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Abstraet--A radioactive liquid waste repository was found to be the habitat of a rich microbial community 
with a high catabolic potential. Groundwater from a depth of 162-189 m contained aerobic saprotrophic and 
anaerobic fermentative, sulfate-reducing, and denitrifying bacteria. Nitrate-reducing bacteria residing in this 
groundwater were isolated in pure cultures. Based on the results of their physiological studies, 16S rRNA 
sequencing, and phylogenetic analysis, the microorganisms isolated were ascribed to one phylogenetic branch, 
the y-subclass of gram-negative bacteria. Among six isolates, four belonged to the genus Acinetobacter, 
whereas two others belonged to the genera Comamonas and Aeromonas. The data obtained indicate that the 
microflora of the repository can exert a certain effect on the chemical composition of the formation fluids and 
bearing rocks, as well as on the migration of radionuclides. 
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The proportion of nuclear energy in the energy pro- 
duction of industrialized countries makes up about 70% 
(France), 35% (Japan), 30% (Germany), and 11-15% 
(USA and Russia). The development of nuclear indus- 
try is closely related to the solution of the problem of 
nuclear waste disposal. 

At present, all concerned countries accepted a con- 
ception of the multibarrier storage of nuclear wastes, 
which are first solidified and then placed in a repository 
located in a geological formation. To avoid migration 
of radionuclides, surrounding rocks are usually pro- 
tected by additional engineering barriers [1-5]. Since 
subterranean systems are populated with microorgan- 
isms, some countries have established special services 
that exert microbiological control over the integrity of 
waste reservoirs, including studies of microflora on the 
surface of reservoirs and in surrounding rocks and sim- 
ulation of the processes of biofilm formation and bio- 
genic corrosion of the reservoir's metals [1-3, 6-9]. 

One of the methods of storing nuclear wastes applied 
in Russia consists in pumping liquid wastes with low 
and medium radioactivity into deep (400-450 m) 
porous water-bearing rocks which are reliably isolated 
from underlying and overlying strata by waterproof 
clay layers. Wastes, which are injected through an 
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injection well, displace formation water and then per- 
colate through the reservoir bed at a rate equal to that of 
the formation water (1-10 m/year). 

In addition to radionuclides, nuclear wastes (pH 10-12) 
contain nitrate and acetate anions, whose concentration 
may reach 200 and 80 g/l, respectively. These compo- 
nents of wastes can interact with surrounding rocks and 
pollute groundwater. In spite of the high hydrogeologi- 
cal safety of nuclear waste repositories, there exists a 
hazard of polluting water-bearing strata emerging on 
the surface with the toxic components of stored wastes. 
This necessitates control of the motion of toxic wastes, 
which is implemented by means of local monitoring of 
groundwater. 

The ever-increasing quantity of radioactive wastes 
calls for the development of new advanced methods for 
their disposal. Theoretically, acetate and nitrate anions 
can appropriately be removed from wastes by the 
microbiological process of denitrification, in which 
radioresistant microorganisms utilize acetate and 
reduce nitrates into the ecologically safe molecular 
nitrogen. It would be expedient to search for such 
microorganisms directly at the sites of radioactive 
waste storage. 

It should be noted that there are virtually no publi- 
cations devoted to the microbiological aspects of the 
disposal of radioactive wastes in Russia. The aim of the 
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present work was to study the physicochemical condi- 
tions and the composition of microflora in groundwater 
from the observation wells located on the periphery of 
a radioactive liquid waste repository. We also attempted 
to isolate the microorganisms that would be able to 
transform the main components of wastes (nitrate and 
acetate anions). 

MATERIALS AND METHODS 

Groundwater for study was collected from the 
observation boreholes located on the periphery of a 
deep repository of low-level (less than 10 -5 Ci/l) radio- 
active liquid wastes. The enclosing sandstone stratum 
was composed of quartz and feldspar (60-70%), the 
rest being mica and kaolinite clay. 

