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One of the crucial problems of the present is protec-
tion of the environment from pollution with anthropo-
genic substances that accumulate in living organisms
and affect metabolic processes.

One of the major groups among synthetic pollutants
is comprised of nitroaromatic compounds, 2,4,6-trini-
trotoluene (TNT) in particular. A great amount of TNT
was produced during World War II, and the most part of
it still exists. Even after 50 years after pollution, TNT is
found in soils in large concentrations, up to 9600 mg/kg
[1]. The slowness of the process of biological transfor-
mation indicates that TNT inhibits microbial activity.

TNT is mainly transformed through reducing reac-
tions. According to a number of researchers, most aer-
obic bacteria reduce TNT to monoamino derivatives.
Only strict anaerobes have been shown to reduce TNT
to 2,4,6-triaminotoluene [2]. On the other hand, a series
of studies revealed that some microorganisms are able
to transform TNT with the formation of hydroxylamino-
dinitrotoluenes (HADNTs) [3, 4, 9]. An alternative way
of the initial TNT transformation, namely, incomplete
reduction of the aromatic ring with the formation of the
Meisenheimer hydride-complex, has been described
for a number of microorganisms [4–6]. Although a
number of studies demonstrated the possibility of a par-
tial TNT mineralization [7–9], the involvement of TNT
in mineralization processes is insignificant both in
nature and under laboratory conditions, which demon-
strates the existence of metabolic barriers at the key

stages of its transformation. The limited transformation
of TNT by most microorganisms and insufficient
knowledge of the mechanisms controlling these pro-
cesses and impeding TNT mineralization and its
involvement in the carbon and nitrogen cycles are prob-
lems yet to be solved. For adequate assessment of the
bottlenecks of TNT transfomation, its initial stages
should be studied in a wide range of microorganisms
since these stages may result in the formation of early
metabolites inhibiting further transformation. Hence,
studies aimed at revealing crucial points that limit TNT
metabolism are of considerable importance.

The aim of this work was to reveal the mechanisms
of the initial attacks on TNT characteristic of various
groups of prokaryotes.

MATERIALS AND METHODS

 

Microorganisms and cultivation conditions.

 

Microbial strains obtained from the collection of the
Laboratory of Ecological Biotechnology and Biomoni-
toring at Kazan State University were isolated from dif-
ferent environments, such as oil-polluted soils, oil
slime, and atmospheric emissions.

 

Strain sensitivity to TNT.

 

 For sensitivity tests,
medium A of the following composition was used (g/l
distilled water): glucose, 5.0; 

 

MgSO

 

4

 

, 0.25; 

 

Na

 

2

 

HPO

 

4

 

,
4.5; 

 

KH

 

2

 

PO

 

4

 

, 3.0; 

 

(NH

 

4

 

)

 

2

 

SO

 

4

 

, 1.0; yeast extract, 0.05.
The medium was supplemented with a TNT solution in
ethanol to a TNT concentration varied from 15 to
200 mg/l.
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Abstract

 

—Screening of a wide range of microorganisms (32 strains) isolated from various anthropogenic and
natural environments and of a number of collection strains showed that the early stages of 2,4,6-trinitrotoluene
(TNT) transformation by the majority of the strains studied resulted in the formation of hydroxylaminodinitro-
toluenes (HADNTs). The levels of HADNTs were in a number of cases comparable to the initial TNT level.
The alternative reductive attack on TNT through the reduction of the aromatic ring was not characteristic of
most of the prokaryotes studied. The susceptibility to the toxic effect of TNT was different for gram-positive
and gram-negative bacteria.
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TNT transformation by cell suspensions.

 

 Cells
were grown until the late exponential phase in nutrient
broth; harvested by centrifugation at 5000 

 

g

 

 for 15 min;
washed twice with 16 mM phosphate buffer, pH 6.0;
and resuspended in the same buffer to obtain an optical
density 

 

A

 

600

 

 of 1.0. TNT was added to a concentration
of 0.44 mM. The incubation mixture contained 5 mM
glucose as the source of reducing equivalents. The incu-
bation was performed on a shaker (120 rpm) in 250-ml
flasks containing 50 ml of incubation mixture.

