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Abstract To gain insight into the impact of 2,4,6-tri-
nitrotoluene (TNT) on soil microbial communities, we
characterized the bacterial community of several TNT-
contaminated soils from two sites with different histories
of contamination and concentrations of TNT. The
amount of extracted DNA, the total cell counts and the
number of CFU were lower in the TNT-contaminated
soils. Analysis of soil bacterial diversity by DGGE
showed a predominance of Pseudomonadaceae and
Xanthomonadaceae in the TNT-contaminated soils, as
well as the presence of Caulobacteraceae. CFU from
TNT-contaminated soils were identified as Pseudomo-
nadaceae, and, to a lesser extent, Caulobacteraceae.
Finally, a pristine soil was spiked with different con-
centrations of TNT and the soil microcosms were
incubated for 4 months. The amount of extracted DNA
decreased in the microcosms with a high TNT concen-
tration [1.4 and 28.5 g TNT/kg (dry wt) of soil] over the
incubation period. After 7 days of incubation of these
soil microcosms, there was already a clear shift of their
original flora towards a community dominated by Pseu-
domonadaceae, Xanthomonadaceae, Comamonadaceae
and Caulobacteraceae. These results indicate that TNT
affects soil bacterial diversity by selecting a narrow
range of bacterial species that belong mostly to Pseu-
domonadaceae and Xanthomonadaceae.
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Introduction

2,4,6-Trinitrotoluene (TNT) is an environmental pollutant
found at many sites associated primarily with military and,
occasionally, with civil activities. It is known to be toxic
against various eukaryotic organisms like fungi, algae or
worms. The toxicity of TNT is frequently caused by the
enzymatic single-electron reduction of its nitro groups,
which leads to the formation of reactive oxygen species in
living cells [41 and references therein]. However, few
reports describe the effect of TNT on soil bacterial diver-
sity. Wilke et al. [47] found only minor differences
between TNT-contaminated and uncontaminated soils by
phospholipid fatty acid composition analysis. Likewise, in
the study of Wikstrom et al. [46], random amplified poly-
morphic DNA analysis did not reveal any significant
difference in the composition of lake microbial commu-
nities due to the presence of TNT. Conversely, Fuller and
Manning [15] noticed a predominance of Gram-negative
over Gram-positive bacteria in TNT-contaminated soils.
Using respirometric activities, Gong et al. [17] observed a
decrease in the specific growth rate and an increase in
organic matter content in soils with a high TNT concen-
tration. A decrease in denitrification and dehydrogenase
activities and a low microbial biomass carbon were also
reported in TNT-contaminated soils [30,38]. All in all,
these results suggest that TNT affects to a variable extent
soil bacterial composition and activity. However, the bac-
terial composition at the group and species level was only
partially resolved in the aforementioned studies, because
the techniques used were not specific enough to detail the
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bacterial community composition of TNT-contaminated
environments.

16S rRNA and its gene are powerful markers to iden-
tify and classify bacteria. Various molecular methods
based on the 16S rRNA gene have been developed to
characterize the bacterial composition of environmental
samples. Among those, the separation of PCR-amplified
16S rRNA genes using denaturing gradient gel electro-
phoresis (DGGE) is a widely used methodology that
provides a direct fingerprint of environmental samples
[32]. In addition, bands can be excised from the gel and
sequenced to identify the dominant species in the com-
munity analyzed. Consequently, DGGE has been used by
several research groups to assess soil microbial diversity
and shifts in communities due to xenobiotic contamina-
tion, e.g. [5, 6, 11, 13, 28].

Over the past two decades, the use of such cultivation-
independent methods has rapidly expanded over tradi-
tional cultivation-dependent approaches. This has been
primarily due to the limitations of the cultivation
approach, as most of the bacteria remain uncultured using
traditional laboratory techniques. The proportion of cul-
turable bacteria has been estimated at less than 1% of soil
bacteria [43]. However, recent developments in cultiva-
tion techniques have allowed to increase the proportion of
culturable cell counts and to isolate previously uncultur-
able microorganisms [14, 20, 26] and references therein,
and [42]. In some polluted environments, adapted culti-
vation-dependent methods even proved to be superior to
cultivation-independent methods, because they reflected
the effect of the pollutant on the physiological status of
bacteria [7].

This study was conducted to assess the impact of TNT
contamination on soil bacterial communities using both
cultivation-independent and -dependent methods. Changes
in soil bacterial diversity due to TNT contamination were
investigated at two sites (Bourges, France and El Gordo,
Spain) with different histories of TNT contamination,
different TNT concentrations as well as different physico-
chemical characteristics. DGGE analyses were carried out
to provide a fingerprint of bacterial communities in TNT-
contaminated soils compared to non-contaminated ones,
and to identify the major species present in TNT-con-
taminated soils. In addition, bacteria from these soils were
cultivated on a solid dilute medium in order to determine
whether TNT contamination had patterned their cultivable
community as well. Finally, to test if the conclusions
drawn from these experiments were valid for other soils
as well, a pristine soil sample from our campus was
spiked with different concentrations of TNT and changes
in its bacterial community composition were monitored
over time.
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Methods
Soil characteristics

