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Introduction

Under methanogenic conditions, degradation of complex organic substances is carried out by
cooperation of different trophic groups of anaerobic microorganisms. In this type of microbial ecosystems,
fatty acids and other compounds, such as ethanol and benzoate, are frequently formed as intermediates.
Since such intermediates frequently accumulate in this type of ecosystems, microbes involved in the
degradation of these intermediates are important. The degradation of intermediates is generally carried out by
substrate oxidizing, proton-reducing microbes (syntrophic bacteria), and hydrogenotrophic microbes.
Intermediates are converted by syntrophic bacteria to form acetate, hydrogen and CO, only when the
hydrogen partial pressure is kept extremely low by hydrogenotrophic microbes. The degradation of
intermediates is generally carried out by substrate oxidizing, proton-reducing microbes (syntrophic bacteria),
and hydrogenotrophic microbes. Intermediates are converted by syntrophic bacteria to form acetate,
hydrogen and CO, only when the hydrogen partial pressure is kept extremely low by hydrogenotrophic
microbes [1,2,3,4,5].

Despite their significant metabolic functions in methanogenic ecosystem, information on the
physiological characteristics and phylogenetic diversity of such organisms was limited, especially due to the
fastidious characteristics of the syntrophic microbes, such as slow growth, low growth yield and syntrophic
association with hydrogenotrophic microbes. In this study, the diversity and physiology of syntrophic
substrate-oxidizing anaerobes were studied by applying conventional cultivation techniques combined with
rRNA-based molecular approaches [6]

Material and methods

For cultivation of anaerobic, syntrophic bacteria, two thermophilic (55°C) anaerobic digested
sludges, one mesophilic (35°C), anaerobic digested sludge, a mesophilic, anaerobic granular sludge and rice
paddy soil were used as inoculum for primary enrichments, using ethanol (10 mM), benzoate (5 mM) or
propionate (20 mM) as the sole carbon source. DNA extraction from enrichment cultures was performed by
bead-beating method. For 16S rDNA-based clone analysis, a bacterial universal primer set was used.
Fluorescence in situ hybridization (FISH) was carried out according to the method of Amann et al. [7].

Result and discussion
1. Enrichment of anaerobic, syntrophic bacteria

For enrichment of anaerobic, syntrophic bacteria, various types of anaerobic, environmental samples
were used for primary enrichment using ethanol, benzoate or propionate as the sole carbon source. The
growth of microbes in these cultures was observed after one to three months of incubation. After 5 times
successive transfers, these cultures produced methane along with substrate depletion. All enrichment
cultures contained Fjo-autofluorescent microbes and several morphologically distinct microbes. From this
observation, it was suggested that the substrate-degadation in almost all of the enrichment cultures was
carried out by the syntrophic bacteria and methanogens syntrophically.



Table 1. Products detected during methanogenic process in enrichment cultures

-
Sludge Substrate | Substrate Converted Products Elec. Rec. | Teoo » Y/ fo)
(mM) Acetate(mM) | Methane (mM) | Propionate (mM)] Butyrate (mM) ® L A 7

1 Ethanol 95 559 5.38 0.74 0 99.01 %

2 Ethanol 10 6.78 431 0.00 0 8503

3 Ethanol n 9.18 4.00 0.00 0 9183

4 Ethanol 93 663 4.80 0.00 0 9424

5 Ethanol 97 6.38 3.99 0.00 0 8198

1 Benzoate 45 026 14.76 0.00 0 89.01

2 Benzoate 202 588 133 0.13 0 98.34

3 Benzoate 45 667 362 111 111 7247

1 Propionate 153 041 18.85 0.00 0 7187

2 Propionate 8.1 0.00 10.40 0.00 0 73.25

3 Propionate 37 242 017 0.00 0 39.98

5 Propionate 844 087 13.85 0.00 0 9968

Fig.1. Phase contrast (1a) and fluorescence-F42( (1b) micrograph of mesophilic
Notes: 1. Granular sludge, artificial organic wastewater treatment E)37OC) benzoate enrichment culture at same field, inoculated with digested sewage
2. Digested sludge, sewage treatment plant, Nagaoka (37-C) sludge, Nagaoka/ Bar : 10 pm.
3. Rice paddy soil, Nagaoka (37OC)
4. Digested sludge, sewage treatment plant, Osaka (5600)
5. Digested sludge, municipal solid waste treatment plant, Joetsu (5500)

2. 16S rRNA-based analysis for syntrophic bacteria in enrichment cultures

To identify bacteria involved in syntrophic substrate-degradation, 16S rDNA-based analysis was
primary performed for all enrichment cultures. Ten rDNA clones were randomly selected from

