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Abstract The abundance of arsenic-tolerant diazotro-
phic bacteria was compared in a long-term contaminated
soil versus a non-contaminated one. In addition, the
characterization of tolerant diazotrophic bacteria was
carried out. Differences in the number of heterotrophic
N2 fixers were found between soils. Contaminated soil
showed a decrease in the microbial population size of
about 80%, confirming the great sensitivity of this
group of soil bacteria to metals. However, quantitative
analysis of the response to increased doses of arsenic
reveals that the proportion of the culturable diazotrophic
community tolerant to arsenic was identical for both
soils (contaminated and non-contaminated). Twenty-
two arsenic-tolerant diazotrophic isolates were obtained
and further characterized. 16S ribosomal DNA se-
quence analysis revealed that these bacterial isolates
were distributed among four taxons (Actinobacteria,
Firmicutes, γ-Proteobacteria, and β-Proteobacteria).
Most genera recovered from the contaminated soil were
also found in the uncontaminated soil.
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1 Introduction

The spread of metals in the terrestrial environment is
largely attributable to anthropogenic activities. In
industrialized areas, high concentrations of arsenic
and heavy metals have been often found in soils and
wastes, establishing a serious ecological risk (Singh
and Steinnes 1994). The metals affect microorganisms
by reducing their number, biochemical activity,
diversity, and changing the community structure
(Kandeler et al. 2000; Ellis et al. 2001). However,
metal exposure also leads to the establishment of
tolerant microbial populations (Jackson et al. 2005b).
In contaminated sites, these populations may be
involved in the alteration of mobility of metals
through their reduction, accumulation, and in situ
immobilization by extracellular precipitation (Collard
et al. 1994; Roane 1999).

Arsenic is a naturally occurring toxic element that
is also used in a number of industrial processes.
Background soil concentrations of arsenic are typi-
cally below 15 mg/kg, but can exceed 2,000 mg/kg in
some contaminated areas (Smith et al. 1998). Despite
its toxicity, a number of microorganisms are capable
of using either the oxidized form of inorganic arsenic
(arsenate) or the reduced form (arsenite) in their
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metabolism, and even more microorganisms are capable
of resisting arsenic toxicity through the ars genetic
system (Jackson et al. 2003; Oremland and Stolz 2003).
In many studies, these arsenic resistant microorganisms
have been obtained from arsenic-contaminated soils
(Macur et al. 2004; Anderson and Cook 2004).

Microbial interactions with metals may have
several implications for the environment. Microbes
may play a large role in the biogeochemical cycling of
toxic metals, as well as in cleaning up or remediating
metal-contaminated environments. In order to in-
crease the success of these bioremediating processes,
it is important to have a better understanding of how
microbial populations respond to elevated metal
concentrations. The responses analyzed should be
related to some important soil biological processes,
for example, those involved in C and N cycling
(Martensson and Torstensson 1996). Soil N cycling
processes, particularly N2 fixation, are sensitive to
metal additions. For example, the N2-fixing potential
of heterotrophic biological N2-fixing microorganisms
has been found to be sensitive to small concentrations
of heavy metals (Lorenz et al. 1992; Martensson
1993; Martensson and Torstensson 1996).

The long-term effects of metals or other pollutants
added to soil are very difficult to assess, as there are
few such experiments and, consequently, few data
(McGrath et al. 1995; Speir and Ross 2002). In this
study, we selected soil samples from an area with
known pollution problems, namely arsenic, where
pollutants have been emitted by the industry for
nearly 40 years (Oliveira and Pampulha 2006). This
site was chosen as an example of a post-industrial
habitat presumably containing interesting populations
of microorganisms which could tolerate high concen-
trations of metals. The objective of our investigation
was to compare the arsenic sensitivity of the asymbiotic
nitrogen-fixing population in a long-term contaminated
soil versus a non-contaminated soil. In addition,
isolation and identification of dominant isolates was
done by 16S rDNA sequence analysis.

