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Although stimulation of dissimilatory metal reduction to promote the reductive precipitation of uranium has
been shown to successfully remove uranium from some aquifer sediments, the organisms in the family
Geobacteraceae that have been found to be associated with metal reduction in previous studies are not known
to grow at the high salinities found in some uranium-contaminated groundwaters. Studies with a highly saline
uranium-contaminated aquifer sediment demonstrated that the addition of acetate could stimulate the removal
of U(VI) from the groundwater. This removal was associated with an enrichment in microorganisms most
closely related to Pseudomonas and Desulfosporosinus species.

The addition of acetate to organic-poor subsurface sedi-
ments is an effective strategy for stimulating dissimilatory
metal reduction in these sediments (2, 3, 14). In uranium-
contaminated subsurface sediments, acetate additions result in
the removal of uranium from the groundwater because dissim-
ilatory metal-reducing microorganisms can reduce soluble
U(VI) to insoluble U(IV) (6, 8). In previous studies in which
dissimilatory metal reduction was stimulated with the addition
of acetate, molecular analysis revealed that microorganisms in
the family Geobacteraceae increased in number by orders of
magnitude as metal reduction proceeded and that these organ-
isms became the predominant members of the microbial com-
munity during metal reduction (4, 14). In a similar manner,
microorganisms in the Geobacteraceae were highly enriched in
the Fe(III) reduction zones of aquifers contaminated with pe-
troleum (12) or landfill leachate (11).

In some instances, uranium-contaminated groundwater may
have elevated salinities as a result of the high concentrations of
acids that are used in processing uranium ores (1, 13). These
salinities may far exceed those in which the microorganisms in
the Geobacteraceae are known to grow (5). This raises the
question of whether stimulating dissimilatory metal reduction
is an appropriate strategy for removing U(VI) from highly
saline groundwaters and, if so, what organisms might be re-
sponsible for U(VI) reduction.

In order to evaluate the potential for stimulating dissimila-
tory metal reduction in highly saline subsurface sediments,
sediments were collected from a portion of the aquifer at the
uranium mine tailings site in Shiprock, N.Mex. (2, 15). Sedi-
ments were from near well 854. The groundwater from the site
at which these subsurface sediments were obtained contained
high concentrations of Na� (411 mM), Mg2� (225 mM), Ca2�

(22 mM), Cl� (48 mM), SO4
2� (296 mM), and NO3

� (28.7
mM). The sediments contained 4.5 �mol of 0.5 N HCl-extract-
able Fe(III) per g of sediment.

As previously described (3), sediments were collected from
below the water table, shipped to the laboratory, and incubated
under strict anaerobic conditions at 20°C in serum bottles
under an atmosphere of N2-CO2 (93:7). Acetate was added
from a concentrated anoxic stock solution. Nitrate, Fe(II),
Fe(III), U(VI), and sulfate were monitored over time as pre-
viously described (3).

Despite the high salinity, the acetate additions stimulated
the removal of nitrate from the groundwater, followed by the
simultaneous accumulation of Fe(II) and the removal of
U(VI), presumably as a result of Fe(III) and U(VI) reduction
(Fig. 1). There was no significant loss of sulfate until after
Fe(III) and U(VI) reduction was complete. There was no sig-
nificant removal of nitrate or reduction of Fe(III) and U(VI) in
the absence of added acetate. These results demonstrated that
the addition of acetate could stimulate anaerobic respiration in
these highly saline sediments and could promote the removal
of contaminant U(VI).

In order to determine which microorganisms were associ-
ated with dissimilatory metal reduction in these sediments,
DNA was extracted as previously described (4) at the start of
the study as well as at day 23, in the middle of the metal
reduction phase. As previously described (4), bacterial DNA
was amplified with two primer sets, (i) 8F and 519R and (ii)
338F and 907R. The PCR products from the two primer sets
were pooled, the clone libraries were prepared, and the inserts
were amplified and digested with HhaI and MspI (4). The
different band patterns were noted, and the frequency of sim-
ilar patterns was scored. All amplified clones with distinct
banding patterns were sequenced.

Although it was considered that Archaea might be important
components of the microbial community due to the high sa-
linity, when archaeal 16S rRNA gene sequences were amplified
with PCR primers 334F and 915R, no PCR product could be
detected in an agarose gel with UV illumination. When a
sample from this first PCR was reamplified with primers 334F
and 915R, the PCR product was recovered. However, the ne-
cessity for this second amplification suggested that the archaeal
16S rRNA gene sequences were much less numerous than the
sequences of Bacteria.

Bacterial sequences were analyzed by using BLAST (Na-
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tional Center for Biotechnology Information) in order to find
the most similar available sequences. Sequences were manually
aligned with closely related 16S rRNA gene sequences from
the Ribosomal Database Project and GenBank using the
graphical user interface Seqlab (Wisconsin Package, version
1.0; Genetics Computer Group, Madison, Wis.). Only those
sequence regions that could be aligned with confidence were
included in the analyses, and gaps were treated as missing

nucleotides. Phylogenetic trees were inferred from unambigu-
ously aligned sequence data with the distance, maximum-like-
lihood, and maximum-parsimony tools of PAUP* (version 4.0
beta; Sinauer Associates, Sunderland, Mass.).

