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V
B
AHHO ranus.

CKPBITHIH ro0A ABISETCA COLUAIbHON MPo0IeMoil BO MHOTHX CTpaHaX MHUpa U €KEroJHO MPOBOLMPYET pa3BUTHE aTUMEHTapHO-
3aBUCUMBIX 3a0o0NeBaHMi y HacesneHus. OTHUM U3 pemeHU MpoOJeMbl CKPBITOTO rojiofa sBisercs onodopruduranus —
TEPMHH, KOTOPEI 00bEANHAET COBOKYITHOCTh METO/IOB CEJICKI[NH, TeHHOI HHXEHEePHH, arpOHOMHY 1 MUKpobOuonoruu. Llems
paboTHl — aHAN3 aKTyaJbHBIX MCCIIEOBAHNHN 3apyOe)KHBIX CHEIHAINCTOB 110 BOIPOCAM MHKPOOHOH OnopopTHHUKANH U
OLICHKE NMOTEHIIMaJIa UCIIOJIb30BAHNS MUKPOOPTaHU3MOB JJIsl 000TAIEHHs 36PHOBBIX KYJIbTYP OMOT€HHBIMHU 3JIEMEHTAMHU.
OO0BEKTOM HCCIEAOBaHUS ABIIINCH HAYYHBIC MMyOIHKALUN 3apyOCKHBIX YUeHBIX 3a mepuos 1984-2024 rr. [Touck Hay4IHBIX
HCTOYHHKOB OCYIIECTBIISIN B 0a3ax maHHBIX Scopus, ScienceDirect u Google Scholar. [TouckoBsie 3anpoChl BKIIOUAIN
cienylollne KIIYeBble CI0Ba U cioBocouyeTanus: biofortification, wheat, rice, oats, growth stimulation, antagonism u phy-
topathogens. [ToayueHHyo nHGpOpPMALHIO YIKCIOPTUPOBAIIN U3 MPOrpaMMHOro obecrnedenus Zotero B popmate daiina RIS.
O06pabotky ¢aitma 1 aHanIM3a KIOYEBBIX CIOB M MPEACTABICHHS UX B Ipa@uuecKoil (opMe OCYIICCTBISIN C TOMOIIBIO
nporpammsl VOSviewer.

OCHOBHBIMHM MeXaHU3MaMH MHUKPOOHOH OnodopTrudurannu sBisoTcs GuUKcaus aTMocGepHOro a3ora U COIMIOOMIN3AIMs O1Oo-
TeHHBIX 37eMeHTOB. CONOOMIN3AINS OCYIIECTBISIETCS 3a CUET CUHTE3a OPraHMUECKUX U HEOPTAaHNYECKUX KUCIIOT, TPOTOHOB,
cuaepodopoB, BHEKICTOIHBIX (PEPMEHTOB U APYTHX BTOPHIHBIX META00IUTOB. MUKPOOPTaHU3MBI CTIOCOOHBI H3MEHSI T IKCIIPECCHIO
TeHOB PACTEHUH ISl JTydIIero MOTJIONIEHNS ¥ aKKyMYJISIIIUU MUTATeIIbHBIX 2JIEMEHTOB, a TAKXKE apXUTEKTYpPy KOPHEBOH CUCTEMBI
pacTeHHs JUIsl JIy4IIero U3BJIeUYEHUs] OMOTeHHBIX COeINHEHHH U3 MoYBkl. B pabore 0600umin cBejeHus 0 1a60paTOPHBIX U
MOJICBBIX HCCIEA0BaHUSIX MUKPOOHOH OnodopTuduKanuu 3epHOBEIX KyIbTyp. MUKpoOHOiT OuodopTrduKanun moasepraiu
pHC, MIIEHUITY, SIMEHb U T. 1. KyapTypsl oboramann TakuMu 3J1eMEHTaMU, KaK jKeJIe30, CeJIeH, INHK, MeIb, MapraHel, a3or,
¢docdop n Kammii.

[Ipumenenune 6uodopTUGUKALNYE HA OCHOBE POCTOCTUMYJIUPYIOIUX MUKPOOPTaHU3MOB SIBJISIETCS YKOJIOTUYHBIM, HaICKHBIM
U SKOHOMHYECKH >PPEKTUBHBIM MOAXOAOM B 00€CIeUECHHH MPOAOBOIBCTBEHHON 0€30MaCHOCTH CTPaHbl H PALMOHAIBHBIM
pemeHreM npodIeMbl CKpEITOro roioaa. [lomydennsle nuTepaTypHbIe JaHHBIC MOTYT J€Ub B OCHOBY pa3pabOTKH MHKPOOHBIX
HperapaToB JUIsl CEJIbCKOT'0 XO35HCTBA.

KuioueBble ciioBa. broreHHbie BeliecTBa, CKPBITHIN OO/, CEIbCKOE X035HCTBO, MUKPOOPraHU3MBI, a30T, Gocdop, IHHK,
Kene30

dunancupoBaHue. Pabora BINIOIHEHA B PaMKaxX roCyJapCTBEHHOTO 3a1aHus 1o teme «lcciaeioBanne moTeHuana pocro-
CTUMYJIHPYIOMUX OaKTEepUil 1S TOBBIIICHUSI arpOHOMUYECKoi Onopoprudukanuu mmennus (mudp FZSR-2024-0009).

Jns uutupoBanusi: MukpoOHast 6nodopTH(HKAIs 37TaKOBBIX KyJIBTYp: IepcreKTHBHI 1 Tekyee passutue / 1. E. Konmakosa

[v np.] // TexHuka 1 TeXHOJIOTHsI MUIIEBbIX Tpou3BoACTB. 2024. T. 54. Ne 2. C. 191-211. https://doi.org/10.21603/2074-9414-
2024-2-2500
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Abstract.

Hidden hunger is a significant social issue in numerous countries worldwide, causing the development of nutrition-related
diseases among populations annually. Biofortification offers a sustainable solution as it combines methods of cross-breeding,
genetic engineering, agriculture, and microbiology. The authors reviewed international studies in the field of microbial bio-
fortification in order to assess the microbial potential to enhance the essential element content in grain crops.

The review featured relevant scientific articles published by foreign experts in Scopus, ScienceDirect, and Google Scholar in
1984-2024. The keywords included biofortification, wheat, rice, oats, growth stimulation, antagonism, and phytopathogen.
The sources were processed in Zotero and VOSviewer.

Nitrogen fixation and nutrient solubilization are the main mechanisms of microbial biofortification. Solubilization occurs as
a synthesis of organic and inorganic acids, protons, siderophores, extracellular enzymes, and other secondary metabolites.
Microorganisms can improve the expression of plant genes in terms of absorption and nutrient accumulation. They also
affect root systems, facilitating the extraction of nutrients from the soil. The authors summarized laboratory and field studies
on microbial biofortification of rice, wheat, and barley with iron, selenium, zinc, copper, manganese, nitrogen, phosphorus,
and potassium.

Biofortified growth-promoting microorganisms are a sustainable, reliable, and cost-effective approach to food security and
hidden hunger issues. The review offers relevant information that can be used to develop new microbial preparations for the
domestic agriculture.

Keywords. Nutrients, hidden hunger, agriculture, microorganisms, nitrogen, phosphorus, zinc, iron
Funding. The research was part of State Assignment FZSR-2024-0009: Growth-promoting biofortification of wheat.
For citation: Kolpakova DE, Serazetdinova YuR, Fotina NV, Zaushintsena AV, Asyakina LK, Loseva Al. Microbial Bio-

fortification of Grain Crops: Current State and Prospects. Food Processing: Techniques and Technology. 2024;54(2):191-211.
(In Russ.). https://doi.org/10.21603/2074-9414-2024-2-2500

Beenenne JeUIUT Ha3bIBACTCSI CKPBITHIM rojiofoM. [Ipu nanHOM

[TocTostHHBIN POCT HaceneHUs 00yCIaBIMBACT IOTPEO-  COCTOSHUM YEJIOBEK HE UCIIBITHIBACT MOTPEOHOCTH B YBEIH-
HOCTh B YBEIMYCHNU MOITHOCTEH arpONpOMBIIUIEHHOTO YEHHUH KOJIMYECTBA MUY, HO JeHUIIUT MUKPO- X MaKpOdJIe-
KoMIuIeKca. {71 5TOro B CeNbCKOXO3IMCTBEHHYIO ITPAKTUKY MEHTOB, BUTAMUHOB HAHOCUT YPOH 310POBbIO, IPOBOLIUPY I
BHEZIPSIOTCSI HHCTPYMEHTBI, KOTOPBIE TI03BOJIAIOT TOOUTHCS pa3BUTHE aJIMMEHTapHO-3aBUCHMBIX 3a00J€BaHUi. DTO
BBICOKOM MPOJTYKTHUBHOCTU KyJbTyp. OJHAKO BOIPOCAM CTaHOBHTCSI COLMAIBHON MPOOJIEMOH ISl HBIHEIIHETO
Ka4yeCTBa IIOJIYYEHHOI'0 ypOKasl yAEIsAeTCs HEJOCTaTOYHO u OyIyImux mokojeHui [2, 3].
BHUMaHHsI, HECMOTPSI Ha aKTYaJIbHOCTb NPOOJIeMBbI 1edu- OcHOBHast IPUYMHA Pa3BUTHUsI CKPBITOrO rOJI0A Y Hace-
I[UTa YCCEHINANBHBIX HYTPUEHTOB y HaceneHus [ 1]. Takoit JICHUS — HU3KOE COJIepyKaHNe HE3aMEHHUMBIX HyTPUEHTOB B
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OCHOBHBIX TTPOJIOBOJILCTBEHHBIX KYJIBTYpaX, TAKHX KaK PHC,
MIICHAIA U KYKypy3a [4—6]. DT0 MOXeT OBITh CBS3aHO C
HIMPOKUM PACIPOCTPAHEHNEM BBICOKOYPOXKAHBIX COPTOB
¥ THOPHIIOB, KOTOPBIE XapaKTePH3YIOTCS O0Jiee HU3KUM CO-
JIep>)KaHWEeM TTUTATEIILHBIX BEIIECTB B CPAaBHEHHUH C TPaJIH-
IIUOHHBIMU copTami [4]. C npyroi cTOpoHbI, HAKOIUICHUIO
HYTPHUEHTOB CEJIbCKOXO35HICTBEHHBIMH KYJIBTYPaMH IIpe-
ISITCTBYET HU3KOE TI0JJOPO/IME BO3IEIIBIBAEMbIX TTOUB [7].

B kauecTBe ycTOHYMBOrO My TH 00ECIIeYeHNsI HACEIICHUS
MUTATEIbHBIMHU BEUIECTBAMH pa3paboTaH psiJi MEPOIIPHs-
THH, KOTOpPBIE MO3BOJISIOT BBIPAIIMBATE OOTAaThIe MUKPO-
sneMeHTaMu (01o00oTalleHHbIE) CEIbCKOX03IHCTBEHHBIE
KYJIBTYPBI C IOBBIIEHHOH OHOIOCTYITHOCTBIO IIUTATEIbHBIX
BemiecTs [8]. DTH MeponpuATHS 00BETUHIIIN OOIIINM Tep-
MuHOM Onodopruukanms. buodoprudukanms Beicoko-
3 PEeKTUBHA C TOYKH 3PCHHS SKOHOMHUKH, T. K. TOT METO]I
Oosee peHTabeNeH B CPaBHEHNH C 000TaIlIeHNEM TOTOBBIX
npoaykToB nutanus [9]. buodoprudukanms ocymect-
BJISIETCS TIPY [TOMOIIM arPOHOMUYECKHX, CEJICKIIMOHHBIX,
TPAHCTEHHBIX M MUKPOOHOIOTHYIECKUX Toax010B [10].
W3BecTHBIM ITpuMepoM 0HOGOPTH(GHUKAINHN C TOMOIIBIO
TeHHOM MH)KEHEPHH SIBIISIETCS pa3padOTKa 30JI0TOTO pHUca.
B 2000 r. memernkue nmpodeccopa 1. Potrykus u P. Beyer
JIOKa3aJl BO3MOXXHOCTh MOAM(HKAIINKI TeHOMa 0eJIoro
puca aiIst IPOM3BOJICTBA f-KapOTHHA — ITPE/IIECTBEHHUKA
ButamuHa A [11]. HecMoTps Ha ycrentHo mpoBeieHHbIC
WCCIIEIOBAHNUS, IPOCKT HE TOJIyYMJI ITUPOKOTO MPHU3HA-
HHS1. DTO CBSA3aHO C 00ECIIOKOEHHOCTBIO OOIECTBEHHOCTH
STHYECKUMH BONIPOCAMHU MPOU3BOJICTBA TEHHO-MOIU(HU-
IIUPOBAHHBIX KYJIBTYD.

