
et al. 2005; Gupta and Walther 2014; Walther and Gupta 2015).

2 Natural Occurrence and Exposures

All types of soil and rocks contain uranium, the concentration of which is ranging
from 0.003 mg kg~ in meteorites to 120 mg kg~ in phosphate rock. As a normal
constituent of earth’s crust, rock phosphate (U resources in phosphate rocks are
estimated at 9 x 10° MT) deposits usually contain several million tons of uranium
(U), radium (Ra), and thorium (Th) which leads to potential exposure of the
environment to radiation (Gupta et al. 2014). Commonly studied U decay series
involves the following steps:
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Fig. 1 Potential radionuclide emissions and contamination pathways in the environment. Incor-
poration of radioactive materials may occur either as NORM (Naturally Occurring Radioactive
Materials) or TENORM (Technologically Enhanced Naturally Occurring Radioactive Materials).
Radioactive materials once enter into the environment gets absorbed into the soil or adsorbed to
the different soil organic matter or mixed up with the water sources. Atmospheric emissions from
different nuclear power plants, industries lead to deposition and pollution of the environment.
Plants usually take up such elements leading to incorporation in the food chain. However, transfer
factor of the radionuclides depend upon several factors including soil quality, texture and type,
organic/inorganic materials, availability of elements etc

238Ua—> 234Th—ﬁ> 234mpa—B> 234Ua—> 230Th—a> 226Rﬂ> ZZZW 218P0—a>

214Pb—’[3 214Bi—>B 214PO—>C‘ 2101)b—>B ZIOBi—PB 210PO—>G 206Pb

High levels of dose rate are found above soils predominated by granite rocks or
mineral sand in comparison to the other soil types. Inhabitants of communities
settled on this type of soil (like monazite based sand beaches of Espirito Santo and
Rio de Janeiro in Brazil) receive doses many times the average global radiation
level (Eisenbud and Gesell 1997). Additional sources of radiation are
up-concentrated when earth crust products (oil, coal, coal ash, minerals, and
phosphate based fertilizers etc.) are extracted refined or used, which is called
naturally-occurring radioactive materials (NORM). Anthropogenic activities like
sewage sludge treatment, mining of radioactive materials, concentrate or expose
radioactive materials that occur naturally in ores, soils, water, or other natural
materials are the sources of production of NORM (IAEA 2014) or technologically
enhanced NORM. Radionuclides of concern found in NORM mainly include iso-
topes of U, Th, Ra, Rn, Pb and Po. Reports suggest that, based on samples collected
from 15 different countries, the average concentrations of 40K, 2331 and 232Th, in
coal are 50, 20, and 20 Bq kg~ ' (1.35, 0.54, and 0.54 nCikg™"), respectively
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(however, the concentration may vary considerably in different coal mines). Sim-
ilarly, crude oil and natural gases are another source of radiation, where, approx-
imately (average estimation), 40 pCiL ™' (1.5 Bq L") of Ra may be found at well
heads of natural gas. Further, LPG (liquefied petroleum gas) processing and blend-
ing tends to enhance concentrations of radon and its products 2'°Pb, 2'°Po
(Eisenbud and Gesell 1997). Uranium contamination in soil and water has been
increased in a number of regions throughout the world due to technological pro-
gressions related to establishment of nuclear power plants and its fuel cycle (e.g.,
mining and milling of U ore and its waste), combustion of fossil fuels (e.g., coal),
increased production of phosphate fertilizers through phosphate rock mining and
other uses for warheads and present as in the form of TENORM, which leads to
potential ecological risks to the biota through radiation as well as chemical toxicity
(Sheppard 2001).

Phosphogypsum (mostly calcium sulfate) is a by-product of a wet-acid based
process during the generation of phosphoric acid in the phosphate based fertilizer
industry. Large quantities of deposits of phosphogypsum are a potential source of
enhanced natural radiation and for heavy metals. Approximately 70 % of calcium
phosphate along with different impurities like radionuclides is present in high grade
ores of phosphate rock (PR) for the production of phosphoric acid and those
impurities ultimately end up in the phosphogypsum. USEPA (http://www.epa.
gov/radiation/neshaps/subpartr/about.html) reports suggest the concentration of >**
U and **°Ra in phosphogypsum of central Florida were about 10 times for U and
60 times for “?°Ra higher than the average background levels in soil. The
concentration may vary according to the geographical area and quality of the PR
ore. Mineral sands (sands with a specific gravity of more than 2.9), produced
through the erosion of rocks (naturally or anthropogenically though blasting etc.),
are also a major source of **Th and ***U (UNSCEAR 1993: http://www.unscear.
org/unscear/en/publications/1993.html).

