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OcHOBHbIE MOMEHTDI

ITpupoyHble TOKCUHBI MUKPOCKONMYECKIX IPIOOB (MIKOTOKCHHBI) XapPAaKTEPU3YIOTCS IMPOKUM CTPYKTYPHBIM pas-
HOOOpasyeM M PaclpoCTPaHEHHOCTBIO ICTOUYHNKOB MX O6uocyHTesa. [Togxonp! K leTOKCUPUKAIMY MUKOTOKCUHOB
OCHOBAaHBI Ha IPUMeHeHNN PM3NIECKUX, XUMUYECKNX 1 61I0KaTaTUTUIECKIX METOOB.

Hanbonee mepcreKTUBHBIM, 3(QEKTUBHBIM ¥ IPUPOROMOFOOHBIM CIHOCOOOM [eTOKCUPUKALNY MUKOTOKCUHOB
IIpeficTaB/IAeTCA MX 00paboTKa MUKPOOHBIMU pepMeHTaMN.

AxmyanvHocmv — MIKOTOKCHHBI IIPEICTABIIAIT CePbe3HYI0 YIPO3Y LA )KUSHU U 3[[OPOBbA JIOfEN, CeNMbCKOXO03 -
CTBEHHBIX )KUBOTHBIX I MOTYT OBITH MCIIONb30BAHDI JUIS AUBEPCUOHHBIX U TEPPOPUCTUUECKIX AKTOB.

Ienv pabompt — IpOBeCTU aHAIN3 OCHOBHBIX COBPEMEHHbIX HAIIPAB/ICHNUIT e TOKCU(UKALNI MIKOTOKCHHOB, Ye/IIB
0co60e BHUMaHNe 610710rndecKnM (PpepMeHTATUBHBIM) METOIAM.

Hcmounukosas 6a3a uccnedosanus. IIperMylecCTBEHHO aHITIOA3bIYHAA HAy4Has JUTEpPaTypa, JOCTYIHAsA depe3
I106a/IbHYIO CeThb VIHTEpHeT, a TaK)Xe OITy0O/IMKOBaHHbIE 9KCIIePYIMEHTa/IbHbIE ICCTIeIOBAHNS aBTOPOB.

Memo0 uccne006anus. AHATUTUYECKIIL.

Pesynvmamur. Kparko usnoxxeHa texyias nHGOpMAILA O CTPYKTypaX MUKOTOKCUHOB, HPOAYLMPYEMBIX MIKPO-
CKOIMYecKMy rpubamu ponos Aspergillus, Fusarium v Penicillium, n o6bekTax a1 nx HakorleHus. OTMedeHbl 0c-
HOBHBIE JCCIIeflyeMble CIIOCOOBI (HU3MIECKOTO 1 XMMUIECKOTO BO3/IIICTBIsI HA MUKOTOKCHHBI B CpeflaX pas/IMyHO-
rO XMMMYECKOTO COCTaBa. bojee mogpo6HO MpoaHaIM3MPOBAHO UCIOIb30BaHNE (PEPMEHTOB AJIs e TOKCU(pUKALNN
MMKOTOKCHHOB. Ocob60e BHIMaHMe yeleHO NHANBIAYaIbHbIM (hepMeHTaM, CIOCOOHBIM KaTa/li3upOBaTh KOHBEP-
CHUIO Pa3HBIX 10 CTPYKType MUKOTOKCHMHOB B COCTaBe uX cMeceit. ITokazaHo, 4TO /IS MOBbILIEHN 3G (eKTUBHOCTH
HeJTpann3aIyy TOKCUYHOTO JIeHICTBYUA MUKOTOKCMHOB BO3MOXKHO YCIICITHOE MCIOIb30BaHUE TeHeTUIECKU COeJV-
HEHHBIX B OJHY MOJIEKY/Ty pasHbIX (epMeHTOB (co3maHMe (PbIKeH-0€NKOB) MM MpUMEHeHMe cMecu (pepMEHTOB.
Or/ienbHO BbIeIeH GOMBIION MOTeHIMa B UCIO/Ib30BaHNN (PepMEHTOB, KaTa/IM3UPYIOLIMX [JeTOKCUMUKALIMIO MU-
KOTOKCIHOB IIpV 3Ha4eHMsIX pH HIDKe HelTpasIbHBIX.

3axmouenue. [N neToKcupUKaLNY OFHNX U TeX >Ke MUKOTOKCMHOB MMEIOTCS, MO KpaliHell Mepe, HeCKOJIbKO pas-
HBIX ()epMEHTOB, KOTOPbIe MOTYT KaTa/ln3MpoBaTh peakunu ¢ Humu. Cpeayt HUX (bIoXKeH-0e/KI, OKCUIOPENyKTasbl
(III0KO300KCHU/Ia3bl, TIePOKCHUAA3BI, TaKKasa). VICIonb3oBaHye KOMIIBIOTEPHBIX MOJE/el 1 IpMMeHeHMe MeTOHOB
MOJIEKY/IAPHOTO MOJIe/IMPOBAHNA B EPCIIEKTVBE [IO3BOIUT IIONYYUTh (pepMeHTHBbIe Ipeaparsl A/Is AeTOKCUpUKa-
I[VIJ1 MUKOTOKCYHOB TP Pa3HbIX 3HaueHusax pH.

Kniouesvie cnosa: anmudomot; 6uonozuteckoe opyicue; 0kcuoopedykmasvl; pexomounanmmole 6enxu; copouuss; gep-
MeHmamueHas 06pabomra; Xumudeckuii 2uOponu3.
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Highlights

Mycotoxins are characterized by wide structural diversity and variety of origins.

Various physical and chemical methods are tried for neutralization of mycotoxins.

Enzymatic treatment looks like nature-like and efficient method of detoxification.

Recombinant and fusion enzymes catalyze the detoxification of mixed mycotoxins.

Relevance. Mycotoxins are easily produced by widely spread fungi and possess serious danger for life and wellbeing of
humans, as well as farm animals and can be used for sabotage and terrorist acts.

The purpose of the work is analysis of the main up-to-date trends in mycotoxin detoxification, paying special attention
to biological (enzymatic) methods.

The source base of the research is mainly English-language scientific literature available via the global Internet network,
as well as the authors' own published experimental studies.

The research method is analytical.

Results. The current information on the structures of mycotoxins produced by microscopic fungi of the genera
Aspergillus, Fusarium, and Penicillium, and the objects for their accumulation is summarized. The main investigated
methods of physical and chemical effects on mycotoxins in media of various chemical composition are noted. The
use of enzymes for the detoxification of mycotoxins is analyzed in more detail. Special attention is paid to individual
enzymes capable of catalyzing the conversion of structurally diverse mycotoxins in their mixtures. It is indicated that
in order to increase the effectiveness of neutralizing the toxic effects of mycotoxins, it is possible to successfully use
different enzymes genetically combined into one molecule (creating fusion proteins) or using a mixture of enzymes.
There is a great potential in the use of enzymes that catalyze the detoxification of mycotoxins, possesing different
mechanisms of action, at pH values below neutral.

Conclusions. For detoxification of the same mycotoxins, there are at least several different enzymes that can catalyze
reactions with them. Among them are fusion proteins, oxidoreductases (glucose oxidase, peroxidase, laccase). The use
of computer models and the application of molecular modeling methods will allow us to obtain enzyme preparations
for detoxification of mycotoxins at different pH values.

Keywords: antidotes; biological warfare agents; chemical hydrolysis; enzymatic treatment; oxidoreductases;
recombinant proteins; sorption
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MMKOTOKCHHBI ~ COCTaB/ISIOT  OONBIIYI0O  PEHINY [0 CUHTe3y OTHeNTbHBIX MUKOTOKCHHOB
TPYIIYy BTOPMYHBIX MeTabO/IMTOB MUKPOCKOIIM- INPU IOPaXEHUM OIpefe/IeHHbIX BUJOB CYO-
YeCcKUX TpUOOB, MOpakaloUINMX CeNbCKOX035M-  CTpaToB (mabnuya 2).

