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Abstract Three kinds of sprouts in the Brassicaceae
family of plants, namely, pink kale, radish and mustard
were evaluated for the possibility of phytoremediation
of lanthanides. The mustard sprout more efficiently accu-
mulated lanthanides (e.g. 0.26 nmol La/g) than other
Brassicaceae family plant sprouts (0.16 nmol La/g in the
radish), however the radish sprout showed the fastest
growth among three sprouts. Faster growth compensated
for less efficiency in lanthanide accumulation (28 pmol La
in the radish vs. 12 pmol La in the mustard) indicating that
the radish is the most preferable sprout for the phyto-
remediation of lanthanides.
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Rare earth elements (REEs) are comprised of 16 transition
metals, i.e., scandium (Sc), yttrium (Y), and 14 lanthanides,
including lanthanum (La), cerium (Ce), praseodymium
(Pr), neodymium (Ne), samarium (Sa), europium (Eu),
gadolinium (Gd), terbium (Tb), dysprosium (Dy), holmium
(Ho), erbium (Er), thulium (Tm), ytterbium (Yb), and
lutetium (Lu) except promethium (Pr) which has no
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naturally occurring isotopes. REEs possess similar chemi-
cal properties and are widely used in various products, such
as high refractive index glass (La), rare-earth magnets (Nd,
Sm, Gd, and Dy), and an MRI contrast agent (Gd). Clearly,
the industrial demand for REEs has increased (Du and
Graedel 2011). REEs are also used in agriculture as fer-
tilizer to improve crop growth and production, and this has
resulted in an increase in the concentrations of REEs in
soil. In addition, Gd is frequently used in medicine as an
MRI contrast agent, such as (-)-1-deoxy-1-(methylamino)-
D-glucitol  dihydrogen [N,N-bis[2-[bis- (carboxymen-
thyl)amino]ethyl]glycinato (5-)] gadolinate (2-) (1:1)
(meglumine gadopentetate) and (4)-10-(2-hydroxypropyl)-
1,4,7,10-tetraazacyclododecane-1,4,7-triacetatogadolinium
[III] (gadoteridol) (Spinosa et al. 2002). However, it was
reported that Gd used in urban areas is not completely
treated in sewage plants and released into rivers (Verplanck
et al. 2010). Consequently, the widespread use of REEs has
led to their accumulation in the environment.
Phytoremediation, which is the remediation of envi-
ronmental contaminants, such as toxic metals and metal-
loids, by plants, has been reported. Solanum nigrum L. and
Pteris vittata L. are well-known hyperaccumulators of
cadmium and arsenic, respectively, and have been used for
phytoremediation (Ji et al. 2011; Natarajan et al. 2011). It
was reported that some pteridophytes, such as Dicranop-
teris dichotoma and Pronephrium simplex, can hyperac-
cumulate REEs in an amount equivalent to 0.1 % of leaf
dry weight (Wang et al. 2003; Lai et al. 2006).
Brassicaceae family plants, such as radish and Indian
mustard, are known as accumulators of selenium (Se) and
used for the phytoremediation of Se (Bafiuelos and Lin
2005; Baiiuelos et al. 2007). These plants accumulate
large amounts of sulfur in the various forms of sulfur-
containing metabolite, such as isocyanate and thioamino

@ Springer



134

Bull Environ Contam Toxicol (2012) 89:133-137

acids (Lampe and Peterson 2002), and hence, may be also
able to accumulate Se, which belongs to the same group as
sulfur in the periodic table. Indeed, unique Se-containing
amino acids, such as Se-methylselenocysteine, selenome-
thionine, methylselenomethionine selenonium, and sele-
nohomolanthionine, have been identified in Brassicaceae
family plants (Grant et al. 2004; Ogra et al. 2007; Yatha-
vakilla et al. 2005). In addition, thioamino acids present in
large amounts are expected to be an accumulator of heavy
metals, such as REEs, because of their ability to sequester
heavy metals.

