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The bacterial community structure of a fluidized-bed reactor fed by vinasses (wine distillation waste) was
analyzed. After PCR amplification, four small-subunit (SSU) rDNA clone libraries of Bacteria, Archaea,
Procarya, and Eucarya populations were established. The community structure was determined by operational
taxonomic unit (OTU) phylogenetic analyses of 579 partial rDNA sequences (about 500 bp long). A total of 146
OTUs were found, comprising 133, 6, and 7 from the Bacteria, Archaea, and Eucarya domains, respectively. A
total of 117 bacterial OTUs were affiliated with major phyla: low-G+C gram-positive bacteria, Cytophaga-
Flexibacter-Bacteroides, Proteobacteria, high-G+C gram-positive bacteria, and Spirochaetes, where the clone
distribution was 34, 26, 17, 6, and 4%, respectively. The other 16 bacterial OTUs represent 13% of the clones.
They were either affiliated with narrow phyla such as Planctomyces-Chlamydia, green nonsulfur bacteria, or
Synergistes, or deeply branched on the phylogenetic tree. A large number of bacterial OTUs are not closely
related to any other hitherto determined sequences. The most frequent bacterial OTU represents less than 5%
of the total bacterial SSU rDNA sequences. However, the 20 more frequent bacterial OTUs describe at least
50% of these sequences. Three of the six Archaea OTUs correspond to 95% of the Archaea population and are
very similar to already known methanogenic species: Methanosarcina barkeri, Methanosarcina frisius, and
Methanobacterium formicicum. In contrast, the three other Archaea OTUs are unusual and are related to
thermophilic microorganisms such as Crenarchaea or Thermoplasma spp. Five percent of the sequences ana-

lyzed were chimeras and were removed from the analysis.

The anaerobic microbial degradation of organic matter to
methane and carbon dioxide occurs naturally in a variety of
anaerobic habitats such as intestinal tracts and sediments. An-
aerobic digestion is exploited on a large scale as a simple and
effective biotechnological process to reduce the pollution
caused by organic wastes (2). The failure of many anaerobic
digestors to operate reliably and with constant performance
has underlined the need for more basic information on the
biological aspects of the anaerobic digestion ecosystem. How-
ever, to date there has been no comprehensive analysis of the
microbial species composition in terms of species present in
any anaerobic digestor.

The use of molecular biological techniques, especially those
that take advantage of the small-subunit (SSU) rRNA mole-
cule, has eliminated the dependence on isolation of pure cul-
tures as a means of studying the diversity and structure of
microbial communities (1). The microbial consortia in soil (5,
28, 30), blanket bog peat (13), mine galleries (3), marine pi-
coplankton (8, 11, 12), marine sediments (9), hydrothermal
vents (18), human colonic biota (33), termite guts (20, 22),
biodegraded wall paintings (23), oil fields (31), activated sludge
(4), and anaerobic digestors (19) have been analyzed by this
approach. However, most of these ecosystems are open-field
systems, and only one sample was analyzed. Even with a rep-
resentative sample, it is difficult to distinguish between endog-
enous and transient microorganisms. Others are closed ecosys-
tems, but the organisms analyzed span either a small number
of clones or only one taxon (9, 22).
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An anaerobic digestor has the advantage of being a closed
and comparatively homogeneous and stable ecosystem (27).
Since little is known about this ecosystem, a molecular inven-
tory is the first step to describe this dynamic microbial consor-
tium without cultivation. In this paper, we provide an analysis
of the microbial species diversity present in the biofilm of a
fluidized-bed anaerobic digestor.

MATERIALS AND METHODS

Operation of the fluidized-bed digestor. The experimental apparatus consisted
of a tubular reactor (0.6 m long, 0.1 m in diameter) on polyvinyl chloride with a
working volume of 0.625 liter. The support material used for microbial fixation
was granular pozzolana (powder of porous volcanic stone), with a diameter
ranging from 315 to 500 wm. Fluidization was ensured by a circulation pump to
produce an expansion rate of 25%. The reactor was fed by a peristaltic pump.
The substrate was vinasses (wastes of wine distillation). The vinasses were col-
lected at 80°C from the distillery and frozen at —20°C. The same stock of vinasses
was used for all the experiments. The average composition was 10 g of total
organic carbon (TOC)/liter and 25 g of chemical oxygen demand/liter. The
organic load was 5.85 g of chemical oxygen demand/liter/day. The pH and
temperature in the liquid phase were measured on line. The pH was maintained
around 7.0 by neutralizing the influent with sodium hydroxide. The temperature
was maintained at 35°C with a water jacket. The TOC in liquid phase and volatile
fatty acids were analyzed twice a week by using a Dohrmann Carbon Analyzer
and gas chromatography, respectively. The average measures were 800 mg/liter
for TOC and 250 mg/liter for volatile fatty acids.

