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Abstract

Soil contamination with radiocaesium (Cs) has a
long-term radiological impact because it is readily
transferred through food chains to human beings.
Plant uptake is the major pathway for the migration of
radiocaesium from soil to human diet. The plant-
related factors that control the uptake of radiocaesium
are reviewed. Of these, K supply exerts the greatest
influence on Cs uptake from solution. It appears
that the uptake of radiocaesium is operated mainly by
two transport pathways on plant root cell membranes,
namely the K* transporter and the K™ channel
pathway. Cationic interactions between K and Cs on
isolated K-channels or K transporters are in agree-
ment with studies using intact plants. The K*
transporter functioning at low external potassium
concentration (often <0.3 mM) shows little discrimi-
nation against Cs*, while the K* channel is dominant
at high external potassium concentration with high
discrimination against Cs*. Caesium has a high
mobility within plants. Although radiocaesium is most
likely taken up by the K transport systems within
the plant, the Cs:K ratio is not uniform within the
plant. Difference in internal Cs concentration (when
expressed on a dry mass basis) may vary by a factor
of 20 between different plant species grown under sim-
ilar conditions. Phytoremediation may be a possible
option to decontaminate radiocaesium-contaminated
soils, but its major limitation is that it takes an
excessively long time (tens of years) and produces
large volumes of waste.

Key words: Radiocaesium, potassium, ion competition,
plant uptake, phytoremediation.

Introduction

Radiocaesium is one of the most important artificial
radionuclides produced by nuclear fission. It has been
introduced into the terrestrial environment by nuclear
weapons testing, authorized discharge of nuclear waste
and accidental release from nuclear facilities, such as the
Chernobyl accident in April 1986. Soil contamination
with radiocaesium has a long-term radiological impact
due to its long physical half-life (30 years for '*’Cs and
2 years for '**Cs) and its high biological availability.
Consumption of agricultural produce contaminated with
radiocaesium represents the principal route of human
exposure to this radionuclide (Shaw and Bell, 1994).
Research on plant uptake of caesium dates back to the
early 1940s (Collander, 1941), when studies focused on
differences in the uptake of ions from solution and on
establishing the suitability of using radioactive isotopes
to trace plant uptake of nutrients such as K™ (Epstein and
Hagen, 1952; Menzel, 1954). Deposition of radiocaesium
during nuclear weapons testing in the 1950s and 1960s
provided further opportunities for research on mechan-
isms of radiocaesium transfer to plants by foliar and root
uptake pathways (Russell, 1966) This research topic
received further attention following the accident at the
Chernobyl Nuclear Power Plant in April 1986, which
resulted in wide scale deposition of radiocaesium over
large areas of soil in Europe and the former Soviet Union.
In general, research has focused on the following three
areas: (1) mechanisms of plant uptake of radiocaesium;
(2) regulations of plant uptake of radiocaesium, for
example, by plant traits, soil potassium and mycorrhizas;
and (3) formulation of agricultural countermeasures for
and remediation of soils contaminated with radiocaesium.
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Since soil contamination with radiocaesium is still an
unsolved problem in many parts of the world, knowledge
on plant uptake of radiocaesium will be important for
devising effective strategies and developing techniques,
such as agricultural countermeasures and phytoremedia-
tion, to minimize the transfer of radiocaesium from soil to
humans. This paper therefore reviews the current knowl-
edge on plant uptake of radiocaesium in order to piece
together information on factors affecting uptake pro-
cesses (particularly K supply and genetic difference in
uptake) and the mechanisms involved. Soil-to-plant
transfer factors (TF) for radiocaesium and its distribution
within plants are also discussed because these two issues
are of direct relevance to human exposure to radio-
caesium through the foodchain. TF values for different
soil-plant combinations are summarized, which can be
used for radiological modelling and assessment. Phyto-
remediation of radiocaesium, as a potential environmental
technology is also discussed in terms of its potentiality
and limitations.

Uptake of Cs by plant roots: kinetics and
interionic effects

Caesium (Cs) is a weakly hydrated alkaline metal with
chemical similarities to potassium (K). Caesium is
predominantly present in solution as the free hydrated
cation Cs™ with little or no tendency to form soluble
complexes. Caesium can be readily absorbed by plant
roots from solution and can be translocated to the above-
ground plant parts. Plants grown in nutrient solution
typically concentrate Cs in their tissue compared to the
outer solution. Wheat plants grown for 70 d in nutrient
solutions (with K* concentration at 3.5 mM) spiked with
carrier-free '*’Cs contained 10-fold higher '*’Cs concen-
tration in the tissue water than in the outer solution
(Smolders and Shaw, 1995). Higher Cs concentration
factors are found at lower K concentrations where dry