Table 2. Bacterial 16S rDNA libraries of enrichmnet culturtes

Sludge Number of clones Closest organism Similarity
/total clones (%)
6/ 10 Desulfovibrio desulfuricans 97
ETHANOL 1 2/ 10 Geobacter bremensis 95
2/ 10 Acidaminococcus sp (Firmicutes, Clostridia) 90
8/ 10 Geobacter sp. , strain CdA-3 95
2 1/ 10 Uncultured eubacterium WCHB1-29 90
1/ 10 Anaerofilum agile (Firmicutes; Clostridia) 99
7/ 10 Geobacter sp. TW-3 16S 95
3 2/ 10 Proteobacterium KCB90 99
1/ 10 Desulfovibrio sulfodismutans 97
4 10 / 10 Thermodesulfovibrio sp 91
5i 10 / 10 Uncultured clone (strain JE) 91
BENZOATE 1 10 / 10 Syntrophus acidotrophicus 98
5/ 10 Uncultured clone (= BD strain) 88
2 4 / 10 Clostridium quercicolum 92
1: o 10! Syntrophus acidotrophicus 96
3 9/ 10 Sporotomaculum syntrophicum 2]
1/ 10 Desulfotomaculum guitoideum 98
4 NOT YET
ot NOT YET
PROPIONATE 1 8 / 10 Desulfobulbus elongatus 91
2/ 10 Syntrophobacter pfennigii 90
2 9/ 10 Anaerobic bacterium strain 7 (Pelotomaculum s 92
1 /10 Coryobacterium glomerans
3 10 / 10 Sporomusa sp. DR6 (Firmicutes) 99
NOT YET Fig. 2. Fluorescence in situ hybridization of
5 NOT YET R 5
mesophilic benzoate enrichment. Cells were
Notes: 1. Granular sludge, artificial organic wastewater treatment (37°C) hybridized with Cy3-labeled BD202 probe.
2. Digested sludge, sewage treatment plant, Nagaoka (37°C) Fluorescence (1) and phase conmast (2)
3. Rice paddy soil, Nagaoka (37°C) micrograph of an identical field of mesophilic
4. Digested sludge, sewage treatment plant, Osaka (55°C) benzoate enrichment culture. Bar 10 um.

5. Digested sludge, municipal solid waste treatment plant, Joetsu (55°C)

each enrichment culture, and their sequences were determined. Among the predominant clones recovered
from each enrichment culture, some clones showed close relation with known bacteria to date as syntroph,
such as Desulfovibrio sp. Nonetheless, several clones seemed to indicate novel bacterial lineages that have
never cultivated and isolated so far, such as clones related with the genus Geobacter in two mesophilic
ethanol enrichments, clones representing a deeply branched lineage of the phylum Firmicutes in a
thermophilic ethanol enrichment culture, and clones related with the genus Desulfobulbus in a mesophilic
propionate degrading anaerobes.

To determine whether the dominant clones were derived from the dominant microbes in enrichment
cultures, specific DNA probes were designed and applied for the cultures in fluorescence in situ
hybridization analyses. This resulted in the detection of a number of DNA probe-reacted cells in all the
cultures, suggesting the probe-positive cells were the dominant microbes in the cultures [8,9]. Table 3 shows
the oligonucleotide probes used in this study, included new probes design of BD202, BD1009 and RPC6.



Both of probe BD were applied to hybridize newly identified bacteria, obtained from benzoate degrading
culture (mesophilic) and ethanol degrading culture (thermophilic). While RPC6 was employed to detect a
new bacteria in mesophilic propionate degrading culture

Table 3. The 16S rRNA-targeted oligonucleotide probes used in this study

Probe name Probe sequence (5’ to 3°) Target microbe Reference

EUB338 GCTGCCTCCCGTAGGAGT Bacteria Aman et al., 1990

EUB338-II GCAGCCACCCGTAGGTGT Bacteria Daims et al., 1999

EUB338-1I1 GCTGCCACCCGTAGGTGT Bacteria Daims et al., 1999

D687 TACGGATTTCACTCCT Desulfovibrio sp Devereux et al., 1992

Geob420 GACAGAGCTTTACGACCCG Geobacter sp Small et al., 2001

TDV1011 CCCCTAAGGTCGTCCCCCTT Thermodesulfovibrio sp Sekiguchi et al., 1999

Th 820 ACCTCCTACACCTAGCACCC | Pelotomaculum sp Imachi et al., 2001

DEM1164 CCTTCCTCCGTTTTGTCA Sporotomaculum sp Stubner &Meuser, 2001

BD1009 GTCGATTCCGTTTCCGGT Strain BD This study

BD202 CATGACCGCTAAATCGCT Strain JE This study

RP452 GTCTTTCTCCTTAAGGCC Mesophilic propionate | This study
enrichment culture

3. Attempts at isolation of syntrophic substrate-degrading bacteria

Phylogenetic analysis and in situ hybridization experiments identified the dominant, presumably
syntrophic microorganisms in each enrichment culture. To isolate such newly identified bacteria, a
molecular-directed isolation strategy was employed; it assumes the physiological properties of novel
identified bacteria based on the information obtained from phylogenetic analysis.

