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Chromium is often found as a cocontaminant at sites polluted with organic compounds. For nitrate-respiring
microbes, Cr(VI) may be not only directly toxic but may also specifically interfere with N reduction. In soil
microcosms amended with organic electron donors, Cr(VI), and nitrate, bacteria oxidized added carbon, but
relatively low doses of Cr(VI) caused a lag and then lower rates of CO2 accumulation. Cr(VI) strongly inhibited
nitrate reduction; it occurred only after soluble Cr(VI) could not be detected. However, Cr(VI) additions did not
eliminate Cr-sensitive populations; after a second dose of Cr(VI), bacterial activity was strongly inhibited. Differences in microbial community composition (assayed by PCR-denaturing gradient gel electrophoresis) driven by
different organic substrates (glucose and protein) were smaller than when other electron acceptors had been used.
However, the selection of bacterial phylotypes was modified by Cr(VI). Nine isolated clades of facultatively anaerobic
Cr(VI)-resistant bacteria were closely related to cultivated members of the phylum Actinobacteria or Firmicutes. In
Bacillus cereus GNCR-4, the nature of the electron donor (fermentable or nonfermentable) affected Cr(VI) resistance
level and anaerobic nitrate metabolism. Our results indicate that carbon utilization and nitrate reduction in these
soils were contingent upon the reduction of added Cr(VI). The amount of Cr(VI) required to inhibit nitrate
reduction was 10-fold less than for aerobic catabolism of the same organic substrate. We speculate that the resistance level of a microbial process is directly related to the diversity of microbes capable of conducting it.
chemoheterotrophic processes such as the use of O2 (30) or
Fe⫹3 (26) as terminal electron acceptors. We examined denitrification to determine whether the putative direct impact of
Cr(VI) on the biochemistry of nitrate reduction would alter
community dynamics from what had been observed with other
terminal electron acceptors. In addition, we can add this data
set to previous work to analyze the range of sensitivities to
Cr(VI) that were found across a broad array of chemoheterotrophic processes.

Chromium(VI) is a toxic metal that can negatively affect
bioremediation of organic compounds in sites where chromium and organic pollutants cooccur (36). Under oxygen-limited conditions, chromium(VI) can be reduced (biologically or
chemically) to insoluble and relatively nontoxic Cr(III) (22).
Despite the potential interactions between biotic and chemical
components, the responses of anaerobic microbial activities to
Cr(VI) have not been well studied (6, 7, 42, 43).
Under anaerobic conditions, an important factor in the catabolism of organic carbon is the availability of electron acceptors. Nitrate is of special interest because it is often found as a
copollutant in contaminated soils (18). Nitrate-reducing bacteria are facultative anaerobes commonly found in environmental samples and can couple the reduction of nitrate to the
oxidation of diverse organic substrates (10, 13). The effect of
Cr(VI) on natural denitrifying communities or pure cultures of
denitrifying bacteria is not well characterized (8, 29). The environmental effects of Cr(VI) on denitrification are of particular interest because in addition to acute toxicity to the cell,
Cr(VI) may compete with nitrate as an electron acceptor (15,
30). However, in other denitrifying bacteria (for example,
Staphylococcus spp.), no competitive interactions were reported (45).
The purpose of this study was to extend our work on the
effects of Cr(VI) upon microbes in soil that mediate discrete