Media and enumeration of bacteria. Microorgan- 
isms in groundwater were enumerated by the serial ten- 
fold dilution method. Aerobic saprotrophic bacteria 
were enumerated by plating the dilutions on universal 
medium often used in ecological studies, namely, plate 
count agar (PCA) purchased from Difco (United 
States). Thionic bacteria of the species Thiobacillus 
denitrificans were enumerated using anaerobic Taylor 
medium [10]. Sulfate-reducing bacteria were detected 
by the production of hydrogen sulfide in the serial dilu- 
tions prepared using Postgate medium B [11] supple- 
mented with sodium lactate and 100 mg/l Na2S �9 9H20. 
Denitrifying bacteria were detected by the appearance 
of molecular nitrogen in Adkins medium [12] supple- 
mented with 2 g/1 sodium acetate or 5 g/l sucrose as 
sources of carbon and energy and 0.85 g/1 sodium 
nitrate as an electron acceptor. Fermentative bacteria 
were detected by hydrogen production in Adkins 
medium supplemented with sucrose but not sodium 
nitrate. Methanogens were detected by the production of 
methane in media containing 2 g/l acetate or H: + CO2 
[12]. Anaerobic bacteria were cultivated in Hungate 
tubes purchased from Bellco Glass Inc. (United States). 
The gas phase was purified argon, except for methane- 
producing bacteria cultivated on a mixture of hydrogen 
and carbon dioxide. Microbial cultures were examined 
under a Jenaval light microscope equipped with a 
phase-contrast device (magnification, 2000). 

Analytical methods. Molecular hydrogen and 
nitrogen were analyzed on a model 3700 gas chromato- 
graph equipped with a katharometer and a column 
(2 m x 2 mm ID) packed with a molecular sieve. The 
carrier gas was argon at a flow rate of 40 ml/min. The 
detector and injector were kept at 70 and 40~ respec- 
tively. 

Methane was quantified on the same chromatograph 
equipped with a flame-ionization detector and a 
SOVKOL prepacked column (1 m x 3 mm ID). The 
carrier gas was argon at a flow rate of 40 ml/min. The 
detector and injector were kept at 150 and 140~ 
respectively. 

Hydrogen sulfide was determined with dimethyl-p- 
phenylenediamine by a modified colorimetric method 
of Pachmayr as described by Triiper and Schlegel [13]. 

pH and Eh values were measured using an OP-211/1 
digital laboratory pH meter. 

Iron, magnesium, calcium, and sodium in ground- 
water were analyzed on an AAS 1N atomic absorption 
spectrophotometer. Nitrates were analyzed on an 
Ecotest-01 device fitted with an ELIT-21 ion-selective 
electrode. Nitrites were determined colorimetrically 
with sulfanilic acid and ct-naphthylamine. Other com- 
ponents in groundwater were analyzed by routine 
methods [14]. 

DNA was isolated from cells of pure cultures by the 
Marmur method [ 15]. The G+C content of DNA was 
determined from melting profiles in dilute buffers [16]. 

The morphological, physiological, and biochemical 
characteristics of bacteria were studied by routine 
methods. 

Amplification, sequencing, and analysis of 16S 
rRNA genes. The 16S rRNA genes isolated from cells 
of pure cultures of nitrate-reducing bacteria were 
amplified and sequenced using the primers from [17]. 

Amplification was carded out in 60 mM Tris-HCl 
buffer (pH 8.8) containing 20 mM MgCI2, 170 mM 
(NH4)2SO 4, and 0.01% gelatin. The reaction mixture 
(500 l.tl) contained standard concentrations of dNTPs 
and equimolar amounts of 27f and 1492r primers. Sam- 
ples were amplified through 30 three-step cycles of 
DNA denaturation at 94~ for 30 s, primer annealing at 
40~ for 1 min, and elongation at 72~ for 2.5 min. 16S 
rRNA gene fragments were purified on low-melting- 
point agarose and sequenced in a DNA Sequencer 
373A using a kit purchased from Applied Biosystems 
(N 402080, Ready Reaction Dye Terminator Sequenc- 
ing Kit with AmpliTaq DNA Polymerase, FS). 

The 16S rRNA gene sequences of the strains studied 
have been deposited in GenBank under the following 
numbers: A382, AF 188302; A381, AF 188303; A391, 
AF 188301; A392, AF 188299; D22, AF 188304; and 
P152, AF 188300. 