weight-based shoot to solution '*’Cs concentration ratios
are found up to 4500 ml g~' (Smolders et al., 1996a).
The mechanisms by which Cs is taken up by plant
roots are not completely understood. At least at low K
concentrations there is evidence that Cs™ is absorbed by
the K* uptake system of the root. This evidence is
derived from the observations that K™ strongly sup-
presses Cs™ uptake (Shaw and Bell, 1991; Shaw et al.,
1992; Zhu and Shaw, 2000) and that Cs™ is efficiently
transported by an isolated high affinity K* uptake
transporter of wheat root cells (Schachtman and
Schroeder, 1994). Plant roots, however, absorb Cs less
efficiently than its nutrient analogue, potassium. This is
illustrated in the so-called Cs/K discrimination factor

(DF), defined as:
[CS] lant
( [K]zlanl)

BTN 1
([Cs]suw) )

[K]subsnute

values of DF below unity indicate that K is more
efficiently absorbed than Cs. Most reported Cs/K DFs
in plants exposed to nutrient solution are below 1 (Menzel
and Heald, 1955; Middleton et al., 1960; Cline and
Hungate, 1960; Nishita ez al., 1962; Baligar et al., 1979;
Smolders et al., 1996b). The Cs/K DF typically range
between 0.01 and 0.8 and vary with K concentrations,
species and type of plant tissue (Table 1). A Cs/K DF
above unity has only been reported once for a plant part
(bean trifoliate), but this may reflect a different internal
distribution of Cs and K since the Cs/K DF of the entire
plant was still below unity (Cline and Hungate, 1960).
Solution culture studies show that Cs/K DFs are always
lower than corresponding Rb/K DFs (Menzel and Heald,
1954; Baligar et al., 1979). This means that Rb is a more
suitable analogue for K in plants than Cs. Rubidium-86 is
indeed often used as tracer for K in plants, but it has been
reported that there is also Rb/K discrimination that may

Table 1. The Cs to K discrimination factor of plants grown in nutrient solution: the discrimination factor is defined in equation (1)

Plant

Exposure time

K in solution
(mM)

Cs in solution
(uM)

Cs-K discrimination factor

Reference

Millet, entire plant 40 d 2.8 14 0.22 Menzel and Heald, 1955
Sunflower up to flowering 2.8 14 Menzel and Heald, 1955

Flower 0.12

Leaves 0.17-0.20

Petioles 0.10-0.15

Stems 0.12

Roots 0.29
Barley roots 2h 0.01-10 carrier-free ¥’Cs ~ 0.15-0.35 Middleton ez al., 1960
Barley shoots 2h 0.1 and 10 carrier-free *’Cs 0.06 and 0.50 Middleton et al., 1960
Bean, first trifoliate 16 d 0.07-2.0 20 0.1-0.8 Cline and Hungate, 1960
Bean (different parts) 44 d 2.5-15 carrier-free 1¥’Cs 0.01-0.1 Nishita et al., 1962
Spring wheat, entire plant 11d 0.025-1.0 carrier-free '¥’Cs 0.04-0.26 Smolders et al., 1996




cause errors in estimating K fluxes in plants when based
on ¥Rb fluxes (Marschner and Schimansky, 1970).
Interionic effects on Cs uptake by plant roots have
been intensively studied and these effects are important in
predicting the uptake of radiocaesium from soil. Among
all alkaline metals and NH, it appears that K is the
most important cation that competes with Cs™ uptake
(Bange and Overstreet, 1960; Handley and Overstreet,
1961; Shaw and Bell, 1991; Shaw et al., 1992; Shaw,
1993). It has long been recognized that lowering K
concentrations in solution strongly increase Cs uptake by
plants (Cline and Hungate, 1960; Nishita et al., 1962).
These previous studies are difficult to analyse as there
is little information on the actual K concentrations in
solution during the experimental period. Low K concen-
trations are typically difficult to maintain in solution
culture. More recent studies, in which the experimental
period was either short or where K concentrations were
maintained within reported boundaries, do allow the
analysis of the K/Cs interaction in more detail. A
summary of 10 different studies is given in Fig. 1 where
the plant to solution Cs concentration ratio (the so-called
concentration factor, CF) is plotted as a function of
solution K concentration. All these studies refer to Cs
uptake at carrier-free (i.e. containing a negligible amount
of stable caesium) radiocaesium concentration and where
K concentrations are controlled to maintain within 40%
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of initial value during plant growth. The CF for radio-
caesium for each species are reduced by at least one order
of magnitude with increasing solution K up to about
1 mM K™ (Fig. 1). The largest effects are found roughly
between 10 uM and 250 uM K; above about 250 uM K
there is almost no further K effect on Cs uptake for
most species. Uptake of '*’Cs by the alga Selenastrum
capricornutum is reduced 10-fold between 80 uM K and
1500 uM K (Corisco and Carreiro, 1990). The con-
sequence of the large effect of K on Cs uptake in the
micromolar K concentration range is that '*’Cs uptake
from soil can be reduced by K fertilization at low soil K
status (Belli et al., 1995; Roca and Vallejo, 1995). Many
soils typically have K concentrations in pore water below
250 uM (Wolt, 1994).

