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Widespread contamination of the environment by explosives due to the manufacture, disposal and testing
of munitions has become a major international concern connected with the increasing scale of soil and ground
water contamination. Most explosives are considered to be a major hazard to the biological system due to their
high toxicity and mutagenic effects. Research on biotransformation of explosives has clearly shown that some
plants and several families of aerobic microorganisms, representing different taxonomic groups of microorgan-
isms, have the potential to transform TNT (2,4,6-trinitrotoluene), RDX (hexogen — hexahydro-1,3,5-trinitro-1,3,5-
triazine) and other nitro organic explosives to non toxic products. Despite the existence of such extensive data,
there is no reliable information dealing with the affordable clean up technology of explosives. To evaluate the
disappearance of TNT and its intermediate products, in the last decade, great attention has been paid to micro-
organisms (both eukaryotes and prokaryotes) and plants. Microorganisms being well established detoxifiers, of
structurally varying contaminants, are promising natural tools that allows to sustain the ecological balance. The
ability of plants to cleanup the environment has still attracted relatively little attention, having no long story. Alt-
hough plants play an important role in sustaining and restoring all niches of the environment due to their ability to
absorb and metabolize quite a wide spectrum of various contaminants of organic nature, plants for cleanup the
environment has attracted relatively little attention having no long story. Research carried out for more than 30
years, with annual and perennial plants and various families of different taxonomic groups of microorganisms
have revealed their potential to absorb and metabolize organic contaminants of different structure. Three labora-
tories, at Dummishidze Institute of Biochemistry and Biotechnology (Georgia) have carried out research aimed at
the creation of a new biotechnological approach for rehabilitation of soils polluted with explosives based on joint,
symbiotic action of microorganisms and plants.
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[l. Keecumadse, b. Mecxu, I Xamucaweunu Tpu ctTagum 6MOTEXHOJIONMIA ANsi BOCCTAHOBNEHUS NMOYBbI,
3arpsi3HEHHOW OT B3pbIBYaTbIX BELLECTB]

LLinpokoe 3arpsisHeHVe OKpyxatoLeln cpedbl B3pbiBYaTbiMU BELLECTBAMX M3-3a NPOU3BOACTBA, YTuUnusa-
UMM 1 ucnbiTaHms 6oenpunacoB cTano Cepbe3HOl MeXayHapoaHOW npobrnemMon, CBA3aHHOM C yBENMYEHUEM
MacLTaboB 3arpsi3HEeHMS MOYBbI Y NOA3EMHbIX BOA. BOMNbLINMHCTBO B3pbIBYATHIX BELLECTB CHATAIOTCS CEPbEe3HON
yrpo3ow Ans 6MoNorMyeckor CUCTEMbI M3-3a UX BbICOKOM TOKCMYHOCTM 1 MyTareHHbIX addekToB. VccrnepoBaHums
no GuoTpaHcchopmMaumMn B3pbIBYATBLIX BELLIECTB SICHO MOKa3amnu, YTO HEKOTOpble PacTEeHUS U HECKOMbKo ce-
MeNCTB a3pOoBHbIX MUKPOOPTraHN3MOB, NMPEACTaBNASOLWMX PasfnyHble TAKCOHOMUYECKUE TPYMNMbl MUKPOOPraHn3-
MoB, MoryT TpaHcdopmupoate TNT (2,4,6-TpuHuTtpoTtonyon), RDX (rekcoreH-rekcarnapo-1,3, 5-TpUHUTPO-
1,3,5-TpnasuH) n gpyrme HUTpPOOpPraHW4eckMe B3pbiBYaTble BELLECTBA ANS HETOKCUYHbIX MPOAYKTOB. HecmoTps
Ha Hanmnune TakMx OOLWMPHBIX OAHHbIX, HET HaAEXHOM WMHGOPMauMu, Kacalowewncss OOCTYMHOW TexHOMNorum
OYMCTKM B3pbIBYATHIX BelwecTB. YTobObl oueHUTb ucde3dHoBeHe TNT 1 ero npoMexXyTouHbIX NPOAYKTOB, B MO-
crnegHee gecatuneTne 6onblloe BHMMaHWE yOoensinocb MMKpOOpraHM3maM (Kak aykapuoT, Tak M npokapuoTam)
N pacteHusaMm. MuKpoopraHu3Mbl, SBMASIOLMECS XOPOLLO YCTAHOBMEHHbIMU AeTOKCUdMKaTopamu, CTPYKTYPHO
N3MEHSIIOLLNXCS 3arpsisHUTENen, SBMASIOTCA MEepCrneKTUBHBIMA NPUPOAHBIMU MHCTPYMEHTaMU, KOTOpble MO3BO-
NS0T NoAAepXMBaTh dKonorndeckun 6anaHc. CnocobHOCTb pacTEHU K OYMCTKE OKpYyXalLen cpefbl Bce eLe
npuBneKkaeT OTHOCUTENbHO Maro BHUMaHUs. PacTeHns urpaloT BaXkHyl porb B NMoggepXaHum u BOCCTaHOBMe-
HMN BCEX HULL OKPYXKatoLLew cpedbl U3-3a MX CMOCOBHOCTM nomoLwars U MeTabonmaMpoBaTb AOBOSIBHO LLMPO-
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KM CNEKTP pasnnyHbIX 3arpsi3HSIOLLMX BELLECTB OpraHnyeckor npupogbl. Viccnegosanus, npoeefeHHble Gonee
30 neT ¢ exerogHbiIMU U MHOTOMIETHUMU PACTEHUAMWU U Pa3fMYHBIMU CeMeNncTBaMmn pasfnnyHbIX TaKCOHOMUYe-
CKUX TPYNMn MUKPOOPraHU3MOB, Mokasanu ux noTeHuuan Ansi norrowieHnss n metabonmama opraHM4eckux 3a-
rPsI3HUTENEN Pa3NMYHON CTPYKTYpLl. Tpu nabdopatopumn B MIHCTUTYTE OMoOXMMuM 1 BMoTexHonormm um. dypmum-
wuazse (Mpyanst) npoBenu uccnegoBaHWs, HanpaBneHHble Ha Co34aHMe HOBOro BUOTEexXHONornYeckoro nogxoaa
ans peabvnutaumm 3arpsi3HEHHbIX B3PbIBYATKOM MOYB Ha OCHOBE COBMECTHOrO, CMMOMOTMYECKOrO AENCTBUS
MUKPOOPraHM3MOB U pacTEHUIA.

