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AHHOMauyus. Paspabomka Ho8bIx Mamepuasiog 0511 meparuu rnospexoeHull KOXHbIX MOKPO8O8 518/1s1emcs
KomrinekcHol 3adaqell u QO/mKHa COCmosimb U3 Uesio2o yukna uccredoeaHul. Tak, 0OHUM U3 akmyarbHbIX
HaripaesneHull s18151emcsi MoucK U co30aHue HO8bIX OCHO8 Of1s1 PaHO3aXXUBSAWUX fpernapamos HapyXHo20
npumereHusi. K xumudeckum coeOuHeHUSIM, CrIOCObHbIM 8bICMYNUMb 8 Ka4ecmee makol 0CHO8bI, MOXHO om-
Hecmu nonuMepHble 2udpoeenu, npedcmasnswue coboli MPOCMpPaHCMEeHHO-CLUUMbIE MaKpPOMOIIEKY b,
cunbHoHabyxarowue 8 pacmeopumerne. Hanuyue makoeao ceolicmea OmKpbkI8aem 803MOXHOCMU 3agpy»Kamb
8 2udpoeerib NleKapCmeeHHbIe npernapams! Kak CUHMemu4YecKo20, mak U pacmumeribHO20 MPOUCXOXOEHUS.
Becbma 3Ha4umMo rnpouseecmu MOUCK makoao 2esieobpasyrou,e2o nonumepa, Komopbili CriocobeH nomMumo
yHKYUU HOCUMESS JIEKapPCMBEHHbIX 8ELECME 8bICMYNUMb U 8 Ka4ecmee akmueHO020 KOMIIOHeHma cpeo-
cmea, m. e. obrradamb coObCcmMeeHHOU akmu8HOCMbIO MPpU Mepanuu nospexxoeHuli KOXHbIX Mokpoeos. PaHee
Hamu 6bInu rosyyYeHbl eudpozernu nonuzekcamemurieHayaHUuOuH audpoxiopuda rymem CLIUBKU KOHUEBbIX
amuHozpyrnn ¢gpopmarnbdeaudom. MccriedosaHusi paHO3aXuernsrowell akmugHOCMU roKa3arsu, 4Ymo 2udpozerib
U KOMIMO3UUUU Ha €20 OCHO8Ee KaK MUHUMYM COMocmasuMbi C WUPOKO MpUMeHsieMbIMu cpedcmeamu, maku-
MU Kak 51e80MeKosIb, bernaHmeH u fp., pu 3MOM OHU MPOSIBrIsiom coO6CMBeHHY aKmueHOCMb, 2udpozerb
rnonueekcamemursieHayaHuOUH a2udpoxsiopuda MOXem ebicmyrnamb Kak nepcriekmusHasi nnamagopma Ons
KOHCmpyupoeaHUusi JleKkapCmeeHHbIX rpenapamos. B pamkax 0aHHoU pabombl 6bi510 nposedeHo uccriedosa-
Hue npodykmoes 0ecmpyKuuu 2udpoeesisi 8 pedynbmame audponuia. Memodamu VK- u Y®-cniekmpockonuu
bbiria oueHeHa KoHUeHmpauusi rnpodykmoa 0ecmpyKkyuu audpozesisi 8 OUHAMUKE, a makxxe rnpedroroxeH ee
MexaHU3M C 8bIC8060XAEeHUEM UCXOOHO20 ronuaekcamemurieHayaHuOuH audpoxnopuda u ¢popmarnbdeauda
8 eem-0uosbHOU ¢hopme.

Knroyeesie cnoea: nonuzekcamemurneHa2yaHuduH eudpoxsiopud, chopmarnsieaud, audpoaerib, 2udposiu3

duHaHcupoesaHue. VccriedosaHue 8bINOIHEHO 8 paMKax 2ocydapcmeeHHo20 3adaHusi balikarbCKoeo UH-
cmumyma ripupodonosb3oeaHusi CO PAH Ne 0273-2021-0007.
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Abstract. The development of new preparations for managing skin lesions is a task requiring a complex
research approach. Thus, one promising direction consists in the creation of new bases for wound-healing drugs
for external application. Chemical compounds that can be used as such bases include polymeric hydrogels,
representing spatially cross-linked macromolecules that swell in a solvent. This property provides an opportunity
to load hydrogels with drugs of both synthetic and herbal origin. A search for a gel-forming polymer acting not
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only as a drug carrier, but also as a healing agent presents a relevant research task. In a previous work,
the authors obtained polyhexamethylene guanidine hydrochloride hydrogels by crosslinking terminal amino
groups with formaldehyde. The conducted studies of the wound-healing capacity of the obtained hydrogels
and compositions on their basis confirmed their comparability with such widely-used agents, as levomecol,
bepanthene, etc. In addition, the obtained compositions were found to exhibit their own activity. Therefore,
hydrogels based on polyhexamethylene guanidine hydrochloride can be used as a promising platform for
drug design. In this work, the destruction products released during hydrolysis of the hydrogel under study
were investigated. IR and UV spectroscopy methods were applied to evaluate the concentration of hydrogel
destruction products over time. A mechanism of hydrogel destruction yielding the initial polyhexamethylene
guanidine hydrochloride and formaldehyde in a gem-diol form is proposed.

Keywords: polyhexamethylene guanidine hydrochloride, formaldehyde, hydrogel, hydrolysis
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BBEOEHUE

[Npenapatbl 4ns Tepanum NOBPEXAEHUN KOXHbIX
NMOKPOBOB ObIBAKOT ABYX BUOOB: OOLLEKTETOYHbIE U
TkaHecneuuduyeckne. Cpeacrea Ha NONUMEPHBIX
OCHOBax OTHOCATCH KO BTOpbIM [1] B nmepBylo o4e-
pedb M3-3a TOro, YTO fEeKapCTBEHHblE BELLEeCTBa,
3arpy>eHHble B HUX, CTUMYNUPYIOT NpoLecc paHo-
3aXMBMNeHWs1, okasbliBasi aHTMbakTepuanbHbIn, Npo-
TMBOBOCNANUTENbHbIN, aHTUOKCUOAHTHBIN N NpoYvne
addekTbl. Bo-BTOpbIX, Cama OCHOBa 4alle BCero
HenTpanbHas NO OTHOLUEHWUIO K opraHuamy u obe-
crneyvMBaeT TUKCOTPOMHOCTb, T. €. 3aKpenrneHne Ha
paHeBOW MOBEPXHOCTU, a TaKkKe PaBHOMEPHOCTb
pacnpegerneHus Ha noBepxHoCTu paHbl. Hanbonee
NonynsapHbLIMM NOSIMMEPHBLIMU OCHOBaMK ANs npe-
napaToB HapPYXHOrO MPUMEHEHUS SBNATCA MNpo-
W3BOAHbIE MOMMBUMHMMAOBOrO CMMpTa, MNONUaTUMe-
HoKcuA, XMTO3aH 1 ap. [2—17]. PaHee [18-19] Hamu
ObINM NpoOBEAEHbI UCCNEAOBaHUSA PaHO3aXMBISHO-
e aKTUBHOCTM rMaporens nonvrekcameTuneHrya-
HUAMH rMapoxnopuaa u KoMno3uLmi Ha ero OCHoBe
C 9KCTpaKTamu NneKkapCTBEHHbIX pacTenun (Bergenia
crassifolia, Calendula officinalis, Tussilago farfara)
B YCITOBUSIX MOAENMPOBAHUS NOBPEXOEHUN KOXKHbIX
NMOKPOBOB (NMMHENHasa KOXHO-MbILLeYHasi paHa, Tep-
MMWYECKMIA OXOr), a Takke MpoBedeHbl nccrenosa-
HUS MO OLLeHKe OCTPOWN TOKCUYHOCTU NpU nepopanb-
HOM MyTW BBEAEHMWS B OpraHnsm. MiccnegosaHus no-
Kasanu, YTo NosiHoe 3aXMBrieHne paHbl MPOUCXoauT
Ha 13—-14 cyTkn, 4TO conocTaBuMoO C adppekTus-
HOCTbIO LLUMPOKO MpUMeHsieMbix npenapaTos. [pu
3TOM ObINIO YCTAHOBIEHO, YTO TMAPOrenb CKIOHEH
K OecTpyKUMM MO UCTEeYEeHUM onpenereHHoro Bpe-
MeHu c obpasoBaHuem 3ofb-ppakuun, udyveHue
cocTaBa KOTOPOW MNpoBedeHO B paMKax OaHHOM
paboTbl.

OKCNEPUMEHTAJIIbHAA YACTb

CuHme3s nonueekcamemurneHayaHUOuUH 2udpox-
nopuda (MIMITx) GbiN ocywecTBNeH nyTem nonu-
KOHEeHcauun B pacnnaBse ryaHuauH rugpoxnopuaa
('mX) n rekcametunenguamuua (MMOA) npu monb-

https://vuzbiochemi.elpub.ru/jour

HOM COOTHOLLEHMM MOHOMepOB 1:1,4 COOTBETCTBEH-
HO B TeueHue 3 4 npu TemnepaType 165 °C.
OnpepeneHne KonnyecTBa KOHLEBbLIX aMUHOIpynn
ncxogHoro MNMIrx npoesoamnoce MetTogom obpartHo-
ro TUTPOBaHWA MO CTaHAApTHOM MeToauke. Pacyetbl
OCYLLIeCTBNANUCH Mo criegytouwen popmyne [20]:

v, = CiVy — GV, (1)

raoe C,— KoHueHTpaumsa kucnotel HCI; V, — obbem
kucnotbl HCI; C,— koHueHTpaums NaOH; V, — o6bem
NaOH, ncnonb3oBaHHbIV ANA TUTPOBAHUS KUCITOThI.

K pacTtBopy nonmmepa o6bemMom 5 M ¢ KOHLIEH-
Tpauwmen 3 r/gn (Haeecka 0,15 r) pobaensnocb 5 Mn
0,01 H pacteopa HCI n Heckonbko kanenb nHaMKaTo-
pa METUITOBOrO OpaHXeBOro 40 NOSIBNEHNsSI PO30BOro
OKpawwmBaHusa. [anee pacteop Tutposarnca 0,02 H
NaOH pgo nepexoga po30BOM OKpackum B COMIOMEH-
Hyt0. PacTBop cpaBHeHWst cocToAn U3 5 mn ancTun-
nnposaHHou Boabl 1 5 mn 0,1 H HCI.

N = 1 monblTX + 1 mons'MJA
°7  MUTX) + M(TMJIA)
_ GV -Gy

Ny =7

rae N, — NCXOAHOE KONMYECTBO aMyHOrpyn (Mosb/r);
N, — KONM4eCTBO HENPOPEarnpoBaBLUMX aMVHOrPY
(monb/r); g — HaBecka nonumepa.

B pesynbrate mamepeHun Obinu nonyyeHbl cre-

Aytowme aanHble: Ny, = 0,0105 monb;
N, = 0,00775 monb/r; N, = 0,00286 monb/r.

CvHTE3 rugporensa  nonurekcameTuneHryaHnanH
rgpoxrniopyaa npoBOOWIICA MyTEM CLUMBKMA KOHLIEBbBIX
aMMHOIPyMN paHee CUHTE3VMPOBaHHOMO nonumvepa. Ons
aT10ro K Haeecke INIMITX, pacTBOPEHHOrO B ANCTUNNNPO-
BaHHOWM Bofe, Aobaenanm 10%-i pacTBop dopmMarvHa
(13BbITOK) MOPLMOHHO MPU KOMHAaTHOM Temnepartype U
WHTEHCMBHOM nepemelunsaHum. CUHTE3 rens npoBoau-
v B TedeHure 1 4, nocre vero chopMUpPOBaBLLMINCS refb
OTChUIBTPOBLIBaNKM, NPOMbIBaNM Ha BOPOHKe BroxHepa n
CyLumnu Ha Bo3ayxe. PaBHoBecHas cTeneHb HabyxaHus
Mony4YeHHOro ruaporens (Qp) BbluMCrieHa no coopmyrie:
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Q, = (m-m)/m,

rae m u m_— Macca Habyxuwero u cyxoro obpas-
LoB, KOTOpas cocTtaenseT 64,9 r/r.

OnpegeneHne KonuyectBa KOHLIEBbIX aMUHO-
rpynn B rugponusarte ObINI0 OCYLLECTBIIEHO METO-
OO0M 0BpaTHOro TUTPOBaHMS NO CTaHAAPTHON Me-
Toamke. PacyeTbl npoBoaunuce no gopmyne (1).

1 r Habyxwero rmgporens nomewiancs B GOKC
obbemom 50 mn u octaBnancs Ha 14 cyTok npu
KoOMHaTHoM TemnepaTtype. [locne obpasoBaHus rm-
aponunsata 3abupanacb npoba B 0,5 Mn, n Kk Hen
pobasnsanock 5 mn 0,01 H pacteopa HCI n He-
CKONbKO Kanenb WHAMKaATOpa METUMOBOrO OpaH-
XKEBOr0 [0 MOSIBNIEHUS PO30BOr0 OKpalUMBaHUS.
Hanee pactBop tutposancsa 0,02 H NaOH pgo ne-
pexofa po30BOW OKPackum B CONTOMEHHY0. PacTtBop
CpaBHeHMsa cocTosan n3 5 Mn ANCTUANUPOBAHHOMW
Bogbl 1 5 mn 0,1 H HCI.

Mo pesynbratam TMTpoBaHusA GbINO onpeperne-
HO KONMMYecTBO KoHLeBbIXx amuHorpynn MNIMIrx B
rngponusarte, coctasmswee 0,000042 monb, 4TO
coctaBnset 0,01494 r npu nepecyeTe B MaccoBble
3Ha4eHuns no copmyne:

mnonnmepa B FUJIpoOJIN3aTe = 1/NHZ - NT .

CuHTesnpoBaHHble coeguHeHna Oblnn  uc-
cnefoBaHbl  PU3NKO-XMMUYECKUMU  METogaMU
aHanu3a Ha 6ase LleHTpa KONMEKTUBHOrO MNOSb-
30BaHusA bBankanbckoro WMHCTUTYTa nNpupogo-
none3oBaHua CO PAH: WK-cnektpometp ALPHA
(Bruker, l'epmaHus); npuctaska HMBO (kpuctann
ZnSe); cnektpodoTtomeTp Agilent 8453 UV-VISc
(Agilent, CLUA) TONWMHOW  MNOrnoLLaloLLIEro
cnos kwoBeTbl 1 CM M guMana3oHOM AMNWH BOJSH
190-540 Hm; TI/OCK-aHann3 BbiNofHEH Ha Npnbo-
pe NETZSCH STA 449 C (Netzsch, l'epmanus) B
aTmocdepe Bosayxa ¢ HarpesoM 5 °C B MUHYTY A0
1000 °C.

MeToguka onpeneneHns KOHUEHTpauum ru-
aponusata B pacTtBope metogom WMK-cnektpo-
ckonuu. AHanuavpyemyto npoby, copepxallyto
1 r Habyxwero rugporens, nomewanun B OHOKC
obbemom 50 mMn M ocTaBnAnM Npu KOMHaTHOWM
Temnepatype Ha 14 cyTtok. O6GpasoBaBLIMNCS
rugponusaTt nepeHocurnics Ha npuctaeky HIMBO
nunetkon Ha 0,1 mn. MlamepeHusa nposogunnunce
B 3-x nocnepoBartenbHoCcTAX. B kadectBe ¢oHa
nucnonb3oBanacb QUCTUNNMPOBaHHAasA BoAa.

MeTognka onpefeneHuUs KOHUEHTpauun ru-
Aponusarta B pacTBope metogoM Y®-cnekTpome-
Tpuun. AHanusnpyemyt npoby, cogepxatyo 1 1
Habyxwero rugporend, nomewanu B 610KC 06b-
emoM 50 mMn u ocTtaBnsAnM NpM KOMHaTHON TeM-
nepatype Ha 14 cytok. O6pasoBaBLINICSA TMAPO-
nunaat nepeHocuncsa B kondéy oobemom 1000 mn,
pasbaBndancs gMCTUNNMPOBAHHOW BOAOW 40 MET-
Ku u nepemMmewmnBancsa. Janee 1 Mn nonyyYyeHHo-
ro pacTtBopa nepenuBancsa B Konby obbemom
25 Mn, kK Hemy npunuBanu 9 Mn AUCTUNNMPO-
BaHHOW BOAbl M BCe nepemMelivMBanu. 2 mi no-
Ny4YeHHOro pacTBopa 3arpyxarnocb B KBapLeBYto
ktoBeTy TonwmHon 10 mm. B kadecTtBe pacTBO-
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pa cpaBHeHWs BbiCTynana AWUCTUNNIMPOBaHHas
Boga. MiamepeHusa nposoagunucb B 3-x nocneno-
BaTENbHOCTSAX.

B obeux metogmkax AnNs MNOCTPOEHUSA Kamnu-
OpoBoYHOro rpacuka ucnonb3oBancs pacTBoOp
MCXOOHOro NonurekcameTuneHryaHmanH rugpox-
nopuga. KonnyecteseHHoe onpegeneHne npoBo-
AWUNOCb MO OUEHKe 3aBUCUMOCTU MHTEHCUMBHOCTMU
ryaHuguHOBbIX NOMOC OT KOHUEeHTpauum B pac-
TBOpe — ans WK ato nonoca npu 1630 cm', ansa
Y& — 200 HM.

OBCYXOEHUE PE3YJIbTATOB

Kak yxe onucbiBanocb Bblle, CUHTE3 TMAPO-
rens nonurekcameTuneHryaHuanH rugpoxnopuga
(MrMIrx-r) npoBOAMICS NyTEM CLUMBKM KOHLEBbIX
amuHorpynn cpopmanbgerngom (cxema).

CH,
2N R

R

R—NH 3H Cé'
3 R—NH; + \

e

I
H ‘3H20 Hzc\ /CH2
)
R
Q
Cl
(CHp)e—HN_gy NH—-(CH;)s— NH,
:
NH,
B pesynbrarte B3a|/|MOﬂ,el7|CTBV|F| o6pasyeT-

CA UMKN B MeCTax CLUMBOK KOHLEBbIX aMWHO-
rpynn, CTPOeHuMe KOoToporo Obino noaTBepXaeHo
Tr/OCK-ananusom n VIK-cnektpockonuen (puc. 1) [20].

KoadbdbmumeHT nponyckanust, %
o]
w
J]

T T T T T T
3500 3000 2500 2000 1500 1000
BonHosoe yucno, cm’

Puc. 1. K-cnekTpbl: 1 — NIMITrx; 2 — NFMIrx-r

Fig. 1. IR spectra: 1 — polyhexamethylene guanidine
hydrochloride (PHMGhc);
2 — polyhexamethylene guanidine hydrochloride gel
(PHMGpc-g)

Tak, atoMbl as3oTa, Mexay KOTOpbIMU M30NNPO-
BaHa MeTWNneHoBas rpynna, NposBNSAT oTpuua-
TenbHbI UHOYKTUBHBLIN 3(PEeKT, 4TO NPUBOANUT K
ycuneHuo nonspHoctn —CH,— rpynnbl, 6nokupys
TeM cambiM HOXHMWYHble AedOopMaUNOHHbIe Kore-
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6aHns (1460 cm™) n npoBoLMpPySa NpU 3TOM ycune-
HMe BeepHbIX U KPYTUMbHbLIX kKornebaHun B Anana-
30He oT 1300 go 1270 cm™ (puc. 2) [20].

99—
98.5

98—

Ko uipent nporyckanus, %

lgOO ' 15l00 ' 14b0 ' 13b0 ' 12100 ' 11l00
BOIHOBOE YHCTIO, CM'™!
Puc. 2. Obnactb MK-cnektpoe 1600-1000 cm™:
1-TIMMIrx; 2 — MFMITrx-r
Fig. 2. IR spectrum range 1600-1000 cm-":
1 — PHMGhc; 2 — PGMGhc-g

Metogom TI/OCK (puc. 3) nokasaHo, 4To Haya-
1o noTepu Macchl HabnogaeTcs Npu SOCTUXEHUN
100 °C n cBs3aHO Cc ucnapeHmem Boabl 3 obpasua
rmgporensi, TepMuyeckass 4ecTpykuusa nonumepa,
COMPOBOXAALWAasCa 3IK30TEpPMUYECKUM  adhdek-
TOM, HaumHaeTca co 175 °C.

— ACK KBTI
Vsere e macce: -5.85 N 525.0 °C, 7.199 mBTMr T

100 | ——e—y e E MG 2 .

1

6

M 447.2°C| 4.538 MBTIMC $

20

100 200 300 400 700 800 900 1000

500 600
TennepaTypa I°C

Pwuc. 3. TI/OCK kpusbie MM rx-r
Fig. 3. TG/DSC curves PGMGgh-g

Ha [CK kpusoi npu 229 °C npucyTCTBYeT 3K30-
TepMuyecknin adppekT, KOTopbI He HabngaeTcs Ha
kpmBon [CK ncxogHoro nonvmepa (puc. 4) [20].

™ % ACK /(KB /ar)
akso

100 200 300 400 700 800 900 1000

500 60
Temneparypa I'C

Puc. 4. TI/OCK kpusble MNIMIrx
Fig. 4. TG/DSC curves PGMGgh
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MpuHUMNUansHOEe oTNMYne CTPYKTYPbl UCXOAHO-
ro nonvMmepa n rmaporens 3akrnyaeTcsi B Hanuumm
—CH,— rpynnbl, v30N1poOBaHHON Mexay aroMamu
as3oTa B MecTax CLUMBOK, MO3TOMY MOXHO cAenaTb
BbIBOA, O TOM, YTO TepMmnyeckast 4ECTPYKLUMS rMapo-
renst Ha4MHaeTCs UMEHHO C paspyLUeHUs METUNEHo-
BOIO MOCTMKA.

YcTtaHoBneHo, 4to B TedeHne 10-14 cyTok npo-
ucxoomT nageHne mMaccel Habyxwero ruaporens (m)
BBUAY ero rmgponuaa (puc. 5).

1200 4
mr, r.
1000 -
800 -
600 -

400

200 -

0 T T T T T T + )
0 2 4 6 8 10 12 14 16
CyTkun
Puc. 5. [luHamvika n3meHeHms m.
B TedeHue 14 cyTok
Fig. 5. Dynamics of changes in swollen hydrogel
mass (mg) within 14 days

Bbino coenaHo npeanonoxeHue o npouecce ru-
Aponu3a rmgporens ¢ nocregyoLwmM paspyLueHnem
CTPYKTYpbl B MECTaX CLUMBOK.

[ns nogTBepXXOeHWUst MNpeanonoXeHUs NPOAYKT
pasnoxeHus rugporens Obin uccnegoBaH HECKOMb-
Knmun metogamm, takumm kak UK-, YO-cnektpocko-
nusi, rpaBuMeTpusi, obpatHoe TuTpoBaHue. Noaxon
K peanusaLuu CrnekTpOMETPUYECKNX METOOO0B OC-
HOBbIBaNCA Ha MPUrOTOBMEHMM PACTBOPOB C 3apa-
Hee 3aJaHHOW KOHLEHTpauuen Ansi MNOCTPOEHUs
KanubpoBOYHOro rpadmka ¢ nocrnenyoLen oLeHKom
KOHLEHTpauum npob Mo MHTEHCMBHOCTM Haumbonee
YeTKUX Nornoc B cnekTpe. B obonx metogax Hanbonb-
LEeN MHTEHCMBHOCTbIO 00MNagdaloT MUKW, Xapaktepu-
3ylOLWME HanuuvMe ryaHuauHOBOW Tpynnbl, NMO3TOMY
KanubpoBka NpoBOAMMACk NO HEN.

Ons nogoTBepXAeHus OaHHbIX, MOMYYEHHbIX WH-
CTpyMEeHTanbHbIMKU MeTogamu, Obln NpUMEHeEH Me-
Tog obpaTHOro TUTPOBaHuUSA, T. K. B pesynbrare ru-
Aponusa rugporensi NpeanonoxuTensHo obpasyeTcs
ncxogHbin nonumep MIMITTX, y koToporo 6yayTt CBo-
0oaHble KOHLeBble aMuHOrpynnel. ['vaponunsart Obin
ynapeH gocyxa, octatok 6bin B3sewweH (0,01516 r),
nocne yero Obina paccunTaHa ero KOHUeHTpauus B
ncxogHoM pacteope. CBoAHblE AaHHbIe NpUBEaEHbI
B Tabnuue.

Mcxopsa n3 nony4veHHbIX AaHHbIX, MOXHO caenaTb
BbIBoA O npaktudeckn 100%-m rugponumse, 4To npo-
AEMOHCTPUPOBAHO pe3yrsTratamu onpeaeneHns KoH-
ueHTpauui NIMIrx B rugponusate metogammn VK- un
Y®-cnekTpocKkonuu, a Takke Nony4YeHHbIMU 3HaYeHW-
AMW Macc nonvMmepa B ruaponusarte metogamu o6-
paTHOro TUTPOBaHUS 1 rpaBuMeTpun (NepesedeHbl B
KOHLeHTpaLuun).
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KoHueHTpauwus (C) NIMIrx B pacTBOpeE Nocne ruaponunsa, onpegeneHHas Metogamm obpaTtHOro TMTpoBaHust, rpaBuMeTpuu,

UK- n YO-cnekrpockonum

Concentration (C) of PHMGhc in solution after hydrolysis determined by back titration, gravimetry, IR and UV spectroscopy

C no pesynbtatam
TUTPOBaHWSA, r/an

C no pesynbtatam
rpaBumeTpuun, r/an

C no pesynbTatam
WMK-cnekTpockonuu, r/gn

C no pesynbTatam
Y®-cnekTpockonuu, r/an

1,494 1,516

1,498 1,484

Onpepenntb Hanuune dopmanbaernga B pac-
TBOpE rMaponunsata He yaanock, B CBSA3M C YeM ObIno
npennonoXxeHo, 4YTo obpasyeTcs reM-guornbHas
dopma, onpedeneHne KOTOpoW BecbMa 3aTpyLHe-
Ho. Bbbina npeanoxeHa npennonoXntenbHas cxema
npouecca rugponunsa rugporens MIMIrx-r:

R R
I,\T ITI Hf/Hj_O HO OH
— R—NH, *
H,C CH,; - H C\
TN s H H
i
R
_ 2 _
—(CHy)s— HN_g NH—(CHy)s— NH,
;
Il\IH
(CH»)s

— —n

Cnenyet 0TMETUTb, YTO NpOLEeCC, No BCeW BUAM-
MOCTU, 0BpaTUMbI, T. K. MPU ynapuesaHum ruaponu-
3aTa npu KOMHaTHOW TemnepaType NPUBOAUT K pere-

Hepauuu rmaporensi, YTo, B CBOK O4epe/ib, KOCBEHHO
NOATBEPXAAET CINOXHOCTbL OBHapyXeHuUs hopmMars-
aervaa B remM-auornbHoi opme, a T. K. CO BpeMme-
HEeM KOMNMYeCcTBO PacCTBOPUTENS YMeHbLUAeTcs, TO
CHOBa MPOMCXOAUT B3aMMOLEWCTBUE C KOHLEBLIMU
aMuHorpynnamy 1 nocriegyowmum opMmMpoBaHMeEM
ruoporensi.

3AKINIOYEHUE

YcTaHOBMNEHO, 4YTO rMaporenb MONUrekcameTu-
NeHryaHnavH ruapoxnopuaa, nonyyYeHHbIn nyTem
CLUMBKM KOHUEBbIX aMuHorpynn, npu AnnTenbHOM
XpaHeHun B Ha6yXLIJeM COCTOAHUM npeTepneBaeT
rmgponua ¢ obpasoBaHWEM WCXO4HOrO MonuMepa.
OnucaHHasi 0COOEHHOCTb He ABNAETCS HeAoCTaTKOM
Takoro martepuana BBMAY TOro, Y4To oGpasyownincs
VICXOJJ,HI:IVI nonurekcameTuneHryaHngnH rmgpox-
nopug Oyger okasbiBaTb MECTHOE aHTMMUKPOOHOE
OencTBme Npu KOHTaKTe C paHoMW, a npu 3arpyske B
rmaporenb feKapCTBEHHbIX BELecTB obecneunTt mnx
paBHOMEpPHOE BbICBODOXAEHME. XpaHeHue rnapore-
NS B TaKOM Criyyae crielyeT OCyLLeCcTBMATb NMMbo npu
HM3KOW TemnepaTtype, Mo B NONTHOCTHIO BbICOXLLEM
COCTOSIHUMN.
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KBaHTOBO-XMMUYeECKOEe MoaenupoBaHMe agcopouum Bogopoaa
B nopax: nccnegosaHue merogamum DFT, SAPTO u IGM

Uropb KoHcTtaHTMHOBMY lNeTpylueHKo

Upkymckuli HayuoHarnbHbIlU uccriedogameribCKull mexHudyeckuli yHusepcumem,
2. pkymck, Pocculickas ®edepayus
ABTOp, OTBETCTBEHHbIN 3a nepenncky: MNeTpyweHko Nropb KoHcTaHTUHOBUY, igor.petrushenko@istu.edu

AHHOmMauyus. lNpusnekamenbHOcCMb 8000p00a KaK yHUBepcaibHO20 3Hep2oHOcUMerns onpedesnisem 3Ha4qu-
meribHbIU UHMepec K HeMy cO cmopoHbI npuknadHol xumuu. OOHOU u3 yeHmparbHbIX npobrem, Komopyto
Heobxodumo pewums 0ns nepexoda Kk 6000POOHOU sHepaemukKe, siensgemcs npobrnema e2o xpaHeHusi. Ou-
3udeckas adcopbyusi odopoda 8 ropax — Mo MPaKMUYeCKU 8aXxHbIl U 3¢bgheKmuBHbIl Memod XpaHeHUs
8odopolda. Cpedu cywecmegyrouux adcopbupyroujux 8000pod Mamepuasrios yarnepoOHbie HaHOCMPYKMYypbI
obriadarom pssdom rpeumyujecms:; 8biCOKOU adcopbUUOHHOU eMKOCMbI0, 3Ha4YUMEbHOU MPOYHOCMbIO U HU3-
Kum eecom. B daHHoU pabome ¢ MOMOWbK CO8PEMEHHbIX Memodos keaHmoesou xumuu (DFT, SAPTO, IGM)
usydyeHa adcopbuusi MoneKkynspHo20 so0opolda 8 pside MOOerbHbIX Wene8UdHbIX yarnepodHbIX MUKPOMop ¢
paccmosiHueM Mexdy cmeHkamu d = 4-10 A, eknroyas eeedeHue morneKynsl Hz 8 ropy, HarnonHeHue rnopsbl
amumu Moriekynamu u usydeHue gzaumodelicmesuli Mex0y Mornekynamu Hz eHympu ropbl. YcmaHo8/1eHo,
4Ymo 8 3a8UcCUMOCMU Om 8eflu4UHbI napamempa d, adcopbuposaHHbIe MoreKysbl 600opoda obpa3yom 00UH
(d=6,7A)unu dsa cros (d =8, 9, 10 A) enympu nopsi. B mo xe camoe epemsi dnsi nop ¢ masnsim d Habrro-
danuck 8bICOKUE riomeHyuasnbHble bapbepbl aeedeHusi Hz 6 nopy. PasnoxeHue sHepauu e3aumodelicmeus
Ha KOMIMOHeHMbI roka3arso, 4mo ducrnepcUuoHHbIe 83aumodelicmausi 0arom O0CHOBHOU 8K1ad 8 3Hepauto rnpu-
msixeHust (72—-82%), npuyem ¢ ysenuyeHuem qucna monekyn Hz, adcopbuposaHHbIX 8 rope, Ux 3Ha4uMocme
CHUxaemcs (eriomb 00 61%), a 8kr1ad 8 MeXMOsEeKyAPHOe NPUMSsXeHUe 3/1IeKmMPoCcmamuyecKux u UHOyK-
UUOHHBbIX 83aumodelicmeuli pacmem. Takxe bbinu onpedenieHbl 3Ha4eHUS epaguMempuyecKol MiomHocmu
(GD) dnsinop cd =6, 7, 8, 9, 10 A, komopbie pasHbl coomeemcmeeHHo 1,98; 2,30; 2,93; 3,25; 4,49 eec.%.
lpednonaszaemcs, ymo ocobeHHocmu adcopbuyuu sodopolda 8 nopax, 8bisiereHHbIe 8 amou pabome, 6ydym
crocobcmeosamp NMPUMEHEHUIK y21epoOHbIX MOPUCMbIX CMPyKmMyp Kak cpelbl 051 XxpaHeHus1 000pooda.

Knrodesnbie crnosa: adcopbuyusi, so0opod, DFT, SAPTO, nopa, epacheH

®duHaHcupoeaHue. Paboma eblinonHeHa rnpu noddepxxke MuHucmepcmea Hayku U ebicuie2o 0bpa3osaHusl
P® e pamkax HOL| «batikan» (FZZS-2021-0007).

HAnst yumupoeaHus: MetpyweHko W. K. KBaHTOBo-xuMmnyeckoe MogennpoBaHve agcopbumm Bogopoaa B no-
pax: uccnegoanue merogamm DFT, SAPTO n IGM // N3aBecTus By30B. lNpuknagHas XMMusi 1 BUoOTexHornorus.
2022. T. 12. N 3. C. 363-372. https://doi.org/10.21285/2227-2925-2022-12-3-363-372.
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Quantum chemical simulation of hydrogen adsorption
in pores: A study by DFT, SAPTO0 and IGM methods

Igor K. Petrushenko

Irkutsk National Research Technical University, Irkutsk, Russian Federation
Corresponding author: Igor K. Petrushenko, igor.petrushenko@istu.edu

Abstract. Hydrogen as a versatile energy carrier continues to attract research attention in the field of applied
chemistry. One of the fundamental issues on the way to hydrogen economy is the difficulty of hydrogen storage.
Physical adsorption of hydrogen in pores is a feasible and effective method of hydrogen storage. Among existing
hydrogen-adsorbing materials, carbon nanostructures possess a number of advantages due to their high adsorption
capacity, significant strength and low weight. In this work, we use the modern methods of quantum chemistry
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(DFT, SAPTO and IGM) to study the adsorption of molecular hydrogen in a series of simulated slit-like carbon
micropores with a distance between the walls of d = 4-10 A, including the introduction of an Hz molecule into a
pore, filling pores with these molecules and investigating the interactions between H= molecules inside the pores. It
was found that, depending on the value of parameter d, adsorbed hydrogen molecules form one (d = 6, 7 A) or two
layers (d =8, 9, 10 A) inside the pore. At the same time, for pores with small d values, high potential barriers to the
introduction of H: into a pore were observed. The decomposition of the interaction energy into components showed
dispersion interactions to make a major contribution to the energy of attraction (72—-82%). Moreover, an increase in
the number of H= molecules adsorbed in the pore decreases the significance of dispersion interactions (up to 61%)
and increases the contribution of electrostatic and induction interactions to intermolecular attraction. Gravimetric
density (GD) values were determined for pores with d = 6, 7, 8, 9, 10 A, comprising 1.98, 2.30, 2.93, 3.25 and
4.49 wt%, respectively. It is assumed that the revealed peculiarities of hydrogen adsorption in pores will contribute
to the use of carbon porous structures as a medium for hydrogen storage.

Keywords: adsorption, hydrogen, DFT, SAPTO, pore, graphene
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BBEOEHUE

lMpuBnekaTenbHOCTb BOAOPOAA KaK yHMBepCarb-
HOro aHeproHocutenss oOycrnoBnvMBaeTcs pPSAoOM
haKkTopoB, BKMIOYAKLWMX Heucyepnaemoctb €ero
3anacoB M 3KOMOrMYecKkyo 4YMcToTy. B HacToswee
BpeMs BOAOPOA CYMTaeTcsa TOMnMBOM Oyayuiero
OIS MCMonb30BaHWs Ha TpaHCNopTe: Npu ero cro-
paHUKN He BbIOENAITCS 3arpsi3HAOLLNE BELLECTBA,
TennoTa ero cropaHus Benuka, Kpome Toro, Bogo-
pPOA MOXHO MPOU3BOAMTL C MOMOLLbH BO30OHOBNS-
eMbIX UCTOYHUKOB aHepruun [1]. OgHako ogHoW K3
OCHOBHbIX Mpobnem Mcnonb3oBaHWs BoAoOpoaa B
KayecTBe TONMMBa ABMNSAETCH €ro XpaHeHwe, KoTo-
poe B HacToslLLee BpeMs He MOXeT YA0BNEeTBOPUTb
BCEX KoMMepuyeckux notpebHocTten [2]. Cnocobbl
XpaHeHns NOAPa3nensatoTCcsa Ha CKUXEHe BogopO-
0a N XpaHeHWe ero B XMAKOM BuAe, XpaHeHue B
BannoHax B cxaTtoMm Buge, xmmudeckas n gpusmnde-
ckas agcopbumsa Ha TBepablx Tenax [3]. Mpobnemsbl
XpaHeHns/akkymynnpoBaH1Ma BOAOPOAA SBMASAKTCH
LeHTpanbHbIMU ONS NPUKNagHON XMMUM.

®dunsncopbums Bogopoga — NPOCTON, HO Mpak-
TUYECKM BaXkHbI MeToa XpaHeHus H,. B pasHoe
BpeMsi MHoOrme marepuanbl Oblin BCECTOPOHHE
nccnegoBaHbl B kKa4ecTBe kaHAMAATOB ONs TBEpP-
OOTeNbHOro XpaHeHuns Bogopoaa: rmapuabl metan-
nos [4], HaHoNOpUCTbIE MaTepuarnbl, B OCHOBHOM
nopucTbln yrrnepoq [5] u meTannoopraHndeckue
kapkacbl (MOF) [6], rpadbeH [7, 8], yrnepogHble Ha-
HOTpyGku (YHT) [9, 10] n pasnuyHble HAHOCTPYKTY-
pbl [11-13]. IpadeH paccmaTpuBaeTcs Kak NOTEH-
unanbHas cpefja Ans XxpaHeHus Bogopoga M3-3a
CBOEN OOCTYMNMHOCTU N OTHOCUTENbHO HU3KOW CTO-
UMOCTU, BbICOKMX MEXaHUYECKUX XapaKTepUCTUK,
HU3KOW MNNOTHOCTM, BbLICOKOM nNrowaan noBepx-
HOCTU [14], HO HU3KME JHEPrUM B3aUMOLENCTBUS
H,/rpadeH (nopsaaka 1 kkan/mons) [15] He nosso-
NS0T yTBEPXKAaTb O BbICOKOM CMOCOBHOCTU K Xpa-
HeHuio Bogopoada npu KoOMHaTHoW TemnepaType. B
nocrniegHee BpeMs paccMmaTpumBaloTCs Takue Cho-
cobbl yBenumyeHns B3ammogencTBUs CMCTEM Tuna
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«Bogopoa-rpadeH», Kak BBeOEHME CTPYKTYPHbIX
HEeoOQHOPOOHOCTEN, XMMUYeckaa Mogudurkaums
(Hanpumep, atTomamu 6opa 1 asoTa) U «4eKOPMpPO-
BaHMe» (aToMamMu U KaTMOHaAMW NIUTUS, HATPUA U
kanbuus) [16—20]. Kpome TOro, Takvne yrnepogHble
MaTepuanbl, Kak LeneBugHble Nopbl, LMIUHAPI,
«HAHOCBUTKMUY, ObINU Takxke TLaTeNbHO WU3y4YeHbl
B NnocrnegHee Bpems Kak cpebl AN XpaHeHus BO-
popoga [21, 22].

Ancopbuma Bogopoga B MOPUCTBIX CTPYKTypax
ABNgeTca POKYyCOM ANS UCCrefoBaHUM Kak aKcne-
PUMEHTATOPOB, Tak U TeopeTnkoB. C TOYKM 3peHuns
NCNonb30BaHMA METOAOB MOJMEKYNAPHOro Moae-
nupoBaHns NepBONpUHUKNHBIE ab initio meToapl,
a Takke pacdeTbl B pamkax Teopum cyHKUMoHana
nnotHocth (DFT) aenstoTcsa ygoOHbIMU U TOYHLIMM
MeTogamMu U3ydYeHUa CBOWCTB MOAOOHbIX CUCTEM.
OpHako 3aTpaTtbl MaWWMHHOIO BPEMEHM B 3TUX Chy-
Yasax 4OCTaTovyHO Benuku. B To e camoe Bpems ag-
copbums Bogopoda B MOPUCTLIX CTPYKTypax 4acto
nccnenyetcss metogqoM MoHTe-Kapno B 6ornbLIOM
KaHOHMYeckom aHcambne (GCMC). 3ToT meTog no-
3BOMSET NOCTPOUTL U30TEPMbI agcopbuun, 4To cno-
CcobBCTBYET NOMNYyYEHUIO LIEHHbIX AaHHbIX 06 agcop6-
LMOHHOW eMKOCTU UCCreQyeMbIX CTPYKTyp. B ocHo-
Bononaratowen pabote B. BaHra un [x. K. [I>koHcoHa
nadyyanacb ¢usmcopbumsi Bogopona Ha rpadure u
yrnepoaHbIX WeneBmaHbIX Nopax, obina yctaHoBsrne-
Ha maccoBas gons agcopbupoBaHHOro Bogopoaa
B 2 BecoBbIx npoueHTa (Bec.%) npu TemnepaType
20 K [23]. B ctatbe M. Pxenku n coaBTOpPOB UC-
cneposanacb agcopbuns Bogopoga B MUKponopax
n YHT [24]. Bbino yctaHoBneHo, 4To LWwenesngHble
Mogenu sBnsitoTCA Gonee nepcneKkTUBHBbIMU COp-
6eHtamu H, no cpasHeHuo ¢ YHT (5 u 2 Bec.% co-
OTBETCTBEHHO). B psge pabor I. KoBanb4vyk ¢ coas-
Topamu onpegenunu metogom GCMC rpasumeTpu-
YecKkyl NrOTHOCTb adcopbupoBaHHOrO BOJOPOAA
o1 2 (303 K) oo 8 (77 K) Bec.% [25, 26].

B 1O Xe Bpemsi NnpumeHeHue HebomnbLINX MOo-
AenbHbIX cucTem nossonseTt 6e3 notepu obLWwHOCTH
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ncnonb3oBaTh NepBONPUHLNNHbIE MeToAbl. B aaH-
Hol paboTe ¢ npumeHeHnem metoga DFT, a Tak-
Xe ajanTMpOBaHHOW Ha CMMMETPUIO TEOpUM BO3-
mywieHu (SAPTO), 6binn nonyveHbl AaHHble 06
0COBEHHOCTAX «BXOXAEHWUSI» MOMEKyn BOAopoaa
B MOpPY, O HaKOMMeHU BogoOpoaa B Mope, a Takke
B3aMMOAENCTBUN MOMEKYN BHYTPU nopbl. Busyanu-
3auUusa HEKOBaNeHTHbIX B3aUMOLENCTBUIA NpOBOAU-
nacbk C NOMOLLbIO MeTOAa HE3aBUCUMOW rpagneHT-
Hon mogenu (Independent Gradient Model (IGM)).
OnuncaHne sToro metoga npuBedeHo B paboTax
C. NNechebpa n coasTopos [27, 28]. laHHasa cBA3ka
METOLOB YXe YCMNeLwHO npuMeHsinacb Ang usyde-
HUS pa3nu4yHblix agcopbeHToB [7, 19, 29], oHa no-
MoraeT BCECTOPOHHe uccriegosatb agcopbuumio H,
Ha pasnUYHbIX HAHOCTPYKTYpax, a Takke npeacka-
3aTb O0CODOEHHOCTM B3aMMOOENCTBMA B cUCTeMax
H,/nopa.

BbIYUCNTUTENBbHbLIE METOAbI

B cootBeTcTBMM c paboTon [30], HaHOMOpa Ha
OCHOBe rpadeHa mMogenupoBanach Kak LWenb co
CTeHkamu, obpas3oBaHHbLIMW MOMEKynamMu Kopo-
HeHa (C,,H,,). PacctoaHna mexay HMMM Bapbu-
posanucb oT 4 go 10 A, yTo npumepHo cooTBeT-
ctByeT 1-3 MEXNMOCKOCTHbIM pacCTOSTHUAM B
rpacdute (3,35 A) (puc. 1). UcnonbsosaHue mo-
neKkynbl KOPOHEHa B Ka4eCTBE CTEHOK HaHOMNOpbI
Nno3BonsieT Ham, C OLHOW CTOPOHbI, Yy4YMTbIBaTb
BO3MOXHbl€ B3aUMOAENCTBUSA MEXAY MOSEKYynon
agcopbata u GonblwMM KONMMYECTBOM aTOMOB,
obpasyolWmnx CTEHKY, a C OpYyronl CTOPOHbI, Tpe-
OyeT HebOMbLIOro KONMMYeCcTBa MalIMHHOIO Bpe-
MEHW Ans pacyeTta.
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Puc. 1. Cxematunyeckoe nsobpaxeHue nopbl U BBEAEHUSA
B NOpY MOMeKyrbl BOAOPOAA.
LiBeToBas cxema: yrnepog — XenTbli, BOAOPOA — ronyoon

Fig. 1. Schematic pore representation as well as
introducing a hydrogen molecule into the pore.
Color code: carbon — yellow, hydrogen — light-blue

Pac4yeTbl onTumManbHOM reoMeTpym NPOBOAUMCH
B paMKax Teopun yHKLMoHana nnotHocth (DFT) Ha
ypoBHe Teopun BLYP/def2-SVP [31, 32] (c ncnonk-

30BaHMEeM gucnepcuoHHon nonpasku C. Mpumme
[33]). OHn 6bInn BbINONHeHbI B nporpamme ORCA
4.2.1 [34]. B 10 e BpeMmsi aganTMpoBaHHasi N0 CUM-
mMeTpuun Teopus BoamyLeHun (SAPTO/jun-cc-pVDZ)
[35] ucnonb3oBanacb Ana onpeneneHns 3Heprum
B3aUMOZENCTBUS U ee KOMNOHEHT. [laHHble pacyeThbl
nposoaunucb B nakete Psi4 (v.1.2) [36]. OnTumusa-
UM CTPYKTYpbl MOp OCYLLECTBANach MOMHOCThLIO,
OOHaKO PAaCCTOSIHUSA MeXAy CTeHKamu Obinv xecT-
KO (oukcupoBaHbl. [loTeHuManbHble Gapbepbl Ans
«BX04a» MOJEKYN B MOpY, a TakKe U3MEHEHUs1 KOM-
MOHEHT 3HEPINW B3aUMOLEVNCTBUSA B 3aBUCUMOCTM OT
paccTOsiHUS NPOBOAMMMCHL MyTEM MOLIAroBOro npu-
BrivkeHUs MOneKynbl BOAOPOAa ¢ paccTosHua 8 A
[0 UeHTpa nopbl (war pasHsncsa 0,2 A) (cm. puc. 1).
Monekyna BBogunacbk B nopy Takum obpasom, 4To
pacCcTOsHUS MeXAy Hel 1 obeummn cteHkamm 6binm
paBHbl. [laHHble BbIYUCIEHUS BbLINONMHANUCE 6e3
ONTMMM3aLUN TEOMETPUM NMOP, BbIYUCIANUCE NULLbL
3HA4YEeHWS SHEPTMUN B TOUKE.

Metoa SAPTO no3songet npoBoanTb NpsiMble Bbl-
YMCIEHUS] HEKOBANEHTHbIX B3aMMOLEWCTBUMA MexXay
ABYMS MoneKyrnamu. [lpyrumm crnosamu, SHeprus B3a-
uMmopencTens onpegensietcad 6e3 BblMUCIEHUS NON-
HOW 3HEPrMm MOHOMepPOB Unu aumepa. CnegosaTtenb-
HO, pesynkTaT He COAEPXUT Tak Ha3bIBAEMOW OLLNOBKM
cynepnosmumn 6asucHoro Habopa (BSSE). Kpowme
Toro, metog, SAPTO no3sonsaeT npoBoanTb pasnoxe-
HUe sHeprun B3ammopencTeus (E, ) Ha dusmyecku
3Ha4YMMble KOMMOHEHTLI: dnekTpocTtatuyeckyo (E,),
oBmeHHyto (E_ ), HOYKUMOHHYIO (MONSPM3aLmMOHHYH0)
(E,.¢) 1 AucnepcuoHHyto (E, ). B meTone SAPTO ra-
MUWIIBTOHMAaH AMMepa pacKnagblBaeTcsi Ha BKNadbl OT
Ka)kdoro MoOHOMepa 1 NoTeHuman B3aumMoaencTBus:

H=FA+WA+ FB+WB+V’

rae raMunstoHuaH (H) 3anucbiBaeTcs B BUAE CyMMbI
06bl4yHbIX onepaTopoB doka (F) ons MOHOMepOB,
(NyKTyauMoOHHOro noTeHuuMana Kaxgoro MoHomepa
(W) 1 noteHumana s3anmogenctaus (V). Oneparopsl
doka paccMaTpmnBaloTCA Kak raMUbTOHWAaH HyreBoro
nopsigka, a aHeprus B3anmMoaencTBUS OLEeHUBAaETCS
yepes pasnoxXeHne B paMKkax Teopun BO3MYyLLLEHWI V,
W, n W,. Hepes nepsbiii Nopsaok no V BkriovaoTcs
aneKTpocTaTMyeckme N 0GMeHHbIe B3aMMOOENCTBUS,
WHOYKUMS M OWCNepeusl cHadvana nosBNSAlTCA BO
BTOpOM nopsiake no V. 3Heprusa B pamkax SAPTO
onpegensieTcs cnegyowmm ypasHeHnem [371:

OO+ ESD + ECY 4+ E

elst exch ind,resp
(20) (20) (2)
+ Edisp + Eexch—disp + 5HF'

B aTMx 0603Ha4YeHusix uneH E onpegensieT no-
psiaok B V 1 B W,+W._; HKHWUI MHOEKC (resp) ykasbl-
BaeT Ha TO, YTO BKIOYEHbI 3(PdeEKTbI OpOUTanbHON
penakcauuu. UneH 82 yunteiBaeT apdekTbl MHAYK-
unn 6onee BLICOKOTO NMOPSiAKa W BKIOYEH B onpese-
nexve tepmuHos SAPTO. B ctaHgapTHOM Buae yune-
Hbl 3HEPrM B3aUMOOENCTBUS BbIYUCNAIOTCA Kak:

(20)
exch—ind,resp

Esapr =E +.

Eint = Eop + Eox + Eing + Edisp1

=g 4

ind,resp

roe E, = ECO =Y

elst ’» ~ex exch® “ind
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E(ZO)

exch—ind,resp

(2) — (20) (20)
+ 5HF ) Edisp - Edisp + Eexch—disp :
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Puc. 2. Mpacbvky 3aBUCUMOCTM SHEPreTUHECKMX KOMMOHeHT E (kkan/monb) oT pacctosHus R (A)
Ans BBedeHus monekynsl H, B nopy (d = 6-10 A)
Fig. 2. E (kcal/mol) vs. R (A) graphs for H, introduction into the pore (d = 6-10 A)

OBCYXOEHUE PE3YNNbTATOB

PaccmoTtpym cHayana npouecc BBEAEHUS MOIIEKy-
nbl Bogopoda B nopy. [Ans nop HaMeHbLLEero pasmepa
(d =4 n 5 A) cywectsyeT 3HauMTENbLHbLIN 3HEPreTH-
yeckuii Bapbep Ana nonagaHua monekyn H, (42,26 un
8,26 kxan/monb ans nop d = 4, 5 A cootsetcTBeHHO),
MoaToMy B AarnibHenLwemM oHv ByayT UCKITKYEHbI U3 pac-
cMoTpeHnns. CnegoBatenbHO, Ha4YHEM C aHanmsa nop ¢
d =617 A, nockonbky noBeAeHME KOMMOHEHT 3Heprn
npu BBeAeHUM H, B nopy Ans HUX cxoxe (puc. 2).

OncnepcnonHbin (E disp), VHOYKUMOHHBIN (E, ) i anek-
TpocTatudeckuin (E,) YneHbl onpeaenstor nputarisa-
IOLUMIA XapakTep MOSHOW 3HeprmM B3aMMOLEWCTBUS,
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B TO Bpemsi kak obmeHHbI YneH Maymu (E,) scerna
OTBETCTBEHEH 3a OTTANKMBAIOLMIA XapaKTep 3Heprum
B3avMmoaencTems (Bcerga nonoxurteneH). MNpu paccro-
SHUM MOJIEKYIbl BOAOPOAA OT LieHTpa nopbl R = 6-8 A
BCE uccrneayemMble KOMMOHEHTbI 3HEPrUM MPUMEPHO
paBHbI HymO, OOHaKO NpU AarnbHeNLWeM NpUonmKeHnm
UX XapakTep CTaHOBUTCH pasnuyHbIM. B uenom, kak u
OXMAANOCh, CUIBbHO MOMOXUTENbHBLIN YneH E_ oby-
CNnoBnuBaeT NoBeAEHNe 3Heprun B3ammogencTaus. B
MPOTUBOBEC EMY BbICTYNaOT B Nnopsiake ybbisaHuA E,_,
Ey ¥ Ege Habntopatotca sHepreTnyeckne Gapbepbl
BXOAa MoreKynbl B nopy npu R = 3,6 A gnsa o6ewnx nop.
Kpome Toro, CyLecTByIOT SIPKO BbIPaXXEHHbIE MUHUMY-
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Mbl npy R =01 1,8 A ot ueHTpa nopbl Ans nopsid =6 A
N MEHee BbIpaXXEHHblE MUHUMYMbI Npu Tex xe R ans
nopbl d = 7 A. B uenom nocrnegHss nopa xapakrepu-
3yeTcsi CMeLLeHMEM BCexX 1ccredyemMblX KpUBbIX K Och
abcumcc no cpasHeHuto ¢ nopoin d = 6 A.

Ons nopbl d = 8 A yxe He Habniopgaetcs Gapbe-
pa ans Bxoga B Mopy, HaMboNbLUWIA BKaA B 3HEPIMIO
NPUTSIKEHUSA ONSATb BHOCUT OWUCMEPCUOHHBINA  YIEH.
OpHako B cpaBHEHWM C NpeablayLmMMm cryvyasiMu, ero
abconTHoe 3HayeHue ymeHbluaetca ~-4,0; -2,5 un
-1,0 kkan/monb ans nop ¢ d = 6, 7 n 8 A cooTeeTCTBEH-
HO. OTO 0BYCNOBNMBAETCH YBEMUYEHNEM PACCTOSHNS
Mexgy CTeHKamu Mopbl, MOCKOnbky E gsp 3ABUCUT OT
yncna Gnmanexawmnx atoMoB, Kak 3TO ObINIo NoKasaHo
B [38]. MakcumarnbHoe 3HaYeHne 3Heprm B3anmoaen-
ctBuA E, coctasnset ~-1 kkan/monb npm R = 0.

Nanee 6bin nccrienosaH crydait nopbl ¢ d = 9 A
NSl KOTOPOW Takke Habnogaetcs 6e30apbepHbIli BXOA
B ropy, npu atom npu R>6 A anektpoctatnyeckme u
OVCMNEePCUOHHbIE  B3aVMOAEWCTBUS  [aloT  NPUMEPHO
OOMHAKOBLIN BKMa B CTabunmaupytoLlee MoneKysbl
npuUTsHKEHne, B TO Bpems kak npu R<6 A aucnepcuon-
Has KOMMOHEHTa ONsiTb CTAHOBWUTCS MPEBaInMpPYOLLEN.

B uenom npovcxoauT ganbHenlee CMeLLEHNE KPUBbIX
3aBucumocten E oT R B ctopoHy ocu abeuuce. B gaH-
HOM Crly4ae MakCMmaribHOe 3Ha4YeHVe SHEPTN B3aMO-
Aevcteus E, cocraenget ~-0,5 kkan/monb npu R = 0.

HakoHeu, ans Hanbonblei nopsl ¢ d = 10 A no
aHanorMm c npegbiaylwum criydaem Habnopaercs
Ge3bapbepHbIN BXOA, MOMEKybl BOAOPOAa B Nopy, Npu
3TOM 3HaYMMble BENNYUHBLI MPUHUMAET TONbKO SHepre-
Tnyeckui vneH E g B TO BPEMSI Kak ocTarbHble une-
Hbl MPY ManbIX 3Ha4YeHNsIX R NpUMepHO paBHbI HYIHO.
Hawvbornbluee sHaveHe aHepruv B3anmomencTems E,
cocrtasnset ~-0,3 kkan/monb npn R = 0.

B panbHenweM uccregoBanack eMKOCTb Mop Mo
Bogopoay. s aToro aobasnsanm no ogHOM Monekyne
BHYTPb MOPbI 1 ONTUMN3MPOBANN FEOMETPUIO CUCTEMBI
nocrne kaxgoro wara. Bce nopbl HanonHsnm oo mo-
MEHTa «BbIXOA4A» MOIEKYN BOAOPOAA 3a kpasi nopbl.
WHbiMmn crioBamu, nccneayembie Monekynbl H, He Bbl-
XOOAT 3a KpaeBble aToMbl MOPbl MPU PacCMOTPEHUN
nopbl cBepxy. Ha puc. 3 nokasaHbl onTMarnbHble re-
OMETPUU NMOp C MAKCUMarbHbIM HaMOMIHEHWEM U YuC-
N0 MOMeKyn BOOOPOAA, aacopOUpOBaHHbIX B KaXaown
nope.
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d = 8 A (9 monekyn H,) d =9 A (10 monekyn H,) d =10 A (14 monekyn H,)

Puc. 3. lMopbl pasnuyHbiX pa3mepos, nccnegyemole B AaHHOW paboTe. MNokasaHbl onTUMarbHble FeOMETPUM Nop C
MakcuMarnbHbIM KONMYeCcTBOM agcopbrpoBaHHbIX MOMEKYN BOAOPOAA.
LiBeToBas cxema: yrnepog — xenTbli, Bogopog — ronybon

Fig. 3. Pores of different sizes studied in the present work. The optimal geometries with maximal quantity of H, molecules
adsorbed are shown. Color code: carbon — yellow, hydrogen — light-blue
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OHeprun, paccuutaHHble metogom SAPTO/jun-cc-pVDZ (kkan/monb), Ans monekyn H, B nopax (d = 6-10)

Energies calculated at the SAPTO/jun-cc-pVDZ (kcal/mol) level for H, molecules inside the pores (d = 6-10)

Homep
MOﬂeKyﬂbl H2 Eel Eex ind Edisp int
d=6A
1H -1,29 3,98 -0,44 -4,31 2,07
2 (21) () (72)
6H -1,66 5,08 -0,6 -3,57 -0,74
2 (29) (10) (61)
d=7A
1H -0,40 1,17 -0,08 -2,23 -1,54
2 (13) ©) (82)
7H -0,77 1,85 -0,24 -2,18 -1,33
2 (24) (8) (68)
d=8A
1H -0,44 1,33 -0,09 -1,79 -0,98
2 (19) (4) (77)
9H -0,79 2,08 -0,25 -1,94 -0,90
2 (27) (8) (65)
d=9A
1H -0,42 1,13 -0,08 -1,66 -1,04
2 (19) (4) (77)
10 H -0,79 2,0 -0,22 -1,92 -0,89
2 (27) (8) (65)
d=10A
1H 0,43 1,27 -0,09 -1,64 0,89
2 (20) (4) (76)
14 H -0,69 2,03 -0,28 -1,74 -0,68
2 (26) (10) (64)

MpumevaHne. BennumHel B ckobkax obo3HavarT NPOLEHTHbIV BKIa4 B HEPTUIO NPUTSXKEHNUS.

[nsa BbisBNEHNa ocobeHHocTen agcopoummn Obinm
paccymTaHbl 3HEPrUN B3aMMOLENCTBMS U UX KOMMO-
HeHTbl MeTogom SAPTO/jun-cc-pVDZ gnsa ontumans-
HbIX FEOMETPUIN CUCTEM, COOTBETCTBYIOLLIMX NEPBOM U
nocnegHen agcopbrpoBaHHOM MOMeKyre BoAOpoaa B
nope. Pe3ynkratbl pacyeToB NpMBEAEHDbI B Tabnuue.

MNepengem K aHanuay 3Heprun B3anMoaencTBusa m
MX KOMMOHEHT Ans pasnuyHbiX nop. Bo-nepsbix, oOT-
METUM 3HAYUTENbHYO BEMWUYMHY 3HEPrMM B3auMoaen-
ctus E, = -2,07 kkan/monb Ans nepson Monekysbl H,,
ancop6uposaHHon B rnope ¢ d = 6 A (cm. Tabn.). Ans
OCTarnbHbIX MOP 3TU 3HAYEHUSI CYLLECTBEHHO HIDKE.
Takoe 3HauuTenbHoe MNpeBbILLEHE O0YCrOBNMBAETCS
BbICOKUM YMCMNEHHbLIM 3Ha4YeHeM YneHa E sispr KOTOPOE
oTpaxaeT ToT hakT, 4To 0be CTeHkM nopbl ¢ HEGOMb-
LWIMM MEXMIIOCKOCTHbIM PacCTOSHUEM Y4acCTBYHOT BO
B3anMoOencTBuM ¢ monekynomn sogopopa. Npu yee-
NIMYEHUN 3arpy3ky Mopbl MOMeEKynamy Habnogaetcs
YMEHbLUEHNE OTHOCUTENBLHOIO BKIada AMCNEPCUOH-
HbIX B3aMMOAEWCTBUN U OOHOBPEMEHHOE YBENMYEHNE
BKIAJ0B WHAYKLUMOHHBLIX U 3NEeKTpoCTaTUYeCKUX B3a-
UMOLENCTBUA B 3HEPIUIO NPUTSHXKEHUST Monekyn. [pu
9TOM OTMETUM TOT dhakT, YTo E,_ BCe elle asngaerca
AOMUHMPYOWMM (72 1 61% ans 1 u 6- monekyn H,
B MOPE COOTBETCTBEHHO). OneKTpocTaTndeckne B3au-
MOZENCTBMA JAl0T Crieayowmi No BaXKHOCTU BKMag B
MOJIHYO 3HEPruio B3avmoaencTans E, .

