INAATTF /A MEERRT IV —T DERER
Highlights of Research Group for Bioactinides Chemistry
KB B2 shv—ov-—s-

Toshihiko Ohnuki  Group Leader

57 HEERF./—K Vol22 No.l

B= y

AR RIZ 36 B F 2 KT A RS & Sk
NOWEDOB G- % B3 2875 A 72, BERE%E
7= F2 8k & e £ I F 2 44 XD Yb ) v BRIk
MABPRETZZEABRA L, 7 VOMMEICIiZ) Vg
ik ISP 2 (A 72595 Z &6, Mifamic
WA L7=w 7 v Rofm LEICR A MIEAN D ) Wk R
Ik DHENZ) VERERIBL T, v v—5b0E
T HHCHR— ) VERIGSE R T AR & s L
7eo B2 5P & B AERYE 23 Mn i LI L
7 Ce(V)AWBIRX TR 6, H1EIS2—Vik
5 Ce DEDEENEL MR L 72, 1BEH—
JE 1 IR AT AR T IE, R Cs D RS AT Z B O fiR
M EBEICET 2RI A, £ — 5795 T TR
iz & 2 AT LICEE D < BEAH TORESE Cs D%EH D
i BH R0 B2 0 B OF I D TR Cs D IR SRS % iR PH
T BFZRITHLD fA, BIARIZEE T U 72 kg Cs o 91
iAo — & — ORATER KO BT U 22 B
Cs WERBRFEMI AN DRI & & & IZERDI O
N WGP B2 & 2R L7,

1. FROEE - B8 )

TUF 4 F (AN) BIFETIIREN. PGSR
FEi e TR LT B, AN OSSR BRI B0
TR S T 5, 20720, BREPICET S E
B 5807 2 TS 2 082 5 5 (1,2, BEEEirhTiE, AN
WEREAT RS RBE R A R o SR (S ) R0 A R (TR
Y ORI TORIGZ & D ZDILFIREEZEZ 5, K
JEO—DEFHRRTOURETH D . VB KD ANIET]
BR» 6 NBERIALFIREEE L %, KAl w7 vn
KIRD ORI B TEMME S5 2 L 2 W72 L7z,
LA L. SMEOBREZOWTIZZ AARHTH - 72,

fE IS — T IR EI LI Tld. AN OFEbIC
B4 202212 2 T ARbke RIS B B B Cs
DATEB ORI, VER L 7= IO AW O F: 5t & 1%
L 7= B8 F ORI R E LTZ 7=,

2. tREDODAR )

K413 FTEERE (Saccharomyces cerevisiae) % FTC
YbD V) v EEKEIMNCBI$ 5 R 2 b BUR O i I HL
DRATZ(3-5), V) VEBEHBGHCRE#E U2 R4 1.44 X

December 2014

Abstract )

The mechanism and microbial response of nano-particle
formation on the cell surface of microorganisms have been
studied. We found that nano-particles of Yb-phosphate
mineral was developed on the cell surface of Sacchromyces
cerevisiae. The phosphate transporter genes concerned
with phosphate transport contribute to uranium tolerance.
Biomolecule exudates from fungi dissolved the Ce(IV) on
the biogenic manganese dioxides in the solution, resulting
in the negative anomaly of Ce in REEs pattern. After the
Fukushima Daiichi Nuclear Power Plant (FDNPP) accident,
we have conducted to elucidate migration of radioactive
Cs in environment. We found very tight association of
radioactive Cs to the soil collected in Fukushima. This tight
association was resulted from the fixation not only by mica
like minerals, but by non-mica like minerals because of low
concentration of radioactive Cs.

1. Background )

Actinides (ANs) have been generated in nuclear power
plants, reprocessing facility, nuclear weapons tests. The
radiotoxicity of the ANs affects long-duration in the
environment. Therefore, prediction of actinide behavior
in natural environments is of serious concern [1,2]. In the
environment ANs are reacted with solid phase in soil and
rock during migration in surface water. The solid phases
contain minerals (inorganic material) and microorganisms
(organic one). The ANs are changed their chemical species
at the interface between these solids and water. One of the
reactions is precipitation on the solid, and the precipitation
changes chemical species of ANs from dissolved one to
insoluble ones. We found that uranium was precipitated on
the cell surface of Saccharomyces cerevisiae in the resting
condition. However, the mechanisms of the formation of
the precipitation has not been understood.

