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Dysprosium (Dy) is a member of a group of rare earth metals known as
lanthanides. It has been used as magnets, magneto-optical materials and other
industrial materials (Hirano and Suzuki 1996). It has been also used as an
activable tracer in environmental studies (Knaus 1991), a contrast agent for
nuclear magnetic resonance imaging (MRI) in the medical field (Lai and
Jamieson 1993), and a control agent of nuclear reactions (Evans 1990). It is
therefore possible that disposal of the products and wastes containing dysprosium
will result in environmental pollution. However, there are few studies on
ecotoxicity of dysprosium, especially at the community level. This paper
therefore investigated effects of dysprosium on an aquatic microbial microcosm
and its pure-culture systems. The aim was: (1) to certify whether some effects
observed in the microcosm exposed to dysprosium were community-level
responses; and (2) to evaluate ecotoxicity of dysprosium to the microcosm
compared with other heavy metals.

MATERIALS AND METHODS

A microcosm used in this study was developed by Kawabata et al. (1995). The
culture medium is a half strength #36 Taub and Dollar's salt solution (Taub and
Dollar 1968) supplemented with S00 mg/L proteose peptone (Difco Laboratories,
USA) instead of NaNO;. The microcosm consists of flagellate algae Euglena
gracilis Z as a producer, ciliate protozoa Tetrahymena thermophila B as a
consumer and bacteria Escherichia coli DH5o as a decomposer. In this
microcosm, one species is supported with metabolites or the breakdown products
of the other two species. However, T. thermgphila exists mainly by grazing E.
coli. The microcosm can be therefore considered to mimic essential process in
aquatic microbial communities (Matsui et al. 2000).

The microcosm and its pure-culture systems were constructed in 250 mL
polypropylene bottles with screw caps (Nalge Nunc International, USA)
containing 150 mL culture medium. They were cultured in an incubator with cool
white fluorescent lamps under a photosynthesis photon flux density of 28
pmol/mz/s and a 12 h light-dark cycle at 25 °C. The microcosm, Eu. gracilis and
E. coli pure-culture systems were exposed to dysprosium in the steady state, i.e.,
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on day 72, 70 and 72 after the beginning of the culture, respectively. The T,
thermophila pure-culture system was exposed to dysprosium in the beginning of
the culture, because T, thermophila cultured alone died out without reaching a
steady state. Dysprosium (atomic weight: 162.50) was added to each system in
the form of DyCl; solution at nominal concentrations of 50, 100, 180, 300, 560
and 1000 pmol total Dy/L, respectively. There were three replicates for each
treatment. After exposure to dysprosium, cell densities, Dy concentrations and pH
were measured. :

Cell densities of Fu. gracilis and E. coli were measured by colony counting
methods of Nair and Netrawali (1979) and of Kawabata et al. (1995), respectively.
Cell densities of 7. thermophila were measured microscopically. Significant
differences in the cell densities between the exposed and control systems were
tested by Dunnett’s test, which was performed using the StatView software
version 5.0 (SAS Institute Inc., USA) at the significance level of 0.05, after the
cell densities were log-transformed (log;o (N+1)).

For determination of Dy concentrations, the cultures were filtered with 0.2 pm
pore-sized filters (Toyo Roshi, Japan). The resulting filtrate (a <0.2 um fraction;
defined as a dissolved fraction) was applied to ultrafiltration membranes to obtain
a <10 kDa fraction. Dy concentrations in the <0.2 ym and <10 kDa fractions
were determined by inductively coupled plasma-mass spectrometry (ICP-MS).
Concentrations of Dy in the >0.2 ym and >10 kDa fractions were calculated by
subtracting <0.2 pm concentrations from nominal concentrations and <10 kDa
concentrations from <0.2 um concentrations, respectively.

RESULTS AND DISCUSSION

Figure 1 shows effects of dysprosium on cell densities in the microcosm. In
non-exposed controls, cell densities of each species remained almost constant for
the duration of the experiment. At 50 or 100 uM dysprosium, cell densities of any
species in the microcosm were not affected significantly. At 180 uM, cell
densities of E. coli significantly decreased compared with controls, but they
recovered to the control levels in the end of experiment. The other two species
were not affected significantly. At 300 uM, E. coli died out. Cell densities of T.
thermophila slightly decreased, but they recovered to control levels in the end of
experiment. Significant effects on Eu. gracilis were not observed. At 560
uM, T. thermophila and E. coli died out. Cell densities of Eu. gracilis slightly
increased. At 1000 uM, all species died out.