CTBEHHYI0 IpopyKuuio (pucynox 1, mabnuya I) MMKOTOKCHHBI SBJISIOTCS BBICOKOCTAOMIb-
[1-5]. IIpu aTtom y rpubOB ecTb cBoM Ipede- HBIMU COEMHEHUSIMHU, He paslIaraloluiMMUCI
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PucyHok 1 - Xumuueckue cmpykmypbl MUKOMOKCUHOSE,
Haubosiee 4ACMO 6bIsIB/SIEMbIX 8 CeslbCKoXo35licmeeH-
HOM Cblpbe, KOpMAx U npodykmax humaxusi. PucyHok
noozomoesieH aemopamu HA OCHO8e O0ny6/IUKOBAHHbLIX
daHHbIx [1-5]

Figure 1: Chemical structures of mycotoxins, most often
detected in agricultural raw materials, feed and food
products. The picture was prepared by the authors on the
basis of published data [1-5]

Ja’ke IpM BBICOKUX TeMIepaTypax, MOITOMY
MX MOXXHO OOHAapy>XUTh B TepMudecku oo6pado-
TAQHHBIX IUIEBbIX MIPOAYKTAaX. DTN COeAMHEHN
IpPeJCTaBIAIT CePbe3HYI0 ONMIACHOCTD M YeTI0-
BeKa U KMBOTHBIX, 00/1aJlal0T KaHIlepPOTeHHBIM,
VIMMYHOJIEIIPECCUBHBIM U TEPAaTOTeHHBIM 3(-
¢dexTaMu, BbI3bIBAS PA3NMIHbIE BUABI OCTPBIX U
XpoHMYeCKUX 3aboneBaunit (mabauya I).
MUKOTOKCHHBI IIPECTaBAsAIT Ccoboit ce-
pbe3Hyl0 HpobmeMy ansi obecredeHUs XMMMU-
4eCKON M OMOIOrM4ecKoi 6e30MacHOCTY JIM4-
HoOro cocraBa Boopy>xeHHbIx CuT M HaceneHMs
Poccuiickoit ®epepannm, Tak KaK MOTYT KOH-
TaMUHMPOBATh MMNIEeBble IPOAYKTBI UM KOpMa
CeNTbCKOXO035ICTBEHHBIX JKMBOTHBIX, BbI3bIBas
MaccoBble OTpaBleHMA. IIOCKONMBKY 3TM MMU-
KOTOKCUMHBI MOTYT OBITH JIeTKO HapabOOTaHbI B
0ONMbLIINX KOMMYECTBAX U O0Iafai0T BBICOKOI
CTabM/IBHOCTBIO, X MOXKHO PaccenBaTh pasind-
HBIMM CIOCO6aMM (C IbIIbIO, KAIUIAMM BOJBI,
a’pO30/IAMM, ABIMOM, paKeTaMM, apTUIIepUii-
CKMMM MUHaMM M IOPTAaTMBHBIMU a3PO30Jib-
HBIMM TeHepaTopaMy), TO OHUM OOIafaT BHI-
COKVIM NOTEHIINA/IOM B KayeCTBe MOPaKaMIINX
areHToB 61MOIOrNYecKoro opyxus [6-10].
MUKOTOKCMHBI -  HM3KOMOJIEKY/IsApPHbIE
TOKCUYHBIE MeTaboMUThl MPeNMYyIleCTBEHHO

Ta6nuua 1 - Haubosiee yacmo o6Hapyxueaemobie MUKOMOKCUHbI 8 PA3/TUYHbIX Ce/IbCKOXO03ALUICMB8eHHbIX

npooykmax

Table 1: The most frequently detected mycotoxins in various agricultural products

MMKOTOKCUHBI U UX NPOAYLLEHTbI /

O6beKTbI 3arpsasHeHus /

ToKcuuHbIV 3pdeKT /

A. pseudotamarii

KynbTyp, Mosioko / Cereals, tobacco, peanuts,
pistachios, cassava, cottonseeds, oilseeds, milk

Mycotoxins and their producers Pollution objects Toxic effect
AdnaTtokcunbl (AF) / Aflatoxins (AF)
Aspergillus flavus, A. niminus, A. 3epHoBble, Tabak, apaxuc, ¢GUCTaWKK, Ma-|[loBpexaeHMe MNeyYeHW, TeHOTOKCUY-
parasiticus, HMOKa, CEMEHa XJIOMYaTHUKA M MaC/IMYHbIX | HOCTb,  KaHLLEPOreHHOCTb,  OHKOreH-

Has uMMyHocynpeccusi / Liver damage,
genotoxicity, carcinogenicity, oncogenic
immunosuppression

OxpaTokcuH A / Ochratoxin A

A. alliaceus, A. auricomus,

A. carbonarius, A. glaucus,

A. melleus, A. niger, A. ochraceus,
Penicillium cyclopium,

P. verrucosum, P. viridicatum

3epHoBblE, BUHOTPa, CMOPOAUHA, OPEXHU,
cyxodpyKThbl, Kode, Kakao, cnewLunmn, KpacHoe
BuHo / Cereals, grapes, currants, nuts, dried
fruits, coffee, cocoa, spices, red wine

MoBpekaeHMe MoYeK, reHOTOKCUYHOCTb,
mMmyHocynpeccus /  Kidney damage,
genotoxicity, immunosuppression

3eapasieHoH / Zearalenone

Fusarium culmorum,
F. crookwellense, F. equiseti,
F. graminearum, F. porotrichioide

3epHoBble, rpeukne opexu / Cereals, walnuts

DCTPOreHHbIN,  CHWXKEHWE  PenpoayK-
TuBHOM dyHKUMK / Estrogenic, decreased
reproductive function

[e3okcuHuaneHon / Deoxynivalenol

F. culmorum,
F. graminearum

3epHoBble, xMenb / Cereals, hops

YKeny[o4yHo-KulleYHble  pacCTpPOMCTBa,
CHUXKEHME PenpoayKTUBHON YHKLMUMK,
MMMYHOCYTNPECCUBHOE AEeNCTBME, HEMPO-
XUMUYECKME HapyLLEHMS B TOJIOBHOM MO3-
re / Gastrointestinal disorders, decreased
reproductive function, immunosuppressive
effects, neurochemical disturbances in the
brain
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lMpoodonxeHue mabauywi 1

MUKOTOKCHHbI U UX NPOAYLLEHTbI /
Mycotoxins and their producers

OO6beKTbI 3arpAsHeHus /
Pollution objects

ToKcuuHbIN 3ddeKT /
Toxic effect

®yMOHU3UHbI / Fumonisins

F. anthophilum, F. dlamini,

F. oniliforme, F. napiformel,
F. nygama, F. proliferatum,

F. verticillioides

asparagus

3epHoBble, 6060Bble, cnapyka / Cereals, legumes,

[MoBperkaeHne LEHTpPasibHOM HEepBHOM
CUCTEMbI, MOpa)eHue MneyYeHn, reHOTOK-
CUYHOCTb, MMMYHOTOKCKMYHOCTbL / Central
nervous system damage, liver damage,
genotoxicity, immunotoxicity

MaTynnH / Patulin

Penicillium expansum,
P. griseofulvum, Aspergillus sp.,

610K, rpyLLM, BUHOTPA, BULLIHSA, YePHUKA,
3/1aKu, 3esieHb / Apples, pears, grapes, cherries,

[MoBpexkaeHne LeHTPabHOM HEPBHOM
cuctembl / Damage to the central nervous

Byssochlamys sp. blueberries, cereals, greens system
MpumeyaHue.
Tabvua cocTaBsieHa aBTOpaMu Ha OCHOBE /IMTepaTypHbIX AaHHbIX [1-5].
Note.
The table was compiled by the authors based on the literature data [1-5].
CI/IHTCSI/IPYIOTCH I‘pI/I6aMI/I TaKX poAoB, Kak dusnyeckne METO/[ bl (MI/IKpOBOHHOBaH

Aspergillus, Fusarium v Penicillium (ma6auya 1)
(11, 12]. 3arps3HeHNe NUIIEBBIX NMPOAYKTOB I
KOPMOB IIPOMCXOAVT B IIPOIjecCe IOATOTOBKM
ypoxas K ero c60py, pu ero TpaHCIOPTUPOBKE,
B XOfie TOC/IeybopoYHOil 00pabOTKM U MOIy-
YeHM)s NUIeBbIX nonydpabpukaros [13, 14].

bonee 400 MMKOTOKCMHOB y>€ BbIABJIEHBI
M MCCIefOBAHbI, NPU 3TOM YCTAHOBJIEHO, YTO
IpY IOPakeHN N TIOfeil M )KMBOTHBIX MUKOTOK-
CUHBI BBI3BIBAIOT HEKPO3 TKaHeil, OKa3bIBAIOT
He(po- M remaToTOKCUYHBI 3P PeKT, BBI3BIBATD
HEeBPO/IOTMYECKIe PACCTPOIICTBA, paK U CMEPTh
B TsDKeNnbIX caydasx [11, 15, 16]. Haubonee Tok-
CUYHBIMU U TPYJHO OIIPefeNsieMbIMU CPEAY MU-
KOTOKCMHOB SIBAAIOTCA aIaTOKCUHBI ¥ OXpa-
TOoKCcuH A [13, 17-22].