After the FDNPP accident, we started the research
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Nao-sized Yb phosphate with an amorphous phase was
directly developed from the surface.
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which subjects to elucidate the environmental behavior
of radionuclides in land and forest, and to remediate the
contaminated land areas by specific biological properties.

2. Contents of the study )

We first conducted the study on the post-adsorption
process of ytterbium (Yb) phosphate nano-particle formation
by Saccharomyces cerevisiae (yeast) [3, 4, 5]. The yeast
grown in P-rich medium were exposed to 1.44 x 10* mol/L
Yb(III) solution for 2-120 h, and two months at 25 + 1 °C
at an initial pH of 3, 4, or 5, respectively. Yb concentrations
in solutions decreased as a function of exposure time. At the
sorption of Yb on the cell surface, the sorption isotherm of
YD on the yeast cells between pH 2.5 and 5.5 showed that
the fraction of adsorbed Yb increased gradually up to pH 4,
and then increased steeply as the pH increases to 5. The Yb
adsorption species on the yeast cell wall of the S. cerevisiae
was determined by extended X-ray absorption fine structure
(EXAFS) spectroscopy combined with a linear combination
analysis at various pHs. The results indicated that Yb was
associated with phosphoryl functional groups on the cells.
Since solution pH was lower than pKa of phosphoryl
deprotonation, and since the contribution of Yb-phosphoryl
species was constant between pH 3 and 5, our results
strongly suggeste that most of the Yb was associated with
undeprotonated phosphoryl functional groups.

After two days, nano-sized Yb phosphate with an
amorphous phase formed on the yeast cells surfaces
in the solutions with Yb (Fig. 1) by the analyses using
field-emission scanning electron microscopy equipped
with energy-dispersive X-ray spectroscopy (FESEM),
transmission electron microscopy (TEM), and EXAFS.
These nano-sized precipitates that formed on the cell
surfaces remained stable even after two months of
exposure at 25 £ 1 “C around neutral pHs. The EXAFS
data revealed that the chemical state of the accumulated
Yb on the cell surfaces changed from the adsorption
on both phosphate and carboxyl sites at 30 min to Yb
phosphate precipitates at 5 days, indicating the Yb-
phosphate precipitation as a major post-adsorption
process. In addition, the precipitation of Yb phosphate
occurred on cell surfaces during 7 days of exposure in
Yb-free solution after 2 h of exposure (short-term Yb
adsorption) in Yb solution. These results suggest that
the released P from the inside of yeast cells reacted with
adsorbed Yb on cell surfaces, resulting in the formation
of Yb precipitates, even though no P was added to the
exposure solution. In an abiotic system, the EXAFS data
showed that speciation of the sorbed Yb on the reference
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materials, carboxymethyl cellulose and Ln resin, did not
change even when the Yb was exposed to P solution,
without forming Yb phosphate precipitates. This result
strongly suggests that the cell surface of the yeast plays
an important role in the Yb-phosphate precipitation
process, not only as a carrier of the functional groups but
also as a substrate inducing the nucleation of phosphate
nanoparticles. This study also implies that this post-
adsorption nano-particle formation process caused by
microbial cells should be one of the important processes
governing the long-term migration of heavy rare earth
elements and presumably trivalent actinides in geological
repository.

It is question that how the microorganisms response
to the stimulation of lanthanides and actinides to form
phosphate minerals. We screened 4908 non-essential gene
deletion mutant yeast strains for uranium sensitivity and
low accumulation by growth in agar medium containing
uranium [6]. All mutant strains grew successfully on agar
media containing 0 or 0.2 mM uranium for one week at 30°C.
Thirteen strains with single gene deletions showed reduced
growth in the agar medium containing 0.5 mM uranium
and were identified as uranium-sensitive mutant strains. The
phosphate transporter genes of PHO86, PHO84, PHO2,
and PHO87 were among the deleted genes in the uranium-
sensitive mutant strains, suggesting that genes concerned
with phosphate transport contribute to uranium tolerance.
Seventeen single-deletion strains showed lower uranium
accumulation than the wild type after exposure to agar
medium containing 0.5 mM uranium, and were identified as
mutant strains with low uranium accumulation.

