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MEMBPAHBI HA OCHOBE HEJJIO®AHA /UUIS1 OYUCTKHU
BOJHBIX CPEJI OT 3ATPSI3HUTEJIEHN PA3JIMYHOM ITPUPO/IBI

A.A. Owxun, A.Il. Hebecckas, E.A. I pywesenxo, A.O. Manaxos,
T.C. Anoxuna, A.B. Bonxos

Hnemumym negpmexumuuecxozo cunmesa um. A.B. Tonuuesa Poccuiickoii akademuu Hayk,
2. Mockea, 119991, Poccus

AHHOTAN NS

B pabore uccnenoBan mpouecc HaHOPUIBTPAIIMOHHON OYMCTKH BOJABI OT OPraHUIECKUX
3arpsi3HUTENCH pa3nm4HON MpUpoasl. B kauecTBe MeMOpaHbI B paboTe HCIIOIB30BaHA [IEJIIO-
(aHOBAs TIIIEHKA — MaTepHajl Ha OCHOBE JIEUIEBOTO NPHUPOTHOTO CHIPhs. B KauecTBe Mozmemb-
HBIX BEIIECTB, OT KOTOPBIX OYMINAIN BOXLY, PACCMOTpPEHBI Kpacutenu cadpanuH O, opamke-
BoIi I 11 pemazon OpuTHaHTOBBIN CHHUH P, XapakTepu3yromuecs pa3inIHoi MOIEKYISIpHON
Maccoi, XUMUYECKUM COCTABOM M 3apsIoM, a Takke aHTHOMOTHK Iedrpuakcon. ITokazano,
YTO MPOHUIAEMOCTH meimtodana mo Boje cocrapiser 0.145 + 0.017 kr/(m>u-arm). [Ipu sTOM
MeMOpaHbI 3 nemopana Xopoulo 3aJep>KUBAIOT U3 BOIHBIX CPEl] PACTBOPEHHBIE OpraHuye-
CKHE BEIIECTBA aHUOHHOTO THIIA, COIEPIKAIINE KUCIOTHBIE TPpynibl. [Ipn BeIAEIEHIH U3 BOJIBI
AHWOHHBIX Kpacuteneil opamxkeBblil [I u pemazon OpmummaHTOBBIA cHHHAN P KoddummeHTH
3afepxkanus cocTaBuid 97 = 2 u 99 £+ 1% cooTBeTCTBEHHO. B cilyuae KaTHOHHOTO KpacUTeNs
cadpannn O HaOMIOTATN OTpULIATEIbHBIC 3HAYCHUS KOA(P(UIIMEHTOB 3a1epKaHus Ha YPOBHE
—7 £ 3%. B 10 *%e Bpems, A1 aHTHONOTHKA [epTprakcoHa Ko UIIEHT 3aaepKaHns cocTa-
B Bcero 41 + 5%, 9To 00yCIIOBICHO €r0 BEICOKHM CPOJICTBOM K LIEJUIO(aHy ¥ CTEPUIECKUMHU
OTpaHWYIECHUSIMU.

KaroueBble cjioBa: MeMOpaHa, 1iejuiodhaH, aHTHOUOTHK, e TPHAKCOH, KPaCHTelb, (DHUITBTpa-
s, GpaKIMOHUPOBAHNE.

BBenenue

B Hacrosiee BpeMsi MHOTHE BOJIHBIE PECYPChI OKa3bIBAIOTCSI B TOW WIIM MHOM CTe-
MEHU 3arpsA3HEHHBIMM KOMIIOHEHTAMM aHTPOIIOTEHHOTO MPOUCXOXKIEHUS, BKIIOUas
OBITOBBIC, CEITHLCKOXO3SMCTBCHHBIC U TIPOMBINIICHHBIC CTOYHBIC BOJHI [ 1], 00BEeMBI KO-
TOPBIX MOCTOSTHHO yBenmuuuBaroTcs [2]. [Ipu 3ToM nmaneko He BCerga CUCTEMBI OUHCT-
KM CTOKOB MOJIEPHH3UPYIOTCSI COITIACHO BO3HHUKAIOIIEH JOTIOIHUTEIBHON Harpyske.
IToaTomMy B OKpy:Kalolyto cpey MomnajaeT MUPOKUM psij 3arpsA3HUTENEH pa3InuyHON
MIPUPOJIBL: COJIH TSDKENBIX METAJIOB, TOBEPXHOCTHO-aKTUBHBIE BEIIeCTBa, He(Tenpo-
IYKTbI, KPACUTENH, OpTaHUYECKHEe pacTBOpUTenu U T. 1. [3]. IlpucyrcrBue 3THX coe-
JUHEHUH B HCTOYHUKAX MMUTHEBOW BOJBI, TAKUX KaK PEKH U TPYHTOBBIE BOJBI, YXy/IIIa-
€T Ka4eCTBO BOJIBI M CO3/IAET CEpbe3HbIe MPOOIEeMbI B paboTe CYIIECTBYIOUINX CHCTEM
OUYHCTKH BOAHI [4].
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188 A.A. TOUIKWH u ap.

Cpenu 00nbIIOro 4Mcia 3arpsa3HUTENICH BOAHOW cpelbl OOHHU M3 JIMAUPYIOIINX
MO3HULMI 3aHUMAIOT CUHTETUYECKUE KPACUTENIM U aHTUOMOTUKHU. Bricokas ycroiuu-
BOCTb CHHTETHYECKHX KpacuTeJel K BO3ICHCTBHIO CBETa, TEMIIEPATYPbI, MOIOLIMX
CPEICTB M MHKPOOOB [5, 6] MPUBOIUT K UX HAKOILICHHUIO B OKPY’KAIOIIEH cpelie U He-
raTUBHOMY BO3JICHCTBHIO HAa COCTOsIHUE 3KocucTeMsl [ 7, 8]. IlosBnenue B XX B. aHTH-
OMOTHKOB M UX aKTHBHOE IPUMEHEHHUE B MEIULIHE, dKUBOTHOBOJICTBE U PHIOOBO/ICTBE
MPUBEJIO K MUPOBOMY POCTY 00BEMOB IPOMU3BOICTBA, YTO, B CBOIO OYEPEb, IPUBEIIO
K IONaJaHUI0 AHTHUOMOTHKOB B OKPY’KAaIOILYIO Cpeay M HakoruieHue B Hel. [Ipucyrt-
CTBHE aHTHOMOTHKOB YCTaHOBJICHO B MOBEPXHOCTHBIX U IPYHTOBBIX BOAAX, IOYBAX U
JaKe JKUBBIX opranusmax [9]. Ota mpobnema akTyajbHa AJsl BCETO MUPA, YTO MOA-
TBEPKIACTCS MCCICAOBAHUSIMHU COCTOSHHUS OKPY’KAIOIICH CpeAbl B Pa3HbIX CTpaHax
u peruoHax [10—12]. B GonbIIMHCTBE ClTyyaeB HAKOIUICHUE aHTUOMOTUKOB MTPHBOIUAT
K BO3HHUKHOBEHHIO PE3UCTEHTHOCTH Yy MHUKPOOPIaHU3MOB, YTO CHMXKACT 3(PQPEKTUB-
HOCTh MEJMKAMEHTO3HOW TepaIuy [IPH JICUYSHUH Pa3InYHbIX 3a00neBanuii [ 13].

TakuMm 00pa3oM, BOJIOOYUCTKA OT TOKCHUYHBIX OPraHMYECKUX BELECTB, B YACTHO-
CTH CHUHTETUYECKHUX KpacUTeJel U aHTHOMOTHKOB, SIBIISICTCS BaXKHOM 3a1aueil HacTo-
ALIero BpeMeHH. MeToibl OYMCTKH MPOMBIIUICHHBIX CTOUHBIX BOJ MOTYT Pa3/nyaThb-
Csl B 3aBUCHMOCTH OT UX COCTaBa, IPOUCXOXKICHUS U KOHKPETHOTO Npennpusitus [4].
[ pemenus 3Toi 3a1a4m npuMeHstoT coporuio [ 14—17], potonerpagammro [18-20],
ouonerpagauuio [21-26], xoarymauuto u duoxynsauio [27-29], ynsTpasBykoBoe 00-
nyudenue [30, 31] u XuMUYECKy10 OYUCTKY [32].

B nocnennee Bpems 6onblioe BHUMaHHUE YACISIOT S3HEProdQEeKTUBHBIM U SHEP-
rocOeperarmuM TexHonorusM [33]. B ATol CBsA3M 3HAYMTEIBHBIN WHTEPEC TpEe-
CTaBISIIOT OapomMeMOpaHHble MeTobl pasneneHus [34]. Ouu He TpeOyIOT peareHToB,
XapaKTEePU3YIOTCS HU3KMMHU 3HEPreTHUECKUMHU 3aTpaTaMu, HEUyBCTBUTEIbHBI K yCII0-
BUSIM OKPY’KalOIIEH Cpelibl, OTIIMYAIOTCS BBICOKOH 3()(heKTHBHOCTHIO, MOAYIBHOCTHIO
1 sKoHOMUYHOCTRIO [21, 35]. Kpome Toro, mmpokue BO3MOXXHOCTH MAacCIITa0HpO-
BaHMs OapoMeMOpaHHBIX YCTaHOBOK IO3BOJISIIOT MCIOJIB30BaTh UX KAaK Ha KPYMHBIX
NPEANPUATHUSX, TAK U Ha HEOOIBIINX 3aBOJAX.

B 3aBucumocTH OT pa3MepoB 3arpsi3HUTENICH, MOAJEKAIIUX YAaJICHHUIO, pas-
JUYAIOT CleAylolmue OapoMeMOpaHHBIE IPOLECChl: MUKPOQMIbTpalUus, YIbTpa-
¢unprpanns, HaHoGMIBTpaurs U oO0paTtHeli ocMoc. Mcxons U3 TOro, 4yTO MOJIEKY-
JsipHasi Macca OOJIBIIMHCTBA KpacuTesed U aHTUOMOTHUKOB HAaXOAMTCS B JUAINlA30HE
250-1000 r/monb (Tabdmn. 1), GapomMeMOpaHHBIN MIPOLECC UX BBIACICHUS OTHOCUTCS K
oOnactu HaHO(UIBTpauuy. B HayuHOH IuTEepaType nmeercs psiji padbot, KOTOpbIe CBU-
JIETEIbCTBYIOT O BBICOKOH 3(p(heKTHBHOCTH mpoLecca HAHOMUIBTPALMH [IPU OUYUCTKE
BOJIBI OT Kpacureneit [36, 37] u antubuoTrkoB [38—40].

B 10 x¢ BpeMsi OONBLUIMHCTBO CYLIECTBYIOUIMX HAHO(PUIBTPALUOHHBIX MEMOpaH
M3TOTABJIMBAETCS U3 CHHTETUYECKUX mMoiaumepoB. Hampumep, B padote [41] Obutn
MOJTy4eHbl HAaHOQUIBTPALMOHHBIE MeMOpaHbl U3 monuumuaa. MemOpaHsl oOnaza-
JIM TIOBBILICHHOW YCTOHYMBOCTBIO K 3arps3HeHMsIM. [ ynanenus cynbpamepusnHa
NPEATIOKEHBl KOMITIO3UIIMOHHbIE MEMOPaHbl U3 MOJMATHICHUMUHA U OIUIGUPIGHp-
keToHa [42]. OnHaKO UCIONIb30BaHUE CHHTETHUECKUX OJIMMEPOB CaMo 10 cede SIBILs-
€TCsI ICTOYHMKOM MPOOJIEM, TaK KaK B 3TOM CIIydae BO3HUKAET MPOOIeMa HAKOILICHUS
W yTWIM3aLUH UCII0JIb30BaHHBIX MeMOpaH. C 3Tol TOUKH 3peHusi 6oJiee SKOJIOTHUECKI
0e30macHBIM MOJXOAOM MPEICTABISECTCS MCHONb30BaHUE MeMOpaH Ha OCHOBE NpU-
POZIHBIX MaTEpPHaJIOB.
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Taoum. 1

CrpyKTypHBIE (OPMYIIBI 1 MOJISIPHBIE MAaCChl HEKOTOPBIX aHTHOMOTHKOB U KpacuTesen

AHTUOMOTHKHI
N
L Vg
‘)i\l 1\
§=0 OH
r © (0] O
Tunuazon Moxkcudiokcarus
247 r/monb 438 r/mMoJb
~N
HO. A
iy
~ O\\' : 0
OneanaOMHUIIMH Amdorepura B
688 /™Mo 924 r/monb
Kpacuremn
S HO
O HN CH3 \©\ Q oNa
NN O Sso
990 <
o I,
20" N’NO
O HN.___CHs OH
Solvent Blue 59 BpriumaHToBBIH JKeNThINd
294 1/MOITb 625 r/™Monb
HaN SOgNa
HO HO
() sy O
Non NaOsS ,r;JN" 50;Na
Ve
NaSOS SO3Na oH 3

NaO:;S NH>

Kenrteiii «conneunsiii 3akat» FCF
452 r/moinb

OBanca (romy06oii)
960 r/moib

CaMbIM pactpoCTPaHEHHBIM U HEJAOPOTHM IMPHPOTHBIM MOJUMEPOM SBISETCS
nesntrono3a. OHa XOpoIIo 3apeKoMeHJIoBaja ceOsi B MEMOPaHHBIX Pa3leIUTEIbHBIX
npoueccax [43—46]. OqHako Ha 3Tarne GOPMOBKH M3 Hee MEMOpaH BO3HUKAIOT OIpe-
JIeTICHHBIE TPYIHOCTH, CBA3aHHBIE CO CIIOKHOCTBIO MO00pa paCTBOPUTENS ISl TIOJIH-
mepa [47-49]. IloaToMy HHTEPECHOIN aJbTePHATHBOU SIBISICTCS MCIIOJIB30BAHUE IS
HU3TrOTOBJICHUA MeM6paH APYTUX MOJIMMEPOB, HO MPOUCXOAAIINX U3 TOT'O KE IMPUPOI-
HOT'O CBIPBSI, K YUCITY KOTOPBIX OTHOCSTCS BUCKO3a U 1Ie/UT0(aH.
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Lemnogan (KkcaHTOreHaT LEJUTIONO03bI) SBISIETCS BaXKHBIM IPOMBILIJICHHBIM ITOTUME-
POM, KOTOPBIH NPEACTABISIET COO0H MPO3paYHbIi, THOKUI 1 TIPOYHBIN JTMCTOBOW MaTrepH-
ai, conepkanmii 12—16% mmnepuHa B kadectse miactudukaropa. Lemiodan ncmoss-
3YIOT B Pa3/IMYHbIX OTPACISIX — OT YIIAKOBKH IPOIYKTOB 0 MEIULIMHBI K KOCMETOJIOTHH.
B psne pador [50-53] mokazano, 4to 1esutoaH MOKHO MIPUMEHSITh B Ka4eCTBE MeMOpa-
HBI JUIS pa3JeIeHus] Ta30B U KUIKOCTEN. DTOT MOJIMMEp XOPOLIO N3YUEeH B Ipoliecce mep-
Bariopaiuu [54, 55]. [lokazana 3¢ GpekTHBHOCTH 1euIodana s yIJICHUS 13 BObI CITUP-
TOB [56] ¥ YKCYCHOM KHCIIOTHI [57], a TakKe MPUMEHUMOCTE B quanu3e [58]. M3BecTHo,
4T0 1IeIUT0(haH SBISETCS MPOHUIIAEMBIM 1T aMUHOKHCIIOT [59, 60].

Lenb nanHOl pabOThI 3aKIIIOYaETCsl B OLIEHKE BO3MOKHOCTH MPUMEHEHHS Leiuioda-
HOBBIX IUICHOK B Ka4eCTBE HAHO(PHMIBTPAIMOHHBIX MEMOpPaH JIIsi OYUCTKU BOIHBIX Cpe/]
OT 3arpsi3HATEIICH Pa3HOH MPUPOIBI, @ UMEHHO OT KpacHTeNlel i aHTHONOTHKOB. Mconb-
30BaHUE B KAa4yeCTBE MEMOpaH HEIOPOroro MPOMBIIIIEHHOIO Marepuana — lemiodana,
MPOU3BOIMMOTO U3 IPUPOAHOTO CHIPBSI, OTBEYACT [TOCIIEITHUM TEHICHIUSM B 00J1aCTH OX-
PaHBI OKPY’KAIOILEH Cpe/ibl M CHI)KEHHSI Harpy3KH Ha Hee.

1. MaTrepuajbl 1 MeTOAbI

B kauectBe MeMOpaHHOTO MaTepraia B paboTe NCIOIb30BAIN IPOMBIIUICHHYTO
uesno(anoByo TIEHKY TonmuHO#M 31 MkM (3rotoBnena coracuo 'OCT 7730-89,
Poccus). B xauecTBe pacTBOpPEHHBIX BEUIECTB B pabOTEe PaCCMOTPEHBI TPH PACIpo-
CTpaHEHHBIX KpacuTens — cadppanna O, opamkeBslid I U pema3on OpUITHAHTOBEIH
cuauii P, a Tawke anHTHOWOTHMK medTpuakcoH (6R-[60,7B(Z2)]]-7-[[(2-amuHO-4-
THa30JIHI ) (METOKCUUMIHO )arle THII [aMuHO |-8-0kco-3-[[(1,2,5,6-TeTparunpo-2-me-
THI-5,6-110KCO-1,2,4-Tpra3un-3-uia)Tuo |MeTui |-5-tua- 1 -azadbunukno[4.2.0JokT-
2-eH-2-kapOOHOBAsI KUCIOTa B BUAE AWHATPUEBOU coiu). CTPyKTypHBIE (OPMYITBI
1 HEKOTOPBIC XapaKTEPUCTHKH PACTBOPEHHBIX BEILECTB, UCIONb3YEMBIX B padoTe,
MpeCcTaBlIeHBI B TAa0M. 2.

[lpu nomemennn neI0paHOBON TUICHKHM B BOAY NPOUCXOAWIIO YBEJINYCHHUE
ee pa3MepoB B pesyabrare copOruu Boabl (HaOyxanue). Kak ObLIO MOKa3aHO paHee
[61-63], 3TO NPUBOAUT K YBEIMUCHUIO MEXKLEIHBIX PACCTOSIHUMI, UTO MOJOKUTEIBHO
CKa3bIBaeTCs Ha MpoHMIaeMocTH. HabyxaHue Marepuaia XapakTepu3yeTcsl CTEIICHbIO
naOyxanus S,. Jlns onpenenenus crenenu HabyxaHusi oOpasioB IUIEHOK IeIohana
B BOJIE BBIPE3aJIN MIPSMOYTOIBHBIE 00pasIIbl, 1 KOTOPBIX OTPEAEISUIN NX HadalbHbIe
TreoOMeTpHUYECKHE MapaMeTpsl (JIMHY, LIUPHUHY, TOMHHY). Kak Obuto oTMedeHo pa-
Hee, 00BIYHO B ITPOMBIIUIEHHO POU3BOIUMOM Liemiodane cogepxkutcst 12—16% mu-
nuepuHa, 100aBIsieMoro B KadecTse muactTudukaropa. C Lenbio yaaneHus MIHIeprHa
nemtodanoBeie 00pa3ibl BEIMAYMBAIM B T€UEHHE HOYM B JUCTHIIITMPOBAHHOM BOAE,
MOCJIe YeTo MOMELIAIN B HOBYIO MOPLMIO AUCTHIUIMPOBAHHOM BobI eile Ha 24 4. [o-
CJIe 3TOr0 CHOBA U3MEPSUTH FeOMETpUIECKHEe pasMepsl 00pasioB. CTeneHb HaOyXaHus
nesutodana B BOJIC paCCYUTHIBAIM MO YPaBHEHUIO 1:

_Ibh—1,byh,
P bk

e [, b, h — JvHa, MUpUHA U TOMIKMHA UCXOHbIX ([, b, h)) n HaOyxmwux ([, b, h)
00pasIoB COOTBETCTBEHHO.

x100%, )
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TonumHa UCTIoNb30BaHHOM B paboTe 1e1o(aHoBOM MIIEHKH B CyXOM COCTOSIHUH
paBua 31 + 1 mkm. M3mepenust npoBoguianchk Ha MuKpoMmeTpe Mitutoyo 273 Quick
Step (Mitutoyo, Slnonust).

Tabm. 2

HCKOTOpLIe XapaKTECPUCTUKU OPTraHUYICCKUX COG,HI/IHGHI/IP'I, HCIOJIB3YCMbBIX B pa60Te

Monexynsip- CrovKIvpHas
Kpacurenb Tun Has mMacca, |\, HM PYKTYp
r/MOJIb (bopmysa
=
Ca¢panun O | KaruoHHslit 351 530 HaN N NH,
Q
NaO-S
e
Opamkesblii [ | AHnOHHBIN 350 483 N=N
jee
O NH; O

S-ONa
Pemazon O‘O i
OpHJUTMAHTOBBIN | AHUOHHBIH 626 592
o o]
cuHuit P
© HN\©/§\/\0-'§,—ONa
© 0

s H O
Ledrprakcon | AHUOHHBIH 599 355 I\l\ Ne.. N
/:MO H | OH

JlJ1s KOJIMYECTBEHHOTO ONMUCAHUSI B3aMMOJICHCTBUS B CUCTEME BOJla—PacTBOPEH-
HOE BellecTBO-IIe/uto(an B paboTe ObLI UCIONB30BaH KOAPQHUIIMEHT pacnpeieIeHus
(K) pacTBOpeHHOTO BeleCTBa MY BO/I0I U MeMOpaHoH [64, 65], KOTOpbIil BbIpaxka-
JIM KaK OTHOLIEHUE PABHOBECHBIX KOHIIEHTPAIMii BelecTsa B pactBope ([Bemtectso] )
u B nestogpane ([Bemectso] ) (ypaBHenue 2):

_ [Bemecteo],  m /V

= , 2)
[BemectBo], [BemectBo],
e m_— Macca CopOMpOBaHHOTO BEWIECTBA, } — 00beM HaOyx1ero obpasua.
O0bem HAOyXITIETO O0pa3iia OMPEACISIA aHAJOTHIHO METOMUKE OIPEICICHI
crernieHn HaOyxanus. [IpeacTaBieHHbIC B CTaThe 3HAYEeHHS KOA(DDHUIIMCHTOB pacipe/esie-
HUS MIPEACTABJICHBI KaK CPEIHEC SHAYCHNEC N3 KAK MUHUMYM TPEX HE3ABUCUMBIX SKCIICPU-
MEHTOB C UCITOJIb30BAHUEM Pa3/IMuHbIX 00Pa3IIoB.
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JLi1st 3TOTO MpenBapUTEILHO U3MEPSUIIN BEC M pa3Mephl HCXOAHOTO CyX0ro odpasia
nesutodana, mociie Yero NoMelalin ero B JUCTHUIMPOBAaHHYIO Boxy Ha 24 4. 3arem
oOpazel oMelald B eMKOCTh C ONpeeJICHHBIM 00BbEMOM HCCIIeyeMOro pacTBopa
C KOHLIEHTpaluen pacTBopeHHOro Bemectsa 10 mr/n. EMKoCTh repMeTHyHO 3areda-
TBHIBAJIM M OCTaBIsUIM HA 24 4. [lns pacuera Macchl COPOMPOBAHHOIO PACTBOPEHHOTO
BEILECTBA ONPENEISIN €T0 KOHLUEHTPALKMIO B PACTBOPE 110 (¢,) M nocie (¢,) 9KCIO3u-
muM B HeM oOpasua. KoHueHTpaluio BeecTsa B pacTBOPE ONPENeIIsiIi CIIEKTPOQo-
TOMETPUYECKU MPU JJIMHE BOJIHBI, COOTBETCTBYIOLICH MaKCUMAJIbHOMY MOIIOLICHUIO
(nannble yka3zansl B Ta0i. 1), Ha cnekrpodoromerpe [19-5400YD (Dxoxum, Poccus).

Maccy copOMpOBaHHOIO BEILECTBA ONPEIEIISIIN 10 YMEHBILICHUIO €r0 KOHIIEHTPa-
UM B OKPY’KAIOLIEM PACTBOPE COIIACHO YPaBHEHUIO 3:

m, = Sy — Gy , 3)
p
TJIe m — Macca pacTBOpa B Hayasle SKCIIEPUMEHTA, /11, — Macca pacTBOpPa B KOHIIE KC-
MEPUMEHTA, p — IDIOTHOCTH PACTBOPA.

IMpouecc ¢punbrpanuu uepes uemiopan IPOBOAUIN C UCTIOIb30BAHUEM YCTAHOB-
KU TYIIUKOBOTO THIA. SI4elKH, NCTIONb3yeMbIe JUIsl UCCIIeJOBaHMs iporiecca (GuibTpa-
UM, OBIJTH OCHAIIEHBI CUCTEMOH MEepPEeMEIUBAHUS ¢ MATHUTHBIM PUBOJAOM. AKTHB-
Hasl TUI0IIa/Ib MeMOpaHbI B siueiike cocranisuia 33.2 cm?. Tlepes yCTaHOBKOH B siUCHKY
TUICHKY leJuToaHa BRIMAuMBall B BOJIE B TeUeHHE 24 U, IMOCNe Yero u3 HalOyxIimei
TUIGHKH BbIpe3ain oOpasel] Hy>KHOTO pa3Mepa M TOMeIIaiu B sueiky. B mpouecce
BBIPE3aHHs M TOMEIICHUS B SUCHKY IeJUTo(paH IMOCTOSIHHO CMauuBalld HEOOIBITUM
KOJIMYECTBOM JTUCTHILTMPOBAHHON BOJIBI, YTOOBI IPEIOTBPATHUTD €0 BhIChIXxaHue. O0b-
€M pacTBOpa, MOMEIIAeMOro B (MIIBTPALIMOHHYIO SUeiKYy, cocTaisut 900 mi. B kave-
CTBE paszeisieMoil cpenbl B paboTe UCCIe0BaId PacTBOPhl KpacUTelel, yKa3aHHbIX
B Tabn. 1, u nedrpuakcona ¢ KoHieHTpanueil 10 Mr/i B qUCTHIIMPOBAHHON BOJIE.
OunbTpalnio MPOBOAMIM NP KOMHATHOW TeMIIeparype M TpaHCMEMOpaHHOM JIaB-
nennu 10 30 arM. JlaBnenue HaJ MeMOpaHOW co3AaBalid Moavdel B SUEUKY TemHsl.
Bce skcrieprMeHTBI IPOBOJIMIIM HE MEHEE YeM Ha Tpex 00pasiiax 1emuio(paHoBbIX IIICHOK.

KonuuecTBo mepmeara (KHIKOCTb, MPOLIEIIas yepe3 1eI0(aHOBYIO TUICHKY)
W3MEpSUTA BECOBBIM METO/IOM. BIoKe jijisi cOopa rmepMeara Kperuin K BEIXOJHOMY I1a-
TPYOKy sYeHKH TakuM 00pa3oM, 4TOOBI, C OJHOW CTOPOHBI, MUHUMH3UPOBATh HCIIa-
peHne coOMpaeMoil KUAKOCTH, a € JPYrodl — He JIOMYCTUTh YBEJIWYCHUS JaBJICHUS
B MOIMeMOpaHHOM TpocTpaHcTBe. DPPEKTUBHOCTh MEMOPaHbBI XapaKTEPU30BaIH e
MIPOHUIIAEMOCTHIO (P), KOTOPYIO PACCUYUTHIBAIM IO YPAaBHEHUIO 4:

B m
SxAtxAp’

e m — Macca nepmeara (Kr), MpoOLIEAIIero Yepe3 MeMOpaHy ¢ miomaanso S (M%) 3a
NPOMEKYTOK BpeMeHH Af (4) ¥ IpH Nepernaje AaBieHus Ap.

D¢ eKTHBHOCTE pa3aeneHns XapakTepru30Bain koahuimentom 3aaepxanus R (%),
KOTOPBIH PaCCYUTHIBAIIM 110 YPABHEHHUIO 5:

“4)

C,
R =(1-2)x100%, (5)
p
rae CO n Cp — KOHHCHTpaHI/IH paCTBOpeHHOFO BCIIIECCTBA B I/ICXOJIHOI\/'I CMECHU U HepMeaTe
COOTBCTCTBCHHO.
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2. Pe3yabTarsl 1 00CyKAeHHE

CortacHO pe3ynbTaraM U3MEPEeHNH TeOMETPHIECKUX pa3MepoB 00pas3IioB MENI0-
(bana, creneHs ero HabyxaHUs B BoAe cocTaBisieT 76 £ 5%. DTo 3HaYeHNE HIDKE, 9eM
JUTS Kay9yKOB B OPTAaHWYECKUX PACTBOPUTENAX [62], HO CYIIECTBEHHO BBIIIE, YEM IS
TaKUX CTEKJIO0OPA3HBIX MOJIMMEPOB, KaK MOIHAKPIIIOHUTPIII WA TTOTUUMH, B CO-
ITOCTaBUMO CO 3HAYEHHUSMH IS BHICOKOTIPOHHUIIAEMBIX CTEKI000Pa3HBIX MOJIMMEPOB,
Takux Kak moiu[ 1 -(Tpumermincnimin)- 1 -mpormH| [91]. Takwe 3Ha4eHHS CTETICHN HA0Y-
XaHWA TTO3BOJISIIOT PACCYUTHIBATH HA TO, YTO MEIUTO(haH MOKET 00ECTIEYNTh HETUTOXYIO
MIPOHUIIAEMOCTh MaTepraia B rmporecce GUIbTpaiy.

Hecmortps Ha OombImiiie 3HaUCHUS CTETICHH HAOyXaHus, TICHKY Iie/utodana coxpa-
HSIOT MEXaHWYEeCKHE CBOMCTBA, IOCTATOYHBIE JUIS MICTIONIb30BAaHUS B KauecTBe (DHiTh-
TpyroIIero 31emMeHTa. Ha mepBoM atare paboThl OBIIH TPOBEICHBI (DHUITBTPAITTOHHBIC
9KCIIEPUMEHTHI C NCTIOIB30BAHUEM TUCTHIUTUPOBAHHON BOBI IS OTPEAETICHHS TIPO-
HATIaeMocTd. Kak MO>KHO BHIETh Ha pHC. 1, HaOmromaeTcs BRITOTHEHHE 3akoHa Jlapen,
T. €. TNHEHAsT 3aBUCIMOCTh U3MEHEHHSI TIOTOKA KHUIKOCTH OT MPHIIOKEHHOTO JIaBJie-
HUS TIPU TIepenaje JaBIeHU Ha MemOpane o 3HadueHnid 30 arMm. Paccuntannoe 3Ha-
YeHHe MMPOHUIIAeMOCTH 110 Boje coctaBmino 0.145 + 0.017 kr/(m*u-at™m).

5

MoToK, Kr/mM2y

0 . . .

0 10 20 30 40
Mepenaa AasneHus, aTMm.

Puc. 1. 3aBucumocTts noToka ,HHCTHHHHpOBaHHOﬁ BOJBI YEPE3 IUICHKY U3 uennoq)aHa OT PUJTOKCH-
HOIro TpaHCMCM6paHHOFO JIaBJICHUA

HccnenoBanne BIUSHUS PaCTBOPEHHOTO BEIIECTBA HA Pa3IeIUTEIbHBIC XapaKTe-
pUCTHKH MEMOpaH Ha OCHOBE KOMMEPUECKOTo Ieiiiodana mpoBeIeHo Ha psijie opra-
HUYECKUX COEAMHEHUN KaTHOHHOW MM aHWUOHHOM IIPUPOJIBI C MOJIEKYJISIPHON Maccoi
B nuana3one ot 350 1o 626 r/moib (Tadm. 2). Ciaemyer OTMETUTD, YTO IPU MEPEX0JIe
OT BOJIBI K BOJHBIM PAacTBOpPaM, COAECPIKAIIM BHIOPAHHBIE PACTBOPCHHBIC OpTaHUYe-
CKH€ BEIECTBA, 3HAUCHUS MPOHUIIAEMOCTH CHIDKANUCH Ha 5—12%. Takoe cHmKeHNE
HE CBSI3aHO C TMOSBICHUEM B CHCTEME OCMOTHYECKOTO JABJICHIS UITH 3aCOPCHUEM MEM-
OpaHbl, TaK KaK MCIOIH30BAaHHBIC B pa00TE KOHIICHTPAIIUN CIIUIITKOM MaJTbl JIJIsl OKa3a-
HUS 3aMETHOTO BIUSHUS. B Xome nmpoBeneHus GuIbTpaIiiy BRIOPAHHBIX COCTUHEHUN
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OBLIH TIOJTYYEHbI 3aBUCUMOCTH KOO PUIIMEHTOB 3aJepKaHUs OT BPEMEHH C MOMEHTa
HauaJa dKcrepumenTa (puc. 2).

Kak MoxHO BHETh Ha puc. 2, k03D OUIUEHTHI 3a7epKanns R sl AByX aHU-
OHHBIX KpacuTeneil — opamkesblil 11 (R = 97 £+ 2%) u pemMas3oa OpUIUTHaHTOBBIA CH-
Huil P (R =99 + 1%) — neMoHCTpHUpOBaIu CTAaOUILHO BHICOKHE 3HAYCHMS C Hadasa
skcnepuMmenTa. g antubuoruka nedrpuakcon tpeOyeTcs 4yTh Oonblie 2 9 i
JIOCTHXKCHHS CTAllMOHAPHBIX 3HAYCHHMI, a TakKe HaONI0AaeTCss CHUKCHNE 3HAYCHUS
ko3 urmenTa 3anaepxkanus ¢ 83 1o 41%. MakcumanbHOE BpeMs BBIXOJIa HA CTAIIH-
OHApHbIE 3HAYCHHsS TOJYUYEHO B CiIydae KaTHOHHOTO Kpacutens cadpanud O, mis
KOTOPOro KO3(PPUIIMEHT 3ajiepiKaHus CHUKaICSH ¢ 84% 10 OTpHIIATEIbHBIX 3HAYE-
Hui B Tedenue 6omee 10 4.

100 %% * 2% =&
8o {°¢
® Pema3son 6punnuaHToBbii CUHUIA P
60 1 o i A Opanxesbiii Il
O\O o * O UedrpurakcoH
Q:. 40 A EEI:\:F’J ¢ CadpaHuH O
*
20 .
0 .,
> ¢ ¢ o0
-20 . .
0 5 10 15

Bpewms, 4

Puc. 2. N3menenune kodddurnuenra 3ajgepxanusi R Bo BpeMeHH (TpaHCMEMOpaHHOE JaBIIeHHE
20 at™m.)

B cnydae karmonHOTro Kpacutens cappanuH O moxydeHbl KodPGUITHEHTH 3a-
JepkaHus Ha ypoBHe —7% (Ta6m. 3). Apyrumu cnoBamu, npu GUIBTPaLUUd BOJHOTO
pacTBopa JaHHOTO KpacHuTelsl uepe3 HeiohaH IporucxXoanio o0oraneHne BOJHOTO
pactBopa OoJiee KpPYIMHBIM PACTBOPEHHBIM COCTUHEHHEM (BO3pacTaHne KOHIICHTpA-
uuu Ha 7%). SIBleHnEe «OTPHULATENBHOIO 3alep’KaHus» AOCTATOUYHO paclpocTpa-
HEHO B Ipoliecce HaHO(DMIBTPAIMK BOAHBIX U OpraHUYEeCcKuX cpen [64, 66, 67| u
MOYKET peajn30BaThCs B Caydae, KOT/Ia paCTBOPEHHOE COCTUHEHHE UMEET OOJblIee
CPOJICTBO K MarepHually MeMOpaHbl TI0 CpaBHEHUIO ¢ pacTBopuTeneM. [Ipu nepexo-
e OT KaTHOHHOTO Kpacutens cappanua O (351 r/Moip) K aHHOHHOMY KPacHUTEIIO
opamxkeBblit II (350 r/monp), 3HaueHus kodPUIMEHTA 3a7epiKAaHUS JTOCTUTAIOT
97%, T. €. OHO MPAKTHYECKH TOJTHOCTHIO OTCEKACTCS LETO(PaHOM MPH MPOXOXKIe-
HUM pacTBOpa 4epe3 MeMOpaHy.
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Taom. 3

3nauenust koddduimenta 3anepxxanus (R) pacTBOPEHHBIX BEIIECTB C MOMOINBIO TUICHKH Ha
OCHOBe TiesuTodana, kodhdurrenta pacnpeneneHus (K) Mex Iy Bogoi U 1ieiutodaHoM, a TaKKe
napameTpa ruipogoOHOCTH/THAPOGUIEHOCTH coennnennii (logkK )

PacTBOpenHOe BemiecTBo K logK R, %
Cadpanun O 650 + 50 -1.35 -7+3
Opamxesbriit 11 0.58 £ 0.05 0.56 97 +2

Pemazon OpuiTHaHTOBBINM CHHUE P 0.08 + 0.04 —-1.85 99+ 1
HedTpuakcon 0.42+£0.05 0.025 41£5

Kak Obuto mokazano panee B pabdote [66], CPOACTBO pacTBOPEHHOIO COCTUHE-
HUSl C MaTepuajoM MeMOpaHBl M PACTBOPHUTEIEM MOXET BHOCHUTBH 3aMETHBIM BKJIAJl
B 2Q(EeKTHBHOCTH €ro 3ajaepkanus. [y onucaHus B3aMMOJIEHCTBHS PaCTBOPEHHOTO
BEIIeCTBa C MEMOpPAHHBIM MaTepUaIOM B JINTEPAType MPEMIOKEHO HCIOIH30BAHNE
koaddunmenta pacnpeaenenus K. Koaddumment pacnpenenenus K mpencTaBiseT
c000i SMITMPUYECKUAN TTapaMeTp, KOTOPBIH XapaKTepru3yeT B3aUMOICHCTBHE MEXTY
KOMIIOHCHTaMH (PHIIBTPAIMOHHON pa3aeIuTeILHON CMECH.

3HaueHHus k03P GUIIHNESHTOB pacIpeaeIICHIs paccCMaTPHBAEMbIX KPACUTENICH B CH-
cTemMe Boja-IieiuioaH B TaHHOM CIydae XOPOIIO COTIACYIOTCS ¢ PacCYUTAaHHBIMU
BeMYMHAMH Kod(pdunnenTa 3aaepxanus. s kpacurens cadpanun O mapamerp
K coctaBun 650 (Tad:. 3). DT0 03HAYACT, YTO paBHOBECHAS KOHIICHTPAIHS KPACHTEIIS
B nejutogane B 650 pa3 BhIle, 4eM B OKPY)KAIOIIEM PacTBOPE, YTO CBHJIETEIBCTBYET
0 CHJIBHOM CPOJICTBE MEXAY JaHHBIM KpacuteneM u 1emtodanom. C npyroit ctopo-
HBI, JUIs1 KpacuTelsst opankeBblid 11 3Hauenue K < 1, 4TO CBUIAETENBCTBYET O HU3KOM
Cpo/ICTBE MEXAY KpacuteneM u neiutodanom. Jims pemaszona OpHITHAHTOBOTO CH-
Hero P (626 r/monp) 3HaueHne K ObLTO emie Huke. 13 3Toro MoJkHO crenarh BEIBOI,
9TO0 Teio(aH MPenrnoYTUTENFHO HUCIIONIb30BaTh ISl BBIJICICHHUS W3 BOJHBIX CpeEll
PAcCTBOpPEHHBIX BEIIECTB AaHHOHHOTO THITA (OPTaHWYECKNE COCTUHEHISI, COJIEPIKaIIHe
KHCIIOTHBIE TPYIIIIBI).

JleficTBuTenbHO, TIpH Tepexoje K Ooiee KPymHOMY aHHOHHOMY KPacHUTEI0
peMason OpWIIMAHTOBBIM CHHHM P KO3 QUIIMEHT 3ajep’KaHus yBEIHMYNBACTCA
10 99 + 1%. Kpome Toro, npu yBenmndeHNH MOJIEKYISIPHON MacChl paCTBOPEHHOTO
BEI[eCTBa MOJKHO TOBOPUTH 00 YBEIMYCHHUH BKJIa/Ia CTEPHUUECKUX 3aTPyIHEHUH Tpr
TpaHCIIOPTE PaCTBOPEHHOTO BElIecTBa depe3 MeMmOpaHy. B To ke Bpems 3HaueHue
kodddurmenTa 3anepxxkannsa nedrpruakcona cocrasmio 41 + 5%, HecMoTps Ha TO,
YTO IaHHOE COEAMHEHHE COEPIKUT KapOOKCHIIHHYIO TPYTITY B BHJI€ HATPUEBOM COMN
u obnazaeT OIM3KOW MOJEKyIsIpHON Macco (599 r/mMonb), a BennunHa K03 uIm-
eHnTta pacnpenenenus cocraBmia 0.42 + 0.05. Mcxons u3 ganHbIX Tadm. 3, copOmms
KOMITOHEHTOB B IeJI0(haH u3MeHseTcs B cienyomiem psaay: cappanna O >> opan-
xeBblit 11 > nedrpuakcon > pemazon OpwitnanToBblii cuauil P. [lonydennsie 3ako-
HOMEPHOCTH XOPOIIIO KOPPETUPYIOT C MOITYYEeHHBIMHA paHee JaHHBIMH 110 pasjieie-
HHIO KpacHUTeJIeH HAaHO(PUIBTPAITHOHHBIME MeMOpaHamu |64, 66].

[IpencraBiienHbIe HAa pUC. 2 pe3ybTaTHI B CIydae KpacuTeleil MOTyT ObITh HHTEP-
IIPETUPOBAHBI C TOYKHU 3PEHUSI Pa3IUIUN BO B3aUMOJICHCTBIH PACTBOPEHHBIX COETNHE-
HuH ¢ riesutodanoM. [Tpu 6osee CHITBHOM B3aMMOACHCTBUH, KaK B cirydae cappannna O,
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Ha HayaJbHOM YYacTKe BPEMEHHU IPOUCXOAUT COpOLMs COSANHEHHUS U yep KaHUe ca-
MHUM MaTepHajoM MEMOpaHbl, YTO U 00ECIIEUUBAET BHICOKYIO 3(P(PEKTUBHOCTH MEM-
Opanbl. CHIKEHHME Yuclia CBOOOAHBIX COPOLIMOHHBIX LEHTPOB B MeMOpaHe COIpo-
BOXK/IACTCSl YMCHBLICHUEM 3HAYCHUN KO3()(UIIMEHTOB 3aepXKaHusl C MOCICAYIOINM
BBIXOJIOM Ha CTALMOHAPHYIO BEJIMUKMHY NP TOCTHKEHUH PAaBHOBECHBIX 3HAUYCHHM CO-
pOLIMM KOMIIOHEHTOB B eJUIO(aHe B peKuMe (YUIBTPALUH.

B T0 xe Bpemst B cityuae nedTpuakcona napamerp K He MOXET OOBSICHUTh Ha-
OmronaeMble 3HaYCHUs KOAQPUUMEHTOB 3aaepkanud. Eme onuH napamerp, KOTOPbIi
MOYKHO HCIIOJIb30BaTh AJISl MHTEPIPETALUH HOIYyUYEHHBIX PE3yJIbTaTOB, 3TO HapamMerp
ruapododHocTH/TuapoduIbHOCTH coenunenus (logK ), mpencrapnsomuii coboi
KO3 GULKEHT pacIpeaeICHUs COSIMHEHUS B CUCTEME BOa—OKTaHo. OJHAKO U 3TOT
napameTp He MO3BOJISICT B MOJIHOW Mepe OOBsSCHUTH HaOII0AaeMble JUIsi MeMOpaH Ha
OCHOBe LeiuIo(aHa 3HaYeHUs! KO3(PUIMEHTOB 3aaepikaHus, HUCXOIs U3 IPEAroso-
JKEeHUs1, uTo Oojee ruipoUIbHOE OPraHuueCcKoe COeqUHEHUE OyIeT UMETh OOJIbIIee
cpoacTBo ¢ Bopoil. Kak MoxkHO BuaeTh u3 Tabdi. 3, Haubosnee ruaApoUIbHBIMU Opra-
HUYECKUMH COCAMHEHUSMH B BBIOPAHHOM DALY SIBISIIOTCS PEMa30il OpHIUIMAHTOBBIN
cunuii P (logK | =-1.85) u cappanun O (logK  =-1.35), KOTOpbIE KOHIIEHTPUPYIOTCS
B Bozie B 71 m 22 pasa BbIlIE 10 CPABHEHHUIO C KOHTAaKTHPYIOLIEH OpraHudeckoi ¢a-
301 (H-OKTaHOI) COOTBETCTBEHHO. [Ipn 3TOM 1Ie TpHaKCOH NPaKTUYECKH PAaBHOLCHHO
pacmpenenseTcss MeX1y BOJHOW M opraHudeckoi (asamm, Toraa Kak opaHkeBbid 11
OyZeT KOHLIEHTPUPOBATHCSI B H-OKTAHOJIE.

[ToMHMO 3KCIIEPUMEHTAIBHO ONpenesieMbIX KO3 PHUUUEHTOB pacupeaeaeHus
JUISL OITMCAHMSI CPOJICTBA TAKXKE MCIIOJIb3YIOTCS TapaMeTpbl PACTBOPUMOCTH XaHce-
Ha [68], KOTOpEIE COCTOST U3 MapaMeTpa AMCIEPCHHU § ), MapamMeTpa MONAPHOCTH J
¥ 1apameTpa BOJIOPOJHON CBA3H O, M BBIYUCJIAIOTCS 10 yPABHEHUAM 6-8 COOTBET-
CTBEHHO:

g (6)

F, .
SD _ Zl’; D,i

(7

®)

roe F s Fpl_ — KOHCTaHTbI MOJISIPHOTO NPUTSKEHUS, E 4;; — MOJISIpHAst SHEPTUs BOJIO-
POIHOM CBsI3W; V — MOJISPHBIN 00BEM COCTUHEHUS: , 1, — HOMEP KaXXJI0M CTPYKTypPHOH
SIUHUITBI (TPYTINHI) B COCTUHCHUH, Vl — MOJIbHBIH 00BEM TPYIIIIHI I.

OO0mmii mapamMeTp pacTBOPUMOCTH BBIYHCIIICTCS COTTIACHO YPaBHEHHIO 9:

5, =2 +52+82)" ©)

[Ipu 5TOM COMOCTaBJIEHUE IapaMeTpa PacTBOPMMOCTU O, BBHIOPAaHHBIX COE-
nuHeHui (Tabn. 4) ¢ aHATOIMYHBIMM 3HAYEHUAMHU 171 BoAbl (8, = 47.8 MIla'?) u
uennogana (5, = 42.1 MIla'?) Takxe He IO3BOIAET B MOIHOM Mepe BBIABUTH 00-
LIYI0 B3auMOCBS3b. OKHMIAETCs, YTO CPOJACTBO ABYX KOMIIOHCHTOB YBEIMUYHUTCS
IpU YMEHBIICHUU a0COIIOTHOW PAa3HUIBI MEKAY MX apaMeTpaMu PacTBOPHUMOCTH.
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B uccnenoBaHHBIX crcTeMax aOCONIOTHAS pa3HMIA B MapaMeTpax pacTBOPUMOCTH
neiutoaHa ¥ pacTBOPSHHBIX BEIECTB YMEHBIIAIACH B CICAYIOIIEM PSIY: PeMa3ol
OpustranToBblii cuauii P (JAS| = 17.9 MIlIa'?) > opamxesbiii II (JAS| = 11.5 MITa'?) >
capanun O (JAS| = 9.3 MIIa'?) > e rpuakcon (JAS| = 0.9 MIIa'?). Herpyano 3a-
METHTb, 4TO JAJIS ¢1a00 3a7epKUBacMbIX coeanHeHuil (cappanun O u ueTpuakcon)
pasHuLa ObUIa MEHbIIE. Tak Kak MOJIEKYJIbI He(TPUAKCOHA UMEIOT OONBLINN pa3mep
[0 CPaBHEHUIO C MOJIeKy1aMu cappanrHa O, MOXKHO IPEIIOI0KUTh, YTO B CIIydae
AHTUOMOTHKA YaCTUYHOE 3a/ICPIKAHNE U HU3Kask COPOLIUS CBS3aHBI CO CTEPUUCCKUMHU
3aTpy/AHCHHUSIMU.

Tabm. 4

HapaMeTpf,I pPaCcTBOPUMOCTHU XanHcena JUTA UCCIICAYEMbIX COCJ_'[I/IHGHI/Iﬁ

[TapameTpsl pacTBOPUMOCTH

Pactsopenoe DyHKIMOHAIEHBIE TPYTITIBI Xancena, MIla'”
BEIIECTBO
3, Sp 3, 9,
Cadpparin O —CH,~2), =CH—(4), =C<(8), 194 | 251 | 83 | 328

®ennn, -NH,~(2), -N<*, -N=

=CH—(6), =C<(4), ®enmunex,

~O-,~OH, -N~(2), SO, 129 | 268 | 7.0 | 30.6

Opanxesbiit 11

Pemaszon —CH,~(2), =CH—(5), =C<(9),
OpHJUIMAHTOBBIN ®enunen, -0-*(2), —0—(3), 19.1 9.3 11.6 | 24.2
cuHuit P ~-NH,—, -NH-, -SO,~(3)

~CH~(2), -CH,~(2), -CH<(2),
=CH-, =C<(10), ~CO,~, ~0-*(3),
~0—(2), -NH,~, -NH-, -N<, -N=,

Hedrpuakcon 37.6 155 | 13.9 | 43.0

WHTEpecHO OTMETUTD, YTO TaKOe NPUHLINIHAIBHOE OTIIMYME B 3HAUCHUSX KO-
($UIMEHTOB 3aepKaHusl IBYX COCTMHEHUI CXOkel MoseKysipHOi Macchl 350 r/Modb
MOXeT OBITh MCIOJB30BaHO JUIs (PAaKIUOHUPOBAHUS ITHX COCIMHEHHH U3 OIHOTO
pacTBOpa, Kak OBUIO IMOKa3aHO HA MPUMEpPE HEUTPAIbHOTO W aHWOHHBIX KpacHTeseH
B Tpolecce HaHOQUIBTPALUU OPraHUYECKUX Cpell ¢ MPUMEHEHHEM MeMOpaH Ha oc-
HoBe o[ 1 -(TpumeTwiicuimn)- 1 -nporuHa) [64]. B Hamem ciydae BOJHBIN pacTBop,
COZIep’Kallliii JIBa OpPraHWYeCKUX COCAWHEHHMs, MPU MPOXOKICHUU depe3 Leiuiodan
Oymet oboramarbes cadppannaom O (351 r/monb), Torma Kak opamkeBwiid 11 OymeT
3aJep)KUBAThCs LEIO()AHOM U, CIEAOBATEIIbHO, KOHLIEHTPUPOBATHCS B BOJHOM pac-
TBOpe HaJ MeMOpaHoii. Eciiu mpennonoxuTh coxpaHeHne 3Ha4eHuil kK03QHUIeHToB
3anepxkanus cappanuna O (R = -7 = 3%) u opamxesoro I (R =97 + 2%) B mmpokom
JUara3oHe KOHIICHTPAIMi TaHHBIX BEIIECTB B BOJE, TO, KAK MOKHO BHJIETh Ha puC. 3
(pactBOp Hajx MeMOpaHoii), BecoBoe cooTHouIeHue opanxeBoro Il x cadpanuny O mo-
xeT ObITh yBenmueHo oT 1:1 10 11:1 nmpu crenenn ordopa pacteopa 0.9 (90% pactBopa
po(UIBTPOBaHO Yepe3 MeMOpaHy). B ciyuae nepmeara (pacTBop moj MeMOpaHOit)
MakcUMallbHOe cooTHomenne cappannna O u opamkeBoro Il mpu MajbIx cTeneHsx
orbopa Oyzner Ha ypoBHe 36:1. B manpHel1IIeM 3T0 COOTHOIIEHHE OyIeT YMEHbBIATh-
cst 1o 14:1 (crenenp orbopa 0.9), Tak Kak KodpPuLIUEHT 3aepkaHus opanxkeBoro 11
menbie 100%.
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Puc. 3. DpdexruBHOCTS (hpakmoHupoBanus napsl cappanun O/opamkessiii 11 npu gunsTpa-
UM OOIIIEro BOJHOTO PacTBOpa Yepe3 IeutodaH B 3aBUCUMOCTH OT CTEIICHH 0TOOpa pacTBO-
pa gepe3 MeMOpaHy: a) cOOTHOIIeHHe oparmkeBbli [I/cappanna O B pacTBOpe Ham MeMOpaHOIA;
6) cootrorenue cappannn O/opamxkesslii 11 B pacTBope moa MeMOpaHoit

[lony4eHHble GUIBTPALIMOHHBIE XaPaKTEPUCTUKH MEMOpaH Ha OCHOBE 1eJutoda-
Ha 10 MPOHUIAEMOCTH HECKOJIBKO YCTYMAIOT MPOMBIIUICHHBIM CHHTETHUECKUM HaHO-
¢unpTpanroHHEIM MeMOpaHaM, TakuM Kak, Harmpumep, MemOpana OIIMH-IT ¢upmer
Bnaaumnop [69, 70]. D10 cBA3aHO B EPBYIO OYEPEAb C TEM, YTO HCHOIB30BAIH CILIOMI-
HBIE [eJUT0(aHOBBIE TUIEHKU TOIIHHON 31 MKM, B TO BpeMsl KaK MPOMBIIIUICHHBIE CHH-
TEeTHYEeCKHEe MEMOpPaHBbI, KaK PaBUIIO, UMEIOT aCUMMETPHUHYIO CTPYKTYypY. C npyroi
CTOPOHBI, B paMKax JaHHOHW paOOTHl OCHOBHOM aKLEHT CAEIaH Ha UCIIOJIb30BAHUH T10-
JMMepa U3 HeJOPOroro MpUpPOTHOTo Chipbsi. CpaBHEHHE MOMYUYEHHBIX 3HAYEHUH KO-
s duuneHTa 3a1epKaHnsl ¢ aHAJOTMYHBIMH TTOKa3aTeIsIMU JUIi MeMOpaH Ha OCHOBE
NPUPOIHBIX MOJIUMEPOB, IPEACTABICHHBIX B JINTEpAType, OKA3bIBACT, YTO LEIohaH
MPEBOCXOIUT APYTrHe NOIUMEPHI IPU BBIACTICHUN KpacuTenel (Taom. 5).
Tabmn. 5

HanogwibTpaliioHHble XapaKTepUCTHKH HEKOTOPBIX MEMOpaH Ha OCHOBE IPUPOJHBIX
IIOJINMEPOB

[Tomumep ?;iiz);:::%%i:’effﬁﬁiﬁ R, % Hcrounuk
Opamkessri 11 (350) 97
ennogan o 626 | % | pagora
Hedrpuakcon (599) 41
ANBIUHAT + TOJMBUHWIOBBIA CITUPT 80
= ITonustunenrnukons (600) [71]
XWTO3aH + MOJUBUHUIOBBIN CIIUPT 98
AnpruHar cepedpa 80
AJBIMHAT AJIIOMUHHUS Opamnkessrit 11 (350) 80 [72]
AJIBrUHAT KaJIbLUS 60
[Tonmucaxapua u3 mantuu actuauii | [HomudTrnenrukons (600) >90 [73]
AlieTar 1emIroI036l TTommroaHThl CTOYHBIX BOJ 62 [74]
[Hemtoxon TTomTunenrmukons (600) >90 [75]
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3aKkjIoueHue

B pabote nccnenoBaH npoLecc BbIACICHUS] KpaCUTENEH U aHTUOMOTHUKOB C MO-
nexysipHpiMA Maccamu 350—600 r/MoNTb U3 BOAHBIX PACTBOPOB C HCIIOJIE30BaHUEM
MeMOpaH u3 HesutodaHa Kak JeleBoro Marepuana. Ha npuMepe Kpacuresei opaHxe-
BhIii I 1 pemazon OpwirmanToBbiil cuanii P mokasano, uto MeMOpaHsb! U3 nemiodana
XOPOLIO 33ICP>KUBAIOT U3 BOIHBIX CPEJl PACTBOPEHHbIE BELIECTBA AHHOHHOTO THIIA, B
TO BpeMsl KaK JUIsl KaTHOHHOTO KpacuTeds cadpanid O HaOMI0Na0TCs OTpULaTelIbHbIC
3HA4YCHUs KOXPPUIMEHTOB 3ajiepxkanns. JJaHHbIH dPheKT MOKET OBITh UCTIOIH30BaH
Uil PPaKIMOHUPOBAHUS PACTBOPEHHBIX BEILECTB C OJIM3KOM MOJIEKYIISIPHOM MaccoH,
HO omMyaromuxcs 3apsaom. HaOmonaemble pasaenuTenabHble CBOWCTBA OKA3BIBAIOT,
YTO TOJIyYCHHbIE HaHO(WIBTPALMOHHbIE MEMOpaHbl Ha OCHOBE LieJulodaHa BbLIEP-
KHUBAIOT KOHKYPEHIMIO C IPyTUMH MEeMOpaHaMH Ha OCHOBE MPUPOAHBIX ITOJIUMEPOB.

Baaromapuoctu. Pesynbrarhl mosdydeHsl npu (UHAHCOBOW moxanepxkke Poc-
cuiickoii ®enepanuu B Juine MuUHUCTEPCTBA HAyKM M BBICIIETO 0Opa30BaHUS
Poccwmiickoit ®enepanuu. [Ipoexkr 13.2251.21.0166 (unentuduxarop mpoekra
RF----2251.61322X0044). Cornamenne MHTC BPUKC 075-15-2022-1218.

KondumkT nntepecoB. ABTOpHI 3asBIAIOT 00 OTCYTCTBHU KOH(INKTa HHTEPECOB.
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Abstract

The process of nanofiltration purification of water from various organic pollutants was examined.
Cellophane film made from cheap natural raw materials was used as a membrane. The model substances
targeted for removal were dyes (Safranin O, Orange II, and Remazol Brilliant Blue R, each differing
in molecular weight, chemical composition, and charge) and ceftriaxone. The obtained cellophane
permeability to water was 0.145 kg/(m*h-atm). Cellophane membranes were found to be effective in
retaining dissolved anionic substances containing acid groups. When Orange II and Remazol Brilliant
Blue R were removed from the water, the retention coefficients were 97 + 2 and 99 + 1%, respectively.
For the cationic dye Safranin O, the retention coefficient values were negative, —7 = 3%. At the same time,
ceftriaxone had the retention coefficient of only 41 + 5%, which can be attributed to a combination of
factors, such as its high affinity for cellophane and steric restrictions.
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Acknowledgements. This study was supported by the Ministry of Science and Higher Education

of the Russian Federation (project 13.2251.21.0166, project ID RF----2251.61322X0044; agreement ISTC
BRICS 075-15-2022-1218).

Conflicts of Interest. The authors declare no conflicts of interest.
Figure Captions
Fig. 1. Dependence of the distilled water flux through a cellophane film on the applied transmembrane
pressure.
Fig. 2. Changes in the retention coefficient R over time (transmembrane pressure 20 bar).

Fig. 3. Effectiveness of Safranin O/Orange Il fractionation during the filtration of the common water
solution through the cellophane depending on the degree of permeate selection: @) Orange 1I/Safranin
O ratio in the solution above the membrane; b) Safranin O/Orange Il ratio in the solution under the
membrane.
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Abstract

The conductive properties of CNT/polymer composites have been extensively studied.
However, the impact of CNT distribution in the matrix on the composite polarization remains
underexplored and poorly understood. Since it is difficult to achieve a uniform distribution of
CNTs in polymers, most researchers have focused only on indiscriminately aggregated states.
In this article, a new blending method was suggested to prepare a series of epoxy resin-based
composite samples with varying levels of CNT uniformity/aggregation and the same filling
fractions. Notably, the permittivity values turned out to be inversely related to the composite
uniformity: the lowest permittivity values were obtained in the most uniform formulation, and
vice versa. With 0.1% CNT, the real part values of the most uniform and aggregated samples
were 6.6 and 16.2 at 107 Hz and 11.6 and 370.5 at 10' Hz, respectively. For the filler content
of 0.1-0.5%, the conductive properties were largely determined by the distribution of CNTs
and not their content. Within the entire frequency range, the uniform sample with 0.2% CNT
exhibited significantly lower permittivity than the aggregated sample with 0.1% CNT. These
findings emphasize the importance of the aggregation factor and underscore the non-universality
and limitations of the percolation theory and power laws. The observed phenomenon is best
explained by the micro-capacitor model, or the Maxwell-Wagner polarization, and suggests
that a significant portion of the literature in the field needs to be reconsidered.

Keywords: epoxy resin composites, carbon nanotubes, interfacial polarization,
permittivity, aggregation, microcapacitor model

Introduction

The permittivity of dielectric materials is their ability to interact with electromag-
netic radiation, which must be controlled and adjusted for various applications, such
as electromagnetic shielding, remote sensing, antennas, high-density energy storage,
antistatic protection, self-heating, etc. Introducing conductive inclusions into the oth-
erwise nonconductive polymer host is one of the simplest ways to enhance the per-
mittivity of dielectric materials [1]. Among various types of conductive fillers, carbon
nanostructures stand out for their unique properties and thus have gained a great deal
of attention from the research community [2—4]. This is especially true for carbon
nanotubes (CNTs) and graphene nanoribbons (GNRs) distinguished by high electrical
conductivity and aspect ratio [5—13]. The latter property is the main reason for rela-
tively low filling fractions needed to reach high permittivity values. However, despite

210
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all advantages, CNTs have one inherent limitation when used as a filler: characterized
by a very low affinity for most known polymers, they tend to aggregate in the polymer
matrix [14], and, as a result, the properties of carbon/polymer composites become
degraded. There is a strong consensus in the field that a more uniform distribution of
CNTs yields better mechanical and conductive properties [14—16].

The underlying physics behind the electromagnetic behavior of dielectric com-
posites remains elusive. Researchers have been trying to interpret their conductive
properties through multiple theories and models. The percolation theory and power
laws, which explain the macroscopic parameters of composites based on the statis-
tical distribution of inclusions and predict a sharp increase in the tested property
near the percolation threshold, are among the most widely employed ones [17-20].
They have proven to be a valuable tool in understanding the conductivity and per-
mittivity of complex systems [17, 20, 21]. Although the power laws are popular and
relatively accurate in describing certain complex materials, experiments have failed
to verify their universality. Hence, the percolation threshold values for CNTs in com-
posites are still a matter of debate. The reported values range from 0.002% to over
4% depending on CNT type, matrix composition, and processing techniques [22].
The problem is that the percolation theory ignores the chemical nature of the two
phases, i.e., the cohesive forces between the host material and inclusions. In actual
systems, when a liquid resin has a strong affinity for the inclusion material, it al-
ways wets the surface of the inclusion particles, creating a thin polymer layer be-
tween the neighboring particles, even at high filling fractions. Formally, the system
will never reach true percolation in terms of DC conductivity. In modern literature,
the term “percolation threshold” refers to the filling fractions at which the AC con-
ductivity and/or permittivity exhibit a non-monotonous behavior with respect to the
filler fraction [5, 23-27].