Increasing concentrations of NH" reduce uptake of Cs
in short-term studies (Shaw et al., 1992) or have no effect
in complete nutrient solutions (Smolders et al., 1997a).
Soil solution concentrations of NH,™ are typically below
1 mM in aerobic soils (Wolt, 1994), and it seems that
varying NH4  concentrations are unlikely to affect the
root uptake process to any extent in soils. Increasing
NH, concentrations do, however, affect plant availabil-
ity of '¥’Cs in soil, but this effect is due to NH;" effectively
mobilizing Cs in soils (Sanchez et al., 1999). Increasing
concentrations of Ca?* and Mg”™" slightly reduced the
uptake of Cs. Uptake of Cs in spinach was reduced 3-fold
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Fig. 1. The relationship between external K™ concentration and concentration factor of radiocaesium by various plant species. Series 1: (Smolders
et al. 1996a); spring wheat shoot (dry weight-based): exposure time 11 d: age at harvest=18 d. Series 2: (Waegeneers et /., unpublished results); winter
barley shoot (dry weight-based); exposure time=10 d; age at harvest=17 d. Series 3: (Waegeneers et al., unpublished results); ryegrass shoot (dry
weight-based); exposure time=10 d; age at harvest=17 d. Series 4: (Waegeneers et al., unpublished results); Agrostis shoot (dry weight-based);
exposure time=10 d; age at harvest=17 d. Series 5: (Waegeneers et al., unpublished results); lettuce shoot (dry weight-based); exposure time=13 d;
age at harvest=20 d. Series 6: (Waegeneers ef al., unpublished results); bean leaves (dry weight-based); exposure time= 10 d; age at harvest=17 d.
Series 7: (Gommers et al., unpublished results); willow shoot clone (dry weight-based); exposure period=26 d; age at harvest=26 d. Series 8:
(Zhu, 1998); spring wheat root (dry weight-based) exposure time=63 d; age at harvest=63 d. Series 9: (Zhu, 1998); broad bean root, exposure

time =60 d; age at harvest=60 d.
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with increasing Ca+ Mg concentrations (at constant
Ca/Mg ratio) from 0.27 to 7.0 mM (Smolders et al.,
1997a). The interpretation of these results is that divalent
cations compete with Cs uptake through competition
in the apoplast (Smolders et al., 1997a). Increasing con-
centrations of stable Cs reduce uptake of radiocaesium
(Handley and Overstreet, 1961; Shaw et al., 1992), but
there is little effect below 10 uM Cs (Shaw et al., 1992).
Concentrations of stable Cs in soil pore waters are
estimated to be below 1 nM (Wauters, 1994). In con-
sequence, stable Cs may not be an important factor
affecting the root uptake process in soil. In addition,
uptake of '*’Cs by plant roots is proportional to solution
activities since '¥’Cs is released as a carrier-free isotope.
Solution culture studies with wheat confirmed that shoot
and root '3’Cs activities increase proportionally to '*’Cs
activities in nutrient solution, up to 100 kBq 17!, the
highest concentration tested (Zhu et al., 2000; J Buysse,
unpublished data).

Uptake of Cs by plant roots: possible
mechanisms

The strong relationship between K concentration and Cs
uptake (Fig. 1) calls for a detailed analysis. This strong
effect may be expected if it is assumed that Cs is absorbed
by the K uptake system with a constant DF between the
two cations. Equation (1) shows that the CF for Cs is
inversely proportional to solution K if the DF is constant
and if plant K is not a function of solution K. The last
condition is roughly met above 10 uM K since the
Michaelis constant for K uptake is below this value in
long-term studies (Glass, 1989). A more detailed analysis
of the Cs—K concentration relationship shows that the CF
can decrease even more than proportionally to the
reciprocal of the K concentration. As an example, the
5-fold increase in the concentration of K between 50 and
250 uM decreases the CF for spring wheat 30-fold. It is
yet unclear why K may have a more than proportional
effect on Cs at a given K concentration range. One
speculation is that diffusive limitations in the unstirred
layer around plant roots increase the Cs/K concentration
ratio above that in the bulk nutrient solution at low
K concentrations (see Smolders et al., 1996a, for more
details on this hypothesis). Above about 250 uM K, there
is little further K competition for Cs uptake by most plant
species (Fig. 1, but also Cline and Hungate, 1960). It can
be shown that the Cs—K DF therefore increases with
increasing solution K in the high K concentration range.

