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Contamination of soils with toxic metals is a major problem on military, industrial, and mining sites
worldwide. Of particular interest to the field of bioremediation is the selection of biological markers for the end
point of remediation. In this microcosm study, we focus on the effect of addition of a mixture of toxic metals
(cadmium, cobalt, cesium, and strontium as chlorides) to soil on the population structure and size of the
ammonia oxidizers that are members of the beta subgroup of the Proteobacteria (3-subgroup ammonia
oxidizers). In a parallel experiment, the soils were also treated by the addition of five strains of metal-resistant
heterotrophic bacteria. Effects on nitrogen cycling were measured by monitoring the NH; and NH,* levels in
soil samples. The gene encoding the a-subunit of ammonia monooxygenase (amoA) was selected as a functional
molecular marker for the 3-subgroup ammonia oxidizing bacteria. Community structure comparisons were
performed with clone libraries of PCR-amplified fragments of amoA recovered from contaminated and control
microcosms for 8 weeks. Analysis was performed by restriction digestion and sequence comparison. The
abundance of ammonia oxidizers in these microcosms was also monitored by competitive PCR. All amoA gene
fragments recovered grouped with sequences derived from cultured Nitrosospira. These comprised four novel
sequence clusters and a single unique clone. Specific changes in the community structure of {3-subgroup
ammonia oxidizers were associated with the addition of metals. These changes were not seen in the presence
of the inoculated metal-resistant bacteria. Neither treatment significantly altered the total number of (3-sub-
group ammonia-oxidizing cells per gram of soil compared to untreated controls. Following an initial decrease
in concentration, ammonia began to accumulate in metal-treated soils toward the end of the experiment.

Toxic metal wastes from defense-related activities, industry,
and municipal sources have routinely entered the environment
through disposal in landfill sites or by accidental release in
accidents such as that which occurred at Chernobyl. These
practices have resulted in surface contamination problems,
transport to groundwater, and/or bioaccumulation of radionu-
clides and toxic metals (see, e.g., references 8, 9, 21, and 31).
Metals such as Cs, Sr, Cd, and, to a lesser extent, Co are
prevalent in soils near industrial centers (see, e.g., references 7
and 21) at concentrations up to 50 pg of Cs/g, 350 ng of Cd/g,
and 500 pg of Sr/g (31). As cocontaminants, toxic metals are
often inhibitory to other bioremediative processes, €.g., hydro-
carbon degradation (34).

Due to biotic and abiotic chemical dynamics, microbial
metal toxicity is reduced by 1 to 2 orders of magnitude in soils
relative to solution, depending on factors such as soil type,
aeration conditions, metal speciation, carbon sources, pH, and
E, (2, 12). Microbial communities are of primary importance
in bioremediation of metal-contaminated soils and represent a
substantial proportion of the in situ biomass and metabolic
diversity. The structure and diversity of soil microbial commu-
nities have been shown to change in soil in the presence of
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toxic metals (2, 13, 14, 28). Microorganisms can alter metal
chemistry and mobility through reduction, accumulation, mo-
bilization, and immobilization (1, 5, 20, 39). Since metal ion
species are generally more readily soluble in acidic environ-
ments, acidogenic microbial metabolic activities may contrib-
ute to the introduction of metals into groundwater from con-
taminated soils.

In soils, the ammonia oxidizers that are members of the beta
subgroup of the Proteobacteria (-subgroup ammonia oxidiz-
ers) form an important part of the bacterial community, being
chiefly responsible for the first step in the oxidation of immo-
bile ammonia to highly mobile nitrate via nitrite (29). This
process involves a concomitant release of protons, which can
lead to significant soil acidification where the ammonia input is
high (4). The coherent phylogenetic and physiological charac-
teristics of the B-subgroup ammonia oxidizers has provided the
opportunity to view them as an indicator species for environ-
mental change (16, 18, 33, 37). By using 16S rDNA as a
marker, specific changes in B-subgroup ammonia oxidizer pop-
ulations have been observed to occur with changing pH (37),
with addition of swine manure (16) to soil, through effects of
salmon farm waste in marine sediments (37), and with prox-
imity to the ocean and aging in coastal sand dunes (18). It is
now practical to use a second molecular marker in environ-
mental studies, amoA, the gene encoding the a-subunit of
ammonia monooxygenase. Rotthauwe et al. (33) have demon-
strated the use of a highly specific set of PCR primers to
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amplify a fragment of amoA from a variety of pure cultures of
B-subgroup ammonia oxidizers and environmental samples.