16S rRNA gene sequences were preliminarily ana- 
lyzed using the database and software package of the 
Ribosomal Database Project. Then sequence fragments 
were aligned manually using the respective sequences 
of allied reference strains. The rooted phylogenetic 
trees of bacteria were constructed with the aid of the 
TREECON software package [18]. 

RESULTS AND DISCUSSION 

Samples of groundwater collected in six observation 
wells located along the front of the migration of low- 
level radioactive liquid wastes were investigated with 
respect to physicochemical characteristics and micro- 
bial composition. 
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Table 1. Physicochemical characteristics of samples of formation water taken from the observation wells of a subterranean 
radioactive liquid waste repository 

Well Depth, m 

A-38 180 
A-39 168 
D-1 189 
D-2 162 
D-4 171 
P-15 163 

pH Eh, mV Fetota I, mg/1 

7.9 280 6.5 
7.8 290 6.65 
9.1 210 16.3 
7.9 295 29.5 
7.5 310 237.5 
7.5 300 23.0 

Mg 2+, mg/l 

13.1 
14.25 
9.5 

23.0 
15.5 
15.3 

Ca 2+, mg/l 

23.0 
31.0 
17.5 
45.3 
38.5 
64.0 

NO3, mg/l 

4.09 
1.87 
1.25 
2.0 
0.63 
0.35 

HCO~, mg/l 

158.6 
335.5 
305 
347.7 
280.6 
311.l 

Na + + K +, mg/l 

25.7 
64.2 
71.3 
18.7 
31.97 
19.0 

Cl-,mg/l 

<2 
<2 
<2 
<2 
<2 
<2 

Physicochemicai characteristics of groundwater. 
Samples of groundwater were collected from a depth of 
162-189 m; they exhibited neutral and slightly alkaline pH 
values (7.5-9.1), a redox potential of +210 to +310 mV, 
low mineralization, and radioactivity at a maximum 
permissible concentration level, which indicated that 
these observation wells were located outside the line of 
radioactive contamination (Table 1). The predominant 
anion in groundwater was bicarbonate, whose concen- 
tration ranged from 158.6 to 347.7 mg/l. The concen- 
tration of nitrates did not exceed 4 mg/l. The contents 
of chlorides (< 2 mg/l), sulfates (< 4 mg/l), and nitrites 
(< 0.5 mg/i) in groundwater were at the level of their detect- 
ability. The major cations were Na § + K § (19-71.3 mg/l), 
Ca 2+ (17.5-64 mg/l), Mg 2§ (9.5-23.5 mg/l), and Fe 
(6.65-29.5 mg/l). At the same time, iron concentration 
in the groundwater sample taken from the well D-4 was 
as high as 237 mg/l. The temperature of groundwater 
was 12-14~ 

Microbial composition of groundwater. Samples 
of groundwater were analyzed for some physiological 
groups of microorganisms which could theoretically 
reside in this habitat. The microbial population of sam- 
ples was analyzed by cultural methods. The taxonomi- 
cal position of pure cultures was determined by the 
analysis of 16S rRNA gene sequences. 

The microbial populations of groundwater samples 
were different (Table 2). The lowest number of bacteria 
was found in sample D-4. The number of aerobic 
saprotrophic bacteria in other samples ranged from 2.5 x 
102 to 7.2 x 104 cells/ml. Anaerobic fermentative bacte- 
ria producing hydrogen from sucrose were most abun- 
dant in samples P15 and A39 (1.3 x 105 cells/ml). 

In spite of the low content of sulfates (< 4 mg/l), 
groundwater samples contained sulfate-reducing bac- 
teria, although their number was small (no more than 
250 cells/ml). It should be noted that the occurrence of 
sulfate-reducing bacteria in the subterranean habitats 
lacking sulfates is not surprising, since these bacteria 
can obtain energy for growth not only from sulfate 
reduction, but also from the reduction of other oxidized 
sulfur compounds and oxides of nitrogen, iron, and 
other metals. Furthermore, they can ferment various 

organic substrates and implement the interspecies 
transfer of hydrogen to microbial acceptors [11 ]. 