Alongside the percolation theory, the “microcapacitor model” has been recently
introduced to explain the dielectric behavior of composites [9, 26—28]. This model
considers composites as a network of microcapacitors distributed randomly in the di-
electric host. In its essence this model is another wording for the interfacial polariza-
tion, often referred to as the Maxwell-Wagner polarization. Unlike the power laws,
it provides a physical explanation for the observed phenomena with experimental sup-
port. For example, in our earlier study [29], we fabricated an anisotropic graphene/
epoxy composite with the graphene layers arranged parallel to each other, resembling
a battery of microcapacitors within the entire macroscopic sample. The permittivity
values were significantly higher when measured in the direction where the 2D micro-
capacitor plates were arranged perpendicular to the applied electromagnetic field, i.e.,
similarly to the classical capacitor, compared to when they were aligned parallel.
In case of the 1D CNTs, such anisotropy is less pronounced but detectable [15].

Several recent publications have emphasized the importance of the interface be-
tween CNTs and the matrix. In [9, 30], the CNT/polymer interfacial structure was
modified using the covalent and non-covalent functionalization, resulting in the chang-
es in conductivity/permittivity. The interface structure influences the charge accumu-
lation and transfer through the interface, suggesting the need for more in-depth inves-
tigation. Nevertheless, in the available literature, the debates over this issue often lack
scientific rigor [31, 32] and simply mention some “interface effect”, which does not
help in understanding the physical mechanisms of polarization.
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There is not much research on how the aggregation of CNTs affects the conduc-
tive properties of composites. On the one hand, the aggregation has been actively
discussed, and the common opinion is that a more uniform distribution is necessary
to achieve higher permittivity values [9, 33], often through CNT functionalization.
On the other hand, very few studies, if any, provide a direct comparison between sam-
ples with different levels of CNT aggregation at the same filler content. For example,
Li et al. [22] examined the correlation between the degree of CNT aggregation and
the percolation threshold. They developed a mathematical model for the relationship
between the percolation threshold and the following two distribution parameters:
“localized volume content of CNTs in an agglomerate” and “volume fraction of
agglomerated CNTs.” According to their model, the percolation threshold increas-
es with the second parameter, but no straightforward conclusions were made about
whether CNT aggregation leads to higher or lower permittivity values.

Many publications in the field ignore the impact of CNT aggregation on their
results, and the vast majority of researchers explore materials containing CNTs in an
indiscriminately aggregated state. One reason for this oversight may be the absence
of straightforward methods to precisely control the degree of CNT aggregation while
keeping all other parameters constant. Whereas aggregated samples are relatively easy
to prepare, obtaining a non-aggregated uniform distribution is challenging.

In this study, we develop a method for controlling the distribution of CNTs in the
epoxy resin matrix. Based on this method, we prepare a series of samples with varying
but controlled degrees of uniformity/aggregation of CNTs in the polymer matrix at the
same filler content. The resulting composites demonstrated significant differences in
their permittivity values.

1. Material and Methods

1.1. Material. Tuball CNTs (batch #01RW02.N1.208) with a purity of > 80%
and a catalyst content of < 15% were purchased from OCSiAl. The epoxy resin
(NPEL-128, epoxy value 22.6, epoxide equivalent weight 186.2 g eq.”") from bi-
sphenol-A and epichlorohydrin was obtained from Rus Chemicals Group (Russia).
The hardener, polyethylene polyamine, was provided by Resurs Group (Russia). Iso-
propyl alcohol (IPA), graphite (the GL-1 grade), sulfuric acid, and potassium perman-
ganate were supplied by TatKhimProduct (Russia). All commercial reagents and sol-
vents were used as received without further purification.

1.2. Preparation of modified CNTs/epoxy composites

1.2.1. Oxidative modification of CNTs. CNTs (110.6 mg) were dispersed in
56.3 mL of concentrated sulfuric acid and stirred overnight using a magnetic stir-
rer. Then, 77.42 mg of potassium permanganate were added and stirred for 8 h.
The reaction was quenched with ice made from deionized (DI) water. The mixture was
centrifuged at 4000 rpm for 30 min in order to separate CNTs from the diluted acid.
The precipitated CNTs were redispersed in a new portion of DI water, stirred for 1 h,
and centrifuged again. These steps constituted one purification cycle. Four more pu-
rification cycles were performed consecutively. After the final precipitation, the as-
washed CNTs were dried at ambient conditions. The as-obtained CNTs were denoted
as modified CNTs (mCNTs).
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1.2.2. Preparation of mCNT/epoxy formulations. mCNTs were dispersed
in IPA using an ultrasonic bath. The temperature in the bath was maintained at
25-35 °C. It took about 3 h of sonication to achieve homogeneous dispersion
with no particles discernible to the naked eye. The critical factor was the very low
(0.015%) content of mCNTs in [PA. At this concentration, a homogeneous solution
with no visible aggregates was obtained, which was not possible with higher con-
centrations. This solution was used to prepare samples with the “best” and “good”
mCNT distribution. To prepare the formulations with the “bad” mCNT distribu-
tion, the initial diluted homogeneous solution was evaporated to reach the mCNT
content of 0.5%. For the “worst” mCNT distribution, IPA was evaporated to reach
the mCNT content of 3%. Subsequently, the as-prepared mCNT/IPA dispersions
were blended with epoxy resin in certain proportions to reach the mCNT contents
0f 0.1, 0.2, and 0.5%. IPA was removed by evaporation at elevated temperature and
reduced pressure with continuous stirring until constant weight. The formulations
were sonicated in an ultrasonic bath at 80 °C for varying periods of time: 2 h for
the best mCNT distribution, 30 min for the good mCNT distribution, and 5 min for
the bad mCNT distribution. For the sample with the worst mCNT distribution, the
formulation was not sonicated.

1.2.3. Curing the formulations. The curing was performed immediately after the
sonication. First, the still hot formulation was degassed in a desiccator under reduced
pressure for 20 min. Then, the hardener (polyethylene polyamine) was added in a weight
ratio 10 : 1, and the mixture was blended manually and degassed again for 10 min.
The degassed mixture was poured into molds and cured for 1 h at 60 °C followed by
2 h at 80 °C. For each tested formulation, three samples were prepared, and the mea-
sured permittivity values were almost the same for all of them.

1.3. Characterization of mCNTs and mCNT/epoxy formulations. The ther-
mogravimetric analysis (TGA) of CNTs was performed with an STA 449 F5 Jupiter
analyzer (Netzsch, Germany) in the argon atmosphere. Raman spectra of CNTs were
acquired from the compressed powder sample using an ARS-3000 Raman microscope
(Nano Scan Technology, Russia) equipped with the 532 nm excitation laser. The scan-
ning electron microscopy (SEM) images were acquired with a Merlin high-resolution
field-emission scanning electron microscope (Carl Zeiss, Germany) at an accelerating
voltage of incident electrons of 5 kV and a current probe of 300 pA. The transmission
electron microscopy (TEM) images were taken with a Hitachi HT7700 Excellence
transmission electron microscope (Hitachi, Japan) at an accelerating voltage of 100kV
in the TEM mode. The optical microscopy images were acquired from thin layers of
the mCNT/epoxy formulations, sandwiched between a microscope slide and a cover
slip, before adding the curing agent.

1.4. Dielectric measurements. The permittivity values were calculated from
the capacitance measured with a Novocontrol BDS Concept-80 impedance analyzer
(Novocontrol Technologies GmbH & Co. KG, Germany), with the automatic tempera-
ture control provided by the QUATRO cryo-system (temperature uncertainty £0.5 °C).
The samples were placed between two gold-plated electrodes of the capacitor. The
capacitor was attached to the thermostated testing head. The measurements were con-
ducted in the frequency range from 10! to 10’ Hz.
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2. Results and Discussion

Most carbon-based materials, as stated above, have extremely low affinity for
polymer matrices. The graphene oxide (GO)/epoxy resin system is a rare exception
due to the high number of oxygen functional groups in the GO structure. Considering
this property, the method of homogeneous liquid phase transfer (HLPT) of GO into
epoxy resins has been introduced to ensure uniform distribution and fully exfoliated
state of GO in the matrix [34]. The resulting GO distribution in epoxy resin leads to a
significant transformation of the properties of both liquid formulations and solid poly-
mer composites at extremely low filling fractions [35-37]. The strong affinity between
GO and epoxy resin is the factor enabling it. To make carbon-based nanostructured
materials compatible with epoxy resin, one needs to incorporate oxygen atoms into
their structure. This was the strategy adopted in the present study to uniformly disperse
CNTs in epoxy resin.

The oxidative modification of CNTs was performed with a KMnO,/H,SO, mix-
ture, which is utilized in the Hummers graphite oxidation method. Complete oxi-
dation, as outlined in the Hummers recipe, converts CNTs into a non-conductive
material [38]. Hence, only a small amount of the oxidizer was added, i.e., 0.7 wt% eq.
KMnO, relative to CNTs, as compared to 3—4 wt% eq. KMnO, used for the synthesis
of GO and graphene oxide nanoribbons [39—41]. This oxidizer quantity was found to
be optimal for achieving sufficient dispersibility of CNTs in epoxy resin and for simul-
taneously preserving their electrical conductivity. The characteristics of the modified
CNTs (mCNTs) are shown in Fig. 1.

a) b) 1.0+

1004 Residual Mass 97.28% G
96 0.8 4
X g =]
@ @
- e 0.6
£ o4 a —— Initial SWCNT
.= -1 [} —_— I
o Residual Mass 83.65% & 04- Modified SWCNT
2 =
80
761 —— Initial SWCNT 0.2
45| — Modified SWCNT D
T T T T T T T T 0-0 i T T J : T T T
100 200 300 400 500 600 700 800 1300 1400 1500 1600 1700
Temperature,°C Raman shift, cm™’!

Fig. 1. Characteristics of mCNTs as compared to the original CNTs. @) TGA curves acquired in
the argon atmosphere, b) Raman spectra acquired with a 533 nm excitation laser

The TGA of mCNTs revealed a weight loss of 16.3% at 800 °C (Fig. 1, a), which
is much less than that for GO or oxidized graphene nanoribbons losing up to 55-60%
of their original weight under similar conditions [38—42]. Notably, the TGA curve for
mCNTs does not show a weight loss in the temperature range of 160—200 °C, which
is characteristic of GO [43, 44]. The weight loss observed at the temperature above
300 °C is most likely associated with the removal of residual sulfuric acid trapped in
the CNT bundles [38, 45], as well as with the decomposition of the catalyst-derived
impurities, rather than with the decomposition of the oxygen groups. The Raman spec-
trum of mCNTs is very similar to that of the original CNTs (Fig. 1, ). The D-band is
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only slightly enhanced, suggesting that the quantity of the introduced oxygen groups,
serving as defects, was relatively low [46—48].

The Tuball CNTs analyzed in this study are very long and bundle with one
another [49-52]. In the raw CNTs powder, there were CNT bundles with a diameter
of 10-50 nm, consisting of tens of individual CNTs. The bundles could further twist
to form secondary belt-like structures with a width up to 1 pm (Fig. 2, a). After the
sonication in IPA, the secondary structures were easily untwisted to the primary bun-
dles (Fig. 2, b). The primary CNT bundles are stable enough to resist isolation into
individual CNTs until prolonged sonication of the dispersions with a low CNT content
in aqueous surfactant solutions [51, 52]. Following the simple sonication in [PA, CNTs
remained bundled (Fig. 2, b). After the oxidative modification, mCNTs retained their
bundled state as well (Fig. 2, ¢). Thus, the smallest structural unit of CNTs in epoxy
resin is a bundle with a diameter of 10-30 nm.

Fig. 2. Electron microscopy images of the original CNTs (a, ) and mCNTs (¢). SEM image (@)
and TEM images (b, c¢).

To incorporate mCNTs into epoxy resin, the HLPT method [34] was used.
The degree of mCNT aggregation was controlled through the concentration of the
mCNT/IPA dispersion and the time of sonication of the dispersion in hot epoxy res-
in after the blending. Overall, composites with three different mCNT contents in the
matrix were obtained: 0.1, 0.2, and 0.5%, respectively. The mCNT content is here-
inafter expressed as a weight percentage. For 0.1% mCNT, four types of composites
with varying degrees of mCNT aggregation, from the most uniform distribution to the
most aggregated state, were prepared. The respective samples were labeled as 0.1-best,
0.1-good, 0.1-bad, and 0.1-worst, in ascending order of the aggregation degree.

In Fig. 3, the optical microscopy images of the four uncured liquid CNT/epoxy
formulations are given. The 0.1-best sample looks like clear epoxy resin (Fig. 3, a).
However, even in this sample, mCNTs were thin bundles, as they appear in Fig. 2, c.
These bundles were < 30 nm thick and thus undetectable by optical microscopy.
Despite being invisible, mCNTs were still present in the resin. When the liquid formu-
lation was left to stay for 30 min at 80 °C, mCNTs began to gradually agglomerate in
the resin in the form of foggy patches (Fig. 4). The 0.1-good sample (Fig. 3, b) looked
similar to 0.1-best sample after standing for 30 min at 80 °C. In addition to foggy ag-
glomerates, the 0.1-bad sample contained large aggregates (up to 200 um) comprising
multiple CNT bundles (Fig. 3, ¢). The 0.1-worst sample prepared without sonication
had numerous large aggregates (Fig. 3, d).
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Fig. 3. Optical microphotographs of the four liquid mCNT/epoxy resin formulations with
0.1% CNT: for the best mCNT distribution (a), for the good CNT distribution (b), for the
bad CNT distribution (c), and for the worst CNT distribution (d). The images were acquired
in transmitted light mode from thin layers of the liquid formulations sandwiched between

a microscope slide and a cover slip

Fig. 4. Optical microphotographs of the liquid mCNT/epoxy resin formulation with
0.1% CNT (with the best CNT distribution): a — the as-prepared formulation immediately after
the sonication; b — the same formulation after standing for 30 min at 80 °C. The images were
acquired in transmitted light from thin layers of the liquid formulations sandwiched between
a microscope slide and a cover slip

The optical microscopy findings are confirmed by the SEM images taken from the
fracture surfaces of the solid polymer composites (Fig. 5). The 0.1-best sample had single
CNT bundles (Fig. 5, a) protruding from the polymer matrix. The bundles did not split
into individual CNTs. These observations further validate that a mCNT bundle is the
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fundamental unit of the conductive inclusions in the composite. Besides single bundles
(Fig. 4, a), many small-sized aggregates consisting of 3—5 bundles were detected.
The 0.1-worst sample had numerous large aggregates, each comprising numerous bun-
dles (Fig. 5, b). The bundles were located at different angles and distances from each
other. Some of them merged with each other at certain points and diverged at others,
thus constituting a percolated network. The aggregate visible in Fig. 4, b is most likely
only the tip of the iceberg, with the main part lying under the fracture surface.

Fig. 5. SEM images of the fracture surfaces in the mCNT/epoxy composites: the samples with
the best 0.1% CNT (a) and worst 0.1% CNT () distributions

The permittivity of the solid composites prepared from the four liquid formulations
(Fig. 6) differs dramatically, even though they had the same content (0.1%) of the con-
ductive filler. The obtained permittivity vales were contrary to what one might expect:
the samples with better CNT distribution had a lower permittivity, and vice versa. For the
0.1-best sample, the real part of the complex permittivity (Fig. 6, @) changed from 6.5 Hz
at the high-frequency end through 17 Hz at the low-frequency end, i.e., it was only slight-
ly higher than the permittivity of the neat epoxy polymer, which is ~3 in the full tested
frequency range. At the same time, the permittivity of the 0.1% worst sample with large
aggregates varied from 15.6 through 482 Hz. The curves for the 0.1-good and 0.1-bad
samples are positioned between the curves of the two extreme samples.
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Fig. 6. Real (@) and imaginary (b) parts of the complex permittivity for the four samples with
different level of CNT aggregation (CNT content 0.1%)
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It is important that the differences between the samples are more pronounced in
the low-frequency part of the tested region. In the high-frequency end, the differences
are not that distinct: the real part values for the samples with the best and worst
mCNT distributions were 6.5 and 15.6, respectively (Fig. 6, a). Nevertheless, at a
frequency of 10° Hz, the respective values were 9.2 and 194, with a 21-fold difference
between the two samples. Finally, at a frequency of 10' Hz, the permittivity values
for the 0.1-best, 0.1-good, 0.1-bad, and 0.1-worst samples were 11.6, 27.3, 179.5,
and 370.5, respectively.

The real part curve for the 0.1-best sample is almost flat, with only a slight in-
crease towards frequencies lower than 10 Hz. In contrast, the 0.1-good sample has
a more pronounced increase. The 0.1-bad sample exhibits an additional permittivi-
ty dispersion within the frequencies of 103-10? Hz. For the 0.1-worst sample, there
are two permittivity dispersion ranges in the middle of the tested frequency interval.
Therefore, the permittivity dispersion range gradually shifts toward higher frequencies
in the 0.1-best to 0.1-worst samples.

The imaginary part of complex permittivity (Fig. 6, b) increases notably toward
the low-frequency end of the spectra, which is especially evident in the aggregated
samples. For these samples at frequencies < 10° Hz, the imaginary part surpasses the
real part. The loss peaks are distinguishable, but they are partially obscured by the
strong contribution of DC conductivity.

At higher mCNT loadings, it becomes more difficult to precisely control the
mCNTs distribution in the matrix, if compared with 0.1% mCNT. Even at 0.2%
mCNT, a sample completely free from aggregates cannot be obtained. As mCNT
loadings increase, the difficulties scale up. Thus, for 0.2% and 0.5% mCNT, only
two (not four) types of samples, with more and less uniform distribution, were
prepared: the ones with “good” and “bad” mCNT distribution. At 0.5% mCNT, the
uniform non-aggregated state cannot be achieved. Here, “0.5-good” means “intend-
ed good,” i.e., prepared according to the procedures for uniform samples. The mea-
sured permittivity values for the two 0.2% mCNT and two 0.5% mCNT samples
are shown in Fig. 7.
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Fig. 7. Real (@) and imaginary (b) parts of the complex permittivity for the samples with 0.2%
and 0.5% CNT content with two different levels of aggregation for each
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For the samples with 0.2% mCNT, the same trend was observed as for 0.1%
mCNT. In the 0.2-good samples, the real part of permittivity gradually changes from
10.2 to 21.4 (Fig. 7, a), which is similar to what was observed in the 0.1-best sample.
The permittivity values of the 0.2-bad sample lie in the range of 23-286. Thus, at 0.2%
loading, the two samples with different aggregation degree still differ significantly.
However, at 0.5% mCNT, the difference between the two samples is minimal. In the
frequency range of 10>-10° Hz, the two curves almost overlap (Fig. 7, a). This is be-
cause mCNTs inevitably aggregate at 0.5% loading. This is why the samples with the
filler content higher than 0.5% were not considered.

In our previous work [53], composites prepared from the raw non-modified Tuball
CNTs and a silicon elastomer as a non-conductive matrix were tested. The CNTs in
these composites were highly aggregated due to the low affinity toward the matrix.
The size and shape of the CNT aggregates were similar to those in Fig. 3, ¢ and d.
The permittivity matched the values registered in this study for the highly aggregated
samples. The following two conclusions were made based on the above results: first,
the oxidative modification of CNTs does not significantly degrade their conductivity;
second, the choice of the polymer matrix is not essential for the conductive proper-
ties of composites. The second conclusion is particularly important. The interfacial
structures in the two systems, mCNT/epoxy and CNT/silicon, must be different. How-
ever, both composites exhibit similar permittivity values, which depend only on the
distribution of nanotubes in the matrix. So, an “interface effect” described by some
researchers has no significant influence on permittivity.

In Fig. 8, the data collected for the samples with uniform and non-uniform mCNT
distribution are presented separately. For the samples (Fig. 8, a, ) with a uniform
mCNT distribution, the permittivity values differ considerably between the 0.2% and
0.5% loadings. In the light of the percolation theory, it could be interpreted as a thresh-
old between the two filling fractions. However, the new findings suggest that this sharp
increase stems from the different uniformity of the two samples: the non-aggregated
state in the 0.2-good sample and the aggregated state in the 0.5-good sample. The dif-
ference between the 0.1% and 0.2% mCNT samples is minimal. With a more or less
uniform dispersion of mCNTs, a 2x increase in the filler content only slightly affects
the permittivity values. The 0.2-good sample demonstrates significantly lower values
in the real part than the 0.1-worst and 0.1-bad samples throughout the entire frequency
range. Thus, the sample with a higher conductive filler content is less conductive than
the samples with a lower filler content.

For the aggregated samples (Fig. 8, ¢, d), the difference between all the three
loadings is not very pronounced, thereby indicating that the number or density of
the aggregates in the matrix does not strongly affect the permittivity in the tested
frequency range. The difference between the three aggregated samples intensifies
toward the high-frequency end of the tested range, demonstrating the role of the
overall filler content.
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Fig. 8. Permittivity values for the samples with good (a, b) and bad (¢, d) mCNT distribution at
three different loadings. (a, ¢) The real and (b, d) the imaginary parts of the complex permittivity

The leading experts in the field admit that the actual physics behind the po-
larization mechanism in composite materials remains poorly understood [1]. This
is especially true for systems where the filler particles are not uniform in size and
shape to be easily modeled mathematically. The problem is even more challenging
for systems like CNT/polymer, in which the values of many geometical parameters
(the size of CNT aggregates, the thickness of the insulator layer between CNT bun-
dles, the shape of the percolative network within CNT aggregates, etc.) vary widely.
This study limits its scope to the most straightforward and obvious observations con-
cerning the polarization mechanism. The loss peaks of the imaginary part curves can
signify an interfacial capacitance in the series with resistance, i.e., the bulk polymer
regions, which constitutes the basis of interfacial polarization, often referred to as
the Maxwell-Wagner polarization [1]. The strong permittivity dispersion observed
in the aggregated composites at frequencies < 10 Hz points to long relaxation times,
which in turn can be interpreted as the hindered charge transfer within a polarizable
conductive inclusion. The difficulty of the charge transfer can be explained by the
presence of a thin polymer layer between the two conductors. In our systems, such a
layer is likely to be present within the CNT aggregates due to the strong adhesion of
epoxy resin to mCNTs. The significant permittivity dispersion in the low-frequency
end of the tested region can be tentatively attributed to the polarization between the
two separated parts of the same large aggregate. This explanation is indirectly con-
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firmed by the notable increase of the imaginary part in the low-frequency end due to
the contribution of DC conductivity.

The dispersion of permittivity at relatively high frequencies in the middle of the
tested frequency range arised from the polarization within the CNT aggregates. How-
ever, the distinction between polarizable units is rather arbitrary. The size of the CNT
aggregates, the distance between the bundles within the CNT aggregate, and the dis-
tance between the neighboring CNT aggregates within the same sample varied in a
broad continuous range. These variations determined the frequencies at which the per-
mittivity dispersion occured.

Regardless of the mechanistic explanations, our findings reliably indicate that the
polarization observed in the tested frequency range occurred predominantly due to
the presence of the CNT aggregates. Additionally, the permittivity values, higher than
those for the neat resin, recorded for the 0.1-best sample, are most likely due to the
presence of small CNT aggregates, each comprising 3—5 bundles, which were observed
based on the SEM images of the fracture surfaces. Single CNT bundles separated from
each other by thick insulator layer would not contribute to the permittivity values with-
in the tested frequency range because of the capacitance being inversely proportional
to the distance between the capacitor plates. In other words, when the insulator layer
between the two conductors is thin, an aggregate functions as a microcapacitor. Thus,
our results further validate the microcapacitor model and should be discussed in terms
of the Maxwell-Wagner polarization.

The role played by CNTs aggregates in the polarization process implies that the
size of the dielectric polymer components can be reduced, in theory, to the size of a
few CNTs, i.e., to tens of micrometers. This paves the way for the potential minia-
turization of the components. An ideal microcapacitor would consist of two parallel
CNTs arranged at a properly calculated distance.

The conductive properties of composite materials have been described using var-
ious approaches (see Introduction). Our data prove that the permittivity of CNT/poly-
mer composites (at all the studied frequencies) depends mostly on the distribution
of CNTs in the matrix. The aggregation of CNTs in the matrix should be considered
as the key factor influencing the conductive properties of CNT/polymer composites.
As a short example, in [30], relatively low permittivity values (69.7 for the 4% CNT
content, measured at 1 kHz) were registered for the MWCNT/PVDF composite, while
similar systems normally exhibit much higher permittivity values up to 10 000 [27, 32].
The lower permittivity registered in [30] can be explained by the uniform distribution
of CNTs in the matrix, attained by the non-covalent functionalization, but not via an
“interface effect” as one might suggest.

The perlocation theory is only valid for ideal composites with the filler having
completely uniform particles. Otherwise, models based on the geometrical and sta-
tistical considerations make little sense. In reality, samples with a lower filler content
(such as the 0.1-worst sample) might have higher permittivity values than those with
a larger filler content (such as the 0.2-good sample). Thus, mathematical approaches
like the power laws are of little help here or at least have some critical limitations. The
revealed “aggregation effect” explains the inconsistensies in the available literature
data on the conductive properties of CNT/polymer composites. Many earlier results,
especially those concerning the percolation threshold values, may require a reconsid-
eration in the light of the findings of this study.
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Conclusions

A new method for manufacturing CNT/epoxy resin composites with a completely
uniform distribution of CNTs in the matrix was developed. With the Tuball CNTs used
in this study, this is possible up to the CNT content of 0.2%. The method allows to
control the levels of uniformity/aggregation in a broad range, while the CNT content
of composites remains constant. The conductive properties of the obtained composites
were measured at frequencies from 10! to 107 Hz. Depending on the levels of CNT
aggregation, the permittivity values varied widely, even though the content of the con-
ductive filler did not change. In addition, they were inversely related to the degree
of CNT uniformity in the matrix. The aggregated sample with 0.1% CNT content
was characterized by the highest permittivity (up to 482 at the low-frequency end),
and the sample with CNTs distributed uniformly had a very low permittivity (< 17).
At a frequency of 10' Hz, the permittivity values for the 0.1-best, 0.1-good, 0.1-bad,
and 0.1-worst samples were 11.6, 27.3, 179.5, and 370.5, respectively. The same trend
was observed with 0.2% CNT. At higher loadings, it is impossible to prepare non-ag-
gregated samples, and the difference between the samples with a more or less uniform
CNT distribution is minimal. For the aggregated samples within the 0.1-0.5% filling
fractions, the permittivity is determined more by their aggregation than the overall
CNT content. Thus, the sample with 0.2% CNTs distributed uniformly exhibited a
significantly lower permittivity compared to the aggregated sample with 0.1% CNT
throughout the entire tested frequency range. Our data strongly suggest that the degree
of CNT aggregation is the key factor to be taken into account when interpreting the
conductive properties of CNT/polymer composites. Other factors, such as non-cova-
lent functionalization of CNTs, might only contribute to the uniformity/aggregation
of composites, which in turn affects their permittivity. Therefore, although the power
laws can be effective, using them to study and manufacture CNT/polymer composites
is associated with critical limitations.
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OPUTUHAIJIBHAA CTATHA
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AHoOMAJIbHbBIE nmpoBoasinue cBOiicTBA MOJTUMEPHBIX KOMIIO3UTOB
C yriiepoaHbIMHU HaHOprﬁKaMI/I: HEYHUBEPCAJIBHOCTDb CTCIICHHOI'0 3aKOHA

TJI. Xamuoynnun!, U.B. Jlynes!, C.A. Cammapoé’, A.M. {umues’

! Kasanckuii @edepanvuviii Ynusepcumem, 2. Kasano, 420008, Poccust
2 Ibicusakckuti norumexuudeckuti uncmumym, 2. Jorcuzax, 130100, Vzbexucman

AHHOTALIUA

[IpoBoasIme CBONCTBA MOJIUMEPHBIX KOMIIO3UTORB ¢ yriepoaHbiMu HaHOTpyOkamu (YHT) xoporiio
M3BECTHBI M TIOAPOOHO OMKcaHbl B inTeparype. OnHaKo BiIusHUE cTeneHu pacnpeneneHus YHT B marpu-
11e Ha NOJIIPU3ALIMI0 KOMIIO3UTOB JI0 KOHIIA He U3yueHo. JlobuThcst papHOMepHOro pacnpenenenus YHT
B IoJMMEpax MpakKTUYCCKHU HEBO3MOXKHO, IIO3TOMY B GOHLLHI/IHCTBC HMCHOIINXCA HyGHPIKaLlI/Iﬁ paccma-
TpHBAIOTCs ycioBus, pu KoTopbix YHT HenzOupatenbHo arperupoBanbl. B crarbe npecraBieH HOBBIN
metoa cMetienus YHT ¢ anoKCHaHON cMOJION JUIs MOJTy4eHUs] KOMIIO3UTHBIX MaTepHaliOB C Pa3IndHON
onHopoaHocThio/arperameit YHT B MaTpuiie npu OAWHAKOBOM COIEPXKAHUH HaroJgHUTENs. [IpoBeieH-
HBII SKCIIEPUMEHT [10Ka3aJl, YTO 3HAYEHUSI AUJICKTPUUECKOM IIPOHUIIAEMOCTH 0OPaTHO IPOIIOPLIMOHATb-
HbI OTHOPOJAHOCTH KOMIIO3UTA, IIPU 3TOM CaMbI€ HU3KUE IOKA3aTCIIM IPOHULIAEMOCTHU 6bl.]'lld BBISIBJICHBI
B HanOoJiee OHOPOIHBIX 00pasuax, u Hao6opoT. [Ipu 0.1% YHT, 3HadeHuUs] MPOBOAMMOCTH B peaibHON
vactu coctasuiu 6.6 u 16.2 npu 107 T'iy u 11.6 1 370.5 npu 10! T’ auist HauGosiee OHOPOAHBIX U HAH-
Oosiee arperupoBaHHbIX 00pa3loB COOTBETCTBEHHO. [Toka3aHo, 4TO B Anana3oHe KOHIEHTPALMH HaIoI-
aurens 0.1-0.5 % mpoBoasiye CBONCTBA 3aBUCENH IIaBHBIM 00pa3oM ot pacnpenencHus YHT, a He ot
uX copepkanus. Tak, BO BCEM Juarna3oHe 4acToT ofHOpoaHbIid oOpaszen ¢ 0.2% YHT nemoncTpupoan
3HAUUTEIbHO MEHBIIYIO IPOHULIAEMOCTb, YeM arperupoBanublii oopasen ¢ 0.1% YHT. Dtu pesynsrars!
CBUJICTENILCTBYIOT O HEOOXOIMMOCTH yueTa (hakTopa arperaiuy, a TakKe CTaBsT 10 COMHEHHE YHH-
BEPCAJIbHOCTD TCOPUU NEPKOIAIUN U CTCIICHHBIX 3aKOHOB. (DI/ISI/I‘IGCK}/}O CyThb Ha6ﬂl0}13.6MOFO SABJICHUSA
JIydlie BCEro 0ObsCHSET MOJIeNIb MUKPOKOHIGHCATOPOB, WK noJisipu3anus Makcseiuia-Baruepa. [lomy-
YEHHbIC JaHHbBIC, BEPOSATHO, IOTPEOYIOT IEPECMOTPa MHOTUX CYIIECTBYIOIIUX [IPECTAaBICHUN B 00/1aCTH
MCII0JIb30BaHUA YITICPOAHBIX HAHOMATEPUAJIOB.

KuroueBbie ciioBa: OIMOKCHUIHBIC KOMIIO3UTHI, YITIEPOAHBIC HaHOpr6KI/I, Me)Kq)a?,HaH TnoJisipru3anus,
IpoOBOAUMOCTD, arperanus, MOACJIb MUKPOKOHICHCATOPOB

BuaarogaprHocTu. PaGora BhIloJIHEHA IpH noajaepxke Poccuiickoro HayuHoro ¢Gonnaa
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Abstract

This study aimed to determine the physicochemical properties of coconut flower nectar
(CFN) powder produced by spray drying. The powder product of the best sample (with malto-
dextrin—CFN ratio of 26%, w/v) appeared as white, spherical, or oval particles. Its physico-
chemical properties were as follows: recovery yield (42 + 2 %), moisture content (3.1 = 0.6 %),
particle size (3—12 pm), bulk density (0.380 + 0.006 g mL™"), hygroscopicity (22 + 2 %), wa-
ter solubility index (97 + 1 %), angle of repose (42.2 + 0.7°), and wettability (366 + 11 s).
The obtained results offer valuable insights for future research on spray drying of food products
and pave the way for potential large-scale use of spray-dried CFN in a great variety of products
due to easier preservation and longer shelf life.

Keywords: coconut flower nectar, spray drying, physicochemical properties, powder,
sugar

Introduction

The coconut tree, Cocos nucifera L. (Arecaceae), is the most common plant in
tropical regions. Some major coconut-producing countries are Indonesia, the Philip-
pines, India, and Vietnam. The coconut industry is playing a very important role in the
socio-economic development of Vietnam and should be considered an indispensable
part of the country’s development strategies. Vietnam has more than 132 000 ha of
coconut trees, with a potential coconut growing area of about 220 000-250 000 ha [1].

Among many coconut products, coconut flower sap, also known as coconut flower
nectar (CFN), stands out as the most remunerative one for farmers. It can be used as a nu-
trient-rich health drink or processed into syrup, honey, coconut sugar, and vinegar [2, 3].
This material offers numerous health benefits. It aids in digestion and fights diabetes,
cancer, electrolyte deficiency, and even hair loss [4]. CFN has good antioxidant prop-
erties and is rich in vitamin C (116.19 pg mL™), ash (0.27%), as well as potassium
(960.87 mg L), sodium (183.21 mg L), magnesium (22.91 mg L), etc., thus sug-
gesting a high content of minerals [5]. In addition, it has a low sugar content (15%)
and a low glycemic index (GI 35), making it beneficial for people with diabetes [3].

Spray drying, a mechanical microencapsulation technique developed in the 1930s,
has become a popular method to maintain the nutritional quality and extend the shelf
life of food products. It is also especially effective for converting a liquid into a pow-
der. The process involves using spray drying equipment to dry solutions and suspen-
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sions in a dispersed state and to remove moisture from the material, which helps in-
crease durability and preservation. The carrier acts as a protective barrier for the raw
material, limiting the influence of the external environment, preventing the loss of
volatile substances, and maintaining the desired product conditions [6]. Microencap-
sulated materials are colloids such as gum arabic, starch derivatives, sugars (lactose,
sucrose, maltose), maltodextrin, etc. [7]. Among them, maltodextrin (MD), which is
a carbohydrate derivative, has been the most widely used carrier agent in spray dry-
ing. The quality of the spray-dried product depends on the dextrose equivalent (DE).
MD is often used alone or in combination with other carriers (gum arabic) to improve
the desired product properties [8]. Furthermore, MD is both very cheap and easy to buy,
so it is extensively applied in the food industry, particularly in spray drying technology.

CFN is readily available in rural areas and undergoes natural fermentation easily
due to the high sugar content in the initial raw material. To diversify products and in-
crease the preservation time of CFN, spray drying is necessary: it decreases the water
activity in the nectar and transforms it into a powder. In this study, spray drying is
explored as an option to create an unfermented CFN product, which can be stored for a
long time. The physicochemical indexes of this CFN product are analyzed for potential
large-scale application in the future.

1. Material and Methods

1.1. Material. CFN was collected from 3 to 10-year-old coconut plants in Ben Tre
province (Vietnam) in January 2023 (16°Brix) and frozen until use. MD (DE 12) was
purchased from Roquette Fréres (France).

1.2. Sample preparation. CFN was defrozen and mixed with MD at different
concentrations (18, 22, 26, and 30%, w/v). The samples were coded M ., M, , M, , and
M,,, respectively. The sample with the initial MD concentration was coded M. The
samples M, . were adjusted with distilled water to obtain total soluble solids (TSS)
of approximately 22°Brix. The mixture was spray-dried using a SD-Basic spray dryer
(LabPlant, UK) with inlet/outlet air temperatures 180 °C/70 °C, pressure 4 bar, air
flow rate 70 m* h'!, and feed flow rate 750 mL h''. The resulting powder product was
vacuum-packed and stored at 25 °C.

1.3. Encapsulation yield (EY). EY was measured as the ratio of the dried mass of
the obtained powder to the dried mass of the initial substances [9].

1.4. Bulk density (BD). The powder (2 g) was added into an empty graduated
cylinder (10 mL) and shaken by hand for 1 min. The BD value was determined by the
ratio of the mass of the powder to the volume occupied in the cylinder [10].

1.5. Water solubility index (WSI). According to the procedure described
by Quoc with minor modifications [8], the CFN powder (2 g) and deionized water
(25 mL) were vigorously mixed and incubated in a water bath for 30 min at 37 °C.
Then, the mixture was centrifuged for 30 min at 6000 rpm. The supernatant was sep-
arated and dried in an oven at 103+£2 °C. The WSI value (%) was expressed as the
percentage of dried supernatant to the amount of the original powder.

1.6. Flowability. According to Geldart et al. with slight modifications, flowability
was determined by measuring the angle of repose (AOR) [11]. A funnel was held at a
fixed height on a flat base (5 cm), and the powder (15 g) was slowly poured through
the funnel to form a cone. Then, the AOR was calculated as the inverse tangent of the
ratio of the height and half of the width (radius) of the base of the cone.
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1.7. Wettability. The powders were poured into a funnel positioned at a fixed
height and dropped into 100 mL of water in a beaker (250 mL) at room temperature.
After that, the time for the whole amount of the powder to visibly sink beneath the
water surface was recorded as an indicator of wettability [12].

1.8. Hygroscopicity. About 1.5 g samples were placed in an airtight plastic con-
tainer with a saturated solution of sodium carbonate and stored at 25 °C. After 7 days,
these samples were weighed. Their hygroscopicity was determined as the amount (g)
of adsorbed moisture per 100 g solids (g 100 g') [13].

1.9. Scanning electron microscopy (SEM). The morphology of the spray-
dried powder was examined under a Jeol JSM-IT200 scanning electron microscope
(JEOL Ltd., Japan) at 1000x magnification.

1.10. Statistical analysis. The experimental data were processed using the one-
way analysis of variance (ANOVA) method, and significant differences among the
means from triplicate analysis at p < 0.05 were determined by Fisher’s least signif-
icant difference (LSD) test using Statgraphics Centurion XV software (StatPoint
Technologies, USA). The values obtained were expressed as the mean + standard
deviation (SD).

2. Results and Discussion

2.1. Moisture and EY of the CFN powder. Table 1 shows that the moisture
content of all powder products (M, , ) varied from 1.0 + 0.3 % to 4.7 = 0.2 %. These
findings are consistent with previous studies. For instance, the moisture contents of
the spray-dried pineapple and saffron petal powder range from 1.66 to 3.85% [12, 14].
With the addition of MD, the TSS content of the initial solution increases, leading to a
decrease in the moisture content of the product [15]. The low moisture content indicates
that the material has been effectively spray-dried and can be preserved for a long time.
The EY values of the spray-dried samples from this study were relatively low, rang-
ing from 12.4 + 0.6 to 42 = 2 %. Among them, the M, sample possessed the greatest
EY of 42 +2 %, which is still lower than in the Polygonum multiflorum Thunb. extract
powder (60.4—65.17 %) [16], but significantly higher than in the Morinda citrifolia L.
and Beta vulgaris L. fruit extract powder (5.67-8.02 %) [17].

Table 1.

Encapsulation yield (EY) and moisture content of the CFN powder

Sample Moisture (%) EY (%)
M, 4.7+0.2¢ -
M, 1.0£0.3° 124+ 0.6
M,, 4.5+0.4¢ 16 +£2°
M, 3.1+0.6° 42 £2¢
M,, 3.2+0.6° 32+£6°

Within the columns, the letters ** indicate significant differences (p < 0.05).

Normally, the recovery efficiency of most spray-dried products does not exceed
90% due to the product residue that remains on the chamber wall after drying, thereby
leading to a decrease in the recovery efficiency. The TSS concentration in the initial
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material and the carrier properties also significantly affect the recovery efficiency of
the product. In addition, according to Phisut, EY depends on many factors, such as
drying temperature, pump flow rates, raw material source, etc. [15].

2.2. Bulk density (BD), hygroscopicity, and water solubility index (WSI) of
the CFN powder. Based on the results of Table 2, the BD value of the M, powder
(0.52+0.01 g mL") was lower than that reported by Quoc (0.67 g mL™") for the spray-
dried pineapple juice powder with MD as a carrier agent [8]. However, the BDs of the
CFN powder (M, ,,) decreased more rapidly compared to that of M and fluctuated
from 0.30 £ 0.02 to 0.39 + 0.02 g mL"'. When compared to other carrier agents, such
as gum arabic, the BDs of both the initial material and the powder product were sig-
nificantly lower than those in the study by Quoc and Muoi [16]. The obtained results
prove that the BD of a powder product strongly depends on the carrier nature. A low
BD means that the powder product requires a larger packaging volume, which is also
a weak point.

Table 2.

Bulk density (BD), hygroscopicity, and water solubility index (WSI) of the CFN powder

Sample BD (g mL") Hygroscopicity (%) WSI (%)
M, 0.52+0.01¢ 10 £2° 94 +2
M, 0.30+0.02¢ 17 +£2° 98 + 1
M, 0.330 + 0.006° 20 £ 1% 94 +2
M, 0.380 + 0.006¢ 224£2¢ 97 +1
M,, 0.39 +£0.02¢ 21 43¢ 97+2

Within the columns, the letters *¢ indicate significant differences (p < 0.05).

The hygroscopicity of the initial material (MD) only reached 10 + 2 %. However,
after the spray drying process, the hygroscopicity of the M, ., products dramatically
increased from 17+ 2 to 22 + 1 % (p < 0.05), especially for the samples with a higher
amount of MD. These findings contradict the results of Mishra et al. [18]. MD can
also be considered a long-chain sugar with hygroscopic properties. A higher amount
of MD may lead to an increase in hygroscopicity and make preservation difficult.
In fact, many factors directly affect hygroscopicity, including inlet temperature, air
flow rate, feed flow rate, particle size, atomizer speed, as well as carrier agent type
and concentration [15]. Therefore, adjusting hygroscopicity as desired is not easy for
a spray drying process.

The water solubility index (WSI) of the CFN powder was high, ranging from
94 +2 % to 98 + 1 %. It remained almost unchanged when MD was added to the initial
material. There was a direct relationship between WSI and the powder product quali-
ty—the higher the WSI, the better the quality. These results were very similar to those
in the study by Mishra et al. (93.28-94.11 %) [18], but higher when compared to gac
powder (37.13-37.62 %) [19]. The good WSI of the CFN powder could be due to the
significant level of carbohydrates (MD and sugar) in the materials.

2.3. Wettability and flowability of the CFN powder. The flowability before and
after spray drying was evaluated through the angle of repose (AOR) tests (Table 3).
The AOR of the powder products (M, , ) ranged from 41.0 + 0.8° to 42.2 + 0.7°,
while that of the MD (M) was 59 + 3°. This means that the flowability of the samples
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decreased significantly after the spray drying process, resulting in reduced adhesion.
The flowability of the CFN powder was quite similar to that of the pineapple juice
powder with MD used as a carrier agent (40.54°) [8], and the powder product showed
cohesiveness properties (30° < AOR < 45°) [20, 21]. Generally, differences in flow-
ability values of materials can be attributed to storage temperatures, moisture content
of particles, relative humidity, particle shape, and particle size.

Table 3.
Wettability and flowability of the CFN powder
Sample Flowability (AOR, °) Wettability (s)
M, 59 £ 3° 497 £ 23¢
M, 41 £ 1° 224 4+ 370
M, 41.0+0.8° 206 + 332
M, 422 +0.7° 366 £ 11°
M, 42 £32 409 £ 28°

Within the columns, the letters ** indicate significant differences (p < 0.05).

Table 3 shows that the wettability of the CFN powder sharply decreased from
497 £ 23 to 206 + 33 s after the spray drying process. These results were also higher
than those for the pineapple juice (179 s) and P. multiflorum extract powder (155 s)
[8, 16]. Wettability is influenced by many factors, with the shape, particle size, mois-
ture content, and particle cohesiveness being particularly important.

2.4. Microstructure and particle size of the CFN powder. The M, sample had
the highest EY, and its other properties were similar to those of other powder products.
The MD (M,) and M, microstructures were observed, and the particle sizes were es-
timated. As shown in Fig. 1, a, the size of the M, particles varied greatly, from 20 to
44 pm in length and from 11 to 21 pm in width. The M, particles had amorphous
shapes. Compared with previous studies, their shapes were similar to the SEM results
obtained by Khazaei et al. [14] and Quoc [12] who used MD (DE 16-20) and gum
arabic as a carrier agent. However, the CFN powder products were spherical in shape,
with mutual adhesion between the particles, and the sizes of the particles were quite
diverse, ranging from 3 to 12 pm (Fig. 1, b).

St-PC 150  HighVac, [x1,000 _ 10 [lﬁ‘.[

Fig. 1. SEM microphotographs of MD (a) and M, sample () at 1000x magnification.
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The particle sizes of the CFN powder were also in agreement with those of the
Orthosiphon stamineus extracts powder in the studies by Pang et al. [22] with the par-
ticle sizes ranging from 4.87 to 6.93 pm when using MD and from 4.09 to 9.3 pm using
whey protein isolate as the carrier agent.

There were no wrinkles or indentations on the particle surface. They were rounded
and smooth, which is different from what was found by Quoc and Muoi [16] and Pang
et al. [22]. The spray-dried products from these studies often had dents and wrinkles
due to grain shrinkage as a result of moisture loss during the spray drying and cooling
in the drying chamber. However, this phenomenon was not observed in our study.
According to Loksuwan [23], the smooth surface of the product particles could be at-
tributed to the high sugar content. Sugars may act as a plasticizer preventing shrinkage
of the surface during drying.

Conclusions

CFN microencapsulation with the use of MD as an encapsulating agent proved
to be effective during spray drying. It was found that CFN has great potential for
commercial production of coconut sugar. The physicochemical properties of the spray-
dried CFN are comparable to some other spray-dried plant materials. Depending on
the MD concentration, the resulting powder products differ in their physicochemical
properties and can be either spherical or oval-shaped. The M, sample turned out to be
the best encapsulating material for spray drying of CFN, with an EY of 42%. Overall,
the results contribute to a better understanding of the CFN powder characteristics and
the production of spray-dried powders with desired properties.
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OIIeHKa (l)l/l?.l/IKO-Xl/IMI/I‘leCKI/lX CBOWCTB MOPOIIKOB U3 HEKTapa IBETKOB KOKOCOBOM
nmajabMbl, NOJYYCHHBIX METO10M paCHbIJIHTeJIBHOﬁ CYIIKHA

XHK. Anv, JL.D.T. Kyox

Hncmumym 6uomexnonozuii u nuujegvlx mexuonozui, IIpomvlunennulil ynueepcumem Xowumuna,
2. Xowumun, 700000, Beemnam

AHHOTANMSA
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Abstract

This article considers the effect of protein—starch interaction on the gelling, textural, and
sensory properties of keropok lekor used as a fish protein—starch model. A two-level facto-
rial design was employed to analyze the quality and acceptability of different formulations
of keropok lekor crackers depending on the ratios of minced fish (MF, 20-50 g (w/w)), sago
starch (SS, 1040 g (w/w)), and water (W, 10-35 g (w/w)). The parameters measured were the
onset (7)) and peak (7)) temperatures of gelatinization, storage modulus (G’), and loss modulus
during gelatinization (G"). The samples were rated by a group of 30 panelists during texture
profile analysis and sensory evaluation. The most preferred samples had the MF : SS : W ratio
0of 20 : 10 : 10 and were characterized by the lowest onset and peak temperatures of gelatiniza-
tion. Therefore, this formulation was singled out as optimal for keropok lekor.

Keywords: keropok lekor, fish sausage, sago starch, protein—starch interaction, gelatiniza-
tion, storage modulus, sensory evaluation

Introduction

Keropok lekor is a popular Malaysian fried snack [1-3] distinguished by a unique
combination of protein to starch [4, 5]. “Fish sausage” is what it is often dubbed, which
is the most straightforward description [6]. Originating from the Terengganu state, it is
also known as keropok batang and keropok tongkol in the Kelantan and Pahang states,
respectively [7]. The love for this traditional delicacy among Malaysians, regardless of
their race and ethnicity, is incredibly strong.

Keropok lekor crackers are made from a variety of fish species, including macker-
el, purple-spotted bigeye, yellow goatfish, sardine, threadfin bream, and sea bass [§].
Besides minced fish, the main ingredients are tapioca starch, sugar, salt, crushed ice,
sago flour, and an approved flavor enhancer [9]. The traditional way the ingredients are
processed for keropok lekor differs from contemporary small or medium-scale back-
yard production.
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Understanding the specific synergistic effects of protein-starch interaction in food
systems is important to adjust texture and replace certain ingredients [10]. Namely, the
gelatinization parameters of starch in blends upon heating vary depending on the pres-
ence of other ingredients, such as proteins [11-13]. The latter can inhibit the swelling
of starch granules [14—16], thus altering the gelling properties of the final product [17].
Multiple studies have examined the gelling properties that occur when proteins and
starch interact in food systems [18], as this interaction determines texture, stability,
and mouthfeel [19]. Additionally, it affects thermal properties, especially in the case
of fish protein [20-23]. The development and strength of the protein—starch system is
influenced by temperature, ingredient concentration, and phase stability [24]. Uncon-
trolled heating of the protein—starch system can lead to unpredictable changes in gel
structure and rheological properties [25], potentially disrupting the overall structure
and texture of the system.

This study was performed in the Selangor state (Malaysia) and aimed to investi-
gate the rheological, textural, and sensory properties of keropok lekor as a model fish
protein—starch system.

1. Material and Methods

1.1. Experimental design. A two-level full factorial experimental design was
employed to assess the effect of three independent variables—minced fish (MF),
sago starch (SS), and water (W)—on the onset (7;) and peak (7 ,) temperatures
of gelatinization, as well as storage (G') and loss (G"”) modulus in keropok lekor.
Texture profile analysis (TPA) and sensory evaluation of the samples were car-
ried out. All statistics (see Table 1) were conducted using Minitab 17 software
(Minitab Inc., PA, USA).

1.2. Preparation of keropok lekor. Keropok lekor samples were prepared as de-
scribed by Kyaw [26]. First, fish flesh was transferred into a silent cutter (Kinn Shang
Hoo Iron Works, Taiwan) and processed for 3 min. Then, crushed ice was added, fol-
lowed by sago starch. The mixture was blended for 20 min until a dough-like consis-
tency was achieved. Finally, the fish “dough” was pumped into cellulose casings using
a sausage stuffer (F. Dick Company, Germany).

1.3. Gelling properties. The dynamic rheological properties of the keropok le-
kor formulations were analyzed by a temperature sweep from 30 to 90 °C for 5 min.
Rheological measurements were performed as outlined by Ould Eleya et al. [27], on a
RotoVisco RT-20 controlled-strain rheometer (Hakke Inc., Germany) with cone-plate
geometry (diameter 35 mm, cone angle 2°). The gel of each keropok lekor sample was
loaded into the 0.5 mm gap between an upper cone and a lower flat plate. Kerosene oil
was applied onto the samples to create a thin film and prevent evaporation during the
measurements. The samples were scanned from 30-90 °C at a rate of 12 °C - min" and
held at the final temperature for 5 min. The temperature was maintained by a Peltier
heat pump (DS 50, Haake Inc., Germany) situated on the bottom plate of the rheom-
eter. The cooling process from 90 to 30 °C occurred at the same rate as the heating.
The measurements were carried out in three repetitions, and the mean values were
used for subsequent statistical analysis.
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Table 1.
Formulation matrix of keropok lekor according to central composite design (CCD)
Treatment runs Blocks Minced fish | Sago starch Water
1 1 20 10 10
2 1 50 40 10
3 1 50 10 35
4 1 20 40 35
5(C) 1 35 25 22.5
6 (C) 1 35 25 22.5
7 2 50 10 10
8 2 20 40 10
9 2 20 10 35
10 2 50 40 35
11 (C) 2 35 25 22.5
12 (C) 2 35 25 22.5
13 3 20 25 22.5
14 3 50 25 22.5
15 3 35 10 22.5
16 3 35 40 22.5
17 3 35 25 10
18 3 35 25 35
19 (C) 3 35 25 22.5
20 (C) 3 35 25 22.5

C = central points

1.4. Texture profile analysis. The gels were cut into 20 x 20 mm (diameter x
length) cylindrical pieces and tested, according to the method of Martinez et al. [28],
on a TA-XT?2 texture analyzer (Stable Micro Systems, UK) equipped with a cylindrical
probe (P/50, diameter 50 mm) connected to a 25 kg load cell. The obtained samples
were compressed twice using the probe with the test speed of 2.0 mm/sec, following the
standard TPA procedure. The data were collected with the help of Texture Expert 1.17
software (Stable Micro Systems, UK). The parameters calculated were hardness
(N)—the maximum force needed to compress the sample, fracturability (N/cm?)—the
force during initial compression at which the material fractures, springiness (m)—the
ability of the sample to recover its original shape after the deforming force has been
removed, cohesive force—the extent to which the sample could be deformed prior to
rupture, and chewing force (N/cm)—the force required to chew the solid sample to a
uniform swallowing state.

1.5. Sensory evaluation. The stuffed casings (20 mm) were steamed for 15 min.
The resulting gels were then immediately immersed in iced water to prevent shrink-
age and to ease separation of the casings. The steamed keropok lekor sausages, each
2.5 cm long, from all the formulations were deep-fried in oil for 5 min using a fryer
(model DF 30 A 1 T, Japan) adjusted to 180 °C. The cooked samples were labeled with
arbitrary three-digit codes and presented to the panelists (30 students) in a random
order under white fluorescent lights according to Ayo et al.’s modified method [29].
The sensory tests were carried out at the Sensory Laboratory, Faculty of Food Sci-
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ence and Technology, Universiti Putra Malaysia. The panelists were asked to rate the
texture and overall acceptability of the keropok lekor samples on a nine-point scale
(dislike extremely (1), neither like nor dislike (5), and like extremely (9)). In between
each sample evaluation, the panelists rinsed the mouth with room-temperature water.

1.6. Statistical analysis. The experimental design matrix and ANOVA test were
implemented in Minitab 17 software (Minitab Inc., PA, USA). The data were pro-
cessed using the fish protein—sago starch formulations as the experimental units.
The differences were assessed by Duncan’s test at 95% confidence level.

2. Results and Discussion

2.1. Effect of protein—starch interaction on 7 values. 7, varied from 52.5 to
77.5 °C. Its dependence on the ratio of added minced fish, sago starch, and water is
shown in Table 2 and Fig. 1, a—c.

Table 2.

Rheological properties of various keropok lekor formulations determined as the functions of
independent (MF, SS, and W) and dependent (onset temperature of gelatinization (7,), peak
temperature of gelatinization (7 p), storage modulus (G’) and loss modulus of gelatinization
(G ")) variables measured by rheometer

Independent
Formu- variables Dependent variables
lation Blocks g (W/w)
MF|SS| W T, (°C) T, (°C) G’(Pa) G”(Pa)
Fl 1 20| 10| 10 | 525+£0.2% | 61.9+0.5* | 2.95+0.10° |2.48+0.01®
F2 1 50 40| 10 | 740£03° | 86.0£0.2" | 570+ 0.01° [4.48+0.01°
F3 1 50|10 | 35 | 740+£0.3" | 82.5+0.1° | 450+0.01¢ |3.60+0.34¢
F4 1 20 | 40 | 35 | 70.0+0.3¢ | 85.0+£02¢ | 490+0.01¢ |430+0.01°
F5 1 35 125]225|75.0+0.2° | 86.0+£0.2° | 3.90+0.02¢ | 4.00+0.03°
F6 1 3525|225 775+02¢|850+0.39| 478+0.02¢ |2.70+0.02®
F7 2 50|10 | 10 | 72.0+0.3° | 84.0+0.4° | 4.60+0.03¢ |4.00+0.06°
F8 2 20 |40 | 10 | 67.5+£0.27 | 82.9+0.1° | 4.85+0.02¢ |430+0.56"
F9 2 20 | 10| 35 | 70.5+0.6° | 83.0+£0.4° | 430+0.02¢ |4.00+0.04°
F10 2 50 |40 | 35 | 59.5+0.4" | 66.0+03"| 3.78+0.02¢ |2.85+0.01®
F11 2 35|25|225|760+03"|87.0+0.38| 3.78+0.01¢ |4.48+0.01°
F12 2 35125|225|760+04" | 86.0+0.3° | 3.70+0.03¢ [3.00+0.02°
F13 3 20 | 25| 225| 70.0+0.5¢ | 85.0+0.3¢ | 448+0.01¢ [431+0.01°
F14 3 50 | 25|225|740+04" | 82.0+0.5° | 4.85+0.01¢ [3.30+0.02°
F15 3 35110 | 225 | 70.0+0.4¢ | 88.5+0.1" | 3.48+0.02¢ |2.95+0.01®
F16 3 35|40 | 225 | 555+0.2° | 63.0+0.2" | 5.30+0.02° [4.48+0.01°
F17 3 35125| 10 | 70.5+0.2¢ | 86.0+0.3" | 430+0.03¢ |4.00+0.01°
F18 3 35125| 35 | 585+0.28 | 62.0+£0.4* | 3.60+0.02¢ |2.90+0.03®
F19 3 35125|225| 625+02" | 82.7+0.3° | 4.60+0.03¢ [3.42+0.01°
F20 3 35125(225|703+03¢ | 87.5+0.4¢ | 461 +0.08¢ [3.95+0.02¢

MF: minced fish, SS: sago starch, W: water. Means with the same superscript within the column
were not significantly different at p < 0.5
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Fig. 1 Response surface plot for the onset temperature of gelatinization of the fish protein—sago
starch system as a function of minced fish and sago starch ratios (a), minced fish and water
ratios (b), and sago starch and water ratios (c) based on the rheometer measurements.

The lowest T, value was observed in the keropok lekor samples made with
20 : 10 : 10 minced fish, sago starch, and water, respectively. The highest 7 value
was obtained when these ingredients were mixed in the ratio of 35 : 25 : 22.5. In all
the keropok lekor formulations, the gelatinization of the fish protein—sago starch sys-
tem began at 7, above 50 °C (52.5 °C). This finding fits well with the earlier studies
by Kong et al. [30] on the interaction between the fish-meat gel with starch: proteins
began to produce a gel when the temperature was higher than 50 °C, which might be
due to the changes in the diameter of starch granules binding not only with water but
also with fish protein. In Fig. 1, the surface plot demonstrates an upward trend in 7,
as the ratio of minced fish and water increase, while adding more sago starch leads to
a decrease in the 7| value (i.e., the system with the low ratio of water and sago starch
had a lower value of 7). According to Scott and Awika [31], proteins and starch can
form complexes through physical interactions, potentially affecting the accessibility of
water to starch granules and thus altering the gelatinization process. This interaction
might either increase or decrease 7;, depending on the complex nature. Proteins can
enclose starch granules [32] in a protective surface coating that determines the abili-
ty of water to penetrate starch granules and initiate gelatinization. Depending on the
coating size, 7, may either increase or fall. Therefore, the protein—starch interaction
can be synergistic, enhancing the gelatinization properties, or antagonistic, potentially
reducing 7, values [33].

2.2. Effect of protein—starch interaction on 7' , Values. Table 2 shows that
T values of the studied keropok lekor formulations, increased significantly, from
61.0to 88.5 °C, depending on the MF : SS : W ratio. It was found that the structure
and behavior of starch granules changed considerably during gelatinization. These
findings are consistent with previous results. For instance, Aguilera and Rojas [34]
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studied whey protein—cassava starch gels and reported that starch granules intensive-
ly soaked up water while undergoing gelatinization, thereby swelling, and eventual-
ly solubilizing. Our data also suggest that a temperature rise of up to 65.5 °C caused
starch granules to swell and adsorb heat, resulting in their deformation, disruption
and melting, as in [35]. Some interesting observations concern proteins. In Kyaw’s
experiments on the protein—starch system of keropok lekor [26], the temperature
of starch gelatinization shifted to a higher value when fish-meat paste was added.
Mohamed and Rayas-Duarte [36] explored the effect of starch—protein interaction
in hard red spring wheat on the peak temperature of the system and revealed that
the peak temperature of starch gelatinization increased with the amount of protein
extract added to the starch. In this study, the lowest 7' . value was 61.5 °C in the
MEF : SS: Wratio of 20 : 10 : 10, which indicated a disruption/melting of sago starch
granules, as in [37]. Additionally, the gels of most keropok lekor formulations had a
T, peak above 80°C, with the highest recorded value being 88.5 °C in the MF : SS: W
ratio of 35 : 10 : 22.5.

The response surfaces for the obtained T . values are shown in Fig. 2, a—c to aid
visualization. The trend seen in 7, was also pronounced in 7' . i.e., an increase in the
ratios of minced fish and water led to a higher peak of gelatinization temperature.
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Fig. 2. Response surface plot for the peak temperature of gelatinization of the fish protein—sago
starch system as a function of minced fish and sago starch ratios (@), minced fish and water
ratios (b), and sago starch and water ratios (c¢) based on the rheometer measurements

Li [38] reported that the interaction between protein and starch can influence the
peak temperature of gelatinization, which is the temperature at which the maximum
swelling and viscosity occur during the gelatinization process. This parameter deter-
mines the texture, mouthfeel, and other functional properties of food products [39].
Bresciani et al. [40] noticed that the peak temperature of gelatinization may rise if
protein—starch complexes are formed. Jia et al. [41] discovered that the presence of
protein—starch complexes can alter the water absorption and swelling properties of
starch granules, potentially leading to high values of peak temperature. However,
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when proteins coat the surface of starch granules, they can create a barrier that affects
the penetration of water into them. According to Shao et al. [42], this coating may
impact the kinetics of gelatinization, potentially influencing the peak temperature of
the food system [42].

2.3. Effect of protein—starch interaction on storage modulus (G") during gela-
tinization. The storage modulus (G) is a measure of a material’s elastic or solid-like
behavior [43]. In the context of gelatinization, G’ is commonly used in rheology to
describe the stiffness or rigidity of a gel or gelatinized material [44]. As starch gran-
ules undergo gelatinization, they absorb water and swell, which ultimately leads to
the formation of a gel network [45]. G’ is a key rheological parameter that reflects the
ability of the gel to store and recover energy under deformation [46]. A higher G "value
indicates a more elastic or solid-like behavior, while a lower G’ value suggests that the
material is viscous or more likely to behave like a liquid [47].

