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! 9:;<=>;? Biomethanization of mixed organic substances is the effect of coexistence of numerous groups of 
microorganisms. Methanogenic degradation of such substances involves at least three different trophic groups of 
anaerobes, namely fermentative heterotrophs, proton-reducing syntrophs and methanogenic archaea. The development 
of molecular techniques allowed to detect some new groups of bacteria and archea, which often stay unculturable. 
The cultivation of uncultured organisms is of great significance in recognizing the function of these organisms. In the 
past few years, newly discovered microorganisms have been successfully isolated from anaerobic sludges, and the 
information regarding their physiology in connection with phylogeny is updated regularly. 
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Methanogenesis from complex organic substances is a unique biological reaction catalyzed by 
mixed populations consisting of diverse arrays of microorganisms (Sekiguchi et al., 2001 ). 
Methanogenic degradation of such substances involves at least three different trophic groups of 
anaerobes, namely fermentative heterotrophs, proton-reducing syntrophs and methanogenic archaea 
(Schink, 1997). 

The complexicity of microflora in anaerobic digestion processes has been known for years, 
but the development of molecular techniques has made it possible to detect numerous uncultivated 
microorganisms and to recognize structural and functional relationships between groups of 
anaerobes. 

The cultivation of uncultured organisms is of great signifi cance in recognizing the function 
of these organisms. In the past few years, newly discovered microorganisms have been successfull y 
isolated from anaerobic sludges, and the information regarding their physiology in connection with 
phylogeny is updated regularly: examples include carbohydrate degraders (Sekiguchi et al., 2003, 
Yamada et al., 2006), a protein degrader (Chen and Dong, 2005), fatty acid oxidizers (Imachi et al., 
2002; de Bok et al., 2005; Chen et al., 2005; Sekiguchi et al., 2006; Wu et al., 2006 a, b; Zhang et 
al., 2004,2005), terephthalate oxidizers (Qiu et al., 2006), and methanogens (Jiang et al., 2005; Ma 
et al., 2005, 2006). 

Fermentative heterotrophs 
Complex organic molecules are fermented by a variety of fermenting organisms to reduced organic 
compounds (e.g. lactate, ethanol, propionate and butyrate) and to compounds that can be used by 
methanogens directly (hydrogen, formate and acetate). 

Carbohydrates such as cellulose, starch and pectins are hydrolyzed to monosaccharides mainly 
as a result of the activity of different Clostridium species. Proteins are hydrolyzed to arninoacids by 
proteases - enzymes excreted by numerous species of anaerobic bacteria such as Bacteroides, 
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Butyri vibrio, Clostridium, Fusobacterium, Selenomonas 789 Streptococcus :5 ;7<=>=?@* A"" BC$
# DE8F7>E9< 7GH 9HI G79H9 in J7GEFK< L7MNO7?< MF <EDL;H P7MM? 7>E9< <K>N 7< 7>HME>* LGFLEF8E> 789
QKM?GE> 7>E9 Q? 9EPPHGH8MQ7>MHGE7 7< Bacteroides, Clostridium, Peptococcus, Selenomonas 789
Campylobacter. R7GEFK< <LH>EH< FPClostridium 789 Micrococcus 7GH 7Q;H MF 9HI G79H ;ELE9< 789
LGF9K>H7>HM?;FS2F#$

- NH<EI 8EPE>78M79J78>Hin GH>FI 8E=E8I FPPK8>MEF8 FP7QK8978MDE>GFFGI 78E<D< E8 787HGFQE>
<;K9I H< O7< MNH E<F;7MEF8 FPFGI 78E<D< PGFD <KQLN?;KD 0 FPMNHQ7>MHGE7; LN?;KD Chloroflexi. - NH
<KQLN?;KD 0 O7< GH>FI 8E=H9 7< 7 >;F8H >;K<MHG* DHDQHG< FPONE>N OHGH PGHTKH8M;? 9HMH>MH9 E8
787HGFQE> H8JEGF8DH8M< E8 7QK8978>H :UE7= HM7;$* A"" VW/ H@EI K>NE HM7;$* A"" X* Y7D797 HM7;$*
A"" ZC$