 

TNT transformation by growing cultures.

 

 Cul-
tures were incubated in 250-ml flasks containing 50 ml
of medium A at 

 

28°ë

 

 with shaking (120 rpm). TNT was
added in maximal concentrations at which growth was
observed. The inoculum cultures were grown in
medium A without TNT for 24 h. The initial optical
density was adjusted to 

 

A

 

600

 

 = 0.02. Cell-free culture
liquid was used as a control.

After the incubation, the suspensions were centri-
fuged and the concentrations of TNT and its derivatives
were determined in the culture liquid.

 

Analysis of products of TNT transformation.

 

TNT derivatives were analyzed on an LKB 2150 liquid
chromatograph as described earlier [4].

RESULTS

Gram-negative bacteria were found to be more
resistant to TNT. Minimal growth-preventing TNT con-
centrations varied from 100 to 200 mg/l for gram-neg-
ative strains (except for 

 

Pseudomonas

 

 sp. EN1561) and
from 15 to 100 mg/l for gram-positive strains (table). It
merits attention that certain gram-positive strains iso-
lated by us were more resistant to TNT than most of
those described earlier [10–13].

Since resting cells are more resistant to TNT than
growing cultures, the initial TNT concentration was
adjusted to 0.44 mM in study of TNT transformation by
cell suspensions. During incubation (5 h), most gram-
negative strains transformed 90–100% of TNT (table),
whereas gram-positive strains transformed only
50

 

−

 

80% of TNT.
Figure 1 presents the dynamics of TNT transforma-

tion by cell suspensions and accumulation of major
early metabolites for a number of strains (gram-positive
and gram-negative strains that accumulated maximal or
minimal quantities of HADNTs, respectively).

We performed HPLC analysis of the incubation
mixtures after the cells had been removed, which
allowed us to reveal the patterns of the initial TNT
transformation. It is most significant that TNT transfor-
mation by the majority of microorganisms was limited
to the formation of HADNTs as the major products
(table), whereas the level of compounds with at least
one completely reduced nitro group (ADNT) did not
exceed 10% of the initial TNT concentration and in
most cases comprised 0–3%.

Two of the strains studied (

 

Pseudomonas

 

 sp. ZS50
and 

 

P. aeruginosa

 

 ZS31) were capable of four-electron
reduction of the second nitro group with the formation
of dihydroxylaminonitrotoluenes. Although we did not
reveal this capability in other strains, the possibility of
it cannot be rejected since dihydroxylaminonitrotolu-
enes are highly unstable in water solutions [14] and
could transform into other compounds during the pro-
cedure of their identification.

It should be noted that HADNTs persisted in incu-
bation mixtures and culture liquids for rather prolonged
periods of time (more than 100 h). However, Wang

 

et al.

 

 [14] showed that HADNTs are unstable in water
solutions in the presence of molecular oxygen and are
reduced into nitroso derivatives, which form dimers
(2,2'-azoxy and 4,4'-azoxy derivatives) with the initial
HADNTs. Indeed, in our experiments, HADNTs were
unstable in deionized water but much more stable in
incubation solutions and culture liquids, in which their
concentration did not change during 9 h of incubation
(Fig. 2). This might result from the presence of biolog-
ical substances that prevent HADNT oxidation in incu-
bation/culture liquids.

Taking into consideration the patterns of TNT trans-
formation by cell suspensions, we found it reasonable
to study TNT transformation in growing cultures. The
strains were grown in medium A containing TNT in
maximal concentrations at which growth was observed.
We found that the initial TNT transformation by grow-
ing cultures also resulted in the formation of isomeric
HADNTs, relative HADNT levels being 1.3–2.3 times
lower than those in cell suspensions (Fig. 3). Subse-
quently, only a minor proportion of HADNTs was
reduced to monoamino derivatives, whereas the major
proportion transformed into unidentified products.

