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KOHUEIINNA TAKCOHOMHNYECKOTO ITPOCTPAHCTBA
N NHTETPAJIbHAA OOEHKA CABUI'OB B CTPYKTYPE MUKPOBHBIX
COOBLIECTB ITO JAHHBIM AHAJIN3A BUBJINOTEK I'EHA 16S-pPHK*

E.B. IEPIIINHAL A.C. IOJIbHUK?2, A.T. IMHAEB!, K.A. JIOITIAKOBA!,
E.E. AHIPOHOB!

IIpodieMa TaKCOHOMMYECKOIl CTPYKTYPbl M JTUHAMHUKH CJOXKHBIX MHKDOOHOMOB JKHBOTHBIX,
YyelioBeKa, PacTeHWil, MOYBbI — OAHA M3 Hau0ojiee MHTPUTYIOMIMX B COBPEMEHHOW MHKPOOHOJIOTHH.
TexHONOrMH BbICOKONPOU3BOJUTEILHOTO CEKBEHUPOBAHMA NMPH M3YYEHHH PA3HOOOPa3Usi MUKPOOHBIX
coodmecTs no noaumopdpuszmy renos 16S-pPHK no3Bosmmiam cymecTBeHHO yBeJIMYHTh 00BEMbI MOy~
YaeMbIX METAT€HOMHbIX JAHHBIX, OJHAKO MX KOPPEKTHbIii aHAJU3 M OMOJIOrHYECKas MHTEpNpeTanus
BbI3BIBAIOT 3aTPYIHEHHS, B YACTHOCTH B CBsA3M ¢ 3(pdeKTOM H30MpaTeabHON aMILIM(pUKANNM C YHH-
BEPCAJbHBIMH NpaiiMepaMu M COOCTBEHHO ATPUOYTHMpPOBaHMEM 00pa3uoB. /Iy pemieHUs ONMMCAHHBIX
npoodJieM Mbl CO3/1aJIM CENNANBHYI0 ONEePANMOHHYI0 cpeay — TakcoHomuueckoe npoctpancrso (TII),
B KOTOpPoM nocienosatenbHocTd rena 16S-pPHK npencrasienbl Toukamu, reoMeTpuyeckKue pac-
CTOSIHUSI MEXIY KOTOPbIMH COOTBETCTBYIOT F€HETHYECKHM IUCTAHUMSAM MEXAY COOTBETCTBYIOIIMMH
nocjienosateabHocTavu. KaprupoBanue naHHbix mo OmopasHooOpasuio reHa 16S-pPHK B mpeana-
raemom TII u mpeacraBieHHe MHUKPOOHOrO COOOLIECTBA KAK HAJOPraHM3MEHHOW CHCTEMbI C MPHUCY-
UMM eil HHTerpajJbHBIMH NAapaMeTPaMH MMeeT PsiJi NPEeUMYLIECTB Mepes TPAAMIHOHHBIMU MOIX0AAMHU
K oneHke OmopasHoooOpasusa. Tak, B pamkax TII, rae Kaxkaasa nmocjenoBateabHocTh reHa 16S-pPHK
MoJiyyaeT COOCTBeHHbIT uaeHTHUKATOpP M3 42 KOODAMHAT, MOXKHO AHAJIM3UPOBATH HEATPHOYTHPO-
BaHHbIE MOCJIEI0BATEILHOCTH B JII000i aMILIMKOHHOM OnOaMoTeke. XoTs onucanHoe B padore TII B
CTPOTOM CMbICJIE He SBJISETCS MHOTOMEPHbIM MATeMaTHYECKHMM HMPOCTPAHCTBOM (B YACTHOCTH, OCH
TII B3auM03aBUCHMBI), MOJYYEHHbIe KpaiiHe BbICOKHE KOI()(HIMEHTbI KOppeisuun MonapHbiX reHe-
THYECKHX JUCTAHIMIA MEXKAY MOCJIeJ0BATENbHOCTIMH U MX reOMETPUYECKUMH AHAJIOTaMu, 0e3ycJoB-
HO, CBHIETEJbCTBYIOT B MOJib3y 000ocHOBaHHOCTH mpuMeneHus TII na mpaktuke. Pa3surue KoHuen-
mun TIT umeer Goabioe 3HAYEHHE He TOJBKO NMPH aHAJIHM3E CTPYKTYPbl MAKPOOHBIX COOOIIECTB, HO H
IS U3y4eHus 3BoJIouMonHoi uctopun reda 16S-pPHK. IlockonbKy Monenb mo3BoJisieT AaTh onuca-
HHMe JII00OMY €ro BapHaHTy (PeajM30BAHHOMY M ellle He Peaju30BAHHOMY B Xoje 3BOJIONNH), B €€
paMKax MOTYT peliaThCsl BONPOCHI, CBSA3AHHBbIE C MPOMCXOXKIEHHEM M JAMBEPreHTHO! BOMIONUeil npo-
KapUOTHBIX TAKCOHOB (HanmpuMep, BO3MOXKHO oOmNpelesieHHe THIOTETHYECKOr0 LHEHTPA ero MpOUCXOXK-
nenus, u toraa TII peopranusyercsi B 3BOJIIOLNMOHHOE MPOCTPAHCTBO). B KavyecTBe 3KcnepUMeHTAb-
HBIX 00b€KTOB HAMM MCHOJIb30BaHbI Pa3Hble NMOYBEHHbIE MHKPOOHOMbI, B TOM YMCJE CMOJEIMPOBAHDBI
WX W3MEHEHHs TMOJ BO3JeiCTBMEM YCJIOBHil cpenbl (3acojenue). OQHAKO MpeAJiOKeHHbI B padore
MaTeMATHYECKHil MeTOJl YHHBEPCAJIEH U MOXeT ObITb MCMOJIb30BAH AJIsl M3yYeHUsI He TOJbKO OMopa3s-
HOOOpa3usi MPOKAPHOT, HO U COOOLIECTB DYKAPHOTHYECKHX OPraHM3MOB (B TOM YHCJI€ JKUBOTHBIX M
pacTeHmii; mepcneKTUBHBIM TAKCOHOMHYECKMM MapKepoM B 3TOM ciy4ae Oyaer ren 18S-pPHK).

KnioueBbie cjoBa: MHKpoOMoM, mouBa, 3aconenue, 16S pPHK, takconomuyeckoe mpo-
CTPAHCTBO.

Keywords: microbiom, soil, salinization, 16S rRNA, taxonomic space.

IIpn uccaegoBaHuM pa3zHOOOpa3nsi MUKPOOHBIX COOOIIECTB HamboJliee
nonyJspeH aHanu3 noimMmopdusMa reHoB 16S-pPHK (1). TexHoiorum BBICO-
KOIMPOU3BOAUTEILHOTO CEKBEHUPOBAHUSI MO3BOJMIN 3HAYMTEIBbHO YBEIUYUTH
00BbEMBI 3KCIIEPUMEHTAJIbHBIX JAHHBIX IO OMOpa3HOOOpa3uio, B pe3yabTaTe ye-
ro CTajl0 BO3MOXHBIM M3y4eHHME HE TOJbKO CTPYKTYPhI, HO U IUHAMUKU MMK-
poOHBbIX coobiiiecTB (2, 3). OmHaKoO 3TO MOCTAaBWIO Psif MPoOJeM, CBI3aHHBIX C
MOJyYEHUEM, aHAJIM30M M OMOJIOTMYECKO MHTEpIIpeTaleil MeTareHOMHBIX JaH-
HbIX (4). PaccMoTpuM AaBe U3 HUX.