Figure 2A shows effects of dysprosium on cell densities in the Eu. gracilis
pure-culture system. In controls, cell densities almost remained constant for the

duration of the experiment. At 50 or 100 uM, adverse effects were not observed.
At 180-1000 uM, Eu. gracilis died out.

Figure 2B shows effects of dysprosium on cell densities in the 7. thermophila

264



(50" 0>9) S[OIIUOD WIOIJ SOOUIAFJIP
jueoytudis A[[eonsnels jusserdor s[oquiks paso[)) "(g=U) SUOIBIASD PIepue]s 2Ie SIeq JOLIF ‘S[OTU0D JO SINISUSp [[99 Juasaidal
sour] uoyoIg ‘A 01 pasodxa WSOO0IOIUI Y} UL SINISUSIP [[90 Juasa1dor sour| PIOS “WSOJ0IOIUL Y} U0 A(J JO SI09JH °T dIn31g

uonIppe A 19)Je sfeq uonIppe A 12ye m%«Q uonippe £ 19)j¢e sAeq

021 00L 08 09 OF 40T 0c- 0c1 001 08 __09 ; oy Oz 01 00L 08 09 OF 0C O 0c o1

Y dx5)12709 0
.&vomomxmv tgoo  ‘vjydowriayy - | i (pasodxg) 1700 ) (ppsodxg) 1702 " iioe

(pasodxq) syrov48 nyy | (pasoldxw) pprydowidyy -, !
" (JonuoD)\pyrydousiayy ] I 7 vjydouLiayy 01
L el LTS A | (lonuon) o1y &eywmuﬁl = e o o S X Ol
£ - o) s [T
| R P .Tllﬂ M -.||||||\|T:.w..|.@ 01
3 (fonuo)) 102 i E 3 (Jonuo)) 1702 i [01U0D) 1709 Q1
W™ 0001 W 09s Wil 00€ o

uonippe A(J 193¢ ske(q uonippe A( 193je sfeq uonippe A( 1d)Je sAe(q

0t 001 08 09 Oy 0T O 0¢ 0Z1 00T 08 09 Oy OC O Oc- Ocl 00 08 09 Oy 0OC O Ot o1

T T T T T T T T T T T T T T T T T T T T T O
5 (pasodxyq) 109 i B i 1,01
i i 101

SE&oExmi 'L . - vpydowiayy ' 2
i EE&SN;M& i - ¢01
- s1j1o048 ‘nig ENGSM :w ;01
1V S S 1 <.‘< 01
i (Tonuo)) 102 ' ooy 1401
T 081 Wi 001 01

TW/SIRD

TW/S[PD

265



105 AV Eu. gracilis 1 B)T. thermophila o (C)E. coli
——— . {
10}
3
z 107 10°}
2z
S} 10°F
10°}4
10'}
~&=1000 uM 10't
300, 560, 1000 M
1)) N T NS S — . ‘ 10°
20 0 20 40 60 80 100120140 0 5 10 15 20 0 20 40 60 80 100120140
Days after Dy addition Days after Dy addition Days after Dy addition

Figure 2. Effects of Dy on the pure-culture systems. Error bars are standard
deviations (n=3). Asterisks represent statistically significant differences from
controls (»p<0.05).

pure-culture system. In controls, the cell densities increased until day 4, remained
almost constant until day 11, and decreased to extinction on day 15. At 50 uM,
the pattern of population change was similar to that of controls, but the cell
densities were lower than controls and the extinction was earlier than controls. At
100 puM, no effects were observed until day 7. However, after that, the cell
densities were lower than controls and the extinction was earlier than controls. At
180 or 300 uM, T thermophila died out earlier than controls without significant
growth. At 560 or 1000 uM, 7. thermophila did not grow at all, and died out
shortly after beginning of the culture.

Figure 2C shows effects of dysprosium on cell densities in the E. coli
pure-culture system. In controls, the cell densities were almost constant for the
duration of the experiment. At 50 or 100 uM, significant effects were not
observed except for slight and temporal decrease shortly after exposure at 100
uM. At 180-1000 uM, E. coli died out.

In the microcosm, 96-100 % of added Dy was insoluble (>0.2 um) on days 1-92
after addition of 50-560 uM Dy (data not shown). This means that added
dysprosium, which was expected to be Dy”*, was transformed to insoluble forms
shortly after the addition to the microcosm.