On the other hand, growing cultures performed
more profound reductive transformation of TNT. The
levels of monoamino derivatives in growing cultures
amounted to 0.05–0.15 mM, being 7–26 times higher
than the levels in cell suspensions. Although TNT was
transformed into isomeric monoamino derivatives
(considering the identified products of transformation),
the total level of these compounds was in most cases far
lower than the initial HADNT level.

DISCUSSION

Lately, some works were published that reported on
the microbial metabolic potential of various microor-
ganisms for use in degradation and detoxication of TNT
and its stable derivatives [4, 8, 10].

It merits attention that the type of cell wall, the sus-
ceptibility to TNT, and the degree of its transformation
are interrelated. Thus, we found that gram-positive bac-
teria and yeasts were more susceptible to TNT than
gram-negative bacteria, and no gram-positive strain
was capable of complete transformation of 0.44 mM
TNT. Our data are in accordance with the previously
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Table

 

Strains Source* TNT suscepti-
bility, mg/l**

TNT trans-
formed, %***

Metabolites, mM

HADNTs ADNT H-TNT

Gram-positive bacteria

 

Bacillus

 

 sp. ZS19 (Figs. 1, 3a) 1 50 80 0.08 0 0.04

 

Bacillus cereus

 

 ZS18 1 85 84 0.13 0 0.03

 

Sarcina

 

 sp. IC1 2 100 86 0.25 0.04 0

 

Sarcina

 

 sp. IC2 (Figs. 1, 3b) 2 100 80 0.31 0.01 0

EN14 1 30 84 0.17 0.02 0.02

EN17 1 50 70 0.18 0.02 0.04

EN1201 1 50 84 0.14 0.05 0

EN811 1 25 86 0.25 0.007 0

 

Bacillus subtilis

 

 JH642 3 15 70 0.04 0.02 0

 

B. intermedius

 

 7P 3 25 65 0.10 0.003 0

 

B. circulan

 

s BCF-247 3 15 70 0.11 0 0

 

B. thuringiensis

 

 var.

 

 subtoxicus

 

3 35 80 0.13 0.01 0

 

B. intermedius

 

 10-41 3 15 76 0.13 0.003 0

Gram-negative bacteria

 

Pseudomonas aeruginosa

 

 ZS31 3 150 100 0.36 0 0

 

Pseudomonas fluorescens

 

 ZS32 1 200 100 0.37 0.009 0

 

Pseudomonas putida

 

 ZS41 1 100 100 0.38 0.004 0

 

Pseudomonas

 

 sp. ZS50 1 150 100 0.20 0 0.08

 

Pseudomonas putida

 

 ZS61 3 200 100 0.29 0.009 0

 

Pseudomonas putida

 

 ZS71 1 200 100 0.27 0.009 0

 

Pseudomonas

 

 sp. ZS81 1 150 100 0.35 0 0.06

 

Pseudomonas fluorescens

 

 ZS82 3 150 100 0.35 0.004 0

 

Pseudomonas

 

 sp. EN1582 1 200 100 0.24 0 0

 

Pseudomonas 

 

sp. EN1561 4 50 50 0.13 0 0

ZS10 4 100 100 0.35 0 0.08

ZS20 (Figs. 1, 3d) 4 150 100 0.41 0 0.02

ZS42 1 125 100 0.40 0 0.03

ZS62 1 150 100 0.29 0.004 0.04

ZS72 1 150 100 0.27 0.004 0

ZS180 (Figs. 1, 3c) 1 150 100 0.16 0 0

EN21 1 150 86 0.23 0.004 0

EN22 1 100 98 0.29 0.008 0

EN1181 1 100 84 0.31 0.021 0

 

    * Sources of isolation: 1, oil slime; 2, atmospheric emissions of a petrochemical plant; 3, the collection of Kazan State University; 4, soil.
  ** Maximal TNT concentration (mg/l) in a medium at which growth was observed.
*** Percent of the initial concentration (0.44 mM).
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offered hypothesis that aerobic gram-positive bacteria
are more susceptible to the xenobiotic and less active in
its transformation [10].