MATERIALS AND METHODS
Soil collection. Soil used for the microcosm experiments was collected in
September 2003 from an Indiana Department of Transportation property in
Seymour, Indiana. The soils at this site have been described previously (21). They
are sandy (76% sand, 13% silt, and 11% clay) and have an average organic
matter content of 3.1%. For this study, we used soil that had low levels of Pb (1.2
mg g⫺1 soil), Cr (5.9 mg g⫺1 soil), and petroleum hydrocarbons (toluene and
xylenes, 0.2 mg g⫺1 soil), contaminants that were found at levels up to 1,000-fold
higher within 25 m. The soil was transported to the lab and stored at 4°C for 3
months. Before the experiments were initiated, the soil was sieved through a
2-mm sieve.
Soil microcosms. The experimental design was analogous to that used in
previous studies employing other terminal electron acceptors; an organic energy
source was added to act as a driving force for community change during exposure
to a toxic heavy metal. The organic substrates were glucose (representative of
readily degradable organic C metabolizable by a broad diversity of microbes) and
protein (representing polymeric organic C originating from biomass). Individual
microcosms were constructed in sterilized 105-ml serum vials with the equivalent
of 10 g (dry weight) soil to which approximately 6 ml of liquid amendments were
added. The treatment variables were the additions of (i) an organic energy
source (glucose or the protein gelatin) at a concentration of 3 mg g⫺1 (dry
weight) soil to act as a driving force for community change, (ii) a terminal
electron acceptor (NO3⫺) to a final concentration of 15 mol NO3⫺ g⫺1 soil
from a sterile, anoxic stock solution of KNO3, and (iii) Cr(VI) at concentrations
that produced acute reductions of microbial activity of 50, 75, or 90% [designated
low (L), medium (M). or high (H) and determined in preliminary experiments to
be 140, 240, and 340 g Cr(VI) g⫺1 soil, respectively]. Cr(VI) was added from a
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sterile, anoxic stock solution of potassium chromate. There were three replicate
samples for each of the seven treatments for glucose (G) and seven for protein
(P). Five treatments received organic carbon: (i) G (glucose) and P (protein)
received only the carbon source, (ii) GN and PN received the carbon source plus
NO3⫺, (iii) GNL and PNL received 140 g Cr(VI) g⫺1 soil in addition to the
carbon source and NO3⫺, (iv) GNM and PNM received 240 g Cr(VI) g⫺1 soil
in addition to the carbon source and NO3⫺, (v) GNH and PNH received 340 g
Cr(VI) g⫺1 soil in addition to the carbon source and NO3⫺. The two control
treatments received either NO3⫺ only or no chemical additions at all. Some
microcosms were constructed with autoclaved soil to measure abiotic Cr reduction. In treatments that did not require specific amendments, an equal volume of
sterile anoxic water was added. The vials were flushed with 100% nitrogen gas
and sealed with gray butyl rubber stoppers and aluminum crimps. Microcosms
were incubated in the dark at 20°C.
Activity measurements. Microcosm headspaces were sampled with a gas-lock
syringe at 2- to 7-day intervals, and CO2 was determined by a gas chromatograph
(HP 5890 series II) as previously described (26).
Sampling regimen. Soils in carbon-amended microcosms were destructively
sampled four times based on the pattern of CO2 evolution. For samples amended
with carbon, three vials were sampled per time point. All treatments were
sampled 48 h after initiation (T1). Subsequently, microcosms were sampled on a
treatment-specific schedule as follows: at the inception of substrate-induced
mineralization (T2), during the maximum rate of CO2 production (T3), and
when CO2 production leveled off (T4). Sampling on a treatment-specific basis
facilitated comparison of microbial communities at similar stages of development. Treatments that lacked added carbon were sampled in duplicate at T1 and
whenever Cr-amended microcosms were sampled at T3, as well as at the end of
the experiment.
Microcosms were sampled by transferring their entire contents into sterile
15-ml polystyrene tubes. An aliquot of the liquid was taken and immediately used
to measure the concentration of Cr(VI), NO2⫺, and NO3⫺. The remaining soil
and liquid were frozen at ⫺20°C and later used for DNA-based analysis.
Readdition of Cr(VI). For all carbon and metal combinations (three for glucose and three for gelatin), a second set of six microcosms (designated with an R
for readdition) was created. When activity in those microcosms was detectable
(T2), a second dose of Cr(VI) was added. Soils in those microcosms were
sampled two times in triplicate after Cr(VI) readdition—7 to 21 days after
readdition (depending on activity) and when CO2 evolution in the microcosms
had ceased.
Chromium and inorganic nitrogen measurements. Chromate in solution was
measured colorimetrically using the N,N-diphenylcarbazide method (12). Nitrate
and nitrite were measured according to U.S. Environmental Protection Agency
method 353.2 (44) on a QuickChem FIA⫹ 8000 series automated analyzer
(Lachat Instruments, Loveland, CO).
Isolation of Cr-resistant bacteria. Cells were extracted from GNM, GNMR,
PNM, and PNMR soils in anoxic 10 mM phosphate saline buffer (pH 7.2). Small
aliquots (0.1 ml) of serial dilutions were spread onto three types of solid media,
0.1⫻ nutrient agar (Difco), soil extract agar with 0.5 g liter⫺1 glucose, and media
for nitrate-reducing bacteria (NRB). All media contained 0.25 mM potassium
chromate. Soil extract was prepared as previously described (26). NRB basal
medium contained the following (all per liter): 2.5 g sodium bicarbonate, 0.25 g
ammonium chloride, 0.6 g sodium phosphate monobasic, monohydrate, 0.1 g
potassium chloride, 10 ml mineral solution (27), and 0.025 g yeast extract. For the
isolation of NRB, the medium was supplemented with 1.36 g acetate per liter
(final concentration, 20 mM) and 1.65 g potassium nitrate per liter (final concentration, 50 mM). Since denitrification is a facultative process, we did not take
measures to remove oxygen from the plates prior to inoculation and incubation.
The plates were incubated for 3 weeks in anaerobic jars (BBL GasPak Systems;
Becton Dickinson, Franklin Lakes, NJ) at 20°C. Standard microbiological techniques were used to obtain pure cultures from single colonies on the plates. The
isolates were then tested for growth on 0.5, 1, 2.5, 5, or 10 mM potassium
chromate using the same solid medium that was used for isolation.
Inhibition of nitrate reduction by Cr(VI). Isolate GNCr-4 (see Table 3) was
grown in liquid NRB basal medium as described above, amended with Cr and
nitrate in 30 different ratios, using a matrix of six nitrate concentrations (0, 3, 5,
10, 20, or 40 mM) and five chromate concentrations (0, 0.1, 0.25, 0.5, or 1 mM).
Growth was tested with both a nonfermentable organic acid (lactate [20 mM])
that can be utilized only with concomitant nitrate reduction and with glucose (10
mM), which is a fermentable substrate that could be utilized with or without
concomitant nitrate reduction. All culture experiments were carried out in triplicate for 48 h at 30°C in airtight Hungate tubes with anaerobic media and helium
in the headspace. At the end of the incubation, nitrate, nitrite, and Cr(VI) in the
medium were measured as described above. Biomass was estimated by measur-
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ing particulate protein. Cells were collected by centrifugation (5,000 ⫻ g for 20
min) and incubated with 1 M NaOH at 100°C for 10 min or until all biomass was
dissolved. Protein was then measured using the Lowry method (28).
Bacterial community analysis. Changes in community composition were determined by soil DNA extraction, PCR amplification of the V3 region of the 16S
rRNA gene with primers PRBA338f (with a GC-clamp) and PRUN518r, and
separation of PCR amplicons by denaturing gradient gel electrophoresis
(DGGE) (D-Code apparatus; Bio-Rad, Hercules, CA) as previously described
(26). As with any molecular method based on PCR, our method is subject to
PCR bias (1); however, DGGE has been widely and successfully used to compare
the dominant members of the microbial community, especially in time series
experiments.
DGGE profiles of different treatments were compared by calculating Dice
similarity coefficients based on the presence or absence of bands (17). All bands
were assigned to band classes after gels were normalized in comparison to
marker lanes using the BioNumerics software package (Applied Maths, Belgium). Correct assignment of band classes was confirmed by rerunning putatively
similar samples in adjacent DGGE lanes. Significant differences between treatments were analyzed by performing an analysis of variance on the distance
matrix. We used the function adonis in the statistical package R, which performs
a permutational or nonparametric multivariate analysis of variance (MANOVA)
(4, 5). In short, the adonis function partitions the sums of squares of distances in
the distance matrix based on predefined groups and calculates the significance of
the grouping by performing multiple permutations of the data and constructing
a pseudo-F distribution. The output of the adonis function is similar to a regular
MANOVA output: F values for different factors and their interactions and their
corresponding P values. We analyzed glucose- and protein-amended microcosms
separately.
16S rRNA gene sequence determination. DNA extracted from microcosms was
amplified with primers PRBA338f without the GC-clamp and PRUN518r (26),
and the PCR product was cloned in the pGEM-T Easy vector system (Promega,
Madison, WI). Inserts from 24 random clones per microcosm were amplified
using the PCR conditions described above with 1 l of a cell suspension as the
template and screened by DGGE. Plasmid DNA containing inserts was extracted
by alkaline lysis (37), and the inserts were sequenced at Purdue University’s
Genomics Facility.
Bacterial isolates that grew at 5 mM or higher Cr(VI) concentrations were
differentiated using the PCR-DGGE analysis described above. Isolates that produced a unique DGGE profile were putatively identified by sequencing. The 16S
rRNA genes of unique isolates were amplified using primers pA (16) and
PRUN518r and sequenced as described previously (26). The nearly full-length
16S rRNA gene sequence was determined for one isolate that had 95% or less
similarity to its best matches in GenBank using primers pA and pH (16) as
described previously (31).
Nucleotide sequences were compared to sequences in the National Center for
Biotechnology Information (NCBI) GenBank database using the BLASTn program (3).
Nucleotide sequence accession numbers. The nucleotide sequences obtained
in this study have been submitted to the GenBank database under accession
numbers DQ426690 to DQ426716.