LJenv pabomobl — IpOBECTY aHANIN3 OCHOBHBIX
COBPEMEHHBIX HAaIpaBJIeHMIT JeTOKCUPUKALIN
MIUKOTOKCUHOB, y/leINB 0CO00e BHUMaHMe 6110-
norndyeckuM (pepMeHTaTUBHBIM) METOAAM.

Vcmounukoeas 6asa uccnedosanus — Ipe-
VIMYIeCTBEHHO QaHIJIOA3BIYHAS Hay4dHas JIM-
TepaTypa, BOCTyIHas 4Yepe3 INOOANbHYIO CeThb
VHTepHeT, a Tak)Xe ONMyO/IMKOBaHHBIE IKCIIEPU-
MeHTaJ/IbHbIe UCCTIeOBAHNA AaBTOPOB.

Memood uccnedosanusi — aHaTUTUIECKUIL.

dusnyeckye M XMMUIECKIEe METOBI J€TOK-
cuPUKALNY MUKOTOKCHMHOB

OcHoBHBle (QuU3NMUYECKNe METOABI [JEeTOKCH-
¢ukanuy MHUKOTOKCMHOB, IIPeNCTaBIeHBl Ha
pucynxe 2.

OCHOBHBIE XUMHUYECKME METOABI [EeTOKCH-
¢$uKanuyM MUKOTOKCMHOB M3JIOXKE€HBI B paboTax
[31-33] 1 060611eHbI B mabauye 2 [5].

1

obpaborka, o6paboTKa XOIOAHON IIa3Moir’,
raMMa-o0nydenue, tepMoobpaboTka u Ap.) u
XUMMUYECKIe MOAXOAbl K MEeTOKCUKALMU MMU-
KOTOKCMHOB MOTYT CHIDKATh 3arpsi3HeHue MMU-
KOTOKCMHAMM PpasHbIX cpej 10 0e30macHoOro
YPOBHS, HO ¥ OHM MOTYT IPUBOAUTH K 3HAYU-
TeNbHBIM MoAudukanusMm B ob6pabaTbiBaeMbIX
cybcTpaTax — U3MEHSATH UX IIBET, BKYC, TEKCTYPY
U cofep>KaHue NUTATEIbHBIX BeEIleCTB [23, 26,
27, 30, 34]. Kpome TOro, 60/IbIINHCTBO MUKO-
TOKCMHOB O0OTaflaloT XMMUYECKUMU U TEPMMU-
YeCKMMM CBOJMCTBaMU, 00eCeYyMBaIMNU UM
CTaOMIBHOCTD HpPU TPaAUIMOHHON 00paboTke
HUILIEeBBIX IPOAYKTOB, BKI0YasA CTEPUIN3ALNIO
[24, 25].

[ToMMMO XUMMUYECKUX METOMOB, MEPEedNC-
JIEeHHBIX B mabnuue 2 ¥ HaNlpaBIeHHBIX Ha Je-

dbnotayus COPTUHT OTMbIBKa

~.> <

skcrpakuma — IVIMKOTOKCUHbI <—— y-06nyuenue

S

o6paboTka xon04HOI Nhasmoii

Y®-06nyueHue

Tepmuueckas obpaborka

PucyHok 2 - OcHoeHvle cusuyeckue MemooOwl eo30eli-
cmeus Ha passuyHble cpedbl U cybcmpamol, codepicawjue
MUKOMOKCUHbI. PucyHok nodzomoesieH aemopamu Ha oc-
Hose ony6/1uKo8aHHbIX daHHbIX [23-30]

Figure 2: The main physical methods of exposure to various
media and substrates containing mycotoxins. The picture
was prepared by the authors on the basis of published
data [23-30]

Xonodnas nnazma unn HepasHoBecHAA nnasma — 3TO I1a3Ma, KOTOpasA HE HAXOJUTCA B TEPMOANHAMUYECKOM paB-

HOBECIM, IIOCKOTIbKY TEMIIEPATYPa 3/IEKTPOHOB HAMHOT'O BBIIIIE TEMIIEPATY PbI TAXKEIBIX 9aCTNI] (I/IOHOB n Heﬁ[Tpa)’[b-

HBIX ATOMOB).
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Ta6bnuua 2 — 3ghheKmusHOCMb PA3IUYHbLIX XUMUYECKUX Memo008 0emoKcUupuUKayuu MUKOMOKCUHO8
8 cocmase cy6cmpamos, CJI0XHbIX No ceoeMy cocmasy
Table 2: Effectiveness of various chemical methods of mycotoxin detoxification in complex substrate

O6bEKTbI, 3apaXkeHHble MUKOTOKcMHaMu / Contaminated objects

MukoToKcuHbl / Mycotoxins

3epHosble / A6noKkn / BuHorpag / | Kakao 60661/ 3epHa Kode /

Cereals Apples Grapes Cacao beans Coffee beans
TpuxoTeueHsbl / Trichothecenes 1,3,4,5 - - -
dproTtamuH / Ergotamine 2,3 - - -

OxpaTtokcuH A / Ochratoxin A

3eapaneHoH / Zearalenone

AdnaTtokcuHbl / Aflatoxins

MaTtynun / Patulin

®yMOHU3KHbI / Fumonisins

MpumeyaHue.

MU MHGOPMaLLMKM O NOMbITKax 06paboTKU.

Note.

mycotoxins or information on attempts at processing.

Cnocobbl yaaneHnss MUKOTOKCMHOB 0603HaYeHbl LndpaMu: 1 — KUCAOTHbIN TMAPON3, 2 — LEeSIOYHON r’MApoauns, 3 - oKuc-
neHue; 4 - BoccTaHoOB/IEHUE; 5 - aMMoHM3aUMs. LLBeTa: KpacHbIN — peaKLms HEBO3MOXKHA UM HellenecoobpasHa B CBA3MU C
notepen NPoAyKLUMM CBOEN KOHAMULUK; XKENTbIN — peakums UaeT MeaJIEHHO, He UMeeT NPaKTUYECKOro 3HaYEHUS; 3e1EHbIN -
NPOLEMOHCTPMPOBAHA IKCMEPUMEHTAJIbHO; «—» — OTCYTCTBME 3apaXKeHUI cybCcTpaToOB COOTBETCTBYHOLLMMN MUKOTOKCUHAMM

Tabauua cocTaB/ieHa aBTOPaMM Ha OCHOBE INTePaTypPHbIX AaHHbIX [5].

The methods of mycotoxin removal are designated by numbers: 1, acid hydrolysis; 2, alkaline hydrolysis; 3, oxidation; 4, reduction;
5, ammoniation. Colors: red, the reaction is impossible or impractical due to the loss of the product’s properties; yellow, the reaction is
slow and has no practical significance; green, demonstrated experimentally; -, no contamination of substrates with the corresponding

The table was compiled by the authors based on the literature data [5].

TOKCUPUKAIUIO MMUKOTOKCMHOB B  PasHbIX
cpefjaX, CerofgHs paccMaTpUBAIOTCA [OOABKI,
IpefOTBpaljaONIie HAKOIIEHME  MUKOTOK-
cMHOB B 9Tux cpepax. Cpemu Hux: monude-
HOMBl ¥ (GIaBOHOU/BI; MATHUTHbBIE MaTepUasbl
Y HAaHOYACTUIIBI; IPUPOJHBIEe 3QUPHbIE Macia;
pasnuvHble aHTUQYHTATbHbIE IperapaTsl; COp-
OeHTbl; XuMMUYecKue B06aBKY, MHIUOUpYOIINe
9KCIIPECCUI0 TEeHOB, OTBETCTBEHHBIX 3a OUO-
CUHTEe3 3TUX TOKCMHOB U HaKoOIlJIeHUe TpuOHOII
01oMacchl; BbI3bIBAIOIINME OKUCIUTENIBHYI0 MO-
pudUKanuo MUKOTOKCMHOB WIM OKUCIIEHUe
K/TI0UeBBIX OUMOMONMMMEPOB, HEOOXOTUMBIX [
IMOCTPOEHMsI KJIETOYHBIX CTEHOK U MeMOpaH
rpu6oB [35-45]. OgHaKko Takoe BO3JeliCTBUE He
ABIAETCA CHenM(UIHBIM U €T0 TPYZHO KOHTPO-
TUPOBATH.