3.1. Uncultured bacteria, phylum Firmicutes

The phylogenetic tree of newly identified bacteria obtained from mesophilic benzoate
enrichment culture (designed as strain BD) and thermophilic ethanol enrichment culture are
illustrated in Fig. 3.

100 Syntrophospora bryantii, M26491, 1451
41()()':': Syntrophomonas wolfei, M26492, 1392
36 Syntrophothermus lipocalidus, AB0O21305, 1588

{Desulfotomaculum thermobenzoicum, L15628, 1583
100

Desulfotomaculum australicum, M96665, 1558
Thermacetogenium phaeum, AB020336, 1462
Moorella thermoacetica, M59121, 1538
—Thermaerobacter marianensis, AB011495, 1487
100L-Thermaerobacter nagasakiense, AB061441, 1511

100 —— Thermoanaerobacterium thermosulfurigenes, LO9171, 1572

Thermoanaerobacterium thermosaccharolyticum, M59119, 1465

Thermoanaerobacter brockii, L09165, 1512
Thermoanaerobacter thermocopriae, L09167, 1520
Ferribacter thermoautotrophicus, AF282254, 1506
—strain JE (thermophilic, ethanol-oxidizing syntroph), 1451
100 L———strain BD (mesophilic, bezoate-oxidizing syntroph), 1510
100 - Selenomonas ruminantium strain GA192, M62702, 1474
L—Selenomonas ruminantium strain S20, AB017195, 1473
Sporomusa paucivorans, M59117, 1488
Sporomusa silvacetica, Y09976, 1478
Bacillus subtilis, X60646, 1418
100 —Clostridium acetobutylicum, X68182, 1408
L Clostridium cellulovorans, X73438, 1506
Clostridium ultunense, 269293, 1446
Clostridium purinolyticum, M60491, 1471
Arthrobacter globiformis, M23411, 1531

—
0.02

Fig. 3. Phylogenetic tree of strain BD and JE and related organism based on the distance matrix analysis of
16S rDNA sequence. The scale bar represents the number at the nodes are the bootstrap values obtained with
100 resampling analysis



These bacteria represent the deeply branched lineage of phylum Firmicutes. Both of these bacteria have been
isolated in pure culture (Fig. 4).

strajn B

Fig.4. Micrograph of pure, new identified bacteria, strain BD and strain JE, members of phylum Firmicutes. Strain
BD and JE were grown on crotonate 5 mM + yeast extract 0.02% and sucrose 20 mM + yeast extrtact 0.01%,
respectively. Bar represent10 pm

3.2. Thermodesulfovibrio sp-like bacterium

The phylogenetic tree of Thermodesulfovibrio sp-like, isolated from thermophilic ethanol enrichment
culture shown at Fig. 6. Pure culture was obtained at substrate of formate, contained acetate, sulfate and
yeast extract (Fig. 5).

Thermodesulfovibrio sp. TGE-P1 AB021302 (1485)
76/~ Thermodesulfovibrio yellowstonii ARB_D269 (1461)
Thermodesulfovibrio islandicusX96726 (1400)

52 Thermodesulfovibrio sp. TSL-P1 AB021304 (1488 )
700 Thermodesulfovibrio sp. TGE-P1 AB021302 (1485)
73 L Thermodesulfovibrio sp. strain OE

[ Leptospirillum ferrooxidans strain L15 X86776 (1481)
Leptospirillum ferriphilum AF356830 (1535)

{Nﬁmspim moscoviensis X82558 (1529)
19 Nitrospira marina X82559 (1533)

10l

1

Fig.5. Micrograph of strain OE

(Thermodesulfovibrio sp-like). Cells

were grown on formate 15 mM + Y TR

acetate 2mM + sulfate 20 mM + yeast

extract 0.02% and sucrose 20 mM + Fig. 6. Phylogenetic tree of Thermodesulfovibrio strain OE and related organism

yeast extrtact 0.02%. Bar representl) based on the distance matrix analysis of 165 rDNA sequence. The scale bar

pum. represents the number at the nodes are the bootstrap values obtained with 100
resampling analysis

Verrucomicrobium spinosum X90515 (1489)

3.3. Geobacter sp-like bacteria

Geobacter sp-like were obtained from two mesophilic ethanol enrichment cultures, designed as
clone NE1 and FE1. Figure 8 illustrates the phylogenetic of such bacteria. Both of them have been
cultivated as well, however, isolation have not been succeed yet.
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Fig.7. Micrograph of Geobacter sp-like
bacterium (clone NE1), mesophilic ethanol
enrichment culture. 0.02%. Bar represent10
um.