3 Use of Green Plants for Restoring Balance
and Its Applications

Phytoremediation (Ancient Greek: phyto- ‘plant,” and Latin remedium- ‘restoring
balance’), according to a recent definition by Landmeyer (2011), is the “application
of plant-controlled interactions with groundwater and organic and inorganic mol-
ecules at contaminated sites to achieve site-specific remedial goals”. Cleaning up of
the environment through plants is rendered by diverse environmental pollution
problems through direct uptake of toxic chemical(s), followed by subsequent
transformation, transport, and their accumulation in less toxic forms (Schnoor
et al. 1995). Furthermore, remediation processes are being improved by plants,
roots release of exudates and enzymes that induce microbial diversity at
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rhizosphere and biochemical activity in the bulk soil and mineralization (Macek
et al. 2000; Chatterjee et al. 2013b).

Phytoremediation techniques are becoming a popular alternative to the conven-
tional energy and instrument intensive, chemical-based expensive restoration tech-
niques of vast polluted areas of land and water (Padmavathiamma and Li 2007;
Lone et al. 2008). Use of green living systems for environmental remediation was
first reported in 1948 for accumulation of nickel by the plant Alyssum bertolonii;
however, the concept received momentum later. Since the last two decades
phytoremediation work has got much attention throughout the globe (Gupta 2013).

After the reactor accident at Chernobyl, Ukraine in 1986 that caused the release
of large quantities of radioactive particles into the environment and resulted in
some 30 deaths mostly due to deterministic radiation effects and more due to long-
term (stochastic) effects like thyroid cancers and leukaemia in the case of clean-up
workers (UNSER report on “The Chernobyl accident’ from- http://www.unscear.
org/unscear/en/chernobyl.html), the scientific community of the world started
thinking to use plants for radionuclide decontamination of soil and water. In
1998, Consolidated Growers and Processors (CGP), PHYTOTECH, and the
Ukraine’s Institute of Bast Crops, employed the phytoremediation process using
industrial hemp (Cannabis) as most efficient plant useful for eliminating toxins such
as metals, solvents, pesticides, explosives etc. from the contaminated topsoil.
Continuing to this application of plant based green technology, US Department of
Defense and USEPA jointly developed plant-based clean-up approaches to large-
scale clean-up projects, where, specific plants were used to remove toxins and
certain metals (Rai and Pal 1999).

Use of plants for removal of inorganic components or toxic elements like Hg,
Cd, As, Cr, Cs, Pb and Sr involves extraction and translocation of toxic cations or
oxyanions to above ground tissues by converting the element to a less toxic
chemical species (Meagher 2000; Chatterjee et al. 2012). However, for organic
compounds like polychlorinated biphenyl (PCBs), polycyclic aromatic hydrocar-
bons (PAH), dioxin, and trichloroethylene, the objective of phytoremediation
processes is to totally mineralize them into relatively nontoxic constituents, such
as carbon dioxides, nitrate and ammonia (Cunningham et al. 1996). Plants deal with
such components through the strategies of stabilization, exclusion, detoxification
and/or their storage in specific cells or cell organelles (vacuoles, cell walls). These
strategies are variable with regard to the component characteristics and the pro-
cesses termed as: phytostabilization, phytoextraction, phytovolatilization,
rhizofiltration, phytodegradation, and phytostimulation (Marques et al. 2009; Chat-
terjee et al. 2013b). Furthermore, plants also develop defence mechanisms through
the production of different anti-stress proteins like metallothioneins and
phytochelatins etc.

Hyperaccumulator plants, that actively uptake exceedingly large amounts of one
or more heavy metals (at concentrations 100-1000-fold higher than those found in
non-hyperaccumulating species) from the soil, without exhibiting any symptoms of
phytotoxicity, are especially suited candidates for phytoremediation (Reeves 2006).
Plants belonging to the families of Brassicaceae, Papilionaceae, Caryophyllaceae,
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Poaceae and Asteraceae are most important and offer best potential for heavy metal
phytoremediation. Amongst these, species belonging to the Asteraceae family show
bio-removal potential of heavy metals and radionuclides, such as Sr, Cs and
U. Plants like Lactuca sativa L., Silybum marianum Gaertn., Centaurea cyanus
L., Carthamus tinctorius L. from Asteraceae, can uptake 134Cg very efficiently;
high biomass producing varieties of Helianthus annuus and H. tuberosus are also
suitable for the phytoremediation of polluted sites (Tang and Willey 2003).
Phytoremediation of radionuclides has many advantages over the traditional treat-
ments. Firstly, in phytoremediation the soil is treated in situ, which does not cause
further disruption to the soil dynamics. Secondly, plants are established, they
remain for consecutive harvests to continually remove the contaminants. Last but
not least, phytoremediation reduces the time of workers who are supposed to expose
to radionuclides. Finally, phytoremediation can be used as a long term treatment
that can provide an affordable way to restore radionuclide contaminated areas
(Gupta and Walther 2014). Table 1 summarizes the successful used radionuclide
phytoremediator plant species (aquatic/terrestrial).