Carrier and channel modes have been proposed as
possible mechanisms with a molecular basis for the
transport of K™ across cell membranes of plant roots
(Nissen, 1991). Carrier-mediated transport is facilitated
by a high-affinity system (transporter) within cell

membranes operating predominantly at low external K
concentration (often <0.3 mM). Potassium is transported
across the plasma membrane against the electrochemical
gradient via this system (Maathuis and Sanders, 1994).
The structure and transport mechanisms of a high
affinity K uptake transporter were eclucidated in 1994
(Schachtman and Schroeder, 1994). This transporter
(HKTI) is probably a K*-H™" cotransporter and has
a selectivity sequence of K™ >Cs™ >Rb" >Na™ > NH,
(Schachtman and Schroeder, 1994). Expressing and
voltage clamping HKT1 in Xenopus oocytes showed that
Cs was transported efficiently at 86% of the rate of K
at equal concentrations of 1 mM. However, more recent
results indicated that HKT1 is a Na™ /K™ cotransporter,
and is highly selective for K* and Na™*(Gassmann ef al.,
1996). Nevertheless, it has been suggested that multiple
high-affinity K™ transport systems may be involved in
K™ uptake (Wang et al., 1998) and the selectivity of an
individual transporter for K* and Cs* has yet to be
determined. Channel-mediated transport is a low-affinity
system operating at high external potassium concen-
tration, typically above 0.5-1 mM K (Maathuis and
Sanders, 1997). The first identification of K™ channel
cDNAs from plants were made in 1992 (Sentenac et al.,
1992). The channel KATI1 was cloned from Arabidopsis
thaliana, which is a voltage-dependent inward rectifying
K™ channel (IRC) that operates at high K concentrations
and has a selectivity K> Rb > Na > Cs (Schachtman et a/.,
1992). Maathuis and Sanders also reported a similar
selectivity of K* channel for monovalent cations
(Maathuis and Sanders, 1995). The channel can even be
blocked by Cs at carrier Cs concentrations (e.g. 1 mM
Cs™, Becker et al., 1996).

The competition studies on isolated K transporters are
in agreement with the overall pattern of Cs uptake
at various K concentrations (Fig. 1). The K* transport
system operating at low K concentrations can transport
Cs™ efficiently whereas Cs* permeates only slowly in K
channels operating at K concentrations above 0.5-1 mM.
This model is supported by results reported by Sacchi
et al., who demonstrated that at low external potassium
concentration (<0.25 mM K), Cs*, Rb™ and K™ have
similar kinetic constants in subapical maize root segments
(Kn=26, 26 and 22 uM and V,,.x=3.62, 3.94 and
4.09 pmol h™' g=! FW) (Sacchi er al., 1997). At higher
K concentrations, the selectivity for K strongly increases.
Other evidence for this model is derived from Cs uptake
kinetics in the aquatic plant Riccia fluitans growing at
different external K™ concentrations (Fernandez et al.,
1997). The high affinity transport system follows the
Michaelis-Menten equation (i.e. saturation kinetics), and
is believed to be carrier-mediated (H ' -cotransporter),
whereas the low affinity one exhibits linear kinetics, and
is expected to be channel-mediated.
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Table 2. Total radiocaesium efflux over the elution period and the rates of efflux from cytoplasm and vacuole at the beginning of elution

(values in brackets represent s.e., n=4, data from Zhu et al., 1999)

External K level Total efflux Percentage of the ® cp’v’o
(Bqg™h total uptake (%) (Bq g ' min~1) (Bq ¢! min~)
50 uM 292.2 4.0 7.2 0.4
(42.03) (1.25) (1.88) (0.08)
100 pM 183.6 12.1 19.2 1.7
(41.33) (1.46) (3.68) (0.30)
“®co, efflux rate from cytoplasm at =0.
®yo, efflux rate from vacuole at 1=0.
It is yet unclear why the low Cs uptake rate at high 4 s
K concentrations is almost unaffected by increasing 404 o Starved
K concentrations. It may be possible that Cs enters the 235 * Nor-starved
plant with uptake systems other than the K channels E 30 °
because its permeability in these channels is small. _E 25
Another hypothesis is that Cs influx occurs through the :f 20 o
K channels but that the ratio of Cs to K in the efflux part x "
varies with K supply. The effect of external potassium E 19
concentration on efflux of '*’Cs has been demonstrated S 1o o .
for wheat roots (Zhu ez al., 1999). Efflux of '*’Cs was 05 . .
found to be greater with high external potassium 0.0 , S . . >
concentration (0.1 mM) than that with low potassium 0 50 100 150 200 250 300 350
concentration (0.05 mM) (Table 2), which implied that K* concentration (uM)

the inhibitory effects of external potassium on radio-
caesium uptake is partly due to efflux, this result provides
a further explanation on how potassium regulates plant
uptake of radiocaesium.