IlepBasi mpobGyiema oOyciioBiieHa 3(deKToM U30UpaTebHONW aMIIUdU-
Kanuu nociaenoBateabHocTelr 16S-pPHK mpu mpoBeneHnu MyJbTMMATPUYHOM
TP ¢ yuuBepcaabHbiMU nipaiiMepaMiu (5, 6). OcOGEHHO SIPKO OH MPOSIBISIETCS

* PaboTa momaepxaHa MuHuCTepCTBOM Hayku u obpasoBanust PO (I'K Ne 16.552.11.7047), rpantom PODU 12-
04-01371a u Tlporpammoii momnepxkku (yHIAMEHTAIbHBIX WCCIENOBAHUIN 1O TIPUOPUTETHBIM HAIPaBICHUSM
Cankr-ITeTepOyprckoro rocyIapCTBEHHOTO YHUBEPCUTETA.
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MpU UCCIEI0BAHUM MECTOOOMTAHUM C OOJNBIIOW A0Sl MUHOPHBIX I'PYNIT MMK-
POOPraHU3MOB (TaKMX KaK IMOYBEHHOE COOOILECTBO) U MOXET MPUBECTU HE TOJIb-
Ko K INTLIP-3aBUCHMBIM MCKakeHUSIM JAaHHBIX O CTPYKType MHKpOOMOMa, HO U K
MOJHOMY OTCYTCTBHUIO Psila HYKJIEOTMAHBIX mociieaoBaTenbHocteil B [TLP-mipo-
aykre. Tak, G.T. Bergmann ¢ coaBT. (7) mokaszajau, YTO MU3-3a CPABHUTEJbHO
CJ1ab0TO CPONCTBA BCEX COBPEMEHHBIX KOHCTPYKIIMI YHMBEPCAIbHBIX ITpaiiMe-
POB C IOCJEeI0BaTEIbHOCTAMU OakTepuil U3 bunabl Verrucomicrobia nanHbie 1Mo
OOWJINIO 3TMX MUKPOOPTAaHM3MOB B TOYBE OBLIM TOBOJIHHO CHUJIBHO 3aHIKECHBI
(7). Hecmotpst Ha To, yTo TpobjeMa M30UpaTeJbHOU MpaiiMep-3aBUCUMON aM-
mindukauuu Monekya 16S-pPHK B Toii uiuM MHOM cTenmeHM 3aTparvBaeT JIo-
0oe COBpeMEHHOE MCCJIeIOBaHUE, A0 CUX MOp He ObUIO IpemIoxXeHO 3ddek-
THUBHBIX CITOCOOOB €€ pelleHUS.

Bropas mpobGiema TOABISIETCS NPU aHAIM3€¢ TaKCOHOMMYECKOW CTPYyK-
TYpbl MUKPOOHBIX COOOIIECTB U e¢ OMONOrmIecKoil mHTeprperaun. OCHOBHAs
TPYAHOCTh B CJlyda€ METAareHOMHBIX NaHHBIX CBSI3aHA C BBICOKOW CTENEHBIO
OnopazHoOOpa3usi MUKPOOHBIX COOONLIECTB, a TakKXKe C HAIMYMEM B MX COCTaBE
TaKCOHOMMYECKM He WACHTU(UIIMPYEMBIX MUKPOOPraHU3MoB. onst MUKpoop-
TaHU3MOB, HE MMEIOIIMX TaKCOHOMUYECKON XapaKTepMCTUKU, Ha YPOBHE KakK
pola, Tak 1 0ojee BBICOKMX TaKCOHOB (BIUIOTH A0 (PUJIBI) COCTaBJISIET, MO pa3-
HBIM OILleHKaM, 0oJiee TTOJOBMHBI OT OOIIETO COCTaBa MUKPOOPTaHMU3MOB B CO-
obuectBe (8). Hanuuue takux ¢opM He MO3BOJISIET CPaBHUBATh COCTaB MUKPO-
OMOMOB B HE3aBUCHMBIX 3KCIIEpUMEHTaX M, B YACTHOCTH, OTPAaHWYMBAET HC-
MOJIb30BAaHME MOJIEKYJISIPHBIX METONOB B MCCJIEIOBAHUSX, CBSI3aHHBIX C aHAJIM-
30M OOJIBILIOro YKciaa 00pa3loB (MUKPOOUOJOrMIECKOe KapTUPOBAaHUE MOYB, MO-
HUTOPUHIOBBIC UCCIeA0BaHuUsI, Ororeorpadusi MUKpOOMOMOB U Ip.).

J1s1 pelreHus] OIMMCAHHBIX TPOOJIeM MBI CO3MAIN CITEIIMATbHYIO OIepa-
LIMOHHYIO Cpedy ST pabOThl ¢ HYKJICOTUIHBIMM ITOCIIEAOBATEIbHOCTIMU — TaK-
conommyeckoe TpoctpancTBo (TIT) mast rena 16S-pPHK. TII mipeacrasnsieT co-
00i1 MeTprYecKoe MHOTOMEPHOI IPOCTPAHCTBO, B KOTOPOM IOCIIEAOBATEIIBHO-
ctu reHa 16S-pPHK mpencraBieHbl TOYKaMU, TeOMETPUYECKHE PACCTOSHUS
MEXIY KOTOPBIMH COOTBETCTBYIOT T€HETUUYCCKUM AWCTAHIIASIM MEXIY COOTBET-
CTBYIOIIIMMM TIOCJI€A0BATEIbHOCTSAMU (ITPOLEHT pa3inyalolMXCsl HYKJI€OTHUIHbBIX
no3uuuit). IlepBasi Bepcusi Takoro MpoOCTpaHCTBa omnucaHa paHee (9), HO ucC-
MOJIb30BAaHHBIE TOTAA METOIBI €r0 IMOCTPOSHUSI He TO3BOJIWIM TOJy4YaThb BBICO-
Kue KO3 OULIMUEHThl KOPPETSLUU MEXIYy TeHEeTMYECKMMHU MMCTAHLMSIMU M UX
reoMeTpuuecKMMu aHajoramu (r =~ 0,3).

B HacrosiemM uccienoBaHUU TpeaiaraeTcsl albTepHATUBHBIN MOIXOM K
MOCTPOEHUIO TaKcoHoMU4Yeckoro mpoctpaHcTBa (TIT). B mepBoii yactu HamMu
OyzeT IpoAeMOHCTpUpoBaHO ucnonab3oBaHue TII ansg oueHku 3¢dexra u3du-
paTeabHOM IpaiiMep-3aBucuMoi ammindukauuu B TP Ha npuMepe Tpex map
YHUBEpCalbHbIX IpaiiMepoB mig reHa 16S-pPHK, Bo Bropoit TII GymeT ucmosib-
30BaHO JUISI OLIEHKM CTPYKTYPhl MU AMHAMUKUA MMKPOOHBIX COOOIIECTB (B yCJIO-
BUSIX 3aCOJIEHUS).

Memoduxa. B xauectBe Mojenu npu oueHKe >¢p¢eKTa u30upaTeabHOI
MpaiiMep-3aBUCUMON aMITTU(UKAIIMA UCIIOIb30BAIM 00pa3ell IepHOBO-TI0I30-
JINCTON MOYBBI, 0TOOpaHHbIN B utosie 2007 roma BOaM3M moc. benoropka (Jle-
HUHTpanacKast 0071.) u3 ropuszonTa Al. Ilpu nccaegoBanum Ipoliecca MpUPOIHOTO
MoYBeHHOTo 3acojieHus jetoM 2009 roga mpoBeau 3KCHEAUIIMIO B paliOH COJOH-
yaka [unrupnay (KazaxcraH) u BAOJb TpalMeHTa 3aCOJICHHOCTH OTOOpaiu
1ectb odpasuos mouskl (T1, T2, T2-3, T3, T4 u T5; conepxanue coneit B T1 —
1,23 %, B TS — 0,01 %). B 200 kXM OT cojloHYaKa OBUIM B3ATHl TpU OOpasla
TUIIMYHOM MJIsI perMoHa TeMHO-KallITAHOBOI mo4uBbl (ogHa uenuHHas — HII u
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nBe 3anexuHble — H3 u HK) (10). B ombiTe mo 3aconeHuIo B IOYBY C ydacTKa
HK BHocunu pacTtBop coJieit Takoro xe cocrtaBa, Kak B obpasue T1 (Ha 100 r
nousel CI” — 8 MM, SO42” — 12 MM, Nat — 7 MM, K* — 0,5 MM, Mg2+ —
2,5 MM, CaZ* — 10 MM) 10 KoHe4yHOii KoHueHTpauuu 3 % (w/w). Conu Kaiib-
LUST U CyJbGhaToB O00ABSIM pa3aesibHO. DKCIEPUMEHT BBIMIOJTHSIIM B IBYX TeX-
HUYECKUX TOBTOPHOCTSX (IS KOHTPOJSI U ombiTa). B cocymax ¢ MmoyBoit 1oa-
JEePKUBaIU IMOCTOSHHYIO BJIaXHOCTh (60 % oT moyiHOi BiaroeMkocTu). I1poOsl
OTOMpaJIN M3 TPEX PABHOYNAJIEHHBIX IPYT OT IPYyra U OT CTEHOK COCYAA TOYEK U
00benuHIM (B paBHbIX 00beMax) Ha ctaauu JIHK-skcTpakToB.

JAHK Breigensnum m3 mouyBeHHOro ob6bpasua (0,2 ) coriacHO ommca-
Huto (11).