RESULTS
Microbial activity. The addition of organic C and nitrate
without Cr(VI) (GN and PN treatments) stimulated CO2 accumulation without an apparent lag (Fig. 1). Within 48 h, the
addition of Cr inhibited CO2 production in microcosms stimulated with glucose by reducing it to 33, 17, and 15% of control
[no Cr(VI)] values in GNL, GNM, and GNH microcosms,
respectively. Similarly, in microcosms that received protein as
a carbon and energy source, the addition of Cr(VI) at low,
medium, or high levels immediately reduced CO2 production
to 40, 25, and 24% of that found when no Cr(VI) was added.
As Cr(VI) concentrations increased, the length of the lag
phase increased in all Cr-amended microcosms, except GNL
(Fig. 1). During the phases of maximum CO2 production, Cr
also negatively affected the rates of CO2 accumulation in both
glucose-amended (186, 152, 171, and 103 g CO2 g⫺1 soil
day⫺1 for GN, GNL, GNM, and GNH, respectively) and pro-
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FIG. 1. Cumulative CO2 accumulation in the headspace of anaerobic microcosms supplemented with glucose (G) (A) or protein (P) (B). In
addition, amendments of nitrate (N) and/or one of three levels of Cr(VI) (low [L], 140 g g⫺1 soil; medium [M], 240 g g⫺1 soil; and high [H]
340 g g⫺1 soil) were made. Some microcosms received a second dose of Cr(VI) (designated R for readdition). The microcosms subjected to
PNMR and PNHR treatments were incubated for 119 and 130 days, respectively, and only the final amount of CO2 is plotted after day 56.