K wacro ucrnosbzyeMbiM MeToiaM OHopopTHGUKAINH
OTHOCAT TPAJULIMOHHBIE MEeTOBI cenekunu [12, 13]. [lan-
HBIE METO/IbI HATIPABIICHBI HA OTOOP KYJIBTYp C Hanbosee
BBICOKMMH TEXHOJIOTMUECKUMH U MTUTATEIbHBIMH Kade-
CTBaMU, CKJIOHHBIMH K aKKyMYJISILIUU OTIPEJICIICHHBIX -
TaTeNnbHBIX BemecTB. CeneKys akTHBHO MPUMEHSETCS
IIst OM000OTaleHUS TMIIICHUIIBI, puca, pacoln U Ipy-
rux KyasTyp [14, 15]. Hanpumep, B ctpanax Jlatunckoit
AMepUKH ydeHbIe TMOTYYMIN 23 HOBBIX copTa (hacomm
C BBICOKHMM cozepkanueM xkenesa [14]. HenaBuee uccie-
JIOBaHHE ITO3BOJIMIIO TIOJIyYUTh OMOOOOTaIlleHHBIE COPTa
MIICHUIIBI, B KOTOPBIX COAEpPKaHUE IMHKA OBbLIO yBe-
saeHo Ha 74-79 % [16]. Ot copTa coXpaHWIN BBICO-
KUH ypOBEHb TEXHOJIOTHYECKOTO KAa4eCTBa, CPaBHUMBIN
C IPYTHMHU MOMYJISIPHBIME COpPTaMy MiieHuIbl B FOxHOi
Aznn. OHAKO CEeNEeKINs XapaKTepPU3yeTcsl PAIoM Hello-
cTaTkoB. He Bce KyJIbTYpBI SIBISIFOTCS TIOAXO/ISIINM MaTe-
puangom it JaHHOTO BHaa ouodopTudukanuu. [ene-
HaIpaBJICHHAS CEJIEKIUS TPEOyeT HAIWMYMS JOCTATOU-
HBIX TeHETHYECKNX Bapualii B 3apOJIbIIICBOM I1a3Me
JUTS 1ieneBoro MukpoasneMenTa [17]. Kpome Toro, tpanu-
IIUOHHAS CEJIEKINA MPECTABIIET COOON JONTOCPOTHBIN
U TPYJOEMKHH mporecc, KOTOpbIi TpeOyeT OOIbIIoro
KoJruecTBa pecypcos [18].

Arponomuueckas OnopopTupukanys, KoTopas mopa-
3yMeBaeT BHECCHNE yIOOPCHUH B ITOYBY MJIM BHEKOpHE-
BYIO TIOJIKOPMKY, SIBJISICTCSI paCIIPOCTPAHEHHOM MTPaKTUKOH
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Ha TePPUTOPHUAX C ACPHUIINTOM OMOTCHHBIX BEIIECTB B
nouBax. [ToneBble SKCIEpUMEHTBI, HalIpaBJICHHBIC HA U3Y-
YeHHe PoJIM yJI00peHni B (hOPMHUPOBAHUY TUTATEILHON
LICHHOCTH 3€PEH, MOKA3aJIM, YTO Hanboiee ONTUMAIbHOM
arpOHOMMYECKON CTpaTerueil sBisieTcsi BHEKOPHEBAs
MIOZIKOPMKa, B TO BpeMsi KaK BHECEHHE YJI00pEHHIT B TIOUBY
maJio 3 pexrrBHo [19]. [IpenmyiiecTBo arpOHOMHYECKOM
omodopTrhUKaIIU TIepe] TCHETHISCKOW OnoPopTH H-
Kalued 1 ceJeKIel 3aKII04aeTcsi B TOM, 4T0 (hOpMBI
y100peHUil U METO/IbI MX MPUMEHEHHUS HeCTIeUPHIHBI
JUISL CENTbCKOX03HCTBEHHBIX KyJIbTYP. HOpMBI BHECEHUS
yA0OpeHHi 1 crocod UX MPUMEHEHHSI MOYKHO OBICTPO
aZaTHPOBATh OT OJHOM KyJbTYPbI K IPYIOi, B TO BpeMs
KaK TeHEeTHYECKIE ¥ TPAaHCTCHHBIE METO B OMo(opTH(H-
Kalny crieuUIHBI JUTs1 KaKI0HM KyJIbTyphl. Tem He MeHee
y arpoHOMHUYECKO# OMopopTHdUKAINT eCTh HEJIOCTATOK:
MIPUMEHEHNE JJAHHOTO METOJ]a MOXKET IIPUBECTHU K IKOJIO-
rugecKuM mnpodiemam [20].

JlmirenbHOe IPUMEHEHHE MUHEPAJIbHBIX YI00pEeHU
BBI3BIBACT U3MEHEHUS (PU3NIECKUX ITapaMeTpPOB TOUBHI,
YTO OTPULIATEJIBHO CKa3bIBAETCs Ha ee moxopoauu [21].
buoreHHbIe BellecTBa, COAEpKAIIUECs B YI0OPSHUIX (a30T,
¢dochop u Kanwmil), HAKATUIMBAIOTCS B TTOYBAX M MOYJIH-
PYIOT IpOIIeCcChl (PIOKYJIISINI-ANCTIEPCHH 1/MITH KOaryJis-
LMK, KOTOPBIE CBSI3aHBI C YIUIOTHEHHEM T10YB. Y TUIOTHEHHAS
1I0YBa XapaKTepU3yeTcs MEHbIIEH MOPUCTOCTHIO, MPO-
HUIIAEMOCTBIO M BJIATOYJEPKUBAIOIICH CITOCOOHOCTHIO.
PacTBOpHMOCTH BHOCHMBIX MUTATEBHBIX BEMIECTB B TAKOH
MOYBE CHUIKACTCSI, YTO 3aTPY/HSIET MOTJIONICHUE OUOTeH-
HBIX 3JICMEHTOB pacTeHUAMU [22].

Cepbe3Hblil ypOH MUHEpaJIbHbIE Y100pEHHsT HAaHOCST
OMOJIOrMYECKOMY COCTOSIHUIO 1T04B. VI3mMeHeHus B husnko-
XMMHYECKHX MTapaMeTpax IMOYBBI IPUBOJIAT K CHIDKECHHIO
MHKPOOHOTO pa3Ho0oOpa3usi 1 aKTUBHOCTH ITOYBEHHBIX
¢depmenToB [23]. Hapyuienre cMMOMOTHYECKHX CBSI3CH
MTOBBIIIAET BOCIIPUUMYHUBOCTD PACTEHNH K OOJE3HAM H
CHIDKAET YCTOWIMBOCTh K abNOTHUECKOMY cTpeccy [24].

Ee oot mpobiieMoli MUHEpaJIbHBIX y100OpeHui
SIBIISIETCS X HU3Kas 3P PeKTUBHOCTH. Harmpumep, Gpochop
XapaKTepU3yeTCst HU3KOM JOCTYITHOCTBIO JUISL KYJIBTYP
U3-3a MEJUICHHON MU(Qy3Un U BBICOKOH CKOPOCTH (PUK-
caru B ouBe [25]. Oxomo 70 % BHOCHMBIX (hocOpHBIX
y100peHnit uepe3 HeNpoJOIDKUTEILHOE BPEMST CTAHOBSTCS
HEIOCTYITHBIMHM JIUIsl PACTEHHI 3a cueT TpaHc(hopMaluu
B HEPACTBOPHUMBIE KOMIUICKCHBIE COJIU KAJBIIHSI, aJTFOMUAHUS
u xene3a [26, 27]. A30THEIC yIoOpeHNS B TOYBE MTOBEPTa-
I0TCS! BBIIETAYNBAHUIO U ICHUTpUUKanuy. B pesynbrare
sToro okoiyo 50 % M3 HUX CTaHOBATCSA HEIOCTYIHBIMH
JUTS pacTeHui. YacTh a30TCOACPIKANIX YIOOPSHHUI yIIeTy-
4uBaercs B atMmocgepy, uro coctasisieT 80-90 % ot o0mux
AHTPOIIOTeHHBIX BEIOPOCOB ammHuaka [28].

B KOHTEKCTE HECOCTOATENBHOCTH OHOOOOTaIeHNS
CeIBCKOXO3IMCTBEHHBIX KYJBTYpP ONMCAHHBIMH paHee
MeToaMu 6noopTU(HKALHS C UCTIOIB30BAHUEM MUKPO-
OpPraHU3MOB PACCMATPUBACTCSI KaK MHOT'000EIIAroas
CTpaTerus Ul peIeHHs po0OJIeM ITOBBIIICHHSI KauecTBa
ypO’Kasi U MPEeJOTBPALICHUS Pa3BUTHUS CKPBITOTO I'0JI0/1a
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HaceneHus. Llenpio paboThI ABISIICS aHAIN3 aKTyalbHBIX
UCCIIeIOBaHUH 3apyOe)HBIX CIELHAIICTOB I10 BOIIPOCAM
MUKpOOHOH OmodopTrdUKaUK U OICHKE MOTCHIIHAIA
UCTIONIB30BAaHMST MUKPOOPTaHH3MOB JIJIsl 000TaIlleHNUs 3ep-
HOBBIX KYJIbTYp OMOTCHHBIMH 2JIEMEHTAMH.

O0BbeKTHI U METO/BI UCCTEI0BAHUS

[Tpoananu3upoBany 3apy0e)KHYI0 HayqHYIO JIUTEpa-
Typy, KOTOpast COOTBETCTBYET TeMaTHKE MUKPOOHOH OHO-
(hopTuduKaImu, OHEHUITH KOJTUYECTBO TOCTYITHBIX HCCIIe-
JIOBAHHH U BBIJICITHIIH TJIABHBIE XaPAKTEPUCTUKHU ITUX pa-
60T. TTorck OCYIIECTBISUTH B TaKUX 0a3ax MaHHBIX, KaK
Scopus, ScienceDirect u Google Scholar. J{7st morcka naH-
HBIX HUCIIOJI30BAITH MIOUCKOBBIC 3aIIPOCHI 110 CIACAYHOLINM
KJIFOUEBBIM CJIOBAaM M ciioBocodeTaHusim: biofortification
(buodoprudukamus), wheat (mienura), rice (puc), oats
(oBec), growth stimulation (cTumy s pocTa), antagonism
(antaronnsm) u phytopathogens (¢puronarorensr). B 0630p
BKJIFOUMIIM TTYOJIMKAIIMN, TEKCT KOTOPBIX HAXOJUTCS B
OTKPBITOM Joctyme. Eciu moMHbI TeKeT myOmimKaui
HE Y/IaJI0Ch OOHAPYKUTh, TO CTATHIO UCKITIOYAIN M3 HCCIIe-
noBaHus. B paboTe Takke HE yUYUTHIBAIU IyOIHKATHI
U CTAThH, HECOOTBETCTBYIOIINE TEMAaTHKE HCCIICIOBAHUSL.
NHpopmalys 0 BEIOPaHHBIX HCTOYHUKAX ObLT KCITOPTH-
pOBaHa M3 MPOrpaMMHOTro odecriedeHus Zotero B popmare
(haiima RIS. O6paboTKy (haiina ajis aHaiIM3a KIFYEBBIX
CJIOB U TIPEJICTABIICHHS UX B rpadudeckoii hopme ocyect-
BIISUTH C TTOMOIIBIO TiporpaMMel VOSviewer.

isolation
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PesynbTaTsl 1 ux 00cy:xx1eHHe

Onucanne orodpanHbIX MyOaukanuii. B xone anamiza
62 pabot Bbienuin 1733 KII0YeBbIX CI0Ba, U3 KOTOPBIX
orobpanu 41, Betpevaromieecs 6osee 2 pas. Ha pucynke 1
MOKa3aHa KapTa BU3yaln3alliy B3aUMOCBSI3H MEXKTY STHMH
KITFOUEBBIMH CIIOBAMH.