Two series of soils were investigated. The first one (samples
REF, KX1, KL1, KL2, KF1, KF2, KF4, KF5, KF6, KF6b,
KFé6c, F1, F2, and F3) was collected at a site in Bourges,
France that had been used for TNT destruction over the past
20 years. Samples were taken at different locations at the
same site with a distance between them of approximately
10 m. Uncontaminated (i.e., TNT was not detected by
HPLC with a detection limit of 1 mg TNT/kg soil) soil
samples were collected in an area shielded from heavy TNT
contamination by the presence of a protecting wall. A sec-
ond series of soil samples was provided by Fabricaciones
Extremenas S.L., a subsidiary company of Union Espafiola
de Explosivos (Madrid), from a site located at El Gordo,
Caceres, Spain. It was artificially contaminated with TNT
for 7 months and separated into different plots. Two TNT-
contaminated soil samples were taken from a contaminated
plot (samples UEE and IN). Another TNT-contaminated
plot was planted with corn seeds coated with Pseudomonas
putida sp. JLR11, a strain able to use TNT as N-source and
terminal electron acceptor [10], and samples were taken 15
(sample J15) and 29 (sample J29) days after planting. A
third TNT-contaminated plot was planted with non-coated
corn seeds and samples were collected 15 (sample C15) and
29 (sample C29) days after planting. One sample (sample
OUT) was collected at the same site from a non-contami-
nated plot. For the two series, samples were collected from
the top 10-cm layer of soil, except samples KF6b and KF6c,
which were taken at a depth of 30 cm. Finally, in order to
evaluate the effect of TNT on a pristine soil, a soil from
Louvain-la-Neuve (Belgium) was artificially contaminated
with increasing concentrations of TNT.

All samples were homogenized, sieved (2-mm mesh) to
eliminate plant roots and stones, and stored at 4°C in sterile
containers. The concentration of TNT (and its metabolites)
in the soil samples was determined in triplicates as previ-
ously described [11]. Soil pH was measured as follows: 1 g
of soil was mixed with 5 g of demineralized water, blended
and allowed to settle for 20 min three times in a row. After
the third settling, the pH of the supernatant was measured.
Soil texture was determined using the pipette method after
removal of carbonate and organic matter with HCl and
H,0,, respectively, and dispersion with hexametaphos-
phate [24]. The soil carbon content was measured in
triplicate by chemical oxidation with concentrated H>SO,
and K2Cr207 [l]

Four soils collected at the Bourges site (REF, KF4, F1,
and F2) were uncontaminated and ten (KX1, KL1, KL2,
KF1, KF2, KF5, KF6, KF6b, KF6c and F3) were
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contaminated with high concentrations of TNT [from 3.59
to 36.2 g TNT/kg (dry wt) of soil]. In the TNT-contam-
inated soils, the concentrations of aminodinitrotoluenes
(4-A-2,6-DNT or 2-A-4,6-DNT), 2,4,6-trinitrobenzalde-
hyde (TNBA), and 2.4-dinitrotoluene (2,4-DNT) were
very low compared to the concentration of TNT, as they
ranged from <0.001 [detection limit of HPLC analysis to
a maximum of 0.065 g/kg (dry wt) of soil]. All samples
had a pH above 7.6. These soils were classified as sandy
(clay) loams or (loamy) sands, except for sample KF4,
which was mostly silty. The percentage of carbon varied
significantly between the samples, with values ranging
between 0.7 and 14.5% C. On the contrary, the TNT-
contaminated soils collected at the site of El Gordo con-
tained relatively low concentrations of TNT [from 0.01 to
1.57 g TNT/kg (dry wt) of soil]. They were slightly acidic
(pH between 5.2 and 6.5) loamy sands. Their organic
matter content averaged 0.8% (P. van Dillewijn, personal
communication). The soil from Louvain-la-Neuve was a
silt loam with a pH of 7.4. Soil characteristics are detailed
in Table 1.

Cultivation experiments

One gram of soil REF or KX1 was added to 100 ml of
sterile dH20 (100-fold dilution) and stirred for 2 h at
300 rpm. After settling for 1 h, the supernatant was serially
diluted tenfold in sterile dH,O (1,000-100,000-fold final
dilutions). Aliquots (150 pl) of each dilution were spread
in three to five replicates onto agar plates supplemented
with dilute nutrient broth [containing per liter: 15 g agar
(Sigma, Saint Louis, MO) and 0.065 g nutrient broth
(Oxoid, Hampshire, UK) (i.e., 200 times less than the
manufacturer’s instructions)] with a sterile glass-spreading
rod. Plates were incubated for up to 3 months to allow the
emergence of slow-growing bacteria. The plates were
incubated in the dark at room temperature. The number of
colony forming units (CFU) on each medium was counted
2,7,8,14,22,35,49, 63,77, and 91 days after inoculation.
For each time point, plates carrying between 50 and 250
colonies were used to calculate the number of colonies per
g of soil. After 14, 35, 63 and 91 days, plates corre-
sponding to the 1,000-fold dilution were washed with

