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Summary

In this study, the immobilization of toxic uranium
[U(VI)] mediated by the intrinsic phosphatase acti-
vities of naturally occurring bacteria isolated from
contaminated subsurface soils was examined. The
phosphatase phenotypes of strains belonging to the
genera, Arthrobacter, Bacillus and Rahnella, previ-
ously isolated from subsurface soils at the US Depart-
ment of Energy’s (DOE) Oak Ridge Field Research
Center (ORFRC), were determined. The ORFRC repre-
sents a unique, extreme environment consisting of
highly acidic soils with co-occurring heavy metals,
radionuclides and high nitrate concentrations. Iso-
lates exhibiting phosphatase-positive phenotypes
indicative of constitutive phosphatase activity were
subsequently tested in U(VI) bioprecipitation assays.
When aerobically grown in synthetic groundwater
(pH 5.5) amended with 10 mM glycerol-3-phosphate
(G3P), phosphatase-positive Bacillus and Rahnella
spp. strains Y9-2 and Y9602 liberated sufficient phos-
phate to precipitate 73% and 95% of total soluble
U added as 200 mM uranyl acetate respectively. In
contrast, an Arthrobacter sp. X34 exhibiting a
phosphatase-negative phenotype did not liberate
phosphate from G3P or promote U(VI) precipitation.
This study provides the first evidence of U(VI) precipi-
tation via the phosphatase activity of naturally occur-
ring Bacillus and Rahnella spp. isolated from the
acidic subsurface at the DOE ORFRC.

Introduction

The treatment of hazardous waste sites, particularly those
co-contaminated with radionuclides and heavy metals,
remains one of the most costly environmental challenges
currently faced by the USA and other countries. The dis-
posal of radioactive waste has traditionally involved
underground storage tanks, shallow land burial pits and
trenches (Riley et al., 1992; Department of Energy, 1995).
When leaks occur, these wastes come into contact with
surrounding geologic media, allowing for migration of
radiological pollutants into nearby soils and groundwater.
The mobility and solubility of radionuclides such as
uranium (U), technetium (Tc) and other toxic metals [e.g.
cadmium (Cd), lead (Pb), chromium (Cr)] are dependent
upon their oxidation state and chemical speciation
(Kotegov et al., 1968; Suzuki and Banfield, 1999). Micro-
bial processes that promote the precipitation of radionu-
clides and metals show promise for the remediation of
contaminated soils, groundwater and waste streams
(Lovley and Coates, 1997; Stephen and Macnaughton,
1999; Gadd, 2000; Barkay and Schaefer, 2001).

A number of studies have demonstrated the enzymati-
cally catalysed precipitation of insoluble phases of U
(Lovley et al., 1991; Lovley and Phillips, 1992; Wade and
DiChristina, 2000), Tc (Lloyd et al., 1999a,b; Payne and
DiChristina, 2006), Cr (Tucker et al., 1998; Turick et al.
1998; Smith and Gadd, 2000) and selenium (Cantafio
et al., 1996; Tucker et al., 1998) by microbial reduction
processes. In addition to this reductive bioprecipitation
process, insoluble mineral forms of radionuclides and
metals can also be immobilized through interactions
between microbially produced sulfide (White et al., 1998;
Lebranz et al., 2000) and phosphate (Macaskie et al.,
1992; Boswell et al., 1999; Jeong and Macaskie, 1999),
or through bacterial iron oxidation (Banfield et al., 2000) in
a process termed biomineralization. In contrast to micro-
bial reductive precipitation, which requires anaerobic con-
ditions, biomineralization can occur aerobically, making
this process a possible remediation strategy for radionu-
clides in contaminated groundwater and oxygenated sub-
surface zones.

In this study, an experimental approach was designed
to determine whether phosphatase activity extant in
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bacteria previously isolated from contaminated subsur-
face soils collected from the Department of Energy’s
(DOE) Field Research Center (ORFRC), located in the
Oak Ridge National Laboratory Reservation (Oak Ridge,
TN), could promote U immobilization by biogenic phos-
phate mineral production. Previous studies have demon-
strated the efficacy of non-specific acid phosphatase
(NSAP)-mediated radionuclide and metal precipitation
(Macaskie et al., 1988; 1992; 1994; 2000; Boswell et al.,
1999; Jeong and Macaskie, 1999). Bacterial NSAPs are
a broad class of phosphohydrolases (phosphatases)
which contain highly conserved amino acid motifs and
exhibit optimal hydrolysis of a number of structurally
unrelated phosphoester substrates in acidic to
neutral-pH conditions (Rossolini et al., 1998). In addition
to their role in P acquisition, phosphohydrolases regulate
cellular metabolism, are involved in signal transduction
and may also be critical to bacterial pathogenicity (Reilly
et al., 1996; Wanner, 1996; Berlutti et al., 1998). Using a
phenotypic-based screening approach, a number of the
subsurface bacterial isolates tested displayed phos-
phatase activity (i.e. cell surface or secreted). In the
presence of an organophosphate substrate, this phos-
phatase activity was sufficient to promote the biominer-
alization of U(VI) as a U-phosphate mineral in aerobic
synthetic groundwater (SGW) designed to mimic ORFRC
conditions.