In this study, we use amoA as a functional molecular marker
to assess whether any changes in the population structure of
B-subgroup ammonia oxidizers could be induced by an 8-week
exposure of an indigenous soil community to high levels of a
mixture of toxic metal ions. This study had two aims. First, we
wished to determine whether all indigenous species of B-sub-
group ammonia oxidizers were equally susceptible to damage
by toxic metals through observation of changes in the structure
of amoA clone libraries. Observation of unequal susceptibility
may provide the basis for using B-subgroup ammonia oxidizers
as an indicator group for the end point of metal removal or
immobilization, defined as return of the impacted communities
to control values. Our initial approach was to assess the natural
diversity of amoA genes by PCR amplification, cloning, and
sequence analysis of selected clones (33). The second aim of
this study was to assess whether inoculation of soil with a group
of metal-resistant bacteria could reduce the bioavailability of
toxic metal ions to the indigenous microflora. A second set of
soil microcosms was created as above, but these were also
inoculated with several bacteria which have been considered
metal resistant in the literature. Here, the aim was to assess
whether any changes to the B-subgroup ammonia oxidizer pop-
ulation would also be observed in the presence of these added
bacteria or whether the activities of these bacteria might pro-
tect the indigenous B-subgroup ammonia oxidizer community
from the toxic effects of the metals.

MATERIALS AND METHODS

Soil microcosms. Microcosms consisted of 150-ml polypropylene beakers
(VWR Scientific) containing 75g (dry weight) of sieved (2-mm) agricultural loam
top soil (depth, 0 to 100 mm) from the University of Tennessee Agricultural
Experiment Station in Alcoa (Sequatchie series). The soil was slightly acidic (pH
5.5) and contained 0.06% (wt/wt) organic carbon and 0.05% (wt/wt) total nitro-
gen. Indigenous NH3/NH,* was 25.0 ppm. Sand (0.05 to 1 mm), silt, and clay
were measured at 53.5, 32.9, and 13.6% respectively. After metal or inoculum
additions (final water content, 17% [wt/wt]), the microcosms were thoroughly
mixed and the soils were compacted to 1.2 g/em® and loosely covered with foil for
aerobic incubation in the dark at 23°C and high atmospheric humidity (>70%).
Metal chlorides were added in aqueous solution (CoCl, + 6H,O [EM Industries,
Inc., Gibbstown, N.J.]; CsCl [Alfa Aesar, Ward Hill, Mass.]; SrCl, - 6H,O
[Fischer Scientific, Co., Fair Lawn, N.J.]; and CdCl, - 2 1/2 H,O [J. T. Baker
Chemical Co., Phillipsburg, N.J.]). The final concentrations of Cd, Co, and Sr in
soil were 500 wg/g (dry weight) of soil, and that of Cs was 1,800 pg/g (dry weight)
of soil. Triplicate microcosms were sacrificed at 0, 4, and 8 weeks for analysis.
Moist soil samples (10 g) were frozen at —20°C for DNA extraction.

Bacterial strains. The soil inoculum consisted of a five-strain mixture each
grown separately to stationary phase in batch culture. Shewanella putrifaciens 200
(oil pipeline isolate) (26), Pseudomonas aeruginosa FRD-1 (cystic fibrosis patient
isolate) (27), and Alcaligenes eutrophus CH34 (metal-resistant strain; ATCC
43123) were grown for ~26 h at 23°C in nutrient broth with shaking. Sphingomo-
nas sp. strain B0695 (contaminated soil isolate) (3) was grown as above for 48 h.
Desulfovibrio vulgaris (ATCC 29579) was grown anaerobically for 48 h in an
acetate-lactate medium at pH 7.2 containing (grams per liter) sodium acetate,
2.8; sodium lactate, 2.26; yeast extract, 0.5; ascorbic acid, 0.1; MgSO, - 7H,,0, 0.5;
Na,SO,, 0.5; K,HPO,, 0.5; NH,CI, 0.5; FeSO, - 7H,0, 0.1; NaCl, 7.0; and
sodium thioglycolate, 0.1. The strains were then washed twice in 0.85% (wt/vol)
NaCl by centrifugation and resuspended together in distilled water to a density
of ~2.5 X 10° cells/ml each for delivery of 3 ml of cell suspension per 75-g
microcosm, providing ~2 X 107 cells of each species per g (dry weight) of soil.