Table 2 and Fig. 3, a—c show how different ratios of the ingredients used in
keropok lekor affected the G’ values in this study depending on the temperature vari-
ations. A gradual increase in the G’ values was noted, indicating enhanced elasticity
while the system was heated [48]. The storage modulus increased with the higher
ratios of both minced fish and sago starch, but decreased as more water was added.
This finding is consistent with that of Chen et al. [49]. The higher storage modulus
suggested that the starch—protein interaction in keropok lekor led to the formation
of a network structure during the gelation of the system by heating [50]. In the work
by Hoti et al. [51], the storage modulus increased progressively with higher density
of the cross-link system. However, in the HPMC enhanced horse mackerel surimi,
the storage modulus increased with temperature and decreased with higher water
content [52].
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Fig. 3. Response surface plots for the storage modulus of the fish protein—sago starch system as
a function of minced fish and sago starch ratios (a), minced fish and water ratios (), and sago
starch and water ratios (c) based on the rheometer measurements.
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2.4. Effect of protein—starch interaction on loss modulus (G"") during gelatini-
zation. The loss modulus, often denoted as G”, is a measure of the viscous or dissipa-
tive properties of a material in the context of rheology. Starch gelatinization entails the
disruption of hydrogen bonds within the starch granules, allowing water molecules to
penetrate and swell them. The loss modulus (G") of the keropok lekor formulations is
presented in Table 2 and Fig. 4, a—c: G" exhibited a pattern similar to G'. The system
showed an initial increase in G" at 2.48 Pa and reached the maximum value of 4.48 Pa.
The same trend was observed by Matou et al. [53] in their study of starch-meat com-
posite, where the higher ratios of minced fish and water resulted in the lower modulus
values of keropok lekor. Increasing the ratios of sago starch led to a significant rise in
the loss modulus value (p < 0.05) (Fig. 4, a—c). Li and Yeh [54] studied the effect of
high amylose and waxy corn starch, tapioca starch, potato starch, sweet potato starch,
pea starch, mung bean starch, and rice starch on the rheological properties of starch—
meat complexes. They claimed that the higher loss modulus was associated with the
temperature sweep increase. The addition of 30% starch to meat in the starch—meat
complex with 76 + 0.5% adjusted water resulted in an increase in the loss modulus
value for starch and starch—meat composite, and the starch—-meat complexes yielded a
high G", which is associated with the gelatinization of starch. The maximum G" (5.3 kPa)
was observed at 69.3 °C. In Kerry et al. [55], a similar increase in G'"" was found by
adding modified potato starch in whey protein concentrate.
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Fig. 4. Response surface plot for the loss modulus of the fish protein—sago starch system as a
function of (a) minced fish and sago starch ratios, (b) minced fish and water ratios, and (c) sago
starch and water ratios based on the rheometer measurements.

2.5. Texture profile analysis. The results of the texture profile analysis (TPA)
for different keropok lekor formulations are shown in Table 3. The variations in the
TPA values among them are associated with the differences in hardness, fracturability,
springiness, cohesiveness, and chewiness.
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Table 3

Texture profile analysis parameters of the fish protein—sago starch system formulated with
different protein and starch ratios.

Formu- | MF:SS:W | Hardness | Fracturability | Springiness |Cohesiveness|Chewiness
lation (N) (N/cm?) (cm) (ration) (N/cm)
F1 20:10:10 | 30.0+04*| 27.0+0.1* 0.72+0.01* | 0.32+0.022 | 5.0+ 1.6°
F2 50:40:10 | 50.9+0.9* | 303+0.6° | 0.75+£0.30° | 0.31+0.03°|11.6£2.0°
F3 50:10:35 | 30.1 £0.5¢ 6.2+0.1° 0.79+0.05* | 0.33£0.01*| 5.5+0.6°
F4 20:40:35 | 354084 | 224+0.41 0.76 £0.02* | 0.32+0.02* | 8.0+ 1.9¢
F5 [35:25:22.5]| 36.4 +0.6° NA 0.85+£0.02° | 0.41+0.01° | 8.1 +£0.1¢
F6 35:25:22.5| 32.1£0.2f NA 0.80+0.01° | 0.40+0.01° | 6.3+0.5°
F7 50:10:10 | 33.7+0.4* | 21.0£0.8° 0.66+0.01° | 0.22+0.02¢ | 4.8+1.2f
F8 20:40:10 | 35.7+0.4¢| 18.0+0.3" | 0.67+0.01° | 0.31 +0.04* | 6.5+2.1¢
F9 20:10:35 | 33.2+0.8° | 18.0+0.7" | 0.67+0.03° | 0.22+0.01° | 5.3 +2.9°
F10 | 50:40:35 | 43.0+04¢ | 258+0.2¢8 | 0.68+0.02° | 0.32+£0.03* | 7.6 £1.9°
F11 [35:25:22.5]| 36.3+0.3¢ NA 0.82+£0.04> | 0.42+£0.02° | 7.7£1.6°
F12 |35:25:22.5133.9+0.5* | 21.2+0.8° | 0.64+0.02° | 0.23+0.02° | 5.2 +0.9°
F13 |20:25:22.5|30.3+0.9" | 18.7+0.1" | 0.74+0.03* | 0.34+£0.03* | 7.6 £0.5°
F14 [50:25:22.5|30.2+0.3" | 20.1£0.1¢ 0.66 £0.02° | 0.22+£0.01° | 6.1 £0.7F
F15 |35:10:22.5| 32.8+0.7" NA 0.76 £0.03* | 0.32+0.01* | 5.3+0.1°
F16 |35:40:22.5| 45.0£02" | 29.3+£0.6° | 0.68+0.05° | 0.33£0.04* | 9.2+£0.7°
F17 35:25:10 | 33.3+£0.5* | 22.1+0.5¢ 0.68 £0.01¢ | 0.23£0.01¢ | 5.0+£0.5¢
F18 | 35:25:35 | 38.1+0.4' | 247+0.3¢ | 0.64+£0.04° | 0.22+0.03° | 5.6 £ 1.7°
F19 |35:25:22.5| 34.0 +0.9¢ NA 0.77+0.03% | 0.42+0.04° | 6.7+0.1°
F20 |35:25:22.5|36.0+0.3¢| 232+0.8" | 0.64+0.03° | 0.23+0.04¢ | 54+1.3°

Means with the same superscript within the column were not significantly different at p <0.5.
Readings were means of triplicate measurements. NA: not available, N: Newton (kg-m/s?),
MF: minced fish, SS: sago starch, W: water

The keropok lekor samples with the MF : SS : W ratio of 5 : 4 : 1 had the highest
hardness value (50.9 N). The second highest hardness value (45.0 N) was observed
in the formulation with the MF : SS : W ratio of 3.5 : 4 : 2.25. This could be attribut-
ed to the higher proportion of minced fish, as in [3] where the keropok lekor texture
strengthened as the fish content was increased from 30 to 70%. In Kyaw et al. [48],
there was a notable rise in the hardness of keropok lekor (from 9.9 N to 15.4 N) when
the fish content in the product was from 30 to 50%. Being rich in protein, fish boosts
the hardness of food products by increasing their viscoelastisity. Another crucial point
here is that the lowest hardness value (20.1 N) was recorded in the sample formulated
with the MF : SS : W ratio of 5 : 1 : 3.5, followed by 22.1 N in another sample, which
might be related to the low ratio of starch. In the work by Kyaw [26], the reinforcing
effect of starch in the composite was not significant when the starch matrix contained
too much fish protein (60—80 %), thereby leading to the disruption of the matrix con-
tinuity. Increasing the MF ratio enhanced the hardness of keropok lekor. Hardness is
closely linked to cohesiveness, which refers to the strength of the internal bonds mak-
ing up the body of the sample [56]. In this study, cohesiveness was positively correlat-
ed with the ratio of minced fish, but this relationship was not significant (p > 0.05).
In most food systems, the adhesion force is a combination of adhesive and cohesive
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forces, and a food material is perceived as being sticky when its cohesive force is low
[57]. The cohesiveness values in all the analyzed samples were not close to 1.0, which
may indicate that increasing the minced fish and sago starch ratios in the system de-
creased the recovery of the samples after the first compression. This finding aligns with
the study by Tabilo-Munizaga and Barbosa-Canovas [58], in which the cohesiveness
value in the texture profile of the samples was close to 1, indicate sample recovery
after the first compression. Allais et al. [59] added starch to frankfurters and found that
an increase in the starch content improved the hardness and chewiness, decreased the
springiness, but had no significant effect on the cohesiveness values. Hughes et al. [60]
revealed the higher gel strength in frankfurters formulated with added starch. As the
starch granules within the protein gel matrix swell, they contribute to the formation
of stronger heat-induced structures. Chen et al. [61] suggested that this phenomenon
could increase the water-binding capacity of the gel matrix, resulting in a firmer, more
compact structure after cooking.
2.6. Sensory evaluation. The scores given for the sensory attributes of the kero-
pok lekor samples are given in Table 4.
Table 4.

Scores attributed to the texture and overall acceptability of the fish protein—sago starch system
in the sensory evaluation.

Formulation | MF:SS:W Taste Texture Color Flavor aci;f;gﬂi ty
F1 20:10:10 |54 £12°|5.6 £1.2°|54 £1.2°| 6.3+0.8" 6.6 +0.8°
F2 50:40:10 | 4.8+1.1* | 4.8+1.1* | 48+1.1*° | 53+1.2° 53+1.2°
F3 50:10:35 | 4.8+1.0° | 4.8+1.0° | 48+1.0° | 5.5+1.1° 55+1.1°
F4 20:40:35 | 39+£13°| 3.6+£13°|43+£13°| 51+1.1* 51+1.1°
F5 35:25:22.5| 54 +12° | 54+1.2° | 55+£1.2°| 6.0+0.7° 6.0+0.7°
F6 35:25:22.5| 4714 | 4714 | 4714 | 6.1£0.9° 6.1 +0.9°
F7 50:10:10 | 5.3+ 1.1° | 5.3+ 1.1° | 53+£1.1°| 55+0.9° 5.5+0.9
F8 20:40:10 | 5.0+£1.3°| 5.0+£1.3% | 5.0+ 1.3 | 5.6+1.0° 5.6+ 1.0°
F9 20:10:35 | 48+1.4* | 48+14* | 48+1.4°| 58+0.9" 5.8+0.9
F10 50:40:35 | 53+1.3° | 53+1.3% | 53+£1.3°| 59+0.8° 5.9+0.8°
Fl11 35:25:22.5| 4714 | 4714 | 4714 | 5.9+£0.9° 5.9+0.9°
12 35:25:22.5| 5.0+ 1.2° | 5.0+1.2° | 5.0+1.2° | 6.0+0.8° 6.0 £0.8°
F13 20:25:22.5| 48+1.1* | 48+1.1* | 48+1.1° | 55+1.1° 55+1.1°
F14 50:25:22.5| 48+1.5 | 48+1.5 | 48+1.5* | 49+1.0° 52+1.0°
F15 35:10:22.5| 52+ 1.1° | 5.2+ 1.1° | 52+ 1.1° | 58+0.9° 5.8+0.9°
Fl16 35:40:22.5| 49+1.5 | 49+15 | 49+1.5 | 5.6+1.2° 5.6+1.2°
F17 35:25:10 | 52+ 1.1° | 52+ 1.1° | 5.2+ 1.1 | 58+0.9° 5.8+0.9
F18 35:25:35 | 5.3+£1.5° | 53+£1.5° | 53+£1.5| 5.6+1.0° 5.6+ 1.0
F19 35:25:22.5| 5.0+£1.5° | 5.0+£1.5° | 5.0+1.5° | 6.2+0.8" 6.4+0.8°
F20 35:25:22.5| 52+09° | 52+0.9° | 52+0.9° | 6.2+0.8° 6.2+0.8°

Different superscript letters within the columns are significant differences (p < 0.05).
MF: minced fish, SS: sago starch, W: water
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Their values were statistically different (p < 0.05) and ranged as follows: 3.9-5.4
for taste; 3.6-5.6 for texture; 4.3-5.4 for color; 4.9-6.5 for flavor, and 5.2-6.6
for overall acceptability. The sample formulated with the MF : SS : W ratio of
20 : 10 : 10 received the highest scores across all attributes. The lowest score for the
texture attribute was obtained in the sample formulated with the MF : SS : W ratio
of 20 : 40 : 35, mainly because of the excess starch content (twice as much as the
fish ratio) causing the texture to turn firmer after frying. Local producers add more
starch while making keropok lekor to maximize their profits. The panelists generally
preferred the formulations with the MF : SS ratios of 20 : 10 and 35 : 25. According
to Kyaw [26], keropok lekor crackers should contain 60% minced fish, 30% sago
starch, and 10% tapioca starch.

Conclusions

The rheological, textural, and sensory properties of keropok lekor can be improved
by adjusting the amounts of its key ingredients—fish protein, sago starch, and water.
Among the formulations tested, the one with the MF : SS : W ratio of 20 : 10 : 10 was
marked by the lowest onset and peak temperatures of gelatinization, as well as the
lowest values of hardness and chewiness. With the highest scores in overall accept-
ability, this particular formulation was identified as the optimal and preferred choice
for keropok lekor.
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B3aumopneiicTBue 0esika 1 KpaxMaja B PhIOHBIX KpeKepax Keponok J1ekop
U ero BJIMSIHUE HA HX Pe0IorHYecKHe, TEeKCTYPHbIe H OPraHoJIeNTHYeCKHe CBOICTBA

M. 460 Dnveaoup'?, J]rc. Baxap?, P. A6oyn Paxman?, P. Kapum?®, A.A. Mapuoo**
!Konnedoic cenbeko2o xo3aticmea u 6emepunapHotl meouyunsl, Yuusepcumem ans-Kacoim, Bypaiioa,
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3Konneoac nayxu, Yuusepcumem oicuoowl, oicudoa, 21931, Cayooscras Apasus
‘Ifenmp 3nanuil u HacLeOust KOpeHHviX Hapo0os, Konnedoc nayku u mexnonoauu I'ubauwa, I'ubauw,
110, Pecnybonuxa Cyoan

AHHOTALMS

B crarbe paccMaTpuBaloTCs 0COOCHHOCTH B3aUMOJCHCTBHS Oelka 1 KpaxMmalia U ero BIUSHUC Ha
resneoOpasyoline, TeKCTypPHBIC H OPraHOJICIITHYECKIE CBOMCTBA CHCTEMbI PHIOHBIH OEI0K — Kpaxmai Ha
IIpUMeEpe TPAANIIHOHHOTO MaJIa3HHCKOT0 OJII0/1a Keponok iekop. MeToioM IByX(haKTOPHOTO aHAIHN3a U3-
YUEHBI PELCIITYPHBIC COCTABBI KPEKEPOB KEPONOK JIeKOP € PA3INYHBIM COOTHOLICHHEM PhIOHOTO dapiia
(MF, 20-50 t ot obmiei maccer), kpaxmana caro (SS, 10—40 r ot obmeit maccsr) u Bogsl (W, 10-35 1
OT 0bmieit maccer). PaccunTanst ux HavansHas (7,) u mukosas (T p) TEeMIIEPaTyPhl JKEIaTHHU3ALNH, TU-
HaMHUYECKHI MOIyJb yrnpyroctu (G'), a Takke MOAYIb MOTEPh YIPYTOCTH MpH kenaruHuzanun (G”).
OpraHoJenTHYECKHE U TEKCTYPHBIC CBOWCTBA 00pa3IloB OLCHUBAIN B XOJE JCTYCTALMU C IpUBIICYE-
HueM 30 pecrnoHIeHTOB. HanBEICIITYI0 OLIEHKY MOTYYHIIN 00pa3Libl, B KOTOPBIX COOTHOIIECHHE PHIOHOTO
(apma, kpaxmana caro u Bogasl coctaBuio 20 : 10 : 10. ITo pesynbsraraM mpoBeIeHHOTO HCCICI0BAHUS
HMMEHHO 3TOT BapUaHT PELCNTYPbI ObLIT BEIOpaH B KauecTBE HANOO0JIEE ONTHMAIILHOTO JUISl TPUTOTOBIIC-
HHS KEPONOK JIeKOP.

KiroueBble cioBa: xeponox sexop, pelOHBIM Kpekep, KpaxMal caro, B3aMMOJCHCTBHE Oenka U
Kpaxmasa, )KeJaTHHU3ALMS, MOIYJIb YIIPYTOCTH, OpraHOJIeNTHYECKas OlIEHKa

3axiouenue Komurera no stuke. VccienoBaHue NpoBeAEHO B COOTBETCTBUU C XeIbCUHKCKOM
nexnapanueit 2000 1.

Hudopmuposannoe cornacue. upopmupoBaHHOE coracye ObUIO MOIYYEHO OT BCEX CyOBEKTOB,
y4YacTBOBABIINX B UCCIIEIOBAHUM.
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APOPUHHOCTD K OCTPOI'EHOBOMY PELEIITOPY o (ERa)
IMPOU3BOAHOI'O TPAHC-CTUJIBBEHA, COAEPKAILIEI'O
OPAI'MEHT IUPUTOKCHUHA

O.B. bonoapy, P. Kapym, O.A. Mocmosas, M.B. Ilyzaues,
A.I' Ukcanosa, FO.I" Llmvipaun

Kazanckuii (Tlpusonsicckuil) pedepanshuiii ynusepcumem, 2. Kaszanw, 420008, Poccusa

AHHOTANHSA

UccnenoBanue HampaBl€HO Ha NOUCK MOJIEKYJISIPHBIX MHILEHEH IEHCTBUS NeEpCIeK-
THUBHOTO ITPOTHBOOITYXOJICBOTO areHTa Ha OCHOBE MpaHC-CTHIHOCHA, COAEPIKAIETO B CBOCH
CTpYKType (QparMeHT MUpHUAOKCHHA. BrissBineHHoe coemmuHeHue-muaep ((E)-6-(3,4-numMeTok-
cuctupun)-2,2,5,8-rerpametin-4H-[ 1,3 | nrokcnao[4,5-C[MupruanH) CENeKTHBHO WHAYIHPYET
aronTo3 B KIIETKaX aJCHOKAPIITHOMBI MOJouHOU xkene3bl MCF-7, rumepakcnpeccupyrommux
perieniTop 3cTporeHa, Ho He B kieTkax MDA-MB-231, HeraTHBHBIX 10 3CTPOTCHOBOMY pe-
nenrtopy. B cB3u ¢ 93THM H3yueH MEXaHU3M JACHCTBHS 3TOTO MIPOU3BOTHOTO MpaHC-CTHIIBOEHA
B KaUeCTBE CEJIEKTHBHOTO MOYIIATOpPA PELenTopoB scTporena. C ucronbp3oBanueM (iyopec-
LIEHTHOTO TIOJIIPU3AIIMOHHOTO TECTa OIEHEHO CPOJICTBO MPOM3BOJHOTO MpaHC-CTHIBOCHA K
YenoBedeckoMy dcTporeHoBoMy perentopy o (ERa). [Tokazano, 4to, B oTIIM4me OT €TO CTPYK-
TYypHBIX aHAJIOTOB TaMOKCH()eHa U palokcu(eHa, COeTUHEHNEe-TTUAep He 00lIagaeT CPOICTBOM
k ERa u He popmupyer kommekcoB ¢ HUM. Ha ocHOBaHMM 3TOTO (hakTa clenaH BHIBOX 00
QJIBTEPHAaTUBHOM MEXaHM3ME CEJICKTHBHOTO ICHCTBHS MHPHIOKCHHCOAEPIKAIIETO MPOU3BOI-
HOTO mpanc-CTHIBOEHA B OTHOLIEHUH 3CTPOTCH-TIO3UTUBHBIX KJICTOK PaKka MOJIOYHOM KEIe3bl.
Hist scTpammona, panokcu(pena i TAMOKCH(EHa paccunTansl 3Hadenus EC, ) BhITeCHEHHS U3
axtuBHOTO IeHTpa ER0 myopecrienTHOTO NMTUranma, kotopeie coctaBmiyd 22, 120 u 595 sM
COOTBETCTBEHHO.

KunroueBble ci1oBa: mparnc-CTUIBOCHBI, TUPUIOKCHH, 3CTPOTCHOBBIN PEIETTOP 0., TAMOK-
cuden, pajgokcudeH, KOMIUIEKCO0Opa30BaHKe, MOIIPH3ALUs (MIIyOpECIICHIINH.

BBenenune

Jlns medenus ormyxoiielt MOJOYHOMN >KEIe3bl MIMPOKO MPUMEHSIIOT CEJICKTUBHEIC
MOIYJISATOPHI PEIIEITOPOB ACTPOreHa — TAMOKCU(DEH U pamoKCU(EH, KOTOPHIE TMEIOT
CTPYKTYPHOE CXOJCTBO C JKEHCKHM ITOJIOBEIM TOPMOHOM — ACTPAINOJIOM. Takue MoJe-
KYJIBI CBSA3BIBAIOTCS C PEIIENITOPOM SCTPOTeHa, HO B OTIIMYHME OT 3CTPaINoIIa IMOIaBis-
FOT aKTUBAIUIO peIenTopa U Mmpoiaudeparuio TKaHeH MOJIOYHOM JKeJe3bl, OKa3bIBas
MIPOTUBOOMYX0JIEBBIN A dexT [1].

TaMokcubeH MPUMEHSIOT ISl TEPANTUU dCTPOTCH-TTO3UTUBHOTO METacTaTHIe-
CKOTO paka MOJIOYHOH KeJIe3bl B KOMIUIEKCE C IPYTHMHU TIperaparamMu, a TaKxKe s
MIPEIOTBPAIICHHS PEITUAUBOB TTOCIIE XHPYPTHICCKOTO YAICHHS OIyXOJIH, TyIeBOH
TepaIuy Wi 71 PO MITAKTUKY B TPYIITIE MAITMEHTOB C BEICOKUM PHUCKOM Pa3BUTHS
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paka MoJ04HOM xene3bl [4]. TamokcudeH CBA3BIBACTCS C 3CTPOTCHOBBIM PEIEITO-
pom o (ERa), mpensTcTByeT CBA3BIBAHUIO C HUM 3CTPAMOJIa U AKTUBAIH PEIEITO-
pa B TKaHSIX MOJIOYHOH KeJe3bl. DTO CONPOBOKAACTCSI OTCYTCTBUEM TPAHCKPUIILIUN
JCTPOTCH-3aBUCHMBIX T€HOB, K KOTOPBIM OTHOCATCS (PaKTOPBI POCTA U OHKOT'CHBI [5].
Tamokcugen Takxe sSBISETCS aHTArOHHUCTOM 3CTPOTEHOBOTO penentopa 3 B TKa-
HSX MOJIOYHOM KeJe3bl [6], HO UTpaeT poiib arOHUCTA SCTPOTCHOBHIX PEIEIITOPOB B
MAaTKe U CTUMYJIUPYET NPOoaudepannio SHAOMETPHUS, YTO TOBBIIIACT PUCK PA3BUTHS
paka sHgomeTpus [7].

Panokcuden Ha3HAYarOT 17151 TEPAUU OCTEONOPO3a y )KEHILUH B IIOCTMEHOIIAy3¢,
a TaKkKe B MPOMUIAKTHUECKUX IIENISIX MAIMEHTaM C BBICOKUM PHUCKOM Pa3BUTHS paka
MOJIOUHOH skeiie3bl. OH AEMOHCTPUPYET MPOICTPOreHHBIN 3P (PEKT B KOCTHON TKAaHU U
CTHMYJIMPYET METa0O0JIM3M JIUIMUIOB (B Ka4eCTBE MPOTEKTOPA MPOTUB aTePOCKIEPOTH-
YECKHUX OCJIOKHEHHUI COCYHOB), OFHAKO SIBJISIETCS aHTU3CTPOTCHOM B TKAHSIX MOJIOY-
HO ’KeJe3bl U 3HAoMeTpur Matku 8, 9]. Panokcuden o61anaeT BHICOKMM CPOICTBOM
kak K ERa, Tak u k acrporenoBoMy peuentopy P. [lo naHHBIM peHTIEHOCTPYKTYpPHOTO
aHanuza, pajokcuden cBsszbiBactcst ¢ ERo ¢ HeOosbiuM oTiuunem B 3D-cTpykType
OT aHAJIOTUYHOr0 KOMILIEKca ¢ 3cTpaauoioM [10]. AroHMCTUYECKOE WIIM aHTarOHU-
CTHYECKOE JIeCTBHE pasloKcu(eHa 1 TaMOKCcH()eHa 3aBUCUT OT CTETICHH MTPUBJICUCHUSI
KOAKTHUBATOPOB U KOPEIPECCOPOB K IPOMOTOPAaM I'eHa-MHUILEHH PELEeNTopa 3CTPoreHa
[11-13]. BemeacTBue pa3muvHON CTETICHH YKCIIPECCUH KOAKTUBATOB M KOPEIIPECCOPOB
B Pa3IMYHBIX TKaHAX 3(PPEKTHl CTAHOBATCS TKaHECTICHU(PUIHBIMH.

B maboparopun HOILL dapmaneBtukn KDY CHHTE3UPYIOT HOBBIE COCOUHE-
HUS, KOTOpbIE OOBETUHSIOT B CBOCH CTPYKType (parMeHT MOJIEKYJIbl HUPUIOKCH-
Ha (BuTamuHa B) u ¢parment cruiabbena B mpanc-KOHGUIypaluu OTHOCHTENBHO
nBoiHOM cBs3u [2, 3]. [logoOHast CTPyKTypa UMHUTUPYET apOMATHYECKYIO CUCTEMY
acTpannona. B xone mpeapliymux HCCleOBaHUM MOTy4eH mupokuid psija (31 HoBoe
COCIMHEHHE) MUPHUIOKCHUHCOJIEPKAIINX TPOU3BOIHBIX MPaHCc-CTUIBOCHA, TPOBEICH
CKPUHUHT WX MPOTHUBOOITYXO0JIEBOH aKTHBHOCTH B OTHOIIEHWH MMaHETH OIMYXOJIEBBIX
KIIETOYHBIX JIMHUN [2] 1 BesBIeHO coeamHenue-nuaep 1 ((£)-6-(3,4-mumeTokcu-
ctupmn)-2,2,5,8-trerpametun-4H-[ 1,3 | anokcuno[4,5-cloupuauna),  coaepikariee
LICCTUWICHHBIA KETaJIbHBIM LUKJ, METHIbHYIO TPYNIYy B ISATOM H 3,4-1UMETOKCH-
CTUPHWJIOBBIHA (hparMeHT B IMIECTOM TOJI0KEHUH MUPHUIUHOBOTO KOJIbIA C MPAHC-KOH-
¢urypanueii OTHOCUTENIBHO NBOMHOHN cBsizu (puc. 1). YcTaHOBIEHO, YTO cOenu-
HeHue-muaep I obOnamaer CeNeKTHBHON aHTHNPOIU(PEPATHBHONH aKTHBHOCTHIO
B OTHOIIEHMH omyxosieBblX kieTok MCF-7 ¢ BbICOKOH MpOAyKIMEN 3CTPOreHo-
BbIX peuentopoB (ER+) (IC,) < 5 MKkM) u B TO € BpeMs B OTHOIIEHHHU KIIETOK
C HU3KOHW mpoaykiued perentopos actporena MDA-BM231 (ER-) akTuBHOCTH B
3.3 pasa menb1ue [2]. Tepanesruueckuii unaexe (ornoumenune IC, st ycaoBHO-HOP-
MaJIbHBIX KIETOK K IC, | 115 OIyXOJIEBBIX KJIETOK) COCAUHEHHUS-IMAEPA COCTABMII 48
(y penepnoro coenuuenus paidokcudena on paseH 5.8) [2]. Coenunenue-nmunep I
3¢ HEKTUBHO NPOHUKAET B UTOIUIA3MY OIYXOJIEBBIX KJIETOK, a TAK)KE HAKaIlIMBaECT-
Cs B UX fApax, YTO MOXKET CIIOCOOCTBOBATh B3aMMOCHCTBHUIO C PELETITOPAMH SApPa
[3]. Taxxke mokazaHo, 4To coeaAuHeHue-nuaep I akTuBUpPYET NporpaMMUPyEMYIO TH-
0enb (armonTo3) TONMBKO OMyXONeBhIX KiIeTok ER+. Ilpu atom coegumnenue-muaep 1
YMEHbIIAeT MEMOpaHHbIN MOTEHLUAT MUTOXOHAPUN U YBEINYMBACT KOHLIECHTPALIUIO
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aKTUBHBIX (popM Kuciiopoaa B omyxoneBbix kinetkax ER+, kierku ER- He moaBep-
raloTcsl TaKOMY BO3ACHCTBUIO [2]. B cBsI3U ¢ 3TUM OpEeCTaBISIET UHTEPEC OLICHKA
MOTEHIMAIBHBIX 3((EKTOPHBIX CBONCTB coequHeHus-nmuaepa I mo oTHOmEHUo K
ERa. B kauecTBe BemecTB CpaBHEHHUS HCIIOJIB30BAIN CEIEKTUBHBIE MOJIYISITOPHI
ERa — tekapcTBeHHBIE Cpe/ICTBA TAMOKCHU(EH U paJOKCH(EH.

OH HO S
U O~
I

SRS )
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@]
DcTpaauon Tamokcuden CN“/\

Panokcugen
%/0
o ‘ =N
NONA o
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Coenpnenne |

Puc. 1. CtpykTypa W3BECTHBIX CEIEKTHBHBIX MOIYIATOPOB PELENTOPOB 3CTPOTEHA U COCIH-
Henwms 1

1. MaTrepuaJjibl 1 MeTOABI

CBsi3pIBaHUE MCCIEAYEMbIX COCOUHEHHH ¢ pekoMOMHaHTHBIM ERo m3yuamu c
WCIIOJIh30BaHUEM KOMMepdeckoro TecT-Habopa PolarScreen™ ER Alpha Competitor
Assay, Red (Life Technologies, CIIIA). HaGop comepXHUT YenoBeYeCKHii peKoMOu-
HaHTHBIH ERa 1 ero doryopectientHeiii muran. [Ipu B3anMoaeiicTBuA ¢ pernentopomM
JIMTaH[ pacroiaraeTcs B €ro akTHBHOM LIEHTPE, CBOOOIHOE BpaIlleHUE MOJIEKYJIbI JIU-
raHjia 3aTpyAHEHO U ToJisipu3anus ero ¢uyopecienun Boicokas. [Ipu nob6asienun B
cucreMy peuentop-nuranz 3¢GpdexkropoB ¢ BeIcOKHM cpoacTBoM K ERa mpoucxomur
BBITECHEHHE JIMTAH/1a U3 aKTUBHOTO LIEHTPA PELeNnTopa, U nojsipu3anus GpayopecieH-
LMY JINTaHja CHKaercs (puc. 2).

Komnnekc Peuentop-NuraHg Komnnekc PeuenTtop-3drcpekTop

. . . O—%Huram:
LA

O—=¢ — ® 049

Nuranpg 3dpexTopel ERa .

Bbicokan nonspusauun Huzkan nonapuzayua

Puc. 2. Cxema (hopMIpoBaHUS OTKIIMKA TTOISIPU3ANNN (DITyOpeCleHIINA JUTaHIa B KOMIUIEKCE
¢ acTporeHoBbIM penentopoMm o (ERa) [14]
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PacTBOpBI 3cTpanuona u pajgokcudeHa rUIpoOXJIOpua C KOHLEHTpauued 5 MM
NOJIy4ajau uX pacTBopeHueM B aumetuicyibdokeune (JAMCO). st npurotoBieHus
5 MM pactBopoB coenunenus I u Tamokcudena ucnonp3oBanu IAMCO c nobasie-
HueM 3kBUMOIsipHOro konuuectBa HCI s nomyuenus rugpoxnopunos. CepuiiHble
pasBeleHus UcciaeyeMbIX BelecTB ¢ koHueHnTpauusymu 2000, 1000, 500, 100, 50, 10,
1, 0.2 MkM Ttakxke ocymectsisuin B JIMCO. [lanee 3.4 MK IPUTOTOBJIEHHBIX pa3-
BE/ICHUH HCCIIEAyeMbIX BELIECTB CMEMIMBAIU ¢O 167 MK peakiMOHHOro OydepHoro
pacTBopa ¢ MoJIy4eHUEM JABYKPaTHBIX padounx pacTBOpoB. Jist mpurorosieHus pado-
4ero pactBopa komiuiekca ERa ¢ ¢ryopeciieHTHBIM JIMTaHaoM B OTAEIBHOM NpoOHpKe
cmemmmBany 2042 MK peakiuoHHOTo OydepHoro pactBopa, 21.5 Mk dyopecieHT-
HOT'O JIMTaH/1a 3CTPOTCHOBOIO PELETITOPA U 86 MKJI HATUBHOT'O YEJIOBEUECKOIO peliell-
Topa o. OnbiTHas poba copeprkana 150 MK ABYKpaTHBIX Pa3BEACHUIN HCCIEAYEMbIX
BemiecTB U 150 Mk pabodero pactBopa komiuiekca ERa ¢ auranmgom. Paboune kon-
HEHTPAIUU HCCIeyeMbIX BellecTB B mpode coctasmau: 20000, 10000, 5000, 1000,
500, 100, 50, 10, 2 HM.

OnHOBPEMEHHO OCYLIECTBIISUIN CIIEAYIOIINE KOHTPOJIbHbIC peakuuu. s momy-
4YeHHus MpoObl 0e3 perenTopa (HU3Kas MojsApu3anus (IyopecIeHIINN) CMENIHBaIN
3 MKJ1 ryopecLeHTHOro quranzia u 298 Mxi1 peakuuonHoro 0ydepHoro pactsopa, 3a-
TeM oroupanmu 150 MK 3TOl cMecH 1 100aBisIn 150 MK peakIImOHHOTO Oy(epHOro
pacTBopa, coaepKallero aHaJIOTMYHOE ONBITHRIM 1pobam koiuyectBo JAMCO. Mak-
CHUMaJIbHBIM KOHTPOJIb (MAaKCUMaJIbHAS TOJIIpU3aLusl (IyopecleHIMN) ONpPeACsUIN B
cucreme, copepxaieit 150 mxi kommuiekca ERa ¢ nurangom u 150 M1 peakquuoHHo-
ro OydepHoro pactBopa ¢ 100aBICHHEM aHAJIOTHYHOIO ONBITHBIM MPOOaM cofepxa-
Hust AMCO. MuHUMaIbHBIA KOHTPOJIb (HU3KKE 3HAUCHUS OIS pU3aluu (IyopecieH-
LK) PETUCTPUPOBAIN B cucTeMe 13 150 MKJI AByKpaTHBIX pa3BeleHUN ACTpaauona u
150 MKt paboyero pactBopa komriuiekca ERa ¢ nmuranmom.

OnbITHBIE U KOHTPOJIbHBIEC TPOOBI HHKYOUPOBAJIM 2 4 0 MOMEHTA PErucTpaliu
noJsipu3anuu (IIyopecleHIUH. 3aTeM UX MOMEIIAIN B KBapLEBbIC KIOBETHI Majoro
0o0beMa ¥ PEerucTpUpPOBAIIN CIEKTPhI (IIyopecleHIH Ha (UIyopeceHTHOM CIIEKTPO-
¢doromerpe Fluorolog-3 Jobin Yvon (Horiba, flnonus) B ycioBusxX 4eThIpex pasiiny-
HBIX TOJIOKEHUH MOJISIPU3aTOPOB Ha BO30YXKIEHUH U UCITYyCKaHUU: BEPTHKAJILHO/BEp-
TUKaJIbHO (VV), BEPTUKAIBHO/TOPU30HTAIEHO (Vh), ropr3oHTanbHO/BepTUKaIbHO (hv)
U ropu3oHTanbHO/Topu3oHTabHO (hh), B cieqyromux ycnoBusx: 7\'3036y>1<z[emm =535 HM,
mecmm =560-610 M, mupuHa criekTpaiabHbIX meneid — 10 uM, Hakomnenue — 0.2 c,
MO3HULUS KIOBETHI — I10]] IPSIMBIM YTIJIOM.

[Honstpuzanmio (uryopeceHInd pacCUnTHIBANIN 110 cleaylouel popmyiie:

p_ I, <1, 1 I 1,

+1 |,
I vh x Ihv Ivh x IhV

tne [, 1., 1,, I —VHTEHCMBHOCTH (DIyOPECIEHIINH JUTaHIa B MAKCHMyME MPH pas-
JMYHBIX TOJOXKEHUSX TOJsipu3aTopa. Pa3HOCTh momspusaimu GyopecieHInd 10 1
noce 100aBiIeHNs HaChIAroMel KOHIIEHTPALUH SCTPAIHOoIIa TPUHIMAITH 32 MAaKCH-
MasibHBIH 3¢ ekt (100%-Hoe cpoACTBO K peenTopy), CTPOHIN 3aBUCUMOCTH HAOIIO-

naemMoro s(QeKra OT KOHIEHTPAIUH, 110 KOTOphIM onpenensan EC, | uccnemxyemMbix
3¢ heKTOpOoB.
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2. Pe3yabTarsl 1 00CyKAeHHE

Ha mepBoM sTame paboThI 110 paHee pa3paboTaHHONW METoauKe [2] U3 MUPUIOK-
cuHa 1 B ATh cTanuii momydeHo coennHeHue-muaep I (cxema 1). Ha mepBoit ctaaun
OCYIIECTBIISUTH 3aIIUTy TUAPOKCHIIBHBIX TPYII B YETBEPTOM U IIATOM ITOJIOKEHHSIX
MUPHJIOKCHHA C 00pa30BaHUEM CEMUYWICHHOTO KeTalis 2. Ha BTopolt craauu mpoBou-
JIU TUAPOKCUMETHIIMPOBAHUE MOJIYUCHHOTO KeTalid B menouHoi cpeae mpu 70 °C B Te-
yerne 60 4 ¢ 00pa30BaHUEM COOTBETCTBYIOIIEro Arona 3. Jlanee 6-TuipOKCUMETUIb-
HOE MPOU3BOIHOC MUPUAOKCHHA 3 MOABEPTaIoCh XJIOPUPOBAHUIO C UCTIOIB30BAHUEM
JIBYKPATHOTO M30bITKA THOHIIXJIOPUIA B IUXJIOPMETAHE MTPH KOMHATHON TEMIIepary-
pe ¢ TOoCINeAyIoIIe n3oMepu3anueld CEMUYICHHOTO KeTajsl B IMICCTUWICHHBIN U 00-
pa3oBaHHEM COOTBETCTBYIOILETO MPOU3BOAHOIO 4. DOoChHOHUEBYIO COJIb 5 MOMyYaH
B3aMMOJICHCTBUEM JUXJIOPIPOU3BOAHOTO MUPHUIOKCHHA 4 ¢ M30BITKOM TpU(eHmIpOC-
(hvHa B arleTOHUTpHIIE TIPU KUTITICHNH B TeueHne 7 4. M, HakoHer, peakiust Buttura
(hochonneBoit comn 5 ¢ 3,4-TUMETOKCHOCH3IBICTHIOM ITPUBOANIIA K 00pa30BaHUIO
MTPOM3BOIHOTO MpaHC-CTAILOCHA, CoNlepIKaliero pparMeHT nupuaokcuna I. Peakiuio
MIPOBOJIMIIA B JIUXJIOPMETaHe B MPUCYTCTBUU Tuapuaa Hatpus npu 80 °C B TedeHne
30 4 mox JaBJICHUEM B 3aKPBITOM COCYIIE.

04/ ol

OH (CH320 O cH,0, NaOH, b
N - B | x
OH

N
1
CH,Cl,,
\_0 SOCl,
S L Ar" ~°
| o7, 9§ PPhs
NZ F O  cHen = P*Phy CHsCN . | = cl
= P*Ph = Cl
o~ N - : N
2CI 5 4

Coenunenue |

Cxema 1. Cunres coequuaenus I n3 mupugokcuna |

C 1enpio BBIABICHHUS MeXaHH3Ma MIPOTHBOOITYXOJIEBOTO JIEHCTBHS coequHeHus I
OILIEHWJIM €T0 CBs3bIBaHME ¢ yenoBeueckuM ERo ¢ ucmonb3oBanuem tect-Habopa, co-
JICpIKaIlero peKOMOMHAHTHBIN PEIEITOP U ero (IIyopecleHTHBIHN iurany. B kauecTse
penepHBIX COeTUHEHHMH, 00NagaroMuX BBICOKHM CPOACTBOM K ICTPOTEHOBOMY pe-
LENTOpPY, UCIOIB30BAIN CTPAIUOIN, TaMOKcH(eH 1 panokcuden. CriekTpsl diryopec-
LEHIINH KOMIUIEKCA PelEeNTOp-IUraH/ PEerucTpUPOBAINA B MPHUCYTCTBUH Pa3TUYHBIX
KOHLIEHTPALMA TECTUPYEMOTo coelMHEeHNs I ¥ penepHbIX COCIMHEHUN B yCIOBHAX
YeThIPEeX Pa3IUYHbBIX MMOJIOKEHUH MOISPU3aTOPOB CBETA MPH JJIMHAX BOJH BO30YXK-
JICHUSI ¥ UCITyCKaHus. PaccunTanHble 3HaUCHHS TOJSpU3annu (QIIyopecieHIIny KoM-
IJIeKca PelenTop-IUraH B MPUCYTCTBUU PA3JINYHBIX KOHIIEHTPAIM HCCIeTyeMbIX
3¢ eKTOPOB MPECTaBICHBI HA PHUC. 3.

OcTpaanon obiiagaeT MakCUMaIbHBIM cpoicTBoM K ERa [15], moaTomy B ero
MPUCYTCTBUH (MITyOPECIICHTHBIN JIMTaH/I BBITECHSIETCS M3 aKTHBHOTO ILIEHTpa perierl-
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TOpa u noJsipu3anus GpyopecleHI JIMranaa 3Ha9uMo yMenbluaercs (puc. 3). Paz-
JMYUe TOJIIpU3aluy (IIyOpECHCHIUH 10 M TOocie 100aBICHHs HACBILIAIOUICH KOH-
neHTpauuu 3crpaguona (10 MkM) mpuHUMaK 3a MAaKCUMaJIbHbIH 3G EKT U cuuTamu
KOHTPOJIbHBIM 3HaueHHEM. D(P(PEKTUBHOCTb OCTAJIBHBIX HCCIECAYEMbIX COCIMHECHUI
B Pa3IMYHbBIX TECTUPYEMbIX KOHIEHTPALMSIX BBIPAXaIH B MPOLEHTAX OTHOCUTEIBHO
9TOro KOHTpoJsl. [lonydeHHble 3HaueHUs IPpeACTaBICHBl HA puUC. 4.
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Puc. 4. Db dexTuBHOCTD BhITECHEHHMs (PITyOPECIIEHTHOTO JIMraH/a U3 akTuBHOTO LieHTpa ERa B
MIPUCYTCTBUH Pa3JIMuHBIX KOHIEHTpalmii coennHenus I, actpaanona, panokcrudena u TaMok-
cudena
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YcTaHOBIIGHO, YTO MPH J00aBiIeHUH coeArHEeHUs | K KOMIUIEKCY pelenTop-iu-
raH]l BIUIOTH JI0 JIOCTHKEHUs KoHIeHTpauuu 20 MkM nosipusanust (GiyopeciieHInu
JIUTaH/Ia HE YMEHBIACTCS U, CIEA0BATEIBHO, IUTaH HE BBITECHSIETCS U3 aKTUBHOTO
IIeHTpa penentopa. Hampotus, npu A00aBICHUH BO3PACTAIONINX KOHIICHTPAIIUNA Ta-
MOKCH(eHa U pajokcru(eHa K KOMIUIEKCY PEIeNTOp-IUTaH]l IPOUCXOANUT TOCTENeH-
HO€ YMEHBIICHHE TOJSIpU3alui (pIyopeceHIINA JINTaH 1 BCIEICTBHE €T0 BHITECHE-
HUSl U3 aKTUBHOTO 1eHTpa (puc. 3). M3 mpepcraBieHHbIX Ha puc. 4 3aBUCUMOCTEH
3¢ (EeKTUBHOCTH BBITECHEHHSI ()IyOPECIIEHTHOIO JIMraHaa OT KOHIEHTPAIUU COCIH-
HEHWH MOJTy4EHbI UX MOTyMaKCcuMasbHble dQdexTuBHble Konuentpauuu (EC,)), 3Ha-
YEHUST KOTOPBIX COCTABWIIH IS dcTpanuona 22 M, mia panokcudena 120 HM, ms
tamokcudena 595 HM. DTu pe3yIbTaThI B IIEJIOM COTIIACYIOTCS C JTUTEpaTypPHBIMH 3Ha-
uenusamu EC, | nis paccmarpuBaembix s¢dexropos [14-16].

Taxum 006pazom, IPOU3BOTHOE MPAHC-CTUIILOCHA, coieprkalee pparMeHT MmupH-
nokcuHa I, B OTIIMYME 0T CBOMX CTPYKTYPHBIX aHAJIOTOB TAMOKCH(EHA U paJIOKCU(e-
Ha He o0J1aZiaeT CPOJICTBOM K uesioBeueckomy ERa u, ciieoBarebHO, HE peryjaupyer
nposnudepario 1 MeTadoIM3M KICTOK MOJIOYHOM KeJIe3bl OIIOCPEI0OBAHHO Yepe3 BO3-
nerictere Ha ERo. MOXXHO TIpeaoyioKuTh, 9T0 coequHeHue-nmuaep I m3duparenbao
PETrYIHpYET 3KCIPECCHI0 T€HOB B OMYXOJIEBBIX KIETKaX. Tak, Hampumep, B Ipe.bl-
IyLIIKUX UCCIeNoBaHusAX [2] moka3aHo, YTo coeaquHeHue-nuaep I yMeHbmaeT ypoBeHb
skcrpeccun ERa B kimetkax MCF-7. He uckito4ueHo, 4To 3T0 COeIUHEHUE TaKkKe OKa-
3BIBACT BJIMSIHME Ha JKCIPECCHUIO JIPYTMX OCJKOB M BHYTPUKJICTOYHOE COJCPIKAHUC
KaJIbIUS], YTO XapaKTepHO i Tamokcudena [17].

Baaromapuoctu. Pabora BeimonHeHa mpu (YMHAHCOBOM TMOJIEPIKKE CYOCHTUH,
BbIesieHHOH Kazanckomy ¢enepaibHOMY YHUBEPCUTETY JIsI BBIIOTHEHHS IPOSKTHOM
YacTH roCyapCTBEHHOTO 3a/1aHusl B cepe HayuHoil aestensHocTH FZSM2023-0010.

KondumkT nntepecoB. ABTOPHI 3asBIAIOT 00 OTCYTCTBHH KOH(INKTa HHTEPECOB.
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Abstract

Molecular targets for a promising antitumor agent based on trans-stilbene containing a pyridoxine
fragment were identified. The lead compound, (£)-6-(3,4-dimethoxystyryl)-2,2,5,8-tetramethyl-4H-[1,3]
dioxino[4,5-c]pyridine, was found to selectively induce apoptosis in MCF-7 breast adenocarcinoma
cells overexpressing estrogen receptor, but not in MDA-MB-231 cells negative for estrogen receptor.
The mechanism by which the novel frans-stilbene derivative acts as a selective estrogen receptor modula-
tor was analyzed, and the affinity for human estrogen receptor o (ERa)) was assessed by fluorescence po-
larization. Unlike its structural analogs—tamoxifen and raloxifene, the lead compound showed no affinity
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for ERa and did not form complexes with it. Therefore, it was concluded that the selective action of the
pyridoxine-containing derivative of #rans-stilbene on estrogen-positive breast cancer cells occurs through
an alternative mechanism. The EC, values for the displacement of the fluorescent ligand from the ERa
active site were 22, 120, and 595 nM for estradiol, raloxifene, and tamoxifen, respectively.

Keywords: frans-stilbenes, pyridoxine, estrogen receptor o, tamoxifen, raloxifene, complexation,
fluorescence polarization
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Figure Captions

Fig. 1. Structure of known selective estrogen receptor modulators and lead compound 1.
Fig. 2. Fluorescence polarization response of the ligand in the complex with estrogen receptor o (ERa) [14].
Scheme 1. Synthesis of lead compound I from pyridoxine 1.

Fig. 3. Dose-dependent fluorescence polarization of the Fluormone EL Red ligand in the complex with
ERa at varying concentrations of compound I, estradiol, raloxifene, and tamoxifen.

Fig. 4. Efficiency of the fluorescent ligand displacement from the active site of ERa at varying concentra-
tions of compound I, estradiol, raloxifene, and tamoxifen.
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AHHOTAIIUSA

[ToBrIIeHHOE COMIEpKaHIE METAJUIOB B OMOJIOTHUYECKUX CyOCTpaTax OpraHu3Ma sIBISETCS
MOKa3aTesieM XPOHUYECKOTO KyMYJISITHBHOTO BO3ZCHCTBUS HEOIArOMpPUATHBIX YCIOBHI cpe-
Il 0OuTaHus. B cTraThbe mpeacTaBIeHBI pe3yIbTaThl HCCICAOBAHMS KOJTHYECTBEHHOTO COCTaBa
Ouonornyeckux CyOCTparoB OopraHM3Ma 4YejoBeKa B KauecTBe MH()OPMATHBHON XapaKTepu-
CTHKHU COCTOSIHHS KOMIIOHEHTOB ypOOdIKOoCHCTEeMEI. IIpsiMasi orieHKa HAKOIUICHHUS METAJIOB B
OpraHM3Me C HEMOCPEACTBEHHBIM OIpEeNICHIEeM KOHIICHTpanuid B 6nocydcTparax SBISIETCS
CJI0KHOI MHOT'OYPOBHEBOH aHaJIUTHUYECKOM npouenypoil. Ilocraiena 3agaya co3nanus mnpo-
CTOTO CTI0CO0a OMpeAeICHNS COACP)KaHUs METAJIOB B OMOJIOTHYECKUX CyOCcTparax ¢ MCTIONb-
30BAHUEM BO3MOXKHOCTENW HEMPOCETEBBIX METOAOB, B PE3YJIbTaTe PELIEHUS KOTOPO IpeACTaB-
JICHa KOMIIIEKCHAs HeWpoceTeBast MOJIENb OIICHKH HAKOTUICHHSI METAaJUIOB B OPraHMU3ME IIPH UX
M30BITOYHOM MOCTYIUICHHH U3 CPebl 00uTaHus. MoaeIh MO3BOJISIET PACCUUTHIBATE COIEPIKa-
HHUE METaJUIOB IPU MOCTYIJICHUH BO3IYIIHBIM U BOJHO-TIHIIEBBIM IyTEM 0€3 HCIIOIh30BaHUS
MHBA3UBHBIX MPOLEAYp 0TOOpa OMOMATEpPHalOB M CIOXHBIX MPOIETyp MPOOOIOATOTOBKH U
aHaimza. Kpome Toro, mpeanokeHHast MOJIEITb TIO3BOJISICT PeIIaTh M 0OpaTHBIE 3a/1a9 OIpese-
JICHHUS TIOPOTOBOTO CONIEPYKAHMS METAJUIOB B KOMITOHEHTaX YPOOIKOCHCTEMBI.

KaroueBnlie ciioBa: yp603KOCI/ICTeMa, KOMIIOHCHTBI, MOJUMETAJUIMYCCKOC 3arpsi3HCHUC,
OHOJIOrMYECKUM Cy6CTpaT, HAaKOILJICHHUC, HeﬁpOCGTeBaﬂ MOJECIJIb, pETCHI A MCTAJIJIOB.

BBenenune

[1aBHBIM MapKepoM COCTOSIHHSI KOMIIOHEHTOB YPOOIKOCHUCTEMBI U OCHOBHBIM
3alUIaeMbIM OOBEKTOM SBIISIETCSl HAceJeHHe uccienyemMoil teppuropun. Cpenu
COBOKYMHOCTH 3arpsI3HAIOIINX BEIIECTB, BO3JCHCTBYIOINUX HA OPraHU3M 4YesloBeKa
Ha ypOaHM3UPOBAHHBIX TEPPUTOPHSIX, OCOOYIO POJIb UTpalOT MeTailibl. OHU Xapak-
TEPU3YIOTCSI TOKCUYHOCTBIO MPH MOBBIIIEHHBIX KOHLIEHTPALUSIX, BEICOKOH CIIOCO0-
HOCTBIO K OMOTeHHOH MUrpanuu u Onoakkymyssinuu [1-3]. CoBpeMeHHBIH KHUTEb
ypOOIKOCHCTEMBI TOJBEPKEH XPOHUYECKOMY BO3/CHCTBUIO M30BITOUHBIX 103 Me-
TaJUIOB, TOCTYNAIOMINX B KOMIIOHEHTHI YPOOIKOCUCTEMbI M3 Pa3INYHBIX aHTPOIO-
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TeHHBIX UCTOYHUKOB. Ha TeppUTOpPUAX C BHICOKOU MOJIMMETAIUIMYECKONH HArpy3KOu
OTMEYACTCsl HAKOIUICHWE METaJUIOB B OMOJIOTMYECKUX CyOCTparax opraHu3ma Ha
UHAMBUAYAJIbHOM M HOMYJIALUOHHOM ypoBHsX. CojepikaHue METaJIJIOB B OHOJIOTH-
YeCKUX CyOcTpaTax 4eoBeKa OTpajkacT MHTETPATbHBIA d3PGEKT MOCTYTUICHHUS Me-
TaJUIOB B OPraHU3M M MOXET OBITh UCIIOJIB30BaHO KaK BAKHEUIINN aHATUTUYECKUAN
«Cpe3» MpHU OICHKE MOJUMETaUIMUECKOTO 3arpsi3HEHUsT OCHOBHBIX KOMIIOHCHTOB
ypOosKocucTeMbl (aTMOC(HEPHBIN BO3/YX, IOBEPXHOCTHBIC U TUTHEBbIC BOJIbI, JICIIO0-
HUpYIOme cpeasl) [4-9].

[o 3axioYeHHsM psfia UCCIIEe0BATeNeH, TPOBEACHUE OLIEHKU COCTOSIHUS YpOo-
9KOCHCTEMBI TI0 OMOJIOTUYECKUM OTBETaM OpPraHM3Ma 4YeJIOBEKa U 10 IMOKAa3aTelsiM
3/I0pOBbs 00JIee 0OBEKTHBHO, Y€M COMOCTABICHNE KOHIICHTPAIIUH OTACIbHBIX TOKCH-
KaHTOB C HX TUTHEHUYECKAIMH HOpMaTHBaMH. Takol crioco0 OIEHKH ITO3BOJISET HHTE-
rpajbHO YYEeCTh BO3/ICHCTBUE BCEX, B TOM YHCIE HE HICHTH(PHUIIMPOBAHHBIX, 3arps3-
Hstromux Bemiects [10—13].

[ToBhbIlICHHBIC KOHIICHTPALIMY METAJIJIOB B KOMIIOHEHTaX yPOO3IKOCHCTEMbI OTHO-
CAT K XPOHUUYECKUM CIIA0OMHTCHCHUBHBIM (haKTOpaM, BHI3BIBAIOIINM HAKOIUICHHE Me-
TaJUIOB B OPTaHU3ME U MPUBOMASILKM K CPBIBY aJanTallMOHHBIX mpoieccoB [14—-16].
Bwmecte ¢ atum yimiep0 i opraHu3Ma ueloBeKa HACTYIAeT MOCTEIICHHO, MPOSB-
JIAACH 110 MEpPEe HapYyIICHUs aJalTallid, B MEPBYIO OYepe/b Ha YPOBHE CaMBIX ys3-
BHMBIX TPYII HACEJICHUS, YTO B MalbHEHIIIEM HEHM30€)KHO OTPa)KaeTCs Ha KadeCTBE
NONyJSIUH B 1iesiom [17].

OTMeuaeTcs, 4TO Ha TEPPUTOPUSIX C BLICOKUM YPOBHEM aHTPOIIOTEHHOW HArpys3-
KM HanOoJiee MoKa3aTeIbHBIM SBIICTCS UCCIeNOBaHNE OMOCYyOCTpaToB AeTEH U IMOM-
POCTKOB, TTOCKOJIBKY IPH 3TOM OTCYTCTBYET BJIHMSHHE IMPOW3BOICTBEHHBIX (DAaKTOPOB,
BPEIHBIX PUBBIYEK U CYIIECTBYET BOBMOXKHOCTD MTPOCTPAHCTBEHHO-IU(PPEpEHITUPO-
BaHHOTO yYeTa IMOJMMETAIMUECKOTO 3arpsS3HEHUS KOMIIOHEHTOB YPOOIKOCHUCTEMbI
BBUJTY JIOKQJTM30BAHHOTO MECTOHAXOXKIeHUs aeTeit [18—19].

CrelteHb HAKOIICHUS METAJIOB B OpraHU3ME XapaKTePHU3yeTCs OHITHEM PETCH-
LMY, KOTOPOE MOpa3yMeBaeT TUHAMHUKY W3MEHEHHs COIep KaHUs BCETO ITyiia MeTaj-
J10B. [IpsiMast OlICHKA PETSHIIMY YPE3BhIYAHO CJI0KHA B CHITY MHOXKECTBA BHY TPEHHUX
MEXaHHU3MOB, 00€CIICUMBAIOIINX H3MCHUYMBOCTD COJICPIKAHMS METAJUIOB B OpraHU3Me.
B dopMupoBaHNM peTeHIHMH 3aICHCTBOBAHBI pa3IUYHBIC OPraHbl, TKaHHU, MPOIEC-
ChI, 00ECIIEUNBAOIINE TIepepaCIPEeTICHIEe METAIIOB, UX TPAHCIIOPT M KyMYIISIHIO.
Bananc MeTamioB MOXET OBITh MOJIOKUTEIBHBIM, OTPHUIIATSIILHBIM U HEUTPAJIbHBIM,
a TaK)Ke MOXET IMOCTOSHHO M3MEHSATh CBOI HANPAaBICHHOCTh B TEYCHHE KOPOTKOTO
BpeMeHH. JTa 0COOEHHOCTh IIPUBOANT K MMPOTHBOPEUNBEIM Pe3yiIbTaTaM IPH UCITOIb-
30BaHUM KIIACCHYECKHUX METOJIOB OICHKH peTeHnuu. CleayeT OTMETUTh, YTO PeTeH-
LU SIBJISICTCS UHTETPAJbHBIM IIOKa3areneM, 0000IIaIUM MHOTOCPEI0BOE BO3/ICH-
CTBHE 3arps3HAIOIMNX (AaKTOPOB M YUUTHIBAIOIINM BCE IMyTH IOCTYIJICHHS METAJIOB
B opranmsm [20-22].

XoTs npsiMoe OIpe/IeNIeHue PETEHIMH METaUIOB B OpraHU3Me YeIIOBEKa MPaKTH-
YECKU HEBO3MOXKHO, COTMOCTABJICHHUE JTUHAMHUKH KOJUYECTBA IMOCTYIAOUIETO M JKC-
KPETHUPYEMOTO BEIIIECTBA [T03BOJIACT ITPEACTABUTh MEPY €€ OTHOCHTEIbHBIX 3HAUCHHH.
OcHOBHAsI POJIb TPAHCIIOPTA METAUIOB B OpraHU3ME OTBOAMTCS KPOBH, OCIKH KOTO-
poii CcBA3BIBAIOT UX. MeTallibl, HAXOAAIIUECS B KPOBH B MOJIEKYISIPHO-IUCIIEPCHOM
COCTOSIHHH, B BUJIC NOHOB WJIM HEYCTOWYMBBIX KOMILICKCOB, BBIICISIFOTCS IPEUMYIIIC-
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CTBEHHO C MOYOH. [10 COOTHOIICHMIO MOCTYNHMBIIETO M BBIICIUBIIETOCS BELIECTBA
oueHuBaT kiupeHc meramio (CL, ., Mia/MuH), ucnions3ys ¢Gopmyny Pebepra [23]
(ypaBHenue 1).

M?®

oL, = O XA o
Mg, x1440

<pom
TAC Cypon Cnigpoms — KOHIICHTDALMSL METalla B MOYE M KPOBH COOTBETCTBEHHO,
Mkr/mi; CJ| — cyTounstit auypes, mit; 1440 —uncno munyT B cytkax; [IT — koppurupo-
BaHHAsl OTHOCHUTEJIBHO CPEAHENOMYJIIMOHHOIO 3HaYeHus miomans tena. [lapamerp
IIT ucnonb3yercs B KadecTBE MOIMPABKH Ha IUIOIMIAAb IOBEPXHOCTHU TEJA, TIOCKOIBKY
MHUHYTHBIH 00beM (PMIIBTpalMy B MOYKaX 3aBUCHT OT POCTa M Beca YeJIOBEKa U Tpe-
OyeT HOpMHUPOBaHUS y JIOACH, 3HAUUTEIBHO OTKIIOHSIOIINXCS B Pa3Mepax OT CPEIHUX
3HaueHui. Beauuuna [1T paccuuThiBaeTCs COIIaCHO YPaBHEHUIO 2.

nr=—" ®)

Becxpocr

3600

KiupeHe orpakaeT CKOpOCTh OUYMIICHHUS TIA3Mbl KPOBH OT METAJUIA, PH 3TOM
YeM HUXKE CKOPOCTh, TEM BBIIIEe peTeHIus Metamia. [l yio0cTBa npecTaBIeHus U
HOpPMaJIM3alii PACCUNTHIBACMBIX 3HAUCHHN OICHKY PETEHIIMU OCYIIESCTBISIOT C TI0-
MOIIbIO SKCITOHEHIIMATBHOW (PYHKIIMU OTHOIICHUS] a0COJOTHBIX 3HAYCHUI KIMPEHCa
K €r0 CPeTHEKBaIPaTHIECKOMY OTKJIOHEHHIO (ypaBHEHHE 3).

T, (1)

CLy?
2

Perennus,, =e ° 3)

IJIe G — CPETHEKBAAPATUUECKOE OTKJIOHEHHUE psijia TaHHBIX.

TakuMm 00pa3oMm, JUIsl pelIeHUs] BOPOCa O KOJIMYECTBEHHOM OIICHKE HAKOTICHHS
METaJUIOB B OpPraHU3ME JKUTEJeH ONMpeAeTICHHOW TePPUTOPUH HEOOXOJMMO BBIMOI-
HUTH OONBIION 00BEM HCCIENOBaHUM WX OMOJIOTHYECKUX CyOCTpaTroB ¢ TEPPUTOPHU-
anbHOM MpuBs3Ko. Takoro poaa uccienoBanus TPeOYIOT 3HAUYUTEIBHBIX MaTepHallb-
HBIX U BPEMEHHBIX 3aTpaT, a TAKXKe CONPOBOXKIAIOTCS OINpPEJIEIEHHBIMA PUCKAaMHU U
HEyI00CTBaMH, CBSA3aHHBIMH C HEOOXOAMMOCTHIO MHBa3MBHOTrO 3abopa Omoioruye-
CKOTO MaTepuala, B IIepBYyI0 odepeab KpoBU. [IpyrumMu napaMeTrpamu, ornocpeioBaH-
HO BIIMSIOUIMMH Ha KJIHMPEHC, ABJSIOTCS BO3PACT M MOJ MAlMEHTa, YTO OTPaXEHO B
MHOTOUYHMCIICHHBIX HAyYHBIX ITyONUKaNUsX, HaIpuMep, B padorax [24-27].

