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Microbial community diversity, potential microbial activity, and metal resistance were determined in three
soils whose lead contents ranged from 0.00039 to 48 mmol of Pb kg of soil21. Biomass levels were directly re-
lated to lead content. A molecular analysis of 16S rRNAs suggested that each soil contained a complex, diverse
microbial community. A statistical analysis of the phospholipid fatty acids indicated that the community in the
soil having the highest lead content was not related to the communities in the other soils. All of the soils
contained active microbial populations that mineralized [14C]glucose. In all samples, 10 to 15% of the total
culturable bacteria were Pb resistant and had MIC of Pb for growth of 100 to 150 mM.

Hazardous waste sites often contain complex mixtures of
pollutants which include both organic contaminants and heavy
metals (17). Microbial bioremediation of organic pollutants is
a promising method of environmental cleanup. However, if the
metals in soils are toxic to the microbes, removal of organic
pollutants is slowed or prevented.

Many reports have shown that (i) the short-term response to
toxic metals is a large reduction in microbial activity (3, 6, 15,
26, 30) and (ii) habitats that have had high levels of metal
contamination for years still have microbial populations and
activities that are smaller than the microbial populations and
activities in uncontaminated habitats (14, 16, 18, 24). Although
these observations may suggest that metal contamination of
soils retards bioremediation of organic pollutants, we take a
different view, that metal contamination is an extreme envi-
ronment (created by humans) to which microbes can respond.

We tested this hypothesis by examining the ecology of bac-
teria in lead-contaminated soils (obtained from an industrial
site at which lead batteries had been recycled). Our goal was to
compare microbial biomass levels, metabolic potential, com-
munity diversity, and the selection pressure for Pb resistance.

Soil samples were obtained from the Avanti industrial site in
Indianapolis, Ind., on 25 June 1997. Pb-contaminated soils had
been excavated from this industrial site and the surrounding
residential neighborhood; these soils were stored in a ware-
house prior to ultimate disposal. Three samples (samples R1,
R2, and R3) were obtained from the pile designated residential
soils (R soils), and three samples (samples I1, I2, and I3) were
obtained from the pile designated industrial soils (I soils).
Agricultural soil samples (samples A1, A2, and A3) from the
Purdue Agronomy Research Center (Chalmers silty clay loam,
a fine silty, mixed, mesic, Typic Halaquoll) were used as the
control samples (A soils). All samples were kept in plastic bags
and stored at 4°C until analysis. Biological analyses were begun
within 2 days of sample collection.

Pb contents were determined by inductively coupled plasma-
atomic emission spectroscopy with a Perkin-Elmer model 400
ICP/AES instrument after digestion with nitric acid and hydro-

gen peroxide. Soil analyses were carried out by using standard
techniques (22a) by A&L Great Lakes Laboratory (Ft. Wayne,
Ind.).

Microbial biomass and community structure were deter-
mined by quantifying phospholipid phosphate (11) and by per-
forming a gas chromatographic analysis of phospholipid fatty
acid methyl esters (PLFAs) (28). The dry weights of soil used
for extraction were approximately 4, 7, and 10 g for the A, R,
and I soil samples, respectively. Identical extract volumes were
analyzed by gas chromatography. The minimum detection limit
for an individual fatty acid was 4 pmol g of soil21. The PLFA
data were converted to moles percentages of total fatty acids,
arcsine transformed, and extracted into a correlation matrix.
Principal component analysis (PCA) (Systat 8; SPSS, Chicago,
Ill.) was used to discern patterns within the data (10). The PCA
loading scores indicated the relative importance of individual
fatty acids in the weighting along each principal component.

Nucleic acid analyses of community structure were begun by
extracting DNA from 0.5 g of soil as described by Borneman
et al. (5). PCR amplification and denaturing gradient gel
electrophoresis (DGGE) analysis were done as described by
Ovreas et al. (22). Similar amounts of DNA were loaded onto
gels for the different samples.

Potential microbial activity was estimated by measuring
14CO2 evolution after the addition of 0.07 mCi of
[U-14C]glucose (35 nmol; Sigma Chemical Co., St. Louis, Mo.)
to 45 g of soil and incubation in Bartha flasks at a moisture
content equivalent to 25% of the water-holding capacity (4).