%H>H8M;?* PFKG PE;7DH8MFK< <MG7E8< MN7M QH;F8I MF MNH Chloroflexi <KQLN?;KD 0 OHGH
<K>>H<<PK;;? E<F;7MH9 789 >K;MKGH9 PGFD 787HGFQE> O7<MHO7MHGMGH7MDH8M<;K9I H<* 789 MNH<H <MG7E8<
OHGH>N7G7>MHGE=H9 E8 9HM7E; E8 FG9HGMF I EJHMNHD MNHEGM7[ F8FDE> LF<EMEF8 :/ H@EI K>NEHM7;$* A" "! W
Y7D797 HM7;$* A"" VC$ - NH<KQLN?;KD 0 O7< 87DH9 7< MNH8HO >;7<<Anaerolineae 789 8FO >F8M7E8<
MOF MNHGDFLNE;E> <LH>EH< FPMNHI H8K<Anaerolinea, F8HDH<FLNE;E> <LH>EH< FPMNHI H8K<Levili nea, 
789 F8HDH<FLNE;E> <LH>EH< FPMNHI H8K< Leptolinea. - NH<HFGI 78E<D< 7GH@8FO8 MF QHF8HFPMNH
D7\FGLFLK;7MEF8< E8 DH<FLNE;E> 789 MNHGDFLNE;E> <;K9I HI G78K;H< FP. # / 5 GH7>MFG< :/ H@EI K>NEHM
7;$* A"" XQ* Y7D797 HM7;$* A"" ZC$

&8H <LH>EH< (Anaerolinea thermophila) E< 7<<F>E7MH9 OEMN PE;7DH8MFK< QK;@E8I FP
DHMN78FI H8E> I G78K;7G <;K9I H :/ H@EIK>NE HM 7;$* A" " XQC$ # ;; <MG7E8< LF<<H<< PE;7DH8MFK<
DFGLNFM?LH<* I GFOE8I PHGDH8M7MEJH;? OEMN7 G78I HFP>7GQFN?9G7MH< 789 ?H7<MH[ MG7>M7< <KQ<MG7MH<$
- NH<HQEF>NHDE>7; LGFLHGMEH< <KI I H<MMN7MDHDQHG<FPMNH>;7<< DEI NML;7? 7 @H? GF;HE8 MNHLGED7G?
9HI G797MEF8 FP >7GQFN?9G7MH< 789 >H;;K;7G D7MHGE7;< :<K>N 7< 7DE8F 7>E9<C E8 DHMN78FI H8E>
9EI H<MEF8 LGF>H<<H<$

- NH9HI G797MEF8 FPGH9K>H9 FGI 78E> >FDLFK89<HJH8 ;F8I >N7E8 P7MM? 7>E9< E< FPMH8 >F88H>MH9
OEMN N?9GFI H8 LGF9K>MEF8 Q? <HJHG7; <?8MGFLNE> 7>HMFI H8E> Q7>MHGE7$

Syntrophs 
# >HMFI H8E> Q7>MHGE7* 7;<F >7;;H9 FQ;EI 7MFG?N?9GFI H8SLGF9K>E8I 7>HMFI H8< :&] ^# <C* F[ E9E=H MNH
GH9K>H9 FGI 78E> LGF9K>M< PKGMNHGMF N?9GFI H8* PFGD7MH 789 7>HM7MH* 789 MNH<H 7GH K;MED7MH;?
>F8JHGMH9 MF DHMN78H789 >7GQF8 9EF[ E9HQ? DHMN78FI H8< :9H5F@HM7;$* A""_ C$

08 <FDH>F;9* DHMN78FI H8E> H8JEGF8DH8M<MNH7>HM7MHE<LGF9K>H9 Q? NFDF7>HMFI H8E> Q7>MHGE7
S787HGFQE>* N?9GFI H8SF[ E9E=E8I 7KMFMGFLNE> DE>GFFGI 78E<D< <K>N 7< Clostridium aceticum, C. 
thermoaceticum FG8KDHGFK< <LH>EH< FPAcetobacteri um. # M;FO MHDLHG7MKGH< NFDF7>HMFI H8<* 9KH
MF MNHEGGH;7MEJH;? NEI N I GFOMN G7MH789 <KPPE>EH8ML<?>NGFMF;HG78>H* >78 <K>>H<<PK;;? >FDLHMHOEMN
DHMN78FI H8< PFGN?9GFI H8 E8<LEMHFPH2 MNGH<NF;9< QHE8I ;FOHGE8 DHMN78FI H8E> 7G>NH7 :` Â 7 H2) 