Ona cnepytowen nopel ¢ d = 7 )3\ HabntogaeTcs
CHUXeHue 3HadeHus E. . ana 1-n monekynbel n ogHo-

int
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BpemeHHoe noBblweHne E - Ans nocnegHen. Pas-
HOCTb uneHoB E_ AOns 3TMX MOrnekyn coctaenser
npumepHo 0,2 kkan/monb, NpyyeM aTa pasHOCTb CO-
XpaHsieTcsa u ans 6onee WMpPOKMX Nop, Kak ato byaer
BuaHO garnee (cm. Tabn.). B uenom cooTHolweHne
KOMMOHEHT, JalolMX BKNag B NPUTSKEHME, aHaro-
rM4Ho npedpiayllemy cnyyaio: B, >E >E .

Bce «wabnoHbl» pacnpegeneHms MOnekyn BHy-
TP MOp PasHON LUMPUHBLI OTNKUYHBLIL. OnTMMKU3aums
reoMeTpum nop, HamosfIHEHHbIX BOAOPOAOM, MNOKa-
3ana, 4yto B nope d = 6 A Bce monekynbl 3aHumMaroT
HaKINOHHbIE MONIOXEHUS, B TO BPEMS Kak AJi1s1 Nopbl
d = 7 A onTumanbHbIM siBRSIETCS BEpTUKaNbHOE Mo-
noxeHue agcopbupoBaHHbix monekyn. [ns 6Gonee
LUNPOKNX MOP CTaHOBUTCHA SICHBIM dOpMUpPOBaHUE
2-x psigoB agcopbupoBaHHbLIX Morekyn. Ons nop c
d =7 n 8 A onTuManbHbIM SBRNSETCS HaKNOHHOE No-
noxeHve H,, a Ana camow LUMPOKOW Mccneayemon
nopbl MOXXHO OTMETUTL 2 SBHbIX CIOsi C NpeBanupy-
IOLWNM BepTUKanNbHbIM pacnpegeneHveMm agcopbu-
POBaHHbIX MOMEKyn. XopoLo 3aMeTHO, YTO ANg nop
d =6 u 7 A sHeprus Bzanmopgeiicteus ansa 1-n agcop-
GrpoBaHHOW Morekynbl H, 3HaunTenbHO Bbille, Yem
ans nop 6onbwero pasmepa. 310 obycrnoBnnBaeTcs
B3aMMOAENCTBMEM MOJIEKYN BOAOpOAa cpa3sy ¢ obe-
MMM CTEHKamun nopbl. YTO KacaeTcsa nocnenylomx
afncopbupoBaHHbIX MOMeKyrn, TO BKMNaj B 3HEpPruto
B3aUMOLENCTBUSA HaAYMHAIOT BHOCUTb CUIbl MEXMO-
NEKyNApHOro OTTanknBaHWs Mexay Monekyrnamm Bo-
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Aopoga. Moatomy E_ Ans nocneaytowmx Monekyn B
nope CTaHOBATCH 3HAYNTENbHO MeHblle. CpaBHUM
Tenepb 3HaveHus E, , HangeHHble B HacTosLWen pa-
©oTe, ¢ nony4YyeHHbIMKU paHee. Tak, ana agcopbuum
BOAOPOAA Ha «4MCTOM» rpadpeHe un Ha rpadeHe, ao-
nupoBaHHOM atomamu 6opa n asoTa, 3HadeHue E
cocTaBnsieT npumepHo ~1 kkan/monb [39], a eMKOCTb
nucta rpadeHa no sogopoay — npumepHo 3,3% [15].
Takum o6pa3om, yOBOEHME 3HEeprvM B3aMModen-
CTBUSI CBUOETENbCTBYET O MNPEANOYTUTENBHOM WUC-
Nonb30BaHUKN NMOPUCTLIX CTPYKTYP AS1S XpaHEHUS BO-
pgopopaa. B 1o e camoe Bpems ansanop cd =8-10 A
HabniogaeTca Takas TeHaeHUUs: 3HaveHne E  cTpe-
MUTCS K ~1 Kkan/Monb Kak ans nepBow, Tak 1 Ans no-
cnegHen Morekyn Bogopoaa, NOMELLEHHbIX B MOpY.
370 roBopuT 0 HOPMUPOBAHUN B MOPE MOHOMOSE-
KyNsSpHbIX CNOEB NO aHanorMmM ¢ nMcToM rpadeHa.
JducnepcroHHble B3aMMOAENCTBUSA U B 9TOM criyvyae
UrpaloT 3HAYUTENBHYIO PONb (BKNaZa B NPUTSKEHME
cocTaBnsieT 76—77% ans 1-n agcopbupoBaHHON Mo-
nekynol H, n 64-65% ans nocneaxen) (cm. Tabn.).
OnekTpocTaTnyeckme B3aMMOAENCTBMSA OAOT BKNag
B 19-27%, B TO BpeMs kak MHAYKUNOHHbIE — 4—10%.

MonesHon MeToAuKOW omnpedeneHns CyLecTBo-
BaHMSI HEKOBANEHTHbIX B3aMMOAEWUCTBUIA SABMSIETCS
Mogenb HesaBucumoro rpagmeHTta IGM. Ha puc. 4
npuBegeHbl nsonosepxHoctn IGM ansa Bcex uccne-
ayemblx nop. B cootBeTcTBUM C 3TMM METOOOM CWU-

W A~ , ),.\),,{%%(.) \ j—-f{n}ﬁ \ 3
N2 WA N W9-a
d=9A d=10A

Puc. 4. N130n0BEPXHOCTN HEKOBANEHTHbIX
B3aMMOAENCTBUI, NOMYYEHHbIX B pamMKax Mogernu
IGM. 3eneHble n3onoBepxHOCTU 0603HaYaoT
obnactu BaH-Aep-BaanbCOBCKNX B3aUMOLAENCTBUN.
LiBeToBas cxema anst 0603Ha4YeHNst aTOMOB:
ronybon — yrnepog, 6enein — Bogopon

Fig. 4. Isosurfaces of noncovalent interactions
obtained by the IGM method. Green isosurfaces
denote van der Waals interactions. Color code:

carbon — light-green, hydrogen — white
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HWI, 3eNeHbIN N KpacHbIN LiBETa OTpaXatoT CUNbHOE
n cnaboe nNpuTsDKEHME, a Takke oTTaslkMBatoLime
B3aUMOAENCTBUSA COOTBETCTBEHHO.

Ha ocHoBaHMnM gaHHbIX puc. 4 MOXHO caenaTtb
BbIBOZ, YTO ANnsA 6onee y3kux nop obe CTeHKM nopsbl
JenalT BKNag B CcTabunuampylowme MONeKyrnbl
BOOOPOAa B3aMMOOEWNCTBUSA (4Be 3eneHblX W30rMo-
BEPXHOCTU MO 06e CTOPOHbI aacopbunpoBaHHbLIX MO-
nekyn). Hanpotme, Ons LWKMPOKMX MOpP NPOUCXOOUT
obpaTHas cuTyaumsi: ons Kaxgoro agcopOumMOHHOro
CNnos BKMaj B SHEpPruto B3aMMoOAenCcTBMS SaeT ToMb-
KO ofHa cTeHka. [laHHoe HabntogeHne HaxoguTcs B
cornacum ¢ pacyeTHbIMU AaHHbIMKU, NPUBEOEHHBbIMU
B Tabrmue, rae nokasaHo NoCTeNeHHOE YMEHbLLEHNE
3HaveHun E, B pagy nop r|pV| CNneaoBaHUN OT Y3KUX
(d =6 A) k wmpokum (d = 10 A).

Tenepb oueHUM  aACOPOBUUOHHYID  eMKOCTb
(GD, Bec.%) uccnegyembix nop no sogopoay. Ana
3TOro BOCMOnb3yemcs hopMyromn:

nHy

+ Mpore

rae — ato M, , mMacca n agcopbupoBaHHbIX Mo-
nekyn H,, a M ore"— mMacca nccnegyemon nopsl. Bol-
qwcneHHue 3nadenns GD ananopcd=6,7,8,9,
10 A paBHbl cootBeTcTBEHHO 1,98; 2,30; 2,93, 3,25,
4,49 Bec.%. Tenepb CpaBHUM MOJTyYEHHbIE BENTUYUHDI
GD ¢ nutepaTypHbIMU AaHHbIMW. 30€ecb NpyBEOEM
3Ha4YeHus anga Tex cpesd, KoTopble npegnonararT Xpa-
HeHWe BogopoAa Ha ocHoBe hn3nyeckor agcopoumn.
Kak 6bIno ykazaHo Bbllle, 3TO 3HAYEHUE Onsi YACTOro
rpacpeHa coctaenset 3,3 Bec.%, YTO NPEBbILLAET Bbl-
YNCMEHHBIE 3HAYEHNS ONs Y3KNX MOp, HO HanbonbLUas
nopa ¢ d = 10 A umeert Gonbluee sHaueHne GD. [ns
nnaHapHbix N-3ameLLeHHbIX rpad)eHoB Bbinu nonyye-
Hbl CriefytoLme BeNNYMHbL: 3HaveHns E coctasnanm
ot -1,25 po -1,38 kkan/monb, B TO BPEMS Kak BENUYMK-
Ha GD 6bina oueHeHa B 3,43% [11].

B skcnepumeHTanbHbix pabotax [40, 41] npuse-
OEeHbl COOTBETCTBEHHO criegylowime BENUYUHbI NS
XpaHeHMs1 Bogopoda Ha AOMMPOBAHHBIX KUCIIOPO-
AoM nnaHapHbIx nuctax BN (E, = -1,5 kkan/mornb,
GD = 5,7%) u HaHonopuctbix HuTpuagax BC
(GD = 1,07%). B pabote [. boHudauu 1 coasTto-
POB 3KCMEPVMMEHTaNbHO OMNpedeneHo 3HavyeHue
GD =1,75% pnsa retepoctpyktyp BNC [42]. XoTS He-
KoTOpble paboTbl AEMOHCTPUPYHOT MOpasuTerbHbIe
pesynesTaThbl, NONy4YeHHbIE NPU HU3KUX TeMMepaTypax
(Hanpumep, MOF-210 nokasbiBaeT BbICOKOE 3Haye-
Hue GD gns xpaHeHust Bogopoaa B 17,6 Bec.% npu
T =77 Kun P = 80 6ap) [43], XxpaHeHMe npu H.y. 00
CYX NOp NoKa3blBaeT ymepeHHble 3HaveHns GD. Tak,
Ru-gekopuvpoBaHHbI 4ONMPOBaHHbIA Bopom yrie-
poa nemoHctpupyetr GD gnsa Bogopoga, pasBHoe
1,26% [44]. HepaBHO onpegeneHHas eMKOCTb Mo BO-
aopopay KopaHHyrneHa coctaenseT Bcero 0,1% [45].

B T0 xe BpeMs TeopeTnyeckme paboTbl ycTaHaB-
NMBAKOT 3HaAYMTENBHO Oonee BbicOkne 3HaveHusa GD
ONS HAHOCTPYKTYP, OCOBEHHO «AEKOPUPOBAHHbIXY
aTomMamMu U KatuoHamu (NpucoeuHeHne KaTuOHOB
NPOUCXOANT MO Tak Ha3blIBAEMOMY MEXaHU3My KaTu-
OH-TT B3aumogencTeui [46]). Tak, Hanpumep, Oeko-
puUpoBaHHbIV Li* knactep TeTpabeH3oneHTaleHa ge-

GD =

X 100%,
MnHz
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MOHCTpUMpPYET eMKOCTb No Bogopoay B 4,8% [29]. Mpu
aTOM AekopuposaHHbIii Li knactep (BN) C,_ (x = 1;
0,25; 0,5; 0,75; 0) DeMOHCTpPMpPYET EMKOCTb MO BO-
gopoay B 8,7% [47]. OekopvpoBaHHble Li* HeopraHu-
Yyeckme H6eH30Mbl Kak NpeawecTBEHHMUKN CUCTEM Ans
XpaHeHus BOAOpOAa MNoKasbiBaloT elle 6onbliyio
emkocTb GD, paBHyt npubnuamtensHo 10% [19].
OpHako cyLecTBYHOT TPYQHOCTM C NPAKTUYECKOW pe-
anusaumen nogobHbIX CUCTEM, MO3TOMY MOPUCTbIE
yrmepoaHble HaHOCTPYKTYpbl SABNATCA yAOOHbIMU
KaHOvgaTamuM B KayecTBe cucteMm xpaHeHus. Cne-
OyeT OTMETUTb, YTO HeobxoamMmo TLlaTenbHO oTou-
paTb CTPYKTYpbl NO pa3Mepam Mnop, NOTOMY YTO, Kak
MoOKa3aHo BbIlLE, pacCTOSAHUE MeXOy CTEHKaMMK Mnop
SABMNSETCS KMOYEBbIM NapamMeTpoM, onpeaensiowmm
xapakTtep ¢umsmyeckon agcopbuun, a crnegopatenb-
HO, 1 BO3MOXHOCTb XpaHeHWNsi Bogopoaa.

SAKNIOYEHUE

B naHHol paboTte ¢ NOMOLLbI0 COBPEMEHHbIX Me-
TogoB kBaHToBOW xumun (DFT, SAPTO, IGM) 6bina
n3ydeHa apgcopbums MOMeKkynspHoro Bogopoda B
psioe MoZenbHbIX LWeneBuMaHbIX YrrnepoaHbIX nop.
BbluMcneHHble 3Ha4YeHNs aHepreTuyeckmx 6apbepoB
BBEEHVs MOMeKynbl H, B Nopbl ¢ MUHUMANbHLIMU
paccToSAHUAMN Mexay CTeHKaMI/I (d =4, 5 A) He no-
3BONSAOT MCNOMb30BaTb MX B KayecTBe addpekTms-
HbIX copbeHTOB Bogopoaa. [ns nop Gonbluero pas-

Mepa YCTaHOBMNEHO, YTO B 3aBMCUMOCTU OT paccTos-
HUS1 MeXOy CTeHKamun aacopbupoBaHHbIe MOMeKyrbl
Bogopoaa obpasytot oavH (d = 6, 7 A) unu asa cnos
(d=28,9, 10 A) BHyTpy nopei.

MeTtogom SAPTO nomnyyeHbl 3Ha4YeHMs JHeprum
B3avmopeiicTems (E, ) mexay Monekynamu, agcop-
OMpoBaHHLIMU B MOpe, U ee CTeHKamu. YcTaHoBne-
HO, YTO 3HayeHue E_ MakcumarnbHO ana camon ma-
noii nopeil (-2,07 kkan/monb, d = 6 A) u MuHMManLHo
ans camon 6onbLuoii (-0,89 kkan/monb, d = 10 A). C
nomoulbto metoga IGM yganochk onpegenuTb dakT
O[HOBPEMEHHOIO BNUAHUS 0Benx CTEHOK Nopbl Ha
Kaxayto agcopbuposaHHyto Mornekyny H, B criydae
nopbl ¢ d = 6 A 1 BNMSHMA TONbKO op,How CTEHKM B
cnyyae nopbi cd = 10 A,

PasnoxeHne aHeprun B3anMoOencTBUS Ha KOM-
NMOHEHTbI ¢ nomoLbio metoga SAPTO nokasano, 4to
ANCNEPCUOHHbIE B3aMMOAEWCTBUSA [al0T OCHOBHOW
BKMag, B SHEPIUIO NPUTSIKEHUS, MPUYEM C yBeENnuye-
HUeM 4mncna monekyn H,, ancopbuposaHHbIX B nope,
MX 3HAYMMOCTb NadaeT, a BKnag B NpUTSHKEHNE anek-
TPOCTaTUYECKUX U MHAOYKLUUNOHHBLIX B3aMMOLENCTBUN
pacTerT.

Takke 6bINY BbIYUCMEHbI 3HAYEHUS rPpaBUMETPU-
yeckoi nnotHocTM GD ananopcd=6,7,8,9, 10 A,
OHU paBHbl cooTBeTCcTBEeHHO 1,98; 2,30; 2,93; 3,25;
4,49 Bec.%. lMonyyeHHble pe3ynbTaTbl BaXkHbl OIS
pa3paboTkn MOPUCTBIX MaTepuarnoB A9 XpaHeHus
BOAoOpoAa.
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AHHOMauyus. Nomumo cywecmsyrouux CuHmemu4Yeckux UHAUKamopos, 8 npupode ecmpedyaemcsi MHOXe-
CMB0 UHbIX NMUE2MEeHMHbIX 8eu,ecms, criocobHbIX peazuposamb Ha U3MeHeHue 8000pPOOHO20 roKasamers
pacmeopa sApKuM rnepexodom okpacku. Harpumep, makol rnepexod okpacku MOxHO Habrodams rpu Ucrosb-
308aHUU aHmMouuaHos. Llenb uccnedosaHusi — ornpedernumeb 803MOXHOCMb NMPUMEHEHUS CyMMbI aHmMouuaHo8
U3 aKcmpakmos 5i200 8 Kayecmee MomeHyuaribHO20 KUCIIOMHO-OCHOBHO20 UHOUKamopa. Ez2o npumeHeHue
B03MOXHO, KaK U WUPOKO UCrosib3yemoz20 05151 amux uenel uHOukamopa ¢heHongmaneuHa. Miccnedosanu
B800HbIE U CrUpMOo8bie 3KCmpakmbi U3 5200 pssbuHbI, obnernuxu, 6pYCHUKU, YePHUKU, CMOPOOUHbI, EXXKE8UKU,
KIHOK8bI, WUMosHUKa, YepemMyxu u 6ospbiuHuka. Hanudue aHmoyuaHos 8 uccredyembix obpasyax Ookasbl-
8ariu ¢ MOMOWb0 XUMUYECKO20 U (hU3UKO-XUMUYECKO20 MemMOod08 aHarnu3a: Ka4ecmeeHHOU peakyuu, 80CX0-
Osweli moHKocIoUHoU xpomMamoepaghuu u npsamoul criekmpogpomomempuu. KonuyecmeeHHy0 OUEHKY co-
OepxkaHuUs1 aHmouuaHoe 8 s1200ax rpoeodusiu memooom pH-dughgpepeHyuanbHol cnekmpogpomomempuu. B
xode pabomebl ycmaHO8/IeHO, 4YmOo codepXXaHue aHmoyuaHo8 8 B00HbIX IKCMpakmax HaMHO20 MeHbLIE, YEM 8
criupmosbix. s cpagHeHus1 UHOUKamopHbIX 803MOXHOCMel heHorgbmarneuHa u CyMmbl aHmoyuaHos bbina
rnposedeHa KonuyecmeeHHasi oueHKa codepxkaHusi ackopbuHo8oU Kucromsl 8 obpasyax ¢ppykmos memodom
npsmod ankanumempuu. KoHmMpornsHbIU orbim npogodusnu ¢ 5%-m pacmeopoMm ackopbuHoeoUl Kucriomsi 0ns
UHBeKkyul. 3HayeHue pH 800HbIX U CUPMOBLIX PAcmMeop0o8 8CEX MOMyYEHHbIX 8bIMSXEK U3 9200 onpederis-
JIU UHcmpymeHmarsbHbiM MemodomM. BoOopoOHbIl rnokazamerb 3KCmMpakimoe Haxoousicsi 8 UuHmepesasne om
2,95 9o 5,04. KauecmeeHHO U KO/TUHECMBEHHO oripedesieHo codepxaHue CyMMbl aHMOUUaHo8 8 800HbIX U
CriupmoesbIX 3KCmpakmax 51200 €Xe8UKU, KIHOK8bI, YepHOU CMOPOOUHbLI, YepHUKU U BpYyCHUKU 8 repecyeme
Ha yuaHuduH-3-amroko3ud. MNokasaHa cxoOUMOCMb pe3yribmamoes ankanuMempuyecKko2o mumposaHusi ¢ uc-
rnonb3o8aHueM 8 Kkadecmee uHOuKamopa ¢hbeHosichmarneuHa U CyMMbl aHmMouuaHo8, U36/1e4eHHbIX U3 5200
YyepHoU cMOPOOUHbI 95%-M amuio8bIM CriUPMOM.

Knroyeenie crioga: KUCITOMHO-OCHOBHOE mumposaHue, aHmouuaHbl, heHorigbmaneuH, UHOUKamop, 3Kc-
mpaxkmal

Ans yumupoeanus: Optoukasn C. M., ToncteHok W. B., Akywesa H. 0. NpumeHeHne komnnekca aHTounaHoB
B POV MHAMKATOPOB ANs ankanuMeTpu4eckoro TMTpoBaHus // N3sectus By3oB. MNpuknagHas Xumus n buortex-
Honorus. 2022. T. 12. N 3. C. 373-382. https://doi.org/10.21285/2227-2925-2022-12-3-373-382.
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Application of anthocyanins as indicators for alkalimetric
titration
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Abstract. Along with synthetic substances, various naturally-occurring pigments can response to pH variations
in solutions by changing their colour. Such substances include, for example, anthocyanins. In this study, the
possibility of applying a set of anthocyanins obtained from berry extracts as a potential acid-base indicator.
This indicator can be a good alternative to the widely-used phenolphthalein test. Aqueous and alcoholic
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extracts derived from the fruit of ashberry, sea-buckthorn, lingonberry, blueberry, currant, blackberry, cranberry,
rose hip, cherry and hawthorn plants were studied. The presence of anthocyanins in the test samples was
confirmed by chemical and physicochemical methods of analysis, including qualitative tests, ascending thin-
layer chromatography and direct spectrophotometry. Quantification of anthocyanins was carried out by pH-
differential spectrophotometry. Compared to alcoholic extracts, aqueous berry extracts were found to contain
anthocyanins in far lesser amounts. In order to compare the pH indicator potential of phenolphthalein and the
studied set of anthocyanins, the content of ascorbic acid in the test samples was assessed by direct alkalimetry.
A control experiment was performed using a 5% ascorbic acid solution for injection. The pH value of aqueous
and alcoholic solutions of all berry extracts was determined by an instrumental procedure. The pH of the
extracts ranged from 2.95 to 5.04. The content of the total amount of anthocyanins in aqueous and alcoholic
extracts of blackberries, cranberries, black currants, blueberries and lingonberries in terms of cyanidin-3-
glucoside was determined both quantitatively and qualitatively. A good agreement was achieved between the
results of alkalimetric titration performed using phenolphthalein and the set of anthocyanins extracted from
blackcurrant berries with 95% ethanol.

Keywords: acid-base titration, anthocyanins, phenolphthalein, indicator, extracts

For citation: Dryutskaya S. M., Tolstenok I. V., Yakusheva N. Yu. Application of anthocyanins as indicators
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Applied Chemistry and Biotechnology. 2022;12(3):373-382. (In Russian). https://doi.org/10.21285/2227-2925-
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BBELOEHUE

[nsa onpepeneHus xapaktepa cpeabl Nodbix pac-
TBOPOB M B paMKax TUTPUMETPUYECKOTO aHanv3a B
XUMUM UCMONb3YKOTCA KNaccu4eckne WHONKaATOPbI:
deHondTanenH, nakmyc n metunopaHx. Ho, nomu-
MO MpeacTaBIeHHbIX peareHToB, CyLIEeCTBYET MHO-
KECTBO MHbIX MUIMEHTHBIX BELLECTB PacTUTENbHOMO
NPOUNCXOXAEHUS, CMOCOBOHBIX BbISIBNATE U3MEHEHWE
BOZOPOOHOrO NoKasaTterns pacTtBopa v CUrHanmaupo-
BaTb 00 3TOM sipkMM nepexofom okpacku. K npume-
Py, SIPKO M nokasaTteribHO C 3TON 3afaden cnpaens-
I0TCS @HTOLUMAHbI.

AHTOUMAHbI — pacTUTENbHbIE MMKO3WAbI, Coaep-
Xallume B Ka4eCTBe arfMKoHa aHToUMaHUaVHbI — 3ame-
LWeHHble 2-heHMNXPOMEHbI, OTHOCSLLMECS K Krnaccy
hnaBoHOMAO0B. 3TN BUONOrMYECKN aKTUBHbIE BeELLe-
ctBa (BAB) mMoryT noTeHUMansHO ABMATLCA ansrep-
HaTUBOW CUHTETUYecKUM umHaukaTopam [1]. Kpome
TOro, B X04€e Hay4yHOro nowcka obpaliaeTr Ha cebs
BHUMaHue uHdopmMaumsa o Tom, 4To BAB 13 cbipbs
Oepesbl MyWMCTON paccMaTpyBaloTCA B KavyecTBe
METaNOXPOMHOrO MHAMKaTopa Afs KOMIMEKCOo-
HOMeTpuyeckoro TuTpoBaHus [2]. Wcnonb3oBaHue
pasnnyHbiX 6MOOGHLEKTOB B KayecTBe UHAMKATOPOB
— OAHO U3 3Konornyeckn GesonacHbIX U akTyanb-
HbIX HanpasneHunh Ha CerofHsLWHWA MOMeEHT. [ns
ankanMMeTpMYecKoro TUTPOBaHUSA MPUMEHEHUE Ka-
KMX-mbo pacTuTenbHbIX MHAMKATOPOB B XOA4E Hay4-
HOro noucka He BbIfIo BbISBNEHO, YTO 0GOCHOBLIBAET
aKTyanbHOCTb UCCregoBaHus.

OKCNEPUMEHTAINbHAA YACTb

NccnegoBaHa BO3MOXHOCTE MPUMEHEHUS B Ka-
yecTBe WHAMKATOPOB ONS KMCIOTHO-OCHOBHOIO TU-
TPOBaHUS BOAHbIX U CMUPTOBbLIX 3KCTPAKTOB M3 Srof
psibWHbI, 06Nenuxm, GPYCHWUKKN, YEPHUKM, CMOPOOU-

Hbl, €XEBWKW, KIMIOKBbI, LUMMNOBHUKA, YEPEMYXU U
6ospbiwHMKa [3]. Cbipbe cobupanu u xpaHunu no
TpeGoBaHuaM [ocygapcTBeHHoN apmakoneun' u
OCTam?®. PaboTa 6bina BbinonHeHa Ha kadenpe
xumun n B LleHTpanbHOM HayyHo-uccnegoBaTenb-
ckon nabopartopun [danbHEBOCTOYHOrO rocyaap-
CTBEHHOIO MEAMLIMHCKOrO YHUBEpCUTETA.

MpoBoouNM BOAHYK WM CNUPTOBYH 3KCTPaKLMIO.
CnunptoBoe mu3BreveHue, coaepxalliee KOMIMeKe
aHToLUMaHOB, Nony4vanu no MetToguke, NpeacTaBnex-
How B pabote C. A. MonuHon n A. A. Ecdppemosa [4].
OkcTpakums atux BAB Takke BO3MOXHa ANCTMMANK-
poBaHHoW Boaow 6e3 HarpeBaHus [5—7]. Anga uccne-
[0BaHMSA MPOBOAWUNM 3KCTPAKUMIO MO Ccriegylolen
METOAMKE: HABECKY U3MENBYEHHOIO Chipbs MOMeLLa-
nu B Konby u 3anueanu 200 mn Bogbl. JKCTpaKuus
anunacek 12 4. M3BneyeHnsa otgensanu OT ocTaTka
Cbipbsi (UNBLTPOBaAHNEM 4epe3 OymakHbIi UnbTp
Ha BOpOHKe broxHepa.

MokaszaTenb kncnotHocTu (pH) namepsanu ¢ nomo-
Wbt noHomepa pX-150MA (HMNO «U3meputensHas
TexHukay, Poccus).

Onpegenexne Todek nepexoda OKpacku B aHanm-
3MpyeMbIX 3KCTpakTax npu fobaeneHun pacTBOpPOB
KMCNOTbI U LenoyYn NnpoBogunu BnsyansHo.

Hanunume aHTOUMaHOB B nccnegyembix obpasuax
JOKasbiBany C MOMOLLbI0 Ka4YeCTBEHHOW peakuuu
CO LUEMNOYHbIM PacTBOPOM XJIOPUCTOrO antoMWHUS
B CMUPTOBON cpefe U BOCXOAsLEN TOHKOCNONHON
xpomartorpadpum (nnactuHkm Silufol, Yexus). Ona
pasgeneHns NpuMeHann cmecb OyTtaHon-negsdHas
yKCycHas kucnoTta—Boga (4:1:2). aeHTudukaumto
NATEH OCYLLEeCTBNANU Nocne pacyeTa KoadhumuneH-
TOB yAEP>XMBAHUSA N CPAaBHEHNSA UX CO CBUAETENEM —
1%-M CNNPTOBbBIM PAaCTBOPOM LiMaHUONH-3-ITH0KO3M-
aom [8—10]. Takke cHUManNU cnekTpbl NONyYeHHbIX
CMUPTOBbLIX 3KCTPAKTOB C MOMOLLbIO NPSMOW CNEKTPO-

"TocynapcTtBeHHas chapmakones Poccuiickon Penepaumu. N3ganue Xlll. M.: Munagpas PO, 2015. T. 1. C. 218-220.
2IOCT 29187-91. Mnogabl 1 aroabl 6bicTpo3amopoXkeHHble. M.: M3-Bo ctanHaapTtos, 2004. 21 c.
S[OCT 6077-80. Chlpbe nekapCTBEHHOE pacTUTENbHOE. YNakoBka, MapKMpOBKa, TPaHCMOPTUPOBaHNE U XpaHeHue. M.:

M3n-Bo ctangaptos, 2021. 4 c.
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doTomeTpun Ha npubope UV-2450 PC (Shimadzu,
AnoHna) npu pH=4 B wuHTEepBane AnNvH BOSH
400-600 Hm* [11].

KonnyectBeHHOe copepXaHue aHToLuuaHoB B
arogax onpegensanu metogom pH-guddepeHumans-
HOW cnekTpodoTomeTpun. IamepeHne ontTmyeckom
NNOTHOCTU MPOBOAMNU Ha chekTpodoTomMeTpe npu
anuHax BortH A=510 n 700 Hm. PesynsraTtom nsmepe-
HUI ABNsiNacb pa3HOCTb ONTUYECKOM NSIOTHOCTM pac-
TBOpPOB C pH=1 1 4,5 npu gnnHax BonH 510 n 700 Hm
COOTBETCTBEHHO, KOTOpas NponopuuMoHanbHa mac-
COBOW KOHLEHTpaum1 (MaccoBoW Jore) aHToLnaHoB
B pacTBope®.

Pa3sHocTb onTuyeckon nnoTHOCTH (A) BelYMCNSNU
KaK pasHOCTb OMTUYECKMX MFIOTHOCTEN PacTBOPOB
Npuv pasHbIX ANMHAaX BOMH M COOTBETCTBYIOLLMX 3HA-
YyeHusax pH no gopmyne:

A= (As10 — A700)pH1 — (As10— 1‘1700)1;;114.5 , (1

rae A, — ONTMYEecKas MNOTHOCTb pacTeopa npobbl
npu anvHe BosHbl 510 HMm, e.o.n.; A, — onTude-
CKasi MNOTHOCTb pacTBopa NpoObl NpU ANMHE BOJHbI
700 HMm, e.o.n.

MaccoByo KOHLIEHTpaLuMio aHTounaHoB B mMr/gm®
B NepecyeTe Ha UMaHWAWH-3-rNIKO3NL BbIYUCTISANN

no gopmyne:

_ AAMVi-103
T el

C , (2)

rae AA — pasHOCTb ONTUYECKON NITIOTHOCTU pacTBopa,
€.0.n.; M — MonekynsipHasi Mmacca LuMaHuauH-3-rnio-
kosvaa, pasHaa 449,2 r/monb; V, — BMECTUMOCTb
MepHolM Konbbl, B3ATOM AN pasbaeneHusi, cm®;
V,— 06beM anukeoThl, B3ATON Ha onpeaeneHune, cM3;
& — MONSAPHbIN KOIPDUUNEHT SKCTUHKLNN LMaHU-
OuvH-3-rnoko3naa, 26900 amé-monb'-cm™; [ — gnvHa
ONTUYECKOro MYTU KIOBETbI, CM.

KoHTponbHbIN nHamkatop B pabote — dpeHondra-
nevH, nmetownn nepexoq okpacku npu pH=8,2—-10,8
[12]. BogopogHbin nokasatenb ero 0,1%-ro cnup-
TOBOrO pacTBopa, M3MEpPEHHbI NOHOMEPOM, MMEET
3HaveHue pH, paBHoe 4,01. 3HayeHne BoAOpPOAHOIO
nokasarens doeHondTanenHa paccymTbiBanu Teope-

cny4yasx ocyLecTBnAnNM Ao 3-x pesynsraTos, OTNnya-
toLmxcs He 6onee yem Ha 0,1 mn. [Inst aToro HaBecky
dpykToB maccon 10,00 r nsmenvyanu, nomeLanu B
kondy n npunmeany Bogbl 4o 50 M, a Takke HECKOIb-
Ko kanenb 1%-ro pactBopa COMsiHOM KUCMOTbl Ans
npenoTBpaLLleHns 6eICTPOro paspyLLueHnsa ackopoOmHo-
BOM kMcnoTbl. MNonyyeHHble 06pasLibl HarpeBanu B Te-
YyeHue 1 4 Ha BogsaHon B6aHe npu TemnepaTtype 60 °C.
[oTOBBIE 3KCTPaKThI PUMLTPOBaNKU, Gpanu anukeBoTy
ONs TUTPOBaHWst. TOUKY KOHLA TUTPOBaHUA OMKCUPO-
Banu B 2-xX napanmnerbHbIX aHanm3ax ¢ NOMOLLbHO UH-
avikatopa peHondTanenHa n CnMpTOBOro pacreopa
M3 Arog YepHoM CMOPOAMHBLI COOTBETCTBEHHO. B Ka-
YeCcTBE KOHTPOSIbHOIO OnbiTa NPOBOAUNN TUTPOBaHNE
5%-ro pacTtBopa ackopOBUHOBOW KUCMNOTbI ANst UHbEK-
unn. KoHueHTpaumio ackopOMHOBOWM KUCIOThlI B 2-X
napannesnbHbIX OMbITax onpeaensany no gopmyre:

_ V(NaoH)CM(NaOH) (3)

CM (ack.k—Tbl) —

V(aCK.K—TbI)

roe V(NaOH) — obbem TuTpaHTa, WUCMONb30BaHHO-
ro Ans TUTPOBaHWUS ackopOWMHOBOW KUCMOTbI, CM3;
Gt s paaopa o
’ ’ acK.K-mbi)

OuHoBoOM Kncnothl, 10 cmd.

Cratnctmnyeckan obpaboTka pesynsraTtoB NpoBO-
annacb ¢ noMmoulbto Mmetoga CTbiogeHTa nocrne npo-
BEPKM HA HOPMAarnbHOCTL pacnpeaeneHus.

OBCYXOEHUE PE3YIIbTATOB

MonyyeHHble 3KCTPaKTbl UMEMU pasHyl WHTEH-
CMBHOCTb OKpalunBaHusi. Bce cnupToBble SKCTPaKTbI
obnaganu Gonee HacbIWEHHbIM LIBETOM, YEM BO-
AHble. 3HayeHne pH BOAHbLIX U CNUPTOBLIX PaCcTBO-
POB BCEX BbITSXEK U3 Aro HaXoaAWnochb B Npeaenax
oT 2,95 go 5,04 (kucnasa cpega). CToUT OTMETUTD,
YTO BOAHblE IKCTPaKTbl MMenu Gonee k1cnyw Benu-
4YnHy pH, yem cnnpToBble (Tabn. 1).

Hanbonee sipkme nepexofdbl OKpacku B KUCIOW
(ManuHoBas) 1 WenoYHom (NypnypHO-CUHASA) cpeaax

Ta6bnuua 1. 3HayeHne BogopoaHoro nokasartens (pH)
M3BMNeYeHNn n3 Aroa

Table 1. pH value of berries extracts

ThHeckn. Benunuuna pH
10'prw 10-:0,719:0,1 MOJIb Bwua sarogHoro Z P Z
Cv=—"3 = 31831 200226 Cbipbst BoaHbii CnupToBoit
[H*] = /Oy K, = /0,00226 -4 - 1075 = 0,095 - 1073 SKeTParT SKeTparT
M- Ta A ’ " ’ ExxeBuka 3,5810,01 4,68+0,03
pH = —lg[H"] = —1g(0,095-107%) = 4,00. Ps6uHa 4,280,01 4,71£0,01
TakuMm 06pa3om, TEOPETMYECKOE U NPaKTUYECKoe | OBnennxa 4.83+0,01 4,56+0,01
3HaveHus pH 0,1%-ro cnmupToBoro pacTeopa geHor- YepHuka 3,90+0,02 4,30+0,03
CbTaKJ'IeVIHa He oTnn4yanucb gpyr ot apyra. 5 5 BpycHuka 2,950,01 3,88+0,02
(CTIOTH! B0 CPPYIKTaX ONPSAGHANA METOOM Mpawioi | ICPHa% CHOPoAUHa | 3926001 | 4,4820,01
ankanuMeTpui. STOT aHanu3 UCMOMb3yeTCs Kak akc- | 1okBa 3,4310,01 4,07£0,02
NPEecc-MeTon onpeaeneHns ackopGUHOBOM KcnoTbl. | LIMMOBHUK 4,26+0,01 4,8120,03
OH NPOBOAMTCS MaKCUMarbHO BbICTPO U He Tpebyer | BoAPbILIHMK 4,56x0,01 5,04£0,02
GonbLLIOro Yncna MaHUnynaumin. TutposaHue B 06oux Yepemyxa 4,71+0,01 4,80+0,01

‘MeTposa W. B. UccnenoeaHue codepkaHust crneumdiunyeckoro npoduss aHToOLMaHOB NEKAPCTBEHHOTO PaCTUTENbHOTO

cblpbs: aBTOoped. kaHa. hapM. Hayk. M., 2015. 24 c.

STOCT 32709-2014. MeTtoabl onpeaenexus aHTounaHos. M.: CtaHgapTuHdopm, 2014. C. 29-36.
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Habniogann B BOAHbLIX M CMMPTOBbLIX W3BMEYEHUAX
Arof, YePHWKN, YEPHO CMOPOOUHBI U eXXeBUKN. B akc-
TpakTax arog obnenuxu, LWMMNOBHMKA, BOAPBILLHUKE U
psAbuHBI, cogepXalux B OCHOBHOM KapOTWHOMABI,
He Habnoganu nepexoda okpackv npu gobasneHum
KMCMOTbI 1 LWenoun. Yicxoast na aToro, MOXHO npega-
NONMOXWUTb, YTO W3BMEYEHUS Arog YEPHUKU, YEPHON
CMOPOAMHBI U EXEBUKM MOTYT cuntatbecsa Hanbonee
npuemnemMbiMM MHOMKATOPaMn WN3MEHEHUsSI Xapak-
Tepa cpefbl B pacTBope. B arogax YepHuKX, YepHom
CMOPOAMHbI, €XXEBUKM, YepeMyxXu, BPYCHUKN 1 KITOK-
Bbl cogepxaTcs aHToumaHsbl [4, 13—15].

[na nokasatenbCcTBa NPUCYTCTBUSA aHTOLMAHOB B
3KCTpaKTax NMpPOBOAMIIN KA4YECTBEHHYIO PeaKUMo CO
LLIENTOYHBIM PaCcTBOPOM XJiopuaa antoMmHUs B Cvp-
TOoBOW cpege. [Npn HanMuMm aHToLUMaHOB U X NPOU3-
BOAHbLIX CMNUPTOBOW pPacTBOP AOMXKEH OKpacuTbCs B
dwmoneToBbin UBET. CNMPTOBbLIE U BOAHbIE 3KCTpakK-
Thl Arof, €XeBUKN, OPYCHUKM, YEPHWKKN, YEPHOW CMO-
POAMHBI 1 KITHOKBbI Janu MONOXWUTENbHY peakuumio
Ha 3Ty npoOy. BoaHble M cnupToBblEe M3BrEYEHUS
U3 Arod LUMMNOBHMKA, obrennxu, Yepemyxu, psabuHbl
1 BGOSAPLILLIHUKA Takoro OKpallMBaHWUS He Janu, 4YTto
roBoput 06 OTCYTCTBUM aHTOLMAHOB B AaHHbIX 06-
pasuax. ATU 3KCTpaKTbl ObINM UCKIIOYEHbI U3 Aarb-
HelLero nccrnegoBaHus.

B nsBneyeHusax us arog exeBuku, 6pyCHUKM, vep-
HUKW, YEPHOM CMOPOAMHBLI W KIOKBbI ONpeaensinu
UMaHWANH-3-rNIoKo3ng ¢ NOMOLLbIO METOAa BOCXO-
Osuwen TOHKOCNorHOM xpomaTorpaduun. NMocne Bbl-
CYLLUMBaHWS NIacTUHKKN bmkcupoBanu naTHa duore-
TOBOro LBeTa (cBuaetenb — LMaHUguH-3-rnoKo3una).
KoacbpuumeHT yaepxuBaHus paccuuTbiBanyM Mo
dopmyne (4). MNonyyeHHble AaHHbIE NPELCTaBMEHbI
B Tabn. 2.

Rf = (4)

Tabnuua 2. JkcrnepuMeHTarnbHble 3Ha4YeHUs
koadhduumeHTa yaepxunsanus (Rf) umaHnamH-3-rniokosmaa

Table 2. Experimental values of the retention factor (Ry) of
cyanidin-3-glucoside

Bua Benuuunha Rf
ArofIHOro BET NATHa \
belpbﬂ . Rf cTaHgapTa
ExxeBuka dmoneToBbIN 0,37
YepHuka dmoneToBbIN 0,36
YepHas .
CMngMHa hroNneToBkIN 0,36 0,36
KntokBa cnabogroneToBebI 0,35
BpycHuka droneToBbIN 0,36

C uenbio NOATBEPXOEHUA pe3ynbTaToB  TOH-
KOCMNoWHON xpomMaTtorpacum Obina npoBeaeHa crek-
TpochoToMeTpus.

Pesynbrathbl NpsiMon cnekTpodoToMeTpun npes-
CTaBrneHbl B Tabn. 3 u Ha puc. 1.

[Mony4yeHHble faHHbIE BXOAAT B MHTEpBan normno-
LeHns B AgnanasoHe anuH BorH 510-540 Hm [16, 17].

Mcxopsa M3 gaHHbix Tabn. 2 n 3, puc. 1 u kade-
CTBEHHOW peakLMmn A0Ka3aHo, YTO B BOAHbLIX 1 Cup-

370 ————————————————————————————————

Tabnuua 3. KauvecTBeHHble XapakKTEpWUCTUKM CMEKTPOB
MOrNOLLEHNs CIMPTOBLIX 3KCTPaKTOB srog (pH=4)

Table 3. Qualitative characteristics of the absorption
spectra of berries alcohol extracts (pH=4)

CnupTtoBon nx_i'éﬁggxﬂ OnTunyeckas

3KCTpaKT A (HM) ’ NNOTHOCTb, A
ExeBuka 534,8 0,286
YepHuka 520,0 0,839
YepHasi cMmopoauHa 542,2 0,318
Knioksa 536,0 0,122
BpycHuka 539,8 0,284

== YepHuka == Knioksa CmopoauHa == Bpychuka == Exesuka

OnTuyeckan nNoTHoCTL

0,00
400 450 500 550 800

JAnuHa BOMHLI, HM

Puc. 1. CnekTpbl NOMMOLLEHNST CMIMPTOBbLIX SKCTPAKTOB
arog (pH=4)

Fig. 1. Absorption spectra of berries alcohol extracts

(pH=4)
TOBbIX pacTBOpax Aro4 YEpHUKU, EXEBUKU, YEPHOWN
CMOpPOAMHBI M OPYCHUKM CcodepXaTcs aHTouMaHbl.
[daHHble XxpomaTtorpaduyeckoro aHanmsa corna-
CyloTCa C paHee MNpPOBedEHHbIMU UCCIEA0BaHUAMM
[8, 18-22].

OUEHKY KONMUYEeCTBEHHOrO coAepXaHusi aHToum-
aHoB nposoaunu metogomMm pH-gudbdepeHumansbHom
CneKkTpopoToMeTpMn, onucaHHon paHee. Pesynbra-
Thbl ONpeaeneHus npeacraeneHsl B Tabn. 4.

Mo cdopmyne (1) Gbina paccunTaHa pasHOCTb On-
TUYECKON MITOTHOCTU BOAHbLIX U CMUPTOBbLIX pacTBO-
poB Arod. MaccoByo KOHLIEHTPALMIO CYMMbl aHTOLN-
aHoB (Mr/gm?®) B nepecyeTte Ha UMaHUANH-3-TMoKo3ng
BblUMCNANM No dpopmyne (2), pesynsraTtel NpeacTas-
neHbl B Tabn. 5.

CopepxaHue aHTOLMaHOB B BOOHbIX 3KCTpaKTax
HaMHOIo MeHbLLE, YeM B CMMPTOBbLIX SKCTPaKTax: oT
1,2 pasa B akcTpakTax siroq 6pycHuku n oo 3,4 pasa
B 9KCTpaKTax Arog YepHUKn. VicknioyeHne coctaBmnm
3KCTpaKTbl U3 Arog, krtokBbl. CnegoBaTenbHO, U3 Bbl-
OpaHHbIX NATN BUOOB ArO4HOMO ChiPbsi UMEHHO Arofbl
KIMOKBblI MeHbLLIE BCEro NoaxodsaT ANl UCMoNb30Ba-
HUS B Ka4eCTBe UHAMKarTopa.

Takum obpa3om, yCTaHOBMNEHO, YTO BOAHbLIE U
CNUPTOBbLIE PACTBOPbI Ar0A4 €XEBWKU, YEPHUKM U
YEepHON CMOPOAWHbLI, codepXalime Oonbluoe Ko-
NUYECTBO aHTOLMaHOB, MMEIKT KUCIYH peakuuto
cpenbl (pH=2,95-5,04). CnepoBatenbHo, nepe-
X04 OKpacku (ManuHoBasi—NyprnypHO-CUHAS) Yy
HUX OygeTt HabnogaTbcsa B WeENovYHon cpene. IATu
pacTBOpbl MOTYT ObITb MCMNONb30BaHbLlI B KA4E€CTBE
NPUPOAHBLIX KNCITOTHO-OCHOBHbLIX MHOMKATOPOB.
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Ta6nuua 4. OnTuyeckasi NIOTHOCTb CMUPTOBLIX U BOAHbIX PACTBOPOB

Table 4. Optical density of alcohol and aqueous solutions

3HaueHus onTuyeckor NnoTHocTu (A)

CnupTOBOW 3KCTPaKT A_§|j|(=)1HM oH=4,5 )\_g|(-)|21HM oH=4,5
ExeBuka 0,786 0,099 0,053 0,026
YepHuka 0,753 0,070 0,025 0,022
YepHas cmopoauHa 0,750 0,066 0,028 0,013
Knioksa 0,130 0,058 0,019 0,017
BpycHuka 0,298 0,106 0,030 0,040

3HayeHnsa onTu4eckom NNoTHOCTH (A)

BoaHbIi akcTpakT )‘_;121“'\" oH=4.5 )\_gg(=)1HM pH=4.5
ExeBuka 0,540 0,140 0,037 0,061
YepHuka 0,274 0,075 0,037 0,038
YepHas cmopoguHa 0,460 0,083 0,030 0,041
Kntoksa 0,159 0,046 0,029 0,034
bpycHuka 0,213 0,044 0,018 0,014

Ta6nuua 5. KonnuectseHHoe coepXxaHne aHToUuMaHOB B 3KCTPaKTax Aroq

Table 5. Quantitative content of anthocyanins in berry extracts

CnmMpTOBON 3KCTPAKT BoaHbIn sakcTpakT
Bug srogHoro cbipbsi
AA C_, mr/n AA C,, mr/n
ExeBuka 0,660 220,00 0,424 141
YepHas cmopoguHa 0,669 223,00 0,388 129
YepHuka 0,680 227,00 0,200 66
KntokBa 0,070 23,38 0,118 39
BpycHuka 0,202 67,00 0,165 55

[na wuccrnegoBaHus nepexoga OKpacku Obinm
NPUroTOBMEHbI LWeCTb PacTBOPOB C pasHbIM MO-
kasatenem pH (2, 4, 6, 8, 10, 12). 3HauyeHna pH
cpenbl onpegensnu ¢ NOMOLLb KOnopumeTpuye-
ckoro metoaad. [Ins akcTpakTa srod YepHoW cMo-
poAVHbI Nepexon okpacku Habnwganu npn pH=8—
10, onsa 4YepHukn n exesunkn — npm pH=10-12. Mo
AanHbiM HO. KO, Jlypbe’, nepexon okpacku Ansi pacT-
Bopa deHondTanenHa coctasnser 8,83-9,32.
CnepoBaTenbHo, 6nuxe BCEX K KUCITOTHO-OCHOB-
HOMY WHAMKaTopy eHondgTanenHy nogxoauT
CMMPTOBON 3KCTPAKT Arog YepHon cMopoauHbl. OH
Xe ABNAeTCH, No AAaHHbIM UCCMNEeAOBaHNUA, CaMbliM
NnepcnekTUBHbIM MHAUKATOPOM Cpean OecsATu uc-
cnefoBaHHbIX 00pasLoB.

[danee oueHuBanu CxogMMOCTb pe3ynbTaToB
ankannMeTpuyeckoro TUTPOBaHUS C NEPCNeKTUB-
HbIM WHAMKATOPOM B napannenu ¢ deHondra-
neuHowm. lNpoBognnu TUTPUMETPUYECKUA aHanu3
coep>xaHusi acKopOGMHOBOW KUCNOTbI U B HEKO-
TopbIX nnogax. MNMonyyeHHble faHHbIE NPUBEAEHDI
B Tabn. 6.

CpeaHun o6beM, MCNOMb30BaHHbLIN ANst TUTPO-
BaHMst 1 MmN ackopObMHOBOW KMCNOThLI C peHond-
TanenHom, coctasnset 2,012 mn, co cNUPTOBbLIM

pacTBOPOM SArog YepHon cMmopoauHbl — 2,014 mn.
Takum obpasom, copgepkaHne ackopbuHOBOW Kuc-
NoTbl NPy TUTPOBaHWUK ee ¢ heHondTanenHom co-
ctasnset 0,2012 mons/n, a co cNUPTOBbLIM PacTBO-
pom sarog vepHon cmopoguHbl — 0,2014 monb/n,
npu codepxxaHuu ee B pacTBope AN UHBbEKUUN
kKoHueHTpauunen 0,2000 monb/n. CtaTtncTuyecku
OOCTOBEPHbIX pasnuyMi Npu TUTPOBaHUM C Npu-
MeHeHneMm eHondTanenHa n aKCTpakTa YepHon
CMOPOAMHbI BbISBMEHO He ObINo.

MeTogom npsMon ankanuMeTpum ¢ MHAUKATO-
poM deHonpTanenHoMm 1 CMpPTOBbLIM 3KCTPAKTOM
Aro4 YepHON CMOPOAMHLI ONpeaensanu coaepxa-
HMe ackopOMHOBOW KUCIOTbI B KOXype sbnoka,
anenbcuHa, NMMOHA N UX MSAKOTU. [lonyyeHHble
OaHHble NpuBeEHbI B Tabn. 7.

HaumeHbliee 3HayeHMe ackopObMHOBOW KUCMNO-
Tbl OOHapyXeHO B KOXype sibrioka u ero MsikoTMm.
Haubonbluee KonMyecTtBO acKOpOWHOBOW KUCIIO-
Thbl COOEPXKUTCHA B KOXYpe NUMOHa M anenbcuHa.
OTu gaHHbIe COMOCTaBUMbI C COAEpPXXaHWeM AaH-
HOro BMTamMuHa B paHee onybnunkoBaHHbIX pabo-
Tax® [23-27]. N3 pe3ynbTaTtoB, NpeacTaBleHHbIX B
Tabn. 7, o4eBMOHO, YTO CTAaTUCTUYECKU 3HAYMMBbI
pasnuynsa npy NpUMEHeHUn NPUpPOSHOro MHAuKa-

SlfocynapctBeHHas tapmakones CCCP. Uspanune XI. M.: MeguumHa, 1987. Bein. 1. O6wme metoabl aHanu3a. 334 c.
Typbe 0. KO. CnpaBoYHMK N0 aHanuMTU4Yeckon xumun. M.: Xumus, 1989. 448 c.
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Ta6nuua 6. CogepxaHne ackopbnHOBOWM KUCNOTbI B CTaHAaApTe C UCNonb3oBaHneM deHondTanenHa

1 CMMPTOBOrO pacTBopa Arof YepHoW CMOPOANHbI

Table 6. Ascorbic acid content in the standard using phenolphthalein and blackcurrant alcohol solution

as indicator
MHankaTop — CnMpTOBOW pacTBOp Arof YepHom
Ne oBpasuia WHamkaTop — cbeHondTaneuH CMOPOMVHEI
V TutpaHTa, Mn C,, monb/n V TutpaHTa, Mn C,, monb/n

1 2,00 0,200 2,00 0,200

2 2,03 0,203 2,03 0,203

3 2,00 0,200 2,02 0,202

4 2,02 0,201 2,00 0,200

5 2,01 0,201 2,02 0,202
CpegHee 2,012+0,005* 0,201+0,0006* 2,014+0,006* 0,201+0,0006*

MpumevaHune: * — pasnnuusa He gocToBepHsbl, p>0,05.

Ta6nuua 7. CogepxaHne ackopbrHOBOI KMCNOTbI B 06pasuax dpykToB

Table 7. Ascorbic acid content in fruit samples

_ MHamkaTop — cnMpToBOM pacTBOp SArof, CnpaBoyHble
Mugukatop — coeHondTanemH 4EPHOM CMOPOANHbI naHHble No
HavnmeHoBaHue Y, Ve KoHLeHTpaLms \Y Ve KoHueHTpaums coaepxaHuto
T-Ta, Mf_)l" ackopbWHOBOW KUCMOTHI | T-Ta, Mf_)l" ackop6MHOBO KUCTOTLI | BUTaMuHa C,
M Monb/n mr/100 r M Monb/n mr/100r mr/100 r
0,54 0,55
Koxypa si6rnoka | 0,56 | 0,55 0,00055 9,62+0,12* | 0,56 | 0,55 0,00055 9,75+0,06* 10 [23, 24]
0,54 0,55
9,27 9,31 150-180
Koxypa N +
9,26 | 9,26 0,00926 | 163,87+0,1 9,32 | 9,31 0,00931 163,97+0,10
anenbcuHa
9,25 9,30 [25, 26]
5,68 5,74 84-140
Koxypa numoHa | 5,67 | 5,68 0,00568 | 99,98+0,06* | 5,72 | 5,73 0,00573 | 100,92+0,10*
5,68 5,73 [26]
1,20 1,20 6-22
MskoTb s6noka | 1,19 | 1,19 0,00119 | 20,96+0,10*| 1,19 | 1,19 0,00119 20,96+0,10*
1,18 1,18 (23, 24]
3,55 3,63 60—80
Msikote 3,60 | 3,58 | 0,00358 | 63,05+0,27* | 3,65 | 3,63 | 0,00363 | 63,93+0,20*
anenbcuHa
3,59 3,61 (25, 26]
2,28 2,29 38-40
MsakoTb NMMoHa | 2,26 | 2,27 0,00227 | 39,98+0,10* | 2,27 | 2,27 0,00227 39,98+0,10*
2,27 2,26 [26]

MpumMeyaHue: * — pa3nuumsa He gocTtoBepHbl, p>0,05; + — pasnuuusa goctoBepHbl, p<0,05.

Topa (CMMPTOBOrO 3KCTpakTa Arog 4YepHoOW CMo-
poAMHbI) TONbKO B 0Opasuax KOXypbl IMMOHA U
anenbcuHa.

Takum o0Opasom, CNMPTOBOW 3IKCTPAKT NAro4
YepHOW CMOPOAUHbI MOXHO paccMaTpuBaTtbhb Kak
BO3MOXHbIN WMHOMKATOP ANg ankanuMmerpuye-
ckoro TutpoBaHusa. OgHako Mpu NPUroToBrEHUU
MHAMKaTopa crnegyeT yuuTbiBaTb TOT pakT, 4To
aHToUMaHbl CKNIOHHbI K OKUCIeHU0. 3TO npouc-
XOOUT M3-328 U3MEHEHUS CTPYKTYPbl aHTOLNAHOB
npu AnuTenbHOM xpaHeHumn [28]. Takne wuHAM-
KaTopbl OOJMKHbLI rOTOBUTLCA €x tempore nepepg
NPMMEHEHNEeM.

BblBOAbI

1. Ka4eCcTBEHHO M KONMYECTBEHHO OnpeaerneHo co-
AepXXaHne CyMMbl aHTOLMAHOB B BOAHbIX U CINPTOBbIX
3KCTpaKTax sirof, eXeBWKW, KIOKBbl, YEPHON CMOpPO-
OVIHbI, YEPHMKM N OpYCHUKM B MepecyeTe Ha UmaHu-
OVH-3-IMoKo3KM .

2. YcTaHOBMNEHO, YTO Bnmke BCEX K KMUCMOTHO-OC-
HOBHOMY MHAMKaTOpy dheHondTanenHy no nHTepeany
nepexopa pH cooTBeTCTBYET CNNPTOBOI 3KCTPAKT Srog,
YepHON CMOPOAVHBI.

3. MNokasaHa cxoOMMOCTb pPe3ynbTaToB ankanume-
TPUYECKOrO TUTPOBAHUS C UCMOMb30BaHNEM B KAYECTBE
nHoukatopa deHondTanenHa u CyMMbl aHTOLIMAHOB.

8Tumodpenuyk E. L., Yepemucuna M. [. CogepxaHne ackopOGUHOBOW KUCHOTbI B Pa3nUYHbIX BUAax uutpycosbix // Mono-
[asi HayKa — NpakTU4eCKOMY 3[1paBOOXPaHEHNIO: MaTepuanbl 93- UTOrOBON Hayy.-NPakT. KOHM. CTYAEHTOB, OPAMHATOPOB,
acnvpaHToB, MOnoAbIX yyeHbix (go 35 net) MIMY wm. E. A. BarHepa. Mepwmb: MNIMY um. E. A. BarHepa, 2020. C. 206-208.
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AHHOmauyus. lNepepabomka pacmumernbHol buomacckl 8 80cmpebosaHHbIe U 3KOHOMUYECKU 060CHO8aH-
Hbl€ POOyKMbI Ha Ce200HAWHUL MOMEeHM 58155emcsi MpU3HaHHbIM MUupoebiM mpeHOoM. Cpedu anbmepHa-
MUBHbIX 3Hep2emuYecKUx HarpaesneHul KoHeepcusi buomacchl — Hauboree npo2Ho3uUpyemMbIlt U ycmouyuebil
yarnepoOHbIl pecypc, crocobHbIl 3aMeHUmb UcKonaemble 8udbl Morusa. Yxe Ha ce200HAWHUU MOMEeHMmM
pacmumernbHas buomacca obecriequeaem nodmu 25% mMupogoeo sHepeocHabxeHusi. B daHHoMm 063ope
rnpusedeHbl ceedeHuUsT 0 Hauboriee MepcrneKkmMuBHbIX HarpaeneHUsIX Xumu4deckol u buomexHorno2u4dyeckol
nepepabomku buomaccbl makoao 3Hep2emu4ecKko20 pacmeHusi, kak MuckaHmyc. Bbibop muckaHmyca o06-
ycrosneH e2o 8bICOKOU ypoxalHocmbto (00 40 m/ea nocesHol riowadu) U 8bICOKUM 8bIXOOOM dHepauu
(140-560 I[x/2a) no cpasHeHUo ¢ OpyauMm pacmumeribHbIM chipbeM. Kpome moao, MuckaHmyc crocobeH
pacmu Ha MapauHarsibHbIX 3eMsISIX U He mpebyem ocobbix agpoOHOMUYECKUX Meporpusmud, rnpu 3mom 8 rpo-
yecce eeao KynbmueuposaHus rnpoucxodum obozaljeHue no4ebl op2aHu4eCcKuUMU eeujecmeamu U ee oO4UCmKa
om 3aegps3HAWUX seuecms. B 0630pe ompakeHbl HarnpasneHusi nepepabomku HamueHoU buomacchkl u
buomaccsl, nodeepaHymou npedsapumernibHol obpabomke. buomaccy muckaHmyca, nomumo nepepabomku
8 9Hepa20opecypChbl, MOXHO ¢hpakyuoHUpoB8amp U MpPaHCEOPMUPO8amb 80 MHOXECMEB0 8bICOKOUEHHbIX MPO-
OyKmoe — Uernnonosy, Humpamal Uesoro3bl, 3mureH, audpokcumemurigpypgypon, ypgypors, ¢heHorlbl,
amurieHernuKkorsb. BapoyHbie pacmeopsl nocre a3omHokuciol npedobpabomku 6buomaccel MUCKaHmyca mMo-
eym ebicmyrnamb 8 Poriu JIU2HO2YMUHO8bIX y0obpeHul. Kpome mozo, Ha ocHoge 2udponu3amos Uessoro-
3bl MUCKaHmMyca MOXHO rorlydame 00b6pokayecmeeHHbie numamesibHblie cpedbl 05151 bBUOMexHoI02u4ecKkol
mpaHcgopmayuu 8 bakmepuarbHyt0 HaHOUEs 0103y, O HaKOMAeHUsT U 8bi0erIeHUsT 8CEBO3MOXHbBIX MU-
KpOBHbIX chepmeHmos.