2 Materials and Methods

2.1 Soil Samples

Two composite soil samples were collected from the
top layer (0–10 cm) of an arable field in the center of

Portugal (Estarreja region). One sample was collected
near an industrial effluent channel (not impermeable
and rarely overflowing), and the other sample was
collected 10 m away. Both soil samples were of
identical texture (sandy loam) and had similar organic
matter content (39 and 30 g/kg) and pH (5.4). Soil
samples were obtained in December 2003 and 2004
and were stored in loosely fastened plastic bags at
4°C in the dark. The extractable heavy metal concen-
trations in both soil samples were measured by atomic
absorption spectrometry after extraction with aqua
regia. Hg content was determined by adapting the
method described by Stewart and Bettany (1982).
Arsenic content determination was based on Environ-
mental Protection Agency method 3052, by total
microwave digestion (Table 1).

2.2 Enumeration of Arsenic-Tolerant Heterotrophic
Nitrogen-Fixing Microorganisms

The estimation of the numbers of nitrogen-fixing
bacteria in soil was based on the most probable
number technique using combined carbon medium
(CC; Rennie 1981), a semi-solid nitrogen-free medium.
This medium fulfilled the requirements of a wider
range of nitrogen-fixing bacteria existing in our
Mediterranean zone (Oliveira and Pampulha 1998).
Bacterial counts were performed in five replicate tubes
per dilution. Tubes exhibiting both microbial growth
and acetylene reduction were scored positive for the
presence of nitrogen-fixing bacteria. Acetylene reduc-
tion was detected using a gas chromatograph Varian

Table 1 Soil sample characteristics and concentration of
metals (mg/kg dry soil)

Soil characteristic Contaminated Uncontaminated

pH 5.39 5.39
Organic matter (g/kg) 39 30
Texture Sandy-loam Sandy-loam
Fe 8,800 5,200
Mn 40.0 102.0
Cd 1.1 0.4
Cr 1.2 4.7
Cu 132.9 6.9
Ni 1.6 5.1
Pb 270.8 33.6
Zn 165.5 36.6
Hg 109.0 0.5
As 1558 14
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3800GC (Varian Analytical Instruments, Mitchell
Drive, Walnut Creek, USA) fitted with 1mx1/8″
column packed with Porapak T (80–100 mesh; Varian
Analytical Instruments) using a flame ionization
detector. Numbers of arsenic-tolerant bacteria were
estimated using the technique described; CC medium
was amended with arsenic(III)–chloride in order to
obtain As concentrations of 20, 40, 80, 120, 140, 160,
and 200 μg/ml.

By dividing the number of bacteria growing on the
metal supplemented medium by the total population
for each soil, the proportion of the culturable
diazotrophic community tolerant to the noted arsenic
concentrations was calculated (Fig. 1).

2.3 Isolation and Identification of Arsenic-Tolerant
Diazotrophic Bacteria

Enrichment of arsenic-tolerant N2-fixing bacteria was
carried out in As-supplemented CC medium. After
incubation for 4 to 5 days at 25°C, vials were used to
inoculate new sterile CC medium for a second
incubation. Bacteria from cultures with highest
nitrogenase activity were spread on As-supplemented
tryptone soya agar (Oxoid) to isolate bacterial
components. The purification steps had to be repeated
at least twice before the majority of the isolates could
be considered pure. Isolates were picked up, purified,
and stored in 25% glycerol at −80°C.

A total of 42 isolates were initially obtained (21
form uncontaminated soil and 21 from contaminated

soil) isolates were picked up, purified and stored in
25% glycerol at −80°C.

After the purification steps, all these isolates were
tested for their ability to fix nitrogen (using the
acetylene reduction assay); only seven isolates from
uncontaminated soil and 15 from contaminated soil
were scored as positive, and only these were
considered for identification.

Preliminary characterization of strains was done by
colony morphology and motility and Gram staining
using standard methods.