tein-amended (74, 58, 35 and 36 g CO2 g⫺1 soil day⫺1 for PN,
PNL, PNM, and PNH, respectively) microcosms. The maximum amount of CO2 produced in microcosms amended with
organic C, nitrate, and chromium was not affected by Cr(VI)
and ranged from 20 to 27% of the added C (based on the
theoretical maximum mineralization of all C atoms in the
added organic C source).
Chromium fate. When Cr(VI) in the liquid phase was measured 0.5 h after addition, 100% was recovered; therefore,

sorption to soil particles or the added protein was negligible.
Abiotic decrease in Cr(VI) was analyzed in autoclaved controls
when Cr(VI) could not be detected in live treatments (Table
1). The proportion of added Cr(VI) in abiotic controls ranged
from 50% (L treatments) to 82% (H treatments).
Concentrations of soluble Cr(VI) in live microcosms decreased rapidly (Table 1). After 48 h of incubation, 2, 49, and
215 g Cr(VI) g⫺1 soil were found in GNL, GNM, and GNH
microcosms, respectively. The corresponding numbers for
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TABLE 1. Dynamics of nitrate reduction, nitrite appearance and consumption, and Cr(VI) reduction in carbon-, nitrate-, and
chromium(VI)-amended anaerobic microcosms
NO3⫺
Treatmenta

N
GN
GNL
GNM
GNH
PN
PNL
PNM
PNH

NO2⫺

Chromium

Reduction
rateb

Final
concnc

Maximum
concn

Time of
maximum
concn (days)

Final concn

431 ⫾ 2
307 ⫾ 77
109 ⫾ 38
109 ⫾ 77
82 ⫾ 24
309 ⫾ 86
154 ⫾ 15
75 ⫾ 55
63 ⫾ 51

0
452 ⫾ 15
455 ⫾ 35
465 ⫾ 104
580 ⫾ 161
0
0
0
0

648 ⫾ 161
498 ⫾ 35
538 ⫾ 45
287 ⫾ 128
85 ⫾ 48
766 ⫾ 218
1,004 ⫾ 43
755 ⫾ 318
411 ⫾ 38

2
2
7
7
35
2
5
7
14

0
260 ⫾ 10
192 ⫾ 118
149 ⫾ 11
85 ⫾ 48
0
0
0
0

Reduction
rate

Time at which
Cr(VI) became
undetectable
(days)

Reduction
rate after
readdition

Final
concn

70 ⫾ 0
96 ⫾ 1
63 ⫾ 5

2
4
11

48 ⫾ 1
81 ⫾ 1
28 ⫾ 5

0
0
0

70 ⫾ 0
98 ⫾ 8
99 ⫾ 2

2
2
2

52 ⫾ 1
21 ⫾ 3
1⫾1

0
0
29 ⫾ 13

a
The letters in the treatments indicate the addition of nitrate (N) (15 mol g⫺1 关dry weight兴 soil), glucose (G) (3 mg g⫺1 关dry weight兴 soil), or protein (P) (3 mg
g⫺1 关dry weight兴 soil) and one of three chromium(VI) levels, low (L) (140 g g⫺1 关dry weight兴 soil), medium (M) (240 g g⫺1 关dry weight兴 soil), and high (H) (340
g g⫺1 关dry weight兴 soil).
b
Reduction rates calculated for the first 48 h of incubation and reported as means ⫾ standard errors for three replicate samples. The reduction rates are reported
as micrograms gram⫺1 soil day⫺1.
c
All final concentrations reported are means ⫾ standard errors for three replicate samples. The final concentrations are reported as micrograms gram⫺1 (dry weight)
soil.

PNL, PNM, and PNH microcosms were 0, 46, and 142 g
Cr(VI) g⫺1 soil, respectively. During that time, the rate of
Cr(VI) decrease was similar in all microcosms and averaged
82 ⫾ 10 g Cr(VI) g⫺1 soil day⫺1 (Table 1). At subsequent
sampling times (T2 to T4), no more than 2% of the added
Cr(VI) was detected in any microcosm that received a single
dose of Cr (Table 1).
Nitrate reduction and denitrification in microcosms. The
fate of added nitrate in microcosms was affected by the nature
of the added organic substrate as well as the addition of Cr(VI)
(Table 1). In glucose-amended microcosms, only a fraction of
added nitrate was reduced and only to the level of nitrite. In
contrast, in protein-amended microcosms, all added nitrate
was reduced to nitrite and then to more-reduced molecules, as
by the end of the incubation (days 56 to 130) no nitrate or
nitrite was detected. Even in microcosms that were not
amended with organic carbon, all nitrate was reduced beyond
nitrite. Chromium inhibited the rate of nitrate reduction; the
inhibition was stronger as the concentration of Cr(VI) increased (Table 1).
Readdition of Cr(VI) in microcosms. Shi et al. (40) had
found that these soils contain a broad mixture of Cr-sensitive
and -tolerant bacteria. A potential consequence of the initial
addition of Cr(VI) could be strong selection for proliferation
of Cr(VI)-tolerant bacteria. To test this, a second dose of
Cr(VI) was added to a subset of microcosms. However, the
rates of Cr(VI) reduction after the second dose were in fact
lower than the rates after the initial Cr(VI) additions (Table
1). Nitrate/nitrite reduction was reduced in all microcosms
given a second dose of Cr(VI) with the sole exception of
low-Cr addition to glucose-amended microcosms (Table 1).
The effect of Cr was most severe in the high-Cr microcosms
(GNHR and PNHR). Not only were Cr(VI) reductions rates
lower after readdition, but the rate of CO2 accumulation was
reduced (9 and 4 g CO2 g⫺1 soil day⫺1 in GNHR and PNHR
treatments, respectively), as was the total amount of organic C