DNA extraction. The direct nucleic acid extraction was performed by using a
bead-beating system adapted from reference 6 with modifications. Soil (0.5 g),
0.12 M sodium phosphate buffer (pH 8.0) (425 wl), chaotropic reagent (CRSR;
Bio-101, Vista, Calif.) (175 pl), and 0.17-mm glass beads (0.5 g) were agitated in
a 1.5-ml microcentrifuge tube by using a high-speed Crescent WIG-L-BUG bead
beater (Crescent Dental Mfg. Co., Lyons, IIl.) for 1.5 min. The sample mixture
was centrifuged at 13,000 X g for 5 min, and the supernatant was collected.
Chloroform (300 wl) was added to the soil pellet, mixed thoroughly, and centri-
fuged at 13,000 X g for 5 min. The aqueous supernatant was collected and
combined with the first supernatant fraction. DNA was precipitated from the
aqueous phase with an equal volume of isopropanol in an ice bath for 30 min.
DNA was pelleted by centrifugation at 13,000 X g at 4°C for 15 min, washed with
1 ml of 80% ethanol twice, air dried, and redissolved in 200 wl of Tris-EDTA
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(TE) buffer (pH 8.0). The DNA extract was purified by extracting twice with an
equal volume of phenol-chloroform-isoamyl alcohol (25:24:1, vol/volivol) fol-
lowed by a glass milk DNA purification protocol with a Gene Clean kit (Bio-101)
as described by the manufacturer.

Construction and analysis of amoA gene fragment libraries. The amoA gene
fragments were amplified as described previously (33) with minor modification as
follows. Two ambiguities were created in the forward primer (GGGGHTTYT
ACTGGTGGT; H = not G; Y = C or T; altered bases are underlined) to
improve matching with the target sequences of various cultured representatives
of the B-subgroup ammonia oxidizer clade. This was referred to as amoA-1F*.
The reverse primer was unaltered; amoA-2R (CCCCTCKGSAAAGCCTTCT
TC; K = G or T). The reaction conditions were 35 cycles of 92°C for 60 s, 55°C
for 60 s, and 68 C for 45 s with 1.225 U of Expand HF polymerase, the supplied
buffer (Boehringer Mannheim, Indianapolis, Ind.), and 10 pmol of each primer
in a total volume of 25 pl on a Robocycler 96 thermocycler (Stratagene, La Jolla,
Calif.). PCR products were gel purified and extracted with a Gene-Clean kit.
Purified fragments were cloned with the vector PCR2.1 TOPO and Escherichia
coli TOP10F" competent cells as specified by the manufacturer (Invitrogen,
Carlsbad, Calif.). From each library, 36 to 47 white colonies were randomly
selected and the cloned inserts were reamplified with the vector primers M13
reverse and T7 (30 cycles of 94°C for 30 s, 55°C for 30 s, and 72°C for 45 s). A
portion (5 pl) of the resulting amplification product was digested with the
restriction endonuclease Mspl as specified by the manufacturer (Boehringer) and
analyzed by separation of fragments on a 2% agarose gel with Tris-acetate-
EDTA (TAE) buffer. Representative plasmids from each digestion pattern were
selected for sequencing. The remaining portion of the M13 reverse-T7 amplifi-
cation product was gel purified, extracted with a Gene Clean kit, and subjected
to double-strand sequencing with the same primers on an Applied Biosystems
automated sequencer (model 373) with Prism dye terminators. The sequences
were assembled and aligned with SeqAp version 0.6 (15). Phylogenetic algo-
rithms (DNA-DIST, NEIGHBOR, and SEQBOOT) operated through the
PHYLIP package (10) and the ARB sequence management system (38).

