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JIMPOBaHUE MUKPOOHOTO COOOIIECTBA; aHAIN3 IIOTHBIX TEHOMOB

[pornecc 6uorenHoro ynanenus Gpochop U3BECTEH C CEPEeIMHBI MPOIUIOrO CTOJCTHS U
IMHUPOKO HCIIOJIB3YCTCA B 6I/IOTCXHOJ'IOFI/I$IX OYHMCTKH CTOYHBIX BOA OT COCZ[I/IHCHI/II\/'I
¢ochopa. Ho mo cux moOp OCHOBHBIE MPENCTaBUTENH (hochaTaKKyMyIHPYIOIIUX
Oaxtepuit (DAO) He BBIAENEHBI B YUCTYIO KYyIbTYpy. BO3MOXXHO, 3TO CBS3aHO C
ocobeHHocTsiMu  MetabomuzmMa DAO, Is  pa3BHTHS  KOTOPBIX  HEOOXOIUMO
YepelOBaHUM aHA’pOOHOW W a’poOHON a3 KyNbTUBHPOBAaHUS (IIUKIHYECKUH
Metabomm3m). Ha oumcTHBIX coopyxeHusx amHamuka QopmupoBarans DAO-
coolmiecTBa M €ro akTUBHOCTH OOYCIIOBJICHBI KOH(Urypamueil M pekuMoM padOThI
PEaKTOpOB, a TAKKE KOJTMUECTBOM M COCTABOM OPraHMYECKOT0 BellecTBa. B mpupogHbIx
skocucteMax @DAQO o0OBYHO OOHApPYKWMBAIOT HA TPaHWIE OKHUCICHHBIX U
BOCCTAHOBJICHHBIX YCHOBHﬁ, A€ TaxkKe MpoucCxoauT 6BICTpa$I CMC€HAa KHCJIOPOAHOI'O U
0ECKHCIIOPOTHOTO PeXUMOB. BrisicHeHHe ocoOeHHOCTEl PopMUpOBaHUS MHUKPOOHOTO
coobmectBa ®AO, crekTpa HCHONB3yeMBIX CyOCTpaToB M IyTed MX MeTaboiam3Ma
TIO3BOJIMT ONPEIETNUTh (PyHKIMOHATBHEIE 0coOeHHOCTH DPAO, HX MECTO B MUKPOOHOM
CO00IIEeCTBE OYUCTHBIX COOPYKEHHI, YTO MOXKET CHOCOOCTBOBATh YIYYIICHUIO
TexHonoruu yxaanenus Qocdopa. Llensio paboTel OBUIO BBIICHEHHE OCOOEHHOCTEH
rpanyiooOpa3oBanus, cykueccun ®AO-coo0mIecTB, CrieKTpa U MyTed Meradoiam3Ma
HCIIOJIb3YEMBIX UMHU OPraHU4Y€CKUX CY6CTpaTOB.

OO0pa3ibl aKTUBHOT'O WJia YIS 3arpy3Kd OMOPEaKTOPOB ObLIH OTOOPAHBI U3 a3pOOHOTO
peakTopa (adpoTeHKa) 0JIoKa yaeHnsi OMOTeHHBIX 2IeMEHTOB JIF0OepeKNX OUUCTHBIX
coopyxennii (JIOC, r. MockBa) B KOTOPOM peanu3oBaHa TexHonorus KeitnrayHckoro
yauBepcutera (UCT), ocHOBaHHass Ha 4YepelOBaHWMU aHA’POOHOTO U a’dpoOHOTO
NEePHOIOB KyJIbTHBUPOBAHHSI.