Results

Determination of phosphatase activity in
subsurface strains

Previously, aerobic heterotrophs isolated from
radionuclide- and metal-contaminated subsurface soils
collected from the ORFRC were tested for resistance to
a number of heavy metals [e.g. Cd(II), Cr(VI), Pb(II) and
Hg(II)] (Martinez et al., 2006). The majority of the
isolates were Gram-positive and belonged to the high
G + C and low G + C genera Arthrobacter and Bacillus
respectively. Gram-negative isolates were most closely
related to the genus Rahnella. A number of the metal-
resistant strains were shown to encode PIB-type
ATPases that detoxify the cell cytoplasm by effluxing
divalent metal ions (e.g. Cd, Co, Ni and Zn) (Martinez
et al., 2006). In the present study, a subset of these sub-
surface isolates were assayed for traits that would
suggest the presence of a phosphatase-mediated
mechanism that could protect cells from the toxic effects
of radionuclides (Macaskie et al., 1992; Gadd, 2004;
Renninger et al., 2004) (Fig. 1).

Initial screening of 135 metal-resistant isolates for phos-
phatase activity on tryptose phosphate methyl green
agar (TPMG) (Riccio et al., 1997) indicated that a majority

(75 of 135) exhibited a phosphatase-positive phenotype.
However, 33 of the 135 subsurface isolates (e.g. Arthro-
bacter and Bacillus spp.) did not grow on TPMG (Fig. 1A).
Thus, a modified medium, TP-MUP (tryptose-phosphate
4-methylumbelliferyl phosphate, disodium agar), was
used in addition to TPMG to screen for phosphatase-
positive phenotypes. The TP-MUP medium promoted
robust growth of all three genera types tested (Fig. 1B),
and 10 of the 33 isolates that failed to grow on TPMG
initially were phosphatase-positive (data not shown). A
representative subset of 9 Pb resistant (Pbr) Arthrobacter,
Bacillus and Rahnella isolates (3 per genera) with either
phosphatase-positive or phosphatase-negative pheno-
types are shown (Fig. 1A and C). Four of the nine Pbr

isolates exhibited phosphatase phenotypes suggestive of
the ability to bioprecipitate metals (Y9-2, Y4, Y29, Y9602).

Biomineralization of U(VI) by microbial
phosphate accumulation

A series of experiments were conducted to determine
whether or not Ridge Field Research Center (FRC) strains
that exhibited a positive phosphatase phenotype had the
potential to bioprecipitate soluble U(VI). We selected
three representative FRC subsurface strains, a Rahnella
sp. strain Y9602 and a Bacillus sp. strain Y9-2, and
Arthrobacter sp. X34 for further characterization. Strains
Y9602 and Y9-2 exhibited a phosphatase-positive pheno-
type while strain X34 was phosphate-negative
(Fig. 1A–C). Whole-cell phosphatase activity of Arthro-
bacter sp. X34, Bacillus sp. Y9-2 and Rahnella sp. Y9602
was 0.9 � 0.1, 8.8 � 0.8 and 10.4 � 1.3 nmol min-1

respectively. Whole-cell phosphatase activity assays
identified pH optima of 5.5 (data not shown). In SGW
medium Rahnella exhibited enhanced phosphatase activ-
ity relative to the Bacillus, while no activity was observed
with the phosphatase-negative Arthrobacter (Fig. 2A).
Inorganic phosphate accumulated in the medium of
strains Y9602 and Y9-2 in the presence of a model
dissolved organophosphorus compound, glycerol-3-
phosphate (G3P), provided as the sole carbon and
phosphorus source (Fig. 2A). In contrast, phosphate
did not accumulate in medium inoculated with the
phosphatase-negative Arthrobacter sp. X34 (Fig. 2A). A
3.6-fold greater phosphate accumulation occurred in incu-
bations with viable Rahnella sp. (i.e. 939 mM) as com-
pared with viable Bacillus spp. (i.e. 263 mM) (Fig. 2A) in
the absence of U(VI). The enhanced phosphate accumu-
lation observed with Rahnella sp. Y9602 resulted in a
10-fold greater concentration of reactive phosphate by the
end of the 120 h incubation relative to Bacillus sp. Y9-2
(Fig. 2A). In contrast, less than 50 mM phosphate was
measured in either the cell-free (abiotic) or heat-killed
controls during the course of incubation (Fig. 2A). Upon
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addition of 200 mM U(VI) at 36 h, there was a statistically
significant decrease (P < 0.05) in reactive phosphate
concentrations for both the Rahnella and Bacillus spp.
relative to their viable controls without U(VI).