Knroueenie crioga: muckaHmyc, yanepoOHbil cred, npoMbiuwisieHHas nepepabomka, 80306Hoe/sseMble
UCMOYHUKU 3HEepauu, 3K0s10ausi MUckaHmyca
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Abstract. The processing of plant biomass into demanded and economically viable products is currently a
recognized global trend. Among alternative energy directions, biomass conversion is the most predictable and
sustainable carbon resource that can replace fossil fuels. Already today, plant biomass provides almost 25%
of the world’s energy supply. This review provides information on the most promising areas of chemical and
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biotechnological processing of the biomass of such an energy plant as miscanthus. The choice of miscanthus is
due to its high yield (up to 40 t/ha of sown area) and high energy yield (140-560 GJ/ha) compared to other plant
materials. In addition, miscanthus is able to grow on marginal lands and does not require special agronomic
measures, while in the process of its cultivation, the soil is enriched with organic substances and it is cleaned
from pollutants. The review reflects the directions of processing of native biomass and pretreated biomass.
Miscanthus biomass, in addition to processing into energy resources, can be fractionated and transformed
into many high-value products - cellulose, cellulose nitrates, ethylene, hydroxymethylfurfural, furfural, phenols,
ethylene glycol, cooking solutions after nitric acid pretreatment of miscanthus biomass can act as lignohumic
fertilizers. In addition, on the basis of miscanthus cellulose hydrolysates, it is possible to obtain benign nutrient
media for biotechnological transformation into bacterial nanocellulose, for the accumulation and isolation of
various microbial enzymes.

Keywords: Miscanthus, carbon footprint, industrial processing, renewable energy sources, Miscanthus
ecology
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BBEOEHUE

B cBeTe Bce Gonee ycyryonsatoLmMxXca aHepretTu-
YeCKMX U 9KOMorm4yeckux npobnem B MUPOBOM Mac-
wrabe COBEPLUEHHO OYEBMAHbLIM CTAHOBWUTCA TOT
akKT, 4YTO peLleHne aTUX Npobrnem NexuT B obnactm
MoucKka anbTepHaTUBHbIX BO30OOHOBMNSEMbIX MCTOY-
HVKOB 3Heprun. Mpn 3aTOM HEO6XOQUMO ABUraTbCs
B 2-X HanpaBneHusix: yBenuimeaTb peHTabensHoCTb
3HEPropecypcoB U B TO K& BPEMS CHUXKATb SHEpro-
notpebneHne, COBEPLLEHCTBYSA 3HeprocoeperatoLime
TEXHOMOMKN B pasfnunyHbIX cdhepax YernoBeyeckomn ge-
ATENbHOCTU.

HecoMHeHHbIM NpenMyLLIEeCTBOM BO306HOBISIE-
MbIX CbIpbEBbIX PECYPCOB SIBNSAETCS BO3MOXHOCTb X
NCMONb30BaHNs He TOMbKO B KayecTBe OvoTonnuea
HanpsiIMyto MyTeM CXWraHus unu B npeobpasoBaH-
HOM BWAE, HO 1 BO3MOXHOCTb UX TpaHcopmaLuum B
pasnu4yHble BbICOKOLEHHbIE MPOAYKTbl NyTeMm hpak-
LMOHMPOBaHMA WM panbHenwen mogndumkauun [1].
Kpome Toro, ogHMM 13 caMbiX BaXKHbIX COBPEMEHHbIX
KpUTEPMEB Ka4yecTBa IHEPreTUHECKNX PECYPCOB SIB-
NAETCA WX IKOMOrMYHOCTb, B YACTHOCTU BenuuMHa
yrnepoaHoro criefa npyv UCMNonb30BaHUWM 3TUX pe-
CYpCcOB. JKOMOrmyeckme MOCNeACTBUS, TakMe Kak
pe3koe M3MEHEHVe Knumara, Ype3MepHbIi BbIGpoc
MapHUKOBBIX ra3oB B aTMOCcdepy U NOBbILLEHNE LiEH
Ha TOMMMBO 3a NocregHNe HECKOMbKO NET, ABMAKTCS
CNefcTBMEM KpaWHeln 3aBUCUMOCTU OT HEBO30OHOB-
nsiembix pecypcoB [2]. Obulee KoHe4yHoe noTpebne-
HWe aHeprun ysenuyunock sasoe ¢ 1973 roga, fo-
CTUrHYB 9425 MNH TOHH HedTSHOro 9KBMBarneHTa B
2014 rogy [3].

BO30OBHOBITAEMbIE
N HEBO3OBHOBJTAEMbIE
CbIPbEBbBIE PECYPCbI

Yrnekucnbl ras, BbICTynaroLWmi OCHOBHbIM KOM-
NMOHEHTOM MaPHMKOBbLIX ra30B, SABMSIETCA €CTECTBEH-
HbIM KOHEYHbLIM MPOAYKTOM OKUCIEHUS] BCEX OpPraHu-
YEeCKMX BELLIECTB, T. €. YENOBEYECTBO BO BCEX cdhepax
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CBOEeN JeATernbHOCTU reHepupyeT ero B pasnuyHbiX
obbeMax: Mbl AbIWKM, Mbl CXUraeMm ToNnvMBeo, BEAEM
XMMU4eckme n broTexHomnormyeckne npoueccol, ne-
pepabaTtbiBaem Bce Bo3pacTawwmne obbembl OTXO-
OOB — BO BpeMsl BCEX 3TUX MPOLECCOB BblAENSETCA
yrnekucnbii ra3. Takum obpas3om, SHepreTuyeckui
YIMEepoaHbIN Cref ckragbiBaeTcs U3 cregyLmx co-
crasnaowmx: konnyectso CO,, koTopoe BblaenseT-
cs npu Jodblbe M UCNOoMb30BaHWMN TOMMNMBA, MUHYC
konuyectso CO,, KoTOpoe nornowaercs npu gop-
MUPOBaHMM 3TOrO TOMMMBa U BO3MOXHOW Mepepa-
0©OTKe OTXOOOB.

HeB0306HOBMNSIEMbIE UCTOYHUKN SHEpPrnn (HedTb,
KaMeHHbIW yronb, ra3) cchopMupoBanuchb o4eHb AaB-
HO 1 He obecrneyrBatoT MKCaLMmM YINEeKUCoro rasa,
TONbKO ero BblaeneHue. Hebonbluoro addekra co-
KpaLleHWs1 yrmepogHoro crieda MOXHO AOCTUYb ne-
pepaboTKON OTXOAOB Pa3fMYHONM MOSIMMEPHON MpOo-
OyKUUW, Mony4aemMon M3 9TMX HEBO30OHOBMNSIEMbIX
NCTOYHMKOB. Kpome Toro, coBepLUeHHO He0bXx0aNMbIM
yCcrnoBveM npefoTBpaleHns rnobarnbHbIX 3Konoru-
YeCKUX NocrneacTBui SBMSIETCSH COKpalLeHNe YpPOBHS
noTpebrneHns BCEBO3MOXHbIX TOBApOB U, Kak cned-
CTBME, NPON3BOACTBA OFPOMHOIO KONM4YecTBa pasnmy-
HbIX BUAOB NMOMMMEPHOW YMakoBKW, ANs nepepaboTku
KoTopow npupoge Tpebytotca aecatunetus. Bonpochl
COBEPLLEHCTBOBaHNSI YMaKOBOYHbIX Martepuarnos of-
HO3HaYHO AOMKHbI NEPeMeCcTUTLCS B 0bnacTb novcka
N pa3paboTky TEXHOMNOrMn NpomnsBoacTBa bropasna-
raemblix nonumepos [4].

ConHeyHas, rmapoaHeprusi, aHeprus Betpa, buo-
Macca pacTeEHUI OTHOCATCS K Yucry BO30OHOBMsie-
MbIX MCTOYHMKOB 3HEPrW, KOTOPbIM yOEnseTca Hau-
bonbliee BHUMaHue [2]. Cpeau 3TUX anbTepHaTMBHbIX
3HEepreTU4ecKMx HanpaeneHun KoHBepcus Gromaccel
ABMsieTcs Hambonee NPOrHO3NpPyeMbIM U YCTONYMBBIM
yrnepoaHbIM pPecypcoMm, CNoCOBHbIM 3aMEHNUTb UCKO-
naemble BMAblI Tonnuea [5, 6]. Yxke Ha ceroaHsALWHWN
MOMEHT pacTuTenbHas buomacca obecneynBaeT noy-
™ 25% MUpOBOro aHeprocHabxeHwus [7, 8].

WHTepecHoe rccnepoBaHue nposeneHo B Cepbum
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[9], npousBeneHbl pacyeTsbl Bbibpocos CO, ot nocaa-
KM MUCKaHTyca OO MOMyYeHWs U UCMONb30BaHUsS To-
NNMBHBLIX OPUKETOB U3 €ro BbICYLLEHHON Gromaccsl:
HamboMbLUNIA YIMEPOAHbIA Cneq NPUXOAMTCS Ha one-
paunio GpPUKETUPOBAHUS U3-3a BbICOKOrO MOTpebre-
HWS SMEKTPO3IHEPTUM, KOTopas BbipabaTbiBaeTCS B OC-
HOBHOM M3 HEBO30OHOBNSAEMbIX MCTOYHUKOB SHEPIuW,
npu 3TOM pesynbTaTtbl UCCreAoBaHUS Nokasanu pes-
koe cHukeHue Bbibpocos CO, —no 4000 pas B crnyyae
NCMNONb30BaHUsi BO30OHOBMSAEMBIX WMCTOYHMKOB M
NPON3BOACTBA ANEKTPOSHEPTUN.

MpeumywectBa 6uomaccel B kadyecTBe anbrep-
HaTMBHOIO BO30OHOBNAEMOrO 3Hepropecypca gocra-
TOYHO O4YEeBMAOHbI: €XerogHas BOCMPOU3BOAMMOCTb
B 3HaYUTEmMbHbIX KONMMYEeCTBaX, HW3Kasi CTOMMOCTb,
ymepeHHoe konudectso npumecen [10, 11]. Yrnepoga-
HbI cneq Npy UCMONb30BaHUN PACTUTENBHOTO CbIpbS
OymeT cknagblBaTbCs M3 CNEayHLMX KOMMOHEHTOB:
+CO, (yBenuyenvie yrmepoaHoro crieja) — 3arparbl
3HEpropecypcoB Ha MOCaAKy W BblpallMBaHue, CXu-
raHve 1 TpaHcopMaLmio (XMMUYECKyto, BUOTEXHOIO-
rmyeckyto) Gromaccel; -CO, (CHWXeHWe yrnepoaHoro
cnefa) — chmkcaums yrnekMcrnoro rasa nocpeacTsoM
hOTOCMHTE3a NPW BbipaLLMBaHNM BUOMAacChl, BO3MOX-
HOCTb CHSITUSI MHOTOKPAaTHOIO ypoXasi C O4HOMN NnaH-
Taumm, LWMPOKMIN CMEKTP MPOAYKTOB, KOTOPbIE MOXHO
NONY4YnNTb U3 PACTUTENBHOIO ChIPbsi, BO3MOXHOCTb MO-
BTOpHOW nepepaboTku NornyyYeHHbIX Matepuanos 6e3
yuwepba ons okpyxawllen cpedbl. Takum obpasom,
NCMONb30BaHNe BO30OHOBNSIEMbIX PACTUTENBbHBIX Cbl-
pbEBbLIX PECYPCOB BO BCEX 0BnacTsx 4ernoBeyeckomn
OEeATENbHOCTM OfHO3Ha4YHO OyaeT cnocobcTBOBaATb
CHWXKEHUIO YrnepoaHoro cneaa.

BUOXUMMNYECKUE N BUOOBbLIE
OCOBEHHOCTU KYNbTYPbl MISCANTHUS,
CNoCOBCTBYIOWHNE CHUXEHUIO
YMEPOOHOIO CNEQA

MpakTnyeckn Bce pacTeHUs NCMOMb3YT SHEPTUID
CONHEYHOro ceeta And npeobpasoBaHus YrreKMCo-
ro rasa v Bofbl B KACMOPOA U caxapa MocpeacTsom
doTocuHTE3a. PacTeHnsa nNornowatoT yriekucnbIn ras
13 atmocdpepbl. BONbLUMHCTBO pacTeHWin UCNOMb3yT
depMeHTaTMBHbIN NMyTb, KOTOPbIA Ha3biBaeTcs OTO-
cuHTesom C,. HekoTopble pacteHnst cnocobHbl 6onee
aKTUBHO (pMKCUPOBATb YIMEKUCAbIA a3, MHTEHCUB-
HOCTb (POTOCUHTE3a Y HUX Bbiwe. Takon Tun npeobpa-
30BaHMWs CONTHEYHOM 3HEPTUN, Ha3bIBaeMbIi POTOCUH-
Te3om C,, CONpsiKeH C MeXaHN3MOM, KOTOPbIN yBernu-
4YMBaAET YPOBEHb YIMEKUCOro rasa B kneTtkax [12], T. e.
pacTeHud, peanuaylowme Takon nyTb POTOCMHTE3A,
MOrMOLLAKT U3 OKpYXKatoLLen cpeapbl 6onbLUe yriekuc-
foro rasa u cnocobHbl 6onee CyLeCTBEHHO CHU3UTb
ero ypoBeHb B aTMocdepe.

BrnoaHepreTnyeckue KynbTypbl NoapasgensaoTcs
Ha TpPU OCHOBHbIe KaTeropuun: 1) KyneTypbl, coaepxa-
LLMe KpaxMan 1 caxapa, UCMosib3yeMble B MPOV3BOA-
CTBE TOMSIMBHOIO 3TaHoMNa; 2) Macnu4yHble KynbTy-
pbl, N3 KOTOPbIX MOny4yalT buoansensHoe TONUBO;
3) nWrHouennionosHble KynbTypbl, Goratble uen-
NONo30W, FEMULIENIIONO30A MUTHMHOM, WCMNOfb-
3yemble Ons BblpaboTku Tenmna, 3MeKTPo3Heprum,
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6uorasa u ataHona. JlurHouennonosHasa 6uomacca
ABMNSIETCA NepCnekTUBHLIM CbipbeM Afsi NPOU3BOa-
ctBa 6uoataHona [13, 14]. Takue sHepreTnyeckme
KynbTypbl, Kak MuckaHTyc (Miscanthus) — mHoroner-
Hee TpaBsHUCTOE pacTeHne ¢ POTOCUHTETUYECKUM
nytem C,, coyeTaloT BbICOKYI MPOAYKTUBHOCTb U
3(P(PEeKTMBHOCTb UCMONb30BaHUS PECYPCOB C HU3-
KMMK TpeboBaHUSMN K arpOHOMUYECKMM pecypcam,
T. €. OHM 0bnagarT CnoCcOBHOCTBIO BbICOKO3(hEK-
TMBHO Npeobpa3oBbiBaTb COMHEYHYD 3HEPIVIO B
ouomaccy [15].

Brvomacca mMuckaHTyca Habupaer nonynsipHOCTb
B KayecTBe OWMO3HEPreTM4ecKoro Chipbsi BO BCEM
MUpe M3-3a ee BbICOKOW ypoxarnHocTn (oo 40 T/ra
MOCEBHOW MIOLAaAN) U BbICOKOrO BbIXOO4A 3HEPrvu
(140-560 Ix/ra) no cpaBHEHUO C OPYTMM CbipbeEM
[16, 17]. MuckaHTyC pacTeT Ha MapruHanbHbIX UMx
Heucnomnb3yemblX 3eMIisiX, MNPUBIEKAET BHUMaHWE
He TONbKO Kak GuouHTepmegmat, cnocobCTBYHOLLNIA
COKpaLLeHNo BbIBPOCOB YINEKNCNoro rasa Ha cylue,
HO U KaK pacTUTENbHbIN pecypc, CnocobHbIi obecne-
YATb pearbHyl0, MaclwTabvpyemyl U YCTOWYMBYHO
ansTepHaTMBy HeBO30OHOBMNsSieMbIM pecypcam. [lpu
3TOM MWCKaHTYC HE UMEET CBOWCTBa paspacraTbCs
OECKOHTPONBHO Ha BCeW OOCTYMNHOW eMy TeppuTo-
puK, T. €. OH He ByaeT BbITECHATb TPAANLMOHHbIE Ans
AaHHON MECTHOCTU BWAbl PaCTUTENBHOCTM W Hapy-
watb 6uoueHosbl [18, 19]. Takum obpasom, UcCnornb-
30BaHMe BrMomacchl MUCKaHTyca Ans 3HEPreTM4ecKnx
HY>XZ, NPUBEOET K COKpaLLEHNIO YINepoaHOro crneia B
LienTpansHoi Eepone po 30,6 1 CO,  /ra B rog, a B
CTpaHax C XONOAHbIM Knumartom (B Tom vucne n Poc-
CuK) 3Ta NO3UTMBHASA TEHAEHUWsI COCTaBUT Mopsigka
191 CO,_ /ra B rog [20].

KpoMe TOro, MMCKaHTYC YCMELHO BbIMOMHSET
aKonoruyeckme n cpegoynydwarowme yHKummn: 3a-
WwMwaeT naHawadTbl OT 3p0o3un, CrocobCTBYET Ha-
KOMSIEHMIO OPraHNYECKOro BeLLECTBa B MOYBE, 3Ha4U-
TenbHO yMeHbLuas amuccuio CO, [21]. Mpu nponspac-
TaHWM MUCKaHTyCca MpoucxoguT oboralleHne MoYBbl
OpraHMYeCKUMM BeLLLeCTBaMM U MOBbLILLEHUE ee AblXa-
TENbHOW aKTUBHOCTU. Takum oOpa3om, BeipallmBaHue
MUCKaHTyca MO3BONSIET CBA3bIBATb B OPraHNYeCcKoM
BELLLECTBE MOYBbI 3HAYMMOE KONMMYECTBO Yrnepoaa.
B pabotax [22, 23] npeacTaBneHbl aKCNepuMeHTarnb-
Hble AaHHble 00 YBENUYEHUN F'yMyca B BEPXHEM Crloe
MoyYBbl MpU BblpaliMBaHUM MUCKAHTYCaA U BbICOKOM
COOTHOLLEHMN 3HEprnv, cogepallencss B Hagsem-
Hoi Bromacce ¢ cymMMapHbIMK 3aTpatamMu TEXHUYe-
CKOW 3HEeprum Ha Bo3genbiBaHWe U YOOpKy ypoxas,
YTO CBUAETENBLCTBYET O BbICOKOW arpOHOMUYECKOW,
SHEpPreTUYecKon M 3KoMnormvyeckon 3geKTUBHOCTU
BO3AenbiBaHNs MUCKaHTyca. o oueHke aBTopos [24],
BblpaLlMBaHNe MUCKaHTyca NpMBEOET K KOMMNeHcaumm
BbIOPOCOB NapHMKoBbIX ra3os Ao 4,08 T CO, _  Ha rek-
Tap B rog, 4To briaronpusTHO OTPasnUTCs HA MUPOBOW
3KoMnornyeckomn obcTaHoBke.

Buapbl Miscanthus giganteus v Miscanthus sinensis
XapaKTepu3yloTCs BbICOKMM YPOBHEM MpPOM3BOACTBA
Ouomacchl Ha rektap. Buabl Miscanthus giganteus w
Miscanthus sacchariflorus, ons KOTOpbIX XapakTepHO
BbICOKOE coepXaHue NUrHuHa, nNpeacraBnsaoTcs 6o-
nee NoaxoasiLLMMm1 Ans NpoLecCoB TEPMOXUMUYECKOIO
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npeobpasoBaHusl. Hanpotus, Buabl M. sinensis u Heko-
mopsie nodsudbl M. giganteus ¢ HU3KMUM COAepXaHNEM
NWrHYHa NPeaCTaBnslT UHTEpPeC Ans npoueccos 6uo-
XMMmYeckon koHBepcun. M. sacchariflorus v3-3a ero
HN3KOM 30MbHOCTU MHTEPECEH KaK UCXOOHbLIN BapuaHT
ONst CeNeKUMOHHbIX MporpaMm, No3BONSOWMX Momny-
YnTb BMoMaccy pasnUYHOro cocTaBsa, B 3aBUCUMOCTYU
OT 3anpoca, 1 peann3oBaTb BCEBO3MOXHbIE MPOLIECCHI
npeobpasoBaHnst GuoaHeprum [25]. M. sacchariflorus
copta CopaHoBckuii cnocobeH HakannmeaTb duomac-
Cy B KPaTKOCPOYHYIO BeretatuBHyto pasy B CypOBOM
KOHTUHEHTarnbHOM knumarte Cubupu C KOPOTKUM 3a-
CYLUMMBBIM FIETOM, OH MOPO30YCTONYMB, YCTONYMB K
BpeauTensm 1 3aboneBaHWsM, He Hy>XOaeTcsl B yOo-
OpeHMn nnaHTauMn BO BpPEMSI BEretatMBHOWM ¢pasbl —
BCE 3TO 06OCHOBLIBAET NEPCNEKTUBHOCTb MUCKAHTYCa
B KayecTBe NerkoBO30OHOBMSEMOrO fMIHOLENMoNos-
HOro cbipbs AN nepepaboTkn B CypOBbIX YCMOBUSAX
cmbupckoro knumata [13, 26, 27]. Kpome Toro, npo-
BEeEHHbIE B YCroBusx necocrenu 3anagHon Cmubupm
nccrnenoBaHns MOKasbiBakoT, YTO OCBELLEHHOCTb MECT-
HOCTM NpoM3pacTaHUs He OKasbIBaET CyLLECTBEHHOrO
BMUSIHWSA Ha KAYECTBEHHBIN U KONMYECTBEHHbIA COCTaB
Buomaccel M. sacchariflorus: uicno noberos 3aBucuT
He OT 3KOMOorMyeckmnx yCrnoBuin, a oT Bo3pacTta nnaHTa-
LMK, pacTeHMs Ha MONMYTEHNCTBIX y4acTkax 0Opa3oBbI-
Banu o 89,34% noberoB B CpaBHEHUM C pacTeHUAMMU
Ha OCBELLEHHbIX y4acTkax, YTO He OKasblBaso Cylle-
CTBEHHOrO BMMSHMSA HA BEMWUYMHY HaZ3eMHON MacChbl U
coaepXaHue B Hel Lenntonosbl [28].

YXe Ha cerogHsIlHWN AeHb B MUPOBOW Hay4YHON
nuiTepatype OnMMcaHO MHOXECTBO CnocoboB npwuro-
XeHusi bMomMacchl MUCKaHTyCa Kak B KadecTBe Guo-
3Hepropecypca, Tak U B Ka4eCTBE MCXOOHOrO Chbipbsl
ONS NOMyYeHUs LUIMPOKOTO CnekTpa NpodyKToB, Mpu
3TOM MpeanonaraeTcs UCMosfb3oBaHWe nMbo HaTuB-
How ©momacchkl, NMMbo nogBeprHyTon npenobpaboTke
pasnu4yHbIMU criocobamu.

B camom npocTom BapraHTe MUCKaHTYC BbICaXMBa-
FOT Ha OYUCTHbBIX COOPYKEHUSAX, BOKPYT MPOMBbILLIEHHBLIX
NpeanpusaTUA U CBaroK, e OHW COBMpatoT 3arps3HsIto-
Lme BellecTBa U TeM cambiM fenatoT bonee addek-
TUBHBIM NMPOLIECC O4YUCTKM CTOYHbIX BOA, CNOCOGCTBYHOT
yAOQmNeHWIo M3 NOYBbI 3arps3HAOLLMX BELLECTB, Hanpu-
Mep, Tshkenbix MeTannos [29]. B pabote [30] npusene-
Hbl AaHHbIE 00 3hheKTMBHON pemeanaumm noYBbl, 3a-
rPSI3HEHHON HETLIO, NPY BbipaLLMBaHUM Ha HEW Kyrb-
Typbl M. giganteus. Cornoma MmUCKaHTyca OTnnM4aeTcs
XOPOLLEN BNUTLIBAOLLEN CNOCOOHOCTLIO, MO3TOMY €e
NCMOMb3YIOT B KAYECTBE NOACTUITKN OJ151 CENbCKOXO35IN-
CTBEHHbIX XMBOTHbIX [31].

MCMONb30BAHUE MUCKAHTYCA
B BUOIHEPIETUKE

Ecnn paccmatpuBaTth 3Hepretuyeckoe npuno-
XEHWe MuCKaHTyca, To Hambonee npocTbiM Cnoco-
oM sBnAeTCA NPOM3BOACTBO TOMMMBHLIX MEMNET U3
MUCKaHTyca. Pesynerartbl nccnegoBaHuin nokasbiBa-
IOT, YTO NEeNneTbl U3 MUCKaHTYCa OKa3blBalT MeHbLUee
BO3OENCTBME Ha OKPYXaloLLyto cpedy Nno CpaBHEHWIO
C OpeBeCHbIMW, B OCHOBHOM M3-3a MEHbLLEro noTpe-
BrneHunst aHeprMm Bo Bpems rpaHynnpoBaHus. B yact-
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HocTK, 1 T nennet u3 MMcKaHTyca AaeT YrmepoaHbIn
crnen 121,6 kr CO, _ , 4TO NpuMmepHO Ha 8% Hike Mo
CpaBHeHUIO ¢ ApeBecHbIMU nennetamu [32]. OnucaH
cnocob nonyyeHns 6uoyrna u3 MUCKaHTyca METOAOM
MeaneHHOro MMpornun3a ¢ nocnenyoLLen rpaHynsaumnen
[33]. B pesynbrate no pacyetam obLuiA YriepoaHbIN
cnep cHuamncs Ha 737 kr CO, /T BbICYLLIEHHOTO Cbl-
pbsi. MMpy 3TOM yKasblBaeTCs, YTO MOMyYEHHbIA OMO-
yrofb, UCMONb3yeMbivi B kKadecTBe fobaBku K noyse,
MOXET 3Ha4YUTENbHO MOBLICUTE €€ XapakKTEPUCTUKW:
yrnyylaeTca 340pOoBbe M Mrogopoaue, CTpyKTypa
noYBbl, OOCTYMHOCTb MUTaTENbHLIX BELECTB, CrO-
COBHOCTb MOYBbI yOepXuBaTb BOAY, @ Takke Takas
obpaboTka cnocobcTBYET ANUTENBHON COXPaHHOCTU
yrmepoga B no4vse. CBdA3bIBaHME yrrepoga B novsax
MOXHO paccMaTpuBaTb He TOMbKO Kak cTpaTeruo
CMsrYeHus mobanbHOro M3MeHeHUst KnMMarta, HO U
KaK MCTOMHUK NpuObINKU Ansi KOMNaHWI Yepes npume-
HEHWEe YrnepoaHbIX KBOT.

ELle ogHVMM nepcnekTMBHBIM HanpasneHMeM TpaHc-
dopmaummn MmckaHTyca B G1oTonnmMeo ABMsiETCs Npes-
BapuTenbHasa npenobpaboTka ero Guomacckl ¢ nocre-
OYIOLLMM METaHOBbLIM COPaXKMBaHWEM W1, COOTBETCTBEH-
HO, nony4deHnem buorasa Ha Bbixoge [34]. Kpome Toro,
MOCKOMNbKy Gromacca MWUCKaHTyca COLAEPXUT 3HaYM-
TenbHOE KONMMYECTBO Lenmonossl (nopsaka 50%), no-
cne npeaBapuTensHon 0bpaboTkn ee MOXHO rmaponu-
30BaThb A0 pPacTBOpa NPOCTLIX CaxapoB W NMOCPEeaCTBOM
CNUPTOBOMO BpoXKeHus nonyunts GroataHon [14, 35],
KOTOPbIN MOXET BbITb NCMOMNBb30BaH B KAYECTBE 3HEPrO-
HocuTenst IMBO Kak NpeKypcop Ans AanbHenLWwmX TpaHc-
dopmaumin, Hanpuvep, B aTuneH [36].

MCNonb30BAHUE BMOMACCHhDI
MUCKAHTYCA B COCTABE
KOMMNO3nTOB

MHTepecHbIM 1 NepcnekTUBHBIM MOAXOA0M K Mpo-
Onematuke aHeprocbepexeHus siBnsieTcst paspabor-
Ka Nerkux U NpoYHbIX KOMMO3UTOB ANst obecneveHns
TENMOM30NALUUN 30aHUA U COOPYXKEHWUIN, MOCKObKY
3HaYUTENbHOE KOMUYECTBO SHEPIUWN PacXodyeTcs Ha
ux otonneHue. VisaBectHo, 4yto nNpubnuantensHo 45%
rnoBankbHbIX BbIOPOCOB MapHMKOBbLIX ra30B BbI3BaHbI
CTPOUTENBCTBOM WM 3KCMNyaTaumen 3gaHuin. Tennou-
30MAUNS 30aHUIA B COBPEMEHHbIX YCIOBUSIX U3MEHE-
HWUS KNMMaTa SABMSIETCA XOPOLUO M3BECTHOW cTpaTe-
rMen NoBbIWEHNS UX dHeproadekTmeHocTU. Paspa-
DOoTka BO30OHOBNAEMOrO M3OMALMOHHOIO Marepuana
MOXeT NpeofoneTb HeAOCTaTKM LUMPOKO MCNOmnb3ye-
MbIX M3OMSLMOHHBIX CUCTEM Ha OCHOBE MONUCTUPO-
na vnuM MyHepanbHow BaTtbl. B uccneposanum [37]
aHanManpyeTcs YCTOMYMBOCTbL U TEMSIONPOBOAHOCTb
HOBbIX W30MALUMOHHBIX MaTtepuarnoB, U3roTOBIEHHbIX
13 BONOKOH M. giganteus, neHooOpa3oBaTtenen 1 cas-
3ylOLLEro BeLLeCTBa, aKTMBMPYEMOro Lwenoybko. [lo
pesynsratam, onybnukoBaHHbIM B MOCNEAHUE rofpl,
BENMYMHA YyrnepogHoro criega kornebnetcd B LUMPO-
kom auanasoHe ot 300 go 3300 kr CO, /1. O6wwi
yrMepoaHbI cnep n3onsaumMoHHON CUCTEMbI Ha OCHO-
BE BOJIOKOH MMCKaHTyca CO CBOWCTBaMW, COOTBET-
CTBYHOLLMMMW OENCTBYOLLMM HOPMaM TEMon3onsiuum,
Aocturaet Ao 95% akoHomuK Beibpocos CO, no cpas-
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HeHUto ¢ 0bbI4YHBIMK cucTemamun. B gpyrom mnccnego-
BaHWM MpefriaraeTcsd UCMonb3oBaTe CONOMY MUCKaH-
Tyca B NPOU3BOACTBE ferkux 6eToHHbIX Grokos Ans
NPUMEHEeHNs B CTEHOBbLIX KOHCTPYKUMsX [38]. ELue oa-
HON WMHTEPEeCHOW pa3paboTKon SBMSETCH MonyyYyeHue
camopacTyLlero 6GMOKOMMO3UTHOTO CTPOUTENLHOMO
N30MAUMOHHOrO MaTtepuana Ha ocHoBe M. giganteus
1 rpubHoro muuenus [39]. Hamnyywmnmn cBoncTBamm
xapakTtepusoanacb komnoauumsa 0,3:1:0,1, cocTto-
auwasa M3 muuenus rpuba Ganoderma resinaceum,
BOMOKOH M. giganteus v KapToernbHOro Kpaxmana.
YCTaHOBMEHO, YTO MOMYYEHHbIN HOBbIA KOMMNO3NUT 00-
nagaeT CpaBHUTENbHO MyYLWUMW CBOWCTBaAMU, YeM
TpagULUMOHHbIE N3ONALMOHHBIE MaTepuarnsl, U yaoB-
nerBopsieT GonbWNHCTBY TpeboBaHWiA, NpeabsBnse-
MbIX K MIPUMEHEHWNIO BHYTPY NOMELLIEHWIA.

®PAKLIMOHHAA NEPEPABOTKA
MUCKAHTYCA

MuckaHTyC OTHOCMTCS K LIENJono30CcoaepKaLlmm
CblpbEBbIM pecypcam, No3TOMY BblAeNeHHas U3 Hero
Lenniono3a MoXeT ObITb MCMOMNb30BaHa ANs pasnuy-
HbIX NpunoxeHun. Lienntonody muckaHTyca ycnewHo
MCMONb3yT B Ka4eCTBE KOMMOHEHTa OnpeaeneHHbIX
BMAOB Oymarn ans 3ameHbl APEBECHOW LIenonosbl
[14, 40]. HaHouenntonosy, NonyyYeHHyo U3 LIennono-
3bl MUCKaHTYyCa, BBOAAT B COCTaB bymaru ansi ynyud-
WweHna ee xapaktepuctuk [41]. Lenntonosa, nony-
YeHHasi M3 MUCKaHTyca, MOXeT OblTb MCnonb3oBaHa
B KayecTBe Mpekypcopa BOCTPeOOBaHHLIX HUTPATOB
uenntosnossl [1, 42].

LLivpoyaniume nepcnekTvBbl NpeacTaBnseT dep-
MEHTaTUBHbIN TMAPONM3 NpeaBaputensHo obpabo-
TaHHOM BUomacchl MUCKaHTYyCa Anst NonyYeHnst caxa-
pocogepXalumx nuTaTenbHbIX cped C Lenblo nocne-
aytowert MUKpobHon TpaHcdhopMaumm B BbICOKOLEH-
Hble NPoAYKTbI, TaKMe, Hanpumep, kak bakTepransHas
uenntono3sa [27, 43—45], unu ¢ uenbio n3BnevYeHns n3
KynbTypanbHOW >KUOKOCTU pasfnyHbiX (hepMeHTOB
[46], B 4acTHOCTM pa3paboTaH cnocob HenpepbiBHOM
nogayy NUrHouensonosHon bromacchl, NoaBeprHy-
TOW MapoBOMY B3pbIBY, ANs WHAYKUUWM U NPOU3BOA-
cTBa uenntonasbl u3 Trichoderma reesei RUT C30.
Pesynbratbl 3KCMEPMMEHTOB MoOKasanu, 4To Hernpe-
pbIBHOE BBEOEHME JUIHOLIENSIONO3HbIX MHOYKTOPOB
npuBoaMnIo K 6oree BbICOKOW aKTUBHOCTW MPOAYKLMM
uenntonasbl, YeM nepuoguyeckas u nNpepbIBUCTO-Ne-
priognyeckas NogkopMkKa.

Kpome TOro, CyLlecTBylOT uccrneqoBaHus, no3Bo-
NALWME OLEHUTb HE TOMbKO MEepPCnekTUBbI UCMOSb-
30BaHUSA MNPOAYKTOB (hepMEHTaTUBHOIO rMaponusa
MUCKaHTyca, HO U BapO4HLIX pacTBOPOB, KOTOpble 06-
pasyloTcsa nocne npensapuTenbHon 00paboTku Guo-
Maccbl: nocrne obpaboTku MuckaHTyca pas3basneH-
HbIMW pacTBOpamMu a30THOW KUCIOTbl OTPabOTaHHbIN
pacTBOp, HEWTPanmU3oBaHHbIA MOPAaTOM aMMOHWUS,
NPUMEHANCHA B Ka4ecTBe KOMOWHUPOBAHHOMO NUMHO-
rymmHoBoro ygobpenus. bbina nccnegosaHa poctpe-
rynvpyoLas akTMBHOCTb Npenapata Ha npumepe
CEMSsIH ropoxa MOCEBHOrO: YCTAHOBMEHO, YTO B Aua-
nasoHe crteneHn passegeHus ot 1:100 go 1:10 000
HabrogaeTca NOBbILLEHNE 3HEPrUX NpopacTaHus U
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BCXOXECTU Ha 2—6% MO CPpaBHEHMUIO C KOHTPOMNEM U
CTUMYNUpPYeTCH poCT kopHen Ha 21-29%, T. e. npo-
ABNSETCA aykcuHonodobHoe POCTCTUMYNMpYyoLLee
Jewncreue [47].

MuckaHTyC Taikke MOXET ObiTb BOBEeYeH B pas-
fIMYHbIE NPOEKTbI B paMKax KoHuenuum rmybokon ne-
pepaboTkM Bromacchl AN NOMYYEHNUS LEHHbIX XMMU-
YeCKUX BELLeCTB, Takux Kak rugpokcumeTundypdy-
pon, bypdypon, deHonbl [48], aTuneHrnukons [49].

3AKINIOYEHUE

Taknm obpa3om, MOXHO ckasaTb, YTO Ha cerog-
HSILLHUIA OeHb MUCKaHTYC SBMSETCS O4HWMM M3 Hanbo-
nee nepcrnekTUBHbLIX PacTUTENbHbIX OGBLEKTOB, KOTO-
pbIi MOXXHO UCMONb30BaTh B KAYECTBE MCXOOHOIO Chbl-
pbs 415 BCEBO3MOXHbIX XO3NCTBEHHbIX MPUINOXEHNI
C TeHOEHLMEN CYLLECTBEHHOIO COKpaLLEeHWs yrnepos-
Horo criega:

— Y€ camo BblpaliMBaHue JaHHOW KynbTypbl CMO-
COBHO 3HaYMTENbHO MOBMUSATH HAa 3KOMOTUKD MECT-
HOCTM Mpou3pacTaHus — ycuneHHbin C, MexaHusm
doTOCUHTE3a NO3BOMSET Nornowarb U3 atmocgepsl
Gonee Bbicokme koHUeHTpauuy CO, No cpaBHEHMIO C
pacTeHVsiMK, B KOTOpbIX peanusyerca C,-hoToCHH-
Te3. [na KynsTMBMPOBaHMS MUCKaHTyca MoaonayT
OpocoBbie 3emMnn, KOTOpble HEMPUrOAHbLI ANs Bblpa-
LWMBAHWA ApPYrMX KynbTYpHbIX pacTeHun. [pu aTtom
MUCKaHTYyC He TpeOyeT cneumanbHbiX arpoTexHuye-
CKUX MepOonpUATUI, AaeT BbICOKUIN YpOXxan, KOTOPbI
MOXHO CHMMaTb MHOrO NeT noapsg, cnocobeTeyeT
HaKOMIIEHMIO OPraHNYeCcKoro BELLECTBA B NoO4YBe, 3Ha-
unTenbHO ymeHbluas amuceunio CO,. HemanosaxkHbiM
CBOWCTBOM KYNbTYpbl SIBMSIETCA €€ CNOCOBHOCTL BOC-
CTaHaBNUBaTb 3arpsi3HEHHbIE TSHKEMbIMU MeTannamm
1Ny HedTAHBIMU BbIOPOCaMKM NOYBBI;

— peanusaums noTeHuMana MMCKaHTyca B aHepre-
TUKE B pasnm4HbIX popmax (OT CXXuraHusi B Buge To-
NAMBHbLIX Nennet n duoyrmsa go GuoTpaHchopmaumm
B Guora3 u 6moataHon) NpuBeaeT K 3Ha4YUTENbHOMY
COKpaLLIeHVIO YIMepoaHoro crneaa;

— Ype3BblYaHO LUMPOKM NEPCMNEKTUBbLI UCTONb30-
BaHUSA GUomMacchl MUCKaHTyca B COCTaBe CTPOUTENb-
HbIX KOMMO3WTOB: MOMy4YeHHble COcTaBbl boree ner-
KMe C MOHWKEHHOW TEMNONPOBOAHOCTbLIO, YTO MO3BO-
NNT COKPaTUTb 3HeprosaTpaTthl Ha OTOMMEHUE 34aHUI
N COOPYXXEHWUI;

— BrMomaccy MucKaHTyca MOXHO UCMONb30BaTh B
KayeCTBe UCXOOHOrO Chipbs A1 NOMyYeHUs LUIMPOKOro
Kpyra BbICOKOLIEHHbIX BELLECTB: LENmtonosbl U ee Hu-
TpaTtoB, bymaru, aTuneHa, rmgpokcumeTnndypdypo-
na, ypdypona, eHonos. [MaponmaaTsl Lennonos-
HOM YacTn BMomMaccbl MUCKaHTyCca MOXHO NMPUMEHATb
B BMOTEXHONOMMAX Kak OCHOBY NUTATENbHbIX CPeL, Ans
BuocrHTesa HakTepmanbHOW HaHOLENMonossbl U BCe-
BO3MOXHbIX (0EPMEHTOB.

Takmum obpasomM, LeneHanpasreHHoe KynsTMBUpO-
BaHWe u rnybokas nepepabotka GUomaccbl MUCKaH-
Tyca Mo3BOMAT JOCTUYb 3HAYUTENBHOTO COKPALLEHUS
YIMepoaHoro crnega, npv 3TOM CYLLECTBEHHO Ynyd-
LWMTb 3KOSOMMI0 MNaHETbl N CHATb HaMNPSPKEHHOCTb B
3HepreTn4eckomn coepe.
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Abstract. Substances that have a harmful effect on living organisms include N-phenyl-2-naphthalamine and
phthalates, which are synthesized and widely used in the chemical industry. At the same time, N-phenyl-2-
naphthylamine was found in the aerial parts and in the roots of some plant species, phthalates were found
in many plant species and in bacteria. The aim of this research was to study the protective (antimicrobial)
reaction of pea (Pisum sativum L.) seedlings of the Torsdag variety to the inoculation with bacteria Rhizobium
leguminosarum bv. viceae (endosymbiont) and Azotobacter chroococcum (ectosymbiont) introduced into the
aqueous medium of root growth were studied. Changes in the content of negative allelopathic compounds (pisatin,
N-phenyl-2-naphthylamine, phthalates) in root exudates were the reaction indicators. After the inoculation, the
seedlings grew for 24 h in the BINDER KBW-240 chamber at 21 °C, with lighting of 81 uM.m2sec” and a 16/8 h
day/night photoperiod. In ethyl acetate extracts from the aqueous medium where the seedling roots were
immersed, the content of the compounds was determined by HPLC, while changes in the composition and ratio
of phthalates were determined by GC-MS. Data indicating the different ability of both bacterial species to degrade
N-phenyl-2-naphthylamine to phthalates and the dependence of this process activity in the bacteria studied on
its concentration in the medium were presented. N-phenyl-2-naphthylamine differently but negatively affected
the viability and growth of the bacteria used in the experiments. A different effect of rhizobia and azotobacter on
the content of the above named compounds and on the ratio of types of phthalates in root exudates was elicited.
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OakTepumn Ha coaepKaHMe HeraTUBHbIX ansienonaTu4YecKkux
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AnHomayus. K sewecmeam, oka3blgaroujuM epedHoe g8o3delicmeue Ha Xueble Op2aHU3Mbl, OMHOCAMCS
N-gbeHun-2-HacpmunamuH u gpmanamal, KOMopble CUHME3UPYOMCS U WUPOKO UCMOMb3YoMCcs 8 XuMudecKkol
rpombiwneHHocmu. B mo xe epemsi N-gperurn-2-HagpmunamuH 6bir1 06Hapy)eH 8 Ha03eMHbIX Yacmsx u 8
KOPHSIX HEKOMOPbIX 8u008 pacmeHul, comanamsl 6biiu HalideHbl 80 MHO2ux sudax pacmeHul u 8 bakme-
pusix. iccnedosaHue HarpasrneHo Ha usydeHue 3awjumH{ol (aHmumMukpobHoU) peakuuu rpopoCcmKo8 20po-
xa (Pisum sativum L.) copma Topcdae Ha uHokynsayuro 6bakmepusimMu Rhizobium leguminosarum bv. viceae
(a3HdocumbuoHm) u Azotobacter chroococcum (3kmocumbuoHm), 8HOCUMbIMU 8 800HYI0 cpedy pocma Kop-
Hel. lNokasamensimu peakuyuu 6biniu U3MEeHEHUSsT CoOepXKaHUSsI He2amueHbIX anenonamu4yeckux coeduHeHUl
(nuzamuH, N-gbeHun-2-HagbmunamuH, pmarnamsl) 8 KOPHEBbIX 3KccyOamax. [locre UHOKynauuU npopocmKu
pocrnu 00HU cymku 8 kamepe BINDER KBW-240 npu memnepamype 21 °C, oceewieHuu 81 uM.m?.c’ u ¢po-
monepuode 16/8 u (deHb/HoYb). B amunauemamHbix 3Kcmpakmax u3 800HOU cpedbl, Kyda rnoepyasnu KOpHU
rnpopocmkos, codepxxaHue coeGuHeHul ornpedesnsnu memodom BIOXKX, a usmeHeHuUs1 8 cocmase U COOMHO-
weHuu ¢pmanamos — memodom X-MC. YcmaHoeneHo pasnu4Hoe enusHue pu3obuli u azomobakmepa Ha
codepkaHue 8biliernepeyucsieHHbIX COeOUHEHUU U Ha COOMHOWeHUs1 8u008 ¢hmasiamos 8 KOPHE8bIX IKCCY-
Oamax. pedcmaeneHbl 0aHHbIe, yKa3sbigarowjue Ha pasHyto criocobHocmb oboux eudos bakmepul Oezpa-
Ouposamb N-¢beHun-2-HagpmunamuH 6o ghmanamos U Ha 3a8UucUMOCMb aKkmueHocmu OaHHO=20 fpoyecca y
uccriedyembix bakmeputll om e20 KoOHUeHmpayuu 8 cpede. N-gpeHurs-2-HacbmurnamuH ro-pa3HoMy, HO Heaa-
MUBHO 8/1USIIT Ha XXU3HECNOCOBHOCMb U pOCM UCIOMb308aHHbIX 8 SKCriepuMeHmax bakmepud.

Knroveenlie cnoea: Pisum sativum L., kopHesbie akccyOambi, Rhizobium, Azotobacter, nusamuH, N-ge-
Hun-2-HagpmunamuH, omasnamsi

BnazodapHocmu. Aemopsbi 8bipaxaom 2y60KyH nMpu3HamesibHoCMb Hay4YHoMy compyOHUKy Cubupckoeo
uHcmumyma chusuosioauu u buoxumuu pacmenuli CO PAH, k.m.H. A. C. Mopuuy, a makxe W. C. KannycmuHy
3a MEXHUYECKYI noMowb. AHanumudeckasi paboma ebirnonHeHa Ha obopydosaruu LIKIT «buoaHanumukay
Cubupckoeo uHcmumyma ¢pusuonoauu u buoxumuu pacmeHud CO PAH (2. Mpkymck).

Ans yumupoearusi: Makapoea J1. E., lNetpoea W. I'.,, Cokonoea H. A., Makapos C. C., lNuoHkend B. A. Brn-
SAHVE SHAOMUTHBIX N ANNEPUTHBIX a30TUKCUpyoLMX BakTepuii Ha cogepXaHue HeraTMBHbIX annenonartmye-
CKUX COedVHEHWUN B KOPHEBbLIX 3KCCydaTax NpopocTkoB ropoxa (Pisum sativum L.) /I N3Bectus Bysos. Npu-
knagHas xumusi n 6uotexHonorus. 2022. T. 12. N 3. C. 394-405. (In English). https://doi.org/10.21285/2227-
2925-2022-12-3-394-405.

INTRODUCTION to phytoalexins [8]. At the same time, bacteria can

N-phenyl-2-naphthylamine and phthalates are catabolize N-phenyl-2-naphthylamine with the for-
well known compounds, synthesized in chemical ~ mation of phthalates [6, 9], which, probably, with the
industry. These chemicals are known to be toxic for ~ Predominant formation of phthalates of negative ac-
living organisms. At the same time N-phenyl-2-naph-  tion by bacteria of certain species, is important in the
thylamine was found in plants [1-4], phthalates were ~ competitive interaction between bacteria of the soil
found both in plants and bacteria [4, 5]. microbiome [10]. The foregoing suggests that N-phe-

N-phenyl-2-naphthylamine and phthalates can  NnYl-2-naphthylamine and phthalates found in the root
inhibit bacterial growth [6, 7], apparently similar  €Xudates of legumes [4] act as regulators of the bac-
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terial concentration and composition in the root zone
of these plants. Changes in the content of these com-
pounds in root exudates may be due to the effect of
biotic and abiotic factors on plants [10].

Soil microorganisms, including intracellular, en-
dophytic and epiphytic nitrogen fixers, are known to
play a special role in supplying plants with nitrogen
[11]. Bacteria that settle in root and stem nodules de-
veloping in plants are characterized by higher nitro-
gen fixation efficiency. It is believed that rhizospheric
free-living nitrogen-fixing bacteria genera Azoto-
bacter, Azospirillum, and Bacillus serve as possible
suppliers of nitrogen compounds available for a le-
gume plant that are necessary at early stages of the
formation of nodule nitrogen-fixing structures [12].

According to the research results [13], the com-
bined effect of bacteria genera Rhizobium and Azo-
tobacter on a legume plant is useful for its growth. It
was shown that the free-living bacteria Azotobacter
chroococcum, in common with rhizobia, can cause
protective reactions in root cells of legume plants in
the initial periods after inoculation. The reactions can
be even more noticeable than nodule bacteria.

Protective reactions of plants in response to
the introduction of infection appear not only at the
level of cells of their organs. They also appear via
the excretion of components with antimicrobial ef-
fects by their root cells into the root zone. The sub-
stances of acts of that nature include compounds
with different structures. First of all, they include
phytoalexins, which differ in chemical structure not
only in different plant genera, but also in species
of the same genus [14]. These compounds are in-
tensely synthesized by plants not only when phy-
topathogens act on them. They are also intensely
synthesized when bacteria entering into a mutual-
istic relationship with the plant act on them. Biot-
ic stresses are one more reason for these com-
pounds to be synthesized intensely [8, 15]. At high
concentrations, a number of low-molecular-weight
compounds synthesized by plants can also have
antimicrobial effects. These compounds are called
phytoanticipins [16]. Probably, phytoanticipins are
aromatic compounds found in plant cells in their
normal living conditions; they are highly accumu-
lated in plant tissues under stress and are secret-
ed by the plant into exudates. Cinnamyl phenols,
2'-methoxychalcone and isoflavonoids, which were
found in tissues of pea plants under stress con-
ditions, can be reckoned among such compounds
[17]. Along with the phytoalexin pisatin, N-phe-
nyl-2-naphthylamine and phthalates found in roots
and root exudates of legume plants can be named
among the compounds, which are synthesized
in pea and other legume plants, and which have
negative effects on soil microflora [4]. Currently,
N-phenyl-2-naphthylamine and phthalates are con-
sidered as substances dangerous to living organ-

3060 m————————————————————————————————————————

isms [18, 19]. The negative role of pisatin was also
shown for certain plant species [20].

As a result of the set of our experiments [10],
the dependence of the content of pisatin, N-phe-
nyl-2-naphthylamine, and dibutyl phthalate in the root
exudates of pea seedlings on the size of the root and
on the type of effect on the roots by the bacteria have
been studied. The influence of lighting conditions and
temperature on the amount of N-phenyl-2-naphthyl-
amine and phthalates, and the influence of tempera-
ture conditions on the composition of phthalates have
been observed.

When considering the significance of the above
compounds in the interaction between macro- and
micropartners, their role as negative regulators
of bacterial growth should be the first thing to be
taken into account. As it was noted above, N-phe-
nyl-2-naphthylamine and phthalates can inhibit the
growth of bacteria entering into symbiotic relation-
ships with pea plants. In the issue of the relationship
of a legume plant with free-living nitrogen-fixing bac-
teria that do not penetrate its tissue, the participation
of these compounds has not been studied yet. It is
our belief that N-phenyl-2-naphthylamine and phthal-
ates, together with pisatin, are potential candidates
for controlling the growth of associative bacteria sim-
ilarly, which can accumulate in the root zone of a pea
plant together with endophytic bacteria.

The well-known characteristic of rhizobacteria (the
ability to catabolize many aromatic compounds) can
be important for determining the role of these com-
pounds in relation to the bacterial microflora. That is,
along with aromatic compounds secreted into the en-
vironment by the plant, their biodegradation products
can well turn out to be modulation factors for meta-
bolic processes in bacterial cells. In terms of deter-
mining the mechanism of the negative effect of one
of the components of root exudates of legume plants
N-phenyl-2-naphthylamine on bacteria, the feature of
some species of soil bacteria to degrade it to phthal-
ates and actively secrete the latter to the environment
may cause interest [6, 7]. Thus bacteria can contribute
to changes in the concentration of N-phenyl-2-naph-
thylamine and the quantitative ratio in the composition
of phthalates in the root zone of a plant.

The aim of this research was to compare the
protective (antimicrobial) reaction of pea seedlings,
which appears at the rhizosphere level in the initial
periods of infection of their roots with nitrogen-fix-
ing bacteria R. leguminosarum bv. viceae and Azo-
tobacter chrococcum, different in their specificity of
relations with pea plants (endosymbiont-mutualist
and free-living bacteria). For this purpose, changes
in the content of probable negative regulators of re-
production of both bacterial species (pisatin, N-phe-
nyl-2-naphthylamine, and phthalates) were studied
in the root exudates of pea seedlings 24 h after the
inoculation with the bacteria.
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EXPERIMENTAL SECTION

Research objects. Pea (Pisum sativum L.) seed-
lings of the Torsdag variety and bacteria R. legu-
mi-nosarum bv. viceae (strain RCAM1022, obtained
from the All-Russian Research Institute of Agricultur-
al Microbiology, Pushkin, Russia) and Azofobacter
chroococcum (strain Az dI0 VKM B-2272 D from the
collection of the Collective Use Center “Bioresource
Center” of Siberian Institute of Plant Physiology and
Biochemistry, Siberian Branch of the Russian Acad-
emy of Sciences (Irkutsk, Russia) were the research
objects.

Plant material. Pea seeds were decontaminat-
ed by washing with tap water and soap, followed
by treatment with a 3% hydrogen peroxide solution.
Seed germination and seedling growth took place for
48 h on sterile filter paper moistened with tap wa-
ter, in a thermostat at 21 °C, without lighting. Further
growth of seedlings took place in the BINDER KBW-
240 chamber at 21 °C, with lighting of 81 uM.m?2sec™,
and a 16/8 h photoperiod (day/night) for 24 h. It
was performed after immersing the roots of the
seedlings in aqueous solutions containing micro-
elements [10]; the solutions were poured into glass
vessels with the outer surface darkened with a
light-tight film. The volume of the solution in the
vessels was 250 ml; the number of seedlings per
1 vessel was 36. The average sizes of the roots
of the initial seedlings were 35-38 mm in length;
at the end of the experiment they were 45-50 mm
long. To inoculate plants, the bacterial culture was in-
troduced into the aqueous medium in the form of an
aqueous wash off from a solid agar medium to a con-
centration of 4.0x10°% cells/ml. The inoculation was
carried out simultaneously with the placement of the
roots of the seedlings in the aqueous medium. Same-
aged uninoculated seedlings served as control.

Cultures of bacteria. When growing on solid
agarized media, they were prepared according to the
previously accepted scheme [4] for nodule bacteria;
they were prepared according to Ashby for associa-
tive bacteria. Planktonic cultures of bacteria used
to obtain growth indicators and to study the degra-
dation products of N-phenyl-2-naphthylamine were
grown in a minimal liquid medium. The medium was
prepared in the way described in the research, but
glucose was used as a carbohydrate food source for
bacteria [6]. After the preliminary 24 h adaptation in
the indicated medium, the bacteria were grown in the
presence of 10 or 100 uM N-phenyl-2-naphthylamine
(commercial preparation, Sigma, USA) for 24—48 h
in flasks in a rotatory shaker at 20-22 °C in the dark.
The bacterial titer in the media was 1.5x103 cell/mL
at the start of the experiments in which N-PNA deg-
radation was analyzed; it was 4.5x103 cells/mL at the
start of the experiments studying the effects of N-phe-
nyl-2-naphthylamine on the bacterial growth. The
bacterial titer was determined by the optical density
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of the bacteria-containing media measured in the Im-
munochem-2100 plate spectrophotometer at 675 nm
(High Technology Inc., United States).

Study of the effect of N-phenyl-2-naphthylamine
on the growth of the bacteria. The growth of the
bacteria in the presence of 10 or 100 yM N-phe-
nyl-2-naphthylamine, which was carried out in flasks
with a minimal liquid medium, prepared according to
[21] was controlled by the colonies of forming units
(CFUs) indices. To calculate the number of CFUs, a
bacterial suspension from the 1- and 2-day culture
media was plated onto solid agarized media, the
preparation methods of which are named above.

Thebacterialtiterinthe mediawas 4.5x103cells/mL
at the start of the experiments studying the effects
on the bacterial growth. The bacterial titer was deter-
mined by the optical density of bacterial-containing
media, as described above.

Preparation of extracts with allelopathic sub-
stances from root exudates and culture media. Phe-
nolic compounds of the root exudates were extract-
ed from the aqueous medium (into which the roots
of the seedlings had been previously immersed)
after the acidification with HCI solution to pH 3.0.
Three-stage extraction was carried out using ethyl
acetate (1:1, v/v), which was then evaporated with
a cold air stream in the dark. The dry residue was
dissolved in 1.0 ml of methanol. The compounds
contained in the methanol extract were studied by
HPLC. After that, the 0.8 ml from remaining part of
the same extract was evaporated in a vacuum un-
til the removal of methanol, the residue was re-dis-
solved into ethyl acetate and after silylation (BSA
+ GMDS) by GC-MS analysis, the composition of
phthalates was studied in it.

Before the extracts from the culture media con-
taining aromatic products of N-phenyl-2-naphthyl-
amine degradation were obtained, the grown culture
was centrifuged at 8000 g for 20 min at 4 °C using a
centrifuge of the Avanti J-26 XP JLA model (Beck-
man Coulter, USA). The aromatic compounds were
extracted from the supernatant with ethyl acetate in
the way described above. The obtained extracts were
vacuum-evaporated in the dark to small volumes for
conducting GC-MS analysis of the compounds pres-
ent in them without prior silylation. In all cases, ex-
tracts (methanol and ethyl acetate) were placed in
glass vials.

Determination of the content of allelopathic com-
pounds by HPLC. The content of pisatin, N-phe-
nyl-2-naphthylamine, and dibutyl phthalate was de-
termined by HPLC using the Shimadzu LC-10ATvp
chromatograph with a UV detector (Shimadzu, Ja-
pan). The compounds in the adsorption profiles were
identified by the retention time of taps, which was
confirmed by UV spectra obtained in a stopped elu-
ent flow for taps and for the substances under study.
Authentic samples of N-phenyl-2-naphthylamine
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(Sigma, USA), dibutyl phthalate (Reachim, Russia),
and pisatin, which had been kindly provided earlier
by Prof. H. D. VanEtten (Department of Plant Sci-
ences, University of Arizona,United States), were
used to identify and construct calibration curves. The
phenolic components contained in the extracts were
separated on a Perfect Bond column (250%4.6 mm,
5 um) (MZ Analisentechnik, Germany) in an increas-
ing A:B gradient from 30 to 90% for 80 min at a rate
of 0.5 mL/min (A—acetonitrile and B—0.2 N Li perchlo-
rate in 0.1% aqueous solution of trifluoroacetic acid,
pH 4.0). The compounds were detected at 280 nm.
The calculations were based on adsorption profiles of
peak heights with the calibration curves constructed
for different N-PNA concentrations of the compounds
studied. R-squared values (R?) were: 0.96 for N-phe-
nyl-2-naphthylamine, 0.98 for dibutyl phthalate, 0.99
for ethyl phtalate and 0.99 for pisatin.

Study of the composition of aromatic compounds
in extracts by GC-MS analysis. The composition of
aromatic compounds in extracts was analyzed in the
7000 QQQ Triple Quad/7890A MSD/DS GC/MS (Ag-
ilent Technology, USA). The injected sample volume
was 0.2 uL. The evaporator temperature was 250 °C,
the ion source temperature was 230 °C, the detec-
tor temperature was 150 °C, and the temperature of
the transfer line between the gas chromatograph and
mass spectrometer was 280 °C. The scanning range
was between 50 and 600 Da. The capillary column
was HP-5MS (30 mx0.250 mmx0.50 um); the sta-
tionary phase was (5% phenyl) methylpolysiloxane.
The temperature gradient was from 100 to 280 °C
at the rate of 5 °C/min, 2 min at 280 °C, and then
from 280 to 340 °C at the rate of 5 °C/min. The mo-
bile phase was helium, and the gas-flow rate was
1 mL/min. The current flow division mode was 5:1.
The electron ionization mode had ionization energy
of 70 eV. The analysis was performed in total ion cur-
rent registration mode (SCAN). The NIST08 and WI-
LEY7 mass-spectra libraries, along with the compar-
ison with the authentic dibutyl phthalate (Reakhim,
Russia), bis(2-ethylhexyl) phthalate (synonymous to
dioctyl phthalate), and diethyl phthalate (Sigma Al-
drich, Germany) samples, were used to identify the
analyzed compounds.