IIpn ouenke addekra n30MpaTebHON ITpaiiMep-3aBUCUMON aMITT(I-
Kaluy I moirydyeHust 6uonuorek reHa 16S-pPHK 6bimy BEIOpaHBI TpH MHaphbl
yHuBepcanbHbIx mpaiimepoB: fD1/rD1 (27f: 5'-AGAGTTTGATCCTGGCTC-
AG-3", 15251: 5"-AAGGAGGTGATCCAGCC-3") (12); fBD1/rBD1 (642f: 5°-
HAATHYGTGCCAGCAGC-3’, 1445r: 5'-GTCRTCCYDCCTCCTC-3") (13)
n Eu3 (63f": 5'-AGGCCTAACACATGCAAGTC-3", 1494r: 5'-TACGGYTA-
CCTTGTTACGAC-3") (14). AMminduKaluumo BBHITIOJHSIIM MO CTaHIAPTHOM
metoauke (11), momydyeHHbIe (parMeHThl KJIOHUpOBaIuM B BekTope pAL-TA
(«EBporen», Poccust) mo npoToKoiy MpOU3BOAMTENSI Y UCHOIb30BAIM KOHCTPYK-
UM ISt TpaHcopMalMKM KOMIETEHTHBIX KieToK Escherichia coli (DH10B)
(15). Ina kaxnaoii mapbl MpaiiMepoB ObLIa co3gaHa OMOIMOTEeKa (pparMeHTOB
reda 16S-pPHK (L1 — Eu3, L2 — fD1/rD1 u L3 — fBD1/rBD1). ITocienoBa-
TEeJILHOCTh HYKJIEOTUAOB OIpPEAEsiad C HcIojb3oBaHueM Impaiimepa FGPS
(485-292) 5'-CAGCAGCCGCGGTAA-3" (16) B aBTOMAaTUYECKOM CEKBEHATO-
pe SEQ8000 ¢ mpuMeHeHHEM peareHTOB ¢upMbI-nipou3BoauTess («Beckman
Culter», CIIIA) B cOOTBETCTBUU C MpuUiaraeMbIM MPOTOKOJOM. BblpaBHUBaHUE
nociuenoBaresbHocTel npoBoauau B mporpamme Clustal X, moctpoeHue mat-
pMII TeHETUYECKUX AUCTAHIMK U (PUIOreHEeTUYECKOro NIpeBa — B IpOrpaMme
MEGA 5. TakcOHOMMYECKYI0 UACHTU(UKALIMIO MOCAEA0BATEIbHOCTEH BBIMOJI-
Hsui Ha cepBepe RDPII (17).

Hns nomydyeHust Ouo-
ymotek reHa 16S-pPHK npu
OLICHKE CTPYKTYPHI M IWUHA-
MUKW MUKPOOHBIX COOOILIECTB
B YCIIOBHMSX 3aCOJICHUS aM-
MIMGUKAIMIO TTPOBOIUIN C
VHUBEPCATBHBIMA TIpaiiMepa-
mu F515 m R806 x Bapma-
oenbHOMY yyacTky V4 (18).
ITupocekBeHUPOBAHUE aAMILIV-
(buKaToOB BBIMIOHSUIM Ha TPU-
o6ope GS Junior («Roche»,

Puc. 1. Pacnojoxenne Tpex nap YHHBEDPCAJIbHBIX NpaiiMepoB ].HBeﬁLlapI/IH) COIJIaCHO pe-
OTHOCHUTEJIbHO HyKJIeOT]/l,ZlHOifI mocJjIe10BaTEJIbHOCTH I'€Ha 16S- KOMEHaIalusIM HpOI/I3BO,Z[I/ITC-

pPHK Escherichia coli (mramm K12). 7. AHANU3 TOC/EN0BATEb-
Hocteli ocyiectBisuid B mporpamme QIIME v. 1.5.0 (19). Y3 HyK/I€OTUIHBIX MO-
cJeIoBaTeIbHOCTEN YAAIWIN CIyXKeOHbIe MOCIeA0BATEIbHOCTH, MPOBEAN (UIBT-
pamyio, BBIPABHUBAHMWE, ITOCTPOCHME MATPUIIBI T€HETWYECKUX OMCTAHLUN U
TaKCOHOMMYECKYIO MICHTU(UKALIMIO C MCIOIL30BAHUEM IapaMeTpPOB, YCTAHOB-
JICHHBIX 110 ymoJyiyaHuioo. KiactepHblii aHaiauM3 oO0pa30B BBHIMOJHSIM C WCIOb-
30BaHUEM ajnroputMma «unweighted unifracs.

JlocTOBEpHOCTh pa3nuyuii oLeHUBaIU Mo f-KpuTepuio CrtblogeHTa U F-

D1 D1

AHATUZUPYEMAsT
MOCACIOBATE -
HOCTR
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kputeputo @uiepa.

Pesyavmamsl. AHanTu3 TaKCOHOMHUYECKOTO COCTaBa aMIIJIM-
KOHHBIX O6ubnumotTeK. bubaruomexu eena 16S-pPHK, noayuennvie ¢ ucnoiao-
308aHUEM PA3AUMHBIX KOHCMPYKUUL YHUBEPCAAbHBIX npatimepog. Jlokamu3alus mo-
CJIeIOBaTEIbHOCTEI Tpex Iap YHHBEPCAIbHBIX IIpaiiMepoB B reHe 16S-pPHK, uc-
MOJIb30BaHHBIX JJI MOJYyYeHUsT OMOAMOTEK, TTpYBeIeHa Ha pUcyHKe 1.

Jis aHanu3a B KaXaA0W aMIUIMKOHHOW OMOIMOTEKe BbHIOpaau MpUMEp-
HO paBHOe€ 4ucio TociaenoBareibHocTeit: 33 — u3 L1, 29 — u3 L2 u 33 — u3
L3. HykneoTuaHble mociaeaoBaTeIbHOCTU ObUIM OTHECEHBbI K OaKTepualibHbIM
dunam Proteobacteria (32 %), Acidobacteria (26 %), Verrucomicrobia (7 %), Ac-
tinobacteria (4 %), Bacteroidetes (3 %), Planctomycetes (3 %), Chlamydiae (3 %)
u Firmicutes (2 %) n nenonupoBanbl B GenBank (the National Center for
Biotechnology Information — NCBI) ¢ nmpucBoeHueM HUACHTU(GUKATOPOB
HQ412669-HQ412763.
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Puc. 2. Pacnipenenenne nociienoBaTeIbHOCTEH H3 AaMILTMKOHHBIX OuOmorek L1 (¢), L2 (0) u L3 (4),
noJryyeHHbix 11 reda 16S-pPHK c ucnoJb3oBaHHeM pasHbIX Map YHMBEPCAJIbHBIX MpaiiMepoB, HA (u-
JIOTEHeTHYECKOM JIpeBe: A — IIOC/Ien0BaTeIbHOCTH U3 GwiIbl Proteobacteria, b — mocnemoBaTebHO-
ctu u3 duasl Actinobacteria.

ITpu mocTpoeHUM (bUTOreHETUYECKOro ApeBa ObLIO MOKa3aHO, YTO MO-
CJIeIOBaTEILHOCTU M3 TpeX OUOIMOTeK HepaBHOMEPHO paclpelnessiioTcs B Ipe-
JeaaxX OCHOBHBIX MIPOKApHUOTHBIX TaKCOHOB (puc. 2). Tak, B ¢une Proteobacteria
OCHOBHYIO YaCTb COCTaBJISUIM HYKJICOTHIHBIE ITOCJEAOBATEIbHOCTH M3 OMOIMO-
teku L1. Bonee Toro, mogapsrolee OOIBIIMHCTBO U3 HUX (POPMUPOBATIM KOM-
MaKTHYIO TPYMITy, POJCTBEHHYIO NOpSnKy Rhizobiales. B dune Acidobacteria
CJIOXXWJIOCh TTPOTUBOITIOJIOKHOE pacipeeseHue ¢ MepeBeCOM B CTOPOHY IOCie-
JoBaTenbHOcTel M3 6mbnuorek L2 u L3. IIpuueM mocnemoBaTenbHOCTU U3 L2
KJIACTEpU30BaIUCh MPEUMYIIECTBEHHO ¢ alumobakTepusmu u3 rpynn Gp3 u
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Gp2, a mocnenoBatenbHOCTH M3 L3 — c rpynmoit Gpl. HepaBHOMepHOCTh B
pacripeneieHu HyKJIeOTUIHBIX TOCIenoBaTeIbHOCTeM HaOMoManach TakKe JIst
¢un Verrucomicrobia n Chlamydiae (tabna. 1). IlonyyeHHbIe JaHHBIE HATJISIAHO