KntoyeBble crioBa: GuotexHonorum, BOCCTaHOBIEHME, NMOYBa, B3pbiBYaThlie BewecTBa, TNT, RDX, Mukpo-
OpraHu3MmbI 1 pacTeHus.
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Keecumadse uopau — dokmop buosioaudecKkux Hayk, rnpogeccop, npesudeHm HauuoHansHoU akademMuu Hayk
Ipysuu. Téunucu, py3us.

Mecxu BecapuoH Hoxoesuy — OOKMop mexHUYecKux Hayk, npogheccop. Pekmop [JoHcKkoz2o eocydapcmeeHH020
mexHu4YyecKoeo yHusepcumema. Pocmos-Ha-LoHy, Poccusi.

Xamucawseunu 'us — okmop buosioaudecKkux Hayk, rnpogheccop. YHuUgsepcumem cesibcko2o xossiticmea py3uu.
Téunucu, py3us.

Materials and methods: Plants

Experiments were carried out with the following annual mono and dicotyledonous plants:
ryegrass (Lolium multiflorum), maize (Zea mays), chickling vetch (Lathyrus sativum), chickpea
(Cicer arietinum), alfalfa (Medicago sativa), china bean (Vigna sinensis), mung bean (Vigna
radiata), and soybean (Glycine max).

Effect of Explosives on Seed Germination and Plant Growth

Plant seeds were soaked in running water or solutions containing different concentra-
tions of TNT (0.1, 0.5 and 1.0 mM) and RDX (0.10, 0.25, 0.50, 1,0 and 2.5 mM), at tempera-
ture 22-25°C. After 4 days of seeds germination, i.e. the correlation between the number of
germinated and sowed seeds was estimated. The germinated seedlings were exposed to dif-
ferent concentrations of TNT or RDX solutions in tap water and cultivated hydroponically at
ambient illumination and temperature (22-25°C). Plant growth parameters: plant biomass,
height of stems, length of roots and chlorophyll content have been determined daily, during 10
days.

Microorganisms Growth

To screen active strains of microorganisms on their capability to degrade TNT and RDX,
strains of bacteria, fungi, yeasts and actinobacteria from the collections of microorganisms
(kept at the Durmishidze Institute of Biochemistry and Biotechnology) have been tested. The
diversity of the strains is stipulated due to the fact that microorganisms have been isolated
from different soil zones of the country, including polluted soils from military proving grounds

[1].

The capability of microorganisms to absorb and degrade organic contaminants was re-
vealed by strains growth on solid agar or on liquid media containing explosives in a shaker at
180 rpm and 28-30°C. Microorganisms were cultivated in modified Czapek’s medium, con-
taining (g/l): NaNO3 — 0.91; KH,PO4 — 0.1: MgSOy4 -7H,0 — 0.05; KCI — 0.05; FeS0O4-7H,0 —
0.02. In some special cases, glucose (60 g/l), or TNT (0.1, 0.2 or 0.5 mM), or RDX (0.25 or
0.5 mM) were used as a sole source of carbon. Microorganisms grown up to the exponential
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phase were used as inoculums. The nutrient media were inoculated with suspension (10% of
total broth volume) of microorganisms. The intensity of growth was estimated visually accord-
ing to the following point scale: — no growth, + weak growth, ++ normal growth, +++ intensive
growth, ++++ highly intensive growth.

