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Pestome. BukopucmanHs @ YkpaiHi HimpoapomamuyHUX CrionyK y pisHUX cghepax mpomuciosocmi, iXHE HaKOMUYEHHS Y Kpu-
muyHux obcsieax 8 30Hi 80eHHUX il | Ha Mpuneanux mepumopisx nompebytoms po3p0bKU cy4acHUX Memooie iX 3HULLEHHS 3
Memoro MiHimisayii wkidnueozo ennusy Ha 300poe’s ModuHU ma cepedosuuie i xummeoisinbHOCM.

Mema. AHani3 cyqacHux bionoeiyHux memodie ymunisauii eubyxosux pe4os8uH Ha npuknadi biopo3knadaHHs HimMpoapomamuy-
HUX CMOYK.

Mamepianu ma memodu. Pe3ynbmamu Haykogux docrnioxeHb i aHi 8i0kpumux 0xepesn HayKoeoi iHghopmauii, wo suceim-
JI0Mb NUMaHHs po3pobku bionoziyHux Memodie ymurnidauii ubyxosux pe4yosuH. BukopucmaHo memodu KOHmeHm-aHanisy,
CUCMEMHO20 | MOPI8HSINIbHO20 aHanisy.

Pe3ynbmamu docnidxeHHs1. Y3azanbHEeHO CyyacHi Hanpsmku y copepi po3pobku memodie biodeepadauyii Himpoapomamuy-
Hux cnonyk. BucgsimmneHo, Ha npuknadi mpomury, aepobHull i aHaepobHuUll MexaHi3Mu po3knadaHHs HimpoapoMamu4HUX Cro-
nyk 6akmepismu i 6iodeepadauii epubamu. Po3kpumi ocobnusocmi Memaborniamy HimpoapomMamu4yHUX CroyK 3a yyacmi pi3-
Hux mikpoopeaHismie. Po3ansHymi cy4acHi Memoodu biodeepadauji 8idxodie 6oenpunacie, maki sik: 6iopemediauisi, himopeme-
Oiauisi, KomrocmysaHHs ma 3acmocysaHHsi biopeakmopig. 3pobrneHo akueHm Ha akmyarnbHicmb nowyKy hepmeHmis, Wo
6epymb y4acme y dezspadayii Himpoapomamu4HuX crionyk, ceped SKux Maroms ocobnusi biomexHonoaiyHi nepcrekmusu 6ak-
mepianbHi Himpopedykmasu, siKi € Kamasnisamopamu npoyecy nocnido8HO20 NEPEHECEHHST eIEKMPOHHUX rap 00 Himpoapyn
apoMamuYHUX CriofyK 3 HaCMYMHUM yMBOPEHHAM Himpo30-, 2i0pOKcuUnamiHo- | aMiHOMOXiOHUX.

BucHoeku. Haykoei docnidxeHHs | cydacHull 80eHHUU doceid ceidyamb npo me, wo biopemediayia ma imopemediayis €
nepcrnekmugHUMU MemoOaMu YCYHEHHST HeaamugHO20 8riusy Ha 008Kifs HimpoapoMamuy4HUX CroIyK, MOKCUYHUX MpOMU-
crogux 8i0xodig i kKomnoHeHmie boenpunacis.

Knro4oei croea: subyxosi pedosuHu, boernpunacu, ymunidayis, 6iopo3knadaHHs.
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CHEMISTRY OF EXPLOSIVES:
BIODEGRADATION OF NITRO-AROMATIC COMPOUNDS

Abstract. The use of nitroaromatic compounds in Ukraine in various spheres of industry and their accumulation in critical vol-
umes in the war zone and in the adjacent territories require the development of modern methods of their destruction in order
to minimize the harmful effects on human health and the environment.

Aim. Analysis of modern biological methods of disposal of explosives using the example of biodegradation of nitroaromatic
compounds.

Materials and Methods. The results of scientific research and data from open sources of scientific information highlighting the
issue of developing biological methods for the disposal of explosives. The methods of content analysis, system and compara-
tive analysis were used.

Results. Summarized modern trends in the development of methods of biodegradation of nitroaromatic compounds. Using
TNT as an example, the aerobic and anaerobic mechanisms of decomposition of nitroaromatic compounds by bacteria and
biodegradation by fungi are highlighted. The peculiarities of the metabolism of nitroaromatic compounds with the participation
of various microorganisms are revealed. Modern methods of biodegradation of ammunition waste are considered, such as:
bioremediation, phytoremediation, composting and the use of bioreactors. Emphasis is placed on the relevance of the search
for enzymes involved in the degradation of nitroaromatic compounds, among which bacterial nitroreductases have special
biotechnological prospects, which are catalysts of the process of sequential transfer of electron pairs to the nitro groups of aro-
matic compounds with the subsequent formation of nitroso-, hydroxylamine-, and amine derivatives.

Conclusions. Scientific research and modern military experience show that bioremediation and phytoremediation are promis-
ing methods of eliminating the negative impact on the environment of nitroaromatic compounds, toxic industrial waste and
ammunition components.

Keywords: explosives, ammunition, disposal, biodegradation.



Beryn. Y kiHUi AeB'aTHaguUAToOro cTonitta 6ynm cuH-
Te30BaHi HiTpoapoMaTuyHi BUGYXOBi pEHOBUHM, Taki K
2,4,6-TpuHITPOTONYON (TPOTUN), KA OO KiHLi MUHYIO-
ro ctonitTsl 6yB BUOYXOBOK PEYHOBWHOM, SIKY Hak4acTi-
Lue BUKOPWUCTOBYBAM Ha MiANpYEMCTBAX 3 BUPOOHMLT-
Ba 6oenpunacie. CborogHi HiTpo3'egHaHHS Taki SIK HiT-
pobeHaon, 2- i 4-HiTpoTonyon, 3-HiTpoTonyon, 4-HiTpo-
dheHon, 3-HiTpodeHonN i napa-HiTPOaHiniH € YAHHUKaMK
AHTPOMOreHHOro 3abpyAHEHHS, 3 MPUYMHY iX aKTUBHO-
0 BUKOPWCTaHHSA y CWHTE3i mecTuumais i repbiuungis,
BUPOGHULTBI BapBHWKiB, NnacTuky, dapb i papmaves-
TUYHMX MpenapaTiB Ta, WO 0COoBNMBO BaXnMBO ANS
HUHILWHBOT cuTyauil B YkpaiHi, BOHW € npogyKTamu
BMKOPWCTaHHs BUOYXOBMX PEYOBWMH BHACMIQOK aKTUB-
HOTO BefieHHs 6OMOBMX Ai. Byayun XiMiyHO CTINKUMM i
BYCOKOTOKCUYHKMM CMOSTyKaMu, BOHW MarTb MOTYX-
HUIA MyTareHHUN i KaHLeporeHHUiA noTexuian [1, 2].

ICTOPUYHWI PO3pi3 PIBHOMAHITHUX MeTOAIB yTUMi3aLlii
MPOAJYKTIB BUKOPUCTAHHSI BUOYXOBUX PEYOBWH BKasye
Ha BEMUKY PiBHOMaHITHICTb MeTodiB 60poTbbu i3
3abpyaHEHHSIM, 30KpEMa 3 OYMLLEHHSIM 'PYHTIB. BOHK
BKIKOYANK, HaNpwvKnag, CkuaaHHs 3abpyaHeHVX wapis
'PYHTY Y MOpe, CKMagaHHs Ha crewianbHUX nomiroHax
Ta METOZ CrnarntoBaHHs, SKWUIi CbOroAHI € HanoLUMpeHi-
MM MeTodoM pekynbTuBauii rpyHTie. lNpoTe uei
MeTo[ JOPOrviA Yepes BUTPATH, MOB’sI3aHi 3 PO3KorkKa-
MW 'PYHTY, IOr0 TPAHCMOPTYBaHHSAM Ta BEMUYE3HUMM
€HepreTuyHNMK 3aTpataMu. AnbTEPHATUBHUM MigXo-
[IOM Y CBIiTOBOMY [0CBiZi € 3aCTOCYBaHHS BionoriYHmx
METOAIB BiHOBMEHHS 'PYHTY, 3abpyaHeHOro 3anuiuka-
mun Boenpunacis [3, 4].