Table 1 Physico-chemical

. . Sample TNT level, mean + SD* pH % sand-silt-clay % C, mean + SD
characteristics of the soils (¢ TNT/kg dry soil) (dry soil)
analyzed in this study £ £y Y
Series from Bourges
REF ND 8.03 60.8-12.7-26.4 5.12 £ 0.21
KF4 ND 7.97 15.5-81.9-2.6 6.56 + 0.17
Fl1 ND 7.88 94.2-5.7-0.1 421 £+ 1.17
F2 ND 8.03 78.1-15.5-6.4 1.70 £+ 0.05
F3 3.59 + 0.59 7.85 76.8-17.4-5.8 4.23 + 0.08
KX1 26.6 = 2.0 7.68 75.2-10.1-14.6 4.83 + 0.16
KL1 36.2 + 3.1 8.05 73.7-19.2-7.0 145 + 0.1
KL2 23.0 £ 22 7.74 87.9-9.2-2.8 8.19 £+ 0.56
KF1 13.3 £ 3.5 8.35 68.5-6.0-25.5 1.32 £ 0.19
KF2 4.12 £+ 0.96 8.42 52.3-28.0-19.7 0.68 & 0.06
KF5 6.40 + 1.09 8.07 58.2-10.9-30.9 1.61 £+ 0.03
KF6 195 £33 8.40 69.4-8.1-22.5 4.54 + 0.10
KF6b 13.0 £ 3.2 8.33 66.3-14.6-19.0 4.06 + 0.29
KF6¢ 19.2 £ 2.8 8.35 71.3-10.5-18.2 4.43 + 0.29
. L Series from El Gordo

ND not detected (detection limit

of 1 mg TNT/kg soil) ouT ND 6.30 79.4-6.0-14.6 NM

NM not measured UEE 0.010 5.23 82.3-7.4-10.3 NM

2 TNT concentrations were IN 1.57 6.03 77.7-6.5- 15.9 NM

measured in triplicate in the C15 0.040 5.84 77.1-11.0-11.9 NM

soils from Bourges. In the soils 115 0.036 6.31 77.2-8.2-14.6 NM

from El Gordo, they were C29 0.056 6.50 79.5-7.0-13.5 NM

measured in duplicate due to the

very low amount of soil J29 0.044 6.37 79.7-7.1-13.2 NM

provided to us from this site. Louvain-la-Neuve

Therefore no SD is available for Pristine ND 7.40 23.8-63.7-12.4 NM

the latter
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1.5 ml of sterile dH,O. The washing solution was centri-
fuged (10,000g for 5 min) and the pellets were used for
DNA extraction and plate-wash PCR [42].

Spiking of a pristine soil with TNT

A pristine soil was sampled at the University campus of
Louvain-la-Neuve, Belgium. It was sieved on a 2-mm mesh
and divided into four aliquots: a control sample (no TNT),
and three samples spiked with increasing concentrations of
TNT: 140 mg, 1.4 g, and 28.5 g TNT/kg (dry wt) of soil.
TNT was crushed with a mortar until a very thin powder
was obtained, that was very carefully mixed with the soil
material. Seven hundred and fifty g of each of these four
samples was poured into 1-1 beakers covered with alu-
minium foil and incubated in the dark at room temperature
over 4 months. Each of them constituted an individual
microcosm for bacterial community observations. Soil
samples had an initial water content of 32.5% (measured in
triplicates by drying 3 g of wet soil at 105°C up to constant
weight). The water content was kept constant in the
microcosms by monitoring every 15 days the percentage of
humidity and readjusting it with sterile dH,O if necessary.
For each microcosm, 1 g of soil was collected for DNA
extraction a few minutes after the addition of TNT (¢ = 0),
and 7, 14, 61, and 121 days after the addition of TNT.

DNA extraction

DNA was extracted from 1 g of soil using the Ultra-Clean
Soil DNA Isolation Kit (MoBio Laboratories, Carlsbad,
CA) according to the manufacturer’s instructions. The
DNA of plate washed CFU was extracted from the pellets
using the same Kkit, except that the bead-beating solution
was supplemented with a 0.22-pm-filtered solution of
lysozyme (5 mg/ml final concentration) and the pellet was
incubated in this solution overnight at 37°C. Moreover, the
Inhibitor Removal Solution (IRS), provided by the manu-
facturer to precipitate humic acids, was not used. The
quantity and quality of the DNA extracted was evaluated
by gel electrophoresis on 1% agarose gels stained with
ethidium bromide. About 5-10 pl of eluted DNA were
loaded on the gels. DNA was quantified using the free
software Image J (available at http://rsb.info.nih.gov/ij/).

Total cell counts
TNT-contaminated and uncontaminated soil samples were

fixed, dispersed by ultrasonication and stained with 4',6-
diaminido-2-phenylindole (DAPI) following the protocol of
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Janssen et al. [20]. The microscope slides were examined
with a Leica microscope DMRA2 (Leica Microsystems
GmbH, Wetzlar, Germany) under UV illumination
(excitation filter BP340-380, dichromatic mirror: 400,
suppression filter, LP425). Blue-fluorescing cells were
counted in forty fields for each sample and expressed as
cells/g (dry wt) of soil.