Precipitation of soluble U(VI) as a U-phosphate
mineral was predicted to occur thermodynamically in the
experimental assay conditions tested [i.e. pH 5.5 and
200 mM U(VI)] (Fig. 3). To determine whether the con-
centration of bio-accumulated phosphate was sufficient
to promote the removal of U(VI) by precipitation, total
soluble U was measured. Within the first hour of U(VI)
addition, Rahnella and Bacillus spp. removed 34% and
31% of total soluble U(VI) respectively. By the end of the
120 h incubation, a significant difference in the amount
of U(VI) precipitated (P < 0.05) was detected, with 95%
and 73% of the added U(VI) removed by Rahnella and
Bacillus respectively, relative to the abiotic and heat-
killed controls (Fig. 2B). In contrast, U(VI) was not pre-
cipitated in viable or heat-killed Arthrobacter sp.
amendments (Fig. 2B). The precipitation of U(VI) was
mediated by microbial activity, as less than 5 mM soluble
U(VI) was removed either from the abiotic or the heat-
killed cell controls following U(VI) addition (Fig. 2B).

Thus, the loss of U(VI) is not due to bioadsorption or
abiotic chemical interactions (Fig. 2B).

Colony-forming units (cfu) were determined to identify
the effect that soluble U(VI) has on cell viability (Fig. 2C).
Rahnella sp. Y9602 cfu counts increased approximately 2
log during the 120 h incubation without U(VI) (Fig. 2C).
However, upon U(VI) addition, Rahnella cell viability was
dramatically affected as evidenced by a 106-fold decrease
in cfu counts (Fig. 2C). The decrease in cfu counts did not
appear to be due to significant cell lysis, as cell counts
were greater than 107 per ml when determined by direct
microscopy (data not shown). Interestingly, Rahnella cell
viability subsequently increased exponentially, and by the
end of the 120 h incubation, the cfu counts were compa-
rable to that of the control without U(VI) (Fig. 2C). The
exponential increase in cfu counts coincided with a
decrease in U(VI) from solution. In contrast, cfu counts of
Arthrobacter sp. X34 and Bacillus sp. Y9-2 with or without
U(VI) did not demonstrate a significant difference
(Fig. 2C). The differential growth response observed
between the three strains is likely due to the inability of the
Y9-2 and X34 to grow on G3P as a sole carbon source, as
we observed a two-log increase in cfu when the strain was

Fig. 1. Media types used for identifying
potential U-precipitating phosphatase
phenotypes. Isolates that displayed a
phosphatase-positive phenotype appeared
either bright green on TPMG (Fig. 1A) or
fluorescent when placed under UV light on
TP-MUP (Fig. 1C).
A. Tryptose phosphate methyl green
(TPMG)/visible light.
B. Tryptose phosphate-MUP (TP-MUP)/visible
light.
C. Tryptose phosphate-MUP (TP-MUP)//UV
light. Strains were streaked onto all three
media types as follows: Arthrobacter spp.
strain (1) X34, (2) V45, (3) AA20 (column 1);
Bacillus spp. (4) Y7, (5) X18, (6) Y9-2
(column 2); and Rahnella spp. (7) Y9602, (8)
Y4, (9) Y29 (column 3).
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grown in SGW medium amended with 0.2% yeast extract
(data not shown). However, the intrinsic activity of the
phosphatase-positive Y9-2, even in the absence of appre-
ciable cell growth, was sufficient to promote significant
U(VI) precipitation (Fig. 2B).

Molecular characterization of NSAPs

Previous work has shown that a constitutively expressed
NSAP belonging to the class A NSAPs has been involved
in promoting the precipitation of U(VI) by the liberation of
phosphate from glycerol-2-phosphate (Macaskie et al.,
1992; Yong and Macaskie, 1995). A polymerase chain
reaction (PCR)-based approach was designed to assay
subsurface isolates for the presence of one or more
classes of the characterized NSAP genes (i.e. Classes A,
B and C) (Fig. 4A–D). As there is an appreciable diver-
gence of nucleotide sequences among NSAP genes,
designing PCR primers to amplify the genes from each
respective NSAP class from phylogenetically diverse
microbial lineages was not pursued (Figs S1 and S2).
Instead, a series of PCR primer sets were designed to
amplify nearly full-length acid phosphatase genes
(Table 1) from species most closely related to the FRC
subsurface strains examined in this study based on 16S
rRNA phylogeny. To confirm the specificity of the designed
primers, NSAP genes belonging to each molecular class
(i.e. A, B and C) were amplified from genomic DNA of
control strains containing either one or more of the tar-
geted phosphatase genes (i.e. positive controls)
(Fig. 4A–D). Each primer pair was specific, as only the
expected acid phosphatase gene for the respective

Fig. 2. Synthetic groundwater (pH 5.5) amended with 10 mM G3P
(as sole C and P source) and inoculated with either viable or
heat-killed control Rahnella sp. Y9602 (squares) or Bacillus sp.
Y9-2 (circles) or Arthrobacter sp. X34 (triangles). Abiotic controls
were cell-free. Concentrations of: (A) phosphate, (B) U(VI) and (C)
cfu measured as a function of time. Arrow at 36 h denotes the
addition of 200 mM U(VI). Error bars denote standard deviation of
triplicate experiments.

