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ABSTRACT
Radiocaesium is an isotope that can enter the food chain after having been absorbed by
plants from soil. Our ability to predict the consequences of an accidental release of 137Cs
depends mainly on the level of understanding of the mechanisms involved in 137Cs
interactions with different components of agricultural and natural ecosystems and their
formalization into predictive models. In this study the impact of some environmental and
physiological factors, such as root density and presence of AM (Arbuscular mycorrhizal)
fungal hyphae, on the ability of plants to uptake and accumulate radiocaesium through the
roots was investigated. Three plant species were used: pea, soybean and oats. Experimental
data suggested that, as roots explore new volumes of soil during growth, the plant will
continue to accumulate this radionuclide at high rates in the early stages of ontogenesis. If
plants are established on a contaminated site they may not be able to remove all of this
radionuclide from soil, especially if a substantial amount of the radionuclide has been leached
below the root zone which is commonly 30-40 cm in depth. Laboratory experiments indicate
that certain plants may be able to remove radionuclides, especially 137Cs, from soil over a
time period of 5-20 years.
KEYWORDS: Radionuclide, Radiocaesium, Modelling, Fungal hyphae, Root system,
Mycorrhizal.
1. INTRODUCTION
Radionuclides are distributed to soil and plants in the contaminated area by physically and
biologically mediated nutrient cycling processes (Avery, 1996). Radionuclides, especially
137
Cs, can accumulate as they move up the food chain (Church et al., 1990).
Remediation of soil contaminated with radionuclides using present technologies may require
that soil be transported from the contaminated site and treated with various dispersing and
chelating chemicals. Transport of soil requires heavy equipment, is time consuming and
expensive; it may also result in additional dispersal of pollutants through possible spills.
Therefore, few attempts have been made to remediate land contaminated with radionuclides.
Mycorrhizae are symbiotic relationships between a soil fungus and host plant root. The plant
provides the fungus with carbon in the form of sugars, and the fungus provides the plant with
a mechanism that greatly enhances the ability of its root system to acquire nutrients and
water. Plants inoculated with a specific mycorrhizal fungus have been shown to increase their
ability to acquire necessary nutrients while removing large quantities of 137Cs from soil
(Varskog et al., 1994).
However, mycorrhizae responsiveness is determined not only by plant and fungal
characteristics, but also by the characteristics of the soil on which the experiments are
conducted.
We tested the influence of Arbuscular mycorrhizal inoculation on roots of three main
agricultural species: pea, soybean and oats. These species exhibit differences in their root
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systems: soybean and pea (Fabaceae) have a “core-type” root system and oats
(Graminaceae) has a fibrous root system.
These plants were grown in a soil collected in South Belarus, in the area contaminated by
radionuclides. A control group was grown in soil of the same type but not contaminated.
The aim of this study was to assess the relation between availability of radionuclides in soil,
mycorrhizal abundance and accumulation of radionuclides in plants.
2. EXPERIMENTAL SETUP
2.1. Materials
Soils of type Podzoluvisol were collected from uncontaminated and contaminated sites (0-30
cm horizon) from “Sudkovo” farm, Khoiniki district, Gomel region, Belarus. The specific activity
of 137Cs in the soil was 1983 Bq kg-1. Resident mycorrhizae in both samples were killed by
steam pasteurization at 1210 C for 24 h. Steam sterilization at 1210C is known to kill resident
mycorrhizal spores, but does not change the soils organic structure or chemistry (Entry et al.,