Buonormyeckme MeTonbI TeTOKCUPUKATUN
MHUKOTOKCUHOB

Cpenu OMOTOTMYECKNX METOMOB [E€TOKCU-
Kaluy MUKOTOKCMHOB B YCIIOBUAX in Vitro u in
vivo oco6oe MecTO 3aHUMaeT pepMeHTaTUBHBIN
Katanus [46-49].

OrnuuutenpHass dYepra ¢depMeHTATUBHOI
meTokcupukanum — CrenupuUIHOCTh TefCTBUSA
6uokaranusaropo [50-53]. Yem O6omee mn-
POKMIl CHEKTP BO3MOXXHBIX CYOCTPaTOB-MUKO-
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TOKCVMHOB JI/Is BO3/IeICTBYsI 6MOKaTaIN3aTopos,
TeM 6ojlee NMePCIeKTUBHBIM SBISAETCA UX IpPaK-
TUYeCKOe IpuMeHeHe. BBeneHne ogHoro ¢ep-
MEHTa, XapaKTepU3YIOUIerocs BO3MOXHOCTHIO
KaTaju3a peaKijuii ¢ pa3HbIMU MUKOTOKCUHAMI,
03BO/IsIeT M30eXaTh HeOOXOAMMOCTY INpUMe-
HEHMsI HEeCKOJBKNX (pepMEHTOB IS [ETOKCH-
¢dukanunm obpabarsiBaeMbIX Ccpen u mogbopa
YCIOBUIL [iIsI COBMELIEHMsT KaTanusa IHOf Jeli-
CTBYEM 9TUX PePMEHTOB, a TAK)Ke CYLIeCTBEHHO
CHM3UTH 3aTPATHI HA UX MOTydeHme (pucyHox 3).

[IpuMeHeHme cMmeceil GpepMeHTOB s yAa-
JIeHUsI MUKOTOKCMHOB MOXeT paccMaTpu-
BaTbCsl B KadecTBe 3(QQeKTUBHOTO crocoba
peureHusi mpob6aeMbl UX HeTOKCUPUKALUU Ha
npaxkTuke [53].

Ins crabunusanuym QepMeHTOB B TaKMUX
cpefax, rfe INPUCYTCTBYIOT CMeCH MMKOTOK-
CHMHOB, MOIyT 3(G@eKTHBHO MKCIIONIb30BATHCS
pas3auyHble MOJIEKY/IbI-CTa0MIN3aTOPDI, CIIO-
COOHbIe NMPUBHOCUTDH 3HAUYUTENBHYI0 aHTUDYH-
raJbHYI0 aKTMBHOCTD M IIOBBINIATh KaTa/TNTUYe-
CKYI0 93¢ (DeKTUBHOCTD JeiiCTBUS 00CYK/JaeMbIX
¢dbepmenTos [54].

Eme ogHuM 3¢ eKTUBHBIM pellleHreM Npo-
07eMbl TONy4YeHUs U TPUMEHEHUs KaTaauTH-
9eCK) aKTUBHBIX (pepMEHTOB, YIaCTBYIOIINX B
peakuuAx [eTOKCU(PUKALUU MUKOTOKCUHOB,
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CotA nakkasa us Bacillus subtilis

Mn-nepokcugasa U3 AUrHoNUTUYECKUX rpuéos

H, H (ﬁlmon

PymoHU3UH B,

BeokcuHusaneHon

PucyHok 3 - [lpumepsbl ¢hepmeHmos, Komopbie mMozym
Kamanusuposamb 0emOoKCU(UKAYUI HECKOAbKUX MUKO-
MOKCUHo8. PucyHOK nodzomoesieH asmopaMu Ha OCHoge
ony6uKoeaHHbIx 0aHHbix [51, 52]. Cmpykmypsl hepmeH-
moe npueedeHbl C02/1aCHO peHM2eHOCMPYKMYpPHbIM OaH-
HbIM, 0eNOHUPOB8AHHLIM 6 6a3e 0aHHbIX Protein Data Bank
(PDB, https:/www.rcsb.org)

Figure 3: Examples of enzymes that can catalyze the
detoxification of several mycotoxins. The picture was
prepared by the authors on the basis of published data
[51, 52]. Structures of the enzymes are presented according
to XRD data deposited in Protein Data Bank (PDB,
https:/www.rcsb.org)

SIB/ISIETCSI KOHCTPYUPOBaHME PeKOMOMHAHTHBIX
poroxen-6en1K08, TEHETUIECKN O0DbeIMHAIOMINX
OMoCuHTe3 pa3HBIX (PepMEHTOB, KaTaau3upy-
OIUX TPAaHCHOPMAIMIO PA3TUIHBIX MUKOTOK-
CUHOB, B O[JHY OOIIYI0 MOJEKYNIy, M UX IITaM-
MOB-TIPOAYLIeHTOB [58-61] (pucyHok 4).

Oco06b1i MHTEpEC MPEACTABIAIT OKCUO-
penyKTassl, aKTUBHBIE NPV MOHVDKEHHBIX 3Ha-
yeHsAX pH MO OTHOLIEHMI0O K MMKOTOKCMHAM
(mabnuya 3).

DbloxeH-pepmeHT ZHDCP
(3eapaneHoHraponasa u
KapGokcunenTuaasa)

DbloxeH-hepMeHT ZPF1
(3eapaneHoHraponasa u
Mn-nepokcugasa)

cy6erpar —

cyberpar —
Ada i 3eapaneHoH

3eapaneHoH

cy6erpar- cy6erpan
oXpaTokcuH A ‘ acnarokeuH B,

PucyHok 4 - lpumepbi ¢pbrodiceH-hepMeHmos, CKOHCmpy-
UPOBAHHbIX 0151 0emoOKcUUKAUUU pPasHbiX MUKOMOKCU-
Hoe. PucyHoK no0zomoesieH asmopamu Ha ocHoge ony6su-
KO8AHHbIX OaHHbIX [55-57]

Figure 4: Examples of fusion enzymes designed to detoxify
various mycotoxins. The picture was prepared by the
authors on the basis of published data [55-57]

Cpeau HUX CIeyeT OTMETUTb ITIOKO-
3ookcupasy [63, 64], mepokcmpasy [65, 66]
u nakkasy [67-68]. Bce oHum Mmoryr karamu-
3MpOBaTh  XUMMYECKyI0  Mopupukaumo(u)
CTPYKTYPHO pasHOOOpPa3HBIX MUKOTOKCUHOB
(mabnuya 3).

Kak crepyeT U3 JaHHBIX, IPEACTaBIEHHBIX B
mabnuye 3, [ns feTOKCUPUKAUI OFHUX U TeX
J)K€ MUKOTOKCUHOB €CTbh, II0 KpaliHell Mepe, He-
CKOZIPKO pasHBIX (epMeHTOB, KOTOpbleé MOIYT
KaTa/lM3UpPOBATh peaK Uy C HUMMA.

Bonmee mmpoxas cybcrpatHas crenuduy-
HOCTh HEKOTOPBIX (PepPMEHTOB, HALPUMEP, IIe-
pokcumas u Jgakka3 (B CpeJHEM aKTUBHOCTD
VMeeT BeIMYMHY HMOJb/(4XMr OenKa)), MOXeT
KOMIIEHCUMPOBATbCA HU3KON YHEeNbHOM aKTUB-

Ta6nuua 3 - M3secmHsble U3 1uMepamypsi npumepbl OKCUOOPedyKmas, NPoABAAIOWUX AKMUBHOCMb
8 OMHOWeHUU MUKOMOKCUHO8 npu pH Hue HelimpabHbiX 3HaYeHul
Table 3: Examples of oxidoreductases known from the literature that are active against mycotoxins at pH
which are lower than neutral values

M"KOTOKC”HH / PH,./ ®epmeHT / Enzyme UcTouHuk / Source
Mycotoxins pH .
AdnaTtoKcunH B1 / 6,0 [nokosookecupasa us Aspergillus niger, MMobuansoBaHHas [62, 63]
Aflatoxin B: Ha KOMMo3uTe, cofiepKallleM HaHo4acTuubl Fe,O, n metan-
3eapasieHoH / NlopraHuyeckoe KapkacHoe coepuHeHue / Glucose oxidase
Zearalenone from Aspergillus niger immobilized on composite containing Fe,O,
nanoparticles and metal-organic framework
OxpaTokcuH A /
Ochratoxin A
3eapaneHoH / 6,8 Mepokcnpasa 1AT) us xpeHa Armoracia rusticana / Horseradish [64]
Zearalenone peroxidase 1ATJ from Armoracia rusticana
OxpaTokcuH A /
Ochratoxin A
AdnaToKcuH B1/ 5,0 [65]
Aflatoxin B1
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MpodonxeHue mabauywi 3