4 Rhizosphere, Rhizobacteria and Metal Transporters
Used in Remediation Purposes

Plant roots secrete exudates in the adjacent soil matrix at the rhizosphere (region of
soil at the root-soil interface, which is subjected to root secretions and related soil
microorganisms). This mechanism helps in metal-chelation to control the entry of
metal within plant through the root cell. Plants root exudates normally increase the
abundance of soil microflora (bacterial and fungal communities) by 1-4 orders of
magnitude compared to the surrounding bulk soil that helps to degrade diverse
pollutants (Anderson et al. 1994). Root exudates include: diffusates (e.g. amino or
organic acids, water, inorganic ions, and sugars etc.), excretions (e.g. bicarbonates,
protons, and carbon dioxide etc.), secretions (e.g. mucilage, siderophores, and
allelopathic compounds etc.) which help to modulate soil microflora community
composition to have a better range of metabolic capabilities with unique gene pool
(Hall 2002; LeDuc and Terry 2005). The availability of U and '*’Cs to plants can be
enhanced using citric acid and ammonium nitrate, respectively, in soil. However,
soil augmentation may be done in a properly managed fashion, as for the inherent
risks associated with the application which may in turn contaminate soil or ground-
water (Prasad 2011). Plant cell walls operate as cation exchanger, sharing or
excluding diverse metals, to retain the homeostasis in the cell (Rauser 1999).

On the other hand, plant growth-promoting rhizobacteria (PGPR) play a crucial
role in plants growth by countering physiological stress in contaminated soils.
PGPR generally performs rhizospheric colonization by stimulating the production
of plant growth regulators like indole acetic acid, gibberellic acid, ethylene and
cytokinins contributing to plant health and better response. Further, rhizobacteria
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Table 1 Selected plant list which are successful used as a Cs, U and Ra phytoremediator species.
(After Eapen et al. 2007; Chakraborty et al. 2013; Favas and Pratas 2013; Fukuda et al. 2014; Hu
et al. 2014; Favas et al. 2014)

Plant species Family Radionuclide | Habitat
Amaranthus retroflexus Amaranthaceae 137¢g Terrestrial
Apium nodiflorum Apiaceae U Aquatic
Atriplex canescens Amaranthaceae 22°Ra T
Batrachospermum virgato-decaisneanum | Batrachospermaceae 137¢s A
Bertholletia excelsa Lecythidaceae 226Ra T
Brassica juncea Brassicaceae 137¢g T
Brassica oleracea Brassicaceae 137¢s T
Callitriche stagnalis Plantaginaceae U A
Carex buxbaumii Cyperaceae 226Ra T
Carthamus tinctorius Asteraceae 134cg T
Centaure acyanus Asteraceae 134¢y T
Chloroidium saccharophilum Chlorophyta 137¢s T
Dryopteris scottii Dryopteridaceae 22Ra T
Eleocharis dulcis Cyperaceae U A
Fontinalis antipyretica Fontinalaceae U A
Helianthus annuus Asteraceae U T
Helianthus tuberosus Asteraceae U T
Hydrilla verticillata Hydrocharitaceae U A
Iris pseudacorus Iridaceae 22°Ra T
Juncus inflexus Juncaceae 22°Ra T
Lactuca sativa Asteraceae 134¢s T
Lemna aoukikusa Tracheophyta 137¢s,u A
Lemna gibba Araceae U A
Lemna minor Araceae U A
Nymphaea violacea Nymphaeaceae 137¢s A
Phalaris arundinacea Poaceae 137¢s T
Phaseolus acutifolius Fabaceae U T
Phragmites australis Poaceae 228Th 226Ra T
Pteridium aquilinum Pteridaceae 22°Ra T
Pteris multifida Pteridaceae 22Ra T
Silybum marianum Asteraceae 134cg T
Typha latifolia Typhaceae U, *°Ra A
Zostera japonica Zosteraceae U A
Zostera marina Zosteraceae U A

may also secrete antibiotics, phosphate solubilising substances, hydrocyanic acid,
siderophores, 1-aminocyclopropane-1-carboxylic acid (ACC) to increase bioavail-
ability and root absorption of different metals (Meyer 2000; Davies et al. 2001). In a
nickel-contaminated soil, Burd et al. (1998) reported that after the addition of
Kluyvera ascorbata SUD165/26 an associated rhizobacteria, germination and
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growth of Indian mustard (Brassica juncea) seeds increase by 50-100 % with
respect to the control plants.