MN78 NFDF7>HMFI H8< :` A"" ^7 H2) :6 FM<?KGQH8@F HM7;$* A"" XC$ , FO797?< NFDF7>HMFI H8H<E< E<
FQ<HGJH9 in DH<FLNE;E> :, EHHM7;$* A"" BC789 MNHGDFLNE;E> 9EI H<MHG< :/ EGEOF8IGK8I <F8 HM7;$* A"" BC
789 MNE< LGF>H<< E<>F8<E9HGH9 7< MNH7;MHG87MEJHL7MNO7? PFGH8N78>HFP7>HM7MHLGF9K>MEF8$

&[ E97MEF8 FPJF;7ME;H P7MM? 7>E9< E< LF<<EQ;H E8 ;FO >F8>H8MG7MEF8 FPN?9GFI H8 789 GH9F[
LFMH8ME7; :` S! "" DRC* MNHGHPFGH D78? 7>HMFI H8E> Q7>MHGE7 PFGD DKMK7; 7<<F>E7MEF8< OEMN
DHMN78FI H8E> 7G>NHF8<$ - NE< <?DQEFME> 9HLH89H8>H QHMOHH8 Archaea 789 <?8MGFLNE> Q7>MHGE7 E<
>7;;H9 aE8MHG<LH>EH< ] 2 MG78<PHGa$ + HMN78FI H8< GH>HEJE8I N?9GFI H8 789 2&A 7>MEJ7MH 7>HMFI H8E>
<?8MGFLN<$ - NH 7>HMF>;7<ME> 789 N?9GFI H8FMGFLNE> DHMN78FI H8E> 7G>N7H7 >F8MGEQKMHB" b 789 ! " b *
GH<LH>MEJH;?* FPMNHDHMN78HLGF9K>MEF8 E8 E89K<MGE7; O7<MHO7MHGMGH7MDH8M:/ 7O7?7D7 HM7;$* A"" VC$
&8 MNH FMNHGN789* MNH D7\FGGFKMH FPDHMN78H LGF9K>MEF8 E< MNGFKI N 7 <?8MGFLNE> GH;7MEF8<NEL
QHMOHH8 7>HM7MHSF[ E9E=E8I Q7>MHGE7 789 N?9GFI H8SKME;E=E8I DHMN78FI H8E> 7G>N7H7 :# 8I H8H8MHM7;$*
A" " AC$

UH<LEMH MNH <EI 8EPE>78MEDLFGM78>HFP<?8MGFLN<* MNH @8FO;H9I HFPMNHEGM7[ F8FDE> LF<EMEF8<*
9EJHG<EM? 789 LN?<EF;FI ? O7< E8<KPPE>EH8M* D7E8;? QH>7K<H FPMNH 9EPPE>K;MEH< E8 E<F;7ME8I MNHD$
/ HJHG7; EDLFGM78MLGFMF8SGH9K>E8I <?8MGFLNE> Q7>MHGE7 7PPE;E7MH9 OEMN MNHI GFKL 'Desulfotomaculum 
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cluster I' as butyrate-oxidizers (Sekiguchi et al., 2000; Jackson et al., 1999), propionate-oxidizers 
(Imachi et al., 2000; Liu et al., 1999; Harmsen et al., 1998) and even acetate-oxidizers (Hattori et 
al., 2000) have been successfuIJy isolated and cultured from methanogenic communities in recent 
years. 

Thermacetogenium phaeum, the thermophilic acetate-oxidizing syntroph isolated and 
characterized by Hattori et al. (2000) oxidized acetate in co-culture with a thermophilic 
hydrogenotrophic methanogen. In this connection methanogenic bacteria used hydrogen produced 
by syntrophic acetate-oxidizing bacteria. Moreover, another study showed that some cultures of 
acetate-oxidizing, iron-reducing microorganisms could oxidize acetate in co-culture with hydrogen­ 
utilizing sulfate- or nitrate-reducers in the absence of oxidized iron (Cord-Ruwisch et al., 1998). 