Field-grown crop plants are subjected to potassium
starvation due to temporal and spatial variation in
bioavailable potassium in the soil, resulting in the
fluctuation of internal potassium concentration, which
may also play an important part in regulating plant
uptake of radiocaesium (Jones et al., 1991). It is therefore
important to quantify the effects of internal potassium
status on plant uptake of radiocaesium. Potassium star-
vation could induce the expression of K™ transporters,
such as HKT1 (Wang et al., 1998), these high affinity
K™ transporters have low discrimination between K™
and Cs™ (Sacchi et al., 1997), therefore may also increase
Cs™ uptake. Recently Zhu et al. demonstrated that 3 d
after withdrawal of potassium from the growth medium
of wheat seedlings, the subsequent uptake of radio-
caesium increased dramatically (Fig. 2) (Zhu et al., 2000).
Study on uptake kinetics showed that potassium starva-
tion caused substantial reduction in the K, value and
increase in the V. value (of Cs™). It was also observed
that the effect of starvation was to some extent
compensated by resupply of potassium in the growth
medium, especially at K* concentration over 250 pM.
This finding is in accordance with the mechanism
discussed above that, when external potassium con-
centration increased to a certain level (>200 uM), the
K™ uptake system transits from carrier-mediated (K™
transporters) to channel-mediated which discriminates

Fig. 2. Effect of K starvation on '*’Cs uptake by spring wheat
at different external K concentrations (absorption time 90 min, Zhu
et al., 2000).

against Cs*. Therefore, both Cs™* uptake and the effect of
potassium starvation were greatly reduced with resupply
of potassium.

Genetic difference in plant uptake of
radiocaesium

Genetic differences in plant mineral nutrition have been
widely recognized by both agronomists and molecular
biologists. Genetic variation in radiocaesium uptake is
evident from the wide range of transfer factors observed
for different species. Kopp et al. found that different
types of crops grown on radiocaesium-contaminated
sewage sludge displayed a 10-fold range in the radio-
caesium transfer factor (Kopp et al., 1990). Prister et al.
observed a 20-fold range in the radiocaesium transfer
factor for different natural species from a peaty meadow
soil (Prister et al., 1993). Genetic variation in radio-
caesium uptake has also been found in tree plants. For
example, Ertel and Ziegler observed that '*’Cs activities
caused by root uptake from global fallout in trees of
a Bavarian forest varied in the order of spruce>
larch > sycamore maple (Ertel and Ziegler, 1991). A wide
range of plant species have been screened for accumula-
tion of radiocaesium (or stable caesium) (Broadly and
Willey, 1997; NJ Willey, personal communication).
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Among 30 plant taxa examined by Broadly and Willey, it
was found that there were maximum differences between
Chenopodium quinoa and Koeleria macrantha of 20-fold in
tissue Cs concentrations (Broadly and Willey, 1997).
More recent work by Willey and his co-workers (personal
communication) has led to the general conclusion that the
highest caesium accumulation occurs in families such as
Amaranthaceae, Chenopodiaceae and Brassicaceae.
However, Nisbet and Woodman pointed out that, for
agricultural crops, genetic differences in TFs are quite
small, especially when TF is expressed on a fresh weight
basis for the plant (Nisbet and Woodman, 2000).

Genetic difference in plant uptake of radiocaesium
could be altered by growth conditions, such as external
potassium concentration. In a solution culture experiment
under five nutritional scenarios with a range of K and Ca
concentrations, Buysse et al. observed significant differ-
ences in total plant radiocaesium concentrations between
clover, radish, maize, and sunflower (Buysse ez al., 1996).
Nevertheless, the largest difference in '*’Cs concentration
among the four plant species was found at the lowest
K concentration (¢. 0.25 mM), which implies that crop
selection as a measure to reduce '*’Cs transfer from soil
to food chain may not have significant effects without
taking into consideration the external potassium concen-
tration. The smaller difference in radiocaesium uptake
among the four plant species at external potassium
concentration above 0.25 mM may be due to the fact
that root uptake of K* and Cs™ is mainly operated by a
channel-mediated system. The interaction between nutri-
ent regimes and accumulation of Cs was also observed in
six different species in the family Gramineae (Broadly and
Willey, 1997).