KitoueBble crioBa 0003HaUEHBI KPyraMu Pa3HOTO [IBETA,
pa3Mep KOTOPBIX BAPbUPYETCsI B 3aBUCHMOCTH OT YaCTOTHI
BCTpedaeMocTH (puc. 2). CBS3b MEX/Ty KITIOYEBBIMH CIIOBa-
MM 0003HaYaeTCsl C TOMOIIBIO 1[BETA U JIMHUH. Pe3ynbTaThl,
MoJTy4YeHHbIE ¢ oMot VOSviewer, MOKa3aju, 4To Jarie
YIIOMHHAIOTCS CIIEIYIOIINE KII0YEBbIE CI0BA (32 UCKITIOUe-
HIEM OCHOBHBIX OHATHH): biosynthesis, Bacillus, enzyme,
solubilization, antagonistic activity, indolylacetic acid,
fungi, rhizobacterium u mp.

[IpoBesn aHan3 4acTOTHI BCTPEYAEMOCTH KIIFOYE-
BBIX CJIOB B 3aBHCHMOCTH OT rojia IyOJMKaIM1 CTaThH.
PucyHnoxk 3 oTpakaer moyiydeHHble Pe3yJIbTaThI.

HauGomnbiee komu4yecTBo pabOT MpUHAATIEKAIIO Bpe-
MEHHOMY NpoMexyTKy ¢ 2012 mo 2020 rr. Hanbonee
AKTHBHBINA POCT YXCIIA MyOIUKamii Mo OuopTUhIKATNT
Habmromasncs B mepuon ¢ 2015 r.

IepcnexkTnBbI NpUMEHEHHs MUKPOOHOI 6o opTH-
¢pukanuu. buopoprudukanuio cenbCKoX03IHCTBEHHBIX
KYJIBTYp aKTyaJIbHO OCYIIECTBIIATD C HCIIOJIb30BaHUEM MHUK-
POOHBIX y100peHuit. PacTeHnst 1 MUKpOOPraHU3MBI IBOJIIO-
IIMOHNPOBAJI COBMECTHO, 8 B3aUMOJICHCTBUS MEXK Ty Hal-
36MHOM M MOJ3EMHON OMOTOH CYMTAIOTCS OCHOBHBIMH
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(haxTOpamMu TMOAAEPKAHUS 3TOPOBHS MOYBHI U MPOAYK-
THBHOCTHU CEIHCKOXO3SIMCTBEHHBIX KyIbTyp [29]. Bonee
20 000 BHIOB pacTeHUIT IEMOHCTPHPYIOT OOIUTATHBIC CHM-
OMOTHYECKHE accolManuu ¢ MuKpoopranuzMamu [30].
OTO0 oTpakaeT 3HaU€HUE MUKPOOPTraHU3MOB B KPYrOBO-
pOTe MUTATENBHBIX BELIECTB KaK JBIKYIIEH CHUIIBI MPO-
JIyKTUBHOCTH PACTEHUH.

Cpeny pa3IMIHbIX TUIIOB MUKPOOPTaHN3MOB Hanboee
M3yYEHHOH TPYINIION SABIISIOTCS MUKPOOPTaHU3MbI, KOTOPbIE
CTUMYJHPYIOT POCT pacTeHnil. OHH UCTIONB3YIOT OTUH HITH
HECKOJIBKO TPSMBIX U KOCBCHHBIX MEXaHHU3MOB JIJIS yITyd-
meHus pocta pacteHuid. OCHOBHOM MEXaHU3M JIEHCTBUS
3aKJII0YAETCs B YBEIMUCHNH JIOCTYIHOCTH IUTATEIBHBIX
BellecTB B o0mactu puzocdepst [31]. B merabonuyecku
aKTHBHOW 00JIaCTH MOYBBI, H3BECTHOH Kak puszocdepa,
MIPOUCXO/NT BBIACIICHUE, MOOUIH3AIH U obecreueHne
pacTeHuil He TOJIbKO MaKpo- U MUKpO3JIeMEHTaMu. BaxkHyto
POJIBb B IpOIeccax UTPAIOT POCTOCTUMYITHPYIOIITHE MUKPO-
opraam3Mbl. OHHU TIOBBIIAIOT TOABHKHOCT TUTATEIBHBIX
BEIIECTB M U3MEHSIIOT MOP(OJIOTHIO KOPHEH pacTeHUH,
YTO IMPUBOJUT K YBEIMUYEHHIO TUIOIIA/IN KOPHEBOH MTOBEPX-
HOCTH U OoJiee 3PPEKTUBHOMY YCBOCHHIO MTUTATEIBHBIX
BellecTB u3 moussl [32, 33]. MccaenoBaHus IpUPOAHBIX
MOMYJIAIMH TTOKA3bIBAIOT, YTO TPYIITEI MUKPOOPTaHU3MOB C
YETKO BBIPAKEHHBIMHU (DYHKITHOHATHHBIMHI HHUIIIAMH Y9IaCT-
BYIOT B IPUKPEIUICHUH 1 IECOPOIINHT HEOPTaHNUESCKIX TTH-
TaTENFHBIX BEIICCTB, a TAKKE B PACIIICTUICHIH OpTaHuyIe-
CKHX OCTaTKOB M NX IIPe0Opa30BaHNH B JOCTYITHYIO JUTS pac-
Tenuid popmy [34-37]. [ToMuUMO 3TOTr0, MUKPOOPTAHU3MBI
00J1a1at0T IPYTUMHE MOJIC3HBIMU JUTSl PACTCHUI CBOHCTBAMH.
Hanpumep, npoynmpyrot (pUTOropMOHBI, IPOSIBIISIFOT aHTa-
TOHHUCTHYECKYIO aKTHBHOCTH B OTHOIICHUH (PUTOTIATOTCHOB

[ MHKpPOOPraHu3Mbl, OCYIHECTBIISIIOIIHE PHKCALHUIO A30TA ]

1 TIOBBIMIAIOT YCTOMYUBOCTh PACTCHHUSA K AOHMOTHYECKIM
crpeccaM. KOMIIIEKCHOE MOT0KUTETEHOE BIUSHAE MUKPO-
OpraHMU3MOB Ha PAacTCHUS OOYCIOBIICHO YBEIHYCHHEM
MOTEHLIMaja UX IPUMEHEHUS B CEILCKOM X03sicTBe [38].

Mexanu3mbl 0uogopTuduKanuu, onocper0BaHHON
MHKPOOpPTraHu3MamMu. PocTocTUMYTHpYIOIINE MUKPOOP-
TaHU3MBbI UTPAIOT BAXKHYIO POJIb B @30THOM ITUTAHUHU pac-
tenuid. S. T. Ramirez-Puebla u ap. obHapyxunu, uro 50 %
OHMOIOTUYECKH TOCTYITHOTO TIOYBEHHOTO a30Ta MPOU3BO-
IUTCS MUa30TpodHBIME OakTepusmMu. CorllacHO APYyroMy
HCCJIEIOBaHUI0O MUKPOOHOTA €KETOTHO OCYIIECTBISCT
¢ukcarmro 200 MTH T a30Ta Bo BceM mupe [39].

[pouecc Tpancdopmanuu a30Ta MUKPOOPraHHU3MaMH
B JIOCTYITHYIO JJIsl pacTeHHH (hopMy Ha3bIBaeTCs a30TPHK-
cauueil. [lox naHHBIM TEPMUHOM MOHUMAETCS MPOLIECC
npespanienus razoobpasnoro N, B NH* [40]. ITponecc
a30TQUKCANH, HHUITUUPYEMBIA MUKPOOPTaHIU3MaMH,
MOJKHO OTIHCATh KaK CEPHUIO TIOCIEAOBATEIBHBIX PEAKITHIA:
MOJIEKyJIa a30Ta MPEBPAIIacTCs B aMMHaK B pe3yJIbTaTe
a30T(HKCANK, AMMUAK B ONOJIOTHYECKUI OpraHMYeCKUH
a30T MyTeM aCCUMMWJISILIMU U TIOTJIOMICHUS, @ OpraHnye-
CKHMIi a30T B aMMOHMITHYI0 comb [41, 42]. DToT mporecc
MO3BOJISIET PACTECHHIO MOJHOCTHIO WIIM YaCTHYHO YJIOB-
JIETBOPUTD MOTPEOHOCTH B a30T€ 32 CUET B3aUMO/ICHCTBHUS
C 9HAOCUMOMOTHIECKUMH, aCCOITMIATUBHBIMHU U SHA0(HUT-
HBIMH MHKPOOPTaHU3MaMH. A30T(HUKCHPYIOLIHE MHKPOOP-
TaHU3MBI XapaKTePU3YIOTCSI KOHKYPSHTHBIM IPEUMYIIIECT-
BOM Iiepesi He(PUKCHPYIOIINMH a30T cuMOnoHTamu [43, 44].
OOHapy)XeHHbIE a30T(QUKCHUPYIOIINE MUKPOOPTaHU3MbI
OTHOCSITCSl K TIPOKapUOTHYECKOMY COOOIIECTBY U pasjie-
neHsl Ha 59 posoB. Kiaccngukanus a30TGUKCHPYIOMINX
GakTepHil MpUBeeHa HA PUCYHKE 4.

Aspo6HbIe ayTUreHHbIe OakTepuu (Azotobacter, Azotomona n 1p.)

MukpoaspoOusbie ayturennsie oakrepuu (Dexia, Mmethylomonas u np.)

DakybTaTHBHO-aHAIPOOHBIC ayTUTeHHbIe OakTepuu (Bacillus v 1p.)

Crenpduueckue anaspoOHbie ayrureHnsie 6akrepuu (Clostridium, Desulfotomaculum v 1p.) ]

AdpoGHbIe KOMOMHUPOBaHHbIE a30ThHUKCUpYyIomue 6akrepuu (Beijerinckia u np.) ]
MukpoaspobHbie KoMOuHUpOBaHHbBIe OakTepuu (Alcaligenes, Arthrobacter n np.) ]

DaxynbTaTHBHO-aHAYPOOHEIC KOMOUHIPOBaHHEIE Oaxtepu (Enterobacter, Klebsiella n np.) ]

LILTL] ]

®dotoasrorpodubie bakrepuu (Rhodobacter, pogocnupuILIbl U Ip.) ]

Pucynox 4. Knaccupukanus a30TGUKCHPYIOMIX OaKTepuit

Figure 4. Classification of nitrogen-assimilating bacteria
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[Ipomecc ¢pukcannu a3oTa HanboIEe U3yUeH T PU30-
owmit (ponst Rhizobium, Bradyrhizobium, Mesorhizobium
u Sinorhizobium). 3TN MUKPOOPTaHU3MBI BCTYIAIOT B
CUMOMOTHYECKHE B3aUMOIEHCTBUS ¢ 0000BBIMH, CITIOCO0-
CTBYsl 00pa30BaHUIO CIICIIMAIU3UPOBAHHBIX OPTAaHOB —
KIyOCHBKOB, KOTOpbIe (PUKCHPYIOT aTMOC(EPHBINA a30T
3a cyeT OeIKOBOT0 KOMIIEKCa HUTPOT€HAa3bl, TT0/Ipa3iersie-
MOT0 Ha TUHUTPOTeHa3y U TUHUTPOTE€Ha30peIyKTasy [45,
46]. Monubnen3zaBucumasi JMHUTPOTeHa3a o0pa3yer-
cs mpoaykramu TeroB nifD u nifK, a guaATpOTeHa30-
peayKTasa MpeJcTaBisieT cO00H TOMOANMED TPOITYKTa
rena nifH [47]. B 3aBucuMocT# OT KOpaKTOpa aKTUBHOT'O
LEHTPA, CBSI3bIBAIOIIETO METAIL, B IPUPOJIE CYIIECTBYET
TPH THIIa JUHUTPOTeHa3bl. MOIHOICHHUTPOTeHa3a BbIpa-
OaTbIBaeTCs y BCEX AUa30TPO(DOB B IPUPOJIE, B TO BPEMs
KaK BaHA/IMIHYIO MJIH XKEJIe3HYI0 HUTPOTEHAa3y B J0IMOJI-
HeHHe K Mo-HUTpOreHase npoylupyroT JIUIIb HEKOTO-
peie Bumsl [48, 49].