Sediments in which metal reduction was the predominant
terminal electron-accepting process were highly enriched in
microorganisms with 16S rRNA gene sequences closely related
to known Pseudomonas species (Fig. 2A and 3). Whereas

FIG. 1. Concentrations of dissolved nitrate and U(VI) and HCl-extractable Fe(II) in sediments from site 854 in initial incubation under anoxic
conditions. The results are means of results from triplicate incubations. The error bars represent 1 standard deviation. (A) Nitrate; (B) U(VI);
(C) percent Fe(II) of total iron. Acet., acetate.

FIG. 2. Distribution of clones from the initial sediment study (A) and from the second sediment study (B).
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Pseudomonas 16S rRNA gene sequences accounted for 16% of
the sequences at the start of the study, by day 23, 76% of the
sequences represented Pseudomonas species. In contrast, only
8% of the sequences of sediments that were not amended with
acetate and in which there was no reduction of nitrate or metal
could be assigned to Pseudomonas. There was no apparent

increase in any other group of microorganisms in the acetate-
amended sediments, and no sequences of Geobacteraceae were
detected. In the sediment with no acetate addition, the number
of gamma proteobacteria and those of the species in the Ba-
cillus-Clostridium group increased slightly.

In order to evaluate the kinetics of acetate consumption in
the sediments, a similar study was conducted with a subsample
of the same sediments 1 year later. This time, the acetate
concentrations were monitored over time with high-perfor-
mance liquid chromatography as previously described (7). In
this study, acetate was added back to the sediment as it became
depleted (Fig. 4). As was observed in the initial study with
freshly collected sediments, the addition of acetate stimulated
the reduction of nitrate and then of Fe(III) and U(VI) (Fig. 4).
However, in contrast to the results of the initial study, there
clearly was a reduction in sulfate prior to the completion of
U(VI) reduction.

Although the sediments had been stored aerobically for a
year prior to the second study, the composition of the micro-
bial community at the start of the second study was quite
similar to that in the freshly collected sediments. This similarity
is attributed to the facts that the sediments are aerobic in situ
and that without the addition of an exogenous electron donor,
microbial metabolism remains slow. An analysis of the micro-
bial community on day 37, when metal reduction was the pre-
dominant terminal electron-accepting process, prior to detect-
able sulfate reduction, indicated that there was only a slight

FIG. 3. Phylogenetic tree of Bacteria, showing the placement of
Pseudomonas and Desulfosporosinus clone sequences that were en-
riched in acetate-amended, metal-reducing sediments.

FIG. 4. Incubation of site 854 sediments with multiple acetate additions. The results are means of results from triplicate incubations. The error
bars represent 1 standard deviation. Arrows in panel D indicate the readdition of acetate (Acet.). (A) Nitrate; (B) U(VI); (C) percent Fe(II) of
total iron; (D) acetate; (E) sulfate.
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increase in the Pseudomonas sequences that were so highly
enriched during metal reduction in the acetate-amended
freshly collected sediments. More obvious was an enrichment
in the 16S rRNA gene sequences that were closely related to
Desulfosporosinus (Fig. 2B and 3). None of these sequences
were detected at time zero, but they accounted for 32% of the
clone sequences on day 37. In the sediments not amended with
acetate, only 6% of the sequences were Desulfosporosinus spe-
cies. As in the initial study, no sequences of Geobacteraceae
were detected in any of the sediment treatments.

The differences in the microbial communities in the two
incubations may be due to a variety of factors. In the second
incubation, significantly more of the available Fe(III) had been
reduced when a sediment sample was taken for community
analyses. Furthermore, it is possible that spore-forming Desul-
fosporosinus species were favored over Pseudomonas species
after storage of the sediment for 1 year or that the sequential
addition of acetate to the sediments favored the initiation of
sulfate reduction and the growth of Desulfosporosinus species.

These results demonstrate that it may be possible to biore-
mediate highly saline, uranium-contaminated aquifers with the
simple addition of an electron donor such as acetate. However,
the organisms involved in metal reduction in such aquifers are
not likely to be the Geobacteraceae that have previously been
implicated in metal reduction in aquifers with freshwater and
marine-like salinities. The salinity of site 854 is 10-fold higher
than typical marine salinities, which probably accounts for the
lack of Geobacteraceae at this site. Attempts to isolate some of
the Pseudomonas and Desulfosporosinus species which might
be responsible for metal reduction in the site 854 sediments
have as yet been unsuccessful. However, there are strains of
Pseudomonas (9, 16) and Desulfosporosinus (10) that can grow
at high salinities, and organisms in these genera are known to
be capable of Fe(III) reduction (5, 10). Thus, further attempts
to isolate the salt-tolerant metal-reducing organisms and study
their physiology seem warranted in order to provide insights
into the physiological factors controlling the rate and extent of
metal reduction in highly saline subsurface environments.
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