Extraction of genomic DNA from pure cultures
was performed by resuspension of a freshly isolated
colony on 50 μl Milli-Q water and incubation at 95°C
for 5 min. The mixture was centrifuged at 5,000×g for
5 min at 4°C and the supernatants used for PCR. For
PCR amplification of the 16S rDNA, we used the
universal primers 7f and 1510r (Lane 1991). The
sequences of the primers are following: 7f, 5′-
AGAGTTTGAT(CA)CTGGCTCAG-3′, 1510r, 5′-
ACGG(CT)TACCTTGTTACGAC TT-3 ′ . The
reactions were conducted using 50 μl (final volume)
mixtures containing 10× Taq buffer; each deoxyribo-
nucleotide triphosphate was at a concentration of
0.2 mM, and each primer was at a concentration
consisting of 0.5 μM and 1.25 U of Taq DNA
polymerase. The conditions for the PCR procedure
were as follows: an initial denaturation step of 94°C
for 2 min followed by 35 amplification cycles of
denaturation (45 s at 94°C), annealing (60 s at 50°C)
and elongation (1 min at 72°C), and then a final
extension step of 5 min at 72°C using thermocycler
Mastercycler personal (Eppendorf, Hamburg,
Germany). Amplified DNA was examined by electro-
phoresis in 1% agarose gel with 5 μl aliquots of PCR
product. The amplified 1,500-bp product was purified
by GFX PCR and gel band purification kit (GE
Healthcare, Buckinghamshire, UK) and then sequenced
in both directions. DNA sequencing was performed by
STABVIDA (Oeiras, Portugal). Sequences of the 16S
rDNA were edited and then subjected to a Genbank
BLASTIN search to retrieve sequences of closely
related taxa (http://www.ncbi.nlm.nih.gov/Blast/).

3 Results

The chemical characteristics of the two soil samples
under study are shown in Table 1. There were no
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Fig. 1 Percentage of culturable diazotrophic bacteria tolerant
to different arsenic concentrations in contaminated and uncon-
taminated soils
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differences in the pH, texture, and organic matter
content between the two soil samples under study.
However, differences were observed for heavy metal
content, namely, for Pb, Zn, and Hg. The metalloid
As also showed a high content in the contaminated
soil samples (1,558 mg/kg dry soil). The total
concentration of Hg exceeded the permissible limits
established by the CEC Directive in 1986 in agricul-
tural soil (1–1.5 mg/kg dry soil) and approached these
limits in the cases of Pb (50–300 mg/kg dry soil) and
Zn (150–300 mg/kg dry soil; Commission of the
European Communities 1986).

Heterotrophic non-symbiotic nitrogen-fixing bacteria
seem to be sensitive to heavy metal contamination
undergoing a decrease in population size. The initial soil
samples presented a most probable number of 1.5×105

and 2.5×104, respectively, for uncontaminated and
contaminated soils, representing a decrease of about
80% in the population of N2 fixers for the contaminated
soil (Table 2).

Diazotrophic bacteria decreased, in both soils, in
response to the presence of arsenic in the medium at
the doses tested.

Arsenic additions affects diazotrophic bacteria in
both soils. The addition of 20 μg/ml resulted in a
decrease of about 43% and 38% in the population size
in the contaminated and uncontaminated soil, respec-
tively. Thus, a substantial proportion of the culturable
diazotrophic community showed tolerance to this As
concentration. Further increments in concentrations
led to a continuous decrease in the number of
diazotrophic bacteria (Table 2). The limits of As
tolerance of diazotrophic bacteria seemed to be
identical for both soils (120 μg/ml; Table 2). Also,
when comparing the bacterial tolerance (in percent) to

increased arsenic concentration, we stated an identical
behavior for both soils, since the percentage of arsenic
tolerants in relation to unamended soil was similar
(Fig. 1).

We attempted to isolate diazotrophic bacteria that
were able to tolerate high concentrations of As. In
total, 22 arsenic resistant isolates showed ability to fix
nitrogen (15 from contaminated soil and seven from
uncontaminated soil) All the isolates were resistant to
an arsenic concentration of 120 μg/ml. Analysis of
16S rDNA revealed the presence of representatives
from four major bacterial taxons (the Actinobacteria,
Firmicutes, γ-Proteobacteria, and β-Proteobacteria;
Table 3). However, members of β-Proteobacteria
(Achromobacter) were only found in contaminated
soil (four isolates).