Fig. 3. Uranium (VI) speciation as a function of pH in SGW. The
open system model at 30°C calculated aqueous and solid phases
at equilibrium using the concentrations of ions present in SGW,
UO2

2+
(aq) = 200 mM, PO4

3–
(aq) = 200 mM and PCO2 = 10-3.5 atm. Vertical

dash-dot line indicates pH of experimental SGW incubations, dotted
lines indicate aqueous-phase U(VI) species, and solid lines indicate
solid-phase U(VI) species.
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molecular class was obtained from the positive control(s).
To validate the ability of each of the PCR primer sets to
discriminate between the various phosphatase genes,
denoted here as clade A(I), B(I), C(I) or species B(Kp)
(Fig. 4E–G), genomic DNA from each of the control
strains was used as template and amplified with all of the

other primer sets (Table 1). Cross-reactivity was not
observed with any of these ‘non-target’ PCR primer sets,
as amplicons were not obtained (Fig. 4A–D). Acid phos-
phatase genes belonging to clades A(I) and C(I) were
obtained from genomic DNA extracted from the Rahnella
Y9602 and Bacillus Y9-2 strains respectively (Fig. 4E and

Fig. 4. A–D. Polymerase chain reaction (PCR) amplification of class A, B and C NSAPs. Agarose gel lanes are: L, 1-kb DNA ladder; N, no
DNA template control; 1, Rahnella sp. Y9602; 2, Enterobacter aerogenes (class A control); 3, Klebsiella pneumoniae (class A and B control);
4, Escherichia coli MG1655 (class B control); 5 Salmonella enterica (class B control); 6, Bacillus cereus (class C control); 7, Bacillus
thuringiensis (class C control); and 8, Bacillus sp. Y9-2. Genomic DNA extracted from each strain was used as template with each clade- and
species-specific NSAP primer sets denoted: (A) A(I), (B) B(I), (C) B(Kp) and (D) C(I). Non-specific acid phosphatase (NSAP) phylogeny of
bacteria most closely related to subsurface strains Rahnella sp. Y9602 and Bacillus sp. Y9-2. NCBI GenInfo identifier numbers are indicated in
brackets. Polymerase chain reaction (PCR) primers targeted NSAP genes from bacteria belonging to: (E) clade A(I), within class A; (F) clade
B(I) and Klebsiella pneumoniae B(Kp) within class B; and (G) clade C(I) within class C.

Table 1. Oligonucleotide primers for PCR amplification of non-specific acid phosphatases.

Primer set Primer sequence NSAP class
NSAP target
(clade/species)

Annealing
temperature (°C)

Expected product
size (bp)

ClaF 5′-ACCACSAARCCSGATCTCTA-3′ A A(I)a 59 635
ClaR 5′-TTBGCTTTCTGCAACTGCTG-3′
ClbKpF 5′-ATTGAGAACAGCCTGCTGGG-3′ B B(Kp)b 65 499
ClbKpR 5′-GCTTATAGGAGGAGTTGGCGG-3′
ClbF 5′-CATTGGGTYTCKGTCGCMCA-3′ B B(I)c 57 498
ClbR 5′-CGCGCAGRATGCGRATACCRCG-3′
ClcF 5′-CCACTTTATTATCTGTAGC-3′ C C(I)d 46 771
ClcR 5′-CGGATTTTATCTTTTTCTGC-3′

a. Gene length of control strains 747 bp.
b. Gene length of control strains 714 bp.
c. Average gene length of control strains 817 bp.
d. Gene length of control strains 828 bp.
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G). Acid phosphatase genes were not amplified when
genomic DNA extracted from Arthrobacter sp. X-34 was
tested (data not shown). These results validate the use of
a PCR-based approach to characterize NSAP genes
present in environmental strains.

Discussion

The cleanup of U-contaminated groundwater and soils by
methods such as pump-and-treat and excavation can be
costly and disruptive to ecosystems. In situ remediation
strategies, particularly those mediated by microorgan-
isms, that stabilize U by sorption or by incorporation into
low-solubility solid phases are attractive alternatives, as
they are generally more cost-effective and less invasive
than other options (Nash et al., 1998; Arey et al., 1999;
Bostick et al., 2000). U solubility is dependent upon its
oxidation state [i.e. U(VI)aq and U(IV)s]. In anaerobic con-
ditions, dissimilatory metal- and sulfate-reducing bacteria
have been shown to reduce U(VI) in either a growth-
dependent or growth-independent manner (Gadd, 2004;
Wall and Krumholz, 2006). The removal of U from con-
taminated systems by bioreduction may be effective as
the reduced U(IV) product is in the form of uraninite
[UO2(s)], an insoluble mineral above pH 5 (Rai et al.,
1990). In aerobic conditions, U is usually present as the
highly soluble uranyl ion (UO2

2+) (Suzuki and Banfield,
1999). Thus, U precipitation in oxic conditions must be
driven by a redox-independent mechanism. In the case of
bacterially mediated U precipitation in oxygenated zones,
proposed strategies have mainly focused on enzymatic
precipitation of U as complexes of phosphate [i.e.
HUO2PO4 (Macaskie et al., 1992) and NH4UO2PO4 (Yong
and Macaskie, 1995)].