3a pesynbratamu NiNOTHUX AOCHILKEHb, MPOBEAEHUX
y CLWIA (Bioremediation of Explosives Contaminated
Soils: A Status Review, 1995 p.), 6yno BCTaHOBMEHO, WO
Giopemepiauis rpyHTIB (KOMNOCTYBaHHS), 3abpyaHEHNX
BUOYXOBMMM PEYOBMHAMM, [O3BONMIA JOCAITU PIBHIB iX
ounwenHs Big 30 fo 33 YacTuH Ha MINbIAOH (ppm) Ans
2,4,6-tpuHiTpotonyony Ta Big 9 Ao 30 YacTuH Ha Mirb-
ioH Ans rekcarigpo-1,3,5-TpuHitpo-1,3,5-TpiasuHy nicns
40 pHiB 00p0o0KK, 3 eCPEKTMBHICTIO 3HULLEHHS Ta BUOa-
neHHs Binbwe 99,0%. Butpatn Ha nepepobKy cTaHOBU-
nwm Big 206 go 766 ponapis CLUA 3a TOHHY IpyHTY Ans
kinbkocri Big 1200 go 30 000 ToHH, wo 6yno Ha 40-50%
MEHLLIE, HiX cnastoBaHHs Ha micui [5].

CyuacHi TexHonorii biopemegiauii € HanbinbL gelue-
BUMW, eEKTUBHUMK i Oe3neyHrMM, B OCHOBI SIKMX
NEeXUTb BUKOPUCTAHHS METabOoMi4YHOrO NOTeHLiany Mik-
poopraHiamiB. biopemegiauisa siBnsie coboto npouec
BiJHOBMEHHS, B sikoMy OakTepii, Apikaxki Ta HUTYACTI
rpmbu, 3actocoByloTbCA Ans GioposknagaHHs Hebes-
MEYHUX PEYOBMH HA MEHLU TOKCUYHI abO HETOKCUYHI
crnonyku. Ans 3gincHeHHs npouecy biopemegiauii Mik-
poOpraHiaMn BUAINSAKTbL 3 NPUPOAHOI Mikpodrnopw,
MPUCYTHBLOI B 3a0pyoHEHOMY HAaBKOMMLLHEOMY CEpeno-
BYLLi 60 OTPUMYIOTb METOAAMM FEHHOT iHXeHepii [6-8].

Ha npaktuui ansa 6ioposknagaHHs BUKOPUCTOBYHOTb-
cs1 cnevjianiaoBaHi Habopu (KOHCOPLLYMM MiKpoOpraHia-
MiB), LLO AEMOHCTPYIOTb BU3HAYEHY 34aTHICTb 40 PO3-
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Introduction. At the end of the nineteenth century,
nitroaromatic explosives were synthesized, such as
2,4 6-trinitrotoluene (TNT), which until the end of the
last century was the most commonly used explosive in
munitions factories. Today, nitro compounds such as
nitrobenzene, 2- and 4-nitrotoluene, 3-nitrotoluene, 4-
nitrophenol, 3-nitrophenol and para-nitroaniline are
factors of anthropogenic pollution, due to their active
use in the synthesis of pesticides and herbicides, pro-
duction of dyes, plastics, paints and pharmaceuticals,
and what is especially important for the current situa-
tion in Ukraine, they are products of the military use of
explosives. Being chemically stable and highly toxic
compounds, they have a strong mutagenic and car-
cinogenic potential [1, 2].

A historical overview of the various methods of dis-
posal of products of the use of explosives indicates a
great variety of methods of combating pollution, in
particular with soil cleaning. They are, for example,
dumping of contaminated layers into the sea, disposal
in special landfills and the incineration method, which
today is the most common method of soil reclamation.
However, this method is expensive due to the costs
associated with soil excavation, its transportation,
and huge energy costs. An alternative approach in
world experience is the use of biological methods of
soil restoration contaminated with ammunition
residues [3, 4].

According to the results of pilot studies conducted in
the USA (Bioremediation of Explosives Contaminated
Soils: A Status Review, 1995), it was established that
bioremediation (composting) of soils contaminated
with explosives allowed to achieve levels of their purifi-
cation from 30 to 33 parts per million (ppm) for 2,4,6-
trinitrotoluene and 9 to 30 parts per million for hexahy-
dro-1,3,5-trinitro-1,3,5-triazine after 40 days of treat-
ment, with destruction and removal efficiencies
greater than 99, 0% Processing costs ranged from
$206 to $766 per ton of soil for quantities ranging from
1,200 to 30,000 tons, which was 40-50% less than in-
situ incineration [5].

Modern bioremediation technologies are the cheap-
est, most effective and safe, based on the use of the
metabolic potential of microorganisms. Bioremediation
is a remediation process in which bacteria, yeasts and
filamentous fungi are used to biodegrade hazardous
substances into less toxic or non-toxic compounds. To
carry out the bioremediation process, microorganisms
are isolated from the natural microflora present in the
polluted environment or obtained by genetic engineer-
ing methods [6-8].

In practice, specialized sets (consortia of microor-
ganisms) are used for biodegradation, which demon-
strate a certain ability to decompose a certain group of
hydrocarbons. Such consortia should have a high
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Knagy MEeBHOI rpynu BYrMeBOAHIB. Taki KOHcopLiymu
MOBWHHI MaTW BUCOKY 34aTHICTb 40 AEeTOKCUKaLi, cnpo-
MOXHICTb LUBMAKO afanTtyBaTucs [0 3abpyaHeHoro
HaBKOMWLUHBOTO CEPefoBULLA, B3aEMOAISTM 3 MicLe-
BOIO MIKpOPIIOpOto Ta HE HaKOMMYyBaTX TOKCWYHI Mpo-
MiXHI cnonyku po3nagy Bubyxosux peyvosuH [9-11].

BukopuctaHHs B YkpaiHi HiTpoapoMaTUyHKUX Cronyk
y Pi3HMX ccepax MPOMWUCIIOBOCTI Ta, WO 0Co6nMBO
aKTyanbHO B TEMepILLHiN BiICbKOBMWIA Yac, HaKonu4eH-
HS1 iX Y KpUTUYHMX 0BCsirax B 30HI BOEHHUX Al i HA npu-
Nernux TepuTopisix, NOTpebytoTb BUKOPUCTaHHS cyvac-
HUX MeTofiB 3 IX yTUnisauii 3 MeTo MiHiMi3auii wkia-
NVBOTO BMNMBY Ha 300POB’A NIOANHN Ta cepeloBuLLe it
XKUTTERIANBHOCTI.

MeTta. AHani3 cyyacHux nigxoAiB 4O 3aCTOCYBaHHS
BionoriyHnx MeToiB yTunisauii BUOYX0BKX PEYOBMH Ha
npuknagi 6ioposknagaHHs HITPOapPOMaTUYHMX CMOMNYK.

Matepianu i MeToau. Pesynsratu HaykoBux focnig-
XeHb | AaHi BIOKpUTUX [hKepen HayKoBol iHpopmaLii, Wwo
BUCBITIIIOOTL NWUTaHHS po3pobkM BionoriYHmMx MeTopais
yTunisauii BubyxoBmx peyvoBuH. BukopucTtaHi metoau
KOHTEHT-aHanisy, CUCTEMHOTO i MOPIBHANBHOIO aHanisy.

Pe3synbratn pocnigkeHHs Ta obroBopeHHs. [ns
Toro wob nigrotyBaT apoMaTuyHe KinbLie 40 po3Luen-
neHHs, GakTepii BUKOPUCTOBYIOTb Y MPUCYTHOCTI NOBIT-
ps Knac oepMeHTiB — okcureHas [12], ski matoTb Bna-
CTMBICTb KaTaniayBaTW BKITOYEHHSI MOMEKYNSPHOIO
KUCHIO B apoMaTnyHy cuctemy Mornekynu. [logaBaHHs
HITPOrpYyNM [0 apoOMaTUYHOrO KifbLs CWUMbHO nepe-
LUKOMKaE enekTpoqinbHi ataui okcureHas 4epes
€reKTPOH aKLUEeNTOPHY HITPOrpyny, WO NpUTArye enekx-
TpoHu. HesBaxarun Ha ue, Byno onucaHo Aekinbka
BUAIB GakTepin, Aki 34aTHI iHILIOBATU PO3LLENNEHHS
HITpOApOMaTUYHUX CNOMYK Takum cepmeHToMm [13].

Ha nepwomy eTani ogHa HiTporpyna BUAANSeTbCS
hepmMeHTOM i BUBIMbHAETLCS Y CEPeoBULLE SK HITPUT.
PisHi opraHiamu po3pobunu pisHi cTpaTterii Ans poskna-
[aHHs ofHiel 1 Tiel x cnonyku. byno nokasaHo, Lo
[iOKCUreHa3yn apoMaTM4HOro KinbLs iHiLitoloTh aerpa-
[alito uinoro psgy HiTpoapoMaTuyHux crnonyk. OpHak
306iNbLUEHHS YMCa HITporpyn B apoOMaTUYHOMY KinbLii —
3HXY€E NMOBIPHICTb peakLii, Wo kaTanisyeTbCs OKCu-
reHasolo.