4 Discussion

Analysis of extractable heavy metals and arsenic
concentrations revealed a high level of Pb, Zn, Hg,
and As. Soil arsenic concentration in the contaminated
soil (1,558 mg/kg) is higher than the worldwide
average (6.0 mg/kg; Tamaki and Frankenberger
1992). Some of the detected metals are considered
to be toxic to biological systems.

The microflora of contaminated soil had been
exposed to greater amounts of metals as a result of
contamination from a nearby industrial complex
(Castro et al. 2003). This contamination had occurred
slowly over a long period, and it was considered that
the soil population would represent one which had
gradually changed in its metal tolerance character-
istics in response to rising soil metal concentrations.
Whatever the mechanism of population development
had been operating, either selection of phenotypic
groups or of individuals carrying plasmids or chro-
mosomal mutations, those should be well represented
in a more or less stable condition (Piotrowska-Seget
et al. 2005). By analyzing such a population and
comparing it to one which had not experienced
changes in soil metal content, some insight may be
obtained as to the ways in which natural soil bacterial
populations respond to environmental changes.

Toxicity of metals on soil microorganism activity
is well known, but at the same time, less is known
about the effects on different organism groups.
Species of microorganisms (Berdicevsky et al.

Table 2 Most probable number (MPN) of arsenic-tolerant
diazotrophic bacteria in contaminated and uncontaminated soil
samples (MPN, 103/g dry soil)

Medium Contaminated soil Uncontaminated soil

CC 25±3.2 149±15
CC + 20 μg/ml As 14.1±1.8 91.8±10
CC + 40 μg/ml As 7.1±1.0 40.2±5.0
CC + 80 μg/ml As 3.8±0.6 28.7±1.9
CC + 120 μg/ml As 0.015±0.004 0.08±0.01
CC + 140 μg/ml As 0 0
CC + 160 μg/ml As 0 0
CC + 200 μg/ml As 0 0
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1993), strains of the same species (Romandini et al.
1992), and also activities of the same microbial
species (Giller et al. 1998) can all show considerable
differences in their sensitivity to metal toxicity.

Free-living heterotrophic N2-fixing bacteria are
ubiquitous and include species which can fix nitrogen
under aerobic, microaerophilic, and anaerobic con-
ditions. In the present experiment, population of
heterotrophic N2 fixers was significantly affected in
contaminated soil undergoing a decrease of about
80% (Table 1). This result is in agreement with
previous studies. McGrath et al. (1995) reported that
N2 fixation by free-living heterotrophic bacteria was
found to be inhibited at soil metal concentrations
lower than that of our contaminated site. Significant
decreases in acetylene reduction activity by aerobic
and microaerophilic N2 fixers were also reported by
Brookes and McGrath (1984) in metal-contaminated
soils. Märtensson and Witter (1990) found heterotro-
phic N2 fixation to be severely reduced in metal-
contaminated soil in Sweden, and Fließach and Reber
(1991) confirmed the great sensitivity of N2 fixation
by free-living heterotrophic bacteria to metals in the
old arable soil at Braunscheweig in Germany.

One method purposed to assess environmental
effects of metals is to determine the number of
metal-tolerant bacteria from an environment affected
by heavy metals, as bacteria are capable of rapidly
responding to changes in their environment (Angle
et al. 1993). Theoretically, if a significant proportion
of the bacterial population is tolerant to a high
concentration of metal contaminant, then the judg-
ment is made that the soil is negatively affected by the
presence of the metal (Olson and Thornton 1981).
Quantitative analysis of the response of diazotrophic
bacteria to increased doses of arsenic (Table 1) failed
to detect any significant change in arsenic tolerance of
bacterial population, since both soils (contaminated
and uncontaminated) present an identical behavior
(level of As tolerance of 120 μg/ml).