MUKOTOKCUHBI / pH /
Mycotoxins pH .

ont ®epmeHT / Enzyme

UcTouHuk / Source

AdnaTtoKcuH B / 6,5
Aflatoxin B:
AdnaTokcuH Gz /
Aflatoxin G2
Je3oKkcuHmBaneHon / 5,0
Deoxynivalenol
AdnaToKcuH B/ 5,7
Aflatoxin B:
AdnaTokcuH Bz /
Aflatoxin Bz
AdnatokcuH G1 /
Aflatoxin G1

AdnaTtokcuH Gz /
Aflatoxin G2

Trametes versicolor

Jakkasa 1KYA u3s Trametes versicolor / Laccase 1KYA from

[66]

[67]

[68]

HOCTBI0 IO CPaBHEHMIO C BBICOKOAKTMBHBIMU
ob6pasuamu bepMeHTOB (10 MMOTB/(IXMT 6enKa)),
HO MMEKIIVMY OrPaHUYEHHBIN CIEKTp CyO6-
cTpartoB [49]. 9TO 03HaYaeT, 4YTO /11 HEKOTOPBIX
(depMeHTOB MOXeT OBITh HOCTUTHYT KOMIIPO-
MIUCC MEXJY JOCTaTOYHO IIMPOKUM CIEKTPOM
cybcTpaToB [69] M XOpOWIMMU CKOPOCTAMU MX
KOHBEPCHIL.

[Ins BBISABIEHUS BO3MOXHBIX IapTHEPOB
I 9TUX (epMEeHTOB B COCTaBe OUMOMOTIEKY-
JIAPHBIX KOMIUIEKCOB, CTaOMIM3MPLIOIMNX UX
aKTMBHOCTb IIPU IOHVDKEHHBIX 3HaYeHMAX pH,
IpUMeHeHIe MeTOJOB MOJEKY/IAPHOIO MOfie-
TUPOBaHNSA NMPeACTaBIAETCS BeCbMa IpUBIeKa-
TenbHBIM U 3¢ PexkTuBHbIM [70]. Hanpumep, oo
HO3BOJISIET MCCIIEJOBATh OT/AETbHbIE OMOKATaIN-
TUYECKNME CUCTEeMBI [54], a Tak)Ke M3BIEKATh UX
n3 6a3 gauHbIX [71].

Ha ocHOBe Takoro mporHo3a B HOCTEeAYIOIMINX
9KCIIEPUMEHTAX in Vitro CTAaHOBUTCA JOBOJIbHO
JIeTKO KOMOMHNPOBAaTh OTOOPAaHHBIX HAPTHEPOB.
XoTA CymecTBYeT BEPOSATHOCTb JIOXHOIIOJIO-
KUTENTbHBIX  V/MIM  JIO)KHOOTPUIIATE/TbHBIX
HpefcKasaHmil, X MOXKHO ele 6O/Ibllle MUHMN-
MU3MpPOBaTh, Korpa (ecnm) OyaeT HAKOIIEHO
JIOCTAaTOYHO MHOTO SMNMPUYECKNUX [JAHHBIX U
OyAyT HONTy4YeHBl HY)XHble KOMIIbIOTEPHBIE MO-
penu [72]. OmHaKO NUMEHHO TaKUM ITyTeM MOTYT
OBITh IMONy4YeHBI B IMEPCHEKTNBe (epMEeHTHBIE

AHTUMOOTHI O/I1A HeTOKCI/[(bI/IKaLU/H/I Pa3HbIX MUKO-
TOKCMHOB IIpM pa3HbIX 3HAYEHMAX pH

3aknodyeHnue

o cux mop HUM ofHa M3 MHHOBALVIOHHBIX
cTpareruit He gocturia 100 % spdexTnBHOCTU U
He CTajla YHUBEPCAIbHOI JJIA e TOKCUPUKAILNI
BCeX CpeJ] ¥ MUKOTOKCHHOB KaK 00beKTOB BO3-
meiictBus. JleiicTBMe XMMHUYeCKUX U usmde-
CKMX METOOB MHAKTUBALMM MUKOTOKCUHOB He
AB/sAETCS CrenuUIHBIM U ero 3P PeKTUBHOCTD
TPYAHO KOHTPONMpOBath. bonee appexTuBHbIM
pelieHreM po6/IeMbl MX MHAKTUBALMY MOXXET
OBITh HpUMeHEHNe KaTaTUTUIeCKU aKTUBHBIX
(depMeHTOB, YYaCTBYIINX B peaKIUAX JeTOK-
cudukanum MUKOTOKCMHOB. [Ins pmerokcudm-
Kallyy OfHUX UM TeX >K& MMUKOTOKCUHOB €CTb,
Mo KpaiiHell Mepe, HeCKONbKO pas3HbIX dep-
MEHTOB, KOTOpble MOTYT KaTalM3UpoBaTh pe-
akuum ¢ Humu. Cpeam HUX pPeKOMOVWHaHTHBIE
¢dproxeH-0enku (reHeTMYECKN COeMHEHHbIE B
OIHY MOJIEKYTy pas3Hble (epMeHTHI), OKCUO-
penyKTaspl (ITIOKO300KCHUJA3bl, IePOKCUAA3DI,
JMaKkasa). JIcmonb3oBaHMe — KOMIIBIOTEPHBIX
Mojenell ¥ IpUMeHeHNe MeTO0B MOJIeKY-
JIAPHOTO MOJENMPOBAHUA B HEPCIEKTUBE IIO-
3BOJIUT HMONTYYNUTHh epMEHTHbIe aHTUAOTHI IS
HeTOKCUPUKAIUM MUKOTOKCMHOB IPU PasHbBIX
3HayeHMAX pH.

Ozpanuuenus uccnedoéanus / Limitations of the study

JlaHHBIN aHATUTUIECKNTT 0630 MMeeT PsIf OTPAHMYEHNIL,  IMEHHO: 1) B Ka4eCTBe UCTOYHNKOB PACCMOTpe-
HBI IMIIb AHITIOSI3BIYHBIE CTATBI VIV IIEPEBOJHbIE BapMaHTHI (HAIIPUMep, PYCCKOSA3BIYHBIX CTATel); 2) paccMa-
TpUBaeMble paboThI ONYOIMKOBaHBI B OTKPBITBIX UCTOYHMKAX, MHAEKCHpPyeMbIx Google, Scopus, Web of Science,
eLibrary; 3) He 6b1710 BBe[ileHO KpUTepHsI Ha MCK/TIOUEHNEe PAabOT U3 PaCCMOTPEHNS BBUY HEZOCTOBEPHOCTH, HEBOC-
IPOUSBOAMNMOCTI, HeOObeKTUBHOCTH U T.Jj. IPEACTABTI€HHbIX B HUX faHHBIX. / This analytical review has several
limitations, namely: (1) only English language articles and those translated to English (e.g., Russian language
studies) were considered; (2) the considered works were published in open sources indexed by Google, Scopus,
Web of Science, eLibrary; (3) the criterion on exclusion of articles from consideration (due to data uncertainty,

irreproducibility, preconception, etc.).

