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MICROBIOLOGY

Biofilm formation in spent
nuclear fuel pools and biore-
mediation of radioactive water

Summary. Microbiological studies of spent nuclear fuel pools at the Cofrentes
Nuclear Power Plant (Valencia, Spain) were initiated to determine the microbial
populations in the pools’ water. Biofilm formation at the nuclear power plant facil-
ities and the potential use of those microbial populations in the bioremediation of
radioactive water were also studied. Biofilm formation was analyzed by immers-
ing different austenitic stainless steel coupons (UNS S30400, UNS S30466, UNS
S31600), as well as balls of stainless steel (UNS S44200) and titanium (99.9%) in
a spent nuclear fuel pool (under static and dynamic conditions) for 34 months.
Epifluorescence microscopy and scanning electron microscopy revealed that
biofilm formed on the samples, in spite of the radioactive and oligotrophic condi-
tions of the water. Based on standard culture methods and sequencing of 16S rDNA
fragments, 57 bacteria belonging to o~, -, and »Proteobacteria, Firmicutes and
Actinobacteridae were identified in the biofilms. The radioactivity of the biofilm
was measured using y-ray spectrometry, which revealed that biofilms were able to
retain radionuclides, especially °Co. Using metallic materials to decontaminate
radioactive water could become a new approach for bioremediation. [Int
Microbiol 2005 8(3):223-230]

Key words: nuclear power plant - spent nuclear fuel pool - radioactive water -
biofilms - bioremediation

Introduction

maintenance personnel can correctly place the spent fuel ele-
ments on submerged racks.
Nuclear pools were initially designed to store elements

In order to generate electrical energy in light-water nuclear
power plants (NPPs), enriched uranium is used as fuel.
Uranium oxide pellets are placed inside hollow bars of
zircaloy-2 (a zirconium alloy), forming fuel elements that are
positioned in the core so that nuclear fission can be carried
out. However, after a certain time, the fuel elements can no
longer effectively produce energy. These “spent” elements
need to be replaced in a process known as refueling. Since
the spent nuclear fuel (SNF) continues to be thermally and
radiologically active, it needs to be stored in pools. Thus, it
must be moved from the reactor’s pools (located in the reac-
tor building) to the SNF pools (located in the fuel building)
by means of a fuel transference pipe. The water from the
pools has two functions: it protects against radiation, and
contributes to cooling the fuel. The quality of the water must
comply with strict requirements of purity and clarity so that

generated over 20 years, a time period considered reasonable
before deciding how the spent fuel would finally be treated.
However, at many NPPs, including the one located in Co-
frentes, Valencia, Spain, the need to increase the capacity of
the pools and to store the spent fuel for the lifetime of the
power plant, which is approximately 40 years, is now seen as
more convenient. To do this, it is necessary to double the ini-
tial capacity of the pools, which has been made possible by
implementing racks that have a greater capacity [Rebollo C,
Arana S, Cerezo | (1995) Integrated project for increasing the
capacity of spent fuel pools at Cofrentes NPP. In: Sociedad
Nuclear Espafiola (ed) XXI Reunién Anual, Madrid, Spain, pp
239-257]. This reracking means that the quality of water must
meet strict physico-chemical conditions.

Given the oligotrophic and radiological character of the
water, and from a strictly microbiological point of view, the



Int. Microbiol.

224 INT. MicrosioL. Vol. 8, 2005

SARRO ET AL.

active microbial activity found in the pools is very unusual.
Bacteria belonging to very diverse phylogenetic groups have
been identified, not only in the water itself, but also in the
austenitic stainless steel walls cladding the pools. In early
assays, in which stainless steels were submerged in the pools,
bacteria rapidly developed biofilms on the submerged materi-
al [27]. This led us to focus our research on the possibility of
using these biofilms for the bioremediation of nuclear water.