Hamu Obl1 co3nal 1abopaToOpHbIA OMOpEakTOp VIS IMKIMYECKOTO KYJIbTUBHPOBAHUS
MUKpOOHOro coofmiectBa Ha ocHoBe Ouopeaktopa BIOSTAT B (dupmsr
“SARTORIUS”), umeromiero pabouuii 00beMoM 2 JI, CHA0)KEHHOTO TIEPEMEIIHBAIOIIUM
YCTPOMCTBOM M BHEIIHEH pyOamkoil i TepMOCTaTUpOBaHUs. LIMKIMYHOCTD
KYJIbTUBHUPOBAHHS 3aKJIFOYAJIaCh B YEPECAOBAHNU aHaSpO6HLIX YCHOBHi/‘I C MPUCYTCTBUEM
arterata (JITKOAOCTYITHOTO HCTOYHHUKA YTIEPOa M SHEPTHH) U a3pOOHBIX YCIOBHMA 0€3
arerara (Iocie ero moTpeOJieHUsT B aHa’pOOHBIH meproa). ASpoOHBIE B aHAdPOOHEIE
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YCJIOBUS CO3/IaBaliil 3a CUET IMOIa4H B OMOpEaKToOp BO3/AyXa WU a30Ta, OYHILEHHOTO OT
CJIEZIOB KHCJIOPO/a, C UCIIONIB30BAHUEM CHUCTEMBI PeryiInpoBaHus nogayu razos (OO0
«QJITOUIIPUBOP», P®). Ynparienue ra3oBbIMA OTOKAMH W TTEPUCTATBTHICCKUMH
HACOCaMH OCYIISCTBIIM B  aBTOMAaTHYECKOM pEXKHME C  HCIOJIB30BaHHEM
yHuBepcanbHoro jorudeckoro moayiast LOGO (SIEMENS). B npouecce mnutensHoro
KynbTHBHpOBaHUs coobiecTBa AO ocymecTBISIIN HEMPEPHIBHBIA KOHTPOJH (BU3UKO-
XMMHYECKHX TapaMeTpoB, MOP(OIOTHIECKUX M3MEHEHUH CTPYKTYpBI COOOIIEecTBa C
WCTIONIb30BaHMEM CBETOBOM W  DJIEKTPOHHOH MHUKPOCKOIMUH C PEHTTeHOBCKUM
MHUKPOAHaIM30M, TAKCOHOMHYECKOTO COCTaBa METOJOM MpoduiInpoBaHus rena 16S
pPHK, a Takxke ocymecTBuinm CcOOpPKYy TOJHBIX TE€HOMOB JOMHHHUPYIOIIHX
MHUKPOOPTaHU3MOB B cocTaBe coodmectBa DAO.

B mpornecce kynpruBupoBanus ®AQO coobmiecTBa B JiabDopaTOpHOM OuOpeakTope
BBISBIIGHO  CIIOHTAaHHOE OOpa3oBaHHWE TPAaHYJIONMOMOOHBIX  arperaTtoB  pa3HOM
Mopdomoruu.  DIIEKTPOHHO-MHKPOCKOITMYECKHE W MOJIEKYJISIPHBIE HCCIIEJOBaHUS
3aKOHOMEpHOCTeH (POPMUPOBAHUS M TAaKCOHOMHYECKOTO COCTaBa MHUKPOOPTaHM3MOB
TPaHyJIONOAOOHBIX CTPYKTYP CBHIETEIBCTBYET O TOM, YTO TpaHyJI000pa3oBaHuE —
ecTecTBeHHBIM dTam pa3BuTHs DAO-coobmiectBa. Takum o0pazomM oTHamaer
HEOOXOIUMOCTh B CHEUU(PHUECKHX TEXHOJOTHAX TONYyYEHHs] TPaHyIUPOBAHHOTO
AKTUBHOTO HMJIA, YTO TIO3BOJISIET CYIIECTBEHHO YIIPOCTHTH TEXHOJIOTUYECKUH Mpoliece 1
CHM3UTP HKCIUTyaTallMOHHBIE 3aTPaThl Ha MPOLIECC OYUCTKU CTOYHBIX BOJ OT (ocdopa.
B cpaBHeHHMH C aneTaToM IMpPOBEICHBI MCCICAOBAHUS BO3MOXKHOCTH HCIIOIH30BaHUS
®AO-coobmecTBoM, oboramennsiM  Ca.  Accumulibacter, 17 opraHuueckux
COEIMHEHU, KOTOpBIE HAPSIIy C alleTaTOM IPHCYTCTBYIOT B CTOYHBIX BOJaxX. BrLsaBieHo
WX BIHUSHHE Ha [UKJ BBIAETEHs/TormomeHus GocdaroB nmpu cMeHe aHadpOOHBIX U
a’pOOHBIX TIEPHOAOB. B UacTHOCTH, YCTaHOBIEHO, YTO HapsAgy C aleTaTtoM,
MPOMMOHATOM M MMPYBATOM, TIOJHOLIEHHBIM cyOcTpaTom it ®AO sBisitoTcst OyTHpar,
acraparnHoBast ¥ IIyTaMHHOBasi KUCIOTHI. C TOMOIIBIO METar¢éHOMHOTO ITOIX0/a ObLIN
onucaHbl OCHOBHBIE MeTabonnueckue mytu Ca. Accumulibacter. PesynbTathl paboThl
MOTYT OBITh HCHOJB30BaHbl Ui Pa3pabOTKU HOBBIX AS(PQPEKTHBHBIX TEXHOJOTHH
OYHCTKH CTOYHBIX BOJ OT (ocdopa B Poccun.