Journal of NBC Protection Corps. 2024. V. 8. No 4



Mpo6.eMa MMKOTOKCUHOB M NOAXOAbI K €€ peLleHnto
The Problem of Mycotoxins and Approaches to Its Solution

Cnucox ucmounuxos/References

1. Alshannaq A, Yu JH. Occurrence, toxicity, and analysis of major mycotoxins in food. Int ] Environ Res Public
Health. 2017;14(6):632.
https://doi.org/10.3390/ijerph14060632

2. Zain ME. Impact of mycotoxins on humans and animals. ] Saudi Chem Society. 2011;15:129-44.
https://doi.org/10.1016/].JSCS.2010.06.006

3. Da Rocha MEB, Freire FDO, Maia FBF, Guedes MIF, Rondina D. Mycotoxins and their effects on human
and animal health. Food Control. 2014;136:159-65.
https://doi.org/10.1016/]. FOODCONT.2013.08.021

4. Islam T, Danishuddin TNT, Matin MN, Barai HR, Haque MA. Resistance mechanisms of plant pathogenic
fungi to fungicide, environmental impacts of fungicides, and sustainable solutions. Plants. 2024;13(19):2737.
https://doi.org/10.3390/plants13192737

5. Karlovsky P, Suman M, Berthiller F, De Meester J, Eisenbrand G, Perrin I, et al. Impact of food processing
and detoxification treatments on mycotoxin contamination. Mycotoxin Res. 2016;32:179-205.
https://doi.org/10.1007/s12550-016-0257-7

6. Venkataramana M, Chandranayaka S, Prakash HS, Niranjana SR. Mycotoxins Relevant to Biowarfare
and Their Detection. In: Gopalakrishnakone P, Eds, Biological Toxins and Bioterrorism. Dordrecht: Toxinology.
Springer; 2014.
https://doi.org/10.1007/978-94-007-6645-7_32-1

7. Casadevall A, Pirofski L-A. The weapon potential of human pathogenic fungi. Medical Mycology.
2006; 44(8):689-96.
https://doi.org/10.1080/13693780600928503

8. Zhang X, Kuca K, Dohnal V, Dohnalova L, Wu Q, Wu C. Military potential of biological toxins. ] Appl
Biomed. 2014;12(2):63-77.
https://doi.org/10.1016/j.jab.2014.02.005

9. Ludovici GM, Cenciarelli O, Carestia M, Gabbarini V, Malizia A, Gaudio P. Mycotoxins: A New Concern for
Biosecurity? Biomed Prevention. 2017;3:140-2.

10. Ruggeberg KG, O’Sullivan P, Kovacs TJ, Dawson K, Capponi V], Chan PP, et al. Hemoadsorption Improves
Survival of Rats Exposed to an Acutely Lethal Dose of Aflatoxin Bi. Sci Rep. 2020;10:799.
https://doi.org/10.1038/s41598-020-57727-y

11. Adebo OA, Molelekoa T, Makhuvele R, Adebiyi JA, Oyedeji AB, Gbashi S, et al. A review on novel non-
thermal food processing techniques for mycotoxin reduction. Intern ] Food Sci Technol. 2021;56(1):13-27.
https://doi.org/10.1111/ijfs.14734

12. Moretti A, Pascale M, Logrieco AF. Mycotoxin risks under a climate change scenario in Europe. Trends
Food Sci Technol. 2019;84:38-40.
https://doi.org/10.1016/j.tifs.2018.03.008

13. Emmanuel KT, Els VP, Bart H, Evelyne D, Els VH, Els D. Carry-over of some Fusarium mycotoxins in
tissues and eggs of chickens fed experimentally mycotoxin-contaminated diets. Food Chem Toxicol. 2020;145:111715.
https://doi.org/10.1016/j.fct.2020.111715

14. Gavahian M, Sheu SC, Magnani M, Mousavi Khaneghah A. Emerging technologies for mycotoxins removal
from foods: Recent advances, roles in sustainable food consumption, and strategies for industrial applications.
J Food Process Preserv. 2021; €15922.
https://doi.org/10.1111/jfpp.15922

15. Milicevic D, Nesic K, Jaksic S. Mycotoxin contamination of the food supply chain - implications for one
health programme. Procedia Food Sci. 2015;5:187-90.
https://doi.org/10.1016/j.profoo.2015.09.053

16. Luo Y, Liu X, Li J. Updating techniques on controlling mycotoxins - A review. Food Control.
2018;89:123-32.
https://doi.org/10.1016/j.foodcont.2018.01.016

17. Hamad GM, Mohdaly AAA, El-Nogoumy BA, Ramadan MF, Hassan SA, Zeitoun AM. Detoxification of
aflatoxin B1 and ochratoxin A using Salvia farinacea and Azadirachta indica water extract and application in meat
products. Applied Biochemistry and Biotechnology. 2021;193(10):3098-120.
https://doi.org/10.1007/s12010-021-03581-1

18. Bangar SP, Sharma N, Kumar M, Ozogul F, Purewal SS, Trif M. Recent developments in applications of
lactic acid bacteria against mycotoxin production and fungal contamination. Food Biosci. 2021;44:101444.
https://doi.org/10.1016/j.fbio.2021.101444

BecTHuK Borick PXB 3awutbl. 2024. Tom 8. N2 4

SIVIYHL TVII9010I19 1SNIVOV NOILD3ILO¥d ANV ALIIND3S TvIID0T10I19

€0d1A XMUMDIhNIOL'OMT 1O VIUITIVE M 9LD0HIVUOEIT BYHIIhMIOLOMNT

363



BNOJTOIMYECKAA BE3OMNACHOCTb U 3ALLNTA OT BUOJTIOTMYECKNX YITPO3
BIOLOGICAL SECURITY AND PROTECTION AGAINST BIOLOGICAL THREATS

364

Edpemenko E.H., Jlarnn U.B.
Efremenko E.N., Lyagin I.V.

19. Gacem MA, Ould E, Hadj-Khelil A. Toxicology, biosynthesis, bio-control of aflatoxin and new methods of
detection. Asian Pac ] Trop Biomed. 2016;6(9):808-14.
https://doi.org/10.1016/j.apjtb.2016.07.012

20. Thipe VC, Keyster M, Katti KV. Sustainable Nanotechnology: Mycotoxin Detection and Protection.
Nanobiotechnology Applications in Plant Protection. 2018;323-49.
https://doi.org/10.1007/978-3-319-91161-8_12

21. Rai M, Jogee PS, Ingle AP. Emerging nanotechnology for detection of mycotoxins in food and feed. Int J
Food Sci Nutr. 2015;66(4):363-70.
https://doi.org/10.3109/09637486.2015.1034251

22. Bhardwaj H, Rajesh SG. Recent advances in nanomaterials integrated immunosensors for food toxin
detection. ] Food Sci Technol. 2022:59(1):12-33.
https://doi.org/10.1007/s13197-021-04999-5

23. Luo Y, Zhou Z, Yue T. Synthesis and characterization of nontoxic chitosan-coated Fe,O, particles for
patulin adsorption in a juice-pH simulation aqueous. Food Chem. 2017;221, 317-23.
https://doi.org/10.1016/j.foodchem.2016.09.008

24. Xue Z, Zhang Y, Yu W, Zhang J, Wang J, Wan F, et al. Recent advances in aflatoxin B1 detection based on
nanotechnology and nanomaterials-A review. Anal Chim Acta. 2019;1069:1-27.
https://doi.org/10.1016/j.aca.2019.04.032

25. Haque MA, Wang Y, Shen Z, Li X, Saleemi M.K, He C. Mycotoxin contamination and control strategy in
human, domestic animal and poultry: A review. Microbial Pathogenesis. 2020;142:104095.
https://doi.org/10.1016/j.micpath.2020.104095

26. Zhang ZH, Wang LH, Zeng XA, Han Z, Brennan CS. Non-thermal technologies and its current and future
application in the food industry: a review. Int ] Food Sci Technol. 2019;54(1):1-13.
https://doi.org/10.1111/ijfs.13903

27. Okeke CA, Ezekiel CN, Sulyok M, Ogunremi OR, Ezeamagu CO, Sarkanj B, et al. Traditional processing
impacts mycotoxin levels and nutritional value of ogi - A maize-based complementary food. Food Control.
2018;86:224-33.
https://doi.org/10.1016/j.foodcont.2017.11.021

28. Mokhtarian M, Tavakolipour H, Bagheri F, Oliveira CAF, Corassin CH, Khaneghah AM. Aflatoxin B1 in
the Iranian pistachio nut and decontamination methods: A systematic review. Quality Assurance and Safety of Crops
and Foods. 2020;12(4):15-25.
https://doi.org/10.15586/qas.v12i4.784

29. Sen Y, Onal-Ulusoy B, Mutlu M. Detoxification of hazelnuts by different cold plasmas and gamma
irradiation treatments. Innovative Food Science and Emerging Technologies. 2019;54:252-59.
https://doi.org/10.1016/j.ifset.2019.05.002

30. Wielogorska E, Ahmed Y, Meneely ], Graham WG, Elliott CT, et al. A holistic study to understand
the detoxification of mycotoxins in maize and impact on its molecular integrity using cold atmospheric plasma
treatment. Food Chemistry. 2019;301:125281.
https://doi.org/10.1016/j.foodchem.2019.125281