Materials and methods

Spent nuclear fuel pool and water analyses. Studies were car-
ried out in the west SNF pool of the Cofrentes NPP (Valencia, Spain). The
nuclear pools have thick concrete walls clad in austenitic stainless steel and
are permanently filled with water. The water in the SNF pools is cooled and
purified in a closed-loop system that includes filtration and demineralization
processes that ensure the high-purity of the water. Physical-chemical and
radiochemical analyses of the water were carried out once a week in the SNF
pool, as described previously [6].

Metal coupons and biofilm tests. Two different assays using
metallic materials were developed for use in the SNF pool, under static and
dynamic conditions. In the first, static assay, coupons of three different types
of austenitic stainless steel in the as-received state, with surfaces measuring
14 (UNS S30400), 13.5 (UNS S31600), and 15.5 cm? (UNS S30466-borated),
were used. The coupons were separately installed on the racks in groups of
three; each group consisting of one coupon made of each material (Fig. 1).
The composition of theses austenitic stainless steel coupons was similar or
identical to the cladding surfaces of different facilities of the SNF pools. In
the second assay, carried out under dynamic conditions (capacity of the
pump: 2.3 m*h), a stainless steel bioreactor was used that contained balls
of two different materials: stainless steel (=UNS S44200), weighing 20 g
each, and titanium (99.9%), weighing 5 g each (Fig. 1). In both assays, the
materials were submerged at a depth of 3 m in the west SNF pool at the
Cofrentes NPP. The materials selected were non-corrosive and non-degrad-
able in this environment. They were degreased using acetone in an ultra-
sound bath and sterilised before being submerged. After different immersion
times (Table 1) (1008 days under static conditions, and 365 days under
dynamic ones), the coupons and balls were carefully removed in a sterile
environment and transported to the laboratory in test tubes filled with sterile
water. In all cases, the samples were extracted from the NPP only when the
radioactivity levels permitted it.

Epifluorescence microscopy. The microbiological quality of the
water was analyzed as described for membrane filters [6]. The biofilms
formed under static and dynamic conditions were visualized by epifluores-
cence microscopy (Axioskop 2, Zeiss, Germany) using the LIVE/DEAD
BacLight Viability Kit (L-7012, Molecular Probes Inc.) as previously
described [27]. Microphotographs were obtained using an Olympus Digital
Camera C-3030 Zoom. Biofilm formation on the metal coupons (UNS
$30400) under static conditions was evaluated until the 134th day of immer-
sion. After that, the high levels of radioactivity no longer allowed the
coupons to be extracted from the NPP. This problem did not arise under
dynamic conditions. In order to transport the metallic materials to the biode-
terioration laboratory, small fragments of the metallic balls (measuring less
than a 1 cm?) were cut and maintained in Milli-Q sterile water.

Scanning electron microscopy. Scanning electron microscopy (SEM)
analyses were carried out on UNS S31600 coupons (13.5 cm?) for the static
experiment, and on balls (measuring approximately 1 cm?), as described above,
for the dynamic experiment. The samples were washed in sodium cacodylate
0.01 M buffer and then fixed with 2.5% glutaraldehyde in sodium cacodylate
0.01 M at 4°C for 2-3 h. After that, the samples were dehydrated using a series
of acetone-water washes (20%, 40%, 60%, 80%) and submerged in these solu-
tions for 30 min at 4°C. Finally, the samples were maintained in a 100% ace-
tone solution at 4°C. The specimens were further processed using the critical
point procedure (CPD 020, Balzers Union), sputter-coated with gold (SCD 004,
Balzers Union), and observed under a scanning electron microscope (DSM
960, Zeiss) operated at 15 kV accelerating voltage.