Genetic differences in the uptake of radiocaesium by
crops can result from a number of plant physiological
parameters, such as plant growth strategies, growth rate,
plant demand on potassium, rooting pattern, degree of
mycorrhizal infection, ion transport systems on plasma
membranes of root cells, and root growth rate. Plant
demand on potassium seems to be important for caesium
uptake. This was demonstrated in the plant families
of Chenopodiaceae and Gramineae (Broadly and Willey,
1997). Discrimination of plant roots between K and Na
may also play a role in Cs uptake. Most of the halophytes
have long been known to show little discrimination
between K and Na, while the high proportion of halo-
phytes is in the family of Chenopodiaceae (Flowers et al.,
1986), to which many plant species with high capacity of
taking up radiocaesium from soil belong (NJ Willey,
personal communication).

Understanding the genetic variation in plant accumu-
lation of radiocaesium will be very useful in three aspects:
(1) selection of suitable crops grown in soils with a low
level of radiocaesium contamination so as to minimize
its transfer to food chains, but there is little difference on

a fresh mass basis, which is the form that people eat;
(2) data on genetic variation could be integrated into
models predicting the fate of radiocaesium in various
soil-plant systems and for radiological assessment; (3)
selection of plant species for the purpose of phytoreme-
diation of soil contaminated with a high level of radio-
caesium such as in vicinity of nuclear facilities (see section
below).

Soil-to-plant transfer factors of Cs

The soil-to-plant transfer factor (TF, normally expressed
as Bq kg~ ! dry weight plant tissue/Bq kg~ ! dry mass soil)
is often used to describe the uptake of radiocaesium from
soil. Typical soil-to-plant transfer factors for agricultural
plants have recently been compiled (Nisbet and
Woodman, 2000) and these values are listed in Table 3.
Soil properties, especially soil texture and potassium
status have a major effect on the soil-to-plant transfer of
radiocaesium (Bilo et al., 1993; Guivarch et al., 1999). It
can be seen from Table 3 that TF values for agricultural
plants are normally within the range of 0.001-1 for
mineral soils with textures of loam or clay. For organic or
sandy soils, TF values could be more than 1 or even as
high as 28.5 for some agricultural crops (Sanchez et al.,
1999; Nisbet and Woodman, 2000). The relationship
between TFs for radiocaesium and soil exchangeable K
could, in some cases, be described by a negative power
function (Nisbet er al., 1999). These power function
relationships accounted for ~ 37% of the variability in
TF, and suggested that the TF for radiocaesium
increases exponentially below a critical level of exchange-
able K of around 0.2 meq per 100 g soil (Bilo et al., 1993;
Nisbet, 1995). By analysing a large database, Nisbet and
Woodman found that TFs for radiocaesium appear to be
independent of radiocaesium concentrations in the soil
for concentrations that vary over five orders of magnitude
(Nisbet and Woodman, 2000). This validates the use of
the TF approach to predict plant uptake of radiocaesium
in agricultural systems.

The relationship between soil K supply and TF is
different from that between solution K and CF shown in
Fig. 1. Increasing K supply can mobilize Cs in soil
through ion exchange reactions, thereby obscuring the
effect of increasing K on the CF of Cs. Smolders
compared the TF values for Cs (ryegrass) between 30
different soils and found that the radiocaesium concen-
tration ratio of grass—soil solution followed the same
trend as that shown here in Fig. 1 (Smolders, 1997b). This
analysis showed that plant uptake of radiocaesium
can be predicted from soil solution concentrations of
both Cs and K. Based on this concept, models
have been developed to predict soil-to-plant transfer of
radiocaesium from readily available soil parameters



Plant uptake of radiocaesium 1641

Table 3. Recommended values and 95% confidence intervals for TF (Bg kg™’ dry matter per Bq kg™ dry mass soil) for radiocaesium for

mature edible parts ( Nisbet and Woodman, 2000)

Crop Soil type N N Recommended 95% confidence intervals’
value
Lower Higher
Cereal Sand 2.8 25 2.1x1073 1.7x1073 2.5%107}
Loam 358 23 1.4x1072 45%107% 4.2x107!
Clay 49 11 1.1x1072 5.7x1074 2.1x107!
Organic 54 7 43% 1072 3.8x1073 49%107!
Tubers Sand 89 13 1.1x107! 1.4x1072 8.9%x107!
Loam 173 14 2.9%1072 2.9x1073 2.8x107!
Clay 20 5 2.9%1072 3.4x1073 2.5%107}
Organic 15 5 5.5%1073 6.0x1072 5.1x107"
Green vegetables Sand 72 7 2.1x107! 2.6x1072 1.7
Loam 100 12 1.2x107! 1.2x1072 1.2
Clay 34 5 6.6X1072 7.6x1073 5.8x107!
Organic 7 2 2.9%107! 1.6x1072 5.5
Brassicas Sand 36 7 1.2x107! 1.3x1072 1.2x107!
Loam 40 9 2.8%1072 5.9%x1073 1.3x107"
Clay 13 2 4.4x1072 9.6x1073 2.0x107}
Organic 11 4 2.1x107! 5.7x1073 7.5%x107!
Root vegetables Sand 38 9 5.4%x1072 8.7x1073 3.3x107!
Loam 52 11 3.7x1072 1.5x1073 9.0x107"
Clay 13 3 2.2x1072 3.5x1073 1.4x107!
Organic 12 4 7.9%1072 3.3x1073 1.9
Legumes Sand 47 8 7.4x1072 6.1x1073 9.0x107}
Loam 74 11 1.1x1072 6.4x107* 1.8x107!
Clay 13 2 3.8x1073 1.8x1073 8.0x1073
Organic 0 — 3.5x1072¢ — —
Onions Sand 20 3 1.3%x1072 3.6x1073 4.6x1072
Loam 11 2 8.5x1073 1.3x1073 5.7x1072
Clay 7 1 5.6x1073 9.5%x10~* 3.3%x1073
Organic 5 1 6.7x1073 2.8%x107% 1.6x107!