It is of fundamental importance that the attacks of
most strains on TNT were limited and resulted in the
formation of isomeric HADNTs as major products of
transformation (table).

The possibility of HADNT formation was first
shown for the micromycete 

 

Phanerochaete chrysospo-
rium

 

 [9]. However, the maximal HADNT concentration
detected by the authors was approximately 40 

 

µ

 

M,
while the initial TNT concentration was 100 mM.
Later, the study of fungal species as potential TNT
destructors revealed that only a few strains of 91 stud-
ied produced HADNTs and only as by-products and in
minor quantities [8]. Kim and Song [15] characterized
isomeric hydroxylamino derivatives as the earliest
detectable products of TNT transformation by seven
micromycete strains. No data on HADNT formation
were reported in the paper on the comparative study of

TNT transformation by gram-positive and gram-nega-
tive microorganisms [10]. Earlier, we demonstrated
massive HADNT production for two lactobacilli [3]
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Fig. 1.

 

 Dynamics of TNT transformation by cell suspensions of the gram-positive bacteria (a)

 

 Bacillus

 

 sp. ZS19 and (b) 

 

Sarcina

 

 sp.
IC2 and the gram-negative bacteria (c) ZS180 and (d) ZS20: (

 

1

 

) TNT, (

 

2

 

) HADNTs, and (

 

3

 

) 3-monoaminodinitrotoluenes.
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Fig. 2.

 

 HADNT stability in (

 

1

 

) deionized water, (

 

2

 

) culture
liquid, and (

 

3

 

) incubation mixture.
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and one yeast [4]. These strains performed stoichiomet-
ric TNT reduction with the formation of monohydrox-
ylamino derivatives up to concentrations of 95

 

−

 

100%
from the initial TNT level.

Most microorganisms of different metabolic
groups are known to produce mono and diamino
derivatives as the end detectable products of aerobic
TNT transformation [9]. We found that growing cul-
tures transformed TNT mainly into hydroxylamino
derivatives, although monoaminodinitrotoluenes were
produced as well (Fig. 3).

Limited TNT transformation by cell suspensions
may possibly be determined by the blocking effect of
HADNTs on certain physiological functions of micro-
bial cells, particularly, regeneration of reductive cofac-

tors required for TNT reduction. Earlier, we demon-
strated that the key oxidoreductases of lactobacilli were
almost entirely inhibited by HADNTs [3].

As to the partial reduction of the aromatic ring
described in our previous works for yeasts [4], most of
the bacterial strains studied were incapable of such
reduction.

TNT transformation with the formation of
HADNTs as major metabolites is of particular interest
since HADNT toxicity and mutagenicity are much
higher that those of the initial xenobiotic [4]. For a
number of nitroaromatic compounds, including TNT,
the formation of nitroso and hydroxylamino derivatives
provides their metabolic activation, resulting in the
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Fig. 3.

 

 Dynamics of TNT transformation by growing cultures of the gram-positive bacteria (a)

 

 Bacillus

 

 sp. ZS19 and (b)

 

 Sarcina

 

 sp.
IC2 and the gram-negative bacteria (c) ZS180 and (d) ZS20: (

 

1

 

) growth, (

 

2

 

) TNT, (

 

3

 

) HADNTs, and (

 

4

 

) monoaminodinitrotoluenes.
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formation of adducts with biological macromolecules,
such as proteins and nucleic acids [16, 17].

As the strains used in this study were isolated from
the surrounding environment (air, soils), there is a risk
of human poisoning with the toxic and mutagenic inter-
mediates of TNT reduction.

Thus, we found that the majority of microorganisms
performed the initial TNT transformation with the for-
mation of various levels of isomeric HADNTs. Incom-
plete TNT reduction without further massive and rapid
transformation of intermediates through the usual path-
ways of nitro group reduction may indicate the exist-
ence of metabolic barriers.
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