Bci GakTepii BigHOBNIOKWTL HITPOrpyNn 40 amiHorpyn
3a [OMOMOrOK0 HITPO30- i MAPOKCUNAMIHHUX (PYHKLIN.
AmMiHoapomaTu4Ha cronyka He nigaaeTbcs NoAasbLUo-
My PO3KnagaHH MIKPOOPraHiaMoM, SKUA 3A4INCHIOE
BigHOBNeEHHS. [MpMpoaHi opraHiyHi cnonyku nerko nia-
[alTbes BionoriyHoMy posknagy i MoXyTb OyTn mxe-
pernom ByrneLto (a3oTy) Ta eHeprii Ans MiKpoopraHis-
MiB. HaBnakm, KceHOBIOTUYHI CMONyKM, CHTE30BaHi Ta
BUMYyLLeHi B Bioccepy NOAVHOKW, CTAHOBMSATL CEpio3-
Hy npobnemy Ans reTepoTpodHUX MiKpOOpraHi3MmiB.

Mepw Hix Gioposknag 3Moxe 3abe3neunTtn edek-
TWBHY CTPaTerilo OYMLLEHHSI HITPOapOMaTUYHUX CMo-
NyK, Anst uboro HeoOXigHO nogonatu Kinbka Gap'epis:
1 — TOKCMYHICTb HITPOAPOMAaTUYHUX CNOMYK ANs MiKpo-
opraHiamis; 2 — HKU3bKka BIOAOCTYMHICTL Yepe3 Hepos-

capacity for detoxification, the ability to quickly adapt to
a polluted environment, interact with local microflora
and not accumulate toxic intermediate compounds of
the decomposition of explosives [9-11].

The use of nitroaromatic compounds in Ukraine in
various spheres of industry and, which is especially rel-
evant in the current wartime, their accumulation in crit-
ical volumes in the war zone and in the adjacent terri-
tories, require the use of modern methods for their dis-
posal in order to minimize the harmful effects on
human health and the environment of its life activity.

Aim. Analysis of modern biological methods of dis-
posal of explosives using the example of biodegrada-
tion of nitroaromatic compounds.

Materials and Methods. The results of scientific
research and data from open sources of scientific infor-
mation highlighting the issue of developing biological
methods of disposal of explosives were summarized.
The methods of content analysis, system and compar-
ative analysis were used.

Results and Discussion. In order to prepare an
aromatic ring for splitting, in the presence of air, bacte-
ria use a class of enzymes - oxygenases [12], which
have the property of catalyzing the inclusion of molec-
ular oxygen in the aromatic system of the molecule.
The addition of a nitro group to an aromatic ring strong-
ly hinders the electrophilic attack of oxygenases due to
the electron-withdrawing nitro group. Despite this, sev-
eral species of bacteria capable of initiating the cleav-
age of nitroaromatic compounds by such an enzyme
have been described [13].

At the first stage, one nitro group is removed by an
enzyme and released into the environment as nitrite.
Different organisms have developed different strate-
gies to break down the same compound. It was shown
that aromatic ring dioxygenases initiate the degrada-
tion of a number of nitroaromatic compounds.
However, an increase in the number of nitro groups in
the aromatic ring reduces the probability of an oxyge-
nase-catalyzed reaction.

All bacteria reduce nitro groups to amino groups with
the help of nitroso- and hydroxylamine functions. The
aminoaromatic compound is not subjected to further
decomposition by the microorganism that carries out
the reduction. Natural organic compounds are easily
biodegradable and can be a source of carbon (nitro-
gen) and energy for microorganisms. On the contrary,
xenobiotic compounds synthesized and released into
the biosphere by humans pose a serious problem for
heterotrophic microorganisms.

Before biodegradation can provide an effective strat-
egy for cleaning nitroaromatic compounds, it is neces-
sary to overcome several barriers: 1 — toxicity of
nitroaromatic compounds for microorganisms; 2 — low
bioavailability due to insolubility or sorption of the pol-



YMHHICTb 4K copOuito 3abpyaHoBaYa; 3 — ycknagHeH-
HS1, CNPUYMHEHI CyMillamn HiITpoapoMaTuyHmX 3abpya-
HIOBauiB; 4 — BiACYTHICTb kaTaboniyHWx cuctem, 3gat-
HUX PO3KraZaTh HITPOapOMaTUYHi CMOMyku B MiKpO-
GHOMY CniBTOBapUCTBI.

JlerkicTb BiAHOBMEHHS apoMaTWYHOI HiTpOrpynu
3anexuTb Bif NPUPOAM HLWIMX 3aMICHUKIB Y KifbLi Ta
BiZHOBMIOBANbHOTO MOTEHLiany HaBKOMULLHBOTO cepe-
JoBuLa. Y pasi HITpoTonyoniB MMOBIPHICTb BiZHOBMEH-
Hs1 30iMbLUYETHCA, @ MOBIPHICTb eNEKTPOMINBHOI ataku
3MEHLLYETLCS 3i 30iMbLUEHHSAM YMcna HiTporpyn. Tomy,
BiJHOBINEHHS ofHiel HiTporpynu 2,4,6-TpUHITpoTONyony
(THT) BinbyBaeTbcst Ayxe LWBWMOKO B Pi3HUX YMOBaX, Yy
TOMY 4MCni NepeBaxarTb MPU BUPOLLYBaHHI KynbTyp
aepobHux OGakTepiii. HaBnaku, BigHOBMEHHSI 2-aMiHO-
4.6-puHiTpotonyony (AOHT) Bumarae Binblu HU3bKOMO
OKMCOBanbHO-BiAHOBHOTO NOTEHLiany, a BiHOBIEHHS
2,4-piamiHo-6-HiTpoTonyany (JAHT) Bumarae okucnio-
BanbHO-BiAHOBHOTO noTeHLiany Huxye — 200 mB [14].

AepobHuli memab6onism THT 6akmepiamu. Ha
puc. 1 NnpeacTaBneHi HanBIAOMILLI MeExaHi3Mu aepobHo-
ro metaboniamy THT Baktepisgmu. OKCUreHONITUYHUNA
mMeTaboniamM HITPOrpyn HiTpoapoMaTU4HMX CMOMyK
0OMEKEHWI MOHOHITPOAPOMATUYHMK Ta QUHITPOapo-
MaTUYHUMK cnonykamu [19].

OKCUreHoNITMYHWIA MeTaboniaM apoMaTU4HMX Cro-
nyk Gaktepiamu He BinbyBaetbca B THT uepes 1oro
XiMi4Hi BnacTmeocTi. HaBiTb y NpucyTHOCTI KncHio THT
Mae TpaHCOpPMyBaTUCS LUMISXOM BigHOBIHOBANBHOMO
meTaboniamy. Y O6inbWOCTi OonNMcaHWMX Ha Uen 4vac
BUNAAKiB aepobHi BakTepii cxunbHi TpaHchopmyBaTm
monekyny THT Lunsixom BigHOBNeHHs! oaHiei abo aBox
HITPOrpyn Ao rigpokcunamiHo- abo amiHorpyn i npogy-
KyBaTW Pi3Hi i3oMepy aMiHOHITPOapOMaTUYHKUX CMONYK,
SIKi, Y CBOKO Yepry, 3a3BnYaii HaKOMMYYHTLCS B KynbTyp-
HOMY cepegoBuLli 0e3 metaboniamy. Mpu uUbOMy
4acTkoBO BigHoBMeHi dopmu THT pearyioTb ogHa 3
OQHOK0 B MPUCYTHOCTI KWUCHK 3 YTBOPEHHSIM [OEsKuX
a3oKcuTEeTpaHITpoTONYyoniB [16], Wo cnpuynHse BinbLy
BUCOKY LUBUAKICTb MyTaLii, Hix THT. Lii peakuii TpaHc-
hopmauii Buganste THT, ane gatoTb Oyxe CTiki
npoaykTH, ki He meTabonisyloTbes BinbLIiCTIO Npoay-
Kytoumx ix mikpoopraHiamis [17]. Mosigomnsnocs npo
Kinbka aepoO, ki 3gaTtHi BukopuctoByBatTM THT sk
Ibkepeno a3oTy abo Byrnewo i e pigLie onucysanacst
MiHepanisauis uiel cnonyku. YCYHeHHs HiTporpynu
HeoOXigHO, o6 3MeHWNTM enekTpodinbHy npupoay
MOEKYN | [O3BONUTU [iOKCUHA3aM BUKOPUCTOBYBATH
Oi- abo MOHOHITPOApOMaTUYHI CMOMyKW $IK BignoBigHi
cybctpatu. Lien cakT npuBiB gocnigHUKIB JO BUGINEH-
HS1 MiKpOOPraHi3MiB, 30aTHUX BUKOPUCTOBYBATM TPOTUN
K eOUHe [Kepeno asoTy B MiHEpanbHOMY CepenoBu-
Wi 3 godaTKoBUMM xepenamu Byrnewto [18].