1. TakcoHomuueckas uaeHTudukanus nocje- JIeMOHCTPUPYIOT ekt mpaiimep-

noBarenbHocteii rena 16S-pPHK npn ana- 33BUCHMOU amILTU(UKaLKK, KOTO-
JM3e AMIUIMKOHHBIX OuGnmorek L1, L2 u Dbl IPOSABUIICA HA YPOBHE (UL

L3, mogyyeHHBIX C pa3HbIMM TapamMh YHH-
BepCaJIbHbIX MpaiiMepoB

Duta

L1 [ L2 | L3

Proteobacteria
Acidobacteria
Verrucomicrobia
Actinobacteria
Bacteroidetes
Planctomycetes
Chlamydiae
Firmicutes

18
4

I Do

2

8
13
1

2

7
11
6

1
1
3

IIpumeuvanwue. [Ipouepk O3HAYAET, YTO MPEACTABUTEIb

Ouenka cmpykmypol u ou-
HAMUKU MUKPOOHbIX Ccoo0ujecme 6
Yyeaoeusix 3aconeHus. 3acoieHre OTHO-
CAT K YMCIy HauboJjiee MOUIHBIX
skosornyeckux daxkrtopon (20). IToxa-
poOHO AWHAMKWKAa MUKPOOHOTIO CO-
ob1ecTBa MpU €CTECTBEHHOM 3aco-
JIEHUM omrcaHa HaMmu paHee (10).
3mech ke MBI OCTAaHOBMMCSI Ha Kpar-

(Wb He BHIABIEH. KOM CPaBHUTEJIbHOM aHAIM3E CTPYK-
TYpbl COOOLIECTB B YCJIOBUSIX €CTe-
CTBEHHOTO M MCKYCCTBEHHOIo 3acojieHMs. Bo Bcex mpobax ObUIM BBISIBICHBI
npeactaButean 21 6akrepuaabHON (GUIIBI, Cpeau KOTOPBIX TOMUHUPOBAIN OaK-
Tepun u3 ¢un Actinobacteria, Bacteroidetes, Firmicutes, Proteobacteria. CpaBHM-
TENBHBIA aHaJN3 TIPOIECCOB €CTECTBEHHOTO M MCKYCCTBEHHOTO 3aCOJICHUST BbI-
SIBUJT psil OOIIMX OCOOEHHOCTEH B U3MEHEHWU CTPYKTYphl cooOuiecTB. B oboux
clyJasx IMpU 3acCOJICHMU Bo3pacTaya nojs O0akrtepuil u3 dun Firmicutes u Bac-
teroidetes. VI3aMeHeHMs1 KacajluCh OOHMX M TeX Xe TopsiakoB (Bacillales n

Sphingobacteriales) n cemeiictB (Balneolaceae n Bacillaceae) (puc. 3).

( Gammaproteohacteria)

Rhodospirillaceae
{Alphaproteobacteria)

Gemmatimonadetes, HA

Alicyclobacillaceae
(Firmicutes)

Balneolaceae
({ Bacterividetes)

koll13 fam.gen.sp.
(Actinobacteria)

T/ T2 T23 |T3 T4 TS

Actinobacteria, HA

H3 HII HK

S0G AS31 HA Gemmatimonadaceae gen.sp. Solirubrobacteraceae
( Chloroflexi) { Gemmatimonadetes) (Actinobacteria)
FPseudomonadaceae | Proteobacteria. HA ‘ Solirubrobacterales
( Gammaproteohacteria) = fam.gen.sp.
(Actinobacteria)
Enterobacteriaceae

Rubrobacteraceae
(Actinobacteria)

Bacillaceae
{ Firmicutes)

Balneolaceae
( Bacterioidetes)

Streptomycetaceae
(Actinobacteria)

Nocardioidaceae
(Actinobacteria)

IK

Actinemycetales fam.gen.sp.
(Actinobacteria)

Bacteria, HA

MC47 fam.gen.sp.
(Actinobacteria)

Actinobacteria, HA

Puc. 3. TakcoHoMHYecKoe pa3HOOOpa3ne MHKPOOHBIX COOOIIECTB (HA YPOBHE CeMeWCTBA) B YCIOBHSX
ectecrBeHHoro (A, T1-HII) u uckyccrsennoro (b, HK-HK ") mouBeHHoro 3acosieHusi, OueHeHHOE 1O
JIAHHBIM CEKBEHHPOBAHUS AMILIMKOHHBbIX OMOimoTek rena 16S-pPHK: T1-T5 — oGpasiibl cOOHYAKO-
Boit mouBsl, H3, HIl u HK — o6pa3ubl TemHo-KamtaHoBoil mouBsl (HLI — nenunnas, H3 u
HK — zanexunsie), HK” — o6pazenr HK mocne noGaBieHust cojeif TOro ke cocraBa, YTO B Ba-
puante T1; HA — mocienoBatebHOCTH, He aTpUOyTHpyeMble Ha YPOBHE MOPSIAKA.

Takxke B COOOIIECTBAX MPOUCXOANIA 3aKOHOMEPHAsA CMEHA TUITMYHBIX MOYBEH-
HBIX akTuHoOakTepuii (Rubrobacteriaceae wn Solirubrobacteriaceae) Ha TPyNIIbI
aKTUHOOAKTEpHii, Oosiee MPUCIOCOOJEHHBIX K YCIOBUSIM 3acojieHUsl (He WAeH-
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TUGUIIMPYEMBIX Ha YpPOBHE ceMelicTBa OakTepuii M3 Kiacca Actinobacteria B
clyyae eCTeCTBEHHOTo 3acoyieHusl u Oakrepuil u3z ceMm. Nocardioidaceae n Strep-
tomycetaceae B cllydyae UCKYCCTBEHHOIO 3acojieHMs (CM. puc. 3).

Hapsiny ¢ ob1umMy 3aKOHOMEPHOCTSIMU B Pa3BUTUM MPOLIECCOB €CTECT-
BEHHOTO M UCKYCCTBEHHOTI'O 3aCOJIEHUSI HAaMM ObUTM OOHapy>KEeHbI M CYLIECTBEH-
Hble pa3nuuusi. BHeceHrMe B MOYBY coJieil BhI3BaJO 3HAYUTEIbHOE CHUXKEHUE
pasHooOpa3us B coobiectBe. CoctaB (un Firmicutes n Bacteroidetes 110 cytn
OTpaHUYMBAJICA JIUIIbL OByMS ceMmeiictBaMu — Bacillaceae v Balneolaceae. 3aco-
JIeHNE TaKKe TPUBEI0 K BRIPAKEHHOMY COKpPAICHUIO YMCIa CEMEMCTB aKTHHO-
Oaktepuii (cMm. puc. 3, B). Haubonee 3acofieHHBIN y4acTOK COJIOHYAKa, Hampo-
TUB, XapaKTepU30BaJcCsl OOJNBIIMM Pa3HOOOpa3MeM CpeAu MpeacTaBUTeNeil Ha-
3BaHHBbIX (i (cMm. puc. 3, A). Hanuume cyliecTBeHHBIX pa3inyuil B CTPYKTYpe
MMKPOOHBIX COOOILECTB U CPaBHMBAEMbIX IPOLECCOB ITOATBEPXKIAECT TaKXKe
JeHaporpamma, rae oopasubl T1 u HK” HaxonmsiTcst B pa3HbIX KiacTepax (puc. 4).