Root cell plasma membranes harbour a number of metal transporter-proteins
which play important roles in heavy metal homeostasis. Among different families
of transporters, NRAMP (natural resistance-associated macrophage protein), ZIP
(Zinc importer) families (ZRT, IRT-like Protein; [ZRT-Zinc regulated transporter,
IRT-iron regulated transporter]), CDF (cation diffusion facilitator) family, heavy
metal ATPases (HMAs) family like P1B-ATPases, copper transporter (COPT)
family proteins, ATP-binding cassette (ABC) transporters, ABC transporters of
the mitochondria (ATM), Ca®* cation antiporter (CAX), multidrug resistance-
associated proteins (MRP), yellow-stripe-like (YSL) pleiotropic drug resistance
(PDR) transporters are well studied transporters (Dubey 2011; Huang et al. 2012;
Gupta et al. 2013). Histidine-rich domain of ZIP family transporters is supposed to
get activated in response to divalent metals and their uptake. As for example,
AtZIP4 (Arabidopsis thaliana ZIP4) proteins help in Zn transport and Cd uptake
from soil to root cells and Cd transport from root to shoot (Krdmer et al. 2007).
While, transport of Fe, and other metals like Mn>*, Zn**, and Cd** in root cells was
being carried out by IRT1 in A. thaliana (Nishida et al. 2008). HMAs family
transporters (P1B-type ATPases) are basically internal transporters that load Cd
and Zn metals from the surrounding tissues into the xylem and perform as an efflux
pump (Kriamer et al. 2007). AtHMA3 transporter of tonoplast membrane in
A. thaliana sequesters a wide variety of heavy metals and its over-expression raises
the tolerance to heavy metals like Cd, Co, Pb, and Zn (Manara 2012; Gupta
et al. 2013). Strategies for plants to isolate metals from dynamic cytosol and
metabolically active cellular compartments include vacuolar sequestration using
proton pumps like vacuolar proton-ATPase (V-ATPase) and vacuolar proton-
pyrophosphatase (V-PPase) (Dalcorso et al. 2010).

5 Radio-Phytoremediation: An Approach
to Decontaminate Radionuclides Using Plants

Radionuclides and/or toxic elements contaminated soils, sediments, surface water
and groundwater’s remediation by using green plants is widely reported (Nishita
et al. 1958; TAEA 1989; Soudek et al. 2004, 2006). However, radionuclide decon-
tamination has its inherent problem of radioactivity itself. Plants require a long
period of time to contact with a contaminant to evolve the ability to
hyperaccumulate radioactive material (Fig. 2). The concentrations, mobility, and
bioavailability of radionuclides depend upon several factors. These include the
quality, quantity and the rate of release of radionuclides present at the source;
hydrological factors, like dispersion, advection, and dilution; geochemical pro-
cesses, such as complexation at aqueous phase, pH, adsorption/desorption, solid/
liquid distribution coefficient, reduction/oxidation (redox), ion exchange,
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Deposition modulation
Deposition and uptake by wind, rain, others

via inflorescence

Precipitation

Deposition &
uptake via leafs
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Fig. 2 Radionuclide contamination pathways in plants. The root uptake of radionuclide depends
upon various factors like the condition of metal with clay/soil particle/minerals and its availability
to the plants. The translocation and deposition of the same may take place in the leaf or
inflorescence. Again, metals present in the atmosphere also get deposited on different plant
body surfaces (like leaf surfaces). The concentration of deposition varies and modulated through
the factors like wind, rain etc. Wash-off metals further deposited into soil and sorbed by soil
particles, and available for plants uptake

precipitation/dissolution, diffusion, colloid-facilitated transport, exchangeable
potassium ion distribution, anion exclusion and organic matter contents (Albrecht
et al. 2002; Napier et al. 2012; Chakraborty et al. 2013; Hegazy et al. 2013).
Absorption and distribution of contamination in plants may take place either
through direct (exposures at aerial organs like leaf, stem, and tendrils) or indirect
(through root systems in soil related contamination) routes, which varies consider-
ably in different plant species especially in case of long-lived radionuclides
(Din et al. 2010). Further, soil properties/texture (like drying and subsequent
cracking of soils) due to biological activity, colloid-facilitated transport in soil
may augment the mobility and/or affectivity of radionuclides (Napier et al. 2012).
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In the environment, a number of radionuclides (e.g. Tc, U and Pu) may be
present in more than one oxidation state, and adsorption and precipitation behaviour
of individual states may vary considerably. Thus, transfer pathways and efficiencies
of radionuclides vary widely according to (1) chemical nature and reactivity of the
isotope that may affect the solubility and transport of the isotope through soil pore
(includes pore structures) water within the root (rthizosphere) of the plant, (2) expo-
sure route (e.g. root versus foliar exposure) of the contaminant, (3) plant itself
(species, physical stature, age, root structure, and root-shoot ratio etc.), (4) require-
ments and availability of nutrient(s) of the plant (chemical resemblance of the
isotope to a nutrient) and (5) level of toxins and pathogens in the soil.