Preparation of soil polluted with [1-'*C] TNT

Diethyl ether solution (0.5L) containing 1.05g of [1-"*C] TNT (specific radioactivity of 500
Bqg/mg) was added to air-dried soil (7 kg) and then the soil was thoroughly mixed. The ether
evaporated during 2 days. The suspension of microorganisms was added to the soil samples.
Thereafter the soil was placed in special boxes for experiments and the plant seeds were
sowed in samples (80 seeds on 7 kg of soil).

To determine the radioactivity of soil samples, residual TNT and its metabolites were ex-
tracted by methanol. Methanol extracts were evaporated and dry residue was dissolved in 5
ml of benzene. One ml of benzene solution was taken for measurement, on the scintillation
spectrometer SL-30 Rackbeta, with an efficiency of 95%.

Model experiments for cleaning water polluted with [1-*C] TNT

At the beginning of experiments the water (volume 2 L) containing 0.1 mM [1-“C] TNT
(specific radioactivity — 500 Bg/mg) was equally distributed in 20 flasks, in which bacterial
strains Pseudomonas sp. TNT-44 and Rhodococcus sp. TNT-74 were cultivated. Incubation
of polluted water with bacterial consortium was carried out for 3 days in shaken flasks, at
shaking speed of 180 rpm and temperature of 28-30°C. After incubation the contents of flasks
were united, heated up to 100°C and filtered. The received solution was filled up with tap wa-
ter to a 6 L volume and the container subsequently was filled with this solution. Plate with
seedlings of soybean was placed in the container.

The container with the polluted water and the plants were placed in the hermetic cham-
ber, with a magnetic mixer. Experiments were carried out at temperature of 20-25°C, in the
dark, for prevention of re-fixation of the released radioactive CO; by plants. For fixation of re-
leased *CO, in the chamber, a solution with 30% KOH was placed in the chamber. Periodi-
cally, the radioactivity of polluted water, alkaline solution, and residual amount of TNT in pol-
luted water were measured. At the end of experiments the roots of plants were carefully and
repeatedly washed, and the biomass was dried for further application.

Bioutilization of plants used in phytoremediation process

In 1500 ml of Czapek’s medium, (g/l): NaNO3; — 0.91; KH,PO4 — 0.1; MgSQO4-7H,0 —
0.05; KCI — 0.05; FeS04-7H,0 — 0.02) 36.5 g of soybean biomass was added with radioactivi-
ty 178 000 Bq.

The cultivation of microscopic fungi with soybean biomass was carried out in a hermetic
chamber, on a magnetic mixer at ambient temperature of 20-25°C, in the dark, to prevent rei-
fication of released radioactive CO; by plant. For the fixation of released CO,, a glass with
30% solution of KOH was placed in the chamber.

Quantitative determination of TNT and RDX

To determine the amount of explosive left in TNT-containing media (water solution), 1 ml
of a solution was added to 1 ml of 1M of KOH. TNT content was determined according to the
difference of extinction at 447 nm [1]. In case of RDX, the analyses were carried out by re-
verse phase on HPLC [2].

Thin-layer chromatographic (TLC) analysis was carried out on methanol extracts from
polluted [1-'*C] TNT soil samples. TCL-plates were developed with a mixture of benzene : di-
oxane : acetic acid (90:10:1). The chromatograms were exposed on X-ray film for 45 days to
identify radioactive spots. After exposition the radioactive spots were extracted from chroma-
tograms by benzene and their radioactivity was measured.

Determination of Enzymes Activities
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Nitroreductase activity was determined according to the rate of TNT reduction by meas-
uring untransformed TNT in an incubation mixture [1]. In highly alkaline solution, TNT has ab-
sorption at 447 nm, whereas its major metabolites: 2-amino-4,6-dinitrotoluene, 4-amino-2,6-
dinitrotoluene, and 2,6-diamino-4-nitrotoluene, has no absorbance at this wavelength [12].
Peroxidase activity was determined according to the intensity of H,O,-dependent guaiacol ox-
idation at 450nm [7]. Phenoloxidase activity was determined by the intensity of catechol oxi-
dation at 420nm [11]. Glutathion S-transferase activity was measured according to rate of ox-
idation of reduced glutathione [10]. The activity of Cytochrome P450, containing monooxy-
genase was determined polarographically by determining the oxygen consumption rate of
NADPH-dependent oxidation of N,N-dimethylaniline [5]. Protein concentration was measured
according to Bradford [13]. Specific activities of enzymes were calculated as mmole trans-
fered substrate in min per mg protein.