Puc. 4. Pe3yabTaTbl KJIACTEPHOTO AaHANU3A CTPYKTYPbI

* T MHMKPOOHBIX COOOIIECTB B YCJOBHMSX €CTECTBEHHOTO M MC-
T7.3 KYCCTBEHHOTO NMOYBEHHOTO 3ACOJICHUSA (Mo IaHHBIM CeKBe-

* HHUPOBAHHMS AMIUIMKOHHbIX OuOnMorek resa 16S-pPHK):

% V) TI-T5 — obpa3subl conoHuyakoBoit moussl, H3, HIl u
HK — o0pa3upl TemMHO-KamuTaHoBOi mouBbl (HI[ —

T3 nenuHHasg, H3 m HK — 3amexurie), HK® — obGpasen

HK mnocne noGaBieHust coieli TOro e cocTaBa, YTO B

TS BapuaHTe T1. AJNTOPUTM KJIacTepH3allUM — <«UnN-

ol weighted unifrac»; 3Be3M0YKOI OTMEUEHBI KJIACTEPHI CO

HIl 3HauyeHueM mocToBepHOcTH Gosee 80 %.

k| L ITocTpoeHue TaKCOHOMMUE-
H3 c¢koro mpocTpaHCTBa UM BBEGOD OI-
g THUMaJlbHOW CHUCTEMBI KoopAWHAT. g
X olieHKM 3(PdeKTa M30MpaTeIbHON aMILI(pN-

0,1 HK  ganmu MbI IOCTpOMJIM MHOTOMEPHOE MaTe-
MaTMYeCKOoe MPOCTPAHCTBO — TAKCOHOMMU-
4yecKoe MpOCTpaHCTBO Wi reHa 16S-pPHK
(TII). Panee (9) nonoxeHue HYKICOTUAHBIX nocieaoBaTeabHocTeit B TII ompe-
IS B CHCTEME KOOPAMHAT TMPaBIIILHOTO CUMILIeKca. B Hacrosimeit paboTte
B KauecTBe KoopauHaT TII ucnonb3oBaiM CUCTEMY pelepHbIX TOUEK — IOoce-

A
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=
=
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Puc. 5. Cxema TpancopManuy reHeTHYECKUX AUCTAHIMI B TAKCOHOMMYECKHE: i, j — HYKJICOTUIHBIC
nocienoBarenbHocTH 16S-pPHK, BXozsiiue B cocTaB aHAM3UPYyeMOM aMIUTMKOHHOM OUOIMOTEKH;
A, B, C — HyKJIeOTHIHBIC TIOCIEI0BATEIBHOCTH, BEIOpaHHBIe M3 06a3bl JaHHBIX Ribosomal Database
Project (RDP) Il mist mocTpoeHusI TAKCOHOMMUYECKOTO MPOCTPAHCTBA (periepHble Touku), d — re-
HETUYECKHE JAUCTAHLIMU MEXIy HYKJICOTUIHBIMU TOCIenoBaTenbHoCTsIME (p-distance — monst pas-
JIMYAIOLIMXCST HYKJICOTUIHBIX MO3ULIMI B TOCIeA0BaTeIbHOCTIX, %), di” — reoMmeTpuyeckue aHa-
JIOTW TeHETUYECKUX TUCTAHIIHI).

noBatenbHOCTel reHa 16S-pPHK y orTnenbHBIX mpeacTaBUTEIeil KPYIMHBIX OaK-
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TEpUAIbHBIX U apXeOTHBIX TakCOHOB. ITonoxeHue Touku B TII 3amaBanu mipsi-
Mot TpaHchopMalMeld TeHeTUYECKMX AMCTaHLIMK (10151 pa3iuyaloluxcsl HyK-
JICOTUAHBIX TMO3UILIMKI, BbIpaXXeHHasi B p-distance) OT pernepHbIX IMOCaeaoBa-
TeJbHOCTE!l B T€OMETPUUYECKUE KOOpAWHATHI. Takas cuUcCTeMa KOOpAWHAT IO-
3BOJIMJIA PACCYUTATh TeOMETpUYECKHE aHaioru (dj’) IS TEHETMYECKUX THUC-
TaHuuii (dj;) (puc. 5).

0,851 Puc. 6. 3aBucuMocTb CcpexHMX 3HAYeHHiH Ko03(-
0.801 (unMeHTa KOPpesuN OT YKCIAA BHIOPAHHBIX «KO-
’ OPAMHATHBIX OCeii» — MOCJeA0BaTEeJbHOCTEH reHa
0.751 16S-pPHK (Bcero 107) c¢ pasHoii mpeacrasjieH-
& 0,701 HOCTBIO CPelH OCHOBHBIX OAKTEPHANBHBIX W apxe-
b OTHBIX (uI.
¥ 0,659
0,601
st opMupoBaHUsS ONTHUMAaJlb-
0,551 Horo Habopa koopauHar TTI u3 HambGo-
0,50 y y T y T Jiee KPYITHOI Ha CEerogHSIIHUIA AeHb 0a3bl
0 20 40 60 80 100 pyn - A

Uneo oceit, maHHbIX 1o reHy 16S-pPHK — Riboso-
mal Database Project II oroopanu 107 no-
cJemoBaTeIbHOCTEN MO KPUTEPHUIO MPEACTAaBIEHHOCTU CPelM OCHOBHBIX OakTe-
PUAJIbHBIX U apXeOTHbIX (uil. 3aTeM BBIYMCIWIM KO3(DGUIIMEHThl KOPPEsLUn
(reoMeTprUYEeCKME pPACCTOSHUS) MEXIy MaTpUIIaMU TEHETMYEeCKMX TUCTaHIIMA
(djj) m mx paccunransbix B TII ananoros (djj") M1 BCeX BO3MOXHBIX HaOOPOB
koopauHar (C,!107, tne n = 2, ..., 107). O4eHb BBICOKOE COOTBETCTBUE djjm dy’
HaOII0a710Ch TIPU CPaBHUTEJIbHO HEOOJIbIIIOM yuciie KoopauHaT — ot 20 go 45
(puc. 6). Jlug ganbHEWIINX MOCTPOEHUI MCIOIL30BaIM 42 IMOCIea0BaTeIbHOCTI
C HaWIYYIIMMU 3HAYeHUSIMU r. BbIOpaHHBIE MOCAeIOBAaTEbHOCTU ObLIM PaBHO-
MEpPHO pacrpeneieHbl Mexay 23 OakTepualbHbIMU W 2 apXeOTHBIMU (ujiaMHu,
IpYA 3TOM MX 3HAYUTeJbHAs JOJIS MpUHAIeKana K Hanbojee KPYITHBIM OaKTepH-
anbHbIM (unam: Proteobacteria (7 miocnenoBarenbHocTel), Firmicutes (4 mocneno-
BaTeJIbHOCTH), Actinobacteria (3 mocnaenoBatebHOCTU) U Acidobacteria (3 mocne-
JOoBaTeJbHOCTH). B CIMMCOK TakxKe BOLLIM TNpeacTtaBuTenu duil Bacteroidetes,
Chlamydiae, Deinococcus-Thermus, Nitrospirae, Spirochaetes, Thermotogae, Chlo-
robi, Chloroflexi, Cyanobacteria, Gemmatimonadetes, Lentisphaerae, Planctomycetes,
Verrucomicrobia, OP10, TM7, WS3, SR1, Euryarchaeota, Korarchaeota.
UccnengoBaHue aMOnauKoHHBIX OubnauoTtek B TIl. Ouenka 3¢h-
hexma uzbupamenvHoll npaimep-3asucumoli amniuguxayuu. B moctpoeHHOM Ta-
kuM obpasoM TII ammnukoHHble oubauoteku L1, L2 u L3 Oymyr npeacrabie-
HBI B BUJIe «00JaKOB TOYEK», a 3((PeKT U30MpaTeJbHON aMIIM(PUKALIMUA BbIpa-
3UTCSA B PA3IMYUAX 3TUX 00JIAKOB 1O (popMe U TOJOXKEHUIO B 3aBUCMMOCTU OT
BapMaHTa YHUBEpPCAJTbHBIX TpaiiMepoB. [lpwm umciaeHHO# oleHKe 3(dekra m3-
OupaTebHON aMITIM(UKAIIMA BBEIOpAIM HamOoJiee TPOCTBIE TapaMeTphl, OIH-
ChIBAIOIIIME B3aMMHOE PACIOJIOXEHME W T€OMETPUIO aMIUTMKOHHBIX OMOJIMOTEK
B TIl, — neHTpanibHyIO TOUKY (MMEET CpeAHUE KOOPAMHATHI MO KaXIOW M3 KO-
OpPIMHATHBIX Oceil) M Aucnepcuio (Mepa pa3dpoca TOYEK OTHOCUTEIbHO IIE€H-
Tpa). 151 XapaKTepuCTUKU Pa3IMYMi B MOJIOXKEHUU aMILTMKOHHBIX OMOJIMOTEK
B TII ompenenuian pacCTOsIHME MEXAY BCeMHU IlapaMu LIEHTpaJbHBIX TouyeK. Bce
OOHapyXeHHbIE HAMU Pa3JIMYMsl B T€OMETPUU aMIUIMKOHHBIX OMOJIMOTEK ObLIU
CTATUCTUYECKU TOCTOBEPHEI commacHo KputepusMm CrbiogeHTa n Puiirepa.
Jnst mapet L1-L2 d = 0,09, t = 30, f = 33, nng mapet L1-L3 d = 0,10,
t = 34, f = 36, nng maper L2-L3 d = 0,07, t = 24, f = 29, tne d — paccTostHuE
MEXIY IEHTPAITHHBIMA TOYKAMHM aMITIMKOHHBIX OMOIMOTEK, t — YHMCIIO OCeil C
JOCTOBEPHBIMU Pa3IMIMSIMU B KOOpIMHATaX ILIEHTPAJbHON TOYKU (MO f-KpH-
Tteputo CTblofeHTa), f — 4yuca0 ocell ¢ MOCTOBEPHBIMU PA3IUUYMSIMU B IUCIEP-
cun (o F-xpurepuio @uiepa). To ecThb pacCTOSHUS MEXIY LEHTPaTbHBIMHU
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TOYKaMM OMOJIMOTEK CBUIETEIBCTBOBAIM B ITOJIBL3Y cxoncTBa 11 L2 n L3 n ux
2. MakeuMabHble cvemenns ko- NPAHUMITHMATLHOTO OTIMYMS OT L1. UnBI-
OpIMHAT NEHTPATbHOl Touk) o MY CJIOBaMM, YHUBEPCAIbHBIE TpaiiMepbl
ocam B mapax avmmmkonneix 6u6- D1 m BD1 nmo cpaBHenuio ¢ Eu3 B nenom
motek rena 16S-pPHK naa cxomHbIM 00pa3oM OIKCHIBAIM CTPYKTYPY