PCR amplification

16S rRNA genes were amplified using primers BACT63F
(5-CAGGCCTAACACATGCAAGTC-3, forward) [29]
and UNIV518R (5-ATTACCGCGGCTGCTGG-3', reverse)
[32] with a 40 bp GC-clamp attached on the forward primer.
BACT63F complements a conserved region in the domain
Bacteria whereas UNIV518R complements a universally
conserved region. The PCR mix (50 pl) contained 25 pl of
Red’y’star Mix (Eurogentec, Seraing, Belgium), 0.25 uM of
each primer and ~2-10 ng of target DNA. For some soil
samples with a low DNA extraction yield, DNA quantifica-
tion was not possible using gel electrophoresis. Therefore,
different volumes of extracted DNA were tested, and in all
cases 1-2 pl gave the best PCR signals. PCR was performed
using a Biometra TGradient cycler (Biometra, Gottingen,
Germany) under the following conditions: 95°C for 5 min,
followed by 30 cycles (95°C for 1 min, 55°C for 1 min, 72°C
for 1 min), with a final extension at 72°C for 10 min. PCR
products were visualized by gel electrophoresis on 1.5%
agarose gels stained with ethidium bromide and quantified
with the Image J software.

DGGE analysis and sequencing of DGGE fragments

DGGE analysis was carried out with the DCode universal
mutation detection system (Bio-Rad, Hercules, CA). PCR
products were loaded onto 6% (wt/vol) polyacrylamide
(37.5:1 acrylamide:bisacrylamide) gels with a linear
denaturing gradient from 35 to 55% (where 100% con-
tains 7 M urea and 40% (vol/vol) deionized formamide)
in 0.5 x TAE buffer (20 mM Tris base, 10 mM acetate,
0.5 mM EDTA [pH 8]). Three hundred to 650 ng of PCR
products were loaded onto the gel, except for samples
KF6b and KF6c. For the latter, PCR amplification gave
low yields, and the largest volume of PCR product was
loaded onto the DGGE gel, which corresponded to
150 ng of PCR product. The electrophoresis was run at
60°C and 185 V for 5 h30 min. Gels were stained with
ethidium bromide and photographed under a UV
transilluminator.

Gel images were converted, normalized, and analyzed
with the Bionumerics 4.6 software package (Applied
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Maths, Sint-Martens-Latem, Belgium) using the Pearson
(product-moment)  correlation coefficient and the
unweighted pair group clustering method with arithmetic
averages (UPGMA). Fingerprint analysis using the Pearson
correlation coefficient, which calculates similarity indices
of the densitometric curves of the DGGE fingerprints, is
considered a more robust approach than band matching
[18]. Different reference bands were used for the DGGE
gels of the soils from Bourges and El Gordo and the
pristine soil spiked with TNT. Therefore, they could not be
compared in a single cluster analysis.

Bands of interest were excised from the gel and incubated
overnight at 4°C in 35 pl of sterile dH,O. Next, 1-8 pl of
this solution was used for a subsequent PCR amplification
(40 pl volume) with 20 pl of ReadyMix (Sigma) and
0.25 uM of primers BACT63F and UNIV518R. The same
amplification cycle was used as described above, except that
25 cycles were performed instead of 30. PCR products were
purified using the QIAquick PCR purification kit (Qiagen,
Valencia, CA). Sequencing was carried out using an ABI
PRISM® 3100 Genetic Analyzer (Applied Biosystems,
Foster City, CA) and the BigDye Terminator V1.1 cycle
sequencing kit (Applied Biosystems). The 20-pul sequencing
mixture contained 15-30 ng of purified PCR product and
0.5 uM of primer BACT63F or UNIV518R. This sequenc-
ing protocol gave unambiguous sequences for most DGGE
bands. When ambiguous, the DGGE bands were cloned
prior to sequencing using the pDrive vector (Qiagen).

Comparative sequence analysis and construction
of the phylogenetic tree

Sequences corresponding to DGGE bands were aligned with
about 43,000 homologous prokaryotic 16S rRNA gene
sequences by using the automated aligning tool of the ARB
program package (http://www.mikro.biologie.tu-muenchen.
de, “ssu_jan04_corr_opt.arb” database) [27]. The topology
of the groups, alpha-, beta-, gammal- and gamma2-Prote-
obacteria in the tree containing all sequences >1,400 bp
(“tree_1400_jan05) was optimized using the global opti-
misation tool and appropriate filters. Then the partial
sequences were inserted into the optimized tree using an
ARB parsimony tool that did not affect the initial tree
topology. The resulting tree was split into two subtrees and
pruned for the clarity of the figures, and close reference
organisms were retained.

Nucleotide sequence accession numbers

Sequences have been deposited in the GenBank database
under accession numbers EF121875 to EF121949.