In this study, the sprouts of three Brassicaceae family
plants, i.e., pink kale (Brassica oleracea var. acephala),
Indian mustard (Brassica juncea), and Japanese radish
(Raphanus sativus), were evaluated for their tolerance to
lanthanides and lanthanide accumulating ability. The
sprouts grow rapidly and can be hydroponically cultivated;
thus, they are appropriate for the remediation of contami-
nants from soil and water. The accumulation profiles of
lanthanides were compared among the three kinds of
Brassicaceae sprouts.

Materials and Methods

Standard solutions of La(NOs);, Ce(NOs);, Pr(NOs)s,
Nd(NO3)3, Sm(NO3);, Eu(NO3)3, Gd(NO3);, Tb(NO3)s,
Dy(NOs3)3, Ho(NO3);, Er(NO3);, Tm(NO3);, Yb(NO3)s,
and Lu(NO3);, potassium hydroxide (KOH), and nitric acid
were purchased from Wako (Osaka, Japan). The stock
mixture containing the 14 REEs at equimolar concentra-
tions was made from the standard solutions and then
adjusted to neutral pH with 0.1 M KOH. It was then diluted
with 0.01 M KNO; to prepare exposure solutions at the
concentrations of 1 pM and 5 pM. All reagents were of
analytical grade. Deionized water (18.3 MQ cm) was used
throughout.

Sprouts of three Brassicaceae plants, pink kale (B. oleracea
var. acephala), Indian mustard (B. juncea), and Japanese rad-
ish (R. sativus), were used in this study. Sterilized seeds were
sown on rock wool in a plastic tray and treated with a 30 mL
portion of the REE mixture at the concentration of 1 or 5 pM.
Another set of sterilized seeds were treated with 30 mL of
0.01 M KNOj; and used as control. The plants were grown for
24h in the dark in a growth chamber (LH-55-RDS;
Nihonikakikai, Osaka, Japan) set at 25°C. After 1 week, the

sprouts were harvested and the roots removed. The ground
parts were weighed and lyophilized.

A 0.1 g portion of a dried sample was digested in a
microwave oven with nitric acid in a Teflon PTFE tube.
The concentrations of La (m/z 139), Ce (140), Pr (141), Nd
(146), Sm (147), Eu (153), Gd (157), Tb (159), Dy (163),
Ho (165), Er (166), Tm (169), Yb (172), and Lu (175) were
measured with an ICP-MS (Agilent 7500ce, Agilent
Technologies, Hachiouji, Japan).

Data are shown as means 4 standard deviation (SD).
Differences in plant mass between control and exposed
plants were statistically analyzed by the Dunnett test.
Differences in the metal concentrations among three
sprouts were tested using the Student’s ¢ test. A p value less
than 0.05 was considered to be statistically significant.

Results and Discussion

Control Japanese radish sprout showed better growth than
the other two control sprouts, i.e., its weight was approx-
imately five times greater than those of the other two
sprouts (Table 1). Growth of Indian mustard sprout was
significantly stimulated by the lanthanide treatment.
Growth of pink kale and Japanese radish sprouts tended to
increase with lanthanide treatment at either concentration,
but the increase was not significant. It has been reported
that light lanthanides, in particular, La and Ce, stimulate
the growth of maize and Arabidopsis thaliana at concen-
trations of several uM (Boyko et al. 2011; Gong et al.
2011). Although it was unclear which lanthanide ion(s) stim-
ulated the growth of mustard sprout, the lanthanide mixture
showed a positive effect on the growth. On the other hand, it
has also been demonstrated that treatment with La and Ce
at sub-mM concentrations reduced the growth of wheat
(Triticum aestivum L.) (Hu et al. 2002). As the lanthanide
mixture containing lanthanides each at a concentration of 5 or
1 uM did not affect the growth of the three Brassicaceae
sprouts, those concentrations were used in further
experiments.