Results and Discussion. Plants Growth on Explosives

TNT exposed negative influence on germination of the tested plants seeds: 0.1 mM of
TNT on average decreased the number of germinated seeds by 10-15%; at 0.5 mM TNT con-
centration, the lagging seeds germination was up to 15-25%; at 1mM TNT concentration, the
difference between the germ ability of test and control group variants was equal to 30-40%.
As for development of germinated seedlings, much slower growth of the plants was detected
when the roots of seedlings were submerged in 0.5 mM solution of TNT (corresponding to
100 ppm pollution level, which exceeds ecological harmless concentration 50 times [9]). Parts
of seedlings above the ground lag in growing 2-4 times, as compared with control plants. Ac-
cordingly, the plant biomass decreased. The soybean seedlings germinated from the seeds
soaked in 0.5 mM solution of TNT, adapt comparatively better to coexistence with explosive.
At higher concentration of TNT, equal to 1mM, all plant seedlings have shorter stems; their
roots become shorter and brown. This process was accompanied by the significantly decreas-
ing chlorophyll content (25-30%). High tolerance of soybean to TNT among the tested plants
should be mentioned. Growth parameters of this plant decrease only by 5-10% on saturated
solution of the explosive (1.0 mM).

To summarize the data of plants tolerance toward explosives, it can be concluded that
the tolerance of 8 tested plants to TNT decreases according in the following order:

Soybean > Mung been > Ryegrass > Chickpea > Chickling vetch
> Alfalfa > China bean > Maize

Statistically valid difference between growth parameters of control and test plants hasn’t
been obtained in analogous experiments with another explosive — RDX. All the tested plants
have practically identical tolerance to increased concentrations of RDX. Moreover, the highest
concentration of this explosive (2.5 mM), increases formed biomass (by 20%) of 10-days old
seedlings. Presumably, these plants are able not only to detoxify RDX, but to use this com-
pound as nitrogen and/or carbon source.

Parallel to plant growth, the residual content of TNT in nutrient medium was determined
(Fig. 1). The results indicated that TNT uptake of tested legumes decreases in the following
order:

Alfalfa > Soybean > Chickpea> Chikling vetch > Mung bean

It should also be noted that germination of soybean seeds on solution of TNT promotes
the assimilation of this explosive by seedlings. Analogous investigations with RDX show that
all tested plants completely uptake the explosive from water solutions during 5-7 days (Fig. 2).
The seedlings of soybean are characterized with the highest rate of RDX uptake.
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Fig. 1. Uptake of TNT from water solution by plants.
Initial concentration of TNT — 0.5 mM. Temperature 22—-25°C.
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Fig. 2. Uptake of RDX from water solution by plants.
Initial concentration of RDX — 0.5 mM. Temperature 22—-25°C.
TNT-nitroreductase activity in plants grown on TNT and RDX containing media has been studied.
The results are given in Table 1.
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Table 1.

Effect of nicotinamide coenzyme and ferricyanide on TNT-nitroreductase activity
in the homogenate in 14-days alfalfa seedling roots,

grown on medium containing TNT (0.5 mM) and RDX (1.0 mM)

Rate of TNT-reduction,

Incubation medium nmole/min per mg of protein
Control Induced by TNT Induced by RDX
Homogenate + 50 mM TNT 6.30 £0.32 10.77 £ 0.54 9.14 £ 0.46
plomogonate + 50 mMTNT= 17.07 £ 0.85 28.33 +1.42 23.89 +1.19
Homogenate + 50 mM TNT+
2> mM NADPH 21.01£1.05 36.56 + 1.83 29.84 +1.49

Homogenate + 50 mM TNT+
1 mM NADH + 1 mM NADPH
Homogenate + 50 mM TNT+
2 mM NADH + 0.42 +0.02 0.75+0.04 0.59 +0.03
0.1 mM K;3[Fe(CN)e]

Homogenate + 50 mM TNT+
2 mM NADPH + 0.48 +0.02 0.86 £ 0.04 0.72£0.04
0.1 mM K;3[Fe(CN)e]

Homogenate + 50 mM TNT+
1 mM NADH + 1 mM NADPH + 0.1 mM 0.45+0.02 0.79+0.04 0.66 +0.03
Ks[Fe(CN)el

18.10 £ 0.91 30.60 £ 1.53 26.79+1.34

According to the data presented in Table1, in plant roots, TNT-nitroreductase is actively
functioning. The enzyme has clearly expressed inducible nature by both substrates: TNT (induc-
tion degree 1.7) and RDX (induction degree 1.45). Activity of the enzyme is significantly enhanced
by the presence of electron donors NADH and NADPH and does not reveal its specificity towards
a concrete nicotinamide coenzyme. It seems that this enzyme corresponds to nonspecific
NAD(P)H dependent nitroreductase [2]. Potassium ferricyanide acts as a electron acceptor that
(this reagent is used for shunting of reducing equivalents of NAD(P)H Cytochrome P450 reduc-
tase) causes inhibition of TNT transformation.