Qunancuposanue. Pabora BeionHeHa npu ¢puHancoBoil nognepxke PHD Ne 21-64-
00019 u MunucTepcTBa HAyKH | BBICIIEro oOpazoBanusi Poccuiickoii @enepanmu.
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Biological phosphorus removal has been known since the mid-20th century and is widely
used in biotechnologies for phosphorus removal from wastewater. The major
representatives of phosphate-accumulating organisms (PAO) have not been, however,
obtained as pure cultures. This is probably due to the properties of PAO metabolism,
since development of these bacteria requires alternations of the oxic and anoxic phases
of cultivation (cyclic metabolism). Dynamics of formation and activity of the PAO
communities of waste treatment plants are determined by the configuration and
operation mode of their bioreactors and by the amount and composition of organic
matter. In natural environments, PAO are usually detected at the redox interface, where
rapid shifts between oxic and anoxic conditions also occur. Determination of the
characteristics of formation of the PAO microbial communities, the spectrum of utilized
substrates, and the pathways of their metabolism will result in elucidation of the PAO
functional properties and their place in the communities of waste treatment facilities,
which may help in improvement of the phosphorus removal technology. The goal of the
present work was to determine the patterns of granule formation, succession of the PAO
communities, and the spectrum of utilized substrates and the relevant metabolic
pathways.

The bioreactors were loaded with activated sludge samples collected from an aerobic
digester (aerotank) of the block for biogenic elements removal at the Lyubertsy waste
treatment plant (Moscow), in which the University of Cape Town (UCT) technology
based on alternation of aerobic and anaerobic cultivation was implemented.

The laboratory bioreactor for cyclic cultivation of the microbial community was
constructed by modification of a BIOSTAT B reactor (Sartorius) with 2-L working
volume, equipped with an agitator and an external thermostat jacket. Cyclic cultivation
was achieved by switching from anoxic conditions with acetate as an easily available
source of carbon and energy to oxic conditions without acetate (after its consumption
during the anoxic phase). Oxic and anoxic conditions were established by bubbling the
bioreactor with air or oxygen-free nitrogen, respectively by means of the regulated gas
supply system (Eltochpribor, Russia). Gas flows and the operation of peristaltic pumps
were controlled automatically using the LOGO universal logical module (Siemens). In
the course of long-term cultivation of PAO communities, the physicochemical
parameters were monitored continuously. Morphological changes in the community
structure were studied by light microscopy and electron microscopy coupled to X-ray
microanalysis. The taxonomic composition of the community was determined by the
16S rRNA gene profiling. Whole genomes of the dominant members of the PAO
microbial community were assembled.

During cultivation of the PAO community in a laboratory bioreactor, spontaneous
formation of granule-like aggregates of diverse morphology was observed. Electron
microscopic and molecular investigation of formation patterns of the granule-like
structures and of their taxonomic composition showed granule formation to be a natural
stage of development for PAO communities. Thus, since no specific technologies to
obtain granulated activated sludge are required, the technological process may be
simplified considerably, with decreased operating costs for phosphorus removal from
wastewater.
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Apart from acetate, the possible utilization of 17 organic compounds also occurring in
wastewater by the PAO community enriched with Ca. Accumulibacter was investigated.
The effect of these compounds on the phosphate release/consumption cycle during
alternating oxic and anoxic phases was studied. Thus, it was found that, apart from
acetate, propionate, and pyruvate, butyrate, aspartate, and glutamate were adequate
substrates for PAQO. The metagenomic approach was used to describe the main metabolic
pathways of Ca. Accumulibacter.

The results of this work may be used to develop new efficient technologies for
phosphorus removal from wastewater at Russian waste treatment plants.
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