The number of methanogenic bacteria was very 
small (several cells/ml), which could be explained by a 
relatively high redox potential of groundwater. The 
samples investigated contained heterotrophic denitrify- 
ing bacteria capable of growth on acetate and nitrates 
(1.3 x 103--6 • 105 cells/ml) and sucrose and nitrates 
(from 6 cells/ml to 1.3 • 106 cells/ml). 

Thus, the microflora of groundwater had a high cat- 
abolic potential and was able to efficiently mineralize 
various organic substrates in the processes of aerobic 
oxidation and anaerobic fermentation, denitrification, 
sulfate reduction, and methanogenesis. 

Isolation of nitrate-reducing bacteria. Pure cul- 
tures of nitrate-reducing bacteria were obtained, via 
enrichment cultures, from the highest dilutions of 
groundwater in which dinitrogen could still be detected 
by gas chromatography. We mainly searched for the 
nitrate-reducing bacteria that could utilize acetate, one 
of the major components of radioactive wastes. During 
the isolation of nitrate-reducing bacteria, we also used 
sucrose, which is the major component (up to 50%) of 
molasses, an affordable waste of the sugar industry 
widely used in biotechnology as a growth substrate. 

Growth of the enrichment cultures of nitrate-reduc- 
ing bacteria in media with acetate, sucrose, and nitrates 
was accompanied by a considerable decrease in the 
concentration of nitrates. Among the products of nitrate 
reduction, we detected nitrite and molecular nitrogen. 

Pure cultures of nitrate-reducing bacteria were 
obtained by plating enrichments on agar media with 
nitrates and sodium acetate and incubating the plates at 
30~ in anaerobic jars filled with purified argon. All the 
pure cultures (we succeeded in the isolation of six cul- 
tures) were able to grow anaerobically on sodium 
nitrate as an electron acceptor and on sodium acetate as 
the sole source of carbon and energy. Four of these cul- 
tures reduced nitrates to nitrites, and two cultures 
turned out to be true denitrifying bacteria capable of 
reducing nitrate to molecular nitrogen (Table 3). 

The bacteria isolated were represented by different 
morphotypes: straight and curved rods and cocci 
arranged singly or in pairs. Spores were not produced. 
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Table 2. Abundance of aerobic and anaerobic microorganisms in samples taken from the subterranean radioactive liquid 
waste repository (cells/ml) 

Aerobic sapro- Thionic 
trophs bacteria Fermenters 

Sample 
PCA* 

A-38 5 X 10 3 

A-39 2.5 • 10 2 

D-I 9.2 x 10 3 

D-2 7.2 x 104 

D-4 5 x 10 
P-15 2 • 103 

* Plate count agar. 

NO; 

0"* >104 

0 1.3 • 105 

0 1.3 • 10 
0 ->104 

0 1.3 
0 1.3 X 105 

Denitrifiers Sulfate-reducers Methanogens 

Sucrose Acetate + NO 3 Sucrose + NO 3 Lactate + SO 2- Hz + CO2 Acetate 

25 
2.5 x 102 

25 
25 
2.5 

25 

0 
0 
0 
0 

25 
0 

>1.3 x 103 
6x 105 
6x 10 4 

>1.3 • 103 
6x  10 4 

1.3 x 10 4 

>2.5 x 105 
>1.3 x 10 6 

1.3 • 102 

6 
>1.3 • 102 

1.3 x 106 

25 
2.5 
0 
0 
0 
0 

** Stands for the absence of colonies in the case of plating of 1 ml of formation water. 

All the isolated bacteria were typical saprotrophs 
capable of aerobic utilization of volatile fatty acids 
(acetate, propionate, and butyrate) and lower alcohols. 
Under aerobic conditions, the bacteria could grow on 
potato agar, nutrient agar, and wort agar. Under anaer- 
obic conditions, they could grow on medium with 
nitrate and acetate. 

Of interest was the study of the adaptation of the 
bacteria isolated to the physicochemical conditions of 
their habitat (redox potential, pH, temperature, medium 
mineralization, and content of available organic mat- 
ter). We found that the strains that we isolated could 
grow at neutral and slightly alkaline pH values, at tem- 
peratures from 6 to 40~ and with mineralization not 
exceeding 20 g/1 NaCI (with the exception of strain 
A382, which tolerated up to 100 g/l NaCI). 

