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ABSTRACT

In this study, role of sulfate reducing microorganisms was examined in the two kinds of biological filter reactors. First,
a new anaerobic—oxic biological filter reactor, which was packed with carbon fibre and aerated with micro-bubbles, was
proposed and the reactor performance was examined using dye works wastewater. Effluent SS from the experimental
reactor was significantly lower than that from the activated sludge reactor, and transparency was higher. The sulfate
reducing activity of biofilm in the oxic zone was higher than those in the anaerobic zone, meaning that the sulfate
reduction-oxidation cycles were establishedA in the biofilm of the oxic zone. Microbial community of sulfﬁte reducing
bacteria was examined by a FISH method. Desulfobulbus spp. was most common sulfate reducing bacteria in the
anaerobic zone. In the oxic zone, Desulfobulbus spp. and Desulfococcus spp. were observed. Next, denitrification using
chopsticks and cedar as organic carbon source was examined in an anaerobic-anoxic biological filter reactor and an
anoxic biological filter reactor. In the two phase anaerobic-anoxic reactor, sulfate reduction and acetate production
occurred in the anaerobic bed. In the single anoxic biological filter reactor, denitrification and sulfate reduction occurred
simultaneously in the anoxic bed. The sulfate reducing activities of the biofilm in both reactors were high, meaning that
sulfate reduction played an important role on decomposition of chopsticks and cedar. Microbial community of sulfate
reducing bacteria and sulfur oxidation bacteria was examined by a FISH method. Desulfobulbus spp., Desulfobactor spp.
and Desulfonema spp. were most common sulfate reducing bacteria grown in the anaerobic bed. Moreover, it was
observed that Desulfonema spp. was attached with Thiothrix nivea, and sulfur oxidation-reduction cycle was established

in the biofilm under anoxic condition.
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Table 1 Composition of the dye works wastewater
using the experiment.

Concentrations

BOD (mg/) 200~ 500
DOC (mg/M 250~850
$S (mg/M) 20~90
Sulfate (mg/1) 240~ 560
pH 9~12
—@— DOC —E— BOD  —i— Acetate —€@— Sulfate
Effluent .
nen Effluent
Oxi L
Xic zone 4 Oxic zone
Anaerobic | Anaerobic
one zone
Influent s ¥ Influent
0 200 400 600 0 200 400

Concentration (mg/1) Concentration (mg/1)

Fig.3 Change in sulfur and organic matter through
the reactor.
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Table 2 16S rRNA-targeted oligonucleotide probes used in this study.

b
Probe Specificity Sequence of probe(5' - 3") Target site” FA(;‘;DC' Reference
0
660 Desulfobulbus spp. GAATTCCACTTTCCCCTCTG 660-679 30 Deverex et al . 1992
Desulfovibrio spp. plus members of the
687 genera Geobacter , Desulfomonas, 5 cGGATTTCACTCCT 687-702 0  Deverexeral.1992
Desulfuromonas , Desulfomicrobium ,
Bilophila , and Pelobacter
221 Desulfobacterium spp. - TGCGCGGACTCATCTTCAAA 221-240 20 Deverex et al . 1992
129 Desulfobacter spp. CAGGCTTGAAGGCAGATT 129-149 10 Deverex et al . 1992
Desul, .
DNMAG657 esulfonema spp TTCCG(C/T)TTCCCTCTCCCATA  657-676 20 Fukuietal. 1999

Desulfococcus spp.

* 16S rRNA position according to E. coli numbering.
® Formamide concentration in the hybridization buffer.

Table 3 Sulfate-reducing bacterial community structure in the analysis of composite DAPI and FISH images.

Biofilm in the

Sulfate reducing Bacteria

iofilem i
Biofilem in the Activated sludge

anaerobic zone oxic zone
Desulfobulbus spp. 23 1.0 1.2
Desulfovibrio spp. plus members of the genera '
Geobacter, Desulfomonas, Desulfuromonas, 0.0 0.4 29
Desulfomicrobium, Bilophila, and Pelobacter
Desulfobacterium spp. © 07 0.3 0.1
Desulfobacter spp. 0.1 0.0 1.4
Desulfonema spp. 0.1 - 37
Desulfococcus spp. - 14.0
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Fig.5 Summary of the reactor performance.

Table 4 Sulfate reduction and sulfur oxidation activities obtained in the batch experiments.