We conducted sorption experiments of REEs on
biogenic Mn oxides produced by Acremonium sp. strain
KR21-2 [7,8]. The distribution coefficients, K (REE),
between biogenic Mn oxide (plus hyphae) and 10 mmol/L
NaCl solution showed larger K, for Ce than neighboring
Ln and Pr called as “a positive Ce anomaly” at pH 3.8
caused by oxidation of Ce(III) to Ce(IV) by the biogenic
Mn oxide, which was confirmed by analysis of the Ce L"-
edge XANES spectra. With increasing pH, the positive Ce
anomaly became less pronounced. Furthermore, negative
Ce anomalies were observed at a pH of more than 6.5,
suggesting that Ce(IV) was stabilized in the solution (< 0.2
um) phase, although Ce(III) oxidation to Ce(IV) on the
biogenic Mn oxide was confirmed by XANES analysis.
It was demonstrated that no Ce(III) oxidation occurred
during sorption on the hyphae of strain KR21-2 by the
K4REE) patterns and XANES analysis. The analysis of
size exclusion HPLC-ICP-MS (Fig. 2) showed that some
fractions of REEs in the filtrates (< 0.2 pm) after sorption
experiments were bound to organic molecules (40 kDa
and < 670 kDa fractions), which were possibly released
from the hyphae. Our data indicates that the negative Ce
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Fig.3 Autoradiograph image of Torreya nucifera
sampled after 2 months (left) Photograph (photo) of
Torreya nucifera, (right) autoradiograph image (AR)
Red circles indicate the leaves (light green colored leaves
in photo) that grew after the accident. Black spots are
practically zero within the red circles, indicating that the
radioactive Cs in old leaves (yellow arrow) were rarely
transported to the young leaves.

anomalies under circumneutral pH conditions arose from
Ce(IIT) oxidation on the biogenic Mn oxide and subsequent
complexation of Ce(IV) with organic ligands. These results
demonstrate that the coexistence of the biogenic Mn oxide
and hyphae of strain KR21-2 produces a specific redox
chemistry which cannot be explained by inorganic species.

The chemical forms of actinides and lanthanides in the
groundwater are still unclear after released as chemical
species of cation and/or particles. The saline groundwater
collected at a depth of about 500 m in Horonobe, Japan,
where an underground research laboratory has been built,
was rich in salinity (Na 4900ppm, CI 7600ppm), iodine (42
ppm), and methane gas. We analyzed colloids and ions of this
groundwater mainly by employing the SEC-UV-Vis-ICP-
MS technique and focused on speciation of actinide (uranium)
and iodine [9], both of which are of particular importance for
radioactive waste disposal. For this, the groundwater sample
was introduced to SEC columns after being passed through
a 0.45 pum filter but without further pretreatment such as
isolation of colloids. Chromatographic profiles obtained
with two different SEC columns were compared. This
study revealed that uranium contained in the groundwater at
several tens of ppt was associated with low molecular weight
silica species with neutral charge. The silica species were
virtually free of metal elements such as Na, K, Mg, Ca, and
Al. This study also found that almost all of the iodine in the
groundwater was iodide (I'). The groundwater contained
an unidentified organic colloid that was not a carrier for the
radioactive waste-relevant elements Se, Sr, I, Cs, Th, and U.

The nuclear accident at the FDNPP occurred as a
consequence of the massive earthquake and associated
tsunami that struck the Tohoku and north Kanto regions of
Japan on 11 March 2011. A series of hydrogen explosion
was occurred from 13 March to 15 March at the units 1, 2,
and 3. The release rate of *’Cs on 15 March is estimated
between 10" and 10" Bg/h. This fallout radioactive Cs
were dispersed from FDNPP to ocean and land. Some of
the released radioactive Cs was deposited on the ground
of the area located north-west direction from FDNPP. The
spatial concentration distribution and depth profiles of
radioactive Cs were measured to estimate dose rate and to
estimate the fate in the terrestrial environment.