It is depending upon the water cycle and the compositions of the flora which are
intrinsically coupled, thus interactions may occur within these water bodies or in
terrestrial ecosystems. However, the distribution and productivity of terrestrial
vegetation is mostly dependent upon the equilibrium of water. Plant communities
and root zone (rhizosphere) of the plant along with the soil microorganisms play
important roles in evapo-transpiration generation of runoffs (Gerten et al. 2004),
metal uptake and remediation. Ehlken and Kirchner (2002) suggested that the
concentration of a radionuclide in a plant or plant part is linearly related to its
concentration in soil within the rhizosphere (same kind of relation is also true for
transfer of heavy metals and pesticides in plants) (Gast et al. 1988; Trapp
et al. 1990). However, interestingly, soil-to-plant transfer factors for a number of
long-lived radionuclides (as for example, radiocesium uptake from agro-soil) may
vary considerably up to three orders of magnitude (Frissel 1992; Nisbet and
Woodman 2000; Ehlken and Kirchner 2002). Again significant variation is also
present in case of longevity of plant roots in different plant species, their develop-
ment and function is being responded by genetically determined range to their
environment (Clausnitzer and Hopmans 1994).

6 Bioavailability of Radionuclides

In soil, most of the elements are usually present, from where plants acquire essential
elements as micronutrients. Bioavailability of trace substances in soil is a complex
phenomenon, where competitions of varied substances along with metal-metal
interactions take place. Transfer dynamics from soil to plant is usually calculated
for trace substances whose behaviour in the soil-plant-rhizosphere system largely
depends on the concentrations of macro-nutrients present. It is reported that an
activity concentration in a soil solution of 1 BqL ™" of *°Sr or '*’Cs corresponds to
ca. 2x 107" MolesL™' though the average concentrations of chemical
homologes K, Ca, and Mg, respectively, in soil solution are in the order of
1 mMoles L™ (Robson and Pitman 1983; Ehlken and Kirchner 2002). Uptake of
radionuclides like radioactive caesium and strontium and heavy metals by plants is
thus affected by several factors naturally present in the soil (Lorenz et al. 1994).
Cation exchange reactions in the soil milieu determine the actual concentration of
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an ion in soil-solution which is competitive in nature. Accordingly, co-precipitation
also depends on the concentrations of competing substances in solution (as for
example, sorption of radiostrontium is dominated by reversible exchange with
major cations like Ca”*). While strontium is exchanged in preference to Ca in
minerals, the preference of the same metal reverses in the presence of organic
matter (Valcke and Cremers 1994). The sorption of radiocaesium in soils is
determined by ion exchange to a few sites, as for example, weathered mica which
are accessible only to poorly hydrated cations and shows high selectivity for Cs*
over K* and NH,* (Comans and Hockley 1992; Ehlken and Kirchner 2002). In a
recent report by Voronina et al. (2015), they reported a comparative study of
selectivity and reversibility of radiocaesium and radiostrontium sorption by natural
aluminosilicates (glauconite and clinoptilolite) as well as modified ferrocyanide
sorbents, it was shown from their experiment that modification of natural alumino-
silicates by ferrocyanides allows to increase distribution coefficients of caesium by
100-1000 times, to improve sorption capacity and to make sorption of caesium
more selective and almost irreversible. They recommended the use of modified
aluminosilicates for remediation of radioactively contaminated lands.

Some metals (like Zn, Cu) are essential for plant growth and sustenance,
however, higher levels of essential or non-essential metals cause toxicity and
inhibition of growth in most of the plants (Hall 2002; Lasat 2002). Absorption in
plants is a vital issue, where the root zone (rhizosphere) region along with soil
microorganisms interacts with the elements for bio-availability and uptake of the
same (Wenzel et al. 2003). Elements are typically co-transported across the plasma
membrane in the form of cations. Toxic heavy metals which do not have any known
biological function (viz. As, Cd, and Pb) are also transported through the common
transportation system (Manara 2012). Generally- in plants, root secrete exudates in
adjacent soil matrix which may help in chelation of unwanted metals and to prevent
transportation of these metals inside the cell (Marschner 1995). As for example,
root exudates like histidine (His) prevent Ni uptake from the soil (Salt et al. 2000),
whereas, pectic sites and different extracellular carbohydrate molecules present on
the cell wall play an important role in immobilization of toxic heavy metal ions
(Manara 2012). In metal contaminated soil, plants act upon as either “accumula-
tors” or “excluders” for particular metal(s), where the excluders restrict metal
uptake into their biomass and accumulators amass (high concentration) metals or
contaminants into their aerial tissues like leaf tissues after breakdown of the same
(Tangahu et al. 2011). However, chemical forms of metals may vary as bound
component to soil particle and/or precipitated form, which mostly make a major
portion of the metal(s) that is insoluble or unavailable to plants (Chatterjee
et al. 2013a). Several factors involve in controlling uptake, translocation, and
storage of different metals including toxic elements into the plant body. In soil
microorganisms, plant induce pH changes and redox reactions, plants also produce
chelating agents and exudates and a group of transporters embedded in plant cell
plasma membrane, it is the major regulator for several functions. The metal
transporter proteins like proton pumps —ATPases (that generate electrochemical
gradients and consume energy), co-and anti-transporters proteins (that use the
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electrochemical gradients generated by —ATPases), and ion channel proteins (that
facilitate the transport of ions into the cell) involved in metal uptake and translo-
cation (Tangahu et al. 2011).