Microorganisms Degrading TNT and RDX

As a result of screening, from 205 bacterial strains: 34 — Pseudomonas, 1 — Bacillus, 8 —
Rhodococcus and 5 — Mycobacterium strains were selected that had the best growth on solid nu-
trient medium containing 1 mM TNT. According to the growth intensity on media containing RDX,
8 strains of Pseudomonas and 3 strains of Bacillus were selected. It is interesting to note that
some selected bacterial strains, particularly, Pseudomonas sp.3JL3, Pseudomonas sp.R59 and
Pseudomonas sp.6Ru57, grew better at high concentration of RDX (1 mM) than at low concentra-
tions.

From the 240 strains collection of microscopic fungi, 14 cultures representing genera Asper-
gillus, Mortiella, Mucor, Chaetomium, Fusarium, Penicillium, Trichoderma, and Trichotecium ac-
tively growing on media containing 0.5 mM TNT and RDX have been selected.

As a result of screening, among 45 yeasts cultures, 8 representatives of genus Saccharo-
myces, 6 — Torulopsis and 1 — Hansenula), characterized by accumulation of biomass while grow-
ing on at high concentrations of TNT and RDX have been selected. Growth in other cultures was
significantly inhibited or stopped when concentration of explosives in nutrient medium was in-
creased. It should be noted that in such cases rugosity of the surface of colonies and secondary
growth was observed.

Actinomycetes reveal much lower TNT assimilation potential. Only 3 strains (Streptomyces
griseus 138A, Streptomyces griseus 241H and Streptomyces griseus 242H) among 90 tested
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strains exposed average growth on the medium containing 0.1 mM TNT. It should be noted that
indicated strains were growing more intensively during the presence of 0.5% starch as cosub-
strate.

In the same way actinomycetes exposed lowe RDX assimilation feature. 37 cultures among
90 tested strains were grown on the medium containing 0.1 mM RDX; at 0.5 mM RDX concentra-
tion growth ability was exposed by 15 strains of genus Streptomyces (representatives of groups:
Ruber, Violaceus, Griseus u Fradia); and at 1.0 mM of RDX concentration neither of cultures of
tested actinomycetes survived.

Selected cultures of microorganisms and artificially created consortia composed by some of
them were tested in conditions of submerged cultivation on the media containing 0.5 mM TNT.
The cultivation was conducted for 3-7 days on shaker (180-200 rpm, at temperature 28-30°C) in
modified Czapek’s medium, containing 0.5 mM TNT. Glucose was added as the additional carbon
source for the activation of strains metabolism.

According to the results obtained strains: Mucor sp. D1-1, Trichoderma viridae X 1-3 and
Trichoderma viridae M 3-3 are themost effective degraders of TNT, decreasing the concentration
of the explosive by more than 90% in 3 days.

From the active bacterial strains, two consortia were composed, which assimilate TNT and
at the same time effectively accumulate the biomass (Consortium 1: Pseudomonas sp. 211 +
Pseudomonas sp. R67 + Rhodococcus sp. TNT124; Consortium 2: Pseudomonas sp. 6Ru56 +
Pseudomonas sp. GN32 + Rhodococcus sp.TNT74 + Pseudomonas sp. 211 + Pseudomonas sp.
R67 + Rhodococcus sp. TNT124). The assimilation of TNT by these consortia under submerged
cultivation is presented in Fig. 3.

The dynamics of revelation of TNT-nitroreductase activity in cultures of microorganisms, se-
lected according to the results of targeted screening have been studied. The results show that all
tested strains form nitroreductase. Almost in all cases this enzyme is induced by the presence of
TNT in the cultivation medium, with the exception of Chaetomium J 1-4. The maximum level of
nitroreductase activity for this strain was achieved on the 2nd day of cultivation (on 3rd day for
Mucor D 1-1). The nitroreductase activity of tested microscopic fungi strains decreases according
to the following order:

Aspergillus niger D 35 > Penicillium D T-1 > Aspergillus niger J 3-4 > Mucor D 1-1
> Chaetomium J 1-4 > Trichoderma D 1-1

Consortium 1 Consortium2
—&—TNT concentration  =—#—Biomass. control  —f—Biomass, test ——TNT concentration ~ —#—Biomass, control ~ —f—Biomass, test
120 G 120 9
-8
100 - 5 100 /'\\.\
S o8 —N\—— —— 4 g £ 80 6 2
3 i ¢ 2
= - = Py r¥ R
- 60 3z - 00 ]
e - z
3 " A
g 40 2 A g 40 3 @
2
20 1 20
/ \\4 / \ 1
0 | ; A : : e 0 0+ N : -0
0 20 40 60 80 100 120 140 160 0 20 40 60 80 100 120 140 160
Time, h Time, h