mineralized to 14 and 10% of the theoretical maximum mineralization for GNHR and PNHR, respectively (Fig. 1).
Microbial community dynamics. The addition of organic
carbon, nitrate, and Cr(VI) resulted in a rapid change of the
bacterial community structure; there were no bands in common between the initial DGGE profile and profiles of microcosms sampled after 48 h of incubation. Subsequent changes in
the DGGE profiles were significantly altered by (i) the nature
of the added carbon, (ii) the amount of chromium that was
initially added, and (iii) the number of chromium(VI) doses
that microcosms received (see Table 2 for permutational
MANOVA summary statistics) (Fig. 2). In general, higher
Cr(VI) concentrations led to a stronger differentiation in the
microbial community, especially in glucose-amended microcosms. The immediate effect of Cr(VI) readdition was an al-

TABLE 2. Results from permutational MANOVA based on Jaccard
distances for bacterial communities in glucose- or protein-amended
anaerobic microcosms treated with one or two doses of various
concentrations of Cr(VI)
Analysis

Glucose-amended microcosms
Single chromium addition
Readdition of Cr(VI)

Protein-amended microcosms
Single Cr(VI) addition
Readdition of Cr(VI)

Factor

F value

P value

Chromium
Time

23.8
43.2

0.001
0.001

Chromium
Second addition
Time

44.6
3.2
6.0

0.001
0.05
0.009

Chromium
Time

4.6
12.8

0.001
0.001

Chromium
Second addition
Time

21.9
4.3
18.7

0.001
0.002
0.001
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FIG. 2. Nonmetric multidimensional scaling diagram of bacterial community profiles based on denaturing gradient gel electrophoresis of the
V3 region of the 16S rRNA gene amplified by PCR of DNA extracted from anaerobic microcosms. Treatments included combinations of electron
acceptor (none or NO3⫺ [N]) and one of four levels of Cr(VI) (none, low [L], medium [M], or high [H]). In addition, microcosms were amended
with glucose (G) (A) or protein (P) (B) as an electron donor. Each panel also includes results from a control treatment (C) to which no
amendments were made. All treatments were set up in triplicate and sampled at four times (T1 to T4). Each point on the graph represents the
average score for the three replicate samples. The initial T1 sample (48 h of incubation) is identified by the position of the legend code on the
graph. The trajectory of community composition through time is indicated by the line and arrow connecting treatment points. Trajectories are
drawn with solid lines for treatments without chromium and dashed lines for chromium-amended treatments. For comparison, the untreated soil
bacterial community used to construct the microcosms is represented by a ⴙ symbol.

tered bacterial community. By the end of the experiment,
DGGE fingerprints of treatments that received the same single
or double Cr(VI) dose converged, except in the case of GNH/
GNHR and PNH/PNHR treatments. The nature of the added
carbon affected the final community fingerprints; the Dice similarities between glucose- and protein-amended microcosms
ranged between 0.5 and 0.6. In comparison, the average Dice
similarity between replicate microcosms at sample time T4 was
approximately 0.9.
16S rRNA phylogenetic analysis. The phylogenetic similarities of dominant bands from GNM and PNM microcosms
were determined by cloning and sequencing (Table 3). Cloned
sequences were closely related to database sequences from
members of the Proteobacteriaceae and Actinobacteriaceae families and the Firmicutes phylum. Four dominant DGGE bands
that were present in most microcosms that received organic
carbon and/or Cr(VI) were most closely related to sequences
from members of Serratia and Propionibacterium species.
Fifty-six isolates (18 from GNM and 38 from PNM samples)
were obtained on anaerobic NRB medium under a low Cr(VI)
selection pressure of 0.25 mM. Genotyping (by DGGE of amplified 16S rRNA genes) revealed four unique types from
GNM samples and five unique types from PNM samples (Table 3). The 16S rRNA gene sequences of all isolates except
Bacillus cereus GNCr-2 exhibited more than 98% similarity to
cultivated bacteria within the genus Bacillus or the phylum
Actinobacteria. The strains in each of these clades were facultative anaerobes and were capable of growth in the presence of
at least 10 mM Cr(VI) under aerobic conditions.