OreHka coepaHusi METAIOB B a0MOTHYECKUX CpellaX TaKKe COMPOBOXKAACT-
CSl OIIPEACTICHHBIMU CIIOKHOCTSIMH, PEIleHHE KOTOPBIX MPEAONpENeNseT CIoco0bl U
METOABl MX Hcclenoanus. Hanbonee yacto Ha MpakTHKE HCIOIB3YIOT KOCBEHHBIE
METOJIBI OTIpEeNICHHsI COACPKAaHMsI METAIJIOB B aTMOC(EpHOM BO3/yXE, OCHOBaHHBIE
Ha HMCCIIEI0BaHUH JIETIOHUPYIOIINX CpPel — CHEXXHOTO M MOYBEHHOTO MOKpoBOB [28].
J51s1 OLEHKH MOCTYIUICHUS] METAJUIOB B OPraHU3M BOIHBIM ITyTEM HEOOXOIUMO YUH-
THIBaTh BTOPHUYHOE 3arpsi3HEHHE BOJ MO MEpe UX NMPOXOKIEHHS MO BOJOBOAAM H
PasBOAALIMM MYTSIM W NPOBOJUTH OTOOp MPOO B KOHEUHOH TOYKE MOTPEONeHHS,
T. €. B JIOMax U KBaptupax [29].

3aBHCUMOCTH MEX/y MOCTYIUICHHEM B OPraHU3M M PETEHIIMEH METaioB ¢ Gpop-
MHPOBaHHEM MX HMHAWBHUIYaJbHBIX CTATYyCOB MMEIOT CIOXKHBIN M, KaK MpaBUio, He-
JUHEHHbIN XxapakTep. [1o3ToMy MeTOABI TMHEHHOTO MOAETUPOBAHUS B 337a4aX MHO-
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ro()akTOpHOW PErpeccud He MOTYT JOCTATOYHO KOPPEKTHO OIHCaTh BECh CIIEKTP
B3aUMOCBSI3EH MEXTy 3HAUUMBIMU JJI OLEHKU YACPKUBAHUSI METAIIJIOB B OpraHU3Me
yenoBeka akropamu. [loaToMy /U1 aeKBaTHOTO OMMCAHUS 3aBUCUMOCTH PETEHIINN
OT HOCTYIUICHHS U 3KCKPELMHU METAJUIOB PUMEHSIOT COBPEMEHHbBIE UHTEIIEKTYalIb-
HbIE MOZEIIU — UCKYCCTBEHHBIC HEUPOHHBIC CEeTH. Tak, onucaHbl HEHPOCETEBbIE METO-
JIbI, TIO3BOJISIONINE aBTOMATHUECKU YUECTh KaK SIBHBIC, TAK M CKPBHITHIC 3aBUCUMOCTHU
MEXIYy UCXOMHBIMH naHHbIMU [30-32].

Kpome Toro, HelipoHHBIE CETH IO CPABHEHUIO € TPAJULIMOHHBIMU METOJAMU MO-
JIEIIMPOBAHUS TIO3BOJISIFOT ONIEPUPOBATh HETIOJIHBIMH UCXOTHBIMU JJAHHBIMH, CITOCOOHBI
OTpaXkaTh HEIMHEHHbIC 3aBUCUMOCTH M MOAOUpPaTh KOppeKTHpYylomue kodddunmen-
Thl. Mcionp30BaHne HEHPOHHBIX CETEHl THMIAa «MHOTOCIONHBINA nepcenTtpon» (MLP),
kapT KoxoHeHa, BEpOATHOCTHBIX HEHPOHHBIX CETEH, a TaKKe TMOPHIHBIX W KacKal-
HBIX CETeH Ha MX OCHOBE (MHOTOCIJIOIHBIE HEMPOCETEBBIE IKCIIEPThI, HEHPOCETEBbIC
KacKaJIpl ¥ Ip.) MO3BOJISIET CHU3UTH MTOTPELIHOCTD PACUY€TOB C JECATKOB MPOLIEHTOB J0
WX CIUHUI] U TaXKe Josel mporenTa [32].

[lesnb HAcTOSIIIIETO MCCIEAOBAHUS — CO3/IaHUE HEUPOCETEBOM MOACIIH JJIsSl TEPPHU-
TOpUATBHO-TU(GGEPSHINPOBAHHON KOJTMYECTBEHHOW OIICHKH HAKOTUICHUS METAJlJIOB
B OpraHu3Me XuTeliel ypOOIKOCHCTEMbI HA OCHOBE COBOKYITHOCTU MX MOpP(ho-(u3u-
OJIOTHYECKHX MapaMeTpOB, a TAaKXKe OLEHKH MOJUMETAIUTMYECKOTO 3arpA3HeHNS TPEX
OCHOBHBIX KOMITOHEHTOB YPOOIKOCHCTEMBI (IOYBEHHBIN W CHEIKHBIN TIOKPOBHI, TUTHE-
BBIE BOJIbI), OTPAXKAIOIINX BOAHO-IUIIEBON W BO3AYIIHBIN ITyTH MOCTYIIJICHHS METaJl-
JIOB B OpraHu3M, 0e3 HCCiIe0BaHusl ONOJIOrMYECKIX CyOCTpaToB HACEICHHUSI.

TakuM 00Opa3oM, BXoJlaMH HEMPOCETEBON MOJENU SBISIFOTCS MOpdodu3nonoru-
YecKre TapaMeTphl JKUTENIeH UCCIeyeMOl TeppUTOpUH (POCT, BEC, TTOT M BO3PACT) U
KOHIICHTPALIUKU METAJUIOB B MIUTHEBOU BOJIE, CHETE U MOUBE. BbIX0IOM MOJIEIH SBIISCT-
Csl ICKOMBIN YPOBEHb PETEHIIMH COOTBETCTBYIOIIEIO METAJUIA B OPraHU3ME.

1. MarepuaJjibl 1 MeTOIbI

Jnst oOyuyeHUs: HEHPOCETEBOW MOJEIU HEOOXOIUMbI MAaCCHBBI SKCIIEPUMEH-
TaNbHBIX NaHHBIX. B pamkax HacTosmeil paboThl MPOBEACHO MacIITaOHOE ¥C-
CJIEZIOBaHUE COACPKAHMSA METAJUIOB B NMpoOax NMUTHEBOW BOABI, OTOOPAaHHOW B KO-
HEYHOW TOYKE MOTPeONIeHUs, CHE)KHOM M TMOYBEHHOM MOKPOBaxX Ha TEPPUTOPUHU
r. Kazanu. UccnenoBanbl MeTaiuibl (IIMHK, XPOM, KEJI€30, CTPOHITUN, MElb U CBU-
Hell), KOHIICHTPAIMW KOTOPBIX IMOABEP)KEHbI HAMOOJBIIEH HM3MEHYHBOCTH B KOM-
moHeHTax ypOoakocuctemsl [23-25]. lns mpoBepkn paboTOCTIOCOOHOCTH MPEIIIO-
KEHHOW HelpoceTeBOM MOAENN MPOBOJWIM COMOCTABICHUSA C HKCIEPUMEHTAIBHO
YCTaHOBJIEHHBIMH TaHHBIMHU.

1.1. OnpeneJienne coaep;kaHusi MeTaJL10B B OHocydGcTpaTax, NMTHLEBOIl Boje,
CHE;KHOM M IOYBEHHOM NoKpoBax. OnpeneneHo coaepkaHue METajuloB B OHOJIO-
THYECKUX cyOcTparax 242 netei, NpOXUBAIOIIMX B pa3IMYHBIX paiioHax I. Kasanu u
MPOXOAMBIINX AUCTaHcepu3anmio. M3 uux 54 — mansuuku (cpeanuii Bozpact — 11.7
roga) u 188 — neBouku (cpemamii Bo3pacT — 10.4 roma), 41T KOTOPHIX OIEHUBAJIN Ta-
KM€ TI0Ka3aTelH, KaK BeC, POCT, IUIOIAAb Teja, BO3PACT U IOJ, a TAaKKe TPAHCIOPT
METaJJIOB B OpPraHU3Me U MX 3KCKPELHUIO MO Pe3ysbTaraM OIpEENIEeHNs METAJIIOB B
CBIBOPOTKE KPOBH U CYTOYHON MOYE COOTBETCTBEHHO.
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Jliis onipenienieHus cofiepKaHusl METauIoB B OMocyOcTpaTax MpOBOIMIIN TIPe/Ba-
PUTENBHYIO TPOOOIOATOTOBKY 00pa3IoB.

Jnst oTaenenus CHIBOPOTKH KPOBB BBIAEPKUBaIN B TepmocTate npu 37 °C mo
00pa3oBaHMs CTYCTKAa M MEHTpUPyrupoBanu B Tedenne 15 mua mpu 3000 o6/MuH.
Jnst onpeieneHus MUHKA, MEJIU ¥ JKelle3a MOJyYeHHYIO CBIBOPOTKY KPOBH pa30aBiisi-
JI1 OUJUCTHIIMPOBAHHON BOJIOWM B COOTHOIICHUH 1:2 ¥ moJABepraiu JajibHEHIIEMY
aHanu3y. /s onpeneneHus: CBUHIIA, XpOMa M CTPOHIIMS CHIBOPOTKY KpOBU pa30aB-
TTM QUIBTPATOM, TOTYYEHHBIM TOCIE KUCIOTHOTO THAPOIHN3a U OCAKIACHUS Oel-
KOB CBIBOPOTKHU TpUXJIOpyKcycHOM kucnoroit (TXVY). s atoro x 1.5 mit ceiBOpoT-
ku KpoBu nobasisum 0.75 mi 1.5 %-noro pactBopa HCl u nunkyOupoBainu B TeueHue
1 9 mpu 37 °C, uTo obOecmeunBaeT rUAPOIN3 OCIKOB. 3aTEM MPOBOAIIIN OCAKICHHEC
6enkoB nobasnernem 0.75 mu 20 %-Horo pactBopa TXY (nBykpaTHOE KOHEYHOE
pasBenenue) u yepes 1 u uentpudyruposanu B reuenue 10 mun npu 1500 06/mMuH.
Hanocanounyto skunkocte — TXY-bunbTpar — uCnosib30Balid JiIs ajdbHEHIIMX
HCCIICIOBAaHUM.

B ciydasx HU3KHUX KOHIICHTPAIIUH METaJIOB (HIDKE TIpeiesia 00OHapy >KeHH ) TIPO-
BOJIMJIN DKCTPAKIIMOHHOE KOHIIEHTpUpoBaHue. /st 3Toro K 2.5 M1 CBIBOPOTKH KPOBU
nobasisii 0.5 mit 2 %-Horo pacTBopa IMATWIIUTHOKapOaMaTa HaTpus, 2 Karuid fe-
teprenta Triton X-100 u sHeprudnHo BCTpAxuBayin cMech B Teuenne 10 c¢. Obpazern B
MPOOHMpPKE CTaBHIIM B INTATHB JUII pAaBHOMEPHOTO pacipe/eneHus smynscuu. [lo uc-
tedennn 10 muH mobapmsum 1.5 mu OyTuiameraTa, CMECh BCTPSIXMBAIM B TCUCHHE
1 MuH, a 3aTeM HeHTpU(YTrupoBaIu. ITO MO3BOJINIIO MOHU3UTH MPEesl OOHAPY KEHUSI
xpoma B 1.5 pasa, a cTpoHIMs 1 CBUHIA B 2.5 pasa.

Ornpenenenre METALIOB B MOYE IMPOBOIMIIHN IMPSIMBIM CIIOCOOOM B TIpo0ax CyToY-
HOH MouH.

OTt0op npo6 BOJBI MPOBOAMIM Ha BBIXOJE U3 KPAHOB BHYTPEHHUX BOJONPOBO-
IHBIX CeTel TOMOB. B mpoliecce moaroToBK mpoOsl 1 71 aHATU3HPYyEMO MUTHEBOU
BOJIBI BRITIAPHBAIIN HAa BOASHOM OaHe, CyX0# ocTaTok pacTBopstiu B 50 mur 1 H a30THOM
KHCJIOTHI (X.4.) ¥ aHAIM3UPOBAIIU AIMKBOTHYIO YaCTh MOJIYYEHHOTO pacTBopa. O0bemM
TaJa0M CHErOBOM BOJIBI COCTABMII OT 3 710 7 J1 B 3aBUCHUMOCTH OT MOIIHOCTH U IUIOTHO-
CTH CHEXXHOTO IIOKpOBa B Touke oTOopa. [Jisi oTaeneHus B3Becel Bech 00beM Taoit
BOJIBI (PUITBTPOBAIIN TIO/T BAKYYMOM Yepe3 MpeBapUTEIbHO B3BEIIEHHbIE OyMayKHBIC
¢unbTpsI cpenHeit miotHocTu. Yacts Guinbrpara 00beMoM | 11 BeIIapuBajIi Ha BOJIS-
Hoii Oane B papdopossix yarikax. Cyxoi 0CTATOK B YaIIKEe CMAYUBAIA HECKOJIbKUMU
KaILUIIMU H202 W J0BOAWIM 10 aHamuTHueckoro oobema 1 H HCI. Ilocne BeiCyIm-
BaHMs (UIBTPOB 10 MOCTOSIHHON Macchl mpu Temmeparype 105 °C u ompeneneHus
Macchl B3BECE HABECKU MOCIEIHUX PACTBOPSIIN B KUIIALLECH 5 H HNO3.

DKCTPaKIKIO BAIOBBIX (POPM METAILIOB B pobax noys nposoauinu 5 H HNO,, kak
Y TIPHM aHAJIM3€ B3BECEH CHEXKHOTO MTOKPOBA, YTO ITO3BOJIWJIO MOIYIUTh CPABHUMBIE pe-
3ynbTathl. [lonBrxHBIE (OPMBI SKCTPArHpOBAIIN alleTaTHO-aMMOHUWHBIM Oy (epHbIM
pactBopoM ¢ pH 4.8. Becero nposeneno 1160 onpenenenuii B nuTheBOM Boae, 2228 — B
CHEXHOM TNokpoBe U 1890 — B mouse.

Omnpenenenue coaep)KaHns METAUIOB BO BCeX 00pasnax MPOBOAWIM METOJOM
aTOMHO-a0COpPOITMOHHOH CIIEKTPOMETPHUH Ha aTOMHO-a0COPOIIMOHHOM CIEKTPOMETPE
AAnalyst 400 (PerkinElmer, CILIA). {ns o6paboTka nepBUYHBIX JaHHBIX HCIOIB30-
Banu nporpammublii nakeT AA WinLab32 (PerkinElmer, CILIA).
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1.2. Cratuctudyeckue MeToAbl. Pa3nuuuns B cOCTaBe SKCIEPUMEHTAIBHBIX TPYIIIT
JUId y4yeTa Beca, pocTa, IUIOIAAH Tena, Bo3pacTa U Mojia Mpu MPOeKTUPOBAHUU HEl-
POCETEBBIX MOJICTICH OIEHUBAJIN C MOMOIIBIO cTatucTrdeckoro nakera STATISTICA
v.6.0 (StatSoft, CLLIA). ['pymnmbl, mpeacTaBisioniie pa3indHble YIacTKH HCCIIeI0Ba-
HUS, TOA0MpaTy TaKUM 00pa3oM, YTOOBI HE OBbIJIO CTATUCTUYECKU JOCTOBEPHBIX pa3-
JINYUH 110 BO3PACTy, POCTO-BECOBBIM II0KA3aTeNsAM U 1OIY. JOCTOBEPHOCTD pa3IHUnil
CPEeIHUX CPAaBHUBAEMBIX BEJIHYMH OIPENEIsUTN 10 CTAaHAAPTHOMY f-KpuTepuio CThio-
JIeHTa ¢ ToTpaBkoi Kefica mist MaisIx BRIOOPOK, a JIJIst BRBIOOPOK C SPKO BHIPKCHHOM
acumMmMmeTpuel — ¢ momoupto U-kputepus Manna — YuTtHU. 3a JOCTOBEpHOE IPUHUMA-
nu pasznuure Ha 95 %-HoM ypoBHe 3HauumocTH (p < 0.05).

B pesynbrare Obuia chopMupoBaHa MaTpUIla, BKIFOYAIOIIAS JIAHHBIC MO COJCP-
KAHUIO METAJUIOB B ChIBOPOTKE KPOBH, CYyTOUHOH MOYE, IIMTHEBOW BOJE, CHEKHOM
IIOKPOBE, MOYBE, a TakkKe MOPPOPU3UOIOrHIECKUE MapaMeTpsl (BO3pacT, pocT, BeC,
IJIOIIA/Ib TOBEPXHOCTH TeJla, CyTOYHBIN INype3 U T0).

Ha ocHoBe pe3ynbTaToB 0 COAepKaHUKM METAIJIOB B KPOBU M CyTOYHON MOYe 00-
CJIeyeMbIX JETEH-II0POCTKOB C IpUBJICUEHUEM MH(pOpMaLuu 00 MX POCTE U Bece
ObUIM paccUMTaHbl 3HAYCHUS KIMPEHCA W PETEHLHMM KaKJOro MeTajlla COIJIacHO
ypaBHenusiM (1) u (3). Bee nannble ObUIM NpUBS3aHbI K HICHTU(OUKAIIMOHHBIM KOJIaM
YYaCTHUKOB MCCJIEIOBAHMS U MECTAM UX MPOKUBAHMS.

W3 mosryyeHHON MaTpHIlBl 3HAYCHHH OBUTO CPOPMHPOBAHO IIECTH HAOOPOB
JaHHBIX (110 OJHOMY JUISl KaKAOT0 METajsa), KaXablil U3 KOTOPBIX BKJIOYaa oT 60
110 242 KOpTe)el IaHHBIX BUA: KOJ[ 00CIIelyeMOro, pOCT U BEC, TUIOIIA b TEJIa, BO3-
pacT, 1moJj, cofiep)KaHue MeTajljia B MUTHEBOH BOJE, COAEp/KaHne MeTalla B CHEX-
HOM IIOKPOBE, COAEpKaHUE METa/ula B NOUYBE, peTeHuus Metaya. Kaxapiii Habop
JaHHBIX ObUI pa3aesieH Ha 00yJaromui 1 TecToBbId HaOop B ponopuuu 80% u 20%
COOTBETCTBEHHO.

2. Pe3yabTaThl HCC/1€10BAHUSA

B cooTrBeTcTBUM ¢ pa3paOOTaHHOW KOHIICIIIIUEH CO3AaHbI IIECTh MOJICIICH THIIA
HelipoHHast ceTh Tomosiorun MLP. Apxutektypa mojeneli momoOpaHa Ha OCHOBE
cepun 3kcniepuMeHToB [32]. KoiaudecTBO BXOAHBIX HEMPOHOB B KaXKJI0M MOaenu Ba-
pPBUPOBAH B 3aBUCUMOCTH OT HAJTW4YUs UH(OPMAIMH O COJCPKAHUH METaJIOB B CO-
CTaBe MCCIEAYEMbIX KOMIOHEHTOB. [t Meau, XpoMa, IMHKA U CBUHIIA UCIIONb30BaH
MIOJTHBIA HA0OP BXOIHBIX JaHHBIX (BOCEMb MApaMETPOB), B TO BpEMs KaK JIIs xKele3a
YHCIIO BXOJHBIX MTAPAMETPOB COCTABUIJIO CEMb M3-3a OTCYTCTBUS MH(OPMAIIUU O €TO
COJICpKaHHU B ITOYBE, a JIJIsl CTPOHIIUS — IIECTh, TAK KaK JOCTYITHA TOJIBKO HHPOpPMA-
LU O €r0 KOHLEHTPAIUH B MUTHEBOM BoJie. TOMOIOTUs MOJIENeH MpeicTaBleHa HIDKE.

KonuyecTBo HEMPOHOB BXOTHOTO CIOSI:

O MeIb, XpOM, IIUHK, CBUHELL — &;

o xeneso—7;

O CcTpoHLHUi — 6.

KonnyecTBO CKPBITBHIX CIOEB:

O MeIb, XpOM, IIUHK, Kele30 — 1;

O CBHHEI, CTPOHIMH— 2.

KonuyecTBo HEHPOHOB B CKPHITOM CJIOE:

O MeIb, XpOM, IIUHK, CBUHELL — 5;
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O Xelye30 — 6 B epBOM, 3 BO BTOPOM;

O CTpPOHLHUH — § B IEpBOM, 4 BO BTOPOM.

OyHKIMS AKTUBALUHN CKPBITOTO CIIOSL:

O Meab, XpOM, IMHK, CBHHEI] — THIIEPOOTNYECKHI TAHTeHC ¢ TapaMeTPOM KpH-
Bu3HbI 0.7,

O ’KeJe30 — CUTMOUA ¢ TapaMeTpoM KpuBH3HEI 0.7;

O CTPOHLMH — CUTMOMJIA C TapamMeTpoM KpuBHU3HEI 0.8.

KonudecTBo HEHPOHOB BBIXOHOTO CiIOs — 1.

DyHKIUS aKTUBALMK BBIXOJHOI'O HEMpOHA — JIMHEHAsL.

Anroput™m o0yueHus Bcex mojeneli — resilient propagation (RPROP) ¢ marom
ciycka 0.5 u marom nogbemMa 1.2 coorBercTBeHHO. Kaxkyro Mosenb o0y4anu Ha co0-
CTBEHHOM 00yuaroieM Habope naHHbIX B TeueHre 10000 smox.

Jlns xaxnoro i-Toro npumepa omuoKy E77° pacCUMTBIBAIN KaK OTHOCHTENBHOE
OTKJIOHEHHE HOPMUPOBAHHBIX K | BBIXOAHOTO M 3TAJIOHHOTO 3HAYEHUH BBIXOIHOTO Ta-
pameTpa (peTeHIHH):

M2 2
Err = W, 3Zy, ) ’ @
Vi
I/ i—KOJM4eCTBO 00ydalomux npuMepoBs (usmensercsa ot 1 1oN),y M —~HopMUpoBaHHbIH
BBIXOJl HEHpPOCEeTEeBOI MOIeNH I i-TOTO MPUMEPA, ;> — HOPMUPOBAHHBIH STaTOHHBINR
OTBeT AJs i-Toro npumMepa. IIpumep cuntaercs pacro3HaHHBIM BEPHO, €CIIH OLIMOKa
IU1s1 Hero He npeBsbiiaet nopora 0.05, 1. e.
ecnu Err? <0.05, 70 R, = 1, unaue R, = 0.

B xagectBe To4HOCTH 00yueHus Moaen (Ac,,”) IpruMeHeHa OlleHKa TUIa “accura-
Cy”, ONpeAeNsIomas MPOLEHT NMPaBUILHO PACIO3HAHHBIX IPUMEPOB U3 BCETO 00yda-
OII[ETO0 MHOYKECTBA COTJIACHO YPaBHEHHIO 5.

. 1Y
Ac, =— > R, (&)
M N ; i

Jlst iccenoBaHus aneKBaTHOCTH MOJIENICH paccunuTaHa TOYHOCTE (YpaBHEHHE 5),
a TakKe KO3PPUIHUEHTHI KOPPEISAIMH MY STAIOHHBIMU U MPOTHO3HBIMY JAHHBIMHU
PETEHIINN OTAETHHO ISl O0yJarOIIuX (KM0 u AcMO) U TECTOBBIX (KMT u AcMT) HaOOpOB
naHHBIX. CBOMHBIE PE3YNBTaThI MPEICTABICHKI B Ta0M. 1.

Tabm. 1

XapaKTepI/ICTI/IKI/I aJICKBaTHOCTU MO,HeJ'Ieﬁ pacucTa peTCHIUN

Mogens MeTaia K,° Ac,*, % K" Ac,", %
[uuk 0.992 100.0 0.866 83.33
XKeneso 0.838 97.00 0.779 88.40
Menp 0.992 100.0 0.949 95.24
CauHer 0.871 85.83 0.742 76.67
CrpoHuuii 0.952 94.17 0.745 88.33
Xpom 0.999 100.0 0.944 90.91

Bricokue 3HaueHUs KOAPPUIIMEHTOB KOPPEISAIMH, a TAKIKE BBICOKAs TOYHOCTb
MoJIeJiel KaK Ha 00ydaronieM, Tak U Ha TECTOBOM MHOXECTBAaX CBUJCTEILCTBYIOT 00
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UX a/ICKBaTHOCTH. BOJNBIINM 3HaYEHHSAM KOPpPEISLUK Ha 00ydJaromieil BEIOOpKE cOOT-
BETCTBYIOT OOJIBIINE 3HAYCHHSI HA TECTOBBIX JaHHBIX, YTO FOBOPUT 00 OTCYTCTBHHU
nepeoOyueHust Mmoaenei. To ke camoe MOXKHO CKazaTh M 0 TOUHOCTH. JlanHOE 00CTOS-
TEIbCTBO WLIFOCTPUPYIOT TUCTOrpaMMBl Ha puc. 1 u 2.

B O6yyatoLiee MHOKECTBO
B TecToBoOe MHOMECTBO

100
90 -
o 80 -
£ 70
3 60
=
S 50 -
8
2 40
x
30 -
20 -
10 -
0 . . . . ‘

LIMHK weneso meab CBMHEL, CTPOHUMIA  XpOMm

Puc. 1. Koppemsituu «dakT-mporHos3» s nap o0ydarolix 1 TeCTOBBIX HAOOPOB AaHHBIX JUIS
LIECTH MOZETEH OLIEHKN YPOBHEN PETEHIIUH METAIITIOB

B Obyvalolwee MHOXKECTBO
B TecToBOE MHOKECTBO

100

80 1

70

50 +

ToyHoCTb, %

40 +

20 1

10 1

0 T T T T T T
UMHK Heneso meab CBWHEL,  CTPOHUMIA Xpom

Puc. 2. CpaBHHTENIBbHAS TOYHOCTD PAcIO3HABAHUS MOJIEJIeH OLICHKH YPOBHS PETEHIINU MeTall-
JIOB Ha TECTOBOM M 00yuaromieM Habopax

Taxoke XOpOoIIO MPOCIEKUBAETCS B3aUMOCBSI3b MEXKIY KOPPESIUed W TOYHO-
CTBIO, UTO JIEMOHCTPHUPYET pHC. 3.

HaunGosnee nHOpMaTUBHBIMH JJI1 HEHPOCETEBBIX MOJE/ICH SIBISIOTCS JaHHBIC
TecToB. Tak, MUHUMAaJbHBIE 3HAYEHHS KaK KOPPEJSAINH, TaK U TOYHOCTH Ha TECTO-
BBIX BBIOOpKax IMOJyYeHBI JUIs MOJENel pacueTa PEeTCHIMU CBHHIIA U CTPOHIUS,
a TaK)Ke JKeye3a, YTO MOYKET CBUIETEIbCTBOBATH O BIUSHUHU JOTOJHHUTEIBHBIX
(dakTopoB, O0OYCIOBIMBAIOIUX HW3MEHYMBOCTh OTHUX METAIIOB B OpraHU3Me,
HO HE YYUTHIBAEMBIX B MOJIEIIH.
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MNapameTp, %

= ToyHOCTb
—+—Koppenauuns
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MeAb  CBMHELL CTPOHLUMI  Xpom
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Xpom

Puc. 3. CBs3b KOppesIInN U TOYHOCTH HEHPOCETEBBIX MOZAETICH A1l 00yJaromero (a) u TecTo-
BOTO (6) MHOXXECTB 10 [IECTH HCCIEAYEMBIM METaIaM

l“pa(bm(n (((1)aKT-1'IpOI‘H03» ypOBHeﬁ peTeHIUN JIs1 STAJIOHHBIX U paCCYHUTAHHBIX
oo HeﬁpOCGTeBLIM MOJCJISIM OLICHKH T€CTOBBIX JAaHHBIX MPCACTABJICHLI HA PUC. 4.

a) o 0) 100
08 AV 0.95 V
= I ’ = 090 \I ¥
5 o0s 7 s v
b T 085
E 0.4 : E
0.80
02
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1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 1 3 5 7 9 11 13 15 17 19 21 23 25
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6) 100 r\\ 2) 10
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= 090 =
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5 oss &
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% oso u & Y
0.75 | 0.2 J
0.70 +—— 0.0
1 3 5 7 9 11 13 15 17 19 21 13 5 7 9 1113 15 17 19 21 23 25 27 29
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()) 1.0 e) 10 A
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3 A g A //
£ 0.6 I =3 0.6 l \ //
I =
[ [
9 o4 I | &0.4, v/
0.2 - A - 0.2 v
0.0 A 0.0

1

3

5 7

Homep TectoBoro npumepa

9 11 13 15 17 19 21 23 25 27 29

12 3 4 5 6 7 8 9 1011 12
Homep TecTosoro npumepa

Puc. 4. OTkIOHEHHE STATOHHBIX M PACCANTAHHBIX MOJICISIMUA TUIIOBO TOIIOJIOTHH YPOBHEH pe-
TEHIINH: a) IIUHKA, 0) XKeJe3a, 8) MEIH, 2) CBUHIIA, 0) CTPOHIIHS, ¢) XpoMa. CHHSS U KpacHas JIH-
HHUH COOTBETCTBYIOT (DAKTHYECKOMY M IIPOTHO3MPYEMOMY YPOBHSIM PETEHIIUU COOTBETCTBEHHO



CIIOCOB KOJIMYECTBEHHOM OLIEHKM HAKOITJIEHWSI METAJIJIOB. .. 275

Jliist IpOBEPKH MEPBOHAYATIBHBIX BBIBOAOB 00 3((PEKTUBHOCTH U aJCKBATHOCTH
CIPOCKTUPOBAHHBIX MOZEJICH MPOBEACH aHau3 o cxeme «5-fold kpocce-Banmumanus.
Jig kaxa0d HeHpoCceTeBOH MOJENH, CIPOSKTHPOBAHHOW M OOyYeHHOW Ha TepBO-
HayaJIbHOM 3Tare, CO31aBajloch MATh Konuid. CHHANTHYECKUEe Beca MOJENICH-KOMUT
cOpachIBaJICh A0 MajbIX CIyYalHBIX 3HAYEHHUH, NOCIE Yero KaxkKAas MOJEIb-KOIHS
o0ydajack Ha UCXOIHOM HAaOOpE JaHHBIX, pa3aeeHHOM B npornopuun 80% u 20% Ha
o0ydaroliee 1 TeCTOBOE MHO)KECTBO COOTBETCTBEHHO. [ IpH 3TOM 371€MEHTHI TECTOBOTO
MHOKECTBA BBIOMPAINCh METOAOM IOCIEeI0BaTeIbHOrO ciBura Ha 20% moyiHON BBI-
0OpKH, HAUMHAA C IepBOro AeMenTa. [Iponecc npoBeaeHs SKCIEPUMEHTOB B ITAKETE
Loginom 6.0 wirmtocTpupyet puc. 5 (Ha mpumepe Menu).
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Puc. 5. IIpoBenienne kpocc-BaJIuIaliuy JIJIsl MOJIETIN PETSHIIUU MEAH

Pe3ynbraThl OLIEHEHBI IO KOJIMYECTBY NMPABUIIBHO CIIPOrHO3MPOBAHHBIX YPOBHEH
peTeHIH Ha TecTOBOM BeIOOpKe. [TokazaHna cTaOMIIbHO BBICOKAsi TOUHOCTD BCEX CIPO-
eKTHPOBaHHBIX Mojenei. [Ipu 3ToM Hanbosnee cTaOUIbHBIE TTOKA3aTENN TOCTUTHYTHI
NP 3KCIIEPUMEHTAX JUIsl MOJETH OLEHKU YPOBHS PETEHIMH MeIu (TOYHOCTh OT §1
1o 100%), HaumeHbInne — sl CBUHLA (TOYHOCTH OT 67.7 10 78.3%). Pe3ynbraTsl mo
BCEM ILIECTH MOJENSIM PUBEICHBI B Ta0MI. 2.

Tabm. 2

TouyHOCTH MOJICIICH HA TECTOBOM MHOXeCTBe i1t S-fold kpocc-Bamunaru

Monenb Tounocts Momenwn, %
peTeHun 1* 2 3 4 5
Iunk 96.7 90.0 83.3 93.3 90.0
Kenezo 84.0 80.0 88.0 84.0 88.0
Menp 95.2 100 85.7 95.2 81.0
CauHen 76.6 70.0 67.7 71.0 78.3
CrpoHuuii 100 75.0 87.0 75.0 87.5
Xpom 75.0 100 91.7 83.3 92.0

O6o3HayeHwsI: * — HOMep dKCTIEpUMEHTA.
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Pesynbrarel NpoBepKy MO3BOJISIOT CAEaTh BBIBOJ 00 aJeKBATHOCTH MOCTPOCH-
HBIX MOJIEJIEH, a TaKkKe 00 OTCYTCTBHHU MepeoOyUeHus, 4To, B CBOIO OUepe/ib, FrapaHTH-
PYET BBICOKYIO CIIOCOOHOCTh MOJIENICH K 0000IIEHHUIO TaHHBIX.

JlaHHbIC TECTUPOBAHMUS MMOKA3BIBAIOT, YTO HAaUOOJIEe TOYHBIMHU SIBJISIFOTCSI MOACIH
JUTSL OLICHKH YPOBHEH PETEHIMH TEX METAJUIOB, JUIsl KOTOPBIX UMeeTcs HH(opMaus
00 MUX cofepKaHWU B TpeX KOMIIOHEHTaxX ypOOIKOCHCTEMBI (CHET, MUTheBas BOjAA U
nousa). [Ipy CHMKEHUH KOJIMYECTBA 3HAYUMBIX TPEIUKTOPOB 0000IIaromas crocoo-
HOCTh Mojienel cHikaercsi. OJJHAKO JaHHBINA MOKa3aTellb He SBISIETCS PEHIAOIINM.
Tak, A7l CBUHIIA TOUHOCTh PacyeTOB HAa TECTOBBIX JAHHBIX OKa3aJlaCh HaMMEHbILEH
IIpY TIOJIHOM Ha0Ope BXOAHBIX IpeAnKTopoB. [1ono0HbIe pe3yabTaTbl MOTYT TOBOPUTH
0 HaJIMYMU JIOTIOJIHUTEIbHBIX HEYYTEHHBIX MOAEIbIO (DAaKTOPOB, OKa3bIBAIOIINX CHIIb-
HOE BIIMSIHME Ha U3MEHUYMBOCTh COZIEPKAHMsS 3TOTO METajljla B OpraHu3Me, U TpeOyIoT
MPOBEJCHHUS JOTOJIHUTEIbHBIX HCCIICA0BAHUH.

3aKkJiIroueHue

OnauH U3 MyTel MOBBILICHUS KayecTBa SKCIIEPUMEHTAIBHBIX PE3YIbTATOB MPH
aHaJIM3€ CIOXKHBIX CHCTEM, K KOTOPBIM OTHOCHUTCS YpOOIKOCHUCTEMa, COCTOUT B
000CHOBaHHOM BBIOOpe OOBekTa KOHTpossd. K TakuMm mpencTaBUTENBHBIM OOBEK-
TaM KOHTPOJISI CIIeyeT OTHECTH OMOJIOTHYEeCKHe CyOCTpaThl OpraHu3Ma 4YeloBeKa,
KOTOpBIC JIAIOT PENpPe3eHTATUBHBIA OTKIMK Ha MPUCYTCTBUE B OKPYKaIOLIeH cpeje
TOKCHKAHTOB.

Ipemwnoxken cnocod OIEHKN HAKOIUIEHHS METAJUIOB B OPraHU3ME Ha OCHOBaHUH
JAHHBIX 00 MX ITOCTYIUIEHUH BO3TYLIHBIM M BOJHO-TIHIIEBBIM ITyTEM U COAEPKAHUH B
OMoNorMuecKux cyocTparax. Y4eT peTeHIIMH METauIOB B OpraHu3Me POBEJICH C T10-
MOIIBIO0 MHTEIJUICKTYaJIbHON CHCTEMBI, KOTOpas MO3BOJIsIeT 3P(PEKTHBHO ONpPEaesiTh
Mepy HaKOIUICHHs METAJUIOB B OpraHu3Me 0e3 MHBAa3UBHBIX MpoLERyp mpobdooTdopa
U CIIOKHBIX MPOOOIMOATOTOBKM M aHaynu3a. [IpoBeneHHBIE YUCICHHBIE SKCIEPUMEH-
THI JIOKa3aJd MPaBOMEPHOCTh BBIABUHYTOW THIIOTE3bI OTHOCHUTEIHFHO BO3MOXKHOCTHU
BBICOKOTOYHOTO pacueTa ypOBHEH PETEHIMH METaJUIOB HA OCHOBE JOCTYIHBIX JJIS
WCCIIe/IOBaHMsI TapaMeTpoB. B kadecTBe pacueTHBIX MOAEIEH XOpOUIME Pe3yJbTaThl
[I0KA3aJI0 UCIIOJI30BAHUE HCKYCCTBEHHBIX HEHPOHHBIX CETEH THIA MHOI'OCIOWHBIN
nepcentpoH. Jlaxe npu NpUMEHEHUN TUIIOBOW TOTIOJIOTHH TaKHE MOJICIN 00eCIeyu-
BAfOT OIICHKY YPOBHEH PETCHITUHN C TOYHOCTHIO OKOJI0 90%. Tak Kak JJis pa3IuIHBIX
METaJJIOB TOYHOCTH MOJIEJIeH 3HAYMMO OTIMYAETCS, MOYKHO PEKOMEH/I0BATh yCIIOKHE-
HHE TONOJIOTHH HEHPOCETEBON MOJIENHN B TEX CIIy4asX, KOTJa TOYHOCTh OKa3bIBACTCS
HEIOCTATOYHOM.

CnpoekTrpoBaHHasE HEHpOCeTeBasi MOJIENb MO3BOJISIET OCYIIECTBISATh PEIICHUE
00paTHBIX 3aJa4 110 ONPEACICHHIO COJCPKaHUSI METATIOB B KOMIIOHEHTaX ypOOIKo-
CHCTEMBI, B TOM YHCJIE C YCTAHOBJICHHEM JIOMYCTUMBIX COAEPKAHUN, HE TPUBOASIINX
K HaKOTJICHUIO METAJUIOB B OPTaHU3ME.

3akiouenue Komurera no stuxe. MccienoBanue mpoBEICHO B COOTBETCTBUU C
MOJIOKEHUAMM XEIbCUHKCKON AeKkiapanuu BceMupHOW MEAUIIMHCKON accolMalvii 1
010OpEHO JIOKATBHBIM dTHYECKUM KoMuTeToM KazaHckoro ¢eaepaabHOTO YHUBEPCH-
teta (mpotokon Ne 40 ot 09.03.2023).
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HNudopmupoBannoe cornacue. MHpopMupoBanHoe corniacue ObLIO MOTYYEHO

OT BCEX Cy6’LCKTOB, y‘iaCTBOBaBHH/IX B HCCJICAOBAaHNH, WKW UX 3aKOHHBIX HpG}lCTaBI/I-
TeJen.

Baarogapuocru. VccnenoBanue npoBeqeHO NOpu  (PUHAHCOBOM MOAAEPXK-

ke MunoOpHaykn Poccun B pamkax ucnonHeHHs o0s3aTenscTB 1o CornmamieHuro
Ne 07503-2023-032 ot 16.01.2023 (Homep Tembl FZSU-2023-0005).
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Abstract

High metal concentrations in the body’s biological substrates often result from a persistent,
cumulative impact of adverse environmental conditions. This article considers the quantitative composition
of human biological substrates as an indicator of the state of urban ecosystem components. Assessing the
accumulation of metals in the body by directly measuring their concentrations in biological substrates is
a multi-step analytical procedure. Here, a quick-and-easy method for determining metal concentrations
in biological substrates based on a neural network algorithm was introduced. A complex neural network
model was developed to enable the determination of metal inputs from the air and food-water system
without the need for invasive sampling of biomaterials or too difficult processing and analysis of the
samples obtained. The model also proved to be feasible in solving the inverse problems associated with
the determination of metal thresholds in various components of urban ecosystems.

Keywords: urban ecosystem, components, polymetallic pollution, biological substrate, accumula-
tion, neural network model, metal retention
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Figure Captions

Fig. 1. “Actual-predicted” correlations in the pairs of training and testing data sets for six metal retention
models.

Fig. 2. Comparative accuracy of the recognition of six metal retention models based on the testing and
training data sets.

Fig. 3. Relationship between the correlation and accuracy of the obtained neural network models based on
the training (a) and testing (b) sets for six studied metals.

Fig. 4. Deviation of the reference and retention values calculated by the standard topology models:
a) zinc; b) iron, ¢) copper, d) lead, e) strontium, f) chromium. Blue and red lines show the actual and
predicted levels of retention, respectively.

Fig. 5. Cross-validation for the copper retention model.
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HOCTEH, HaOIIOAATI0Ch HAKOIUICHNE TPaHyJl KOPTHU30J1a, Pa3pylIeHne KaluUIIPOB U arperamus
Je(GOpMHUPOBaHHBIX HPUTPOIIMTOB B 30HE KOPHI U TUITIIOKaMIIa MO3Ta.

Kuarouesrbie cioBa: MAO-A, Mmokimo6emMu]1, (hapMaKoIOTHISCKIHA Tapaind Y MBIIICH.

BBenenue

Cornacno /[lexnapaunu no ro6aibHOM MEpBUYHON NMPO(UITAKTUKE MHCYIIBTA U
neMmeHIMK BeemupHo# opranusanuu mo 6ops0e ¢ uaeyiasToM (2020 1), mpu ycIoBUU
COXpaHEHHsI TEKYIIMX TeHACHIMH Mpo(MIakTHKH HHCYIbTa K 2050 I. MO’KHO OXKHAATh
nosiiieHus 200 MITH NMAIMEHTOB C IEPEHECEHHBIM MHCYIBTOM U 106 MITH NalueHToB,
CTPaJAIOIIMX JIEMEHIHUEH, a ¢ KaXKIbIM TOCIECAYIOMNM TogoM — 0osee 30 MITH HOBBIX
CIly4aeB MHCYNbTa, 12 MIH CIy4aeB CMEPTH OT MHCYJbTA, 5 MIH CIIy4aeB CMEPTH,
BBI3BaHHBIX JeMeHIel. Takas cUTyalusi MPeACTaBIsAET YyIpo3y CTaOMIBHOCTH BCel
CUCTEMBI 3/IpaBOOXPAHEHUS; OJHAKO €€ MOYKHO IPEJOTBPATUTh, MOCKOJIbKY 3HAYH-
TeJIbHAsl YacThb OpeMeHHU 3a00JIeBaHMl CBsI3aHa ¢ MOTEHIUAIBHO MOJU(PHLIUPYEMBIMU
(axTOpamMu prcCKa U paHHEH AMArHOCTUKON HEHpoAereHepaTUBHBIX MposiBIeHUH [1].
CoBpeMeHHBIE CTpaTETUH NEPBUYHON MPOPUIAKTUKH HHCYIIBTa M CEPACYHO-COCYAH-
CTBIX 3a00JIeBaHUIl JOJKHBI OBITH OCHOBAHBI Ha ACTEKTHUPOBAHWU PAaHHUX MapKepoOB
aronTo3a WM HEKPo3a LEHTPaIbHBIX HEHPOHOB M aCTPOLMTOB /0 Pa3BUTHUS 3a0oie-
BaHMs. AKTyaJIbHOW MpoOJIeMOH SIBIsIETCsl pa3padOTKa TECTOB [UIsl BBISIBICHHUS Ipe-
JUKTOPOB MHCYJBTA M CKPUHMHIA KaK BCEH MOMYJSALUY, TaK U MALIUEHTOB U3 TPYIIIbI
pucka. OHUM U3 IPEAUKTOPOB MOXKET OBITH acTpouuTapHblii 6enok S-100 B nepude-
pHUYECKON KPOBH, KOTOPBIH SBISIETCS MapKePOM HapyILIeHUs TeMaTodHIE()aTnIecKoro
Oapbepa 1 0OHApYKUBAETCs y MALMEHTOB C HEHPOAETeHEepaTUBHBIMU 3a00JICBAHUSIMH
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u quabetom [2, 3]. [IpoGiiema upeHTUUKAIINN TKAHEBBIX aHTUTEHOB HEPBHOM TKaHU
JIO pa3BUTHS UHCYIIBTA OCTACTCsl OCTPoi [4].

Bruoxumuyeckue MapKepbl HHCYJIbTA, KOTOPBIE BBISBIISIIOTCS Y JIAOOPATOPHBIX KU~
BOTHBIX, MOTYT CJIY>KUTb OCHOBAaHHEM JUI pa3padOTKH 3KCIPECC-TECTOB [yl paHHEH
JMAarHOCTHKH (PAaKTOPOB MHCYJbTA U BBISBICHUS MOJCKYJSIPHBIX MapKepOB HEYCTOM-
YMBOTO COCTOSIHUS MEpel HHCYIBTOM. J[HarHocTika Takoro COCTOSIHUS SIBISIETCS OJI-
HUM U3 BOKHBIX CIOCOOO0B MPOQHUIAKTUKH UHCYIBTOB [3].

Llenp uccnaenoBaHust COCTOUT B pa3padOTKe U OMOXMMHUUYECKON XapaKTepPHCTUKE
MozeH (papMaKoIOrMIEeCKOro Mapanuya 3aHIX KOHEUHOCTEH 1 aHaIN3€e COep KaHuUs
actpouuTapHoro oenka S100 kak IpeArKTOpa HHCYJIBTa Y MBILLICH.

1. MaTep]/Ia.]ILI U METOAUKHU UCCTIeAOBAHUA

1.1. BBenenne npenapara MbIIIaM U MOJy4YeHHEe OPTaHOB U CHIBOPOTKH KPO-
BH ISl MCCJIeN0oBaHuii. B onbiTax in vivo ucnoib3oBaiu Meleil croka CD-1 o6oero
nona (n = 50), SPF-xareropun, npenocrasnennsix HIIIT «[TuTroMHUK 1a00paTOpHBIX
xuBoTHBIX» OUBX PAH, 1. [TymmHo. Bo3pact KHBOTHBIX K Ha4dally SKCIIEPHMEHTA
cocTasyst 4 Henmenw, Bec — 16—18 r. Mprmieit comepskanu, cornacHo [IpaBunam comep-
YKaHWS KUBOTHBIX, B yctaHoBKe Techniplast IVC Transport Unit (Mramus), Ha moa-
ctuiike Rehofix (JRS, I'epmanust), mpu yciioBusx NocTossHHOR Temriepatypsl 22-25 °C
Y BJIQXKHOCTH, B HOPMAJIbHOM CBETOBOM pekrMe. JKUBOTHBIM MPEOCTABIISIIN 3EPHO-
BOW KOpM U Boay ad libitum. Mpllin ObIITH pa3/ieiieHbl Ha ONBITHYIO M KOHTPOJIBHYIO
rpymIisl o 25 ocobei B Kak10i. ONBITHOM TPYIITIe OJMH pa3 B ACHDb B TEUEHHE O CyTOK
BBOIUIA BHYTpHOpIomuHHO 100 MK pacTBOpa CEIEKTHBHOTO MHTHONTOpAa MOHOAMH-
Hokcruaazbl A (MAO-A) moknobemuna (N-[2-(mopdonuH-4-1m)3Tri]-4-xmopoensa-
mun) «Aypopukcy (La Roshe, Hseinapus) B no3e 400 mr/xr B 0.9%-HoM pacTBOpe
NaCl. Yepes 6 cyTok 12 mbliieli ONBITHON rPyMITbl BEIBEIH U3 OMbITa. OCTaBIIMMCS B
OTIBITHOM TpyIine 0co0sM (7 = 13) BBOAMIN pacTBOp Mokiobemua B 103e 600 Mr/kr
B 0.9%-HoM pactBope NaCl u uepe3 5 CyTOK BBIBEIM UX W3 ONbITa. MBI B KOH-
TPOIBHOH Tpyrmie moiayyanu BHyTpuOpromuHHO 100 Mim 0.9%-noro pactBopa NaCl.
[lo OKOHYaHMHM SKCIEPUMEHTAa MBILIEH KOHTPOJIBHOW TPYNIBI BBIBEIH W3 OIBITA.
Bcex BbIBEZICHHBIX U3 ONBITA KUBOTHBIX IOJBEPraii 9BTaHA3UU B KaMepe ¢ YIJIEKHC-
JIBIM Ta30M.

[TpoObI KpoBU MOTyYaH U3 JIEBOTO JKEITYA0UKa CEpALla ¢ MOMOIIBIO IITPULA U TTO-
MEIAIM KPOBb B BaKyyMHbIe KOHTeHHEpHI ¢ 0.2%-HbIM PacTBOPOM ITHUJICHIMAMHUHTE-
tpaykcycHo kuciotsl (JITA). [Tonydyennyro kpoBb nieHTpupyruposaiu npu 3000 g
B TedeHune 10 MUH U1 ocaxIeHus (OPMEHHBIX JIEMEHTOB KPOBHU U MOIYYEHUS Chl-
BOpOTKH. ChIBOPOTKY 3aMopaxkuBain mpu —20 °C 1 UCTIONB30BaIH IS ONIPEeIICHUs
ropmoHoB 1 Oenka S-100. Iledens, cepiue U MO3T KUBOTHBIX 3KCTEpHApUPOBAIH U
MOMeIIalii B pacTBop, cofepxaruii 0.25 M caxapossl, | MM DJITA, 0.2 M tpuc-HCl
Oydepnsiii pactBop ¢ pH 7.4, u xpanunu npu —18 °C. MukpocoMmsl meueHu, cepaua
Y MUTOXOHJpUANbHbIEe (PPAKIMU MO3Ta MOJydalld IyTeM TOMOT€HU3UPOBAaHUS U IIeH-
TpudyrupoBanus Ha xonoay Ha nenrpudyre Optima L-90K ultracentrifuge (Beckman
Coulter, CIIIA), kak ykazaHo B pabore [5]. MUKPOCOMHBIE U MHUTOXOHAPHAIBHBIE
¢dpakuun 3amopakuBany pu —20 °C ¥ UCHONB30BaNN JUISI OPEICIICHUST aKTHBHOCTH
MAO-A, nutoxpomoB 3A4 u 2D6 [5]. Mo3r *UBOTHBIX HCIIOJIB30BANIN AJIs TOTy4e-
HUS YJIBTPATOHKHX CPE30B M KPHOCPE30B /IS aHATIN3a C TOMOIIBIO MPOCBEYNBAIOIIEH
ANEKTPOHHONW MUKPOCKOIIMU 1 UMMYHOLIUTOXHUMUH.
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1.2. ITony4yeHune yJIbTPATOHKHMX CPe30B MO3ra Mblilei. /(s noaydeHus yib-
TPATOHKUX CPE30B UCIOIb30BAIN CTAaHJAPTHBIM METOA IPEIBAPUTEIBHON HOATOTOBKU
TKaHeH [6], A1 yero MO3r MbIILIM MHKYOHUPOBAJIM B PACTBOPE [IyTapOBOIO aJlbJCTH A
1 00€3BOKMBAJIM B 3TAHOJIE U IIPOIMICHOKCHIE, HHKYOMpoBaiu B pactBope OsO, n
noJauMepu3oBand B cMmoie OmoH. [lomydyennsie ¢ momomusio Mukporoma Leica UC 7
(Carl Zeiss, I'epmanust) ynIsTpaToHKUE Cpe3bl aHATM3UPOBAIN HA BJIEKTPOHHOM IIPO-
cBeunBaroiiem Mukpockone JEM 100 CXII (JEOL, SAnonus).

1.3. Tlonyyenne KpHOCpe30B MO3ra MbIIIeH AJsi MMMYUHUTOXHMHU4YECKOI0
BbISIBJIEHHSI TPaHyJ KopTu3oia. C 1elblo MOJIy4YeHUs! KPUOCPE30B JUIsl UMMY-
LUTOXMMUYECKOTO BBISIBJICHUSI T'paHysl KOPTHU30JIa MO3T MBILIM 3aJUBAJIA B CPeay
NEG 50 “Richard-Allan Scientific” (CLLIA), 3amopakuBajiy B KpUOCTaTe B TEUe-
Hue 30 muH. )11 U3rOTOBICHHUS CPE30B MCIOIb30BaIN Kpruoctat Microm HM 550
(Thermo Scientific, CILIA), nmomyueHHble cpe3bl HAaHOCWIM Ha cTekya “StarFrost”
C HOJMJIM3UHOBBIM MOKpbITHEM. Cpe3bl OKpallMBail C MOMOLIBIO KOMMEPYECKOTO
Habopa «KpesunoBeiii ¢uonetoBsiit» (Biovitrum, Poccus) cormacHO MHCTpyKIUU
(UPMBI-ITPOU3BOANTEINS U aHAJIM3UPOBAIN Ha CBETOBOM Mukpockorne AXIO Vert Al
(Carl Ziess, I'epmanust). s 1eTEKTUPOBaHMS KOPTH30Ja HCIONb30BAJIN MEPBHUY-
Hble MOHOKJOHaNbHbIE anTuTena “Mouse IgG Cortisol-3” u BTOpUYHBIE aHTHUTE-
na “Anti-mouse IgG Alexa Fluor 647 (Abcam, BenukoOpurtanus). [lonydennsie
npenaparbl aHAJIM3UPOBAIN C MTOMOIIBIO KOH(OKAIHHOTO JIA3€PHOI0 MHUKPOCKOIIA
LSM 780 (Carl Ziess, ['epmanus).

1.4. Onpenesienne cogepkaHnusi TOPMOHOB B CbIBOPOTKe KPOBH MbIIeii. KoH-
LEHTPALXI0 TOPMOHOB IPOJIAKTHHA, KOPTH30JIa U JAUTHAPOINHAHIPOCTEPOH-CYIIb-
¢ara (I DA-C) B CbIBOPOTKE KPOBM MBIIICH ONpPEACISIM METOAOM TBepAodas-
Horo uMMmyHogepmentHoro anaiuza (M®DA) ¢ momompio KOMMEpUYECKUX HabOPOB
«HNDA-nponaktn», «CrepounU@A-kopruzon», «IAIDA-C-UPA» (Anxop-buo,
Poccust) cormacHo wuHCTpyKumu ¢upmbl-ipousBoautens. KonuenTpanuio Oenka
OIIPEIEISUIN  CHEKTPOPOTOMETPUUECKMM METOAOM M PACCUUTHIBAIM 10 (opmyse
[c]=1.58x4,,-0.76x4,.

1.5. Onpenenenne aktTuBHOCTH MAO-A B MHKPOCOMAX U MHTOXOHAPHUSIX
TKaHeil mbiueii. AxktuBHOCTh MAO-A B MHUTOXOHIPHAIBHBIX (PAKUMUAX MO3ra,
MHUKpPOCOMax cepiua M MEeYeHH MbIIEH ONpenessuld M0 CKOPOCTH JAe€3aMHHUPOBA-
HUSl HOpaJpeHaluHa. YIIEIbHYIO0 aKTUBHOCTH BbIpa)kajld B HMOJIb 2,4-1MHUTpOGE-
HUITHAPA30HA 3-METOKCH-4-THAPOKCUMUHAAIBHOTO ajbAeruaa, 00pa3oBaBILIEroCs
B 1 Mr Oenka 3a 1 muH [5].

1.6. Onpenenenrne KOHUEHTPALMH W AKTHBHOCTH HUTOXpomMoB P450 B mu-
KpocoMax mnedeHd U mo3ra mpimei. Konnenrpauuto nutoxpomos P450 B Mukpo-
CcOMax IEYEeHU M MO3Ta KMBOTHBIX ONPENCISIN [0 CIEKTpaM IMOIIOLICHUs UX (ep-
MEHT-CYOCTPaTHBIX KOMILJIEKCOB, oTpaBieHHbIX CO, M pacCUUTHIBAIN C IIOMOLIBIO
MOJISIpHBIX K03(puuuenTos nomiomenus g, = 91 MM cMm™' 1711 BoccTaHOBIEHHOM
(opmbr uTOXpOMOB M £, =41 MM cM ' 151 OKMCIIEHHOH (OPMBI HMTOXPOMOB [5].
B kauectBe cyOcTparos i onpenenenus pepmenraruBHoil akruBHoctH CYP 3A4
u CYP 2D6 ucnonb30Banu jJeKapcTBEHHbIEC MPENapaThl SpUTPOMULIMH U (DIIyOKCETHH
(O30n ®apm, Poccust) coorBercTBenHo. duddepeHuunanbabie CieKTpbl ONBITHBIX pe-
AKIMOHHBIX CMeCell OTHOCUTENILHO KOHTPOJILHON PEaKIMOHHOM CMECH IMOy4aad Ha
nByxiayueBoM crekrpoporomerpe UV-2700 (Shimadzu, SlnoHust) npu JyinHEe BOJHBI
340 HM B JUHAMUKE B TEUCHUE 5 MUH. AKTUBHOCTH THAPOKCUIMPOBAHUS SPUTPOMHU-
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LIMHA U OKUCIUTEIBHOTO JICAIKUIMPOBAHMS (PIYOKCETHHA ONPEEIISUIN 10 OKHUCICHHIO
HAJIH B 1 mur Ha 1 HMons CYP, ncnomnp3yst MONsipHBIH KOA((HUITUEHT ITOTIIOMICHUS
ans HAJIH €, = 6.22x10° M em ' [5].

1.7. UMmmyHoxuMHu4eckoe ompenenenue oeiaxa S-100 B cbIBOpOTKe KPOBH
Mbilei. CBIBOPOTKY KPOBU MBIIIEH pa3iessuld ¢ TOMOIIBIO CTaHIapTHOTO JIeHATY-
pHpYyIOLIEro eKTpodopesa B MOINAKPUIAMUIHOM Telle U IPOBOAWIN BECTEPH-0I0T-
aHanu3 (pakuuii ¢ MOMOLIbIO HUTPOLEIUTIONO3HBIX MeMOpaHn (Invitrogen, CLLA) co-
TIacHo npoTtokoy mpousBoautens (Bio-Rad, CIIIA) B Tederne 12 9 mpu MOCTOSHHOM
Hanpspkeann 20 B B cucteme Bio-Rad miist BectepH-OmorTrHTa. J{71s HeTeKTHpOBaHUS
Oenka S-100 memOpaHbl HTHKYOUpPOBaH B Oy(epHOM pacTBOpE, CollepKalieM IepBrY-
HbIC MOHOKJIOHAJIbHBIC MBIIITHHBIC aHTUTeNa MpoTHB S-100 (Santa Cruz Biotechnology,
CIIA). B xayecTBe BTOPHUYHBIX aHTHTENI MCIIOIb30BAIM aHTUMBIIIMHBIE MOHOKJIO-
HaJIbHBIC aHTUTENA, KOHBIOTHPOBAaHHbIE ¢ Iepokcuaasoit (Sigma, I'epmanus). B kaue-
CTBE XPOMOTEHHOTO CyOcTpara UCnonb30Bany JuaMuHooensun u 30%-ubiid H,O,
B 0.1 M tpuc-HCI, pH 7.6. MeMOpaHy mociie OKOHYaHHS HHKYOAITHH ¢ cyOCcTpaToM
ananusuposanu Ha npudope ChemiDoc XRS+ (Bio-Rad, CIIIA).

1.8. Craructuyeckass o0padoTka pe3yJbTaTOB. Pe3ynbTaTsl MpecTaBIeHbl B
Buzne X + SE, tne X — cpeanee apudmeTnyeckoe 3HaueHHE BeIHUYMHbL, a SE — craH-
JapTHas omMOKa cpeaHel BeJIMurHbL. J{JIsl OLEHKH CTaTUCTHYECKON 3HAYMMOCTH I10-
JYYECHHBIX Pe3yJbTaTOB MCIOIb30BAIN IapaMeTpudeckuil kpurepuil CrbroneHTa (f).
Pazmmuns canranym 3HauuMBIME TIpH p < 0.05. Bee pacueTsl IpoBOIMIN ¢ TIOMOIIIBIO
nporpammbl EXCEL 13 (Microsoft, CILIA).

2. Pe3yabTarhl HCCIEI0BAHUSA U UX 00CYXK/ICHHE

2.1. buoxmMmnyeckas XapaKTepPHCTHKA COCTOSIHMS MbIlIed B <«IIOAT0-
TOBUTE/JIbHBII» IEpPUOd, A0 MNapajiMya 3aJHUX KOHe4yHocTeid. Mpln cToka
CD-1 SPF-kareropum SIBISIOTCS 3J0POBBIMH KMBOTHBIMH M HE HECYT B ceOE TECHBI
[IPEIPACIIONIOKEHHOCTH K KAKUM-TH00 3a00sieBaHusIM uesioBeka. J{ist unaykiuu dhap-
MaKOJIOTHUECKOTO OTBeTa OBbLI KCIIOIb30BaH 00patuMblii HHruOnTOp MAO-A MOKIIO-
OeMuJl B J103aX, MPEBHIIIAIONIMX PEKOMEHOBaHHBIC J03bI JUIS MAlUEHTOB U Iepe-
CUYATAHHBIX Ha BEC )KUBOTHOTO C YYETOM KOA(P(UIIMEHTA /s JTaOOPaTOPHOH MBIIIIH,
KOTOphIe cocTaBwin B cpenHeM 0.4 mr/r Beca MbImu. buoxumudeckne U (HU3HOIO-
rudeckre 3PQeKTh 0T MCIOB3YeMbIX B OMBITaX /103 MOKJIOOEMH/Ia HE OTHCAHEBI B
(apMaKoreiHol cTarbe IaHHOTO JIEKaPCTBEHHOTO CPEJICTRA.

AHau3 TIOBEJICHUS U BHEIIIHETO BUA )KUBOTHBIX TI0KA3aJl, YTO OIBITHBIC MBIIIIH,
O0COOCHHO CaMIIbl, [TOJyYaBIIre BHyTPpUOpIOmUHHO 1o 100 MK pacTBOpa MOKJIOOE-
muzaa B go3e 400 mr/kr (6.8 MI/MbIIb), yepe3 6 WHBEKIUA CTaIHd TPOSIBIATH arpec-
cuBHOe TToBenieHue. Panee B pabotax [7, 8] oTMe4anoch arpecCuBHOE W ayTHYHOE TT0-
BEJICHUE MBIIIEH, B TEHOME KOTOPBIX OJIOKHUPOBAH U HE 3Kcmpeccupyercs red MAO-A
(KO MAO-A wmpin). Meitm, nosxydasime 103y 600 mr/kr (10.2 Mr/Mbliib), mocie
5 MHBEKIUN CTajM TMOJ3aTh C MapaJU30BAHHBIMH 33 HUMU KOHEYHOCTSMH IO KPY-
ry. OHu ObLIM BBIBEJICHBI U3 OMBITA U MOABEPTHYTHI 3BTaHasuu B CO -kamepe. YacTh
MO3ra MBIIIeH Ha TPaHMIIe TUIIOTaJaMyca U KOPbI C IIOMOIIBIO CEKIIMOHHOTO ATiiaca
nmabopaTopHBIX MBIIIeH [9], coracHO KOTOpOMY ATa 30Ha Ha3BaHa Kak pes hippocampi
(Ammons’s horn), 1 30Ha KOPBI HaJ ATON CTPYKTYPOH OBLITH BEIOPAHBI TSI HMMYITH-
TOXMMHYECKOTO BBISBJICHUS TPaHy/I KOPTH30JIa ¥ UCCICIOBAHUI METOIOM IPOCBEUH-
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BAIOIICH MEKTPOHHON MUKPOCKONIMH. Y MBIIIEH, ody4aBmux 103y 400 MI/Kr, Takue
CHUMIITOMBI 32 BPEMSI IPOBEACHUS OMbiTa OTCyTcTBOBaiH. [losTOMY Habmomaemble
CHUMIITOMBI, BEI3BAHHBIC MTOBBIIIIEHUEM JI03bI MOKJIOOEMH/I2, ObLTH OTHECEHBI K papma-
KOJIOTHYECKUM 3PP eKTaM.