We concluded that the percentage of arsenic
tolerants was identical for both soils. There are a
number of reports of an increased abundance of metal
tolerance with severe soil pollution. For example,
Olson and Thornton (1982) found a correlation
between the proportion of metal-tolerant bacteria and
the total Cd and Zn concentration of some extremely
polluted soils from mining areas, and Campbell et al.

Table 3 Assignment of taxonomic groups of selected As-tolerant isolates based on 16S rDNA partial sequencing and closest
sequence match in GenBank

Soil sample Isolate Taxon Closest cultured relative in GenBank (% similarity)

Uncontaminated soil (control soil) As1 Actinobacteria Brevibacterium (99%)
As2 Firmicutes Bacillus megaterium (97%)
As4 Actinobacteria Rhodococcus (99%)
As5 γ-Proteobacteria Pseudomonas (99%)
As6 γ-Proteobacteria Pseudomonas (97%)
As7 Firmicutes Bacillus sporothermodurans (93%)
As28 γ-Proteobacteria Pseudomonas (97%)

Contaminated soil As3 Firmicutes Bacillus thuringiensis (98%)
As8 γ-Proteobacteria Pseudomonas (99%)
As9 Firmicutes Staphylococcus (99%)
As12 Firmicutes Staphylococcus (99%)
As13 Actinobacteria Arthrobacter (99%)
As14 Actinobacteria Arthrobacter keyseri (94%)
As15 Actinobacteria Arthrobacter (93%)
As17 Firmicutes Staphylococcus (99%)
As18 β-Proteobacteria Achromobacter xylosoxidans (97%)
As19 β-Proteobacteria Achromobacter (96%)
As21 Firmicutes Bacillus sporothermodurans (92%)
As23 β-Proteobacteria Achromobacter (97%)
As24 β-Proteobacteria Achromobacter (98%)
As31 Firmicutes Bacillus (85%)
As32 Firmicutes Bacillus circulans (99%)
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(1995) observed a higher level of metal tolerance in
Pseudomonas isolated from soil around industrial
sites compared with isolates from uncontaminated
agricultural soils. However, El-Aziz et al. (1991)
found no correlation between metal tolerance of
isolates of S. meliloti and the degree of metal
contamination in soils. Our results show a similar
behavior in relation to arsenic tolerance. Results from
Jackson et al. (2005a) also support the suggestion that
arsenate-resistant bacteria are common in contaminated
and uncontaminated soils. It should be noted that most
media, including CCmedium, support only a fraction of
the total diazotrophic population. It is difficult, however,
to examine the metal tolerance of bacteria that could not
be cultured. Therefore, our results and conclusions
apply only to the culturable diazotrophic population of
soil bacteria.

The diazotrophic isolates identified in this study
were 14 Gram-positives and eight Gram-negatives
(Table 3). The arsenic-tolerant Gram-negative bacteria
reported in this study belonged to Pseudomonas and
Achromobacter. Arsenic-tolerant Gram-positives,
such as Brevibacterium, Bacillus, Rhodococcus,
Staphylococcus, and Arthrobacter were also found.
Table 3 shows that Gram-positives (64%) were
dominant. Also, in the study of Achour et al.
(2007), Gram-positive arsenic-resistant isolates were
predominant.

In a general way, the tolerant arsenic bacteria that we
identified are also distributed among the same major
bacterial lineages [Actinobacteria (five), Firmicutes
(nine), γ-Proteobacteria (four), and β-Proteobacteria
(four)]. These results appeared to differ from other
studies where Gram-negative bacteria usually dominate
metal-contaminated soils (Kelly et al. 2003; Piotrowska-
Seget et al. 2005). Reports indicating an increase of
Gram-positive bacteria in metal polluted soils are rare
(Pennanen 2001; Garau et al. 2007).

With the exception of genus Achromobacter, only
detected in the contaminated soil, most genera
recovered from the contaminated soil were also found
in the uncontaminated soil. This occurrence suggests
that genes for arsenic resistance are widespread, and
so, it is not surprising that arsenic-resistant bacteria
might well be found in many environments regardless
of current or past history of arsenic exposure (Jackson
et al. 2005b).