Inhibition of nitrate reduction by Cr(VI) in pure culture.
From the nine distinct clades of isolates, one strain, Bacillus
cereus GNCr-4, grew in a chemically defined minimal medium
and therefore was chosen for more-detailed analysis of the
physiological interactions between electron donor and the reduction of Cr(VI) and nitrate. Although B. cereus GNCr-4
grew in media with up to 20 mM Cr(VI) under aerobic conditions with glucose, under anaerobic conditions with nitrate, it
grew only in the presence of up to 1 mM Cr(VI) when using
glucose as a carbon source and only 0.5 mM Cr(VI) when using
lactate as a carbon source. When lactate was the carbon
source, nitrite accumulated in either the presence or absence
of Cr(VI). In contrast, when glucose was the carbon source,
nitrate was reduced only in the absence of Cr(VI). Whenever
nitrate reduction occurred, mass balance analyses of nitrate
and nitrite concentrations demonstrated that nitrate was reduced only to the level of nitrite (data not shown). In both
glucose- and lactate-amended cultures, the growth yield and
amount of nitrate reduced decreased as the concentration of
Cr(VI) in the medium increased (Fig. 3A and 4). In addition,
the inhibitory effect of Cr(VI) was diminished at higher concentrations of nitrate (Fig. 3A and 4). The reduction of added
Cr(VI) was also measured in these cultures, and strain GNCr-4
reduced Cr(VI) when lactate but not glucose was the carbon
source. When 0.1 mM Cr(VI) was added to lactate-amended
cultures, all Cr(VI) was reduced. At 0.25 mM Cr, the amount
of Cr(VI) reduced increased at higher nitrate levels and was
linearly correlated to the amount of nitrate reduction [33 mol
Cr(VI) reduced per mmol nitrate reduced; r ⫽ 0.97] (Fig. 3B).
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TABLE 3. Summary of phylogenetic similarities determined from sequences obtained for dominant bands in DGGE profiles and isolates
from microcosms amended with organic C (glucose or protein), NO3⫺, and 240 g Cr(VI) g⫺1 soila
Clone or isolateb

Best match

Accession
no.

Similarityc
(% similarity)

GNM-1(a)
GNM-2(b)

Carnobacteriaceae clone BLUC-K
Bacterium clone FI-2F_H03

DQ196615
EF220454

196/197 (99)
168/173 (97)

GNM-3(b)
GNM-4(b)
GNM-5(b)
GNM-6(b)
GNM-7(c)
GNM-8(c)
GNM-9(d)
GNM-10(e)
Isolate GNCr-1
Isolate GNCr-2
Isolate GNCr-3
Isolate GNCr-4

Uncultured Aranicola sp. strain LJEr1
Bacterium clone FFCH4639
Serratia liquefaciens strain ZY-2
Uncultured bacterium clone 70
Bacterium clone FFCH10465
Serratia sp. strain Tp5
Uncultured bacterium clone C08.ab1
Propionibacterium freudenreichii ISU P59
Cellulosimicrobium sp. strain 87N50-1
Lactosphaera pasteurii
Bacillus sp. strain CNJ940 PL04
Bacillus sp. strain cp-h51

EU789569
EU135403
EU880537
DQ165123
EU134917
EU855752
EU136313
AY533300
EU196469
X87150
DQ448802
EU558977

197/197 (100)
169/169 (100)
197/197 (100)
165/169 (97)
173/173 (89)
197/197 (100)
174/174 (100)
171/174 (98)
455/456 (99)
1477/1563 (94)
533/533 (100)
536/536 (100)

PNM-1(f)
PNM-2(g)
PNM-3(h)
PNM-4(i)
PNM-5(i)
PNM-6(j)
GNM-9(d)
PNM-8(l)
Isolate PNCr-1
Isolate PNCr-2
Isolate PNCr-3
Isolate PNCr-4
Isolate PNCr-5

Antarctic bacterium strain GA0A
Brevibacillus brevis ZFJ-2 16S
Aranicola clone LJEr1
Serratia sp. strain Tp5
Chlamydiales bacterium P-5
Clone 37_C1_RHIZO_T7s
Uncultured bacterium clone C08.ab1
Mycobacterium sp. strain AT-3
Bacillus thuringiensis 2PR56-10
Bacillus sp. strain PK-9
Bacillus sp. strain ERI 44
Bacterium GFCr-1
Bacterium GFCr-1

EU636049
EU931557
EU789569
EU855752
AF364565
EF605981
EU136313
AF220427
EU440975
EU685818
EU984074
DQ154277
DQ154277

197/197 (100)
198/198 (100)
197/197 (100)
197/197 (100)
187/197 (94)
172/172 (100)
174/174 (100)
177/177 (100)
515/521 (98)
485/485 (100)
422/424 (99)
499/504 (99)
502/504 (99)