Ananu3 aktuBHoctd MAO-A, uuroxpoMmoB P450 meuenu, onpeneiaeHue comep-
YKaHWsl TOPMOHOB U acTpouuTapHoro 6enka S-100 B CHIBOPOTKE KPOBH HMPOBOIWIN Y
MblieH, noiaydasiux 400 MI/Kr MOKJI00eMHI 1A B TICPUO/T, IPEIICCTBYIONIUI apasiu-
9y 3aJHAX KOHEIHOCTEH y MbIIeH, mony4yaBmux 600 Mr/Kr npernapara.

Takum o0Opa3oM, IMpoaHAIM3UPOBAHO COCTOSIHHUE, KOTOPOE, BO3MOXKHO, MPHUBE-
JIO K Mapajindy 3aJHUX KOHEYHOCTeH y Mmbliield. CoracHO JUTepaTypHbIM JaHHBIM,
nofaBienne akTuBHOCTH MAO-A TprUBOIUT K PE3KOMY YBEIHUEHHIO KOHIIEHTPAIUN
HOpaJpeHalnHa, aJpeHalINHa, CEPOTOHNHA B CHHANTHYECKOH 30HE M BO3PACTAHHUIO
KOHIICHTPAIUM Ba30aKTUBHOTO amMHHA N-aleTWICEpOTOHWHA B Iuia3Me KpoBu [8].
B pabore Zhao ¢ coaBropamu [10] yka3aHo, 4To BO3pacTaHUE KOHILIEHTPAIIMK HOPaJpe-
HaJIMHA ¥ aJIpCHAJIHA 10CJIC HHBEKIIMU WHrUOUTOpa 00paTHOro 3axBara CEpPOTOHMHA
BBI3BAJIO KPOBOMBIMSAHUS B O0JIACTH CETYATKH I71a3a Y KpbIC. MoIenmupoBaHue JIOKalTh-
HOTO UIIIEMHYECKOTO MOBPEKIACHHUS KOPBI TOJIOBHOTO M0O3ra Y Kpbic [11] mpuBero k mo-
SIBJICHUIO B IJ1a3Me KPOBH psija Helpocnennpuueckux 0enkoB, B ToM uucie S-100.

CpaBuutenbHblii aHann3 ypoBHS MAO-A y ONBITHBIX U KOHTPOJBHBIX MBIIICH
ctoka CD-1 (tabn. 1) mokasa, 9yto akTuBHOCTE MAO-A ¢ HOpaIpeHAIMHOM B Ka-
YecTBe CyOCTpaTa y JKMBOTHBIX OIBITHOM TPYMIIBI JJOCTOBEPHO CHIDKANIACH B TKaHIX
cep/ua, Mo3ra 1 IMe4eHH 110 CPaBHEHUIO C MOKa3aTesIMH AJ1s )KHBOTHBIX KOHTPOJIbHON
IPYIIIBIL.

Tabm. 1

AxtuBHOCTE MAO-A ¢ HOpaApEeHATHHOM B MHTOXOHIPHUATBHBIX (PPAKIUSIX W MHKPOCOMAax
TKaHeH opraHoB Mblmel croka CD-1, nmomy4aBmmx Mokiobemun B 1o3e 400 mr/kr (O), 1 KOH-
TponbHBIX )KUBOTHBIX (K) (P = 0.95)

VnenbHast aktuBHOCTH MAO-A,
HMOJIb 2,4-TUHUTPODEHUITHIPA30HA 3-METOKCH-4-THIPOKCUMHH/IAITb-

T1oJ 5KUBOTHBIX U HOTO anbJeru/a, oopasosasiierocs B 1 Mr 6enka 3a 1 Mun
YHUCIIO0 0CO0eH B
DV Cepane Mo3r [Teuenn
py MHKDPOCOMBI MUTOXOH/IPUH MHUKPOCOMBI
K O K O K o

Camust: K(6); O(7)| 1.5+ 0.5 [0.24 +0.01[0.58 +0.04| 0.3+0.1 [2.40+0.09 0.8 +0.2
Camxu: K(6); O(6) | 2.1 +02 | 03+0.2 | 0.8+0.2 [0.31+0.08(3.02+0.01| 0.9+0.3

Takum o6pa3zom, BBenenne narnouTopa MAO-A MOKIOOEMIIa B TCUCHUE HETlE-
JI TIPUBEJIO K CTOMKOMY CHUKCHHIO aKTHBHOCTH ()EPMEHTA BO BCEX MCCIICIOBAHHBIX
opraHax ONBITHBIX KUBOTHBIX, UTO XapaKTEPHO IJIST aHTHACTPECCAHTOB ATOTO THUTIA.
Bo3moskHO, uTO momasienne akTUBHOCTH MAQO-A BBICOKMMH J103aMU MOKJI00eMU1a
y MbImelt croka CD-1 mpuBenio kK HAKOTUICHHIO HOpaApeHAnHa, aApeHaTnHa U CEpo-
TOHWHA B IIEHTPAIHHOW HEPBHOW CHCTEME W BBI3BAJIO arpeCCHUBHOC MOBEICHHE KU-
BOTHBIX, UTO XapaKTEPHO TSI CHHAPOMA HEMOTHBHPOBAHHON arpecCHy MPU HU3KOU
aktuBHOCTH MAO-A [7, 8]. Jns ananmza snusaus aedunnra MAO-A Ha comepika-
HHE TOPMOHOB B KPOBH XUBOTHBIX OTOMpPANN MPOOBI BO BTOPOW TOJOBHHE CYTOK U
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onpeaensuid yposeHb AI'DA-C, kopTH301a U NPOJaKTHHA, TOCKOJIBbKY ITOKa3aHO, YTO
CHIDKEHHE CKOPOCTH MeTadoJiu3Ma CepOTOHMHA M HOpaJAPECHAIMHA Y J1a00paTOPHBIX
KPBIC TIPUBOJMIIO K aKTUBAIMH THITOTATIaMO-aIPEHOKOPTHKAIBHOTO TIyTH [8, 10] 1 mmo-
BeITeHMIO AaBieHus y KO MAO A mprmeit [12].

Hurepecno, yto nogasieHue akTuBHOCTH MAQO-A He OKa3bIBajoO BIUSHUS Ha
ypoBenb JAI'DA-C y mbimeit ctoka CD-1. B cnyuae ¢ KOpTH30JI0M U MIPONAKTHHOM
HaOMIO/IaIM YeTKUE TeHJICpHBbIC pa3iuyus. Y caMIlOB MHTHOMPOBAHUE aKTUBHOCTH
MAO-A npuBOIMIIO K CHIDKEHUIO YPOBHS KOPTH30J1a U poJjakTiHa Ha 60% u 62.5%
(p < 0.05) cooTBeTCTBEHHO. Y CaMOK, HAlIPOTUB, B ATUX K€ YCIOBUSIX BBISIBICHO IO-
BBIIIIEHUE YPOBHS KOPTHU30:1a U posiakTuHa Ha 78% 1 35% (p < 0.05) cooTBETCTBEHHO
(tabn. 2). [To-BuaMMOMY, TOPMOHAJIBHBIA OTBET Ha M3MEHEHHE KOHIIEHTPAIMU CEpO-
TOHHHA U HOPaJpeHaJIMHA B LICHTPAJIbHON HEPBHON CHCTEME BO MHOTIHMX CIIydasiX 3a-
BUCHT OT MOJIa )KUBOTHBIX. VI3BECTHO, YTO KOPTU30J CIOCOOCTBYET MOBBIILICHUIO ap-
TEpUANBHOTO JaBieHMs. Bo3MOXKHO, 3¢ deKT KopTH3oaa 00yCIOBIEH CIOCOOHOCTHIO
TOpPMOHA 33/IeP>KUBATh HOHBI HATPYS U BIUATH Ha COCYAMCTHIN TOHYC U CEHCHOMIH3a-
A0 COCYIOB K Ba30aKTUBHOMY (D (PeKTy HOpaapeHaINHA.

Tabm. 2

YpoBeHb TOPMOHOB B CHIBOPOTKE KPOBU MEIIeH cToka CD-1, momy4yaBmmux MOKIOOEMHI B
no3e 400 mr/kr (O), u koHTposbHBIX )KUBOTHBIX (K) (P = 0.95)

JurunposnuanpocTepoH Koptuzonn, IIponaktuH,
Cynb(har MKI/MJi TIMOJTB/MJT MME/n

ITon >XMBOTHEIX 1
YHCII0 0co0eii B

rpymue K 0 K 0 K 0
Camusr: K(6); O(7) | 0.26+0.01 | 0.29+0.02 | 78.8+0.2 |31.4+0.2[3267 +6 1224+ 15
Camxu: K(6); O(6) | 0.27+0.02 | 0.27+0.02 |21.1+0.2 [37.8 +0.8(1245 + 251685 + 50

W3BecTHO, UTO CTEpOUTHBIE TOPMOHBI SIBJISIOTCS PETYIISITOPAMU SKCIPECCHU U aKTHB-
HocTu nuToxpomoB P450 [13]. Bo3aMoxHO, H3MEHEHHE TOPMOHAIILHOI'O COCTOSTHUSI OTIBIT-
HBIX )KUBOTHBIX B YCIJIOBHSIX MOZAaBJICHUS akTUBHOCTH MAO-A (Tabi. 2) MOXET BbI3BaTh
MaTOJIOrMYECKOE COCTOSIHUE BCEH CUCTEMBbI IETOKCUKALIMH [Ie4eHU. AKTUBHOCTH C-THIPOK-
CHJIMPOBAHUS 3PUTPOMHUILIMHA Kak Mapkepa nutoxpoma P450 3A4 u N-geankuiupoBanus
(ryokceTnHa Kak Mapkepa ruroxpoma P450 2D6 nocToBepHO CHHXKANACh Y MBIIIEH, 110-
JY4aBIIMX MOKJIIOOEMU]I, HE3aBUCHMO OT ToJia 0cobeit (Tab. 3).

Tabmn. 3

AxtuBHOCTH IUTOXpOoMOB P450 3A4 1 2D6 B MuKkpocomax nedeHu Meliiei ctoka CD-1, noiy-
yapmux Mokiooemus B 103e 400 mr/kr (O), 1 koHTpobHBIX KUBOTHBIX (K) (P = 0.95)

TIoM HUBOTHBLIX 3A4 ¢ 5pUTPOMUITTHOM, 2D6 ¢ hryokceTHHOM,
qHCIIOo 0cobeii B amons HAJTH/amons CYPxvun | amons HAJITH/ amons CYPxmun
rpyrre K 0 K 0)
Camupr: K(6); O(7) 6.3+0.7 3.1+0.2 5+1 4+1
Camxu: K(6); O(6) 6.5+0.9 3.6+0.7 59+04 2.34+0.8

Cne):[yeT OTMETUTH TOT q)aKT, 4YTO MPOJOHT'MPOBAHHOC B TCUCHUC 6 CYTOK I10-
JaBJICHUEC AKTHUBHOCTH MAO-A BBI3BaI0 MOHM)KCHHE AKTUBHOCTHU ABYyX CaMbIX
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BaXHBIX (PEPMEHTATUBHBIX CHCTEM JETOKCHKALUH, LUTOXpoMoB P450 3A4 wu
2D6, Ha (oHEe M3MEHEHHUS KOHLEHTPALKWU KOPTH30Ja M NpPOJIAKTHHA B KpoBH. Ta-
KUM 00pa3oM, MOXKHO NPHU3HATh, YTO MHrHOMpoBaHue akTUBHOCTH MAO-A u mo-
JIaBJI€HNE aKTUBHOCTH LUTOXpOMOB P450 medeHu BbI3BAIN KJIACCHUUECKUH cTpecc
y ONBITHBIX KUBOTHBIX [8, 10, 12].

Benku S-100 mpencrasisitor coboit cemeiictBo Ca’’-CBA3BIBAIONIMX OEJIKOB,
KOTOpBIEC B OOJIBIIOM KOJIMUYECTBE SKCIPECCUPYIOTCS B aCTPOLUTAX M KJIETKax HeH-
pornmuu. benku S-100 yuactByior B peryasinuu GochopunupoBanus OEIKOB, SHEP-
reTUYeCcKOro oOMeHa, COOPKH KOMIIOHEHTOB LIUTOCKEJIETA, MUTPALIUU KIETOK, TOMe-
ocrasza Ca*, a Taxxke B nmponudepanun u quddepenuuannn kietok [2, 3]. Cekpeuust
Oenka S-100 B CBIBOPOTKY KPOBH CUHUTAETCS MAPKEPOM LiepeOpasibHOrO MaToJIOTU-
YECKOro Mpollecca Pa3IMYHOM 3THOJIOTMH, FEMOPPArn4eckoro M HIIEMHUYECKOrO
UHCYABTOB [2, 3, 11], OonesHu AmblreliMepa, HEMpOJIEreHEPATUBHBIX IPOIECCOB
B pe3ysibTaTe XUpypruueckux omnepauuii u 1. 1. [14]. benku S-100 npucyTcTByroT
B TKaHSX MO3ra B OJMTOMEPHOH (GopMe ¢ MOJIEKyIsIpHOH maccoit oxomno 10 k/la
U B AByMepHOW KoH(popmaruu [3].

B pesynbrare 3neKTpodopeTHUECKOro pa3feieHUs] ChIBOPOTKH KPOBH MBILICH
croka CD-1 onbITHOW M KOHTPOJILHOW TPYMIl BbIIEICHB! (Ppakiuy OSIKOB ¢ MOJICKY-
JspHBIM BecoM 37 u 12 k/la, KOTopble MPeanoa0KUTENbHO COOTBETCTBYIOT JIByMEp-
HOM 1 onuromepHoi ctpykrypam S-100 [3] u oOHapyKeHBI TOJIBKO B CBIBOPOTKE KPOBU
MBIIIEH, MoydaBux Mokiodemua B go3ze 400 mr/ kxr (puc. 1).

NI e
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Puc. 1. Dnexrpodoperpamma OenkoB B 12%-HOM MOMHaKpUIAMUIHOM Tell€ C JOACTINICYITb-
(arom HaTpust: 1, 2, 3 — OeNKH CBIBOPOTKH KPOBU MBIIIEH KOHTPOJIBHON TPYIIEL; 5, 6 — OenIKu
CBIBOPOTKH KPOBHU MblIIIeH, moiay4asmmux 400 mr/kr Mmokiaooemusa; 7, 8, 9 — 6eIKu ChIBOPOTKH
KpOBH MbIIICH, monydaBimmx 600 Mr/kr Mmokiobemua; 4, 10 — MapKepsl MOJICKYJISIPHOTO Beca.
Crpenkoit ykazansl ¢ppakuuu 37 u 12 x/la

BecrepH-010T-aHanm3, B KOTOPOM HCIIOJIB30BAN TIEPBUYHBIC MBIIINHBIC aHTH-
tena npotuB Oenka S-100 u BTOpUYHBIE aHTHTENA, KOHBIOTHPOBAHHEIE C ITEPOKCH-
11a30H, MOKa3all, 4TO B CBIBOPOTKE KPOBH MBIIIEH, ITOTyYaBIINX MOKIOOEMHUJI B 103€
400 mr/kr, oOHapyxeH Oenok S-100 B nBymepHO# KoH(pOpManuu U cieasl Oenka B
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onuromepHor koHpopmaruu (puc. 2). benok S-100B, wien cemeticta S-100, siBiisi-
eTCsl MPETUKTOPOM IIepeOpaibHOIO MOPaKEHUS Yy JIaDOpaTOPHBIX KUBOTHBIX [11].
MOKHO TPEAION0KNTh, YTO BBICOKHE J103bI MHrHOMTOpa MAO-A MOKIOOEeMUIA
MPUBEIN K BO3PACTAHHIO KOHIIEHTPAIMU CEPOTOHWHA, HOpaJIpEeHAINHA W Ba30aK-
TUBHOTO aMuHa N-alleTHJICEPOTOHMHA B TKaHW MO3Ta MBIIIEH U, KaK CJIEJICTBHE, K
uiemun. [lomydeHHbIe JaHHBIE O CBS3M IMOJIaBJIcHUsI akTUBHOCTH MAO-A B Mo3re
MBIIIEH W 1epeOpalibHOW MaTONOTHH MOJTBEPKAAIOTCS pe3yibraTaMHi UCCIIeI0Ba-
HUH psiga aBTopoB [2, 3, 11].

S N 6

M
- — 100l

Puc. 2. Bectepn-0nor-ananu3 6enka S-100 mocie 371eKTpodopeTHUecKoro pa3iaeieHus B mo-
JIMAaKPUIIAMHUJIHOM TeJle ¢ JO/ICIMIICYTb(aToM HATpHsl CBIBOPOTKH KPOBH MbImel ctoka CD-1
KOHTPOJIBHOW M ONBITHOM rpymi. JlerekrupoBanue Oemka S-100 mpoBeaeHoO ¢ HOMOIIBIO Tep-
BUYHBIX MOHOKJIOHAIBHBIX MBIIIMHBIX aHTUTEN NpoTUB Oenka S-100 u BTOPHYHBIX MOHO-
KJIOHAJBHBIX aHTHTEN, KOHBIOTHPOBAHHBIX C TIEPOKCHIA30H, OKpacka AUAaMHUHOOCH3UIIHOM.
1, 2 — Genku CHIBOPOTKH KPOBHU MBIILIEH KOHTPOJIBHOM Ipymiibl; 3, 4 — OSIKH CHIBOPOTKH KPO-
BU MBIIIEH, MMOJyYaBIIuX MOKIo0emu B g03e 400 mr/kr; 5, 6, 7 — OeNKu ChIBOPOTKH KPOBU
MBIIICH, TOTYYaBIINX MOKIoOeMu B 03¢ 600 MI/KT; M — MapKepbl MOJICKYJISIPHONH MacChl.
Crpenkoit ykazausl ciiebl oenka S-100 B omuromepHoit hopme

Takum 00pazoM, aHanu3 OMOXUMHYECKON KapTUHBI COCTOSIHUSI MBIIICH B OIIBIT-
HOW TPYIITIE IO Tapainya 33 JHUX KOHEUHOCTEH IM0Ka3aJl, 4TO OAaBICHIE aKTHBHOCTH
MAO-A noj nerictBieM Mokjiao0emuaa B go3e 400 mr/kr (tabm. 1) Ha done arpec-
CHUBHOTO TOBEICHUS BBI3BAII0O U3MEHEHHE COCP)KaHMs KOPTH30J1a M MPOJIAKTHHA B
CBIBOPOTKE KpOBH (TabI. 2), CHWKEHUE aKTUBHOCTH IJIaBHBIX CHUCTEM JIETOKCHKAIIUU
B neueHu, a uMeHHO CYP 3A4 u 2D6 (tabm. 3), a TakKe BBEI3BAIIO CEKPEITHIO B KPOBH
actpouuTapHoro 6enka S-100 B nBymepHoi koH(popmanuu (puc. 1 u 2), 4To sSBISIET-
Csl MapKEPOM Pa3pyIICHUs IEHTPAIBHBIX aCTPOIUTOB U Psijia HHBIX TIIMATBHBIX KJle-
ToK [3, 4]. U3BectHO, uto Genok S-100B B aAByMepHO# KOHGOPMAILIMU CEKPETUPYETCS
aCTPOLIMTaMH, TTACCUBHO BBICBOOOKIAETCSI U3 TTOBPEIKACHHBIX H/WUIIA HEKPOTUIECKHX
kierok. Hannuue S-100B B masMe KpoBU BBILLE TOPOTOBOTO YPOBHS UCIOB3YETCS B
JIUArHOCTHYCCKUX/TIPOTHOCTHYECKUX meisix [3, 11].

2.2. OnpenesieHne KOPTH30/1a B TKAHM Mo3ra Mmbimleii croka CD-1 ¢ mapa-
JIMYOM 3aTHUX KOHEYHOCTeMH. [1J1s1 BBISBIICHUS ATOJOTHYECKIX U3MEHEHHI B MO3Te
MBIIIeH 000MX IMOJIOB € IMapaliuoM 3aJHMX KOHEYHOCTEH KPHOCpPE3bl TKAHW MO3Ta B
30HE THIIIOKaMIIa U KOpbI (PUC. 3, @) OKpaIluBalld KPEe3HJIOBbIM (PHOJIETOBBIM U aHa-
JIM3UPOBAIH METOIOM CBETOBOM MHUKpOCKonuu (puc. 3, 6). CTpeikaMu yKa3aHbl HEO-
KpaIlIeHHbIe BKIIFOYECHHSI.
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Puc. 3. O6nacTp ucciieoBaHUS MO3Ta Ha TPaHUIIC THITIIOKaMITa U KOphI MbIeit croka CD-1 ¢
TapajImdaoM 3aJHUX KOHEYHOCTEH: a — 00macTh Mo3ra Mermeii CD-1, BeIOpaHHast 1UIs Bcceno-
BaHUS KPOBEHOCHBIX KAITMIIISIPOB U TPaHYIN KOPTH3071a; O — M300pakeHIe CBETOBOI MUKPOCKO-
MUY BIOpaHHON 001aCTH MCCIIEIOBAHMS, KPACUTENb — KPE3UJIOBBIN (hroneToBbId. CTpenkaMu
yKa3aHbl BKJIIOYEHHUs, HE SBIAIONINECS MUSINHOM WM HelipoHaMu. YBenndeHue 400x

Ha KpHoOCpe3ax 30HbI THIIIOKaMIIa U KOPbl MO3Ta MBIIJ.IefI, MoJy4aBHINX MOKJIO0C-
MU B 103€ 600 MI/KT 1 HUMEBIIHX napainy 3aIHuxX KOHGQHOCTeﬁ, O6Hapy>!(€H0 IIOBBI-
IEHHOC COACPIKAHNUEC KOPTU30JIa HE3aBUCHUMO OT I10J1a (pI/IC 4, aun 6), 4TO, 110 HAlIEMY
MHCHUIO, CBUACTCIILCTBYCT O 3HAYUTCIbHOM uepe6paan0M cTpecce.

Puc. 4. Muxpodotorpadun kprocpe3oB Mo3ra Mbimieit ctoka CD-1 ¢ mapanudoM 3aJHAX KO-
HEYHOCTEH 10 JaHHBIM KOH()OKAIBHOW Ja3epHOW MUKPOCKOIINH: TPaHyJIbl KOPTH30JIa Ha KPH-
ocpesax B 00J1acTH TUIIOKaMna (@) ¥ KOpbl MO3ra (6) MbIIIeH ONBITHOM TPYIIIb, MOTy4aBIINX
Mokj100emu B 1o3e 600 MI/Kr; cpe3 rummokamia () 1 KOpbl MO3ra (2) MBIIIEH, MMOTy4aBIInX
0.9%-n5r1it NaCl. Yeenmuuernue 400x

Crenmyer OTMETHTh, YTO COAEp)KaHHE KOPTH30JIa B CHIBOPOTKE KPOBE, YCTAHOB-
nerHoe MetonoM MDA, otmyanock y camioB u camok (Tabm. 2). OmHako B KpHo-
cpesax HEeHTPaJbHBIX 00JacTel THIITOKaMIa W KOPhI TOJOBHOTO MO3Ta HE3aBUCHMO
OT T€HAECPHOH NPHHAIJICKHOCTH KOHIICHTPALMsI KOPTH30/1a Bo3pacTana (puc. 4, a—2).
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BwMmecre ¢ TeM, Kak U3BECTHO, KOPTU30J1 CIIOCOOCTBYET aJalTaliy K CTpeccy, HOBBI-
LICHHBIC KOHLEHTPALKUU 3TOr0 FOPMOHA CIIOCOOCTBYIOT POCTY JaBJICHHS B TKAHU MO3-
ra [15] 1, BO3MOKHO, OBBIIIAIOT BEPOSTHOCTD PA3pyLIEHHs ACTPOLIUTOB U HEHPOHOB
1 BEPOSITHOCTh CEKpeLnH acTpouuTapHoro oenka S-100 (puc. 2).

2.3. AHanu3 yJbTPATOHKHMX Cpe30B MoO3ra MbIlled. AHaau3 yIbTPaToOH-
KHUX Cpe30B Mosra (puc. 3, 6) MbIlIel ONBITHOM TPYMIbI IOKa3al MHOKECTBEHHbIC
KPOBOUBJIUSAHMSI, HapyIIEHUs] KAWUIAPOB M CKOIJIEHWs] aTMIHWYHBIX SPUTPOLUTOB
(puc. 5, a). llonoOubie 3 dexTrl HabMIOAATN paHee y J1a00paTOPHBIX MBILIEH U KPBIC
1py HapylleHUH MeTabonnsma HeiipoamuuoB [8, 10, 12]. [Tomyuennsie B xone mpo-
BEJICHHBIX HUCCIIEZIOBAaHUH TaHHBIE MTO3BOJISIOT CB3aTh Mapajiny 3aJHUX KOHEUHOCTEN
¢ uepeOpalbHBIM NOPAKEHUEM, IPUYUHON KOTOpOro sBisiercss nHruoutop MAO-A
MOKJIO0EMHU/ B BBICOKOH J103€, MPEBBIILAIOIICH TEpaneBTUUECKUE JO3bI IS MalHeH-
TOB. B Mo3re MbIiel, nonydaBmnx GpU3HOIOTHYECKUI pacTBOp, NOA0OHBIC HapyLIe-
HUS LEJIOCTHOCTH KalWUISIPOB WJIM CKOIUIEHUS aTOJOTHYECKUX APUTPOLUTOB HE Ha-
omonanu (puc. 5, 0).

Puc. 5. Mukpodororpadun yineTpaToHKHX Cpe30B Mo3ra Mbliei croka CD-1 ¢ mapanndom 3a-
JIHUX KOHEYHOCTEH: a — TUIIMYHAs KapTHHA YJIBTPATOHKOIO Cpe3a MO3ra MbIIeH, MOTyYaBIIuX
MokJI00emMu B 103¢ 600 MI/KT, TOTyOBIMH CTpEJIKaMK NOKa3aHbl aTHIIMYHbBIC S)PUTPOLIUTHI BHE
KPOBEHOCHOTO pyclia; 6 — THIMYHAsI KapTHHA YIETPATOHKOTO CPE3a MO3Ta MBIIICH KOHTPOIIb-
HOM IpyIIIbI, KEITON CTPENIKOH [T0Ka3aH KPOBEHOCHBIN KallMJUISIP, OKPYKEHHBIN HENIPEPBIBHOM
OCHOBHOM INTACTUHKOMN, KOTOPasi TAK)KE MOKPHIBAET TOBEPXHOCTH EPHLIUTOB, OXBATHIBAIOIINX
SHAOTEIINN

Takum 06pa30M, OPOBCACHO UCCIICAOBAHUC MTATOJIOTMYCCKOT'O IMpoLecca Ha IMMpu-
MEpC MOACIN MHAYHUUPOBAHHOT'O Q)apMaxonoquecmro napainyda 3aJHUX KOHCYHO-
crei y MLImeﬁ, BBI3BAHHOI'O MOKHO6CMI/II{OM.

3aknouenne Komurera mo stuke. lcecrnenoBanue nmpoBeeHoO B COOTBETCTBUH
¢ Xenbcunkckol aexnapanueit 2000 r. «O ryMaHHOM OTHOLIEHHMH K )KHBOTHBIM», EB-
poTeNCKOl KOHBEHIMEN O 3alllUTe MO3BOHOYHBIX )KUBOTHBIX, UCTIOJIB3YEMBIX IS DKC-
MEPUMEHTOB W B MHBIX HayuHbIX Hesix (ETS N 123), u {upexrusoii EBponeiickoro
[Tapnamenta u Coseta EBponeiickoro Coro3za 2010/63/EC o 3amuTe >KHBOTHBIX, HC-
MOJIB3YIOMIMXCS Uil HaydHBIX Heneil. [Ipotokon uccnenoBanus onodpen Komuccueit
no 6uostuke Kazanckoro (IIpuBomxckoro) denepaabHOro yHuBepcuTeTa (IIpOTOKOI
Ne 43 ot 24.10.2023).

KoH(paukT HHTEpecoB. ABTOPHI 3asBIISTIOT 00 OTCYTCTBUH KOH(IIMKTA HHTEPECOB.
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Abstract

A model of pharmacological paralysis in the hind limbs of CD-1 mice was introduced. In the initial
phase (before paralysis), the activity of MAO-A, a key enzyme of neuroamine metabolism, was inhibited,
leading to increased levels of steroid hormones and prolactin, as well as to a decrease in hepatic CYP3A4
and CYP2D6 activities and astrocytic S-100 protein secretion into the blood serum. In the second phase
(paralysis manifestation), the mice exhibited hind limb paralysis development, accumulation of cortisol
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granules, destruction of capillaries, and aggregation of deformed red blood cells in the cerebral cortex and
hippocampal regions.

Keywords: MAO-A, moclobemide, pharmacological paralysis in mice
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Figure Captions

Fig. 1. Electropherogram of serum proteins in 12% polyacrylamide gel with sodium dodecyl sulfate:
1, 2, 3 — serum proteins of control mice; 5, 6 — serum proteins of mice treated with 400 mg/kg mo-
clobemide; 7, 8, 9 — serum proteins of mice treated with 600 mg/kg moclobemide; 4, 10 — molecular
weight markers. The arrow indicates the 37 and 12 kDa fractions.

Fig. 2. Western blot analysis of S-100 protein after electrophoretic separation in polyacrylamide gel with
sodium dodecyl sulfate of control and experimental CD-1 mice serum. Detection of S-100 protein
was performed using primary monoclonal mouse antibodies against S-100 protein and secondary
monoclonal antibodies conjugated to peroxidase, diaminobenzidine staining. 1, 2 — serum proteins
of control mice; 3, 4 — serum proteins of mice treated with 400 mg/kg moclobemide; 5, 6, 7 — serum
proteins of mice treated with 600 mg/kg moclobemide; m — molecular weight markers. The arrow
indicates S-100 protein traces in the oligomeric form.

Fig. 3. Region of interest in the brain of CD-1 mice with hind limb paralysis at the hippocampal—cortical
interface: @ — brain region of CD-1 mice selected for studying blood capillaries and cortisol granules;
b — light microscopy image of the selected brain region, cresyl violet staining. The arrows indicate
inclusions that are not myelin or neurons. Magnification 400x%.

Fig. 4. Microphotographs of the brain cryosections from CD-1 mice with hind limb paralysis based on
confocal laser microscopy: cortisol granules on the cryosections in the hippocampal (a) and cerebral
cortex (b) regions of experimental mice treated with 600 mg/kg moclobemide; cryosections of the
hippocampal (¢) and cerebral cortex (d) regions of mice treated with 0.9% NaCl. Magnification 400x.

Fig. 5. Microphotographs of the ultrathin sections of the brain of CD-1 mice with hind limb paralysis.
a — typical picture of an ultrathin section of the brain in mice treated with 600 mg/kg moclobemide,
the blue arrows indicate atypical red blood cells outside the bloodstream; b — typical picture of an
ultrathin section of the brain in control mice, the yellow arrow shows the blood capillary surrounded
by a continuous base plate, which also covers the surface of pericytes enclosing the endothelium.
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AHHOTANNSA

Temomepsl — 3TO BBHICOKOKOHCEPBAaTUBHBIC HYKJICOIIPOTEHHOBBIE CTPYKTYpBI, KOTOpBIE
Y4YacTBYIOT B 3allUTHBIX IPOLECCaxX >YKapHOTHYECKHX OpraHu3MoB. Paznnunbele OnoTHue-
CKHe U abuornueckue (akTopbl MOTYT BIHMATh HA M3MEHEHHE JJIMHBI TEJIOMEp, B TOM UHCIIE
1 CTPECCOphbl OKpYyKaromieil cpenpl. PacTeHus M3-3a MPHUKPEIIIEHHOTO 00pa3a XHM3HU Yalle
BCETO MOJBEPraroTCsl PA3IMYHBIM SKOJIOTHUECKHM cTpeccaM. B nmureparype mpakTHdeck oT-
CYTCTBYIOT JIaHHBIE O BIMSHUM a0MOTHYECKUX (PaKTOPOB HAa M3MEHEHHUE JUIMHBI TEJIOMEpP pac-
TeHuid. [loaToMy B paboTe OIeHeHO BIHMSHUE TEIUIOBOTO CTPECcca Ha [UIMHY TeJIOMEp PacTCHHUN
Arabidopsis thaliana. VI3Mepenue IITUHBI TEIOMEP PACTCHHH HA OTJACIBHBIX XPOMOCOMHBIX
TuIedax Imokasaino, 4yTo runeprepmus npu 42 °C BIuseT Ha JJIMHY TeIOMep HEKOTOPBIX XPOMO-
COMHBIX IIJIe4 PACTEHUH AUKOTO THNA A. thaliana, a Taxke Ha HEKOTOPBIE ATMHHBIE TEIIOMEPHI
HOKayT-myTaHTa 1o reny OLI5/RPL5A. Tloka3zaHo, 9TO TIpH BO3ICHCTBUH BBICOKOI TemIiepa-
TYpbI Ha PAaCTEHHS IPOUCXOJUT YKOPauMBaHHE JUIMHBI TEJIOMED, IIPUUEM YeM JJTMHHEE TEeJo-
MepBI, TeM OOIIbIIe BIUSHUE CTpecca Ha N3MEHEHHE UX JUTMHBL. DTO MO3BOJISIET IPEATIOararh,
YTO CJIOXKHASI PETYISINS JUIMHBI TEJIOMEP MOXET OBITh CBSI3aHA C BO3JCHCTBHEM CTPECCOPOB
OKPY>KaoILEl Cpebl.

KiroueBble cioBa: tenomepsl, Arabidopsis thaliana, TeTIOBON IIOK, TUTIEPTEP-
must, OLI5/RPL5A.

BBenenue

Tenomepsl MPEACTABISAIOT COOOH YBOJIOIMOHHO KOHCEPBATUBHEBIE HYKJICOTPOTE-
WHOBBIE KOMIUIEKCHl Ha (PU3MYECKHX KOHIAX JHMHEHHBIX XpPOMOCOM JYKapHOT U 3a-
mmmaoT JJHK oT omubovYHbIX MporeccoB penapainni 1 peKoMOMHALIMH, TTIOMOTaloT
OpPraHM30BBIBATH XPOMOCOMBI U PEryaupoBaTh 3Kcipeccuio reHoB [1]. Teromepnas
JHK cocrout u3 mMHO)ecTBa Komuii kopoTkux G-Oorareix moBTopoB: TTAGGG y
no3BoHOUHBIX U TTTAGGG y OonbimmHcTBa pacteHnid. Hammnexaimee ucrnomHeHne
(YHKIMHA 3aBUCHT OT TUHAMHUYECKOTO PABHOBECHS CIICLUATU3UPOBAHHBIX OCTKOBBIX
CTPYKTYp, COOpaHHBIX BOKPYT TeJaoMepHbIX ToBTopoB AHK (mentepuns) [2]. Baxno
OTMETHUTh, YTO cCHeUnUYIHAs Ui TeJIOMEp CTPYKTypa XpOMaTHHA 3aBHCUT OT KOJH-
YecTBa €IMHUI] TaHJEMHBIX MOBTOPOB, Tak 4yTo JuiMHa TenomepHoi JIHK sBngercs
pemaromuM (GpakTopoM, ONpeesTIoNM MoAAepKaHue U QyHKuuio reHoma [3].

Jlnuna TemoMep perynupyercs OalaHCOM MEXIy YAJWHEHHEM W 3pO3Uell Tero-
mepHoit JIHK. DioHrarus o0pI9HO ommocpemyeTcs akTHBaued padoThl CICITHATBHON
00paTHOM TPaHCKPHUINTA3bI, HA3BIBAEMON TEIOMEPA30H, MM PEKE 3a CUET MPOLIECCOB
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TOMOJIOTHYHOM peKoMOnHaIuu. Mexy TeM 3p0o3usl TeJIOMEp BBI3bIBACTCS PEIlIHKA-
uueit konnos JIHK, Hykineasamu u pekoMOuHa3amMH.

B comartnueckux KiIeTKaX HEKOTOPHIX TTO3BOHOYHBIX IKCITPECCHS TEIOMEPA3bl M0-
JIABJISIETCS B KOHIIE YMOpPHOTeHe3a, 9TO IPUBOUT K MPOTPECCUPYIOLIEMY YKOPOUESHHUIO
JUTHHBI Tesomep [4]. st mpyrux opraHu3MoB XapaKTepHa SKCIPECCHs TeIOMepas3bl
Ha MPOTSKCHUH BCEH >KU3HU [5], a IMHA TEIOMEpP HE CHUXKACTCS ¢ Bo3pacToM [6].
Y MHOTHX O€CIO3BOHOYHBIX W BOJHBIX MO3BOHOYHBIX TMOCTOSIHHAS aKTHBHOCTH
TeIoMepa3bl B COMAaTHYECKHX TKAHAX MOXET OBITh CBsA3aHA C HMX BBICOKAM
pereHepaTHBHBIM MOTSHIIUAIIOM.

Perynsuus nnvHbl TEIOMEP — 3TO CIOXKHBIN Npouecc. Pl uccnenoBanuii nokaspl-
BAaCT, YTO PA3TMYHBIC BUABI CTPECCOBBIX YCIOBUH, HAIPUMED, TIOBHIIIICHHAS TEMIIEpa-
Typa, IPUBOIAT K YKOPOUEHHIO [UTHHBI TEJIOMEp KUBOTHBIX [7, 8]. B 11enom perymsinus
MOJIeP KaHuUs JITTMHBI TEJIOMED OTpeiesieTcss KOMOMHAIMEH TeHeTHYeCKUX, OnoTnYe-
CKUX U a0MOTHYECKHUX (DAKTOPOB, KOTOPHIC BIMSIIOT HA IPOIIECCHI, OTBETCTBCHHBIC 32
YUIMHEHHUE U YKOPOUEHHUE TeIoMep.

JlommycTUMBIi Arana3oH JIUHBI TEIOMEp IS Ka)k0TO BHJIA — CTPOTO TeHEeTHYe-
CKH JISTEPMUHHPOBAHHBIN NMpU3HaK. VHTEepecHO, YTO eCTEeCTBEHHAs JJIMHA TEJIOMEp
CHJIBHO pa3iinyaeTcs MKy BUJIaMU U BHYTPH HUX, BKJTtouas pactenus [9]. sydyenue
3HAYCHUH THX BapHaIlUil HAXOIUTCS HA CTAIUU MHTCHCUBHOTO MICCIICAOBAHMUS, B TOM
Yyclie OIIEHKA BIUSHUS Ha OCOOCHHOCTH >KM3HEHHOTO IHWKJIA, a TaKXkKe aJalTaiuio,
MTO3BOJISIIONIYIO CIIPABIATHCS C (DU3HOIIOTUYSCKUMHU U DKOJIOTHUYECKUMHU OTpaHUYe-
Husmu [10-15]. [IpuunHHO-ClIeICTBEHHAS CBSI3b MEX/1Yy KOPOTKOM JAJIMHON Teromep,
3I0POBBEM U JTOJITOJICTHEM MTOKA3aHa HA TCHETHICCKUX MOMICTISIX PACTCHHH, IPOXIKEH,
HEMAaToJ, PeIO-KHJUTH(HUIICH, pIOOK HJaHWO U MbImei [16-21].

DKOJIOTHUS TeIIOMEP, UCCIIEIOBAaHNE JMHAMUKH JUTUHBI TEJIOMED B SKOJIOTHYECKOM
KOHTEKCTE, SIBJIICTCSA HOBOHM 00JACThIO, KOTOPAs CTPEMUTCSI BBIIBUTH HBOJIOLMIO B
JUIMHE TEJIOMEP KakK YacTH MPHCIOCOOIEHHOCTH K OKpysKatoleit cpene. Hexoropsie
paHHHE pPalOTHI, BHIMIOJHEHHBIC Ha MTHUIAX, MOKA3aJd, YTO BBDKUBAEMOCTH ITHII
Tachycineta bicolor Bpilie y ocobeli ¢ Ooee JUIMHHBIMU TEIOMEPaMU 110 CPAaBHEHHIO
¢ ocobsimu ¢ Oosiee kOopoTkumHu Tesomepamu [22]. Y Sterna hirundo nyvna teiaomep
CIIy’)KUT OMOMapKepOM penpoayKTHBHOTO ycriexa [23], a'y Acrocephalus arundinaceus
3apaXeHUE MATIPUITHON HH(MEKITUEH KOppeIupyeT ¢ IOCTEIICHHOMN Aerpatannei Ji-
HBI TEJIOMEP, COKPAIIEHUEM POIOKATEIBHOCTH )KU3HH F CHIDKCHHEM PEIPOTyKTHB-
Horo ycrexa [24]. Kpome Toro, B 2021 1. ony0OiiMKoBaHa CTaThsl, B KOTOPOW BBISIBIICHA
obpaTHas 3aBUCUMOCTh MEKIY CCTECTBCHHOW HM3HAYAJIHHO yYCTAHOBICHHOW IJIMHOMN
TeJIOMep y TEeHOTHUIIOB prca, KyKYpy3bl U A. thaliana v BpeMeHeM 1BETEHUS, paccMa-
TPUBAEMOI'0 B KAYECTBE KIIFOYEBOT'O aCMEeKTa CTPATEeruu KU3HEHHOro 1ukKia [25]. He-
CMOTPS Ha TU HAONIIOACHUS, IPAKTUUECKUA OTCYTCTBYIOT IAHHBIC O B3aUMOJCHCTBUU
MEXy MOANCP KAaHUEM JITHHBI TEIIOMEP U MPUCITOCOOTICHHOCTHIO OpraHu3Ma K U3Me-
HEHUSIM OKPY>KaroIIe cpebl.

BBumy cBoero mpukpersieHHOro o0pasa KU3HU pacTeHHsI Haubosee 4acTo IMoj-
BEPraroTCsl Pa3InYHbIM DKOJIOTUYECKUM CTpeccaM. AOHMOTHUYECKHE CTPECCOpbI, Ha-
MIpUMED, HAPYIICHUS BOJHOTO PEKUMA, 3aCOJICHHOCTD TOYB, aHOKCHS, IKCTPEMAILHO
HU3KHE W BBICOKHE TEMIIepaTypbl, OKa3bIBAIOT 3HAYNTEIBHOE BIMSHHAE KaK Ha POCT
Y MeTa0OoJIM3M PacTeHUH, TaKk U Ha OMOTUYECKHUI CTpecc, MPOBOIUPYEMBIH KUBBIMU
OpraHM3MaMu, B TOM 4uciie Oakrepusmu [26].
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CornacHo JaHHBIM, A0MOTUYECKHH CTpECC MPUBOIUT K M3MEHEHHIO OKHCIIH-
TEJIbHO-BOCCTAHOBUTEIBHOIO CTaTyca KJIETOK, YTO, B CBOIO OYEpPE]b, MO JaHHBIM
9KCIIEPUMEHTOB, NPOBEICHHBIX Ha >KUBOTHBIX, CIIOCOOCTBYET YMEHBIICHHUIO JJIU-
HBI TenoMep [27]. B nmureparype NMpakTHYECKH OTCYTCTBYIOT NAaHHBIE O BIIMSHUU
abnotnyeckux (HakKTOpOB HAa HM3MEHEHHWE JIMHBI TelloMep pacTeHuil. M3BecTHO,
4yTO Takue (hakTophl, Kak 3acyxa U (ocPopHOe TojoJaHue, HE W3MEHSIOT IJIMHY
TemoMep pacTeHuid nukoro tuma [28]. OmHaKo, COTIIacCHO pe3ylbTaTaM HCCIEI0-
BaHUA [29], TemIepaTypHBIH CTpecc CIIOCOOCTBYET HM3MEHEHHIO DKCIIPECCHH Te-
HOB PacTeHHH, CB3aHHBIX C TEIOMEPa3HOW aKTUBHOCTBIO, YTO MOXKET MPUBOJIUTH
U K YMEHBUICHUIO JUIMHBI TEIOMED.

B xome mpenpiaymmx WCCIEAOBAaHUM YCTAaHOBJIEHO, YTO MYyTalHsg B TeHE
OLI5/RPL5A nipuBOANT K YMEHBIICHHUIO IJIUHBI TeiaoMep B A. thaliana [30]. Dtot
reH koaupyet pubocomusblii Oenok L5SA, xoropsiit cBs3eiBactesa ¢ 5S pPHK u yua-
CTBYET B €r0 dKCIopTe U3 siapa B rutomiasmy [31]. Kpome Toro, oH urpaet BaxHyO
pOJib B Mpojudepaluy KJISTOK OPraHOB PACTCHHN M PEryJislud uX pasMepos [32].
B nacrosmieit pabore mpoBeieHa OIEHKA BIMSHUS TEIUIOBOTO IIOKAa HA PacTeHUS
Arabidopsis thaliana nuxoro Thma u MyTanTa 1o pudocomHomy reny OLI5/RPL5A,
B YaCTHOCTH BJIMSIHUSI TUTIEPTEPMUU Ha AJIMHY TEIOMEp pacTeHuil A. thaliana nukoro
THUIA C JUIMHHBIMH TEJIOMEPAaMH U MYTaHTHBIX PACTCHUH C KOPOTKHUMHU TEIIOMEPaMH.

1. MarepuaJibl 1 MeTOAbI

1.1. O0beKT ucc/er0BaHNsA, YCJIOBUS PocTa M KyJbTuBHpoBaHus, IIL{P-re-
HotunupoBanue. Cemena A. thaliana mytanTtoB o reny OLI5/RPL5A, 0603Ha4YeH-
HbIC Kak 0li5-2 [32], u a3xotun Columbia nukoro Tuma (Col-0; CS6673) nonay4yeHsl u3
cTok-1ieHTpa koyutekinu ceMssH ABRC. Cemena BepHa/In30Bany B TeUEHHE HECKOJIb-
Kux aHel npu temrneparype 4 °C u crepunnzoBaiu B 50%-HOM pacTBOpe THIOXJIO-
puta Hatpus ¢ gobasinenuem 0.5% Triton X-100, 3arem BhiceBaiu Ha cpeny Mypa-
cure-Ckyra (MC), conepxaryro 50% cpenbt Murashige and Skoog Basal Medium
(Sigma-Aldrich, CIIIA), 0.5% arapa u 1% caxapo3bl. PacTeHus BhIpalUBaJId B KJIH-
Marnueckorr kamepe Sanyo (SAnonust) mpu 22 °C ¢ dotonepuonom 16 4 ceera u 8 4
TEMHOTHI. [ eHoTHITHpOBaHKe MpoBOAWIN ¢ ucnonb3oBanueM JIHK nmuctheB, kak 310
ObLT0 omucaHo paHee B padote [33]. [IpaiiMepsbl, HCTIONB3yeMbIe [Tl TEHOTUITHPOBA-
HUS U IPYTHX aHAJIM30B, PE/ICTaBICHBI B Ta0M. 1.

1.2. O6paboTKa pacTeHHIl TeMIOBbIM IIOKOM. PacTeHus mojBeprajiu rumnep-
Tepmun B TepMmoctare Biosan (Jlareus) mpu 37 °C u 42 °C B TeueHue | 4 Ha mis-
TBIH JIEHb pOCTa B CTEPUIIBHBIX YCIOBUAX Ha cpefe MC. 3areM yaliky Bo3Bpaliaiy B
CTaHJapTHBIC yciaoBus pocta npH 22 °C 16/8 4 cBeTa/TEMHOTHI JUIsl BOCCTaHOBJICHUSI.
Marepuan mis Beaenenus JJHK u usmepenus miauasl TemoMmep otOupanu Ha 3-uid,
18-b1if 4 pocTa mociie 06pabOTKU TEIUIOM U Ha 7-0H JICHb.

1.3. AHaJaM3 AJUHBI TeJoMep ¢ MOMOIIBIO AMIIM(PUKAIINH TeJIOMEePHBIX 0~
BTOpPOB III[P-MeTonom (PETRA). Hanuune yHUKaIbHBIX CyOTEIOMEpHBIX IMOCIe-
JOBaTeNbHOCTEH y Arabidopsis O3BONMIO U3MEPUTD JTMHY TEJIOMEp Ha OTACIBHBIX
XPOMOCOMHBIX IIJIedax. MeToJ OCHOBaH Ha MOJIUMMEPA3ZHON LIEMTHOM peaKIuy, Ha3blBa-
eMoll amrndukanreld oBTOpoB TejaoMmep ¢ yaumHenneM npaiimepa (PETRA), koto-
peIii TpebyeT Hanuuus G-BBICTYyIA, M MO3BOJISET TOYHO OINPEACINUTh JJIUHY TeJIOoMep
Ha HECKOJIBKUX KOHIIAX XPOMOCOM 3 onHoro pactenus [34]. I'enomuayro JTHK u3 ot-
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JISBHBIX PACTEHUH BBIJIEISIIN CTAHJAPTHBIM METO/IOM C MCITOJIb30BAaHHEM IIETHUIITPH-
Metmiammonus Opomuna [35]. PETRA-ananu3 Brirouan jBa srana: 1) nodaeieHue
crierduueckoil HykieoTuaHou nociuenaosarenbHoctd PETRA T, kommmemenTapHoi
3’konny tenomep (PETRA T peakmus); 2) amrundukanuys TeIOMEPHOH MOCIIe0Ba-
TEJIBHOCTH C WCIOJIB30BAHHWEM OJMTOHYKJIEOTHIA K cyOrenomepHoii obmactu JJHK
xpomocombl (PETRA A peakuus).

Tabmn. 1
CHI/ICOK OJ'H/IFOHYKJ'ICOTI/II[OB JJIs1 FCHOTI/IHI/IpOBaHI/ISI
HasBanue HasBanue
HCCJIENYEMOIO OJIUTOHYK- ITocnenoBarenbHOCTD OJIMTOHYKIIEOTH 1A
MYTaHTa Jieornga
5.2 25520-LP TGATCTAGTTCATCTTGTAGCAATG
o 25520-RP AGTCACACAATGAATCAGGCC
SALK T-DNA LB1.3 ATTTTGCCGATTTCGGAAC
Tpaiivepsi mis | PETRAT | CTCTAGACTGTGAGACTTGGACTACCCTAAACCCT
anammsa PETRA | pPETRA A CTCTAGACTGTGAGACTTGGACTAC
Crerduysbie 3L CATAATTCTCACAGCAGCACCGTAGA
rpaiMepsl K
cyBTENOMEpHEIM 4R TGGGTGATTGTCATGCTACATGGTA
XpOMOCOMHI)IM
ieyam 5L AGGTAGAGTGAACCTAACACTTGGA
Arabidopsis

PETRA T peakmus. Peaknmonnas cmech oObemoM 20 MKI cocrosia W3
2000 ar IHK, 10 MM ne3okcupubonyxineornaa tpudocdara, 10 MM PETRA-T omu-
ronykieoruna, ExTaq nomumepassl (Takara, SImonus). IIporpamMma ammmudukanmu:
(65 °C — 5 mumn, 55 °C — 1 mun, 72 °C — 10 mun) 1 muxi, 4 °C — «.

PETRA A peakmus. Peaknnonnast cmech oobeMom 20 MK comepikaia 1 MK
nmpoxaykra peakunu PETRA T, 10 MM nezokcupubonykineornaa Tpudocdara, 10 MM
onuronykineoruna PETRA A, 10 MM onauronykneoTuia K orpeaeeHHOMY TUIedy Xpo-
Mocomsl, nonumMepasy Dream Taq (ThermoFisher, CILIA).

Jus [MIP-amMmmudukanum ncmonb30Baiy MpaiMepsl K XPOMOCOMHBIM TIIedaM
4R, 3L, 5L. BwiOop ompeneneHHBIX XPOMOCOMHBIX IIed 00OCHOBAaH Pa3sHOPOTIHO-
CTBIO B CpelHell JuiHe Tejaomep Ha 3Tux miuedax [34]. Ilporpamma ammiuduka-
nuu: 96 °C — 4 mun, (94 °C — 30 ¢, 60 °C — 30 ¢, 72 °C — 3.5 muH) 16 uukios,
72 °C — 7 muH, 4 °C — .

Janee npoBonnim aHanmm3 amruuuipoBanHoii tenomepHoii JJHK meromom Ca-
y3epH-OJIOTTHHTa, Kak 3TO ObLIO omucaHo paHee B pabdore [36]. Dnexrpodopes mo-
nyuyeHHbIX [II[P-mponykToB npoBonmiu B 1%-HOM arapo3HoM resie, KOTOpbIe mepe-
HOCHJIM Ha HelmonoByro MemOpany (Amersham “Hybond® GE Healthcare, CIITA) u
THOPUIN30BAIIH C 30H/IOM, MEYEHHBIM Ha 5’-KOHIIe JUTOKCUTeHHHOM: 5’-Digoxigenin-
[TTTAGGG]4-3’. TenomepHble CUTHAJIBI CKAHUPOBAIN C HCIIOJIB30BAHUEM MOJIEKY-
nsipHoro TpaHcuwiromuHaropa Chemidocs XRS+ (Bio-Rad, CILIA) ¢ mporpaMMHBIM
obecnieuenuem Image Lab™ (Bio-Rad, CIIIA). /lanHbIe aHATH3UPOBATH C TIOMOIIHIO
nporpammHoro obecniederns Quantity One v.4.6.5 (Bio-Rad, CILIA).
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2. Pe3ynbTarthbl

2.1. OueHka H3MeHeHNs AJIMHBI TeJoMep pacTenuii npu runeprepmuu 37 °C.
[lo nanHbIM UTEpaTypHl, Temnepatrypa Boime 30 °C HeraTuBHO BIMsET Ha (HU3HOIIO-
U0 pacteHuit A. thaliana. Pactenust He morn6aloT, OJHAKO BBICOKAs TeMIlepaTypa
OKa3bIBa€T Ha HUX CYLIECTBEHHBIH cTpecc [37]. s ucciaeqoBanus BIUSHUS TEIIOBO-
r'o cTpecca Ha JUIMHY TeJIOMep MSTHIHEBHbIE IPOPOCTKU pACTEHUI TIOABEPITIM THIIEP-
tepmun B TeueHue 1 4 npu 37 °C. CemeHa MyTaHTOB 0/i5-2, 3aKka3aHHbBIC B CTOK-ICH-
TpEe CEeMsIH, M3HAYIbHO copaepxkanu amwiens T-JIHK B roMO3UroTHOM COCTOSHUU.
C moMoIIbI0 TeHOTUITHPOBAHNUS TTOATBEPKI€HA TOMO3UTOTHAS aJlIebh BO BCEX UCCIIE-
JyeMBIX MYTaHTHBIX PAaCTeHHSX. MI3MepeHue AIMHBI TeTOMep OTAETBHBIX XPOMOCOM-
HBIX IIJIeY JTUKOTO THTIA ¥ TOMO3UTOTHBIX MyTaHTOB 110 T-JIHK BcTaBke prO0COMHOTO
reda OLI5/RPL5A ¢ nomompio ananm3a PETRA mpoBeneno yepes 7 qHeit mocie Bo3-
Bpata Ha 22 °C 1151 BOCCTaHOBJICHUS OT TEIJIOBOIO IIOKA.

B pesynbrare npoBeneHHOTO aHaIH3a YCTaHOBIEHO, YTO HA XPOMOCOMHBIX TIJIe-
yax 3L (puc. 1, a), SL (puc. 1, 6) u 4R (puc. 1, ) nnuHa TeIOMep JUKOTO TUIIA Yepe3
Henemo nocie runeprepmun npu 37 °C He u3mensiercs. [logoOHbIe pe3ynbTarsl Ha-
OJrofaroTCsl y pacTeHuil oli5-2, IMEIONIMX MEHBUIYIO JUIMHY TEJIOMEp, YeM Yy JTUKOTO
tuna [30]. nuHa Tenomep Ha TeX K€ CaMbIX XPOMOCOMHBIX IJICUaX Y MYTAHTOB I10
reny OLI5/RPL5A (puc. 1) uepe3 7 AHEl MOCIIE BOCCTAHOBJICHHS OT TUIIEPTSPMHUM TIPU
37 °C u 6e3 BO3/ICHCTBHS TEIJIOBOTO CTPECCca HAXOMUTCS Ha OTHOM YPOBHE.

a) s . . . 6) wT oli5-2
oli5-2 oli5-237°C wT WT 37 °C Mornexynpran WT 37°C  oli5-2 37°C

MonekyaspHas macca JIHK

macca JIHK

MapKepoB,
ThIC. II. O.
4.9 =

MAPKCPOR,
THIC. 1. 0.

49 —
36 — 5
o —

1.9

g) olis-2
WT WT37°C 0lis-2 0li5-237°C olis-2 37°C
Monexynspaas Monexynsapras
wmacca JTHK i i wmacca JIHK
MapKepoB, J > 3 MapKepoB,
TEIC. T1. O. THIC. TI. O.

49 —

36 —
49 —

36 —

28—

15 —

12 e

Puc. 1. Cay3epH-010T [UIMHBI TenoMep pacTenuid qukoro tTuna (WT) 1 roMO3UTrOTHEIX MyTaH-
TOB 110 TeHy OLI5/RPL5A B OTCYTCTBHE TEIIOBOTO IIIOKA U ITOCIIE THIIEPTEPMHUU B TeueHHe | 1
mpu 37 °C. Ananu3 npoBonwiu depe3 7 nueit mocne runeprepmuu (WT 37 °C, oli5-2 37 °C).
Jnuna Ttemomep neBoro mieda TpeThel xpomocombl (3L) (@), meBoro mieda MSTOH
xpomocomsl (SL) (6) n mpaBoro 1ieya yerBepToi XxpoMocoMmsl (4R) (6)
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2.2. OneHka n3MeHeHUsI JJIHHBI TeJIOMep pacTeHuii npu runeprepmun 42 °C.
AHaJOTHYHbIE UCCIICOBAHUS MPOBECHBI IPU 00Jiee BHICOKOW TeMIlepaTrype OKpy-
JKAIOLIeH cpeabl, Tak Kak, 1o AaHHbIM Lee ¢ coaBropamu [29], apdeKT naMeHeHus
JUTMHBI TeJIoMep HabronaeTcsi y MyTaHToB 1o reny 7ENI yepe3 3 u 18 4 mocine
runeprepmun npu 42 °C B tedenue 1 4. Taxkoe TemnoBoe BO3/eHCTBHE paccMo-
TPEHO Ha MSATUAHEBHBIX MPOPOCTKAX pacteHuit 4.thaliana nuxoro tumna (dKOTHIIA
Columbia) u myranTa no reny OLI5/RPL5A. I3mepenue JUIMHBI TEJIOMEP XPOMO-
comubIx Tuied SL u 4R gepes 3 u 18 9 moce Bo3Bpara pacTeHU B HOpMaJIbHBIC yC-
JIOBHS POCTA TIOKA3BIBAET, UTO JJIMHA TEJIOMEP Ha JIEBOM IUIeUe XPOMOCOMEI 5 (5L)
y JMKOIO THIIA OILyCKaeTCsl HUXKE, YEM Y PaCTCHMsI, KOTOPOE POCIO MIPH IPUHATHIX
KaK KOHTpoJbsHBIe ycnoBusx (22 °C) (puc. 2, a). Y myranra no reny OLI5/RPL5A
JUIMHA TeJoMep 4epe3 18 4 mociie BOCCTaHOBIICHUSI HE MEHSETCS 110 CPaBHEHUIO C
MyTaHTOM 0/i5-2, Ha KOTOPBII HEe BO3ACHCTBOBAJIN TEIUIOBBIM IIOKOM (pHC. 2, a).
BeposTHO, 3TO CBA3aHO C TEM, YTO U3HAYAJIbHO y MyTaHTa 0/i5-2 [30] Obu1u KOpoT-
KM€ TeJIOMEPHI U JUIMHA HA JICBOM IIJIeYe XPOMOCOMBI 5 HE MOTIJIA OMYCTHTHCSI HUXKE
MOPOrOBOI0 3HAYEHUS.

Jnuna Temomep Ha mpaBoM Iuieue XxpoMocoMbl 4 (4R) y nuxoro tuma uepes 3 4
M0CJIe BOCCTAHOBJIEHHS HEMHOTO YMEHBIIIAETCs, HO HE OCTAETCs Ha ONpPEeeIeHHOM
ypoBHe. Uepes 18 u mociie BOCCTAHOBIIEHUS JIMHA TEJIOMEpP CTAaOMIM3UPYeTCs U
CTAHOBHUTCS HW)KE, YeM JUIMHA TEJIOMEep IWKOTO THIIa PACTEHH, HE TOABEPTIINXCS
BIIMSTHHUIO TEIIOBOTO II0Ka (puc. 2, 6). Y myTanToB 110 reny OLI5/RPL5A Ha ipaBoM
miede 4-oif XxpoMocombl (4R) Takke HaOIIOMAETCs] HEKOTOPOE YMECHBIIICHUE JITHHBI
TeJOMep MPU BO3JCHCTBUU TEIUIOBOTO HIOKA MO0 CPABHEHMIO C MyTaHTAMHU, KOTOPBIE
pocnu npu 0OBIYHBIX yciIoBUAX. [IpuueM depes 3 4 mpouCXOIUT €Ba 3aMETHOE U3-
MEHEHME JJIMHBI TEJIOMEp, Torja Kak yepe3 18 u HabmrogaeTcs HEOAHOPOIHOE pac-
npeaesieHue TeJIoMep 10 pa3Mepam, MOJIOBHHA U3 KOTOPHIX Oblja HUXKE JJIMHBI KOH-
TPOJBHOTO MyTaHTa (puc. 2, 0).

WwT WT alis-2 WT olis-2 WT oli§-2
42°C 42°C 42°C 42°C 42°C 42°C 42°C
a) WT 34 WT 184 oli5-2 184 6) WT 3u oli5-2 3u WT 184 oli5-2 184

MonekynspHas BT MonekynsapHas
wmacca JJHK macca JJHK
MapKepos, 49 __ MapKepos,
THIC. 11. 0. TBIC. 1. 0.