PasHBIX POIOB OakTepuii aHaAJIM3UPYEeMOTO MUKPOOHOIO COOOIIECTBA.

Pon [(L1-L2)[(L1-L3)|(L2-L3) Takoii BIBOA JOMOJHUTEIBHO MOIKPEILIS-
Eubacterium 0,011 0,019 0,007 P
e 0000 0016 oot ST I/ICTUOpI/ICI/I nx cosgaHus. M3BecTHO,
Parachlamydia 0.007 0018 0011 9ro mpaitmMepsl fD1/rD1 Havamu ucmosnb-
Simkania 0,006 0,015 0,009

s , : 30BaTh IS aHajaM3a MUKPOOHOIO pa3HOOO-

Holophaga 0,039 0,041 0,002 AL p p
Acidobacteria 0.033 0004 0029 pa3ust ofHUMU U3 nepBbixX (12). Mx anano-

Xiphinematobacter 0,014 0,033 0,020 papy (¢ yyeTOM 3HAYMTENBHBIX M3MEHEHMIA,
Korarchaeota NA 0,011 0,007 0,018

Thermotoga 0.015 0009 0007 TPOM3OLIENIINX B 0a3ax JAaHHBIX 3a Oosee
Roseomonas 0,006 0,021 0,015 yepm gecATWIETHUN TEPUON) CTaad IIpaii-
Caulobacter 0,040 0,044 0,004 .

Sinorhizobium 0045 0048 0003 Mepsl fBDI/rBD1 (13). Tlpaiimepsr Eu3
Azotobacter 0,004 0,019 0,015 opcemecTHO TpuMeHsTIOTCA npu T-RFLP
Campylobacter 0,008 0,020 0,011

Tpumeuanue Mcnomsosanssie mpu mo- (t€rminal restriction fragment length poly-
JIYYCHUUN OnoIMOTEK Ll, L2 u L3 napbsl YHUBECP- morphlsm) aHaJInu3e MHKpO6HI)IX COO6H.[60TB
CaJbHBIX MpaiiMepoB cM. B pasnene «MeTtomukar.

(14), HO UX OCOOEHHOCTb COCTOUT B CYIIIe-
CTBEHHOM TIEPEBECE B MCIIOJb30BAaHHBIX IIPM KOHCTPYMPOBAHUU ITOCJIENOBA-
TeJIbHOCTEe!l B CTOpPOHY mpoTeobakTepuit (21). Bo3aMOXHO, UMEHHO MO3TOMY
NpU aHajiM3e CEKBEHUPOBAHHBIX IMOCeA0BaTeIbHOCTEN M3 OubanoTeku Eu3
ObLI0 OOHapyXeHO 0oJblioe yuciao reHoB 16S-pPHK pu3zobuii — TUIMMYHBIX
npeacTaBUTENC 3TON (UIIBL.

3. Paccrosmms (d) Mexy ueHT- C uenbio Oosiee IETATBHOTO aHAIU3a
PAJTBHBIMH TOYKAMH ammMKon- PAa3INiMil B CTPYKType OMOIMOTEK OblLIa Io-
HbIX GuO/mMoTeK rena 16S-pPHK, CTPOEHa Tabiuua CMEIEHUA KOOpAMHAT
NOJYYEeHHbIMH /I Pa3HbIX MOY- HeHTpaHbHoffI TOYKHN IIO0 OCAM (CMeHIeHI/Ie
BEHHBIX 00pa3uoB B yCJIOBMAX IIPEICTaBIsIET COOON Pa3HOCTb ABYX KOOp-

€CTECTBEHHOTO 3aCOJIEHHs JUHAT LIEHTpaJibHbIX ToueK). Haubomblune
O6Gpasen. | d | OGpasen | d  CMCLICHHUSI HAOMIOAIMCH Ml OMOIMOTEKH
T1-T2 0,07 T2-3—T4 0,11 L1 B dune Proteobacteria (KoopauHathl Si-
T1-T2-3 0,15 T2-3—T5 0,01 norhizobium u Caulobacter), HauMeHbIIIIE — B
T1—T3 0,08 T2-3—HII 0,09 )
T1—T4 0,08 T2-3—H3 0,12 mape L2-L3 (3mech MakcuMyM oOTMedaiu
T-T5 007  T3-T4 005 nng gByx pomoB aummobakrepuit — Xiphi-
TI—HL2 0,19  T3—T5 0,09 . )
TI—H3 0.07 T3—HII 0.13 nematobacter n Acidobacteria NA) (Tabn. 2).
T2-12-3 0,10 T3-H3 0,07 Bce oOHapy:keHHBIE TOYKM CMEIIECHMS XO-
T2—T3 0,05  T4—T5 0,05
T2—T4 0,04 T4—HII 0,15 DPOLIO COOTBETCTBYIOT NAaHHBIM, ITOJTY4CHHBIM
T2—T5 0,06 T4—H3 0,02 ¢ MCIOJIb30BAHMEM TPATULIMOHHOTO TTOIXO-
T2—HII 0,06  T5—HLI 0,17
T—H3 004  T5_H3 0,03 Aa (OCTpoeHue (PUIIOTEHETUYECKOTO [IPEBa),
T2-3—T3 0,10 HI—H3 0,17 TOe TakxXe ObLIO MOKa3aHO, YTO OCHOBHbLIE

Mpumeuvanwue. TI-T5 — o6pasubl coloOH- _
yakoBoii moussl, H3 nu HL[ — o6pa3ubl TeMHO- pasnndunAd B CTPYKTYPE aMIUIMKOHHBIX 6ub

Kamrranogoii moussl (HIl — uenmunas, H3 — JIMOTEK CBsI3aHBI ¢ dumiiaMu Proteobacteria
3aJIeKHasT); MHAEKCOM (2) OTMEYeHO HambouIblee U Acidobacteria (CM. puc. 2, TabI. 1)
3HauyeHue rokasatensd. OnmucaHue MCIOIb30BaH-

HBIX YHUBEPCAJIbHBIX NPaiiMepoB CM. B paszielie Ouelma cmpyKkmypol U JuHamuku
«Metomaca. MUKPOOHbIX CO00UECmE 6 YCA0BUAX 3ACOACHUS
C UCnoAb308aHUemM unmeepanvHolx napamempos TII. Kak u B ciiyyae aMIUTMKOH-
HbIX O6uonuotex L1, L2 u L3, aMIIMKOHHbIE OUOIMOTEKHU, XapaKTepU3ylollue
MPOLIECC ECTECTBEHHOIO U MCKYCCTBEHHOTO 3acojieHust B TII OyayT mpencrasie-
Hbl B BUIE «00JaKOB TOouyek». B 3TOM ciyyae MX B3aMMHOE pacroJioXeHue B
TII (paccTosiHe MeXIy LIEHTpaJbHBIMU TOYKAMM) CIYXXUT MEPOM CXOICTBA WU

pa3mmunst B CTPYKType coobimrecTtB. [IpM pacuere TaKMX pacCTOSHUNA MEXIY
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BCEMM TTapaMi B YCIIOBUSIX €CTECTBEHHOTO 3aCOJIEHHMSI ObUIO ITOKa3aHO, YTO MaK-
CUMaJTbHBIX 3HAYCHWI Ha3BaHHBIN TTapaMeTp JTOCTUTAET IPU CpPaBHEHMHM 0Opasiia
U3 HamboJiee 3acoJieHHOro ydactka cosoHuyaka (T1) ¢ He3acoJieHHOW IOYBO
(HII) (taba. 3).