31. Zhang Y, Li M, Liu Y, Guan E, Bian K. Reduction of aflatoxin bl in corn by water-assisted microwaves
treatment and its effects on corn quality. Toxins. 2020;12(9):605.
https://doi.org/10.3390/toxins12090605

32. Jebali A, Yasini Ardakani SA, Sedighi N, Hekmatimoghaddam S. Nanocellulose conjugated with retinoic
acid: its capability to adsorb aflatoxin Bi. Cellulose. 2015;22(1):363-72.
https://doi.org/10.1007/s10570-558 014-0475-0

33. Ki$§ M, Milogevi¢ S, Vuli¢ A, Herceg Z, Vukusi¢ T, Pleadin J. Efficacy of low pressure DBD plasma in the
reduction of T-2 and HT-2 toxin in oat flour. Food Chemistry. 2020;316:126372.
https://doi.org/10.1016/j.foodchem.2020.126372

34. Chen X, Qiu Y, Zhang J, Guo Y, Ding Y, Lyu F. Degradation efficiency and products of deoxynivalenol
treated by cold plasma and its application in wheat. Food Control. 2022;136:108874.
https://doi.org/10.1016/j.foodcont.2022.108874

35. Ahmed OS, Tardif C, Rouger C, Atanasova V, Richard-Forget F, Waffo-Téguo P. Naturally occurring
phenolic compounds as promising antimycotoxin agents: Where are we now? Compr Rev Food Sci Food Saf.
2022;21(2):1161-97.
https://doi.org/10.1111/1541-4337.12891

36. Cai J, Yan R, Shi J, Chen ], Long M, Wu W, et al. Antifungal and mycotoxin detoxification ability of
essential oils: A review. Phytotherapy Research. 2022;36(1):62-72.
https://doi.org/10.1002/ptr.7281

Journal of NBC Protection Corps. 2024. V. 8. No 4



Mpo6.eMa MMKOTOKCUHOB M NOAXOAbI K €€ peLleHnto
The Problem of Mycotoxins and Approaches to Its Solution

37. Chtioui W, Balmas V, Delogu G, Migheli Q, Oufensou S. Bioprospecting phenols as inhibitors of
trichothecene-producing Fusarium: sustainable approaches to the management of wheat pathogens. Toxins.
2022;14(2):72.
https://doi.org/10.3390/toxins14020072

38. Diao E, Ma K, Qian S, Zhang H, Xie P, et al. Removal of patulin by thiol-compounds: A review. Toxicon.
2022;205:31-7.
https://doi.org/10.1016/j.toxicon.2021.11.010

39. Guimariées A, Venancio A. The potential of fatty acids and their derivatives as antifungal agents: a review.
Toxins. 2022;14(3):188.
https://doi.org/10.3390/toxins14030188

40. Telles AC, Kupski L, Furlong EB. Phenolic compound in beans as protection against mycotoxins. Food
Chemistry. 2017;214:293-9.
https://doi.org/10.1016/j.foodchem.2016.07.079

41. Zahoor M, Ali Khan F. Aflatoxin Bl detoxification by magnetic carbon nanostructures prepared from
maize straw. Desalination and Water Treatment. 2016;57(25):11893-903.
https://doi.org/10.1080/19443994.2015.1046147

42.Mutlu-Ingok A, Devecioglu D, Dikmetas DN, Karbancioglu-Guler F, Capanoglu E. Antibacterial, antifungal,
antimycotoxigenic, and antioxidant activities of essential oils: An updated review. Molecules. 2020;25(20):4711.
https://doi.org/10.3390/molecules25204711

43. Hu Y, Zhang ], Kong W, Zhao G, Yang M. Mechanisms of antifungal and anti-aflatoxigenic properties of
essential oil derived from turmeric (Curcuma longa L.) on Aspergillus flavus. Food Chemistry. 2017;220:1-8.
https://doi.org/10.1016/j.foodchem.2016.09.179

44. Efremenko E, Aslanli A, Stepanov N, Senko O, Maslova O. Various biomimetics, including peptides as
antifungals. Biomimetics. 2023;8:513.
https://doi.org/10.3390/biomimetics8070513

45. Lyagin I, Aslanli A, Domnin M, Stepanov N, Senko O, Maslova O, Efremenko E. Metal nanomaterials and
hydrolytic enzyme-based formulations for improved antifungal activity. Int ] Mol Sci. 2023;24:11359.
https://doi.org/10.3390/ijms241411359

46. Liu L, Xie M, Wei D. Biological detoxification of mycotoxins: Current status and future advances. Int ] Mol
Sci. 2022;23(3):1064.
https://doi.org/10.3390/ijms23031064

47. Ben Taheur F, Kouidhi B, Al Qurashi YMA, Ben Salah-Abbes ], Chaieb K. Review: Biotechnology of
mycotoxins detoxification using microorganisms and enzymes. Toxicon. 2019;160:12-22.
https://doi.org/10.1016/j.toxicon.2019.02.001

48. Perczak A, Golinski P, Bryta M, Waskiewicz A. The efficiency of lactic acid bacteria against pathogenic
fungi and mycotoxins. Arh Hig Rada Toksikol. 2018;69(1):32-45.
https://doi.org/10.2478/aiht-2018-69-3051

49. Lyagin I, Efremenko E. Enzymes for detoxification of various mycotoxins: Origins and mechanisms of
catalytic Action. Molecules. 2019;24:2362.
https://doi.org/10.3390/molecules24132362

50. Wang Y, Chen Y, Jiang L, Huang H. Improvement of the enzymatic detoxification activity towards
mycotoxins through structure-based engineering. Biotechnol Adv. 2022;56:107927.
https://doi.org/10.1016/j.biotechadv.2022.107927

51. Wang X, Bai Y, Huang H, Tu T, Wang Y, Wang Y, et al. Degradation of aflatoxin B: and zearalenone by
bacterial and fungal laccases in presence of structurally defined chemicals and complex natural mediators. Toxins.
2019;11(10):609.
https://doi.org/10.3390/toxins11100609

52. Wang X, Qin X, Hao Z, Luo H, Yao B, Su X. Degradation of four major mycotoxins by eight manganese
peroxidases in presence of a dicarboxylic acid. Toxins. 2019;11(10):566.
https://doi.org/10.3390/toxins11100566

53. Lyagin I, Stepanov N, Maslova O, Senko O, Aslanli A, Efremenko E. Not a mistake but a feature: promiscuous
activity of enzymes meeting mycotoxins. Catalysts. 2022;12:1095.
https://doi.org/10.3390/catal12101095

54. Lyagin I, Maslova O, Stepanov N, Efremenko E. Degradation of mycotoxins in mixtures by combined
proteinous nanobiocatalysts: In silico, in vitro and in vivo. Int ] Biol Macromol. 2022;218:866-77.
https://doi.org/10.1016/j.ijbiomac.2022.07.179

55. Azam MS, Yu D, Liu N, Wu A. Degrading ochratoxin A and zearalenone mycotoxins using a multifunctional
recombinant enzyme. Toxins. 2019;11(5):301.
https://doi.org/10.3390/toxins11050301

BecTHuK Borick PXB 3awutbl. 2024. Tom 8. N2 4

SIVIYHL TVII9010I19 1SNIVOV NOILD3ILO¥d ANV ALIIND3S TvIID0T10I19

€0d1A XMUMDIhNIOL'OMT 1O VIUITIVE M 9LD0HIVUOEIT BYHIIhMIOLOMNT

365



BNOJTOIMYECKAA BE3OMNACHOCTb U 3ALLNTA OT BUOJTIOTMYECKNX YITPO3
BIOLOGICAL SECURITY AND PROTECTION AGAINST BIOLOGICAL THREATS

366

Edpemenko E.H., Jlarnn U.B.
Efremenko E.N., Lyagin I.V.