In separate experiments, we tested the radioresis- 
tance of the bacteria. To this end, bacterial suspensions 
containing 5 x 10  9 cells/ml were irradiated at 20--24~ 
with T-radiation from a 6~ source in a dose of 
1.3 Mrad at a dose rate of 325 krad/h. The bacteria 
turned out to be resistant to such irradiation. 

The phylogenetic analysis of nitrate-reducing 
bacteria. The phylogenetic position of the strains iso- 
lated was determined on the basis of analysis of 16S 
rRNA gene sequences. For strains A382 and D22, we 
determined almost complete sequences (about 1450 
nucleotides); for other strains, we determined about 
350 nucleotides with positions from 30 to 380 accord- 
ing to E. coli numbering. As can be seen from the con- 
stmcted phylogenetic tree (see figure), the nitrate- 
reducing bacteria isolated belong to different phyloge- 
netic groups of the T-subclass of proteobacteria. Most 
strains are close to representatives of the genus Acine- 
tobacter: the degree of homology of strain A392 with 
the type strain ofA. calcoaceticus is 99.7%, the degree 
of homology of strains A382 and A391 with the type 
strain of A. lwoffii is 99.2-99.7%, and the degree of 
homology of strain P152 with the type strain of 

A. johnsonii is 99.7%. These values correspond to the 
homology values recorded among strains within the 
aforementioned species (99.5-99.9%). As shown ear- 
lier, analysis of 16S rRNA gene sequences allows one 
to quite reliably identify representatives of the genus 
Acinetobacter [19]; therefore, strains A392, A382, 
A391, and P152 can be referred to the aforementioned 
species. None of these strains was close to the radiore- 
sistant species A. radioresistens [20], which may indi- 
cate that radioresistance is peculiar to various represen- 
tatives of the genus Acinetobacter. 

Strain A381 can be affiliated to the genus Aeromo- 
nas (the most close species is A. media with a 99.4% 
homology). It should be noted that the genus Aeromo- 
nas is genetically homogeneous with a degree of inter- 
species homology of 16S rRNA gene sequences as high 
as 97.3-99.9%. The 16S rRNA gene sequences of some 
species of this genus turned out to be virtually identical, 
which raised doubts about their taxonomical status 
[21]. In this connection, it is difficult to decide whether 
strain A381 is a new species of the genus Aeromonas. 

Strain D22 can be ascribed to the genus Comamo- 
nas (the closest species is the type species C. terrigena 
with a 97.5% homology of 16S rRNA gene sequences). 
Such a degree of homology is less than the intraspecies 
homology characteristic of the known species C. terri- 
gena (98.9%) and C. testosteroni (99.9-100%); there- 
fore, strain D22 may represent a new species of the 
genus Comamonas. 

Thus, the nitrate-reducing bacteria isolated from the 
subterranean habitat turned out to be taxonomically 
diverse, and some of them may represent new species. 

It is known that acinetobacters are very abundant in 
soils, water, wastewater, and subterranean rocks 
[4, 22]: their proportion in the aerobic microbial popu- 
lation of soils and water can reach 0.001% [22]. The 
representatives of the genus Comamonas are also usual 
inhabitants of soils and water bodies. The occurrence of 
these groups of bacteria in the groundwater samples 
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Table 3. Some differentiation features of nitrate-reducing bacteria isolated from formation water 

93 

Strain 

Cell shape 
Motility 
Spores 
Aerobic growth on: 

formate 
acetate 
propionate 
butyrate 
ethanol 
citrate 
pyruvate 
lactate 
fumarate 
glucose 
sucrose 
arabinose 
maltose 
lactose 
fructose 
peptone 
potato agar 

Anaerobic growth on: 

NO~ + acetate 

N O  3 ~ N 2 

. 