7 Radionuclide Exposure and Plant Responses

Plants have been observed to take up many cations present in their root region
irrespective of biological requirement. When plants are exposed to ionizing radia-
tion, molecular and cellular effects are induced directly through damage of macro-
molecules or indirectly through water radiolytic reactions producing reactive
oxygen species (ROS) (Gupta and Walther 2014). By energy transfer from the
radiation field to plant tissue, ionizing radiation can directly induce DNA strand
breaks, lipid oxidation, or enzyme denaturation. ROS are also produced under
natural metabolism and their functions in plants are as signaling molecules, regu-
lating normal growth and development and they are useful in stress responses.
Plants also possess an antioxidative defense system comprising enzymes (e.g.,
superoxide dismutase (SOD) and catalase (CAT)) and metabolites (e.g., ascorbate
and glutathione) to regulate the amount of ROS in cells (Gupta and Sandalio 2012).
Plant metal tolerance mechanisms requires the coordination of complex physiolog-
ical and biochemical processes. Plants employ various strategies to cope with toxic
effects of radionuclides and heavy metals or metalloids, in general, and radionu-
clides stress either by avoidance (restricting the metal uptake), or by tolerance
(survive in the presence of high internal metal concentration). Plants also restrict
metal stress by the mechanisms like reducing the concentration of metal entering
into the cell by extracellular precipitation, biosorption to cell walls, reduced uptake,
and/or by increased efflux (Gupta and Walther 2014). However, tolerating metal
stress involves elaborate physiological responses like intracellular chelation
through synthesis of amino acids, organic acids, glutathione (GSH), and/or by
metal-binding ligands such as metallothioneins (MTs) and phytochelatins (PCs),
vacuolar compartmentalization, and up-regulation of antioxidant defense and
glyoxalase systems to counter the deleterious effects caused by ROS (Gupta and
Sandalio 2012).

8 Phytoremediation of Selected Radionuclides

8.1 Caesium

Caesium (Cs) has the chemical similarity to potassium (K) and thus
absorption and translocation by plants is common. Contamination of Cs ('**Cs
half-life: T, =2.06 years and 37¢s -1, 2 =30.04 years) leads to long persistence
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in soil and environment (Koarashi et al. 2012; Kamei-Ishikawaa et al. 2013). This
alkaline metal is present in solution as free hydrated cation Cs*. However, plant
uptake of Cs was first reported by Collander in early 1940s (Collander 1941) and was
thought to be coupled as a nutrient analogue with the same K* uptake transporter,
especially during low K concentrations (Menzel 1954; Zhu and Smolders 2000). It is
apparent that K* is the most significant cation amongst all other alkaline metals and
compounds that competes with Cs* uptake (Zhu and Shaw 2000). Plant families such
as Brassicaceae, Amaranthaceae and Chenopodiaceae are the major Cs accumula-
tors. For plant uptake of Cs, K" concentration in soil is the most important factor.
Thus, both selection of plant and potassium concentration in the soil should be taken
into consideration for phytoremediation of Cs from soil (Buysse et al. 1996).

Cs uptake in plants is not yet been fully elucidated on a microscopic level.
However, it has been observed that, low K concentration in soil helps to uptake Cs
through K uptake system. Thus, higher K concentration suppresses the Cs uptake
(Zhu and Smolders 2000). Studies on discrimination factor on Cs/K revealed that
plant roots usually absorb Cs less ably than K like nutrient analogue (Smolders
et al. 1996). Two K* transport pathways (K* channels and K" transporters) are
involved with Cs™ transportation, where multiple genes may be involved. As for
example, in A. thaliana, high affinity K* transporter family (e.g. AtHAKS5) and
voltage-insensitive cyclic nucleotide gated channels, AtCNGCs, are involved in the
Cs* uptake (Kanter et al. 2010; Kobayashi et al. 2010; Yamashita et al. 2014).