Competitive PCR. Competitive PCR was carried out as described previously
(35), using a molar-equivalent conversion factor of 1.11 to account for the size
difference between the target and competitor molecules. An amoA internal
control standard was generated as follows: 3’ truncation of the amoA sequence
carried by clone NAB 823 was achieved by amplification with amoA-1F and
amoA-2R DEL (CCCCTCTGCAAAGCCTTCTTCCCTTCACGTAGAAGAA
G). The 5" 20 bases (underlined) correspond to amoA-2R (33), and the 3’ 17
bases correspond to positions 535 to 553 of the coding sequence of Nitrosomonas
europaea amoA (23). The amplification product (428 bp) was cloned with the
vector PCR2.1 TOPO and E. coli TOP10F' to generate p428-NAB_8_23. Plas-
mids were isolated with a Wizard mini-prep kit (Promega Corp., Madison, Wis.)
and linearized with EcoRI (Promega), for which the amplified control sequence
did not carry a recognition site. Linearized products were gel purified on 0.8%
agarose with TAE buffer and extracted with a Gene-Clean kit prior to quantifi-
cation by using a Hoefer DyNA-Quant 200 fluorometer and Hoechst H33258 dye
binding assay (Pharmacia Biotech. Inc, Piscataway, N.J.).

Metal extractions and soil pH. Metal extraction was performed by shaking soil
for 1 h in distilled water at 1:10 (soil dry weight/solution volume). Filtrates were
collected after centrifugation (2,500 X g) with a 12-sample filtration manifold
(Millipore Corp., Bedford, Mass.), with Whatman no. 40 filter paper and 2 drops
of 1% (wt/vol) sodium pyrophosphate per 15 ml of filtrate for stabilization of
metals (30). Samples were stored at 4°C for 1 to 4 weeks. Sr, Co, Mn, Fe, and Cd
were measured by monitoring inductively coupled argon plasma atomic emission
(Plant and Soil Science Department, University of Tennessee, Knoxville, Tenn.),
and Cs was determined by flame atomic absorption spectrometry (Galbraith
Laboratories Inc., Knoxville, Tenn.). The soil pH was determined by using
distilled water (1:1, wt/vol) (22) and a pH combination electrode.

Ammonia and ammonium measurements. Soil samples (2 g) were assayed for
NH; and NH, " content after extraction with 1 M KCl by the modified indophe-
nol blue microtiter plate method of Sims et al. (36).

Statistical analysis. Chi-square and Student ¢ tests were performed with an
Excel spreadsheet (Microsoft Office 97, Microsoft Corp.).

Nucleotide sequence accession numbers. Sequences have been submitted to
GenBank under accession no. AF056049 to AF056069.

RESULTS AND DISCUSSION

Bioavailability of metals in soil microcosms. No significant
differences in the solubility of any of the metals added were
detected between the inoculated and noninoculated soils. The
percent availability of each metal at each time point consis-
tently followed the order Sr > Co > Cs > Cd. The water-
soluble fraction of each averaged 324.8 = 14.7, 284.7 = 17.1,
560.6 + 198.1, and 213.6 = 50.8 ppm, respectively (means =+
standard deviations of 30 readings taken over 8 weeks).

Effect of metal addition on NH; and NH,,* levels in soil. The
ammonia and ammonium level in the test soil at time zero was
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FIG. 1. Ammonia and ammonium levels in soil microcosms. Ammonia and
ammonium levels were determined as described previously (36). Week 0 values
are given for the combined analysis of all microcosms (n = 12). All others are
given for triplicate microcosms. NH; and NH, ™ levels fell rapidly in uncontam-
inated soils and stabilized by week 4. NH; and NH," levels fell more slowly in
metal-contaminated microcosms and then accumulated between weeks 4 and 8.

25.0 ppm (Fig. 1). Ammonia and ammonium levels in the
microcosms which were not treated by the addition of metals
fell by 80% of this value over the first 4 weeks and then were
stable until the end of the sampling period. The ammonia and
ammonium levels in the metal-treated microcosms fell by only
approximately 30% of the initial level over the first 4 weeks and
then accumulated until they had returned to the starting values
by the eighth week. There was no significant difference in
ammonia and ammonium levels between the inoculated and
noninoculated microcosms. The nitrogen turnover in metal-
treated microcosms was therefore significantly affected by the
addition of the metal chlorides, an imbalance that was not
corrected by the addition of metal-resistant bacteria.
Recovery of amoA gene fragments from soil. Single PCR
products of the predicted size (ca. 490 bp) were recovered from
each soil sample taken from week 0 and week 4 microcosms by
primary amplification with the primers amoA-1F* and amoA-
2R. Amplification products were generated from all week 8
soils, but the rate of individual successful attempts was reduced
to 30%. Randomly selected clones were picked from each
library, and the inserts were reamplified with vector primers
for restriction digestion analysis. Digestion with MspI revealed
three major banding patterns (Fig. 2) represented in each
library. The total number of clones screened by restriction
digestion analysis was 664. Representatives of each of the three