Fig. 3. The assimilation of TNT by bacterial consortia in submerged cultivation.
Consortium 1: Pseudomonas sp. 211 + Pseudomonas sp. R67 + Rhodococcus sp. TNT124
Consortium 2: Pseudomonas sp. 6Ru56 + Pseudomonas sp. GN32 + Rhodococcus sp. TNT74 + Pseudomonas
sp. 211 + Pseudomonas sp. R67 + Rhodococcus sp. TNT124
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Comparison nitroreductase activity of 2 cultures from the genus Bacillus showed that
strain Bacillus sp. 95 has good ability to grow on TNT containing media and has 4 fold higher
nitroreductase activity than Bacillus sp. 92, which is weakly adapted to growth on the explo-
sive. In addition, is observed for Bacillus sp. 95 that incubation on medium containing TNT
increased nitroreductase activity 5 fold, whereas for Bacillus sp. 92 the induction is only ex-
pressed by burst of enzymatic activity on the 2nd day of cultivation.

Strains Saccharomyces vini 38 and Saccharomyces vini 41 were grown on TNT-
containing medium in aerobic and anaerobic conditions. It has been established that for both
cultures the nitroreductase was induced more intensively in the medium without oxygen.

The study of nitroreductase activity accumulation dynamics in strains of Pseudomonas
has revealed that the presence of glucose (at 2% concentration) stimulates induction of en-
zyme catalyzing reductive transformation of nitro groups during the degradation of TNT.

The TNT-nitroreductase activity was revealed by fungi strains growing on RDX-
containing medium. This indicates that fungi nitroreductase is capable of reducing not only
nitro groups of TNT that are substituted in the aromatic ring but also nitro groups that are
bound to non aromatic hexahydrotriazine heterocycle in RDX. The maximum of nitroreduc-
tase activity was achieved on the 2" and 3rd days of cultivation on RDX-containing medium
(on 4th day for Aspergillus niger J 3-4). The nitroreductase activity of tested microscopic fungi
decreases, according to following order:

Mucor D 1-1 > Aspergillus terreus J 2-3 > Trichoderma viride J 3-1
> Aspergillus niger J 3-4 > Chaetomium J 1-4 > Penicillium sp. G 1

Similar to microscopic fungi, bacterial strains of genera Pseudomonas, Bacillus, Rhodo-
coccus, as well as yeast cultures grown on RDX-containing medium, produce enzymes that
reduces TNT in the presence of NADPH. However, while the cultivation/grown of these mi-
croorganisms the effect of induction for bacterial strains was expressed to a lower extent for
microscopic fungi.

It must be also noted that the tested microorganisms grow weakly in conditions when
RDX is used as the sole carbon source, whereas in the presence of small amount of glucose
the majority of tasted strains reveal good growth. The growth potential for these microorgan-
isms decreases according to following order while growing on RDX-containing medium:

Rhodococcus > Pseudomonas > Bacillus

According to the obtained results, soybean and alfalfa are best phytoremediators for
cleaning of soils contaminated with explosives. Among the fungi: Aspergillus niger D 35, Mu-
cor sp. D 1-1 expose the best RDX assimilating potential. The bacterial consortium of genera
Rhodococcus and Pseudomonas are serviceable for initiating and effectively leading the re-
mediation process.

Model experiment for remediation of soils polluted with TNT

The model experiments for testing the remediation potential of selected microorganisms
and plants for soil remediation and water cleaning were carried out.

Experiment No 1:
Cleaning object: Red soil (1 kg) artificially polluted with TNT, equal to 62 mg/kg.
Tools for cleaning:

1. Bacterial strain Rhodococcus sp. TNT-74
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2. Bacterial strain Pseudomonas sp. TNT-44

3. Fungi Aspergillus niger J 3-4

4. Fungi Mucor sp. D 1-1

5. Consortium composed of bacterial strains Rhodococcus sp. TNT-74 and Pseudomo-
nas sp. TNT-44.

The incubation was carried out at ambient temperature of 20-25°C and illumination. Af-

ter 30 days of incubation the residual content of TNT was determined in soil samples. The re-
sults are presented in Table 3.