ITpousBeneHHbIE BBIYMCICHUSI AUCIIEPCUM TOYEK OTHOCUTENbHO ILIEH-
TpaJIbHOM TOYKW U CpaBHEHHUE MapaMeTpPOB CPEIHEro M AUCIEPCUM C MCMOJb30-
BaHueM kputepueB CrbiogaeHTa u Duiepa mokazanu, yto Habmomaembie B TI1
paznuuusi 1octoBepHbl. [ToaTOMy MBI MOXeM HcIonb3oBaTth TII npu uzyyeHuu
JUHAMUKU MUKPOOHBIX COOOILIECTB.

Jnsa ee omvcanrs OBUTM BBEACHBI TTapaMeTPhl BEKTOpa CMelleHHs (I10-
Ka3bIBAIOIIETO HAIIpaBJIieHNE CYKILIECCUU) M yIjIa MEXIy BEKTOpAaMM CMEIIEHUS
(Mephl CXONCTBA MPOLECCOB CYKIECCUU, MPOUCXOMSIIECH B pa3IMYHbIX MUKPOO-
HBIX coobulecTBax). HampaBieHue BeKTOpa CMELIEHMs IS cooDllecTBa ompe-
JessieTcss pa3Hullell KOOpAMHAT ero HayajJbHOMl M KOHEYHOM ToueK (LEeHTpasb-
HBIX TOUYEK COOOILECTB), MOAYJIb BEKTOpAa PaBeH PACCTOSIHUIO MEXIY LIEHTpalb-
HBIMU TOYKAMU, YTOJI MEXIY BEKTOpaMU pacCUMTHIBAeTCS 110 (GopMyse CKasip-
HOTO MPOU3BEIECHUST BEKTOPOB.

IMpu ananmm3e mporeccoB MoYBeHHOTO 3aconeHust B TI1 mocTpommm Tpu
BekTopa: HII—-T1, H3—T1 (pa3Butue ecrectBeHHOro 3acojieHus) 1 HK—-HK"’
(pa3BUTHE UCKYCCTBEHHOTO 3acoyieHus1) (puc. 7).

A b

. PClL

PCY PC2

Puc. 7. Onpenenenne MHTErpajbHbIX XapaKTEPUCTHK MHKPOOHBIX COOOIIECTB B TAKCOHOMHYECKOM MPO-
cTpancTBe (LIGHTPaJbHbIE TOYKM M YIJIbl MEXIY BEKTOpaMU CMEIIEeHMs s MUKPOOHBIX CO00-
1IECTB), MOCTPOEHHOM HA OCHOBAHWM AMILUIMKOHHBIX OuOMoTek reHa 16S-pPHK, nns ycioBuii ecrect-
BeHHOro (A) m uckycctsenHoro (b) sacoaenns: T1, H3, HII, HK, HK" — cooTBeTcTBEeHHO 00Opa3iibl
MOYBBI COJIOHYAKOBOM, TeMHO-KamTaHoBoil (HL — uemuunas, H3 u HK — 3anexubie), HK” — 06-
pasenr HK mocne nobaeneHust cofeit Toro xe cocrtaba, urto B BapuaHnte T1. PC1, PC2 — xoopauHathl
MPOEKLUN ¢ MAKCUMAJIbHBIMU Pa3IMUUSIMU B PACITOJIOKEHUN CPABHUBAEMbBIX COBOKYITHOCTEM TOYEK.

IIpu aHamM3e yIJIOB MEXIY BEKTOPaMU B YCJIOBMSIX €CTECTBEHHOTO W
HWCKYCCTBEHHOTO ITOYBEHHOIO 3aCOJICHUs] 0Ka3ajoCh, YTO MCKOMBIE 3HAYEHMS
Jexat B mpenenax cekropa 90° (42° mna mapsl HK—HK’/HU—TI1 u 73° — nna
HK—HK’/H3—-T1). C y4eToM MpeamnoyIoXeHUs, YTO YroJ B 3TOM CHUCTeMe
BapbupyeT oT 0° (OJHOCTBIO CXOMHOE pa3BUTHE coolluecTB) Ao 180° (muamer-
pajbHO MPOTUBOIOJOXHbBIE U3MEHEHUSI B CTPYKTYpPE COOOIIECTB), MOJYyYEHHbIE
HaMU JaHHbIe CBUAETEIbCTBYIOT B IMOJIb3y HAJIMUUS CXOAHBIX MAaTTEPHOB B pa3-
BUTUU UCCIIEAYEMBbIX COOOIIECTB. Takoi pe3yjabTaT XOpOIIO COrjacyercsl ¢ Mo-
JIydeHHBIM HaMU paHee MPU CPaBHUTEJbHOM aHaIn3e TAKCOHOMUYECKOM CTPYK-
TYpbl MeTareHoMa, Te, Hapsimy C BbISIBJIEHHBIMU CYLIECTBEHHBIMU Pa3IUUUSIMHU,

84



B 3aCOJIEHHBIX 00pa3liax OTMEYaIoCh MOSBIIEHUE OaKTepuil, TIpUHAmJIeXKAIIUX K
OIHUM U TEM XK€ IOpsIIKaM U CeMelCTBaM.

BaxxHo momuepkHyTb, YTO TE€HAEHLMHU, HaOJOgaeMble TIPU CYKIIECCUU B
MUMKPOOHBIX COOOIIECTBAX, CTAHOBSTCS OYEBUMAHBIMU TOJIBKO IPU IOAPOOHOM
aHaju3e UX TaKCOHOMUYECKOHN CTPYKTYpPbl U HE MOTYT OBbITb BbIBEIEHBI Ha OC-
HOBaHWU PE3YyJbTaTOB TPATUIIMOHHO HCIOJb3YEeMOIO JUISl pelIeHUsT MOAOOHBIX
3a7ay4 KJjlacTepHoro aHanuza. Mcrojib3oBaHHe BEKTOPOB CMEILEHUSI UMEeT U Psifl
JIPYIMX TPEMMYIIECTB Teped TPaaulIMOHHBIMU METOAAMU, CPear KOTOPBIX YII-
polIeHKWe MPOLEAYPhl aHaIM3a JUHAMUKUA COOOIIECTB, BO3MOXHOCTh €€ COMOoC-
TaBJIEHUSI y Pa3JWYHBIX IO TIPUPOAE COOOIIECTB M PaHXKUPOBAHUS 3KOJIOTHUYE-
CKUX (paKTOpPOB IO CWJI€ UX BO3NEUCTBUS Ha COOOLIECTBO.

IMoHsTHO, YTO TIO pe3yabTaTaM OZHOIO MCCIEIOBAaHMS HEBO3MOXHO OJI-
HO3HAYHO TPaKTOBaTh 3HAUEHUSI YIVIOB MEXAY BEKTOpaMM Pa3BUTUSI MUKPOO-
HBIX cooOuiecTB. /st 6oee TOYHOM OLIEHKM HYXKHO BBIIIOJHUTH PSIA MCCIEHO0-
BaHUi, B KOTOPBIX HEOOXOMMMO MPOAHATIM3UPOBATh (DAKTOPHI MO BO3AEHCTBUIO
Ha MMKPOOHOE COOOIIECTBO: BBHIIEIUTL (haKTOPhI, OKA3bIBAIOIIME MPOTHUBOMO-
JIOXKHOE W OJHOHAIIpaBJICHHOE OEWCTBUE, PA3deauTh (DakTOphl IO CUJIe BO3-
JIEeMCTBUSI HA MUKPOOHOE COOOIIECTBO, ITPOBECTH COMOCTABICHNE BEMYMHBI yT-
Jla ¢ TOM WU WHOM CUJION BO3IEUCTBUSI 9KOJIOTMYECKOro akropa v T.A.

OueBMOHO, YTO YCMeX MpencTaBJeHHONH B HacTosIleil paboTe BepcUM
TII cBsi3aH ¢ mepeOOpPOM BCEBO3MOXXHBIX KOMOMHAILIUI M3 MHOXKECTBA «KOOpP-
JUHATHBIX oceit». Tak, ObLIO MOKa3aHO, YTO BBICOKUX KO3(P(UIIMEHTOB KOpP-
eI MOXHO JOCTHUYDL JIMIIb TPU MCIIOJb30BAHUM HECKOJBbKHMX IIECSITKOB
KOOpAMHAT, B TO BpeMs Kak mpeabiaymast Bepcusi TIT (9) onepupoBana auiib
13 Toukamu otcueTta. TakuMm oOpa3oMm, MpemIoXeHHas ajJlbTepHATMBHAs MO-
JeJb TI03BOJIMJIA BBISIBUTh OCHOBHYIO IpPOOJieMYy, BO3HUKAIOIIYIO MPU KOHCT-
pyupoBaHuu TII — mpobGiaemy pasMmepHocTu. Ilo Bceil BUAMMOCTU, B Jajib-
HelIux paboTax HEOOXOAMM IMOMCK ONpPEeAeJIeHHOTO KOMIIpOMHUCCA MEXIY
OINMUCAHHBIMU MOJEJISIMU.