Statistics. The results obtained were statistically
processed; the Figures and Tables show the mean
values and their standard deviations obtained from
three independent experiments.

RESULTS AND DISCUSSION

When comparing the data obtained by HPLC for
the control plants and ones inoculated with R. legumi-
nosarum bv. viceae and Azotobacter chroococcum, a
different character of the effect of the two bacterial
species on the content of pisatin, N-phenyl-2-naph-
thylamine, diethyl phthalate and dibutyl phthalate in
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mRhizobium
Azotobacter

Fig. 1. Changes in the content of pisatin,
N-phenyl-2-naphthylamine (N-PNA), diethyl phthalate
(DEP) and dibutyl phthalate (DBP) in the pea seedling

root growth medium after the addition of Rhizobium
leguminosarum bv. viceae (Rhizobium), Azotobacter
chroococcum (Azotobacter). Y-axis: % to control (control —
seedlings not inoculated with bacteria)

% to control

Puc. 1. ameHeHne cogepkaHus nudatuHa, N-cennn-
2-vacptnnamuna (N-PNA), guatnundgranara (DEP),
anbytundranarta (DBP) B cpee pocta KOpHen
NPOPOCTKOB ropoxa nocre BHeceHus B Hee Rhizobium
leguminosarum bv. viceae (Rhizobium), Azotobacter
chroococcum (Azotobacter). Mo ocn opanHat: % k
KOHTPOIO (KOHTPOMb — HEMHOKYNMPOBAHHbIE GakTepUsiMun
NPOPOCTKM)

the root growth medium is observed (Fig. 1). The in-
oculation with Rhizobium contributed to an increase
in the total content of the above listed negative allelo-
pathic compounds; it happened mainly due to pisatin.
As a result of the inoculation with Azotobacter, the
content of N-phenyl-2-naphthylamine decreased by
more than 10 times; the content of pisatin and dib-
utyl phthalate decreased by 1.2 and 1.4 times, re-
spectively. In summation, the total number of these
compounds per 1 seedling in the aqueous medium of
root growth in the presence of rhizobia was 2.3 times
higher than in the presence of azotobacter.

Four types of phthalates were identified in the root
exudates of pea seedlings by GC-MS analysis: dibu-
tyl phthalate, dioctyl phthalate, diethyl phthalate and
butyl tetradecyl phthalate (Fig. 2).

According to the percentage of peak area values,
dibutyl phthalate and dioctyl phthalate were almost
equally dominant in the control plants and in those
inoculated with rhizobia in their root growth medium.
When inoculated with azotobacter, dioctyl phthalate
predominated among the phthalates: its peak area
was almost 2 times higher than those for dibutyl
phthalate and diethyl phthalate. In plants of all grow-
ing options, the content of butyl-tetradecyl phthal-
ate (an intermediate compound in the formation of
diphthalates with the same hydrocarbon chains) was
3-6%.

The inoculation with Rhizobium was mentioned
above to contribute to an increase in the total content
of negative allelopathic compounds in the root growth
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medium, which happened mainly dueto pisatin (Fig. 1).
This phytoalexin is synthesized in pea plant cells.
Among the compounds analyzed, it is most studied
by its antifungal and antibacterial characteristics,
which are important for inter-relationships amongst
organisms. In pea plants, increased accumulation of
pisatin was observed under the influence of fungal
and bacterial infections, as well as under the condi-
tions of abiotic stress [8, 15, 16].

Pisatin can suppress bacteria genus Rhizobium
that nodulate roots of legume plants [8, 22]. Different
strains of Rhizobium leguminosarum show uneven
susceptibility to pisatin. A decrease in susceptibility
to pisatin in some representatives of fungal patho-
gens of legumes genus Fusarium was associated
with their ability to degrade this compound [16]. Sim-
ilar phenomena of pisatin degradation in bacteria
have not been noted in the scientific literature, but
there are some reasons to believe their existence
in these microorganisms [22]. Whithin our research,
a decrease in pisatin level in the growth medium of
the roots of pea seedlings, which arose under the in-
fluence of Azotobacter chroococcum, indirectly indi-
cates its degradation by bacteria, as compared with
the control plants (Fig. 1).

As it was said above, when inoculated with Azo-
tobacter, the total content of the studied substanc-
es with a negative effect in the root growth medium
decreased mainly due to N-phenyl-2-naphthylamine.
In case of the inoculation with Rhizobium and Azo-
tobacter, we bind the difference in the content of this
compound in the composition of root exudates to the
uneven activity of this compound degradation in the
cells of the same species of bacteria. We believe that,
when inoculated with Azotobacter, a decrease in the
content of N-phenyl-2-naphthylamine in the growth

%

Fig. 2. The effect of bacteria on the ratio of phthalates in
the root exudates of pea seedlings 1 day after inoculation.
1 — diethyl phthalate; 2 — dibutyl phthalate; 3 — dioctyl
phthalate; 4 — butyl tetradecyl phthalate; Kontrol — without
bacteria, + Rhizobium and + Azotobacter — introduction
of bacteria R. lequminosarum bv. viceae and Azotobacter
chroococcum, respectively; S, % — relative area indicator
for peaks in the chromatogram (GC-MS) for phthalates

Puc. 2. BnnsHne 6aktepuii Ha cOOTHOLWEHWe hTanaTos
B KOPHEBbIX 3KCCyAaTax Yepes ogHM CYTKM nocrne
MHoKynsiuun. 1 — guatundtanar; 2 — aubyTundTanar;
3 — gnoyktundranar; 4 — byTunTeTpageumndranar.
KoHTponb — pocT 6e3 6aktepuit, + Rhizobium
n + Azotobacter — Hokynsaumsa 6akrepuamum R.
leguminosarum bv. viceae and Azotobacter chroococcum
COOTBETCTBEHHO. S, % — OTHOCUTENbHAas nnowaab 4ns
nvkoB (pTanatoB Ha xpomatorpamme (MX-MC)

medium of the seedling roots occurred due to its ac-
tive destruction in the cells of this bacterial species.
The ability to catabolize N-phenyl-2-naphthylamine
with the formation of phthalates was previously de-
termined in Rhizobium lequminosarum bv. viceae [6].

The composition of the compounds in ethyl acetate extracts from the culture media of bacteria that grew
24 h with 10 yM or 48 h with 100 uM N-phenyl-2-naphthylamine
CocTaB coeguHEHUIN B 3TUNaLeTaTHbIX 3KCTpaKTax U3 KyrnbTypanbHbIX cpef ¢ 6akTepusamm, pocummm 24 4

¢ 10 yM nnm 48 4 ¢ 100 uM N-beHunn-2-HadTNamMmnHOM

S, %
. Ver,
Compound RT, min % 10 uM 100 uM
(o]
Rhizobium | Azotobacter | Rhizobium | Azotobacter

Phthalic anhydride 8.0 50.5 0.32 - 0.4 -
Diethyl phthalate 14.1 35.5 - 8.4 1.3 2.6
Butyl octyl phthalate 19.9 11.8 - 3.3
Dibutyl phthalate 21.6 29.3 3.20 100.0 43 0.7
N-phenyl-2-naphthylamine 26.6 47.5 30.20 0.0 100.0 100.0
bis(2-ethylhexyl) phthalate 31.7 715 100.00 57.7 0.6 -
(synonym, dioctyl phthalate)
bls(7-methylc.)'ctyl) phthalate 35.0 65.9 1.20 ) ) )
(synonym, diisononyl phthalate)

Note. RT — retention time; Ver.; % — probability; S, % relative peak area. Mean S, % for three experiments are provided +
the standard deviations. Rhizobium — R. leguminosarum bv. viceae; Azotobacter — Azotobacter chroococcum.
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In culture media containing 10 yM N-phenyl-2-naph-
thylamine, where Azotobacter chroococcum was
added, the products of its degradation (phthalates)
were also found [7]. The difference between the
degrading ability of Azotobacter compared to Rhi-
zobium (with respect to N-phenyl-2-naphthylamine
explains the difference in their content in the root
growth media under their influence (Tab.). According
to Table it is also possible to observe a decrease in
the activity of N-phenyl-2-naphthylamine degradation
in the studied bacteria at its 100 uM concentration in
the medium. This decrease is found when comparing
the peak percentages for phthalates and for N-phe-
nyl-2-naphthylamine introduced into the culture me-
dia at 10 and 100 yM, as well as when taking into
account the different cultivation durations.
Differences in the catabolism activity of aromat-
ic compounds in the compared bacterial species
are most likely predetermined at the genetic level.
According to the cited literature [23], the inducible
synthesis of enzymes involved in the catabolism
of these compounds is a characteristic feature of
the biodegradation of this type of compounds for
Rhizobium. The activity during the degradation of
N-phenyl-2-naphthylamine in the strain Az dI0 VKM
B-2272 D of Azotobacter chroococcum used in our
experiments is higher than that of rhizobia. It makes
it possible to suggest that the synthesis of enzymes,
which are necessary for the named compound bio-
degradation, is expressed constitutively in these bac-
teria. The constant presence of these enzymes in the
cells of the above mentioned strain of Azofobacter
explains its resistance to deltometrin, one of the in-
dicators which was followed during its selection [24].
The negative effect of N-phenyl-2-naphthylamine
on the growth and the viability rhizospheric bacteria
including the bacteria Rhizobium leguminosarum bv.
viceae is confirmed by the results of the research
[4, 6]. The data presented in Fig. 3 show the different
nature of the effect of the compound discussed on the
growth of the bacteria Rhizobium and Azotobacter.
When analyzing them, it is necessary to take into ac-
count the low content of carbohydrate food source for
the bacterial growth in our experiments (see Method-
ology). This circumstance led to a decrease in their
viability on the 2nd day of exposure [7]. The intro-
duction of N-phenyl-2-naphthylamine into the culture
medium further decreased the viability indices and
they were decreased to a greater extent at 100 uM.
The same oligotrophic nutritional conditions af-
fected the growth indices (CFU) of the control bac-
teria Rhizobium and Azotobacter differently. On the
1st day of the growth, the CFU index of Azofobacter
was 2.5 times higher than that of Rhizobium. On the
2nd day of the exposure, this index was almost un-
changed in Azotobacter, while it was more than 1.2
times lower in Rhizobium compared to the 1st day.
Relative indices calculated with CFU (% of control,
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20 4 @10 uM
1 2 =100 uM

CFU, % of kontrol
(2]
o

Rhizobium Azotobacter Rhizobium Azotobacter

Fig. 3. Percentage of CFU relative to the control for
bacteria grown in planktonic cultures without application
(control) and with the addition of 10 and 100 pM N-phenyl-
2-naphthylamine into the medium for 1(7) and 2 (2) days.
Rhizobium and Azotobacter, respectively, bacteria R.
leguminosarum bv. viceae and Azotobacter chroococcum.
CFU - the colonies of forming units

Puc. 3. MpoueHT KOE oTHOCUTENbLHO KOHTpONSA Ans
GakTepuii, BblpalleHHbIX B NIIAHKTOHHON KynbType 6e3
BHeceHMs (KOHTponb) u ¢ BHeceHnem 10 n 100 uM
N-cbenun-2-Hadptnnammna B cpege 3a 1(7) n 2(2) cyTok.
Rhizobium wn Azotobacter cooTBeTCcTBEHHO BakTepumn R.
leguminosarum bv. viceae n Azotobacter chroococcum.
KOE — konoHuneobpasytoLume eamHuLbl

see Fig. 3) allow us to trace the occurrence nature of
the bacterial growth reaction to the action of 10 and
100 yM N-phenyl-2-naphthylamine during both peri-
ods of observation. The effect of N-phenyl-2-naph-
thylamine on the compared bacterial species differed
in the degree of inhibition of their growth at different
periods of exposure; it increased at 100 uM. On the
1st day of exposure, Azofobacter showed a weak
negative reaction to the effect of both concentrations
of N-phenyl-2-naphthylamine (differences in the effect
of 10 and 100 pM were not significant). A significant
suppression of their growth occurred on the 2nd day
of the exposure only at 100 uM. The Rhizobium bac-
terial growth was inhibited by N-phenyl-2-naphthyl-
amine to a greater extent on the 1st day; at 100 pM,
the growth inhibition increased by about 20% in both
periods of the exposure.

The research results make it possible to associ-
ate the increased inhibition of the bacterial growth
at 100 yM (Fig. 3) with the catabolism inhibition of
N phenyl-2-naphthylamine at the same concentra-
tion in the bacterial cells (Tab.). Probably, when the
concentration of N phenyl-2-naphthylamine is high,
its increased accumulation in the bacterial cells leads
to the inhibition of their metabolic processes. The
physico-chemical properties of the compound, such
as high lipophilicity and high antioxidant activity [18,
25], can contribute to this process.

The third group of substances in the field of sight
of our research is phthalates; they are also classified
as antimicrobial substances. The results of studies
that revealed the specific effects of phthalates as in-
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hibitors of bacterial growth indicate the role of nega-
tive regulators in the plant rhizosphere for phthalates
secreted by root cells into the environment [4, 9, 26].
The degree of the negative effect of phthalates
was found to be determined not only according to
their concentration in the medium, but according to
the type of alkyl groups in their molecules linked to
o-phthalic acid via the ester bond as well. The de-
gree also depends on the species of bacteria expe-
riencing the action of phthalates [19]. The research
[9] demonstrated the ambiguous effect of phthalates
on the growth of bacteria in planktonic culture and in
biofilms. At the same time, many free-living microor-
ganisms are able to use o-phthalic acid esters as a
source of carbon and energy; that gives them certain
selective advantages [27].

According to the data in Fig. 1 and 2, it is possible
to trace the changes in the composition of phthalates,
which arose under the effect of Rhizobium and Azo-
tobacter in the growth medium of pea seedling roots,
compared to the control. According to the compari-
son with the control plants, the inoculation with rhi-
zobia led to a slight increase in the amount of dibutyl
phthalate and a slight decrease in the percentage of
dioctyl phthalate and diethyl phthalate. As affected
by azotobacter, along with a decrease in the amount
of dibutyl phthalate, the percentage ratio of the other
three types of phthalates to this phtalate increased
significantly. At the same time, dioctyl phthalate was
dominant among the representatives of the group of
substances under study. The data [9, 26, 28] demon-
strated the antibacterial properties of dioctyl and di-
ethyl phthalates. Taking the data into account, it can
be assumed that with the changes in the composition
of phthalates, Azotobacter grew the potential to in-
crease their competitiveness.

Changes in the phthalate ratios in the growth me-
dium of pea seedling roots as affected by the studied
bacterial species can occur due to their possibility
to degrade N-phenyl-2-naphthylamine to the phthal-
ate formation and to convert phthalates of one type
into other types by changing the length of their alkyl
chains linked to o-phthalic acid via the ester bond.
The second of the properties was noted by [27] for
some representatives of soil bacteria and was con-
firmed by our studies [6]. The ability of bacteria to
convert phthalates of one type into other types can
explain the inconsistency of the ratios between the

types of phthalates in culture media (Tab.) and in the
root growth medium (Fig. 2).

CONCLUSION

Ambiguous trends in the content of the compounds
with a negative effect on living organisms, pisatin,
N-phenyl-2-naphthylamine, and phthalates, have
been determined in the growth medium of pea seed-
ling roots as affected by the bacteria Rhizobium and
Azotobacter. Differences in their content in the root
growth medium prove the dissimilar nature of the pro-
tective antimicrobial reaction display in the plant under
study when interacting with coexistent bacteria of the
endophytic and epiphytic types. The increase in the
total content of the studied compounds in the growth
medium of pea seedling roots 1 day after the inocula-
tion with endosymbiotic bacteria is clear evidence of
the increase in their protective reaction. This increase
is probably due to the processes characteristic of this
period of the legume-rhizobial symbiosis formation:
adhesion of rhizobia on the root surface and the be-
ginning of the process of their penetration into the root
hairs [29]. Based on the above noticed changes in the
total content of compounds with a negative effect, the
inhibition of bacterial growth in the root zone of pea
seedlings in the case of their interaction with rhizobia
is assumed to be quite probable.

A decrease in the amount of the discussed com-
pounds in the root growth medium during the same
period of interaction of pea seedlings with Azoto-
bacter indicates a weakening of the protective reac-
tion of these plants against the bacteria. It is to be
supposed, the conditions for the rhizosphere bacteria
existence in the root zone of pea seedlings are more
comfortable in this case. The increase in the propor-
tion of antimicrobial phthalates (dioctyl phthalate and
diethyl phthalate) found in the root growth medium
after the inoculation with Azotobacter is likely to in-
crease the competitiveness of this species among
rhizosphere bacteria.

To sum up, it is possible to conclude that the con-
centration of negative substances with antimicrobial
activity in plant root growth is not only due to their ex-
udation by the root cells. Rhizosphere bacteria in the
root zone also modify their content. In all probability,
the level of metabolic activity in bacterial cells during
the degradation of aromatic compounds determines
the degree of these modifications.
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AHHomauyus. OcHosHoU ¢hopmol cyuiecmeosaHusi bakmepul 8 rpupode s6nsromMcsi 6UONNEHKU — MPUKpe-
nneHHble K cybecmpamy accoyuayuu KIemok, OKPY»KeHHbIE MOMUMEePHbIM MampuKcoM. U3ydeHue obpa3osaHusi
U QOYHKUUOHUpOBaHUs1 bUornneHoK umeem gyHoameHmasbHoe 3HaqyeHue Oris yrpasneHusi npoyeccamu ¢hopmu-
poBaHuUs1 MUKPOBHbIX accoyuamos 8 3Kosioeuu, buomexHonoauu u meduyuHe. lNocmaeneHHas yenb mpebyem
pa3pabomku aHanumMu4yeckux rnooxo008, No38oSWUX MPU COXpaHeHUU UHMAaKMmMHoU cmpyKmypbl 6UOMNIeHOK
rosy4ame oriepamueHyr UHGOpMayU Ha MPOMSKeHUU 8Ce20 UUKIIa Xu3HedesmerbHOCMU MUKpPOOHO20 co-
obwecmea. B 3adaqy pabomei exoduna adanmauyusi Memo0o8 CKaHupyow,el 3r1eKmMPOHHOU MUKPOCKOMUU U
UK-crniekmpockonuu 8 kadecmee 3Kcripecc-memoda aHanu3a MUKpOBHbIx 6uonieHok. [nsa amozao nposedeHo
corocmasumesibHoe U3ydeHue KUHemuku pocma Kyrnbmypbl 6bakmeputi Bacillus subtilis @ mevyeHue 24 4 Kyrib-
musuposaHusi Ha mgepdomM cybcmpame Memodamu Kiiaccudeckol MUKpobuonoauu u buoxumuu, 3r1eKmpoHHOU
cKaHupyrowel Mukpockornuu u @ypse UK-ciekmpockonuu. YcmaHoe/IeHo, Ymo Mopghorio2usi bUOnieHKU MeHs-
emcsi om pasHOMEPHO20 3acerieHUs Mo08EePXHOCMU HOCUMESIS MIIaHKMOHHbBIMU KriemKaMu Ha HadarbHoU cma-
Ouu pocma (6 4) A0 HaKOMIEeHUsT BHEKIIEMOYHO20 Mampukca U 0bpa3oeaHuUsi MUKPOKOIOHUU 8 9KCTIOHeHYUarlb-
HoU u cmayuoHapHoU ¢hase (12—18 4) u mocmeneHHO20 UCMOWEHUSI MampuKca 8 (haze ommupPaHUsT KIemok
(24 4). Pesynbmambi VIK-cnekmpockonuu koppenupyrom ¢ pesynbmamamu buoxumudeckux uccredosaHud,
4mo, 8 80K 04epedb, 10380119em MPO8OOUMb ONePamMuUBHYH OUEHKY HakorieHus1 bernkos, nosnucaxapudos u
HYKIIEUHO8bIX KUC/IOmM U ofly4ambs UHghopMmauuro 06 ux cmpykKmypHOM COCmMOosiHUU 8 buorieHke. Mo umozam
uccriedo8aHuUsi MOXHO 3aK/THHUMb, YMO CKaHUPYrW,as aleKmpoHHas Mukpockonusi u @ypee UK-ciekmpocko-
nusi 8 rnPeOrIoXXeHHOM 8apuaHme NPUMEHeHUSsT Mo380/ISom rofy4amb 83auMOOOMOTHAIOWYI0 UHGboOpMayUIo O
MOop@Oorio2uU U XUMUYECKOM COCMase MUKPOBHbIX BUOMIEHOK 8 Npouecce Kyibmugupo8aHusi.

Knroueenble cnoea: Bacillus subtilis, mukpobHbie buonneHku, @ypbe VK-cnekmpockonus, ckaHupyrowas
3/1EKMPOHHAas1 MUKPOCKOMUS

BnazodapHocmu. Aemopei 8bipaxkatom br1a2o0apHOCMb KOIIIEKMUBHOMY CrieKmpo-aHanumudyeckomy LleH-
mpy ¢bu3UKO-XUMUYECKUX UccriedosaHUll cmpoeHus, ceolicme U cocmasa sewiecms U mamepuanos (LKTI-
CAL]) ©oUL «KasaHckul Hay4HbIU yeHmp PAH» 3a 803MOXHOCMb MPo8edeHUSs 3KCrepuMeHmarsibHbIX UCCIie-
dosaHutll, a makxe KasaHckomy (lMpusomkckomy) ghedepanibHOMy yHUBepcUmemy 3a 3/1€KMPOHHYH0 MUKPO-
cKonuro obpasyoe 8 MexxducyunnuHapHoM UeHmpe «AHanumu4eckasi MUKDOCKOMUSI».

duHaHcupoeaHue. Paboma ebinosiHeHa 8 pamMkax 20cydapcmeeHHo20 3a0aHusi KazaHCKO20 Hay4YHO20 UeH-
mpa PAH Ne 122011800137-0.

Ans yumupoeaHus: ®ansynnun . A., Kobenes A. B., KnemeHntbeB C. B., CupotkuH A. C., Poros A. M.,
CanbHukoB B. B., Makwakoa O. H., 3yes 0. ®. lNpuMeHeHNe CKaHUPYIOLLEN SMEKTPOHHOM MUKPOCKOMUU 1
WK-cnekTpockonun anst akCnpecc-oueHKM Mopdonormm n XMMM4Yeckoro coctasa baktepumarbHbIX NNEHOK Npu
nepuoanyeckom KynstmsuposaHuu // Ussectus By3oB. lNpuknagHas xumusa n 6uotexHonoruna. 2022. T. 12. N 3.
C. 406-416. https://doi.org/10.21285/2227-2925-2022-12-3-406-416.
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Abstract. Bacteria most commonly exist in nature in the form of bacterial biofilms, i.e. associations of cells
attached to a substrate surrounded by a polymer matrix. Research into biofilm formation and functioning is
fundamental to the management of microbial associations in ecology, biotechnology and medicine. This task
requires the development of analytical approaches capable of providing timely information throughout the life
cycle of microbial communities at the same time as maintaining their intact structure. In this paper, we apply
scanning electron microscopy and IR spectroscopy as rapid methods for analysing microbial biofilms. To this
end, the growth kinetics of a Bacillus subtilis culture cultivated on a solid substrate for 24 h was comparatively
studied by the methods of classical microbiology and biochemistry, electron scanning microscopy and Fourier-
transform IR spectroscopy. The biofilm morphology was found to vary from a uniform settlement of planktonic
cells over the substrate surface at the initial stage of growth (6 h) followed by the accumulation of the extracellular
matrix and the formation of microcolonies at the exponential and stationary stage (12—18 h) and a gradual
depletion of the matrix at the stage of cell death (24 h). The results of IR spectroscopy were established to agree
well with those of biochemical studies, thereby demonstrating the potential of the method for a timely evaluation
of the accumulation of proteins, polysaccharides and nucleic acids and for obtaining information about their
structural state in the studied biofilm. It is concluded that scanning electron microscopy and Fourier-transform
IR spectroscopy can be used for obtaining complementary information about the morphology and chemical
composition of microbial biofilms during their cultivation.

Keywords: Bacillus subtilis, microbial biofilms, Fourier-transform IR spectroscopy, scanning electron
microscopy
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BBEOEHUE UMMOBUNN30BAHHBLIMU KNETKamMK, NoTpebnsaLwmx nu-
M3BECTHO, YTO B GOMbLUMHCTBE CryYaeB B Meau-  TaTENbHble BELIECTBA W BbIAENSIOWNX BO BHELLHIOW
LIMHCKOM 1 BUOTEXHOMOMMYECKON NPaKTUKe aKTUBHOCTL  CPEedy NPOAYKTbI meTabonuama U cUrHanbHble Mone-
MUKPOOHBIX CcoobLLecTB 0bycrnoerneHa obpasoBaHu- Kynbl'. [N NOHMMaHUA 3TVX NpoLeccoB TpebytoTca
eM 1 YHKLUMOHMPOBAHNEM MUKPOOHLIX GUOMMEHOK, METOAbI U3YYEHWs!, NO3BOMSIOLLNE COXPAHUTL UHTaKT-
NPeacTaBnsloWLmMX COOOM MONMUMEPHBIN MaTpUKC C  Hyl CTPYKTYpY GUONMEHOK M norydatb onepaTuBHYo

"MappgaHoBa A. M., KaGaHos [J. A., Pyaakosa H. J1., LLapunoea M. P. BuonneHku: OCHOBHblE METOALI UCCIIe[0BaHMS:
yuyeb.-meToa. noc. Kasanb: K(M)dY, 2016. 42 c.
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WHCOPMALIMIO Ha NPOTSXKEHUN BCErO LMKNa XU3Hene-
ATENbHOCTN MUKPOBHOro coobLuecTsa.

«30M0TbIM CTaHO4APTOMY AN UCcrenoBaHUst Mop-
chorormm BMONNeHOK CYUTAETCH METO CKaHWpYoLLen
3MNEKTPOHHOM Mukpockonun (C3M) [1]. OgHako OH
ABMSETCA OOPOroCTOALLMM, TpebyeT ONUTENbHOW WU
KBanucmumpoBaHHOM NogrotoBku obpasuoB, B xode
KOTOPOW BUONMEHKM TEPSIIOT XKM3HECTIOCOBHOCTL, a X
JanbHelllee UCNonb3oBaHWe AMs aHanu3a unu pe-
KynsTUBaLUmMyM CTaHOBUTCS HEBO3MOXHbIM.

Wcnonb3oBaHne KnaccuyeckMx MeTOLOB MUKPO-
ovonorun n GnoxmmMun oNsa aHanmsa XMMUYeCcKoro co-
CTaBa CBS3aHO C paspyLUeHMeM BUONNeHoK, Bbigene-
HVYEM 1 pasgernbHbIM aHanmM3oM MX KOMMOHEHTOB. Ta-
KM 06pa3oM, HECMOTPS Ha TO, YTO 3TN MEeTOAbI Xapak-
TEPU3YIOTCA BbICOKOW TOYMHOCTLIO U CENEKTUBHOCTLIO,
OHW ABMSATCA TPYAOEMKMU U HEAOCTATOYHbIMU AN
XapaKTepUCTMKN OMHAMUKU  Pa3BUTUSE MUKPOBHOro
coobuwectsa. CoBepLUEHCTBOBAHUE W MPUMEHEHUE
CMEKTPOCKOMNYECKMX METOAOB MO3BOMSET B 3HAYU-
TENMbHOW CTEMEHW pewwnTb 3adadvy HeOeCTPYKTUBHOIO
aHanmusa CroXHbIX OOBLEKTOB, K KAakOBbIM OTHOCSITCS
BuonneHku.

MeTton uWHbpakpacHO CNekTPOCKONMU YCMeLIHO
NPUMEHSETCS ANsl XapaKTepUCTUKM BeretaTMBHbIX
KNeToK MUKPOOPraHM3MoB, cnop 6akTtepuii, a Takke
BuonneHok [2—4]. YcraHoBneHo [2, 4], 4TO pasHble
B/Abl MUKPOOPraHM3MOB XapaKTEPU3YHTCS WMHONBU-
ayanbHbiMn UK-cnektpamm, 4To OOYCNOBMEHO YHU-
KarnbHbIM A1 KaXKaoro Buaa Habopom MakpoMOoriekyn
(GenkoB, NMNMAOB, YIMEeBOAOB, HYKNENHOBBIX KUCIIOT).
Moka3zaHo, 4To ¢ nomoLLbio MK-cnekTpockonum MOXHO
andbepeHUMpoBaTh LWTaMMbl OQHOTO poaa GakTepun
C BbICOKOW TOYHOCTBIO (B0 97%) [5] n nonyyatb WH-
PopMaLMIo O XMMUYECKON CTPYKTYpE OnpeneneHHbIX
KOMMOHEHTOB GaKTEPUN — KIETOYHBLIX CTEHOK, LUTO-
nnasmaTuyecKoro BeLwecTBa, NenTMaAOINKaHa, TeNxo-
eBbix kncnot, [HK [6-8]. NccnegosaHus b6aktepuans-
HbIX KyNbTYp C paBHbIM YCNEXOM MOTyT NPOBOAUTLCSA
B BMAE BOAHbIX CYCMEH3UA U CyxXmx NnopoLuKoB. Mc-
cnefoBaHne BUoNneHoK 3aTpyaHsieTcs TeM, YTo Gro-
nneHkn opMUPYIOTCA Ha MOBEPXHOCTU CybCTpaTos,
KOTOpble MOryT MMETb COOCTBEHHOE MOrMoLLeHNe B
VK-gnanasoHe. B psge paboTt nepen cHATMEM cnek-
TPOB 3pernble BuonneHkn otaensanu ot cyberpara [9].
OpHako aToT cnocob Henpuemnem anst U3yvyeHus 6ro-
MIEeHOK Ha paHHUX CTafMsAX pOCTa 13-3a UX HA3KON Me-
XaHW4ecKol NpoYHOCTW. BeipalmBaHue n nccneposa-
HVe BUonneHok in situ Ha NOBEPXHOCTY aNeMeHTa Ha-
PYLLEHHOrO NOMHOrO BHYTPeHHero otpaxeHus (HIMBO)
[10] no3BonsieT ycTpaHUTb 3TO OrpaHNYEHMe, OOHAKO
3TO TEXHUYECKM CIOXHO OCYLLECTBMMO U3-3a Heobxo-
OVMOCTV ONUTENbHOE Bpems nogaepxuBarb Temne-
paTypy U yCrnoBusi CTEPUSIBHOCTU B U3MEPUTENBHOM
OTCEKe CMEeKTPOMETpa.

BobipawwmBaHue GronneHok ex situ Ha nognoxkax
M3 onTuyeckn npospadyHoro matepuana B WK-gua-
nasoHe [11] npencTaBnseTcs C NPaKTUYECKON TOYKM
3peHus Hambonee npvemnembiM, XOTa TpeboBaHue
NpO3paYHOCT U BMONOrMYECKONn MHEPTHOCTU OrpaHu-
YyMBaeT BbIOOP MOAMOXKEK MO XMMWYECKOMY COCTaBy.

Pervctpauusi cnekTpoB G1ONIeHoK Ha NPOCBET MMEET
npeumyLlecTBo nepeg merogom HIMBO Takke B TOM,
YTO OCHOBHOW BKMag B MHTEHCUBHOCTb CMEKTpa aaet
BELLEeCTBO B 0Obeme BMONMNEHKM, a He C ee NOBEPXHO-
CTWU, HA KOTOPOW MOryT afgcopbmpoBaTbCs 3MEMEHTbI
nuTaTensHoOu cpeapl.

Hacrosiee uccnegoBaHme MOCBSILLEHO COMOCTa-
BUTEMNbHOMY M3YYEHWUIO KMHETUKM pOCTa MOLENbHOM
MUKpPOOHOW KynbTypbl Bacillus subtilis Ha TBepaom
cybcTpate € UCMONb30BaHWEM KOMMMeKca METOAOB
Krnaccuyeckorm Mukpobuonormm u ouoxumun, COM
n UK-®Oypbe cnektpockonun ¢ LEenbio OLEHKU pere-
BaHTHOCTU npumeHeHnss metogos MK-cnekTpockonum
n COM ansa nonyyeHus onepaTtuBHON UHGoOpMaLIMM O
CTPYKTYPE U XMMUYECKOM COCTaBe BMOoMneHkn Ha pas-
HbIX CTagusix pocTa.

AKCNEPUMEHTAJIbHAA YACTb

B pabGote wcnonb3oBanacb kynetypa Bacillus
subtilis [12], nony4yeHHass U3 nekapCcTBEHHOro npena-
pata «CnopobaktepuH» (OOO «BbakopeH», r. OpeH-
Bypr, Poccus).

KynbTuBMpoBaHue GakTepuint U nonyyeHue o6-
pasuoB OuonneHok. [lepnoguyeckoe KynbTUBK-
poBaHune Gaktepui B. subtilis npoBoagnnn B KOHWU-
yeckux konbax Ha 250 Mn Ha nepemelunBaloLLEM
ycTporictee Incubator ES-20/60 (SIA Biosan, Jlat-
Bus1) npu Temnepartype 37 °C, CkKOpoCcTM NnepeMeLln-
BaHna 120 06/mMuH B TeueHne 36 4 ¢ otbopom npob
yepes Kaxable 6 4. B kauecTBe nuTaTenbHbIX cpeq
MCNonb3oBancs MAConenToHHbI BynboH (MIB) u
MIB ¢ kpacutenem KoHro kpacHbim (0,8 r/n), cte-
punusaumsa KOTOpbIX MpoOBOAMNach B aBTOKNaBe B
TeyeHune 30 muH npu 0,5 aTn?.

BbuonneHkn BbipalMBany Ha MOAMOXKax n3 ¢oTo-
PUCTOrO KanbLMa WNM NPEeOMETHbIX CTeknax nytem
BHeCeHus1 B Yawku eTpyn co cTepunbHON cpedomn m
noanoxkamm 18-4acoBoro MHOKyNsATa B COOTHOLLEHUM
1:45 v nocnepytoLen nHKybaumm B Te4eHne 24 4 ¢ ot-
©opom npob Yepes kaxable 6 4.

AHanua opMMpoBaHNs U MUKPOCTPYKTYpbl Bu1o-
nneHok. OT6op npob GuonneHkn ans aHanusa dakTe-
puanbHOro pocra OCyLLECTBSANN B NPOLECCe KynbTU-
BUpoBaHus B. subtilis BnnoTtb fo 36 4. Yncno Knetok
B. subtilis B GuonneHke onpegensnu nytem ux okpa-
LwmBaHna reHumaHsunoneTom [13, 14]. Mo nony4yeHHbIM
OaHHbIM CTPOWMM KpUBYHO pocTa. KonnyecTBo Xu3He-
CMOCOBHbIX KMETOK onpegensany metogom Koxa.

KonunuecTtBo 6enka B buonneHke B. subtilis onpene-
nsnun no metony bpaadopaad. MNpeasaputensHo Guo-
NeHKy, chopMUPOBAHHYIO Ha NOBEPXHOCTU NPeaMET-
HbIX CTeKkon, rmaponunaoanu ¢ nomoupto 2H NaOH B
Tepmobrioke npu 90 °C B TeyeHne 30 MuH. B nonyyeH-
HbIX pacTBOpax onpeaensny cogepxanve benka.

[ns oueHkM GMOCMHTE3a 3K30MonMcaxapuoos B
OvonneHke B. subtilis niccnegyemble o6pasubl, Bbipa-
weHHble Ha MIB ¢ kpacutenem KoHro kpacHbIM, OT-
MbIBann B (PM3NONIOrMYeCcKOM pacTBope, NpoBOAWM
3KCTpaKLUuio KpacuTens 96%-M pacTBOpPOM aTaHona u
N3MepPSNN ONTUYECKYHO NIIOTHOCTb 3KCTpakTa [14, 15].

2Hetpycos A. W. MpakTukym no mukpobuornorun. M.: Akagemus, 2005. 608 c.
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Ona npoeBepeHnss aHanus3a WK-cnekTpockonuven
fuonneHkM BbipawyBanM MO MeTody, OMUCaAHHOMY
Bblllle, UCMOMNb3yd B KayeCcTBe MNOANOXEK nnactu-
Hbl 3 CaF,. B otnuume oT TpaguumoHHoro crocoba
nogroToBkM 06pasLoB OGMOMMEHOK Ans permcrpaumm
MK-cnekTpoB, COCTOSILLEro B COCKabrnMBaHUM MiEHKK
C NOANOXKW, N3MENBYEeHUN 1 3anpeccoBke B MaTpu-
uy u3s KBr [16], B 4aHHOM uMccnegoBaHUM MUCMOSb30-
BanNMCb MHTaKTHble BGronneHkn. [ns 3Toro NnacTuHbI
Ha pasHbIX CTagusax pocta BUONMeHKn nsBnekanu n3
nuTaTenbHOW Cpedbl U BbICyLUMBANM Npu KOMHATHOM
Temnepatype u BAaXHOCTW. buonneHkn He npombl-
Banu, 4ToObl HE HapyLMTb MX CTPYKTYpY. MnacTuHb
nomeLlanu B KloBeTHbIN otcek Pypbe MK-cnektpodo-
TomeTpa IR-Affinity 1 (Shimadzu, AnoHus) n pernctpu-
poBanu CnekTpbl Ha NMPOCBET B MHTEPBAane BOITHOBbIX
ymcen 4000-900 cm™' npu cnekTpansHOM paspeLleHnm
4 cvm' ¢ ycpegHeHvem 64 nHOMBUAOYanbHbIX CKaHOB.
CnekTpoMeTp npogdyBanv Cyxum a3oToM A1 yCTpaHe-
HWUS1 MELLIAIOLLIErO BIMSHMSA MapOB BOAbI U YINEKUCITOr
rasa. [lns kaxxgoro obpasua pernctpypoBan CnekTpbl
C HECKOIbKMX Y4aCTKOB MOBEPXHOCTU, KOTOpLIE 3aTeM
ycpeaHsanu.

WK-cnekTpbl GakTepuii CHUMManuM aHanorumyHo,
npeaBapuTENbHO BbICYLUMB BOOHYKO CYCTEH3WHO KIle-
TOK Ha MOBEPXHOCTM NnacTuHbl 13 CaF,.

WcxoaHble cnekTpbl noaBepranu npeaBaputenb-
Hon obBpaboTke, cOCTOSLEN B BblMMTaHUM Ga30BON
TIMHUM W CTI2XXUBaHUN.

[nsa BblaeneHus oTaenbHbIX KOMMNOHEHTOB MHOIO-
KOMMOHEHTHbIX MOMOC MOTIOWEHNS BbIMUCAANN BTO-
pyto Npon3BogHyto criektpoB. OTHECEeHMe Nornoc npo-
BOOWUNW Ha OCHOBE AaHHbIX pabot [17-19].

[ns ncenegosanusa metogom C3M GuonneHku Bbl-
palyBanu Ha npegMeTHbIX cTeknax. ocne useneve-
HWUS1 U3 MUTaTENbHOWM Cpenbl NOANOXKKN C BuonneHka-
MW BbICYLUMBanu 1 comkcnpoBanu B 2%-M rnyTapoBoOM
anbaernge Ha cgocgarHom bydepe (pH 7,3) B Teue-
Hue 1 4. MNocne noctdukcaumm B 1%- 0OCMUEBOW KNC-
note B TedeHne 1 4 obpasubl NpombiBany B Gydepe
1 OUCTUNIMPOBaHHOWM BOA4E W NoaBeprany CTyrneH4ya-
TOW gervaparauum B pactBopax cnupTa, Nocre 4ero
nokpbiBanu 3onotom [20]. O6pasubl mMccnegosanu
Ha CKaHMPYHOLLEM 3IEKTPOHHOM Mukpockone Merlin
(Carlzeiss, l'epmannsa) MexgucumnnmMHapHoro LeHTpa
aHanuTndeckon mukpockonum KasaHckoro degepanbs-
HOro yHMBepcuUTeTa.

O6paboTka pe3ynsTraTtoB 3KCNEPUMEHTOB MPOBO-
amnacb ¢ NoMOLLILI0 nakeTa nporpamm Microsoft Excel
2007 c oueHKoM JOCTOBEPHOCTM MO KpuTeputo CTbio-
neHta—duwepa*. Mcnonb3oBanu napameTpuyeckmi
t-kputepuit CtblogeHTa, JOCTOBEPHBIMU CYMTaNU pas-
nunst Npy BEPOSITHOCTM ownbkm p<0,05.

OBCYXOEHUE PE3YJIbTATOB

dopmupoBaHne GUONMEHOK B NMpoLEecce MUKPOO-
Horo pocTa. Ha puc. 1 npeacrasneHbl MUKpodoTorpa-
doum NoBEPXHOCTKN cybcTpaTta nocne 6 n 24 4 pocta

BuonneHku, nonyyeHHble Metogom C3M. N3o6paxe-
HWS MOKa3bIBaloT, YTO MO UCTEYEHUN 6 Y HA MOBEPXHO-
cTu cybeTpata (MoANoXKN) NPUCYTCTBYIOT NpenmyLLe-
CTBEHHO pa3pO3HEHHbIE NanoyYkoobpasHbie 0bpasoBa-
Hus 6e3 3aMeTHOro konuyecTea Matpukca (puc. 1, a).
Pa3mepbl 0ObEKTOB COOTBETCTBYIOT OXMAAEMbIM AfS
OakTepun B. subtilis: AnnHaoTAENbHBIXKIETOKBAPLUPY-
etcaot0,7 oo 3mkm, anametp coctaensaeT 0,5-0,6 MKm.
Knetkn obpasytoT NnHelHbIe LEeNoYKn, CocTosLme 13
2 n 6onee (go 10) 3BeHbEB, YTO yKa3bIBAET Ha UX ak-
TMBHOE JeneHuwe. YacTo nonagalTcs KNeTku, OT Ko-
TOPbIX OTXOAAT TSHKM Pas3nMYHON ANUHBI K cyBeTpaTty
Unu K apyrum knetkam (puc. 1, b). Yepes 24 4 pocta
0BHapy>X1BaKTCA OKPYIIbIE NIIOTHBIE CKOMIEHWS Ke-
ToK (puc. 1, c). Pasavepbl ckonneHui BapbUpyloTCS
OT HECKOSMBbKMX MKM O HECKOIbKUX OECATKOB MKM, a
ANVHa KNEeToYHbIX LenoYvek cokpallaertca o 1-3 3se-
HbeB. Ha aToM 9Tane pocTta oT4ETNIMBO NPOSBNAETCS
BHEKIIETOYHbIA MATPUKC, 3anOSHAOLWMIA MEXKINETOY-
Hble NMPOMEXYTKMN B CKOMMEHNsX B BUae Anddy3Horo
BewecTBa (puc. 1, d).

Takum 06pasom, MornyyYeHHble AaHHble cBuae-
TENbCTBYOT O TOM, YTO CTPYKTypa OMOMMEHKM Ha
BCEM MPOTSDKEHNM pOCTa He ABMSETCA O4HOPOOHOM
MU COCTOUT M3 OMCKPETHbIX KNETOYHbIX accoumaToB
nepemMeHHoro pasmepa. BHyTpu accoumnaToB KneTku
0o6beanHeHbl BELLLECTBOM BHEKIETOYHOTO MaTpukca.
lMpomexyTkM Mexgy accouuaramu 3anofHAKTCS
nnbo nuTaTenbHOM cpeaown, NMbo MaTpruKCoMm.

HakonneHne 6enkoB u 3K3ononuMcaxapugos B
OvonneHke. PesynbraTtbl onpegenexHvs Guomaccs,
HakonneHus Oenka u ak3ononucaxapugos B GuMo-
nneHke B npouecce NepuoamyecKkoro KyrnsTmsmpoBa-
HWUS KynbTypbl B. subtilis npogemMoHCTpMpoBaHbl Ha
puc. 2-4.

Ha puc. 2 npegcraBneHa kpuBasd pocTa Kylb-
Typbl B. subtilis B ©unonneHke, nony4vyeHHas no
pesynbrataMm U3MepeHUs ONTUYECKOW MNIOTHOCTM
pacTBopa reHuMaHBUoONETa, 3SKCTParmpoBaHHOrO
3TaHONMoOM M3 GuonneHku: 4yem Gornblue KpacuTe-
NS nepBoHayanbHO ObINO cBA3aHO B GuonneHke,
TeM bornbliee 3Ha4YeHue ONTMYECKOM MMAOTHOCTU
pactBopa 6bINno 3aperncTpupoBaHo B pesynbrate
3KCTpaKkumm.

Mony4eHHble pesynbTaTtbl Mokasanu, YTO 4MCro
KNeToK B OMonneHke B nepBble 6 4 NpuHUMNnanbHO
He yBENnWYMBAETCS, YTO CBSA3aHO C MEPBUYHON UM-
Mobunusaumen HeGONbLIOrO KONMYecTBa KNeTok Ha
NMOBEPXHOCTU U Havanom obpazoBaHuUs GUONMNEHKN.
3atem ObINn OTMeYeHbl hasbl YCKOPEHUS U 3KCMO-
HeHumnanbHoro pocta 6GuonneHkn (6—18 4), nocne
Yyero HacTtynana crauyuoHapHas ¢asa pocTta, Korga
JanbHelllee HaKOMMeHWe KNeToK npekpaliaeTcs
BCMNEACTBUE UCTOLLEHMS NUTaTENbHOW cpedbl U Ha-
KonneHusi npoaykToB metabonuama [13].

Mpn 3TOM ObINO OTMEYEHO, YTO KOHLUEHTpaLUs
6enka B 6buonneHke Bo3pacTaer 4o 12 4 pocTa, 4To
CBSA3aHO C aKTUBHbIM (bopmMupoBaHMEM BGUOMMEHKU
Ha NOBEPXHOCTW, MOCMEe KOTOpPOro HacTtynaet dasa

306was dapmakoneinHas ctatbs. OnpegeneHune 6enka. OPC. 1.2.3.0012.15 M3 P®. 2015. 16 c.
[OnekTpoHHbIf pecypc]. URL: https://pharmacopoeia.ru/ofs-1-2-3-0012-15-opredelenie-belka (24.02.2022).
“BopobbeB B. A., Encykos A. W. Teopus n akcnepumeHT. MuHck: Beicwas wkona, 1989. 109 c.
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Puc. 1. 3o6paxeHnss ckaHMpytoLLEen aNeKTPOHHON MUKPOCKOMUIN MOBEPXHOCTM cybcTpaTa
nocne 6 (a, b) n 24 4 (c, d) pocta 6uonnexkn. Paamep macwtabHoro otpeska paseH 10 (a, c) n 1 mkm (b, d)

Fig. 1. Scanning electron microscopy images of the substrate surface after 6 (a, b) and 24 h (c, d) biofilm growth.
The size of the scale bar is 10 (a, ¢) and 1 ym (b, d)

nnato Ao 18 4 BknounTenbHo (cM. puc. 3). danbHen-
Lee yBenuyeHne KOoHLUEeHTpaumm Genka B Guonnex-
Ke, N0-BMANMOMY, CBA3AHO C NTU3NCOM KITETOK.
CuHTes ak3ononucaxapugos (AMC) B Guonnex-
ke B. subtilis (cm. puc. 4) onpegensanu no konvye-
CTBY 3KCTparmpyemoro ataHornom kpacutens KoHro
KpacHoro, cessbiBatowerocsa ¢ 9INC B npouecce UH-
Kybaumm [21]. Pesynbratbl Nokasanu 3ameaneHHbIn
cuHTe3 JINC oo 12 4 pocTa ¢ ganbHENWLWNM PE3KUM
yBenuyeHvem Ha 18 4 1 nocnegyoLmMmM BbIXO40OM Ha
nnato. Nony4yeHHble fJaHHbIE KOPPENUPYIOT C KPUBON
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Puc. 2. KuHeTuka pocta kynbtypbl Bacillus subtilis
B BronneHke B npoLecce NEPUOANYECKOTO KynETUBUPOBaHKS

Fig. 2. Growth kinetics of Bacillus subtilis culture in biofilm
during batch cultivation

pocTa MaTpukca OMoMneHkn KynesTypbl (CM. puc. 2).
OTu cBEeAeHNs NoaTBePXKOATCA NPoBeAEHHbIMU pa-
Hee uccrnegoBaHUaMK [22], KOTOpble MoKasanu, 4YTto
cuHTe3 OINC n pocT maTpukca 6uonneHkn B. subtilis
npoucxoaut cumbaTtHo (KO3dhdULMEHT Koppensaumm
r=0,998), 4to cBMAETENBLCTBYET O TOM, YTO MaTpPUKC
coctouT n3 JMC.

UK-cnekTpockonusi o6pasuoB 6uonneHku. MK-cnek-
TPbl CyXOW CYCMEH3MM U Cyxon OuonneHkn (24 u)
B. subtilis BbISBNSAIOT pasnuymna B cocTtaBe 3TMX 06-
pasuos. lpexage Bcero cnegyeT OTMETUTL PasHuLy
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Puc. 3. KoHueHTpauus 6enka B 6uonneHke Bacillus
subtilis B npoLiecce Nepnoanyeckoro KynsTMBnMpoBaHns

Fig. 3. Protein concentration in Bacillus subtilis biofilm
during batch cultivation
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Fig. 4. Concentration of exopolysaccharides in Bacillus
subtilis biofilm during batch cultivation
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Fig. 5. IR spectra of Bacillus subtilis cells dry suspension
(dashes) and dry biofilm after 24 h
of incubation (solid line). The spectra are normalized to
the maximum absorption band of the amide Il protein
(1550 cm™)

o
)

o
)

OnTUYecKas NNOTHOCTL, yon.ea
o
S

1000 1100 1200 1300 1400 1500 1600 1700

BonHosoe wncno, cm-!
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Fig. 6. IR spectra of dry Bacillus subtilis biofiims at
different growth stages: 6 (points), 12 (dotted line), 18
(dashed lines), and 24 (solid line) h. The blue dotted line
indicate the nutrient medium spectrum

B cdhopme amna-1 — Hambonee MHTEHCMBHOWM MOMOCHI
B cnekTpax, oOyCrnoBneHHOW nornoLleHnem kapbo-
HUMbHbIX FPYMN B COCTaBe NonunenTuaHon uenn 6en-
KoB (puc. 5).

Bonee y3kas v MHTEHCMBHasa nonoca B CNekTpe
G1onneHkn ¢ MakcuMmymom Ha 1655 cm™ n nnevom Ha
1637 cm™ ykasbiBaeT Ha NPUCYTCTBUE BbICOKOYNOPSi-
[04YeHHbIX 6enkoB ¢ bonbluon gonen anbga-cnupa-
nen 1 BbITAHYTLIX 6eTa-cTpykTyp [17]. M3BeCTHO, 4TO
B OenkoBo-nonucaxapMgHoM MaTpukce OUOMIEeHKM
npeobnapaet 6enok TasA [23], umetoLwmin cnupanb-
HYl0 CTPYKTYpY, YTO COOTBETCTBYET Habrtogaemomy
cnekTpy. B cnekTpe cycneHauun nonoca amua-1 ywm-
peHa 1 3a CYeT 3TOro MeHee UHTEHCUBHA. YILnpeHue
CBUAETENLCTBYET O OONbLUOK J0ME HEeYnopsifoveH-
HbIX CTPYKTYp. WHTEHCUBHOCTM MOnoc docaTHbIX
rpynn AHK (1240 n 1080 cm™) n yrnesogos (1060 cm)
B CYCMEH3UW 1 NSIEHKE NPUMEPHO paBHbI, O4HAKO OT-
nnyaroTcsa no popme, ykasbiBas Ha pasnuyums B CO-
cTaBe.

Ha puc. 6 npegcraeneHbl crnekTpbl 0OpasuoB
OGMONNeHOK Ha pasHbixX cTagusix pocta. CnekTp o6-
pa3ua nocne 6 4 pocta B OCHOBHOM Maro oTnv4ya-
eTCsi OT CMeKkTpa nuTaTenbHow cpefbl Ans obpaso-
BaHUs BuonneHkun. lameHeHus nNposBnaTcs nuLlb
B HekoTopblx nonocax — 1425, 1550, 1680 cwm™,
4YTO, NO-BUOMMOMY, COOTBETCTBYET BKNady Oernkos.
Cnektp MIMB npencraensieT cobol LUMPOKME NITOXO
paspeLLeHHble MOMNoCchl, COOTBETCTBYOLLNE CyMMap-
HOMY MOTMOLLEHNIO Pa3NUYHBLIX aMUHOKUCIIOT, KOPOT-
KMX MONUNENTUAOB N NPOYMX KOMMOHEHT. OgHako Ha
bonee No3gHMX cpokax pocTa B crnekTpe npeobnaga-
0T Y3KMe MONOoChbl, COOTBETCTBYIOLLNE MOIMOLLEHMIO
CTPYKTYPHO ynopsigodeHHbIx 6enkoB. Pe3koe cokpa-
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Puc. 7. NHTeHCHBHOCTbL B Makcumyme nonockl ammal
(1655 cm") Benka (TeMHble CUMBOJSIbI), MUHTEHCUBHOCTb
B Makcumyme 1060 cm™' nonock! NOrnoLweHns
nonvcaxapuaos (CBETblE CUMBOJbI)
OT BpeMeHu pocTta buonneHkn. Touku, COOTBETCTBYOLLME
6 4, NoNy4YeHbl BblMUTAHMEM CNEKTPA MSCOMNENTOHHOIO
OynboHa 13 cnekTpa 6-4acoBow GMonneHkn

Fig. 7. Intensity at the maximum of the amide1 band
(1655 cm") of the protein (dark symbols), intensity at
the maximum of 1060 cm™' of the absorption band of
polysaccharides (light symbols) versus
the biofilm growth time. The points corresponding to 6 h
were obtained by subtracting the MPB spectrum from the
6 h biofilm spectrum
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LLeHWe CcrneKkTpanbHOro BKMNaga nuTaTenbHoOW cpeabl
CBS13@HO, MO HALLEMY MHEHMIO, C UBMEHEHNEM MMOPO-
dobHOCTU noBepxHOCTW. Ha paHHUX cTagumsax pocTa
rmagpodunbHasi NOBEPXHOCTb MOAJIOXKM C aacopou-
POBaHHLIMW OAMHOYHBIMM KIIETKAMU XOpOLIO yaep-
XMBaeT BOAy C PacTBOPEHHbIMU B HEW areMeHTaMu
MIB. Mocne 12 4 GakTepuanbHOro pocta obpasyer-
cs1 pa3BuTasi baktepmanbHas nneHka ¢ rmgpodgooHom
NOBEPXHOCTbIO [24], kKOTOpas ny4lle ocBobOXaaeTcs
OT OCTaTKOB KyrnbTypanbHOW XWAKOCTM B mpoLecce
NoAroToBkn 0bpasuos.

3aBMCMMOCTb MHTEHCMBHOCTU nornoiiexHus Gen-
ka Ha 1655 cm™ n cymmapHoi nonocel gocdaTHbIX
rpynn v nonucaxapugos Ha 1060 cm” oT BpemeHu
pocTa npefctaBrneHa Ha puc. 7. Ha 3aBucumocTu
MOXHO BbIAENUTbL XapakTepHble y4acTkn pocta buo-
nneHKu: nar-nepyog Ao 6 4, NOCTOsiHHasi CKOpPOCTb
HakonneHmst — 6—24 4. lNpu cpaBHEHUN 3aBUCUMO-
CTeWn, MONyYEHHbIX MPU OnpeaeneHny KoOHLEHTpaLmm
oenkoB u JIC (cm. puc. 3, 4), a Takke 13 MK-cnek-
TpoB (CM. puc. 7), obHapyxuBaeTcs ux 6rnmskoe cxoa-
CTBO (g0 = 0,913, 1, .= 9,881), YTO YKasblBaeT Ha
MOEHTUYHOCTb XMMWYECKOW MPUPOAbLI Uccrnegyemblx
BewecTB. ObpaluaeT Ha cebsi BHMMaHue TOT GhaKT, YTo
CyMMapHoe nornotueHve 6ernka n cymMMapHoe normo-
weHre docdatHblx rpynn AHK u nonucaxapugos B
cnekTpe meHsietcs cumbatHo (r = 0,998) (cm. puc. 7).

3AKNIOYEHUE

1. Pesynbrathl MccnegoBaHMs XMMUYECKOro Co-
cTaBa u mopdonorun GuonneHok B. subtilis Ha pas-
HbIX CTagusix poCTa KOMMIIEKCOM CMEKTpasrbHbIX,
MUKPOBUOMNOrM4eCKUX 1 MUKPOCKOMNYECKNX METOLOB
CornacylTcs ¢ nuTepaTypHbIMU AaHHbIMK [25, 26].

2. MNMokasaHo, 4YTo yBeENMYeHne Gnomacchl B 61o-
nneHke B. subtilis koppenupyeT € HakonneHnem
Benka (r = 0,795) n 3r1C (r = 0,998), uto oTpaxaet
3aBUCMMOCTb Mexay OMOoCMHTE30M HeobXoauMbIX
MeTabonnToB, POCTOM KINETOK M NPOAYKUUEN NOonu-
MEepHOro mMmartpukca.

3. Pesynbratbl VIK-cnekTpockonun KoppenupyroTt
(Moomos = 0,913; 1, = 0,881) ¢ AaHHbIMK BrOXMMUYE-
CKMX MUCCriegoBaHUM U NO3BONSAT NPOBOAUTL onepa-
TMBHYIO OLIEHKY HakornneHusi 6enkos, nonmMcaxapwu-
OB M HYKITEMHOBBIX KMCHMOT, a Takke gatT MHop-
Mauuo 06 MX CTPYKTYPHOM COCTOSIHMM B OMoNneHke
B npouecce KynsTMBUPOBaAHUA MUKPOBHOWM KynbTypbl
1 obpasoBaHNsi OMONIEHKN.

4. Tlony4yeHHble pe3ynbTaThl MO3BONANT cOe-
natb BbiBog, 4TO COM un ®dypbe WVK-cnektpockonus
B NPeasIoKeHHOM BapuaHTe NPpUMEHEHNsT OAlOT BO3-
MOXHOCTb MOSTy4aTb B3aMMOLOMOMHSAOLLYO MHAOP-
Mauuo 0 MopdonorMm U XMMMYECKOM COCTaBe MU-
KPOBHbIX BMONNEHOK B NpoLecce KynsTUBMPOBaHUS.
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AHHOmMauyus. [JaHHas paboma riocesuweHa Usy4yeHuUro pocma u esaumodelicmeusi wmammos Trichoderma
Spp. Apu pasnuyHbix memnepamypax. Trichoderma spp. — amo pod MUKPOCKOMUYECKUX acKoMuuemos, 2pu-
661 poda Trichoderma siensiromcesi YneHamu pasnuydHbIX 3KocucmemM U ObHapyxuearomcs 8 royse, pusocge-
pe. Lenb uccnedosaHusi — u3y4ums U CpasHUMb Xapakmepucmuku pocma u 83aumModelicmeusi pa3fiuyHbIX
npedcmasumeriel epubos poda Trichoderma mexdy cobou. [ns 3KkcriepuMeHmos ucrosib3osanu credyruwue
cpeobi: cpedy Haneka u cpedy, modenupyrowyo sKkccydambl KOPHEBOU cucmeMbl pacmeHust (o2ypua obbIK-
HO8eHHO20). bbina onpedernieHa ckopocmbs pocma wmammos Trichoderma spp. rpu pasnu4yHbIX memnepamy-
pax. Ckopocmb pocma Ha cpede, codepxkauwieli Modenu akccydamos pacmeHusi, omnudasaacb om cKkopocmu
pocma Ha boeamol numamesibHoOU cpede, makxe 0bHapyXUnUChb pPasnuyus 8 MakpoMopghornoauu KonoHUU.
lpu memnepamype 9 °C Ha cpede Yaneka Habmodarncs pocm wmammos Trichoderma longibrachiatum
F2124, Trichoderma viride F2001; Ha cpede, modenupyroweli akccydamel, — MosibKko wmamma Trichoderma
longibrachiatum F2124. Npu 40 °C ommeyanock 3Ha4yumesibHOe MOPMOXXeHUEe pocma Oris 8cex uwmamMmos,
Kpome nipedcmasumerneli suda Trichoderma longibrachiatum. lNpu memnepamype 50 °C pocma KonoHul He
Habrodanock. Bece wimammbl pocsiu 8 memnepamypHom duanasoHe om 12 9o 28 °C. bbinio ebid8uHymo nped-
ronoXxeHue 0 BO3MOXHbIX pas3nuYUsaX 8 xapakmepe szaumodelicmsus npedcmasumernel poda Trichoderma
mex0y coboli rnpu pocme Ha pasfuyHbix cpedax. Miccnedosanu e3aumodelicmaue mexdy cobol 3-x wmam-
mos Trichoderma spp. npu nog8epxHOCMHOM Ky/fibmuguposaHUU 8 pa3/iuyHbIX memnepamypHbix ycriosusix. [1o
pesynbmamam uccriedosaHusi He 0bHapy)XUloCk 3Ha4YUMEsbHbIX Pasuyull 8 xapakmepe e3aumodelicmeausi
npedcmasumenel poda Trichoderma mexdy cobod.