Results and discussion

DNA extraction yield, total cell counts and CFU counts
in uncontaminated and TNT-contaminated soils

The amount of soil DNA extracted from the soils from
Bourges and El Gordo was inversely related to their level of
contamination. It was calculated by electrophoresis gel
analysis that the uncontaminated soils from Bourges (REF,
KF4, F1, and F2) and El Gordo (OUT) contained
1.8-3.3 pg of DNA/g (dry wt) of soil (X,2.48; SD, 0.58).
DNA extracted from the moderately contaminated soils
from El Gordo (UEE, C15, J15, C29, J29) ranged between
0.15 and 0.82 pg of DNA/g (dry wt) of soil (X, 0.50; SD,
0.20). In some contaminated soils from Bourges (KL2,
KL2, F3), it ranged between 0.86 and 0.97 pg of DNA/g
(dry wt) of soil (X,0.92; SD, 0.06). Finally, the amount of
DNA extracted from the most heavily contaminated soils
from Bourges (KX1, KF1, KF2, KF5, KF6, KF6b, and
KF6c¢) and El Gordo (IN) could not be quantified by gel
analysis, because DNA was hardly visible or not visible at
all on the agarose gels. Yet, this did not hamper 16S rRNA
gene PCR-DGGE analysis of those soils (Figs. la, 2a).
DNA quantification data suggested a lower bacterial bio-
mass in TNT-contaminated soils, or an inhibitory effect of
TNT on the extraction of DNA with the Mo Bio kit. The
former hypothesis was confirmed by total cell counts in four
uncontaminated soils (OUT, REF, KF4 and the pristine soil
from Louvain-la-Neuve) and seven TNT-contaminated
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Fig. 1 Genetic analysis of the bacterial community of soils collected
in Bourges, France. a DGGE fingerprints of 16S rRNA gene
amplicons derived from uncontaminated (REF to F2) and TNT-
contaminated soils (F3 to KF6c). Numbers correspond to bands that
were excised and sequenced. Their assignment to taxonomic groups is
presented in Figs. 5 and 6. b Dendrogram of the DGGE fingerprints
calculated by the Pearson correlation and the UPGMA method
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Fig. 2 Genetic analysis of the bacterial community of soils collected
in El Gordo, Spain. a DGGE fingerprints of 16S rRNA gene
amplicons derived from uncontaminated (OUT) and TNT-contami-
nated soils (UEE to J29). Numbers correspond to bands that were
excised and sequenced. Their assignment to taxonomic groups is
presented in Figs. 5 and 6. b Dendrogram of the DGGE fingerprints
calculated by Pearson correlation and the UPGMA method

soils (KX1, KL2, KF5, KF6, UEE, IN, and J29). The
number of DAPI-stained cells was significantly higher in
uncontaminated soils [X, 2.09 x 10° cells/g (dry wt) of soil;
SD, 1.12 x 10°, n = 4] than in TNT-contaminated ones [X,
3.23 x 10® cells/g (dry wt) of soil; SD 1.85 x 108, n = 9]
(one-tailed t-test, P = 0.0015). Moreover, the hypothesis
that TNT affects the efficacy of DNA extraction was dis-
proven by an experiment where a pristine soil was spiked
with increasing amounts of TNT. At the beginning of the
experiment (i.e. just after the addition of TNT), the amount
of DNA in the four soil microcosms spiked with different
concentrations of TNT was similar [X, 1.55 pug of DNA/g
(dry wt) of soil; SD 0.24] and remained relatively stable
over a 61-day period. After 4 months of incubation, a
reduction of 11 and 12% of the initial DNA content was
measured in the control soil (no TNT added) and in the soil
containing 140 mg TNT/kg soil, respectively. In the soils
containing 1.4 and 28.5 g TNT/kg soil, the reduction
amounted to 79% of the initial DNA content. These results
indicate that the concentration of TNT and the duration of
contamination affected soil bacterial biomass and therefore
the amount of DNA extracted from those soils.

TNT influenced the number of soil culturable bacteria as
well. Cultivation experiments were carried out with an
uncontaminated (REF) and a TNT-contaminated soil
(KX1), which had relatively similar pH, soil texture and
carbon content values. Soil dilutions were plated on
nutrient broth solidified with agar (“diluted NB”) and
incubated for 13 weeks. Such experimental conditions had
been reported to favor the cultivation of a larger proportion
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Fig. 3 Analysis of the cultivable microflora of one uncontaminated
soil (REF) and one TNT-contaminated soil (KX1). a Evolution of the
number of CFU per g of dry soil on agar plates supplemented with
dilute nutrient broth as a function of incubation time. Closed and open
squares are CFU from soil REF and KX1, respectively. Error bars
represent the standard deviation of triplicates to quintuplicates of the
same dilution. DGGE fingerprints of 16S rRNA gene amplicons
derived from the cultivable bacterial microflora of soil REF (b) and
soil KX1 (c) after 14, 35, 63 and 91 days of incubation. The first lane
shows the DGGE fingerprint of 16S rRNA genes directly amplified
from the two soils (as in Fig. 1a). Numbers correspond to bands that
were excised and sequenced. Their assignment to taxonomic groups is
presented in Figs. 5 and 6