How were radionuclides attached to and transported
in forest plants and soil after fallout of radionuclides
as a result of the accident at FDNPP. This question
must be resolved to quantify present and future forest
contamination. Distributions of radionuclides in plants
and soil samples are usually measured by cutting small
fractions from the samples. Unfortunately, this technique
requires considerable time and effort. Thus, we have
applied an autoradiography technique to analyze the
distribution of radionuclides within the plants and soil
[10, 11].
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Fig.4 4 Autoradiograph image of Cryptomeria
Japonica sampled after about 2 years

(left) Photo of Cryptomeria japonica, (right) AR image.
Blue circles indicate the branches and female flower and
old leaves in photo (yellow arrows) that grew before the
FDNPP accident. Red circles indicate that male flower and
leaves emerged after the FDNPP accident contained some
amounts of radioactive Cs inside them.
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Fig.5 Size fractions of radioactive cesium in the soils
sampled in Fukushima-prefecture

Radioactive cesium was distributed in the size fractions
larger than the clay fraction which is elutriated.
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We collected Torreya nucifera and Cryptomeria
Jjaponica in litate-mura, Soma-gun, Fukushima in May,
2011 and Ookuma-machi, Futaba-gun, Fukushima in
December, 2012, respectively. We placed the samples
on an imaging plate (IP) coated with fluorescent paint
that reacts to radiation and photographed the spatial
distribution of radionuclides. The distribution of
radionuclides in the branches and leaves of T. nucifera (Fig.
3 (left)) was analyzed by the autoradiograph image where
many black spots were present (Fig. 3 (right)).These
black spots appeared on the IP in response to radiation
originating from radioactive Cs. Note that '
decayed out in May. Figure 3 (left) illustrates dark and
light green leaves that grew before (old) and after (young)
the accident, respectively. Black spots were present on

I was

the dark green leaves but not on the light green leaves,
indicating that radionuclides attached to the old leaves
were rarely transported to the young leaves. The same
result was obtained from analysis of C. japonica.

The autoradiograph image (Fig. 4 (right)) in C. japonica
(Fig. 4 (left)) Sumpled on December, 2012 shows many
black spots on the branches and female flowers emerged
before the accident. On the contrary, broadened black
areas were observed in the leaves and the female flowers
emerged after the accident, indicating that radioactive Cs
is translocated from the tree surface to the new branches
and leaves. Since the top of the leaves and male flowers
are in active for growing, and since K ions are known to
be accumulated in the active areas, radioactive Cs may be
transported from the old branches to the newer area.

These results clearly shows that radioactive Cs
deposited on the tree surface is slowly translocated to new
growing areas at the rate of year order.

For the estimation of migration of radioactive Cs,
sorption behavior of the deposited radioactive Cs should
be clarified. Cesium at low concentration is strongly
sorbed on mica like minerals. These suggest that some
amounts of radioactive Cs are irreversibly sorbed with
soils. However, the characteristics of the irreversible
sorption of fallout Cs in the contaminated soils are
scarcely known. We have carried out the desorption
experiments of radioactive Cs using appropriate reagents
solution to clarify the association of radioactive Cs with
soils [12]. We also carried out the elutriation and sieve
treatment for analyzing the size dependence of radioactive
Cs sorption and the mineral composition. The AR image
of thin-section of the contaminated soils showed that
radiocesium was heterogeneously distributed in the soil.
The desorption experiments with a 1 M NH,Cl solution
and a 1 M CH;COOH solution showed that about 30%
radiocesium was desorbed, indicating that about 70%
radiocesium are present as an immobile one. Even though
no mica-like minerals was detected in the soil, nearly the
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Fig.6 Desorbed fraction of radiocesium from minerals at different cesium concentrations
When Cs concentration is very low of 10° M, higher amounts of Cs resided after the treatment with

desorption reagents solution.
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same result was obtained, suggesting that the minerals
other than mica-like one immobilize radiocesium (Fig. 5).

We studied the adsorption behavior of radioactive
cesium (Cs) by the non-mica minerals kaolinite, halloysite,
chlorite, montmorillonite, mordenite, MnQO,, TiO,,
ALO;, and FeOOH [13]. The adsorption and desorption
experiments of Cs on the minerals were carried out at the
Cs concentrations 1x10™, 1x10” and 2x10” mole L™ at pH
5.5. The desorption of Cs from the minerals was examined
using 0.1 mole L LiCl, NaCl, KCI, RbCl, and CsCl
solutions. The sequential desorption was examined using
a 0.1 mole L LiCl solution, a 1 mole L™ KCI solution,
and a 1 mole L HCI solution. The distribution coefficient
(K,) for the minerals at the Cs concentration 10” mole L™
was in the order of mordenite > illite > montmorillonite,
sericite, MnQO,, kaolinite, and halloysite > chlorite, TiO,,
AlO;, and FeOOH, differing from the order observed at
higher Cs concentrations. After the sequential desorption
by the three reagent solutions, the residual fraction of Cs
was lower at the Cs concentration 10” mole L™ than at
higher concentrations. Approximately 40%, 40%, 50%, and
25% of the adsorbed Cs were residual in montmorillonite,
mordenite, MnO, and kaolinite, respectively after the
sequential desorption (Fig. 6). These results strongly
suggest that (1) radioactive Cs at 10” mole L' is more
strongly associated with the non-mica minerals than at
higher concentrations of 1x10*and 1x10° mole L, and
(2) the non-mica minerals montmorillonite, mordenite,
kaolinite, and MnQO, contributed to the fixation of the
radioactive cesium fall-out on Fukushima soil.