Cum0103 0000BBIX pacTCHHH U PU300HI HAUNHACTCS C
niepeiady MOJIEKYIISIPHBIX CUTHAJIOB, KOHTPOJIMPYEMBIX Kac-
KaJioM IeHOB. PacTeHust BBIIEISIOT CUTHAIBI, TAKUE Kak (hia-
BOHOUBI (Hampumep, (GaaBoH, 7,4-aAUruapoKCH(IaBOH,
n30(IaBOH U TEHUCTEHH ), KOTOPBIC YIIABINBAIOTCS OaKTe-
pusimu B pusocgepe [50]. Dto nmpuBouT K BepadoTke Nod-
(hakTOpOB, KOTOPBIE 3AITyCKAIOT IIPOLIECC 00Pa30BaAHMS KITy-
6enpkoB [51]. HaunHaeTcs neneHne KOPTHUKANBHBIX U ITepH-
IUKITTYECKAX KIETOK M OaKTepHanbHast KOJIOHU3anus [52].
B nporuecce «co3peBaHus» KITyOSHbKOB OaKTepUH 3aKIH04a-
I0TCsl B CHMOMOCOMHYI0 MeMOpany. B Heil oHn HaxoasTes
B MHKpO0a3poOHO# cpere (¢ 0osiee HU3KOM KOHIIEHTpPa-

nuel Kucaopozaa) u nudGepeHIpyroTes B 0aKTepOUIbI,
¢bukcupyst T Py3HOHHBIH ra3000pa3HbIii a30T [53].

HecMmortpst Ha TO 4TO cHMOMOTHYECKas a30THUKCAIHS
pacmpocTpaHeHa y 6000BbIX, CYIIECTBYFOT MUKPOOPTaHHU3-
MBI, B TOM YHCIIE HEKOTOPBIE MA30TPO(dbI, KOTOPHIEC HAce-
JSIOT pu3ocepy APYTHX CENbCKOX03IHCTBEHHBIX pacTe-
HUH. B cBs3M ¢ 9THM nanbHeliliee u3y4eHne MEXaHH3MOB,
3a/IeiCTBOBaHHBIX B ()OPMHUPOBAHUU CUMOMOTHUYECKUX
OTHOLIEHUI MEXly paCTeHHSMU U MUKPOOPIaHU3MaMH,
TTOMOYKET aJalTHPOBATh JaHHBIN Mporecc s He000o-
BBIX KyJbTYDp [54, 55].

VirydiieHue MUTaHus PAaCTeHUH C IIOMOIIBI0 MUKPOOP-
TaHU3MOB HE OrpaHu4MBaeTcs Pukcaueit atMmochepHoro
a3zota. MUKpOOpPraHU3MbI HI'PAIOT BAXXHYIO POJb B CHA0-
JKEHHMHU pacTeHuid xene3oM. Xenatuposanue Fe** sBnsercst
Hanbosee 3P GEeKTUBHBIM ITyTEM HNOTJIONIEHHS XKeje3a Kop-
HSIMH PACTCHUH B YCIOBUSX Ae(UIMTA TAHHOTO OHOTEeH-
HOTO MeTaia [56]. MUKpOOpraHU3MbI TIPOU3BOISAT CHIC-
pohopsI, KOTOPBIE MPEICTABISAIOT COO0I HU3KOMOJIEKY-
JSIPHBIE OPraHUYECKHE COSANHEHNS C CHIIBHBIM CPOACTBOM
K xkene3y. CHavana cunepodopsl 00pa3yrT KOMILICKC
¢ Fe®*, a 3aTem 9TOT KOMIUIEKC IPOHUKAET B KIICTKY 4epe3
cnenuduIecKe peenTopbl, pacloI0KeHHbIE Ha KIIETOY-
HOH MeMOpaHe. Y IrpaMITIOIOKUTEIFHBIX OaKTepHid TpaHc-
TIOPTY KOMILIEKCa cuiepoop — JKeJe30 B KICTOYHBIE MEM-
OpaHbI — CIIOCOOCTBYIOT CHUAECPO(OPCBSI3BIBAIOIINE OCTTKH,
nepmeasbl 1 AT®as3pl, TOrga Kak y rpaMOTPULIATEIbHBIX
0aKTepuii 3TO OMOCPEYETCs PELENTOPOM BHELIHEH MeM-
OpaHbl, MEPUINIA3MAaTHYECKUM CBSI3BIBAIOIIMM OEJIKOM
u nuromnazmaruueckum ABC-tpancnoprepom [57]. Korna

Tabauna 1. MUKpOOpPraHU3MBI, CIOCOOCTBYIOINE HAKOIUICHUIO XKele3a B PaCTeHHUSIX

Table 1. Microbial accumulation of iron in plants

HanmeHoBaHne MUKpOOpraHu3Ma Kynerypa VYposenb noBbimenus | Mcrounnk
cofepxaHus xenesa, %

Bacillus subtilis ZM63, Bacillus aryabhattai ZM31 Kykypy3a 78 [62]
Pseudomonas plecoglossicida, Bembidion antiquum, Enterobacter Hyr, 12-18 [63]
ludwigii, Acinetobacter tandoii, Pseudomonas monteilii rONyOMHBIN TOPOX

Bacillus aryabhattai MDSR 14 Cost 36 [64]
ApOyckynsipHas MUKOpH3a Hyr 5 [66]
Enterobacter cloacae subsp. dissolvens MDSR9 Cos 25 [64]

Ta6n1/1ua 2. MHKpOOpFaHI/BMH, CUHTE3UPYIOMHUEC OPTaHUYCCKNUE KUCIOThI I COJ'I}O6I/IJ'II/I3aL[I/II/I IIMHKa

Table 2. Microbial production of organic acids for zinc solubilization

HaunmenoBanne MUKpOOpraHu3Ma Opranudeckast KHCIOTa Hcroununk
Bacillus megaterium I'mrokoHOBast [76]
Lysinibacillus sp. I'mokoHoBas [76]
Pseudomonas aeruginosa 2-KEeTOTIIIOKOHOBAs [77]
Burkholderia sp. I'mroxoHOBast [78]
Pseudomonas chlororaphis ['mroxoHOBas1, MaIOHOBAS, II[ABEJICBAs [79]
Streptomyces narbonensis JlnmonHas1, 167109Hast, 2-OKCOTITyTapoBasi, THTapHAs [79]
Curtobacterium ocenosedimentum JInumonHas1, MaJIOHOBAs, 2-0KCOTIIyTapoBasi, IHTapHas [80]
Gluconacetobacter diazotrophicus S-KeTOTFOKOHOBAsI [71]
Bacillus altitudinis I'excaHoBas, MeHTaHOBAs, MHHIAIbHAS [75]
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JKeJIe30, CBA3aHHOE CHAEPOPOPOM, MOMAJAET B IUTOIIIA3-
My, TO €T0 TpeXBaJeHTHasl (pOpMa BOCCTAHABIMUBACTCS
JI0 JIBYXBaJICHTHOM M oTheisieTcs ot cuaepodopa [58].
BrIcBOOOXICHHOE B pe3ybTaTe JaHHOTO Tporiecca Fe?”
CTaHOBUTCS JIOCTYIHBIM JJIsl TPAHCTIOPTHOM CHCTEMBI pac-
Tenuit [59]. Paznuunbie BujibI ceMeiicTBa Rhizobiaceae npo-
U3BOISIT CUIepOdOPBI Kak B pusochepe 0000BBIX, TAK U HE-
0000BEIX pacTeHHMH B ycnoBusX nedurmra sxenesa [60, 61].
MHorne MUKpOOPIraHU3MbI CIIOCOOCTBYIOT YCHUIIEHHOMY
HaKOIUICHHUIO TAHHOTO JIEMEHTa B pacTeHUsX (Tadm. 1).

[Tomumo cuaepoopoB, MUKPOOBI TPOU3BOMAT XEa-
TOPBI, KOTOPBIE MOTYT IMTOBBICUTB JOCTYITHOCTH HOHOB OIIpe-
neseHHbIx MetaioB. S. N. Whiting u ip. npe/nonoxuim,
YTO MHOTHE OaKTEePUH MPOU3BOIST INHK-XETATHPYIOIINE
MeTaI0(Ophl, KOTOPBIE CIIOCOOCTBYIOT YBEINYCHHUIO
KOJINYECTBA BOJJOPACTBOPUMOTO (OHMOAOCTYITHOT0) IMHKA
B ouBe [66]. M. C. Mastropasqua u 1p. COOOIITIITH, 9TO
Pseudomonas aeruginosa mpogyniupyIoT B OKpPY>KaroIyro
cpeny Metamiohop, KOTOPBIi OMOCpeyeT MOTJIolIeHHe
IIMHKA B MUKpOOHOH kietke [67]. S. Lhospice u ap. mpea-
TIOJIOXKMIIN, YTO TICEBIOJIMHOBBIN MeTayuto(op sBiseTcs
OCHOBHBIM MEJMaTOPOM IOTJIOIIEHHSI [TMHKA B XeJIaTH-
pytoreii cpene [68].

CommoOnnu3anys IUHKa MUKPOOPTaHM3MaMH MOXKET
OCYILIECTBIISITHCS C IOMOIIBIO APYTHX MEXaHH3MOB: CHH-
Te3a OPraHNYECKUX KUCIIOT WITH AKCTPY3UH MTPOTOHOB [69].
OpraHuueckue KACIOTHI, IPOAYHPYEMbIE MUKPOOPTaHU3-
MaMH, CHIKatoT pH pr3ocheps! 1 TOUBBI BOKPYT Hee, TeM
CaMbIM YBEJINYMBAs MMOABUXHOCTD [IMHKA. FnaBHy}o POJIb B
MOOMIM3AIINHY IITHKA UTPAIOT TTIOKOHOBAS M KETOTJIFOKOHO-
Bast KUCIOTHI [ 70—72]. OHM npoaynupyroTCst OaKTepUsIMH
paznuuHbIx TUNOB (Tadn. 2). [Ipor3BoaCcTBO IMMOHHOM, 510-
JIOYHOMH, 11aBEJIEBON, BUHHOM, MypaBbUHOM U YKCYCHOM KHUC-
JIOT CBSI3aHO € CONIIOOMIM3AIMel IMHKa OakrepusivMu [73,
74]. Bacillus altitudinis, BbieIcHHAs B UCCIICIOBAHUU
P. Kushwaha ¢ coaBTOpamu, nemoHCTpHpOBaIa Crocoo-
HOCTB K COJIFOOMIIM3AIIMY TPEX NCTOYHUKOB IIMHKA, B 4aCT-
Hoctu ZnO, Zn (PO,), n ZnCO,. Mccnenopanus mnoka-
3alli, 4TO COJMOOMIN3HPYIOIIasi aKTHBHOCTh OCHOBaHa
Ha CHHTE3€ FeKCaHOBOMH, IEHTAaHOBOW M MUHIAJIBHOM KHC-
5ot [75]. Heoprannueckue KUCIOTHI, @ UMEHHO CEpHasl,
a30THAs M YTOJIbHAS, CTIOCOOHBI 00JIETYUTH MIPOIIECC COITIO-
OuIM3aIyy, HO SBIAIOTCS MeHEe 3 (QECKTUBHBIMU B CPaB-
HEHUU C OPraHUYeCKUMHU.

bnarogaps neiicTBUIO0 MUKPOOPraHU3MOB YBEIMUNBa-
eTcsl CIIOCOOHOCTh PACTEHHUH K MOTJIOMIEHHIO IIUHKA, YTO
TIPUBOJUT K €ro akKyMyJsiiuu. Harrpumep, Hanmaue opra-
HUYECKUX KUCJIOT, IPOU3BOAUMBIX Enterobacter cloaceae
MDSRO, o0ycnapnmBaeT 601ee ”HTCHCHBHOE TIOTJIOIIICHIE
1 HaKOIUICHHE [IMHKA B COEBBIX 000ax [64]. DTo siBiseTcs
OCHOBOH TSI HCTIONIB30BaHMS [IMHKCOJTIOOMITH3UPYIOIINX
OakTepuii B CETBCKOM X03HCTBE B KAUECTBE YCTONINBOM
cTpareruu Juist 0MopopTH(HUKAINN CEIIbCKOX03IHCTBEH-
HBIX KYJIBTYP LIIUHKOM.