Lanthanide concentrations in control sprouts were below
their detection limits (data not shown). In pink kale sprout
treated at the concentration of 1 puM, Ce concentration
tended to be higher than the concentrations of the other
lanthanides (Table 2). In mustard and radish sprouts treated
at the concentration of 1 pM, the concentrations of light

Table 1 Weights (mean + SD,

g) of three Brassicaceae sprouts Control I WM > M
treated with lanthanide mixture Pink kale 0.029 + 0.011 0.037 %+ 0.011 0.039 & 0.012
at different concentrations .
Indian mustard 0.032 £+ 0.009 0.046 £+ 0.010* 0.042 £ 0.008*
Japanese radish 0.158 + 0.031 0.175 £+ 0.076 0.171 £+ 0.047

* p < 0.01 versus control group
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lanthanides (La, Ce, Pr, Nd, Sm, and Eu), in particular, La
and Ce, were apparently higher than those of the other
lanthanides. It has been reported that some species of ferns
preferably accumulate light lanthanides rather than heavy
lanthanides (Gd, Tb, Dy, Ho, Er, Tm, Yb, and Lu) (Fu et al.
1998; Lai et al. 2006). This could be accounted for by the
fact that the ionic radii of light lanthanides are similar to

that of calcium. The ionic radii of La**, Ce**, Lu™, and
Ca*t are 117, 115, 100, and 114 pm, respectively. Hence,
light lanthanides are incorporated into the roots via a cal-
cium transporter. However, these tendencies were not
obvious in pink kale and radish sprouts treated at the
concentration of 5 uM, suggesting that the incorporation of
light lanthanides was saturated at that concentration. On

Table 2 Concentrations and amounts (mean £ SD) of lanthanides in

Brassicaceae sprouts treated with lanthanide mixture at different

concentrations
La Ce Pr Nd Sm Eu Gd
Concentration (nmol/g wet wt.)
1 M
Pink kale 0.08 £ 0.05° 0.18 £ 0.06"> 0.12 £0.04®> 0.14 £ 0.05®  0.11 £0.03®  0.11 £ 0.03*®  0.12 + 0.04*°
Indian mustard ~ 0.26 £ 0.01°  0.30 £ 0.03*  0.17 £ 0.01°  0.20 £ 0.01°  0.13 £ 0.001*  0.12 & 0.004*  0.15 & 0.01*
Japanese radish ~ 0.16 £ 0.03°  0.18 £ 0.04®  0.08 +£0.02° 0.10 £ 0.03°  0.06 &+ 0.02° 0.06 + 0.02° 0.07 + 0.03°
5 uM
Pink kale 032 +£0.02>  0.32+0.00° 028+0.01° 030+001° 026=+0.01° 0.26 + 0.02° 0.32 + 0.02°
Indian mustard 1.3 +0.3° 1.1 +0.2° 0.89 + 0.19°  0.94 £ 0.19° 075 +£0.14* 073 £0.14° 092 + 0.18°
Japanese radish ~ 0.56 & 0.01° 046 £ 0.01° 036 + 0.04° 036 &+ 0.05> 031 £ 0.04° 0.30 + 0.05° 0.36 + 0.06"
Amount (pmol/plant)
1 M
Pink kale 3.0+ 17 6.6 +22 42+13 51+ 1.7 39+ 12 39+ 1.1 45+13
Indian mustard 12405 14+2 7.6 £ 0.3 93+ 0.5 6.0 £0.1 56 +£02 6.8+ 0.3
Japanese radish 28 +6 3247 14+4 17+5 11+3 11+4 13+4
5 uM
Pink kale 1241 13+0.1 11+1 12403 10 £ 0.4 10+1 12+1
Indian mustard 57+ 13 46 + 8 38 +8 40 + 8 3246 31+6 39+ 7
Japanese radish 95 +2 78 £ 2 61 +8 62 +8 52+ 8 51+ 9 61 + 11
Tb Dy Ho Er Tm Yb Lu
Concentration (nmol/g wet wt.)
1 M
Pink kale 0.11 £ 0.03™®  0.11 +£0.03* 0124 0.03* 0.13 £0.03*  0.12+0.03"  0.124+0.03*  0.13 &+ 0.03*
Indian mustard ~ 0.12 + 0.01*  0.12 £ 0.003*  0.12 + 0.01*°  0.13 £ 0.004*  0.11 & 0.004*  0.11 £ 0.002*  0.12 & 0.004
Japanese radish ~ 0.07 + 0.02°  0.08 + 0.03*  0.09 & 0.03* 0.10 £ 0.03*  0.09 £ 0.03*  0.10 £ 0.03*  0.10 + 0.03"
5 uM
Pink kale 029 +0.02° 0304+ 0.02° 0344 0.02° 035+£002° 032+002° 031+002° 033 +0.02°
Indian mustard ~ 0.76 £ 0.14*  0.74 £ 0.13* 079 £ 0.14*  0.78 £0.12*  0.67 £ 0.10°  0.59 £+ 0.08"  0.63 + 0.08"
Japanese radish ~ 0.33 £ 0.07° 034 £ 0.07° 037 £ 0.09° 0.39 £0.10° 036 £ 0.09° 034 + 0.08®  0.36 &+ 0.08"
Amount (pmol/plant)
1 M
Pink kale 41412 41412 44 412 47412 454+ 1.1 43412 48 4+ 1.1
Indian mustard 55+02 5.6 £0.1 57402 59 +02 52+02 50 £0.1 53+02
Japanese radish 13+4 15+5 15+5 17+6 16 £5 17+6 17+5
5 uM
Pink kale 12 +1 12+1 13+1 14 + 1 13+1 12+1 13+1
Indian mustard 32+6 31+ 6 34+6 33+ 5 29 + 4 25+ 3 27 £ 4
Japanese radish 57 £ 11 59 + 13 64 £ 15 67 + 16 62 + 15 58 + 13 61 £ 14