This study corroborates the idea of sensitiveness of
soil diazotrophic bacteria to metal contamination.

However, diazotrophic arsenic-tolerant bacteria were
common in both soils, contaminated and uncontam-
inated, showing that most diazotrophic bacteria are
intrinsically tolerant to high concentrations of arsenic.

Acknowledgments This research was supported by Fundação
para a Ciência e Tecnologia (FCT), Portugal under POCTI
Program, contract POCTI/AGG/46707/2002.

References

Achour, A. R., Bauda, P., & Billard, P. (2007). Diversity of
arsenite transporter genes from arsenic-resistant soil
bacteria. Research in Microbiology, 158, 128–137.
doi:10.1016/j.resmic.2006.11.006.

Anderson, C. R., & Cook, G. M. (2004). Isolation and
characterization of arsenate-reducing bacteria from arsenic-
contaminated sites in New Zealand. Current Microbiology,
48, 341–347. doi:10.1007/s00284-003-4205-3.

Angle, J. S., Chaney, R. L., & Rhee, D. (1993). Bacterial resistance
to heavy metals related to extractable and total metal
concentrations in soil andmedia. Soil Biology & Biochemistry,
25(10), 1443–1446. doi:10.1016/0038-0717(93)90059-K.

Berdicevsky, I., Duek, L., Merzbach, D., & Yannai, S. (1993).
Susceptibility of different yeast species to environmental
toxic metals. Environmental Pollution, 80, 41–44.
doi:10.1016/0269-7491(93)90007-B.

Brookes, P. C., & McGrath, S. P. (1984). Effects of metal
toxicity on the size of the soil microbial biomass. Journal
of Soil Science, 35, 341–346. doi:10.1111/j.1365-2389.
1984.tb00288.x.

Campbell, J. I. A., Jacobsen, C. S., & Sørensen, J. (1995).
Species variation and plasmid incidence among fluores-
cent Pseudomonas strains isolated from agricultural and
industrial soils. FEMS Microbiology Ecology, 18, 51–62.
doi:10.1111/j.1574-6941.1995.tb00163.x.

Castro, I. V., Ferreira, E. M., & McGrath, S. P. (2003). Survival
and plasmid stability of rhizobia introduced into a
contaminated soil. Soil Biology & Biochemistry, 35, 49–
54. doi:10.1016/S0038-0717(02)00235-3.

Commission of the European Communities (CEC) (1986).
Council directive on the protection of the environment,
and in particular of the soil, when sewage sludge is used in
agriculture.Official Journal of the European Communities,
L181, 6–12.

Collard, J. M., Corbisier, P., Diels, L., Dong, Q., Jeanthon, C.,
& Mergeay, M. (1994). Plasmids for heavy metal
resistance in Alcaligenes eutrophus CH34: Mechanisms
and applications. FEMS Microbiology Reviews, 14, 405–
414. doi:10.1111/j.1574-6976.1994.tb00115.x.

El-Aziz, R., Angle, J. S., & Chaney, R. L. (1991). Metal
tolerance of Rhizobium meliloti isolated from heavy metal
contaminated soil. Soil Biology & Biochemistry, 23, 795–
798. doi:10.1016/0038-0717(91)90151-9.

Ellis, R. J., Neish, B., Trett, M. W., Best, J. G., Weightman, A. J.,
& Morgan, P. (2001). Comparison of microbial and
meiofaunal community analyses for determining impact of
heavy metal contamination. Journal of Microbiological

242 Water Air Soil Pollut (2009) 200:237–243

http://dx.doi.org/10.1016/j.resmic.2006.11.006
http://dx.doi.org/10.1007/s00284-003-4205-3
http://dx.doi.org/10.1016/0038-0717(93)90059-K
http://dx.doi.org/10.1016/0269-7491(93)90007-B
http://dx.doi.org/10.1111/j.1365-2389.1984.tb00288.x
http://dx.doi.org/10.1111/j.1365-2389.1984.tb00288.x
http://dx.doi.org/10.1111/j.1574-6941.1995.tb00163.x
http://dx.doi.org/10.1016/S0038-0717(02)00235-3
http://dx.doi.org/10.1111/j.1574-6976.1994.tb00115.x
http://dx.doi.org/10.1016/0038-0717(91)90151-9


Methods, 45, 171–185. doi:10.1016/S0167-7012(01)
00245-7.