Propionate-oxidizing Syntrophobacter-like bacteria have been identif ied in micro-colonies in 
close association with methanogens (Grotenhuis et al., 1991). For kinetic reasons the spatial 
organization of the microorganisms in aggregated biomass is critical: the efficiency of interspecies 
electron transfer probably increases with the decrease of the distance between cells. Grotenhuis et 
al. (199 I) observed syntrophic propionate-oxidizing bacteria developing rapidly inside the sludge 
granule in defined microcolonies with methanogenic archaea. Moreover, the methanogenic partner 
in the sludge granules, Methanospiri ll um- like cells, was interlaced with all the microcolonies in the 
granules. This is in contrast with Methanobrevibacter-like methanogens that are usually juxtaposed 
to the hydrogen-producing propionate oxidizers. 

The first syntrophic propionate-oxidizing bacterium, Syntrophobacter wo/inii, was enriched 
from an anaerobic sewage digester (Boone and Bryant, 1980). The organism was obtained in co­ 
culture with a Desulfovibrio sp., which reduced the sulfate in this culture with the reducing 
equivalents released from the oxidation of propionate. Other syntrophic propionate-oxidizing 
bacteria have been described since then, but none of those organisms was obtained in pure or 
defined co-culture until 1993, when phylogenetic analysis revealed a relationship of S. wo/inii to 
sulfate-reducing bacteria (Harmsen et al., 1993). Soon thereafter, Syntrophobacter wo/inii was 
obtained in pure culture on propionate plus sulfate, while pyruvate (Wallrabenstein et al., 1994) and 
fumarate (de Bok et al., 2004) were utilized as well. 

Several other syntrophic propionate-oxidizing bacteria have been isolated, including two other 
Syntrophobacter species. The Syntrophobacter strains form a cluster within the d-subclass of the 
proteobacteria (de Bok et al., 2004). All of these strains oxidize propionate to acetate, CO2 and H2 

or formate, but they dif fer from each other with respect to morphology and additional substrates 
used. Syntrophus aciditrophicus, isolated by Jackson et al. ( 1999), is a universal syntroph oxidizing 
fatty acids and benzoate. S. fumaroxidans was obtained in pure culture on furnarate, which is an 
intermediate of propionate-degrading pathway (de Bok et al., 2004). 

A markedly different organism is Smithell a propionica, which was isolated by Liu et al. 
(1999). This organism produces much less acetate from propionate than the Syntrophobacter 
strains, and besides acetate it produces small amounts of butyrate. 

While all of the organisms described above are mesophilic, thermophilic propionate-oxidizing 
bacteria have also been described, and two of these have been obtained in pure culture so far: 
Pelotomaculum thermopropionicum strain SI, and Desulfotomaculum thermobenroicum, subsp. 
thermosyntrophicum (lmachi et al., 2000; Plugge et al., 2002). Sekiguchi et al. (2000) isolated a 
thermophilic butyrate-oxidizer capable of oxidizing saturated fatty acids with four to ten carbon 
atoms. 

Pelotomaculum thermopropionicum was fi rst isolated by Irnachi et al. (2000, 2002) from a 
laboratory-scale UASB reactor operated under thermophilic conditions. This microorganism was 
affi liated with the sulfate-reducing Desulfotomaculum group based on l 6S rDNA sequences, 
although the isolate was not able to reduce sulfate. In situ hybridization using a l 6S rDNA-based 
oligonucleotide probe revealed that the propionate-oxidizing syntroph was one of the predominating 
organisms in the studied thermophilic digester sludge and formed microcolonies associated with 
hydrogenotrophic methanogens. 
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18 9: ;9<=><?@: AP. thermopropionicum BC>D Methanothennobacter thermautotrophicus 1EDCC@> F=%
G#"" HI : JE@?K@L A=FM@==<N;=CO@AC=FN@8>E: AP. thermopropionicum 9: FMM?@MF>C8M9@==ENCMD>DFK@
F ?:=@C8O@@PC8M >D@>B: : ?MF8CENE 9=: E@=Q R<S>FP: E@L BC>D @F9D : >D@? A:? @AAC9C@8> C8>@?EP@9C@E
DQL?:M@8 >?F8EA@?%