of soil microbes, including bacteria that were formely
known as unculturable, like members of the division
Actinobacteria, Acidobacteria and Verrucomicrobia [20].
A clear difference in the number of CFU was observed
between the uncontaminated and the TNT-contaminated
soil (Fig. 3a). The viable count profile (number of CFU as
a function of incubation time) obtained with the uncon-
taminated soil REF was similar to profiles observed by
Janssen et al. [20] with pasture soils, i.e., a gradual increase
over a 91-day period of incubation. Conversely, for soil
KX1 the number of CFU was stable after 21 days. After
91 days of incubation, the number of CFU reached
2.28 x 107 CFU/g (dry wt) of soil REF versus 1.15 x 10’
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CFU/g (dry wt) of soil KX1, i.e. 1 and 2% of total cell
counts, respectively. This experiment was repeated and
gave very similar results (data not shown). After 91 days of
incubation, the late-appearing colonies had a smaller
diameter than those appearing early on the plates, but the
size of bacterial colonies was small in any case, as it ranged
from ~0.5 to ~2 mm diameter. Plating dilutions of the
uncontaminated soil KF4 versus the TNT-contaminated
soil KF6 also showed a significantly higher number of CFU
in the former after 91 days of incubation (4.44 x 10’ CFU/
g (dry wt) of soil KF4 versus 2.64 x 10° CFU/g (dry wt) of
soil KF6), and the CFU curve reached a plateau after
21 days for the TNT-contaminated soil KF6 (data not
shown).

Taken together, these results demonstrate the adverse
effect of TNT on bacterial biomass in soils (expressed as
the amount of extracted DNA, the total number of cells, or
the number of CFU). They corroborate the observations by
Fuller and Manning [15] and Meyers et al. [30] that the
number of CFU developing on rich or moderately diluted
agar media is low in soils severely contaminated with TNT.
Likewise, in metal-contaminated soils, Ellis et al. [7]
observed a lower number of cultivable bacteria in the
samples with the greatest metal content.

Total and culturable bacterial diversity
in TNT-contaminated soils

The bacterial diversity of the historically contaminated
soils from Bourges and El Gordo was investigated by
DGGE after PCR amplification of 16S rRNA gene frag-
ments using primers BACT63F and UNIV5I8R. In a
previous and more limited study, Eyers et al. [12] had
analyzed the bacterial community of two soils from
Bourges (the uncontaminated soil REF and the TNT-con-
taminated soil KX1) by hybridization of in vitro-
transcribed 16S rRNA to a phylogenetic oligonucleotide
microarray, and they had found a significant difference in
hybridization patterns between these two soil samples.
However, the origin of such a difference (e.g. presence of
TNT, pH, soil texture, carbon content) had not been clearly
determined. In the present study, the analysis of TNT-
contaminated soils was extended to numerous soil samples
from two contaminated sites as well as to soil microcosms
artificially contaminated with TNT, in order to determine
whether TNT systematically affected soil bacterial
diversity.

The uncontaminated soils from Bourges (REF, KF4, F1,
and F2) and El Gordo (OUT) showed a complex DGGE
fingerprint consisting in a smear of bands, with none of
them dominating the fingerprint, except two bands for soil
F1 (Figs. 1a, 2a). Likewise, the soils microcosms with no

TNT or 140 mg TNT/kg harboured complex DGGE fin-
gerprints that did not change during the 121-day incubation
period (Fig. 4a).

Conversely, the DGGE fingerprints of the TNT-con-
taminated soils from Bourges (F3, KX1, KL1, KL2, KF1,
KF2, KF5, KF6, KF6b, and KF6¢) and El Gordo (UEE, IN,
C15, J15, C29, J29) clearly revealed the presence of a few
dominant bands (Figs. 1a, 2a). Duplicate samples of soils
yielded similar DGGE patterns (data not shown). Cluster
analysis revealed a similarity of 60% between eight (out of
ten) TNT-contaminated soils from Bourges (Fig. 1b). The
heavily contaminated soil KF6b had a low similarity (37%)
with the other TNT-contaminated soils, but this was
probably due to the very weak intensity of its DGGE fin-
gerprint. Finally, the slightly contaminated soil F3 was
more similar to the uncontaminated ones, and the uncon-
taminated soils did not form a single cluster. At the El
Gordo Site, the TNT-contaminated soils formed a distinct
cluster as well (with 50% similarity, or 72% without
sample IN), although soils had been exposed to lower
amounts of TNT and for a shorter period of time (Fig. 2b).
Finally, the same qualitative shift in community structure
was observed in the soil microcosms spiked with increasing
amounts of TNT (Fig. 4a, b). In the soil spiked with
140 mg TNT/kg, one bright band appeared late (after
121 days of incubation), whereas in the soils spiked with
1.4 g TNT/kg and 28.5 g TNT/kg, bright bands were
already visible after 7 days of incubation. In the soil
microcosm spiked with 1.4 g TNT/kg, additional brighter
bands appeared after 61 days, whereas the DGGE finger-
print of the most heavily contaminated soil microcosm did
not change much after 7 days of incubation. Those changes
were reflected in the dendrogram (Fig. 4b). One cluster
(49% similarity) contained the samples taken on day O in
the four microcosms, all samples from the uncontaminated
microcosm, and samples from the microcosm spiked with
140 mg TNT/kg until day 14. The other cluster (51%
similarity) included one sample (day 61) from the micro-
cosm spiked with 140 mg TNT/kg, and all (but day 0)
samples from the microcosm spiked with 1.4 and 28.5 g
TNT/kg. One DGGE profile (day 121 in the microcosm
spiked with 140 mg TNT/kg) had a unique position in the
dendrogram, because of the presence of a bright band that
was not or hardly visible in the other DGGE patterns. This
band was identified as a very common genus (Pseudomo-
nas) in the heavily TNT-contaminated soil microcosms in
the same experiment (see below), indicating that the same
bacterial group had been selected under different TNT
concentrations. Interestingly, the DGGE patterns of the soil
samples collected after 61 and 121 days of incubation in
the microcosm spiked with 1.4 g TNT/kg shared a high
similarity (81%) with those collected at various time points
(but day 0) in the microcosm spiked with 28.5 g TNT/kg,
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Fig. 4 Genetic analysis of the A
bacterial community of a
pristine soil spiked with TNT.
a DGGE fingerprints of 16S
rRNA gene amplicons derived
from the pristine soil at = 0
and 7, 14, 61 and 121 days after
artificial contamination with
different concentrations of TNT.
Numbers correspond to bands
that were excised and
sequenced. Their assignment to
taxonomic groups is presented
in Figs. 5 and 6. b Dendrogram 8 9
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which reveals a convergent adaptation of the microbial
community under the selective pressure of high TNT
concentration.