36 — 49 —

-
28— . ; F . 36 =-—
.- B - spre sni
15 — 19 =—
12— ; - ‘ 3

Puc. 2. Cay3epH-0110T JUTHHEI TesioMep pacTeHuid aukoro tuna (WT) ¥ TOMO3HTOTHBIX MyTaH-
ToB 10 TeHy OLI5/RPL5A B OTCYTCTBHE TEIUIOBOTO IIIOKA W IOCIE THIEPTCPMHUH B TCUCHHE
1 u mpu 42 °C. Ananuz npoBomuiu depes 3 u 18 1 mocie runeprepmun (WT 42, oli5-2 42).
JnnHa TemoMep JeBOro Iuieda mATOM Xpomocombl (5L) (a) m mpaBoro mieda YeTBEpTOU
xpomocomsl (4R) (6)
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3. O0cyxxneHne pe3yJabTaToB

Tenomepsl NPenCTaBISAIOT COOOH TOBOJIBHO AMHAMHYHYIO 00JIaCTh T€HOMA, KOTO-
past B Ka)KJIOM KJIETOYHOM ILIMKJIE KOJICOJIEeTCsl OT 3aKphITON KOH(OPMALUK 10 TIOJIHO-
CTBIO OTKPBITOH, AOCTYNHON A peruinkanuu [38]. B ommuuue oT nccienoBanuil Ha
KUBOTHBIX [39, 40], y pa3inyHbIX SKOTUNIOB Arabidopsis ¢ KOPOTKOM U cpeHeH -
HOM Teromep 0OHapyKEHO MaJjlo JOKa3aTebCTB IUIACTUYHOCTH JIMHBI TEJIOMEp B OT-
BET Ha YCJIOBHS OKPY)KArOMIeH cpeanl. VICKITFoUeHuEM SBIISICTCS MyTaHT ku /() ¢ IJTAH-
HBIMH TEJIOMEpaMHM, ACMOHCTPUPYIOIINII HEKOTOpbIE [10KAa3aTeNbCTBA YKOPOUCHUS
TEJIOMEp B OTBET Ha CyXyto cpeay npu temmeparype 22 °C [28]. besnok Ku 70/80 yua-
CTBYET Kak B BoccTaHoBineHnu noppexaennit JIHK, tak u B 3auure tenomep [41, 42].
AHOMaJBHO JUIMHHBIC TEJIOMEpPBI y MyTaHTOB Arabidopsis ku70 1o cBoe#t mpupose
HECTaOWMJILHBI M CKIIOHHBI K yCEYEHHIO TIOCPEICTBOM MEXaHU3Ma, ITOJOOHOTO OBICTPO
nenerun Tenomep [28, 43]. Peskoe ykopoueHue tenomep y Arabidopsis Taxxke 3ape-
THCTPUPOBAHO Y MyTaHTa 1o reHy DDM I, xoqupyromeMy (HakTop peMOAeTUPOBAHUS
HYKJICOCOM, U Yy MyTaHTa 1o reHy 7ENI, kogupylomeMy OelOK TEIOMEPHOTO KOM-
wiekca CST, 3amuIaronero KOHIbl XpOMOCOMBI B OTBET Ha Bo3JeicTBUE (HaKTOPOB
OKpY’KalolIel cpe/ibl 1 TEHOMHBIE CTpeccopsl [29, 44].

B nacTosmem uccienoBaHNM yCTAHOBIEHO, YTO BO3/AEHCTBHE HA PACTCHHUS BbI-
COKOM Temmeparypoi, paBHou 37 °C, HE IPUBOAUT K U3MEHCHUIO JTUHBI TEIIOMEP
pacTeHul KaK TUKOTO THIA, TaK ¥ MYTaHTHBIX 110 TeHy OLI5/RPL5A. DTOT reH Ko-
JUPYyeT BBICOKOKOHCEPBATUBHBIN pubOocomHbIi Oenok LS [31], yuacTByeT B mpo-
nudepauuu KIETOK U B AeTepMHHAUUU (OpMBI THCThEB pacTeHuid [32], a Taxxke
SIBJISICTCSI KOMITOHEHTOM TEJIOMEPHOTO NyTH pactenuil A. thaliana [30]. [1pu noBsI-
meHuu Temneparypsl 10 42 °C pacTeHus HCTBITHIBAIOT OONBIINK CTpecc, YTO 3a-
METHO CKa3bIBA€TCS Ha JJTMHE TEJIOMEp MCCleAyeMbIX JIMHUU. Tak, AnnHa Tenmomep
JUKOTO THIA Ha Pa3IMYHBIX XPOMOCOMHBIX TI€4aX 3aMETHO YMEHbIIAeTcs. JTo,
BEpOSITHO, CBSI3aHO C TEM, YTO JAMKHUH THI O0JIaIaeT TOBOJBHO JUIMHHBIMU TEJIOME-
pamu — oT 2.5 10 5 ThIC. 1.0. [45] ¥ TIpU BO3JEHCTBUU CHJIBHOTO CTpECca Ha TaKHe
HecTaOUIIbHBIE CTPYKTYPBI, KaK TEJIOMEPHI, MPOUCXOAUT UX pesekuund. ns myran-
TOB 0/i5-2 M3Ha4anbHO XapaKkTepHa KOpoTkas anuHa Tenomep (1.8 Teic. m.0.), u npu
BO3/ICHCTBUY HAa HUX BBICOKOW TeMIIEpaTyphl HUKAKWX BUIUMBIX U3MEHEHHH Ha Je-
BOM IuIede 5 XxpoMocoMkl (5L) He Habmomaercs. BeposTHO, 9TO CBA3aHO C TEM, 4UTO
orcyTcTBHUE 3Kcnpeccun reHa OLIS/RPL5A HeraruBHO CKa3bIBacTCs Ha (HU3UOJIOTHN
pactenus [32], B TOM yucie U Ha JurHE Tesomep [30], mosToMy mpH rUIepTepMHUH
He HaOMrofaeTcs JOMONHUTENbHBIH (DEHOTUTT U3MEHEHHS JUIMHBI TeJomep. TeM He
MEHee TPH MCCIIEIOBAaHUH JJIMHBI TeJIOMEp MPaBoro mieda xpomocoMsl 4 (4R), koro-
poe u3HauaabHO 00JazaeT 0ojiee KOPOTKUMH TeJIOMEepaMu 1o cpaBHeHuto ¢ SL [34],
oOHapykeH (EHOTHUI UBMEHEHHsI UX JUTHHBI y jaukoro tumna (3xotun Columbia) 'y
MyTtaHTa 1o reny OLI5/RPL5A, Ho Tonbko yepe3 18 1 mocie o0paboTKH TEIIIOBBIM
moxoM. M3HauanpHO pacTeHHs JUKOTO THIA 00JagaroT 0oJiee NITMHHBIMH TeIoMepa-
MH Ha JIEBOM TUI€UE IISITOM XpOMOCOMBI (5L) Mo cpaBHEHHIO ¢ APYTHEMHU XPOMOCOM-
HbIMH Tutedamu [34]. MOXKHO MPEeAnoiIoKUTh, YTO OBICTPOE YKOPOUCHHE JIUHBI Te-
JIOMEp IUKOTO TUTA (depe3 3 9) CBsI3aHO UMEHHO C NTHHHBIMA TeJoMepamu. OTHAKO
YMEHBIICHHE JUTMHBI TeJIOMEpP Y MyTaHTOB 110 Teny OLI5/RPL5A TOIbKO Ha XpOMO-
come 4R, BEpoATHO, CBSA3aHO C XapaKTePHON 0COOCHHOCTHIO MyTaHTa, B YaCTHOCTH
¢ TeM, 4To JuinHa Tejomep 4R 1ureda 6e3 Bo3ielicTBUSI TUIIEPTEPMUU OOJIbINE, YeM
5L nutewa. Bosnee nnuaHbIe TenoMeps! Ha 4R miiede Takike 0OHAPYKEHBI Y HEKOTOPBIX
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JIPYTUX TEIIOMEPHBIX MyTaHTOB (Harpumep, tert) [34]. DTo MO3BOISAET CUUTATD, YTO
TennoBoi mok npu 42 °C oka3blBaeT BIUSHUE HA JUIMHY TEJIOMEp PacTeHH U cro-
coOcTByeT ObICTPOMY yJAJICHUIO AJTMHHBIX Tenxomep (yxe depes 3 4).

Takum 00pa3oM, YKOPOUEHHE OTHOCUTEIIBHO JUIMHHBIX TEIOMED OCYIIECTBISIETCS
HaMHOT0 JIETYe, YeM KOPOTKHUX, TaK KaK MMOAJEp:KaHue TOME0CTa3a IJIUHBI TeJIOMEp —
3TO 3Hepro3arpaTHblit mpouecc [9]. [lockoabKy reHOMBI pacTeHUI YyBCTBUTENbHBI K
BO3IEHCTBUIO OKPYKAIOLIECH Cpe/ibl, a pa3IHyHble a0HOTHUECKUE CTPECCOPHI, BKITIOUast
paauanuio [46], Tsoxensie MeTaiuibl [47] 1 OBBIIEHHYO Temieparypy [48], u OuoTu-
YECKHUE CTPECChl B BUJE aTaKu MaToreHoB [49] yBeIWYUBAIOT YACTOTY TOMOJIOTHYHON
PEKOMOMHAITUH, TO MOXXHO TPEIoiararb, YT0 BO3IEHCTBUE BBICOKOH TeMIIEpaTyphl
OKa3bIBAET BIUSHUE U Ha TEJIOMEPHl KaK BaXKHEUILIUE CTPYKTYPbl FEHOMA JYKapHOT,
KOTOpBIE YUaCTBYIOT B 3aILIUTE XPOMOCOM.

3aKJIroueHue

[lony4ennsie Ha pacTenusix Arabidopsis thaliana nanHble MOKA3bIBAIOT, YTO BIIU-
SIHUE BBICOKOH TeMIIepaTypbl OKa3bIBaeT 3HAYUTEIBHBIN (D (PEKT HAa CTAOUIBHOCTD I'e-
HOMa, B YaCTHOCTH Ha JUIMHY TeJIOMEp. YCTAHOBIEHO, 4To runeprepmus npu 42 °C
NPUBOJMUT K PE3KOMY YMEHBIICHHUIO JUIMHBI TEJIOMEpP AMKOTO THIA M MPaBOro Iuieya
4eTBepTOl XpoMocoMbl (4R) myTanTta o pudocomuomy reny OLIS/RPL5A. ns 60-
Jiee KOPOTKUX TEJIOMEp, BEPOSITHO, CYLIECTBYIOT MEXaHHU3MBI, HE TO3BOJISIOIINE Te-
JloMepaM yKOpauMBaTbCs HHUXKE OINPEIEIICHHOTO JUIS 3TOTO OpraHu3Ma KPpUTHYEeCKOTO
MOPOroBOro 3HaueHus. Tak Kak mojjaep:KaHue HeOOXOAUMOM JUTMHBI TesoMep — (yH-
JaMEHTAJIbHBIA U 3BONIOLMOHHO-KOHCEPBATUBHBIN KIETOUHBIA MPOILECC, HAMPSIMYIO
BIMSIOUIMN Ha PO (Eepanuio KIETOK U CTa0MIbHOCTh TeHOMA, IPOBEJCHHBIC HCCIIe-
JIOBaHMsI MOATBEP>KAAIOT BIMSHNAE BHICOKOW TeMIepaTypbl Ha 3TOT IPOLECC.

Bbaarogapnoctu. VccnenoBanue BBIIOIHEHO 3a CUET CpeACTB rpaHTa Poccuiicko-
ro Hay4yHoro ¢onzaa (mpoekt Ne 21-14-00147).

PaGora BwimosiHeHa B pamkax I[lporpamMmbl cTparernyeckoro akajaeMuye-
ckoro smnepctBa Kaszanckoro (IlpuBoskckoro) d¢enepanbHOro yHHUBEpPCUTETA
«ITpuopurter-2030».
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Abstract

Telomeres are highly conserved nucleoprotein structures involved in the defense mechanisms of eu-
karyotic organisms. Their length depends on a variety of biotic and abiotic factors, such as environmental
stressors. Being stationary, plants are particularly susceptible to environmental stresses. This article ex-
plores the effects of heat stress on telomere length in Arabidopsis thaliana. Telomere length was measured
for individual chromosome arms. It was shown that hyperthermia at 42 °C altered telomere length in some
chromosome arms of the wild-type 4. thaliana plants, as well as in the long telomeres of the knockout
mutants for the gene OLI5/RPL5A. The high temperatures caused the telomeres to become shorter, with
the longer telomeres showing a stronger response to the stress. This suggests that the complex regulation
of telomere length may be associated with exposure to environmental stressors.
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Figure Captions

Fig. 1. Southern blot of telomere length in the wild-type (WT) plants and homozygous mutants for the gene
OLI5/RPL5A without heat stress and after hyperthermia for 1 h at 37 °C. The analysis was performed
7 days after the heat exposure (WT 37 °C, oli5-2 37 °C). Telomere length for the left arm of chromo-
some 3 (3L) (@), the left arm of chromosome 5 (5L) (b), and the right arm of chromosome 4 (4R) (¢).
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Fig. 2. Southern blot of telomere length in the wild-type (WT) plants and homozygous mutants for the
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I1.

12.

13.

14.

15.

16.

17.

gene OLI5/RPL5A without heat stress and after hyperthermia for 1 h at 42 °C. The analysis was
performed 3 and 18 h after the heat exposure (WT 42 °C, 0/i5-2 42 °C). Telomere length for the left
arm of chromosome 5 (5L) (a) and the right arm of chromosome 4 (4R) (b).
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AHHOTaN M

OrieHKa Ka4yecTBa MOPCKOU cpenbl 3amnaqHoi yactu CeBepHoro Kacmus Metonamu OHOUH-
JTUKAIIMH HE TIPOBOIUTCS, YTO OOYCIIOBICHO PSOM METOIOJIOTHUCCKUX TPYIHOCTEH. B qanHOM
paboTe paccMOTpEeHa BO3MOXKHOCTH MPUMEHCHHS METOJa JTAJOHOB i OnouHnukarmu Ce-
BepHoro Kacrust mpu opraHuueckoM 3arpsi3HeHuU. Ha OCHOBE JaHHBIX O TUAMa30He TTyOuH
B apeayiax BHJIOB CEBEPO-KaCIUICKOro 3000€HTOCA M YKOJIOTHUECKOW BaJIEHTHOCTH BHJOB K
Kuciopony nposencHa auddepenimanus akBaropuu Ceseproro Kacmus mo uzobaraMm u BbI-
JICJICHBI JIMANa30Hbl TIIYOUH C JOCTATOYHBIM KOJUYCCTBOM OKCH(WIBHBIX BHIOB 3000€HTOCA
(BUIOB-OMOMHIUKATOPORB), HA KOTOPHIX BO3MOXKHO IIPUMCHEHUE METO/Ia STAJIOHOB. YCTaHOBJIC-
HO, YTO JIJIsl OIICHKH KayecTBa MOpCcKoii cpenibl CeBepHoro Kacmust MeTo1 3TalIOHOB MPUMECHUM
U BEIOOPE MCCIIEAYEMOTO U OTAIOHHOTO YYaCTKOB B JIMaria3oHe n3odar 6—9 M u Ha niryOnHax
14—18 M. [1pu 3TOM NOHHBIC OTIIOKCHHS HA YYaCTKaX JOJDKHBI OBITh MPEICTABICHBI PAKyIICH,
MeCKaMH U ajieBpuTaMu. Ha ocTajbHOI yacTh aKBAaTOPUU OIICHKA KAauecCTBa CPEIbl METOIOM
9TaJIOHOB OyJeT HEZIOCTOBEPHOM.

KiroueBnble ciioBa: CeBepHblii Kacmmii, 3000eHTOC, OMOMHIUKAIINS, METO] ATAIIOHOB.

BBenenune

B coBpemeHHBIN MepHo B YCIOBHUSIX aKTHBHOTO aHTPONOT€HHOTO BO3ACHCTBHS
cocrosinue ’KkocuctemMsl CeBepHoro Kacnus yxynmaercs. B uactHoctr, Habirogaercst
CYLIECTBEHHOE BO3pACTaHUE U JayKe MPEBBIIICHUE TPEIEIbHO JOMYyCTUMBIX KOHIICH-
Tpauuil TaKuX OPraHUYECKUX 3arps3HSIONIMX BEIIECTB, KaK HE(TSIHbBIE yIIEBOIOPO-
JTbL, IECTUIHIBI, (heHOTbI [ 1—4].

HecMmoTpss Ha MHOTOUYHMCIICHHBIE HCCICIOBAHHMS OPraHHUUYECKOIO 3arps3HEHHS
BOJBI M JOHHBIX omioxkeHnd CesepHoro Kacmus, mOCBSIlIEHHBIE OTKIUKY OMOTHI Ha
YXYILICHHE KauecTBa Cpebl, YUCI0 padoT B 3TON obnacTu KpaiHe Mano. OueHka Ka-
gyecTBa Mopckoii cpeasl CeBepHoro Kacnust MmeTogaMu OMOMHAMKALMKM HE TPOBOIMT-
cs1. OHAKO MOJ BIMSHUEM 3arpsI3HEHHS TPOMCXOJUT U3MEHEHUE CTPYKTYPbI BOAHBIX
OMo11eHO030B [5], 1 OMOMHANKALMS [TO3BOJIAET MOMYYUTh NOJTHYIO MH(OPMALIUIO O TIO-
CJICACTBUSIX U3MEHEHUS CPeIbl st OMOJIOTHIEeCKUX cO00IIecTB [6], a TakxKe 1aTh KOM-
IJIEKCHYI0 OLIEHKY COCTOSTHHUS 9KOCUCTEMBEI [ 7].

OTtcyrcTBUe OMOMHAMKAIMOHHBIX uccienoBaHuil B CeBepHoMm Kacnum 00y-
CJIOBJICHO PSIIOM METOJ0JIOTUYECKHUX TPYAHOCTEH: HE COCTABICHBI KilacCUDUKaIHs
CEBEPOKACIUNCKHUX BUAOB MO HKOJOTUUECKUM TPYNIaM U CIMCOK WHIMKATOPHBIX
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BHJIOB; HE OMpeJielieHa PE3UCTEHTHOCTh MHOTHUX BUJIOB K H3MCHECHHUIO a0MOTHYE-
cKkuX (haKTOPOB CpEellbl, HE BBIACICHBI KOHTPOJIbHBIE (ITAJIOHHBIE) YYaCTKH Ha aK-
Baropuu. PemieHnro mocneaHed U3 BBIMICIIEPEYUCICHHBIX MPOOIeM (BBIICICHUIO
ATaIOHHBIX YYaCTKOB) IMOCBSIIEHA JaHHas padora. [I[pumeHeHne MeToa 3TalloHOB
paccMOTpeHo it 3000eHTOCa.

Meton 3TaJlOHOB OCHOBBIBAETCS Ha CPAaBHEHHH BHJIOBOTO COCTaBa COOOIIECTBA
Ha UCCIeAyeMOM (3arps3HEHHOM) W ATAJIOHHOM (YnCTOM) y4actkax [8—9]. JlaHHbIN
MeTo APPEKTUBEH NP MHIUKAIUH 3arps3HeHnui [§]. OHaKO HCIIONb3yeTcs OH JI0-
CTaTOYHO PEKO, MOCKOJIBKY TpeOyeT HalM4us 30H, HE 3aTPOHYTHIX aHTPOIIOTEHHBIM
BozneicTBueM [8, 10, 11]. CnokHOCTh B IPUMEHEHUH METOAA 3TAJIOHOB ISl OLICHKU
coctosinua CesepHoro Kacnus cOCTOMT B TOM, YTO pacIpeneiicHUE CEBEpOKACIUii-
CKUX OEHTOOMOHTOB M MIX BUJIOBOM COCTaB 3aBUCST MPEXKJIE BCETO OT colieHoCTH [12],
KOTOpasi yBEeJIMUMBAETCS ¢ TIIyOHHOU Booema [ 13], a 3HauuT, cCpaBHUBAaEMbIC Y4aCTKU
(uccnemyeMblil U ATATOHHBIN ) JIOJKHBI HAXOAUTHCS B OJTHOM JTMana3oHe riyouH. Llens
pabotsl cocrosina B muddepennunanuu akBaropun Ceseprnoro Kacrus o riryOuHam u
B OIICHKE BO3MOXXHOCTH IIPUMEHEHHS METO/Ia STAIIOHOB I OMOWH/IUKAIINH.

1. MaTepuaJjibl 1 METOIbI HCCJIEOBAHMIA

Pabora BbINOJIHEHA Ha OCHOBE OITyOJMKOBAHHBIX IAHHBIX, B TOM 4Hcie Ooiee
paHHHX HCCIEIOBaHNMN, BBITIOJHEHHBIX ¢ ydacTueM aBropa [14-20]. COop maHHBIX
oxBatbiBal nepuog 2013—-2017 rr. [Inomane uccienyemMoil akBaTOpUH Jiekaja B Jua-
nazoHe mIyouH 1-29 m.

B pacderax ucmnosnb30BaiM AMana3oH DIyOWH B apeajax BHIOB M HKOJIOTHYe-
CKYIO BaJIEHTHOCTb BHJIOB K KHciopony. Ilockonbky HU3KOE cozmep:kaHUEe OpraHu-
YEeCKUX BEIIECTB (BKJIIOUAsi OPraHMYECKHE 3arpsS3HUTENIN) 00yClIaBIMBAET BBICOKOE
cofiepKaHHe KHCIOpoJa B MPHUAOHHOM Ci0€ BOABI [21], TO 3TaJOHHBIM YyYacTKOM
CJIEZyeT CUMTATh BOABI C HACBILICHHEM KUCIOPOxoM He MeHee 50%, MPUHSITHIM 3a
«HOpMasTbHOEY. [22]. [loaToMy B pacyeTsl BOILIN CBEIACHHS TOJIBKO 00 OKCH(WIIb-
HBIX BHJaX CEBEPOKACIMUCKOro OEHTOCA, T. €. 0 BUJaX, KOTOpble OOMTAIOT pHU Ha-
CBIIICHUH BOJ KuciaopoaoM He meHee 50%.

Juddepennmanns ncenemxyeMoro paioHa 1o rryonHam Obula IpoBeIeHA 110 pa-
Hee TPeUIOKEeHHBIM, B ToM yuciie o Kacnwro, paitornpoBanusm [23, 24]. Bun-6no-
WHANKATOp (B IaHHOM Cllyyae OKCU(UIBHBIN) CUUTAJICS CONPSIKEHHBIM, €CIIN OH MPHU-
CYTCTBOBAJI Ha K)XXI01 ITyOnHe ¢ maroM 1 M BHyTpH BBIOPaHHOTO TMara3oHa IyOuH.
CreneHb CONpsHKEHHOCTH MHIUKATOPA ¢ 0OBEKTOM MHIMKALUHI CYMTAIACh JOCTOBEP-
HOM, €CITU 107151 CONPSDKEHHBIX OMOMHIMKATOPOB NpeBbimaia 75% ot OeHTOOMOHTOB,
MIPUCYTCTBYIOIINX BO BCEM JIMamna3oHe ryouH [25].

B pabote npoananu3upoBaHbl Bce OKCU(HMIbHbIE OeHTOOHOHTHI CeBepHoro Ka-
crusi, KpoMe JBYX TpezacraButenell cemeiictBa Gammaridae (Gammarus behningi
(Mart.) u Pontogammarus abbreviates (Sars G.O., 1894)), saxcTpemanbHbIe TITyOUHBI B
apeaie KOTOPbIX HEU3BECTHBI.

2. Pe3yabTaTrhl 1 HX 00CyXK/IeHUE

Axsaropusi CesepHoro Kacmus mo 3-MeTpoBoif M300aThI SBISETCS OONACTHIO
BIUSHUS CTOKa p. Bonra, Tpancdopmanmu pedHbIx Box (¢ coleHOCThI0 < 2%o), BbI-
COKOT'O COJICp KaHHsI B3BEIICHHBIX BEIECTB MPU MAKCHMAIBHOW CKOPOCTH UX OCaK Ie-
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Hus [13]. JloHHBIE OTIIOKEHUS IPEACTABICHBI AJIEBPUTAMU, NIECYaHBIMU aJICBPUTAMU,
aJIeBPOTIECIUTAMH, aJICBPUTOBBIMHU MECKaMU C HEOOJBIIUM COJCPKAHHEM PaKyIld U
pakymieuHoro aerpura. [locne nmageHus ypoBHS MOpsi B 9TOH o0iacTu HaOmromaercs
yCHUIIeHUE 3apacTaHusi Makpoduramu [26].

Jlo 3-meTpoBo#i M300aThl B IMANa30HE OTHOCUTEIHLHOTO COJIEPIKAHUS KUCIOPO-
na 6osee 50%, IPUHSATOM 3a STAIOHHBIN, 3000€HTOC MpecTaBieH 15 takconamu. 13
Hux apeansl 11 takconoB (Oligochaeta; Nematodes; Archaeobdella esmonti (Grimm,
1876); Paramysis intermedia (Czerniavsky, 1882); Paramysis lacustris (Czerniavsky,
1882); Paramysis ullskyi (Czerniavsky, 1882); Limnomysis benedeni (Czerniavsky,
1882); Pterocuma pectinatum (Sowinsky, 1893); Stenocuma tenuicauda; Adacna
vitrea (Eichwald, 1829) u Didacna protracta (Eichwald, 1829)) He mokpbsIBaoT Bech
BBIJICJICHHBIN nana3oH riryouH. UM Tonbko 4 Buna (Echinogammarus warpachowskyi
(G.O. Sars, 1894); Stenogammarus compressus (G.O. Sars, 1894); Nipharqoides
deminutus (Stebbing, 1906) u Nipharqoides corpulentus (Sars, 1895)) Bcrpeuatorcs B
Ka)XJIOM HHTepBaje ryouH ¢ marom 1 M. Takum 00pa3om, poeHT OOMIHX JIJIsi BCETO
Juara3oHa (COIpsKEHHBIX) TAKCOHOB cocTaBmi 27 (Tabim. 1), 94To nenaer HeBO3MOXK-
HBIM [TPUMEHEHUE METO/Ia STAJIOHOB ISl KCCIIEIOBAHUH B 3TOW YacTH MOPSL.

Tabm. 1
KonmuecTBO TAaKCOHOB CEBEPOKACITUIICKOTO 3000€HTOCA IO TITyOUHAM
Junanazon KonunyecTtBo KonuyecTtBo Homnst
IyOuH, M TaKCOHOB COMNPSIKEHHBIX TAKCOHOB | COMNPSIKEHHBIX TAKCOHOB, %o

0-3m 15 4 27
3-6 M 28 12 43
6-9 M 22 19 86
9-14 ™ 27 16 59
14-18 m 23 20 87
1828 m 21 15 71

Csan 1yonH (3—6 M) — 30Ha CMEIIIeHHSI COJICHBIX U MPECHBIX BOJ. B 3T0ii 0Onmactu
pacIiojokeHa «MJI0Basi MpoOKa» — 00IacTh MAaKCUMAJIBHOTO cofep:kanus B3BecH. [lox
BO3JEICTBUEM 3JIEKTPOJIUTOB COJICHBIX BOJ Ha CBaJie IIyOMH NPOUCXOAUT aKTHBHAs
KOAryJIsIMs B3BEIICHHBIX BEILECTB. [ PyHTBI 31€Ch MPEACTABICHbI IPEUMYIIECTBCHHO
WJIaMU C BBICOKUM YPOBHEM HAKOIUICHHsI OPraHU4yeCcKoro Beuiectna [27, 28].

B sTanoHHOM HMHTEpBajie OTHOCUTEIIBHOIO COACPIKAaHUsI KUCIOpOga MEXIY H30-
Oaramu 3 u 6 M oOImiee YUCIIO OKCU(DMIBHBIX TAKCOHOB YBEIMYMIOCH 10 28. B co-
oOmiecTBe OEHTOOMOHTOB HPUCYTCTBYIOT BCE YHNOMSHYTHIE 15 TAakCOHOB yyacTka,
PacIoIoKeHHOro 10 3-MeTpoBoi m300arbl. Kpome Toro, cooOuiecTBo MOmONHSET-
csa 13 Bumamu: Manayunkia caspica (Annenkova, 1929); Gmelinopsis tuberculata
(G.O. Sars, 1896); Paramysis (Metamysis) loxolepsis (G.O. Sars); Pseudocuma
(Stenocuma) gracilis (Sars, 1893); Caspiocuma campylaspoides (Sars, 1897);
Chelicorophium chelicorne (G.O. Sars, 1895); Chelicorophium mucronatum
(G.O. Sars, 1895); Pseudocuma laevis (Sars, 1894); Chelicorophium curvispinum
(G.O. Sars, 1895); Chelicorophium nobile (G.O. Sars, 1895); Niphargogammarus
quadrimanus (G.O. Sars, 1895); Niphargogammarus aequimanus (G.O. Sars, 1895)



BUOMHANKAIIMOHHBIE UCCIIEJOBAHN S CEBEPHOI'O KACIIHNAL. .. 315

u Didacna trigonoides (Pallas, 1771). B stoii obnactu 12 conpspkeHHBIX TaKCOHOB:
4 comnpspKeHHBIX BUJIA TSt tuana3ona riyounH 0—3 M, a Takke Oligochaeta; Nematodes;
P lacustris; P. pectinatum; S. tenuicauda; A. vitrea; D. protracta v A. esmonti. Huzkuit
MIPOLICHT COMPSKEHHBIX BUIOB (Tabi. 1) yka3plBaeT Ha HEBO3MOXKHOCTh MCIIOIb30Ba-
HUS METOJIa 3TATIOHOB JIJIsl OLIEHKH KauecTBa MOPCKOHM cpebl B 3TOM 001acTH.

3a nuHuUel cBana rIyOuH, MeX Iy u3o0aramu 6 U 9 M, HaOIOJACTCsl AKTUBU3ALHS
rporeccoB QIOKKyISuu 1 copOruu [23]. JloHHBIE OTIOXKEHUS IPEUMYIIECTBEHHO
MIpeCTaBJIEHBl paKkyiei [29].

Ha ydacTke ¢ OTHOCHTENBHBIM COAEpKaHUU Kucyuopona Oonee 50% BbISBICHO
22 oxcu(uIbHBIX TakcoHa. M3 mynma OEHTOOMOHTOB, OOKMBAIOMIMX ITyOMHBI
3—-6 M, ucuesaroT 6 BUNOB: P. intermedia; L. benedeni; P. ullskyi; P. loxolepsis;
C. campylaspoides; P. laevis. Kpome P, lacustris; A. esmontin G. tuberculata, octanb-
Hble 19 sSBIAIOTCS CONPSHKEHHBIMU. BBICOKHMI TPOLIEHT CONPSKEHHBIX BUAOB (Ta0I. 1)
o0ecrneynBaeT HaJeKHOCTh MPUMEHEHUSI METO/Ia STAIOHOB. OIHAKO CIeyeT UMETh
B BUJY, YTO HE BCE M3 CONPSIKCHHBIX BUIOB 3BPUTONHBI. OJIUIroXeThl NPEAIOYnTa-
10T MeCcYaHblil TPYHT, Toraa Kak E. warpachowskyi, S. compressus, N. corpulentus,
N. quadrimanus, C. curvispinum, C. chelicorne, C. mucronatum n D. protracta —
3amiieHHbIN rpyHT [30-32]. IlooToMy Ha y4acTkax pa3BUTHS WIMCTBIX JOHHBIX OT-
JIOKECHUN JTOJISI CONPSKEHHBIX BHJOB, M3 YHUCIA KOTOPBIX MCKIOYaeTcsi | TaKCOH,
cHkaetcs ¢ 86 1o 82%. Takum 00pazom, pe3yabTaT OLEHKHU SIBISIETCS YAOBIETBO-
pUTENBHBIM. A Ha y4acTKax, I7ie JOHHBIE OTJIOKEHHUsS MPEICTaBIICHBI IECKaMU, U3
Yyclia CONMPSHKEHHBIX OCHTOOMOHTOB MCKIIOYAIOTCS 8 BUIOB. Jlonsi compsiKeHHBIX
TAKCOHOB CHIKaeTCs 10 59%, 4To AenaeT pe3yibTaThbl OLEHKH KaueCTBAa MOPCKOH
Cpeabl METOIOM TAJIOHOB COMHUTEIBbHBIMH.

AkBaropus B Auana3zoHe riyouH 9-14 M — Ouonoruyeckas 4actb MapruHalb-
HOro Quubrpa. 31ech HAOIIOHAeTCsl BBICOKAsT BapHaOelbHOCTh IOKa3aTenel cole-
HOCTH, MHTCHCHBHOE HAKOIJICHHE OPraHMYECKOrO BEIlecTBa M KapOOHATOB B JOH-
HBIX OTIIO)KeHUsX [23, 33]. ['paHynoMeTpudYecKnil cOCTaB IPyHTOB, MOACTUIAIOIINX
3Ty 001acTh, pa3HOOOpaseH [34].

Yucno okCupUIbHBIX TAKCOHOB, 0OMTAIOLINX Ha 3TUX INTyOMHaX, cocTaBiseTr 27.
BaTom nuama3one riryOuH He BcTpeueHsl P, lacustris, A. esmontiu G. tuberculata. On-
HAKO co00IIeCTBO OEHTOOMOHTOB MOIOIHAETCS HOBBIMU BUnamu: Fabricia sabella
ssp. caspica; Chelicorophium robustum (G.O. Sars, 1895); Niphargoides derzhavini
(Pjatakova, 1962); Monodacna semipellucida (Logvinenko & Starobogatov, 1967);
Theodoxus pallasi Lindholm, 1924; Didacna pyramidata (Grimm); Pseudocuma
cercarioides (Sars, 1894) u Corophium spinolosum (G.O. Sars). B aTom nmuamaso-
He ryOuH Tonbko 16 BUmOB siBisitoTcs conpsbkeHHbIMU: Oligochaeta; Nematodes;
P pectinatum; S. tenuicauda; S. compressus; N. deminutus; N. corpulentus,
A. vitrea; D. protracta; P. gracilis; C. chelicorne; C. mucronatum; C. curvispinum;
C. nobile; N. quadrimanus; N. aequimanus. Jloas COUpPSI)KEHHBIX BUAOB
coctaBigeT 59%, 4TO UCKIIOYAeT HAaIeKHOCTh MPUMEHEHHSI METO/IAa 3TaJIOHOB IS
HCCIIEIOBAHUM Ha 3TOM y4acTKe MOpsI.

Axksatopust CeBepHoro Kacnus, pacnionoxenHast Ha myounax 14—18 M, xapakre-
pHU3yeTcs BBICOKOM MHTEHCHUBHOCTBIO MPOAYKIMOHHBIX MPOLECCOB NpH claboM pas-
BUTHM JecTpykuuu [35]. B 3710l yactu akBaropuu Hambojee yCTOWYHMBBIN COJIEBOM
PEKUM M MPOUCXOAUT CHIIKEHHUE CONEPKAaHUSI OPTaHMUYECKOTO BELIECTBA B JOHHBIX
OTJIOKEHUSIX 32 CUET Pa30aBIsSIOIEro BIMSHUS MUHEpalIbHOro MaTepuana [36].



316 JI.B. JETTAPEBA

Uwncno okcuUITBHBIX TAKCOHOB B ATOH YacTh Mops — 23. BuoBoii cocTas TOT ke,
4TO U B Juarna3oHe nyoun 9-14 m, 3a uckimouenueM E. warpachowskyi; M. caspica;
D. trigonoides; F. sabella. Kpome Tpex BunoB (S. tenuicauda; A. vitrea; P. gracilis),
ocTajbHble 21 — conpsbkeHHble. [loms conpsiKeHHbIX BUAOB cocTaBuia 83%, 4To yka-
3bIBAET Ha BO3MOXKHYIO MPUMEHHUMOCTb METO/Ia TAJOHOB B MCCIICAOBAHUAX B 3TOM
paiione. BmecTe ¢ TeM cieayeT ydecTb, YTO HE BCE U3 COIPSIKEHHBIX BHJIOB 3BPH-
TorHbl. OJNUTroXeThl MPEANOUUTAIOT NIeCUaHbIN TPYHT, S. compressus, N. corpulentus,
N. quadrimanus, C. curvispinum, C. chelicorne, C. mucronatum, D. protracta,
C. robustum u N. derzhavini — 3aunenHsli TpyHT, a P. cercarioides — nn [30-32].
COOTBETCTBEHHO, HAa Y4aCTKaX Pa3sBUTUS MIMCTBIX JOHHBIX OTJIOKEHUH [0S CONpsi-
>KEHHBIX BHUJIOB, U3 YKCJIA KOTOPBIX HCKIOUaeTcs 1 TakcoH, cHuxkaercs ¢ 87 no 83%,
YTO CUUTACTCS YAOBICTBOPUTEIBHBIM. A Ha y4acTKax, IJ€ JOHHBIC OTIOXKEHUS pel-
CTaBJICHBI IIECKAMH, U3 YUCIIA CONPSDKEHHBIX THAPOOMOHTOB HCKItoyatoTces: 10 BUaoB.
Jlons conpsyKeHHBIX TAKCOHOB CHMKaeTcst 10 43%, 4To nesaeT pesyabTarbl OLEHKU
KauecTBa MOPCKOW Cpe/ibl METOJIOM 3TAJIOHOB COMHUTEIbHBIMH.

ObGnactp 3a n3obaroir 18 M sBisieTcss 30HOH BOJOOOMEHA MEXKIYy CEBEPHOU H
CpEeAHEH YacThi0 MOPS CO CIOKHBIM pexxuMoM TeueHui. Ha 3anane npeobnanaer mne-
penoc Boga u3 Ceseproro Kacnust B Cpenuuii Kacriuii 1 oATOK MOPCKHMX BOJL Ha CEBEP
B IIPUJOHHOM CJIO€, HAa BOCTOKE — IOCTYIUICHHE CPEIHEKACIIMICKUX BOJ B CEBEPHYIO
9acTh MOPsL. AKBAaTOPHUS XapaKTEPU3yETCsl TIOHMKEHHBIM COACPKaHMEM B3BELICHHBIX
Y MHMHEpaJbHBIX OMOTeHHBIX BelecTB. Hanbosee pacnpocTpaHeHHBIMU THIIAMH JJOH-
HBIX OTJIOKCHHH B 3TOM PallOHE SIBIISIOTCS pa3HO3EPHUCTHIH Mecok u pakya. Ha or-
JIEJIbHBIX y4acTKaX BCTpe4aroTcs: ooynThl [13, 37].

Ha ywacTkax ¢ 3TaJOHHBIM COAEPKaHMEM KHCIIOPOAA YHMCIO TAKCOHOB COCTaB-
nsiet 21. BuzmoBoii coctaB TOT ke, 4To M Ha rryOuHax 14—18 m, 3a uckitodeHuEM S.
tenuicauda; A. vitrea; P. gracilis. Taxxe nosiBsieTcst HOBBIU BUJ Pterocuma rostratum
(Sars, 1894). Kpome 6 Bunos (D. Protracta; C. Curvispinum; M. semipellucida;
T. Pallasi; D. pyramidata v P. rostratum), ocTanbHbie 15 SBISFOTCSI CONPSDKEHHBIMU.
Hwuskuii npoueHT conpsiKeHHbIX BUIOB (Tabu. 1) CBUAETEIBCTBYET O COMHUTEIILHOCTH
MPUMEHEHUS] METO/1a 3TAJIOHOB JIJIsl HCCIICIOBAHUI B JAHHOM MHTEpPBaJIe TIIyOHH.

TakuMm oOpa3om, AJIs OLIEHKU KauecTBa Mopckoi cpensl CeBepHoro Kacnust me-
TOZ ATAJOHOB IO OTHOILEHHIO K 3000€HTOCY MPUMEHHM IPHU BBIOOpPE HCCIELyEeMOTrO
Y 3TAJIOHHOTO yYacTKOB B AMana3oHe n3obar 6—9 M u Ha riryounax 14—18 m. [loHHble
OTJIOKCHUSI Ha 00OUX y4yacTKax JOJDKHBI OBITh MPEICTABICHBI PAKYyILEH, NeCKaMU U
AJIeBPUTAMHU.

3akJIroueHue

Y4uTsiBass HEOLHOPOAHOE pacupeneieHre OCHTOCHBIX OPraHU3MOB IO aKBa-
topun CeBepHoro Kacmusi, oleHKa COCTOSHUSI MOPCKOH Cpeabl METOIOM 3Tajo-
HOB OCJIOXKHSIETCS HEOOXOAMMOCTBIO BBIOOpA IuanazoHa MyOuH, B KOTOPOM INpH-
CYTCTBOBaJIO Obl JOCTATOYHOE KOJMWYECTBO BHUAOB-OMOMHIMKATOpOB. B pabote
MOKa3aHO, YTO NIPUMEHHUTEJIBHO K OPraHM4eCKOMY 3arpsi3HEHHUI0, KOTrJaa BUIaMU-
OMOMHIMKATOpaMHU SIBJISIIOTCS OKCHU(WIbHBIE BHUIBI OCHTOCA, METOJ 3TaJIOHOB
MOJXKET HUCITOIh30BaThCs HA TTyOnHaX 6—9 M 1 14—18 M mpu pa3BUTHHU paKyIIEIHBIX
U aJeBPUTOBBIX AOHHBIX OTIOXEHMH. Ha ocTanpbHON 4acTH akBaTOpHM CIEAyeT
MCIIOJIb30BATh APYTrHe METOAbl OMOMHINKAIIUH.



BUOMHANKAIIMOHHBIE UCCIIEJOBAHN S CEBEPHOI'O KACIIHNAL. .. 317

Cnez[yeT OTMCTUTDb, YTO OLICHKY CPABHHBACMBLIX YYACTKOB CJCAYCT IMPOBOAUTH

CHUHXPOHHO, IIOCKOJIBKY CE€BEPOKACHMICKUN OCHTOC HCIIBITHIBACT CE30HHBIC BAPHALIUH
[38]. Kpome Toro, oTCyTCTBYIOIIEE B HACTOSIILIEE BPEMS OIPEICICHUE CEBEPOKACTIHI-
CKHUX OJIUTOXET W HEMATo[ 110 BHJIaM JIOJKHO MOCIIOCOOCTBOBATh YTOYHEHHUIO OLCHKH
METOJIOM 3TajoHOB. Taxke HEOOXOAMMO YUHUTHIBATH, YTO HAOIIOAAIOLINECS U3MEHE-
Hus ypoBHs Kacnmiickoro mops [39] MoryT noBiieus 3a co00il M3MEHEHHE NPOCTPaH-
CTBEHHOI'O PAaCHpEesICHHUsI COJICHOCTH CEBEPO-KACHHMICKUX BOJ M, KaK CIEICTBHE,
JKCTpEeMaJIbHbIX IIIyOHH apeana MHOTUX BUI0B OCHTOCA.

10.

11.

12.

13.

KonpuukT nHTEepecoB. ABTOp 3asBIIsIeT 00 OTCYTCTBUN KOH(IMKTAa HHTEPECOB.

Jluteparypa

I'ypoannyp LI.5. Dxonorudeckue mpodnemsl Kacrnmiickoro mMopst // Mononoit y4eHsIi.
2010. T. 1, Ne 5 (16). C. 128-131.

Kapvieuna H.B. O conepkaHuu, paclipeielieHNH M TeHE3WCE YINICBOIOPOIOB B BOJAx
Cesepnoro Kacrms // IlpobneMsl coxpaHeHHsT SKOCHCTeMBI Kactmsi B yCIIOBHSAX OCBOE-
HUS He(pTera3oBBIX MecTOpOXKIeHMIA: Marepruansl VII HaydHO-TIpakTHYeCcKOi KOH(pEepeH-
IIUH ¢ MEKTyHAPOIHBIM ydacTueM (AcTpaxaHsb, 18 okTs0pst 2019 1.). Actpaxans: 13n-Bo
KacmHMPXa, 2019. C. 83-88.

Ocmposckas E.B., Yupuxa A.B. HedtsHoe 3arpsi3HCHHE CEBEpO-3aMaiHON YacTH
Kacrnuiickoro Mopsi: COBpeMeHHOE COCTOsIHUE U oCHOBHbIe McTouHukH // Tpymst TOWH.
2019. Ne 220. C. 209-220.

Kapvieuna H.B., Ilonosa 3.C., JIveosa O.A., I'anneii E.B., Ayyn E.B. O HEQTIHOM U IECTH-
IIUTHOM 3aTps3HCHUH HU30BReB Bonrn u ceBepHOi wacTi Kacmmiickoro Mopst / Jxonorus
W TIPHPOJIOTIONH30BaHNE: MaTePHAIIbl MEX/IyHapOIHON HAYYHO-TIPAKTHIECKOH KoH(pepeH-
un (Marac, 21-23 oxtsa6ps 2020 r.). Hazpars: OOO «KEII», 2020. C. 250-257.

Epmonaesa H.M. K Bompocy o OuOMHIMKAIMM HEPTSHOTO 3arpsi3HEHUsS! IPECHO-
BOJHBIX JIMMHMYECKHX DKOCHCTEM C HCIOJIb30BaHHEM 300IUIAHKTOHA Ha IpHMe-
pe o3epa Camominop (XMAO) // Bomubie pecypcbl. 2022. T. 49, Ne 1. C. 77-90.
https://doi.org/ 10.31857/S0321059622010060.

Typosyes B.JI., Kpacnos B.C. buonnaukanus: yaeOHoe mocoome. TBepb: TBepckoii rocy-
JapcTBeHHbIN yHuBepcuret, 2004. 260 c.

3enun A.A., bBenoycosa H.B. T'mppoxumudeckuil ciosapb. JI.: T'mapomereomsaar,
1988. 240 c.

JIawenko O.A. buonHmuKays U OMOTECTHPOBAHUE B OXpaHE OKPYKAIOIICH Cpebl: yaeo-
noe nocobwue. CI16.: I'TYPII, 2012. 67 c.

I'epacumos FO.JI. CanutapHas M TEXHHUYECKas THIpoOHONIOTHs: ydeOHOe Mocobdue.
Camapa: Camapckuii yausepcurer, 2014. 48 c.

Maxcumos B.H. O6 omHOM crIoco0€ OIICHKH KayecTBa IMPUPOTHBIX Box // CaMOOUYHIIeHIE
U OMOWHAWMKALMS TPUPOAHBIX Box / mox pen. M.M. Temutuenko. M.: Hayka, 1980.
C.212-219.

Maxkcumos B.H., I'anvwuna JI.A., Abaxymos B.A. OnieHKa kauecTBa BOABI B PEKe 1O BU-
noBoMmy coctaBy ¢urorianktona // Uzsectus AH CCCP. Cepust Ouonornueckas. 1983.
Ne 5. C. 731-743.

Kacmmuiickoe mope. @ayHa 1 Gromorudeckas MpoayKTHBHOCTS / 1of penl. E.A. SI0moHCcKoH.
M.: Hayxka, 1985. 276 c.

Kacnwuiickoe mope. I'maponorus u runpoxumus. M.: Hayka, 1986. 262 c.



318

JI.B. JETTAPEBA

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Jeemsapesa JI.B., Jauposa /J.C., Kocmpvikuna T A., Hucemennas O.A., Kawwun JI.B.
DKoJIOTHYECKasi BAJCHTHOCTh K KHUCIOPOAY CEBEPOKACIHUHUCKUX MH3HI U  Ky-
MOBBIX  pakooOpasHeix // BecTHHk  AcCTpaxaHCKOTO TOCYJapCTBCHHOTO — TEX-
Hudyeckoro yHuBepcutera. Cepusi: PwioHOe xozsiictBo. 2019. Ne 4. C. 32-41.
https://doi.org/10.24143/2073-5529-2019-4-32-41.

Jeemsapesa JI.B., Kocmpvixuna T.A., Jauposa /[.C., Kawun J[.B., I[lucomennan O.A.,
Ilempenxo E.JI. OTHOIIEHHWE KOJBYATBIX W KPYDIbIX dYepBed K KHCIOpOIy B 3a-
magHoii wactu Cesepnoro Kacmms // BecTHHK ACTpaxaHCKOTO TOCYIapCTBEHHO-
ro TexHmdyeckoro yHuBepcutera. Cepus: PrioHOe x03siicTBo. 2019. Ne 1. C. 20-27.
https://doi.org/10.24143/2073-5529-2019-1-20-27.

Heemsapesa JI.B., Kocmpvikuna T.A., Kawun /[.B. OTHOIIEHNE OPTaHU3MOB CEMEHCTBa
Gammaridae k comepkaHuIo KHCIOposia B MPpUAOHHOM cioe Boxsl B CeBepnom Kacrnmm //
BecTHHK AcTpaxaHCKOTO rOCY/IapCTBEHHOTO TeXHHYecKoro yHusepcutera. Cepusi: PeioHOE
xo3s#cTBO. 2020. Ne 1. C. 61-67. https://doi.org/10.24143/2073-5529-2020-1-61-67.

Jeemapesa JI.B., Jlapovieuna E.I, Kawun /[.B., Kocmpoikuna T.A. ®opMupoBaHue co-
00IIeCTBa CEBEPOKACIIMIICKUX MOJUIIOCKOB B 3aBHCHMOCTH OT aOMOTHUYECKHX (DaKTOpPOB
cpensl // buonoruueckoe pasHooOpasue: u3ydeHune, COXpaHeHHEe, BOCCTAHOBIICHUE, PAL-
OHAJIbHOC HUCIOIb30BaHKe: MaTepuabl [ MexIyHapOIHON HAYyYHO-IPAKTUICCKOH KOoH(e-
penmun (Kepus, 27-30 mas 2020 1.). Cumdeponons: Apuan, 2020. C. 303-309.

Kawun J[.B., Jleemapesa JI.B., Kocmpuvixuna T.A. Dxonaorudeckas: BaJ€HTHOCTh CEBe-
POKacMHCKUX MOJUIIOCKOB K KHciopoay // BecTHHMK AcTpaxaHCKOro ToCylapCTBEH-
HOTO TexHH4YecKkoro yHuBepcurera. Cepusi PeiOHOe Xxo3siicTBO. 2022. Ne 4. C. 29-38.
https://doi.org/10.24143/2073-5529-2022-4-29-38.

Kawun JI.B., 3auyes B.®D., Jleemapesa JI.B., Haupoea JI.C., Kocmpwvixuna T.A.
TonepaHTHOCTh CEBEPOKACITMHCKUX KOPOPHUI K KHCIOPOIY KaK aJanTaius K razooome-
ny // Kactmii: mpommioe, Oymyree, HacTosmiee: cOOPHUK HAydHBIX CTaTei. ACTpaxaHb:
Actpaxanckuit yausepcurert, 2021. C. 27-30.

Copilas-Ciocianu D., Sidorov D. Taxonomic, ecological and morphological diversity of
Ponto-Caspian gammaroidean amphipods: A review // Org. Divers. Evol. 2022. V. 22,
No 2. P. 285-315. https://doi.org/10.1007/s13127-021-00536-6.

Ilnomnuxos U.C. MHOTOJIETHUE U3MEHEHUS (ayHbl CBOOOTHOKHMBYIIMX BOIHBIX OECIIO-
3BOHOYHBIX Apanbckoro mops. CII6.: 3MH PAH, 2016. 168 c.

bepnukosa T A., [{emuoosa A.I' Tuaponorus u rugpoxumus. M.: Iluiesas mpoMbIIiIeH-
HOCTB, 1977. 312 c.

Jucuyvin A.I1. Maprunansubeiii puiierp oxeanoB // Oxeanonorusi. 1994. T. 34, Ne 5.
C. 735-747.

Kamynun J[.H., Xpunynose H.A., Kawun J.B., [ynumos A.b. ITlpogyKunoHHO-
JeCTpyKIMOHHBIE Tporiecchl puTorankTtoHa B CeBeproM Kacriuu // Pe100X03s1iCTBEHHBIE
nccnenoBanus Ha Kacrun. Pesynsrarst HUP 3a 2000 . Actpaxans: M3n-so KacmHMPXa,
2001. C. 39-51.

Menexosa O.I1., Eecoposa E.H., Eéceeéa T. 1. bruonornueckuii KOHTPOIb OKPY>KaIoLIe cpe-
JIbl: OMOMHMKAIMS 1 OMOTeCTUpOBaHue: yueOHoe nocodue. M.: Akanemus, 2007. 288 c.

Mumuna H.H., Manawenxoe B.M., Ternumuenko JI.A. TlomBomHple naHIIIadThI
Ceseproro Kacnusi: crpykrypa, runposkonorusi, oxpana. M.: UBIT PAH; Tunorpadus
Poccenbxo3akagemun, 2016. 215 c.

Xpunynoe M.A. Hexoropsle npoueccsl ocaakoodpasoBanusi B CeBepHom Kacmmm, cBs-
3aHHBIE C 3aperylupoBaHHeM cToka pek // I'eomoro-mopdonoruueckue uccienoBa-
nust Kacrimiickoro mopst / mon pea. I'B. Boponaesa, JI.W. Jlebenesa, O.K. JleonTheBa.
M.: Hayka, 1983. C. 117-126.



BUOMHANKAIIMOHHBIE UCCIIEJOBAHN S CEBEPHOI'O KACIIHNAL. .. 319

28. Hemuposckas H.A., bpexoscxux B.®. I'eHe3uc yrneBoJOpPOAOB BO B3BECH U B JIOH-
HBIX ocaakax ceBepHoro Ienbga Kacrmiickoro mopst // Oxeanosorus. 2008. T. 48,
Ne 1. C. 48-58.

29. Iaxomosa A.C. K ocagkooOpa3oBanuto B ceBepHOU dacTu Kacmuiickoro mopst // Tpymst
'OUH. 1956. Beim. 31 (43). C. 80-106.

30. Arnac Gecrio3BoHouHbIX Kacmmiickoro mops / mon pen. SLA. bupmreitna, JLT.
Bunorpanosoii, H.H. KonnakoBa, M.C. Kyn, T.B. AcrtaxoBoii, H.H. PomanoBoii. M.:
ITuiesast npomblIeHHOCTD, 1968. 414 ¢.

31. Coxkonvckuii A.@., Kypawosa E.K., Cmenanosa T.I. Atinac 0CHOBHBIX KOPMOBBIX OpTra-
HU3MOB pbi0 Hmxnedt Bonrm m Kacrmiickoro mops. Actpaxanb: Uzn-Bo KacmHUPXa,
2002. 394 c.

32. Bamypuna M.A., Jlockymoea O.A. OnAroxeTsl HEKOTOPBIX IPECHBIX BOXOEMOB APKTUKH //
Kypnan Cubupckoro ¢enepanpnoro ynusepcutera. buomorms. 2010. T. 3, Ne 2.
C. 177-198.

33. Kapvieuna H.B., [{eemsapesa JI.B., Jlapovieuna E.B. HakorieHne opraHU4eCKUX COEIU-
HCHMI B JIOHHBIX OTJIOKEHHUSIX MapruHaibHOro ¢puisrpa Kacmuiickoro mopst / IpooiemMsr
COXpaHeHHUs1 dKOcHCTeMbl Kacmus B yCIOBHSAX OCBOCHHS HE(TETa30BBIX MECTOPOXKIe-
HU: MaTepuasibl V MEKIyHAPOIHON HAYYHO-MPAKTHYCCKON KOH(epeHnnn (ACTpaxaHb,
2627 cents6ps 2013 r.). Actpaxanb: M3n-Bo KacnHMPXa, 2013. C. 100-103.

34. Xpunynos U.A., Kamynun /[.H., A3apenxo A.B. MHOroneTHIE U3MEHEHUS IPAaHYJIOMETPH-
YECKOI'0 COCTaBa U MPOCTPAHCTBEHHOIO pacHpeieNeHusl JOHHBIX omioxkeHnil CeBepHOro
Kacnust // Bognsie pecypebt. 2010. T. 37, Ne 6. C. 709-716.

35. Kamynun JI.H. Tuapo3KoIOTHUeCKHe OCHOBBI (POPMHUPOBAHUS IKOCHUCTEMHBIX MTPOIIECCOB
B Kacnuiickom Mope u nenbre pexn Bonru. Actpaxans: M3a-Bo KacmHMPXa, 2014. 478 c.

36. Pomanxesuu E.A. T'eoxuMusi opraHMYeCcKoro BemiecTsa B okeane. M.: Hayka, 1977. 256 c.

37. Xonooosé B.H., Xpycmanes FO.IIl, Jlyouenxo H.IO., Kosaneé B.B., Typoecxuu JI.C.
Kacruiickoe Mope: mpoOiieMbl cequmeHTorene3a. M.: Hayxka, 1989. 184 c.

38. Acaesa K.U., Boiinosa M.B. Ce30HHbIE U MHOTOJIETHHE U3MEHEHUS MPOCTPAHCTBEHHO-
IO pacrpezeeHus YUCISHHOCTH TUIAHKTOHA U 3000€HTOCa B 3anaaHol yacTu CeBepHOro
Kacnust // I1poGnembl pernoHanbHON JKOJOTHH, SKOHOMHMKH M reorpaduu: MaTepHalbl
I MextyHapoHOM HayYHO-NIPAKTHUECKOH KOH(pepeHunu (Actpaxans, 28 mapra 2018 ).
Actpaxans: AT'TY, 2018. C. 47-56.

39. Foneoé M.B. Konebanus ypoBHsi KacmuiicKoro Mopsi: UCTOpHUSI MCCIEIOBAaHUN M METO-
JIbI IPOrHO3UpOBaHus // Vi3MeHeHne KiauMaTa B pernoHe Kacmuiickoro Mopsi: marepua-
JIBl MEXKIyHApPOIHOW HAyYHO-IIPAKTUYECKON KoH(pepeHunu (Actpaxanb, 2728 OKTI0ps
2021 r.). Actpaxans: UIT Copokun P.B., 2022. C. 107-111.

IToctynuna B pegakuuto 11.12.2023
[Mpunsra k mybmukamuu 17.03.2024

Hertsapesa Jlapuca BsiyecsaBHa, KaHAUAT OMOJIOTHUECKUX HAYK, BEAYIINH HAYYHBIH COTPYIHUK
OI'BY «Kacnuiickuii MOpckol HayYHO-HCCIIEJ0BATEIbCKUI LIEHTP)
yi. Hlupsiesa, 1. 14, r. Actpaxanb, 414045, Poccus
E-mail: kaspmniz@mail.ru



320 JI.B. JETTAPEBA

ISSN 2542-064X (Print)
ISSN 2500-218X (Online)

UCHENYE ZAPISKI KAZANSKOGO UNIVERSITETA. SERIYA ESTESTVENNYE NAUKI
(Proceedings of Kazan University. Natural Sciences Series)

2024, vol. 166, no. 2, pp. 312-323

ORIGINAL ARTICLE
doi: 10.26907/2542-064X.2024.2.312-323

Recommendations for Using the Method of Standards
in Bioindication Studies of the Northern Caspian Sea

L.V Degtyareva
Caspian Marine Scientific Research Center, Astrakhan, 414045 Russia

E-mail: kaspmniz@mail.ru
Received December 11, 2023; Accepted March 17, 2024
Abstract

Despite the increasing water and sediment pollution in the western part of the Northern Caspian
Sea, the quality of its marine environment has never been assessed through bioindication, largely due
to methodological issues. In this article, the method of standards, which involves comparing the species
composition between the polluted and clean (reference) sites, was used for the bioindication of organic
pollutants in the Northern Caspian Sea. The study area was segmented based on isobaths. The segments
were determined depending on the range of depths inhabited by zoobenthos species and their ecological
valence to oxygen. The depths with a sufficient abundance of oxyphilic zooplankton species (bioindicators)
to apply the method of standards were located. The obtained results show that the method of standards is a
good and reliable choice to assess the marine environment quality in the Northern Caspian Sea at isobaths
of 6-9 m and within depths of 14-18 m for polluted and reference sites. However, the sediments must
contain shells, sand, and siltstones. Therefore, while the method of standards has clear merits, it does not
suffice for the rest of the Caspian Sea area.

Keywords: Northern Caspian Sea, zoobenthos, bioindication, method of standards
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AHHOTAIUS

[Ipomecchl OKUCIEHUS W THUAPOJIN3a MHHEPAJIOB B M3BJICUCHHBIX HAa MOBEPXHOCTH II0-
pomax B TOPHOMOOBIBAIONIMX paiOHAX MPHUBOAST K BO3SHWKHOBEHHMIO TEXHOTEHHBIX ITOYB.
VX auarHOCTHKA ONMUpAETCss Ha KOMILIEKC aHAIN30B, YaCTO TPYAOSMKHX W JOPOTOCTOSIINX.
Jns cynpdaraprx mouB KusemoBckoro yromsHoro 6acceitna ([lepMckuit kpaif) mpuMeHEH Me-
Tox omnperneneHus pH mocie pasiokeHus: IEPOKCHIOM BOOpoa. M3ydeHsl OYBEI HA ydacT-
KaxX BIIMSIHUSI CTOKOB C TTOPOJIHBIX OTBAJIOB, CAMOM3IIMBOB M BOIOCOPOCOB HIAXTHBIX BOJ. Pe-
3yJIBTaThI TOKA3aJIM HATMIHeE TOpu30HTOB, e pH mocie o6paborkn H,O, (pH-H,0,) nmxe 2.5,
YTO CBHJETEJIBCTBYET O HAINYNH Cyab(pua0B. Kpome Toro, IS 10YB XapaKTEePHO MPEBLINICHUE
B JIECATKH-COTHHU Pa3 COJepP KaHMs MOBIKHBIX (DOPM CepHI U XKeje3a, BaJIOBOH CEPhI, a TAKKE
cynb(aToB OTHOCHTENbHO (oHa. PeHTrenoda3oBbIif aHam3 Mokas3an HaTMIue TETUTA U IPO3H-
Ta B MCCIIIOBAHHBIX ITOYBAX, YTO TAKXKE MOATBEP)KAAET PPEKTUBHOCTD TPUMEHEHNS METO/Ia
onpenenenns pH-H,O, 11 9Kcpecc-MarHoCTUKA KUCITBIX CYJIb(aTHBIX TIOYB B TOPHOM00HI-
BAIOINX paifoHax.

KiroueBnble ciioBa: KuzenoBckuil yroabHBIA 0acceiiH, yroyib, KUCIbIe Cylb(paTHbIe T0-
YBBI, KUCJIOTHOCTb, TETUT, SIPO3UT.

BBenenue

Jo6br4a yriist — MomHbIi (akTop Tpanchopmanuy mouBeHHoro mokposa [1]. Oc-
HOBHBIC HETaTUBHBIC dQ(EKTHI OT JOOBIYM YIS CBSI3aHbI C 3arps3HEHUEM aTMocdep-
HOTO BO3/1yXa, TOBEPXHOCTHBIX BOJ U MOYB, MHTEHCU(DHUKAIIUCH 3PO3UN U CHHIKCHUEM
OounopasHooOpa3zus. [1opospl yroiabHBIX OTBAJIOB IMOJBEPTAOTCS BHIBETPUBAHHIO, UTO
MPUBOJMT K BHICBOOOK/ICHUIO U aKTHBHOM MHUTPALIUK TSDKEIBIX METaJNIOB U TOKCHY-
HBIX JJIEMEHTOB [2—4] u 00pa30BaHUIO KUCIIBIX IIAXTHBIX BOX [5, 6]. BosneiicTBue
KHCJIBIX IIAXTHBIX BOJ HAa TOYBBI B TOPHOAOOBIBAIONINX PallOHAX MPHUBOIUT K UX XH-
MHUYECKOH U (pu3ndeckoi Tpanchopmanyu [7, 8] u, Kak cie/cTBHEe, 00pa30BaHUIO KHC-
JBIX CYNB(GaTHBIX MOYB.