Table 3.
Residual content of TNT in samples of polluted soil (Model experiment #1)
after 30 days of incubation. Initial pollution — 62 mg/kg

; Residual TNT, Remediation degree (decrease

Test variant mg/kg of TNT from initial pollution), %
Control (yvnthout inoculation of mi- 44.7 8.0
croorganisms)
Pseudomonas sp. TNT-44 31.0 50.0
Rhodococcus sp. TNT-74 29.8 52.0
Aspergillus niger J 3-4 39.7 36.0
Mucor sp. D 1-1 33.5 46.0
Consortium (Pseudomonas sp. TNT- 254 59.0
44 +Rhodococcus sp. TNT-74) ' :

Experiment No 2:
Cleaning object: Red soil (mass 1 kg) artificially polluted with TNT equal to 62 mg/kg.
Tools of cleaning:

1. Soybean (25 seedlings on 1 kg soil)

2. Alfalfa (100 seedlings on 1 kg soil)

3. Consortium composed with bacterial strains Rhodococcus sp. TNT-74 and Pseudomo-
nas sp. TNT-44.

4. Soybean (25 seedlings on 1 kg soil) and Consortium

5. Alfalfa (100 seedlings on 1 kg soil) and Consortium.

The incubation was carried out at ambient temperature of 20-25°C and illumination. After

15 and 30 days of incubation, residual content of TNT was determined in soil samples. The
thin-layer chromatographic (TLC) analysis of methanol extracts from polluted soil samples
was carried out. The chromatographic plates were developed with mixture of: ben-
zene: dioxane: acetic acid (90:10:1). The results are presented in Tables 4 and 5.
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Table 4.

Residual content of TNT in samples of polluted Red soil in Model experiment #2.

Initial pollution — 62 mg/kg

Residual TNT, mg/kg

Remediation degree (de-
crease of TNT), % of initial

Test variant pollution
exposure | exposure
time 15 time 30 _exposure _exposure
days days time 15 days | time 30 days
Contrgl (without plants and micro- 50.1 437 19.2 29,5
organisms)
_Soybean (without microorgan- 371 275 40.2 556
isms)
Alfalfa (without microorganisms) 38 30.6 38.7 50.6
Consortium* (without plants) 43.4 27.2 30.0 56.1
Soybean + Consortium* 27.9 17.7 55.0 71.5
Alfalfa + Consortium* 31.5 20.4 49.2 67.1
* Pseudomonas sp. TNT-44 + Rhodococcus sp. TNT-74
Table 5.

TLC analysis of TNT metabolites extracted from samples of polluted Red soill,
after 30 days of remediation process (Model experiment #2)

Test variant

Metabolites, developed on chromatogram

Ri=0.34 | Rr=046 | Rr=0.61 | Rr=0.74 | Ry=0.87
TNT (control) - - - - +
E%ysb)ean (without microorgan- + + 3 3 +
Consortium* (without plants) + + + + +
Soybean + Consortium* - + - - +

* Pseudomonas sp. TNT-44 + Rhodococcus sp. TNT-74

Experiment No 3:

Cleaning object: Red soil (mass 7 kg) artificially polluted with [1-"*C] TNT.

Initial pollution — 142 mg/kg.

Tools of cleaning: Bacterial consortium composed with bacterial strains Rhodococ-
cus sp. TNT-74 and Pseudomonas sp. TNT-44 and soybean (80 seedlings on 7 kg soil).

The incubation was carried out at ambient temperature (20-25°C) and illumination. The
results of experiments are presented in Fig. 4 and 5.
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Fig. 4. The dynamics of changing of TNT content in Red soil contaminated with
[1-"*C] TNT during cleaning by soybean and bacterial consortium of Pseudomonas sp.
TNT-44 and Rhodococcus sp. TNT-74.
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Fig. 5. TLC analyses of [1-"*C] TNT metabolites extracted from samples
of polluted Red soil on 3%, 18" and 47" days during the remediation process

The results of TNT degradation indicate that the aboriginal microflora of soils assimilated
up to 30% of explosive, and the introduced microbial inoculation composed by TNT-degrading
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cultures raises the intensity of bioremediation process additionally by 25-30%. Using plants
allows reaching the same result almost twice as faster than in case of applying only microor-
ganisms. Soybean and Ryegrass revealed the highest phytoremediation ability (remediation
degree up to 45-50%). The highest remediation effects have been detected after sowing soy-
bean in soil treated by consortium containing bacterial strains Pseudomonas sp. TNT-44 and
Rhodococcus sp. TNT-74. In such case the remediation degree is increased up to 70-75%
and amount of TNT metabolites in soil is decreased to 20%.

The chromatographic analysis of soils shows that in both cases similar products of TNT
transformation are formed. The radioactive metabolites formed as a result of bacterial trans-
formation of [1-*C] TNT are effectively up taken from soil by the plants.

Experiment No 4:

Cleaning object: Tap water (volume 6 L) artificially polluted with radioactive [1-'*C] TNT
(specific radioactivity - 500 Bg/mg). Concentration of TNT— 0.1 mM, total initial radioactivity of
polluted water — 210 400 Baq.