Specific absorption mechanism in soil by plant may depend upon several factors
like availability and exchangeability of Cs along with the particular salt content and
its interionic effects, soil type, water submergence time etc. (Tensho et al. 1961,
Mimura et al. 2001). Salts like ammonium molybdophosphate (AMP) and rubidium
chloride augment in uptake of Cs from soil. The application of AMP for partitioning
and recovery of radioactive '*’Cs from HNO; and NaNOj rich liquid waste is well
documented (Mimura et al. 2001).

However, a number of conditions and physiological parameters of plants are
involved that lead to differential uptake in different species. Among these factors,
plants demand for potassium and its rooting pattern for its growth strategies are
most important, along with the factors like presence of mycorrhizal fungi, rate of
root growth, efficiency of ion transporters that are present on plasma membranes
of root cells etc. (Broadley and Willey 1997; Zhu and Smolders 2000). Halophytes
of family Chenopodiaceae are long been known as Cs accumulators, however, their
capability to discriminate K and Na from Cs for uptake from salty soil is still
discussed controversially (Flowers et al. 1986; Zhu and Smolders 2000).

To understand the genetic variations in plants for uptake of Cs is very important
for selection of suitable crops grown in soils and their accumulation pattern within
the edible parts. This kind of data may be helpful to minimize its transfer to food
chain. Further, non-edible plants may also be explored to decontaminate the soil
contaminated with this radionuclide (Zhu and Smolders 2000). Reports showed that
red root pigweed (Amaranthus retroflexus) is a good accumulator of '*’Cs with
higher uptake rate and plant growth, as also shown during the phytoremediation
practices for Cs-contaminated soil in the vicinity of Chernobyl, Ukraine
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(Lasat et al. 1997, 1998; Dushenkov et al. 1999). Kang et al. (2012) showed that
napier grass (Pennisetum purpureum Schum.) under hydroponic condition is also a
good accumulator of Cs and may be applied for phytoremediation. To reduce the
total time required for phytoremediation, various chemical and biological amend-
ments may be useful in speeding up phytoextraction process. Reports suggest that
the application of NH4NO;, (NH4),SO4 could increase phytoextraction, while
application of potassium based components to the soil should be minimized
(Lasat et al. 1997, 1998; Dushenkov et al. 1999; Zhu and Smolders 2000). Further,
genetic alteration and special plant breeding by selection of suitable plant taxa may
be helpful to achieve the goal.

In a recent report by Yamashita et al. (2014) on the deposition of radionuclides
(radiocesium- '**Cs, '¥’Cs) in different plant species after the accident of the
Fukushima Daiichi Nuclear Power Station, Japan in March 2011, it is shown that
the transfer factors of radiocesium from soil to plant([Cs]plant/[Cs]soil) vary widely
in different plants. However, plants like Athyriumyo koscense, Dryopteris tokyoensis
and Cyperus brevifolius exhibited relatively high TF values (more than 0.4).

8.2 Uranium

U has six naturally known isotopes **°U to **U with half-lives varying between
69 years and 4.47 billion years. Among three primordial natural isotopes, “**U is the
most abundant isotope (~99.275 % of the uranium found in nature) followed by **
U (~0.720 %), and ***U (~0.005 %). Radioactivity and metal toxicity of U makes it
a pollutant of concern to the environment. Naturally, U is released into water or soil
through the weathering of rocks in the oxidized zone of the terrestrial near-surface
environment. In an almost constant isotopic ratio 2381(137.88):2°5U(1), release of
U to water takes place through natural geochemical process, while >>*U is produced
by the radioactive decay of *®U. A range of physicochemical forms like free metal
ion (U** or UO,*"), inorganic compounds (e.g., uranyl carbonate or uranyl phos-
phate), mineralogical matrices and soil humic substances (e.g., uranyl fulvate or
humate) in dissolved, colloidal, and/or particulate forms regulate the speciation and
bioavailability of U (Markich 2002). Biologically dissimilatory metal reducing
bacteria (DMRB) and sulfate reducing bacteria (SRB) play an important role in
U(VI) reduction to U(IV) in anaerobic environments (Liu et al. 2002; Payne
et al. 2002). Though U has no known essential biological functions, it is taken up
by a variety of mineral and other surfaces by the presence of dissolved calcium by
inducing the formation of ternary uranyl-calcium carbonate complexes. However,
redox state of U distribution is a consequence of the redox potential in solution,
predominantly the U(VI) to UIV) ratio, usually regulate its solubility and potential
for migration and formation of soluble UO, (Fredrickson et al. 2000; Stewart 2008).
Organic acids like citric acid were found to be most effective in increasing U
accumulation in plants. Huang et al. (1998) showed that U accumulation in shoot of
Brassica juncea and B. chinensis increased from less than 5 mg kg ™' to more than
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5000 mg kg~ ' in citric acid-treated soils, where soil concentration of total U was
750 mg kg~ .