Bacterial isolation and DNA extraction. Viable and culturable
microorganisms formed sessile population on samples under static and
dynamic conditions were isolated by one of three different methods. Method
1was used only for metal coupons of UNS S30466 until day 203. The
coupons were then removed from the pool and incubated in nutrient broth
(Nutrient Broth no. 2, Oxoid) at 30°C for approximately 72 h. Afterwards, to
isolate the large number of species, 100 ul of the bacterial suspension was plat-
ed on three different solid media, as described previously [27]. Cultures were
incubated at 30°C until colonies appeared. Colonies growing on the plates were
picked and purified several times by restreaking. Method 2 was used for
coupons of the static assay (UNS S30400, UNS S31600, and UNS S30466)
after 203 immersion days, at which point the high levels of radiation no
longer permitted removal of the coupons from the NPP. The coupons were
washed with sterile water, and the biofilm was removed and transferred to
100 ml of sterile water before being submitted to sonication for 15 min. A
25-ml portion of this half-diluted water was filtered through 0.45-um filters
(HAWP04700, MF membrane filters, Millipore). Filters were incubated
inside the NPP in different solid media: TSB (Tryptone Soya Broth, Oxoid;
supplemented with agar (UPS), purissimum, Panreac), STC and R2 as in
[27]. Cultures were incubated at 30°C until colonies appeared. Colonies

Static
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Dynamic
assay
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Fig. 1. Static and dynamic devices
used in the biofilm assays.
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Table 1 Immersion days of the samples submerged in the spent nuclear fuel
(SNF) pool at the Cofrentes nuclear power plant (NPP) in static and dynamic
conditions

Static conditions Dynamic conditions
Extraction Austenitic stain- | Extraction  Stainless steel ~ Titanium

less steel coupons, balls, immer- balls, immer-
immersion days sion days sion days

1MP 23 1BR 51

2MP 71 2BR 80

3MP 134 3BR 106 26

4MP 203 4BR 142 62

5MP 315 5BR 170 90

6MP 414 6BR 254 154

7T™MP 499 7BR 365 285

8MP 736

9MP 827

10MP 1008

The static assay was started in 2000 (January) and the dynamic assay in 2001
(August); both experiments ended in 2002

growing on the plates were picked and purified several times by restreaking.
In method 3, biofilms formed under dynamic conditions were removed from the
samples using an ultrasound bath for 15 min in 250 ml of deionized sterile
water. After sonication, 50 ml of a 1:10 dilution was filtered through 0.45-um
filters (MF™Membrane filters, Millipore) as above, and the filters were plated
onto different solid media (NA, BHI, TSB, STC, R2) as described previously
[27]. Due to the highs levels of radiation in all cases (up to 2030 Bg-cm?), the
filters were incubated at 30°C until colonies appeared in the NPP. Colonies
growing on the plates were picked inside the NPP and purified by restreak-
ing several times on the same culture media. Genomic DNAs of the isolated
microorganisms were then extracted using Prep Man Ultra (PE Applied
Biosystems), according to the protocol given by the manufacturer, or freeze-
thawed (-20°C, +60°C). Colonies of different morphologies isolated by the
above-described methods were picked from each plate, purified, and main-
tained at —20°C using the kit (KPX007, Microkit Iberica).

Polymerase chain reaction and denaturing gradient gel
electrophoresis analyses. 16S rDNA fragments were amplified by
“touchdown” PCR using the universal primers of Escherichia coli 5F (con-
taining a 40-base GC-clamp at its 5" end,) and 531R. The annealing temper-
ature was lowered from 50°C to 40°C over 20 cycles. The following 20
cycles were set at 43°C. Each cycle consisted of an initial denaturing step
lasting 45 s at 94°C, and a final elongation step lasting 45 s at 72°C. In all
these reactions, a PCR-master kit (Roche) was used. PCRs were carried out
in a GeneAmp PCR System 2400 (Perkin Elmer, Norwalk, Conn.). Amplifi-
cation products were analyzed by electrophoresis as described earlier [27].
Ten pl of the amplified fragments were analyzed by denaturing gradient gel
electrophoresis (DGGE), with a 30-60% denaturant gradient (100% denatu-
rant contains 7 M urea and 40% [v/v] formamide). DGGE and preincubation
of the gel were carried out as previously reported [27].