In the present study, phosphate immobilization of U(VI)
mediated by the intrinsic phosphatase activities of bacte-
ria isolated from radionuclide- and metal-contaminated
subsurface soils at the ORFRC was examined. In the
aerobic subsurface, U is present as U(VI) and thus micro-
organisms may, we theorize, precipitate U by liberating
phosphate as a means to prevent or limit U toxicity. More-
over, FRC isolates belonging to common soil genera
(Arthrobacter, Bacillus and Rahnella) are resistant to
a number of co-occurring heavy metals, including Pb,
Cd and Hg (Martinez et al., 2006). Sensitivities to
co-occurring metals such as Pb and Cd, rather than the
radiological toxicity of actinides such as U, have been
shown to severely limit the growth of some bacteria pro-
posed for use in the bioremediation of mixed waste sites
(Ruggiero et al., 2005). Thus, one might expect that a
mechanism that could provide cellular protection from
actinide stress would likely confer a competitive advan-
tage to microbes in similarly contaminated subsurface
soils. Further, testing the phosphatase activities of sub-

surface strains that are Pbr is supported by previous
studies using the Pbr soil isolate Citrobacter sp. N14
[renamed Serratia sp. N14 (Pattanapipitpaisal et al.,
2002)]. The activity of a NSAP constitutively expressed by
strain N14 was directly implicated in the precipitation of
greater than 90% of U(VI) from solution as a uranyl phos-
phate precipitate (Macaskie et al., 1994). A number of
studies have subsequently demonstrated comparable
U-phosphate precipitation with diverse genera, including
Deinococcus, Escherichia and Pseudomonas (Basna-
kova et al., 1998; Powers et al., 2002; Appukuttan et al.,
2006). However, such activity only occurred following the
introduction of recombinant acid [phoN (Basnakova et al.,
1998; Appukuttan et al., 2006)] or alkaline [phoA (Powers
et al., 2002)] phosphatase genes.

Our study provides the first evidence of U precipitation
via the endogenous phosphatase activity of naturally
occurring strains belonging to the genera Bacillus
and Rahnella isolated from radionuclide- and metal-
contaminated soils. We theorize that acid rather than alka-
line phosphatases are most likely to be involved in
detoxification processes in phosphatase-positive strains,
as the contaminated soils from which the strains were
isolated are acidic (Martinez et al., 2006). The role of
NSAPs is also supported by the fact that whole-cell phos-
phatase activities of the Bacillus and Rahnella strains
indicated a pH optimum of 5.0–5.5. The amino-terminal
and internal regions of the constitutively expressed phos-
phatase of Serratia sp. N14 demonstrate significant simi-
larities to class A NSAPs based on partial amino acid
sequence analysis (Jeong et al., 1998). To verify the pres-
ence of NSAP genes in our phosphate-liberating strains,
PCR primer sets were designed to amplify genes belong-
ing to the known molecular classes of NSAPs. Sequence
analysis of PCR amplicons revealed that class A and
class C NSAP genes were obtained from Rahnella Y9602
and Bacillus Y9-2 strains respectively.

Although the Bacillus and Rahnella strains liberated
different concentrations of inorganic phosphate as a result
of the hydrolysis of G3P, significant amounts (i.e.
73–95%) of U were precipitated. This phosphate accumu-
lation was in addition to that required for cellular metabolic
activity, as G3P was the sole carbon and phosphorus
source. In contrast to Bacillus Y9-2 viability, Rahnella
Y9602 exhibited a significant (and sharp) decrease in
culturability upon exposure to 200 mM U(VI). One expla-
nation for the observed difference between Bacillus and
Rahnella cell culturability is that Rahnella Y9602 may
have entered a period of non-culturability due to the
uranium stress. A similar culturability response has been
reported for Pseudomonas sp. S8A isolated from metal-
contaminated acidic soil upon exposure to the heavy
metals cadmium and lead (Kassab and Roane, 2006).
Alternatively, active metabolism (i.e. growing cells) may
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be required for U(VI) to inhibit cell culturability as we did
not detect any change in cfu in the non-growing Bacillus
strain. However, when Bacillus Y9-2 was supplemented
with a carbon source that promoted cell growth (i.e. yeast
extract), only a slight decrease in cfu (i.e. 5-fold) was
observed upon exposure to U(VI). Thereafter, Bacillus cfu
remained constant for the duration of the incubation (data
not shown). Another explanation is that differences in cell
walls between the Gram-negative Rahnella and Gram-
positive Bacillus may also influence cell sensitivity to
U(VI). Although G3P was the only substrate used in this
study, NSAPs exhibit a broad substrate range (e.g.
nucleoside phosphates, hexose-, pentose- and glycerol-
phosphates) (Rossolini et al., 1998). These substrates
could occur in appreciable amounts suitable for promoting
U precipitation as a result of in situ biostimulation events
designed to increase microbial biomass and stimulate
metabolic activity (Istok et al., 2004; Hwang et al., 2006;
Wu et al., 2006). Our findings suggest that microbial phos-
phatase activity may provide a secondary barrier for
immobilizing radionuclides in aerobic conditions. Addition-
ally, U phosphate precipitation may aid in immobilizing
contaminants when reductively precipitated U becomes
soluble as a result of changes in redox state.