Knrouyeenle cnoea: Trichoderma, skccydamabi, memrepamypa, CKopocmbs pocma, gsaumodelicmeue

Ans yumupoeaHus: Nucapesckasi B. A., XKypaenesa A. C., MuHud M. B., bexbynsana H. b., LWaraes A. A.,
Mapksudes H. C. PocT n B3aumogencTaue wWtammoB Trichoderma spp. npu pa3nuyHbix Temnepartypax // iase-
cTusi By30B. [puknagHas xumunsa n 6uotexHonorus. 2022. T. 12. N 3. C. 417—423. https://doi.org/10.21285/2227 -
2925-2022-12-3-417-423.
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Trichoderma spp. strains: growth and interaction
at different temperatures
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Abstract. The paper examines the growth of Trichoderma spp. strains and their interaction at different
temperatures. Trichoderma spp. is a genus of microscopic ascomycetes; these fungi belong to different
ecosystems and are found in soil (rhizosphere). The study aims to analyze and compare the characteristics
pertaining to the growth of Trichoderma species and the interaction between them. The experiments
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used the following media: a Czapek medium and a medium simulating plant root exudates (Cucumis
sativus). The growth rate of Trichoderma spp. strains was determined at different temperatures. The
use of a medium containing plant exudate models provided a different growth rate as compared to that
obtained when using a rich growth medium; some variations in the macromorphology of colonies were
also observed. The growth of Trichoderma longibrachiatum F2124 and Trichoderma viride F2001 strains
was detected at 9 °C on the Czapek medium, while only the Trichoderma longibrachiatum F2124 strain
was observed to grow on the medium simulating exudates. A significant growth inhibition was noted at
40 °C for all strains, except for Trichoderma longibrachiatum species. No colony growth was observed at
50 °C. All the strains grew within the temperature range of 12 to 28 °C. It was assumed that Trichoderma
species growing in various media may interact differently with each other. Interaction between the three
strains of Trichoderma spp. was examined via the surface culture method under different temperature
conditions. The study found no significant differences in the interaction between the Trichoderma species.

Keywords: Trichoderma, exudates, temperature, growth rate, interaction

For citation: Pisarevskaia V. A., Zhuravliova A. S., Minich M. V., Behbudzada N. B., Shagaev A. A,
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BBEOEHUE

Trichoderma spp. — po4 MUKPOCKONMUYECKNX aCKO-
muueToB. pnbbl poga Trichoderma siBnstoTCA une-
HamMK pasnu4yHbix akocucTeMm [1] n obHapyxmBaoTCs
B nouse, pusocdepe [2], obnagatT cnocoBHOCTLI0
o6pa3soBbiBaTb KOMOHUM Ha kopHsX [3]. HekoTopble
npegcraesntenu poga Trichoderma aBNAOTCA 9HOO-
PUTHBIMW MUKPOOPraHu3Mamu Anis onpeneneHHbIX
pacteHun [4], MOryT okasblBaTb HeraTMBHOE BMNUS-
HMEe Ha POCT HeKoTopbIX rpnbos [5]. Momnmo aToro,
obHapyXeHo B0ornbLUOe KOMMYECTBO LUTaMMOB, pas-
BMBAIOLLNXCA Ha npegctasuTenax grnopbl U dayHbl
BOZOEMOB [6].

lpnbbl poga Trichoderma obnapatoT LUMPOKUM
CMEeKTPOM CBOWCTB, KOTOpPble MOryT YCMELIHO Mpu-
MEHSITbCA B CENbCKOM XO35AWCTBE Kak Ans 60opbObl
¢ uTonaTtoreHHbIMU KyrnbTypamu, Tak U Ansi NoBbl-
LWEeHNs ypoxamHOCTU [7, 8] HeKOTOpbIX pacTeHuH,
Hanpumep, TomaTta u canata [9]. K HekoTopbiM 13 Ta-
KMX CBOWCTB OTHOCSIT UX HWU3KYID PUTOTOKCUYHOCTb,
CrnocobHOCTb pacTu B HanpaeneHun, Hambornee 6na-
roNnpusITHOM ANs UX pasBuTus, MetabonusvpoBaTb
3KccydaTbl pacTeHUA B KayecTBe €OUHCTBEHHOrO
WCTOYHMKA NUTaHKS, OKa3blBaTb BO34ENCTBMNE Ha CO-
ctaB akccypatos [10]. ViccnegoBaHns nokasbiBatoT
[11, 12], uyto pop Trichoderma crnocobeH B HEKOTO-
pbiX Cry4Yasix CHWXaTb abuoTU4eckun cTpecc, oka-
3blBaeMbIi HA pPacTEeHUs TsKENbIMW MeTannamu B
noyse. bnarogapsi CnOCOGHOCTU K MUKOMapasuTU3My
[13] n obpa3oBaHMIO HEKOTOPLIX NETYYUX OpraHuye-
CKux BewecTB, pog Trichoderma moxeT nogaBnsaTb
pocT cduTonaTtoreHHbIx rpmbos [14, 15], B TOM uucne
Fusarium spp. [16, 17]. HekoTopble wTamMmmbl cro-
COOHbI K CMHTe3y aHTMbuoTukoB [18, 19]. Momumo
dyHrMUngHon akTmuBHocTu, Trichoderma spp. moryT
nposBnAaTb outocTUMynupytowee aencremne [20] 3a
cyeT obpasoBaHMs NETYYMX OPraHNYECKMX coeguHe-
HWIA, OKasblBaKOLLMX CTUMYNMpyloLLee BNUAHWE Ha
pocT pacTteHus [21].

YTtobbl ycnewHo Mcnonb3oBaTb BCE BhiLENepe-
YncneHHble ceoncTBa Trichoderma spp. Ha NpakTuke,
HeobXxoaMmMo co3faTh YCrOBMS, B KOTOPbIX BO3MOXEH
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poOCT M pasBUTME MUKPOOpraHuamoB. B Tennuuax,
rae yHrMumaHble U UTOCTUMYNUpPYIOLINE CBOR-
ctBa Trichoderma spp. 6yoyT Hambonee nonesHsol,
Kak npaBuo, bonbLuas YacTb NapameTpoB 3adUKCH-
poBaHa. O4HMM N3 MEHSAIOLLMXCA NapaMeTpoB SABNSA-
eTcs Temnepatypa. Temnepatypa HanpsiMyto Bhuvs-
€T Ha CKOpPOCTb U BO3MOXHOCTb pocTa Trichoderma
Spp., Ha cKkopocTb obpasoBaHust pepmeHTOB [22].
B 30He TemnepaTypHOro onTMMyma poCT aKTUBHbIN,
NPy NOHWXEHWUM TeMnepaTypbl MOXET HabnogaTbes
CHUXEHMEe CKOPOCTU pocTa, NPW MOBbILLEHUN — NOM-
Hast rMbenb KynbTypbl. [103TOMY BaXHO 3HaTb Aua-
nasoH TemnepaTyp, B KoTtopom Trichoderma spp.
CcrnocobHbl K POCTy, a Mpu BbiObOpe WTaMMOB Ans
CernbCKOro X039NCcTBa OTAaBaTb NpeanoyTeHne Tem,
KoTopble pa3BuBaoTcHa B 6onee WMpokoM guanaso-
He TemnepaTyp U Npu 3TOM COXPaHSItOT CNOCOBHOCTb
B3anMo4encTBoBaTb C oUTONATOrEHHbIMU MUKPOOP-
raHM3Mamu.

[ns pgaHHOro uccnegoBaHWs ObiMM MOCTaBMEHbI
crnepyoLLme 3afayn: CpaBHWUTbL CKOPOCTb PasBUTUS
npencrasuTenen poga Trichoderma Ha Goraton nuTta-
TEMNbHON Cpefe W Ha cpede, MOAENUPYHOLLEn 3KCCy-
OaTbl pacTeHUW; WUCCNedoBaTb pPasBUTUE PasNNYHbIX
npencrasutenen poga Trichoderma Ha cpene, moae-
NMpYHOLLIEN 3KCCyaaThl, NPy pasnuyHbIX Temnepartypax;
nccrnenoaTb xapakTtep B3anmogencteust Trichoderma
Spp. Mexgy cobov B Ananas3oHe Temnepartyp npu po-
CTe Ha cpefe, MoAenNuMpyHoLLIEN aKCcCyaaThl.

OKCMNMEPUMEHTAJIbHAA YACTb

Mamepuarnbl. B kayectBe mMaTepuarnioB MCMOIb-
3oBanucb WTaMmbl Trichoderma viride F2001,
Trichoderma  harzianum F2002, Trichoderma
harzianum F2009, Trichoderma harzianum F2125,
Trichoderma longibrachiatum F2123, Trichoderma
longibrachiatum F2124, nutaTtenbHble arapn3oBaH-
Hble cpegbl Yaneka v mMogenupylowme aKccynaThbl
Cucumis sativus. Bce wTammbl MUKPOOPraHM3moB
ObINM NpedocTaBneHbl Konnekumen kadenpbl 6uo-
TEXHONOrnm POCCUMNCKOro XMMUKO-TEXHONOMMYECKOro
yHuBepcuteta um. 1. 1. Mengeneesa.
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B coctaB nutatenbHon cpedbl Yaneka BXoasT:
rntoko3a — 30 r/n; apoXoKeBON SKCTpakT — 5 r/n; nen-
ToH — 5 1/n; KNO, - 2,5 r/n; KH,PO, — 1 r/in; MgSO,
— 0,5 r/n; NaCl — 10 r/n; arap — 17,5 r/n. NuTartens-
Hasa cpefa, coaepxalwas Mogenu aKccyoaToB, Co-
CTOUT 13 creayLwmMx KOMMOHEHTOB: arap — 17,5 r/m;
sabnoyHasa kucrnota — 0,1 r/n; sHTapHas kucnorta —
0,1 r/n; numoHHas kucnota —0,1; dpykTo3a — 0,01 r/m;
apoxokeBon aketpakTt — 0,1 r/n.

Memodbl. KynbmueuposaHue u uccredosaHue
ckopocmu pocma Trichoderma spp. Ha pasniud-
Hbix cpedax. na wnccnegoBaHUs CKOPOCTU pocTa
Trichoderma spp. Ha cpefax, MOLENUPYOLNX 3KC-
cypatbl Cucumis sativus, cnopbl BHOCUNN METOAOM
yKona MMKpPOBMONOrMYEeCKON WUIFION B LEHTP YaLLKu
[MeTpn c NOAroTOBNEHHOWN CTEPUNBbHOW Cpeaomn (k-
CYpoBaHHOro oobema. Kaxabii BapuaHTt nven 3 no-
BTOPHOCTU. B kavecTBe cpen mcnonb3oBanu cpeabl
Yaneka n cpefpbl, MOAENMPYOLME 3KCCyaaTbl Mpu-
KOpHeBOW 30HbI pacTeHui. [lanee vawku MNetpu no-
MeLLlanu B YCrOBUS C pa3nnyHbIMK TemnepaTypamu:
9, 13, 15, 20, 28, 40, 50 °C. NHTepBan perynuposa-
HUa Temnepatypbl coctaenan +1 °C. Ha npoTtaxeHun
4-x CyTOK Habnwoganu pocT KynbTypbl U U3Mepsnn
OuameTp pacTyLuer konoHuu. Mo dopmyne (1) ycta-
HaBNMBaNM CKOPOCTb POCTa MNPV CHATWMU OTAENbHbIX
TOueK:

dD . (1)
dr

[nga nccnegoBaHus xapakTepa B3anMOAENCTBUSA
LWTammMoB Mexay coboi 6binm BeibpaHbl 3 wWTamma:
Trichoderma viride F2001, Trichoderma harzianum
F2009, Trichoderma longibrachiatum F2124. Cnopbl
BHOCMITM B 25 MM OT Kpasl YallkM Takum obpasom,
4yTOObI paccTosiHMe OT MecTa MoceBa WTamma Ao
LeHTpa 4Yawkn [eTpu u pacctoaHue Mexay LiTam-
Mamu ObIN0 0gMHaKoBOE.

r=

OBCYXOEHUE PE3YJIIbTATOB

KynstuBnpoBsaHue n uccnegoBaHue CKOpocTu po-
cta Trichoderma spp. Ha pasnu4Hblx cpegax. [1ns nc-
cnegoBaHUA CKOPOCTM pocTa wTamma Trichoderma
harzianum F2009 pa3 B CyTku uamepanu guamertp
pacTyLien KONoHUN Ha arapu3oBaHHOM cpefe Yane-
Ka B valike [NeTpu. N3amepeHns nposBoannnce B Te-
YyeHue 4-x cyTok nocne nocesa. [1o pesynsratam us-
MepeHUn CTpounu rpaduk 3aBMCMMOCTU Avamerpa
KOMOHWU OT BPEMEHU KyrnbTuBUpoBaHus. MocKkonbky
cpena Yaneka, ncnonb3lyemasa B nabopatopHbIX UC-
cnefoBaHUAX, He MOXEeT MoAenupoBaTb YCroBUS,
CyLlecTByloLMe B MPUKOPHEBOW 30HE pacTeHui, no-
nobHoe nccnegoBaHve NPOBOAMIIM B TOM YMCHE Ha
cpene, MmoaenunpyroLLen cocTaB SKCCygaToB MPUKOp-
HeBOW 30HBI (puc. 1).

[lo gaHHbIM, NpefcTaBneHHbIM Ha puc. 1, MOX-
HO OTMETUTb, YTO MpK poCTe Ha cpene Yaneka npu
Temnepatype 28 °C Trichoderma harzianum F2009
umen nepuopd lag-asbl, dasbl 3aMenneHHoro po-
CTa ¥ 9KCNOHeHUnaneHow dasbl. 3amegneHne pocta
Ha 4- OeHb KyNbTUBUPOBAHUA MO0 NPOSABNATHCS
BCNneacTBMe JOCTUXKEHUSA KOMOHMEN Kpag Yalukm [e-
TPU U CHWXKEHWST KOHLIEHTPaLUN KOMMOHEHTOB NuTa-
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Puc. 1. 3aBncnmocTtb guametpa kononun Trichoderma
harzianum F2009 oT BpeMeHU KynLTUBMPOBaHNA Ha
arapu3oBaHHol cpefe Yaneka (1) n arapmsoBaHHOMN
cpege, cogepallen mogenu akceygaTtos (2),
npu Temnepatype 28 °C
Fig. 1. Relationship between the diameter of the
Trichoderma harzianum F2009 colony and the cultivation
time on Czapek’s agar medium (1) and on an agar
medium containing model of exudates (2) at 28 °C

HUS M3-3a AUPPY3NOHHBIX orpaHnyeHnini. CKopocTb
pocTa namepsnu no gopmyne (1). Ana Trichoderma
harzianum F2009, pactywen Ha cpege Yaneka npwu
TemnepaTtype 28 °C, makcumanbHOe 3HayeHue CKO-
pocTtu pocta gocturano 0,97 mm/u.

Mony4yeHHble n3 puc. 1 gaHHbIe CBUOETENBLCTBYOT
0 TOM, YTO Ha cpefie, coaepXallen Moaenu aKceyaa-
TOB, COXPaHANNCh Te XXe 3aKOHOMEPHOCTH, T. €. Npu-
cyTcTBoBana lag-asa, dpasa yCKOpPEeHHOro pocra u
3KCMoHeHLUmanbHas gasa.

MogobHbIM 0Bpa3oM ObinM NpoaHanM3MpoBaHbl
AaHHbIE, MOMy4YeHHble NPY pPoCTe OCTalbHbIX Npea-
ctaBuTtenen poga Trichoderma Ha cpege Yaneka n
Ha cpefe, codepxallerd MOOenu aKccyaatoB, npu
TemnepaTtype 28 °C. 3akoHOMepHOCTM pocTa (Hanu-
yne lag-chasbl, pasbl YCKOPEHHOIO pocTa M IKCMo-
HeHumnanbHOM (pasbl) Ana mMccrnegyeMbix LUTaMMOB
OCTaBanUCb HEW3MEHHbI, OTIIMYMSA 3aKnioyanuch B
NPOOOMKUTENBHOCTU TEX UMK NHBIX (da3 pocTa 1 3Ha-
YEeHUsIX CKOPOCTU poCTa.

M3mepeHune ckopocTu pocTa nokasano, YTo HEKO-
Topble WramMmbl Trichoderma spp. Npy TemnepaTtype
28°CunmennboneeBbICOKNE 3HaYEHNS MaKCUMarnbHOM
CKOPOCTM pocTa Ha cpefie Yaneka, a HeKoTopble — Ha
cpene, MoaenupytoLlen akceyaatbl pacteHui. Tricho-
derma viride F2001, Trichoderma harzianum F2002,
Trichoderma longibrachiatum F2123,Trichoderma
longibrachiatum F2124 ©ObicTpee pocnu Ha cpe-
pe Yaneka, a Trichoderma harzianum F2009,
Trichoderma harzianum F2125 — Ha cpegne, mogenu-
pyloLLEen aKccyaaThbl pacTeHUMN.

AHanornyHble MccnegoBaHus ObinM NPOBEOEHbI
ANs HEecKonbknx Temnepatyp. B pesynerate 6bino
BbISIBMEHO, YTO BCE UCCredyeMble WTaMMbl pacTyT
B TemnepaTypHoM auanasoHe oT 12 o 28 °C. lMpu
TemnepaTtype 9 °C Ha cpege Yaneka Habnopan-
ca poct Trichoderma viride F2001 n Trichoderma
longibrachiatum F2124, a Ha cpefne, Mogenupyo-
Wen akccyaatbl, poc Tonbko wTamm Trichoderma
longibrachiatum F2124. Npu Temneparype 40 °C ak-
TUBHbIA POCT COXpaHANcs y npeacraBuTenen suaa
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Puc. 2. CkopocTb pocTa Trichoderma spp. Ha cpefie Yaneka (a) v Ha cpefie, MOAenvpyoLLe akccyaatsl pacteHns (b),
npw pasnunyHblx Temnepatypax. 1 — Trichoderma viride F2001; 2 — Trichoderma harzianum F2002; 3 — Trichoderma
harzianum F2009; 4 — Trichoderma longibrachiatum F2123; 5 — Trichoderma longibrachiatum F2124;

6 — Trichoderma harzianum F2125

Fig. 2. Growth rate of Trichoderma spp. on Czapek’s medium (a) and on medium simulating plant exudates (b) at
different temperatures. 1 — Trichoderma viride F2001; 2 — Trichoderma harzianum F2002;
3 — Trichoderma harzianum F2009; 4 — Trichoderma longibrachiatum F2123; 5 — Trichoderma longibrachiatum F2124;
6 — Trichoderma harzianum F2125

Trichoderma longibrachiatum, pocT Aapyrux BuaoB
ObIN B 3HaUMTENbLHOW Mepe nogaeneH. Mukpoopra-
HU3Mbl 0Bpa3oBbiBanu 6GoOMbLIOE KONMMYECTBO Xna-
MWOOCMOpP, KOTOPbIE COXPaHSANUCb B TeYeHue Bce-
ro nepuoga KynstuBmpoBaHus. pu Temnepartype
50 °C pocTa KonoHu He Habntoganock. Nocne us-
MepeHus no dopmyne (1) MakcMmanbHOW CpeaHen
CKOPOCTM pocTa BCeX uccriedyemblX LUTaMMOB Ha
cpene Yaneka n cpege, MOLenupyloLLen akccyaa-
Tbl, B pasnu4yHbIX TemnepaTypax Obin MNOCTPOEHbI
rpadoukn 3aBMCMMOCTU CpedHeln CKopocTu pocTa (B
MM/4) OT TemnepaTtypbl (puc. 2).

Ha puc. 2 (a, b) nokasaHo, 4TO BCe uccnegye-
Mble LWTaMMbl POCIN Kak Ha cpede Yaneka, Tak u
Ha cpede, Moenupylowen akccyaaTbl KOPHEBOM
CUCTEMBbI pacTeHusi. 3aBUCUMOCTb CKOPOCTU poO-
cTa OT TemnepaTypbl MMena KonoKonoobpasHbii
BMA, NpU 3TOM AManasoH TemnepaTyp, B KOTOPOM
KOJTOHMM BbINM cnoCcOobHbI K pOCTY, OTNnYancs ans
pPasfnyHbIX LWTaMMOB.

Mo paHHbIM, NpefcTaBneHHbIM Ha puc. 2 (b),
MOXHO cAenaTtb BbIBOA O TOM, YTO CPELHSst CKO-
pOCTb pocTa MWUKPOOPraHW3MOB Ha cpefe, Mo-
aenuvpyouwen akccyaatbl, 6bina B LENoM Huxe,
yem Ha cpege Yaneka. Bwugbl Trichoderma
longibrachiatum obnaganu Haubonee LWMPOKUM
TemnepaTypHbiM guanasoHom, a Trichoderma
viride F2001, Trichoderma harzianum F2009 wu
Trichoderma longibrachiatum F2124 vmenu Bbl-
COKYI CKOpPOCTb pocTa Ha cpejax Yaneka v Ha
cpefax, mogenupyrowmx akccygatbl. CTouT oTMe-
TUTb, YTO TeMnepaTypHblA ONTUMYM, T. €. TeMne-
paTypa, npm Kotoporn Habnoganace HambonbLlas
CKOpPOCTb pOCTa, B HEKOTOPLIX CNy4Yasix N3MeHs-
CS B 3aBMCMMOCTU OT WITaMMa M Tuna nutaTenb-
HOW cpenpbl.

XapakTepHbI TUN B3ammogencteus Trichoderma
spp. Mexay cobown npencTtaBneH Ha puc. 3. Ha
puc. 3 nokasaHo, 4YTo uccnegyembie WTaMMbl NPK
COBMECTHOM KyINbTMBMPOBaHWW He oOKa3biBanu
SIPKO BbIPAXXEHHOIO YrHeTalwLlero BO34eNCTBUSA
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apyr Ha gpyra. B 30He koHTakTa yxyaLwanoch crno-
poobpasoBaHue N Habnoganocb BblaeneHne me-
TabonnToB, OKpaLLMBAOLWMX CPeay.

Mo pesynbTataM SKCNEPUMEHTOB Ansl OPYIMX TeM-
nepartyp Temneparypa He okasblBara BrusHUS Ha TUN
B3aWMOLENCTBUS MeXOy uccregyeMbiMy LWTaMMamm
BrnoTb 8o 40 °C. MNpu Temnepatype 40 °C Habntopancs
aKTUBHbIA POCT NULLIb O4HOrO WTamma — Trichoderma
longibrachiatum F2124. [pyrve wtammbl He pa3BuBa-
nmcbk n obpasoBbiBanu GOMbLLIOE KONMYECTBO XJlaMu-
pocnop. MrukpomMopdonorms KONoHUM B 30HE KOHTaKTa
1 B 30HE YMCTOW KynbTypbl HE OTNMYanacs.

Puc. 3. Xapaktep B3anmogenctesusa Trichoderma spp.
mexay cobown Ha cpene Yaneka npu Temnepatype 28 °C.
1 — Trichoderma viride F2001; 2 — Trichoderma
longibrachiatum F2124; 3 — Trichoderma harzianum
F2009

Fig. 3. Nature of the interaction of Trichoderma spp.
among themselves on Czapek’s medium at 28 °C.
1 — Trichoderma viride F2001; 2 — Trichoderma
longibrachiatum F2124; 3 — Trichoderma harzianum
F2009
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BblBOAbI

Bce uccnegyemble wTamMmbl OKka3anmcb Cnocob-
Hbl K MOBEPXHOCTHOMY POCTY Ha cpefe, MoAenupyto-
LLIen 3KccyaaTbl KOPHEBOW CUCTEMBI PacTeHMS.

[na Bcex wWTamMOB B npouecce KynbTUBMpOBa-
HUSA Ha pasnUyHbIX NUTaTENbHbIX cpefax CoXpaHs-
nmck obLme 3aKOHOMEPHOCTU pocTa: ObINo oTMeYe-
HO Hanunune lag-hasbl, dhasbl YCKOPEHHOIO pocTta n
3KCrnoHeHumansHom asbl pocTa.

Wccnenoyemble WwiTaMmbl MMeNn pasnuyHble ava-
nasoHbl TemnepaTtyp, NPU KOTOPbIX CMNOCOGHbI K Mo-
BEPXHOCTHOMY MULENMansHOMy pocTy. Makcumanb-
Hasi CKOPOCTb POCTa Y PasfiMyHbIX LUITAMMOB OTMeYa-
nacb npu pasnnyHbIX Temnepartypax.

Mp COBMECTHOM MNOBEPXHOCTHOM KyNbLTUBUPO-
BaHuu Trichoderma spp. mexay LutTammamu He Ha-
Ontoganock SPKO BbIPAXKEHHOTO aHTaroHM3Ma u no-
AaBMEeHNs NX pa3BUTUS.
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AHAOOoreHHbIe hranaTtbl Kak BePOATHbIN perynsartop
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AnHomauyusi. CoanacHo npesanupyrowemy MHeHUto, hmarnamabl CHUMaromcs UCKIYUMmesbHO KceHobuomu-
Kamu-roriiomaHmamu, a WupoKoe pacrnpocmpaHeHue ux 8 okpyxarouwjel cpede — criedcmeue obrie24yeHHoU
Ougbgby3uu amux coeduHeHUU U3 rnaacmmaccosbix u3denud. B akcriepumeHmax o eusiHuK CUHMEemMuU4YecKux
ghmarnamos Ha Xueble OpeaHU3Mbl 8bISIBIIEHO UX KpaliHe He2amusgHoe delicmaue Ha Memabosu3m XUBOMHbIX
u yernoeeka. MexaHusm delicmeusi amux coeduHeHul nuaaHO-peuenmopHbIl. ®manambl OMHECEHbI K Kame-
20puu 3HOOKPUHHbIX duspanmopos, Hapsidy ¢ QUOKCUHaMU, rnosuxIopuposaHHsbimMu bugeHunamu u np. OOHako
K HacmosiweMy MOMeHMy HaKorieHb! ghakmabl, OOKa3bi8aowue ecmecmeeHHOe pPoucXoxoeHue ghmarnamos.
B kynsmype sodopocniet 6bin rpouseedeH buocuHmMe3 chmasiamos de novo U3 MeHeHbIX rpedliecmeeHHUKOS.
®marnambl 6binu 06Hapy>XeHbl 8 3aKpPbIMbIX 3KCEPUMEHMarbHbIX cUcmemMax — Kyrbmypax KIemokK 8biCUUX
pacmeHul. ®manamei 6biriu 8bi0enieHbl u3 psida eudos bakmepul, 2pubos, HUIWUX U 8bICUIUX pacmeHul,
Haxodsawuxcsi edasiu 0m UCMOYHUKO8 MEXHO2EHHO20 3azpsisHeHUs1. KoHuenuyusi buozeHe3a ¢hmanamos rped-
rnonazaem Hanu4due yHKyUU amux coeduHeHul & xuebix cucmemax. OHu obriadarom 6akmepuyuOHbIM U ¢hyH-
auyuoHbIM delicmeuem U 8x005iImM 8 cOCMas anienionamu4YecKux skccydamos, nodassisis POCm KOHKYPUPYULUX
sudoe pacmeHul. ®manambl OeMOHCMpUPYoM UHCeKmMUUUOHbIe U pernerneHmHble ceolicmea. [Npocnexuesa-
emcs aHarnoaus 8 delicmeuu ¢hmanamos U 3HOOKPUHHbIX Ou3panmopos dpy2oll XuMu4eckol Kameaopuu —
¢huMO3aCMpPO2eHO8, HarpasIeHHbIX Ha Peaynsayuro YUCIEHHOCMU Monyayuu mpagosiOHbIX MIIEKOMUMAarWUX.
Bbidgueaemcsi eauriome3a 0 buonoau4eckol posiu 3HO02EHHbIX hmarnamos pacmeHul Kak coeOUHeHUL 8mo-
PpUYHO20 Memabornuama fnPeUMyLweCmeeHHO C 3auumHol hyHKyUeU, ydacmeyouux 8 cemu Mexeudosbix
g3aumodelicmeuli Mex0y pacmeHUsIMU, XUBOMHbIMU, 2pubaMu U MukpoopeaHuaMmamu. Crnedyem ommemume,
4mo CUHMemu4ecKue U 3HOO2EHHbIe chmariambl UMEM CyUEeCMBeHHbIE CMEPEOXUMUYECKUE PasfiuYuss, Ymo
MOXem 5168/1MbCS NMPUYUHOU pa3HOoHarpasneHHoCmu ux 8030elicmeusi Ha Xueble OpaaHU3MbI.

Knrodeenlie cnoea: 3H002eHHbIe hmariambl, hUumoacmpo2eHbl, 3HOOKPUHHbIE Bu3parmopsl, nuzaHd-peuen-
mopHoe e3aumodelicmaue, Mexeudo8bie 83aUMOOMHOLIEHUS

duHaHcupoeaHue. Paboma 8bIMonHeHa 8 paMKax rnpoekma rnod HoMepoM 20cydapcmeeHHol peaucmpayuu
121031300011-7.

Ans yumupoesaHus: Makcumosa J1. A., Wadwmkosa T. H. SHOoreHHble dTanatbl kak BEPOATHLIA peryns-
TOp MEXBUAOBbLIX B3aMMOOTHOLLEHWI B BroueHose // i3aBecTusi By30B. [NprknagHas Xumms 1 GUOTEXHONOIMS.
2022. T. 12. N 3. C. 424-437. https://doi.org/10.21285/2227-2925-2022-12-3-424-437.
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Endogenous phthalates as a prospective regulator
of interspecific relations in a biocoenosis
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Abstract. It is widely believed that phthalates are xenobiotic pollutants whose prevalence in the environment is
associated with their facilitated diffusion from plastic materials. Studies into the effect of synthetic phthalates on living
organisms revealed their extremely negative action on the metabolism of animals and humans. The acting mechanism
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of these compounds is realised through a ligand-receptor pathway. Along with dioxins, polychlorinated biphenyls and
similar compounds, phthalates are classified as endocrine disrupters. However, at present, sufficient evidence has
been accumulated confirming the natural origin of phthalates. Thus, phthalates were de novo biosynthesised from
labelled precursors in an algae culture. These compounds were detected in closed experimental systems, including
cell cultures of highest plants, as well as those isolated from a number of bacterial, fungi, lowest and highest plant
forms located far from the sources of technogenic pollution. The concept of phthalate biogenesis assumes the action
of these compounds on living systems. Phthalates exhibit bactericidal and fungicidal action and compose allelopathic
exudates, suppressing the growth of competing plant forms. Phthalates possess insecticidal and repellent properties.
An analogy can be traced between the action of phthalates and endocrine disrupters of another chemical category,
namely phytoestrogens, which regulate herbivorous mammal populations. A hypothesis is proposed about the
biological role of endogenous plant phthalates representing secondary metabolic compounds. Exhibiting predominantly
a shielding function, these compounds participate in the network of interactions between plants, animals, fungi
and microorganisms. It should be noted that synthetic and endogenous phthalates are characterised by essential
stereochemical differences, which can explain their different action on living organisms.

Keywords: endogenous phthalates, phytoestrogens, endocrine disrupters, ligand-receptor interaction,
interspecific relations
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BBEOEHUE

dTanaTbl (CnoxHble adupbl 0-pTaneBomn KUCno-
Thbl) OBHapPY>XMBaKOTCH B OKPYXKaloLLEN cpeae npakTu-
YecKn MOBCEMECTHO: B CTOYHbIX BoAdax, Nnoyse, BO3-
ayxe, npogyktax nutaHusa [1-6]. Ha cerogHAwHui
OeHb MMEeIOTCA ABe KOHLEenuun, paccMmartpusarome
nosisneHne dotanatoB B OKpyXawllen cpege n ux
BMUSIHWE Ha XMBble opraHn3mMbl. CornacHo nepeBow,
dTanatbl HaMbonee M3BECTHbI Kak MPOAYKTbI XUMU-
YeCKOW MPOMBILLIIEHHOCTUN, MPUMEHSIEMbIE B Kaye-
CTBE MNacTUgMKaTopoB Mpu NpoM3BOACTBE NnacT-
macc. dTanaTtbl He CBA3aHbl XUMUYECKN C MONIMMEp-
HOWM MaTpuuen, MO3TOMY FEerko BbICBOOOXAAOTCS
B OKpyXatowyt cpegy. ®ranatbl pacLeHUBaKOTCS
WCKIMIOYNTENBHO Kak KCEHOOMOTMKM, nonajawlime B
OKpY)XaloLLyto cpedy BCreacTBME UHTEHCUBHOIO 3a-
rPSI3HEHUS OTXO4aMM NPOMBbILLIIEHHBIX MPOU3BOACTB,
a Takke gecopbumm ns 6eiToBoro nnactuka. CuHTe-
Tndeckue dranatbl He MPOSABNSAT OCTPOW TOKCUYHO-
cTu [7], Bnarogaps Yemy cTano BO3MOXHbIM JOMNYyLLe-
HMEe NX UCMONb30BaHUSA NpY NPOV3BOACTBE MULLEBOro
1 ObITOBOro NnacTuka. Tem He MeHee oHM obnagatoT
BronorMyeckon akTMBHOCTBIO, HapsiAy C OUOKCMHa-
MU, MONMXIOPUPOBaHHBIMU BudeHnnamm, nonnbpo-
MUOHBIMU  OUEHUNOBLIMU  3chpamMK, akpunamm-
namu, oucdeHonom A, OOT n ero metabonutamu
BHECEHbl B KaTEroputo 3HAOKPUHHbIX AN3PanToOpoOB —
XUMUYECKUX COEANHEHMI, CNOCOBHbIX HapyLLaTh Me-
XaHU3Mbl PErynsiLUn XXMUBbIX OPraHN3MOB Ha YPOBHE
rOpMOHarnbHbIX KNeTouHbIX pelenTtopos [8]. MNMpose-
OeHHble uccneaoBaHUsa CBUAETENbLCTBYIOT O KpanHe
HeraTMBHOM BO3AENCTBUM CUHTETMYECKMX (DTanaToB
Ha OpraHM3Mm >XUBOTHbIX, B TOM Y/CIE YENOBEYECKUN
[9, 10]. Mo pokoBoMy coBnageHuto ranaTbl UMe-
0T BOCTpPeOOBaHHbIE TEXHONOrMYeckne CBOWCTBA,
M UX MUPOBOE MPOU3BOACTBO AOCTUraeT OKomo 5
MITH TOHH exerogHo. CornacHo BTOPOW KOHLENLUMK,
dTanatbl B TOM Yucne ABNATCA npogykramu 6uo-

https://vuzbiochemi.elpub.ru/jour

C/HTE3a U LUMPOKO pacrnpocTpaHeHbl cpeaun XunBbiX
opraHuamoB. Llenb gaHHow paboTbl — obcyxaeHue
PYHKUMOHANBbHOW ponu 3HAOMEHHbIX (pTanaToB Kak
BEPOSITHOIO pErynatopa MeXBWAOBbIX B3auMogew-
cTBUI B bruoLieHo3se.

OQHOOrNEHHbLIE ®TANATbI

K HacTodwemy BpemMeHu HaKOMfeHo Hemano
cBefeHuni 06 obHapyXeHUM 3HO0reHHbIX (b TanaTos.
YNOMUWHAHUSA O HUX MPUCYTCTBYIOT B HAYYHOW NuTe-
paType Hayana npoLnoro Beka, T. €. 4O aKTUBHO-
ro pasBUTUS XMMMUYECKOW NpombiwneHHocTn [11].
OHporeHHble pTanaTbl 06GHapyXeHbl y 6akTepui, B
rpmbax, HM3WKnX 1 BbICUIMX pacTeHunax. B 1981 r.
. B. EropoB n coaBTopbl coobwmnu o6 obHapy-
XeHun ranatoB cpegm MeTabonnToB NUCTLEB
nwenuybl [12]. 3TM coeduHeHuss obHapyxe-
Hbl B KpacHbix [13] M npecHoOBOAHbLIX BOAOPOC-
nax, umaHobaktepusx [14], B rpubax Penicillium
bilaii [15], Aspergillus awamori [16], Aspergillus
fumigatus [17], a Takke B pacTeHUsIX pasnund-
HbIX CEMENCTB BbICLUMX TaKCOHOB: Jnb3aaBenu
n gp. coobuwatot, 4to cybTponmyeckoe pacTeHue
Rumex janonicus Houtt. npogyumpyet anatundra-
nat [18]; B aKCTpakTax nekapCTBEHHOro pacTeHus
Nepeta kurramensis 6binn noeHTUULMPOBAHbDI
6uc(2-atunkosun)dpTanat v 6uc(E)-2-(rmgpokcmme-
TUN)HOHagek-3-eHun)dpranar [19]; B aKcTpakTe nu-
cTbeB Cajanus cajan — puoytundtanar (ObP) [20].
MpymeyaTenbHO, YTO B pacTeHUsIX cofepKaHue
pTanatoB MMeeT KayeCTBEHHbIE€ U KONMYECTBEH-
Hble pas3nuyuns, B 3aBUCMMOCTU OT UX floKanmMsauum
B pasnu4yHbIX opraHax pacteHusa [21]. dTanarthl
ObInM 0OHapyxeHbl Yy psida BUOOB pacTeHUN, B3si-
TbIX M3 eCTecTBEHHOW cpeabl obuTaHua in situ.
PacTeHus GbiniM pasHbIX TAKCOHOMUYECKMX rpynm,
pasHbIX 3KOMOTrMYECKUX crneumanu3auyun n npous-
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pactanu B pasHbix permoHax Poccun, yaaneHHbIx
OT NPOMBILLUITEHHbIX LIEHTPOB [22].

®dTtanatel ObiNM Takke BbIsBNEHbl Yy HakTepuu
Streptomyces nasri [23]. Y Streptomyces wtamma
KX852460 6bin BbligeneH U MaeHTUUNpoBaH 3H-
goreHHbin Ob®, obnagawowmn QyHrMUMOHON akK-
TMBHOCTbKO B OTHOLIEHUWN BO3GyauTENa NATHUCTO-
CTW nNncTbeB Tabaka Rhizoctonia solani [24]. OB®
n gn(2-atunrekcun)dptanat (43 P) BxogaT B uncno
OMOaKTUBHbLIX COEAWHEHUN, BbIAENEHHbIX U3 MOp-
cknx Pseudomonas sp. [25]. CoobLiaetcs 06 obHa-
pyxeHun Ob® n O3I® y Clavibacter michiganensis
ssp. sepedonicus, Pectobacterium carotovorum ssp.
carotovorum, Rhizobium rhizogenes, Rhizobium
radiobacter n Escherichia coli [26]. Helicobacter
pylori BblgensaOT anaTundTanaT B kavecTBe dak-
Topa xemoTakcuca [27]. Bmecte ¢ TemM (ptanaTbl B
BakTepuanbHoOW KreTke MoryT ObiTb pesyrnsratoM
He TONbKO BUOCKHTE3a, HO U HAKOMIEHUS MPOMEXY-
TOYHBIX NPOAYKTOB LUMPOKO M3BECTHOro hbranartHo-
ro NyTv gerpagauumn nonvumKIMy4ecknx apomartmye-
CKMX yrnesogopoaos [28].

OcHOBHOe BO3paXkeHWe MNpPOTUB KOHLENUUN
€CTECTBEHHOIO NMPOUNCXOXAEHNS dpTanaTtoB 3aknio-
YyaeTcs B YTBEPXOEHUWU, YTO 3HAOTEHHbIMU MOTYT
ObITb OWIMBOOYHO pacueHeHbl dTanartbl, KaKUM-nn-
60 obpasom nonaswne B uccriegyembini obpaseu
n3eHe [29]. OgHako dptanaTbl 0OHapyXuBarTCs B
3aKpbITbIX 3KCMEPUMEHTaNbHbIX CUCTEMAX C KOH-
TPONMMPYEMbIMU YCNOBUSIMM pOCTa — B pacTeHu-
AX W KynbTypax KneTok, BblpalimMBaemblX in Vitro.
ABTOpbI NoAYepPKMBalOT, YTO 0coboe BHMMaHuE B
3TUX 3KCMEpUMEHTaxX OTBOAUNOCH NPOBEPKE peak-
TMBOB N 06opyaoBaHus Ha npeaMeT apTedakTHOro
cogepxaHusa gptanartoB [30]. CambiM 04eBUOHBIM
cnocoboM paspelinTb Bce pro et contra SsBUNOCb
Obl ocyuwlecTBrneHne OuocuHTE3a TanatoB de
novo n3 MeuveHblX npeaLecTBEHHUKOB, U Takoe
nccrnegosaHue 6bino npoBeaeHo. JlabopaTopHbie
KynbTypbl NPEeCHOBOAHLIX BOAOPOCNEN U LMaHO-
BGakTepun KynsTMBUPOBANu, UCMOMb3ys B Ka4ecTBe
€0MHCTBEHHOIo UCTOYHMKA yrnepoaa ctabunbHbln
nsoton *C B coctase NaH™CO,, BknioyeHune Ko-
TOpPOro mn 6bINIO 3aperncTpupoBaHO BO hTanarax,
BblAENEHHbIX U3 NepPeYnCrieHHbIX opraHmM3amoB [14].
Taknm obpasom, GbIny NonyyveHbl NpsMble AoKa3a-
TenbCTBa NPUHUMNNANIbHON BO3MOXHOCTU BUOCKH-
Te3a dranatoB. CpaBHUTENbHLIN aHanNuM3 cogep-
XaHusa TanaToB B KreTkax pacTUTenbHon Guo-
Tbl MOKa3bIBAET, YTO UX KOMNYECTBO 3HAYUTEIbHO
npesbIlWaeT CymMMapHoe Npou3BoaCcTBO (bTanaTtoB
MWUPOBOWN XMMMNYECKOWN MPOMbILNEHHOCTLIO [31], n
3TO O3HA4YaeT, YTO 3HaUYUTENbHas YacTb OBHapyXu-
BaeMbIX COEOUHEHUN, CKOpee BCEro, UMEEeT ecTe-
CTBEHHOE NMPOUCXOXAEHNE.

BUONNOM'MYECKOE OENCTBUE

QHOOTNEHHbIX ®TAITATOB

KoHuenuus 6uoreHesa htanatos npeanonaraet nx
DYHKUMOHaMbHY0 3Ha4MMocCTb. Pag asTtopos [15, 32]
6e30roBOPO4HO MO3ULIMOHUPYET dhTanaTbl Kak BTOPUY-
Hbll MeTabonuT pacTeHun. N3BecTHO, YTO MMEHHO
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BTOpPWYHbIE MeTabonMTbl 06ecneynBaloT MeXBUAOBOE
B3aumopgencTee B buoLeHose (3awmuta oT opraHu3-
MOB OpYrMx BUAOOB UMK, HANpOTUB, UX MPUBMEYEHNE
[33, 34]). OencrtButensHo, dTanaTel obrnagatT aHTu-
MUWKPOOHbIMW CBOWCTBaMW, OTMYrMBaKOT HACEKOMbIX
N BO3OENCTBYIOT Ha MeTabonuaMm MITEKOMUTAIOLLKUX.
B akcTpakTtax 6ypbix Bogopocnen Sargassum wightii
ObIn ngeHTMdMUMpoBaH AnokTundranar ¢ aHTnbak-
TepuanbHoW akTmBHOCTbIO [35]. B psage paboT BbisiB-
neHa aHTMMUKpPOOHas aKTMBHOCTb (hTanaTtoB Mo OT-
HOLLIEHUIO K FPaMMoNoXMTENbHBIM Y FpamoTpuLaTenb-
HbIM natoreHam JenoBeka [36]. AHTnbakTepuanbHble
cBoicTBa hranatbl NPOSBSOT B NOAABAEHUN pocTa
CUMBUMOHTOB pacTeHun Rhizobium leguminosarum
bv. viceae [37]. 03I® n Ab® nogaensnu pocT n 6uo-
nneHkoobpasoBaHne dutonaroreHoB Clavibacter
michiganensis ssp. sepedonicus v Pectobacterium
carotovorum ssp. carotovorum [38]. 43I ® cHwxaet
ypoBeHb MeTabonuama noYBeHHbIX BakTepui, a Tak-
e MHoroobpasve BMAOB M MX COOTHOLLEHME B NOYBe
[39, 40].

B cBoto oyepedb, MUKPOOPraHn3Mbl MOTYT yCneLu-
HO pasnaratb Tanatbl A0 HW3KOMOMEKYNSAPHbIX
uHTepmegmatoB. K uucny Takux oTHocsaTca Gakte-
pun pogoB Sphingomonas sp., Comamonas sp.,
Pseudomonas sp., as Arthrobacter sp. u Rhodococcus
sp., a Takke Gordonia [41], Thauera sp., Xanthobacter
sp. u Agrobacterium sp. [42], Azoarcus sp. [43],
Ochrobactrum anthropic [44], Acinetobacter sp. [45].
W3 Acinetobacter sp. 6bin BbligeneH reH gubytundgra-
nat rmgponasbl [40], usa Gordonia — reH 3,4-phthalate
dioxygenase [46]. P. k. Pant n coaBTOpbl 06Hapyxu-
nn y Mycobacterium sp. reHbl pranatgmokcmreHasbl n
avrpokcudtanataekapbokemnasnel [47]. Coobwaetcs
0 cnocobHocTu rpnboB poga Fusarium pgerpagupo-
BaTb Ol ® [48].

Kak okasanocb, ranatbl okasbiBalOT CUCTEMHOE
BO3ENCTBUE Ha OPraHN3M PacTEeHW Kak Ha3eMHbIX,
Tak 1 BogHbIX dopm [49]. BnnsHre pacteHnn Ha KoH-
Kypvpylowme Buabl, HasbiBaemoe annenonaruye-
CKUM, HamnpaBfieHO Ha ModaBfieHUe KIETOYHOro Ae-
neHust N pepmMeHTaTUBHOM aKTMBHOCTW, HapyLleHue
CVYHTE3a 9HOOrEHHbIX (PUTOrOPMOHOB U MUIMEHTOB,
yrHeTeHne (poToCcMHTE3a U AblXaHus, UHIMBMpPoBaHNe
CUHTE3a 6enkoB M HYKIMEeNHOBBIX KUCMOT, HapyLleHne
BOAHOro 6anaHca n MUHepPanbHOro MMTaHUS 1 B UTore
Ha nogaerieHMe NpopacTaHns CEMsIH U pocTa pacTe-
Huin [50]. BONbLIMHCTBO U3 NEPEYNCIIEHHOrO NpucyLLe
aencteuo tanartos Ha pacteHus. T. [. CroaHb u
Ap. pacueHuBaloT ptanatbl U NpousBoaHble dTane-
BOW KWUCMOTbl Kak OUTOTOKCUYHBbIE coeguHeHns [18].
M3BecTHO, 4TO bTanaTtbl Yy pacTeHUN WHIMOUpYT
aenctsue Tonounsomepas | u 1l [51], a Takke nogaens-
HOT cuHTE3 MHZonunykcycHon kucnotbl (MYK) n rmb-
OepennmHoB [52], 4YTO 3aKOHOMEPHO OTpaXkaeTcsl Ha
CHWKEHUN MUTOTMYECKOrO uHAekca [53, 54], a Takke
B 3aMefieHMM npopacTaHus CemsiH, pocTa KOpHEW,
ctebnen n HakonneHus uomacchl [55]. dTanaTbl 3Ha-
YNTEMBHO CHWKAKT copepXaHune xropodwnna a u b
[55]; MHOYUMPYIOT OKUCNUTENbHLIA CTPECC B KreTkax
pacTteHun, npuBoadawmin k HakonneHuto A®K un no-
BpEeXAEeHN0 MemMbpaH XnoponnacToB U MUTOXOHOPWN,
HaKOMMEHMIO MaroHOBOIO anbgernga U MHTOKCUKa-
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uunm knetok [56, 57]. ABP — aHTUMeTabonmT NponuHa,
Ba)KHOTO KOMMOHEHTa KMNETOYHOW 3alUuTbl pacTeHui
npu ctpecce [58]. OB® nHrmbupyet gencTene a-ro-
Ko3ugasbl U MaHHo3uaas [59]. EXXOBHMK OObLIKHOBEH-
Hbl (Echinochloa crusgalli) — wmnpoko pacnpocTtpa-
HEHHBIN COPHSIK, KOTOPbIA MPUHOCUT CYLLECTBEHHbIN
YPOH MoceBaM puca, B COCTaBe €ro KOPHEBOrO JKCCY-
Aata obHapyxeH gnatundranar [18]. Ab® BxoauT B
COCTaB MNMCTOBbIX 3KCCYOaToB dBKanNunTa, U3BECTHOro
CBOVM annenonarmnyeckum gevictenem [60]. B npu-
CYTCTBYET Cpeau annenocoeavHeHWn, BblOeNeHHbIX
n3 pacteHun Pogostemon cablin n pusocdepHon no-
uBblI [61].

CuHTEe3 pacTeHMssMU COeOUHEHUN, TOKCUMYHbIX
OnNs pacTUTENbHOALAHbBIX XUBOTHbBIX, O4YEBUOHO
npegHasHayeH Ans npegoTBpalleHnss M3bbiTou-
HOFO MOBPEXOAEHUSI W CHWKEHUS YUCIIEHHOCTU
pactuTenbHon nonynaumn. dTanatbl AEMOHCTPU-
PYHOT MHCEKTULUAHbIE U penenneHTHble CBOWCTBA.
CwuHTeTu4eckuin gumeTundtanar — camblii NepBbIv
NPOMBILLIIEHHbIA  PENEenneHT MnpoTUB KPOBOCOCY-
LLMX HaceKoMbIX, Obin BnepBbie NpuMeHeH B 1929 r.
N UCNoSMb30Basncs o4YeHb Aonro [62]. B BbITsKKke M3
Angelica sinensis (Umbelliferae), pacteHns c Bbipa-
XEHHbIMW penenneHTHbIMM CBOMCTBaMu NpOTUB
MOCKUTOB, BbINn 0BHapy>xeHbl Ann3ookTundTanar
N MOHO(2-aTunrekcun)dprtanart [63]. KynbTypbl 3H-
TomonaTtoreHHoro rpuba Beauveria bassiana wc-
nonb30oBanucb ANA MOpaXeHWst KanyCTHOW MOMu
Plutella xylostella. B nornbwux nuunHkax Oblno
oBOHapyXeHO MakcumarbHO€ KONMMYecTBO AUU30-
okTundTanata. B 3gopoBbix nuynHkax dTanatbl
otcytcTBoBanu [64]. H. O. Wenkep n gp. [65] 3a-
dukcmpoBanu npucytctene A3Id B aTunaueraTHom
dpakumM BTOPUYHBIX METabONMUTOB APYroro 3HTOMO-
natoreHHoro rpuba Cladosporium cladosporioides,
YCMELLHO YHMUUYTOXAIOLLEro B3pOCTble 0COOU 1 NMNYNH-
kv xnonkosown Tnn Aphis gossypii. B nekapcTBeHHOM
pactennun Nepeta kurramensis, W3BECTHOM Takxe
CBOVMMW penenfeHTHbIMM CBOWCTBaMU MNPOTUB Ha-
CEeKOMbIX, 0OHapyXeH buc(2-atunukosun)dpranar, a
Takke HOBbIN (pTanaTt, Ha3BaHHbIA KyppaMuHaTOM,
no xummuyeckon cbopmyrne nNpeacTaBnawLLmMIn cobon
6uc (E)-2-(rmgpokcmmeTunn)HoHagek-3-eHun)pranat
[19]. OkcTpakT nucTbeB Cajanus cajan Obln BbICOKO-
adphbekTBEH NPOTUB NMUYNHOK kKoMapa Culex vishnui
— nepeHocyMka BO30yauTenst AnOHCKOro asHueda-
nuta. B ero atunauetaTtHon gpakumm Oblo MAEH-
TudpmumnposaHo 18 coeanHeHun, B Tom dncne Ob69.
ABTOpbI BMECTE C TEM NpeanonaratoT, YTO OCHOBHON
NPUYMHON TMBENN NMYUHOK SABMSIOTCA COEOUHEHUSsI
donasoHomaHoM rpynnel [66]. B 1o e Bpemsa T. Non un
coaBTOpbl Nokasanu, 4To npucyTtcTene Ab® B cpene
NpOSIBMSIET aTTPaKTMBHbIE CBOWCTBA U CYLLECTBEH-
HO U3MeHseT nosedeHue nuuuHok Caenorhabditis
elegans Ha xeMOCEHCOPHOM YypoBHe [67].

MexaHn3am [encTeus TanatoB Ha >XMBOTHbIX
OCHOBLIBAETCA Ha WX KOH(POPMALMOHHOM CXOn-
CTBE C FOPMOHaMu, Ha 3TOM OCHOBaHUWU WX BHOCAT
B KaTEropuo 9HOOKPUHHBIX AM3PanTopoB, T. €. coe-
OVHEHWIA, WU3MEHSIOLWNX UCXOAHbIA rOPMOHAanbHbIN
banaHc B opraHusme [68]. Tak, M3BECTHO, 4TO (hTa-
natbl SBMSKTCA aHTArOHUCTaMW [TIHOKOKOPTUKOMA-
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HbIX peuenTopoB [69], nporectepoHoBbix [70], apun-
rmapokapboHoBbIX [71], MHCYNMHOBLIX U NENTUHOBBIX
[72], acTporeHoBbIX [73], aHAPOreHHOro peLuenTtopa u
KOHCTMTYTUBHOTO peLentopa aHApOCTaHOB, PETUMHO-
naHoro X-peuentopa [74], agepHOro peuenTopHOro
Oenka, akTMBMpyemoro nponudepartopom nepokcu-
com (PPARa, B, and y) [75]. OenctBue aTnx coegu-
HEeHWN, Beayllee K YrHETEHUIO XU3HeOEeaATeNbHOCTH
XMBOTHOrO OpraHM3mMa, Okas3arocb CTOSMb OGLUMPHO
(cepoeyHo-cocyguctasa [76], penpoayKTMBHas Cu-
ctema [77], HepBHas [78] U MMMYyHHas CUCTEMbI
[79]), 4To Ux paccmaTpuMBaloT yXe Kak MeTabonuye-
ckue guspantopsbl [80]. Kpome Toro, nyteM mMeTunu-
poaHus [HK cdTanatel MoguduUMpyOT SMMreHoMm
[81, 82], n nx gencreme MOXET COXPaHATLCS Ha MpPo-
TSXKEHWUM HECKOJTBbKUX MOKONEHWI.

OpHako BnusiHne hTanaToB Ha OPraHM3Mm >KUBOT-
HbIX Janeko He Tak ogHo3HayHo. PTanatbl (OBD u
O3 d) aenstotca uHrmbmutTopamun kartencuHa B, npo-
BOLMpYtoLLLEero ob6oCTpeHne psga naTtonorum, a UMeH-
HO pa3BMTUE BOCMANMTENbLHOIO NMpoLuecca, BUPYCHbIX
MHEKUMIA, MaHKpeaTuT, OCTEONOPO3, MEeTacTasmpo-
BaHMe paKoBbIX KIETOK [25]. Bbicka3biBaeTca MHEHUE
0 TOM, YTO pe3yrbTaThl 3KCNEPMMEHTANbHbIX OAHHbIX,
nory4yeHHsble Ha NabopaTopHbIX XUBOTHbLIX, CregyeT
3KCTpanonMpoBaTbh Ha YEnOBEYECKU OpraHusMm Lo-
CTaTO4YHO OCTOPOXHO. N3BECTHBI Crny4Yau, Korga nony-
YeHHble Ha KpbiCax CBEAEHWUs] O KpamHe HeraTMBHOM
BMMSAHUN (hTanNaToB HE NOATBEPKAAKTCS HA MbILLax 1
npyvMarax U He COoBMaalT C AMMOEMUONOrMYECKMM
OaHHbIMK [83]. CnefyeT Takke y4uTbiBaTh, YTO CUHTE-
TUYEeCKMEe 1 NpUpoaHble dTanaTtbl UMEKOT CyLLECTBEH-
Hbl€ CTEPEOXMMUNYECKME Pa3NNYNsE, YTO MOXET UMETb
dyHKUMOHanbHoe 3HadyeHne [31]. TockomnbKy akcne-
pYMEHTarnbHbIE WCCREeAOBaHUs NPOBOAUMNUCL C UC-
Nonb30BaHWEM CUHTETUYECKMX COEOUHEHWN, N3BECT-
Hble HeraTMBHbIE NOCNEACTBUSI MOTYT ObiTb OTHECEHDI
TONbKO K HUM. Ha cerogHsWHWIA aeHb KpanHe mano
M3BECTHO O MeTabonuame 3HAOreHHbIX PTanartos,
KOTOpbIE C Y4ETOM UX LUMPOKOTO PacrnpoCTpaHeHus
Cpeaw XUBbIX OPraHN3MOB PasfIUYHbIX TAKCOHOB MO-
ryT OKa3aTbCs HEMaNOBaXKHbIMU yYaCTHUKaMU n3u-
ornornyeckmnx npoueccoB. BeposiTHee Bcero, aHOOreH-
Hble bTanatbl MOAYNUPYIOT MEXaHW3Mbl perynsauum
OTAenbHbIX 3BEHbEB MeTabonuama.

[enctene npupoaHbIX SHOOKPUHHBIX AN3panTo-
poB B OMOLIEHO3e MOXHO pacCMOTPETb Ha NpumMmepe
OPpYroro Tuna CoefuHEHW C aHanormyHbIM Mexa-
HM3MOM OencTBus — puToacTporeHoB. PUTOICTPO-
reHol — ropmoHonogobHble BellecTBa, obnagato-
LMe CpPOACTBOM C 3CTpPaguonoBbiMK peulenTopa-
MU. PUTOSCTPOreHbl BKMOYAKT B ce0SA pasnuyHble
Knaccbl COeAuMHEeHUN (M30(pnaBoHbl, U300 aBaHsbl,
NUrHaHbl, KyMecTaHbl [68]) 1 y4acTBylOT B MEXBU-
O0BbIX B3aUMOOTHOLLEHUAX. PUTOICTPOreHbl CUHTE-
3upytoTca B rpubax u pacteHusax v Takke obnaga-
10T 3aWMTHBIM gencteneM. Tak, n3odnaBoHbl pac-
TEHUN [OENCTBYIOT Kak oMTOanekCuHbl, nogaBnsas
pocT MuKpoopraHuamoB [84] u rpuboe [85]. BmecTte
C TeM N30GNaBOH rEHNCTENH ABMNSAETCS KIOYEBbLIM
CUrHanNbHbIM COeAMHEHWUEM MPU CTAHOBIIEHUU CUM-
OMOTMYECKUX B3aUMOOTHOLUEHUN MeXay MUKpO-
opraHuamamun Bradyrhizobium japonicum, Delftia
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[MnoTteTu4eckasa cxema y4yacTus SHOOreHHbIX dTanaTtoB B Perynaunumn MexsngoBbiX B3aMMOOTHOLLEHN B OvoueHo3se

Hypothetical scheme of endogenous phthalates participation in the regulation of interspecies relationships in the
biocenosis

n pacteHuem Glycine max [86], siBNAsicb Takxe
cneunduyecknm aTTpakTaHToM ansa 6akrepun poaga
Rhizobium n mukopunsoobpasyowmnx rpubos pona
Glomus [87]. lUnupoko n3BecTtHO gencremne putoa-
CTPOreHoB, CBSI3aHHOE CO CMOCOOHOCTLIO MOAYNU-
poBaTb PenpoayKTUBHbLIA MPOLECC Yy MieKkonutato-
wmx. Knaccmyecknm npumMepom ctana «KrneBepHas
©onesHb» OBeL, Bbi3BaHHAsI CyLLLECTBEHHbBIM NPeob-
nagaHveMm B paLMoHe XMBOTHbIX knesepa Trifolium
subterranium ¢ BbICOKMM cogepXaHuem uToa-
CTPOreHoB KyMecTposnioB U msodpnasoHongos. Pe-
3ynbTaTOM CTarno pes3koe CHWXeHWe NrogoBUTOCTU
KMBOTHbIX [88]. AHanorudHble npumepbl npocrne-
XMBaKTCHA M B APYIMX CIyyYasx MexXBMAOBbIX B3a-
UMOOENCTBUMA pPacCTEHUN, CUHTE3UPYLWNX GpuToa-
CTPOreHbl, U TPABOSIAHbIX XMBOTHbLIX. Psg aBTOpOB
3aKOHOMEpPHO pacueHMBaeT (UTOICTPOreHbl Kak
3alNUTHbIE COeQMHEHNS, MO3BONAOLWNE pPerynmpo-
BaTb YNCIIEHHOCTb TPaBOSIAHbIX XXMBOTHLIX [89, 90].
C y4yeToM BbISIBMEHHOIO LUMPOKOro pacnpocTpaHe-
HUS bTanaToB cpegu pacTeHUW BMOSIHE NOTMMYHO
NpPeanonoXuTb y HUX, NOgOOHO UTO3CTpOreHam,
Hanuune yHKUMN 3PPEKTUBHON 3alUUTbl pacTu-
TENbHON NONynAUMM OT JaBNEHUs pacTuTenbHOAA-
HbIX )XUBOTHBbIX MyTEM YrHETEHMSA MX MeTabonuama
N CHWXeHus nrnogosutoctn. Cnegyet oTMETUTD, YTO
hTanaTtbl — BelecTBa npakTuyeckn 6e3 3anaxa u,
ckopee Bcero, 6e3 Bkyca, No3ToOMy pacTUTenbHOAA-
Hbl€ XMBOTHbIE HE MOryT BbipaboTaTtb pedekTop-
Horo msberaHns dTanaTcogepXallimx pacTeHuin B
paunoHe.