AsTopamu [16] nokasaHo, wo enimiHauig THT wra-
mMoM Pseudomonas BigOyBaeTbcsi Yepe3 KOMMIIEKC
MenseHreimepa. BupaneHHs asoty 3 kinbus THT
4yepes apoMaTU4Hi CroMyKK rigpokcunamity abo vepes
YTBOPEHHS Kommnnekcy MeiseHreiimepa MOSICHIOE
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lutant; 3 — complications caused by mixtures of
nitroaromatic pollutants; 4 — the absence of catabolic
systems capable of decomposing nitroaromatic com-
pounds in the microbial community.

The ease of reduction of the aromatic nitro group
depends on the nature of the other substituents in the
ring and the reducing potential of the environment. In
the case of nitrotoluenes, the probability of reduction
increases and the probability of electrophilic attack
decreases as the number of nitro groups increases.
Therefore, the recovery of one nitro group of 2,4,6-trini-
trotoluene (TNT) occurs very quickly under various
conditions, including those prevailing when growing
cultures of aerobic bacteria. On the contrary, the reduc-
tion of 2-amino-4,6-dinitrotoluene (ADNT) requires a
lower redox potential, and the reduction of 2,4-diamino-
6-nitrotoluene (DANT) requires a redox potential lower
than 200 mV [14].

Aerobic metabolism of TNT by bacteria. In fig. 1
presents the most well-known mechanisms of aerobic
metabolism of TNT by bacteria. Oxygenolytic metabo-
lism of nitrogroupnitroaromatic compounds is limited
to mononitroaromatic and dinitroaromatic compounds
[15].

Oxygenolytic metabolism of aromatic compounds by
bacteria does not occur in TNT due to its chemical
properties. Even in the presence of oxygen, TNT must
be transformed by reductive metabolism. In most of the
cases described so far, aerobic bacteria tend to trans-
form the TNT molecule by reducing one or two nitro
groups to hydroxylamino or amino groups and produce
various isomers of aminonitroaromatic compounds,
which, in turn, usually accumulate in the culture medi-
um without metabolism. At the same time, partially
reduced forms of TNT react with each other in the pres-
ence of oxygen with the formation of some azoxyte-
tranitrotoluenes [16], which causes a higher mutation
rate than TNT. These transformation reactions remove
TNT, but give very stable products that are not metab-
olized by most of the microorganisms that produce
them [17]. A few aerobes have been reported to be
able to use TNT as a source of nitrogen or carbon, and
mineralization of this compound has even less often
been described. Removal of the nitro group is neces-
sary to reduce the electrophilic nature of the molecule
and allow dioxinases to use di- or mononitroaromatic
compounds as suitable substrates. This fact led
researchers to isolate microorganisms capable of
using TNT as the only source of nitrogen in a mineral
environment with additional carbon sources [18].

The authors [16] showed that the elimination of TNT
by the Pseudomonas strain occurs through the
Meisenheimer complex. The removal of nitrogen from
the TNT ring through the aromatic compounds of
hydroxylamine or through the formation of the
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aepobHuii mexaHiam gerpagauii THT Gaktepisgmu.
HecneundiyHe BigHoBneHHs THT [o amiHonoxigHwx,
SKi HaKOMUYYITLCS, € MOLUMPEHOK peakuielo cepeq
aepobHux bakTepii (puc. 1).

AHaepobHi npouecy MarTb MOTEHLiNMHI NepeBaru
LUBMAOKOTO BiHOBMEHHS MPU HN3bKOMY OKMUCIHOBANbHO-

CH

Meisenheimer complex explains the aerobic mecha-
nism of TNT degradation by bacteria. Nonspecific
reduction of TNT to amino derivatives that accumulate
is @ common reaction among aerobic bacteria (Fig. 1).

Anaerobic processes have the potential advantages
of rapid recovery at low redox potential, which mini-
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(}u \ / :
CH,
4 AﬂHT.f ol
4 ADNT tJil OH 2 ALHT/
2 ADNT
Ny \ CH, NO,
N0, NO, NHOH
\ l.'a,
NG, NHOH
NHCOCH NH()H . . MOy
3 Ar-N=N-Ar
¥
0 NHOH

(‘H 4 AsokcuHiTpoTonyon/ CH,

NO, NO, Azoxynitrotoluene NO, NO l
WoeTta cnonykal
NO Yellow substance
NOy
CH,
NO; NO,
THT
NO,

Komnnekc Meisenredmepal
Meisenheimer complex

CH
Umnkn TXY/
—»—»TCAcycle

Tonyon/
Toluene

Puc. 1. lnaxu aepobHoro metaboniamy THT B aepobHnx MikpoopraHiamax. lNepeTBopeHHs ogHIel cnonykn Ha
iHWY BigOyBaeTbCA Yepes psig NPOMiIXKHUX CMONyK — eTany BKasaHi ABoma ctpinkamu. TXY — TpuxnopouTosa
Kucnota.

Fig. 1. Ways of aerobic metabolism of TNT in aerobic microorganisms. The transformation of one compound
into another takes place through a number of intermediate compounds, the stages are indicated by two arrows.
TCA - Trichloroacetic Acid.
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Tabnuus 1/ Table 1

MikpoopraHi3mu, siki po3knagarTb 4m TpaHcdopmytoTb THT 3a BigcyTHOCTI KUCHIO
(aHokcu4HuM mMexaHiam) / Microorganisms that decompose or transform TNT in the absence

of oxygen (anoxic mechanism)

MikpoopraHizmum /
Microorganisms

MeTaboni4yHi nepeTBOpeHHs /
Metabolic transformations

Clostridium acetobutylicum

BigHoBnoe THT go TAT
/Restores TNT to TAT

Clostridium bifermentans
strain CYS-1

Posknagae THT go anicdatuyHnx nonapHux cnonyk yepes 4-AOHT Tta 2,4-0AHT
/Decomposes TNT to aliphatic polar compounds through 4-ADNT and 2,4-DANT

Clostridium bifermentans
strain LJP-1

MepetBoptoe THT Ha TAT Ta cdeHonbHi cnonyku /Converts TNT into TAT and
phenolic compounds

Clostridium pasterianum

BigHoBnoe THT go TAT
/Restores TNT to TAT

lostridium sordelii

BigHoBnoe THT go TAT
/Restores TNT to TAT

Clostridium sp.

MeperpynyBaHHa Bambeprepa ans nepepobkn AurigpokcunamiHogMHITpoTonyony
/Bamberger rearrangement for the conversion of dihydroxylaminodinitrotoluene

Desulfovibrio sp.
wram/strain B

TpoTtun gk gxepeno a3oTy, Tonyon sk nependbavyBaHUn MPOMKHUI NPOAYKT
/TNT as a source of nitrogen, toluene as a putative intermediate

Desulfovibrio sp.

Mepetoptoe THT Ha TAT i JAHT; 42 % papioaktmsHocTi [*C] THT 3B'asyeTtbea
3 KNiTUHHO Giomacotro

/ Converts TNT to TAT and DANT; 42% of the radioactivity of ['"*C] TNT binds to
cellular biomass

Escherichia coli

BigHoBnoe THT go TAT
/Restores TNT to TAT

Lactobacil lussp.

BigHosnioe THT pno TAT
/Restores TNT to TAT

Methanococcus sp.
wram/strain B

MoHosntoe THT go OAHT
/Restores TNT to DANT

Pseudomonas sp.
wram/strain JLR11

THT sk pxepeno asoty; THT 5K KiHLEBUIA akLenTop eneKkTpoHiB
/TNT as a source of nitrogen; TNT as the final electron acceptor

Veillonella

BigHosnioe THT go TAT /

alkalescens Restores TNT to TAT

Mpumitka / Note: TAT - 2,4,6-triaminotoluene

BiQHOBHOMY NoOTeHLjiani, Lo 3B0AMTb 40 MiHIMyMY OK-
CNoBanbHy nonimepusadito cyberpartiB Yepes BigcyT-
HiCTb KucHI0. MikpoopraHiamu, siki posknagatoTb abo
TpaHcopmytoTb THT 6e3 KucHi, nepepaxoBaHi y
Tabn. 1[19, 20].