In the Fu. gracilis pure-culture system, 97-100 % of added Dy was insoluble at
50 or 100 uM (data not shown). Shortly after 180 uM exposure, 24 % of added
Dy was a soluble form (<0.2 pm), which decreased with time, and almost
disappeared on day 91. Molecular weight of soluble Dy was mostly <10 kDa, and
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only a few portions were >10 kDa (Fig. 3A). At 300 or 560 uM, approximately a
half or three fourths of added Dy were soluble, respectively, and molecular
weight of the soluble Dy was mostly <10 kDa (Fig. 3A).

In the T. thermophila pure-culture system, 98-100 % of added Dy was insoluble
at 50-180 uM (data not shown). At 300 or 560 uM, soluble Dy was detected,
though its portion was small. Molecular weight of the soluble Dy was mostly <10
kDa (Fig. 3B).

In the E. coli pure-culture system, 99-100 % of added Dy was insoluble at 50 or
100 uM (data not shown). Shortly after 180-560 pM exposure, soluble Dy was
detected. The portions of the soluble Dy increased with concentrations of added
Dy, and they were 60 % at 560 uM. Molecular weight of the soluble Dy was
largely <10 kDa. On day 30, the soluble Dy mostly disappeared (Fig. 3C).

Toxicity of dysprosium was mitigated in the microcosm compared with its
pure-culture systems. For example, at 180-560 uM, Eu. gracilis was not affected
adversely in the microcosm, while it died out in the pure-culture system. At
50-300 uM, T. thermophila was not affected significantly in the microcosm
except for slight decrease at 300 uM, while it died out earlier than controls in the
pure-culture system. At 180 uM, E. coli only temporarily decreased in the
microcosm, while it died out in the pure-culture system.

One possible mechanism of this mitigation of dysprosium toxicity in the
microcosm except for 7. thermophila exposed at 50-180 uM is a lower
concentration of Dy’* in the medium of the microcosm compared with the
pure-culture systems. That is, the most toxic forms of metals are generally
inorganic non-chelated ions, which are available for uptake into organisms from
medium. It is therefore thought that Dy** is the most toxic form. The <10 kDa Dy,
which included Dy3+, did not almost exist in the microcosm, while significant
concentrations of <10 kDa Dy existed in the Eu. gracilis pure-culture system at
180-560 uM, in the T. thermophila pure-culture system at 300 pM and in the E.
coli pure-culture system at 180 uM as described above. It is thought that the
following two mechanisms account for the lower concentrations of <10 kDa Dy
in the microcosm. One possible mechanism is a higher concentration of
metabolites and breakdown products that adsorb Dy and thus make it insoluble in
the microcosm. There is no evidence directly supporting this hypothesis, but the
higher concentrations of metabolites and breakdown products in the microcosm
are deduced from the fact that the sum of cell densities of all species in the
microcosm was higher than those in each pure-culture system before exposure to
dysprosium (Figs. 1 and 2). Adsorption of dysprosium by metabolites and
breakdown products is deduced from the fact that lanthanides are bound to
organic ligands such as organic acids (Sun et al. 1997), proteins (Evans 1990) and
SO on.

It is thought that the other mechanism for the lower concentrations of <10 kDa
Dy in the microcosm was higher pH in the microcosm. Except for 1000 uM
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Figure 3. Concentrations of each size of Dy in the pure-culture systems. I: > 0.2
pm; II: <0.2 um and > 10 kDa; III: < 10 kDa. Error bars are standard deviations

(n=3).
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Table 1. pH in the microcosm and pure-culture systems after Dy addition.

Dy Microcosm Pure cultures

concentrations Eu. gracilis | T. thermophila E. coli
0 uM 8.5+0.1 7.540.1 7.320.1 7.71£0.1

50 uM 8.4+0.2 7.240.2 7.1+0.1 7.610.1
100 uM 8.41+0.2 7.1+£0.2 6.9+0.1 7.610.1
180 uM 8.2+0.2 6.410.1 6.510.1 7.4140.1
300 uM 8.1+£0.2 6.2+0.1 6.310.1 7.0£0.1
560 uM 7.410.2 6.11£0.1 6.240.1 6.5+£0.0
1000 uM 6.410.1 5.940.1 6.1£0.1 6.310.1

MeantStandard deviation

exposure, the microcosm showed alkaline or neutral pH, while the pure-culture
systems showed neutral or acidic pH (Table 1). At alkaline pH, dysprosium is
precipitated in the form of hydroxide (Nakamura et al. 1997). This suggests that
larger amounts of Dy hydroxide were precipitated in the microcosm compared
with the pure-culture systems. It is thought that the higher pH in the microcosm
arose from photosynthesis by Eu. gracilis, which did not exist in the T
thermophila and E. coli pure-culture systems. In controls, photosynthesis
activities in the microcosm were higher than those in the Eu. gracilis pure-culture
system (unpublished data).