“Number of observations.

bNumber of studies.

“Value extrapolated using scaling factor for loamy soil.
“population confidence intervals.

(Roca et al., 1997; Smolders et al., 1997b; Absalom et al.,
1999). Absalom et al. recently developed a model using
three key soil properties underlying the plant availability
of radiocaesium: the labile radiocaesium distribution
coefficient (Ky;), the solution K™ concentration ([m]),
and radiocaesium concentration factor (CF, Bg kg '
plant/Bq dm ™3 soil solution) (Absalom et al., 1999). The
model was first parameterized using radiocaesium uptake
data in a pot trial, then was tested for a wide range of soil
and crop combinations showing that model predictions
of activity concentrations in crops were in generally good
agreement with observed values.

Distribution of Cs within plants

Caesium has a high mobility within a plant. Similarly to
K, Cs can be distributed to leaves, flowers and fruits.
Short-term uptake studies show that significant fractions
of Cs are transported from the root to the shoot within
the first 2 h (Middleton et al., 1960; Buysse et al., 1995).
Dry weight-based caesium concentrations are often
higher in roots than in leaves and stems (Cline and
Hungate, 1960; Smolders and Shaw, 1995; Zhu, 1998).

The differences in Cs concentrations between plant tissues
are small during vegetative growth and different distribu-
tion patterns are found for different species (Menzel and
Heald, 1955). The root : shoot Cs concentration ratio
increases with decreasing K supply (Buysse et al., 1996;
Smolders et al., 1996a; A Gommers et al., unpublished
results). Tissues that have low K concentrations (on a dry
weight basis), such as ears, fruits or wood, are also low in
Cs. Concentrations of '*’Cs in the grain of winter wheat
and winter barley were on average 3-5-fold lower than
corresponding concentrations in straw (Bilo et al., 1993).
The Cs distribution within the plant does not, however,
exactly reflect that of K. Gommers et al. showed that
when expressed on a dry weight basis '**Cs concentra-
tions in willow plants varied 10-20-fold between different
tissues and '**Cs concentration decreased from roots >
leaves > stems >wood (Gommers et al., 2000). The K
concentrations in these tissues followed the same trend
but there were only less than 5-fold differences in
concentration. Menzel and Heald showed that the Cs:K
ratio’s varied up to 5-fold between the different tissues
(leaves, root, stems, flowers) of buckwheat, sunflower,
sweet clover, millet, and oats (Menzel and Heald, 1955).
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Table 4. Phytoextraction of radiocaesium from contaminated soils, data derived from Lasat et al. (1998)

Plant species Indian mustard

Red root pigweed Tepary bean

Total '¥’Cs in soil (kBq m™2)*
137Cs removed in shoots (kBq m~?)

26401480
1.2+0.12

24004960
524264

16804720
0.8+0.4

The different distribution of Cs and K may be related
to Cs:K discrimination in each membrane transport.
Buysse ef al. measured the circulation of '*’Cs in spinach
plants (Buysse ef al., 1995). The amount of '*’Cs that is
recirculated to the root as a fraction of xylem transported
137Cs was calculated from the accumulation of both '*’Cs
and Ca in the shoot, and their concentration ratio in the
xylem. The amount of recirculated Cs varied between
75% and 95% and was always higher than the fraction K
that is recirculated (2-77%). This shows that Cs can be
transported efficiently in the phloem. The higher fraction
of Cs that is recirculated can be attributed to K to Cs
selectivity for uptake in leaf cells. Potassium channels
mediate K uptake by leaf cells from the xylem. Various K
channels have been identified in plant leaf cells and all
of these do not transport Cs efficiently and are blocked
by micromolar Cs concentrations (Hedrich and Dietrich,
1996). The high affinity K transporter that transports Cs
efficiently has only been identified in root cells and not
in above-ground plant parts.