The inoculum represented 100% of the volume and came directly from a
similar 15-liter fluidized-bed reactor which had previously been inoculated with
anaerobic sludge from the lagoon of Narbonne’s distillery and which had run
continuously for 1 year (7). Under these conditions, the digestor became almost
immediately stable, and the sample used for analysis was collected 40 days after
inoculation.

Extraction and purification of total genomic DNA. A 4-ml sample was col-
lected from the middle of the fluidized-bed reactor. This sample was concen-
trated by centrifugation at 4,000 X g for 10 min and resuspended in 4 ml of 4 M
guanidine thiocyanate-0.1 M Tris (pH 7.5) and 600 wl of 10% N-lauroyl sar-
cosine. The pozzolana was ground with a mortar on ice, 250 pl of the ground
material was transferred to a 2-ml screw-cap polypropylene microcentrifuge
tube, and the remaining material was frozen. After the addition of 500 wl of 5%
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TABLE 1. Libraries of clones analyzed and distribution of clones among phylogenetic domains
SSU rDNA . a . b No. of clones No. of clones Domain distribution
targeted Library names Primers analyzed sequenced . :
& Y: q Archaea Bacteria Eucarya Chimera

Archaea total CA, CB w003 + w002 102 69 39 29 1 0
DA, DC w017 + w002

Bacteria total BA, BB, BC, BD w001 + w002 392 392 2 367 0 23
HA, HB w018 + w002

Procarya partial 1A w024 + w002 88 88 23 62 0 3

Eucarya partial EA w016 + w002 96 30 2 1 27 0

Total clones 678 579 66 459 28 26

Total OTUs 146 6 133 7

“ The first letter corresponds to the set of primers used, and the second letter corresponds to an independent PCR amplification event.

® For primer sequences, see Table 2.

N-lauroyl sarcosine-0.1 M phosphate buffer (pH 8.0), the 2-ml tube was incu-
bated at 70°C for 1 h. One volume (750 pl) of 0.1-mm-diameter silica beads
(Sigma) previously sterilized by autoclaving was added, and the tube was shaken
at maximum speed for 10 min in a Vibro shaker (Retsch). Polyvinylpolypyrroli-
done (15 mg) was added to the tube, which was vortexed and centrifuged for 3
min at 12,000 X g. After recovery of the supernatant, the pellet was washed with
500 wl of TENP (50 mM Tris [pH 8], 20 mM EDTA [pH 8], 100 mM NaCl, 1%
polyvinylpolypyrrolidone) and centrifuged for 3 min at 12,000 X g, and the new
supernatant was added to the first supernatant. The washing step was repeated
three times. The pooled supernatants (about 2 ml) were briefly centrifuged to
remove particles and then split into two 2-ml tubes.

Nucleic acids were precipitated by the addition of 1 volume of isopropanol for
10 min at room temperature and centrifuged for 15 min at 20,000 X g. Pellets
were resuspended and pooled in 450 pl of 100 mM phosphate buffer, pH 8, and
50 pl of 5 M potassium acetate. The tube was placed on ice for 90 min and
centrifuged at 16,000 X g for 30 min. The supernatant was transferred to a new
tube containing 20 pl of RNase (1 mg/ml) and incubated at 37°C for 30 min.
Nucleic acids were precipitated by the addition of 50 pl of 3 M sodium acetate
and 1 ml of absolute ethanol. The tube was incubated for 10 min at room
temperature, and nucleic acids were recovered by centrifugation at 20,000 X g
for 15 min. The DNA pellet was finally washed with 70% ethanol, dried, and
resuspended in 400 pl of TE buffer. The DNA concentration (0.2 pg/pl) and size
distribution (predominantly around 20 kb) were estimated by electrophoresis
(data not shown).