The other possible mechanism of the mitigation of dysprosium toxicity in the
microcosm is the higher cell densities in the microcosm compared with the
pure-culture systems as mentioned above. Under this situation, an amount of Dy
absorbed by a cell in the microcosm would be smaller than that in the
pure-culture systems when the concentrations of absorbable Dy in the medium
were the same one another. The hypotheses described above suggest that toxicity
of dysprosium to aquatic microbial communities may be mitigated in eutrophic
systems compared with oligotrophic systems, because concentrations of organic
matters that may adsorb Dy**, pH and densities of organisms are higher in
eutrophic lakes and ponds.

The mitigation of toxicity to 7. thermophila in the microcosm exposed to 50-180
uM dysprosium might arise from higher robustness of 7. thermophila in the
microcosm compared with the pure-culture system. There is no evidence directly
supporting this hypothesis, but it is partly supported with the fact that T
thermophila cultured with Eu. gracilis and/or E. coli had higher cell densities and
existed for longer time than that cultured alone (Matsui et al. 2000).

As described above, it is thought that some effects of dysprosium on one species
in the microcosm were modified by other co-existing species. This means that
this microcosm test detected community-level effects of dysprosium as in the
case of to y-rays (Fuma et al. 1998), acids (Miyamoto et al. 1998), manganese
(Fuma et al. 2000), copper (Fuma et al. 2003a) and gadolinium (Fuma et al. 2001).
However, effects of these toxic agents other than dysprosium were not always
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Figure 4. The Dy concentration-EIM relationship.

mitigated in the microcosm compared with the pure-culture systems. Some
effects were enhanced in the microcosm.

For comparison of effects of dysprosium on the microcosm with those of some
other heavy metals, the authors used an index holistically representing differences
in cell densities between exposed and control microcosms by the Euclidean
distance function, which was proposed previously (Fuma et al. 2003b). The effect
index for the microcosm (EIM) was defined as follows:

T
EIM =@ \/lANEu(t)+lANT(t)+lANE(t) dt [%]
T J, V3 3 3

where

2
_ Nx,Con(t)—Nx,Exp(t)
ANx(t) { NX,Con(t) }

X = Eu (Eu. gracilis), T (T. thermophila) ot E (E. coli).
Nx con(t) = The log-transformed (log;o (N+1)) cell density of species X in the
control microcosm on day t
Nx xp(t) = The log-transformed (logio (N+1)) cell density of species X in the
exposed microcosm on day t
T = Experimental periods.

The EIM of dysprosium was calculated by substituting the present experimental
data for parameters in the above equation. The resulting EIM was positively
correlated with nominal Dy concentration, and the relationship between them
could be fitted by a sigmoid curve (Fig. 4). A 50 % effect concentration for the
microcosm (ECumso), a concentration at which the EIM became 50 %, was
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calculated by a probit method using the computer program Ecotox-Statics version
2.2 (developed by Prof. Yoshioka and distributed through the Japanese Society of
Environmental Toxicology). The ECyso of dysprosium was evaluated to be 300
uM, while the ECysos of manganese, nickel, copper and gadolinium reported
elsewhere (Fuma et al. 2003b) were 4100 uM, 45 uM, 110 uM and 250 pM,
respectively. It is therefore concluded that toxicity of dysprosium to the
microcosm was almost the same as that of gadolinium, a member of a group of
lanthanides. This agrees with the fact that lanthanides generally have similar
characteristics one another. For example, a median lethal dose (LDsp) of
dysprosium was almost the same as that of gadolinium when chlorides of these
metals were intraperitoneally injected to male mouse (Haley 1965). Comparison
of the ECysos indicates that dysprosium had significantly higher toxicity to the
microcosm than manganese, and had significantly lower toxicity than nickel.
Since toxicity of dysprosium to the microcosm was only slightly lower than that
of copper, which has been regarded as a toxic group (Alexander and Fairbridge
1999), it is thought that further studies are required concerning dysprosium
toxicity to aquatic microbial communities.