Chemical and civil engineering based U remediation have several apprehensions
for its high economic and energy implications, chemicals that are used for the
process and their fates, specificity on the characteristics of contaminant, etc. On the
other hand, phytoextraction of uranium contaminated soil and water have recently
gained importance as it provides a low-cost alternative to currently employed
remediation procedures. Phytoremediation processes of uranium generate a mini-
mum amount of secondary waste(s) that may otherwise produce large amounts of
heavy metal laden leachate. Results of the study by Huang and his colleagues for
phytoextraction of uranium through amendment of soil using citric acid, however,
showed the process to be highly effective in triggering U hyperaccumulation in
selected plant species (Huang et al. 1998). The application of citric acid transiently
reduced the soil pH that enhances desorption of soil U leading to more root
absorption. Favas and Pratas (2013) reported that plants like Callitriche stagnalis,
Apium nodiflorum and Fontinalis antipyretica have the capacity to accumulate
significant amounts of U. These authors also suggested C. stagnalis,
A. nodiflorumas are keystone species which can be used for different
phytoremediation applications for removal of U from the contaminated sites for
their efficient rooting capability, high biomass and bio-productivity and the positive
correlation with the uranium concentration in waters (Favas and Pratas 2013; Pratas
etal. 2012). Duckweed (Lemna gibba and L. minor) was also reported to have good
ability to accumulate U in the standing water sources (Mkandawire and Dudel
2005; Favas and Pratas 2013). Further, greenhouse experiments with B. juncea and
H. annuus showed the phytoremediation of uranium-contaminated soil is enhanced
in B. juncea when the soil is augmented with citric acid buffer (pH 4.8) that caused
an enhancement of the desorption of U in the soil (Dushenkov 2003; Huhle
et al. 2008).

8.3 Radium

Radium (**°Ra), discovered by Marie Curie and Pierre Curie in 1898, is the product
of 2*8U decay series but is 2.7 million times more radioactive than the same molar
amount of natural U due to its shorter half-life. In the last nine steps of the fourteen
steps 2*®U decay series, Ra decay (Ra emanation) occurs producing exradio (**’Ra
gas), Ra A (*'®Po), Ra B (*'*Pb), Ra C (*"*Bi) etc. until stable **°Pb is reached. Ra
is a very important radionuclide due to its (inclusive isotopes *°Ra and ***Ra)
presence in all three natural decay series, relatively long half-lives. It has a high
mobility in different environmental conditions like uranium mining and processing
industries, phosphate and gold mining areas. Ra is a well-known stressors of human
body and accumulates in bone (IAEA 2002, 2014). In general, naturally four Ra
isotopes are present in the environment: uranium decay series- “2°Ra, thorium
decay series **Ra and ***Ra and actinium decay series *>Ra. Among these, ¢
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Ra and *2®Ra have half-lives of 1600 and 5.75 years, respectively (IAEA 2002,
2014). Alkaline earth metal Ra is a readily reactive element that reacts with soil and
its organic matter. However, absorption of Ra by plants from root zone decreases
with high soil sulphate content, increasing pH and increased exchangeable Ca
(IAEA 2014). **°Ra is mostly studied among its other isotopes. In plants, grown
in natural environment, Ra concentrations vary from 0.0044 to 52 Bq kg~ ' (DW),
with higher concentrations reported in Brazil nut (Simon and Ibrahim 1990).

Wetland plants like Typha latifolia, Phragmites australis, Juncus inflexus, Carex
buxbaumii and, Iris pseudacorus showed interesting result in the accumulation of
Ra from a constructed wetland contaminated with U/Ra heavy metals (Soudek et al.
2006, 2007). Macrophytic algae, members of Characeae family have also been
shown as hyper-accumulators of radium, the mechanism of which needs to be
ascertained properly (Kalin et al. 2002). However, Ra may be loaded into the
calcium-rich lattice and/or form of BaSO, substitute crystals in algal tissue (Kalin
et al. 2002; Kunze et al. 2007).

9 Summary and Conclusion

The two most crucial factors for successful implementation of specific plants for
restoration of radionuclide contaminated sites are (1) ability to uptake the radioac-
tive material to relatively high levels (2) without affecting the growth or high
biomass production. Potential plants should usually accumulate radionuclide in
the above ground parts at a level that exceed the soil concentration. There are
several factors that limit the application of plant based techniques for remediation,
like the rapid incorporation of the metal within/in clay/soil particle/minerals which
may limits its availability to the plants. However, phytoremediation might be the
most valuable easy technique for restoration of radionuclide contaminated soil if
selected cultivars are used. Further, selection of plants, genetic manipulation of
different transporters, elucidation of anti-stress factors in plant physiology are the
main future area of comprehensive research that will prove useful to counter our
own poised nuclear age.
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