Thermodynamic modelling of the U-phosphate precipi-
tate, likely formed in the SGW conditions, is calcium autu-
nite [Ca(UO2)2(PO4)2] (Fig. 3). Extended X-ray absorption
fine structure measurements have recently confirmed
these findings (Beazley et al., 2007). As U precipitation
was measured for only 84 h, the continued accumulation of
Ca(UO2)2(PO4)2 appears to be kinetically controlled and,
given additional time, complete removal of soluble U(VI) is
expected. Calcium autunite, which can be formed from the
ion exchange of chernikovite [(UO2)H(PO4)] with calcium
(Sowder et al., 1996), may prove to facilitate the removal of
co-occurring heavy metals. Biogenically precipitated
chernikovite has, in fact, already been shown to catalyse
the removal of Ni(II), Co(II), Sr(II) and Cs(I) by an ion
exchange mechanism (Basnakova and Macaskie, 2001;
Paterson-Beedle et al., 2006).Autunite-group minerals are
biogenically precipitated (Basnakova and Macaskie, 2001;
Paterson-Beedle et al., 2006), and in situ microbial phos-
phatase activity may play an important role in U stabiliza-
tion. In addition, autunite minerals control U mobility in
contaminated soils at the Fernald, Ohio, and the Oak Ridge
National Laboratory K25 sites (Buck et al., 1996; Roh
et al., 2000). However, it is important to note that the
microbial contribution to autunite formation in these sites
has yet to be determined.

Experimental procedures

Subsurface strains and growth conditions

The metal-resistant subsurface strains Arthrobacter spp.

(X34, V45, AA20), Bacillus spp. (Y7, X18, Y9-2) and Rahnella
spp. (Y9602, Y4, Y29) were previously isolated from
radionuclide- and metal-contaminated subsurface soils
collected from the ORFRC as described in Martinez and
colleagues (2006). Detailed geology, chemistry and site
descriptions are available on the DOE Environmental Reme-
diation Sciences Program website (http://www.esd.ornl.gov/
nabirfrc/). Strains were isolated from soil core samples as
described in Martinez and colleagues (2006) from sites
where the saturated zones contained elevated U, other radio-
nuclides and heavy metals (Brooks, 2001). Strain identifica-
tion was previously confirmed by 16S rDNA phylogeny
(Martinez et al., 2006). Media used to identify strains with
constitutive phosphatase activity were TPMG (Riccio et al.,
1997) and TP-MUP modified from Adcock and Saint (2001).
The modified TP-MUP consisted of 20 g tryptose, 5 g sodium
chloride, 2.5 g disodium phosphate, 2 g dextrose, 85 mg
4-methylumbelliferyl phosphate, and 15 g agar per litre.
Plates were incubated at 30°C for 24 h with the exception of
TPMG (36 h). Cells were grown in pH-buffered SGW consist-
ing of 50 mM MES (pH 5.5), 2 mM FeSO4, 5 mM MnCl2, 8 mM
Na2MoO4, 0.8 mM MgSO4, 7.5 mM NaNO3, 0.4 mM KCl,
7.5 mM KNO3, 0.2 mM Ca(NO3)2, and 10 mM glycerol-3-
phosphate (Sigma) as the sole carbon and phosphorus
source. Nutrient broth (NB) agar (3 g beef extract, 5 g
peptone, 15 g agar per litre) was used for the maintenance of
the strains. All strains were incubated at 30°C, and liquid
cultures were shaken at 200 r.p.m.

Phosphatase activity assay

Whole-cell phosphatase activity was estimated by monitoring
the hydrolysis of p-nitrophenyl phosphate (pNPP) (Sigma).
Field Research Center (FRC) strains were grown to mid-log
phase in NB (pH 5.5), harvested by centrifugation (10 000 g,
10 min), and washed twice with 100 mM sodium acetate
(pH 5.5). Phosphatase activity was initiated by the addition of
109 cells to 5 mM pNPP in 100 mM sodium acetate buffer
(pH 5.5) at 30°C in a reaction volume of 0.5 ml. Reactions
were terminated after 30 min by the addition of 0.5 ml of
0.02 M NaOH. Accumulation of p-nitrophenol was measured
spectrophotometrically at 405 nm.

Modelling of uranium speciation in
simulated groundwater

Thermodynamic equilibrium modelling of uranium in SGW
was conducted using MINEQL + v. 4.5 (Schecher and
McAvoy, 2001) with the Nuclear Energy Agency’s updated
thermodynamic database for uranium (Guillaumont et al.,
2003). The open system model of pH-dependent uranium
speciation at 30°C utilized the Davies equation with the
following SGW parameters: UO2

2+
(aq) = 200 mM, PO4

3–
(aq) =

200 mM, PCO2 = 10-3.5 atm.