3ajauM JUAarHOCTHKH W XapaKTEepUCTUKU TMOYB B pallOHaX ¢ MOCTYIUIGHUEM B
OKPYXKAOIIYI0 CPely KHCIBIX MIaXTHBIX APEHaXXeW OCTPO CTOSAT Ha TOPHOIOOBIBAIO-
HIMX TEPPUTOPHSIX, 0OCOOEHHO Ha MECTOpOXKACHUsX muputa [9], 3omota [10], menn,
cunna [11] u yrs [12, 13].

s ropHONOOBIBarOIUX pailoHoB Poccuu, BCKpPBIIIHBIE MOPOBI KOTOPBIX Xa-
PaKTepU3yIOTCSI BRICOKUM COJICPIKaHUEM CEpPhI, CYLIECTBYET MIPo0dIeMa JUarHoCTUKN
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TEXHOTCHHBIX [T0YB, 00Pa30BaHHBIX B PE3YJbTATE BIHMSHUS KUCIBIX MIAXTHBIX JpeHa-
xeil. Tak, B [lepMckoM Kpae Bo3/1eHCTBHE KUCIBIX MIAXTHBIX BOJ HA TTOYBBI IPUYPO-
4yeHo K Tepputopun Kuzemnosckoro yronsHoro Oacceitna (KYbB). On pacnonoxen B
3amaaHoi yactu [TepMCcKOTo Kpasi, ero miomasas coctasimsaeT 1500 km?, [IlaxTe! ObLTH
JIMKBUIMPOBaHBI B KoHIle XX — Hauaje XXI BB. B HacTosIee BpeMst HauOoJbIlee
BO3JICHCTBHE HA OKPYXKAIOIIYIO Cpeny (MOBEPXHOCTHBIEC BOAHBIE OOBEKTHI U TIOYBHI)
OKa3bIBAIOT KUCIBIC MaxTHRIC BoAbl [8, 14, 15]. X pacmpocTpaHeHHUE CBS3aHO C
CaMOM3IMBaMH U3 IIypQoB, CKBAXUH M MITOJICH 3aKPBITHIX IIAXT, a TAK)Ke C 00pa-
3YIOIUMHUCS CTOKaMH C TTOPOIHBIX OTBAJIOB. Kuciple mraxTHbie BOABI 00pasyloTcs
B pe3yNbTaTe OKHCIIEHUS B adPOOHBIX YCIOBHUAX CYNb(HIHBIX MHUHEPAIOB U CEPHI,
KOTOPBIMU OoraThl yrieHocHble moponbl [16, 17]. lllaxTHbIE BOIB UMEIOT CHIIBHO
KHCIIYIO0 peaknuio, odorameHsl noHamu Fe, Al, Mn, Be, Li, B, V, Cu, Cr, Zn, As
u Ni, npu 3TOoM cozxepxanue uwoHOB Fe, Al, Mn, Be B coTHu pa3 mpeBblliaer
NpeAeabHO TOMYyCTUMBIC KOHLeHTpauu [6, 15]. B pesynpraTe BO3ACHCTBUS KHUC-
JIBIX IIAXTHBIX BOJ Ha MOYBBI MPOUCXOJUT MX 3aKUCIEHHE U 3arpsi3HeHue. [1oussl,
B CBOIO OYepeib, SABISIOTCS HCTOYHUKOM 3arps3HEHUS IMOBEPXHOCTHBIX BOJ
3a CYET MUTPAIMH BEIIECTB OT AIMIOBUAIBHBIX JTaHAMA(TOB, HA KOTOPBIX PACIIOJIO-
JKEHBI OTBAJIBI, K aKKYMYJIITUBHBIM.

[Mpuponuble Kucible cynb(aTHbIC TMOYBBI PACIPOCTPAHEHBI B NPUOPEKHBIX
paiioHax MOpel W JIaryH, OHH 00pa3yloTcs IMOoJ BO3/IEHCTBHEM BBICOKOMHHEPAIN30-
BAaHHBIX BOI HAa MOWMEHHBIC TOYBBI, OOTaThle OpraHuYecKuM MarepuaioM [18-20].
[Ipu ana’poOr3anny B MOYBax MPOUCXOAHT 3aMEIICHNE KUCIOPO/Ia IPYTHMH dIIeMeH-
TaMH, B YaCTHOCTH, CylTb(aT, paclpoCTPaHEHHBI B MOPCKON BOJI€, BOCCTaHABINBA-
ercs 10 cynbhuia, xKeaes3o Mpu TOM BoccTaHaBnuBaeTcs 10 Fe*™ [21]. B pesysbrare
ATHX IMPOLIECCOB B IMOYBEHHBIX TOPU30HTAX 00pasyrorcs cynbhuabl xkenesa. [lupur
SBISIETCS. HauOosee PacHpOCTPaHEHHBIM CylIb(QUIOM jkene3a B MHpe. B KucabIX
Cynb(aTHBIX MOYBAX TAKXKe OOHAPYKEHBl TAKHE BTOPUYHBIC MUHEPAJbI, KaK [IBEPT-
mannut (Fe** (OH,SO,),, .0, 10-12H,0) u aposutr (KFe’* (SO,),(OH),) [22-24].
BriBeTpuBaHue CynbQUIHBIX M CyIb(paTHBIX MHHEPAJIOB CIIOCOOCTBYET CHUKE-
uuto pH BonHO# BBITsDKKY U3 m10uBbl (PH-H,0) 10 3nayennii 2.5-3.0, uyto npuBoaut
K BBICOKOW TOKCHYHOCTH TIOYBHI.

B nuteparype [18, 25, 26] npeniokeHbl criocoObI THATHOCTHKH KUCIBIX CYib-
(batHBIX OYB. B HacTosmee BpemMsi OCHOBHOW METO]I 3aKJII0YAE€TCA B OMPENEICHUN
WX KHUCIIOTHOCTH TIOCJIE€ OKHWCIICHHUS CYIb()pHUIHBIX MHHEPAJIOB (IIaBHBIM 00pa3oM
nuputa (FeS))) nepoxcunom Bogopona [18, 26]. OnHako HEKOTOPBIE MCCIIENOBAHUS
ITOKa3bIBAOT, YTO ATOT METOJI HE SBISETCSH OKOHYATEIbHBIM ISl IMAaTHOCTUKN KUCIIBIX
cynb(daTHBIX 1TOYB. J{OTIOIHUTEIBHO WM CAMOCTOSITEIIEHO IPUMEHSIETCS. METOJ UHKY-
OaLuy, OCHOBAaHHBIHM Ha BBIACPKUBAHUH ITOYBBI HA BO3/LyXE B TCUCHHUE ONPEICIICHHOTO
nepuoaa BpeMeHu. IIpu 3TOM B MouyBe MPOTEKAIOT PEaKkIMU OKHCICHUS CYIb(UI0B
OakTepusiMu ¢ 00pazoBaHreM KUCIOTHI [18]. MHKyOatust mpoBOAUTCS B J(Ba 3TAIla 10
cHmxkeHus: pH BomHON BHITSDKKU MOYBHI Hinke 4.5 [27, 28]. CpaBHUTEIHHO HETABHO
pa3paboTaH METO]l OIPECTICHNs] KUCIIOTHOCTH YIIBTPAKUCIIBIX ITOYB CIIEKTPOPOTOME-
TPUYECKUM METOZIOM C OPOMKPE30JI0BBIM 3€JICHBIM, KOTOPBIH aipoOUpoBaH Ha TUIlep-
Cynb(pUIHBIX TOYBAX I0KHON ABcTpasnu [29]. MeTox mokasai BEICOKYIO KOPPEISIIUI0
(r>0.99) ¢ pH-meTpueli B KHCITBIX Cpenax.
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Merton onpenenenust pH nocie 00pabOTKH OYB MTEPOKCHUIOM BOOPOA HCIIOIb-
30BaH ISl MCCJISIOBAHUS MTOYB Ha MOOEPEKbIX M TEXHOTECHHBIX 1MOYB. J[s mouB Ha
TEPPUTOPHH YTOJIBHBIX, METHBIX U 30JI0TOI00BIBAIOIINX MECTOPOXKIEHUH ATOT CIIOCO0
paHee He IPUMEHSIICS.

1. O0beKTBI U MeTOAbI HCCJICA0BAHUSA

1.1. Tepputopus U 00beKTHI HcCAeI0BAHMA. TeppUTOpUS HCCIIENOBAaHUIN TIPH-
ypoueHa K YpaJlbCKOM M€OXMMHUYECKOM MPOBHHLUH, K 00JACTH OCTaTOYHBIX TOPHBIX
MaccHBOB 3amajHoro ckioHa Cpeanero Ypana B Ilepmckom Ilpenypanbe. Knumar
3€Ch KOHTHHEHTAJIbHBIA, MOYBEHHBIN TOKPOB TPEACTABICH B OCHOBHOM JEpPHO-
BO-IIOA30IUCTBIMY ITouBaMu. Dusnko-reorpaduieckas xapakrepucruka Kuzemaoscko-
TO YTOJBHOTO OacceifHa moapoOHo mpuBeeHa B padbote [6].

B kauecTBe 00bEKTOB HCCIEIOBAHHS PACCMOTPEHBI:

* [I0YBA Y4acTKa BOAOCOpOCA IMAXTHBIX BOJ — JIEPHOBO-IIOA30IMCTAs, TIOTpeOeH-
Has 1o/l TeXHOTeHHBIM ciioeM (I1);

* PEKYTETUBUPOBAHHAS MTOYBA YIaCTKa BOAOCOpOCa MAXTHRIX Bog — TexHo3eM (T);

* [10YBBI Y4ACTKOB CTOKOB C YTOJIbHBIX OTBAJIOB — CEPOI'yMYCOBasi XUMHUECKHU-TIPE-
obpazosanHas (CI'X), ceporymycoBas TexHorenHo-TpanchopmupoBanHas (CI'T);

* [10YBA y4aCTKa CaMOM3JIMBA IIaXTHBIX BOJ — CEPOTyMYCOBasi TEXHOI€HHO-TPaHC-
¢dopmuposannas orneeHnas (CI).

CdopmupoBaBimecs: TeXHOTEHHBIE TTOYBBI, MM MOYBOTPYHTHI, 00pa3oBaHbl U3
MIPUPOJHBIX B PE3YyIbTaTe JOJITOBPEMEHHOTO BO3JEHCTBHS IIAXTHBIX BOM, T. €. OC-
HOBHBIM (paKTOPOM TTOYBOOOPA30BAHUS SBIIICTCS TeXHOTeHe3. B kagecTBe (hOHOBBIX
0TOOpaHBl CEPOryMYCOBBIE M AECPHOBO-TIOI30JIUCTbIE MOuBHL. lIpoanann3upoBaHo
75 nouBeHHBIX P00, n3 HUX 13 mpob — GpoHOBEIX. [eorpadus uccienoBanus BKIIOYa-
et Tepputopun Kuzenosckoro, ['ybaxunckoro u ['pemsiunnckoro paiionos Ilepmcko-
ro Kpasi, U3y4eH TaKke MOYBEHHBIN MOKPOB maxT YcbBa-3, LlenTpanbsHas, Haropnas,
40 ner Oxkts0ps, [openosckas, CeBepHasi.

1.2. Metoabl ucciieqoBaHusl. AKTyaJlbHYI0 U MOTEHUHAIbHYI) KHCJIOTHOCTD
ONpeNesuld MOTEHIMOMETpUYeckuM MeTofoM [30], THAPOIUTHYECKYI0 KHCIIOT-
Hocthb (I'K) — meronom Kanmnena (8 1 M CH,COONa BBITSKKE), OCHOBAaHHBIM Ha TH-
TpoBaHMU | H mIeNOYbl0 B MpHUCyTcTBUM (Qenondranenna [30], 0OMEHHYIO KHUCIOT-
HocTh (OK) — o metony CokosioBa, OCHOBaHHOMY Ha 00pa0OTKE MOYBBI PACTBOPOM
1 M KCI ¢ mocienyronmM TUTPOBAaHUEM IETI0UBIO 1T 0OHAPYKEHUS CYMMBI OOMEH-
HBIX aJIFOMHHHS 1 Bojoposa [31]. OOMEHHBIH aTIOMUHUN OMpEnesui CIeKTpodo-
TOMETPUYECKU B BHJIC KOMILIEKCA C KCHIEHOJIOBBIM OPAH)KEBBIM COITIACHO METOANKE
[32]. Coneprkanue OABHUKHOTO JKeJIe3a YCTAaHABIMBAIN CIIEKTPOPOTOMETPHUYECKH 110
peakiuu ¢ o-penanTponuHoM [33]. Cynbdar-HOHBI ONPENeNsii B BOAHON BBITSKKE
MOYBHI [34], a MOIBUKHYIO Cepy — IMOCIIC U3BJIeUeHHUs Cyb(ar-noHoB 1 M pacTBopoM
KCl (B conerotii BoITsKKE) [35]. J[i1st onipeienieHnst BaJOBOW cepbl TPOBOIAMIH KUCIIOT-
HOE Pa3IOKCHNE HaBECKU ITOYBBI CMECHIO XJIOPHOHM M a30THOW KHCIIOT corsiacHo [36].
s ycTaHOBIIEHUSI COAEpKaHUE CyIb(ar-MOHOB B BBIICHEPEUNCICHHBIX BBITSKKAX
WCIIOJIb30BAIIM TYPOUIUMETPUUYECKII METOJI ¢ XJIOPUAOM Oapusi B IPUCYTCTBUM CTa-
Oounmsaropa — muepuHa [36].

PentrenodasoBblii anaim3 00pa3oB NPOBOAMIN HA PEHTTEHOBCKOM MOPOIIKOBOM
nuppaxromerpe D2 Phaser (“Bruker”, ['epmanus) ¢ usnyuennem CuK (A =1.54060 A),
rereparopoM ¢ HampspkerneM 30 kB u cuioii Toka 10 MA U TUHEWHBIM TETEKTOPOM
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LYNXEYE. [lopormikoByto mpoOy ImoMeIiain B KIOBETY U PETHCTPUPOBAIN JU(PPAKTO-
rpaMMy MpH CIEAYIOIIMX YCIOBUAX: pacxoasimasics meib 0.6 MM, epBUYHAast U BTOPUY-
Has menmu Cosutepa 2.5°, auanasoH yrios 20 ot 5 mo 70°, sxcnio3umus 1.0 ¢ B Touke, mmar
ckaraupoBanms 0.03°. O6paboTka KpUBHIX (CIIAXKUBAHKE, TIONCK ITUKOB) M Ka4eCTBCH-
HBIW aHAJIN3 BBITIOJIHSIIA C IOMOIIBIO MporpamMMHoro nakera Diffrac.Eva. [{ns mouncka
MHUHEPaIbHBIX (a3 UCIONb30Bay 0a3y JaHHBIX MOPOIIKOBOH audpakromerpun PDF-2.

KonnyecTBeHHBII aHalM3 BaJOBOIO COCTaBa MPOOBI BBIMOJIHIN C MOMOUIBIO
nporpamMmHoro obdecriedeHus Topas 4.2, KOTOpoe peann3yeT 0e33TaJOHHBIN aHan3 Ha
OCHOBE MeTojla PuTBeIb1a — porie1ypbl MUHUMHU3ALWU OTKIIOHEHHS MEXKTY SKCIIEPH-
MEHTaJIbHOM U TEOPETHUECKU PacCUnTaHHOM Audpakrorpammamu. CymMMy MUHEpaib-
HBIX (pa3 paccuuThIBaIy 110 OTHOIIECHUIO K 100%.

Ornpenenenne KUCIOTHOCTH ITOYB TOCIE 00padOTKH IIEPOKCHIOM BOIOPOIA TPO-
BOJIMJIH JIJISL OIICHKU OKHUCIICHUS CYJIb(UIHBIX MHHEPAJIOB, MPUCYTCTBYIOIIUX B OT-
Bajax u crokax ¢ Hux. CormacHo pabore [37], mpeasapurensubiii npexen pH-H O,
JUISL ONACHBIX KHCIBIX CYJIb(ATHBIX [OYB MOCIE 00pabOTKU MEPOKCHUIOM BOJIOPO-
na coctapiseT 2.5. sk moTeHInoMeTpudecKoro onpeaenenns pH mocime oopabot-
k1 1ouBbl 30%-HBIM MEPOKCHIOM BOJOPOAA HCIOIb30BaM MoHOMep pX-150 MU
(HITO «M3meputrenpHas TexHUKa», Poccus) B coueTaHuu ¢ KOMOMHUPOBAHHBIM CTE-
KIstHEBIM nekTpogoM DCK-10603/7 (HITO «M3mepurensHas TexHuka», Poccus).

Jlms  cTaTMCTHYECKOro aHajM3a HKCIOJB30BAIM IMPOTPaMMHOE OOecredeHHe
STATISTICA 7 (Statsoft, CLIIA), MS Exel (Microsoft, CIIIA) u Past 4.03. Jlns cra-
TUCTUYECKOW OOpa0OTKH IMONyYEHHBIX JaHHBIX HCIOJIB30BAad PErPECCUOHHBIA U
KOPPEJSIITUOHHBIN aHATN3 MPHU JOBEPUTEIHHOW BEpOsSTHOCTH 95%. OOpasibl mo4B
CPaBHHBAJHM AHMCIIEPCHOHHBIM HemapaMeTpudeckuM MertofoMm (kpurepuit Kpacke-
na — Yoiuca). 3HauuMbIe Pa3Indusi MKy CPAaBHUBACMBIMU CPETHUMU 3HAYCHHSIMH
paccuuThIBaIM HA YPOBHE gocToBepHOCTH 95% 1 BhItIe (p < 0.05).

2. Pe3yabTaTsl 1 00CyK/AeHHE

3a TpexneTHuil nepuon uccnenaoBanus nous KYb Hamu ObuM 1MarHOCTHPOBAHBI
KaK aHTPONOTreHHO-CKOHCTPYUPOBAHHBIC, TAK M XUMHYECKH-IPE0Opa3OBaHHBIC MO-
4yBBl. OCHOBHBIM (PaKTOPOM (OPMUPOBAHHUS TEXHOT'CHHBIX MTOYB SIBIISIOTCS MPOLIECCH
THIIEpreHe3a CyabQUIHBIX MUHEPAIOB MIaXT M OTBAJIOB.

Kucneie cynbgarasie moussl Ha Teppuropun KYb obpasoBanuck moj Bo3xaei-
CTBHEM KHCIJIBIX HIAXTHBIX BOJ Ha y4acTKax BIUSHHS BOIOCOpOCa, CTOKOB OTBAJIOB H
camMou3MBOB. YacTo y 3THX MOYB HAOIIOAAETCS HAJIMYNE TEXHOIEHHOTO Cllosi, 00pa-
30BaHHOTO B PE3YJIbTaTe HAHOCOB.

Ha yuactke BomocOpoca maxtel IlIMpokoBckasi HCCIIEIOBaHBI JBE TIOYBBI:
HIT n T. III mouBa xapakTepu3yeTcs HaJMYMEM TEXHOTEHHBIX HAHOCOB MOIIHOCTBIO
okosio 40 cMm. ['OpH30HT, COCTOSIINHI U3 TEXHOTCHHBIX HAHOCOB, OTJIMYACTCS HU3KUM
pH (pH-H,O = 3.0), MakcuMaIbHBIM COZIEPKAHUEM OPraHM4eCKoro yriuepoaa (8.2%),
cynbdaroB (800 mr/kr), momBmKHBIX keneza (620 mr/kr) u cepsl (730 mr/kr) [8],
a Take BaoBoW cepbl (22 r/kr) (puc. 1, 2). Huke TEXHOTEHHOTO CIIOS COXpa-
HEeH NpoQWIb AEPHOBO-TIOA30JUCTON MOYBBI CO CIAOOKUCIONW peakUue Cpeabl
pH-H,O = 4.1-4.4, nuskum coznepxanuem cynbdaros (30-40 MI/KT), NOABUKHOM
cepsl (158 mr/kr) u Banosoit cepsr (0.4-0.6 r/kr) (puc. 1 u 2). [Ipu 3TOM KOIUYECTBO
OOMEHHOIO aIOMHHHUSI B MOTPEOCHHON JepHOBO-NOA30UCTON mouBe B 20-30 pa3
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IMMPEBBIIIACT 3TOT IMOKA3aTCJIb B CJIOC TCXHOICHHBIX HAHOCOB. PactuTeabHOCTD MOJIHO-
CTBIO OTCYTCTBYCT.
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MOJIBUXKHOE; ¢ — conepykanue SO 42*; 2 — conepxanue cepbl BasnoBoi. [loussr: 11 — nepHo-
BO-TI0/130JIMCTas, IOrpeOeHHast 101 TEXHOTeHHBIM citoeM; T — texHozem; CI' — ceporymycoBas
TEXHOTeHHO-TpaHchopmupoBanHas Ha u3nmuBe; CI'X — ceporymycoBas XUMHUYECKH-TIPEOO-
pasoBanHast; CI'T — ceporymycoBasi TEeXHOTCHHO-TPaHC(HOPMHUPOBaHHAs Ha CTOKE C OTBAJIa;
@ — poHOBEIC

JaHHas TeHAEHIMS Tarke HaOmomaercs B mouBax [101MOCKOBHOTO OypoOyrolib-
Horo Oacceiina [38], mOYBBI KOTOPOTO XapaKTePU3YIOTCS KUCIIOH peakineil, BRICOKUM
cojiepkaHreM OOMEHHOTO aTIOMUHUS 1 IoBKHOTO *keie3a(lll) n nanuuuem TexHo-
TeHHBIX HAHOCOB, COCTABIISIONINX TEXHOTEHHBIH FTOPU30HT Pa3HOTO COCTABA.

T oOpa3oBaH Ha y4acTke BOAOCOpoca Iociie MPOBEACHUS PEKYIBTHBAUMOHHBIX
Meponpuatuii B Havane 2000-x rr. PexynbTuBaiusi mpoBejieHa C HCIIOJIb30BaHU-
€M OTXOJIOB CO/IOBOTO MPOM3BOJICTBA M akTUBHOTO wmia [8]. T mmeer kucmyro cpeny
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(pH-H,O = 3.3-5.3), Xapakrepu3yeTcs BRICOKUM COIEPKAHUEM OPraHM4ECKOro yIile-
poxa B cpetuHHOM yacTu npoduiis (0koo 65%), KOIMYECTBO BAJIOBOI CEpbl CHUXKACT-
csi ¢ 15 r/kr Ha noBepxHocTu 10 10 r/kr Ha Tiry6une 50 cM, HanOonblIee KOMUIECTBO
cynbdaros (7.4 cMoJb/Kr) 0OHApYKEHO B BEPXHEM CIIO€, COACp)KaHUE IOABHMKHOM
Cephl U Kelie3a YMEHbIIACTCs ¢ IIyOMHOW. B cBs3M ¢ yMeHbIIEHHEM KUCIOTHOCTH U
YBEJIMUCHUEM KOJIMYECTBA OPraHUYECKOro yriiepoja B BEpXHHX ciiosix T Ha jAaHHOH
[0YBE MPOU3OILIO PAa3BUTUE PACTUTEIBHOCTH, KOTOpasl HPEACTaBICHa B OCHOBHOM
pacTeHHsIMU ceMeHCcTBa 0COKOBBIX Carex sp. v 31akaMu Poaceae sp., a U3 JpeBECHBIX
pacTeHuii Ha yyacTke OOHapy:keHa ToJIbKo Oepesa Betula spp.
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Puc. 2. Kucnornocts nous: a — pH-H,O; 6 — ruaponnTudeckas KUCIOTHOCTD; 6 — CONEPIKaHUE
opranuyeckoro Bemectsa; 2 — pH-H,O,; 0 — 0OMeHHas KMCIOTHOCTD; e — COfIepyKaHue allFoMu-
Hust oOMeHHoro. O003HaYEeHUS [TOYB AaHAJIOIMYHBI IIPEJICTaBICHHBIM Ha puc. |

CI' mouBa IMarHOCTHUpOBaHA HA YYacTKE CAMOM3JIMBA KHCIBIX IIaXTHBIX BOJ.
B pesynbrare mocTyIuieHusT KHCIBIX BOJ CO B3BECSIMH U3 MIypda U MPOLecCOB OKUC-
JICHHSI Ha MMOBEPXHOCTH (POHOBOW CEPOryMyCOBOH IMOUYBBI 00PA30BAJICS CIOH TEXHO-
TCHHBIX HAaHOCOB, IPEJCTABICHHBI B OCHOBHOM THPOKCHJIAMU >Kene3a. V3muiHss
OOBOZHEHHOCTh TaKXKe MpUBENa K OmieeHHI0 moyBbl. CopepikaHHe OpraHHYecKo-
ro yrjiepoia yBEIWYMBACTCS ¢ DIyOMHOW, HauOoJplIMe 3Ha4eHHs HaOMIOIaloTCsl Ha
mryoune 3040 cm (4.5%). 1o cpaBHeHHIO ¢ ()OHOBBIMHY TIOKA3aTeIISIMU JITAHHAS T10YBA
bonee kucnas (pH-H,O = 2.3-4.6), coneprkanue noasrkHoro Fe(Il) B amkHem cnoe co-
craBsieT 4.5 I/KT, a B BEpXHEM CII0€ OHO 04eHb BhicoKkoe (13 r/kr). Takas yxe TeHIeHITHSI
HaOomaeTcs st cyiib(aToB (6.5 cMONB/KT), TOABMKHOM cepbl (2080 MI/KT) 1 BaToBOM
cepsl (13 r/xr) (puc. 1), ¢ yBenmueHeM ITyOWHBI 3HAYCHUS JaHHBIX MTOKa3aTeei CHU-
KaroTcs. PacTuTenbHOCTE peicTaBIeHa eqMHNYHBIMA BUIaMu Betula spp.
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Y MOAHOXUS MOPOJHBIX OTBAJIOB TaKXKe OOHApYKEHBI KUCIIbIC TOYBBI. Takue
MOYBHI MCHBITHIBAIOT MEHBIIIEE BO3/IEHCTBUE arpeCcCUBHBIX BOJ, YTO CBSI3aHO C IIe-
PHUOIUYHOCTHIO OCAJIKOB M BO3PACTAHHWEM KOJMYECTBAa PEKYJIbTHBHUPOBAHHBIX OTBA-
noB. Ha TeppuTopusx cToka ¢ oTBajia 00pa3yloTcs XUMHUYECKH-TIpeoOpa3oBaHHBIC
MOYBBI U TEXHOT€HHO-TPAHC(POPMUPOBAHHEIE, T. €. IIOMUMO H3MEHEHHUS XUMHUYe-
CKHX CBOMCTB MOYB MPOUCXOIAT UX Mopdonoruueckue Tpanchopmanuu. Xumude-
CKH-TIpe00pa30BaHHBIE MOYBBI 00PaA3yIOTCs MPH OTCYTCTBUHM HaHOcoB. CI'X mouBa
(cTok ¢ orBana mwaxtel ['openosckas) spnsercs cunbHokucnon (pH-H,O = 2.8-3.1)
(puc. 2), xapakTepu3yeTcsl BRBICOKHM COJIepKaHUeM Cylb()aToB, MOABUKHON U BaIO-
Boii cepsl (puc. 1). [Ipu 3TOM MakcuMaIbHbIC 3HAYCHUS CBOWCTBEHHBI JIJIS BEPXHETO
ciost (12.7 cmonb/kr, 1480—1800 mr/kr u 4.1 v/kr ans cyab(paroB, NOABHKHOW U
BaJIOBOW CEphl COOTBETCTBEHHO). [loABMKHOE JK€JIe30 MPEICTaBIeHO B OCHOBHOM
Fe(IIl), konm4ecTBO KOTOPOTO CHUXKAETCS C POCTOM IityOouHbl OT 2794 mr/kr. Konu-
YeCTBO OOMEHHOTO aJIIOMUHUSI COOTBETCTBYET ypoBHIO (hoHa (50—-70 mmons/100 r)
Y TIPEBBIIIAET €T0 COAEPKAHUE B OCTAIBHBIX MOYBAX, 0OPAa30BaHHBIX IPHU BO3ACH-
CTBHHU KHCIIBIX MIAXTHBIX BOJ. | paHyIOMETpHUYEeCKN aHATH3 TIOYBHI TOKA3aJT yBEIH-
yeHue gonau yactul pasmepoM 0.05-0.01 MM U CHUXKEHUE JOJU YACTHULl Pa3MEpOM
0.01- < 0.002 MM oTHOCHUTENBHO (HOHOBOI MOYBBI. PacTUTENBHOCTH MpeacTaBieHa
eAMHUYHBIMU Buaamu Betula spp.

CI'T mouBa, quarHoCTHPOBAHHAS HA CTOKE C IMaXTHl YChBa, XapaKTEPU3YETCs
M3MEHEHUEM XHUMHYECKUX CBOWCTB M MOP(OIOTHUECKON CTPYKTYPHI B pe3yibTare
MOCTYIIEHUsI Ha 3TOT y4aCcTOK NIMHUCTHIX HAHOCOB ¢ oTBajia. OTBaJl paciosioKeH Ha
BO3BBIIIEHHOCTH, BBICOTA HAJl YPOBHEM Mops cocTasiseT 275 M. Hanocsl o6paso-
BaJIMCh B PE3yJbTaTe CMBIBA BEIIECTBA OTBANA U TIIMHBI, KOTOPOH OBLIT SKpaHUPOBAH
OTBaJI P PEKyAbTHBAIUU. [[0CIIe peKyIbTUBALINY OTBAJI COXPAHUII KPYThIE CKIIOHBI,
MO3TOMY IJIMHA CTEKAET BO BpEMSsl CHIIbHBIX IOKJeH 1 CHErOTassHUS K TOAHOXKHIO OT-
BaJla M Jjajiee BHU3 110 CKJIOHY. B pe3ynbpraTe HaHOCOB Ha MOBEPXHOCTH MOYBHI 00pa-
30BaJICs CJIOM MOLTHOCTBIO 34 cM, KOTOPBIH npeacTanieH cioeM 0—6 cM, COCTOAIINM
13 YepeyIOIINXCS CIIOEB INIMHBI U MTOJICTUIIKH U3 IUCThEB Oepe3sl, U clioeM 6—34 cM,
MPEICTABISIIOIIUM CO00M M3MENBPICHHBIH MaTepHall OTBajla ¢ BKIIOUYCHUSMU YIJIS.
CI'T noysa xapakrepusyercs kucioii peakuued (pH-H,O = 4.1 B Bepxuem cioe
1 YMEHBIIAeTCS ¢ pocToM mIyOuHBI 10 3.2). ComepxkaHue cynb(har-noHOB M IO~
BIDKHOHM CEepbhl YBEJIIMUUBACTCS C TIIyOWHOH, MPU 3TOM MaKCUMaJbHOE COACpPIKaHUE
BaJIOBOM cepbl oTMedeHo Ha riyouHe 21—4 cm u coctaBuiio 11.7 r/kr. Conepxanue
OPTaHUYECKOTO yIIEPoaa MAaKCUMAIIBHO B cosiX 6—24 n 24-31 cm u paBHO 19.7% un
21.9% cooTBETCTBEHHO, C TITYOMHBI 41 cM cofiep kaHie OPraHUIEeCKOTO YIIepoia co-
craiset okoio 2%. Cyzs 1mo Bcemy, BRICOKOE COJIEpIKaHHe OPTaHUYECKOTO YIiiepo-
J1a B BEPXHUX CJIOSAX CBSA3aHO C HATMYUEM BKIIOUEHUH yriis. [uapoauTHIecKast Kuc-
JIOTHOCTh HE3HAYUTEJIbHO YMEHbIIaeTcs 1mo npoduito ¢ 24.5 g0 14.2 mmois/100 .
OOMeHHasT KHCIOTHOCTh M COACp)KaHHUE OOMEHHOTO AQITIOMHHHS 110 IMPOdIITIO
M3MEHSIOTCS HE3HAYUTEIbHO. PACTUTEILHOCTD TaKXKe MPEICTABICHA IMHIYHBIMU
Bunamu Betula spp.

Takum oOpa3om, HCCIIeOBaHHBIE MOYBBI TeppuTopuu KYb xapakrepusyrorcs
KHCIION peaknuen (puc. 2 a, 0, 2, 0), IpHUEeM TEXHOTEHHBIC HAHOCHI MMEIOT Oojice
nuskue 3nauenus pH-H O, yem norpeGennas non Humu nousa. Ananus Kpackena —
Yonnuca nokasas, 4TO T'MJIPOJUTHYECKass KUCIOTHOCTh T JOCTOBEPHO HMIXKE, YeM



JMATHOCTHKA KHCJIbIX CYJIbOATHBIX ITOYB... 331

st JAI1 mouBBl M ceporyMycoOBBIX IOYB, 00pa30BaHHBIX HAa YYacTKE BIMSHHS CTOKA
c otBana (puc. 2, 6). Ceporymycossie noussl (CI, CI'X, CI'T) umeror 6onee Kuciyio
peaxknuio, yeM T. HauOonbinas BenuunHa OOMEHHON KHCIOTHOCTH XapakTepHa Uis
CI'X nousl (puc. 2, d). Ananu3 pH nous nocie o0paboTKu NEPOKCHUAOM BOAOPOIA
OKas3aJl, YTO BO BCEX MCCIIEIOBAHHBIX MOYBAX IPUCYTCTBYIOT ropu3onThl ¢ pH-H, O,
MeHee 2.5 (puc. 2, 2), 4To SABIAETCS MPU3HAKOM HAJIMYHS CYJIb(UI0B.

Crnenyer OTMETHUTb, YTO 3HAYCHMs COOTBETCTBYIOLIMX IOKa3aresieil B (¢o-
HOBBIX MO4YBaX OBLIM B HECKOJBKO JICCSATKOB-COTEH pa3 MEHBLIEC [0 CPaBHEHUIO
C TEXHOTCHHBIMH ITOYBaMH.

Munumansnbie 3nauenus pH-H,O, B T xapakrepnbl ais miyounsl 20-50 cm
(puc. 3), B AIl mouBe — 11 cy0si TEXHOTCHHBIX HaHOCOB. CeporymycoBble TpaHc-
(hopMHUpOBaHHBIE M XMMUYECKU-TIPEOOPa30BaHHbIC TOYBBI UMEIOT HU3KUE MOKA3aTeIH
pH-H,O, mo Bcemy npodpumo (puc. 3).
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Puc. 3. Pacupenenenune pH-H O, 1o npousisim TeXHOT€HHBIX O4B

CrietyeT OTMETHTB, 4TO B IIpoOe POHOBOIT CeporyMycoBoii rpy0orymMmycrupoBaH-
HOM TIOYBBI, BEPXHHH CIIOW KOTOPOW NPEACTABICH FOPU30HTOM CO CIIab0Opa3IokKUB-
mmMcs opranudeckum serectsom, pH-H O, cocrasun 1.9. Takoe 3HaueHue cBsA3aHO
C TE€M, YTO OPTaHUYECKOE BELIECTBO MPOOBI CHIIBHO OKUCIHIOCH IPU B3aHMOACHCTBUH
C TIEPOKCHJIOM BOAOPO/A, YTO TaKKEe OTMEueHO B padboTte [26]. OgHako nmogodHbie 00-
pasipbl, KpOME ONUCAHHOTrO Bhiie, orcyTcTBoBaIu. pH-H O, B hoHOBBIX npobax Ba-
peupyetcs B quanaszone 3.2-4.05.
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st T u CI'T noYBBI TUMIMYHO HAJIMYUE MATEH JKEATON OKPACKHU B CIIOE, XapaKTe-
PU3YIOIIEMCS MUHMMAJIbHBIM 3Ha4YenreM pH-H, O, u MakcuMalbHbIM CO/IepKaHHuEM
opranuyeckoro BemiectBa. Cyjsi 10 BCEMY, 3TH ISATHA yYKa3bIBAIOT HA HAJIUYHE BTO-
PUYHOTO SPO3UTA, KOTOPBIM BBINAAAET U3 CYIb(paTHBIX BOJ 3a CUET KOHTAKTa C KHC-
JIOPOJIOM BO31yxa. Tak, 00pa3oBaHUE SPO3UTA B KHUCIBIX CY/JIb(aTHBIX MMOYBAX MPH
BBIBETPUBAHUH CYJIb(UIOB ONMUCAHO B TEXHOTEHHBIX MOYBAX B 3a0POIICHHBIX yrOjb-
HbIX maxTtax B [lombmre [39]. [Ipu a3ToM Hamugme sipo3uTa CIIOCOOCTBYET COXPAHCHHIO
CHUJIBHOM KUCJIOTHOCTH 1104B [20].

Hawnbomnpmiee cogeprkanre MOJBMIKHON CEPhI, KaK U CyIb(paToB, XapaKTePHO IS
CI'X mouBslI (puc. 1, a u g). J1ist OOBIIKHOTO KeJe3a JaHHas TeHICHITUS HabIromaer-
cs st CI' mouBs! (puc. 1, 6), B KOTOPO# BBICOKOE COZIepIKaHUE MOBMKHOTO Kele3a
00yCJIOBJICHO TIOCTOSIHHBIM TIOCTYTNIEHUEM KHCIIBIX CyIb(aTHBIX BOJ HA IIOBEPXHOCTh
MOYBBI U MOCJIEIYOIUM 00pa30oBaHueM IiieeBoi o0cTaHOBKH Ha riryOuHe. Conepxa-
HUE BaJOBOI Cephl B TEXHOT'CHHBIX IMOYBaX 3HAUYUTEIILHO MPEBHIIaeT (POHOBHIN ypo-
BEHb (pUC. 3, &), IPH ATOM 3HAYUMBIX OTIUYUIN IO COJCPIKAHHUIO BAJIOBOW CEPHI B TE€X-
HOTCHHBIX [T0YBaX HE BBISBICHO.

Craructuueckas o0pabotka (koppensiius [lupcona) mokaszana, 4TO MEXIY
KHCIIOTHOCTBIO M COJIEPI)KaHUEM TMOJIBHIKHOU CEephI U CYIb(PaATOB CYIIECTBYET CUITb-
Hasl OTpHIlaTesibHas Koppensius (Tads. 1), a KOppessiius ¢ BaJOBOW Cepoil He-
CKOJBbKO MeHbIe (Tabn. 1). OOMeHHas W THAPOIUTHYECCKAST KUCIOTHOCTh TaKkKe
KOPPENUPYIOT C COAep)KaHUEM TOJBIDKHOW Cephl M CYIh(HaToB, T. €. KOJIUIECTBO
cepsl U Ccylb($aToB B MOYBAX OOOCHOBBIBAIOT €€ KHCIOTHOCTH. OOHapyKeHa Io-
JIO)KUTENbHAS KOPPEJAUS MEXIY COIEpKAaHUSIMHU TOJBIIKHBIX JKelle3a U CepHl,
pu >ToM HauOonpinnii Bkiax okaszeiBaet Fe(Ill) (tabn. 1). Mexay conepkaHuem
BaJIOBOM CEpHI U MOJABUIKHOTO JKeJie3a TAK)Ke YCTAHOBIICHA MOJIOKUTEIbHAS KOppe-
nsnusi. CoeprkaHue OPTaHMIECKOTO YIIIepo/ia MOJIOKUTEIHLHO KOPPEIHPYET JIUIIb
C ypoBHeM cynb(}aToB U BajoBoi cephl. [Ipu aToM HabnMIOOAETCS €r0 OTpPHULATEIb-
Hasi koppensinus ¢ pH nocie 0o6paboTku MOYBBI TEPOKCUAOM Bogopoaa (tadiu. 1).
Koppensuus conepxaHus opraHUYecKoro yriepoja ¢ COeIHMHEHUSIMU Cepbl 00b-
SICHSIETCSI TEM, YTO KOJIMYECTBO YIJIEpoJia CBI3aHO C YIJISIMHU, KOTOpble 00O0TaleHbl
CEPHUCTBIMU COCIUHCHUSIMU.

Jis mpoBepku nocToBepHOCTH npuMenenns mertoaa pH-H, O, s nuarnoctu-
KU KHCJIBIX CyIb(aTHBIX MOYB MpoBeaeH peHTreHoda3oBeiid ananmu3 T n JI1 mous
(puc. 4). YcranosieHo, uto obe mouBsl conepxkar rétut (FeO(OH)), uto o0ycios-
JIEHO TEXHOTEHHBIMU HaHOCaMU, C(hOPMHUPOBAaHHBIME 3a cueT ocaxaeHus Fe(Ill) uz
KHCIIBIX BOJI, U HETIOCPEJICTBEHHBIM OKHCIIEHUEM CYIbPUI0B xkeesa. [Ipu atom ero
nonsi B TexHoreHHoM ropusonte Il moussl cocrasnsier 6onee 90%. B T obnapy-
skeH sapo3ut. Cyust o Bcemy, K ero 00pa30BaHUIO MPUYACTHBI KUCIBIE CYIIb(paTHbIC
BOJIBI U JI00ABJICHUE aKTUBHOTO WJIa NMPHU peKylbTuBanuu. Kak U3BECTHO, SPO3UT
oOpa3zyercs B KUCIBIX Cylb(aTHBIX [TOYBaX MPH BHICOKOM COACPKAHHUH CyNb(aTos
Y OpraHWYeCcKOro BellecTBa. DTOT MUHEpas UTpaeT KJII0YEBYI0 POJb B COXPAaHEHUHU
XUMHYECKH arpeCCUBHBIX YCIOBHH B Cylb(aTHO-KUCIBIX mouBax [24]. ['érut, kak
U SPO3UT, CIIOCOOCH 00Pa30BBIBATHCS 3a CUCT OKMCIICHHS CYJIb(MHUIHBIX MUHEPAJIOB,
€clli OHU MPHUCYTCTBYIOT B 0TX0/ax. CX0omHBIN mpoiecc oOHapyKeH Ha XBOCTOXpa-
aunumax Jlanmeaero BocToka [40].
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Puc. 4. Pesynbrarel peHTTeH0(]a30BOTO aHAM3a TEXHO3EeMa (@) U IEPHOBO-TION30JIUCTOH IT0-
rpeOCHHOM IO TEXHOTEHHBIM citoeM ouBHI (6). KT — xanueBsIii OIeBOi mImmaT

3akiIroueHue

Uccnenosanus tepputopun KYb nokasanu, 4to Ha y4acTKax BIMSIHUSL CTOKOB C
MTOPOJHBIX OTBAJIOB, CAMOM3JIMBOB U BOAOCOpOCA MIAXTHBIX BOJ 00pa3ylOTCsl KHCIbIE
cynbdarasie mouBbl. OOpa3oBaHNE TEXHOTEHHBIX CYIb(ATHBIX TOYB TPONUCXOINT B pe-
3yIbTaTe BO3IEHCTBUS Ha MPUPOIHBIC TTOYBBI KUCIBIX IIAXTHBIX BOM, IIPH ATOM OTMe-
YaIOTCs KOPEHHBIE U3MEHEHHsI (PU3UUECKUX H XUMHYECKUX CBOMCTB HCXOIHBIX TTOYB.

IIpu BO3MEHCTBUM KHCIBIX IIAXTHBIX BOJ HA IOYBHI MPOUMCXOIUT YBEIHMUEHHUE
ux kucaornoctu (pH-H,O — 2.3-3.0), comeprxanus BanoBoi Cepwl, CyIb(paTos, mo-
BIDKHBIX CEpPHI U JKeJe3a B JIECATKH M COTHU pa3 OTHOCHUTENIBHO (DOHOBBIX 3HAYCHHIA.
Jns TeXHOTEHHBIX TMOYB XapakTepHO HM3MEHEHHE TPaHYIOMETPHUYECKOTO COCTaBa,
MmoTepsl Wijla, BO3pacTaHWe COAEpIKaHWs KPYMHBIX ¢pakmmii. [louBsl mperepreBatoT
MOp(hOIIOTHYECKHE N3MEHEHHSI B CBSI3W C BO3SHUKHOBEHHEM TEXHOTEHHBIX CIOEB MIIN
M3MEHEHHEM BOJTHOTO PEeKUMA.

O¢ddexTuBHBEIM cIOCOOOM AMATHOCTUKA KUCIBIX CYIb(aTHBIX TIOYB HA TEPPHUTO-
pUSIX, CBSI3aHHBIX C TOPHOAOOBIBAIONICH NEATEIBHOCTHIO, SABIsETCS onpeneneHue pH
rmocie o0pabOTKH TOYB MTEPOKCHIOM Bomopona. JlaHHBI MeTOM SBISETCS HanOosee
JIOCTYITHBIM B OBICTPBIM CITOCOOOM HIEHTHU(UKAIIMH KACIBIX CYIb()aTHBIX TOYB B MO-
JKET UCIIOIIB30BAThCS JIIIS TIeJIeii SKOJIOTHIEeCKOTO MOHUTOPUHTA TEPPUTOPHUH, TTOIBEP-
JKEHHBIX BIIFSTHHIO TOPHOIOOBIBAIOIIEH TIPOMBIIIIIEHHOCTH.

Bbaaromapuoctu. Pabora BeImonHeHa Tipu (PUHAHCOBOH mommepskke MUHOOpHA-
yku P® (mpoext FSNF-2020-0021), a taxxe [lepmckoro HaydHO-00pa3oBaTelbHOTO
LEHTpa MUPOBOTO YpoBHs «PannonansHoe Heapomonb3oBanue», 2023 1.

KoHpaukT nHTEpECOB. ABTOPHI 3asBISIIOT 00 OTCYTCTBUH KOH(INKTA HHTEPECOB.
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Abstract

Technogenic soils result from the oxidation and hydrolysis of minerals in rocks extracted from mining
areas and brought to the surface. Diagnostics of such soils involve a set of detailed tests, which can be both
time-consuming and costly. In this study, the pH of sulfate soils in the Kizel Coal Basin (Perm krai, Russia)
was determined using hydrogen peroxide. Particularly, the soils affected by runoff from rock dumps, outflow,
and mine water discharge were examined. The findings showed pH-H,O, below 2.5 in certain horizons,
indicating the presence of sulfides. Additionally, the soils exhibited significantly higher levels of mobile
sulfur and iron, total sulfur, and sulfates, ranging from tens to hundreds of times above the background
content. XRD analysis revealed that the soils contained goethite and jarosite, thereby confirming the efficacy
of pH determination with hydrogen peroxide for the prompt diagnostics of acid sulfate soils.

Keywords: Kizel Coal Basin, coal, acid sulfate soils, acidity, goethite, jarosite
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Figure Captions

Fig. 1. Chemical parameters of soils: @ — mobile sulfur content; b — total mobile iron content; ¢ — SO,*
content; d — gross sulfur content. Soils: SP — sod-podzolic soil buried under the technogenic soil
layer; T — technosol; GH — gray-humus ortsteinic gleyic clayey technosol; GHCh — gray-humus
chemically transformed soil; GHT — grey-humus technogenically transformed soil on the runoff
from the rock dump; B — background soils.

Fig. 2. Soil acidity: @ — pH-H,O; b — hydrolytic acidity; ¢ — organic matter content; d — pH-H,0,; e — ex-
changeable acidity; f— exchangeable aluminum content. See Fig. 1 for soil type designations.

Fig. 3. pH-H,0, distribution across the technogenic soil profiles.

Fig. 4. Results of the XRD analysis of technosol (a) and sod-podzolic soil buried under the technogenic
soil layer (). PFS — potassium feldspar.
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AHHOTAIUS

B pabote BriepBbIe MpoBeeHA TUMH3ANMS 110 (DYHKIIMOHATHHOMY KPUTEPHIO 3alIUTHBIX
CTPYKTYp MIIIAaHOK W3 YeThIpeX oTpsuoB — Trepostomata, Cryptostomata, Fenestrata u Chei-
lostomata. IlpemmoxenHnas kinaccuuKanys BKJIIOYAET IIATh TPYII, OTBEYAIONINX 3a: 1) cHU-
JKEHHUE JIaBJICHUS BOJIBI; 2) YBEJIIMUCHHE ITUTAIOMIEH TUIOIIA I 32 CUET BO3PACTaHUS PACCTOSHUS
MEXJy anepTypamMH aBTO300HJOB, IOBBIIIEHHE YCTOMYMBOCTH U LEIOCTHOCTH KOJIOHHH, €€
yKperieHne; 3) pu3ndecKyro 3aluTy MOINNHIa, TPUKPEIUICHHE MYCKYIaTypbl; 4) OTITyrHBa-
HUE XUITHAKOB; 5) (PU3MUECKYIO 3aIIUTY OT XUITHUKOB, OYUCTKY OT OCAJKA, THINHOK 1 MEJIKHX
0ecr03BOHOYHBIX. AHAIN3 3BOJIIOIINU I'€TEPO300UI0B, CTHIICH 1 aBUKYJISIPHIA TTOKa3aJ HOsBIIC-
HHE JUINTEIBHO CYIIECTBYIOMINX ITOIUMOP( B paHHEM OPJOBHUKE, ITO3JHEM JICBOHE U paHHEM
meny. Cpenu abHOTHYIECKHX M OMOTHYECKUX (paKTOpoB HanOoliee BIMSIONIMMHU HA IBOJIONH-
OHHBIC U3MEHEHHUSI MIIAHOK ObLTH KojieOaHMsl ypoBHS MHpPOBOTO OKkeaHa, KJIMMaTa, o0bema
(PUTOTUTAHKTOHA M COCTABA XHUIITHUKOB. J{JIs 3aIIUTHI OT XUIIIHUKOB y MIITAHOK (hOPMUPOBAIHNCH
OTIYTHBAIONINE CTHIN M (U3HMUYECKH TPEMATCTBYIOMINE MOENAHHIO TeTEPO300UABI PA3HBIX
Moan¢ukanuii. Bo3HNKHOBEHNE aBUKYJISIPHHA U TMOJOOHBIX MM T€TE€PO300HI0B IPOUCXOIIIIO
HEOIHOKPATHO: B PaHHEM OPJIOBUKE W PaHHEM JIeBOHE y (heHecTpar, B cepenuHe kapOoHa y
KPHUNTOCTOMAT, B HaYaJle MeJla y XeHI0CTOMAT.

KiiroueBble ¢JIOBa: MITAHKH, TETEPO300CIINH, aBUKYIIIPHH, OPJOBUK, ICBOH, IEPMb, MEI,
9BOJTIOLINSI, CTHIIN 3aI[UTHL.

BBenenune

Mmaakn (Bryozoa) — KoJlOHWaTbHBIE OPTaHU3MBI-(QHIBTPATOPHI, HanbO-
yee pazHooOpa3HO TMpeACTaBIeHHBIE B OEHTOCHBIX dKocHucTemax. KomoHun 3Tux
0eCIT03BOHOYHBIX TOCTPOEHBI MATAIONINMHU 0COOSMH — aBTO300MJaMU M HE THTa-
OIUMHA — TeTepo3oouaamMu. JIro6ass 0coOb KOJIOHHM COCTOUT W3 Tonumnuaa (Imoi-
HOTO WJIM PEeAyLHHUPOBAHHOTO), 00pa30BAHHOTO MATKUMHU TKaHSMH, HE COXPAHSIO-
IIUMHUCS B UCKOTIAEMOM COCTOSIHHH, U ITUCTHUIOM, KOTOPBIH mmocie $oCcCuiin3anun
Ha3pIBaeTCcs 300emueM. Tun Bryozoa Ehrenberg, 1831 BkirodaeT Kiracc mpecHO-
BOAHBIX MIaHOK — Phylactolaemata Allman, 1856 6e3 MuHEpadbHOTO CKeleTa U
IIBa Kj1acca MOpckux — Stenolaemata Borg, 1926 m Gymnolaemata Allman, 1856 ¢
00BI3BECTBICHHBIMHU CTEHKaMU 3001M10B. K cTeHoeMaTaM OTHOCSTCA peruMyIiie-
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CTBEHHO I1aJICO30MCKO-ME3030lCKHE OTPsAbl, BEIMEPIIUE B CEPEAMHE JACBOHCKO-
ro nepuoaa (Esthonioporata Astrova, 1978), konue nepmckoro (Fenestrata Elias
and Condra, 1957) unu na nporsxenun tpuacosoro (Cryptostomata Vine, 1884,
Cystoporata Astrova, 1964, Trepostomata Ulrich, 1882) [1]. [lo nacTosuero Bpe-
MEHH U3 CTEHOJIeMaT J0XKUJ equHcTBeHHBIH oTpsia Cyclostomata Buck, 1852, 3a-
poauBLIMiics B oproBuke. PazHooOpaszue COBpPEMEHHBIX 'MMHOJEMAT OrpaHuye-
HO MmaHkamu u3 orpsga Ctenostomata Buck, 1852, uzBectHoro ¢ oploBuka, u
Cheilostomata Buck, 1852, po3nukuiero B meiaoBom nepuoje [2]. Kaxuasiii oTpsn
OTJIMYAETCS ONPEACIICHHBIM HAa0OpOM I'eTepO300UI0B C Pa3JINYHBIM CTPOCHUEM H
npeaHasHaueHuem (puc. 1).

Otpsn Trepostomata Otpsx Cryptostomata
a2,

J

)
W

DKennazooenunii %\\ | %/:JJJ Me3o3zooermi
\ govs

l'lté;man I/ %gﬁ— ABTO300M 13
nadparma [ [ 7 4
p c:\ f/ Iemudparma

TexkTu3ooeinii

F&‘} - AKaHTOCTHIIB Qceroii z00emmii
Aneptypa
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Puc. 1. IlpuHnunuanbHble CXEMbl CTPOCHHS KOJOHHUI HMCKOMAaEeMBIX MIIAHOK M3 Pa3HbIX
OTpsLI0B

MILIaHKH XapaKTEepU3yIOTCs A0JIT0H ABOJIIOLMOHHON UCTOPUEH Pa3BUTHS IIOUTH B
500 muH net [1, 3, 4]. Ux Ouonoruyeckuid ycnex oObsCHSIETCS KOJIOHUAIBHOM opra-
HU3alMEH, paciipeaenacHieM (yHKUNN MeX Iy CTPYKTYpPHBIMH €IMHULIAMH KOJIOHUH U
Pa3TMYHBIMA THITAMH JIMYUHOK [5, 6]. PazBuTie pa3sHOOOpa3HBIX 3alIUTHBIX CTPYKTYP
(reTepo300110B, CTHIICH, ABUKYJIIPUEB) CTAJI0 OAHUM U3 IPUOPUTETHBIX HAIIPABICHUH
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SBOJIOLMH THIIA MIIAHKK Ha NPOTSLKEHUK Beero (paneposos. B cratbe paccmarpusa-
IOTCSl HBOJIIOLMOHHBIE U3MEHEHUS B YHCIECHHO JOMUHHUPYIOIIUX MaI€030HCKO-ME30-
30iickux orpsiaax Trepostomata, Cryptostomata (kiacc Stenolaemata), mangeo3oiickom
Fenestrata u me3o-kaitHo3oiickom Cheilostomata (kiacc Gymnolaemata) Ha crieny-
IOLMX BPEMEHHBIX OTpe3KaxX: OpJOBUK, MO3/IHUI JI€BOH — paHHUI KapOOH, epMb U
Mell. BeiOop JaHHBIX HHTEPBAJIOB OIPEAEIICH IPUYPOUYCHHOCTHIO K HUM KPYITHEHIITHX
MacCCOBBIX BEIMUPAHHHA Cper OMOTHI 3eMJITH U IPUHIUIHAIBHBIX IEPECTPOEK Y TPEa-
craButeneit Timna Mmanku (puc. 2).

Konuuecrso
ponos

200 - BCe OTpsA/iBl Kacca Stenolaemata

otpsy Cheilostomata knacca Gymnolaemata

orpsan Cyclostoata knacca Stenolaemata

150 4

100

504

* *
Opnosuk__| Cuayp | Jleron | Kapbon | IepMb
T

I
T T T T
450 350 250 150 50 mnn. et
(BHe MacuiTaba)

*
Tpuac | 10pa | Men [Maneoren]

Puc. 2. PogoBoe 0orarcTBO MCKOMMaeMBIX MIITAHOK M COOBITHS KPYITHEHITNX MAaCCOBBIX BBIMH-
paHwmii (3Be3/161) Ha MPOTSHKEHUH OPJIOBHKA-TIaNeoreHa. Anantuposano u3 [1, 7, 8, 9]

Lenpb HacTosIeH paboOThl — THIM3ALUS 3AIIUTHBIX CTPYKTYP MIIAHOK U3 TOCTIO/I-
CTBYIOIIUX TMAJICO30MCKUX M ME30-KaHHO30HCKUX OTPsAZ0B MO (DYHKIIMOHAIBHOMY
Kputeputo. OCHOBOM MOCITYKHJIM aBTOPCKHE KOJUIEKIMK U3 6onee yeM 50 mecToHa-
XOXKJIEHUW pa3HOro Bo3pacTa ¢ Tepputopuu EBpasuu, Mmy3eiiHble MaTepualbl U JINTe-
paTypHbI€ JaHHbIE.

@parMeHThl KOJOHHMM HCKOMAEMbIX MIIAHOK H3y4alld MNPEUMYLIECTBEHHO IIO
OPHEHTHPOBAHHBIM IITU(aM METOIIOM CBETOBOW MHKPOCKOITUH TIPU PA3IHYHBIX yBeE-
muaeHusX. OTHeIbHbIE KOJOHUH JTH00 (pparMeHThl KOJOHUH OMUCHIBAIH IO PE3Yib-
TaTaM CKaHUPYIOLIEH AIEKTPOHHOW MUKPOCKONHUU M PEHTTEHOBCKOW KOMIIBIOTEPHOU
MHUKpoTOMOrpaduu. DTH HccieqoBaHus BbINONHEHB B PecypcHom nentpe CaHKT-
[etepOyprckoro rocynapcTBEHHOTO yHUBEpcHuTeTa «PeHTreHoandpakinoHHbIe METO-
IIbl MiccienioBanus» 1 HayuHo-oOpa3oBarenbHOM eHTpe «lnarHocTuka CTpyKTyphl U
CBOICTB HaHOMaTepHayioB» KybaHCKOro rocy/1apcTBEHHOTO YHUBEPCHUTETA.

1. OpaoBux

HOCTOBepHLIe HaXOIKU IMEPBLIX MITAHOK M3BECTHBI N3 HUKHCOPAOBHUKCKUX OTIIO-
xxeruit FOxxaoro Kurast [4, 10—12] u bantockanauu [ 13, 14]. Haubonee MHOTOYHCIICH-
HBI U Pa3HOOOpa3HbI B OPAOBUKCKHX aCCOIMAIUAX TPEMOCTOMATHI U KPUITTOCTOMATHI.
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B MaccHuBHBIX, BETBUCTHIX, HHKPYCTHPYIOLUIMX KOJOHMSAX TPEIOCTOMATHBIX MIIAHOK
noauMop¢u3M ObLT BBIpasKeH Me30300Hu1aMu (Haripumep, poast Diplotrypa Nicholson,
1879, Dittopora Dybowski, 1877) unu sxcnisizoongamu (poabl Anaphragma Ulrich
and Bassler, 1904, Cyphotrypa Ulrich and Bassler, 1904, Monotrypa Nicholson,
1879). D1u TpyOUaThie CTPYKTYPbI TOJUTOHATBHOTO CCYCHUSI PACTIONAraiCh MEKITY
ABTO300UJ[AMH B OJIUH MJIM HECKOJIbKO PsijioB (puc. 1, a, u puc. 3, a, 0).

Puc. 3. CTpyKTypbl B KOJIOHUSX OPJOBUKCKHUX MIAHOK O0Tpa0B Trepostomata u Cryptostomata
(BepXHHUH OpPIOBHK, CAaHIOWICKHUU sIpyc, XpeBHIIKas cBUTA; JIeHWHrpanckas obmacte P,
p. Xpesuna): a, 6 — Diplotrypa abnormis (Modzalevskaya, 1953), sx3. IITHUI'P my3eii,
Ne 4/13403; 6, 2 — Nematotrypa robusta (Spjeldnaes, 1984), sx3. [IHUT'P my3eit, Ne 1/13403;
0 — Prophyllodictya khrevitsa Tolokonnikova et Fedorov, 2023, sx3. LITHUI'P wy3eit,
Ne 16/13403; e, oic — Amplexopora sp., 3x3. HTHUI'P myszeit, Ne 11/13403. YenoBuble 0603Ha-
YeHHS: A — amepTypa aBTO300eImst, AK — aKaHTOCTIIb, | — remudparma, /| — auadparma,
M — me30300enmit, Me — me3oTeka, 11 — maypoctmns, T — Textr3zooenuii, 1 — mctudparma

OTunTeIbHONH 0COOEHHOCTHIO ME303001/10B SBIISUIOCH HAJTMYHE B X MOJIOCTAX
MHOTOYMCICHHBIX auadparm [15]. Y skcuiszoounoB auadparMbl OTCYTCTBOBAIIN
(puc. 1, a). Oba THma reTepo300rI0B CIOCOOCTBOBAIH YIIOPAIOYCHHOMY PaCIOIOKe-
HUIO aBTO300M/I0B, TEM CaMbIM TOBBITIAS 3 (heKTHBHOCTH muTaHus [16]. Mx mpucyT-
CTBHUE B KOJIOHHH TAKXKe CITOCOOCTBOBAJIO €€ YCTOWYMBOCTH [1]. AHanmornyHble hyHK-
UM B KOJIOHUSAX KPUITOCTOMATHBIX MILIAHOK, BEPOSTHO, BBIMOJHSAIN TEKTH300MIbI,
Hanpumep, pon Nematotrypa Bassler, 1911 (puc. 3, 2) [21].
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Oenectparel  moxporpsina  Phylloporinina  omin4amuck  0coObIM  THUIIOM
reTepo300oUI0B — JienTo3oougamu [17]. Dt TpyO4arbie CTPYKTYpPbl OKPYIJIOTO
cedeHus 0e3 auadparM pacroyiarajiiuch B 9K3030HE KOJIOHUH xaoTudHO (pox Phyllo-
porina Ulrich and Foerste, 1887). Cuutaercsi, 4T0 OHH KBHBAJCHTHBI aBUKYJISPHSIM
XEUIIOCTOMATHBIX MIAHOK [ 1, 17].

BrsiuuBanue nogodopa miynaner B Kamepy LUCTHIA U €ro BBITSTHBAHHUE JIJIS
yAaBIMBAHUS MHUIIEBBIX YACTULl MPOUCXOAUT 3a CUET MycKynarypsl. CyllecTByeT
MHenue [18, 19], 4ro y nckomaeMbIX MIIAHOK MBIIIIBI KPEUINCh K JaTepaTbHBIM
BBIPOCTAM CTEHOK LIMCTHJA — AMa-, LIUCTHU-, reMudparmam, remucentam (puc. 1, a,
0 u puc. 3, a, 8, dc), IEPEKPHIBAIOIINM IOJIOCTh KaMEPHI MOJHOCTHIO WIIM YacTHY-
HO. VIX MHOTOYMCIEHHOCTh OOBSICHSCTCS JereHepaluei Moaunuaa B pacTyIleM Lu-
CTHJC W JallbHEWIeH pereHepanueil nomunuma [15]. JomomHuTensHO B JIHTEpaTy-
pe oOcyxaaercss mpeIHasHaYeHUE ATUX CTPYKTYp Ul 3aIIUThl MSTKOTO MOJIMIINAA
W JefeHns Kamepsl nonunuaa Ha yacta [1, 20]. JlanHbIe CTPYKTYphI OBIIIM Pa3BUTHI
y TIpelcTaBUTENICH BCEX MaJe030MCKUX OTPsA0B: aAuadparMel — poasl Amplexopora
(rperiocromara), Fistulipora M’Coy, 1849 (uucromnopara), Dianulites Vinassa
and Regny, 1921 (s3cronmonopara), Phylloporina (penectpara); unctudparmsr —
poast Homotrypa Ulrich, 1882 (tpenocromara), remudparmbl — pos Nematotrypa
(kpunrocromara), reMucenTsl — poabl Pseudohornera Roemer, 1876 (dhenecrpara) u
Trepocryptopora Yang, 1957 (kpuntocromara).