Tools of cleaning: Bacterial consortium composed by Pseudomonas sp. TNT-44 n Rho-
dococcus sp. TNT-74 and 12-days-old seedlings of soybean, preliminarily cultivated on pure
tap water.

The results presented in Fig. 6 show that in both cases (using plants without and with
bacteria) a significant decrease of water pollution level takes place. Intensity of these pro-
cesses is almost identical. This fact indicates that plants are capable to completely extract
almost all metabolites from water, formed as a result of biotransformation [1-'*C] by bacterial
strains.

—4=Plants =M= Consortium + Plants
120

100

40 \{l\

radioactivity

Radioactivity of hydroponic area, % of initial

0 T T T T 1

0 2 4 Time, days 6 8 10

Fig. 6. The dynamics of changing of TNT content in water contaminated with
[1-"*C] TNT during cleaning by soybean and bacterial consortium of strains Pseudomonas sp.
TNT-44 and Rhodococcus sp. TNT-74
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Bioutilization of plants after phytoremediation

Research to establish the optimal conditions for bioutilization of plants used in phytore-
mediation of soils polluted with explosives was carried out. For this task, TNT-degrading cul-
tures of microscopic fungi Trichoderma viride X 1-3, Aspergillus niger J 3-5 and Mucor sp.
D 1-1 were cultivated on medium with dried and grinded biomass of aboveground parts of
soybean seedlings as a sole carbon source.

The results show that the highest destruction of plant biomass is achieved when 5 g of
soybean biomass was added to 100 ml suspension of microscopic fungi. Research to deter-
mine the optimal conditions for bioutilization of plants previously used in phytoremediation of
water polluted with [1-"*C] TNT was carried out. For these aims TNT-degrading cultures of
microscopic fungi Aspergillus niger J 3-5 were cultivated on medium with dried and grinded
biomass of soybean seedlings (from Experiment #4) as a sole carbon source. The results are
presented in Fig. 7.

=@=Incubationmedium =—¢—=CO2
14 0.5
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% of plant biomass total radioactivity
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Radioactivity of CO,. %o of plant biomass total radioactivity
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Time, days

Fig. 7. The dynamics of the radioactivity of incubation medium changing and release of *C0O2
during the utilization of soybean biomass by microscopic fungi Aspergillus niger J 3-5.
Content of incubation medium (g/l): NaNOs — 0.91; KH:PO4— 0.1; MgSQO47H,0 — 0.05;
KCIl - 0.05; FeSO47H,0 — 0.02; and 36.5 g of soybean biomass with total radioactivity
of 178 000 Bq total

The obtained data indicate that during the destruction of biomass of plants by micro-
scopic fungi Aspergillus niger J 3-5 the release of part of labelled TNT and its metabolites
from plant biomass takes place. The occurrence of radioactivity in alkaline solution specifies
that extracellular enzymes of fungi oxidized TNT and its metabolites to carbon dioxide. TCL
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analysis of incubation medium shows that in cultural liquid 6 compounds with different R val-
ues are presented. Only 2 metabolites (with R=0.12 and R=0.15) from them are radioactive
(Fig. 8), i.e. they are formed from [1-'*C] TNT.

Fig. 8. TLC of benzene extract from cultural liquid at
the end of the experiment of utilization of soybean
biomass by microscopic fungi Aspergillus niger J 3-
5.

A — Chromatogram;

B — Copy of chromatogram on X-ray film after 45
days exposition.

A B

Apparently, in parallel with the release of intermediates of [1-"*C] TNT its transformation
and further degradation occurs. Analysis of [1-"*C] TNT metabolites shows that the basic
part of TNT is metabolized to fumaric acid as a result of the action of Aspergillus niger J 3- 5
enzymes.

Conclusions

Screening of plants according to their potential to assimilate TNT and RDX was carried
out. As a result, 3 plant species (soybean, alfalfa and ryegrass), 41 bacterial cultures, 14
strains of microscopic fungi, 3 strains of yeast were selected. Two bacterial consortia for bio-
conversion of TNT were composed. Selected cultures of microorganisms and consortia were
tested in conditions of submerge cultivation on the areas containing 0.5 mM TNT. Optimum
conditions of submerge cultivation (pH, temperature, duration of incubation) for selected ac-
tive strains has been established. Model experiments were carried out for testing selected mi-
croorganisms and plants for soil remediation and water cleaning. As a result of the experi-
ments performed for water cleaning, it has been established that 12-days-old soybean seed-
lings effectively absorb [1-"*C] TNT from the polluted water and after 8 days approximately 80
% of clearing effect is reached. It has been shown that that during destruction of biomass of
plants by microscopic fungi Aspergillus niger J 3-5 the release of part of labelled TNT and its
metabolites from plant biomass and the release of radioactive CO, takes place.
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