2002).
The entire experiment was replicated 3 times for each species.
2.2. Chemical analysis of soils and Mycorrhizal inoculum preparation
Soil moisture was determined gravimetrically after drying to a constant weight at 1040C for
24h. Bulk density was determined by the core method (Blake, 1965).
Soil pH was determined with a 1:1 pastier of soil and water (McLean, 1982).
Mycorrhizal soils containing Glomus mosseae and Glomus intraradices spores were obtained
from the Collection of Arbuscular Mycorrhizal Fungi, Belorussian Research Institute for Soil
Science and Agrochemistry. Arbuscular mycorrhizal fungi inoculums for soil with radionuclide
(a non-mycorrhizal soil with radionuclide was used as control) were prepared using the
procedure described by Entry et al. (1999).
2.3.Mycorrhizal infection
The roots of each test plant were removed by sieving the soil in each pot through a 0.5 mm
opening. Three roots were collected, washed three times with distilled water and cut into
pieces of approximately 3.0 cm lengths. Roots were cleaned by placing them in 10% KOH
solution. The solution and roots were placed in a microwave oven for 5 min and then placed
24 h in a solution of 0.05% trypan blue in lactoglycerol (Phillips and Hayman, 1970). The roots
were inspected in a microscope with 100x magnification, and the percentage of root area
infected was estimated using the line intersect technique described by Giovannetti and Mosse
(1980).
2.4. Plant growing conditions
Plant seeds were immersed in 30% H2O2 for 30 min to ensure the absence of pathogenic or
mycorhizal fungi.
25 plants were sowed per pot; the pot surface was approx. 0.05 m2 and the quantity of soil
was 5 kg per pot (dry soil).
Plants received 1.5 mg N as NH4NO3 and KNO3, 0.5 mg P as KH2PO4 and 0.6 mg K as
KH2PO4 and KNO3 in 10 ml H2O each week.
Plants were grown in the pot for 3 months in a greenhouse where the temperature was
maintained at 22±30C. During that time, the seedlings were exposed to sunlight with
photosynthetically active radiation of 240 µE m-2 s-1 and a photoperiod of 14-16 h.
The entire experiment was replicated 3 times for each species.
2.5. Sampling, measurement and calculations
Hand shears were used to cut samples from the above-ground portion of the plants in each
pot every 30 days during three month (April, May, and June). At the final harvest, the roots
were also sampled. All roots were washed in water. All root and shoot tissue was dried at
800C for 48 h and then weighed.
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Radioactivity of soil, plant and root samples was measured by gamma-spectrometry using a
high purity Ge(Li) detector. Measurement times were extended until the counting error was
reduced to less than 10%.
The amount of 137Cs removed was calculated by multiplying the Bq of radionuclide g-1 tissue
by the total dry mass (g) of the harvested tissue. The percentage of radiocaesium from the
soil was determined by dividing the amount of radioisotope measured in seedling tissue by
the amount of radiocaesium in each pot, multiplied by 100.
The bioconcentration ratio or transfer factor (TF) was calculated as Bq radioisotope kg-1 in dry
plant tissue / Bq radioisotope kg-1 dry soil.
Mass balances for each experiment were calculated using the formula given by Entry et al.
(1999):
MB = Ra – (Rps + Rpr + Rs) x 100,
were
MB - mass balance or the percentage of 137Cs accounted for,
Ra - the activity (Bq) of 137Cs added to the soil,
Rps - the activity (Bq) of 137Cs accumulated over the course of the experiment in plant shoots,
Rpr - the activity (Bq) of 137Cs accumulated over the course of the experiment plant roots and
Rs - the amount of 137Cs in the soil at the end of the experiment.
To evaluate plant mycorrhizal responsiveness we used formula given by Plenchette et al.
(1983). They used the term “relative field mycorrhizal dependency” (RFMD).
According to Plenchette et al.
RFMD =