Amplification, cloning, screening, and sequencing of SSU rDNA. Amplifica-
tion of SSU rDNA genes from purified genomic DNA from a sample was carried
out with primers for conserved domains. Six IDNA gene libraries were prepared
and named B, C, D, E, H, and I according to the primers used (Tables 1 and 2).
Group-specific primers were designed from alignment of the total SSU rRNA
sequences available in the Ribosome Database Project (RDP, May 1995 update
[16]) and from classical contingencies (secondary structures, GC content, etc.).
Archaea primer w003 used in the first Archaea library presented a lack of spec-
ificity and was replaced by w017. In primer w003, the 3'-end bases do not
discriminate between the Archaea and Bacteria domains, whereas in w017 the last
two 3’-end bases do so (A/G-G instead of T-C in the Bacteria domain). Each
reaction tube contained 0.2 pg of each primer (Table 2), 0.2 pg of purified
template DNA, 1X Taq reaction buffer (Perkin-Elmer, Foster City, Calif.), 2.5
mM MgCl,, 22 uM (each) deoxynucleoside triphosphate, and 1 U of Tag DNA
polymerase (Perkin-Elmer), adjusted to a total volume of 100 wl. The reaction
mixture was prepared on ice, covered with mineral oil, and placed in a thermo-
cycler (Perkin-Elmer) at 94°C. After an initial denaturation at 94°C for 2 min, 25
temperature cycles were performed at either 50°C (libraries B, E, H, and I) or
55°C (libraries C and D) for 1 min, 72°C for 1 min, and 94°C for 1 min. The
products were electrophoresed on a 0.7% agarose gel and viewed by ethidium
bromide staining (data not shown). Bands of the proper size range (ca. 1,500
bases) were excised and eluted with a Qiaex II gel extraction kit (Qiagen, Hilden,
Germany). The purified products were ligated into the pGEMt plasmid (Pro-
mega, Madison, Wis.). The ligation products were transformed into Escherichia
coli TG1 competent cells with ampicillin selection and blue/white screening (25).
Plasmid inserts were amplified by PCR with pGEMt primers T7 and SP6. The
inserts were screened by comparing Haelll restriction endonuclease cleavage
patterns. Only plasmids with different restriction patterns were further analyzed
by DNA sequencing. Plasmid preparations for DNA sequencing were made with
microcolumns as specified by the manufacturer (Qiagen). The nucleotide se-

quences of plasmid inserts were determined by automated DNA sequencing by
using the dideoxy chain-termination method (26) and the ABI model 373A
sequencer stretch (Applied Biosystems, Perkin-Elmer). Plasmid DNAs were
sequenced with the dye-terminator cycle-sequencing ready-reaction kit, with
AmpliTaq DNA polymerase FS kit buffer (Perkin-Elmer) and either the w015 or
w024 SSU rDNA primer (Table 2). In a few cases, where these primers gave poor
results, the backward primer w004 was used (Table 2). A partial sequence of at
least 500 bp was performed for each clone.

Sequence analysis. An equal portion (about 500 bp) of SSU rDNA (E. coli
positions 812 to 1307 [6]), was used for sequence analysis. Each sequence was
compared with sequences available in databases (GenBank and RDP) (16).
DNA sequence comparisons between samples were performed with Lasergene
software (Dnastar, Madison, Wis.). Phylogenetic trees were calculated by Jukes-
Cantor (14) and neighbor-joining (24) algorithms with the sequence alignment
software VSM developed by R. Christen (Centre National de la Recherche
Scientifique, Villefranche sur Mer, France). The presence of chimeric sequences
was checked with the RDP Chimera Check program (16) and by comparing
independently the alignments at the beginning of each sequence (E. coli positions
812 to 890 [6]) and at the end of each sequence (E. coli positions 1181 to 1307
[6]) and the alignments of the entire sequence (E. coli positions 812 to 1307 [6]).

Nomenclature. The first letter of each clone name (e.g., BA23) corresponds to
the set of primers used in its amplification (Table 1); the second letter corre-
sponds to an independent PCR amplification event, and the numeral corre-
sponds to the clone number of the respective library. Clones with more than 96%
sequence similarity were grouped into the same operational taxonomic unit (17).
Each OTU was usually named according to the first clone identified that had the
representative sequence.

Nucleotide seq e accessi bers. The nucleotide sequence data re-
ported in this paper will appear in the EMBL, GenBank and DDBJ nucleotide
sequence databases under accession no. U81640 to U81785 with the generic
name of VADIN (vinasses anaerobic digestor of Narbonne).

TABLE 2. Sequences and target positions of the primers
used in this study

Name Sequence Target Position”
w001 AGAGTTTGATCMTGGCTC SSU rRNA bacteria ~ F8
w002 GNTACCTTGTTACGACTT SSU rRNA universal ~ R1509
w003 ATTCYGGTTGATCCYGSC SSU rRNA archaea Fo6
w004 TGACGGGCGGTGTGTRCAAG SSU rRNA universal —R1408
w015 AGCRAACAGGATTAGATAC  SSU rRNA bacteria ~ F777
w016 CTTAATTTGACTCAACACGG SSU rRNA eucarya F955
w017 ATTCYGGTTGATCCYGSCRG  SSU rRNA archaea Fo6
w018 GAGTTTGATCMTGGCTCAG  SSU rRNA bacteria ~ F9
w024 GCRAACVGGATTAGATAC SSU rRNA procarya  F778