BoblwenpuBeneHHble akTbl 0600LWeHbl 1 npea-
CTaBMeHbl B BUAE MMNOTETUYECKON CXEMbI HA PUCYH-
Ke. QHOoreHHble bTanatbl CUHTE3NPYIOTCSH, NO-BUAN-
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MOMY, MPENMYLLECTBEHHO PaCTEHUSAMU, HO Takke Ux
CVHTE3 MOXET OCyLLEecTBNATbCA BakTepusamm n rpmba-
Mu. [lenctere pactuTenbHbIX (oTanaToB HanpaeneHo
Ha 3awWwuTy OT BaKTepuMm M XKMBOTHbLIX OPraHW3MOoB,
Torga Kak rpybbl MCNOMNb3YHT 3T COEQUHEHNS KaK NH-
CTPYMEHT xuwHmnyecTBa. NMpumedaTensHO ycnewHoe
annonatmM4yeckoe npumeHeHve (pTanaTtoB pacTeHus-
MW B KOHKYpeHTHON 6opbbe, NpegnonoXuTensHo, YTo
nogo6HbIM 0Opa3oM 3TU COeaNHEHUSA MOTYT UCMONb-
30BaTb HakTepum 1 rpmbsl. Bonpoc o ToM, npuMeHsoT
nn BakTepun aTn meTabonuTbl Kak hakTop NaToreHHo-
CTW NPOTUB PacTEHUIN U KUBOTHbIX, OCTAETCHA OTKPbI-
TbIM, Ha CEroAHSLLHUIA AeHb Takue AaHHble B nuTepa-
Type OTCYTCTBYIOT.

3AKINIOYEHUE

OHporeHHble bTanatbl — 370 GUoNornyeckn ak-
TUBHbIE COEANHEHUS, CUHTE3UPYEMblE pacTeHUs-
MU, rpubamm n MukpoopraHmamamn. AHAOreHHbIE
pbTanaTbl pacteHui obnagatT annonatu4yeckumm
CBOMCTBaMMW, a Takxke 3awuwakrT pacTeHue oT
MUKPOOPraHn3mMoB, rpuboB U pacTUTENbHOSAAHbLIX
XMBOTHbIX. [lpocnexuBaeTca aHanorvs B Aen-
CTBUW 9HAOKPUHHbLIX AN3PaNTOPOB €CTECTBEHHOIO
NPOUCXOXAEHUA Pa3HOM XMMUYECKOW MNpUPOAbI
(pranatel U PUTOICTPOreHbl) Ha pacTUTENbHO-
AAHBIX XXMBOTHbIX. MpeanonoXnTenbsHO SHAOrEH-
Hble dTanaTtbl ABNAIOTCA BbICOKOI((EKTUBHBIMM
y4yacTHMKaMun perynsumm B CMOXHOW CEeTU Mex-
BUAOBbIX B3aMMOOTHOLLEHMWI B BUoLieHO3e Mexay
MUKpOOpraHnamamu, rpmbamu, pactTeHUAMU U XKn-
BOTHbIMW.
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OueHka 6Mo06e30MacHOCTU HAHOCTPYKTYPHbIX MUHEpParnoBs,
pa3paboTaHHbIX A4NS NPUMEHEeHUA B KayecTBe yaoopeHuun

MpuHa AnekcaHgpoBHa [ertapeBa, dayapa BukropoBu4y babbiHUH,
EneHa AnekcaHgpoBHa lNpuweneHko

Tamapckuli Hay4yHo-uccrnedosamerbCKUl UHCMuUmMym agpoxumuu u noyeoeedeHust — 060cobrieHHoe
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AHHOmMauus. [pupodHbie ueornumsl 3¢hgheKMUBHO UCMOMb3yomcs 8 kadecmese ydobpeHul, cybcmpamos u
Hocumeneld Onsi necmuyudos, a makxe copbeHmos npu 80cCMaHo8IeHUU 3a2ps3HEeHHbIX Mo48. [1ocKonbKy
HaHOCMPyKmMypHbie MUHeparsibl 0b6r1adarom yHUKalbHbIMU (DU3UKO-XUMUYECKUMU ceolicmeamu, rpexoe Yyem
ucronb308amb UX Ha rpakmuke, OHU OOMKHbI 6biMb NPO8epeHb! Ha Harnu4yue MoKCUYHOCMU U 2eHOMOKCUY-
Hocmu. Briepsble Hamu ripogedeHa rnposepkKa MymazeHHbIX U aHmMuMymageHHbIX c80licCm8 HaHOCmpyKmyp-
HOU 800HO-UEOIUMHOU CyCrieH3uu ¢ ucronb308aHueM 2-x bakmepuarnbHbiX mecm-cucmem: mecma JumMca
u SOS-lux mecma. CoanacHO Mony4YeHHbIM OaHHbIM, HAHOCMPYKMYypPHas 800HO-UEO/TUMHasi CyCrieH3usi He
obnaBaem mymazgeHHOU akmueHOCMbIo 8 uccriedogaHHOM Ouana3oHe koHueHmpauul (0,75-400 mka/mn).
[ns oueHKu aHmMumMymageHHOU akmueHOCMU HaHOCMPyKmypHOU 800HO-UEOoMUMHOU CycrieH3uu 8bibpaHhb!
pasnuyHble murbl MymazeHos: mumomuyuH C, amunmemaHcynboHam, 2,4-0uHumpogpeHunaudpasuH, a
makxe [JHK-nospexdatouwue azeHmsl — oghriokcauuH U rnepekucb eodopoda. NokazaH 3Ha4yumersibHbIU aH-
mumymaeeHHbIU 3ghghekm HaHOCMPYKMypHOU 800HO-UEOIUMHOU cycrieH3uu 8 KoHueHmpauyuu 200 mMka/mi
8 omHoweHuu mumomuyuHa C 8 SOS-lux mecme (UHaubupogaHuUe MymazeHHOU akmueHOCMU cOCmasursio
50,0%) u 2,4-0uHumpogpeHunzudpa3uHa 8 mecme 3limca (UHeubuposaHue — 62,0%). [lns ocmarnbHbIX Myma-
2eH08 omMedeH cnabbil aHmuMymazeHHbIl agpgpbekm (17,0% dns samunMmemaHcynbhoHama), a 8 omHouwle-
HUU ogbriokcayuHa u rnepekucu sodopoda aHmumMymazeHHbIl aghchekm omcymemeayem. Pasnuyusi 8 aHmumy-
mazeHHOM 3¢ghgheKkme MOXHO 06BbSCHUMb MeM, Ymo Ueoumal OmpuyamerbHO 3apsiKeHbl, Mo3momy Mo2ym
3axeambleamb MOJIbKO MOI0XUMesbHbIe (Unu HelimparibHbie) MoneKyrsibl. CriedogamesibHO, aHMuUMymazeH-
HbIlU 3ghchekm HaHOCMPYKMypHOU 800OHO-Ue0IUMHOU cycrieH3uu 6ydem 3asucemb om 3apsida MOMeKy bl My-
maeeHa. Ha ocHogaHuU Mosy4YeHHbIX pe3yibmamos MOXHO cHUmams HaHOCMPYKMYPHYH 800HO-UEOTUMHYIO
cycrieH3uto 6esonacHol O0nsi okpyxarouwel cpedbl, YMo o380715em UCroL308amb ee 10 az2porpoMbILUIeH-
HOMY HasHa4eHUto 8 Kayecmee y0obpeHUs Mnpu 8bipauju8aHuU CerbCKOX035UCMBEHHbIX Ky/ibmyp.

Knroyeenie cnosa: 6uobesonacHoCmMb, MUHEParsibl, HAHOCMPYKMypHasi 800HO-UEOIUMHasi CyCrieH3usl, My-
maeeHHble U aHmuMymaeeHHble ceolicmea
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Nanostructured minerals developed to be used as fertilizers:
biosafety evaluation
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Abstract. Natural zeolites are effectively used as fertilizers, substrates, and pesticide carriers, as well as
sorbents in the remediation of contaminated soils. Since nanostructured minerals exhibit unique physicochemical
properties, they must be tested for toxicity and genotoxicity prior to their use in practice. The mutagenic and
antimutagenic properties of a nanostructured water-zeolite suspension were first tested using two bacterial
test systems: Ames test and SOS-lux test. According to the obtained data, the nanostructured water-zeolite
suspension exhibits no mutagenic activity within the analyzed concentration range (0.75-400 ug/mL). In
order to assess the antimutagenic activity of the nanostructured water-zeolite suspension, different types of
mutagens were selected: mitomycin C, ethyl methanesulfonate, 2,4-dinitrophenylhydrazine, as well as DNA-
damaging agents (ofloxacin and hydrogen peroxide). A significant antimutagenic effect of the nanostructured
water-zeolite suspension at 200 ug/mL was shown against mitomycin C in the SOS-lux test (60.0% inhibition of
mutagenic activity) and 2,4-dinitrophenylhydrazine in the Ames test (62.0% inhibition). For the other mutagens,
a weak antimutagenic effect was observed (17.0% for ethyl methanesulfonate), while no antimutagenic effect
was reported for ofloxacin and hydrogen peroxide. These differences can be attributed to the negative charge in
zeolites, meaning that they can capture only positive (or neutral) molecules. Therefore, the antimutagenic effect
of the nanostructured water-zeolite suspension depends on the charge of the mutagen molecule. According to
the obtained results, the nanostructured water-zeolite suspension can be considered environmentally friendly,
which allows it to be used for agro-industrial purposes as a fertilizer in the production of crops.

Keywords: nanostructured water-zeolite suspension, biosafety, minerals, nanostructured water-zeolite
suspension, mutagenic properties, antimutagenic properties
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BBEOEHUE
HaHomatepuanbl obnagatT yHUKanbHbIMU u-

KyneTyp. OgHako 3ddeKTBHOCTb WCMNONb30BaHUS
06bI4HbIX yaobpeHui easa nu npesbiwaeT 30—40%

3MKO-XMMWUYECKUMU CBOWCTBaMU W MpeAcTaBnsitoT
cobon yHuBepcanbHble Kapkachl A5 pyHKUnoHanu-
3auum Guomonekyn. Mo aTuM NpuymMHam B TeYeHue
nocrnegHux net obnactb HaHOTEXHOMOIUA BbI3bl-
BaeT MOBbLILLEHHbIA MHTEPEC K HAayKe O pacTeHusX,
0COBEHHO B OTHOLLEHWW NPUMEHEHUsI HaHOMaTepu-
anoB B KayecTBE HOCUTENEn arpoXMMUKaTOB WM
Buomonekyrn, a Takke OrpoMHOro moTeHuuana Ans
MOBbILLIEHUS YPOXaNHOCTN CEeNbCKOXO3ANCTBEHHbIX
Kynetyp [1]. HaHOTexHOMoOrMm OOCTaTOMHO LUMPOKO
NPUMEHSIOTCA B CENnbCKOM xo3anctee. CoobLiaeTcs
KaK O NMONOXMTENbHOM BMSHAM HAHOYACTUL, HAa POCT
pacTteHun [2], Tak n 06 oTpuuatensHomM acpdexTe [3].
MoTeps nnogopoaus NoYB 13-3a UHTEHCUBHBIX METO-
OB BELEHNS CENbCKOro X03sMCTBa KOMMNEHCUpYEeTCS
ncnornb3oBaHnem 6GonbLIoro KommyectBa ynobpe-
HWUIA AN NOBLILEHUS YPOXKaNHOCTU BblpallMBaeMbIxX

https://vuzbiochemi.elpub.ru/jour

[4]. HaHoypobpeHus, npepoTepallas Hexenatenb-
Hble MOTEPW NUTATENbHbLIX BELLECTB 3a CYET MPSIMOMN
WHTEepHanu3aunm pacteHusamn, usberawoT B3anMo-
JEeNCTBUA nMuUTaTeNbHbIX BELLECTB C NMOYBOW, BOAOMN,
BO3QyXOM.

Tak, NpMMeHeHue MOPUCTLIX HaHOMaTepuanos,
TaKMX Kak LeonuTbl, IMWHA WX XUTO3aH, 3HaYnTENb-
HO CHWXaeT MoTepu a3oTa 3a CYET perynmpoBaHus
BbICBOOOXOEHNST B 3aBUCUMOCTU OT MNoTpebHOCTM
WU ycurneHus npouecca norfoweHns pacTeHusIMu
[5]. CnocobHocTb ueonuToB, ObnagawLmx Culb-
HOW aacOpPOUMOHHON M MOHOOOMEHHOW E€MKOCThIO,
B 3HAYUTENBHOW CTEMEHWN MUCMONb3YETCA B CEMbCKO-
XO3SIMCTBEHHbIX, NMPOMbILLIEHHBIX, SKONOTMYECKUX U
Buonoruyeckmx TexHonorusx [6]. Lleonutebl xapakTe-
pU3ytoTCa CnOCOBHOCTBIO 06paTMMO TEPATb U Nony-
YaTb BOAY M OCYLLECTBNSATb OOMEH COCTaBMASIIOLLMX
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KaTMOHOB 6€e3 CyLLEeCTBEHHbIX UBMEHEHWIA CTPYKTYpbI
[7]. MpupoaHble LeonUTbl NPUMEHSIIOT ANa ynydlle-
HUSA CTPYKTYPbI MOYBLI, NPON3BOACTBA KOPMOBbLIX A0-
D0aBOK B XXMBOTHOBOACTBE, OMUCTKM BOAbI, paavo3a-
LNThI, N3rOTOBNEHNS NuLLEBbIX o6aBok 1 T.4. YcTa-
HOBJIEHO, YTO LIeONUThbl NOBbIWAT 3EKTUBHOCTb
ncnonb3oBaHus yoobpeHun [8].

OpHako akTMBHOE NPMMEHEHNE HAHOTEXHOIOTMN
Bbl3bIBaeT 03ab0O4YEHHOCTb MO MOBOAY TOKCMKONOrn-
YeCKNX NOCNeACTBMIA BO3OENCTBUSA AN HeLeneBbiX
MuweHen. OTMe4yaeTcs, YTO OOHU N TE e CBOMNCTBA,
KoTopble AenatT HaHoMaTtepuarnbl HAaCTONbKO YHU-
KanbHbIMW, HE rapaHTUPYHT OTCYTCTBME NOTEHLM-
anbHoOM TokcmyHocTu [9]. LUupokoe ncnonb3oBaHue
HaHo4yacTUy B pasnun4yHbix 0bnacTsx NpuBOaUT K NX
cnyyanHoMy BbIOpOCY B 3€MHYHO, BOOHY U aTMOC-
depHyto cpeny. PacteHus ABRAKOTCA BaXKHbIM KOM-
NMOHEHTOM 3TUX 3KOCUCTEM, M B3aUMOLENCTBMNE Ha-
HOYacTUL, NPUBOOUT K MOTMOLLEHNIO U HAKOMITEHWIO
ux B buomacce pacteHun 1 onpefensier nepeHoc
HaHo4acTuy, B okpyxatollen cpeae [10]. B opraHnsm
pacTeHuI HaHo4YacTULbl MOTYT nonagaTb pasHbIMU
NyTSAMKU, @ CKOPOCTb MOTfOLWEHUS 3aBUCUT OT KX
pasmepa, opMbl, KOHLEHTPALUN U NOBEPXHOCTHO-
ro 3apsiga [11, 12]. HaHouyacTtuubl agcopbupytotcs
Ha pasfWYHbIX MOBEPXHOCTSAX pacTeHWr, U MX Mo-
cnegytollee nornoLeHne NponcxXoanT Yyepes OTBep-
CTWSA pacTeHW B MUKPOMETPOBOM 1 HAHOMETPOBOM
aunanasoHe. B Heckonbkux paboTax npefcrtasne-
Hbl OaHHble 06 oTcytcTBUM [HK-noepexgarowmx
CBOWCTB Y HaHOBGeHTOHMTa 1 HaHodocdoputa [13,
14]. NokasaHo Hanu4ne y HEKOTOPbLIX LLeonuTcoaep-
Xalmx nopon HeratuBHbIX GMomeguuMHCKNX 3d-
(PEKTOB (LMTOTOKCUYECKUX, MYyTareHHbIX, KaHLepo-
reHHbIX) NO OTHOLLEHWUIO K OpraHnamy yernoseka [15].
[oka3aHo, 4TO MyTareHHble 3addekTbl 0bycnosre-
Hbl CTUMYNSLNEN NEPEKNCHOrO OKNCNEHNS NMNUO0B
[16]. OnucaH npodunakTnyeckun apdexkT Leonu-
TOB Ha MHTOKCUKauuo cocopopraHnyeckumm oT-
pasrnieHuamu [17]. Tak, yBennyeHne 4ymcna cryvaes
OMNyXOren fnerknx u Me3oTennmombl HabnogaeTtca B
ONUTENbHbIX MHraNsUMOHHBIX MCCIEAOBaHMAX KpbIC
N XOMSsIKOB, 06paboTaHHbIX MUKPOpPas3MepHbIMU Or-
HEeYNnopHbIMU KEPaMUYECKMMUN BOMOKHaMK, COpep-
XalMMm1 KaonvH B Ka4eCTBE OCHOBHOIO KOMMOHEH-
Ta [18]. Mo mepe TOro, Kak HoOBble HaHOMarTepuanbl
CUHTE3NPYIOT C TWaTemnbHbIM KOHTPONEM pa3MepoB
W CBOWCTB MOBEPXHOCTWN, OCTAETCA BaXXHOW OLEeHKa
X TOKCUYHOCTU OO0 NpUMEHeHNsa Ha npaktuke. lo-
3TOMY HECOMHEHHa BaXHOCTb M3ydeHusa Guobeso-
NacHOCTN HaHOMaTepuarnos.

Llenb nccnegoBaHus — oLeHKa MyTareHHbIX 1 aH-
TUMYTareHHbIX CBOMCTB HAHOCTPYKTYPHON BOAHO-LE-
ONIMTHOM cycneH3nmn B GakTepmarnbHbIX TeCTax.

OKCNEPUMEHTAJIbHAA YACTb

MyTareHHas akTMBHOCTb HAHOCTPYKTYPHOW BOOHO-
LIeOSNIMTHOW CYCMEeH3Un nccregoBaHa B Tecte JUM-
ca [19]. Wcnonb3oBanu WHOUKATOPHbIE LUTaMMbI
Salmonella typhimurium TA1535 (reHotun hisG46,
rfa, uvrB), TA1538 (reHotun hisD3052, rfa, uvrB).
Wramm S. typhimurium TA1535 cogepxuTt myTauum
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B reHe hisG, 4TO NpPUBOAMT K aMWHOKUCMOTHOW 3a-
MeHe NneliuMHa Ha NPONUH (MyTaums 3amMeHbl napbl
ocHoBaHui). Wtamm S. typhimurium TA1538 nmeet
peneunto 1 napbl OCHOBaHW B reHe hisD, 4To Bbl-
3blBAET MyTauMio TuMa cagura pamKkm CHUTLIBAHWSI.
OTO NMpuBOAUT K M3MEHEHUKD 2-X aMWHOKMCMOT U
MOSsIBNEHMIO CTOM-KOAOHa BHYTPU reHa. Pesepcun
K His+ deHoTUNy y 3TMX WITAaMMOB TakuM obpasom
TpebyloT pasnuyHbIX MOMNEKYNAPHbIX U3MEHEHWIA B
reHe. [1nsi OLeHKM BNIUAHMS HAHOCTPYKTYPHOWN BOGHO-
LeonUTHOM cycneH3nn Ha SOS-0TBET Ncnonb3oBanm
MHOWKaTOpHbIN WwTamm S. typhimurium TARS5, cno-
COOHbIN K OuonomuHecueHumn, B oteeT Ha OHK-
nospexgatwowme areHtol. LWTamm O6bIn nony4eH
aBTopaMy B pesynbTaTte TpaHchopMaumu wtamma
S. typhimurium TA1535 nnasmugon pDEW238.
HanHass nnasmupa, copepxawaa luxCDABE
— ONepoH nop KOHTporeM recA npomoTopa,
npepoctasneHa Rachel Rozen (The Hebrew Uniler-
sity of Jerusalem, V3pauns).

HouHnyto kynbtypy S. typhimurium (10° kneTtok/mn)
B 0,015 M dbocchbatHoM Bycbepe (pH 7,4) MHKyOUpoO-
Bann C TecTUpyemblM COeOMHEHWEM B pasfnnyHbIX
KOHLleHTpauuax npu Temnepatype 37 °C B Tede-
Hne 90 mMuH 6e3 BcTpsxuBaHus. MNMocne MHKybaLmm
2,5 mn pacnnaeneHHoro BepxHero arapa (0,6% ara-
pa; 0,6% NacCl; 0,05 mM L-ructnamHa; 0,05 mM 6umo-
TuHa; pH 7,4 npu 45 °C) pobasnanu B npobupku, n
CMeCb HaHOCMUITM Ha MUWHUMASIbHYKO arapu3oBaHHYH
cpeay (1,5% arap, cpena dorena-boHHepa, cogep-
xawas 2,0% rnioko3bl) U MHKYGnpoBanu npu Temne-
patype 37 °C B TeyeHune 66 4. 3ateM nogcunTbiBanm
yncno KonoHun His+ peBepTaHTOB, BLIPOCLUMX Ha
NMoBepXHOCTU arapa. B kadecTBe NO3WTUBHOIO KOH-
Tpona wucnonb3oBanu 2,4-ANHUTPOEHUNrMapasunH
ona wramma TA1538 u sTunmetaHcynbgoHaT ans
TA1535. Bce akcnepvMeHTbl NpoBoaunu B 3-X Mo-
BTOPHOCTSIX.

Ona oueHkM aHTUMyTareHHoro addekta MyTa-
reH 1 TecTupyeMoe CoeanHeHne BHOCUNN B BEPXHUN
cnou arapa ogHOBpPEeMEHHO. [103UTHBHbIN U HeraTue-
HbI KOHTPOMM BKIKOYanu B Kaxxaom aHanuae. Pacyet
aHTUMyTareHHoro agdekta caenaH B COOTBETCTBUM
¢ cbopmynoin:

AHTUMyTareHHbI acpdpekT = [M-T/M] x 100%,

roe T—4uMcno peBepTaHTOB Ha Yallkax B NPUCYTCTBUU
MyTareHa u TecTupyemoro coeamHeHus; M — uncno
pPeBEPTAHTOB Ha YallKax TOIbKO C MyTareHoM.

AHTUMYyTareHHbIn ekt MoxeT BObiTb crnabbim
(meHee 25%), ymepeHHbIM (25-40%) 1 CUNbHBIM
(6onee 40%) [20]. OnpegeneHne MyTareHHOW ak-
TUBHOCTM TECTUPYEeMOro BellecTBa C MOMOLLbLO
SOS-lux TectaBbinonHeHo no pabote . J1. Kynepau
C. T. NoeeTtT [21], aHTUMYyTareHHOCTb pacCYUTbI-
Banu no uccrnegosaHuio . KanbanHu u coasTopoB
[22]. B ka4ecTBEe MyTareHOB M3yvyanu MUToMUUUH C,
OodhnoKcauuH 1 nepekncs Bogopoaa.

OBCYXOEHUE PE3YJIbTATOB

Mony4yeHHble OaHHble MO OLEHKE MyTareHHbIX W
aHTMMyTareHHbIX CBOWCTB HAHOCTPYKTYPHON BOAHO-
LIEONTMTHON CyCreHsun B TecTe JiiMca yKasblBaloT

https://vuzbiochemi.elpub.ru/jour
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Ha TO, YTO TecTMpyemoe coeauHeHue He MNoBbllaeT
HM 4acToTy MyTauui 3amMeHbl NMap OCHOBAHWUMA Yy
wrtamma S. typhimurium TA1535, HU Tuna caswu-
ra pamkm cuntbiBanus y S. typhimurium wTtamma

0 =
K 100 200 K 100+M  200+M

MKT/MJT

Puc. 1. BnnsiHne HaHOCTPYKTYpHOW BOAHO-LIEONUTHOMN
CYCMEH3MN Ha YUCINO reHHbIX MyTauui y lWTaMmma
S. typhimurium TA1535. Mo ocu opavHarT: cpegHee Yncno
His+ — peBepTaHTOB Ha Yalky eTpu, no ocu abcumcc:
MK — NO3UTUBHBLIN KOHTPOMb (3TUMMETaHCYNbgOHAT);
+M — HaHOCTpYKTypHasi BOOHO-LIEONUTHasA CycrneHsms +
STUnMeTaHcynbgoHaT

Fig. 1. Effect of nanostructured water-zeolite suspension
on the number of gene mutations in a strain S. typhimurium
TA1535. Y-axis: average number of His+ revertants
per Petri dish; X-axis: PC, positive control (ethyl
methanesulfonate); +M — nanostructured water-zeolite
suspension + ethyl methanesulfonate

TA1538 (puc.1, 2).

CnepoBatenbHO, HaHOCTPYKTYpHas BOAHO-LE0-
nuTHasg cycneHsns 6esonacHa B MCNOMb30BaHMU, T.K.
He NposIBNSIET MyTareHHOW aKTUBHOCTM.

B akcnepumeHTax no onpegereHnio aHTuMyTa-
FEHHON aKTMBHOCTW TECTUPYEMOro COeAUHEHWs B
TecTe OMiMCa UCMONb30BaHbl COOTBETCTBYOLIME ANA
KaXxgoro WwtaMmma myTareHbl. B nonyyeHHbIX aHHbIX
BbISIBMEHNS aHTUMYTareHHbIX CBOWCTB HAHOCTPYK-
TYPHOW BOAHO-LEONUTHOW CycneH3un (CM. puc. 2)
co wrammom S. typhimurium TA1538 Habniogaetcs

50
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AR E N
0
K 100 200 TIK

100+M  200+M

MKT/MIT
Puc. 2. BnusiHne HaHOCTPYKTYpHOWM BOAHO-LEONUTHOM

CYCMEH3UN Ha YUCMO reHHbIX MyTaLun y WTamma

S. typhimurium TA1538. o ocu opauHart: cpegHee Yncno
His+ — peBepTaHTOB Ha 4aLuKy, no ocn abcumnce: MK —
NO3UTUBHbIN KOHTPOMb (2,4-ANHUTPOeHnNriMapasnH);
+M — HaHOCTPYKTypHasa BOAHO-LEONUTHas CycneHsms +

2,4-gnHnTpodbeHnnrnapasvH

Fig. 2. Effect of nanostructured water-zeolite suspension
on the number of gene mutations in a strain S.
typhimurium TA1538. Y-axis: average number of
His+ revertants per cup; X-axis: PC, positive control
(2,4-dinitrophenylhydrazine); +M — nanostructured water-
zeolite suspension + 2,4-dinitrophenylhydrazine
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3HaYMTENbHbIN aHTUMYTareHHbIn addekT (62,0%), B
TO Bpems kak co wrammom S. typhimurium TA1535
— cnabbivi (17,0%), Kpome Toro, pasnuymsa HegocTo-
BEpPHbIE.

N3 pesynbTaTtoB SKCMEPUMEHTOB Credyer, 4To
HaAHOCTPYKTYpHas BOAHO-LIEONUTHAsA CYyCMeH3nsi B
TecTte JriMca NposBRseT aHTUMYTareHHbIN ekt
B OTHOWEHUN 2,4-auHUTpodbeHunrngpasnHa, Ho B
OTHOLUEHUWN 3TUIIMETaHCynboHaTta [OCTOBEPHbIX
OTNINYMIA HE OBHapYXEHO.

Cnegyowum 3tanoMm SBMAANOCb UCcnegoBaHue
OvontomnHecLeHunn wtamma S. typhimurium TARS
B OTBET Ha [EeNCTBUE HAHOCTPYKTYPHON BOAHO-LEO-
nuTHom cycneH3un (puc. 3). Ecnn B npucyTcTemnm uc-
crnegyemMoro coeguHeHus ypoBeHb brontoMmHecueH-
L1 BO3pacTaeT B 2 pasa Mo CpaBHEHWUIO C (POHOBLIM,
BELLECTBO MOXHO cunTatb SOS-MHOYKTOPOM, T.€. OHO
obnapaet AHK-noBpexaatowmmm ceoncteamm. 13 pe-
3ynbLTaToOB AKCNEPUMEHTOB CreayeT, YTO HaHOCTPYK-
TypHasi BOOHO-LEONUTHasi CyCneH3usi Npu pasnmnyHbIX
KOHUEHTpaumax B agnanasoHe ot 0,75-400,0 mkr/mn
He obnagaet [JHK-noBpexgatoLwmmmn CBOMCTBaMM.

Tem Xe METOAOM MNPOBEPEHbl aHTUMYyTareHHble
CBOMCTBA HaAHOCTPYKTYPHOW BOOHO-LIEONIUTHOW Cy-
CMEH3UN B OTHOLUEHMM pPasfnYHbIX WHOYKTOPOB
SOS-otBeTa, Takmx kak mutomumumH C, ocnokcaumH
v nepekunck Bogopoaa (H,0,). dtunmeraHcynbgoHaT
nNpomn3BoauT CriydyalHble MyTauun B reHEeTU4eCcKoM
MaTepuane nyTemM 3amMeHbl HyKNeoTuaoB, OObIYHO
nyTemM ankuinpoBaHWS TyaHUMHOB C 0Opa3oBaHMEM
O4-atunryannHa. Bo spems pennumkaumu AHK-nonw-
Mepasbl, KOTOpbIE KaTanuanpylT 3TOT MpoLecc, Ya-
CTO pa3meLLaT TUMUH BMECTO LUTO3UHA HanpoTuB
O -atunryanuHa [23]. MutomuumH C — aHTMBMOTHK,
BblAeneHHbI U3 Streptomyces caespitosus, Takke
KnaccndmumpyeTcsa Kak ankuiupyrownii areHT, Ho,
KpOMe TOro, OH crnocobeH MHOYLMpOBaTb MeEX- U
BHyTpuHUTEBbIE clumBku OHK [24]. MNepeknch Bogo-
poAa reHepupyeT rMapOKCUIbHbIE pagukanbl, KOTo-
pble BbI3bIBAOT MEPEKUCHOE OKUCIEeHWe NUNnaos,
4YTO BedeT K mHaykuun paspoiBoB OHK, a Takke K
okncnutensHbiM nospexaeHuam OHK [25]. 2,4-gwn-
HUTPOEHUNTNAPAa3nH — NPOU3BOAHOE rMapasuHa, B
KOTOPOM OAVH aTOM BOAOPOAAa 3aMeLLEH HAa PEHUITb-
Hyt0 rpynny. M’mapasnHbl ABNSAOTCA KaHLLEpOreHamm 1
pearnpytoT ¢ NMMPUMUONHOBLIMU OCHOBaHUAMMU, Bbl-
3blBasi NOTEPH NMUPUMUOVHOB UM 0bpa3ys pasnuy-
Hble agaykTel B Monekyne [HK [26]. dTOpXMHONOHBI
CBSA3bIBAOTCS C aKTUBHBIM LIEHTPOM BakTepuanbHbIX
Tonomsomepa3 Tuna ll, 4To nNpmBOAMT K Hakomnne-
HUO B XpomocomHon OHK oagHOHWTEBbIX U OBYHU-
TEBbIX Pa3pbiBOB, KOTOPbIE SABASKOTCA UHOYKTOpaMM
SOS-otBeTa [27].

[na BbiIABNEHUS BO3MOXHOW aHTUMYyTareHHowu
aKTUBHOCTM OWOCEHCOpPHbLIA LWTaMM BblpalleH B
NPUCYTCTBUN OOHOBPEMEHHO MHAykTopa SOS-0T-
BeTa M TecTupyemoro BellecTtBa (puc. 4). HaHo-
CTPYKTYpHasi BOOHO-LEONUTHAs CyCneH3usi NnposiB-
ngeT aHTUMyTareHHbln 3P@EKT N0 OTHOLIEHUIO K
MUTOMULMHY C — cTeneHb NogAaBNEHUS MyTareHHOM
akTuBHOCTUK cocTaBnseT 50,0%. [encreme HaHOMU-
Hepana, BEpPOSAITHO, CBA3AHO C ero CrnocobHOCTbIO
agcopbupoBate MyTareH. B akcnepumeHTax, raoe

441



Heamsipeea U. A., BabbiHuH 3. B., NMpuwenerko E. A. OueHka 6uobe3onacHocmu ...
Degtyareva I. A., Babynin E. V., Prishchepenko E. A. Nanostructured minerals ...

1000
900
800
700
600 -
500 -
400 -
300
200 -+
100 -

MHTEHCHBHOCTL GHOMIOMUHECH EHIL MK

MKr ma

Puc. 3. lHTeHcMBHOCTL GuontoMmHecueHummn wtamma TARS
S. typhimurium npv pasnnyHbIX KOHLEHTPaLUNAX HAHOCTPYKTYPHOW BOAHO-LIEONMTHON CyCNEeH3nm

Fig. 3. Bioluminescence intensity of the TARS strain
S. typhimurium at different concentrations of nanostructured water-zeolite suspension
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Puc. 4. BnnsiHne HaHOCTPYKTYpPHOW BOAHO-LIEONUTHON CYCMNEH3MN Ha UHTEHCMBHOCTb BMONOMMHECLIEHUMM WTaMMa
TARS5 S. typhimurium, nhgyunpoBaHHon: a — mutoMuumHoM C; b — nepekucblo Bogopoaa; ¢ — ocrokcauuHom;
d — 2,4-AUHNTPOEHUNTUAPASUHOM

Fig. 4. Effect of nanostructured water-zeolite suspension on the bioluminescence intensity of the TAR5 strain
of S. typhimurium induced by: a — mitomycin C; b — hydrogen peroxide; ¢ — ofloxacin;
d — 2,4-dinitrophenylhydrazine
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nHaykropammn SOS-oteeta asnatrca H,O,, orok-
cauuH n 2,4-anHntpodeHnnrnapasuH, MHrIMGMpoBa-
HMe He oTMmeveHo. CrnegoBaTtenbHO, TECTMpyemMoe
COeNHEHNE He MpPOSIBNSET aHTUMyTareHHoro ad-
dekTa.

3AKNKOYEHUE

Mony4yeHHble pes3ynbTaTbl CBUAETENLCTBYHT 00
OTCYTCTBUN MyTareHHOW aKTUBHOCTU HAHOCTPYKTYp-
HOW BOOHO-LIEONUTHON cycneH3un. Kpome Toro, npu
COBMECTHOM MHKYOMpPOBaHUM OHa MpOSABNSAET B OT-
HOLUEHMM HEKOTOPbIX MYTareHOB aHTUMYTareHHbIN

3dheKT, KOTOPbLIN MOXET 3aBUCETb OT cneuudu-
YeCKUX B3aMMOAENCTBUIA MeXOy HaHOCTPYKTYpPHOW
BOAHO-LIEONUTHOW CYyCMEH3Nen 1 MyTareHoMm.

Takum ob6pasom, n3yveHa 6mobe3onacHoCTb Ha-
HOCTPYKTYPHON BOOHO-LIEOSIMTHON CYCNEeH3Un, Ko-
TOopas He MPosBMAeT MyTareHHOW aKTUBHOCTU B MUC-
cnefoBaHusX Ha OGakTepuanbHbIX TeCT-CUCTEMaXx.
[Moatomy ee MOXHO cunTaTb GesonacHoOM AN OKpy-
Xarlen cpefbl U UCNOMb30BaTb MO arponpoMbiLL-
NEHHOMY Ha3Ha4eHuo B KayecTBe KOMMOHEHTa Ans
yoobpeHus npuy BbipaliMBaHUM CENbCKOXO3SINCTBEH-
HbIX KynbTYp.
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BrnunsiHne 3051bl pUCOBOMN U rPEeYHEBOM LUENyXun
Ha 6buopasnaraeMocCTb 3MNOKCUAHbIX MaTepuanoB

Enena MuxannosHa Notnun6, EneHa BsayecnaBoBHa lNepyLKuHa,
ProT LensTOoH Huymy, EkaTepuHa CepreeBHa fimaneeBa

KasaHckuli HayuoHarsbHbIU uccrnedosamernbCKuli mexHornoaudeckul yHusepcumem,
2. KazaHb, Poccutickas ®edepauus
ABTOp, OTBETCTBEHHbLIN 3a nepenucky: Amaneesa EkatepuHa CepreesHa, curls888@yandex.ru

AHHOMauus. Bsudy Mmukpobuonoaudeckol cmolkocmu 3rMoKCUOHbIX NosiuMepos, npobnema ymunusayuu
ux rocsie 3asepuweHusi cpoka sKcrsyamayuu siensiemcsi 0cobeHHo akmyarsnbHol. B amom acrniekme oco-
661l UHMepec npedcmasnsaom MPou3eodHbIe PUCOBOU U 2peYHEBOU Weryxu Kak nomeHyuanbHo 6uode-
epadupyemble KOMIOHEHMbI, KOMOpbIe MPU MPUMEHEHUU UX 8 Kaiecmee HarnonHumenel obecnedusarom
yryqweHue aKcnayamayuoHHbIX Xxapakmepucmuk 3MoKCUOHbIX Mamepuarsos. [1onyyeHHble pe3yribmame|
ceudemenbcmeytom 06 UCMoIbL308aHUU PUCOBOU U 2pedHe8oU weryxu U Ux 301kl 8 Kayecmee cybcmpa-
ma MukKpoopaaHusMaMu rnoyssl. Bmecme ¢ mem pucosasi wernyxa 8 3aHadumeribHo 6onbweli cmenexu,
yeMm epeyHesasl wersnyxa, ysenuqusaem 6UOM02UYECKYI0O aKmUBHOCMb MUKPObuomsbi rnoyssl. [1pu amom ¢
pocmom memrepamypbl NOAyYeHUs 3071bl pUCOBOU Weslyxu Ucrnonb308aHue ee 8 Kadecmse cybecmpama
MUKpOOp2aHU3MaMu ro4Yebl 3aKOHOMEPHO CHUXaemcs 110 cpasHeHUo ¢ pucosoll wesyxol. dmo obycos-
JIEHO yMeHbWeHUeM co0epxaHusi 8 ee cocmase peHmeaeHoamMopghHoU hasbl U pOCMOM Kosiudecmea Kpu-
cmannu4Yyeckux MUHepasnos. B mo e spemsi 3ona epedyHesol wesnyxu, He 3asUcUMO om memnepamypb!
ee rosny4YeHUsi, CywecmeeHHO akmusupyem rnpouecchl MoOY8eHHO20 ObIXaHUs M0 CPAaBHEHUIO C epeqHesoll
wernyxol, Ymo yKasbleaem Ha 803MOXHOCMb MUKPObUOMoaudeckol ymunu3ayuu obpa3yos 305kl 2pey-
HesoUl wenyxu 8 npouecce UHKybuposaHuUs 8 royse. OMOKCUOHbIe Mamepuarbl, KaKk HeHarno/IHeHHbIE,
mak u HarosiHeHHble 30710l pucosoll U epedyHesol wWesnyxu, He Ucronb3yromces 8 kadyecmee cybcmpama
MUKpOOpaaHuU3Mamu no4ebl. B mo xe epemsi HarnosiHeHUe 3MOKCUGHbIX KOMMo3uyul pucoeol wernyxol
obycnoesnueaem ynyquieHue ux buodezpadupyemocmu. CmerneHb buodecmpyKyuu wenyxu puca u epe-
Yuxu u ux 3o/bl onpedesnisem enusHUE 3Mux HanorHumernel Ha OblxamesibHYy0 akmueHOCMb MoYEbl 8
fpucymcmeuu 3roKCUOHbIX Mamepuaros.

Knroveenble croea: aroKcuUOHbIU NonuMep, pucoseasl U epeyHesas Wwerlyxa, 30/1a, MUKpobuoueHo3 noysnl, 6uo-
Oeepadauusi, mopucmocms

BbnazodapHocmu. B pabome ucrnonb3o8aHo 0bopydosaHue KomnekcHol nabopamopuu «HaHoaHanumu-
Ka» KasaHCK020 HayuoHaribHO20 Uccried08amesibCK020 MexXHO1I02U4eCcKo20 yHusepcumema (2. KazaHb).

Ans yumupoeaHusi: Totnnb E. M., MepywkuHa E. B., Huymy P. L., Amaneesa E. C. BnusaHue 3onbl pucosomn
1 TPEYHEBOM LLENyXu Ha BrMopasnaraeMocTb 3NOKCUAHbIX MaTepuanos // i3aBecTus By30B. [MpuknagHas xmmums
n 6uotexHonorus. 2022. T. 12. N 3. C. 447-454. https://doi.org/10.21285/2227-2925-2022-12-3-447-454.
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Effects of rice and buckwheat husk ash
on the biodegradability of epoxy materials
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Abstract. Due to the microbiological resistance of epoxy resins, their disposal after the completion of their
lifecycle is a pressing issue. In this respect, the use of biodegradable rice and buckwheat husk derivatives as
fillers may improve the service properties of epoxy materials. The results indicate that rice and buckwheat
husks, as well as their ashes, can be used by soil microorganisms as a substrate. Compared to buckwheat
husks, rice husks increase the biological activity of soil microbiota to a much greater extent. However,
compared to rice husks, an increase in the temperature of obtaining rice husk ash leads to a decrease in its
use by soil microorganisms as a substrate. This is associated with a decreased content of the X-ray amorphous
phase and an increased amount of crystalline minerals in the composition of rice husk ash. At the same time,
regardless of the temperature of its production, buckwheat husk ash outperforms buckwheat husks in terms
of activated soil respiration, which indicates the possibility of microbiological disposal of buckwheat husk ash
during its incubation in a soil. Epoxy materials, both unfilled and filled with rice and buckwheat husk ash, are
not used by soil microorganisms as a substrate. At the same time, the filling of epoxy materials with rice husks
leads to an improvement in their biodegradability. The biodegradation degree of rice and buckwheat husks, as
well as their ashes, determines the effect of these fillers on soil respiration in the presence of epoxy materials.

Keywords: epoxy resin, rice and buckwheat husks, ash, soil microbiocenosis, biodegradation, porosity
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BBEOEHUE

HenpepbIBHbIA U YCKOPSIOWUIACA C KaxgbiM
roaom pocT obpasoBaHUs MOMMMEPHbLIX OTXOAO0B
— cepbe3Has aKonoruveckas npobnema. OgHuMm
13 adpdPEeKTUBHbIX NyTEN ee pelleHUs sABNseTcs
paspaboTka MoNMMEpPHbIX MaTepuanoB, KOTOpble
COXPaHSIOT 3KCMNITyaTaLMOHHbIE XapaKTEPUCTUKUN B
TeyeHue nepuoga noTpebneHus, a 3aatem nog oen-
CTBMEM (DaKTOPOB OKpYXaloLen cpeabl noaeepra-
loTCcsa yckopeHHou buogerpagaumm [1-3].

B aTom acnekte nepcnekTMBHO NPUMEHEHME B
NONMMEPHbIX KOMMO3ULMAX B KavyecTtBe moaudu-
umpyowmx [obaBoK pacTUTENbHbIX OTXOAOB, B
YAaCTHOCTW HanofnHWTenen Ha OCHOBE PUCOBOWN U
rpeyHeBown wenyxu [4-7].

OTO NO3BONSET KOMMEKCHO OTBEYaTb Ha BO3HU-
KatoLLme BbI30Bbl NyTEM OLHOBPEMEHHOW yTuUnNu3a-
LM KPYMHOTOHHAXHbIX OTX0A0B nepepaboTkm 3epHa
N YMEHbLLEHMS KONMYECTBA «NONMMMEPHOro Mycopa.

[na nsgenuii Ha OCHOBE 3MOKCUOHBIX CMOJ BBU-
4y MWKpOOMOMNorm4yeckom CTOMKOCTM 3TOr0 Tuna
nonumepoB [8, 9] npobnema yTunusauum nocne
3aBepLUeHNss CpoKa 3JKcnnyaTauum SBrsieTcs oco-
OEHHO aKkTyanbHO.

B TO ke BpeMsa npon3BofHble PUCOBOWN U rpey-
HEBOW LUENyxu npeacTaBnsaT cobon noteHumanb-
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HO OuoperpagupyemMbie KOMNoHeHTol [10, 11], kKO-
TOpble NPV NPUMEHEHUN UX B Ka4yecTBe HamnosHu-
Tenew obecnevnBaloT yny4lleHne aKkcnnyaTaumoH-
HbIX XapaKTepUCTUK ANOKCUAHbIX MaTepuanos [12].

OTo penaeT akTyanbHbIM WCCNeAOBaHUE WX
BMNUSHUS Ha BMOpasnoXeHne 3MNOKCUAHbIX KOMMO-
31ULMN.

OKCNEPUMEHTAJIbHAA YACTb

Ona nonyvyeHnMs HaMOMHEHHbIX KOMMO3WULUIA
ucnonb3oBanacb 9MokcuaHas AuaHoBas cMona
Of-20 (FTOCT 10587-84).

OTtBepauTensamuHoankundeHon (Ad-2)(TY 2494-
052-0205423-2004) npumeHsaAncs B Ka4yecT-
Be CLUMBAIOLLEro areHTa Ans XonoaHoro oTBepxae-
HUSA B KONMM4yecTBe, onpedeneHHOM Mo 3KBMMOIb-
HOMY  COOTHOLLEHUIO [anokcurpynnsl]:[amuH].
OteepxaeHne 3[1-20 A®-2 npoBOAMMNOCH NPU KOM-
HaTHOWM TemMnepaType B Te4eHue 7 CyTOK.

B «kavecTBe HamonHuTEnenW WCNonb3oBanucCb
pucosas (PLU) v rpeyHeBas (W) wenyxa v nx 3ona
(3PW wn 3r), nonyyeHHass npu Temnepartypax
350 (3P, n 3rul,), 500 (3PLW,n 3ril,) n 800 °C
(3PW,n3ril,)skonunyectee 10mac.4.Ha 100 mac. u.
3MNOKCUAHOW CMOSbI.
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CnocobHoCcTb K ©GMOpasnoXeHWto pUCOBON WU
rPEYHEBOW LWENYyXU, NX 3051bl U HAMOJTHEHHbIX UMK
3NOKCUAHBIX MaTtepuanos oLeHUBanu no U3MeHe-
HUIO ObIXaTEeNbHON aKTUBHOCTW NOYBbI B UX NMPUCYT-
ctBun. [ns atoro mcnonb3osanu metoa LUtypma
(DIN EN 29439, OECD 301 B, ISO 14852), koTto-
pbii Ba3mpyeTca Ha U3YyYeHUU KMHETUKM Bblaene-
Hua CO, 13 cucTembl, coaepxalien NorpyxeHHbIn
B CYCNEH310 MUKPOOPraHM3MoOB-4EeCTPYKTOPOB 06-
paseL ucnbITbiBaEMOro Mmatepuana.

OnpegeneHune gbiIxaTenbHON aKTUBHOCTW NMOYBbI
npegycmatpmBaeT WHKyOupoBaHuMe nMpu Temne-
paType 25 °C yBnaXXHeHHOW MoYBbl (BNaXXHOCTbIO
60%) B NnpucyTCTBMM Uccrnegyemoro obpasua u pe-
TMCTPaLVIO KMHETUYECKMX KpUBbIX Bbigenexus CO,
NOYBEHHLIMU MUKPOOPraHn3Mamn. B KOHTPONbHOM
onbITe UCCNeayT MOYBEHHYK CYCMNEH3NI0, HE COo-
aepxawyo gobaBok. B akcnepumeHTanbHbIX UC-
cnefoBaHWsIX UCMONb3oBanu oauH 13 Hambonee
pacnpocTpaHeHHbIX B pecnybnuke TatapctaH (PT)
TUMOB MOYB — cepas NecHas no4esa, oTobpaHHas
B 3eneHO4ONbCKOM MyHUUMNanbHOM panoHe PT.
CopepxaHue docdopa B noyse B nepepacyeTe Ha
P,O, coctaensno B cpeaHem 255 Mr/Kr no4sbl, CO-
AepxaHue kanus B nepecyete Ha K,O — 140 mr/kr
MouYBblI.

PeHTreHorpadunyeckumii KONMYEeCTBEHHbIN aHanun3
NpoBOAMIICA HA MHOTOMYHKLMOHaNbHOM AndpakTo-
meTpe Rigaku SmartLab (Rigaku Corporation,
AnoHusa) npu cnegylWux napameTpax CbEMKU:
yrnosow uHTepBan 260 ot 3 go 65° ¢ warom cka-
HupoBaHua 0,02, ¢ skcno3numen 1 ¢ B Touke. lNpe-
Oernbl 4onyckaeMoW OTHOCUTENBHOW MOrpeLlHOCTH
namepeHun — £3%.

OnpepeneHve maccoBon gonu yrnepoga B
obpasuax 3PLU npoBoguMnocb C MOMOLbLI 3ne-
mMeHTHoro aHanmsa CHNS no NOCT 32979-2014
(ISO 29541:2010) Ha aHanusatope PE 2400-I|
(PerkinElmer Corporation, CLLA). B ocHoBe meTo-
0a nexuT cxuraHue obpasua Ans npesBpalleHus
onpegensiemMbiX 31eMEHTOB B MPOCTbIe ra3bl. Tem-
nepatypa cxuraHna — 925 °C, TemnepaTtypa BOC-
cTaHoBneHust — 640 °C, B TepmocTarte geTektopa
— 82,2 °C. lNpepenbl gonyckaeMon OTHOCUTENBHON
NOrpeLIHoOCTN namepeHmnin coctaensaoT +0,2%.

OnpepgeneHve ygenbHOW nnowiaguM MoOBEpX-
HOCTM MOp HanoNHUTENEN NpoBOAUNIOCH MO af-
copbuumn rasa c npumeHeHuem wmetopga bpyHa-
yapa, Ommeta u Tennepa (BET - metog I1SO
9277:2010) Ha npubope Quantachrome Nova
1200e (Quantachrome Instruments, CLUA). Oera-
3aums obpasuoB HaMNonHUTENeW ocyLlecTBASANach
3 4 npu Temnepatype 150 °C, npu gasneHumn B Ba-
kyyme 2 lMa. MNMpegenbl gonyckaeMon oTHOCUTENb-
HOW NOrpeLwHoOCTN namepeHnn +5%.

OBCYXOEHUWE PE3YNNbTATOB

PesynbraTbl OUEHKU U3MEHEHWUS OblxaTenbHOn
aKTMBHOCTM MMKpobOMOLleHO3a MOYBbI B MPUCYT-
CTBMW PVWCOBOW W FPEYHEBON LUENYXW U MX 30Mbl
npeactaBneHbl B Tabn. 1.

CornacHo nony4vyeHHbIM AaHHbIM (CM. Tabn. 1),

https://vuzbiochemi.elpub.ru/jour

Tabnuua 1. [bixaTenbHas akTUBHOCTb MOYBbI B
NPUCYTCTBMN PUCOBON 1 FPEYHEBON LUEMNYXU U UX 305bl

Table 1. Soil respiration activity in the presence of rice and
buckwheat husks and their ashes

KonnuectBo
Hamo%engsze Bblaenvserocsi CO,, Mr
pasi C-CO,,

MoyBa (KOHTPOSbHbIV

obpazon) 3,77£0,11

(IJSJC;JL?)E)I/II/ICOBOV' 7,59+0,04
1

SJoeJ;l_le;)[();ICOBOW 5,41+0,04
2

IUSJC;J:_I?DE)VII/ICOBOV' 4,19+0,07
3

PucoBas wenyxa 14,83+0,09

i%?q?;aequBom 27,23+0,10
1

ﬁ?é%;ﬁequBow 21,08+0,09
2

SJoeT_]ay;EequBOM 8,46+0,02
3

peyHeBas wwenyxa 5,99+0,04

BHeceHue B noysy PLU obycnoenuBaeT yBenu4e-
HUe AblxaTenbHOW aKTUBHOCTU NMOYBEHHOIO MUKPO-
OuouLeHo3a No4vTu B 4 pasa Nno CPpaBHEHUIO C STUM
nokasarternem Anis KOHTPOonbHOro obpasua noyssbl.

[MonyyeHHble pesynbTaTbl CBUAETENLCTBYIOT
06 ucnonb3oBaHuu PLU B kavyecTBe cybcTparta mu-
KpoopraHuamamu noysbl. ATO CBA3AHO C TEM, 4TO
PLU copepxuT 60nbLLOE KONNMYECTBO LIENSIONO3bl U
nurHunHa [13, 14].

BHecenne B nouBy 3PLU, nonyyeHHom npwm
350 °C (3PL,), Takxe obycnosnueaet (cm. Tabn. 1)
CyLleCTBEHHOEe YyBenuyeHue ee OblxaTernbHOW ak-
TUBHOCTU (MpakTU4ecku B 2 pasa).

BeponaTtHo, aTo cBasaHo ¢ coctasom 3PL,, xa-
pakTepusyroLUMCa Hannymem BonbLIoro Konuye-
CTBa peHTreHoaMmopdHON drasbl U 3HAYUTESBbHbBIM
cogepxxaHueM yrnepoga (tabn. 2), nerko noasep-
ralowmnmcs yTunusagmm no4BeHHON MUKPOGITOPON.

BbisiBneHo, 4to npumeHeHune 3PLLU, nony4yeHHoON
npn 500 » 800 °C (3PLWW, n 3PL,), ysenuuvsaert
AblXaTernbHY aKTUBHOCTb MOYBbI NPUMEPHO Ha 45
n 10% cooTBeTCTBEHHO (CM. Tabn. 1).

Taknm o6pasom, ¢ pocToM TemnepaTypbl Nony-
yeHus 3PLI ncnonb3oBaHue ee B kadecTBe Cyb-
cTpata MWKpOOpraHM3Mamu MnoyBbl 3aKOHOMEPHO
CHMXaeTcd. OTo 00yCroBMeHO yMEHbLUEHNEM CO-
AepXXaHus B ee cocTaBe opraHnyeckomn gasbl 1 po-
CTOM KONuyecTBa KpUCTanmiuyeckux MuUHeparnos,
Hanpumep, kpuctobanuta (cm. Tabn. 2).

OnpepgeneHHbi Bknag B 6uogerpagaunto PLU n
ee 30Mbl BHOCUT NMOPUCTOCTb 3TUX HAMOMHUTENEMN,
KOoTOpasi 3aKOHOMEpHO YMeHbllaeTcsas C pPOCTOM
Temnepatypsbl cxuraHusa PLU (tabn. 3).

3rll HesaBMcMMO OT TemnepaTtypbl ee nonyye-
HUS CYLLEeCTBEHHO aKTMBMPYET MpOoLEecChbl MOYBEH-
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Tabnuua 2. a3oBbIli COCTaB PUCOBOW LLUEMYXM, €€ 30Mbl Y COAEPXKAHME Yriepoaa B HUX

Table 2. Phase composition of rice husk, its ash and carbon content in them

Tvin Da30BbIil COCTAB CopepxaHue, CopaepxaHue
HanonHuTens % macc. yrnepoga, % macc.
PeHnTreHoamopdHas ¢asa 8510,10
Pucosas Kpuctobanut 610,08
wenyxa Tpuanmut 60,08 40,8110,08
Kapdonut 310,05
. | PeHtreHoamopdHasa asa 97+0,11
30na pUCOBOM | ez iy 20,08 15,03£0,03
yxi, Mpouee 110,03
30Ma DUCOBON PeHTreHoamopdHas dasa 97+0,10
o )E’M Kpucrobanmt 240,08 3,930,01
yxi, Ksapy 110,03
PeHnTtreHoamopdHasa asa 7510,10
3ona pucosoii | Kpuctobanut 230,08
Lenyxu, Keapy 1+£0,03 0.52+0,01
Tpuanmut 1+£0,03

HOro gbixaHus (cM. Tabn. 1), 4To ykasbiBaeT Ha BO3-
MOXHOCTb MUKpobuonornyeckon ytunusaumm o6-
pasuos 3[L B npouecce uHKyGMpoBaHus B No4Be.

Mpu atom aHanornyHo 3PLW ¢ poctom Temne-
patypbl nonyvenus 3L wcnonb3oBaHue ee B
kayecTtBe cybcTpaTta MUKpoopraHmamamu Mo4YBbl
3aKOHOMEpPHO CHMxaeTtcsa (cm. Tabn. 1). 310 npo-
NcxoauT, HECMOTPS Ha YyBenMYeHWe MNOpPUCTOCTMU
cTpykTypbl 3 (cm. Tabn. 3), n ceasaHo, o4eBUa-
HO, C YMEHbLLUEHWEM COEPXKAHUS B ee COCTaBe op-
raHmyeckon dassbl.

Ocoboro BHUMaHMUs 3acnyxumBaeT TOT QakT,
yto PLWU B 3HauyuTenbHO Gomnblen cTeneHu Mo
cpaBHeHuto ¢ Wl yBenuymBaetT Buonornyeckyto
aKTUBHOCTb MUKPOBUOTHI NOYBLIl. [1eNCTBUTENLHO,
npumeHeHue Wl Tonbko B 1,5 pasa nosbiwaeT
VHTEHCMBHOCTL BblaeneHus CO,. Bo3mMoXHO, 31O
CBSI3aHO C MeHbLKUM no cpasHeHuto ¢ PLU cogep-
XaHuem uennonosbl B ee coctaee [15, 16], saB-
nawuwencs donee nerkoycBossieMblM MUKpOOpra-
HM3MOM, YeM NUrHuH [17], KOTopbIA JOCTaTOYHO
YCTOMYMB K XMMUYECKOMY U MUKpOBMonornyecko-
My pasnoxeHuio [18].

B 10 ke Bpems 3ILLU, nony4vyeHHas npu BCex uc-
cnegyembix TemnepaTypax, HanpoTuB, XapakTepu-
3yeTcsa 6onbluen AOCTYNHOCTbIO ANS Bbi3blBakOLLe-
ro ee buogecTpykumio MnkpobHoro coobuiectsa

no cpaeBHeHuto ¢ 3PLU. Tak, B cnyyae 3onbl, Nony-
YeHHOW cxuraHnem wenyxm npm 350 °C, Bbligene-
HWe YrneKucrnoro rasa npyv BHECEHMM ee B NOo4BYy
©onee yem B 3 pasa Bbiwe gnsa 3L no cpaBHEHMIO
c 3PL.

370 MoXeT OblTb CBA3aHO C OTHOCUTENbHO Bbl-
COKMM copgepxaHuem B coctase PLU n ee npons-
BOAHbIX Anokcuaa kpemHua [19] n ¢ npucyTcTBu-
em B coctaBe W v 3 coeanHennn kanusa [15],
KOTOpbl€ My4lle yCBanBalTCs MUKPOOPraHM3Mamm
no4Bbl, YTO OOycrnoBnuBaeT UX OUOXMMUYECKYHD
aerpagauuto [20].

Takum obpasom, XOTa ydernbHas NMOBEPXHOCTb
nop 3l Bo mMHoOro pa3 meHblue, Yem y 3PL (cm.
Tabn. 3), 3TO HeCyLeCTBEHHO BNUSET Ha UHTEH-
CUBHOCTb BblAENEeHNs YINeKUCcrnoro rasa npu BHe-
CEeHUM 3TON 30rbl B NOYBYy (CM. Tabn. 1).

YCTaHOBMEHO, YTO OTBEPXKAEHHbIN 3MOKCUOHbIN
nonumMep NpMBOAMUT K CHUXEHUIO AblXaTenbHOW aK-
TUBHOCTW NOYBEHHOIO MUKpPOBUOLEeHO3a NPUMEPHO
B 2 pasa (Tabn. 4). HanonHeHHble 'L n ee 3onon
aMnoKcugHble maTepuanbsl UMET NPUMEPHO oau-
HaKoBYl0 OMOAOCTYMHOCTb ANS NOYBEHHbIX MUKPO-
opraHnamoB (cMm. Tabn. 4), npu 3TOM OHa MEHbLUE,
YyeM AN HeHaMNoMHEHHOro nonMMepa.

CnepoBatenbHO, wccnegyemble 3MOKCUAHbIE
MaTtepuanbl He WCNonb3ylTcs B kadecTBe cyb-

Ta6nuua 3. XapaKkTepucTrKa NOPUCTOCTM CTPYKTYPbl PUCOBOW LLEMYXM, 3051bl PUCOBOM 1 FPEYHEBON LLIEMYXM

Table 3. Porosity of rice husk, rice and buckwheat husk ash

HanmeHoBaHue obpasua

YpaenbHas noBepXHOCTb Mop
no bpyHayapy—-3mmety—Tennepy (B3T), m?/r

3ona p1coBo Wwenyxu,
3ona rpe4HeBoii Wenyxu,
3ona rpeYHeBoii Wenyxu,
3ona pucoBon LLenyxu,
3ona pucoBon Luenyxu,
3ona p1coBoi Wwenyxu,
PucoBas wenyxa

0,719+0,036
1,045+0,052
3,564+0,080
48,900+0,080
27,900+0,080
10,300+0,052
0,600+0,030

https://vuzbiochemi.elpub.ru/jour
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Ta6nuua 4. [IbixaTenbHas akTUBHOCTb NMOYBLI B
NPUCYTCTBUM HAMONHEHHBIX FPEYHEBOW LLIEITYXON, 305101
rPevYHEeBON LWeNyXu, PUCOBOK LLESTYXOWN N 30510 pUCOBOM
LIeNnyXu 3aNoKCUAHbIX MaTepuanos

Table 4. Soil respiration activity in the presence of epoxy
materials filled with buckwheat husk, buckwheat husk ash,
rice husk and rice husk ash

HaV'O'VéeHaC;BZH“e Bb|,qel1<'|cl)/|r|I3T|:I:rCoTcB: co,,
pasy mr C-CO,, r/u

lMoyBa (KOHTPONbHLIN
bemaeon) 3,77+0,02
90-20 1,87+0,01
:L?Jgﬁg)-:;pequBaﬂ 1,27+0,01
agﬁg;msona rpevYHeBou 1,32+0,02

y
:L?Jgﬁgzmwna rpe4yHeBown 1,510,01

2
agﬁg;msona rpevYHeBou 1,69+0,01

3
3[1-20+puncoBas 2,45+0,01
Lwenyxa
a,gj-_lzy())(;aona pucoBon 1,85+0,03

y

2
aghigaaona pucoBoii 1,48+0,03

3

cTpata MUKPOOpraHM3Mamu noYsbl.