Such differences in community composition between
uncontaminated and TNT-contaminated soils were reflec-
ted in the DGGE patterns of their cultivable community as
well (Fig. 3b,c). The cultivable community of the uncon-
taminated soil REF, although less diverse than its total
community (i.e. some dominant cultivable species were
detected after 14 days of incubation), was more diverse
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that the cultivable community of soil KXI1. Indeed, the
latter displayed a DGGE profile, consisting in a few very
bright bands, which was very similar to the pattern of the
total community.

All in all, these experiments showed a shift in the total
and culturable community structure after TNT contami-
nation. Such results differ from the observations by Ellis
et al. [7] in one of the few published studies dealing with
the comparative effect of a pollutant on the diversity of the
total and the culturable microflora in soils. In their study,
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metal contamination affected the physiological status of
bacteria, so that the number of bacteria capable of
responding to laboratory culture and their taxonomic dis-
tribution were altered, but did not affect the diversity of the
total soil bacterial community.

Dominant species in the total and culturable microflora
of TNT-contaminated soils

Bacterial species present in uncontaminated soils from
Bourges and El Gordo were not identified, as the DGGE
patterns were too diverse to easily excise bands, except
for the two bright bands in soil F1 (Fig. la) that corre-
sponded to a Pseudomonas sp. and an uncultured
bacterium clone (Figs. 5, 6). In the pristine soil used for
the spiking experiment with various amounts of TNT, we
identified a bacterium probably belonging to the genus
Methylobacterium, a Lysobacter sp. and a Ralstonia sp.

Fig. 5 Phylogenetic tree of
partial 16S rRNA gene
sequences derived from DGGE
bands that belong to
Pseudomonadaceae. Full 16S
rDNA sequences of close
reference organisms are
indicated in the figure. The bar
indicates 10% sequence
variation

(Figs. 4a, 6). Regarding the culturable community of
uncontaminated soils, a number of numerically dominant
species were identified in the uncontaminated soil REF
from Bourges: a Pseudomonas sp., an Acinetobacter sp.,
Variovorax spp., a Rhizobium sp., a Paracoccus sp., and
an Achromobacter/Alcaligenes sp. (Figs. 3b, 5, 6). They
all belonged to bacterial groups with known culturable
representatives. Therefore, we did not identify as-yet
uncultured soil bacteria on solid dilute media, like
Janssen et al. [25] did by identifying single colonies.
These results do not mean that fastidious microorganisms
did not grow on the dilute medium, but rather that they
did not show up among the dominant species of the
DGGE fingerprint. Interestingly, among the CFU from
soil REF, various members of the mostly unculturable
phylum Acidobacteria could be detected by using Aci-
dobacteria-specific PCR primers, whereas none was
detected among the CFU from soil KX1 (George et al.,
unpublished data).
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Fig. 6 Phylogenetic tree of
partial 16S rRNA gene
sequences derived from DGGE
bands that belong to other
groups than
Pseudomonadaceae. Full 16S
rDNA sequences of close
reference organisms are
indicated in the figure. The bar
indicates 10% sequence
variation
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In the TNT-contaminated soils from Bourges, most
bright bands were identified as Pseudomonas spp.
(Figs. 1a, 5), and one band corresponding to a Brevundi-
monas sp. (Figs. la, 6) was present in most contaminated
soils as well. The same genera made up the cultivable
community of the TNT-contaminated soil KX1 (Figs. 3c,
5, 6). Finally, soils KL1 and KL2 harboured additional
dominant bands identified as an Acidovorax sp., a Parvi-
baculum sp. and an uncultured 7y-Proteobacterium
affiliated to the genus Luteimonas (Figs. la, 6). One
additional dominant band was identified in soils KF6b and
KF6c as a Thermomonas sp. (Figs. 1la, 6). In the TNT-
contaminated soils from El Gordo (UEE, IN, C15, J15,
C29, and J29), the numerically dominant species were
identified as Pseudomonas spp. and Rhodanobacter spp.
(Figs. 2a, 5, 6). The artificial contamination of a pristine
soil with TNT led to the emergence of species closely
related to those found in the contaminated soils from
Bourges and El Gordo. In the DGGE pattern of the soil
containing 140 mg TNT/kg, a bright band appearing after
121 days of incubation was a Pseudomonas sp. (Figs. 4a,
5). In the DGGE fingerprint of the soil containing 1.4 g
TNT/kg, the bright bands appearing at days 7 and 14
corresponded to a Variovorax sp., a Lysobacter sp. and a
Pseudomonas sp. (Figs. 4a, 5, 6). After 61 days of incu-
bation, the Pseudomonas sp. band was even brighter, and
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two additional bands (bands nos. 1 and 10, Fig. 4a)
corresponding to another Pseudomonas sp. and a Brevun-
dimonas sp. were detected. Finally, in the heavily
contaminated soil (28.5 g TNT/kg), all bright bands were
Pseudomonas spp., except for one band (band nos. 12 or
13, Fig. 4a) identified as a Delftia sp. (Fig. 6).