Sequencing and phylogenetic identification. Bacteria were identified by
sequencing 500 bp using MicroSeq 500 16S rDNA or the BigDye
Terminator v1.1 Cycle Sequencing kit (L-7012, PE Applied Biosystems).
Sequences were resolved in an ABI PRISM 310 Genetic Analyzer following
the manufacturer’s instructions. The sequences obtained were compared di-
rectly to all the known sequences deposited in the NCBI databases using the
basic local alignment search tool Blastn. Sequences were aligned using
CLUSTAL_X software, version 1.81 [30]. Phylogenetic and molecular evo-
lutionary analyses were conducted using MEGA (Molecular Evolutionary
Genetics Analysis) version 2.1 [19]. Phylogenetic trees were constructed
using the neighbor-joining method with the Jukes-Cantor model [17] and
maximum parsimony methods. A total of 1000 bootstrapped replicate resam-
pling data sets were generated.

Nucleotide sequence accession numbers. The sequences obtained
from microorganisms forming biofilms in the SNF pools were deposited in
GenBank under the accession numbers AY599885 to AY599892, AY894720
to AY894731, and AY791999 to AY792035. Additionally, the sequences of
microorganisms isolated from the walls of the reactor’s pools were assigned
the accession numbers AF397059 to AF397063, AY479983, and AY479984,
and those from the SNF pool water; AY509953 to AY509973.

Accumulation of radionuclides in the biofilms. The biofilm
formed on the coupons under static conditions were removed with 100 ml
deionized sterile water solution in an ultrasonic cleaner in order to analyze
the water’s radioactivity, which is an indirect measurement of the radioactiv-
ity in the biofilm. In the dynamic assay, the metallic balls were directly intro-
duced into the detector after being washed in sterilized water. In case the
detector was saturated, the metallic balls were cut in two or more pieces.
One of them was weighed before being introduced in the detector in order to
obtain a measure of residual radioactivity using the same protocol.

Manipulation of samples and waste management. All sam-
ples obtained in this study were collected and manipulated following the rec-
ommendations of the Nuclear Security Council to prevent radiological con-
tamination [8]. The materials used in this study and the waste products gen-
erated were treated as radioactive waste.

Results

Water quality. The concentration of nitrates, sulfates, and
chlorides in water treated in the closed-loop system was typi-
cally within the 0.45-0.59 g/l range, the water conductivity
was 0.8-1.5 uSem, pH values ranged from 5.0 to 6.5, the tem-
perature was between 25 and 30°C, and the TOC values ranged
from 0.01 to 0.61 ppm. These data are in accordance with the
recommended values given for the NPP, and indicate the oligo-
trophic character of the water. The radiochemical analysis of
the water by y-spectrometry is shown in Fig. 2. The high peak
matches with the refueling period. The most common radionu-
clides found in the water were *Co, **¥Cs, 13'Cs, **Mn, and *Zn.

Microscopy analysis of biofilms. Epifluorescence micro-
scopy studies revealed that both in static and dynamic condi-
tions, the metallic materials were progressively colonised with
time (Fig. 3). In all materials the colonization mainly consisted
in filamentous and long rod-shaped bacteria. Even though a
high number of dead cells were found in the oldest biofilms, the
living and metabolically active bacteria still outnumbered the
dead ones in spite of the high levels of radiation.

Scanning electron microscopy confirmed the epifluores-
cence results showing that there was effectively bacterial col-
onization and that the microorganisms in the biofilms were
diverse. In static conditions, complex biofilm was formed on
stainless steel after 71 days in this radioactive and oligo-
trophic environment (Fig. 4). In dynamic conditions, the bio-
film was observed after 51 immersion days, as well as the flux
influence in the biofilm structure. On the titanium, the colo-
nization was apparent after 26 immersion days. It was at this
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Fig. 2. Radiochemical analysis of the spent nuclear fuel (SNF) pool-water by
v-spectrometry (Bg-g*) from January 1999 to December 2002. The peaks
coincide with maintenance work carried out with SNF or follow refueling
periods in the nuclear power plant.

point that the different types of microorganisms appeared, as
on the stainless steel. Differences in the colonization could be
seen on the surface morphology of the titanium material. On
the rough or obverse side, the colonization was more intense;
it even covered completely the surface of the material. This
side had a few colonies that were very large; while the smooth
or reverse side had more colonies that were smaller.