YTunusaumsa noYBeHHON MUKPOIOPON 3MOK-
CUAHbIX KOMNO3MLUMA pacTeT npumepHo Ha 28% c
yBenuyeHuneM temnepartypsbl nonyyenusa 3, mc-
nonb3yemoln B Ka4ecTBe HanonHutens (cm. Tabn. 4).
OT0 CBSA3aHO, BO3MOXHO, C POCTOM MpPK 9TOM Nopwu-
CTOCTU 30Mbl (CM. Tabn. 3), 4TO MOXEeT BNUATb Ha
B3aMMogencTene NonmMepHonW MaTpuLbl C Hamnon-
HUTEenem.

B 10 e Bpemsa nopuctoctb 3L HegocTaToy-
Ha onsa Toro, Ytobbl 0ob6ecneunTb CTUMynupyoLee
BMNSHME HAa WHTEHCUBHOCTb pOCTa MWKpoopra-
HM3MOB, KOTOpOe HabniogaeTcd, Hanpumep, npu
HaMnoMHEeHNN 3MOKCUOHLIX MaTepuanos BOMNacTo-
HATOM, MMEILUM 3HAYUTENbHO OOMbLION 0ObeM
nop.

[bixaTenbHas akTUBHOCTb MOYBEHHOIO MUKPO-
6uoueHo3a, Kak cregyeT M3 AaHHbIX, NpeacTas-
NEeHHbIX B Tabn. 4, pacTeT TONbKO NPU HaMNOMHEHUN
3NoKcuAHbIX Komnoauunn PLL.

OpHako Npu Ncnonb30BaHUKM B KA4ECTBE HaMoJ-
Hutens 3PLU, sToT nokasartens Huxke Ha 21%, Yem
y HEHaMNOMHEHHOro nonMMepa.

Taknm o6pasom, HanonHeHne 3PLL, Tak xe kak
n 3, He yBenuuneaet Guogerpagaumio SnoKCua-
HbIX MaTepuarnoB B No4Be.

C poctom TemnepaTypbl nonyyeHus 3onbl PLU
Ka4yeCTBO HamnoOMHEHHbIX €/ 3NOKCUAHbIX KOMMO3U-
UM Kak nuTaTenbHOW cpedbl ANs MUKPOOPraHu3-
MOB YXyALWAaeTCsi, BO3MOXHO, 3a CHET CHUXEHMS
nopuctoctu 3P (cm. Tabn. 3).

YCTaHOBMNEHO, 4TO POCT cTeneHu OuopecTpyk-
LUK LLIESTYXW OMUCbIBAEMbIX 3€PHOBbIX KYNbTYp U NX
30Mbl YBENUYMBAET ObIXaTelbHYI0 aKTUBHOCTb MU-
KpoburoLeHo3a NoYBbl B MPUCYTCTBUM HAMOMHEHHbIX
UMW 3MOKCMAHBLIX MaTepnanos (CM. Tabn. 4).

3AKNIOYEHUE

Pe3ynbraTbl OLEHKU U3MEHEHUSA AblXaTenbHON
aKTMBHOCTM MUKpOOMOLEHO3a MNO4YBLI B MPUCYT-
cteum PLU, Tl 1 nx 30nbl CBUOETENLCTBYIOT O TOM,
YTO C POCTOM TemnepaTtypbl NonyyYeHust 3osbl 0be-
MX 3epHOBLIX KyIbTYp UCMONb30BaHME UX B Kaye-
cTBe cybcTpata MMKpOOpraHM3Mamu Mo4YBbl 3aKO-
HOMEPHO CHMXaeTcH.

PLL B 3HauMTenbHO Gonblen cTeneHn no cpae-
HeHuto ¢ M yBenuuymMBaeT GMOMNOrMYECKyD aKTUB-
HOCTb MMKPOOUOTLI NOYBLI N3-3a BonbLlero cogep-
XaHus B €e cocTaBe LEenmiono3sbl N0 CPaBHEHUIO C
TPyOHO yCBamBaeMbiMU MUKPOOpPraHu3Mamm — re-
MOLIENSTIONO30M U NIUTHUHOM.

B 10 xe Bpemsa 3ILU, nonyvyeHHas npu BCeX UC-
crnegyeMbix Temnepatypax, HanpoTuB, XxapakTepu-
3yeTcsi bonbluen AOCTYMHOCTbIO AN1s Bbi3blBatoLe-
ro ee 6buogecTpyKkumio MMKpobHoro coobuiecTsa no
cpaBHeHuto ¢ 3PLL.

OnokcugHble maTepuarnbl, Kak HEeHamnofHEHHbIE,
Tak n HanonHeHHble 3PLU n 3Il, He ncnonbaytoTes
B KayecTBe cybcTparta MMKpOOpraHn3Mamm MnouyBbl.

B TO Xe BpeMs HanorHeHne 3MOKCUOHbIX KOM-
nosuumn PLL obycnoenueaet yny4wieHne mux 6uo-
aerpagupyemoctu.

CTteneHb GuogecTpyKkuMK LWENyXu onucbiBae-
MbIX 3€pHOBbIX KynbTyp M WX 30Mbl onpefensiet
BMUSIHWE X Ha OblXaTenbHY0 aKTUBHOCTb MOYBLI B
NPUCYTCTBUMN 3MOKCUAHBIX MaTepuaros.
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in the chemical composition and important physicochemical parameters (density, viscosity, flash point,
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TectnpoBaHue Y®-o6nyyeHuem omoausensa n3 macna
BepOnoXXben KOSNMYKU U An3enb-o0noamnseribHbIX cMeceu

CanatbiH Nabunb Kynuesa, U6parum MNapmn6 Mamenos

bakuHckuli eocydapcmeeHHbIl yHusepcumem, . baky, Pecnybnuka A3sepbalidxaH
ABTOp, OTBETCTBEHHLIN 3a nepenucky: Mamenos Noparum Mapub, bsu.nmrlab@mail.ru

AHHOMauyus. Xumudeckasi cmaburnbHOCMb mornue s8r1semcsi O0HUM U3 KIodesbix ¢hakmopoe obecriedeHusi
ucripasHol pabombi 0guzamerieli BHympeHHez0 czopaHus. [poepeccupyrowas decmpyKyusi KOMIOHEHMos du-
3e/1b-6UoOU3ErIbHBIX MOMIUS MPU XpaHeHUU U mpaHCriopmuposKe MOXem ompuyameribHO cKka3ambCsl Ha Ux
hu3uKO-xuMuUYECKUX rokazamersisix. Kpome moezo, paspyweHue Heghmenpodykmos rnod delicmeuem COTHEYHbIX
Jiyyel u obpasoeaHUe MOKCUYHbIX COeQUHEHUU UMeem 3Koro2udeckoe 3HaqdeHue. Llenbio npedcmaesneHHou pa-
bomei sensiemcsi uccriedogaHue enusaHUsi YO-o0bryveHusi (A = 300—450 HM) Ha xumudeckul cocmae HeghmsiHo20
ou3eribHO20 moriuea U mornusHbix cmecetli B5, B10, B20, B50 u B100 8 meyeHue 24 4. B kadyecmee buoduserisi
ucrione308arnu npodykm repeamepuchukayuu Hernuuweeo2o macra 8eporitoxbell KOMoYKU ¢ MemaHoiom. Xumu-
yeckue U3MeHEeHUSsI rocrie 0briy4eHus1 KOHmposuposaru ¢ nomouwlbto SIMP-cniekmpomempa FT BRUKER. U3yveHa
83aUMOCE53b U3MEHEeHUU XUMUYECKO20 COCMasa U 8aXKHbIX (DUSUKO-XUMUYECKUX rnapamempos (ni1omHoCb, 653-
Kocmb, memMriepamypa 8CrbilWKU, UemaHogoe Yucsio) Ao U rnocrne ¢ghomoxumudeckol Oecmpykyuu. Ha ocHosaHuUU
MO71y4eHHbIX Pesyrbmarmos ycmaHoereHo, Ymo morinusHasi cmecs B20 obrnadaem 6orbuwieli xumuyeckol cma-
burnibHocmbto focrie Y®-obnydeHusi, 4em obbiyHoe du3ernbHoe moriueo u Opyaue dusernb-6uoduserbHbie CMecu.

Knroueenie cnoea: YO-obnyueHue, pomodecmpykuyus, buodusesnb, Macrio eepbritoxXbeli KOmoYKU

Ans yumupoeaHus: Kynvesa C. I, MamegoB WN. I TectnposaHue Y®-obnyyeHnem buogmnsens n3 macna
BepOMOXKbEeN KOMYKM U ausenb-buoamsensHblx cmecen // N3Bectus By3oB. MNpuknagHas xuMmmns n buotex-
Honorua. 2022. T. 12. N 3. C. 455-461. (In English). https://doi.org/10.21285/2227-2925-2022-12-3-455-461.
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INTRODUCTION

Despite the use of diesel fuel having a clear neg-
ative impact on the environment, it still remains the
leader in terms of consumption among all commer-
cial liquid fuels. The increasing demand for fuel,
depletion of fossil fuels, and protection of the envi-
ronment from the harmful effects of fossil fuels are
forcing us to find new alternatives to petroleum fuels.
One of the alternative fuels for internal combustion
engines is biodiesel. Biodiesel fuels have the poten-
tial advantages of lower emissions, longer engine life
due to better lubrication, biological decomposition,
high cetane number, absence of aromatic, nitrogen
and sulfur compounds [1-3].

One of the main factors that ensure the proper
operation of diesel engines is the chemical stability
of the fuel. During the transportation, storage and
ecological pollution, petroleum products are regularly
exposed to sunlight, which leads to the progressive
destruction of components of fuels with the formation
of toxic compounds. Except these, chemical changes
seriously affect the physicochemical and exploitation
parameters of the fuel, resulting in engine failure [4].

As we know, diesel fuel is a complex mixture ob-
tained from the fractional distillation of crude oil and
consists of a mixture of aliphatic, aromatic and olefin
hydrocarbons [5]. Biodiesel, one of the most environ-
mentally friendly and alternative fuels, is obtained by
transesterification of saturated and unsaturated fatty
acids with simply alcohols. Diesel and biodiesel fuels
contain a certain number of unsaturated compounds
with high reactivity. It can lead to chemical changes
in the chemical composition of fuels during long-term
storage, transportation and pollution. Also, ultraviolet
rays from the sun accelerate the decomposition of
organic compounds and subject them to photo-de-
struction [6]. The destruction of components of die-
sel and biodiesel fuels also has a negative impact on
physical and chemical parameters, which in turn can
lead to some problems with the regular operation and
performance of combustion engines [7].

Considering the above indicated, the purpose of
this study is to investigate changes in the chemical
composition of diesel and diesel-biodiesel mixtures
under ultraviolet irradiation (300-450 nm) and their
influence on exploitation properties. Testing of chem-
ical changes under UV was investigated by using
NMR spectroscopy.

MATERIALS AND METHODS

Samples of diesel fuel and Alhagi oil used for the
study were obtained from a gas station and a phar-
macy in Baku, Azerbaijan.

To stimulate natural solar irradiation, a visible and
UV-emitting model PRK2-IV-59 model using a lamp
with a wavelength of 300—450 nm was used.

NMR experiments were performed on a BRUKER
FT NMR spectrometer (UltraShieldTM Magnet)
AVANCE 300 (300.130 MHz for 'H and 75.468 MHz
for °C) with a BVT 3200 variable temperature unit in
5 mm sample tubes using Bruker Standard software
(TopSpin 3.1). The 'H and *C chemical shifts were
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referenced to internal tetramethylsilane (TMS). NMR-
grade CDCI, was used for the analysis of fuel blends.

The procedure for preparation of biodiesel. For
the synthesis of biodiesel (B100), 0.69 g of KOH was
dissolved in 37.5 ml of methanol (CH,OH) without
heating (at room temperature). After complete dis-
solution, 50 g of non-edible Alhagi oil was added to
this mixture. The reaction was carried out in a con-
ical flask equipped with a reverse refrigerator and
magnetic stirrer at 55 °C for 6 h (rotation speed was
maintained at 1000 rpm). After mixing, the reaction
mass was kept in the separator funnel for at least
12 h. The reaction mass was divided into 2 layers
using a separating funnel: biodiesel in the upper layer
and glycerin in the lower layer. It was washed sev-
eral times with water to remove untreated biodies-
el catalysts. 5 g of Na,SO, was added to the pure
biodiesel and filtered through filter paper after 12 h
of storage. B5, B10, B20, and B50 diesel-biodiesel
mixtures were prepared on the basis of received die-
sel fuel and diesel fuel obtained from filling stations.
Biodiesel and diesel-biodiesel mixtures synthesized
from non-edible Alhagi oil have been characterized
in accordance with the American Test and Materials
Standard (ASTM) methods (relative density — D1298,
kinematic viscosity — D445, flash point — D93).

Samples of Experiments of UV irradiation. 3 ml
of each of BO, B5, B10, B20, B50, B100 samples,
prepared in the appropriate proportions with crude
diesel and Alhagi biodiesel and were added to the
closed glass ampoules. The samples were irradiated
for 24 h at room temperature (20 °C) by means of a
model lamp PRK2-IV-59, which emits visible and UV
(300-450 nm) rays. Within 24 h, visible changes oc-
curred in each of the samples (Fig. 1 and 2). Samples
were analyzed on a BRUKER FT NMR spectrometer
to determine changes in chemical composition.

RESULT AND DISCUSSION

As known, diesel fuel is a complex mixture of
aliphatic, aromatic, and olefin hydrocarbons. In die-
sel fuel, aliphatic hydrocarbons are in the form of
normal paraffinic, isoparaffinic, and cycloparaffinic,
while aromatic hydrocarbons are benzene and its
derivatives: alkylbenzenes, benzo cyclopentane,
benzo cyclopentene, tetralin, biphenyl, naphthalene,
fluorenes, phenanthrene, etc. [8, 9]. Biodiesel fuel
consists of alkyl esters of various fatty acids, which,
depending on the oil obtained, contain 1, 2 or 3 un-
saturated double bonds [1, 2]. The presence of large
amounts of unsaturated compounds with 1T electrons
in diesel and biodiesel fuels confirms the possibili-
ty of oxidation, polymerization and other destruction
reactions of double bonds, which are commonly ac-
cepted mechanisms of photo-destruction during UV
irradiation. As a result of the absorption of ultravio-
let and visible light, photons collide with 1 electrons,
and these 1T electrons easily become excited. These
changes are likely to indicate that photo-destruction
processes are taking place in fuel components under
the influence of UV rays [5, 8]. The energy of photons
in UV rays with a wavelength of 300—450 nm varies in

https://vuzbiochemi.elpub.ru/jour
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Fig. 1. Diesel, B5, B10, B20, B50 and B100 blends
before the UV irradiation

Puc. 1. Ouzens, cmecn B5, B10, B20, B50 1 B100
0o Y®-06ny4deHus

I-;ig.72. Diesel, B5, B10, B20, B50 and B100 blends after
the UV irradiation

Pwuc. 2. [lnzens, cmecn B5, B10, B20, B50 n B100 nocne
Y®-06ny4eHus

the range of about 266—400 kC/mol. During this ex-
citement, physical and photochemical changes occur
and photo-destruction processes take place in diesel
and biodiesel components [10-12].

The fact that this energy exceeds the dissociation
energy of certain unsaturated compounds in diesel and
biodiesel fuels leads to the formation of radical centers,
resulting in many chemical reactions [13]. Polycyclic
aromatic hydrocarbons in heavy fuels are the most
sensitive to photo-oxidation and are easily destroyed
when exposed to sunlight [14]. Solar irradiation and the
presence of oxygen cause the oxidation of these hydro-
carbons, including various oxygenated hydrocarbons,
aliphatic and aromatic ketones, aldehydes, carboxylic
acids, fatty acids, esters, epoxides [15].

As shown in Scheme 1 during the photo-oxidation
of polyaromatic hydrocarbons, aromatic ketones are
formed, which first carry one oxygen atom and then
combine two or more oxygen atoms. The deeper the
photo-destruction, these polycyclic ketones can be
converted into smaller acids, ketones and epoxides.

In addition to photo-oxidation, polyaromatic hy-
drocarbons undergo a dimerization reaction under
the influence of UV irradiation (Scheme 2) [16-17].

Like polyaromatic hydrocarbons, alkylbenzenes
in diesel fuel can be converted into oxygenated com-
poundssuchasaromaticketonesandalcohols[18-22].

https://vuzbiochemi.elpub.ru/jour

For example, in the presence of air, under the influ-
ence of ultraviolet rays, 1-methylnaphthalene is ini-
tially converted to oxidized compounds in the side
chain, such as 1-naphthaldehyde, 1-naphthoic acid
and 1 naphthalenemethanol and in the next step to
the products opened by the ring. Significant dimeriza-
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Scheme 1. Photo-oxidation products of naphthalene
and anthracene

Cxema 1. lNpoaykTtbl HOTOOKMCNEHMS HadTanMHa
W aHTpaueHa

tion occurs when the reaction is carried out in an inert
atmosphere (Scheme 3) [23].
In addition to diesel fuel, biofuels obtained from
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Scheme 2. Photo-dimerization product of anthracene

Cxema 2. MpoaykT hoTognmepusaumm aHTpaLleHa
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the transesterification of fatty acids with simple alco-
hols can also undergo photochemical transformations.
Alhagi oil has the highest percentage of linoleic acid
(50-54%), oleic acid (23-29%) and palmitic acid
(7-8%) among the additional fatty acids [24]. The unsat-
urated compounds have a strong effect on the stability
of biodiesel. Polyunsaturated esters are more sensitive
to oxidation than saturated or unsaturated esters. This
is due to the fact that the double bonds in the fatty acid
esters are not in the conjugated structures, but in the
configuration isolated with methylene. The bis-allicity in

Scheme 3. Photo-oxidation products of alkylbenzenes
Cxewma 3. MpoaykTbl OTOOKMCIEHNS anknnbeH3onos

these structures is sensitive to the abstraction of hydro-
gen by free radicals, which easily form hydroperoxides
with elemental oxygen. The resulting peroxides are
relatively unstable, reacting intramolecularly to break
down the double-bonded compound into low-molecu-
lar-weight radicals, which then form acids, aldehydes,
ketones, alcohols, olefins, and alkanes. These species,
in turn, undergo reactions to form oligomeric and poly-
mer products (Scheme 4) [25-27].

Changes in the samples are clearly visible at first
glance for B5, B10, B20, B50, and B100 fuels made
from diesel and non-edible Alhagi oil are exposed to
UV rays (300—450 nm) for 24 h. After ultravioletirradi-
ation, the color of the fuel samples darkens (brown),
turbidity and a small amount of brown sediment is
observed at the bottom of the sample container (Fig.
1 and 2). This precipitation is likely to be caused
by the gum formation of fuel compounds [4, 5].
Along with conventional petroleum diesel, visible
changes in the color of biodiesel samples are also
observed, which indicates that serious chemical
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Scheme 4. Photo-oxidation products of biodiesel
Cxewma 4. NMpoaykTel hoTookmcneHms bruoamsens

transformations are taking place in the fuel. To dis-
cuss these changes, before and after UV irradiation
using the 'H NMR spectroscopy method amounts
of alkanes, olefins, and aromatic hydrocarbons in
diesel and biodiesel fuel samples were determined
(Tab. 1). Analyzing the obtained data, we can see
different changes in the amounts of paraffin, aro-
matic, and olefin hydrocarbons in the content of die-
sel-biodiesel mixtures under UV rays for 24 h.

As seen from Tab. 1, while the concentration of
some hydrocarbons decreases, others increase. It
is believed that these changes are due to processes
such as photo-oxidation, destruction, and polymer-
ization by UV irradiation.

Comparing the NMR 'H spectra of diesel fuel be-
fore and after ultraviolet irradiation, we can see the
amounts of paraffin hydrocarbons increased under
the influence of UV rays, while the amount of aromat-
ic and olefin hydrocarbons decreased. This indicates
the possibility of the conversion of aromatic and ole-
fin hydrocarbons to saturated hydrocarbon fragments
as a result of the photo-destruction of unsaturated

Table 1. Determination of hydrocarbon content of fuel blends from the 1H NMR spectra before and after UV irradiation
Ta6nuua 1. OnpegeneHue cogepxaHus yrnesogopoaoB B TONMMBHBIX cMecsx no cnektpam AMP 'H

0o n nocrie Y®-obnyyeHus

Before UV irradiatin PH OH AH After UV irradion PH OH AH
Diesel 95.1 0.5 4.7 Diesel 96.4 0.0 3.6

B5 95.5 0.7 3.3 B5 94.8 0.8 1.9

B10 94.2 0.8 2.6 B10 94.6 1.2 1.7

B20 97.0 1.1 1.9 B20 96.5 1.7 1.3

B50 92.9 43 24 B50 96.1 3.1 0.9

Note. *PH — paraffinic hydrocarbons; OH — olefinic hydrocarbons; AH — aromatic hydrocarbons.
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compounds in diesel fuel. It can be explained that
(Scheme 1 and 2) firstly in diesel 2 and 3 ring aromat-
ic hydrocarbons, such as naphthalene, anthracene,
and pyrene are photo-destroyed by UV irradiation.
In this case, as a result of oxidation of polyaromatic
hydrocarbons (PAHs) obtained products carrying 1
oxygen atom, such as naphtone (12) and anthrone
(13), NMR signals shift to the right in the "H spec-
trum to paraffinic hydrocarbons. The decrease of the
aromatic and increase of paraffinic hydrocarbons is
connected by the formation of 1-3, 5-9, 11-14 type
hydrocarbons and saturation of double bonds.

We can note that, as a result of such destruction
processes, changes in the physical and chemical pa-
rameters of the fuel are also observed: density, flash-
point (for B10, B20 and B100), viscosity, and cetane
number decrease. The results of the physical param-
eters also confirm the results of the 'H NMR. In diesel
fuel, the components are destructed to low-viscosity
and density compounds compared to primary sub-
stances (Tab. 2 and 3). Cetane number of diesel fuel is
decreased as a result of the formation of oxygen-con-
taining compounds, such as ketones, alcohols, etc.

After UV irradiation in B5 fuel, a decrease of aro-
matic and paraffinic hydrocarbons is observed, but an
increase in olefin hydrocarbons is observed. Based
on obtained results, it is assumed that increasing of
olefins is connected to the 5% presence of FAME
Alhagi oil with the double bonds. The reason of the
decreasing of paraffinic hydrocarbons is due to the
replacement of hydrogen in the —CH,— group with —
CH-OOH-type hydrogen in the paraffinic hydrocar-
bons. Decreasing amounts of aromatic hydrocarbons
are connected by the formations of 1-3, 5-9, 11, 14
type compounds. Changes in the physical and chem-
ical parameters of B5 fuel are also observed as in
conventional diesel fuel (Tab. 2 and 3).

An increase in the amounts of methyl esters of fat-
ty acids in diesel fuel (B10) resulted in an increase in

the amount of paraffin and olefin hydrocarbons after
UV irradiation and a decrease in aromatic hydrocar-
bons. Decreases were observed in the physical and
chemical parameters of the fuel, such as density, vis-
cosity, flash point, cetane number. The decrease of
the aromatic and increase of paraffinic hydrocarbons
also is connected by the formation of 1-3, 5-9, 11-14
type hydrocarbons and reaction of double bonds.

A decrease in the amount of paraffin and aromatic
hydrocarbons in the B20 mixture was observed, but a
slight increase in the amounts of olefin hydrocarbons
was observed. Changes in hydrocarbon content can
be explained by a decrease in paraffin hydrocarbons
and an increase in olefin hydrocarbons, as in the
case of B5 fuel. Thus, the density and viscosity of
these compounds are lower than those of the original
substances.

According to the results obtained from the '"H NMR
spectra, the photochemical changes observed in the
B50 fuel mixture are in the direction of increasing the
amounts of paraffin hydrocarbons and decreasing the
amounts of olefins and aromatic hydrocarbons. As
seen, the B50 fuel contains 50% of diesel and 50%
methyl esters of fatty acids. The decrease of the ar-
omatic and increase of paraffinic hydrocarbons also
can be is connected by the formation of 1-3, 5-9, 11-14
type hydrocarbons and saturation of double bonds.
But a decrease in the amounts of olefins in the B50
fuel is likely connected to the dimerization and polym-
erization reactions, the formation of more heavy prod-
ucts than primary (Scheme 2—4). At the same time,
the presence of dimerization polymerization reactions
manifests itself in physical properties (increase den-
sity, viscosity, cetane number, flashpoint) (Tab. 2, 3).

As a result of the high absorption of methyl esters
of fatty acids in fuel B100, the fuel lost its color after UV
irradiation (Fig. 1). This visible change is reflected in the
'H NMR data. Thus, the amount of C18:2 before UV
irradiation was 52%, C18:3 1%, and after UV irradiation

Table 2. Properties of biodiesel and diesel samples before UV irradiation

Ta6nuua 2. ConcTtea 06pasuoB 6roamsens n ansenbHoro Tonnmea Ao YP-o6nyyeHus

Properties Diesel B5 B10 B20 B50 B100
Density at 20 °C, g/lcm? 0.848 0.852 0.856 0.862 0.866 0.899
Viscosity, at 20 °C, mm?/s 5.142 5.309 5.424 5.515 6.065 9.012
Viscosity, at 40 °C, mm?/s 3.128 3.348 3.422 3.561 3.781 6.230
Cetane number 43.350 43.236 43.081 42.949 43.764 47.350
Flash point, °C 77 89 98 104 119 177

Table 3. Properties of biodiesel and diesel samples after UV irradiation

Ta6nuua 3. CeoncTea o6pasLoB 6uoamsens v AM3enbLHOro Tonnuea nocre Y®-o6nyveHus

Properties Diesel B5 B10 B20 B50 B100
Density at 20 °C, g/lcm?® 0.845 0.849 0.852 0.855 0.868 0.897
Viscosity, at 20 °C, mm?/s 4.797 5.206 5.106 5.376 6.197 7.419
Viscosity, at 40 °C, mm?/s 3.017 3.237 3.273 3.317 3.880 4.637
Cetane number 42.290 42.857 42.675 43.058 43.880 44.643
Flash point, °C 87 101 94 97 122 163
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C18:243%, C18:3 0.1%. As can be seen, the process of
photo-destruction of more unsaturated (C18:3) FAMEs
occurs first. At the same time, the formation of ketone,
aldehyde, and alcohol types compounds is influenced
to the physical properties of B100 (decrease density,
viscosity, cetane number, flashpoint) (Tab. 2, 3).

CONCLUSIONS

This article is devoted to testing the chemical sta-
bility of diesel, diesel-biofuel (from the Alhagi oil) mix-
tures B5, B10, B20, and B50 against UV irradiation
for 24 h. The results showed that photo-destruction
processes occur under the influence of UV irradia-
tion, which affects the physico-chemical and exploita-
tion properties of the fuel. As seen from the obtained
data, photo-oxidation by UV is negatively influenced
the stability of fuels. Including indicated taken place

gum formation processes. It can lead to a malfunction
of the fuel engine. However, one of the most import-
ant contributions of this work was to obtain a more
physicochemical stable fuel mixture under the con-
ditions studied. Obtained data, shows that B20 more
stable fuel blend, than diesel (B0), B5, B10, B50, and
B100. We think the most effective ratio of diesel to
biodiesel can be a mixture of B20, which is the least
susceptible to structural changes under the action of
UV irradiation. B20 causes only a 4% change in its
chemical composition after UV irradiation, and in the
quality parameters of the fuel, it retains its proper-
ties more than other fuels (Tab. 1). The reported work
may be interesting when studying the application of
diesel, biodiesel, or their mixtures in different stor-
age, and transportation conditions, and also it has
environmental importance.
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Abstract. The main purpose of this study is to investigate the thermal stability and the mechanism of thermal
decomposition of Mogoin gol coal, the possibility of liquefaction by pyrolysis and thermolysis, and the
possibility of enriching by heavy liquids to reduce the mineral content of coal and improve its quality. Under this
purpose, the Mogoin gol coal was characterized by proximate and ultimate analysis, thermogravimetry, and
investigated its thermal decomposition (thermolysis and pyrolysis). Thermogravimetric analysis was performed
using Japanese HITACHI TG/DTA7300 instrument and pyrolysis investigation was carried out at different
heating temperatures 200—700 °C with constant heating rate 20 °C/min for 80 min. On the basis of proximate
and elemental analysis results, it has been indicated that the Mogoin gol coal is high-rank coking coal. The
pyrolysis of Mogoin gol coal was studied by SNOL furnace at different heating temperatures and obtained from
pyrolysis products such as hard residue, tar, pyrolytic water, and gas. From pyrolysis, the yield of pyrolysis tar
(6.28 %) was highest at 700 °C. The experiment of thermal decomposition (thermolysis) was carried out in air
closed autoclave at 350—450 °C and using hydrogen donor solvent (tetraline) with different mass ratios of coal
and solvent (1:1.75; 1:1.5). In the thermolysis experiment, the yield of liquid product is highest with the coal-
solvent ratio of 1: 1.5 at 450 °C.
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XUMUYECKAA TEXHONOIMNnA

Hay4Has cTtatbs
YOK 662.642

WccnepnoBaHue TepMUYECKOro pas3noXeHus U KayecTBa
oborauieHus yrna mectopoxaneHust MoromH-ron B MoHronum

DamauH Barxuwur, dux6ona Wankas, Cangxaa Batouner, ApuyHoona AHXTyS,
BapHacaH lNypeBcypeH

WHCcmumym xumuu u xumudeckol mexHonoauu MoHeonbckol akademuu Hayk, e. YnaH-bamop, MoHzonus
ABTOp, OTBETCTBEHHbIN 3a nepenucky: batxuwwur JamanH, batkhishigee@gmail.com

AHHOmayusi. OCHOBHOU Uesbio Hacmosiu,e2o ucciedosaHus a6r1emcs usyyeHue mepmuyeckol cmaburisb-
HOCMU U MexaHu3Ma mepMUYEeCKO20 pasrioKeHUs yarsd MoaouH-2051, 803MOXHOCMU OXUXEHUS MUPOIU30M
U mepMOsIuU30M, a makxXe 803MOXHOCMU 0b602awleHUsT MsXXenbiMu XUOKoCmsMU O CHUWXEHUS MUHeparsib-
Hocmu yernsi u yrydueHusi e2o ceolicme. C amol Uesibio MO20UH-20/1bCKUL y20/1b OXxapakmepu3oeaH rpu
OMOWU 3KCIpeccusHoO20, npedesibHo20 aHanu3a u mepmozpasumempuu, uccriedogaHo eeo mepMu4ecKkoe
pasnoxeHue (mepmonus u nuponu3s). Tepmoepasumempudeckuli aHanu3 rnpoeoousniu Ha SIMOHCKOM rnpubo-
pe HITACHI TG/DTA7300, usy4yeHue nuponusa ocywecmensanu npu pasfuyHbIX memrnepamypax Haspesa
(200-700 °C) ¢ nocmosiHHoU ckopocmbto Hazpesa 20 °C/mMuH 8 medeHue 80 MuH. Ha ocHosaHuu pesynbma-
moe 3Kcrpecc- U 3[IEMEHMHO20 aHanu3a ycmaHo8/1eHO, Ymo MO20UH-20/1bCKUU y20/lb OMHOCUMCS K 8bICO-
KOCOPMHbIM KOKCYOUUMCS yansam. [Tuponu3 Mo20ouH-20/1bCKo20 yarns usydarncs e nedu CHOJ npu pasnuy-
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HbIX meMriepamypax Hazpesa U nosy4yeH u3 npodykmoes nuposiu3a, makux kak meepobili ocmamok, 2yOpOH,
nuponumuyeckasi eo0a u ea3. Npu nuponu3e 8b1x00 NUPOAU3HOU cMosbl (6.28%) 6bin caMbiM 8bICOKUM MpuU
memnepamype 700 °C. Onbim mepMuU4ecKo20 pasfioxeHus (mepmMmoriu3) rnpoeoousiu 8 agmokiiage 3aKpbImo-
20 muna npu memnepamype 350—450 °C ¢ ucnionb3o8aHueMm pacmeopumeris-OoHopa 8odopoda (memparu-
Ha) rnpu pasnuyHOM Macco8oM COOMHoWeHuUU yans u pacmeopumens (1:1,75; 1:1,5). B akcnepumeHme o
mepmosnu3y 8bIx00 XUdKo20 rMpodykma MakcumMareH rnpu COOMHOWeEeHUU yeons—pacmeopumerns 1:1,5 npu
memnepamype 450 °C.

Knroyeesie croega: mepmonus, nuposus, obozaweHue, Xudkul npodykm, mepmozspasumempusi

Ana yumupoearusi: barxnwwur [., Wankae 3., batouner C., Auxtys A., lNypeBcypeH Bb. UccnepoBaHue
TEPMUYECKOTO pasfoXeHMs KU kadecTBa oboralwleHus yrnst mectopoxaeHunss Morown-ron B MoHronum // Us-
BecTus By30B. [NMpuknagHas xmmusa n buotexHonorus. 2022. T. 12. N 3. C. 462—470. (In English). https://doi.

org/10.21285/2227-2925-2022-12-3-462-470.

INTRODUCTION

Mongolia is among the 10 coal rich countries in the
world with the 175 billion ton of geologically estimated
coal resources including high quality bituminous
coking coals, subbituminous coals and brown coals.
More than 1.8 billion ton of this coal resource belongs
to the high coking coal. It is important that, to study
the mechanism of thermal decomposition of coal,
necessary to reduce the amount of minerals in coal
[1]. Coal and coal products will play an increasingly
important role in fulfilling the energy needs of our
society [2-3]. Based on IEA 2008 report, coal
accounts for about 26% of the total world primary
energy consumption in 2006 [4, 5]. Thermal analysis
has been widely used in the recent years for the
investigation of combustion and pyrolysis behavior
of fossil fuels such as coal, oil shales and tar sands
[6-8]. Thermal properties of coal play a significant
role industry and impact on coal combustion on
environmental pollution. Converting coal into oil
and gas allows coal to be utilized as an alternative
fuel, which will affect the national security and the
economically sustainable development [6-12].

Thermogravimetry is usually used as a means of
determining pyrolytic characteristics and kinetic pa-
rameters. Thermogravimetry measures the weight
change of a tested material as a function of tempera-
ture or time in a controlled atmosphere, such as ni-
trogen or argon atmosphere [13-15]. Measurements
are used primarily to determine the composition of
materials and to predict their thermal stability at tem-
peratures up to 1000 °C. On the other hand pyrolysis
is an efficient form (method) of treatment of organic
material at elevated temperatures in the absence of
oxygen [16]. It involves the simultaneous and irre-
versible change of chemical composition and phys-
ical phase during thermochemical decomposition
of organic material by heat. As a result of pyrolysis,
solid (hard residue), condensed liquid (tar and pyrol-
ysis water) and gas (uncondensed) products can be
obtained. Solid product is porous material with higher
caloric value which can be used as coke, semi-coke,
smokeless fuel, adsorbent material and so on. Tar is
petroleum like product and can be used as complex
raw material for production of chemical substances,
gasoline, diesel, oils, bituminous and so on. The gas
product can be used as gas fuel after cleaning of ni-
trogen and sulfur containing pollutants in it [17].

https://vuzbiochemi.elpub.ru/jour

Enrichment plays an important role in increasing
the efficiency and effectiveness of coal mining and
exploitation. Coal minerals have included some
harmful elements in the environment. Itis a negative
impact on all processes of its use. Reducing the
mineral content of coal can significantly reduce
its transportation costs, while raw coal used for
coking and direct liquefaction of coal is required
to be low in minerals [14, 15]. As of 2006, 1/3 of
the world’s total mined coal was enriched, and
there are about 2,500 enrichment plants, of which
2,000 (with a total capacity of 800 million tons/
year) are in China and 265 (with a total capacity
of 986 million tons/year) in the United States,
53 (total capacity 134 million tons/year) in India,
87 (total capacity 95 million tons/year) in Russia, and
70 million tons/year in Australia [16]. It is possible to
reduce the amount of sulfur oxides and volatile toxic
elements released from coal combustion by the coal
enrichment method [17, 18].

The main purpose of this study is to investigate
the thermal stability and the mechanism of thermal
decomposition of Mogoin gol coal, the possibility of
liquefaction by pyrolysis and thermolysis, and the
possibility of enriching by heavy liquids to reduce the
mineral content of coal and improve its quality.

EXPERIMENTAL

The Mogoin gol coal is located in the province
Khuvsgul 930 km from Ulaanbaatar, 210 km west of
Murun soum of Khuvsgul aimag, and 22 km southeast
of Tsetserleg soum, Khuvsgul aimag. The total coal
resources are 11 million tons.

The analytical samples of Mogoin gol coal were
prepared according to ASTM D 2797. The proximate
and ultimate analysis were performed according to
MNS 656-79 (moisture content), MNS 652-79 (ash
yield), MNS 654-79 (volatile matter yield), MNS 669-
87 (gross calorific value) and MNS 895-79 (sulphur
content). The content of mineral elements in coal ash
and their oxides have been determined by using of
X-ray spectrometry.

Thermogravimetric analysis was performed using
Japanese HITACHI TG/DTA7300 instrument. The
instrument was used to study the heat resistance of
analytical coal samples and was tested in an argon
gas environment at 25-1150 °C for 120 minutes at a
heating rate of 10 °C/min.
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Enrichment properties of Mogoin gol coal in
laboratory conditions were determined by heavy
liquid GOST 4790-93 method. During experimental,
coal fraction of 3—-1.5 mm was separated in heavy
liquid that ZnCl, solution with different densities
such as <1.3; 1.3-1.4; 1.4-1.5; 1.5-1.6; 1.6-1.7 and
> 1.7 g/cm3. After that, washing and removing the
submerged and floating fractions from the solution
residue, determined their yield and ash content.
Enrichment curves were constructed on the basis of
enrichment results.

The pyrolysis experiments were performed in a
laboratory quarts retort (tube) which could contain
1 g analytical coal sample. The retort was placed in
a horizontal electric tube furnace with a maximum
heating temperature of 950 °C. The pyrolysis
experiments have been carried out at different heating
temperatures 200—700 °C with constant heating rate
20 °C/min for 80 min.

The experiment of thermal decomposition
(thermolysis) was carried out in air closed autoclave
at 350450 °C and using hydrogen donor solvent
(tetraline) with different mass ratios of coal-solvent
(1:1.75; 1:1.5) for 2 h. After cooling, all uncondensed

gas and liquid products were removed from hard
residue using chloroform solvent in a Soxhlet
apparatus. Then the yield of thermolysis products
was calculated by the weight method.

RESULTS AND DISCUSSIONS

The proximate and ultimate analysis of the Mogoin
gol coal was determined and the results are shown
in Tab. 1.

From Tab. 1, the volatile matter of the Mogoin
gol coal is V¥ = 30.7% and the carbon content is
C%f = 76.5% and these results show that, it is a
coking coal (high rank coal). The infrared spectrum
is mainly used to study different kind of functional
groups in coal organic mass. Fig. 1 below shows the
FTIR spectrum.

It can be seen from Fig. 1 that the Mogoin gol coal
has several functional structures. The absorption
intensity of hydroxyl at 3500 cm™ and absorption
intensity at 1373 to 1604 cm”’ totally indicate
carboxylic groups. C-O bonds of alcohols, ethers,
and esters take to adsorption at 1273 cm™. C—H
bond of aromatic ring indicate band at 500-1033 cm""
and aliphatic —CH; —-CH, and —CH, groups with

Table 1. Proximate and ultimate analysis of the Mogoin gol coal

Tabnuua 1. SKcnpecc- N OKOHYaTesbHbIM aHanms yrna MorovH-rofibCKoro MecTopoXXaeHus

Wa, % A4 % Vet % Q, kcall/kg Caaf % H%f % Sdaf % (O+N)%f % H/C
0.62 10.59 30.67 7531.73 76.5 52 1.27 17.03 0.8
Table 2. The chemical composition of Mogoin gol coal ash, %
Tabnuua 2. XvMun4ecknin coctas 301bl yrnsg MectopoxaeHust MorovH-ron, %
Mg Al Si P K Ca Ti Mn Fe Zn
Elements 2.2 11.2 2.6 0.2 0.4 4.7 0.2 0.3 34.2 0.1
Oxides 3.5 211 5.6 0.3 0.5 6.6 0.4 0.5 49.0 0.2
70
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:g ]
g ™~ | v 2 5
. £ 3
40 i I 3 T
1223 EES £ L3 |
:g = o 2 é=§. E b~1 |
4000 3500 3000 2500 2000 1500 1000 500
1/cm

Fig. 1. The FITR spectrum of Mogoin gol coal
Pwuc. 1. FITR-cnekTp yrns mectopoxaeHus MoronH-ron
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Table 3. The result of enrichment of Mogoin gol coal by heavy liquid method

Ta6nuua 3. Pe3yﬂbTaT oborateHnss MorovH-ronbckoro yrna TAXenoXnOKoCTHbIM crnoco6om

. Yield of . Total light fraction Total heavy fraction
Density, g/cm? fraction, y% Ash of fraction, A?,% : :
Yield, y% Ash, A%, % Yield, y% Ash, A%, %
1.3 20.7 4.6 20.7 4.6 98.9 9.0
1.4 35.0 6.0 55.7 5.4 78.2 10.2
1.5 39.6 11.8 95.3 8.1 43.2 13.7
1.6 2.0 25.8 97.3 8.4 3.6 34.5
1.7 light 0.5 45.8 97.8 8.6 1.6 45.8
1.7 heavy 1.1 45.8 98.9 9.0 1.1 45.8

density of the solution, g/cm?
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e —
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Fig. 2. Coal heavy liquid enrichment curve of 1.5-3 mm
fraction:

B — light fraction curve; A — elementary ash curve;
® — density curve; u — heavy fraction curve
Puc. 2. Kpueas oboraluenus yrns cdpakuymnen 1,5-3 mm:
B — kpuBasa nerkon pakuum; A — anemeHTapHas Kpvsas
30MbHOCTH; O — KPMBAs MITOTHOCTMK;
U — KpmBas Tshkenow pakumm

middle intensity at 1376-1456 cm™. The chemical
composition of coal ash was studied by X-ray
fluorescence spectrum and the results are shown in
Tab. 2.

Tab. 2 shows that, the Mogoin gol coal ash
has the highest content of iron oxide 49.0% and
aluminum oxide 21.1%. The melting temperature of
ash varies depending on the chemical composition
of the coal ash. For example, as the SiO, content
increases, ash melting temperature is increased.

The fraction of Mogoin gol coal with size 3—1.5mm
was enriched by using of zinc chloride (ZnCl,) as
a heavy liquid with a density of 1.3—-1.7 g/cm?®. The
yields of fractions and ash content of faction were
determined, and the enrichment curve is constructed
and shown as a result of enrichment in Tab. 3, 4 and
Fig. 2.

The results in Tab. 3 show that enrichment

https://vuzbiochemi.elpub.ru/jour

of Mogoin gol coal in zinc chloride solution with
densities 1.3—1.4 g/cm® show lower ash contents
4.6-6.0%, which is an optimal condition for the
enrichment of the Mogoin gol coal.

According to Tab. 4 and Fig. 2, the concentrate’s
ash in a heavy liquid with a density of 3 = 1.3 g/cm?®
was low Aa = 4.6% and the yield was y = 20.7%. As
the density of the heavy liquid increases, the ash and
yield of the concentrate tend to gradually increase.
The tailing ash is Aa = 45.8%, the yield is low
Yy = 1.1%. The calculation of the yield and ash of the
concentrated product using the enrichment quality
curve (Tab. 2) shows that the yield of the Middling
is y = 2.5% and the ash is A = 29.4%. Therefore,
if the average fractional yield of 1.5-3 mm coal is
evaluated, T = 2.5%, which is the property good
quality of enrichment. Therefore, sulfur content and
calorific value were determined in concentrate and
initial coal and shown Tab. 5.

The Tab. 5 above shows that the sulfur content of
the concentrate decreased by 18% and the calorific
value increased by 8% compared to the initial coal.
In order to study the thermal stability and thermal
decomposition mechanism of the organic mass of
the Mogoin gol coal, the thermogravimetric analysis
was performed in an argon gas environment and
the TG and DTG curves were shown Fig. 3. The
thermal stability indices T5%, T15%, T25% are
calculated from the TG curve and are shown
in Tab. 6.

From termogravimetric study, Mogoin gol coal
ended 72.5% weight loss at 980 °C.

The TG curve of Mogoin gol consists of different
temperature intervals (steps) such as 100-360; 360—
470; 470-590; 590-980 °C. In the first step (until
360 °C) the weight loss is due to the release of some
absorbed gas and moisture in coal.

In the second step at 360470 °C, (TG -
85.3%, DTG — 84.8*10° mg/min) intensive thermal
decomposition of the organic matter of the coal
samples start forming liquid (tar and pyrolysis water)
and gas products. In the third step at 550-850 °C,
the weight loss strongly decreases, which is an
indication for ending the thermal decomposition and
starting carbonization and polymerization of the coal
sample (TG — 79%, DTG — 24.4*10-® mg/min). In the
fourth step at 850-980 °C, the weight loss slowly
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Table 4. Coal enrichment products yield, and its ash
content

Tabnuua 4. Boixog npoaykTos oboralleHuns yrns u ero
30MbHOCTb

Products of heavy liquid Yield, y, % | Ash, A?, %
Concentrate 95.3 8.1
Middling 25 294
Tailing 1.1 45.8

Table 5. The result of sulfur content and caloric value of
concentrate and initial coal

Ta6nuua 5. CepHMUCTOCTb U KaropuMHOCTb KOHLeHTpaTa
M UCXOOHOrO yrns

Caloric value
d o, 3
Samples Sulfur, S¢, % Qe keallkg
Concentrate 1.09 7971.15
Initial coal 1.27 7531.73

100
100 —=— TG(%)
1 —e—DTG (10 mg/min )
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Fig. 3. The TG and DTG curves of Mogoin gol coal

Puc. 3. TepmorpaBumeTpuyeckune n anddpepeHumnansHeie
TepMorpaBMMeTPUYECKME KPUBbIE YISt MECTOPOXAEHNS
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Fig. 4. DTA curve of Mogoin gol coal

Puc. 4. Kpuas gudpdepeHumnanbHOro TepMmyeckoro
aHanusa yrns mectopoxaeHust Morown-ron
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increases, whichisrelated withtherelease ofgas, e.g.
CO,, H,, CO from the mineral matter of coal sample
(TG -70.3%, DTG — 10.2*10-* mg/min).

The calculated value of thermal stability indices:
T5% = 382.2 °C, T15% = 501.5 °C, T25% = 740.0
°C from the TG curve (Tab. 6) show that Mogoin gol
coal characterizes with much higher thermal stability
than for example brown coals of lignite type.

To explain the mechanism of thermal
decomposition of coal, let us consider the DTA curve
that takes place during the thermal decomposition
of coal obtained by thermogravimetric analysis (Fig.
4).

Shown at the DTA curve of the Mogoin gol coal,
thermal decomposition is an endothermic process
that Heat absorption took place at 400-980 and
at 900 °C. The thermal stability of different types
of solid fossil fuels, such as lignite and hard coal,
varies, and the yield of semi-coking and pyrolysis
products, such as thermal decomposition, is used to
determine whether the coal is suitable for pyrolysis,
liquefaction and gasification [19-20]. The yield and
properties of the resulting product vary depending
on the pyrolysis temperature and heating rate.
In this part of the study, the results of pyrolysis
experiment of Mogoin gol coal (200-700 °C)
are shown in the following Tab. 6.

Experimental results show that when the heating
temperature is low at 200-300 °C, the yield of liquid
products, pyrolysis water, and gaseous products is
low and when an increase in heating temperature,
decreased in the solid residue yield and increase
the yield of liquid and gaseous product. Maximum
yield of liquid product is 6.28% at 700 °C. The results
of the technical analysis of hard residue have been
shown in Tab. 7.

According to the table above, the yield of volatile
matter in pyrolysis hard residue is 16 times lower
than the initial coal, and pyrolysis hard residue’s
yield is (71%) high and ash content down, so the coal
is more suitable to produce high-quality smokeless
fuel.

Hydrogen donor solvent tetraline was used
in the thermolysis experiment. Coal and solvent
(coal:solvent = 1: 1.5; 1: 1.75) were taken by mass
ratio and tested in a standard laboratory autoclave
made of stainless steel at 350, 400, 450 °C for 2 h
and the results are shown in the Tab. 8.

According to the experiment, the conditions
for the highest yield of liquid products were the
carbon-solvent ratio of 1:1.5 at 450 °C. According
to the thermolysis process, the yield of liquid
products increases as the temperature increases,
and when coal decomposition increases, the yield
of solid residues decreased. This is due to the fact
that, under the influence of high temperatures, the
organic mass of coal is decomposed as much as
possible and secondly, temperature is a key factor
in generating free radicals, so free radicals from the
decomposition of coal macromolecules react with
donor solvents to increase liquid yield. Fig. 5 and 6
also shows the FTIR spectrum of the pyrolysis and
thermolysis process liquid products.

https://vuzbiochemi.elpub.ru/jour
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Fig. 5. The results of pyrolysis of Mogoin gol coal
Puc. 5. PesynbTaTthl nponusa yrns mectopoxaeHnss MorovH-ron
Table 6. The thermal stability index of the Mogoin gol coal
Ta6nuua 6. NokasaTenb TepMmnyeckon cTabunbHOCTY yris MecTopoxgeHns MoronH-ron
Thermal stability indices, °C
Heating Rate, °C/min
TS% T15% T25%
10 °C/min 382.2 501.5 740.0

It can be seen from Fig. 6 A and B that the
liquid products have similar functional structures
but have different band absorption intensities.
The absorption intensity of hydroxyl at 3404 cm™
significantly decreased in thermolysis liquid product.
Ideally, hydrogen-bonded hydroxyl groups tend
to be destroyed or broken during thermal treating
processes [13]. The absorption intensity at 1707 cm-’
totally came out in thermolysis and pyrolysis liquid
products, indicating carboxylic groups. According to the
literature, C—O bonds of alcohols, ethers, and esters start
to decompose over 200 °C, thus the bands at 1273 cm
are almost completely condensated after pyrolysis and
thermolysis. The intensity of bands related to aliphatic
hydrocarbon, including the vibration of aliphatic

Table 8. The thermolysis result of Mogoin gol coal

Table 7. The results of the technical analysis of pyrolysis
hard residue of Mogoin gol coal

Tabnuua 7. Pe3yﬂbTaTbI TEXHUYECKOro aHanm3a teepaoro
OCTaTKa nmponunsa yrna MectopoxaeHua MorouH-ron

We, % A%, % VA, % | VEL % Q% %

0.64 11.01 1.63 1.84 7882.20

methylene and methyl group content significantly. This
intensity coincides with the fracture of aliphatic side
chains to form methane or other light hydrocarbon
gases. Therefore pyrolysis liquid product of Mogoin gol
coal consists of mainly aliphatic, aromatic and aromatic-
aliphatic compounds with above mentioned functional
groups in their molecules.

Ta6nuua 8. Pesynbtat Tepmonusa yrns MectopoxaeHust MorovH-ron

Ratio Temperature, °C Hard residue Liquid product, % | Gaseous product, %
350 87.31 12.69 -
115 400 34.53 59.39 3.92
450 32.21 63.87 6.08
350 90.61 9.39 -
1:1.75 400 47.59 48.84 3.57
450 40.73 53.91 5.36

https://vuzbiochemi.elpub.ru/jjour =——————
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Fig. 6. FTIR spectrum: A — thermolysis liquid product; B — pyrolysis liquid product
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CONCLUSION

On the basis of proximate and ultimate analysis re-
sults, it has been confirmed that the coal of Mogoin gol
deposit is a high rank coking coal. The ash content of
concentrate of Mogoin gol coal is 1.5 times less than ini-
tial coal and is the result of good quality of enrichment.

Selecting the heating temperature regions and
explaining the process taking place in each region,
the thermal effects were recorded as endothermic
at 25-100 °C, exothermic at 360-590 °C, and endo-
thermic at 595-980 °C. The temperature value oc-
cursis T =470-590 °C. The calculated value of ther-
mal stability indices: T, =382.2 °C, T, =501.5 °C,

5%
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T,s, = 740.0 °C from the TG curve show that the Mo-
goin gol characterizes higher thermal stability than
for example brown coals.

The pyrolysis process has a yield of 71% hard
residue at 700 °C, low ash content and volatile mat-
ter yield, and high calorific value, which makes it pos-
sible to produce high quality smokeless fuel from Mo-
goin gol coal. As a result of the thermolysis experi-
ment, coal (coal:solvent = 1:1.5) processed at 450 °C
in a donor solvent tetraline with a high yield of
63.87%, the liquid product includes benzene and its
derivatives and aliphatic-alkylated aromatic hydro-
carbon compounds.

https://vuzbiochemi.elpub.ru/jour
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UccnepoBaHue BNUsHUA npupoabl nnactudgpukaTopa
Ha CBOMCTBa NONMNUMEP-OUTYMHbIX KOMMO3ULMNA METO40M
c¢nyopecueHTHON MUKPOCKONUN
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AHHOmauus. [JaHHas paboma nocssiueHa uccriedo8aHuro erusHUS npupoObi rniacmugbukamopa Ha ceolicmea
ronumep-6umymHbIX KOMIO3uyut mMemoOom ¢brlyopecueHmHOU MUKpOcKonuu. Ha ce2odHswHuULl 0eHb Heghmsi-
Hble GopoXHble 6BumMyMbl O cmpoumeribcmea asmomMobusibHbIX, MOCMOBbLIX U aspOOPOMHbLIX MOKPbIMUL He
yooenemeopsirom rpedbssnsieMbIM K HUM mpebosaHusiM o mpewjuHocmolKocmu, mensaocmolkocmu, ana-
cmuyHocmu, ab2e3uu K o8epxHOCMU MUHepasibHbIX Mamepuasos. BeedeHue 8 cocmas HeghmsiHbix O0POXHbIX
bumymos mepmoasiacmoniacmos, rnaacmuguKamopos U oeepxHOCMHO-aKMUBHbIX 8EULEC8 3Ha4uUmesibHO
rosbiwaem 3KcrislyamayuoHHbIe ceolicmea MoKpbImus. Haunydwue pesyribmambl rosyyYeHbl npu Ucrioss30-
8aHuu brokcononumepa cmuposia u bymadueHa, UHOycmpuarnbHO20 Macra U KamuOHHO20 MOBEPXHOCMHO-aK-
MUBHO20 8ewecmea Ha OCHoge ronnuamuHoamudos u nonuamuHoumuda3onuHos. Beibop e kadecmee rnacmu-
gukamopa uHOycmpuasbHo20 Macsa obycroeneH xopouwel co8MecmuMOCmMbio ¢ bumyMoM U NonuMePOM, a
markxe ebicokol memnepamypol ecribituku — 200 °C. CodepxkaHue napaghuHo-HaghmeHo8bIX yar1eeo00opodos
8 uHOycmpuasnbHom macne bonbwe 70%. Hecmompsi Ha 6onbwol obvem npoudsodcmea UHOyCmpuUaribHO-
20 macrna, Habrrodaemcsi ocmpbil Oehuyum 3mo2o rnpodykma HeghmexumMuu U3-3a WUPOKO20 MPUMEHEHUS,
103MoMy UHMeEeHCUBHO 8edymcsi uccedosaHusi 1o 3ameHe UHOycmpuanbHO20 Macsia 8 cocmase Cornosume-
pa rnonumepHo-bumyMHO esxxyue2o. B GaHHol pabome npedrnox)eHo UCMonb308aHUe 8 Kadecmee rnnacmu-
gukamopoe rpu co3d0aHuU MonuUMepHoO-bUMYMHO20 8sXKyuUle20 msiKeno2o 2a3olisisi, Moy4YeHHOo20 Npu Kama-
JIUMUYECKOM KPeKUHae U 3aMeOrieHHOM KOKCOBaHUU, MsKeriol CMOJIbI MUPO/u3a, aKcmpakma cefleKmueHoU
o4UCMKU Maceri, masioeo20 mMacna. B amou ces3u uccriedosaHo erusiHue rnpedrioXXeHHbIX nnacmugbukamopos
Ha KOJIIIOUGHY CMPYKMypy rosiuMepPHO-6UMyMHO20 8sKyuieao MemoooMm hiTyopecUeHmMHOU MUKPOCKOMUU.
UcxodHble nonumepHO-bumyMHble eskywyue rosnyyeHsl Ha npednpusmuu AO «AHXK» (2. AHeapck) no TOCT
P 52056-2003 «Bsixyuue nonumepHo-bumymMHbie OPOXKHbIE Ha OCHO8e br10KCcononumMepos murna cmupos—6y-
madueH—cmuporn». OnpedeneH 2pyrnosoli cocmas uccriedyembix rnacmugukamopos. [JokazaHo, 4ymo Ons
M071yHeHUS1 yCmoUYU8020 K PacciIOeHUI0 rouMepHo-bumyMHo20 eskywea2o mpebyromcs nnacmughukamops! ¢
codepxxaHueM apoMamuyeckux coeduHeHul 6onbuwe 60%.

Knroyesnbie cnioga: nonumepHo-6umymMHbie ssxyujue, ¢hryopecuyeHmHas MUKPOCKOMUS, niacmugbukamop,
HegbmsHoU AopOoXxHbIl bumym, coronumep cmupon—6bymadueH—cmupor
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Study into the effect of plasticizer nature on the properties
of polymer-bitumen compositions via fluorescence microscopy
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Abstract. The paper studies how the nature of the plasticizer affects the properties of polymer-bitumen
compositions using the fluorescence microscopy. The current petroleum road bitumen used for the construction
of road, bridge, and airfield pavements does not meet the requirements for cracking/heat resistance, elasticity,
and adhesion to the mineral material surface. Pavement performance characteristics can be significantly
improved by introducing thermoplastic elastomers, plasticizers, and surfactants into the composition of
petroleum road bitumen. The best results were obtained when using a block copolymer of styrene and
butadiene, industrial oil, and cationic surfactant on the basis of polyaminoamides and polyaminoimidazolines.
The choice of industrial oil as a plasticizer is attributed to its good compatibility with bitumen and polymer, as
well as its high flash point (200 °C). The content of paraffin-naphthenic hydrocarbons in industrial oil is over
70%. Although industrial oil is produced in large quantities, an acute shortage of this petrochemical product
is observed due to its wide application; thus, intensive studies are underway to replace industrial oil in the
composition of the polymer-bitumen binder. It is proposed to use heavy gas oil produced via catalytic cracking
and delayed coking, heavy pyrolysis tar, solvent-extracted oil, and tall oil as plasticizers in the creation of the
polymer-bitumen binder. In this connection, the effect of proposed plasticizers on the colloidal structure of the
polymer-bitumen binder was studied using the method of fluorescence microscopy. Initial polymer-bitumen
binders were produced at ANHK (Angarsk) according to GOST R 52056-2003 Polymer-Bitumen Road Binders
Based on Styrene-Butadiene-Styrene-Type Block Polymers. The group composition of the plasticizers under
study was determined. It was shown that in order to obtain a polymer-bitumen binder resistant to stratification,
plasticizers having a content of aromatic compounds of over 60% are required.