Culturable bacteria were enumerated on PYT80 agar (10
mM MES [morpholineethanesulfonic acid] (pH 6.5), 80 mg of
peptone per liter, 80 mg of yeast extract per liter, 80 mg of
tryptone per liter, 15 g of washed Bacto Agar [Difco] per liter)
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TABLE 1. Chemical characteristics of soil samples

Soil source

Cation
exchange
capacity

(meq/100 g)

Organic
matter
content

(%)

pH

Total Pb
concn

(mmol z kg
of soil21)

pPb21a

Industrial (I soils) 25.1 6 0 2.7 6 0.5 7.8 6 0.2 4.8 8.2
Residential (R soils) 17.6 6 1.8 3.5 6 1.0 7.4 6 0.1 3.9 8.9
Agricultural (A soils) 21.5 6 0.1 5.0 6 1.5 7.0 6 0.1 0.0039 9.5

a pPb21 (the negative log of free Pb21 activity) was calculated from the pH
and the total Pb content (27).
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with or without 100 mM lead nitrate. The plates were incubated
at 25°C. Cells were removed from the soil by shaking 10 g of
soil in 90 ml of a solution containing 4.25 g of NaCl per liter
and 0.1 g of gelatin per liter for 30 min at 125 rpm.

Table 1 shows some of the chemical characteristics of the
soils. The microbial biomass (estimated by determining phos-
pholipid P contents) decreased as the Pb content increased.
The uncontaminated A soils contained 39.2 6 12.9 nmol of P g
(dry weight) of soil21, the R soils contained 5.4 6 2.1 nmol of
P g21, and the I soils contained 1.2 6 0.6 nmol of P g21.

The size of the population of the culturable organisms was
only twofold lower in the Pb-contaminated soils than in the A
soils (Table 2), whereas the estimated phospholipid biomasses
were 8- to 30-fold lower in the Pb-contaminated soils than in
the A soils. Pb-resistant bacteria were isolated from all of the
soil samples. The proportion of Pb-resistant bacteria was low
(,15%) and relatively independent of the level of Pb contam-
ination in the soils (Table 2).

Multivariate statistical analysis (Fig. 1) of the PLFA patterns
indicated that samples of the microbial community in the R
soils (3.9 mmol of Pb kg21) were more similar to samples of
the microbial community in the uncontaminated A soils than
to samples of the microbial community in the highly Pb-con-
taminated I soils. Whereas the replicate samples obtained from
the A and R soils grouped fairly closely together, the replicate
I soil samples were more heterogeneous. The first two princi-
pal components explained 41 and 22% of the total variance,
respectively.

Bacterial fatty acids were the predominant fatty acids in all
of the samples (16:0 in the I and R soils and 18:1v9t in the A
soils), but key differences between soils were noted. The pos-
itive loading along PCA factor 1 was driven by differences in
15:0, a15:0, 18:1v11c, 16:1v9t, and (to a lesser degree) Cy17:0.
The negative loading on PCA factor 1 was driven primarily by
levels of 18:0, 16:0, and 12:0. In general, these data suggested
that the A and R soils harbored a bacterial population (i15:0,
a15:0, 18:1, 16:1) that was dominated by gram-positive bacteria
(i15:0, a15:0) but also contained a gram-negative bacterial
component (Cy17:0). All of the soils had a weak contribution
from 18:2, which suggested that there was a low-level fungal
contribution to the total biomass. The I soils had a reduced con-
tribution from actinomycetes (10Me 18:0) compared to either
the R soils or the A soils. Along PCA factor 2, differences in
14:0, 15:0, 17:0, 20:0, and 20:1v11c separated the replicate
samples from the I soils. These data suggested that long-term
exposure to high Pb concentrations or the subsequent effects of
this exposure (for example, lower plant growth) changed the
population structure.

Microbial community diversity was also evaluated by DGGE
analysis. Soil microbial communities are typically very diverse;
therefore, DGGE produces a complex smear of amplification

products (20). This result was obtained with the uncontaminat-
ed A soil samples (Fig. 2, lanes 9 through 11). However, the
diversity in soils contaminated with polychlorinated biphenyl
was severely reduced (Fig. 2, lane 2) (20). Both the R soils and
the I soils exhibited much higher diversity than the polychlo-
rinated biphenyl-contaminated soils. The patterns obtained for
the three soil types were distinguishable; however, the patterns
for replicates from the A and R soils were grossly similar, but
the patterns for replicates from the I soil samples were not sim-
ilar. The complexity of the PCR products precluded any quan-
titative analysis of the extent of the differences.

Microbial heterotrophic potential was readily detected in
each sample (Fig. 3). No significant differences (P , 0.05) were
noted among the three sites. This implied that the metabolic
potential of a readily degradable substrate was not inhibited by
lead. The potential explanations for this result include (i) the
possibility that the concentration of bioavailable Pb was below
toxic levels despite the high total Pb concentration and (ii) the
possibility that there had been selection for Pb resistance in the
microbial population.