Optimum temperature, ~ 
Optimum concentration of 
NaCI, % 
G+C content, mol % 
sAa 
The closest species according 
to RDP 

A382 

Ovoid 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

37 
2 

43.8 
0.938 

Acineto- 
bacter lwoffii 

A381 

Ovoid 
m 

R 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

30 
0.5 

59.6 
0.952 

Aeromonas 
media 

A391 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

30 
0.5 

A392 

+ 

+ 

+ 

+ 

+ -  

+ 

+ 

+ 

+ 

+ 

+ 

+ 

30 
0 

Ovoid 

45.0 
0.944 

Acineto- 
bacter lwoffii 

Ovoid 

40.5 
1.000 

Acineto- 
bacter cal- 
coaceticus 

D22 

Curved rods 
+ 

m 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

30 
0 

66.0 
0.823 

Comamonas ~rri- 
gena 

P152 

Ovoid 

+ 

+ 

+ 

+ 

+ 

+ 

m 

+ 

+ 

30 
0 

45.2 
0.835 

Acinetobacter 
johnsonii 

that we investigated confirms knowledge about the 
abundance of these bacteria in nature. 

The results presented in this paper show that radio- 
active liquid wastes stored in the subterranean reposi- 
tory contain viable microorganisms of different physi- 
ological groups. Under laboratory conditions, these 
microorganisms carried out various catabolic reactions, 
which indicates that they can potentially affect the 
geochemistry of groundwater and, therefore, the migra- 
tion of radionuclides. Of great importance is the pres- 
ence of denitrifying bacteria in groundwater, since they 
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can contribute to the removal of acetate and nitrate 
anions from radioactive liquid wastes. 

Along the front of the migration of underground 
radioactive liquid wastes, where they are diluted with 
formation water, denitrifying, fermentative, and metha- 
nogenic bacteria can drive the processes of formation 
of nitrogen, methane, and carbon dioxide. Substrates 
for these microbiological processes can arrive with 
wastes (acetate and nitrates), are present in the subter- 
ranean system used for waste storage (bicarbonate and 
organic matter), or can be formed as a result of water 
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0.05 
I 

100  

A Aeromonas media 
r~ L_ Strain A381 

7z J i Aeromonas hydrophila 
]l Aeromonas caviae 
] Aeromonas enteropelogenes 
t. Aeromonas trota 

- Aeromonas allosaccharophilla 
Aeromonas eucrenophila 
Aeromonas salmonicida 
Aeromonas sobria 

- Aeromonas schubertii 
Aeromonas jandaei 
Aeromonas veronii 
Aeromonas ichthiosmia 

~ Acinetobacter lwoffii NCNC 5866(T) 
train A382  
inetobacter lwoffii DSM 2403 
ain A391 

Acinetobacter junii 
~ Acinetobacter baumannii 
- -  Acinetobacter radioresistens 
1 ~  Acinetobacter johnsonii 

~71 LStrain  P152  
--L Acinetobacter haemolyticus 

I00 

100 
100 

100 

17•6_•_AsACinetobacter 
calcoaceticus DSM 30006(T) 

cinetobacter calcoaceticus DSM 1139 
train A392  

[ Comamonas acidovorans 
10ol t~___ 1- Comamonas terrigena IMI 359870 

1 9_~ L Comamonas terrigena IAM 12052(T) 
i~_~ L_ Strain D 2 2  

] loo[ Comamonas testosteroni MBIC 3841 
' [ Comamonas testosteroni MBIC 3840 

Comamonas testosteroni ATCC 11996(T) 
Rhodospirillum rubrum 

The phylogenetic tree of the nitrate-reducing bacteria isolated from the observation boreholes of a subterranean radioactive liquid 
waste repository. The tree is constructed based on the results of 16S rDNA sequencing. The scale bar represents 5 nucleotide sub- 
stitutions per 100 nucleotides. Numbers near internal branches refer to the bootstrap replications (out of 100 resampling) confirming 
the grouping of the species to the right of the branch. Bootstrap values of less than 70% are not shown. 

radiolysis (hydrogen) [7]. In any case, the results of this 2. 
study show the necessity of investigating the microflora 
of subterranean repositories and provide evidence for 
the possibility of  applying some microorganisms 
revealed in situ to the removal of acetate and nitrate 
anions from radioactive liquid wastes. 3. 
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