Fließbach, A.&Reber, H. (1991). Auswirkungen einer langjahrigen
Zufuhr von Klärschlammen auf Bodenmikroorgan. In D. R.
Sauerbeck & S. Lübben (Eds.) Bodenorganismen und
Pflanzen (pp. 327–358) Berichte aus der Ökologischen
Forschung, Forschungszentrum Jülich GmbH.

Garau, G., Castaldi, P., Santona, L., Deiana, P., & Melis, P.
(2007). Influence of red mud, zeolite and lime on heavy
metal immobilization, culturable heterotrophic microbial
populations and enzyme activities in a contaminated soil.
Geoderma, 142, 47–57.

Giller, K. E., Witter, E., & McGrath, S. P. (1998). Toxicity of
heavy metals to microorganisms and microbial processes in
agricultural soils: A review. Soil Biology and Biochemistry,
30, 1389–1414.

Jackson, C. R., Jackson, E. F., Dugas, S. L., Gamble, K., &
Williams, S. E. (2003). Microbial transformations of
arsenite and arsenate in natural environments. Recent
Research Development Microbiology, 7, 103–118.

Jackson, C. R., Harrison, K. G., & Dugas, S. L. (2005a).
Enumeration and characterization of culturable arsenate
resistant bacteria in a large estuary. Systematic Applied
Microbiology, 28(8), 727–734.

Jackson, C. R., Dugas, S. L., & Harrison, K. G. (2005b).
Enumeration and characterization of arsenate-resistant bac-
teria in arsenic free soils. Soil Biology and Biochemistry, 37
(12), 2319–2322.

Kandeler, E., Tscherko, D., Bruce, K. D., Stemmer, M., Hobbs,
P. J., & Bardgett, R. D. (2000). Structure and function of the
soil microbial community in microhabitats of a heavy metal
polluted soil. Biology and Fertility of Soils, 32, 390–400.

Kelly, J. J., Häggblom, M., & Tate, R. L. (2003). Effects of heavy
metal contamination and remediation on soil microbial
communities in the vicinity of a zinc smelter as indicated by
analysis of microbial community phospholipid fatty acid
profiles. Biology and Fertility of Soils, 38, 65–71.

Lane, D. J. (1991). 16S/23S rRNA sequencing. In E. R.
Stackebrandt, & M. Goodfellow (Eds.), Nucleic acid
techniques in bacterial systematics (pp. 115–175). Chichester,
UK: Wiley.

Lorenz, S. E., McGrath, S. P., & Giller, K. E. (1992).
Assessment of free-living nitrogen fixation activity as a
biological indicator of heavy metal toxicity in soil. Soil
Biology and Biochemistry, 24, 601–606.

Mårtensson, A. M. (1993). Use of heterotrophic and cyanobac-
terial nitrogen fixation to study the impact of anthropogenic
substances on soil biological processes. Bulletin of Envi-
ronmental Contamination and Toxicology, 50, 466–473.

Martensson, A. M., & Torstensson, L. (1996). Monitoring
sewage sludge using heterotrophic nitrogen fixing micro-
organisms. Soil Biology and Biochemistry, 28, 1621–1630.

Martensson, A. M., & Witter, E. (1990). Influence of various
soil amendments on nitrogen-fixing soil microorganisms in a
long-term field experiment, with special reference to sewage
sludge. Soil Biology and Biochemistry, 22, 977–982.

Macur, R. E., Jackson, C. R., Botero, L. M., Mcdermott, T. R.,
& Inskeep, W. P. (2004). Bacterial populations associated
with the oxidation and reduction of arsenic in an
unsaturated soil. Environmental Science Technology, 38,
104–111.