Keywords: polymer-bitumen binders, fluorescence microscopy, plasticizer, petroleum bitumen, styrene-
butadiene-styrene copolymer
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BBEOEHUE

OdbekTnBHOE pas3BUTME OOPOXKHOW CETU ABIS-
eTca crpartermdeckum npuoputetom ana Poccun,
MO3TOMY CTPOUTENBCTBO [AOPOXKHbBIX, MOCTOBBIX U
A9pOAPOMHbIX MOKPLITUIA C BBICOKMMW 3KCMIyaTaLuu-
OHHbIMM XapaKTepucTUKamMu npeacTaBnser cobow
aKkTyanbHyl0 npobrnemy. YCTaHOBMEHO, YTO Mpume-
HEHWE B Ka4yecTBe CBA3YHOLLUX OKUCIEHHbIX HEdTS-
HbIX BUTYMOB Npu Npom3BoacTBe actansTobeToHOB
He obecneymBaeT HeobxogmMmble TpeboBaHus K Tpe-
LLIMHOCTOMKOCTH, TEMSIOCTOMKOCTH, 3NacTUYHOCTMW,
agresvu K NOBEPXHOCTU MUHepanbHbIX MaTepuanos
Kncnblx nopog v gp. [1]. MNoBbiweHne kayecTsa no-
KpbITUIA yOaeTcs JOCTUYb NPU NCNONb30BaHUN MONU-
MepPHO-OUTYMHBbIX BsXXyLmx (MBB), koTopble cocTosT
n3 HedTAHOro gopoxHoro 6utyma (BHL), cononu-
Mepa, nnactudgumkaTtopa U NoBEPXHOCTHO-aKTUBHOMO

472

BewecTtBa (MAB). NMonumepHasa maTpuvua noBbIWAET
TemnepaTtypy pasmsardeHnsa u BaskocTtb MBB v npu-
AaeT NpoAyKTy 3nacTuyHble CBOWCTBA. Haunydwme
pesynbraTbl NOMyYeHbl NPY UCNONb30BaHMN BrIOKCo-
nonnmepa Ha ocHoBe cTupona u bytagueHa (CBC)
[2, 3]. MMAB obecneunBatoT Tpebyemyto agresvo K
MUWHeparbHbIM MaTepuarnam Kucrbix nopog. Nnactu-
duumpytome 0obaBkM JOMKHbI MOHWKATL TemMnepa-
TYPY XPYMKOCTU N HE OKa3blBaTb BMAHWE HA TeMne-
patypy pasmsardeHus NBEB. B kavectBe nnactudwm-
Katopa TPaguUMOHHO BbIOMPAKOT MHAOYCTpUarnbHoOe
Macro, T. K. Temneparypa ero Benbiwkm Bbile 200 °C,
kpome Toro, npu 140-150 °C oHO XOpOLLO COBMELLa-
€TCsl He TOMbKO C BGUTYMOM, HO U C COMOSNIMMEPOM.
KonnyecTtBo BBOAMMOrO MHAYCTpManbHOro macra B
MNMBB coctaenset ot 5 go 20% [1-4]. HecmoTps Ha
Oonbwon obbem ero npomsBoacTea, Habnwogaercs

https://vuzbiochemi.elpub.ru/jour
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OCTpbIV AenumnT 3TOro NpoayKTa HedTeEXUMUN U3-3a
LLIMPOKOrO NMPMMEHEHMS B KAYECTBE CMa304HbIX Mare-
pvanos B y3nax TPeHus TpyLmMXcs geTanemn CTaHKoB,
NPOKaTHbIX M BOMOYUIbHBIX CTAHOB, MPECCOB, MMApPO-
cucTem u gpyroro nogobHoro o6opyaoBaHus, NO3To-
MY WHTEHCUBHO BEAYTCS WUCCNeaoBaHWs No 3ameHe
nHOycTpuanbHoro macna B coctase 6B [5-9].
Llensto gaHHOM paboTbl ABNSETCA U3yveHne MeTo-
OOM dhryopecLeHTHOM MMKpOCKONuMU CTpykTypbl BB
Ha ocHose BH[ 100/130, cononumepa CBEC mapku SBS
CH 1301-1H n nnactudmkatopa pasnmyHomn CTPYKTYpbI.

OKCNEPUMEHTAJIbHAA YACTb

B kavectBe nnactuduumnpyrowmx godaBok Obinuv
NCNonb30BaHbl NPOMbILLIEHHbIE NPOAYKTbI HehTEXU-
MUYECKOW MPOMBILMIEHHOCTN 6e3 OOMONHUTENBHOM
OYUCTKM: Macno mHayctpuanbHoe M-40 B kavectBe
aTanoHa, TsKenbl ra3onnb, NofyYeHHbIN Npu KaTa-
nutndeckom kpekuHre (TITKK) n 3ameaneHHOM KOK-
coBaHun (TI'3K), Tskenas cmona nuponusa (TCIT),
3KCTPaKT cenekTuBHOM o4ncTkn macen (9COM), Tan-
noeoe macro cbeipoe (TMC). NonumepHasa matpuua
npeacraensana cobon cononumep Mapku SBS CH
1301-1H, koTopbin oTHocuTtes K Tuny CBC-kay4ykos.

pynnoBon aHanm3 BblIGpaHHbLIX NIacTUULMPYo-
Wmx Aobasok (Tabn. 1) ocyLLecTBNSANM MeTo40M TOH-
KOCMOWHON XpomaTorpaduu.

MnotHoCTE NnacTudmumpytowmx aobaesok onpe-
OEnann c NomoLLblo MMKHOMETPA M apeomeTpa, a
3Ha4YeHVe YCrNOBHOW BA3KOCTU — BUCKO3MMETPUYECKM
no CcTaHAapTHOW MeToAMKe.

U3yueHue cTpykTypbl BB nposogunu Ha npu-
6ope Levenhuk MED PrO 600 Fluo (Levenhuk Inc.,
CLWA).

Monyyenne moguduuymposaHHoro MNBB. K BHA
AobaBnanu paccyMtaHHOe KONMMYecTBO COMonume-
pa CBC, nnactucpumumpytowen gobaeku (M4) n npu
Temnepartype 175 °C nepemelunBanu B TeyeHue 6 4,
3aTeM BblAepXuBanu 2 4 npyv KOMHATHOW Temnepa-
Type. [MonyyeHHyl0 cMech oxrnaxganu B TepmocTare
0o muHyc 40 °C 1 3amopoxeHHoe NBB packanbiBanu
npu NOMOLLM HOXa, C 0Opa3oBaBLUENCS CBEXECKO-
NOTOWN MOBEPXHOCTM OTKanbiBanu Hebonblime dpar-
MEHTbI NIOCKOM hOpMbl M UCCNeaoBanyM METOAOM
hbnyopecLeHTHON MUKPOCKOMUU.

OBCYXOEHUE PE3YINIbTATOB

Cononumep CBC oTHOCKTCA K Brniokcononumepy u
COCTOWT U3 BrOKOB CTMUpona, pasaeneHHbIX brokamu
6vraaneHa:

—CH, —CH—CH,  CHy|—CH,—CHIy
c=c
/N
H H

polystyrene polystyrene
block black

W

polybutadiene hlock

https://vuzbiochemi.elpub.ru/jour

Broku, cocToswme ns nonMctupona 1 nonvbytagu-
eHa, Lennsscb «XBOCTaMU» OMH K ApyroMy, obpasytoT
CTPYKTYpY, HaNnOMMHaIOLWLYO CETKY, KoTopas obnagaert
pasHbiMM m3ndeckuMmn ceovcTtBamu. MonubytagneH
COXpaHsieT anacTnyHocTb A0 MuHyc 60 °C, a nonu-
CTUPOIbHbIE YaCTW OCTaKTCH XECTKMMU BNNOTb A0
TemnepaTypbl cTeknosaHus nonuctupona (~100 °C).
lMpu aToM Kaxgas yacTb comnonvMepa OTBeYaeT 3a
9MacTMYHOCTb B pa3HOM [AuanasoHe Temnepatyp,
noatomy cononumep CBC obnagaet anactu4HbIMK
CBOWICTBaMMU B LLMPOKOM TeMNepaTypHOM auanasoHe.
O6pasoBaHue Takux CTPYKTyp B BUTyme npm pacreo-
peHun B HeM Bnokcononumepa NpMBoanT K yBenuye-
HUto TennocTonkocTu NBB B cpaBHEHMN C UCXOOHbBIM
outymom' [10-12].

M3 aHanusa nutepaTtypHbiX AaHHbiX [13-19]
MOXHO 3aKkmunTb, 4TOo Hanbonee adpHEKTUBHbI-
MU nnactudumkaTtopamn ABRSKOTCA COegUHEHUS C
BbICOKMM COAEPXXaHMEM CMOST U apoMaTU4eCKux
coeguHeHUn, T. K. 3TM pakuum crnocodCcTByOT
pacTtBopeHuto cononmmepa CBC B BB n obpaso-
BaHWIO OQHOPOAHON U ycTOM4MBOM cmecu. Pesynb-
TaTbl rPyNMoOBOro aHanusa, 3Ha4eHnsa NIoTHOCTU U
YCMOBHOWN BA3KOCTU Nnactuguumpyrowmx gobasok
npueegeHbl B Tabn. 1. B ncxogHom BHJI konuue-
CTBO apoMaTWyecCKMX COeAWHEHWA cocTaBnseT
37%, a cogepxxaHue cmon paBHO 28%. 3HayeHus
nroTHocTu ncxogHoro bHA n nnactuduumpyrowmx
[006aBOK NPaKTUYECKM HE OTININYAOTCS U HAXOOATCS
B npegenax 0,869-1,063 kr/m3. BenuunHa ycnoe-
Hon BaA3kocTuM BH[ paBHa 253,6. lNMageHune aton
BENUYUHbLI Habnogaetca oT 15,4 po 2,7 B psagy
TMC—-3COM—WN-40—-TCIN—-TIr3K—TrKK. Konu-
YeCcTBO CMON BapbupyeTcd B npefenax ot 76 go
4% v noHwxaetcsa B pagy TMC—-TCIM-W-40-TTI-
KK—3COM—TI3K. CnepoBaTenbHO, WU3MeEHEHUe
YCINOBHOM BA3KOCTW Nnactuduumpyrowmx gobdasok
He 3aBUCUT OT cogepaHus cmon B obpasuax.

CopepxaHve apomMaTMyecKMx COedVHEHUA B
nnactucdukartopax ymeHbllaetca B psagy TITKK—
N-40—-TIr3K—-3COM—TCIMN—-TMC ot 66 go 12%.
Konnyectso napadunHOB 1 HadhTeHOB B Nnactudmka-
Topax noHwmxkaetcs ot 35 o 5%: TF3K—-3COM—TTI -
KK—W-40—-TCIM—-TMC. HepacTtBopuMble dpakumnm
(B netponerHom adgupe) npucytctBytoT B TMC un
TCI u coctaBnsoT 7 1 6% COOTBETCTBEHHO.

MpenBapuTenbHbIMKU 3KCNEPUMEHTAMU HaNOEHbI
onTumarnbHble cooTHoweHua BHL (100/130), cono-
nnmepa CBC (3%), MNMAB (0,2%) n nnactudukaTopa
(12%). MpoBegeHo nayyeHne nony4yeHHolx NEB me-
TOAOM (hriyOpeCcUEHTHOM MUKPOCKONMUN B OTCYTCTBUU
nnactuuumpyowmnx 0ob6aBok U YCTaHOBIEHO, YTO B
AaHHOW cucteme Habnopaetca paccrioeHne BHI u
cononvmMepa (3kcnepumeHT 1, Tabn. 2).

[obaBneHune atanoHHoro nnactudmkaropa M-40
(akcnepumeHT 2, cM. Tabn. 2) 6naronpuaTHO BANSIET
Ha pacnpefeneHue cononumepa, oTaenbHble YacTu-
Ubl, pacnpegeneHHble No BCen cucteme, cBUaETENb-
CTBYIOT O XOpOLUEeM COMPOTUBMEHMM K PACCIIOEHUIO.
Cwmecwu, npurotoBneHHble ¢ TI3K (akcnepumeHT 3, cm.
Tabn. 2) u TCI (skcnepuMeHT 4, cm. Tabn. 2), umetoT
paBHOMEpPHOE pacnpeaerneHre no Bcen cucteme npum
pa3HOM rpynrnoBOM COCTaBe, HO O4YeHb Gnnskoe Ha-
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XOXJEHUe YacTuL, YTO rOBOPUT O BO3MOXHOM 0bpa-
30BaHUM BONbLUMX YacTuL, KOTOpOEe AOMKHO MpuBe-
CTu K paccnoeHuto. Cmecu, npurotoBneHHble ¢ TTKK
(akcnepumeHT 5, cm. Tabn. 2) u 3COM (akcnepumeHT
6, cm. Tabn. 2), MMeT paBHOMEpPHOEe pacnpenene-
HMe Mo Bcew cucteme. VX BNUSIHUE OYEHb CXOXE C
3TanoHHbIM nnactudgukatopom MN-40, 4TO roBOPUT O
BO3MOXHoM 3aMmeHe -40 Ha QCOM mnun Ha TTKK npu
nonyyexumn MNBB. TMC B otnuume ot TCI1 cogepxut
fonbLIOEe KONMYECTBO CMOJ, YTO MPUBOAUT K NIIO-
XOMy pacnpegeneHuto nonumepa (dKCnepuMeHT 7,
cM. Tabn. 2).

Takum obpasom, BbICOKOE COAep)KaHue CMOI B
TrKK npenaTtctByeT paBHOMEPHOMY pacnpeaeneHunto

cononumvepa B MNBEB (akcnepumeHT 5, cM. Tabn. 2).
Komnoauuun, npurotoerneHHble ¢ TI3K un TCI,
UMelT paBHOMEpHOe pacnpegeneHne no BCeN
cucTteMe, HO crnefyeTt yuuTbiBaTb OYeHb Onuskoe
HaxoxdeHne komnoHeHToB CBC, noaTomy Henb3as
WCKIIOYMTb arfioMepusaunio YacTtuy, cononumepa
n, Kak cneacrteue, paccnoeHue MNBB. [Jo6asneHue
nnactunpuumpyrwmnx gobasok N-40, TTKK n 3COM
(akcnepumeHTbl 2—4, cm. Tabn. 2) B BB npusBoguT
K paBHOMEPHOMY pacnpeferneHnto cononumepa
B BH[. 3710 03HauaeT, 4yTO MnacTuduumpyrome
pobaBkm TIKK u 3OCOM mMoryt 3ameHuTb
WHAYCTpUanbHOe Macro (3KkcnepumeHThl 3, 4, CMm.
Tabn. 2).

Ta6bnuua 1. pynnoson aHanv3 nnacTnuumpyoLwmnx 4o6aBok

Table 1. Group analysis of plasticizing additives

ponywr | apoiomiae, | Conepiamte | onepuanne | CORSEIENMS BN | nnoruocrs, | YSnOSER
coeauHeHun, % | HadTeHoB, % cmon, % netponenHom adupe, % ricm npu 100 °C
BHAO 37 12 28 23 0,984 253,6
n-40 64 16 20 0 0,869 10,2
TrKK 66 27 7 0 0,971 2,7
Tr3K 61 35 4 0 0,942 3,4
TCN 55 15 24 6 1,063 4,5
OCOM 60 34 6 0 0,926 11,2
TMC 12 5 76 7 0,994 15,4

Tabnuua 2. PesynbTtathl MeToda dnyopecLeHTHON MUKPOCKOMNWK

Table 2. Results of the fluorescence microscopy method

Homep
SKCTIEPUMEHTa Cocras cmecu driyopecLeHTHble MukpodoTorpadgum
1 BHA (100/130), MAB (0,2%),
cononumep CBC (3%)
2 BHA (100/130), MAB (0,2%),
cononumep CBC (3%),
nnactudukatop M-40 (12%)

" 2XuToB P. I. Mony4yeHne 1 cBocTBa NONMMEP-OUTYMHBLIX KOMMNO3WUTOB: AMUC. ... KaHA. XMM. Hayk. MpkyTck, 2013. 121 c.

https://vuzbiochemi.elpub.ru/jour



Jlykun A. C., XKumoe P. I'., BasiHOuH B. B. u dp. UccnedoeaHue esiusiHUsI NpupoosbI ...
Lukin A. S., Zhitov R. G., Bayandin V. V. et al. Study into the effect ...

OkoH4yaHue mabn. 2

3 BHJ (100/130), MAB (0,2%),
cononumep CBC (3%),

nnactudukatop TI3K (12%)

4 BHA (100/130), MAB (0,2%),
cononumep CBC (3%),

nnactudmkaTtop TCIM (12%)

5 BHA (100/130), MAB (0,2%),
cononumep CBC (3%),

nnactudukarop TIKK (12%)

6 BHA (100/130), MAB (0,2%),
cononumep CBC (3%),

nnactucukatop 3COM (12%)

7 BHJ (100/130), MAB (0,2%),

cononumep CBC (3%),

nnactudukatop TMC (12%)

https://vuzbiochemi.elpub.ru/jour 475
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3AKINMIOYEHUE

Mnactndukatopsl, cogepxalime cmonbl 1 HadpTe-
HoBble hpaKkuUmM, NPENATCTBYIOT paBHOMEPHOMY pac-
npeaenexHnto cononmmepa B komnosuuun. MNnacrmndum-
umpytome nobasku TITKK 1 SCOM, koTopble cogepxat
apomaTmnyeckne coeguHeHust ot 66 go 60%, cnocob-
CTBYIOT paBHOMEPHOMY pacripefereHu1io cononmmepa
B BH[. Pesynbrathl metoga ¢nyopecueHTHOW MUKPO-

ckonuu npu npumeHeHnn TIKK n 3COM conoctaBrMbl
C TaKOBbIMW MPW MWCMONb30BaHUN WHAYCTPUANBHOIO
macna (M-40), n, cnegoBaTenbHO, 3T NnactTuuum-
pyloLme gobaBkM MOryT 3aMeHUTb WHAYCTpuanbHoe
macro B coctaBe NBB. OCHOBHOIM XapakTepUCTUKOM
MccnegoBaHHbIX NnacTuduumpyrowmx obaBok Ans
nony4veHunsa yctonunsoro MNBB sBnsetcs cogepxaHue
apomaTunyeckux coeguHeHnii 6onbiue 60%.
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AHHOmauus. [lonyyaembie buocuHmemuyeckum rymem ¢ rnomowbio bakmepul Pseudomonas no-
nu-3-azudpokcuankaHoamel ([1MA) saensiomces nepcrnekmueHolU 3aMeHoU mpalduUUyUOHHBIX [11acmuKos.
CHu3zumb cmoumocms npoudsodcmea A 3a cuem yMeHbWEHUS dHepao3ampam MOXHO fpu UCMOoslb-
308aHUU numMamersibHbIx cped, He rnpowedwux naposyto cmepunusayuro. KynbmusuposaHue bakmepul
Pseudomonas, ycmolidusbix k dodeyuncynbthamy Hampus (SDS), Ha codepxauwjux SDS HecmepunbHbix
cpedax roseosisiem nofy4ums buomaccy, cocmoswyo npeumywecmeseHHo u3 npodyuedma [1A. lNpu
amom SDS uepaem posnb aHMUMUKpobHO20 azeHma, 1odassisiou,e2o POCmM MoCMoOPOHHUX MUKPOOP2aHU3-
mos. B Hacmoswel pabome ucnonb3oganack SDS-ycmotivyueas Kynbmypa Pseudomonas helmanticensis
u cpeoldsl, codepxauwjue anuyepuHd u SDS. KoHyeHmpauyuu ucmoyHUKos8 yeanepoda (enuuyepuH) u azoma
ONMUMU3UPOBaHbI C MOMOUWbIO 3KCrepuMeHma, nocmaesneHHo20 o YyeHmpasabHOMY KOMMO3UUUOHHOMY
pomamabernbHOMYy rnaHy. Bapbuposanucb KoHuyeHmpauyusi cybcmpama C u coomHoweHue C/N mexdy
codepxaHuemMm 8 cpede enuuyepuHa U UCmMoYyHUKa azoma. [locmpoeHue 3agucumMocmu cmerneHu KoHeep-
cuu cybecmpama 6 NMA om C u C/N npoeoduriocs 6 cpede ripoepammuposaHusi R. [NlocmpoeHHass Mmoderb
adekgamHo orucbigaem aKcrnepuMeHmarnbHble 0aHHbIe rpu yposHe 3Hadumocmu 0,05 (Bucnepcusi adek-
8amHoOCMU pespeccuoHHo20 ypasHeHus1 4,1%x102, R?=0,98). PaccyumaHHasi ¢ rnomMowibio Mooesnu cme-
neHb KoHeepcuu anuyepuHa 8 MM cocmaensem 6,910,4%. B onmumu3uposaHHbix ycrosusx (0,61 a/n
ucmoyHuka asoma, 8,4 e/n enuuyepuHa, 96 4) P. helmanticensis koHeepmupyem 7,0% cy6cmpama e A
co cpedHeli OnuHolU MOHOMEPHbIX 38eHbe8. C noMouwbio Memaz2eHoMHo20 aHanusa 16S pPHK nokasaHo,
umo Qonsi NOCMOpPOHHUX bakmepul npu KynbmueupoeaHuu P. helmanticensis Ha HecmepurnbHoU cpede,
colepxawel 0,5 e/n SDS, cocmasnsiem 2%.

Knroyeesie cnoea: Pseudomonas helmanticensis, nonuaudpokcuankaHoamel, KyfibmusupogaHUe 8 Hecme-
pusbHbIx cpedax, 0odeuurncynbgam Hampus, 2rUyePUH

®duHaHcupoeaHue. Paboma eblirioniHeHa rpu ¢huHaHcosol rnoddepxke epaHma MuHucmepcmea Hayku u
sbicwezo obpasosaHusi P® (npoekm FGUS 2022-0003).

Anst yumuposarus: 3ybkos U. H., byknH tO. C., Copokoywmos I1. H., lWnwnanHukos C. M. NonyyeHne nonu-
rmgpokcmankaHoarta ¢ NoMOLLbO KyneTypbl Pseudomonas helmanticensis B HECTEpUNbHbLIX cpegax, coaepka-
LWMX rMUepuH n gogeuuncynedat Hatpus // N3asecTns By3oB. MNpuknagHaa xumusa n 6uotexHonorus. 2022.
T. 12. N 3. C. 479-484. https://doi.org/10.21285/2227-2925-2022-12-3-479-484.
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Abstract. Biosynthetically-produced Pseudomonas poly-3-hydroxyalkanoates (PHAs) are a promising
substitute for conventional plastics. Costs involved with the production of PHAs can be reduced by optimizing
power consumption, which can be achieved using nutrient media without preliminary steam sterilization.
Cultivation of Pseudomonas bacteria resistant to sodium dodecyl! sulfate (SDS) on SDS-containing non-sterile
media yields a biomass consisting predominantly of a PHA producer. SDS plays the role of an antimicrobial
agent that inhibits the growth of foreign microorganisms. In this work, an SDS-resistant culture of Pseudomonas
helmanticensis and media containing glycerol and SDS were used. The concentrations of carbon (glycerol)
and nitrogen sources were optimized using an experiment performed according to a central composite
rotatable design. The concentration of substrate C and the C/N ratio between the glycerol and nitrogen content
were varied. The dependence of the degree of substrate conversion in PHA on C and C/N was derived in
the R programming environment. The constructed model adequately describes the experimental data at a
significance level of 0.05 (adequacy variance of the regression equation 4.1x102; R?=0.98). According to
the constructed model, the conversion of glycerol to PHA equals 6.9+0.4%. Under optimized conditions
(0.61 g/L nitrogen source; 8.4 g/L glycerol; 96 h), P. helmanticensis converts 7.0% of the substrate to PHA with
an average monomer unit length. Using a 16S rRNA metagenomic assay, the proportion of foreign bacteria in
P. helmanticensis cultures on non-sterile media containing 0.5 g/L. SDS was shown to be 2%.

Keywords: Pseudomonas helmanticensis, polyhydroxyalkanoates, cultivation in non-sterile media, sodium
dodecyl sulfate, glycerol
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BBEOEHUE

Bruononumepbl o6nagatoT MHOXECTBOM NPenMy-
LLLeCTB MO CPaBHEHWMIO C TPaAULMOHHBIMWU NNacTu-
kamn. Cpean MHOXecTBa NpPUPOAHbIX NOMMMEpPOB
CBOMMMW CBOMCTBaMW BblAENATCA MNONUTMAPOKCU-
ankaHoatbl ([TA) — Guopasnaraemble MoOnNMau-
pbl, npoayuupyemblie OakTepusmu Pseudomonas
[1]. MIA aBnaTCa NepcnekTUBHOM 3aMEHOW CUH-
TeTUYEeCKUX MonnumMepoB. TeM He MeHee BbiCOKas
ctoumocTb npoussogctea MNIA orpaHunymBaeT ux
npumeHeHne. MHOXeCTBO COBpPEeMEHHbIX paboT
MOCBSLLEHO BOMPOCY CHWxeHus ctoumoctn [MMA
3a cYeT UCMOonb3oBaHWs AeleBblX cped ANnS Kyrb-
TBMpoBaHus [2—4]. OgHako 3HaYUTENbHYO YacTb
n3gepxxek COCTaBnAT 3HeprosaTpaTbl Ha NpoBe-
OeHne napoBoi cTtepunusauumn cpep. Msbexatb
cTepununsaymm MHorga MoXxHoO nNpu NCNorb30BaHUK
cped C BbICOKOW KOHLEHTpauuen conen [5, 6]. B
HEeKOTOPbIX Cryyasx MOXHO MPUMEHATb ApYryto
cTpaTeruio: MCcnonb3oBaTb cpefbl, coaepxalime
CUITbHBLIN MOHHBIA OeTepreHT (Hanpumep, nope-
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umncynbdart HaTpus, SDS) n npogyueHT, yctonym-
BbIi K 3TOMYy AeTepreHTy. [lobaBneHune SDS B cpe-
4y Ons KynbTUBMPOBaHMA B KONMU4ecTBe AECATbIX
Jonen rpaMma Ha NuTp No3BONSAeT No4aBUTbL POCT
HexenaTternbHbIX MUKPOOPraHM3MoB, OBOMbLUMH-
CTBO M3 KOTOPbIX MOABEPXKEHbI AEWCTBUIO OeTep-
reHTta [7]. CywecTBytoT bakTepun Pseudomonas,
crnocobHble k HakonneHuto MIA B NpucyTCTBMM [0
5 r/n SDS [8]. TakMe npoayueHTbl ABNAKTCA Hau-
6onee nNepcnekTUBHbLIMA C Y4ETOM BO3MOXHOCTM
X KynbTUBUPOBAHMS Ha HecTepunbHbix SDS-co-
aepxawlinx cpegax. B kadecTBe MCTOYHUKA yrnepo-
ga npu nonydeHun MNMIrA 4yacTo UCNonb3yoT rnuue-
pUH, obpasyowmiics B 6onbLUNX KONM4ecTBax npu
npoussoacTee dbuotonnuea [9]. bonblwoe BNusHNE
Ha NpoAyKTMBHOCTb OuocuHTesa [MIA okasbiBa-
eT KOHUEeHTpauus MCTOYHMKa asoTa: ero gedw-
UMT aKTUBUPYET HaKOMfEHWE KIEeTKOW 3anacHbIX
meTabonutoB. OrpaHuMyeHMe Mo asoTy cyMTaeT-
ca obwenpuM3HaHHOW cTpaTerven Makcummsaumm
Bbixoga A [10]. Hauny4ywmm ncTtoyHnkom asota
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ana  KynsTuBupoBaHus OakTepuin Pseudomonas
SABMSAOTCA CONU aMMOHUA — cynbdaT unm xnopua
[11]. Tak kak Ha BbIxo4 nNonMmepa Hambonbluee
BNUSHME OKasblBalT KOHLUEHTpauuMn UCTOYHMKOB
yrnepoga v asoTa, 3T ABa napametpa Haubo-
nee uenecoobpasHo onTUMU3NPOBATL MO MeToady
Bokca-YuncoHa [12, 13]. B kayectBe dakTopoB
ONTMMU3aLMN UCNOMb3YIOT, KaK NpaBuIo, KOHLIEH-
Tpaumto cybcTpata M OTHOLWIEHWE KOHLEHTpauumn
WCTOYHMKA yrnepoaa u asota [14].

Llenbto HacTosilwen pabotbl 6bina paspaboTka
npouecca npenapatuBHoro nonyveHus MNIA npu
nepnoanvyeckom KynetmusuposaHum SDS-ycTonyum-
BOW KynbTypbl P. helmanticensis Ha cpepax, co-
aepxawmnx rnuuepuH n 0,5 r/n SDS, koTopble He
noaBepranncb NapoBOW CTepUnM3aLuu.

OKCNEPUMEHTAJIbHAA YACTb

O6bekToM uUccnegoBaHWM — Criyxkuna  Kynstypa
P. helmanticensis, BbiaeneHHas n3 obpasua 3arpss-
HEeHHON nouBbl B JIeHnHrpagckon obnacTtu [15]. Kynb-
Typa xpaHuTcs Bo Bcepoccuickom HayqHo-uccreno-
BaTENbCKOM MHCTUTYTE NULLEBLIX 400aBOK — onnmane
«®HU, Muwesbix cuctem um. B. M. NopbaTtosa» PAH.

Wcnonb3oBaHHble B paboTe HeopraHwyeckue
CONU 1 MUUEPUH UMENN cTeneHb YNCToThI analytical
grade (Merck, l'epmanus).

BolpawmBaHme uHokynata (20 mn) n ocHoBHoe
kynstusuposaHue (100 mn) nposogunu B kondax 3p-
neHvenepa obbemom 750 mMn Ha wenkepe-nHkyba-
Tope npu Temneparype 28 °C 1 ckopocTu nepemeLlmn-
BaHuA 250 06/mMyH. Bece cpeabl 4ns KynsTUBMPOBAHNS
copepxanu 0,5 r/n SDS, 3 r/n Na,HPO,-12H,0, 2 r/n

PesynbTaTbl 3KCNepuMeHTOB MO ONTMMMU3aUnn BbIXoAa I'IOJ'IVI-3-FVI,CI,pOKCVIaJ'IKaHoaTa

Results of the optimization experiments

Ne C N CIN w Qo | No C N CIN w Uoin
1 5 (-1) 1,00 5(-1) 12 | 43 9 25 6,5
2 15 (+1) 3,00 5 (-1) 14 | 37 10 25 6,3
3 5 (-1) 0,33 15 (+1) 35 | 63 11 | 10(0) | 1,00 | 10(0) | 26 6,5
4 15 (+1) 1,00 15 (+1) 34 | 59 12 25 6,5
5 2,93 (-V2) 0,29 10 (0) 25 | 6,0 13 25 6,8
6 17,07 (+V2) 1,71 10 (0) 24 | 48
7 10 (0) 3,41 2,93 (\2) 9 3,3
8 10 (0) 0,59 17,07 (+\2) 37 | 67

MpumeyvaHne. YpoBHU hakTopoB nNpuBeaeHsbl B ckobkax. C — koHUeHTpauums rmuuepuHa (r/n), N — KOHLEeHTpauns NCTOYHW-
ka asorta (r/nn), w — copepxanue NrA B 6uomacce (%), q,,,,, — CTeneHb koHBepcuu rmuuepuHa B MIA (%).

KH,PO,-H,0 1 0,01 r/n MgSO,. CoaepxaHne nctouy-
HUKa yrnepoga (rmuuepuH) u asota (cmecb NH,CI
n (NH,),SO, B maccosoi nponopuumn 1:1) Bapbupo-
BanoCb COMMacHO LEHTParbHOMY KOMMO3WLMOHHO-
My poTaTabenbHOMY nnaHy akcnepumeHTa (Tabn.).
KncnotHoCcTb cpen ooBOAMNM A0 HEWTpanbHOro
3HauyeHusa (7,0) ¢ nomowbio 1N pactBopa NaOH.
Mo pocTuxXeHUn KynbTypoW MNO34HEN cTaumoHap-
Hon pa3bl pocTa (96 4 nocne Havana KynbTMBUPO-
BaHUs1) bomaccy oTAensanu LeHTpMdyrmpoBaHmem
(10 myH npu 6800 x g) n BbICcywIMBanu. BelgeneHne
MrA n3 cyxon 6nomaccsl NpoBOgUIIM NO U3BECTHON
MeToAMKE C NOMOLLbIO 3KCTPaKUMn XropodopMom
N nocnegywLwero OCaXaeHus nonMmepa xonopa-
HbIM 3TaHonoMm [16].

[MocTpoeHue 3aBUCMMOCTU CTENEHU KOHBEPCUU
cybctparta B NINA ot cogepxxaHna rmuuepuHa (C) n
OTHOLLEHMUS KOHLUEHTpauun rmuuepmnHa n NCTovHU-
ka asoTa (C/N) B cpefe ocylwecTBnanock B cpeae
nporpammmpoBaHua R'. Vcnonb3oBanacb ¢yHK-
umsa Im(). AgekBaTHOCTb MoZenu oueHuBanacb C
nomotubto F-kputepusa duwepa.

AHanu3 MOHOMEpPHOro cocTaBa MNONYyYEHHOro
nonumepa npoBoanncsa no metoguke [17], Bkntoya-
louen craguu metaHonusa obpasua (15% H,SO,

B MeTaHone, 4 4, 100 °C), akcTpakuum aHanMToB u
MX aHanuM3a MeTOAOM ra3oBOW xpomMartorpadun —
Macc-cnekTpomeTpumn Ha npubope Varian 450-GC
(Varian, CLUA), cHabxeHHoOM konoHkon WCOT
fused silica 50mx0,25mm ID Coating CP-Wax 58
(Varian, CLUA), n macc-cnektpomeTpnyeckum ge-
Tektopom Varian 240-MS (Varian, CLUA). Ycnosus
XpomaTorpacnyeckoro pasgerneHvsi aHanoruyHbl
onucaHHbIM B pabote [17]. KonnyecTBeHHOe onpe-
neneHne moHomepos [MIA ocywecTBNANocb ¢ No-
MOLLbIO BHYTPEHHEro ctaHgaprta (2-rugpokcnbeH-
30MHOM KUCNOTHI).

Hannuve nocTopoHHUX GakTepuii Npu KynbTu-
BMPOBaHMM Ha HECTEPUNIbHOW cpefe KOHTponu-
poBafiocb C NMOMOLLbD MeTabapKogMHIOBOrO aHa-
nu3a o6pasua [OHK, BbloeneHHoOro m3 KynbTypbl
KNeTok Ha cTaumoHapHon ¢ase pocTa. dparmMeHT
V3-V4 reHa 16S pPHK 6bin anmnuduumpoBaH ¢
NOMOLLbIO yHMBepcanbHbiXx npumepoB 343FL u
806R. bubnuotekn ans CekBEHNMPOBaHUS MO TEX-
Horormn lllumina MiSeq O6bIMM NOArOTOBMEHLI C
nomowibto NEBNext Ultra Il DNA Library Prep Kit
(New England Biolabs, CLUA). Pacwudposka
16S pPHK npoBogunack Ha reHeTU4eCckoOM aHanu-
3atope MiSeq (lllumina, CLLUA) ¢ ucnonbsosaHnem

'R: A language and environment for statistical computing. R Foundation for Statistical Computing [OnekTpoHHbIl1 pecypc].

URL: https://www.R-project.org/ (17.03.22).
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Habopa MiSeq Standard Kit v.3 (lllumina, CLUA).
AMNIIMKOHbI aHanM3npoBanu ¢ NOMOLLbIO Nporpam-
Mbl Mothur v.1.47.0 no ctaHgapTHom cxeme MiSeq
SOP [18]. OTdhunbTpoBaHHbIE MOCNEAOBATENBHO-
CTV BbINN BbIPOBHEHDI, CrPYNMNMPOBaHbl U TAKCOHO-
MWUYECKN UOEHTUPULNPOBAHBLI C UCMNOMb30BaHNEM
6asbl gaHHbIX SILVA 123.

OBCYXOEHUE PE3YJIbTATOB

Pesynbratbl 9KCNEepMMEHTOB MO  ONTMMM3auuu
KOHLIeHTpaumn nctodHunkos yrnepoga (C) n asota (N)
npvBeaeHbl B Tabnuue. Ha ocHoBe NonyYeHHbIX gaH-
HbIX NOoCTpoeHa yHKuMs (1), BbipaxatoLas 3aBncu-
MOCTb CTeneHu koHeBepcuu rmuuepvHa B MMA (q,,,)
OT KOHueHTpaumi cybectpata (C) M COOTHOLUEHUS
(C/IN).

2 2
dppa(%) = 0,351C +0,792C/N -0,021C -0,029(C/N) > (1)

rae q,,,, — CteneHb kKoHsepcun rmuuepuHa B MNMA, Bbl-
paxkeHHasi B npoueHTax;C — KOHUEHTpauus rmmuepu-
Ha (r/n);C/N — OTHOLLEHNE KOHUEHTpaumi rmuuepuHa
N NCTOYHUKA asoTa.

KoHTypHasa kapTa nony4yeHHon yHKUMK nokasa-
Ha Ha PUCYHKe.
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KoHTypHas kapTa yHKLUM 3aBUCUMOCTU CTENEHU
KOHBEpCUM rmuueprHa
B Nonu-3-ruipokcuankaHoaTt oT KOHLEHTpaUWi rmuuepuHa
(C) n oTHOWWeHHMs (C/N)

Contour map of the dependence of glycerol conversion
to PHA on glycerol concentration (C) and C/N ratio

Oucnepcua  BOCNPOM3BOAUMOCTY  pPe3yrnbTaToB
3KCMepUMEHTa (paccuMtaHa Mo KynbTMBUPOBaHUAM
9-13) coctaBnsiet 3,1x102, a gucnepcusi agekBaTHO-
CTW NOCTPOEHHOW perpeccroHHon mogenu —4,1x10%2,
CootBeTcTBylOLLEE 3HAYeHUe F-kpuTepus pasHo 1,3.
TabrnmuHoe sHaveHne F-kputepusa (F_ (0,05;5;4)=6,3)
npesbilaeT paccyuTaHHoe. CnegoBaTenbHO, Mpu
ypoBHe 3HayumocTn 0,05 nocTpoeHHas Mogernb
afeKBaTHO OMNWCbIBaeT 3KCMepUMMEeHTanbHble AdaH-
Hble. Hanbonbliaa cTteneHb KOHBEPCUU ruuepuHa

B MIMA (6,9+0,4%), cornacHo mogenu (1), gormkHa
HabrnogaTbcsa Npy KoHUEeHTpauusax cybctpata 8,4 r/n
n cmecu conern ammonua 0,61 r/n. MonywwmpurHa go-
BEPUTENBHOMO MHTepBana AgaHHoro 3HadeHus (0,4%)
paccyMTaHa C NOMOLLbIO AUCNEPCUM BOCNPOM3BOAU-
MOCTU 1 KpuTepusi CTblogeHTa Npy YpoBHE 3HAYMMO-
ctn 0,05. MNpu kynsTnBMpoBaHun P. helmanticensis B
yKasaHHbIX ycroBusix obpasyetcs 0,59 r/n MNlrA (cre-
neHb KoHBepcumn cybeTpata B npodykT 7,0%).

[Mony4yeHHbIN B ONTUMWU3MPOBAHHBIX YCIOBUSIX
(8,4 r/n rmuuepwuHa; 0,61 r/n ncrouHuka asora; 0,5 r/n
SDS; Bpems KynsTrBnpoBaHus 96 4) nonMmep cocTo-
UT M3 OCTaTKOB rMAPOKCUMrekcaHoBon (7%), rmopok-
cumokTaHoBon (46%), rmapokcugekaHoBon (25%) wu
rmapokcugodekaHoBon (25%) kucnor, T. e. npeacTas-
nset cobown obpasel NMIA co cpeaHen AMHOM MOHO-
MepHbIX 3BeHbeB (Mcl-MTA). YucTtoTta BblgeneHHOro
obpasua nonmmepa coctaenseT okono 99%.

CornacHo pesynsratam MeTareHOMHOro aHanusa
B coobLiecTBe, 0b6pasyroLeMcsi NpuU KynsTUBMPOBaA-
HuKn P. helmanticensis B HeCTepuUnbHOM cpeae, coaep-
Xawen 8,4 r/n rmuuepuHa, 0,61 r/n uctovyHmka asora
n 0,5 r/n SDS, gons npogyueHta INIFA coctaensier
98%. Hannumne SDS nogaensieT poCT NOCTOPOHHMX
OakTepuii npu KynstuBupoBaHun P. helmanticensis
B Cpede, cofepXallen rnuuepuH. 3To nogasrneHve
ycunuBaeTcs OMOreHHbIMW geTepreHTamu, KoTopble
NPUCYTCTBYIOT B KyrnbTypax baktepun Pseudomonas
[19]. CoBmecTHOE gevictBue SDS (Ha cTaumoHapHOM
¢ase pocta) n buogeTepreHToB (B TEYEHUE BCErO
nepvoga pocra), obrnagatoLwmx aHTUMUKPOOHON ak-
TMBHOCTbIO [19], obecnednBaeT HMU3KYI OO NOCTO-
POHHUX MWKPOOPraHM3MOB MpU KyNbTUBUPOBAHWM
P. helmanticensis B HecTepunbHOM cpeae.

BbIBO[bI

Mcnonb3oBaHue cpen, coaepXalimx rmuuepuH u
0,5 r/n SDS, no3sonsieT NpoBoANTbL NepUoanNYecKoe
KyneTuBmpoBaHue P. helmanticensis B HecTepurb-
HbIX ycrnoBusix. ONTMMM3NPOBaHbI NapameTpbl Mpo-
BefeHus BruocuHTeTnyeckoro nonyyenua MrA ¢ no-
mMowbto P. helmanticensis B HecTepunbHon SDS-co-
aepxawlen cpepe. lNpu yposHe 3HaummocTtn 0,05
NOCTPOEHHas Moaenb afekBaTHO OMMUCLIBAET 3KCMe-
pUMEHTanbHble JaHHblE (OUCNEepcUst adekBaTHOCTM
perpeccuMoHHoro ypasHeHus 4,1x102; R? = 0,98).
OnTumanbHas KOHUEHTpauums rmuueprHa cocTaBns-
et 8,4 r/n, a uctoyHmka asota (cmecb cynbdarta u
xnopuaa ammonusa 1:1) — 0,61 r/n. B aTnx ycnosusix
P. helmanticensis HakannueaeT 0,59 r MNI'A Ha nuTp
cpenpbl, cteneHb koHBepcun rnuuepuHa B MIMA co-
craenset 7,0% (npegckasaHHasi MOgENbLO BENMYNHA
— 6,910,4%). C noMOLlb0 METAareHOMHOTO aHanu3a
16S pPHK 6bino nokasaHo, 4to P. helmanticensis
npeobnagaer B KynbTypax, MOMy4YeHHbIX B HecTe-
PUNBHBIX YCIOBUSAX.
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BnuaHune nportaTtpaHoB Ha hu3nornornyecKkme napameTpbl
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AHHOmMauyusi. B cospemeHHOM ceribCKOX035UCMBEHHOM rpou3eoocmee Ossi  yrpaesnieHus rnocesamu
ronesbIx Kyrbmyp, CHUWXEHUS ompulamerbHOo20 61usiHUs abuomuyeckux ¢hakmopos cpeldbl, MosbiueHUs]
npodykmueHocmu U Kadecmea rpolyKUyuU UCrob3yrom XUMUYeckue coeOUHEHUs — aHaroau 3HOO02eHHbIX
¢pumozopmoHos. @u3suoriocudeckass UeHHOCmb psda smux eewecms obycriogrieHa CriocobHOCMbHO
ysenu4ueams ycmouldugocmb pacmeruli K HebrazornpusmHbiM  ghakmopaMm cpeldbl. [losbileHHbIU
uHmepec K nodobHbIM rpenapamam cesi3aH C UX He8bICOKOU CMOUMOCMbIO U 3¢hgheKmMUBHOCMbIO 8 HU3KUX
KOHUeHmpauusix. MIsydyeHo efusiHue cMecu npomampaxos (a, b, ¢) 8 HU3kux koHueHmpauusix (10°u 10° a/n)
Ha u3MeHeHue uU3UOI02UHECKUX MapamMempos (pocmosbie xapakmepucmuKu, 800HbIU cmamyc) spoeol
nweHuubl (Triticum aestivum L.) 8 ycriogusix xnnopudHo20 3acorneHusi. PacmeHus ebipaujusanu e nabopamop-
HbIx ycriogusix 8 kamepe CLF PlantClimatics, 20e HeobpabomaHHbIe u 06pabomaHHbIe XUMUYEeCKUMU coedu-
HeHUsIMU ceMeHa sipoeoll MWEeHUUb! OUeHUB8asuU o U3MEHEHUI0 MOPOI02uYeCcKUX U ghu3uo102u4ecKux rno-
Kasamerel 8 ycriogusix corniegoeo cmpecca (150 mM NaCl). AHanus rony4YeHHbIx OaHHbIX roKasars, 4mo fnpo-
mampaHhbl! MOIOXUMESIbHO 8/IUSIFOM Ha MopghoMempuYeckue napamempsl U 800HbIU cmamyc pacmeHud rnpu
delicmsuu xmopudHoeo 3aconeHusi. Tak, uccnedyeMble geujecmea yMeHblarom UHaubuposaHuUe pocmosbixX
npoueccoes npu xnopudHom 3aconeHuu. Obpabomka cemsiH uccrnedyeMbiMU eeujecmeamu npueooum K
y8ernu4eHuU0 0800HEHHOCMU MKaHel U yMeHbWEeHUI nadeHusi OCMOMUYeCcKo20 nomeHyuasna 8 Jiucmesx u
KOpHsAX. Xumuyveckue coeOQuUHeHUs1 npomampatbl, He3aguUCUMO Om COOMHOWEHUs] cMmecu, criocobcmeyrom
yryHweHur 800HO20 pexuma pacmeHull U cMs24arom ompuyamersbHoe delicmeue x/10puOHO20 3acoseHuUst
Ha pocm pacmeHudl.
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Abstract. In order to manage field crop production, reduce the negative impact of abiotic factors, and increase
productivity and product quality, the modern agricultural industry uses chemical compounds analogous to endogenous
phytohormones. Some of these substances are physiologically valuable due to their capability to improve the
resistance of plants to adverse environmental factors. The increased interest in such preparations can be attributed
to their low cost and effectiveness at low concentrations. The effect of a protatrane mixture (a, b, ¢) on changes in
the physiological parameters (growth characteristics; water status) of spring wheat (Triticum aestivum L.) was studied
at low concentrations (1076 and 107° g/L) under chloride salinity conditions. The plants were grown under laboratory
conditions in a CLF PlantClimatics chamber, in which untreated and chemically treated spring wheat seeds were
evaluated for changes in morphological and physiological parameters under salt stress conditions (150 mM NaCl).
The analysis of obtained data revealed that protatranes have a positive effect on the morphometric parameters and
water status of plants under chloride salinity conditions. Thus, the examined substances decrease the inhibition of
growth processes under chloride salinity conditions. The treatment of seeds with the studied substances increases
the tissue water content while decreasing the osmotic potential drop in leaves and roots. Irrespective of the mix ratio,
protatranes help to improve the plant water status and mitigate the negative effects of chloride salinity on plant growth.

Keywords: wheat, chloride salinity, protatranes, osmotic potential
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BBEAEHUE aHanorn UTOrOPMOHOB — apwunxarnbKoreHunauera-

ApanTtaumsi pacTeHun kK HebnaronpuaTHbIM aKTo-
pam cpefbl (3aconeHne) conpoBoXxaaeTca MeTadbonu-
YECKUMU U3MEHEHUSAMU, KOTOPbIE NPUBOASAT K HaKoO-
NMEHWIO BELLECTB ANA 3aLUUThI KIETOYHbIX CTPYKTYP U
npoueccos, AN noaaepXaHus MOHHOro roMeocTasa,
YMEHbLUEHNST CBOOOAHbLIX PafuKanoB, 3KCMNPeCccuu
onpegerneHHbIX 6enkoB, perynaumum nx reHoB 1 MHOYK-
uun puUToropMmoHoB [1-3]. PUTOrOPMOHBI — 3TO Coe-
OWNHEHUS, KOTOPbIe KOHTPONUPYOT MHOrMe usmono-
rmyeckne m BMOXMMUYECKNE MPOLIECCHI B PacTEHUSIX
[2, 5]. OHM UrpatoT XKU3HEHHO BaXKHYIO POrib B peakuum
pacTeHMn Ha abMOTUYECKMI CTPECC N MMEIOT peLua-
loLLlee 3HaYeHne ang MogynupoBaHus usmnonornye-
CKMUX peakuuii, cnocobCcTByOLWUX aganTaumm K Hebna-
rONpUATHBIM YCNOBUSAM OKpyatoLen cpegbl [6-8].
[MonyyYeHoO MHOrO AaHHbIX O AEUCTBUN CUHTETUYECKMX
COEeUHEHUN, MOMOXUTENbHO BAUSIOWNX Ha POCT U
pasBuTME pacTEHUI M NOBbILLAIOLLNX UX YCTONYMBOCTb
K HebnaronpusTHelM dhakTopam BHeluHen cpegbl [9].
Oco06bIi HTEpEC BbI3bIBAKOT AOCTYMHbIE U HEAOPOrMe
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Tbl TPUC(2-rMOPOKCUITUIT)aMMOHMS, TaK Ha3blBaeMble
npoTaTpaHbl, KOTOpPbIE B KpaWHEe HWU3KUX KOHLEHTpa-
UMSIX OKa3anucb MOLLHbIMKM BrocTMynsTopamu pas-
nn4yHbIX Bruonornyeckux npoueccos [10]. Bo-nepsbix,
obbeanHeHne 2-x BUONMOrnMYeckn akTUBHbBIX KOMMO-
HEHTOB (@pUIIXarbKOr€HUITYKCYCHbIX KUCMOT U amu-
HOCMMPTOB) B OAHOW Monekyne obecneymBaeT Ux cu-
HepreTudeckui adbdekT [11]. Bo-BTOpbIX, yHUKanbHas
CTPYyKTypa aTpaHOoB, B YaCTHOCTM npoTaTpaHoB, obe-
CMeynBaeT nerkyr XmmMumdeckyro agcopbumio Ha no-
BEpPXHOCTWN Buonornyecknx membpaH v aanbHenee
npoHukHoBeHWe B kneTky [12]. Llenb uccnegosaHus
COCTOsiNA B U3YYEeHUU BMUSIHUS NpOTaTpaHoOB Ha hu-
3uonormuyeckue NpoLLecchl ApOBOK MLUEHULbI NPU XIO-
PVAHOM 3aCOfIEHNN.

9KCNEPUMEHTAJIbHAA YACTb

B nccnegoBaHusx ncnonb3oBanu ceMeHa neHu-
ubl copta HoBocmbupckas 29. Ha ocHoBaHnun npea-
BapuTENbHbLIX AaHHbIX [4] 06paboTKy cemsiH NpoBO-
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Ounu cmecbio npotatpaHoB (puc. 1), a UMEHHO Be-
wecteoMm (CP1) n Bewecteom (CP2) B KOHLEHTpauum-
ax 10-6 n 10-9 r/n coorBeTcTBEHHO. Beluectso CP1
npeacraenseTr cobon cmecb a+b+c (cooTHoweHne
1:1:10 cootBeTcTBEHHO), BewectBo CP2 — cmech
a+tb+c (cootHoweHune 10:1:1 COOTBETCTBEHHO).

[ns onpegeneHus mopdhoMeTpudeckux napame-
TPOB (ONIMHbI PacTEHUN U KOPHEN) B Kaxgowm Ouvo-
Nornyeckon NOBTOPHOCTU npoBogunu no 50 Hesa-
BUCUMBbIX U3MepeHun. OTHOCUTENbBHOE codepXaHne
BoAbl n3mepsanu cornacHo P. 3. Cmapty u . 3. buH-
rxamy [13]. OcmonsipHOCTL coka (C) onpegensanu c
nomowbio ocmomeTpa OMKA 1U-01 (HNO «Meg-
naboptexHuka», Poccusa) n nepesogunu B Mla no
dopmyne: Ws (Mla) — -cx2,58x10° no ypaBHEHUIO
BaHT-Tohdha [14]. Bce akcnepvmeHTanbHble AaH-
Hble 6bINM NOABEPrHYTbI CTaTUCTUYECKOMY aHanuay
¢ ncnonb3osaHnem SigmaPlot ana Windows 14.0.

© o
C|@OCH2002 . HN(CHQCHon)s (a)

o ®
C|QSCH2C02 * HN(CH,CH,0H); (b)
e ®
CI—< >—soch2c02- HN(CH2CH,0H)3 (c)

Puc. 1. CTpykTypa uccrnegyemMbix BeLLECTB
Fig. 1. Structure of investigated substances

OBCYXOEHUE PE3YNIbTATOB

AHanua nony4eHHbIX JaHHbIX NOKasarn, YTo pocT
HaZ3eMHOM YaCTU U KOpHEen SpOBOW MLUEHUL bl 3Ha-
ynuTenbHO cHuXxancsa Ha 35 v 67% noa oencTBu-
eMm NaCl (150 mM) no cpaBHEHMIO C KOHTpoONeM
(tabn. 1). NMpumeHeHne Bewects CP1 n CP2 gns
00paboTKkn ceMSIH CTaTUCTUYECKM 3HAYNMO CHUXKa-
no uHrubupytowee gencrene saconeHns NaCl Ha
pPOCT KaKk Haa3eMHoW YacTu pacteHun (23%), Tak u
kopHen (55%). MonoxnTenbHoe AencTBMe pPoOCTO-
BbIX BellecTB Ha ocnabneHve BNUSHUSA COMNEBOro
cTpecca Ha pocT pacTeHun BbINo NokasaHo Apyru-
MW MCCnefoBaTensiMn Ha nNpMMepe MHAONMUM-3-yK-
cycHon kucnotbl (UYK) [15, 16]. Beino npegnono-
XKeHOo, 4To 3k3oreHHoe fnobasneHne NYK komneH-

cupoBano ee HegocTaToK, BO3HUKalLWMWA u3-3a
3aconenus [17].

HaHHble npeactaBneHwbl B Buge MiSD (n=4).
K — HeobpaboTaHHble ceMeHa (koHTponb); K+CP1 —
cemeHa, obpaboTaHHble BewecTBoMm Ne1 6e3 cTpec-
ca; K+CP2 — cemeHa, obpaboTaHHble BeLlEeCTBOM
Ne2 Ge3 cTpecca; X3 — HeobpaboTaHHble cemeHa
npwu genicteum 150 mM NaCl (ctpecc); X3+CP1 — ce-
MeHa, obpaboTaHHble BelecTBom Ne1 npu cTpecce;
X3+CP2 — cemeHa, obpaboTaHHble BewecTBom Ne2
npu ctpecce. PasnuyHbIMKU HagCTPOYHbIMKU OykBa-
MM MoKasaHbl CTaTUCTUYECKM 3HAYMMble pasnnyns
npu P<0,05 (meton [yHkaHa), oguMHakoBble OyKBbl
AEMOHCTPUPYIOT OTCYTCTBME Pasnnyni.

BospgenctBne comneBoro crtpecca [OCTOBEPHO
CHMXANo OCMOTUYECKUIA MOTeHuMan B JIUCTbAX WU
KopHsx (puc. 2, C), a Takke OTHOCUTENbHOE Coaep-
XaHue Bogpl (puc. 2, A) B 9TUX opraHax no cpas-
HEHWIO C KOHTporeM. [NpuMeHeHne CUHTETUYECKMX
BewecTts CP1 n CP2 (obpaboTka cemsiH) npu xrio-
pPUOHOM 3acofneHuMn CcrnocobCTBOBaNoO MeHbLUeMY
nageHnto 0OCMOTUYECKOro noTeHumnana (puc. 2, D) n
HOopMarnu3auuun cogepxaHus soabl (puc. 2, B) B Tka-
HAX HAaA3eMHOM 1 KOPHEBOW YacTen pacTeHUN.

CnepyeT OTMETUTb, YTO Y pacTeHUN, BblpalleH-
HbIX M3 CeMsH, 0b6paboTaHHbIX TECTUPYEMbIMU Be-
LLLeCTBaMM 1 He NoaBepraeMbIX CTPECCY XITOPUOHBLIM
3aconeHneM, OTHOCUTENbHOE copepXaHue BoAbl U
OCMOTUYECKMIA NOTEHUMan B KOPHSAX U NUCTbAX He
OTNMYanncb OT KOHTPOSbHLIX pacTteHun. Cnocob-
HocTb BelwectB CP1 n CP2 cHwxaTb nageHue oc-
MOTMYECKOIO NoTeHumMarna, BO3MOXHO, obycrnoBneHa
perynsiumen KneTovHbIX TPaHCMOPTHBLIX cuctem, obe-
CMEeYnBaloLLMX TPaHCMEMBpaHHbIN TPaHCNOPT NOHOB
HaTpusa u kanusa [18, 19]. AHanornyHasa peakuus npu
obpaboTke NMMCTbEB MWweHuUbl BpaccnHocTepovaa-
MU B Mepuopg 3aconeHnsa nokasaHa B pabore A. Ka-
cuma um gp. [20].

3AKINIOYEHUE

B pesynbtate npoBeaeHHbix nabopaTopHbIX
uccnefoBaHUn O  BAWSHMM  NPOTaTpaHOB B
MUKpOKOoHUeHTpaumsax (108 n 10° r/n) Ha ycTonum-
BOCTb SIpPOBOM MLUEHWLbI K XITOPUOHOMY 3aCONEHUI0
YyCTaHOBIMEHO crneaytoLLee:

— obOpaboTka ceMsaAH cMecsaMu npoTaTpaHOB
(CP1 n CP2) cHwxaeT umHrmbupytowmnn adgekt
POCTOBbIX MPOLIECCOB HAA3EeMHOW YacTu U KOPHEN
npu ctpeccosblx ycrnosusax (150 mM NacCl);

Ta6nuua 1. BnuaHve npotaTpaHoB Ha AnNvHy pacteHuin n kopHer npu NaCl (150 mM)

Table 1. Protatranes influence on the length of plants and roots with NaCl (150 mM)

BapuaHThbl [nvHa Hag3emMHOM YacTn, MM [nvHa kopHen, Mm
K 197,61£16,32¢ 126,9+20,92
K+CP1 202,3+13,5% 109,5+24,6
K+CP2 200,9+17,3¢f 108,1+£20,0¢

X3 121,8+27,0¢ 41,5+£10,6¢
X3+CP1 145,0+20,7" 57,5+15,5"
X3+CP2 146,9+24,3" 60,1+£15,2"

https://vuzbiochemi.elpub.ru/jour

487



IMomopuee A. B., Jopogheee H. B., AGamoeuy C. H. u dp. BnussHue npomampaHos ...
Pomortsev A. V., Dorofeev N. V., Adamovich S. N., et al. Effect of protatranes ...

100

A

1

OTHOCUTENbLHOE COAEPXKAHWE BOALI B NNCTbsX, %

K K+CP1 K+CP2 X3  X3+CP1 X3+CP2

0,0

(i

ab

OTHOCUTENLHOE COAEPXAHWE BOABI B KOPHAX, %

-l
m
m
m
_1

K+CP1 K+CP2 X3

=
w
+
(o]
2

X3+CP2

10

A5F

I

d

OcmoTHYeckWii noTeHyMan B nucTbax, Ma

& ©

ab

c

{-10

.

d

OCMOTHYECKUH NoTEeHUWan B KopHsax, MMa

L |
D ab

K K+CP1 K+CP2 X3 X3+CP1 X3+CP2

. . . . . 25
K K+CP1 K+CP2 X3  X3+CP1 X3+CP2

Puc. 2. BnuaHue npotatpaHoOB Ha OTHOCUTENBHOE coAepXaHue Bogbl B NUCTbAX (A), KOpHAX (B) n ocmotuyeckuin
noteHuman (Ws) B nnctbsix (C), kopHsix (D) npu gevicteum coneoro ctpecca (150 mM NaCl). K — HeobpaboTaHHble
cemeHa (koHTponb); K+CP1 — cemeHa, obpaboTtaHHble BeliectBom Ne1 6e3 ctpecca; K+CP2 — cemeHa, obpaboTaHHbie
BelecTBoM Ne2 6e3 ctpecca; X3 — HeobpaboTaHHble cemeHa npu genctemumn 150 mM NaCl (ctpecc); X3+CP1 — cemeHa,
obpaboTtaHHblie BelwecTBom Ne1 npu cTpecce; X3+CP2 — cemeHa, obpaboTaHHble BewectBom Ne2 npu ctpecce. [laHHble
Mo COAEPKaHWI0 OTHOCMTENBHOW OBOAHEHHOCTY NpeacTaeneHbl B Buae M+SD (n=3). [JaHHbIe N0 OCMOTUYECKOMY
noteHumany — B Buae meguanel (n=3). bBapamu npeacraeneHbl 25 n 75%-e npoueHTUNN. BykBamu nokasaHbl
cTaTUCTUYeCKM 3Haunmble pa3nuyns npu P<0,05 (metog CTbloaeHTa-HbtomeHa-Kennca)

Fig. 2. Protatranes influence on the relative water content in leaves (A), roots (B) and osmotic potential
(Ws) in leaves (C), roots (D) under the action of salt stress (150 mM NaCl). K — untreated seeds (control); K+CP1
— seeds treated with substance no. 1 without stress; K+CP2 — seeds treated with substance no. 2 without stress;
CS, untreated seeds exposed to 150 mM NaCl (stress); XZ+CP1 — seeds treated with substance no. 1 under stress;
X3+CP2 — seeds treated with substance no. 2 under stress. Data on the relative water content are presented as M+SD
(n=3). Osmotic potential data are presented as a median (n=3). Bars represent 25 and 75% percentiles. Letters show
statistically significant differences at P<0.05 (Student-Newman-Keuls method)

— npotatpaHbl (CP1 n CP2) npn pencrteum
XJTOPMAHOrO 3acOfiEHUst CNOCODOCTBYHOT MEHbLUEMY
nageHuto 0CMOTUYECKOro NOTEeHUMana v yny4dwatoT
BOJHbIN CTaTyC pacTeHun;

— AaHHble BelwecTBa MOryT paccmMmaTtpmBaTbCA
KaK BO3MOXHbl€ CTpeCC-NpoOTEeKTOpbI paCTeHVII7I
ana npuMeHeHna B CeJibCKOM X035NCTBE.
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