Bacterial isolation and identification. From the fil-
ters cultured on different solid media, 283 colonies were isolat-
ed: 94 from static assays, and 146 from dynamic ones. The PCR
products of the total number of microorganisms were analyzed
using DGGE, thus allowing us to differentiate the migration pat-
terns, and making it possible to use it as pre-screening test. From
the total of microorganisms, 20 different bacteria were identified
in the static conditions, and 37 in the dynamic ones. These bac-
teria belonged to o=, -, and Proteobacteria, Firmicutes and
Actinobacteridae. On austenitic stainless steels in static condi-
tions, 12 different genera were identified; while on UNS S44200
in dynamic conditions, they were 8 genera and on titanium 7

~ 400 pym

genera. On UNS S30400 and UNS S31600 stainless steels in
static conditions, the bacterial diversity in the biofilm increased
with time and reached the highest diversity at 827 immersion
days (4 genera), while on UNS S30466, it was at 499 immersion
days (3 genera). On UNS S44200 in dynamic conditions, the
highest diversity was found after 170 immersion days (6 gen-
era). However, the diversity in the biofilm on titanium was sim-
ilar regardless of the immersion time, with 4 of 5 genera per ana-
lyzed sample. Colonization was different on different materials.
In static conditions, Staphylococcus was the only genus present
in the biofilm of all types of austenitic stainless steel, regardless
the immersion time. In dynamic conditions, the most represent-
ed genera in the biofilm developing on the stainless steel balls
were Bacillus and Stenotrophomonas, whereas in titanium
biofilm, they were Ralstonia (=Wautersia, =Cupriavidus) and
Mycobacterium (Fig. 5).

Biofilm radioactivity. The analysis of the biofilms deve-
loping on samples submerged in the pools during the studies
showed that radionuclides present in water accumulated on
the surface of the metallic samples. The accumulation was dif-
ferent depending on the material. The main radionuclides
accumulated in the biofilm on stainless steel in both static and
dynamic conditions were ®Co, %Zn and *Mn, whereas a few
radionuclides of other varieties could be detected. The most
abundant radionuclides in static conditions on austenitic stain-
less steel correspond to ®°Co, Zn, 5'Cr, but in dynamic condi-
tions on UNS S44200, 5'Cr disappeared, and 5*Mn appeared in
the biofilms. In titanium biofilms, other radionuclides
appeared such as °Fe, ®*Nb, and ®Zn. ®°Co was the most com-
mon radionuclide in the biofilm and the accumulation curves
were defined mainly by the accumulation pattern of this
radionuclide (Fig. 6).

In static conditions, the maximum radioactivity rate on
the coupons at 315 days was observed at 5521 Bg-cm for
UNS S30400, and 1,560 Bg-cm™ for UNS S30466. In the

~ 400 ym
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Fig. 3. Epifluorescence micrographs of stainless steel colonization in dynamic conditions during the assay: (A) after 106 immersion days, (B) and (C) after

170 immersion days.
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Fig. 4. Electron micrographs of stainless steel and titanium colonization
after different immersion times: (A) UNS S30466 after 71 immersion days
under static conditions. (B) Titanium after 26 immersion days. (C) Stainless
steel after 80 immersion days under dynamic conditions. Biofilm formation
is conditioned by the flux of water in the bioreactor. (D) Mature biofilm
formed on stainless steel after 51 immersion days.

case of UNS S31600, the maximum was registered after 736
immersion days with a radioactivity rate of 3163 Bg-cm™. In
dynamic conditions on UNS S44200, the radioactivity increas-
ed as of 106 immersion days, and at a maximum of 142 days,
the radionuclides rose to 895 Bg-cm™. After this point, the ra-
dioactivity decreased slightly, and then increased again at 170
immersion days, reaching its peak at 365 immersion days with
values at 2408 Bg-cm. On titanium, radioactivity accumulates
quicker than on any of the stainless steel types in both static and
dynamic conditions. The peak was reached at 174 immersion
days with values at 1075 Bg-cm™.