Cell enumeration, phosphate and
uranium measurements

Triplicate flasks containing 250 ml SGW (pH 5.5) amended
with 10 mM glycerol-3-phosphate (as sole C and P source)
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were inoculated with approximately 107 cells ml-1 of each
strain. Prior to inoculation in SGW, FRC strains were grown
overnight at 30°C in NB (pH 6.8) from frozen stocks (-80°C).
The next day, cells from solid agar were grown 16–18 h in NB
(pH 5.5) and subsequently diluted 1:50 into fresh NB (pH 5.5)
and grown to mid-log phase. Cells were harvested by cen-
trifugation (10 000 g, 10 min), washed twice with isotonic
saline (8.5 g l-1 NaCl), and gently re-suspended in SGW
(pH 5.5). Cells re-suspended in SGW were subaliquoted into
flasks for (i) viable cell activity or (ii) non-viable cell activity
(i.e. heat-killed cells). Heat-killed cells were held at 30 min at
85°C and cooled to room temperature prior to inoculation. A
second control was set up to monitor for abiotic, chemical
interactions (e.g. no viable or heat-killed cell inoculum was
added). All flasks were incubated at 30°C, 200 r.p.m. Sub-
samples were aseptically removed to determine: (i) culturable
cell counts, (ii) inorganic phosphate concentration, (iii) pH
and (iv) soluble U concentrations, measured after the addi-
tion of 200 mM uranyl acetate at 36 h of incubation. Cell
count, phosphate and pH measurements were obtained
immediately after cell inoculation, at 24 h intervals for 5 days
and 1 h after U(VI) addition. Viable cell counts were deter-
mined by serially diluting 1 ml aliquots in sterile saline and
plating onto NB agar. For determination of phosphate and
uranium concentrations, triplicate subsamples were removed
and filtered (0.2 mm pore size, AcetatePlus; GE Water and
Process Technologies). Phosphate concentrations were
determined by spectrophotometry (Murphy and Riley, 1962).
Dissolved uranium concentrations were measured by induc-
tively coupled plasma-mass spectrometry with an Agilent
7500a Series system. Samples acidified with 2% nitric acid
(trace metal grade, Fisher) were diluted in Nanopure water
(Barnstead). Uranium standards and samples contained
holmium and bismuth (SPEX certiPrep) as internal
standards. Blanks, calibration check standards (95–105%
recovery), and River Water Certified Reference Material for
Trace Metals (SLRS-4, National Research Council Canada,
Ottawa, Canada) containing internal standards were analy-
sed for quality controls. The analytical error on triplicate
samples was < 3% relative standard deviation.

Selection of bacterial NSAP protein sequences

In order to collect bacterial protein sequences of putative
NSAPs from biological databases, a multistep procedure,
specifically designed to cope with the significant number of
erroneous annotations that exist in current databases, was
followed (Devos and Valencia, 2001; Valencia, 2005). First,
we retrieved all the protein sequences of bacterial NSAPs
whose enzymatic activities have been experimentally char-
acterized, and used them as query sequences in PSI-BLAST
(Altschul et al., 1997) searches against the nr database. Suc-
cessive PSI-BLAST iterations were performed until conver-
gence was reached (i.e. until new sequences were not
found), using a very stringent expect-value threshold for
inclusion of new sequences of 10-20. After removing the
redundant sequences, we constructed two preliminary mul-
tiple sequence alignments (MSAs), one for class A NSAPs
and the other for NSAPs belonging to the molecular Classes
B and C, using CLUSTAL W version 1.83 (Thompson et al.,
1994) with default parameters.

Because highly similar sequences may not always share
the same detailed biochemical function (Tian and Skolnick,
2003), we excluded all putative NSAP sequences lacking
conservation in the active-site residue positions from the
MSAs. We obtained the following active-site residue informa-
tion for class A NSAPs from the X-ray structure of a NSAP of
Escherichia blattae (Ishikawa et al., 2000): Lys115, Arg122,
Ser148, Gly149, His150, Arg183, His189 and Asp193. For
class B NSAPs, we considered the active-site residues:
Asp44, Asp46, Thr48, Arg114, Asp167 and Asp171, inferred
from the crystallographic structure of AphA of Escherichia coli
(Calderone et al., 2004). As a structure for class C members
is not available, we generated a theoretical model of the
Haemophilus influenzae e (P4) acid phosphatase (Green
et al., 1991) using the protein comparative modelling server
TASSER-Lite (Pandit et al., 2006). By analysing the three-
dimensional alignment of the e (P4) structural model to the
AphA crystallographic structure, we proposed the following
active-site residues for class C NSAPs: Asp84, Asp86, Thr88,
Arg146, Asp201 and Asp205 [using the numbering of the e
(P4) sequence].

In addition to the active-site residue conservation condition
to keep a candidate NSAP sequence, we also required the
EC number of the putative NSAP to be predicted as EC
3.1.3.2 (i.e. acid phosphatase according to the IUBMB
Enzyme Nomenclature) by the highly precise EFICAz algo-
rithm (Tian et al., 2004). We only imposed this requirement to
putative class A and class B NSAPs, because class C NSAP
sequences were not available during the training of the
current version of EFICAz.