400 bp—> |
300 bp—»

200 bp—»

100 bp—»
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major pattern types (a total of 20 clones) and all clones show-
ing “other” banding patterns (a total of 10 clones) were se-
lected for sequence analysis. Neighbor-joining analysis of the
449 bases of amplified sequence (corresponding to the mini-
mum length of submissions in reference 32) (Fig. 3) and
BLASTN searches of the GenBank database confirmed that all
sequenced clones represented amoA-like sequences.

Diversity of recovered sequences. Neighbor-joining analysis
revealed four clusters of amoA sequences and 10 single se-
quences that did not fall within any of the four clusters. Inde-
pendent analysis of the 3" 205 bases and the 5’ 244 bases
demonstrated poor stability in placement of 9 of the 10 single
sequences, which were therefore tentatively regarded as chi-
meric artifacts of the PCR amplification process (37). Boot-
strap analysis (100 replicates) also provided values of less than
50 for placement of these sequences. Bootstrap values of 100%
values were recovered for support of each cluster and the
grouping of sequence NAB 8 C11 with clone SP-1 (32). Se-
quence clusters B and C also grouped together with 100%
bootstrap support. The only systematic difference between the
translated protein sequences of the clusters is the conservative
exchange at position 195 of an isoleucine in clusters A, B, and
C (typical of published Nitrosomonas-related AmoA primary
sequences) with a valine in cluster D sequences (typical of
published Nitrosospira-related AmoA primary sequences).
Comparison with the available data from cultured species
(compiled in reference 33) suggested that all the sequences
recovered in this study were derived from members of the
genus Nitrosospira (Fig. 3). Despite selection of all variants of
Mspl restriction digestion patterns from the first 213 randomly
selected clones analyzed, no sequences related to the genus
Nitrosomonas were recovered. This may reflect the apparently
small number of Nitrosomonas cells compared to Nitrosospira
cells as previously recorded in agricultural soil (16, 37).
Equally, it may suggest that the Nitrosomonas species inferred
to exist in soil carry amoA sequences that are not compatible
with the primer set chosen. Rotthauwe et al. (33) predicted
that this may be the case for some untested lineages of the
genus Nitrosomonas.

Although it would be naive to attempt to determine the
number of ammonia oxidizer species in these samples from the
sequences of a single gene, some points of interest can be
made. Multiple copies of amoA are carried by a number of
B-subgroup proteobacterium ammonia oxidizers. Nitrosospira
multiformis, Nitrosospira sp. strain AV, and Nitrosospira sp.
strain 39-19 (24, 25) carry three nearly identical copies of
amoA (Fig. 3). This near identity is reflected in the short

1 2 34 5 6 7 8 910 11 1213 1415 16 17 18 19 20

FIG. 2. Restriction digestion analysis of amoA clones with Mspl. Cloned amoA gene fragments were amplified from the cloning vector by using primers directed
at the T7 and M13 reverse RNA polymerase binding sites, producing a fragment with approximately 70 bp of vector sequence on each end. The vector sequence
contained no Mspl recognition sites. Products were digested with a twofold excess of MspI for 1 h, analyzed by electrophoresis on a 2% agarose gel with TAE buffer,
and visualized by ethidium bromide fluorescence. Lanes: 1, molecular size marker (100-bp ladder; Boehringer); 2, 9, and 19 pattern 1 amoA clones; 10, 17, and 18,