(Dry weight of AM plant-Dry weight of non-AM plant) × 100
Dry weight of non-AM plant

2.6. Statistical methods
Data were processed by two-way analysis of variance (ANOVA) and Fisher’s protected least
significant differences (LSD) when appropriate.
3.
RESULTS AND DISCUSSION
The concept of the 137Cs soil-plant pathway is shown in Figure 1 with its three parts: the soil
solids (minerals, particulate organic matter), the soil solution and the plant. The exchange
between the soil solids and the soil solution is the soil chemical reaction. The uptake of
137
Cs from the soil solution is controlled by plant physiology, i.e. the ion uptake process in the
root cells and the transport to the above-ground parts. The ion uptake process has a
particular role in the entire soil-plant transfer process. Several studies in solution culture have
arrived at the conclusion that root uptake of 137Cs is sharply reduced with increasing
concentration of K (Goncharova, 2001). Caesium is not a nutrient but may be absorbed by the
transport systems of its nutrient analogue K. High concentrations of K+ ions effectively reduce
the chance that a Cs+ ion enters the plant through the K channels or carriers into the
membranes of root cells. This leads to the conclusion that availability in plants of 137Cs from
soil is controlled by its mobility in soil and by the concentration of K in the soil solution.

Figure 1. A conceptual presentation of the soil-plant transfer of 137Cs
The main chemical and physical characteristics of the soil used are presented in Table 1.
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Table 1. Chemical and physical parameters of the soil used
Hydroscopic
moisture, %
0.6

pH
6.9

Bulk density,
g cm-3
2.8

Organic
matter,%
2.0

Total C,
%
1.7

Clay, %
10.0

CEC,
meq 100g-1
7.9

Many factors affect availability of radionuclides in plants. Soil pH has an important influence
on their solubility (Bergeijk et al., 1992). For a more realistic description of the transfer of
radionuclides from soil to plant material Gerzabek et al. (1998) introduced the calculation of
“fluxes” using additional information like yield and growth time.
Another important factor affecting radionuclide availability is the CEC of soil, since the
concentration of Cs+ in solution is controlled by equilibrium phase partitioning between the
aqueous and solid phases (Schuller et al., 1988). Although clay content is an inherent feature
of soils, their organic matter content levels are directly influenced by agronomic factors such
as tillage frequency (Sawhney, 1972).
Several experiments were carried out to determine whether two factors, soil organic mater
content and mycorhizal infection, had a marked effect on plant accumulation (Drissner, 1998).
AM fungi responded to pH in a highly variable fashion. The response of arbuscular
mycorrhizal plants to pH has been studied for some very practical reasons, including potential
negative effects of H+ on plant productivity via direct effects on the endophyte and host
physiology, and indirect effects via changes in soil processes, e.g. metal and base cation
availability (Coughtrey et al., 1989; Clark et al., 1999). Some AM fungi did poorly in low-pH
soils, while other fungi did poorly after acid-soils were limed (Mosse, 1972). It was found that
the response of arbuscular mycorrhizas to soil pH seems to be dependent primarily on the
fungal species (Sylvia et al.,1998). Some fungal species readily form arbuscular mycorrhizas
in low-pH soils, while other species form mycorrhizas in higher pH soils (Entry et al., 2002).
The analysis of variance for several variables: plant biomass, concentration of 137Cs in plant
tissue, % accumulation by plant tissue, TF, above-ground biomass, root biomass and 137Cs in
soil indicated no significance (p≤0.05).
The above-ground biomass of pea, soybeans, and oats removed in three harvests, contained
from 4.5 to 23.4 % of the total amount of the 137Cs added to the soil (Table 2).
Table 2. 137Cs accumulation by plant tissue not inoculated with AM (Bq)
Harvests
4 weeks
8 weeks
16 weeks

Pea
x104
2.4 ± 0.2
2.8 ± 0.4
3.4 ± 0.4

Oat
x104
2.6 ± 0.3
3.9 ± 0.6
4.6± 0.7

Soybeans
x104
2.2 ± 0.5
4.6 ± 0.6
6.2 ± 0.8

When plants were inoculated with AM, above-ground plant biomass, concentration of 137Cs,
above-ground plant biomass, concentration of 137Cs in plant tissue, % accumulation of 137Cs
from soil and the TF in all three harvests increased compared to plants growing in the control
soil (not inoculated with AM). Above-ground plant biomass, concentration of 137Cs in plant
tissue and % accumulation of 137Cs from soil increased in all three harvests in the plants with
the highest sowing densities (Table 3).
Table 3. 137Cs accumulation by plant tissue inoculated with AM (Bq)
Harvests
4 weeks
8 weeks
16 weeks