Discussion

This research shows that microorganisms belonging to diffe-
rent phylogenetic groups present in the water of SNF pools are
viable and can grow and form biofilms on stainless steel and
titanium, in spite of the oligotrophic and radioactive environ-
ment. The average number of total microbial cells counted by
epifluorescence microscopy in the nuclear fuel pools was 10°
cells:'ml™. When culturable methods were used, the range was
between 0.41 and 1.77 CFU-mlI™ [7]. In all cases, culturable
microorganisms were about 0.1% of the total microorganisms
counted by epifluorescence microscopy. Similar values have
also been found by other researchers [26] and seem to be a
standard value in SNF storage waters.

o
Ke)
o
o
=
ey
E

Sequencing techniques provided an analysis of the bacterial
16S rDNA gene composition present in the biofilms of stainless
steels and titanium samples. The bacteria in the biofilms
belonged to five different phylogenetic groups (o=, 3~ and -Pro-
teobacteria, Actinobacteridae, and Firmicutes) and were found
on both materials, but some species could only be isolated from
one of them. Among the isolated bacteria, gram-positive and
gram-negative were found. The percentages of gram-positive
and gram-negative were similar on different materials, but the
numbers of gram-negative bacteria in both the biofilms and the
water of the SNF pools [6] were higher than those found in other
studies in radioactive environments [15]. Such differences might
be due either to different culture conditions or to the fact that
biofilms would function as a radiological protection for the
microorganisms that make up it. Although the radioresistance of
bacteria isolated in this research has not been tested, other bac-
teria isolated in the same SNF pools belonging to similar genera
presented D10 values of about 1.4 kGy (data not published).
Moreover, microorganisms were growing in the culture media
on filters with radioactivity rates of up to 2030 Bg-cm™.

The y-spectrometry analyses during the assays showed
that the radioactivity due to radionuclide accumulation in the
biofilm increased with time. The increase in the radioactivity
of the biofilm was mainly due to the accumulation of *Co,
which is the most abundant radionuclide in the water of the
SNF pool. In stainless steel biofilms, the main radionuclides
were ©Co, %Zn, 5*Mn, and 5!Cr; while in titanium biofilms,
they were Fe and *Nb. These differences imply that there is
a selective *Fe and ®“Nb accumulation in the titanium bio-
films, because both radionuclides are less abundant in the
water than ®Zn, %*Mn, and *!Cr. On the other hand, they accu-
mulated more quickly in titanium than in stainless steel dur-
ing the first immersion period. During longer immersion
periods, however, radioactivity accumulation was higher in
stainless steels biofilms. The differences between **Mn accu-
mulation and the maximum biofilm radioactivity in stainless
steel and titanium might be due to the existence of different
microorganisms with Fe-independent or Mn-energy depend-
ent accumulation. The Mn/Fe ratio is higher in biofilms
developing on stainless steel than in those developing on tita-
nium. To explain such a difference, it has been suggested that
Mn (I1) accumulation (with low Fe) might be a widespread
strategy for survival [9].

The differences in bacterial composition of biofilms and
in the accumulation processes of radionuclides might account
for the differences of radioactivity observed between materi-
als. In titanium biofilm, the high diversity of Ralstonia might
be due to the rapid increase in radioactivity. This genus,
which has been isolated in radioactive and/or oligotrophic
environments before forming biofilms [7,18,22,24], is
involved in biomineralization and chemisorption processes
forming hydroxides, carbonates [21], metallic radionuclides
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[20], iron oxides and manganese oxides [5,28]. Burkholderia,
which was isolated from the water of SNF pools in a previous
study [7], is considered to be an ubiquitous genus of soil bacte-
ria related to PAH-degrading [23], TCE-degrading [4], and her-
bicide-degrading [16] processes. Both Ralstonia and Burkhol-
deria have been classified by the Microbial Genomics Research,
DOE (Department of Energy, USA) [http://www.microbial
genome.org/organisms.shtml] as microorganisms potentially
useful for bioremediation of several compounds and elements.
At advanced stages of immersion, the most abundant genus
found on the materials tested was Bacillus, especially B. cereus.
This genus has an impressive physiological diversity, and its