REFERENCES

Alexander DE, Fairbridge RW (ed) (1999) Encyclopedia of environmental
science. Kluwer Academic Publishers, Dordrecht (The Netherlands)

Evans CH (1990) Biochemistry of the lanthanides. Plenum Press, New York

Fuma S, Takeda H, Miyamoto K, Yanagisawa K, Inoue Y, Sato N, Hirano M,
Kawabata Z (1998) Effects of y-rays on the populations of the steady-state
ecological microcosm. Int J Radiat Biol 74: 145-150

Fuma S, Takeda H, Miyamoto K, Yanagisawa K, Inoue Y, Ishii N, Sugai K, Ishii
C, Kawabata Z (2000) Simple aquatic microcosm for ecotoxicity screening at
the community level. Bull Environ Contam Toxicol 65: 699-706

Fuma S, Takeda H, Miyamoto K, Yanagisawa K, Inoue Y, Ishii N, Sugai K, Ishii
C, Kawabata Z (2001) Ecological evaluation of gadolinium toxicity compared
with other heavy metals using an aquatic microcosm. Bull Environ Contam
Toxicol 66: 231-238

Fuma S, Ishii N, Takeda H, Miyamoto K, Yanagisawa K, Ichimasa Y, Saito M,
Kawabata Z, Polikarpov GG (2003a) Ecological effects of various toxic
agents on the aquatic microcosm in comparison with acute ionizing radiation.
J Environ Radioact 67: 1-14

Fuma S, Doi M, Takeda H, Kawabata Z, Saito M (2003b) Index for comparative
evaluation of ecological effects between ionizing radiation and other toxic
agents: application to the model ecosystem data. International Conference on
the Protection of the Environment from the Effects of Ionizing Radiation:
Contributed Papers (IAEA-CN-109), IAEA, Vienna, p. 55-58

Haley TJ (1965) Pharmacology and toxicology of the rare earth elements. J
Pharmaceu Sci 54: 663-670

Hirano S, Suzuki KT (1996) Exposure, metabolism, and toxicity of rare earths
and related compounds. Environ Health Perspect 104 (Suppl 1): 85-95

Kawabata Z, Matsui K, Okazaki K, Nasu M, Nakano N, Sugai T (1995) Synthesis

271



of a species-defined microcosm with protozoa. J Protozool Res 5: 23-26

Knaus RM (1991) Instrumental neutron activation analysis to measure short-term
accretion and erosion in wetlands using rare earth element soil horizon
markers. J Radioanal Nucl Chem Articles 151: 191-199

Lai JJ, Jamieson GC (1993) Determination of dysprosium in monkey serum by
inductively-coupled plasma atomic emission spectrometry (ICP-AES) after
the administration of Sprodiamide Injection, a new contrast medium for
magnetic resonance imaging. J Pharmaceu Biomed Anal 11: 1129-1134

Matsui K, Kono S, Saeki A, Ishii N, Min MG, Kawabata Z (2000) Direct and
indirect interactions for coexistence in a species defined microcosm.
Hydrobiologia 435: 109-116

Miyamoto K, Fuma S, Takeda H, Yanagisawa K, Inoue Y, Sato N, Hirano M,
Kawabata Z (1998) Effects of acidification on the population of growth stage
aquatic microcosm. In: Inaba J, Nakamura Y (ed) Comparative Evaluation of
Environmental Toxicants -Health effects of Environmental Toxicants Derived
from Advanced Technologies- Supplement. National Institute of Radiological
Sciences, Chiba (Japan), p 127-130

Nair KAS, Netrawali MS (1979) Sensitivity of light-grown and dark-grown
Euglena cells to gamma-irradiation. Int J Radiat Biol 36: 223-231

Nakamura Y, Tsumura Y, Tonogai Y, Shibata T, Ito Y (1997) Differences in
behavior among the chlorides of seven rare earth elements administered
intravenously to rats. Fundam Appl Toxicol 37: 106-116

Sun H, Wang X, Wang L (1997) Bioconcentration of rare earth elements
lanthanum, gadolinium and yttrium in algae (Chlorella vulgaris Beijerinck):
influence of chemical species. Chemosphere 34: 1753-1760

Taub FB, Dollar AM (1968) The nutritional inadequacy of Chlorella and
Chlamydomonas as food for Daphnia pulex. Limnol Oceanogr 13: 607-617

272