Values marked by different letters in the same column are significantly different
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Table 3 Ratios of lanthanide concentrations in sprouts treated with 5 pM lanthanide mixture to those treated with 1 uM lanthanide mixture

La Ce Pr Nd Sm Eu

Gd Tb Dy Ho Er Tm Yb Lu

Pink kale 39 1.8 24 22 24 2.5
Indian mustard 5.1 3.6 54 4.6 5.6 6.0
Japanese radish 3.5 2.5 4.5 3.7 4.8 4.8

2.6 2.7 2.7 2.8 2.8 2.7 2.6 2.5
6.1 6.3 6.1 6.4 6.1 59 54 5.4
4.9 4.6 4.1 43 4.1 4.0 3.6 3.6

the other hand, more light lanthanides were accumulated in
mustard sprout than heavy lanthanides even at the higher
concentration, despite the decrease in the ratio of light
lanthanides to heavy lanthanides. Although there were no
apparent differences in the accumulation of heavy lantha-
nides among the three sprouts, mustard sprout more effi-
ciently incorporated light lanthanides than pink kale and
radish sprouts. This tendency became more evident at the
higher concentration of lanthanides, i.e., 5 M. The ratios
of lanthanide concentrations in the sprouts treated with
lanthanides at the concentrations of 1 and 5 pM were
calculated (Table 3). The ratios of lanthanides in mustard
sprout were almost 5 in all lanthanides except Ce. This
indicates that mustard sprout incorporated all lanthanide
elements in a dose-dependent manner. In contrast, the
ratios in pink kale and radish sprouts were less than 3 and
5, respectively. This indicates that the uptake of lantha-
nides by these two sprouts may be saturated at a high
concentration of lanthanides. Therefore, mustard sprout
most efficiently incorporated lanthanides among the three
sprouts from the viewpoint of lanthanide concentration in
plant. At present, there is no reasonable explanation as to
why mustard sprout shows better accumulation efficiency
than the two other Brassicaceae sprouts. The chemical
species of the accumulated lanthanides may be relevant to
the accumulation efficiency; thus, the speciation of lan-
thanides accumulated in the sprouts should be performed in
future studies.

The amounts of lanthanides accumulated in the sprouts
were also calculated (Table 2). Because radish sprout
showed the fastest growth and the largest biomass among
the three sprouts, it was able to accumulate the largest
amount of lanthanides. Mustard sprout can accumulate
lanthanides more efficiently than radish sprout, and its
growth is stimulated by lanthanide treatment. However, the
rapid growth of radish sprout overcame its low accumu-
lation efficiency. Considering the concentrations of accu-
mulated lanthanides, the growth rate, and the biomass,
radish sprout was the most preferable for the phytoreme-
diation of lanthanides among the three Brassicaceae
sprouts.
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