Pea
x104
4.2 ± 0.3
5.6 ± 0.2
7.8 ± 02

Oat
x104
6.4 ± 0.2
12.7 ± 0.3
17.3± 0.2

Soybeans
x104
6.5 ± 0.2
8.2 ± 0.2
13.1 ± 01
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The concentration of 137Cs in plant tissues in this study is comparable with results from the
other studies. However, the proportion of 137Cs removed from the soil by these plants is
substantially higher than in experiment in the field (Goncharova, 1999; Krouglov et al., 1997).
It is suggested that these plants extracted a high percentage of 137Cs from the soil because:
a) root density was rather high;
b) plants grew rapidly, because growing conditions for these plant species were good, thus
uptake of water and soil minerals was high;
c) root colonization by mycorrhizal fungi was high.
Inoculation of pea, soybean and oats with AM increased above-ground plant biomass,
concentration of 137Cs in plant tissue and the accumulation of 137Cs from soil. Inoculation with
AM increased root biomass, which resulted in greater quantities of 137Cs from the soil. This
data is comparable with our previous data (Goncharova et al., 2002).
In a modelling study based on data from experimental results, Kirk and Staunton (1989) found
that the higher the density of roots in the soil the more 137Cs was accumulated by a wide
variety of grassland plants.
Although the ability to accumulate radionuclides varies among a wide array of plant species
occupying different habitats, many plants growing on contaminated soils have been shown to
accumulate radionuclides (Pinder et al., 1984; Murphy and Johnson, 1993). Laboratory
experiments indicate that certain plants may be able to remove radionuclides, especially
137
Cs, from soil over a time period of 5-20 years (Entry et al., 1999). Several researchers have
documented the accumulation of 137Cs in grasses and other herbaceous plants in the field
(Nifontova et al., 1989; Whicher et al., 1990).
4. CONCLUSIONS
The objective of the above studυ was to document 137Cs uptake by plants in relation to
contamination of grazing animals and incorporation of radionuclides into the food chain and
not phytoremediation. In order to make phytoremediation of radionuclides or other elements
that are considered pollutants practical, one must maximize root density, plant growing
conditions and availability of the contaminant to the plant. Even though a majority of plants
growing in soils contaminated with 137Cs are able to accumulate these radionuclides, not all
plants are able to maximize accumulation when put in cultivation. To adequately test the
feasibility of phytoremediation, experiments with soil contaminated with 137Cs must be made
in the field. The relationships between time (harvests) and uptake of 137Cs indicate that the
rate of radionuclide accumulation by plants is most rapid during the flowering period
(Goncharova et al., 1996; Goncharova 2001).
The amounts of 137Cs removed from the soil are most likely due to the fast growth rates and
the rapidly growing root system of plants during the initial stages of plant establishment. In the
early stages of ontogenesis, plants grow rapidly and increase photosynthetic suffuses leaves
area Root production will follow an exponential growth rate for weight and volume with
respect to time (Van den Driessche, 1987). Our data suggest that as roots explore new
volumes of soil during growth, the plant will continue to accumulate these radionuclides at
high rates in the early stages of ontogenesis. If plants are established on a contaminated site
they may not be able to remove all of these radionuclides from the soil, especially if a
substantial amount of the radionuclide has been leached below the root zone which is
commonly 30-40 cm in depth (Arapis et al., 1997; 1999).
The substantial increase in 137Cs in plants inoculated with AM indicates that mycorrhizal
inoculation in the field may improve uptake of 137Cs by plants in contaminated soils. When
inoculated with AM the plant species tested removed as much as 67.5 % of the 137Cs added
to the soil. The extent of AM infection in a plant will vary widely depending on concentration of
viable spores in the soil, plant species and environmental factors that affect plant growth
(Sylvia and Williams, 1992). AM are ubiquitous, and most species do not have specific host
preferences. In soil with established angiosperms, the addition of spores to the soil may not
increase host colonization. If the contaminated soil is disturbed and is void of plants, addition
of mycorrhizal fungi spores may increase mycorrhizal colonization of plants and enhance
plant survival and uptake of water, nutrients and radionuclides. The effects of inoculation with
AM on 137Cs uptake by plant species have been investigated primarily in greenhouses, where
environmental and soil conditions could be easily controlled. They have not been studied in
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detail in the field. A series of studies that investigates the effects of soil compaction on AM
formation and function on several plant species and across a range of soil types would be a
valuable contribution to the literature.
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