5F>@?+ >D@: J=CMF>: ?Q EQ8>?:PDC9+ P?:PC: 8F>@;: SCLCTC8M JF9>@?C<N Pelotomaculum schinkii GL@
6: O@>F=%+#"" HI+ F N@E: PDC=C9+ EQ8>?:PDC9 P?:PC: 8F>@;: SCLCTC8ME>?FC8 , UV W=NF9DC@>F=%+#"" XY+
>B: N@E: PDC=C9+ EQ8>?:PDC9 PD>DF=F>@;L@M?FLC8M EP@9C@E Pelotomaculum terephthalicum F8L
Pelotomaculum isophthalicum GZC< @> F=%+ #"" [ + #"" XI+ F8L F N@E: PDC=C9+ EQ8>?:PDC9 J@8T:F>@\
: SCLCTC8MEP@9C@ESporotomaculum syntrophicum GZC< @>F=%+#" "! I B@?@F=E: CE: =F>@L C8 F8F@?:JC9
E=<LM@E% $ ==>D@E@EQ8>?:PDE =F9O >D@FJC=C>Q >: LCEECNC=F>: ?C=Q ?@L<9@: AE<=AF>@+ F=>D: <MD : >D@?
N@NJ@?E: A>D@'Desulfotomaculum 9=<E>@?1]F?@O8: B8 >: J@E<=AF>@?@L<9@?E%

Methanogens 
- <N@?:<E N@>DF8: M@8E DFK@J@@8 CE: =F>@L F8L L@E9?CJ@L G5QCN: @>F=%+ #""" ^ , : ?C@>F=%+ #" "" ^
*: <=CF8 @>F=%+#"" " ^ UF?9CF@>F=%+#""" ^ 5: NF8E@>F=%+ _` ` ` I%a : B@K@?+>D@E><LC@E NFC8=QJFE@L : 8
_X0 ?b - $ 9=: 8C8M F8F=QE@E E<MM@E> >DF> >D@8<NJ@? : AM@8@?F : AP?@L: NC8F8> N@>DF8: M@8E C8
JC: MFE ?@F9>: ?E CE =CNC>@L >: Methanobacterium, Methanothennobacter GA:?N@?=Q
Methanobacterium G2 FEE@?AF==@8 @> F=%+ #""" I+ Methanobrevibacter, Methanosarcina, F8L
Methanosaeta GA:?N@?=QMethanothrix) Gc@?8F8L@T @>F=%+ _` ` ` ^ U: L: 8 @>F=%+ _` ` d^ 0@OCM<9DC@>F=%+
_` ` eI%
$ PP?:SCNF>@=Qd" f : A>D@N@>DF8@A:?N@L L<?C8M>D@/ $ 06 P?:9@EE CEP?:L<9@L JQ N@NJ@?E : A
>D@F9@>: 9=FE>C9 Methanosarcina F8L Methanosaeta EP@9C@E%Methanosaeta spp. L: NC8F>@L C8 =F?M@\
E9F=@N@E: PDC=C9 F8L >D@?N: PDC=C9 LCM@E>@?E >?@F>C8MBFE>@BF>@? F8L E@BFM@E=<LM@G&FEOC8 @>F=%+
_` ` [ ^ , 9a <MD@>F=%+#" " ! ^ 0FBFQFNF@>F=%+#" "[ I%

. D@C8LCKCL<F= AC8M@?P?C8>E E<MM@E>>DF>>D@9: NP: EC>C: 8 : A>D@LCAA@?@8>>QP@E: ABFE>@BF>@?E
P?:JFJ=Q DFL F8 C8A=<@89@: 8 >D@N@>DF8: M@8E L@>@9>@LC8 >D@M?F8<=@E : AE=<LM@% 7 @QE@? @> F=%
G#"" XI ?@P:?>@L >DF> Methanosaeta concil ii BFE L@>@9>@L C8 >D@AC8M@?P?C8>E : A>D@BC8@?Q F8L
J?@B@?Q M?F8<=@E+ BDC=@Methanosaeta thermophila BFE A:<8L C8 >D@AC8M@?P?C8> : A>D@J?@B@?Q
M?F8<=@E%Methanosaeta, A:?N@?=Q O8: B8 FE Methanothrix Ga <E@? @> F=%+ _` e#I+ CE: 8@: A>D@NFC8
EP@9C@E?@EP: 8ECJ=@A:?>D@9: 8K@?EC: 8 : AF9@>F>@>: N@>DF8@%