Nucleic acid isolation and NSAP primer design and
PCR amplification of genomic DNA

Genomic DNA for PCR-based analyses was isolated from
subsurface isolates by either a rapid boiling method as previ-
ously described (Martinez et al., 2006) or a bead mill homog-
enization method (Miller et al., 1999). The sequences of
primers and PCR reaction conditions used for the amplification
of Bacteria-specific 16S rDNA from isolated genomic DNA
were followed as previously described (Mills et al., 2003). The
class A, B and C NSAP primers used in this study were
designed to amplify the respective genes in bacteria bearing
close relatedness (based on 16S rRNA phylogeny) to the FRC
Rahnella and Bacillus strains. The programs CLUSTAL X

(Thompson et al., 1997) and BioEdit v5.0.9 (Hall, 1999) were
used to align and visualize the NSAP nucleotide sequences of
type strains related to the studied FRC strains. The primers
used for standard PCR amplification of class A, B and C
NSAPs are listed in Table 1. These PCR primer sequences
allowed for greater than 60% of each respective gene class to
be amplified. Genomic DNA isolated from the following type
strains: Enterobacter aerogenes ATCC 13048 (class A
control), Klebsiella pneumoniae ATCC 132 (class A and B
control), E. coli MG1655 ATCC 47076 (class B control), Sal-
monella enterica ATCC 14028 (class B control), Bacillus
cereus ATCC 14579 (class C control) and Bacillus thuringien-
sis ATCC 13366 (class C control) were used as positive
controls to confirm the specificity of the designed NSAP
primers (Fig. 3). Additionally, the PCR primer set targeting
K. pneumoniae class B NSAP denoted B(Kp) was designed
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after sole use of the class B primer targeting clade B(I) failed to
amplify this strain. The PCR mix contained 20 ng of genomic
DNA, 1¥ PCR buffer (New England Biolabs), 1.5 mM MgCl2,
200 mM of each dNTP, 0.25 mM of each forward and reverse
primer (Integrated DNA Technologies), and 1.0 units Taq poly-
merase (New England Biolabs). The thermocycling conditions
are as follows: 1 cycle for 10 min at 95°C, followed by 25 cycles
of 95°C for 30 s, annealing temperature as listed in Table 1 for
the specific class of NSAP for 30 s, followed by 72°C for 45 s,
and 1 cycle for 10 min at 72°C.

Amplified products were analysed on 1.0% agarose gels
run in TBE buffer, stained with ethidium bromide and UV
illuminated. Amplicons were purified with the Qiaquick gel
extraction kit (Qiagen) and cloned into pDrive cloning vector
according to the manufacturer’s instructions (Qiagen).
Cloned NSAPs were PCR amplified from lysed colonies
with M13F (5′-GTAAAACGACGGCCAG-3′) and M13R
(5′-CAGGAAACAGCTATGAC-3′), and sequenced at the
Georgia Tech genomics core facility using a BigDye Termina-
tor v3.1 Cycle sequencing kit on an automated capillary
sequencer (model 3130 Gene Analyzer, Applied Biosystems).

Phylogenetic analysis

Using CLUSTAL W version 1.83 with default parameters, we
prepared class A and class B/C MSAs of the experimentally
characterized NSAPs and the putative NSAPs protein
sequences that passed all the filters. We used the PHYLIP

version 3.66 (Felsenstein, 2006) package of programs to
perform the phylogenetic analysis of the NSAPs. We
employed the Protpars program to generate maximum par-
simony trees, the Protdist program to compute the evolution-
ary distance matrices (corrected by the Jones-Taylor-
Thornton model), and the Neighbour program to generate the
distance based trees. We used the Seqboot and the Con-
sense programs to assess the statistical significance of the
trees by performing 100 bootstrap re-samplings.

Sequence analysis of the nearly full-length Y9602 class A
and Y9-2 class C phosphatases utilized 636 and 773 nucle-
otides respectively. The Y9-2 16S rDNA sequence and NSAP
gene sequences for Y9602 and Y9-2 NSAP have been
deposited in the GenBank database under accession
numbers EF158823-EF158825.

Data analysis

The Wilcoxon’s signed ranks test was used to analyse
the differences in reactive phosphate and soluble U(VI)
concentrations. All statistical analyses were conducted in the
software package SYSTAT 9.
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Supplementary material

The following supplementary material is available for this
article online:
Fig. S1. Neighbour-joining (NJ) amino acid phylogentic tree
construction of: (A) class A NSAP and (B) class B and class
C NSAP sequences. All NSAP sequences were obtained by
iterative PSI-BLAST searches of the NCBI protein database.
NCBI GenInfo identifier numbers are indicated in brackets.
The NSAP sequences for strains Y9602 and Y9-2 were

obtained in this study by PCR amplification and sequence
analysis.
Fig. S2. Maximum parsimony (MP) amino acid phylogentic
tree construction of: (A) class A NSAP and (B) class B and C
NSAPsequences.NCBIGenInfo identifiernumbersareindicat-
ed in brackets. Maximum parsimony (MP) phylogeny is pro-
vided to support the robustness of observed NJ tree topology.

This material is available as part of the online article from
http://www.blackwell-synergy.com
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