Phytoremediation of soils contaminated with
radiocaesium

Remediation of soils contaminated with radiocaesium
using present physical and chemical technologies may
entail high costs. As discussed above, different plant
species have different abilities to take up radiocaesium
from soil. While this variation has particular relevance in
terms of being able to reduce the transfer of radiocaesium
from soil to food chains by selecting appropriate crop
cultivars/species for soils with low level of contamination
with radiocaesium, it can on the other hand be exploited
for the purpose of phytoremediation of contaminated
soils. Willey and his colleagues (Broadley and Willey,
1997; Willey and Martin, 1997; NJ Willey, personal
communication) have obtained relative radiocaesium
uptake values in about 200 species and found that the
highest values are all in the Chenopodiaceae or closely
related families such as Amaranthaceae. Selection of such
taxa could be used to increase the phytoextraction of
radiocaesium from contaminated soils.

Lasat et al. have conducted hydroponic and field
experiments to select potential plant candidates for
phytoremediation (Lasat et al., 1997, 1998). They
identified that red root pigweed (Amaranthus retroflexus,
which is closely related to the Chenopodiaceae) is an

effective accumulator of radiocaesium which is capable
of combining a high degree of uptake of '*’Cs with
high shoot biomass production (Table 4). Similar results
have been obtained in a field trial in radiocaesium-
contaminated soil in vicinity of Chernobyl, Ukraine
(Dushenkov et al., 1999). However, both of these studies
showed that phytoremediation will take an excessively
long time to clean up contaminated sites. For example,
according to the data from Lasat et al. and assuming
that TF (soil-to-plant transfer factor) does not change
over the remediation period, it may take 40 or more
croppings of red pigweed (Amaranthus retroflexus) to
decontaminate moderately radiocaesium-contaminated
soil (Lasat et al., 1998). Further improvements are there-
fore essential to make phytoremediation a feasible option
to clean up Cs-contaminated sites.

The speed of phytoextraction of radiocaesium may be
accelerated by applying various amendments and com-
bining other biological approaches. Combination of
different chemical amendments may be useful in accel-
erating phytoextraction. For example, Lasat et al. showed
that application of NH,NO; (4-80 mmol kg~ soil) might
increase plant accumulation of radiocaesium (Lasat et al.,
1997, 1998). In field trials, Dushenkov et al. showed that
application of (NH4),SO4 could increase phytoextraction
of radiocaesium by Amaranthus retroflexus (Dushenkov
et al., 1999). While potassium fertilizer should be
minimized since plant uptake of radiocaesium is inhibited
by potassium.

To speed up the process of selection of suitable plant
taxa, a special plant breeding programme assisted by
molecular biotechnology may be useful. Recent develop-
ments in molecular aspects of plant mineral nutrition,
such as identifying and cloning the genes responsible for
plant acquisition of K™, have provided some promising
evidence for the potential acceleration of phytoremedia-
tion technology. Molecular aspects of plant acquisition
of K* is being widely studied for utilization of salt-
affected and/or low potassium soils, outcomes from
this type of research may well be useful for improving
phytoextraction of radiocaesium-contaminated soils.

Another problem arising from current phytoremedia-
tion strategies is the accumulation of radioactive biomass.
The amount of biomass could be as much as 300 t ha ™'
after 20 years phytoremediation, which can be reduced
dramatically by composting or other methods. However,
to remove the top 5 cm (or deeper) of contaminated
soil physically (around 800 t ha™') appears even more



formidable. Additionally, a long period of monocropping
will cause serious soil nutrient mining, therefore nutrient
management is also an important issue to be considered
when designing a phytoremediation practice.

Concluding remarks

In the past few decades, particularly after the Chernobyl
accident, significant progress has been made in under-
standing the biological processes of plant uptake of
radiocaesium and its regulation. It is generally accepted
that Cs enters plants principally via K transport systems,
namely K transporters and channels operating at different
external potassium concentrations. Apparently K trans-
porters have a low degree of discrimination against Cs;
whereas K channels highly discriminate against Cs. K
therefore appears to be one of the major factors influen-
cing plant uptake of radiocaesium. The relationship
between external potassium concentrations and uptake
of radiocaesium could be described by a negative power
function, which has been used as a key function to model
the soil-to-plant transfer factors for different soil and
plant combinations. However, integration of soil-based
models to predict potassium concentrations around roots
of field-grown plants will surely increase the accuracy of
the prediction of soil-to-plant transfer factors. Phyto-
remediation to clean up soils contaminated with radio-
caesium is potentially useful, but it is not a practical
environmental technology at the moment. Further
research on agronomic measures and molecular basis
for the uptake of radiocaesium by plant species, which
have recently been identified as having high capacity to
accumulate radiocaesium, is needed.
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