. D@BCL@>: =@?F89@: AMethanosaeta spp. A:? @8KC?:8N@8>F= AF9>: ?E G8<>?C@8>E+ >@NP@?F><?@I
P?:KCL@E A:?9: NN: 8 L: NC8F89@: A>DCE M@8<E C8 F8F@?:JC9 LCM@E>@?E%) K@8 =: B >@NP@?F><?@E F8L
=: B F9@>F>@ 9: 89@8>?F>C: 8E E@@N >: AFK: ? ?@P?@E@8>F>CK@E : A Methanosaetaceae K@?E<E
Methanosarcinaceae G3DC8 @>F=%+ 1` ` ` ^ 7 : >EQ<?J@8O: + #"" HI%1>CE K@?Q CNP: ?>F8> A:?>D@LCM@E>C: 8
P?:9@EE J@9F<E@: A>D@9?<9CF= ?:=@: A>DCE AC=FN@8>: <E: ?MF8CEN C8>D@A:?NF>C: 8 F8L NFC8>@8F89@
: AE>FJ=@F8F@?:JC9 M?F8<=@EG, 9a <MD@>F=%+#" " ! I%

Methanosarcina mazeii BFE : 8=Q L@>@9>@L C8 >D@AC8M@?P?C8> : A>D@BC8@?Q M?F8<=@E+ BDC=@
Methanobacterium forrnicicum BFE L@>@9>@L : 8=Q C8 >D@AC8M@?P?C8> : A>D@J?@B@?Q M?F8<=@E JQ
7 @QE@?@>F=%G#"" XI%5F9O: ADQL?:M@8 NFQ=CNC>>D@M?:B>D: AMethanobacterium E>?FC8E%1>: 99<?E
C8 >D@P?@E@89@: A>D@AFE>@?M?:BC8M 8: 8;N@>DF8: M@8E E<9D FE D: N: F9@>: M@8C9 JF9>@?CF >DF> F=E:
<>C=CT@DQL?:M@8 FEE<JE>?F>@%1A>D@Methanobacterium 9F88: >E<?KCK@C8 >D@?@F9>: ?L<@>: F =F9O: A
DQL?:M@8 >: <>C=CT@̂>D@C?FJE@89@9F8 DFK@F 8@MF>CK@C8A=<@89@: 8 M?F8<=F>C: 8%Methanobacterium 
P=FQEF ?:=@C8 M?F8<=F>C: 8 >DF>CE?@EP: 8ECJ=@A:?>D@P?:L<9>C: 8 : A@S>?F9@==<=F?P: =QN@?E8@9@EEF?Q
C8 JC8LC8M: >D@?JF9>@?CF >: M@>D@?>: A:?NM?F8<=@EGa <=ED: AAV: =@>F=%+#" "[ I%

1NN: JC=CTF>C: 8 : ANC9?:JCF= JC: NFEE CE : 8@: A>D@LC?@9>C: 8E C8 >D@C8>@8ECAC9F>C: 8 : A>D@
F8F@?:JC9 LCM@E>C: 8+ NFC8=Q L<@>: >D@C89?@FE@: AJC: NFEE9: 89@8>?F>C: 8%$ A>@? >D@CNN: JC=CTF>C: 8
: AF8F@?:J@E: 8 P: =Q<?@>DF8@A:FN C8 F >D@?N: PDC=C9+ ACS@L;J@L+ F8F@?:JC9 LCM@E>@? E<PP=C@L BC>D
F9@>F>@+ >D@?@E<=>E : A?@F=;>CN@V3& F8F=QECE C8LC9F>@L >DF> >D@NFR: ? CNN: JC=CT@L N@>DF8: M@8C9
F?9DF@F B@?@Methanosarcina spp., F8L >DF> >D@NFR: ? A?@@;=CKC8M N@>DF8: M@8C9 F?9DF@F B@?@
Methanosarcina F8L Methanobacterium spp. G0FBFQFNF @>F=%+#" " XI%b @8EC>C@E: AMethanosarcina 
spp. F8L Methanobacterium spp. CNN: JC=CT@L : 8 >D@P: =Q<?@>DF8@A:FN+ N@FE<?@L JQ _X0 ?&- $
M@8@F8F=QECE+ B@?@d%X S ="` F8L #%X S ="e 9: PC@Eg9???]+ ?@EP@9>CK@=Q% 1NN: JC=CT@L N@>DF8: M@8C9
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archaea could be concentrated I OOO times relative to those in the original anaerobicall y digested 
sludge from a completely mixed thermophilic digester supplied with cattle waste. The concentration 
of immobili zed bacteria could increase only I O times. This disproportion could restrict the hydrogen 
transport between syntrophic acetate-oxidizing bacteria and hydrogen-utili zing methanogenic 
archaea in immobilized biomass. Sawayama et al. (2006) reported that the ratio of 
Methanobacterium spp. and Methanosarcina spp. among the free-li ving methanogenic archaea was 
higher than that among the immobilized methanogenic archaea. 