spores are highly resistant to unfavorable conditions. In the case
of B. cereus, it has been characterized as a radioresistant bacteri-
um with D10 values of 1.0 kGy [12]. The Bacillus genus is resist-
ant to gamma radiation, UV, H,0,, and desiccation [25]. It has also
been linked to the selective accumulation of Mn, Zn, Cs, U, and
Co, among others [25, 29]. Moreover, some strains, and especial-
ly their spores, can bind irreversibly large amounts of metals, and
the presence of spores at advanced stages of colonization might
account for the increasing radioactivity in the biofilm.

Other genera predominant in the biofilms were Steno-
trophomonas and Mycobacterium. While the latter has not
been previously documented in radioactive environments,
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Fig. 6. Radionuclide accumulation in the biofilms forming on samples sub-
merged in the SNF pool at the Cofrentes nuclear power plant after different
periods of time. Under static conditions (UNS S30400, UNS S30466, UNS
S31600), the total radioactivity of the biofilms is shown. Under dynamic
conditions (UNS S44200 and Titanium 99.9%), total radioactivity and accu-
mulation of ®Co in the biofilms are provided.

both genera have been related to degrading processes of
organic compounds [11] or hydrocarbons [2]. Some isolates
belonging to Stenotrophomonas can resist doses of up to 2.5
kGy of y-radiation [13]. Nocardia and Staphylococcus, also
present in the biofilms, were previously isolated in the water
of SNF pools [7, 27] and in other radioactive environments
[13]. These are microorganisms with D10 values higher than
0.5 kGy [3] and 2.5 kGy [13], respectively.

Studies in laboratories and in natural environments have
shown a high affinity of microbial biomass for actinide ele-
ments, heavy metals, and radionuclides [14]. The results sug-
gest that biofilm communities in the SNF pools are directly
involved in the accumulation of radionuclides from the water.
The two main mechanisms used by the microorganisms to
remove the radionuclides are biosorption and bioaccumulation.
Biosorption is a metabolically independent physical process at
the cell surface, while bioaccumulation is an energy-dependent
process involving intracellular accumulation. Most of the radio-
nuclides detected in the biofilm could be related to biosorption
processes, especially ®°Co (one of the most abundant radionu-
clides in the water of SNF pools in NPPs with BWR).

Due to the difficulties in developing this type of research in an
active NPP, this study is an important contribution to understand-
ing the role of microorganisms in oligotrophic and radioactive

water. The microorganisms and the metallic supports could find
application in in-situ bioremediation processes at NPPs.

Future prospects. Bioremediation of water contaminat-
ed with radionuclides depends mainly on the capacity of the
microorganisms to survive in a radioactive environment. To
understand the mechanisms that enable the removal of radio-
nuclides from water and their concentration in bacterial cells,
it is necessary to identify not only the culturable microorgan-
isms present in the radioactive water, but also those that are
non-culturable. The latter could play a major role in biofilms
developing on metallic materials in contact with radioactive
water. For this reason, more in-depth studies are needed, using
molecular biological culture-independent techniques to detect
and identify non-culturable bacteria. For the characterization of
environmental samples, the most common approach is to com-
bine DGGE, which generates characteristic band patterns, with
the cloning and sequencing of amplified fragments of 16S rDNA.
Another common technique is fluorescent in situ hybridization
(FISH), which, in addition to contributing in identifying the
microorganisms, allows their quantification and a study of their
distribution in the biofilms. Another approach is the use of
microarrays to detect 16S rRNA or its genes. Microarrays are
based on the interaction of complementary DNA chains. Specific
single-stranded DNA fragments (sSDNA probes) are immo-
bilised on glass slides or silicon chips and then put into contact
with ssSDNA samples previously marked with fluorochromes,
allowing hybridized complementary probes to be detected fluo-
rescently. Given that the position and identity of each one of the
probes is known, it is possible to determine which ones are
present in the sample. Currently, microarrays are being used to
characterize microbial populations and to detect microorganisms
in complex mixtures, although they have not been applied yet to
the study of radioactive waters of nuclear power plants.
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Formacion de biopeliculas en piscinas de
combustible nuclear gastado y biorremedia-
cion de aguas radiactivas