Sulfate reduction rate {mgCOD/gSS"hr)

Sulfur oxidation rate

Influent water as substrate Activated sludge treatment (mgCOD/gSS *hr)
water as substrate
Biofilm in oxic zone 0.92 0.87 2.17
Biofilm in boundary zone 1.56 0.62 2.96
Biofilm in anaerobic zone 0.98 0.23 -

Table 4 ICEIZERN 5B 5 N-HEEE TENY &
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Table 5 Artificial wastewater

Substrate Reactor 1
- -y — o S ( ) 1 ) Reactor 2
Table 7 WHEEE TCHEO T O—T72HWT mg/l Column 1 Column
. NaHCO, 35 0 35
FISH & %ﬁ}ﬁ bf:%%%m?o *Ejﬁjﬁm‘ biﬁiﬁy CaClZ 46 0 46
ERRENEYE S ICHBRRE T E Desulfobulbus KH,PO, 46 0 46
N K,SO 58 0 58
spp.» Desulfobacter spp.’xT* Desulfonema spp. & H#EES 2904
. - NaNO, 0 170 85
he SHEE z P - - -
NAMENELFELTWD I ENEREINZ, & conditions anaerobic  anoxic anoxic
512, TEPBRICBNT, RRUME Thiothrix nivea
Table 6 16S rRNA-targeted oligonucleotide probes used in this study.
ifici +_ g . . FA®concn
Probe P Specificity Sequence of probe(5' - 3') Target site %) Reference
<L 0
660 Desulfobulbus spp. GAATTCCACTTTCCCCTCTG 660-679 30 Deverex et al. 1992
Desulfovibrio spp. plus members
of the genera Geobacter,
687 Desulfc , Desulft , TACGGATTTCACTCCT 687-702 0 Deverex et al. 1992
Desulfomicrobium, Bilophila, and
Pelobacter
221 Desulfobacterium spp. TGCGCGGACTCATCITCAAA 221-240 20 Deverex et al. 1992
129 Desulfobacter spp. CAGGCTTGAAGGCAGATT 129-149 10 Deverex et al. 1992
DMNA657 Desulfonema spp. TTCCG(C/T)TTCCCTCTCCCATA 657-676 20 Fukui et al. 1992
f o e . Kanagawa et al. 2000
G1B Thiothrix disciformis TGTGTTCGATTCCTTGC 1029-1046 30 Arvga et al. 2002
G2M Thiothrix eikelboomii GCACCACCGACCCCTTAG 842-859 35~ Kamagawaetal 2000
Aruga et al. 2002
s . Kanagawa et al. 2000
G3M Thiothrix flexilis CTCAGGGATTCCTGCCAT 996-1013 30 Aruga et al, 2002
Thiothrix nivea group, Thiothrix
G123T disciformis, Thiothrix eikelboomii CCTTCCGATCTCTATGCA 697-714 4o  Kanagawaeral. 2000
.y o Aruga et al. 2002
and Thiothrix flexilis
TMDNI101 Thiomicrospira denitrificans ~ CTTTGAGGTACATTAACTAT 101-120 10 This study
TBDN1441 Thiobacillus denitrificans GTCATGAAACCCCGCGTGGT 1441-1460 20 This study

? 16S rRNA position according to E. coli numbering.
® Formamide concentration in the hybridization buffer.

group MELFELTED, AEFRROHE S i
o EHREBENORITLEH> T, 51T, £O
BT Desulfonema spp. DN EWBE SN
&5, Desulfonema spp.& Thiothrix nivea group D3k
FIZED, MBEOBRILEILY A VARSI TN
T ERB E N, BAEA O EREE T,
EWFETERET U7z Thiobacillus denitrificans EHEE S
NE2NEBEEINZ I L5, Thiobacillus
denitrificans INHEMEZH-> T 5 LEFE TN,

5. MM ERBRRFLE LIEHELARICE T SH
BEERTHE S S VAR ZEHEORE

AR TR, FRMOBFEDRIAELT, EMER
U 7= S B IR B D TRMDSIREE S8 ST B
OEHBRBFEE LU THAHAMETHEINEDINITDN
TRt ZfT-> 7=, 51T, WHEEETICXDAERS
Nk BREmBEREHAEOBETFHRHEALETEH
ERLDBHEREETRIFELELU TEREEYS
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Fig. 7. Change of water characteristics in the reactor 1.