[Onsa 3Ha4yHOro posknagaHHs TpoTuIy B aHaepoBHMX
ymMoBax HeoOXigHe fodaBaHHs KocybcTparty, Wwo 3abes-
nevye BiOHOBHY 3AaTHICTb BiAHOBMEHHS HITPOrpynu
[20]. Mpu UbOMY, BUSIBREHWIA M-KPE3ON € MPOAYKTOM
meTaboniamy He THT, a apomaTWyHUX amiHOKWCMOT
TNy TpuntodpaH. bynarti i Kynna [21] Buginunu wram,
Ak BuKkopucToByBaB THT K eduHe mgxepeno asoty
Ta HakomuyyBaB TOMNYyOn Y KyINbTYPHOMY CEPELOBHLL
(puc. 2).

mizes oxidative polymerization of substrates due to the
absence of oxygen. Microorganisms that decompose
or transform TNT without oxygen are listed in table. 1
[19, 20].

For a significant decomposition of TNT under anaer-
obic conditions, the addition of a cosubstrate is neces-
sary, which provides the reductive ability of nitro group
reduction [20]. At the same time, the identified p-cresol
is a product of metabolism not of TNT, but of aromatic
amino acids such as tryptophan. Bupati and Kulpa [21]
isolated a strain that used TNT as the only source of
nitrogen and accumulated toluene in the culture medi-
um (Fig. 2).
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Puc. 2. NepenbavyBaHi MexaHiamu aHaepobHoro metaboniamy THT y Gaktepin. Konu BBaxaeTbes, WO nepe-

TBOPEHHS OAHIET CNOMyKM Ha iHWY BiaOyBaeTbCa Yepes psg NPOMIKHUX CMOMYK — eTany BKa3aHi IBoMa CTpinka-
MU.

Fig. 2. Predicted mechanisms of anaerobic metabolism of TNT in bacteria. When it is believed that the transfor-

mation of one compound into another takes place through a series of intermediate compounds, the stages are
indicated by two arrows.

ABTOpU NpUNYCTUNK, LLO HITPOrpyna BigHOBMHETLCS The authors assumed that the nitro group is reduced
A0 BIANOBIOHUX aMiHiB 3 YTBOPEHHsAM TpuamiHotony-  to the corresponding amines with the formation of TAT,
ony (TAT), siki noTim 3a3HaloTb BiAHOBHOIO BiallenneH-  which then undergo reductive cleavage of amino
Hsl aMiHOrpyn 3a MexaHi3MOM, aHasnoriYHMM onucaHuM  groups by a mechanism similar to that described by
WHennewm i LLnnkom [22] Ans aHiniHy. Schnell and Shink [22] for aniline.



®epMeHTH, 30aTHI BiHOBMIOBATU HITPOrpynu HITpo-
apoOMaTWYHKX CMOMyK, Ha3WBalTbCA HITpPOpeaykTasa-
MuW. BoHM KBanigikyloTbCA WOAO TXHBOT BiAHOCHOI YyT-
NMBOCTI A0 KUCHI0. HeuwyTnuBei 4o KucHio, abo HiTpope-
ZyKTasu | Tuny, BUKOPUCTOBYKTb ABOENEKTPOHHWIA
MeXaHi3M BigHOBMNEHHS Ta 3[4aTHi BiAHOBNIOBATH HITPO-
rpynu B aepobHux ymoBax. | HaBnaku, 4yTnvBi O0
KucHi0 abo HiTpopenykTasm Tuny |l BiQHOBMIOKOTL HITPO-
rPyn1 B OQHOENEKTPOHHOMY MPOLIECI, YTBOPHOKOYM HiT-
poaHioH-pagukan. TobTo. HiTpopenykTasm Tuny Il 3gat-
Hi 0O YUCTOrO BiJHOBMEHHS HITPOrpyn TiflbkM B aHae-
pOGHKX yMOBaXx.

HitpoapomatwnuHi HiTpopegykTasu | Tuny Gynu onu-
caHi B 6aratbox bakTepiit, 0co6NMBO eHTepobaKTepint.

Ha BigMiHy Bif HiTpOApOMaTUYHUX HITPOpenyKTas, €
MeHLLe iHdopMmaLlii Npo hepMeHTaTUBHE BifHOBMEHHS
HiTpOrpyn HiTpamiHiB. [ocnimkeHHs GioposknagaHHs
HITPOAMIHOBMX BWOYXOBUX PEYOBUH — TEKCOreHy Ta
OKTOreHy Mokasanu HiTPOBIOHOBMEHHS HITpaMiHiB, Lo
MpOTiKae NuLle B aHaepobHKMX YMOBaxX 3 YTBOPEHHSM
CTabiNbHMX HITPO30-MPOMIXKHMX CMOMYK, LLO OYEBWOHO,
00YyMOBIEHO TVM, LLO HITPONpPOAyKTK | He BepyTb y4acTb
y GionoriyHoMy HiTpoBOCTaHOBI. HiTpopedyktasn Mo-
XyTb BiJHOBIHOBATM LUMPOKWIA CMIEKTP HITpOApoMaTiy-
HUX Ta HITporeTepoLMKivHnXcnonyk [23].

ABTopamun [24] npu pocrimxeHHi  GakTepin
Pseudomonas sp. 6ys BugineHuwin wram CISI, skun
30aTHUIN 3pocTaTi Ha 2,4,6-TPUHITPOTONYON.

BukopucToBYHO4M METOAM BUCOKOEMEKTUBHOI PidWH-
HOi xpomatorpadii, rasosy xpomarorpadito 3 Mac-
CNEKTPOMETPUYHUM [ieTekTyBaHHAM Ta AMP BugineHo
Ta igeHTudikoBaHo cronyku nicns GionoriyHoro Big-
HoBrneHHsi Pseudomonas sp.: 2-amiHo-4,6-anHiTpoTo-
nyon; 4-amiHo-2,6-guHiTpotonyon; 4,6-auHiTpo-2-rig-
pokcunamiHoTonyon; 2,6-AnHITPo-4-rigpoKcunamiHoTo-
nyon; 2,2',6,6"-teTpaHitpo-4,4'-asokcutonyon; 4,4',6,6'-
TeTpaHiTpo-2,2'-asokcutonyon i 2',4,6,6'-tetpaHiTpo-
2,4'-azokcuTonyon. Yci BUAINeHi cnomnyku oxapakrepu-
30BaHi CNeKTPOOTOMETPUYHO.

MpoBeaeHi AocnimKkeHHs nokasanu, LWo OakTepist
Pseudomonas sp. KpiM BUAAnNEHHs HITPOrpyn moxe
BiJHOBMIOBATW [AUHITPOTONYON [0 aMiHOMOXIAHUX, SKi
HE BUKOPWCTOBYHKTLCS SIK IpKepeno a3oTy. [ToBHa MiHe-
panisauis THT ta OHT go CO, NO, Ta H,0 €
HeoMiHHOW yMOBOK bGiopereHepalii 3abpygHeHux
ninsHok. bionoriyHe BiaHoBneHHs THT ta AHT go crin-
KUX aMiHOMOXiAHUX Ta BUPOOHWMUTBO Oinbll CTiKMX
a30KCMTONYOIIB € CEPIO3HOK0 NEPELLKOAOKD AN LbOro
npoLecy.

Biodeepadauis THT epubamu. BukopuctaHHs rpu-
6iB ans Giopemepiauii THT BUKNUKANO 3HAYHUN iHTE-
pec ocTaHHiM Yacom. ['pub Ginoi rHuni Phanerochaete
Chrysosporium Bupobnsie cknagHy cuctemy nosakni-
TUHHUX NEPOKCUAA3, HEBEMWKUX OpraHiYHWUX MOMeKyr
Ta MNepeKkucy BOAHK AN PO3KMafaHHA  IirHiHy.
NirHiHoniTMYHa cuctema HecneuudiyHa i Moxe 6io-
PO3KNaAaTh LIMPOKUA CMEKTP CUHTETUYHKX XiMIYHMX
PEYOBUH, BKIOYAKYM HITPOAPOMAaTUYHI.

3ynodirapos A.0., Apramonos M.C., 3ynwirapos 0.C. / A, Zulfigarov, M. Artamonov, 0, Zulfigarov

Enzymes capable of reducing nitro groups of
nitroaromatic compounds are called nitroreductases.
They are qualified by their relative sensitivity to oxy-
gen. Oxygen-insensitive, or type |, nitroreductases use
a two-electron reduction mechanism and are able to
reduce nitro groups under aerobic conditions.
Conversely, oxygen-sensitive or type Il nitroreductases
reduce nitro groups in a one-electron process, forming
a nitro anion radical. That is, type Il nitroreductases are
capable of net reduction of nitro groups only under
anaerobic conditions.