McGrath, S. P., Chaudri, A. M., & Giller, K. E. (1995). Long-
term effects of metals in sewage sludge on soils, micro-
organisms and plants. Journal of Industrial Microbiology,
14, 94–104.

Oliveira, A., & Pampulha, M. E. (1998). Occurrence of
nitrogen fixing activity and aerobic heterotrohic N2-fixing
populations in Portuguese soils. Journal of Basic Micro-
biology, 38, 389–393.

Oliveira, A., & Pampulha, M. E. (2006). Effects of long-term
heavy metal contamination on soil microbial character-
istics. Journal of Bioscience and Bioengineering, 102(3),
157–161.

Olson, B. H., & Thornton, I. (1981). The development of a
bacterial indicator system to assess bioavailability of
metals in contaminated land. In L. Troyer, B. Olson &
D. C. Hill (Eds.), International Conference on Heavy
Metals in Contaminated Land (pp. 254–257). Edinburgh:
CEP Consultants.

Olson, B. H., & Thornton, I. (1982). The resistance patterns to
metals of bacterial population in contaminated land.
Journal of Soil Science, 33, 271–277.

Oremland, R. S., & Stolz, J. F. (2003). The ecology of arsenic.
Science, 300, 939–944.

Pennanen, T. (2001). Microbial communities in boreal coniferous
forest humus exposed to heavymetals and changes in soil pH—
Asummary of the use of phospholipids fatty acids, Biolog® and
3H-thymidine incorporation methods in field studies.
Geoderma, 100, 91–126.

Piotrowska-Seget, Z., Cycon, M., & Kozdroj, J. (2005). Metal-
tolerant bacteria occurring in heavily polluted soil and
mine spoil. Applied Soil Ecology, 28, 237–246.

Rennie, R. J. (1981). A single medium for the isolation of
acetylene-reducing (dinitrogen-fixing) bacteria from soils.
Canadian Journal of Microbiology, 27, 8–14.

Roane, T. M. (1999). Lead resistance in two bacterial isolates
from heavy metal-contaminated soils. Microbial Ecology,
37, 218–224.

Romandini, P., Tallandini, L., Beltramini, M., Salvato, B., &
Manzano, M. (1992). Effects of copper and cadmium on
growth, superoxide dismutase and catalase activities in
different yeast strains. Comparative Biochemistry and
Physiology, 103C, 255–262.

Singh, B. R., & Steinnes, E. (1994). Soil and water contam-
ination by heavy metals. In R. Lal & B. A. Stewart (Eds.),
Soil processes and water quality (pp. 233–271). Boca
Raton: CRC.

Smith, E., Naidu, R., & Alston, A. (1998). Arsenic in the soil
environment: A review. Advances in Agronomy, 64, 149–
195.

Speir, T. W., & Ross, D. J. (2002). Hydrolytic enzyme activities
to assess soil degradation and recovery. In R. G. Burns &
R. P. Dick (Eds.), Enzymes in the environment. Activity,
ecology and applications (pp. 407–443). New York:
Marcel Dekker.

Stewart, J. W. B., & Bettany, J. R. (1982). Mercury. In A. L.
Page, R. H. Miller & D. R. Keeney (Eds.), Methods of soil
analysis, part 2 (pp. 367–384). Madison: American
Society of Agronomy.

Tamaki, S., & Frankenberger, W. T. (1992). Environmental
biochemistry of arsenic. Reviews in Environmental Con-
tamination, 124, 79–110.

Water Air Soil Pollut (2009) 200:237–243 243

http://dx.doi.org/10.1016/S0167-7012(01)00245-7
http://dx.doi.org/10.1016/S0167-7012(01)00245-7

	Enumeration and Characterization of Arsenic-Tolerant Diazotrophic Bacteria in a Long-Term Heavy-Metal-Contaminated Soil
	Abstract
	Introduction
	Materials and Methods
	Soil Samples
	Enumeration of Arsenic-Tolerant Heterotrophic Nitrogen-Fixing Microorganisms
	Isolation and Identification of Arsenic-Tolerant Diazotrophic Bacteria

	Results
	Discussion
	References




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