BaxxHy10 posib MUKPOOPTaHU3MBI UTPAIOT B MOBBIIIIE-
HUU JOCTynHOCTH pocdopa. [Ipeodiagaromume my TsIMu
pacmpoctpaneHus Gocgopa SBISIOTCS MUHEPATH3AIHS,
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COTOOMIH3AHS M UMMOOMIN3AIH. DTH MIPOIECCHI OTI0-
cpenoBaHbl GpochaTcoTOOMIN3UPYIOIMMI MUKPOOPTaHN3-
MaMH U 3aBUCAT OT COACPKaHUA B IIOUBEC HCOPTAaHNMYICCKUX
MuHepasioB pocdopa. OCHOBHBIE CTPATETHH, HCIIONB3Ye-
MBIE COTFOOMIN3UPYIOIMMH MUKPOOPTaHU3MaMH JUISl pac-
TBOpeHHs! (ochaToB, BKIIOUAIOT BBIACICHHE OPraHUYECKHX
KHCJIOT, IPOTOHOB M CHAEPO(HOPOB; IKCKPELUIO BHEKIIE-
TOYHBIX ()EPMEHTOB; AETPAIALNIO CYOCTpaTa MOCPEACTBOM
muHepanusanuu [81]. CossiHast, cepHasi, a30THas U yToJb-
Has KACJIOTHI, IPOLYLIUPYEMBIE MUKPOOPTaHU3MaMU, y4a-
CTBYIOT B pacTBOpeHHH (pocdaToB, HO 00mamaroT Gomee
HH3KOH 9()PEKTHBHOCTHIO B CPABHEHUH C OPraHUUECKUMHU
KHCIoTaMu. MexaHu3m IIPOU3BOACTBA HEOPTAaHNYCCKUX
KHCIJIOT, TAKUX KaK a30THAs W CEpHasl, NCTIOJIb3yETCs BH-
nmamu Nitrobacter u Thiobacillus [82]. AnunouibHbIC U
CEPOOKHUCIISIIONINE OAaKTEPHH IPOU3BOISAT CEPOBOJOPOJ
KaK NOOOYHBIN MPOIYKT MPH PA3T0KECHUH OPraHUIIECKOTO
BEIIIECTBA, CYIb()AaTHOrO BOCCTAHOBIICHUS 1 IpyTUX OMO-
XUMUYecKuX peakuuid. CepoBoIOpo/l BCTYNAeT B peak-
o ¢ gocdaTom xKenesa, 9YTO MPUBOAUT K BBIJICIICHUIO
cBsizaHHOTO (hocopa [83]. MccirenoBanus moka3and, 9To
cepookucisitomue 6axrepun Delftia sp. SR4 aBrotpodHO
okucmsuin 20 MM Ttrocynbdata u 1 ! axemenTapHO
ceprl 1o 220 u 203 mr/n cynbdara 3a 7 gHEH B a9pOOHBIX
ycnoBusix. Pactenust Brassica juncea, 00paboTaHHBIC
9THUM IITaMMOM, ycBauBaiu Ha 116 % Goinbine docdopa,
4eM HEMHOKYIINPOBaHHEIC [84].

[IpoToHHast SKCTPy3Us SIBISIETCS albTEPHATUBHBIM
croco6om pactBopeHus Gocdopa B MOYBE MHKPOOPTaHU3-
Mamu [85]. B KymbTypanpHON KUIKOCTH Pseudomonas sp.
HaOIro 1)l pactBOpeHue ocdopa, HO He 00pa3oBaHKE Op-
TaHUYECKUX KUCIOT [86]. YdeHble mpeanoaoKiIu, 9YTo
TAHHEIHA 3()(eKT 00yCIOBICH MPOTOHHOM SKCTPY3UEH, KO-
TOpasi IPOTEKAET IO CJIETYIOIEMY MEXaHU3MY: aMMOHHH,
[IPUCYTCTBYIOIINH B 104YBE, yCBAUBACTCSI MUKPOOPIaHU3-
MaMU ISl CHHT€3a aMHHOKHCIOT. BHYTpH MUKpOOHOM
KJICTKM aMMOHHUH IpeBpaliaeTcsi B aMMHUaK, a n30BITOK
npotona H+ BEICBOOOKAACTCS B IIMUTOILIA3MY MUKPOOHOI
KJIETKH. DTO MOJKUCIIET CPEY, OKPYKAIOITYI0 MUKPOO-
HYIO KJIETKY, U CIIOCOOCTBYET PacTBOPEHHIO HEPaCTBO-
pumbix ¢ocdaros [87]. A. S. Sharan u N. S. Darmwal
HpPeACTABUIN JOKA3aTeIbCTBA TOTO, YTO KOJIHMUECTBO pac-
TBOpeHHOTO (hocopa Bo BpeMst KyTbTHBUPOBAHUS OBLIO
6onblie pu ucnons3oBannd NH* B kauecTBe HCTOUHMKA
aszora B cpaBHeHun ¢ NO3~ [88]. Takoii MexaHu3M pac-
TBOpeHus ocdopa mpeodiragaet y HeOOIBIIOTO YUCIIA
MUKPOOpraHu3moB [89].

Erte onnum mexanu3moM TpaHchopmaruu Gochopa
MHKPOOPTaHU3MaMH SBJISIETCS CHHTE3 KHCIIBIX H IIEIOYHBIX
¢docdaras [89]. llenounsie pocdaraspl rUAPOIUIYIOT
okouo 90 % obmiero oprannveckoro (ocdopa MoUBkI U
peodpasyIoT ero B AOCTYIHYIO I pacTeHuil popmy [90].
O0paboTKa MOYBBI OUHIIIEHHBIMH IEIOYHBIMU (ocdara-
samu Bacillus licheniformis MTCC 2312 yBenuunBaia
MIPOIIEHTHOE coziepkanne ochopa B KopHE U cTediie Zea
mays L. B 2,35 u 1,76 pasza coorBerctBeHHo [91]. CoB-
MECTHasl HHOKYJISAIHUS B ouBe (HocharcomroOnIn3upyro-
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mero rpuba Talaromyces helices L7B u apOycKyIsipHOTO
MHUKOpHU3HOTO Tpubda Rhizophagus ignores moBbIIIaNa
AKTHBHOCTb 1eJI04HON (ocdarassl noussl (459,38 ME),
M0 CpaBHEHUIO ¢ HeoOpaboTaHHOi mouBoif (47,86 ME),
a TaKKe yJydllana coAep’KaHne PacTBOPUMOTO B ITOUBE
(bochopa Ha 50 % M0 cpaBHEHUIO C KOHTpoJieM [92].

MuxkpoOHbIe pruTaszbl 00ecTieunBaroT n3BieueHue Goc-
¢opa n3 GUTATHBIX COCANHEHUI, KOTOPBIE ITPEACTABIAIOT
coboii opranndeckyro hopmy docdopa [89]. D10 numeer
3HAYEHHE IS MOBBIIICHUsI JocTymHOCTH (ocdopa, T. K.
pacTeHust He COCOOHBI ycBanBaTh GuTaThl. MccaenoBanus
MOKa3aJlv, 9TO MUKPOOPTaHU3MbI UTPAIOT BaKHYIO POJIb
B MHUHepanu3anuu ¢uratoB. Bueapenue rena phy A us
Aspergillus niger B Arabidopsis ciocoOCTBOBAJIO yIIy4-
meHuro (pochopHOro nuTaHus pacreHus [93].

MHUKpOOpraHu3Mbl y4acTBYIOT B TpaHC(HOPMAIUU ce-
JIEHA, @ TAKXKE BIMAIOT HAa €0 OMOIOCTYITHOCTh IIOCPEICT-
BOM OKHCJICHHS, BOCCTAHOBJICHUSI U METWJIMPOBAHUS BO
BpeMsi METa00JIMYECKHX IporieccoB. CIIoCOOHOCTB K TIOBbI-
IIEHUI0 OMOAOCTYITHOCTH CEJIeHa MOATBEPXKIACHA y pa3-
JIUYHBIX MUKPOOOB, TakuX Kak Bacillus, Escherichia, Lac-
tobacillus, Pseudomonas u T. 1. [94, 95]. G. Trivedi u ap.
BeLeniH Paraburkholderia megapolitana, Alcaligenes
faecalis u Stenotropomonas maltophilia, cmocoOHBIE TT0-
BBIIIATH IOCTYITHOCTD CeJieHa B rouBax [96]. Cuneprusm
MEkKJLy POCTOCTUMYIHUPYIOIIUMH OaKTEePUSIMU U MUKOPH3-
HBIMH TPUOAMH UTPACT BAKHYIO POJIb B TIOBBIIICHUN KOH-
HeHTpalyy ceneHa. [Ipy HHOKYIIIMK pacTeHni mTaMMaMu
cenenobakrepuil U Glomus claroideum KoHIEHTpaIUA
ceneHa B 3epHe ObLTa Ha 23,5 % BbIIIe, YeM Y KOHTPOIIb-
HBIX BapHaHTOB. Takol CHHEPru3M MOXKET OBITh CBSI3aH
C TeM, YTO CEJIEHODAKTEPUH CIIOCOOHBI OJTyYaTh IIUTAHHE
u3 TG apOyCKYISIPHONH MHKOPHU3BI WITH SKTOMUKOPHU3-
HBIX TpuboB [97, 98].

JIMCCUMUIIIIIMOHHOE BOCCTAHOBJICHHE SIBJISIETCSI OC-
HOBHBIM ITyTeM MUKPOOHO# TpaHcopmarwy ceneHa. bob-
MIMHCTBO MITAMMOB CIIOCOOHO BOCCTAHABIINBATh KaK Celle-
HUT, TaK U ceJIeHaT JI0 dJeMeHTapHoro ceneHa [99]. [lu-
poKo m3ydeHHas f[-nporeodaxrepus Thaurea selenatis
npeoOpa3yeT cesleHaT B HAHOCENEH. DTa OaKTepHs SBISICTCS
aHa’pOOHON U HCIIOJIB3YET CEJICHAT B KAUECTBE TEPMUHAITb-
HOTO aKIIeTTOpa JIEKTPOHOB B nporecce apixanus [ 100].
M. Sura-de Jong u 1ip. cpaBHHUIU CTPYKTYPBI MUKPOO-
HOT'O cOO0IIecTBa JBYX THIIEPAKKyMYJIATOPOB CEJIeHa —
Astragalus bisulcatus v Stanleya pinnata. iccnenoBanus
MOKa3aJM, YTO MX XapAKTEPUCTUKHU SBISUIHCH CXOXKUMH,
W BCE BBLICJICHHBIC IITAMMBI 00J1a1aH (GYHKIMEH BOC-
CTaHOBJICHUS CEJICHUTA JI0 dJIeMeHTapHoro ceneHa [101].

[TepcnexkTrBHBIM B On0opOpTH(HUKAITIN CBOWCTBOM
MHUKPOOPTaHU3MOB SIBJISIETCSI CIIOCOOHOCTH yCHIIMBATh
TPaHCIOPT OMOTEHHBIX AJIEMEHTOB B PACTEHHUSIX MOCPE/-
CTBOM 3KCIIPECCUH ONpeJIelIeHHbIX reHoB. Hanpumep,
Paenibacillus polymyxa BFKCO01 yBenmnuuBaer BBICBO-
00X IeHUE pacTCHUAMU (DEHOJIBHBIX COCIUHCHHH 3a CUET
aKTHBAalUK MEMOPaHOCBSA3aHHOM KeJIe30XeNaTpeyKTashl
FRO?2 n nepeHocunKa JByXBaJIEHTHBIX MeTaioB /RT1
U poAcTBeHHBIX TeHoB [102]. Mccnenosanus Z. Sun u fip.
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MTOKA3aJIH, YTO SHAO(PHUTHBIE MUKPOOPTaHU3MBI CTIOCOOHBI
K DKCIIPECCHH T€HOB IIICHUIIbI, OTBEYAIOIINX 3a TPaHC-
nopt xkene3a (Hanpumep, IRT1 u NAM-BI), a Takyxke T€HOB,
OTBEYAIOIIHX 3a CEKBECTPALIUIO 1 XPaHEHHE JKeJle3a B pas-
JUYHBIX TKaHsAx/opraHax pacteHuit [103]. Psg Mukpo-
OpraHu3MOB 00JIaJIaeT CIIOCOOHOCTHIO MOJYJIMPOBATH
CHCTEMBI NOTJIONICHHS PA3IMIHBIX TUTATENbHbBIX BEIIECTB
pacteHusIMH, 0cOOeHHO a30Ta, ¢pochopa u Harpus [101,
104]. CymecTBYyIOT JaHHbIE O BIUSHUU MUKPOOPTaHU3-
MOB Ha PaCTHTEJIbHbIC TIEPEHOCUUKH MUKPOAJIEMEHTOB,
TaKUX KakK IUHK ¥ kene30 [105]. B HeKoTophIX cirydasx
WHOKYJISIIAS MUKPOOPTaHU3MaMHU HHJIYIIHPOBaIa IKC-
MIPECCHUIO0 TEHOB, CBSI3aHHBIX C CHHTE30M MUKPOAJIEMEHTOB.
Hampumep, HHOKYIAIMS MAaCIMYHBIX TanbeM Hendersonia
toruloidea npuBena k 6osiee BbICOKOH kcnpeccun THI4,
THIC, TH1 u TPK, koTopble CBSI3aHbI C CHHTE30M THa-
muHa [18, 106]. Unokymsauus Pseudomonas fluorescens
N21.4 npuBena K yBeIU4YEHUIO IKCIPECCUN HECKOJIbKUX
reHOB OnocuHTe3a (praBoHOUIOB y exeBuk [107].