Phylogenetic clade

Firmicutes
Cytophaga-Flavobacterium-Bacteroides
group
Gammaproteobacteria
Candidate division TM7
Gammaproteobacteria
Candidate division TM7
Candidate division OP10
Gammaproteobacteria
Actinobacteria
Actinobacteria
Actinobacteria
Firmicutes
Firmicutes
Firmicutes
Gammaproteobacteria
Firmicutes
Gammaproteobacteria
Gammaproteobacteria
Chlamydiae
Alphaproteobacteria
Actinobacteria
Actinobacteria
Firmicutes
Firmicutes
Firmicutes
Actinobacteria
Actinobacteria

a

All sequences are available in GenBank under accession numbers DQ426690 to DQ426716.
Clones and isolates starting with the capital letter G were from glucose-amended microcosms; clones and isolates starting with the capital letter P were from
protein-amended microcosms.
c
The values shown are the number of similar base pairs/number of total base pairs. Approximately 200 bp was sequenced for clones and 500 bp for isolates.
b

Toxicity of Cr(VI) to different microbial processes. We have
determined the microbial community response not only when
nitrate is the terminal electron acceptor but also under aerobic
and Fe-reducing conditions (26, 33) with three different organic electron donors. The dose of Cr(VI) required to produce
an acute toxic effect varied about 100-fold for these different
functional processes (Fig. 5). The highest concentration [about
400 g Cr(VI) g⫺1 soil to achieve 50% inhibition] was needed
for aerobic glucose catabolism. In contrast, aerobic xylene degradation (for which one might expect the presence of a much
smaller number of functionally redundant species) was inhibited by only 10 g Cr(VI) g⫺1 soil. Relatively low Cr(VI)
concentrations were necessary to inhibit nitrate respiration;
this may suggest that the functional diversity of this physiological group was relatively low.
DISCUSSION
The contaminated soils used in this experiment do not support plant growth; therefore, it is likely that bacterial communities were carbon limited, and not surprisingly, they responded very rapidly to newly added carbon (Fig. 1).
Furthermore, contrasting microbial communities (Fig. 2) were
selected in response to different organic amendments, as has
been previously shown (25, 39). The results of these experiments are novel in that the intensity of selection imposed by

different organic amendments was less when nitrate was the
terminal electron acceptor (protein and glucose microcosms
shared more than 50% of dominant bands in DGGE profiles)
than in earlier work with Fe(III) as the terminal electron acceptor. Under those conditions, similarity coefficients between
glucose and protein amendments ranged from 10 to 30% (26).
Thus, nitrate modulated the capacity for an organic carbon
source to drive large changes in soil community composition to
a larger degree than had been observed with other terminal
electron acceptors.
Dissimilatory nitrate reduction has been a subject of intense
study of soil (34). However, the results from Seymour soils
were striking in that the fate of nitrate was altered not only by
the addition of chromate, a metal oxyanion, but also by the
nature of the added organic carbon. Whereas bacteria metabolizing endogenous soil organic C or added protein reduced
nitrate beyond nitrite, nitrate was not reduced beyond nitrite in
glucose-amended microcosms. Nitrite accumulation has previously been observed under denitrifying conditions (24), especially when carbohydrates were the electron donors (19, 23).
The fate of nitrate in microcosms with glucose was also notable
in that dissimilation was incomplete; although the amount of
added glucose would generate twice the number of electrons
required to reduce all added nitrate to nitrogen gas, about 50%
of nitrate was still present in glucose-amended microcosms at
the end of the incubation. A concentration of 5 mM nitrite can
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FIG. 4. Biomass production (expressed as particulate protein) by
cultures of Bacillus cereus GNCr-4 grown anaerobically in basal medium amended with various concentrations of nitrate and chromium(VI) and 10 mM glucose as a carbon source.

FIG. 3. Nitrate and chromium reduction by bacterial isolate
GNCr-4 grown anaerobically in basal medium amended with various
concentrations of nitrate and chromium(VI) and 20 mM lactate as a
carbon source. (A) The inhibitory effect of Cr(VI) upon nitrate reduction, as illustrated by the amount of nitrate reduced as increasing
amounts of nitrate were added at 0, 0.1, or 0.25 mM Cr(VI). (B) For
the set of cultures that grew at the highest Cr(VI) concentration (0.25
mM), the correlation between the amounts of nitrate and chromate
reduced is shown. The amounts of nitrate and Cr(VI) reduced were
lowest in cultures with 2.5 mM nitrate added and highest when 40 mM
nitrate was present.

inhibit nitrate reduction in pure cultures (2). We found that a
nitrate-reducing bacterium isolated from the microcosms, B.
cereus GNCr-4, ceased nitrate reduction when nitrite reached
10 mM.
Our results also demonstrated that chromate, an oxyanion
that could potentially serve as a competing electron acceptor
(15) as well as a toxic metal, modulated the composition of
nitrate-reducing anaerobic bacterial communities and inhibited nitrate reduction in soil microcosms. The interaction between Cr(VI) and denitrification in intact natural communities
has not been well described, but a few studies indicated that
soil denitrification might be particularly sensitive to Cr(VI)
inhibition (41). The acute effect of heavy metal addition to soil
is often a narrowing of microbially diverse populations (due to
death of sensitive organisms) and a resulting metal-tolerant
community (20, 32). Over a longer time period, selective proliferation and genetic changes can occur (14). Chromium(VI)
differs from many other heavy metals, because it can be reduced to less-toxic Cr(III). Furthermore, Cr(VI) bioavailability
can be reduced by complexation with organic matter (35).