pattern 2 amoA clones; 3 to §, 11 to 16, and 20, pattern 3 amoA clones.
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FIG. 3. Neighbor-joining tree with Fitch-Margoliash correction of amoA sequences recovered from soil microcosms. The tree is derived from a compilation of
available amoA sequences spanning the 449 nucleotide bases available for all sequences used. Sequences prefixed with NAB were generated during this study (accession
no. AF056049 to AF056069). Clones were selected from libraries on the basis of MspI restriction patterns to provide a survey of sequence diversity in the target amoA
sequences. Sequences which are identical over the fragment analyzed are presented on the same branch and separated by commas. Reference sequences: sequences
SCHOH-SEE and PLUSS-SEE and sequences prefixed with RR and SP (environmental clones) (33); Nitrosospira briensis C57, Nitrosovibrio tenuis NV1, and
Nitrosomonas europaea C-91 (pure cultures) (33); Nitrosospira sp. strain AHB1 (32); Nitrosomonas eutropha copies Al and A2: (accession no. U51630 and U72670) (25);
Nitrosospira multiformis copies Al, A2 and A3 (accession no. U91603, U15733, and U89833 respectively) (25); Nitrosospira briensis C128 (accession no. U76553) (25);
Nitrosovibrio tenuis NV12 (accession no. U76552) (25); Nitrosospira sp. strain 39-19 copies A2 and A3 (accession no. AF016002 and AF006692, respectively) (25);

Nitrosomonas europaea (23).

branch lengths separating the gene copies. The much longer
branch lengths separating the four clusters and the one iso-
lated representative of amoA sequences presented here sug-
gest that they have been derived from at least five distinct
strains of B-subgroup ammonia oxidizers.

Comparison of the population structures of clone libraries.
Mspl digestion pattern analysis of amoA clones from these
microcosms was selected as an analytical tool due to its rapidity

and the observation that some phylogenetic information was
maintained, inasmuch as two of the four supported clusters
could be identified. amoA sequence clusters B (pattern 1) and
C (pattern 2) could be distinguished from each other and from
clusters A and D (pattern 3) with 100% accuracy as judged
from the initial survey of 20 recovered sequences within these
groups (Fig. 3). Clusters A and D could not be differentiated by
this method; therefore, any changes in the abundance of these
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FIG. 4. Proportions of sequence types in clone libraries. The library popula-
tion structures of all week 8 samples were significantly different from the starting
population (chi-square probabilities of <0.05, <0.0002, <0.05, and <0.05, re-
spectively). The only significantly different population within the week 8 clone
libraries was between the metal-treated soil without added inoculum and all
other week 8 libraries (P = <0.003). Error bars represent standard deviations
between libraries generated from duplicate microcosms. Chi-square values were
calculated on the combined data.

groups relative to each other were not detected. Clone libraries
were generated from each soil microcosm and between 36 and
47 clones analyzed for each soil sample (Fig. 4). At time zero,
clone libraries were dominated by sequences related to clusters
A and D (80%), and the remainder were split equally between
clusters B and C. After the 8-week microcosm incubation, the
structures of all recovered libraries had changed significantly as
judged by chi-square analysis. The greatest positive change was
a relative increase in the proportion of cluster B (pattern 1)
sequences.

Effect of toxic metals. The effect of metal addition after 8
weeks was seen in a comparison of libraries recovered from
microcosms treated or not treated with toxic metals. These
populations were significantly different, with cluster C (pattern
2) sequences being present in higher relative abundance fol-
lowing metal treatment, suggesting that the source organisms
carried a selective advantage over other detectable B-subgroup
ammonia oxidizers in the toxic-metal-treated soils.

Effect of the metal-resistant inoculum on metal solubility
and changes to the [3-subgroup ammonia oxidizer population.
Extraction of metals from soils in water did not indicate that
the presence of the inoculated metal-resistant bacteria had any
significant affect on the solubilities of any of the added metals
(data not shown). The presence of the inoculum did not appear
to influence the B-subgroup ammonia oxidizer population
structure of noncontaminated microcosmes, as seen in the com-
parison of libraries from 8-week-old untreated soil and un-
treated soil plus inoculum. Therefore, the inoculated bacteria
did not affect the ammonia oxidizer population structure in the
absence of toxic metals. A highly significant difference in pop-
ulation structure was, however, seen between amoA libraries
recovered from metal-treated soils with and without the pres-
ence of the metal-resistant bacteria (P < 0.003). Further, there
was no significant difference in the B-subgroup ammonia oxi-
dizer population structure of 8-week-old untreated micro-
cosms and that of metal-contaminated soils treated with the
inoculum. These results demonstrated that the source organ-
isms of amoA cluster C sequences gained no selective advan-
tage over other indigenous B-subgroup ammonia oxidizers in
the presence of toxic metals when the inoculum was present.
We interpret this finding as evidence that the addition of the
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inoculum had lowered the bioavailability of the toxic metals to
the B-subgroup ammonia oxidizer community sufficiently to
protect it from specific metal-induced population change. The
fact that no differences in metal availability were detected
following water extraction may have been due to high standard
errors on replicate samples, a weakness in the salt-free water
extraction method (30).