BaxHBIM MexaHU3MOM OMOPOPTUHUKAIINH PA3ITHU-
HBIX 3JIEMEHTOB SBIII€TCS TpaHchopManus KOPHEBOH
CHUCTEMBI PACTEHUS MOJI JeHCTBUEM MHKPOOPTaHH3MOB.
I'my6oxas kopHeBas cucTeMa 1 O0JbIITast IIIOIIA b TIOBEPX-
HOCTH KODHSI SIBJISIIOTCS aIallTHBHBIMH IIPH3HAKAMH pac-
TEeHUH-TUNEepakKymyisitopoB. [Ipenpiyniie nccienona-
HUA NIOKa3aJM, YTO HHOKYJIALHS SHA0(DUTAMH, IPOIYIIH-
pyrommMHy CHAEPOGOPBI WIH COMOOMIN3UPYIONIMMHU [IUHK,
yily4iana JUIMHY KOpHS, TUIOIa b TIOBEPXHOCTH, 00bEM
1 IMaMETp KOPHS, a TAkKe CPeIHee KOIIMUECTBO KOHUMKOB
KOpHE#. DT0 crmocoOCTBOBAIO OOOTAIICHHUIO 3epHA JKe-
Je30M M HUHKOM. [TomMuMo Mopdostoriuu KOpHsi, U3MEHsI-
JIUCh TaKXKe ero aHaroMmuueckue ocodoennoctu [108, 109].

MuxkpoOHas 6uodopTHduKALUA 3ePHOBBIX KYJIb-
Typ. K Hanbosnee yacto Bo3/eNbIBAEMBIM CEIBCKOXO03SIH-
CTBEHHBIM KYJIBTYpPaM OTHOCST pHC, MIIEHUILY, KYKYPY3Y,
copro, s’IMEHb, Ipoco 1 oBec. HecMoTpst Ha TO 9TO OHU
obecreunBaoT MUTAHUEM OOJBIIYIO YacTh HACEICHHUS,
UX COCTaB XapaKTepH3yeTCsi HEAOCTaTKOM MHOIHMX BaXK-
HBIX OMOTEeHHBIX DJIEMEHTOB. B price HabmomaeTcs nedu-
LT jKeJe3a, IMHKa U MPOBUTAMUHA A, UTO SBIISETCS
OCHOBHOM NPUYMHON CKPBITOTO I'0JI0/Ia B PETHOHAX, YIIO-
Tpebsomux nanuyo KyibpTypy [110]. [Tmenwmna Hyxma-
etcst B OnoopTu(hUKAIIUH IIHTHKOM, JKEIIE30M, CEIICHOM,
IIPOBUTAMHHOM A ¥ HE3aMEHHMbIMH aMHUHOKHCIIOTaMH.
[TepcriekTuBHOM cTpaTerueil MOBbIIICHUS MUIEBON 11EH-
HOCTH HIIECHUIBI ABISIETCSI CHIKEHUE COAEPKaHUS aHTH-
MTUTATEIbHBIX COCANHEHUH, HanpuMep, GUTHHOBOM KHC-
note [111]. B kykypy3e 0OHapyskeH aeduiut BuTaMuHoB E
(Toxodepoia u TokoTpuenona), C u A, a taxoke 6enka [111].
SIdMEeHb COJIEPXKHUT HEJOCTATOYHOE KOJIMYECTBO IIMHKA,
JKese3a, MONMHEHACHIEHHBIX JKUPHBIX KUCIOT U T. 1. [112].

YcToitunBoii cTpaTerueid 6noodoTaneHns 3epHOBBIX
KyJbTYp OMOTEHHBIMHU 3JIEMEHTaMU sBIIsieTCsl Onodop-
TU(UKAIKS C TPUMEHEHHEeM MUKpOOprann3MoB. Ha nan-
HBI MOMEHT CYIIECTBYET OOJIBIIOE KOJINIECTBO HCCIIE-
JIOBAHUH, TOATBEPXKIAOIINX APPEKTUBHOCTD TaHHOTO
MeToa (Tab. 3).



Kolpakova D.E. et al. Food Processing: Techniques and Technology. 2024,54(2):191-211

Tabmnuua 3. [Tpumepsl MUKpOOHOIT OnohopTHPHKALNN 36PHOBEIX KYIBTYP

Table 3. Microbial biofortification of grain crops

HaunmeHoBaHNE MUKPOOpPraHU3Ma DIeMeHThI Ob6oramaemas Kynsrypa | Mctounuk

Chitinophaga sp., Comamonas testosteroni Se Puc [113]
Bacillus subtilis, apOyckyasipHas MHKOpH3a Zn, Fe [Mmrenuma [114]
Stenotropomonas sp., Enterobacter sp., Bacillus sp., Pseudomonas sp., Se [Tmenunna [115]
Glomus claroideum

Piriformospora indica, Azotobacter chroococcum Zn, Fe [Muennna [116]
Pseudomonas fluorescens Zn [Tmennna [117]
Bacillus aryabhattai Zn, Fe [Tmenuna [118]
Providencia sp., Brevundimonas diminuta, Ochrobactrum anthropi Fe, Zn, Cu, Mn Puc, nmenuna [119]
Bacillus licheniformis, Rhodobacter capsulatus, Paenibacillus N, Fe, Mn, Zn Slumens [120]
polymyxa, Pseudomonas putida, Bacillus

Bacillus altitudinis N, K, Fe [Trennna [121]
Exiguobacterium aurantiacum Zn, Fe, N, P, K [Tmennna [122]
Klebsiella sp. Se [Tmennna [123]

buodopruduxanus Ha OCHOBE MUKPOOPTaHU3MOB
perymupyer comep kaHue MHKPORIIEMEHTOB B 3€pHE, I0-
BBIIIAET UX OMOJOCTYITHOCTh M CHHMIKAeT NOTPeOHOCTH
B yJIOOpPEHHSX MPH MTPOU3BOJICTBE 3€PHOBBIX KYJBTYP.
MUKpOOpPTraHU3MBl HIPAIOT PEIIAIONIYIO PO B 0H0000-
ranieHu 3€pPHOBBIX KYJIBTYp LIMHKOM U Keje3oM [124,
125]. Puzocdepnsie n sHNO0PHUTHBIE MEKPOOPTaHU3MBI
BJIMSIOT Ha OMOJIOCTYITHOCTh MUKPODJIEMEHTOB JIJIsl pac-
TeHnid. OTHAKO SHAO(PHUTHBIE MUKPOOPTaHU3MBI CUHTA-
1oTCs OoJiee MEPCICKTUBHBIMU areHTaMHU JIIS YCHIICHHS
TIOTJIOLIEHNS M TPAHCIIOKALIMH JKeJle3a U IIMHKA, TOCKOJIbKY
KOCBEHHO BJIMSIIOT Ha PEryJISILUI0 IEPEHOCYMKOB METa-
JI0B. DHIOPHUTHBIE MUKPOOPTaHU3MBI Arthrobacter sulfo-
nivorans (DS-68) u Enterococcus hirae (DS-163) cioco6-
CTBOBAJIM HAKOIICHUIO XkeJle3a B 3epHax nueHuns! [ 109,
126]. PoctocTumynupyoliyw pusodakreputo P. fluo-
rescens MOKHO TIPUMEHSTH U HAKOIUICHUS ITUHKA B
3epHax mmieHUIH [127]. A. Rana u ap. coo0Immmm, 9To
coJiepyKaHMe JKele3a B 3epHax IMIIEHHIbI YBEIHIHIOCH
TIPU UHOKYJISIIIUU KyJIbTYpbl Providencia sp. TIBS [125].
R. Prasanna u 1p. OTMETHIN BIUSHHE pU30C(EPHBIX
MHKPOOPraHW3MOB Ha OMOOOOTaleHNe IUHKOM KyKypy-
31 [128]. Unokynsiimst nuenuust Bacillus cereus-Y AP6
u B. licheniformis-Y AP7 npuBena K yBeTHYCHNIO KOHIICH-
Tpalyy CelieHa, Cephl, KANBIU U JKelie3a B CTeOIX 10
375, 40, 55 u 104 % cootrBercTBeHHO [129]. Pantoea
dispersa MPJ9 u Pseudomonas putida MPJ6 yBenmuaniu
coJeprkaHue Jkernesa, Oenka u yrieBooB B mmenutie [ 130].

Metabonutel Acetobacter aceti N3MEHSIOT METa00ITH-
YECKHE IPOLECCHI SIMMEHS, YTO CIIOCOOCTBYET MOBBIIICHUIO
coJiepKaHNs BUTAMHUHOB B 3epHe [131]. YBenuuenue nor-
JIOIICHNUS a30Ta, JKeJle3a, MapraHiia i [IMHKA B TIMEHE Ha-
Oxro1aIoCch IpH 00pPabOTKE a30TPUKCUPYIOIIUME OaKTEPH-
smu B. licheniformis RC02, Rhodobacter capsulatus RC04,
P. polymyxa RCOS, P. putida RC06 u Bacillus OSU-142.
HccnenoBanus moka3aid, 9TO OCHOBHBIM MEXaHU3MOM
JCUCTBHUS JAHHBIX MUKPOOPTAHU3MOB SIBIISICTCSI CTUMY JTH-
poBaHMe pocTa 3a CUeT BhIpaboTkH (putoropmoHos [120].
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O6paboTka mmeHnIbl mrtammoM B. altitudinis WR10
CIIOCOOCTBOBAJIA YBEIIMICHUIO CPETHET0 YHCIIa 3epeH B KOJIO-
ce, a Takxke cogeprxkanuro oomrero N, Ku Fe B 3eprax [121].
O0paboTKa MIICHHUIIBI IITaMMOM Exiguobacterium aurantia-
cum yBenuuuia cogepxxkanue Zn u Fe B mecTts pa3 1o cpas-
HEHHIO ¢ KOHTposeM. Takxke y 00paOOTaHHBIX pacTECHHIA
Ha0r01a10Ck OoJ1ee Bhicokoe conepxkanue N, P u K [122].

MHuKpOOpraHu3Mbl U MOBbIIIEHNE TPOTYKTHBHOCTH
CeJIbCKOX035IICTBEHHBIX KYJIbTYP. [IpuMenenne Mukpo-
OpPTraHU3MOB B CEIHCKOM XO3SICTBE HE OTPAHUIMBACTCS
ouodopruduranueii. MUKpoopraHu3Mbl 00J1a1al0T MHO-
YKECTBEHHBIMU MEXaHU3MaMHU YITyUIlICHUS POCTA U IPOTYK-
TUBHOCTH CEITbCKOXO3AHCTBEHHBIX KyIbTyp. [Ipn mpssmom
CTHUMYJINPOBAHUH POCTa PACTCHUI OaKTEpHH CHA0XKAIOT
€ro OCHOBHBIMH (DUTOTOPMOHAMU, BKIIFOUAs ayKCHHEI,
UTOKMHUHBI ¥ THOOepesumHbl [ 132]. MHOro4YHCIeHHbIe
POCTOCTUMYITHPYIOIIHE MUKPOOPTAaHU3MBI C PA3ITUIHON (HHl-
3HOJIOTHEH ¥ MOP(HOJIOTHEH CIIOCOOHBI MPOTYIIHPOBATH
AQyKCUHBI, 2 UMEHHO UA0JIHI-3-yKCYyCHYIO KucnoTy [133—
135]. B xauecTtBe Hanbosee U3BECTHBIX MPOAYIIEHTOB
UA0JINII-3-yKCYCHOM KUCIIOThI BBIACISIOT IPEACTaBUTENEN
CIIeYIOIIUX posioB: Pseudomonas, Rhizobium, Aeromonas,
Azospirillum, Enterobacter, Azotobacter, Klebsiella, Alcali-
genes, Pantoea, Acetobacter, Herbaspirillum, Burkholderia,
Bacillus, Rhodococcus n Streptomyces [136, 137].