High concentration of free ammonia nitrogen (FAN) infl uences the structure of the 
methanogen community. Acetoclastic species of methanogens seem to be more sensitive to free 
ammonia than hydrogen utili zing ones. Calli et al. (2005) reported free ammonia inhibition 
thresholds in acclimated sludge of 700 and 1200 mg N/1 for acetoclastic and hydrogenotrophic 
methanogens, respectively. Since about two-thirds of the methane produced in an anaerobic reactor 
is derived from acetate, a decrease in the activity of acetotrophic methanogens severely affects the 
anaerobic degradation process. 

During adaptation of sludge, Calli et al. (2005) found fi rst a noticeable loss of the activity of 
Methanosaeta-related species, and afterwards the presence of mainly Methanosarcina-like 
acetoclastic methanogens in all of the reactors studied. Foll owing the increase in FAN level above 
150 mg/I, single coccus shaped Methanosarcina cell s tended to form large multicellular structures. 
The disintegration of large Methanosarcina clusters started at 600 mg/I of FAN. The presence of 
inorganic particles originating from granular sludge seemed to protect Methanosarcina clusters. 

Uncultured organisms 
The complexicity of microfl ora in anaerobic digestion processes has been known for years, but the 
development of molecular techniques has made it possible to detect numerous uncultivated 
microorganisms and to recognize structural and functional relationships between groups of 
anaerobes. Molecular analyses primaril y based on 16S rDNA cloning and gene sequencing analyses 
displayed constituents of more than 20 bacterial phyla in anaerobic (mostly methanogenic) waste 
and wastewater sludges (Narihiro and Sekiguchi, 2007; Sekiguchi et al., 200 I). For example, 16S 
rRNA gene clones that were frequently and commonly retrieved from these sludges were 
distributed in various prokaryotic taxa such as the phyla Proteobacteria (mainly in the class d­ 
proteobacteria), Chloroflexi, Firmicutes, Spirochaetes and Bacteroidetes in the domain Bacteria. 
Clones in the classes Methanomicrobia, Methanobacteria, and Thermoplasmata are typical 
phylotypes found in such sludges in the domain Archaea (Narihiro and Sekiguchi, 2007). Besides 
these relatively well known taxa, phylotypes belonging to a variety of uncultured candidate phyla 
( or classes), known as 'clone clusters', were often detected in anaerobic sludges (Coll ins et al., 
2005; Chouari et al., 2005a, b; Leclerc et al. 2004). Within the domain Bacteria, diverse 
uncultivated taxonomic groups, such as OPIO, BA024, OPS, TM6, EM3, OP3, and OS-K (named 
according to the review by Hugenholtz (2002)), were detected in this medium (Narihiro and 
Sekiguchi, 2007). 

Chouari et al. (2005b) found that the predominant population of clone clusters belonged to 
candidate bacterial phylum WWEI (named according to the review by Hugenholtz (2002)), and 
described that 81 % of all the bacterial 16S rRNA gene clones retrieved from an anaerobicall y 
digested sludge in mesophilic conditions were assigned with the WWEI group. These WWEl-type 
cell s were found as rod-li ke and fi lamentous morphotypes in fl uorescence in situ hybridization 
(FISH) analysis, and the rRNA from WWEI cell s accounted for 12% of the total bacterial rRNA. 
Their high abundance in the sludge suggests they might play a certain role in the digestion process, 
although the ecophysio logical function of WWE I -type bacteria remains unknown. 

Another predominant populations detected in anaerobic sludges belong to clone clusters of the 
bacterial phylum Deferribacteres. This phylum (formerly recognized as the phylum 'Synergistes') 
contained phenotypically diverse genera such as Deferribacter, Denitrovorans, Geovibri o ; 
Flexistipes and 'Synergistes' (Narihiro and Sekiguchi, 2007). The 16S rRNA gene clones gained 
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