To sum up, most dominant species in the total and
culturable bacterial community of the historically TNT-
contaminated soils from Bourges and El Gordo and in the
artificially TNT-contaminated soil microcosms corre-
sponded to Pseudomonas spp. (Fig.5), an occurrence
previously reported by Fuller and Manning [15] for TNT-
contaminated soils using classical cultivation techniques
and very recently by Travis et al. [44]. This systematic
predominance of pseudomonads in soils impacted with
TNT is very likely related to their degradative properties.
Several pseudomonads have been isolated from TNT-
contaminated environments and were shown to transform
TNT to its amino derivatives [9]. However, these amino
derivatives tend to accumulate in the environment and are
not degraded further. More interesting, a few bacteria have
been reported to denitrate TNT [10, 40] with the produc-
tion of metabolites known to be easily mineralized [34].
Among those, a new Pseudomonas aeruginosa strain was
recently isolated by Eyers et al. from the soil KX1 (man-
uscript submitted).
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Interestingly, we also found other dominant bacterial
families in most TNT-contaminated soils from Bourges and
El Gordo, as well as in the microscosms spiked with TNT:
Comamonadaceae (Acidovorax, Variovorax, Delftia gen-
era), Xanthomonadaceae (Thermomonas, Rhodanobacter,
Lysobacter genera) and Caulobacteraceae (Brevundimonas
genus), and in one case Rhizobiaceae (Parvibaculum
genus). They were not present as dominant species in the
total and cultivable community of uncontaminated soils. All
of them are Gram-negative, which confirms previous
observations by Fuller and Manning [15] that Gram-nega-
tive bacteria are predominant over Gram-positive bacteria
in TNT-contaminated soils. However, the study of these
authors was based on phospholipid fatty acid analyses and
the identity of the species was not determined. The
molecular mechanisms underlying the differential sensi-
tivity of Gram-positive and Gram-negative bacteria to TNT
remain to be deciphered.

Most of these bacterial genera have been cited in the
literature in relation to the biodegradation of different
environmental pollutants, like polycyclic aromatic hydro-
carbons (PAHs) [8, 22, 23, 45], trichloroethylene [16],
aniline [2], dichloromethane [25], alkylbenzenesulfonates
[37], and various pesticides [3, 4, 21, 31, 33, 39]. However,
apart from Stenotrophomonas sp. OK-5 (Xanthomonada-
ceae), which is able to resist TNT-mediated stress by
producing stress shock proteins [19] and to grow on TNT as
sole nitrogen source [35], no other member of the families
Comamonadaceae, Xanthomonadaceae and Caulobactera-
ceae has been reported so far to metabolize TNT. Indeed,
bacteria known to degrade TNT aerobically and/or anaero-
bically belong to Pseudomonadaceae, Enterobacteriaceae,
Mycobacteriaceae, Nocardiaceae, Desulfovibrionaceae,
Clostridiaceae and Bacillaceae [36, 40, 41]. The presence of
species belonging to Comamonadaceae, Xanthomonada-
ceae and Caulobacteraceae in soils with very high
concentrations of TNT, where pore water is very probably
saturated with TNT [44], suggests that those new species are
at least tolerant to the presence of TNT. It could also be that
among those, some are able to degrade TNT, but this
remains to be proved. Nevertheless, the present study opens
afield of investigation towards putative new TNT-degrading
bacteria.

In conclusion, this work showed that TNT had a sig-
nificant impact on soil bacterial community structure. To
our knowledge, this is the first study providing an extensive
characterization of the prokaryotic microflora of soils
sampled at different locations and with long-term and
short-term TNT contamination, and of a pristine soil arti-
ficially contaminated with TNT. Given its adverse impact
on the indigenous microbial communities, there is an
important need for decontaminating sites chronically pol-
luted with TNT.
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