Table 7 Community structure of sulfate reduction
and sulfur oxidation bacteria in the analysis of
composite DAPI and FISH images

Reactor 1 Reactor 2
Frobe Specificity Anacrobicbed  Anoxic bed
biofilm biofilm
660 Desulfobulbus spp. 335 43
Desulfovibrio spp. plus members of
687 the genera Geobacter, Desulfomonas, 0.0 0.0
Desulfuromonas, Desulfomicrobium, . .
Bilophila, and Pelobacter
221 Desulfobacterium spp. 0.0 0.0
129 Desulfobacter spp. 6.7 73
DMNAG657 Desulfonema spp. 8.6 53
GI1B Thiothrix disciformis 0.0 0.0
G2M Thiothrix eikelboomii 0.0 0.0
G3M Thiothrix flexilis 0.0 0.0
Thiothrix nivea group, Thiothrix
G123T disciformis, Thiothrix eikelboomii 27.0 48.0
and Thiothrix flexilis

TMDN101 Thiomicrospira denitrificans 1.0 1.8
TBDN1441 Thiobacillus denitrificans 0.8 6.9

Probe hybridized area / DAP! stained area (3% )

AEHEEELTEME 20X20X10mm IZHy R LI
bO%E 180g FEL, HEREZZTEWAILHEK
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1 (NaNO; 85mg/M)Z /ML= b DICEE L, Eim & 47
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Fig. 8. Experimental set up.
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Table 8 Community structure of sulfate reduction and sulfur oxidation bacteria in
the analysis of composite DAPI and FISH images

Reactor 1 Reactor 2
Probe Specificity 125days 96days 292days
Anaerobic bed Anoxic bed Anoxic bed
biofilm biofilm biofilm
660 Desulfobulbus spp. 0.6 0.0 0.1
Desulfovibrio spp. plus members of
the genera Geobacter, Desulfomonas,
687 Desulfuromonas, Desulfomicrobium, 0.0 0.0
Bilophila, and Pelobacter
221 Desulfobacterium spp. 03 0.0 0.4
129 Desulfobacter spp. 17 1.4 0.1
DNMAG657 Desulfonema spp. 21 1.8 - 27
- TMDN101 Thiomicrospira denitrificans 04 0.0 0.0
TBDN1441 Thiobacillus denitrificans 0.3 0.0 0.0

(1) RBREREBELRBEFE

Fig. 10 CEREBOBEERT . ERREITE,
B & 330mm, W 62mm, B 18 DY 7 U IVElEHE
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% 12mm fITA Y R LTAW, $4 1, S8R5 s 55
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BRDIRMMo Tz, TRTOEREL, EEANDOKEZER
MRARE (HRT) % 24 BFRAICERE L, ATLHEK
(NaHCO; 35mg/l, CaCl, 46mg/l, KH,PO, 46mg/l,

Probe hybridized area / DAPI stained area (%)

K,SO, 58mg/l , NaNO; 85mg/l) &3 E T4 S@EKL
TEREZMBLE, T0%, 50 HRICAIEEKFO
UCEREBEE 12 & LA, EREBIR 20COER
BERICHRBE L, BERELU TFKABESERZEBREZ
R TESEERIBLE, S5, EREBANOE
VIR OMmBERICEE R EEEZRESERICLD
RDBEEDHIT, PCR HEICK HHELEETHE DR

BN EIT/E > /=, Table 9 ICBEMBITICHAWETS
/f 7—‘%5&?0
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Fig. 10. Experimental set up.
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Table 10 IZ PCR ¥5IC K A TR R STHIE OB EMH
WMZETR O ERREZRT, RENEYE» SHHL
7= DNA TId, Desulfonema spp., Desulfococcus spp.,
Spp., spp.,
Desulfomicrobium spp.Z%t REICHEIET S primers T
N RRank., —4, &NEEWETH,
Desulfobulbus spp., Desulfobacter spp., Desulfonema
spp., spp., Spp.,
Desulfomicrobium spp. ZF RHJICHEIET S primers T
N RpSBIEN, |

Desulfosarcina Desulfovibrio

Desulfosarcina Desulfovibrio

Table 9 16S rDNA-targeted PCR primers and dissimilatory (bi)sulfite reductase genes PCR primers used in

this study.
e e Annealin
Primer Sequence (5' - 3)° Target site” Specificity temp ("Cg) Reference

616V AGA GTT TGA TYM TGG CTC Most Bacteria 52 Juretschko ef al . 1998
630R CAK AAA GGA GGT GATCC Juretschko et al . 1998
DSRmixF DSRIF ACS CACTGG AAG CAC G Dissimilatory (bi)sulfite reductase genes 48 Wagner et al. 1998

DSR1Fa ACC CAY TGG AAA CACG Loy et al . 2004

DSR1Fb GGC CACTGG AAG CACG Loy et al . 2004
DSRmixR DSR4R GTG TAG CAG TTA CCG CA Wagner et al . 1998