Type | nitroaromatic nitroreductases have been
described in many bacteria, especially enterobacteria.
In contrast to nitroaromatic nitroreductases, there is
less information on the enzymatic reduction of the nitro
groups of nitramines. Studies of the biodegradation of
nitroamine explosives - hexogen and octogen showed
nitro reduction of nitramines, which occurs only in
anaerobic conditions with the formation of stable
nitroso-intermediate compounds, which is obviously
due to the fact that nitro products | do not participate in
biological nitrosation. Nitroreductases can reduce a
wide range of nitroaromatic and nitroheterocyclic com-
pounds [23].

The authors [24] in the study of bacteria
Pseudomonas sp. a CISI strain capable of growing on
2,4 6-trinitrotoluene was isolated.

Using the methods of high performance liquid chro-
matography, gas chromatography with mass spectro-
metric detection and NMR, compounds were isolated
and identified after biological recovery of Pseudomo-
nas sp.: 2-amino-4,6-dinitrotoluene; 4-amino-2,6-dini-
trotoluene; 4,6-dinitro-2-hydroxylaminotoluene; 2,6-
dinitro-4-hydroxylaminotoluene; 2,2',6,6'-tetranitro-4,4'-
azoxytoluene; 4,4',6,6'-tetranitro-2,2'-azoxytoluene and
2'4,6,6'-tetranitro-2,4'-azoxytoluene. All selected com-
pounds were characterized spectrophotometrically.

The conducted studies showed that the bacterium
Pseudomonas sp. in addition to removal of nitro
groups, dinitrotoluene can be reduced to amino deriva-
tives that are not used as a source of nitrogen.
Complete mineralization of TNT and DNT to CO,; NO,
and H20 are an indispensable condition for the biore-
generation of polluted areas. Biological reduction of
TNT and DNT to stable amino derivatives and produc-
tion of more stable azoxytoluenes is a serious obstacle
to this process.

Biodegradation of TNT by fungi. The use of fungi
for bioremediation of TNT has attracted considerable
interest recently. The white rot fungus Phanerochaete
Chrysosporium produces a complex system of extra-
cellular peroxidases, small organic molecules and
hydrogen peroxide to decompose lignin. The ligninolyt-
ic system is nonspecific and can biodegrade a wide
range of synthetic chemicals, including nitroaromatics.
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MexaHiam, 3a [OOMOMOrow SKOro rpubu MiHepani-
3yloTb BUOyxoBy peyoBuHy (THT), Heigomuii. OgHak
npu iHKyBauii nirniHoniTyHux Kynbtyp Phanerochaete
Chrysosporium THT 6yno iaeHTudikoBaHo psg cnonyk
(puc. 3), cepen siKux — 4-rigpokcunamivo-2,6-0HT Ta 2-
amiHo-4-cbopmamifo-6-HiTpoTonyon € cybctpatamm
ANs nirdiHnepokcmaasm.

Nirnin-nepokcupasal
Lignin-peroxidase

The mechanism by which fungi mineralize explosive
substance (TNT) is unknown. However, during the
incubation of ligninolytic cultures of Phanerochaete
Chrysosporium TNT, a number of compounds were
identified (Fig. 3), among which 4-hydroxylamino-2,6-
DNT and 2-amino-4-formamido-6-nitrotoluene are sub-
strates for lignin peroxidase.
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Puc. 3. MexaHiamu rpubkoBoi gerpagadii THT.

Fig. 3. Mechanisms of TNT fungal degradation.

OCHOBHOK NepeLLKOoK MPAKTUYHOMO 3acTOCYBaH-
Hs rpubiB Ginoi rHuni ons Giogerpagauii Tpotuny Gyna
i0ro TOKCUYHICTb Ans rpuba. JocnimkeHHs MexaHiamy
TOKCWYHOCTi TPOTUMY Nokas3anu, Lo BuXxigHa cronyka
Ta il amiHonoxigHe He TOKcuuHi ans Phanerochaete
Chrysosporium. Ha BigmiHy Big 4-rigpokcuamiHo-2,6-
AVHWUTpOTONyona, 2-rigpokcunamiHo-4,6-4uHUTPOTONY-
On Pi3KO iHribye OKNCNEHHS BEPATPUNOBOrO CINPTY Jir-
HIHOMEpPOKCKMAA30t0, NePeTBOPEHHSI BEPATPUIIOBOrO
CMUPTY Ha BepaTpuNoBMIA anbAeris HeobxigHo Ans
BMPOOHMLTBA OPraHiyHmX pagukanis NnepBMHHUMY Cy0-
CTpatamu gns nirdiHnepokcuaasm [14].
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The main obstacle to the practical use of white rot
fungi for the biodegradation of TNT was its toxicity
to the fungus. Studies of the toxicity mechanism of
TNT showed that the original compound and
its amino derivative are not toxic to Phanerochaete
Chrysosporium. Unlike 4-hydroxyamino-2,6-dinitro-
toluene, 2-hydroxyamino-4,6-dinitrotoluene sharply
inhibits the oxidation of veratryl alcohol by lignin
peroxidase, the conversion of veratryl alcohol to ver-
atyl aldehyde is necessary for the production of
organic radicals as primary substrates for lignin per-
oxidase [14].



Kpim rpubiB 6inoi rHuni, iHWi wrtamu rpubie, wWwo
Hanexatb 4o 6asuaiomileTiB, WO po3knaaaloTb Aepe-
BUHY Ta NiACTUMKY, Oynn nepeBipeHi Ha iXHI0 3naTHICTb
meTabonisyBaTtv Ta MiHepanizysat THT [25].

3HauyHa miHepanisauis THT Busenexa y Clitocybula
Dusenii TMB 12 (42%) ta Stropharia Rugosoanulate
DSM 11372 (36%) y mirHoniTM4H1X yMOBaXx, IO CBifA-
YUTb NPO BAXIIMBY POfb NIrHOMITUYHUX CUCTEM Y MpPO-
ueci miHepanizauii uMmm rpubamu. Heponikom ujei
CUCTEMM € Te, L0 Li rpuby MeLLKatoTh Y AEPEBUHI, @ He
B I'DYHTi Ta MOXYTb He KOHKYpyBaT¥ 3 MiCLLEBUMMU I'PYH-
TOBVMM rpubamm B yMOBax nonboBoi peabinitauii.

3acmocyeaHHs 6Giopemediayii Himpoapomamuy-
Hux cronyk. biopemegiauia — ue edekTMBHUIA MeToq
3HE3apaXXEHHS1 TEPUTOPIN Y BCbOMY CBITi, 3a0pyaHEHUX
MoniHiTpoapoMaTUYHUMK crionykamu. Y 3B'A3Ky 3 LUM
B OCTaHHE [ECATUMITTS NpoBefeHO 6e3niy JoCnimKeHb
3 ¢pisionorii, Gioximii Ta reHeTUKM opraHi3MiB, siki NOTEH-
LiNHO MOXYTb OYTW BUKOPMCTaHI B Lyx BionikyBaHHSIX,
y TOMy uucni Ans nowyky epMeHTiB, wo 6epyTb
yy4acTb Yy perpajauii HiTpoapomMaTuyHUX ChOnyK.
Cepen umx hepMeHTiB 0cOOMMUBMIA BiOTEXHOMNOTIYHNIA
iHTepec npeacTaBnsie GakTepianbHi HiTpopedykTasw,
Lo KaTanisylTb NOCMiJOBHE NEPEHECEHHS eNEKTPOH-
HUX Map Ha HITPOrpynu apomaTtWyHUX CMoyK 3 YTBO-
PEHHSIM HITPO30-, TiAPOKCUIAMIHO-i amiHOMOXIQHMX.
Kpim nigxopis go 6iopemepiauii Ta Giokatanisy, 6akte-
pianbHi HITPOPEayKTasn MOXyTb BUKOPUCTOBYBATUCH Y
Pi3HUX MedUYHKX Linax. HiTpopedykTasun MOXyTb Bid-
HOBIIOBATY LUMPOKWIA CMEKTP HITpOApOMaTUyHUX Ta
HITPOreTepPOLMKIIYHUX CMOMNYK.