3.4. Desulfobulbus sp-like

Geobacter chapelleii ,U41561,1465
Geobacter str. CDA2 ,Y19190,1552
Geobacter str. CDA3 ,Y19191,1551
Pelobacter propionicus ,X70954,1549
Trichlorobacter thiogenes ,AF223382,1521
lone NE1 (nagaoka digester sludge)
lone FE4 (rice paddy soil)
Geobacter arculus ,U96917,1475
Geobacter str. ALA5 ,AF019928,1192
eobacter str. JW3 ,AF019932,1492
Geobacter sulfurreducens ,U13928,1408
Geobacter hydrogenophilus ,U28173,1391
100 LGeobacter metallireducens ,L07834,1537
57~ Desulfuromusa succinoxidans ,X79415,1434
Desulfuromusa bakii ,X79412,1473
Desulfuromusa kysingii ,X79414,1438
Pelobacter acidigallici ,X77216,1494
Desulfuromonas acetoxidans ,M26634,1487
Desulfuromonas chloroethenica ,PSU49748,1502
Pelobacter venetianus ,U41562,1370
Pelobacter carbinolicus ,X79413,1474
elobacter acetylenicus ,X70955,1547
Desulfomonile tiedjei ,M26635,1465

60 Desulfobulbus propionicus ,M34410,1277
Desulfovibrio vulgaris ,M34399,1286
Escherichia coli ,X80725,1447

92

002

Fig. 8. Phylogenetic tree of Geobacter sp-like (clone NE1 ) and related organism
based on the distance matrix analysis of 16S rDNA sequence. The scale bar
represents the number at the nodes are the bootstrap values obtained with 100
resampling analysis

A stable mesophilic propionate degrading culture have been cultivated well after five times
successive transfer. Based on 16S rDNA cone analysis, this bacterium was indicated as a new bacterium,
closely related to Desulfobulbus sp. Phylogenetic tree of this bacterium have been constructed in Fig. 10.

Syntrophobacter fumaroxidans, X82874, 1486
Syntrophobacter pfennigii, X82875, 1486
Desulforhabdus amnigenus, X83274, 1515
Syntrophobacter wolinii, X70905, 1424
93] -———clone RPC6 (8/10 clones), 1332
Thermodesulforhabdus norvegicus, U25627, 1559
79— pesulfoacinum infernum, L27426, 1526

Desulfomonile tiedjei, M26635, 1465
100L———————— pesulfomonile limimaris, M26635, 1465

Desulfobacterium anilini, AJ237601, 1527
Desulfobacter postgatei, M26633, 1499
100 Desulfobacterium autotrophicum, M34409, 1319

~ Syntrophus gentianae, X85132, 1558

100L— Syntrophus buswellii, X85131, 1559

%Desulfobulbus propionicus, M34410, 1277

Desulfobulbus elongatus, X95180, 1453

{ Desulfofustis glycolicus, X99707, 1545
fluorescence-F42( (b) micrograph 100

53

36(

a4 47

Fig.9. Phase contrast (a) and 88
of mesophilic propionate

Desulforhopalus singaporensis, AF118453, 1498

Escherichia coli, X80725, 1447

enrichment culture (RP) at same

field. Bar : 10 pm. 0.02

Fig. 10. Phylogeﬁetic tree of clone RPC6 and related organism based on the distance matrix analysis of 165
rDNA sequence. The scale bar represents the number at the nodes are the bootstrap values obtained with 100

resampling analysis

Nevertheless, such bacterium have not been isolated in pure culture yet, although several attempts have been

conducted.



Conclusion

This study strongly suggested that the strategy employing conventional techniques combined with
16S rRNA-based approaches is advantageous to determine the diversity of recalcitrant microbes like
syntrophic microorganisms and to attempt at subsequent isolation of targeted cells. The known syntrophic
microbes obtained from this study were Desulfovibrio sp, Syntrophus sp and Sporotomaculum sp, obtained
from mesophilic cultivation of ethanol and benzoate enrichment cultures, respectively. Instead of those,
several clones represented the bacterial that have never cultivated and isolated so far as syntrophic microbes.
The such newly identidied bacteria obtained from benzoate (mesophilic), propionate (mesophilic) and
ethanol (mesophilic and thermophilic) enrichment cultures.

To isolate such newly identified bacteria, a molecular-directed isolation strategy was applied.
Through this approach, two novel syntrophic, ethanol-oxidizing bacteria, designed as strain JE and OE; and a
novel benzoate-degrading bacterium, designed as strain BD were successfully isolated. Additionally, two
bacteria presumably new syntrophic microbes were cultivated as well. They were Geobacter sp-like (from
mesophilic ethanol cultures) and Desulfobulbus sp-like (mesophilic propionate culture).
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