The level of Pb resistance in cultures isolated from each of
the soil samples was determined by measuring the MIC for
growth. Colonies were picked at random from the agar plates
that lacked Pb. In each sample, there were Pb-sensitive isolates
which were inhibited by 12.5 mM lead nitrate (the lowest con-
centration tested). There were several A soil strains which had
an MIC of 100 mM. Six of the I soil strains had an MIC of
,12.5 mM, two had an MIC of 100 mM, and two had an MIC
of 150 mM. Thus, the levels of lead resistance were similar
(MIC, 100 to 150 mM) for all samples. The Pb-resistant isolates

FIG. 1. PCA of the PLFA profiles obtained for discrete soil samples taken
from an industrial site (samples I1, I2, and I3), a residential site (samples R1, R2,
and R3), and an agricultural field (samples A1, A2, and A3).

TABLE 2. Viable counts of heterotrophic bacteria on PYT media with and without 100 mM Pb(NO3)2

Incubation
time (days)

A soils R soils I soils

Viable counts
(1026 CFU g of soil21) % Pbr

Viable counts
(1026 CFU g of soil21) % Pbr

Viable counts
(1026 CFU g of soil21) % Pbr

Without Pb With Pb Without Pb With Pb Without Pb With Pb

2 23 6 2.6 14 6 2.5 7.0 6 1.0 3.4 6 0.4 48
5 80 6 19 3.7 6 0.2 4.6 27 6 6 47 6 17 4.1 6 0.1 8.7

12 105 6 45 6 6 2.4 5.7 37 6 8.2 3.2 6 0.6 8.7 66 6 28 4.6 6 0.1 7.0
19 119 6 36 7.2 6 2.9 6.0 43 6 5.5 3.5 6 0.5 8.1 70 6 28 5.2 6 0.2 7.4
26 127 6 43 8.5 6 3.3 6.7 46 6 5.6 3.6 6 0.4 7.8 71 6 29 5.4 6 0.3 7.6
34 127 6 43 8.5 6 3.3 6.7 47 6 5.6 3.7 6 0.5 7.8 71 6 29 5.5 6 0.05 7.7
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were all gram-positive bacteria that were members of the genus
Bacillus, coryneforms, or actinomycetes.

The lead-contaminated soils contained lower levels of mi-
crobial biomass than the uncontaminated soils. However, this
was not necessarily a direct effect of lead toxicity because the
soils did not have plant communities and, therefore, the lack of
organic matter input could have reduced the microbial popu-
lations. Kuperman and Carreiro (18) reported that soils con-
taminated with heavy metals had significantly less plant bio-
mass, and this affected the microbial population levels in the
soils. Metabolically active bacteria were present in the contam-
inated soils. Similar results obtained by using other activity
measures have been reported previously (2, 7, 9). Other work-
ers (14) reported that they observed reduced (but detectable)
microbial activity in metal-contaminated soils.

Of significant interest is the fact that the microbial commu-
nity at the highly contaminated site was different than the
microbial communities in the other soils. This effect has been
reported previously for soils experimentally contaminated with
metals (12, 13) and for soils exposed for more than 20 years
(23).

The presence of Pb-resistant microbes in the soils was also
assessed by isolating cultures; however, only a small fraction of
bacteria can be cultured (8), so our results may not be repre-
sentative of the entire microbial community. It was surprising

to find that the proportion of the culturable community that
was Pb resistant was not much higher in the Pb-contaminated
soils than in the A soils. Other studies which have focused on
the culturable fraction of the microbial community have indi-
cated that from 10 to 100% of the bacteria in habitats contam-
inated for extended periods of time are metal resistant (19, 25).

The Pb resistance levels were similar (100 to 150 mM) for
isolates from all soils. The total Pb levels were 100- to 1,000-
fold higher in the contaminated soils than in the uncontami-
nated soils. However, much of the Pb may have been unavail-
able due to reactions with minerals (29), soil organic matter
(21), or inorganic anions. The predicted activity of free Pb21

ions in a soil solution (27), based on pH and total Pb content,
indicated that even in the I soils, free Pb21 ions were present
at submicromolar concentrations (Table 1).

Analyses of both lipids and nucleic acids were used to assess
community diversity. These approaches were complementary.
PLFA analysis yielded a numerical estimate of similarity. This
estimate could be improved by broader sampling of Pb-con-
taminated sites. However, it is difficult to conduct a more de-
tailed analysis of the microbial community on the basis of
PLFA contents beyond insights gained from a few biomarker
fatty acids. Complex microbial communities found in soil pro-
duce complex patterns on DGGE gels; thus, it is difficult to
obtain quantitative estimates of similarity in these systems.
However, nucleic acid analysis can be used to perform more
detailed phylogenetic analyses (1) in future studies.

We thank Tom Sweeney and Paul Steadman for providing access to
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