Y GiopemegiaLlii 3a3BMYaii BUKOPUCTOBYETLCS aepo-
OHi yMOBW Sk AN1s1 NPUCKOPEHHS MiHEpani3aLlii opraHiy-
Hux cnonyk go CO, i H,O, Tak i Tomy, Wwo aepobHi bio-
peakTopu JocsralTb BinbLU BUCOKOI NPOAYKTUBHOCTI,
H>Xk aHaepOoOHi CUCTEMU, 3 MEHLLMM YTBOPEHHAM Myny
Ta NOBIYHMX NPOZYKTIB 3 HEMPUEMHIM 3amaxoM.

Ockinbku HiITpoapoMaTnyHi BUGYXOBI PE4OBMHM CTilKi
[0 OKWCMEHHs, Oeski JOCMiZHWKWA BUKOPWUCTOBYBaNu
CyNyTHiVi opraHiyHui cybcTpat 4ns CTUMynsLUii iXHbOro
meTaboniamy (rntoko3a, NMMMOHHa KucnoTa) [26].

Byonati Ta MeHHiHr [27] BUKOpPUCTOBYBanu NoBepx-
HEBO-aKTUBHY peyoBuHy Twen 80 ans nigsuLLeHHs Bio-
ZOCTYMHOCTI Ta 3abe3neyeHHss ByrmeLeBoro Kocyob-
CTpaTty Ans niaBuweHHa MiHepanisauii THT B peakTtopi
3 'PYHTOBOIO CYCMEH3IEL.

OcTaHHIM 4YacoM BMAamneHHs! TOKCUYHUX PEYOBMH
meTodoM diTopemepiauii npucesyeHo Garato poOirT.
ditopemegiauis nependadyae BUKOPUCTAHHS 3€MEHMX
POCINWMH AN BiOHOBMNEHHS 3a0pyAHEHOrO IPYHTY um
Boan. ditopemepialis BKMOYAE Kinbka Pi3HUX TEXHO-
noriv:  hiToekcTpakLis BkMYae OGiOKOHLEHTpaLito
3abpyaHIOKYMX PEYOBKH B 30HaX 300py BpoXar poc-
nuHK;  iTocTabinizauis  3HWXye BGiOJOCTYMHICTb
3a0pyaHIOYMX PEYOBMH, MOB'A3YHOYM iX Y TKaHWHAX
pocnuH. [Mpu diTogerpagauii hepmMeHTHi cuctemu
POCNUH Ta POCAMHHO-aCOLiNOBaHi MiKpOOpraHiamu
PO3KNafaloTb TOKCUYHI CMOMyKW, Yy TOW 4ac K mpu

3ynodirapos A.0., Apramonos M.C., 3ynwirapos 0.C. / A, Zulfigarov, M. Artamonov, 0, Zulfigarov

In addition to white rot fungi, other wood- and litter-
decomposing basidiomycete fungal strains have been
tested for their ability to metabolize and mineralize
TNT [25].

Significant TNT mineralization was found in
Clitocybula Dusenii TMB 12 (42%) and Stropharia
Rugosoanulate DSM 11372 (36%) in lignolitic condi-
tions, which indicates the important role of lignolitic
systems in the process of mineralization by these
fungi. A disadvantage of this system is that these fungi
inhabit wood, not soil, and may not compete with native
soil fungi under field rehabilitation conditions.

Application of bioremediation of nitroaromatic
compounds. Bioremediation is an effective method of
decontamination of areas around the world contami-
nated with polynitroaromatic compounds. In this
regard, in the last decade, a lot of research has been
carried out on the physiology, biochemistry and genet-
ics of organisms that can potentially be used in these
biotreatments, including the search for enzymes
involved in the degradation of nitroaromatic com-
pounds. Among these enzymes, bacterial nitroreduc-
tases are of particular biotechnological interest, cat-
alyzing the sequential transfer of electron pairs to the
nitro groups of aromatic compounds with the formation
of nitroso-, hydroxylamino-, and amino derivatives. In
addition to bioremediation and biocatalysis approach-
es, bacterial nitroreductases can be used for various
medical purposes. Nitroreductases can reduce a wide
range of nitroaromatic and nitroheterocyclic com-
pounds. Bioremediation commonly uses aerobic condi-
tions both to accelerate the mineralization of organic
compounds to CO, and H,O and because aerobic
bioreactors achieve higher productivity than anaerobic
systems with less sludge and odorous by-products.
Since nitroaromatic explosives are resistant to oxida-
tion, some researchers have used an accompanying
organic substrate to stimulate their metabolism (glu-
cose, citric acid) [26].

Buopati and Manning [27] used the surfactant Twen
80 to increase bioavailability and provide a carbon
cosubstrate to enhance TNT mineralization in a soil
slurry reactor.

Recently, many works have been dedicated to the
removal of toxic substances by the phytoremediation
method. Phytoremediation involves the use of green
plants to restore contaminated soil or water.
Phytoremediation includes several different technolo-
gies: phytoextraction involves the bioconcentration of
pollutants in the plant's harvest zones; phytostabiliza-
tion reduces the bioavailability of pollutants by binding
them in plant tissues. In phytodegradation, plant
enzyme systems and plant-associated microorganisms
break down toxic compounds, while in phytovolatiliza-
tion, plants are used to volatilize pollutants. Although
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hiToneTy4ocTi pOCNMHM BUKOPUCTOBYHOTLCS A1S BUNa-
POBYBaHHS 3a0pyAHIOYMX PEYOBUH. XO4Ya POCHMHM
MOXYTb NOFMMHATK XiMiYHI PE4OBUHM 3 NAPOBOI, PiAKOT
Ta TBepaoi ¢as.

HitTpopenykTtasa Ta nakkasu € epMeHTamu, Lo
BepyTb yyacTb y dpitogerpagaLii HITpoapoOMaTUYHKX
CrOnyK.

KopeHeBa cucTeMa TakoX MOXe BigirpaBaTv akTuB-
HYy ponb Y BIiQHOBMEHHI; pu3odinbTpaLis BiHOCUTLCS
[0 agcopbuii Ta abcopbuii 3abpyaHioBadiB LM WS-
xoMm. [MpuckopeHe BuaaneHHs THT i3 akTuBHOI pu3o-
cdhepHOi 30HM cnocTepiranocs nig 4Yac BUKOPUCTAHHS
cTenoBoi Tpasu. CekpeLisi LyKpiB, CNUPTIB Ta KUCIOT
POCMNHK CMPUSIE 3POCTaHHIO pu3ocdepHnx GakTepir
HABKOMO KOPEHEBOI CUCTEMM, SIKi MOCWITIOKTL PO3KNa-
[aHHs 3a0pyHIOKUMX PEHOBWH 3@ paxyHOK 3BOMOXEH-
HA OpraHiYHMX pevoBMH abo cekpelii epMeHTiB,
Takux sk nepokcmagasv. OnucaHo psig POCHVH, TaknX SK
XOBTa ocoka [28], kywosa kBacons [29], npoco [30],
ribpuaHa Tonons Ta iH.

Y GinbLocTi Bunagkis, TpaHchopmauis THT pocnu-
HaMmK CynpoBOZKYBarocs MosiBO0 MOro0 MOHOAMIHOMO-
XigHnx 2- Ta 4-AHT. [Jeski pocnunHu noe'a3ytoTe abo
iHTErpytoTb MeTaboniTh y Giomacy y BUrnsgi KoH'toraTis.

YTBOpEHHS TaknX KOH'toraTiB opraHiyHMUX Cromnyk Kce-
HOBIOTUKIB € BaXNMBOK 3aXMCHOK ha3or [eTOoKCMKa-
LinHoro metaboniamy pocnuH. MNepBuHHI NpoayKTH Bia-
HoBneHHs THT BepyTb y4acTb y OCBITI Takmx KOH'ora-
TiB. HewopaBHo Bynu po3pobneHi TpaHCreHHi pocnu-
HW, SIKi eKCrpecyloTb MIKpOOHI dhepMeHTV perpagauii
ans 6iopemepiauii THT. TpaHCreHHi pOCMNHM THOTIOHY,
Lo HecyTb reH onr (“organic nitrate reductase” — opra-
HiYHa HiTpaTpepykTasa), skui kogye PETN-pegykTasy
(Pentaerythritol tetranitrate reductase) 3 Enterobacter
cloacae, nokasanu BU3Ha4yyBaHy eKCMpecito epMeHTY
penyKkTasu B TKaHWHaX. TpaHCTeHHi POCIUHW, SKi eKc-
npecytTb epMeHT, WO posknagae BUOyXoBi pevoBu-
HW, 30aTHi NPOPOCTaTK i POCTU B MPUCYTHOCTi KOHLLEHT-
paviii BUOYXOBMX PEYOBMH, LUO iHriOYTb POCHNHM
aukoro tuny [31, 32].