OOBIYHO PacCTEHUS OYCHBb UYBCTBUTECIBHBI K KOJIH-
YeCTBY UHJOJIMIYKCYCHOM KUCIIOTHI B TKaHsAX. Bo3zeiicTBue
JTAHHOTO (PUTOTOPMOHA HAa PACTEHHE 3aKITI0YACTCS B HHHU-
[IUAPOBAHNUN JCTICHUS M DIIOHTAIMH KIETOK, (hopMHpO-
BaHUU KOPHEBOMW CHCTEMBI, TUCTHECB U [BETOB, a TAKXKE
passutuu u ctapenuu [ 138]. MumonumykcycHas KucioTa
TaK)Ke Yy4acTBYeT B TaKHX IIpoleccax, Kak (POTOCHHTE3,
OmocHHTE3 METa0OIUTOB U (POPMUPOBAHKE CTPECCOYC-
ToruuBoctH [139].

MHuKpOOHBIH CHHTE3 JPYTrUX GUTOrOPMOHOB MaJIO U3Y-
yeH [140]. [TomabIi myTh OMOCHHTE3a OAKTEPHATBHOTO THO-
OeperrHa orcaH HenaBHO [ 141]. B cBsi3u ¢ 3TM TIOMCK
MHUKPOOPTaHU3MOB-TIPOAYIICHTOB JAHHOTO (PUTOTOPMOHA
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aKTyaJeH JUII CETTBCKOT0 X03siicTBa. CeromHs naeHTuu-
IMPOBAHO OKOJIO 136 ruOOepeIIMHOBBIX KUCIIOT, KOTOPHIE
MOYKHO MOJYIUTh MUKPOOHBIM cuHTe30M [140-143]. O
COEIMHEHNUS CTUMYJIPYIOT PSI METa00Nn4ecKuX (pyHK-
LUHI PACTEHUI, BKJIOYas IPOPACTAHUE CEMSH, YIUINHEHNUE
cTeOIIst, IIBETeHHE W 00pa30BaHME TIIO/IOB.

Eme ogHo# Tpymmoii (pUTOropMOHOB, POILYIIHPYEMBIX
MHKPOOPTaHU3MaMHU, SBJISFOTCS UTOKMHUHBL OHM PHUCYT-
CTBYIOT B KyJIbTYPaJIbHOM (pUIIbTpaTe psijia 0akTepHid, BKIO-
yast Azotobacter sp., Rhizobium sp., Pantoea agglomerans,
Rhodospirillum rubrum, P. fluorescens, Bacillus subtilis
u P. polymyxa [134]. HecMOTps Ha TO YTO JaHHBIC MUKPO-
OpTaHU3MBI ITPU3HAHBI SHA0(DUTAMU U CIIOCOOHBI CTUMY-
JIUPOBATh POCT PACTEHHH, BIpaOOTKY OaKTepHaIbHBIX
LUTOKMHUHOB JIOJITO€ BPEMsI HE CUUTAIHM POCTOCTUMYJIH-
PYIOLIMM MEXaHM3MOM H3-3a MaJIOTO YHCIIa HCCIIEOBAHNI.
Bce Goubiire uccienoBareneil COOOIAIOT O CIOCOOHOCTH
MHUKPOOHBIX IUTOKMHUHOB OKa3bIBATh CTUMYJIHPYIOIEE
JielicTBUe Ha pocT pactenuid. B uccnenosannu B. R. Glick
OITMCAHO BhIJICTICHHE, UICHTU(DUKAIIMS U XapaKTePUCTHKA
OakTepruaIbHBIX YHIO(PUTOB, IPOAYIUPYIOIINX [INTOKHHH-
HOIO/100HbIe MOJIeKYJIbI [ 133]. DTuaneTaTHbIi SKCTPAKT
KyJIbTYPaJIBHBIX CPEJ MUKPOOPTaHW3MOB HCIIOJIb30BAIH
JUTSE MTHOKYJISIIIMM ceMsiIoNielt orypria. AHajIu3 mokasal,
4yT0 Pseudomonas resinovorans u P. polymyxa o6nanarot
POCTOCTUMYJIMPYIONIMMHU cBOMcTBaMu. HabiomaeMsblii
MOJIOKUTEIbHBINA 3(h(PEKT CBSI3aH ¢ OaKTePUATbHBIMHU
IUTOKUHUHAMH [ 144].

MexaHN3MOM MOJIOKUTEIBHOTO BIMSHUS MUKPOOpra-
HU3MOB Ha PACTEHMS SBIISCTCS QaHTAarOHM3M B OTHOLIICHHH
¢uronaroreHoB [145]. PaznuuHbie MUKpOOPraHU3MBI ITPO-
M3BOJSAT aHTHOMOTUKH, (DEPMEHTBI U IPYTUE METAOOIHTHI,
KOTOPBIE TIOMOTAIOT KOHTPOJIMPOBATh IIATOTEHBI PACTCHHUH.
[Iupokuii ciekTp MUKpPOOPraHU3MOB JICHCTBYET KaK areHT
6mokoHTpoIs (Tabm. 4) [146].

S. Saechow u ap. OTMETHIIN BBICOKMI HHTMOUPY IO
noteHuuan Bacillus amyloliquefaciens B OTHOIICHUH

psina TpHOKOBBIX MATOTEHOB puca, Bkmtodas Curvularia
lunata, Fusarium semitectum w Helminthosporium ory-
zae [155]. HeckoJIbKO BHIOB POCTOCTUMYJIIUPYIOIITUX
MHUKpPOOPTaHU3MOB, TaKUX Kak Bacillus simplex, B. subtilis,
B. amyloliquefaciens, B. licheniformis, Bacillus velezensis
U T. JI., IPOAYIUPYIOT HPOTHBOTPHOKOBBIE COSANHEHHS 1
KOHKYPHUPYIOT ¢ TPUOKOBBIMHU [TATOr€HAMH 3a MPOCTPaH-
cTBO U Uy [ 156]. Beicokas aHTaroHNCTHYECKasi aKTHB-
HOCTB poja Streptomyces B otHomenuu Curvularia sp.,
Helminthosporium sp., A. niger u Fusarium sp. oncaHa B
COBpEMEHHOM HayuHOU uteparype [157]. Pox 6akrepuit
Bacillus npoxyuupyer psii BTOPHYHBIX MeTabOJIHUTOB,
MIPOSIBJIIONIUX aHTarOHUCTHYECKNE cBoiicTBa. K HUM oT-
HOCST OaKTEePUOIMHBI, aHTHMUKPOOHBIE TIENTHBI U JIUIIO-
MeNTHU/IBI, HONUKETH B ¥ cuaepodopsl [158]. Hanpumep,
B. amyloliquefaciens FZB42 npencrasiser coO0if KOM-
MEpPYeCKH JOCTYIHBIH OaKTepUabHbII IITAMM, CIIOCO0-
HBII TIPOTyIIMPOBATh OAIMIUIOMHIHH D. DTO BemecTBo
TIOJIABIISIET Pa3BUTHE 'pUOKa Fusarium graminearum, 1o-
paxarolero nmeHuiy u ssamensb [159]. L. Zhang u C. Sun
onmcanu perrunmH BS155 — nukmudeckuii TumonenTus,
npoxyuupyemsiit B. subtilis BS155 [160]. Oto BerecTBo
M3MEHsIET MOP(OIOTHIO TIa3MaTHIECKOH MEMOpaHbI TH(
U KJIETOYHBIX CTEHOK, BBI3bIBAsl JUC(QYHKIMIO OpraHelll,
HapylIeHHe TOTEHI[MaIa MUTOXOHIPHAIbHONH MeMOpa-
HBI, OKHCIIUTEIBHBIN CTPECC U KOHJICHCAINIO XpOMaTHHa,
YTO TMPUBOIUT K TuOenu kietok Magnaporthe grisea —
¢uTonaroreHa, BEI3BIBAIOIIECTO OOJIE3HD PHCA.
KoHkypeHIMs MeXly MUKPOOHBIMH COOOIIECTBAMHU

3a IPOCTPAHCTBO M MUTATEIbHbIC BEIECTBA TAKKE AKTUBHO
IIpUMEHSETCS B OMOJIOTMYECKOM KOHTpoJIe (hUTOmIaTore-
HOB. S. Sarrocco u Jp. OTMETHIIH, YTO IHAO(UTHAS KOJIOHH-
3anus KopHe# meHnns! Trichoderma gamsii T6085 cHu-
JKaeT BEPOSITHOCTh 3apayKeHUs pacTeHus F. graminearum
u Fusarium oxysporum 7121 [161]. JlaaHbIi MEKpOOpTa-
HU3M SBIISIETCSI €CTECTBEHHBIM KOHKYPEHTOM poaa Fusa-
rium. A. di Francesco u E. Baraldi cooOmumm, 9To mraMmbl

Tabnuna 4. MukpoopraHu3MBbl, IPOAYIHPYIONNE AHTUMHUKPOOHBIC METa0OTHTHI

Table 4. Microbial production of antimicrobial metabolites

Haumenosanue MexaHnu3M OHOKOHTPOJIS IleneBoii naroren Herounuk
MHKPOOpraHu3Ma
Bacillus velezensis CHUHTEe3 BHEKJIETOUHBIX (DePMEHTOB, HHTHOUPYET POCT Coniella vitis [147]
MHULENUSI U IPOPACTaHKE CIIOP
Bacillus amyloliquefaciens CHUHTE3 IUIIONENTUOB, IPOSABIIOMINX Rhizoctonia solani [148]
[POTHBOTPHOKOBYIO aKTHBHOCTh
Pseudomonas chlororaphis R47 | Vurubuposanue mpopactanus cnop u cuaresa HCN | Phytophthora infestans [149]
IpUOKOBBIMH ATOT€HAMHU
Leclercia adecarboxylata CunTes cunepodopos u N-aneTui-S-roKo3aMIUHN 1332 Fusarium solani [150]
Bacillus cereus B25 [ponyuupoBanue xutnHassl A u B, Fusarium verticillioides [151]
DITMKO3UITUIPOIIAaskl, ETPOOAKTHHA
1 OaryuTnOaKkTHHA, CyppaKkTHHA
Gnetum gnemon L. CHHTE3 aHTUMUKPOOHBIX MENTUI0B Ralstonia solanacearum [152]
Bacillus subtilis CuHTEe3 [-IJIFOKaHA3bI Fusarium oxysporum [153]
Bacillus subtilis Cunres cypdakTiuHa Medicago sativa [154]

201



Kolpakova D.E. et al. Food Processing: Techniques and Technology. 2024,54(2):191-211

Aureobasidium pullulans KOHKYpUPYIOT ¢ TPHOKOBBIM
matoreHoM Monilinia laxa 3a kene30 myTeM MPOIyIIH-
poBanust cunepodopos [162]. DTO MO3BOISACT CHUZHUTH
pacrnpocTpaHeHHE TATOTeHa Ha TEPPUTOPUAX C HU3KOM
KOHLIEHTpaLuen xenesa.

Ente ogHIM MEXaHU3MOM, aKTHBHO HCIIOJIB3YEMBIM IS
60pbOBI C PrTOMATOreHAMH, SIBJISIETCS] HHAYIMPOBAHUE yC-
TOWYMBOM CHCTEMHOHN PE3UCTEHTHOCTH pacTeHUH. DTO 10-
CTUTAETCS C TIOMOIIBIO HECKOIBKHX MEXaHH3MOB, BKITIOUas
YBEJIMYEHNE CHHTE3a (PUTOATIEKCHHOB U OEIIKOB, CBA3aHHBIX
C IIATOreHE30M, YCHIICHHE CHHTE3a JINTHUHA U TITIOKaHOB, KO-
TOPBIC YTOJIAIOT CTCHKH PACTUTEIIbHBIX KJIETOK, YTO YCJIOXK-
HSIET MPOHUKHOBEHUE maToreHoB [163, 164]. Mukpoopra-
HH3MBI, y9acTBYIOIINE B (GOPMUPOBAHUN HHIYIIUPOBAHHOH
CHCTEeMHOH PE3NCTEHTHOCTH, NPE/ICTABICHBI B TAOIHIIE 5.