Poct cerdathix KoJOHWE KpunTocTtoMar (Hampumep, poxabl Prophyllodictya
Gorjunova, 1987, Stictopora Hall, 1847) npoucxoaui myTeM ABYCTOPOHHETO OYKO-
BaHMS aBTO300U0B BOKPYT ME30TCKH — CPEIUHHOM IUIACTUHKHU € KallWLIsIpaMH MU
0e3 Hux (puc. 3, 0). bunarepanbHbIi I1aH CTPOCHUS MOBbIAT 3()(HEKTUBHOCTD ITUTA-
HUSI, TTOCKOJIBKY J10(o(OpHI LIyTanel pacnoiaraluch Ha 00enX CTOPOHAX KOJIOHUH BO
BpeMst QUIIBTPAIIUU BOJIBL.

[laccuBHYI0 3alIMTy MHOTMX CTEHOJEMAaTHBIX MIIAHOK OOecleuuBaiy pas-
HOTO pojia CTHJIM. AKaHTOCTWIM (Hampumep, poasl Amplexopora Ulrich, 1882,
Anaphragma Ulrich and Bassler, 1904, Nematotrypa) — ToHEeHbKHE CTEPXKHH OIHU-
HAKOBOTO JIMaMETpa Ha BCEM CBOEM IMPOTSHKEHUH C YETKO BBIPAKCHHBIMH CTEHKAMHU
JAMUHAPHOTO WJIM IONEPEYHOTO CTPOCHUS, YACTHYHO BBICTyHAIOIIME HaJl HOBEPX-
HOCTBIO KOJIOHMH B Buje uri (puc. 1, a, 6, u puc. 3, 2, e). BepositHo, npu ®KU3HU
KOJIOHMH OHHU HPEISATCTBOBAIM MX MOCHAHHIO XUIIHUKaMU (pblOaMu, MOJIIIOCKA-
MH, WICHUCTOHOTUMH, UTIOoKOxkuMHU). Cormacuo [21, 22], XHIIHAYECTBO — OFHA
U3 NPUYMH Pa3BUTHUS 3alIUTHBIX Mopdosornyeckux apantanuid. C cepeauHsl op-
JIOBHIKA CTaya 3aKjaabiBaThes nuddepeHnunanys akantoctuie (poasl Heterotrypa
Nicholson, 1879, Mesotrypa Ulrich, 1893) na kpynHble — MakKpOakaHTOCTHIH U
MEJIKHE — MUKPOAKaHTOCTHIIU, SIPKO MPOSIBUBIIASCS Y JICBOHCKUX H 00JIe€ MOJIOJIBIX
TpenoctoMar [15]. OnHako y HEKOTOPBIX MIIAHOK AKAHTOCTHJIM HE PA3BUBAJIUCH BO-
Bce (pon Monotrypa). llaypocTriau Mellbie aKaHTOCTUIICH, 0€3 BRIPAKEHHOTO SIApa U
HECJIOUCTOro cTpoeHusi. OHM U3BECTHBI TOJIBKO Y KPUIITOCTOMAT, HAIIPUMED, Y POJIOB
Prophyllodictya n Nematotrypa (puc. 3, 2).

TakuMm 00pa3oM, QyHKIHOHAIBHOE Pa3/iesIieHHE 300MJI0B KOJIOHWU HM3HAYaJIBHO
CTAaJIO 3aJI0TOM YCIICLITHOTO Pa3BUTHsI TpyIbl. PojoBoe pazHooOpasue MIaHoK ¢ Tpe-
MaJI0Ka CTaOMIILHO MOBBILAIOCH (pHUC. 2), TOCTUTHYB IIMKa B KOHIIE CaH0us — Havyase
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Katus [3, 4]. Yke Ha epBOM 3Tarie 3BOJIOLMHU IPYIIIb HOSBHIUCH PAa3IHYHbIC (HOPMBI
KOJIOHHH (BETBHUCTHIE, IBYCIIOMHO-CUMMETPUYHBIE, CETYAaThIe, MACCUBHBIE, HHKPYCTH-
pyIOLIKE) KaK pe3ysbTaT NpUCocadinBaHus K TeTepOreHHBIM yCIOBUSM BOJHOM cpe-
Ibl oOuTaHus. Hanmuue B mosocTu aBTO300U10B M-, MUCTU-, TeMU(parm, FeMUCEIIT
CIOCOOCTBOBAJIO PEreHEPALIMH U 3aLIUTE MITKOTO MOIUITN/A, PA3BUTHIO MYCKYJIaTyphI
BEHYMKA IIynajelr. JTo, B CBOIO O4epenb, 00eceurnBajo MUTaHUe, a 3HAUYUT, U POCT,
pa3BUTHE KOJOHMM. Y MIIAHOK Ka)KAOTO M3 CYIIECTBOBABLIUX OTPSIOB Pa3jIMuHbIC
1o 00JIMKY TeTepo300U bl (ME30-, IKCUIIS-, TEKTH300U/IbI) BBITOIHSIIN €IMHbIC (QYHK-
LUHM — YKPEIUICHUE KOJOHHM U MOBBIICHUE Y(PPEKTUBHOCTH NMUTAHUS aBTO300MIOB.
AKaHTO- ¥ MaypOCTHIIN CTaJIM HEM3MEHHBIMH CPEICTBAMH «ITAaCCUBHOW» 3alUTHI Ta-
JI€0-ME3030MCKUX MIIIAHOK.

B camom koHIle Op/I0OBHMKAa U3BECTHO KpyIHEHIIIee MacCOBOE BRIMUpaHUE OMO-
ThI, CBSI3aHHOE C IOXOJOAAHMEM Ha IUIaHETe, U3MCHEHHMSIMH YPOBHS MOpS, CO-
Jep KaHusl YIIIEKHUCIIOTO ra3a U KHCJIOpoJa B BOJE, TEKTOHUYECKOH aKTHBHOCTHIO,
yBeJIMYEHUEM OMoMacchl (UTOIIAHKTOHA B KAaTHH, CIIy)Xalllero MULIeH opraHus-
mam-pmisTparopam [1, 3, 4, 23]. Ha Mmankax 3TOT I100adbHBIA KPU3UC OTPa3-
WJICS JOCTAaTOYHO cuiibHO. OHHU NMEpPEeXHSIM TPU BOJHBI BBIMUpAHUH (B Hayaie U
KOHIIE KaTHusl, XUPHAHTE), B T€YE€HHUE KOTOPHIX ncuesno ot 16.0% no 22.7% cyme-
CTBOBABLIMX TAKCOHOB PO10BOT0 paHra [3]. Tem He MeHee Bce M3BECTHBIE C Hayaja
OpJIOBHKA 3aLIUTHBIE CTPYKTYPHI B KOJOHUSAX MIIAHOK MEPEAAINCH UX MOTOMKAM
0e3 KaueCTBEHHBIX U3MECHEHUH.

2. ITo3aHnii 1eBOH — paHHUIT KapOOH

Ha mpotshkeHun cuiypa — JIEBOHA CPEeId MIIAHOK MPOJOKAIHM MPOIBETATh
TPENMOCTOMAThI, MIOCTETIICHHO YCTYyIask SKoJorndeckue Humu ¢enecrparam [5, 19].
3apoauBIIMECcs B OPIOBUKE 3alIMTHBIE CTPYKTYPBI COXPaHAIUCh U MOAU(HUIINPOBa-
JUCHh B KOJIOHUSIX CTEHOJIEMAaTHBIX MIIAHOK, ¥ BMECTE C T€M MPOHMCXOIUIIO HAKO-
IUICHWE HOBBIX MOP(OIIOTHYECKUX aJanTaluil K U3MEHSIOMIUMCS YCIOBHSIM OKpPY-
Karomel cpenbl. To 00yCIOBHIIO BCIUIECK POA00Opa30BaHUsI B KHBETCKOM BEKE
JneBoHCKoro nepuoaa (puc. 2) [1].

B panHeM u cpepHeM JieBOHE OwiarepaibHBIN IJIaH CTPOCHUS KOJOHUU TI0-
Jy4mJI TIHAPOKOE paciupocTpaHEHWE Y NHCTONMoparHbXx (poasl Sulcoretepora
d’Orbigny, 1849, Meekopora Ulrich, 1889) m TpemocTOMaTHBIX MITAHOK (POJIBI
Triznotrypa Lavrenyjeva, 1997, Petalotrypa Ulrich, 1890), a B xoHIIe JeBOHA H
y kpunrocromar (pox Mysticella Gorjunova, 2007) (puc. 4, a). llenTpanbHbie
YaCTH KOJIOHWH JJisl MOBBIIICHUS X YCTOWYMBOCTHU, MPOYHOCTH B YCIOBHSIX aK-
TUBHOM THIPOAMHAMMKH, YBEJIMYEHUS AMAaMETpa KOJOHUH NpeoOpa3oBbIBa-
auck B oceBoi 3ooup (poubl Rhabdomeson Young and Young, 1874, Ipmorella
Goriunova, 1985), my4ok oceBbiXx 300u70B (poasl Ascopora Trautschold, 1876,
Strebloascopora Bassler, 1952, FEodyscritella Troizkaya, 1970 (puc. 4, o))
WM pacUIupeHHyw SHI030HY (pon Rhombotrypella Nikiforova, 1933,
Nikiforopora Dunaeva, 1964). I1osBIsIuCh HOBBIE THITBI TeTep0300MaI0B. CTPYK-
TYpbl, TOJOOHBIC ABUKYISPUSM COBPEMEHHBIX XEHJIOCTOMATHBIX MIIAHOK,
1apa3oou/ibl YCTAHOBIICHBI Y paHHE-CPEHECBOHCKUX pojoB Fenestrapora Hall,
1885 u Mirifenestella Morozova, 1974, oTHocuMBIX K peHecTpaTam [24].
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K KkoHIly J€BOHA y KPHUITOCTOMAT B KOJOHHUSX (DOPMUPOBAIUCH KPYITHbIC Ma-
KpoakaHtocTuiu (pox Rhombopora Meek, 1872) w/unu oOUIbHBIC MEIKUE MUKPO-
akanTocTwd. JluddepeHunanus akaHTOCTHIICH IO pa3MepaM MPOCIIeKUBaIach U y
TpenocroMar (Hampumep, poabl Dyscritella Girty, 1911, Eostenopora Duncan, 1939).
Y HEeKOTOphIX MIIaHOK (poabl Atactotoechus Duncan, 1939, Eridotrypa Ulrich, 1893)
pasMepbl aKaHTOCTUIICH CHMKAMCh Ha ()OHE BO3pACTAHUS UX KOJIUYECTBA HA CIIUHH-
Iy IUIOIIA/IU KOJOHHU. AKTMHOTOCTHIIM — TUII CTHJICH 3BE34aTOr0 CTPOCHHUS B TIOTIe-
PEYHOM CEUEHHH — B Pa3HOM KOJIHMUYECTBE MPUCYTCTBOBAIN B KOJIOHHUSX KPHIITOCTO-
MaTHBIX MIIaHOK (Hampumep, poabl Mysticella (puc. 4, 0), Primorella Romantchuk
and Kiseleva, 1968).

Puc. 4. CTpyKTypHl B KOJIOHHSAX IEBOHCKHX MIIAHOK oTpsmoB Cryptostomata, Trepostomata
u Fenestrata (BepxHuii 1eBOH, GaMeHCKUil spyc): a, 6 — Mysticella sarcosanta Gorjunova,
2007, ax3. IIMH, Ne 1613/695; mamamuazopckas cButa; Apmenwus, . bupamu-Kyseii;
8, 2 — Spinofenestella abyschevoensis (Trizna, 1958), 3x3. Ky3I'TIA, Ne 4a/11.1; TonkuHCKMHA
ropu3onT; KemepoBckas obmacte P®, AGwimieBckuii paspes; o0 — Nikiforovella cavernosa
(Nekhoroshev, 1932), sx3. Kenbuckuit yauepcuret, GIK 2500 (V4-13b); dopmarus Velbert;
T'epmanms, Peitackue ropel, ckBakuHa Velbert, mmyouna 103,8—131,5 m; e — Rectifenestella
rudis (Ulrich, 1890), k3. JIsexckuit ynusepcuret, Ulg 6-2a; dopmamms Yvoir; benbrus,
Junantckuit cuHkimHoOpuit, kapeep Nutons; orc — Eodyscritella clatrata Troizkaya, 1970,
ak3. Kys3I'TIA, Ne 4/12a.1; TonkuHckuii ropuzont; KemepoBckas obnacts P®, TonkuHckuii
pa3pe3. YcinoBHEIC 0003HaYCHUSA: AK — aKaHTOCTHIIb, AT — aKTHHOTOCTHIIb, K — kmib, Me —
Me3oTeka, Met — meTazooenuii, [1o — mydok oceBBIX 300emueB, D — akcuisi3ooennid, LI — mmm
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VY TpemnocToMaTHBIX MIIaHOK pona Leptotrypella Vinassa and Regny, 1921 na
MOBEPXHOCTH KOJIOHWU (HOPMHUPOBANKCH MIMMBL [25, 26]. AHaNOrHYHBIE CTPYKTYPbI
W3BECTHHI U Y )eHECTPATHBIX MIIAHOK poaa Rectifenestella Morozova, 1974 na nepu-
cTome areptyp (puc. 4, e). Y peHecTpar aBTO300H/ bl PACIIONIATAINCH B OJIUH HJTH HE-
CKOJILKO PSIIOB Ha MPYTHsIX M ObUTH pa3aesieHbl KHisiMu (puc. 1, 6 u puc. 4, 6, 2). Kunu
SIBIISTMCH TPOJOKEHUEM KMJICBOH IIACTUHKH, 00pa30BaHHOM MyTEM CONPHKACaHUS
CTEHOK COCETHUX aBTO300M/10B. MIX OCHOBHOE TpeHa3HaYeHNe 3aKIII0UaIoCh B PETy-
JSIUY TUAPOAMHAMUYECKON CUTYallMd BOKPYI aBTO300UIOB U YCHICHUU 3D (PEKTUB-
HOCTHU NUTaHus [27], AONOJIHUTEIBHOE — B OTIIYTMBaHUU XUIIHUKOB. Ha Kuisx oObIu-
HO JIOKaJIN30BaJINCh OyrOpKH, PACHIOIOKEHHBIE TAKXKE U HA IOPCAIbHON TIOBEPXHOCTH
KOJIOHMM 0€3 KakoW-JInOO 3aKOHOMEPHOCTH. YCHWJIGHHOE pa3pacTaHue Kuied NpUBO-
IO K (POPMUPOBAHUIO 3alTUTHBIX ceTOK [19, 28]. 3amuTHBIE CETKU TOTYYIIN HaH-
Oosplliee pa3BUTHE B Hauase JeBOHA B cemeiicTBe Semicosciniidae Morozova, 1987.
K xoH11y 1eBOHCKOTO neproa O0IBIIMHCTBO Y3KOCTIEHUAIN3UPOBAHHBIX POJIOB CEMU-
KOCUMHHUM] Ucye3no. JJaHHblid QakT CBA3BIBAIOT CO CHIKEHHEM «JIABJICHHS XHIIHU-
k0B [19, 29] n yMeHbIIeHHeM aKTUBHOCTH THAPOJIUHAMHYECKOTO PEeKUMa U3-3a YyIITy-
OneHust 0ACCEHOB BCIICICTBUE MI00AIBHON TpaHCTpeccHu B paHHeM kapOowne [30].
Y HekoTopsix TakcOHOB (poxa Minilya Crockford, 1944) Bo BHEIIHEM CKeNeTe KOJIOHUN
Pa3BUBAIUCH MUKPOCTHIIH, & CTEHKH OBUTH MPOHMU3aHBI TyOYJIsIMH, OTBEYAIONINMH 32
cOO0OIIEHNE MEXIY BCEMHU CTPYKTYPHBIMHU €IMHUIIAMU KOJIOHUH. Byropku, munuku,
MHKPOCTHITN BBITTOTHSUTH 3aIATHYIO QyHKITHO [1].

B xonue ¢amenckoro Bexa Mmo3nHero AeBoHa 3a()MKCUPOBAaHO KpyIHeHIIee Mac-
COBOE BbIMUpaHUE — coObITHE XaHTeHOepr [8, 31]. Cpean BBI3BABIIMX €T0 BEPOSITHBIX
MIPUYUH OOCYXIAl0TCsl U3MeHeHne kinumara [32-35], rmobanbHast anokcus [36, 37],
TPAaHCTPECCUBHO-PErPECCUBHAS HUKINYHOCTD, BYJIIKAHU3M M T€OTEKTOHHYECKHE MPO-
LIECChl PAHHETO ATana repuuHckoro oporexesa [38—40]. McuesnoBeHre MHOTHX Tela-
THYECKUX U TEMHUIENIarnYeCKUX OPTaHU3MOB CKa3aJI0Ch Ha MUILIEBBIX LICTISX, BHI3BAB
TEM CaMbIM 3HAUUTENIbHbIE U3MEHEHHUS B COCTABE U CTPYKTYPE BCEX IKOCUCTEM, BKITIO-
yast OeHTocHbIe coodmecTBa [41]. Ha mmankax XaHreHOeprckuil Kpusuc rnpaxkTuye-
CKH HE CcKa3aJcs, MOCKOIbKY Hcue3HoBeHne 14.8 % pooB oT Bcex CyniecTBOBABIINX B
KOHIIE JICBOHCKOTO MEpHojia ObUIO CKOMIIEHCHPOBAHO HHTEHCUBHBIM POCTOM TaKCOHO-
MHYECKOTO pazHooOpasus yKe B paHHEM KapOoHe (TT03IHEE TypHE-BU3E), B KOTOPOM
OHM TIEPEKIIIA OUepenHol pacuBet [42].

B paccmarpuBaeMblil OTPE30K BPEMEHH Yy MIIAHOK COXPAHSUINCh OCHOBHBIE 3BO-
JIIOLIMOHHBIC TPEH b, IEPBOHAYAJILHO IPOSIBUBLIMECS B OpAoBUKe. OHM ObUIN HAIIpaB-
JICHbI HA YCUJICHUE TUTAaHUS (KUJIM, META300M 1bl), OBBIIICHUE TPOYHOCTH KOJIOHHUN
(oceBoii 30011, My4YOK OCEBBIX 300M0B, LIMPOKAsl SHA030HA), OTIyTUBAHNE XHUIIHHU-
KOB (ITapa300Mibl, MUKPO- U aKTUHOTOCTHJIM, 3alUTHBIC ceTKH). Cpeau 3alluTHBIX
CTPYKTYP MPOUCXOAMIO YBEIUUCHUE X Pa3MEPOB HIIM KOJUUYECTBA HA €IUHHMILY TLJIO-
LIy, CTeNeHn UX IuddepeHunanuy (MeJIKUe U KPyIHbIE 3alIUTHBIE CTPYKTYPHI B
rpejienax oJHON KOJIOHHUH), U3MEHEHHE COUeTaHUI TOr0 WJIM MHOTO THIIAa TeTepO300-
WJa ¥ CTWIIS B OTUX Tpesienax. TaM cTajiu MOosBIATHCS TAKCOHBI C JIByMS THTIAMU CTHU-
neit. [losBeHne HOBBIX 0OpazoBaHWi (MeTa-, Mapa300u0B, aKTHHOTO-, MUKPOCTH-
Jieit) ObUTO HAMpaBICHO HA KOMIICHCAITNIO HETAaTUBHOTO BO3ICHCTBIS a0NOTHUECKUX U
OomoTnyecknx (haKTOPOB CPEIIEI.
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3. llepmb

B mosnHem maneo3oe BO BCeX MOPSX IUIAHETHI TOCIIOACTBOBAJIN (PEHECTPATHI.
WX sBomonus 1uta Mo MyTH YBEJIMYCHUST KOJIMYECTBA PsIOB aBTO300UIOB HA MPYTeE
(puc. 5, 6, 2) pazHOOOpa3Ms POopPM KOJIOHUH (TTEPUCTHIC, TNPO-, BAHTOOOPA3HEIE U JP.),
oOmiusi OyropkoB Ha 00eHMX CTOPOHAX KOJIOHMHU (Harmpumep, poabl Pseudopolypora
Morozova and Lisitsyn, 1996, Mackinneyella Morozova and Lisitsyn, 1996). Bepo-
STHO, BO3pacTaBIliee KOJMYECTBO aBTO300M/I0B Ha TIPYTHAX W yBEITMYECHNE pa3zMepa UxX
anepTyp ObLIO KOPPEISATHBHO CBSI3aHO C YMEHBIIIGHHEM Ha pyOexke JeBOHa-KapOOHa
KOJIMYECTBA U pa3HOOOpa3ust PUTOIUTAHKTOHA (3€JICHBIX BOJOPOCIEH, THaTOMe, -
aHOOAKTEePUH, aKPUTAPXOB), SBISIBIICTOCS MHUIIEH 1t MmiaHok [43, 44]. Hexoropbie
aBTOPBI CBS3BIBAIOT U3MEHEHHsI B OMoMacce (PUTOIUIAHKTOHA C KOHIIEHTpAIUeH yrie-
KHCJIOTO ra3a M CO CMEHOH TeIIOro KIIMMaTa CpeIHEeTo Maneo30s Ha Oolee mpoxJiai-
HBIN B KOHIIE 3pHI [45, 46]. KonmnuecTBO MUKpOCTHIICH Y MHOTHX POJIOB, HalpUMep,
Mackinneyella, Taxxe Bo3zpacraio (puc. 5, 6).

B koioHMSX KaMEHHOYTOJBHO-TIEPMCKUX MIIAHOK oTpsaa Fenestrata Obuim mmm-
POKO TIPENCTABICHBI KAaBEPHO30OWbI, ITUKIO300H/bI, KOTOPBIE pPacCMaTpPUBAIOT-
Cs KaK aHAJIOTU aBHUKYISIPHHA XEHIIOCTOMATHBIX WIJIH 3J€0300UJI0B ITHKJIOCTOMATHBIX
MIaHok [24, 47, 48]. LIuk103001 bl HCKOTIAEMBIX MIITAHOK — TOTYIIAPOBHUIHEIE CKe-
JIETHBIE CTPYKTYPbI C TOHKUMH CTEHKaMH (puc. 5, 2). YBennmdeHne ux pa3MepoB U KO-
JIMYECTBA B KOJIOHHUSIX KAMEHHOYTOJILHO-TIEPMCKUX MINAHOK poxa Shulgapora Termier
and Termier, 1971 MOXHO CBsI3aTh C U3MEHEHUSIMH B CTPYKTYpE MUILEBBIX LENeH U
BO3pOCIIe MOTPEOHOCTHIO B 3alIUTE OT Pa3HOOOPA3HBIX XHITHUKOB, HACEISBIINX
no3aHenaneo3onckue Mopst 3emuu [49]. KaBepHo300U1bI U3BECTHBI Y €IMHCTBEHHOTO
pona Cavernella Morozova, 1974 co cpennero aeoHa [50], HO MaKCUMaJIbHOE BH-
oo0pa3oBaHUE ATOTO poja MPHILIOCH Ha TepMckuit mepuon [24]. KaBepro300mmb!I
MIPEJCTABISLIN COOOW Y/UIMHEHHBIE OIMHOYHBIE CTPYKTYPhl TPYIIEBUIAHON (HOPMBI,
JIOKAJIM30BaHHBIC B YINIaX MEPEKIaANH Ha JOPCATBLHON CTOPOHE KOJOHUHU (pHC. 5, 0).
AHATOTHYHBIMU CTPYKTYpaMH M0 ()yHKIIMOHATBHOCTH B KOJIOHHSIX KPUIITOCTOMATHON
mianku Nudymiella Gorjunova, 1985, Buaumo, Obutu amiozoous [S1].

VY KpHUINITOCTOMAT M TPErocToMar B MEPMCKOM TEPHOJIE TPOSBUIACH TCHACHIIHSI
BO3pacTaHus pa3MepoB, KoMM4ecTBa u auddepenimanun ctuieid. Hampumep, Tpero-
CTOMAaTHBIE MIIIaHKH posia Rhombotrypella oTIn4aroTcs cOYeTaHUEM KPYITHBIX MaKpO-
AKaHTOCTUJICH M OOWJIMS MEJIKUX MHKPOAKaHTOCTHJICH B Mpeneiax OJHOW KOJIOHHU
(puc. 5, e, orc). KpunroctomMatHeIil pox Rhombopora XapakTepu3yercs KpyITHBIMA Ma-
KPOAKaHTOCTHIISIMU H MHOTOYHCIICHHBIMH MUKPOAKaHTOCTHIISIMH.

B xonne nepmu BeiMepiiu Bee (heHecTpath [1], pomoBoe pazHooOpasue Tpero-
CTOMAT M KPHUITOCTOMAT CYIIECTBEHHO CHU3WIOCH (puc. 2). [locmennss kpumnrocro-
MartHas MiaHka popa Tebitopora Hu, 1984 ucuesna B cepequne Tpuaca; eIMHUYHbIC
TPEMOCTOMATHI JIOKHIIU 10 KOHIA TPHACOBOTO Teproja. ENMHCTBEHHBI COXpaHHB-
muiics maneo3oickuit oTpsaa Cyclostomata MCIBITa paciBET B IOPCKOM ITEPHOJIE.
B koHIEe ophl MOSBWINCH NEpBbIe XeilocroMarel (puc. 2) poma Pyriporopsis
Pohowsky, 1973 [2].
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Puc. 5. CTpykTypbl B KOJIOHMAX NEpMCKHX MIIaHOK OTpaaoB Fenestrata m Trepostoma-
ta (mpuypalbCKHi OT/AEN NepMH, cakMmapckuil sipyc; P®, bamkupus): a — Spinofenestella
quadratoporaeformis (Schulga-Nesterenko, 1941), ax3. CubI'l1Y, Ne 12/31; kapsep Illaxray;
0 — Trataucladia noinskyi (Schulga-Nesterenko, 1941), ak3. [TH, Ne 2985/718; 1. IOpakray;
6 — Mackinneyella ornamentata (Schulga-Nesterenko, 1941), ak3. I[TMH, Ne 2985/474; r. Topa-
tay; ¢ — Shulgapora pseudokolvae (Schulga-Nesterenko, 1952), sx3. ITMH, Ne 613/541; Ky3b-
MUHOBCKHH MaccuB, ckBakuHa 102/21; 0 — Cavernella cavifera (Schulga-Nesterenko, 1939),
ak3. Cubl'MY, Ne 12/30; r. Kymray; e, oc — Rhombotrypella composita Nikiforova, 1939,
9k3. Cubl'MY, Ne 12/29; kapeep Illaxray. O6oznauenus: b — Oyropok, [ — nuadparma,
Ka — xaBepnozooeunii, Mu — MUKpOCTHITb, MAK — MaKpOaKaHTOCTUIIb, MUAK — MUKPOAKaHTO-
CTUIb, ] — nukno3ooenuii, D — IKCUITA300 S
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[To3nHEKaMEeHHOYTOIBHBIN BRICOKHH ypOBEeHh MUPOBOTO OKEaHa B Ha4aJie IEPMH
CMEHUJICS Cepreil HU3KMX ypOBHEH Mops Ha ¢oHe neproaoB noxonoganus. Cakmap-
CKHU BEK — BpeMsi OBICTPBIX KJIMMATHYeCKUX U3MEHEHHH [52], cMeHuBIIIeeCs TII00allb-
HOH apuam3aiueii KiimMara, HaurHasi ¢ apTHHCKOTO BeKa, 10 KoHIa nepmu. Ha done
Yepe0BaHs IUKIIOB OJICJICHCHUS U TastHUS JISJIHUKOB U3MEHSUICS YPOBEHb MUpPOBOTO
OKeaHa, YTO NEePUOANYECCKH TPUBOAMIO K BOZHUKHOBEHHIO M30JIMPOBAHHBIX Oacceid-
HOB M U3MEHCHMIO COCTaBa MIIaHKOBOMU (ayHbl [53]. B mepmckuit nepuon 6uora 3em-
JIY TOCTHTYIA HAUBBICIIETO Pa3BUTHA TOCIE MO3THEACBOHCKOTO KPHU3HCa M CHOBA HC-
IbITajIa MaCCOBOE BEIMUpaHKE Ha IpaHuLe epMu — Tpuaca [54, 55]. Cpeau 0OCHOBHBIX
MPUYHH MTO3HENIEPMCKOTO MACCOBOTO BEIMUPAHHUS 00CYKAAIOTCS KITMMaTHYECKUE U3-
MEHEHUS, TPAITOBBINA ByJIKaHU3M, aHOKCHS [53, 56, 57]. DBoMIOIUS MIIIAHOK HAa 3TOM
BPEMEHHOM OTpe3Ke COBIAAAcT ¢ 00IIel TeHACHIIHEH B Onocdepe.

PazHooOpa3ue 3amuTHBIX CTPYKTYp CTEHOJEMaT Ha Ha4allo MEPMHU JIOCTHIIIO
cBOEro MaxkcuMyma. [IpyHIMIUANBHO HOBBIE CTPYKTYpPbl HE MOSBISUIUCH, U3MEHS-
JIUCH JIMIIH KOJIMYECTBEHHBIE MapaMeTphbl y)Ke CyliecTBOoBaBIIKX. [lomMmumo cruieid,
BBICTYNAIOIINX HaJl MOBEPXHOCTHIO KOJIOHUH KaK YaCTOKOJ W T€M CaMBIM «IaCCHB-
HOY» OTITyTUBAIOIINX XUITHUKOB, B KOJIOHUSIX OT/JEIbHBIX KAMEHHOYTOJIbHO-TIEPMCKHX
MIIIaHOK MPHCYTCTBOBAIN OCOObIC IeTepO300H bl (IIMKIIO-, KABEPHO-, AJIJIO300HU/IbI).
[Tocneanne MpeanoIoKUTETHHO MOIJIH YK€ aKTUBHO 3aIUINATh KOJIOHHH OT 3achla-
HUS 0CAJKOM, OT JMYUHOK, OT HaaaoIIIX OPTaHIU3MOB B PE3YJIbTaTe BPaIIaTeIbHbIX
JIBUKEHUH, MIOJI0OHO aBUKYISIPUSIM Y COBPEMEHHBIX XEHIIOCTOMAT.

4. Mea

Xetinocromarsl (puc. 1, 2) mosBuiIKCh B o3nHeH ope (okoio 160 MiH jer Ha-
3a]1), HO MaKCUMaJbHOW pajlallii TOCTHUIIN B KoHIe Mena [9, 58] (puc. 2). OcHoB-
HBIMH 3aIIUTHBIMA 3JIEMEHTaMH KOJIOHHH Y HUX OBUTH aBUKYISIPHH — T€TEPO300UIBI
C peAyIUPOBAHHBIM TTOIUIHIOM U Pa3BUTOHN KPBIMIEUKOW, MBITIIIAMU-PETPAKTOPAMHU
JUTSE TIOAJIEPKKH, (PUKCAIIMY KOJIOHHH Ha MSATKOM TPYHTE, OYUCTKH OT YACTHII TIOCTY-
MAIOMIETO OCajiKa W/WIM JTUYWHOK (TIyTeM CO3JaHUs JAOMOJHUTEIHHOTO TOKa BOJBI),
MEJTKAX OCCITO3BOHOYHBIX, HaIaJaroluX >KHBOTHBIX W JIOkomormu [47, 48, 59].
[To coBpeMeHHBIM TIPECTABICHUSIM B 3aBUCIMOCTH OT ()OPMBI, Pa3MEPOB U JOKaJIH-
3aliu aBUKYJISIPUN TIOJPA3IENAIOTCS Ha YeThIpe TUTA: aIBEHTUBHBIE (HAIIpUMeEp, PO
Beisselina Canu, 1913), OTHOCHTEIBHO MEJKHE MEK300UaNbHEIE (pof Rhagasostoma
Koschinsky, 1885), xpynHble Bukapupytomue (puc. 6, ) u Budpaxynsr [47, 48, 60].
AJTBEHTHBHBIE aBUKYISIPUNA CYUTAIOTCS BHICOKOCIIEITHAIN3UPOBaHHBIMA. DOpMUPYSICH
Ha CTEHKaX aBTO300M 0B, OHH ITOJIPA3/IEISIFOTCS HA cTe0epIaThie uiu cusane [47, 48].
CoracHo uccaenoBaHuio [61], KOMMUECTBO aBUKYIISIPUN HAPSMYIO 3aBUCUT OT XHILI-
HUKOB W TIUTAHUSA: YeM WX OOJIbINIe, TEM BHIIIE TUNIOTHOCTh aBUKYIISIPHA HA €TUHUILY
TUTOMIAT KOJOHUH. BHOpaKynsl aBistoTcss Hanbonee MOAU(DUIIMPOBAHHBIMU aBUKY-
JNSpUSAMA C OYeHb JUTMHHOW MaHAUOYNOW (CeTOoM), KOTopas y OTACIHHBIX BHIOB CO-
BepIaeT BpamarenbHabie apmwkeHus [60, 62]. B pacnonoxeHnn BUOpakysa He onpere-
JIieHa Kakas-ITn00 3aKOHOMEPHOCTh. HampuMep, y pa3HBIX BUAOB CBOOOTHOKHBYIITUX
MIIaHok pona Lunulites Lamarck, 1816 oHM moKamu30BaHbl THOO YHOPSI0OUEHHBIMA
paaraIbHBIMU PSAAAMHA, THO0 XaoTHYHO (pHc. 6, a) [59]. Ha pacnipenenenne BuOpaxym
y JYHYJUTECOB I10 IO KOJIOHUH B OOJIBIIIEH Mepe, OYeBHIHO, BIIUSIIHN Teorpadu-
YyecKast M30JISIHS U JIOKaJIbHbIE (PaKTOPBI OKPYKAIOMIEH CPEebl.
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Puc. 6. CTpyKTypbl B KOJOHHSIX MENOBBHIX MIIaHOK orpsima Cheilostomata (BepxHmii menr,
HIKHUAR MaacTPHXT, KapcyHcKas cButa; Camapckas oomacte PO, okpectHocTH c. [ToaBamnbe):
a — Lunulites pseudocretacea Hakansson et Voigt, 1996, sk3. Cubl'Y, Ne 12/32; 6 —
Rhagasostoma rowei (Brydone, 1906), sx3. Cubl'llY, Ne 12/33; 6 — Biaviculigera sp.,
ak3. Cubl'Y, Ne 12/34. O6o3Hauenus: B — BuOpakyna, BA — BUKapUPYIOIINI aBUKYISIpUi,
Kp — xpunronuct, I — mun

Kenozoounnsr (pox Acoscinopleura Voigt, 1956) — menkue 300u7pl MEXKIy aB-
TO300MJaMH, BBIMONHAIOT QYHKIMHM (UKCAlMK Ha cyOcTpare, MpuIaHus OombLIeh
JKECTKOCTH KOJIOHWW U TTACCUBHOM 3amuThI [60, 62]. JIomOTHUTEIBPHON 3aIIUTON MSIT-
KOTO TIOJIMITHAJIA BBICTYNAeT HaIW4YMe KpUNToIucTa. Jta (puc. 6, a, 6) TulacTUHKA Ha
(bpoHTaNBHOI MeMOpaHe IUCTH/IA PA3BUBACTCS U3 CTCHKH aBTO300M/1a. Y HEKOTOPBIX
XEHIIOCTOMAT OHa CTaHOBMJIACH OYEHb MACCHBHOM, TPEeBpaIasich B JPOHTAIBHBIN HIUT
(pomet Porella Gray, 1848, Rhamphostomella von Lorenz, 1886) [1, 63].

MaccoBoe BbIMUpaHHE OMOTHI Ha TpaHHIIE Meja — MajeoreHa He3HAUYUTEIbHO
MOBJIMSUIO HA MIIAHKU. B 0I€HE y XEWJIOCTOMAT OTMEYAeTCsl HOBas JKCIIAHCHS,
HE JIOCTUTaroIas Mo CBOUM 3HAUYCHUSAM To3aHemenoBoi [1, 9, 64]. B me3030¢ 3a-
BEPIIIIOCH MPUHIMIHAIbHOE 0OHOBJICHHE TAKCOHOMHYECKOTO COCTaBa MINAHOK U
COOTBETCTBEHHO Ha0Opa 3alIUTHBIX CTPYKTYpP KOJOHWHA. Bce 3amuTHBIE 2JIeMEHTHI,
CBOWMCTBEHHBIC CTEHOJEMATHBIM MIITAHKAM C «TBEPJIBIMH» KaJbIIUTOBBIMU MJIH apa-
TOHUTOBBIMH KOJIOHUSIMH, HCUE3TH. Y TUMHOJIEMAT CTPYKTYPBI «ITACCUBHOW 3alllH-
ThI (KPUOTOIUCT, (PPOHTAIIBHBIN HIUT) BTOPOCTEIIEHHBI 10 CPABHEHUIO C TE€TEPO300-
uaamMu (aBUKYJISPHUSIME), 00€CIIEYNBAIONTUMHI KOMIUIEKCHYIO «aKTHBHYIO» 00OpPOHY
OT OOJBIITMHCTBA HEOIATONPHUITHBIX (aKTOPOB. BeposTHO, pa3BuTHE pa3HBIX THUIIOB
ABUKYIIAPHEB CBS3aHO C IEPBOCTENEHHOW HEOOXOAUMOCTBIO 3aIIHUTHI «MITKUX)»
KoJIOHHH MitaHok u3 otpsiga Cheilostomata.

5. Obcyxxaenne

Ha nporsoxkennn maneo30st MITaHKH XapaKTePHU30BAIUCH BBICOKUM POJIOBBIM Pa3-
HOOOpasueM [1, 5], 3HAYUTETHPHO CHU3UBIIMMCS K KOHITY 3pHI (puc. 2). [losBuBmmecs
B OpIOBHKE OTpsimbl Trepostomata, Cryptostomata, Fenestrata oGmanann n3HadaIbHO
YAQYHBIMU B 3BOJIOIMOHHOM OTHOIICHHWHW MONMMOp(haMu, MO3BOIUBIINMU UM TIPO-
CYIIECTBOBaTh HECKOJIILKO COTEH MUJUIMOHOB JIET /10 KOHIIA repMH ((heHecTpaTsl) Win
Tpraca (KpUIITOCTOMATHI, TpernocToMaTsl). Cpenn «J0JATOBPEMEHHBIX» TeTePO300H-
JIOB MOYXHO OTMETHTb Me30-, TeKTH-, METa-, SKCUIISI300UIbI, KOTOPBIE IBOIIOIIMOHUPO-
BaJIM TOJIBKO B TUTAaHE U3MEHEHHS Pa3MEpOB W/WIIM KOJMYECTBA HA €IUHUILY TIOMaN
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kostoHuH (Tabn. 1). Ha mpoTsbkeHnu naneo30s B KOJIOHUSX OTAEIBHBIX MIIAHOK MIEPU-
OJMUYECKHU HOSIBIISIMCH OTHOCUTEIIHO «KPATKOBPEMEHHBIEY» TOJIMMOP]BI, COXPaHSIO-
LIMECs] HECKOJIBKO AECATKOB MUJUTMOHOB JIET: JIETITO-, IUKJIO-, aJUJI0-, KABEPHO300UIbI.
B KoH1e Me303051 — HavasIe KaiiHO305 MILIAHKH OTJIMYAINCh BEICOKOHM CTENEHBIO TUBEP-
cuduxauun (puc. 2), oOHOBUB OTpsAHbIM cocTaB noseieHueM Cheilostomata ¢ aBu-
KyJISIpUsIMH. Y OOJIBIIMHCTBA MAJIC030MCKUX MIIAHOK COBMECTHO C T€TepO300UIaMH B
KOJIOHMSX Pa3BUBAJIMCH CTUIJIM OJHOTO WM ABYX THIIOB: aKaHTO-, MUKPO-, aKTHHOTO-,
naypo-, MaKpOaKaHTO-, MUKpoakaHTOCTWIH. CoueTaHne KOHKPETHOTO IeTepo300H 1
U cTuist/ctTuiieit odecneunBaino 3GHEeKTUBHYIO 3aIIUTY OT pa3HbIX (PAaKTOPOB OKPYKa-
rowielt cpenpl. Haunnas ¢ Me3030MCKOM 3pbl 32 3alUTY KOJIOHUH, YCUJICHHYIO Y He-
KOTOPBIX POJIOB HAJMUMEM ILUIOB WIH (PPOHTANBHBIX IIUTOB, OTBEYAIN aBUKYJISIPUU
pasHbIx Moaudukanuii (tadm. 1).

BoznukHOBeHME 1 TpeoOpa30BaHKE 3AIUTHBIX CTPYKTYP Y HCKOIAEMBIX MIIAHOK
Ha TeX WM MHBIX HHTEPBaJaX Ie0J0rMYEeCKOro MPOLIIOr0 MOKHO pacCMaTpUBATh Kak
¢$uKcanuo U3MEHEHHH, pou3omenux B onochepe 3emiun. T U3MEHEHUS SIBIISI-
JICh PE3yJIbTaTOM BO3ACHCTBHS B3aUMOCBS3aHHBIX M B3aMMOOOYCIIOBICHHBIX (hrsnde-
CKUX SIBICHUH W/WJIM MPOLIECCOB: U3MEHEHUS ypPOBHA MUPOBOTO OKeaHa, OTEIICHUs/
MOXOJIO/IaHMSI, OJICACHCHHS/TAsSHUS JIGAHUKOBBIX LIATNIOK, BYJKAHU3Ma, TEKTOHHYECKUX
MOABMKEK KOHTHHEHTAJIBHBIX OJIOKOB, KOHLIEHTPALUHU YIJIEKUCIIOTO ra3a B arMocdepe
U BoJie, aHOKCUH U 1Ip. J1000i npouecc rmodanbHOro BO3AEHCTBUS 3alyCKal Yepeny
JIpYTuX, KapJUHAIbHO U3MCHSIOUIMX B UTOI'€ COCTaB OMOTHI IJIAHETHI (IIOCIIE MacCco-
BBIX BEIMUPAHUI) MM CYILIECTBEHHO €€ KOPPEKTUPYIOLINX MOSBICHHUEM HOBBIX POJIOB,
CEMEHCTB, OTPSI0B BO MHOTUX I'pyIIIax OPraHU3MOB, BKJItOuasi Mianku. HoBble Tak-
COHBI OTJIMYAJIMCh UHBIM TETEPO300MIOM U CTUIIEM JIMOO COUYETAaHHEM IeTepPO300H ]I
U CTWIISA/CTHIICH B OAHOM KojOHMH. OJHAKO HBONIOLMOHHBIC KPU3KCHI Y MIIAHOK HE
BCErJa COBMA/IAM ¢ I00abHBIMU OrochepHbIMU TeHaeHmsIMH [ 1, 5, 19, 42].

OBOJIOLMOHHBIA yCIeX Ka)XI0ro U3 PACCMOTPEHHBIX BBILIE OTPSIOB CBA3AaH CO
CTPYKTYPHBIMH OCOOCHHOCTSIMU KOJIOHHMH, 3al1acOM aJalTUBHBIX BO3MOKHOCTEH, pe-
AIM3YIOIUXCSI B U3MEHSIOIIMXCS YCIIOBHAX OKPY)KAIOIIEH Cpenibl, IIACTHYHOCTHIO
rpynisl [5, 19, 24]. Jlumutupyromumu GakTopaMu Aj1sl OSIBJICHUS! HOBBIX THUIIOB I10-
TuMOop(¢ /WK CTUIIEH BBICTYTNAJIM KaK INI00aIbHBIC IPOLIECCHI, HAITPUMED, TPaHCTpec-
CHsl M perpeccusi, U3MEHEHHE YPOBHS MUPOBOTroO OKeaHa, U3MEHEHHE KIMMara, TaK U
JIOKaJIbHBIE, B IIEPBYIO OUYEPEab KOJIMYECTBO MUIIEBBIX PECYPCOB, TEMIIEpaTypa BOJIb,
COJICHOCTb, ITyOHMHa, ocoOeHHOCTH cyOcTpara [7, 65]. TpaHcrpeccuBHbIE TMKH, IO-
BBILLICHUE YPOBHS MOPsI COBIIQAAIOT ¢ IuBepcudukanueii [66, 67] u sxcnancuei miua-
HOK (HampuMmep, BU3CHCKUI BEK paHHEro KapOoHa, CAaKMAapCKUH BEK paHHEH MEpPMH,
CEHOMAHCKHUI BEK MO3JHEro Mena). Takke mo0anbHble MOTEIICHHUS HOJIO0KUTEIBHO
BJIVSUTA HA HBOIIONUIO rpynmbl [68]. Bembliky B yBenndeHnn OuoMaccsl (pUTOIIIaH-
KTOHA B IIPOTPETHIX, OCBELICHHBIX MOPCKUX BOJAX HANPIMYIO CIIOCOOCTBOBAJIM MOSIB-
JICHUIO HOBBIX aJalTalluii U HOBBIX TAKCOHOB POAOBOIO M CEMEHCTBEHHOI'O PAaHIOB Y
MIIAHOK [6]. OnpeaenaeHHyI0 pojib UTPai HATMUNE XUITHUKOB U KOHKYPEHLHS C APY-
rUMH OEHTOCHBIMU Tpymmnamu [19]. O4eBumHO, 3amIUTa OT HANAJAIOUINX YKHBOTHBIX
Y OYMCTKA KOJOHHMH OT OcajKa SBJSUTUCH BaYKHBIMU IPOLIECCAMH B JKM3HU MILAHOK,
MOCKOJIbKY BO3HHKHOBCHHME ABUKYISIPUHA M MOJOOHBIX UM CTPYKTYp (Jemro-, mapa-,
aJIJI0-, KABEPHO300MI0B) NPOUCXOAMNIIO HEOIHOKPATHO, IPUYEM Y Pa3HbIX OTPSIIOB: B
paHHEM OpPIOBUKE U paHHEM JAEBOHE y (peHecTpart, B cepearHe KapOoHa y KPUIITOCTO-
Mart, B HauaJie Mejia y XeHI0CTOMAT.
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[IpoBeneHHBIN aHANN3 3AIUTHBIX CTPYKTYP Y CTEHOJIEMAaTHBIX M THMHOJIEMATHBIX
MIIIaHOK TI0Ka3aJl, YTO Ha NPOTSHKEHHH HECKOJIBKHX COTEH MMJUIMOHOB JIET OHHU IPU-
JEP)KUBAIMCH KOHKPETHBIX CTPaTeruii BbDKMBAHUS, HANPABICHHBIX HA YIyYLICHUE
MUTAHUS, YKPEIJICHUE KOJIOHUH, CHIDKCHHUE AABJICHUS BOABI, IPEIISITCTBUE OCAAHUIO
JPYTUMH{ OpraHU3MaMH U 3aChIIaHUI0 0caakoM (Tabm. 1).

Tabm. 1
PaznooOpasue 3auTHBIX CTPYKTYP HCKOTIAEMBIX MIAHOK
Bpewms nosisite-
DyHKIUOHAIIb- Pon
CTpyKkTypa |HHUS/MCUC3HOBE- Otpsin
Has TpyImna (mpumep)
HUS CTPYKTYPBI
1 2 3 4 5
Kunn, Semicoscinium
CHIDKEHE 1B~ | 311 yrypie cetkm 0.8/P, Hemitrypa Fenestrata
JICHI BOAIbI Ha Minussina Trepostomata
KOJIOHUIO I'pebuu D /P :
v Pseudonematopora | Cryptostomata
[Tyuok oceBbIx Pseudoascopora | Cryptostomata
300€LUEB, .
VYBenuueHue paciMpeHHas D,/P REOd}];sctrlteﬂ?l Trepostomata
MUTAIONEH 9HJI030HA ombotrypetia
IUTOINAM 32 CUET | OceBOi 300eIHi 0./P Pseudorhabdomeson | Cryptostomata
BO3pacTaHus pac- Prophyllodictya | Cryptostomata
CTOSTHUSI MEXK Y Me3soteka O /P p Y Y P
s Triznotrypa Trepostomata
ancpTypanH Hallopora
ABTO300UI0B; Me3zo3ooernun O, /P P Trepostomata
1773 Amplexopora
MOBBIILICHUE Monot
YCTOUYHUBOCTH | DKcUIA300ELUA O0/T, onoirylplya Trepostomata
1 TIeTOCTHOCTH Dyscritella
KOJIOHHH, CC YKPC-|  Texru3ooerun O,/P, Nematotrypa Cryptostomata
TUICHHE Clausotrypa
Helopora
Mertazooennu 0,/P, Nikiforovella Cryptostomata
Monotrypa
Huadparmser O/T, Mesotrypa Trepostomata
dusnyeckas I'emu¢parmsl O,/P, Nematotrypa Cryptostomata
3aImTa Huctudparmsr o,/T Prasopora Trepostomata
MIOJIUIIHIA, Fabifenestella Fenestrata
I'emucenTa O,/P -
MPHKPEINICHHE 13 Paranicklesopora | Cryptostomata
MYCKYJIaTypbl Kpunrouucr. .
¢ 0HTaJ‘ILHLI;7I K. /HbIHE Desmacystis Cheilostomata
P ! Rhamphostomella
LIAT
AKaHTOCTHIIN O/T, Leioclema Trepostomata
MHukpoakaH- Rhombotrypella Trepostomata
TOCTHJIH 0./p Polypora Fenestrata
Makpoakan- 203 Rhombopora Cryptostomata
OtnyruBanue TOCTHIIH Rhombotrypella | Trepostomata
XHINHHUKOB Nematotrypa
[MaypocTuiu O/P, Prophillodictya Cryptostomata
MuxkpocTtunu S,/P, Rectifenestella Fenestrata
Mysticella
AKTHHOTOCTHIIH D /P, Primorella Cryptostomata
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[Ipomomxkenue Tabm. 1

1 2 3 4 5
Lunulites
ABHKYIISIPHE K, /mprme Beisselina Cheilostomata
pa3HBIX TUIIOB Rhagasostoma

Qusmeckas 3a- D /D, Fenestrapora Fenestrata
[UTA OT XUIIHK-

KOB, OUHCTKA OT Kasepro3zooeruu D,/P, Cavernella Fenestrata
ocajiKa, JIMYMHOK, | I{ukmo300eruu C,/P, Shulgapora Fenestrata
MEJIKHX GECTIO3BO-| - A yos00ermmn C,/C, Nudymiella Cryptostomata

HOYHBIX —
[Tapazooerun D /D, Mirifenestella Fenestrata
Phylloporina
JlenTozooenuu O/P, Kallodictyon Fenestrata

Bce maneo3zoiickne TakCOHBI OTHOCHIIMCH K PUKPEIUIGHHOMY OEHTOCY, U Y HUX
BBIpa0aThIBAIINCH TOJBKO «ITACCUBHBIC» CPEJICTBA 3alIUTHI. B miepByIo ouepepb 3a cueT
TUTACTUYHOCTH BHEIITHETro OOJIMKa M BHYTPEHHETO TUIaHa CTPOEHUS KOJIOHUH (Omate-
pabHBINA, OCEBOH H Jp.), TOBEPXHOCTHBIX pa3pacTaHUl OTAEITHHBIX YacTel KOJOHUH
(kmme#t, OyropkoB, 3alIUTHBIX CETOK) MIMAHKHA aJalTHPOBAINCH K Pa3HOOOPa3HBIM
TUAPOJMHAMAYECKUM YCIIOBHSM (OT aKTUBHBIX B MEJIKOBOJTHOW 30HE /IO CIIa0BIX Ha
[TyOMHHBIX y4acTkax). [ mapomuHamMmudeckas cuTyaius Obljia KOPPEIsITUBHO CBs3aHA
C OCBEIEHHOCTHIO, TIIYOWHOM, TeMIepaTypoi, MUIIEBBIMU pecypcaMu, NaBICHUEM
BOJIbI M IPYTHMH XapaKTEPUCTHKAMHU MOPCKOTO OacceifHa. Y3Kasl crieluain3amnus aB-
TO300MJI0OB HA MHUTAHUE TOCIYKWJIA TOTYKOM JJISI Pa3BHTHUS Pa3HBIX THIIOB T€Tepo-
300M/I0B B KOJIOHUSIX. B paHHEeM majneo3oe rerepo30ouabl (Me30-, SKCHIIS-, TeKTH-,
METa3001bl) OTBEYAJIH 32 YKPEIJICHUE ¥ CTa0MIN3aINIO KOJOHHUH, YBEJITMUCHHE pac-
CTOSAHHA MEXKAY aBTO300UJaMU JIA ITOBBIILICHUS 3(1)(1)CKTI/IBHOCTI/I IUTaHUSA KOJIOHHUU
B 1esioM (Tabsn. 1). PaHHeop0BUKCKHME MITAHKU 00Ja1aliid PEUMYIIECTBEHHO Mac-
CHUBHOW WJIM WHCTPYCTHUPYIOLIEH KOJOHUAMH M OOMTAIM Ha MITKOM cyOctpare [69].
C KOHIIa OpIOBHKA KOJMYECTBO BEPTHUKAJIHHO OPHEHTHPOBAHHBIX (DOPM KOIOHWHIA,
TIPOM3PACTABIINX HAa TBEPAOM CyOCTpare, cTaOWiIBHO yBeamumBasioch [15, 24, 51].
B cpennem u mo3gHeM nanieo30€e OTAeIbHBIC BUIBI T€TEPO300U 0B (KaBEPHO-, IIUKIIO-,
aJIT0300M1bI) 00ECIIeUnBaIH, BEPOSITHO, O0JIee MPOTPECCHBHYIO «aKTUBHYIO» 3aIUTY
OT XWIIHUKOB, OYHCTKY KOJIIOHHH OT OCaJIka U JIMYMHOK OeCr03BOHOYHBIX. Hamnume
Ha [MOBEPXHOCTH WJIM B 9K3030HE KOJOHUH Pa3HOro BUA CTHIICH (aKaHTO-, aKTHHOTO-,
MHUKPO-, IaypOCTHJICH) OTITyTUBAIO XUIIHUKOB. [losiBIIeHne/MCYe3HOBEHHE TOTO HITH
WHOTO BHJIA TETEPO300Ma, CTUIISI MM UX HOBBIX COYETaHUH, OYEBHIHO, OBLIO CBsI3a-
HO C M3MEHSIFOIUMHUCS YCTIOBUSIME OKPY’KaIOIICH Cpe/ibl, Hauboiee pe3ko MposBIsB-
HIMMUCST Ha KPU3UCHBIX pyOekax pa3BUTHsI Onocdephl (B KOHIE OPJOBUKA, TIEPMH,
Ha TpaHMIle JIeBOHA — KapOoHa). Ha mpoTshkeHur Me3030s1 CTPYKTYPhI «ITACCHBHO
3alIUTBI YCTYITUIIA MECTO OoJiee TIPOTPECCUBHBIM CTPYKTYPaM «aKTHBHOW» 3allUTHI
— aBuKysipusaM. [locienHe BBITIONHSITN HECKOIBKO (DYHKITH: OYUCTHTEIHHYIO, OT-
MTyTHBAIOIYI0, CEHCOPHYIO, MBHUTaTeNbHyI0 [47, 48, 60]. YacTh MITAHOK cTayia Mmoj-
BIDKHBIM OEHTOCOM, 4TO TpeOoBasio OoJiee OBICTPOH M CHITBHOM OTBETHOM peakiiuy Ha
mM000e BHEIITHEE BO3/IEHCTBHE.
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3aKkjIoueHue

B pesynbrare npoBeACHHBIX UCCIIEIOBAHUI YCTaHOBICHO CIIEAYIOIICE:

1. DBOMOIIMOHHBIE TPEOOPA30BAHISI MITTAHOK B 3HAYUTEIILHON CTETICHN OBLIH OpH-
CHTUPOBAHbI HA BO3HUKHOBCHUE 1 MOJIM(DUKAIINIO PA3HOOOPA3HBIX 3AIUTHBIX CTPYKTYP
(reTepo300HI0B, CTHIICH, ABUKYJISIPUEB M BAPHAIMN X COUCTAHUN B OJJHOM KOJIOHHH).

2. [Maneo3oiickue u ME3030HCKUE OTPS/IbI XapaKTEPH30BATUCHh HATMYHEM B KOJIO-
HUSX aHAJIOTUYHBIX 110 MPEIHA3HAYCHHUIO TTOJIUMOP(, U4TO, BEPOSATHO, OBbLJIO 00YCIIOB-
JICHO CXOJHBIMHU JTUMHUTHUPYIOIIMMH (PaKTOpaMu Cpe/ibl 0OuTaHus (B MEPBYIO 0Yepeib
ypoBHEM MHUPOBOTO OKeaHa, KJIMMAaTOM, 00bEMOM ITHILEBLIX PECYPCOB, XHUIIHUKAMHU ).

3. B 3aBucHUMOCTH OT (YHKIIMOHAIBLHOCTH 3aIUTHBIC CTPYKTYPhI B KOJOHHSIX
MIIIAHOK MOXKHO Pa3JeNIUTh Ha MATh TPYII: 1) CHIXKCHHUE AaBICHUS BOJbI, 2) YBEIHU-
YEHUE MUTAIONICH TJIOMAAN 32 CYST BO3PACTAHUS PACCTOSHUS MEXAY alepTypaMu
ABTO300UJIOB; IMOBBIIICHUE YCTOMYMBOCTH U IICJIOCTHOCTH KOJIOHUH, €€ YKPEIUICHUES,
3) ¢usnyeckas 3aniuTa MOJUIKIA, TPUKPEIICHUE MYCKYJIaTypbl, 4) OTIYTHBaHUE
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Abstract

The protective structures of bryozoans representing four orders—Trepostomata, Cryptostomata,
Fenestrata, and Cheilostomata—were analyzed and classified for the first time based on functional criteria.
The proposed classification includes five groups of protective structures responsible for: 1) reducing water
pressure; 2) increasing the feeding area by expanding the distance between the autozooecia apertures, as
well as strengthening the colony’s stability and integrity; 3) physically protecting the polypide and providing
attachment points for muscles; 4) scaring off predators; and 5) enabling physical protection against predators
while also cleaning the colony from sediments, larvae, and small invertebrates. The study of the development
of heterozooids, stylets, and avicularia in fossil bryozoans revealed the emergence of persistent, effective
polymorphs in the Early Ordovician, Late Devonian, and Early Cretaceous. The evolutionary changes in
bryozoans were primarily driven by fluctuations in the levels of the World Ocean, climate, phytoplankton
biomass, and predator composition, among other complex interplays between abiotic and biotic factors.
To shield themselves from predation threats, bryozoans evolved acanthostyles protruding above colony surfaces
and various types of heterozooids physically protecting them from being eaten (caverno-, para-, cyclo-, lepto-,
and allozooids in the old groups, along with avicularia in cheilostomates). Avicularia and similar structures
occurred repeatedly in different orders: in fenestrates during the Early Ordovician and Early Devonian,
in cryptostomates during the Middle Carboniferous, and in cheilostomates during the Early Cretaceous.
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Figure Captions

1. Typical structures of colonies in fossil bryozoans from different orders.

Fig. 2. Generic diversity of fossil bryozoans and the largest mass extinction events (asterisks) during the

Ordovician—Paleogene. Adapted from [1, 7, 8, 9].

Fig. 3. Structures in the colonies of Ordovician bryozoans from the orders Trepostomata and Cryptostomata

(Upper Ordovician, Sandbian, Khrevitsa Formation; Leningrad region, Russia, Khrevitsa River):
a, b — Diplotrypa abnormis (Modzalevskaya, 1953), specimen TsNIGR Museum, no. 4/13403;
¢, d — Nematotrypa robusta (Spjeldnaes, 1984), specimen TsNIGR Museum, no. 1/13403;
e — Prophyllodictya khrevitsa Tolokonnikova et Fedorov, 2023, specimen TsNIGR Museum,
no. 16/13403; f, g — Amplexopora sp., specimen TsNIGR Museum, no. 11/13403. Key: A — au-
tozooecium aperture, Ac — acanthostyle, H — hemiphragm, D — diaphragm, M — mesozooecium,
Me — mesotheca, P — paurostyle, T — tektitozooecia, C — cystiphragm.

Fig. 4. Structures in the colonies of Devonian bryozoans from the orders Cryptostomata, Trepostomata,

Fig.

and Fenestrata (Upper Devonian, Famennian): a, b — Mysticella sarcosanta Gorjunova, 2007,
specimen PIN, no. 1613/695; Shamamidzor Formation, Armenia, Birali-Kuzei Mountain;
¢, d — Spinofenestella abyschevoensis (Trizna, 1958), specimen KuzGPA, no. 4a/11.1; Topkinsky
horizon; Kemerovo region of Russia, Abyshevsky section; e — Nikiforovella cavernosa (Nekhoroshev,
1932), specimen Cologne Institute, GIK 2500 (V4-13b); Velbert Formation; Germany, Rhenish
Massif, Velbert borehole, depths 103.8-131.5 m; f— Rectifenestella rudis (Ulrich, 1890), specimen
University of Liége, Ulg 6-2a; Yvoir Formation; Belgium, Dinant Synclinorium, Nutons quarry;
g — Fodyscritella clatrata Troizkaya, 1970, specimen KuzGPA, no. 4/12a.1; Topkinsky horizon;
Kemerovo region, Russia, Topkinsky section. Key: Ac — acanthostyle, Ak — aktinotostyle, K — keel,
Me — mesotheca, Met — metazooecium, Ba — bundle of axial zooecia, E — exilazooecium, S — spine.

5. Structures in the colonies of Permian bryozoans from the orders Fenestrata and Trepostomata
(Permian, Cisuralian, Sakmarian; Bashkiria, Russia): a — Spinofenestella quadratoporaeformis
(Schulga-Nesterenko, 1941), specimen SibGIU, no. 12/31; Shakhtau quarry; b — Trataucladia
noinskyi (Schulga-Nesterenko, 1941), specimen PIN, no. 2985/718; Yuraktau Mountain;
¢ — Mackinneyella ornamentata (Schulga-Nesterenko, 1941), specimen PIN, no. 2985/474; Turataw
Mountain; d — Shulgapora pseudokolvae (Schulga-Nesterenko, 1952), specimen PIN, no. 613/541;
Kuzminov Massif, borehole 102/21; e — Cavernella cavifera (Schulga-Nesterenko, 1939), speci-
men SibGIU, no. Ne 12/30; Kushtau mountain; f, g — Rhombotrypella composita Nikiforova, 1939,
specimen SibGIU, no. 12/29; Shakhtau quarry. Key: N — node, D — diaphragm, Ca — cavernozooe-
cium, Mi — microstyle, mAc — macroacanthostyle, miAc — microacanthostyle, C — cyclozooiecium,
E — exilazooecium.

Fig. 6. Structures in the colonies of Cretaceous bryozoans from the order Cheilostomata (Upper Cretaceous,

lower Maastrichtian, Karsun Formation; Samara region, Russia, near Podval’e village): a — Lunulites
pseudocretacea Hékansson et Voigt, 1996, specimen SibGIU, no. 12/32; b — Rhagasostoma rowei
(Brydone, 1906), specimen SibGIU, no. 12/33; ¢ — Biaviculigera sp., specimen SibGIU, no. 12/34.
Key: V — vibraculum, vA — vicarious avicularium, Cr — cryptocyst, S — spine.
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