KomnocmyeaHHsi ma 6iopeakmopu. LlikaBum nig-
xopom fo Giogerpagalii HITpOapoOMaTUYHKX CNOMYK €
BMKOPWCTaHHA METOAY KOMMOCTyBaHHS. B gaHum yac
po3pobneHi BiopeakTopu, siKi BpaxoBylOTb (i3WyHi,
XiMiYHi Ta MikpobionoriyHi (B ceHci MikpobHoKaTaniso-
BaHUX peakLii, kMM NipaaeTbcs 3'€QHaHHA) BnacTu-
BOCTi HiTpoapoMaTuyHMX cnonyk. KomnocTyBaHHS
Byno 3anponoHoBaHO Sk TEXHOIOr0 GiopemepiaLii HiT-
pOapOMaTU4HUX CMOMYK.

Astopu Peres C.M. i Agathos S.N. igeHTndbikyBanu
npopykt BioTpaHcdopmauii THT y TepmodinbHmx
YyMOBax Ta BUSBMIIN, L0 BOHM aHAsOrivHi NpogyKTam,
Lo yTBOpUNMCS B Me30dinbHuUX ymoBax [33]. PaHiwe
Williams R.T. i3 cniBaBT. BUSBWAN, LLO Nepiog HaniBpos-
nagy Tpotuny GyB KOpOTLIMM Y TePMOMINbHUX, HiX Y
Me30qinbHUX CTaTUYHUX Nansx, Wo aepyoTbes [34].

Aepo6Hi/be3KMCHeBI yMOBW CTBOPHOBANUCS B I'PyHTO-
BOMY LUMTAaMOBOMY peakTopi (Lo rnubLue B wnami, Tum

plants can absorb chemicals from the vapor, liquid and
solid phases.

Nitroreductase and laccases are enzymes involved
in phytodegradation of nitroaromatic compounds.

The root system can also play an active role in recov-
ery; rhizofiltration refers to the adsorption and absorp-
tion of pollutants by this route. Accelerated removal of
TNT from the active rhizosphere zone was observed
when steppe grass was used. The secretion of sugars,
alcohols and acids by the plant promotes the growth of
rhizospheric bacteria around the root system, which
enhance the decomposition of pollutants by moistening
organic matter or secreting enzymes such as peroxi-
dases. A number of plants have been described, such
as yellow sedge [28], bush bean [29], millet [30], hybrid
poplar, etc.

In most cases, the transformation of TNT by plants
was accompanied by the appearance of its monoamino
derivatives 2- and 4-ADNT. Some plants bind or inte-
grate metabolites into biomass in the form of conju-
gates.

The formation of such conjugates of organic com-
pounds of xenobiotics is an important protective phase
of the detoxification metabolism of plants. The primary
products of TNT reduction participate in the formation
of such conjugates. Transgenic plants expressing
microbial degradation enzymes for TNT bioremediation
have recently been developed. Transgenic tobacco
plants carrying the onr gene (organic nitrate reduc-
tase), which encodes a PETN reductase (Pentaery-
thritol-tetranitrate-reductase) from Enterobacter cloa-
cae, showed detectable expression of the reductase
enzyme in tissues. Transgenic plants expressing an
enzyme that degrades explosives are able to germi-
nate and grow in the presence of concentrations of
explosives that inhibit wild-type plants [31, 32].

Composting and bioreactors. An interesting
approach to the biodegradation of nitroaromatic com-
pounds is the use of the composting method. Currently,
bioreactors have been developed that take into
account the physical, chemical and microbiological (in
the sense of microbially catalyzed reactions to which
the compound undergoes) properties of nitroaromatic
compounds. Composting was proposed as a bioreme-
diation technology for nitroaromatic compounds.

Peres C.M. and Agathos S.N. identified the biotrans-
formation products of TNT under thermophilic condi-
tions and found that they are similar to the products
formed under mesophilic conditions [33]. Previously
Williams R.T. with coauthor discovered that the half-life
of TNT was shorter in thermophilic than in mesophilic
static aerated piles [34].

Aerobic/anoxic conditions were created in a soil slur-
ry reactor (the deeper the slurry, the less oxygen)
which was used in batch or semi-continuous mode to



MEHLLE KWCHIO), SIKMA BUKOPUCTOBYBABCS B Mepioguny-
HoMmy abo HaniBbe3nepepBHOMY peXuMi ANs 4e3aKTU-
BaLlii 3abpyaHeHoro B1OYXOBMMMW PEYOBUHAMM I'PYHTY.
EkcnepyMeHTW 3 pagioakTMBHO MiYEHUM TPOTUIOM
nokasanu, wo 23% noro miHepanidysanm [35].

Y pasi BeNuKOI KifIbKOCTi HITpO3aMiLLleHUX apoMaTiy-
HUX CMOMyK NPOAYKTW BiZHOBIEHHS MOXYyTb OyTu
HE3BOPOTHO IMMODINi30BaHi B KOMMOHEHTaxX [pyHTY
abo kommocTy. 2,4,6-TpmamiHotonyon (TAT), oTpuma-
HUI y pe3ynbTaTi aHaepobHOro BiHOBMEHHS TPOTUIY,
MOCTIHO pearye 3 KOMMOHEHTaMW I'PYHTY.

BucHoBku. CborogHi BnpoBampKeHHs edeKTUBHMX
MeTOfiB yTuni3aLii BUOYXOBMX PEYOBUH € BaXNMBUM
MUTaHHAM He nuiie Ans BiCbKOBOI cnpasu. Haykosi
JOCRiXEHHS | Cy4acHM BOEHHWI JOCBIA cBiagYaTh Npo
Te, Wo Giopemepiauis Ta gitopemegialis BUOYXOBUX
PEYOBUH (OCOBMMBO TPOTWMITY, FEKCOTEHY Ta OKTOrEHY) €
MEPCNeKTUBHAMN METOAaMU YCYHEHHSI HeraTMBHOTO
BMMMBY HITPOAPOMaTUYHMX CMOMYK Ha [OBKINMsA, a
JOCNIIKEHHST MOMEKYNAPHUX MexaHiamiB biogerpaga-
Uil € akTyanbHUM HanpPsMKOM HayKOBUX LOCHIIKEHb.
Baxnueum € CTBOPEHHS Ha AepXaBHOMY PiBHI nicns
Jeokynauii Ta ryMaHiTapHoro po3MiHOBYBaHHS [EOKY-
MOBaHMX YaCTWH HALO| KpaiHW perioHanbHUX LEHTPIB
BNPOBaMKEHHS1 MeToauK Giopemeniauii Ta diTopeme-
diauii, 3a4ns SKHanLWBMALWOoro X NpakTMYHOro MacoBo-
ro BnpoBagkeHHs. Lle HagacTb MOXMMBICTb Makcu-
ManbHO 3MEHLUUTW aHTPOMOrEHHWA BMAWB Ha JKMBI
OpraHiaMy MpoAYyKTiB AeCTPyKLii BUOYXOBMX PEYOBMH
Ta NMOBEPHEHHS PErioHIB Y HOpMaribHe Ta akTUBHE EKO-
HOMIYHE XUTTS KpaiHW.

KoHndnikt iHTepeciB. ABTopu 3adBNnsA0Tb NPO BiACYTHICTb
KOH(DMIKTY iHTepeciB

3ynodirapos A.0., Apramonos M.C., 3ynwirapos 0.C. / A, Zulfigarov, M. Artamonov, 0, Zulfigarov

decontaminate explosives-contaminated soil. Experi-
ments with radioactively labeled TNT showed that 23%
of it was mineralized [35].

In the case of large amounts of nitro-substituted aro-
matic compounds, the reduction products may be irre-
versibly immobilized in soil or compost components,
TAT, obtained as a result of anaerobic reduction of
TNT, constantly reacts with soil components.

Conclusions.

Today, the implementation of effective methods of
disposal of explosives is an important issue not only for
the military. Scientific research and modern military
experience indicate that bioremediation and phytore-
mediation of explosives (especially TNT, hexogen and
octogen) are promising methods of eliminating the neg-
ative impact of nitroaromatic compounds on the envi-
ronment, and the study of molecular mechanisms of
biodegradation is an actual direction of scientific
research.

It is important to create at the state level after the de-
occupation and humanitarian demining of the de-occu-
pied parts of our country regional centers for the imple-
mentation of bioremediation and phytoremediation
techniques, for their practical mass implementation as
soon as possible. This will provide an opportunity to
maximally reduce the anthropogenic impact on living
organisms of the products of the destruction of explo-
sive substances and return the regions to the normal
and active economic life of the country.

Conflict of interest. The Authors declare no conflict of inter-
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