MuKpoopranu3Mbl CIOCOOHBI AKTHBUPOBATH TE€HBI
3alUThI paCTeHHﬁ, HE BBI3BIBAs KAKUX-THOO0 M3MEHEHUI
B renome. Hammpumep, sunodurHas 6akrepust Burkholderia
gladioli yBennuuBana conepaHue SHIOTCHHOH )KaCMOHO-
BOM KHCIIOTHI 1 TOBBIIIAJIA KCIIPECCUI0 CUTHAIBHOTO Iy TH
JKACMHUHOBOM KHCJIOTBI JJIA UHAYIUPOBaHUA CHCTEMHOM
YCTOWYIHMBOCTH PACTEHUS-X03HHA, YTO CIIOCOOCTBOBAIIO
3awute oT F. oxysporum [171].

IIpo6aembl, orpaHMYMBalOLIHe TPHUMEHEHHE 0HO-
opTudpuxanuu. MukpoOHast GHopopTUhHKALYS TTPE-
CTaBISET cO00M AP PEKTHBHBII HHCTPYMEHT B 000TaIl[CHIH
CEJIbCKOXO3SIHCTBEHHBIX KYJIBTYpP OMOTEHHBIMU 3JIEMEH-
Tamu. CymecTBYeT psJ CI0KHOCTEHN, KOTOpPbIE HE TO3BOJIS-
0T UCIIOJIb30BAaTh JaHHBIN METOJ IOBCEMECTHO. [IpuunHoi
HU3KOH 3(h(heKTHBHOCTH MUKPOOPTaHU3MOB MOTYT OBITH
0COOEHHOCTH 1OYB. [IJIsl TOTIIOIMEHHsT HECKOJIBKUX 3JIe-
MEHTOB PacTEHHE MOXKET UCII0JIb30BaTh OJIHY U Ty e TPaHC-
MOpTHYIO cuctemy. Hanpumep, nouBeHHast cepa MHIHOM-
PYET IpoLEeCcC MOTIOLIEHNs CENIeHa, TOCKOIbKY METabo0IIH-
YECKHUI Iy Th ITHUX IIEMEHTOB B PACTEHHUH COBMazmaeT [172].

Jst onTUMH3anuu crpateruu onodopruduranun
HE0O0XO0MMO YYHUTHIBATh MOCICYOOpOUHyI0 00paboTKy
KaXxaoil KynpTypsl. Hanmpumep, 3epHa G0IBIIMHCTBA 371a-
KOBBIX OOBIYHO MTOTPEOIIAIOTCS MTOCIE TPoIIecca MOJIH-

POBKH HJIH TTOMOJTa. B Tiporiecce 3THX TeXHOJIOTHYECKUX
orrepaIuii 3epHO TepsieT OOIBIIOE KOTHIESCTBO OMOTECHHBIX
asieMeHTOB. HecMOTpst Ha TO YTO HEKOTOpPbIE MUHEPAJIb-
HBIE DJIEMEHTHI, TAKUE KaK cepa U CEleH, IIPUCYTCTBYIOT
B BBICOKHX KOHIICHTPAIMAX BHYTPH 3epHA, HAUOOIBIIIAs
KOHIICHTPAITUS MATATSIFHBIX U OMOaKTUBHBIX BEIICCTB
coziepxutcst B oTpy0six [173]. B cBsi3u ¢ atum 1u1st 6rodop-
TU(QUIUPOBAHHBIX KYJIBTYDP pallMOHAJEH 1oaoop obpa-
00TKH, KOTOPAs TIO3BOJISIET COXPAHUTH OMOIOTHUECKYIO [ICH-
HOCTB MPOYyKTa. TakKe palroHaJICH MONUCK CTPATETHH,
MO3BOJISIONINX YBEJIHMYNTh KOHLEHTPAIMN OMOTCHHBIX
COEIMHEHUH B OINPEJ/ICJICHHON 4acTH pacTEeHUsl, YTOObI
n30eKaTh UX MOTEPH B IpoIecce 00PabOTKH.

Eme oqHOM CI0KHOCTBIO, IPENSTCTBYIONIEN BHEPE-
HHIO METOJI0B OMO(MOPTUPHKALINH B CEITLCKOXO3SHCTBEH-
HYIO NIPAKTHKY, SBISIETCS HeloBepre notpedureneii. Bee-
JCHUEC HCKOTOPBIX MUTATCIBHBIX BEIIECTB MOXKET U3ME-
HATH BHEIIHUH BUJ TpoayKTa. KynbTypsl, oOorameHHbIe
KapOTHHOUIAMH, O0JIaJal0T OPAHKEBOH MSKOTHIO, UTO
SIBIISIETCS OTTAIKUBAIOLINM U1 MHOTUX TToTpeduTeneid. Mo-
TUBUPOBATh HACEJICHUE HA ITIOKYIIKY IIPOLYKTOB C HECTaH-
JTAPTHBIM BHEIITHIM BHJIOM SIBIISICTCSI HEMIPOCTON 3a/1aueii.
Kpome Toro, moBBIIICHHE KOHIICHTPAITNH OHOTCHHBIX
9JIEMEHTOB B ITPO/IYKTE MOKET IPHBECTH K N3MEHEHHIO €T0
BKYCOBBIX KauecTB. CJie/JOBaTeIbHO, JJIsl TOBCEMECTHOTO
BHEJIPEHUSI METOJI0B OnodopTrduKauy He0OX0IUMO
TTOBBIMIATH OCBEIOMIICHHOCTh HACEICHHUS O MOIIb3e Ono-
oborameHHbIX KyibTyp [174].

HecMoTpst Ha onMcaHHbIE CIIOKHOCTH, METOJ] MUKPOO-
HOM OMOpOpTUPHUKALINN OCTACTCS PAIIMOHAIBHBIM pelle-
HHEM ITPOOIIEMBI IPOU3BOJICTBA BEICOKOKAYECTBEHHOTO YPO-
Kas, 00raToro OMOreHHBIMHU BELIECTBAMH. DKOJIOTHYECKast
0e301macHOCTb U SKOHOMIYecKast 3 (HEeKTHBHOCTD SIBIISIOTCSI
OCHOBHBIMH IPEUMYILECTBAMH, 00yCIaBINBAIONIIMH pac-
MIPOCTpaHEHHE POCTOCTUMYITHPYIONIIX MUKPOOPTAHU3MOB
B CEJILCKOM X03s1iicTBe. B mocieame rois! Habmoaaercs
YCTOWYMBOE yBEINYEHHE CErMEHTa MUKPOOHBIX Iperiapa-
TOB HAa MUPOBOM PBIHKEC, B TOM YHCJIC 3a CYET aKTUBU3ALIUN
HAYYHBIX UCCIICIOBAaHHUI B TaHHOH chepe.

Tabnuna 5. [IpuMepsl MEKPOOPTaHU3MOB, HHAYIUPYIONIUX CHCTEMHYIO PE3UCTCHTHOCTh PaCTCHUI

Table 5. Microorganisms that induce systemic resistance in plants

HanmenoBanune MexaHu3m OHOKOHTPOIIS LleneBoit maroren Herounuk
MHKPOOpraHu3Ma
Bacillus ABA/SA (FZB42-unnynnpoBaHHOE 3aKPBITHE YCTHHUIL), Phytophthora nicotianae, | [165, 166]
amyloliquefaciens aKTHBAIUsI TCHOB, CBSI3aHHBIX C 3amuron PR-la, Rhizoctonia solani
LOX, ERF1
Bacillus cereus Ionaenenne miR825 u miR§25, HaneneHnoe Ha aktuBauuto | Pseudomonas syringae pv. [167]
T'€HOB, CBSI3aHHBIX C €CTECTBEHHO 3aIUTON PACTEHHS tomato
Pseudomonas AKTHBALUS 3aLIUTHBIX MyTeH CaUIMIOBOMN, )KACMUHOBON Plasmopara viticola, [168]
Sfluorescens 1 abCIM30BO KUCIIOT Botrytis cinerea
Streptomyces pactum [ToBbIlIEHHE CTPECCOYCTOMUMBOCTH PACTEHUS 32 CUET Bupyc xenToit nsiTHUCTOCTH [169]
CUHTe3a (PCHUITATAHUH-aMMHUAKITAA3bI, aKTUBAIINS 3AIUTHBIX
reHoB PR-1, PR2, PR-5

Paenibacillus alvei AKTHBaIUs 3alIUTHBIX TeHOB PR-1, PR2, PR-5 Verticillium dahliae [170]

202



Konnakosa J[. E. [u op.] Texnuka u mexnonoeus nuujesvix npouzsoocms. 2024. T. 54. Ne 2. C. 191-211

AKTyaIlbHOCTb B M3yUECHHH MTOTEHIINATa MUKPOOPTaHH3-
MOB B cdepe 6nopopTH(UKAIIK TTPEJICTABISIOT COBPE-
MEHHBIE METO/Ibl OMUKCHBIX TeXHOJIoruil. Hanmpumep, rene-
THKA IOMOTAET BBISIBUTH N3MEHEHHUS B OKCIIPECCUH T'€HOB
BO BpeMsI MUKPOOHBIX B3aUMO/ICHCTBHIL, YTO UMEET 3Haue-
HUE [T TOHUMAaHUS PO MHKPOOPTaHU3MOB B OHOpOPTH-
¢ukaumy. Bee Oonpliiee BHUMaHUE yIEISETCS CIIEYOINIM
HCCIIEI0BATEIBCKUM BOTIPOCAM: BIIUSIHUIO MUKPOOPTaHH3-
MOB Ha COJIEpKaHUE MUTATEIBHBIX BEIIECTB B 3KOHOMHYE-
CKH BaKHBIX CEJIbCKOXO03SIICTBEHHBIX KyJIbTYPax; HICHTHU-
(pMKaIK HOBBIX MEPCIEKTHBHBIX MUKPOOHBIX IITAMMOB;
UCIIOJIb30BaHUIO CHHEPT€THYECKOH MUKPOOHOH aKTHBHOCTH,
HarpuMep, MeXIy apOyCKyISIPHON MUKOPHU30U U APYTUMH
TIOJIC3HBIMH OAKTEPHUSIMU; OIICHKE IT0JICBOH (P (PeKTHB-
HOCTH IITAMMOB B Pa3JIMYHBIX 3KOJIOTMYECKUX PEKUMAX
JuIsl 00ecTIeYeH s a1eKBAaTHOTO TIOTIIONIECHHS PaCTCHUSIMHI
MUTATENbHBIX BEIIECTB U YIIyUIICHHUs KadecTBa ypoKasl.

BriBoabI

B TeueHne 10AT0r0 BpeMEH! METO/IbI CETEKIMH 1 arpo-
HOMHH OCTaBaJINCh OCHOBHBIM HalpasJjeHueM Onoobora-
IICHHUS CEIbCKOXO3SIUCTBEHHBIX KyIbTYp. OHHU J0 CHX MTOP
UTPAIOT BaKHYIO POJIb B OM00popTU(HUKAINH, HO UX TIPH-
MEHEHHUE OTPAaHUYEHO BBICOKOH TPYAOEMKOCTBIO, Bpe-
MEHHBIMH 3aTPaTaMH U PAIOM SKOJIOTMIECKUX MPOOIIEM.
PocrocTiuMymipyromnye MUKpOOPraHu3Mbl, IPUCYTCTBY-
IOIIKE B TI0YBE U pu3ocdepe, NrparoT BasKHYIO POIIb B I'€0-
OMOXMMHYECKOM KPYTOBOPOTE IMOYBEHHBIX MHUHEPAJIOB

U JOCTaBKe MUTATENIBHBIX BEIeCTB pacTeHusM. OHU cI1o-
COOHBI MU3MEHSITB HKCIIPECCHIO OTPE/IEIICHHBIX T€HOB, CBS-
3aHHBIX C MOTJIONIEHUEM H TPAHCTIOPTUPOBKOH B PACTEHHSIX
HEO0OXOMMBIX MHKPOAJIEMEHTOB, TAKHX KaK IIMHK, JKeNe30,
ceneH U T. 1. [Ipumenenue 6rnodoprrdukanuy Ha OCHOBE
POCTOCTUMYJIUPYIOLIMX MUKPOOPTaHU3MOB MOXET OBbITh
9KOJIOTHYECKH 00OCHOBAHHBIM, HA/IS)KHBIM U SKOHOMHY-
HBIM I10JIXO/IOM B CPaBHEHHH C JIPyTHMMH TPaANIIMOHHBIMH
MEeTOaMHu I 00eCTeYeH sl TPOIOBOJILCTBEHHON 0€30-
MACHOCTH U JIMKBUJALUH CKPBITOTO TOJI0JA.
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