DSR4Ra GTG TAA CAG TTT CCA CA Loy et al . 2004

DSR4Rb GTG TAA CAG TTA CCG CA Loy et al . 2004

DSR4Rc GTG TAG CAG TTK CCG CA Loy et al . 2004
DFM140 TAG MCY GGG ATA ACRSYK G 140-158  Desulfotomaculum spp. 58 Daly et al . 2000
DFM842 ATA CCC SCW WCW CCT AGC AC 842-823 Daly et al . 2000
DBBI121 CGC GTA GAT AAC CTG TCY TCA TG 121-142  Desulfobulbus spp. 66 Daly et al . 2000
DBB1237 GTA GKA CGT GTG TAG CCCTGGTC  1237-1215 Daly et al . 2000
DBM169 CTA ATR CCG GAT RAA GTC AG 169-183  Desulfobacterium spp. 64 Daly et al . 2000
DBM1006 ATT CTC ARG ATG TCA AGT CTG 1006-986 Daly et al . 2000
DSBI127 GAT AAT CTG CCT TCA AGC CTG G 127-148  Desulfobacter spp. 60 Daly et al . 2000
DSB1273 CYYYYY GCR RAG TCG STG CCCT 1273-1252 Daly et al . 2000
DCC305 GAT CAG CCA CAC TGG RACTGA CA 305-327  Desulfc spp., Desulfococcus spp., 65 Daly et al . 2000
DCC1165 GGG GCA GTA TCT TYA GAG TYC 1165-1144  Desulfosarcina spp. and Desulfovibrio spp. Daly et al . 2000
DSV230 GRG YCY GCG TYY CATTAGC 230-248  Desulfovibrio spp. and Desulfomicrobium 61 Daly et al . 2000
DSV838 SYC CGR CAY CTA GYRTYC ATC 838-818  spp. Daly et al . 2000

* 16S rDNA position according to E. coli numbering,

b Ambiguities: R (Gor A); Y (Cor T); K(Gor T); M(A or C); S (Gor C); W(Aor T).

Table 10 Summary of results for PCR amplifications.

+, A visible band of PCR products on an agarose gel.
(+), A weak band of PCR products on an agarose gel.

— , Negative hybridization signal in the presence or absence of a visible band of PCR products on an agarose gel.

Primer pair

616V DSRmixF DFM140 DBBI121

DBM169 DSB127 DCC305 DSV230

630R DSRmixR DFM842 DBBI1237 DBMI1006 DSB1273 DCC1165 DSVS838

Biofilm inside the wood

Reactor 1 + + - + - + +) +

Reactor 2 . +) - - - - - - -
Biofilm surface of iron

Reactor 1 + + - - - + - +

Reactor 2 + + - +) - - + +

Reactor 3 + - - - - — — -
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28 BIETH, REBEESTI7ONTI
ERAVWERKIFRAEYABEBEZRARL, JAHK
WL DEFUEEREITIR > IR, SSREGECH
BEE, FEEFREESLERL TENTSED, KEN
2CLUETHNIE 70% U LD DOC BREFZERL I,
¥, EREBETERINREHBRIIED THR
<, MBRERITIEMY % & DOC BREMRES NIz,
B SAE T3 Desulfobulbus spp. SHEE & 115 BRERIEER
TCHIBE DN EFE L, 1A Tl Desulfobulbus spp. e TX
Desulfococcus spp. & HERE & 11 5 Wi HH B STl BE AR
HRLHE S HFL, BRROBREETY 1 VIV ER
L Tz,

WAaE, BS5HE, 6 HTIE, 2R VHFREKEE
LT, ATHERZRAWERE EHFTEEYAKITX
HEBUEERZTIR >R, HEBER THEN

AKEOHBIIEEL TWEEEES N, £, K
BOSRIHRIMELKROBRILICHZSREOR
EDNETL, TNICHERD Y UBRENTETH 7.
IHIT, MEBEBE CEEET DI &K, KED
SRPGBRVETL, ER)OR LTINS
ZENbhM oz, BEERTICED, IO—AD
SEMBEIND Z EAURB SN, WEERTTHE
Desulfosarcina spp. EHEE S NDMBE DL A, Bk
BALHIEE Thiothrix nivea group DTy ~ OIREEIC
HELTHEELTWS LR EINE, TDZ L
N, LEERATINS OMENKEEFEL, MEOE
{EBIEY A1 7 NBNERIN T EHEEI N,

oz &b, RLEBEICK D RERESRTHE
NEEREHZH->THD, KREETEZRESE
5 EM, NEKEREXSICIERERR EICDR
MBENS T EMHALMNIE >,
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