Resumen. Los estudios microbiol6gicos de las piscinas de combustible nucle-
ar gastado en la Central Nuclear de Cofrentes (Valencia, Espafia) se iniciaron para
determinar las poblaciones microbianas del agua de dichas las piscinas. También
se estudid la formacion de biopeliculas en las instalaciones de la central nuclear y
del posible uso de esas poblaciones microbianas para la biorremediacion de aguas
radiactivas. Para analizar la formacion de las biopeliculas en una piscina de com-
bustible nuclear gastado, se sumergieron durante 34 meses (en condiciones estati-
cas y dindmicas) cupones de acero inoxidable austenitico (UNS S30400, UNS
S30466, UNS S31600), asi como ovillos de acero inoxidable (UNS S44200) y
titanio (99.9%). La observacion al microscopio de epifluorescencia y al microsco-
pio electronico de barrido revelo la formacion de biopeliculas sobre las muestras
a pesar del caracter radioactivo y oligotréfico del agua. De acuerdo con los méto-
dos estandar de cultivo y secuenciacion de los fragmentos del 16S rDNA, en las
biopeliculas se identificaron 57 bacterias diferentes pertenecientes a los grupos
o-, -,y ¥Proteobacteria, Firmicutes y Actinobacteridae. La radiactividad de las
biopeliculas se midi6 por espectrometria gamma y esta técnica demostr6 que las
biopeliculas son capaces de retener radionucleidos, especialmente ©°Co. El empleo
de materiales metalicos para descontaminar aguas radiactivas podria ser un nuevo
método de biorremediacion. [Int Microbiol 2005 8(3):223-230]

Palabras clave: central nuclear - piscina de combustible nuclear gastado
agua radiactiva - biopeliculas - biorremediacion

Formacao de biofilmes em piscinas de com-
bustivel nuclear usado e bioremediacao de
aguas radioativas

Resumo. Os estudos microbioldgicos das piscinas de combustivel nuclear
gasto na Central Nuclear de Cofrentes (Valéncia, Espanha) se iniciaram para
determinar as povoacdes microbianas da agua dessas piscinas. Também se estu-
dou a formac&o de biofilmes nas instalagdes da central nuclear e o possivel uso
dessas povoagBes microbianas para a bioremediacédo de &guas radiativas. Para
analisar a formagéo dos biofilmes em uma piscina de combustivel nuclear
usado, durante 34 meses (em condices estaticas e dinamicas) se mantiveram
ali submergidos cupons de ago inoxidavel austenitico (UNS S30400, UNS
S30466, UNS S31600), assim como novelos de aco inoxidavel (UNS S44200)
e titanio (99.9%). A observagdo ao microscopio de epifluorescéncia e ao
microscdpio eletronico de varredura revelou a formagao de biofilmes sobre as
amostras a pesar do carater radioativo e oligotréfico da dgua. De acordo com 0s
métodos standard de cultivo e secuenciacion dos fragmentos do 16S rDNA, nas
biopeliculas se identificaram 57 bactérias diferentes pertencentes aos grupos o,
-, e »Proteobacteria, Firmicutes e Actinobacteridae. A radiatividade das bio-
peliculas se mediu por espectrometria gamma, que demonstrou que os biofimes
podiam reter radionucleidos, especialmente ®Co. O emprego de materiais
metalicos para descontaminar dguas radiativas poderia ser um novo método de
bioremediacgo. [Int Microbiol 2005 8(3):223-230]

Palavras chave: central nuclear - piscina de combustivel nuclear usado -
&gua radiativa - biofilmes - bioremediacdo