Wtak, Mbl ToKa3ajyd BO3MOXHOCTb MCIMOJIb30BAHMSI KOHILIEMLIMU TaKCO-
Homuueckoro npoctpaHctBa (TII) mpu pelieHUuM npobsieM, CBSI3aHHBIX C U30U-
paTeNIbHOM MpaitMep-3aBUCUMOi aMIutuduKamyei reHa 16S-pPHK u usyyenn-
€M TaKCOHOMMYECKOH CTPYKTYpbl MUKPOOHBIX coobiecTB. KaptuposaHue naH-
HbIX 10 6ropasHoobpasuio reda 16S-pPHK B TII u npencraBieHre MUKPOOHOTO
COOOIIECTBA KaK HaAOPraHM3MEHHOU CHUCTEeMbl C MPUCYLIMMU € MHTerpaibHbI-
MM TapaMeTpaMM HE TOJIbKO JOMOJHSET TPaauIIMOHHbIE TOMXOAbl K OLIEHKE
OropaszHooOpa3usi, HO U MMeeT Mepel HUMU psia nperumylnectB. Hampumep, B
pamkax koHuenuuu TII pazpemaercs HanboJiee akTyajlbHbIA Ha CErOAHSIIHUIA
JIeHb BOIIPOC O HEATpUOYTUPOBAHHBIX MOCIEIOBATEIBHOCTSIX, MOCKOIbKY B TII
Kaxaas mocienoBarebHocTh reHa 16S-pPHK monydaer coOCTBEHHBIN WMIOEHTH-
(pukarop, npeacraBieHHbIE HAOOpoM U3 42 KOOPAMHAT, YTO IO3BOJSET OOHa-
PYXUTb €€ B 000N aMIUIMKOHHOW OMOIMoTeKe. MBI IIOJIHOCTBIO OTHaeM cebe
OTYET B TOM, UYTO omnucaHHoe B padore TII He gBisIeTCSI B CTPOroM CMBbICTE
MHOTOMEPHBIM MaTeMaTUYeCKUM TPOCTpaHCTBOM (B yacTHocTu, ocu TII B3au-
Mo3aBUCUMBI). TeM He MeHee, B UCCeAOBAaHMM ObLUIM TOJyYeHbl KpaiiHE BbICO-
Kue KOA(MOUIMEHTHI KOPPEJSIIUU MOMapHbIX T€HETUYECKUX TUCTAHLMU MeEXIy
MOCJIEeIOBATeIbHOCTSIMU C UX F€OMETPUUECKMMU aHajoraMu, 4To, 0e3yCIOBHO,
CBUETENLCTBYET B Moyb3y KoHuenuuu TII. OueBMAHO, YTO yCIeX NpeacTaB-
JeHHo#t 3aech Bepcuu TII cBsg3aH ¢ mepeOGOpoM BCEBO3MOXKHBIX KOMOMHALMA
U3 MHOXECTBa <«KOOPAMHATHBIX ocei». IIpoaeMOHCTpHpOBaHO, YTO BBICOKHX
KO3((ULMEHTOB KOPPEISLMU yIAeTCsl JOCTUYDb JIMIIb MPU MCHOJIb30BAaHUU HE-
CKOJIbKMX I€CSITKOB KOOPAMHAT, YTO YKa3blBaeT Ha MpobJeMy pasMEepHOCTH Kak
ocHOBHYIO nipu KoHcTpyupoBanuu TII. HanpHelmee passutre koHuermuu TI1
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MMeeT OoJIbLIIoe 3HAUYEHUE HE TOJBbKO IJIsl aHalu3a CTPYKTYPbl MUKPOOHBIX CO-
OOLLECTB, HO U U M3Y4YeHUsI DBOJIOLMOHHON mcropuu reHa 16S-pPHK. Ilo-
CKOJIbKY MOIIEJIb TIO3BOJISIET IaTh OIMMCAHME JIIOOOMY BapHMaHTy €r0 CTPYKTYPHI
(BKJIIOYAsl KaK BBOJIOLIMOHHO pealu30BaHHbIE, TaK W ellle He peaju30BaHHbLIE),
B €¢ paMKaxX MOTYT OOCYXIAThCsS BOIIPOCHI, CBSI3aHHBIE C IPOUCXOXICHUEM W
IWBEPTEHTHOM 3BOJIOLIMEN HE TOJBKO MPOKAPUOT, HO TaKXKe OTHOKJICTOYHBIX M
MHOTOKJIETOYHBIX 3YKapuoT (Ipu ucnonb3oBaHuu reHa 18S-pPHK ang mocrtpoe-
Hus TII) (Hampumep, BO3MOXKHO OIpeAesieHue TMITIOTETUYECKOro LIEHTpa IMpo-
UCXOXAeHUsT TakcoHa). B mocineaHem ciydyae TII MoxeT ObITh peopraHU30BaHO
B 9BOJIIOIIMOHHOE MTPOCTPAHCTBO.
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THE CONCEPT OF TAXONOMIC SPACE AND INTEGRAL ESTIMATES
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Summary

The problem of taxonomic structure and dynamics of soil, plant animal and human
microbiomes is one of the most intriguing in modern microbiology. High Performance Technologies
sequencing of the 16S rRNA gene allows to get much more metagenomic data, but their correct
analysis and biological interpretation are still complicated, in particular with regard to the effect of
selective amplification with universal primers and proper attribution of the samples. To resolve the
problems, we created a special operating environment, the taxonomic space (TS), in which the
sequences of 16S rRNA gene are represented by dots, geometric distance between which corresponds to
the genetic distance between the sequences. Mapping the 16S-rRNA gene biodiversity data in this TS
and evaluation of the microbial community as overorganism, with its integral parameters, have a
number of advantages if compared to the traditional approaches. Thus, in the TS where each sequence
of the 16S rRNA gene gets its own identifier of the 42 coordinates, the unattributed amplicons in
any PCR-library can be analyzed. Although the described TS is not strictly a multi-dimensional
mathematical space, in particular, its axes are interdependent, an extremely high correlation
coefficients, obtained for genetic distances between sequences and their geometric counterparts,
unconditionally, testify in favor of the validity of the use of TS in practice. The development of TS
concept is of great importance not only in the analysis of the structure of microbial communities, but
also in imvestigation of 16S rRNA genes evolution. Since the model allows to give a description for
any variant, both realized and not yet realized in evolution, the issues related to the origin and
divergent evolution of prokaryotes may be investigated, for example, the hypothetical center of origin
can be determine, and then the TS will become an evolutionary space. As a model, we used different
soil microbiomes in which the changes were induced by environmental conditions (salinity), both
natural and simulated. However, the application of this approach can be extended to other complex
microbiomes, particularly the microbiota in animals. Moreover, the proposed mathematical method is
universal and can be used to study not only biodiversity in prokaryotes, but also the communities of
eukaryotic organisms, including animals and plants, with the 18S rRNA gene as a taxonomic marker.
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TUYECKOMY M 3KOCUCTEMHOMY YPOBHSIM pPa3HO-
obpasus. PaccMOTpeHBI OCHOBHBIE METOMIbI
OLIEHKU COCTOSIHUSI U TUHAMUKU OMOpa3HOO00-
pasusi, B TOM YMCJIe TIPU JIOKAJbHBIX W TJI00ab-
HbIX U3MEHEHUSIX CPe/bl; MEXIyHapOAHbIC MPO-

W3noxeHbl TECOPETUUYCCKHUE OCHOBBLI U
METOAbI PEHICHUSA HAYUHBIX U MPAKTUYCCKUX 3a-

a4 M3y4eHWs U COXPaHEHUsl OMopa3HOOOpasus.
Bosbliioe BHUMaHUE YIeIsIeTCsl BATOBOMY, I'eHe-

rpaMMbl M HalMOHAJIbHAsI CTpATerusi M3ydyeHusl
1 COXpaHeHUs1 OMopa3HOOOpasusl.

87