56.XiaY, WuZ, He R, Gao Y, Qiu Y, Cheng Q, et al. Simultaneous degradation of two mycotoxins enabled by
a fusion enzyme in food-grade recombinant Kluyveromyces lactis. Bioresour Bioprocess. 2021;8(1):62.
https://doi.org/10.1186/s40643-021-00395-1

57.Xia Y, Qiu Y, Wu Z, Cheng Q, Hu X, Cui X, et al. Preparation of recombinant Kluyveromyces lactis agents
for simultaneous degradation of two mycotoxins. AMB Express. 2022;12(1):20.
https://doi.org/10.1186/s13568-022-01361-6

58.Qiu Y, XuH, Ji Q, Xu R, Zhu M, Dang Y, et al. Mutation, food-grade expression, and characterization of a
lactonase for zearalenone degradation. Appl Microbiol Biotechnol. 2023;107(16):5107-18.
https://doi.org/10.1007/s00253-023-12638-6

59. Yang WC, Hsu TC, Cheng KC, Liu JR. Expression of the Clonostachys rosea lactonohydrolase gene by
Lactobacillus reuteri to increase its zearalenone-removing ability. Microb Cell Fact. 2017;16(1):69.
https://doi.org/10.1186/s12934-017-0687-8

60. Liu M, Zhang X, Luan H, Zhang Y, Xu W, Feng W, et al. Bioenzymatic detoxification of mycotoxins. Front
Microbiol. 2024;15;1434987.
https://doi.org/10.3389/fmicb.2024.1434987

61.Sun Z, Fang Y, Zhu Y, Tian W, Yu ], Tang J. Biotransformation of zearalenone to non-estrogenic compounds
with two novel recombinant lactonases from Gliocladium. BMC Microbiol. 2024;24(1):75.
https://doi.org/10.1186/s12866-024-03226-3

62. Fu C, Hou L, Chen D, Huang T, Yin S, Ding P, et al. Targeted Detoxification of aflatoxin B1 in edible oil by
an enzyme-metal nanoreactor. ] Agric Food Chem. 2024;72:5966-74.
https://doi.org/10.1021/acs.jafc.3c09094

63.Fu C, Lu T, Dai X, Ding P, Xiong Y, Ge J, et al. Co-immobilization of enzymes and metals on the covalent-
organic framework for the efficient removal of mycotoxins. ACS Appl Mater Interfaces. 2023;15:6859-67.
https://doi.org/10.1021/acsami.2c20302

64. de Oliveira Garcia S, Sibaja KVM, Nogueira WV, Feltrin ACP, Pinheiro DFA, Cerqueira MBR, et al.
Peroxidase as a simultaneous degradation agent of ochratoxin A and zearalenone applied to model solution and
beer. Food Res Int. 2020;131:109039.
https://doi.org/10.1016/j.foodres.2020.109039

65. Zhou F, Luo J, Song S, Wan Y. Nanostructured polyphenol-mediated coating: a versatile platform for
enzyme immobilization and micropollutant removal. Ind Eng Chem Res. 2020;59:2708-17.
https://doi.org/10.1021/acs.iecr.9b05708

66. Zaccaria M, Dawson W, Kish DR, Reverberi M, di Patti MCB, Domin M, et al. Experimental-theoretical
study of laccase as a detoxifier of aflatoxins. Sci Rep. 2023;13:860.
https://doi.org/10.1038/s41598-023-27519-1

67. Shanakhat H, McCormick SP, Busman M, Rich JO, Bakker MG. Modification of deoxynivalenol by a fungal
Laccase paired with redox mediator TEMPO. Toxins. 2022;14:548.
https://doi.org/10.3390/toxins14080548

68. Liu Y, Mao H, Hu C, Tron T, Lin J, Wang J, et al. Molecular docking studies and in vitro degradation of
four aflatoxins (AFB1, AFB2, AFGI, and AFG2) by a recombinant laccase from Saccharomyces cerevisiae. ] Food Sci.
2020;85:1353-60.
https://doi.org/10.1111/1750-3841.15106

69. Lyagin I, Efremenko E. Enzymes for Detoxification of Various Mycotoxins: Origins and Mechanisms of
Catalytic Action. Molecules. 2019;24:2362.
https://doi.org/10.3390/molecules24132362

70. Hu Y, Priya A, Chen C, Liang C, Wang W, Wang Q, et al. Recent advances in substrate-enzyme interactions
facilitating efficient biodegradation of lignocellulosic biomass: A review. Int Biodeterior Biodegrad. 2023;180:105594.
https://doi.org/10.1016/j.ibiod.2023.105594

71. Leitdo AL, Enguita FJ. Systematic structure-based search for ochratoxin-degrading Enzymes in proteomes
from filamentous fungi. Biomolecules. 2021;11:1040.
https://doi.org/10.3390/biom11071040

72. Lyagin I, Maslova O, Stepanov N, Senko O, Efremenko E. Reassessing of enzymes degrading mycotoxins at
acidic pH. Int Biodeter Biodegr. 2025;198:105994.
https://doi.org/10.1016/j.ibiod.2024.105994

Bxnao aemopos / Authors cjntributions

Bce aBTOpBI NOATBEPXKAAIOT COOTBETCTBIE CBOero aBTopcTBa Kpurtepuam ICMJE. Haubonpumit Bkiaz pac-
IpefieieH CefyoIMM 00pasoM: KOHIENTyaaus3alns, aHalIu3 JIUTepaTypbl, HANMCaHle OPUTUHATBHOTO TEKCTa,
pelensuposaHye u pegakTuposanne Tekcta — E.H. E¢pemenko; ananmms murepaTypbl, HallcaHye OPUTMHAILHOTO

Journal of NBC Protection Corps. 2024. V. 8. No 4



Mpo61eMa MUKOTOKCMHOB U MOAXOAbI K €€ PEeLUEHUIO
The Problem of Mycotoxins and Approaches to Its Solution

TEeKCTa U MOATOTOBKa pUCYHKOB — VI.B. Jlaruu. O6a aBTOpa BHEC/IN CYILeCTBEHHBIN BK/IaJ B IOATOTOBKY CTAThIL,
npowin u ogobpunu ¢puHanpHy Bepcuo pykomucu. / All the authors confirm that they meet the International
Committee of Medical Journal Editors (ICMJE) criteria for authorship. The most significant contributions were
as follows. Conceptualization, literature analysis, writing of the original text, reviewing and editing of the text -
E.N. Efremenko; literature analysis, writing of the original text and preparation of drawings — L.V. Lyagin. Both
authors made a significant contribution to the preparation of the article, read and approved the final version of the
manuscript.

Csedenus o peuensuposanuu / Peer review information

CraTbs IpolIIa BYyCTOPOHHEE AHOHUMHOE «C/IeII0e» PelleH3UPOBaHNe IBYMsI pelleH3eHTaMM, CIe[a/IinCTa-
MU B TaHHOIT o6nacTu. Perjensuy HaxopaTcs B pegakiuy xypHana u B PVIHITe / The article has been doubleblind
peer reviewed by two experts in the respective field. Peer reviews are available from the Editorial Board and from
Russian Science Citation Index database.

06 asmopax / Authors
MoCKOBCKMIT TOCYapCTBEHHbII YHUBepcuTeT uMeHu M.B. JlomoHOCOBa, xumudeckuit daxynbrer, 119991,
Poccniickas ®enepanns, r. MockBa, JleHuHckue ropsl f. 1, cTp. 3.
E¢pemenko Enena Hukonaesna. 3as. maboparopueii, -p 610/. HayK, Hpodeccop, pyKOBOSUTEIb KOJUIEKTHBA,
BBINOTHSAIOIIETO VICCTIeJOBaHNE.
ORCID: https://orcid.org/0000-0002-6992-854X
JLssieun Unvst Bradumuposuy. Crapiuuit HAyYHBII COTPYSHUK, KaH[. XMM. HayK, WIeH KO/UIeKTIBA, BBIIIOTHAIO-
IIeTro NCCeJOBaHIe.
ORCID: https://orcid.org/0000-0002-3970-4334
Koumaxmmuas ungopmauyus ons écex asmopos: elena_efremenko@list.ru
Konmaxmmnoe nuyo: Edpemenko Enena HuxonaeBHa, elena_efremenko@list.ru

Lomonosov Moscow State University, Faculty of Chemistry. Lenin Hills 1/3, Moscow 119991, Russian
Federation.

Elena N. Efremenko. Laboratory Chief. Dr Sci. (Biol.). Professor. Grant supervisor.

ORCID: https://orcid.org/0000-0002-6992-854X

Ilya V. Lyagin. Senior Researcher, PhD (Chem.). Grant team member.

ORCID: https://orcid.org/0000-0002-3970-4334
Contact information for all authors: elena_efremenko@list.ru
Contact person: Elena N. Efremenko; elena_efremenko@list.ru

BecTHuK Borick PXB 3awutbl. 2024. Tom 8. N2 4

SIVIYHL TVII9010I19 1SNIVOV NOILD3ILO¥d ANV ALIIND3S TvIID0T10I19

€0d1A XMUMDIhNIOL'OMT 1O VIUITIVE M 9LD0HIVUOEIT BYHIIhMIOLOMNT

367