Abundance of target amoA sequences in soil microcosms. To
compare changes in the total number of ammonia oxidizers per
gram of toxic-metal-contaminated soil, competitive PCR for
amoA sequences was used. This demonstrated that the se-
quences targeted by these primers dropped from approxi-
mately 2.3 X 10° copies per g of soil to 7 X 10* to 8 X 10*
copies per g of soil over the first 4 weeks of the experiment in
the presence of metals, irrespective of the presence of the
inoculum. The ability to retrieve amplification products from
week 8 soil samples was too inconsistent to gain an accurate
estimate of target numbers, presumably since their numbers
had dropped close to detection limits. These values were sim-
ilar to those for the non-metal-treated soils (data not shown).
Thus, the decrease in numbers of amoA target molecules was
attributed to incubation under laboratory conditions. The pres-
ence of the inoculum did not protect the B-subgroup ammonia
oxidizer population from this effect (Fig. 5).

Conclusions. Due to the incomplete nature of the available
amoA data set with respect to cultured organisms of the 16S
phylogeny proposed previously (17), it is impossible to state
what proportion of the soil B-subgroup ammonia oxidizer com-
munity was targeted by the PCR primers used. This is partic-
ularly notable in that phylogenetic interpretation of all avail-
able 16S rDNA sequence data from cultures, enrichments, and
environmental clones suggests that the amoA sequences avail-
able from cultured organisms represent members of only 16S
rDNA clusters 3 and 6/7 (32, 37). However, the amoA DNA
sequence data presented here strongly suggests that the target
organisms in the soil tested are quite distinct from any cultured
organisms for which amoA sequence data is available. In this
system, the source organisms of cluster C amoA sequences
carried a demonstrable selective advantage over the other tar-
get organisms within the B-subgroup ammonia oxidizers fol-
lowing exposure to toxic metals. The rapid decline in amoA
targets and the change in community structure associated with
incubation of the soil under laboratory conditions preclude any
strong conclusions on the effect of toxic metals on this group in
the field. Nonetheless, sufficient evidence has been gathered to
provide a working hypothesis which can now be tested at con-
taminated sites. Should the B-subgroup ammonia oxidizer
community structure, measured as described, show elevated
levels of cluster C amoA over neighboring control sites, a rapid
and sensitive method will be available for the determination of
a defensible end point to toxic-metal bioremediation. Rein-
statement of the ratios of amoA sequence types to local control
values may become a valuable measure of metal bioavailability.

The finding that the changes induced in the indigenous
B-subgroup ammonia oxidizer population by toxic metals were
abolished by the addition of exogenous bacterial species also
supports the use of metal-resistant bacteria in reducing the
bioavailability of metal species at sensitive sites. Determination
of which member(s) of the five-species inoculum was respon-
sible for this effect is under investigation.
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FIG. 5. (a) Quantification of amoA target sequences by competitive PCR.
Results shown are from three soil microcosms at week 0 with added metals and
inoculum. Lane 1 is a molecular size marker (1 kb-plus; Boehringer). Numbers
indicate the number of linear amoA deletion fragments added to the reaction
mixture. This generated the lower band visible in each lane. The relative abun-
dances of amoA and amoA deletion fragments were assayed by ethidium bro-
mide fluorescence and quantification with Alpha Imager software (Alpha Inno-
tech). (b) Changes in amoA target numbers per gram of metal-contaminated soil
microcosms. Values are averages of three reactions on DNA samples extracted
from triplicate microcosms. Error bars indicate standard deviation. The prefix
shows the time point: 0 indicates samples taken at week zero; 4 indicates samples
taken at week 4. The suffix shows the treatment designation: 1, no inoculum, no
metals; 2, inoculum added, no metals; 3, no inoculum, metals added; 4, inoculum
added, metals added. Inoculation with metal-resistant bacteria did not signifi-
cantly affect the total number of amoA target sequences per gram of soil detected
by competitive PCR after 4 weeks.
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