Thus, the microbial community dynamics after chromium(VI)
addition could be influenced by the survival of Cr-sensitive
bacteria until Cr(VI) is detoxified. Two lines of evidence from
our study indicate that organic C is utilized by a mixture of
Cr-resistant and Cr-sensitive bacteria. First, at Cr(VI) levels
below 240 g g⫺1 soil, the similarity of DGGE profiles to
unamended treatments by the end of the incubation indicates
that the bacterial community in the soils may have been “protected” from the toxic effect of Cr(VI), due either to low
Cr(VI) bioavailability or rapid reduction to less-toxic Cr(III) or
broad biological resistance to this level. Only higher levels of
Cr (340 g g⫺1 soil) addition produced a subtractive effect on
community composition. Second, in the case of high-Cr readdition (340 g g⫺1 soil), extreme inhibition was observed, indicating that Cr-sensitive members survived the first dose of
Cr(VI) and presumably were partially responsible for the oxi-

FIG. 5. Effects of increasing Cr(VI) concentrations on the initial
response (2 to 7 days) of soil microbial communities to the addition of
different electron acceptors (O2 [open symbols] or NO3⫺ [closed symbols]) and carbon sources (glucose ●, protein f, or xylene [⫻]).
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dation of the added organic C. These responses had also been
observed when Fe(III) was added as the terminal electron
acceptor to these soils (26). In contrast, under aerobic conditions, carbon was mineralized in these soils even when a substantial amount of Cr(VI) remained (33).
Soil microcosms are complex systems, and our results with B.
cereus GNCr-4 isolated from the microcosms, as well as previous published work with pure cultures suggest that there are
multiple interactions between Cr(VI) and nitrate transformations. Cr(VI) addition has been shown to inhibit rates of nitrate and nitrite reduction in Shewanella oneidensis MR1 and
several different strains of Pseudomonas (15, 29, 30). In contrast to the purely antagonistic relationship between nitrate
and chromate metabolism found in Shewanella and Pseudomonas, there was a positive correlation between nitrate and
Cr(VI) reduction by B. cereus GNCr-4 exposed to various
ratios of nitrate to Cr(VI) (Fig. 3B). A similar relationship
between Cr(VI) reduction and nitrate was reported with Staphylococcus epidermidis (45). Thus, nitrate-reducing bacteria and
soil nitrate concentrations may accelerate the rate of anaerobic
Cr(VI) reduction, which results in relief of Cr(VI) toxicity.
Our primary interest in this work was upon the soil microbial
community. However, limited analyses of cultures identified
physiological phenomena related to Cr(VI) tolerance that have
not been reported in the literature and warrant future in-depth
investigations. All of the isolates were facultative anaerobes,
and for most, the level of Cr(VI) tolerance was similar under
aerobic and anaerobic conditions. However, in B. cereus
GNCr-4, Cr(VI) resistance levels were 10-fold higher aerobically than anaerobically. Second, we found that the nature of
the electron donor affected Cr(VI) resistance in this isolate;
cultures fermenting glucose had higher Cr resistance than cultures that coupled nitrate reduction to lactate oxidation. The
relationship between chromium and nitrate reduction in pure
cultures requires subsequent investigation to determine the
operative biochemical mechanisms.
Culture-independent and -dependent methods allowed us to
identify some of the indigenous populations that were enriched
in microcosms. The majority of Cr-resistant isolates and sequences obtained from cloning (Table 1) were closely related
to known nitrate-respiring bacteria (Serratia, Propionibacterium, and Bacillus) and Cr-resistant and/or reducing bacteria
(Serratia, Bacillus, and Cellulomonas) that have been previously recognized in Cr-polluted soils or sediments (9, 11, 38).
In addition, several cloned sequences and one of the isolates
were related to genera not previously reported to contain Crresistant members, including sequences that belong to candidate divisions TM7 and OP10, which have no cultivated representatives.
We have investigated the effect of Cr(VI) on microbial communities metabolizing several different electron donors and
three different terminal electron acceptors (26, 33). When
taken together (Fig. 5), the Cr(VI) sensitivity of these processes differed by almost 2 orders of magnitude. Although we
have no quantitative data on functional redundancy in these
soils, process sensitivity to acute Cr(VI) toxicity appears inversely correlated to the expected bacterial diversity for that
process in soil, with the highest tolerance by aerobic glucose
metabolizers and low tolerance by aromatic degraders. This is
consistent with the ecological “insurance hypothesis” (46) in
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which functional redundancy promotes ecosystem functional
stability because it increases the probability that the community contains a member resistant to a new stressor. In this
regard, anaerobic nitrate respiration appeared to have a much
lower level of functional redundancy than aerobic respiration
of either glucose or protein.
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