We have analyzed the radioactive fallout cesium (**'Cs)
in the sewage sludge ashes (SSAs) produced in Japan after
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FE 2 » HICB T 28R 12T L2 BEEECs D
AT AREIC K Db L7z, ZOREFRIE, BgHECs
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the FDNPP accident [14]. Five samples of SSAs produced
in 2011 and 2012 were tested. Two of the samples
contained "’Cs (23 and 9.6 kBq/kg, respectively) above
the radioactivity criterion (8 kBq of radioactive Cs per
kg of solid) for controlled landfill disposal in Japan. The
mineral components of SSA are roughly divided into two
groups. One is HClI-soluble phase mainly composed of
phosphates and oxides, and the other is silicates including
quartz, feldspar, and clay. Both the phases contained 'Cs.
The major part (83-91%) of "’Cs was contained in the
HCl-soluble phase. Among the HCI-soluble subphases,
Fe-bearing phases, probably iron oxides, were most
responsible for *'Cs retention, and no positive evidence
was obtained to show that phosphate-bearing phases,
which were included most in SSAs along with silicate
phase, retained *'Cs. To facilitate dissolution of the HCI-
soluble phase, pre-pulverizing SSAs and subsequent
heating them at 95 C in a 6M or a concentrated HCI
aqueous solution was most effective. The radioactivity
concentrations of "*’Cs in all of the HCl-treatment residues
were below the radioactivity criterion. This residue was
mostly composed of silicates. After static leaching tests
of the residue at 60 °C for 28d, no "’Cs was detected in
simulated environment water leachates (pure water and
synthetic seawater), demonstrating that the *’Cs in the
residue are very stably immobilized in the silicates.

3. Importance of the result and its impact )

Usual biomineralizations are derived by the sorption
of the dissolved metal ions on the surface to form oxides,
even for phosphate minerals where metals and phosphate
ions dissolved in the solution were reacted on the cell
surface to form the precipitation. Our finding showed
that metals solved in the solution are reacted with counter
ions present inside cells on the cell surface as inside out
synthesis. Our finding of the nano-particles formation on
the surface of microorganisms shows that the microbial
surface functions as a new reaction fields to form
nano-particles. These facts suggest the new method to
synthesize nanomaterials from aqueous metal precursors
by biomineralization. These results were introduced in
SCIENCE, 2010 as Editor’s choice [15].

For the study in Fukushima, AR analysis showed direct
evidence of the initial distribution of fall-out radioactive
Cs on the trees and soils, and slow translocation inside
the trees. These results appeared in newspapers after the
interview. The chemical states of the fall-out radioactive
Cs in soil and minerals shows distinct behaviors of
radioactive Cs in environments. These evidence supports
for the remediation of the contaminated soil in Fukushima.
The published paper in INST was awarded as “Most
Popular Article in 2012”.
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4. Perspectives y

We showed specific functions of the microbial cell
surface to form nano-materials by inside out synthesis.
This inside out synthesis found to understand the
environmental behavior of actinides. In addition, this
inside out synthesis enables to produce nano-materials on
the cell surface as nano-particle factory.

In the environments, organic materals involving
microorganisms and inorganic materials of minerals
are present. We have found the synergy effects of
microorganisms and metal oxides to reduce Se(IV) to
Se(-1I), even though microorganisms or Fe oxides alone
reduces Se(IV) to Se(0). This synergic reactions strongly
suggest the importance of solid phase to dominate the
transformation of actinides in the environments.

Fungi are known to accumulate Cs. This specific
accumulation by fungi may cause high concentration
of radioactive Cs in their fruiting body. Our findings
of specific sorption of radioactive Cs by minerals,
applying to reduce the transport of radioactive Cs in the
contaminated medium and wood log to the fruiting body.
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