“ The position corresponds to the primer 5’ end, using the E. coli SSU rRNA
as a reference (6); F and R correspond to forward and reverse primer, respec-
tively.
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TABLE 3. Clones and OTU distribution

No. (%) of clones

a g Libraries - .
a one divergence requency o
Group and subgroup OTU! (%) & s S s Total O”}]U (%): )
S £ S
S £ g
Q ~ L.
Bacteria
CFB BA22 0.8 3 0 0 3 0.7
BA24 1 0 0 1 0.2
BA34 0.4 1 0 1 2 0.4
BB12 1 0 0 1 0.2
BB53 0.6 1 1 1 3 0.7
BC07 0 2 0 3 5 1.1
BC27 2.4 7 1 3 11 24
BDO07 0.8 2 0 0 2 0.4
BE72 1 0 0 1 0.2
DCO1 0 0 2 0 2 0.4
HA17 1.6 19 0 2 22¢ 4.8
HA21 0.4 10 0 0 10 22
HA28 0.8 11 0 2 13 2.8
HA35 1 3 0 0 3 0.7
HAA45 0.8 4 0 2 6 1.3
HAS54 3 7 0 0 7 1.5
HA®61 1 15 1 1 17 3.7
HB29 1 0 0 1 0.2
HB56 0 3 0 3 6 1.3
IA59 0 0 1 1 0.2
IA66 0 0 1 1 0.2
CFB total 21 92 (25.1%) 5 20 (32.3%) 118 (25.7%)
Deep BAQO7* 0.4 6 (1.6%) 1 4(6.5%) 11 (2.4%) 2.4
High GC BA21 0.4 2 0 1 3 0.7
BA25 3.1 3 0 0 3 0.7
HA41 0.4 11 1 2 14 3.0
HASS 0.4 5 1 0 6 1.3
1A31 0 0 1 1 0.2
High GC total 5 21 (5.7%) 2 4(6.5%) 27 (5.9%)
Low GC BAO8 0.8 5 1 2 8 1.7
BA19 1 0 0 1 0.2
BA29 0.6 2 0 0 2 0.4
BA36 1 0 0 1 0.2
BA37 1 0 0 1 0.2
BB14 0.2 4 0 0 4 0.9
BB18 1 0 0 1 0.2
BB22 1 0 0 1 0.2
BB27 0.2 2 0 0 2 0.4
BB42 1 0 0 1 0.2
BB43 1 0 0 1 0.2
BB60 0.8 3 0 6 9 2.0
BB65 0.6 1 0 1 2 0.4
BC06 1 0 0 1 0.2
HA42 39 12 2 0 14 3.0
BB35 6.1 7 1 0 8 1.7
BC14 0.2 3 0 0 3 0.7
BC24 1 0 0 1 0.2
BC32 1 0 0 1 0.2
BC50 1 0 0 1 0.2
BC53 1 0 0 1 0.2
BCs56 4.6 2 0 0 2 0.4
BDO06 1 0 0 1 0.2
BEO(2 1 0 0 1 0.2
BE04 0.2 2 0 0 2 0.4
BE16 1 0 0 1 0.2
BE27 1.6 1 0 1 2 0.4
BESS 1 0 0 1 0.2
BES8 1 0 0 1 0.2
BEG65 1 0 0 1 0.2

Continued on following page
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TABLE 3—Continued

No. (%) of clones

a di Libraries - .
" one divergence requency o
Group and subgroup OTU! (%) e . s Total OTU (%)
S S S
-~ -~ Q
S 2 N
Q = &
BE69 1 0 0 1 0.2
BE78 1 0 0 1 0.2
CA1l6 0.6 3 2 0 5 1.1
CAl17 0.8 2 1 1 4 0.9
CA23 0 1 0 1 0.2
DC09 0 1 0 1 0.2
DC22 0 1 0 1 0.2
DC38 0.2 1 1 0 2 0.4
GAO05 0.8 0 1 1 2 0.4
HAO1 1 0 0 1 0.2
HAO03 1 0 0 1 0.2
HAO05 1 0 0 1 0.2
HAO08 0.6 3 0 0 3 0.7
HA10 0 2 0 0 2 0.4
HAI19 0 2 0 1 3 0.7
HA31 0.4 7 0 0 7 1.5
HA36 1 0 0 1 0.2
HAG67 1.8 6 0 1 7 1.5
HA72 1 2 0 0 2 0.4
HA75 0.2 1 0 2 3 0.7
HB04 1 14 0 1 15 33
HB09 32 3 0 0 3 0.7
HBI11 0 1 0 2 3 0.7
HB33 1 0 0 1 0.2
HB41 1 0 0 1 0.2
HB44 1 0 0 1 0.2
HB46 2 1 1 0 2 0.4
HB54 1 0 0 1 0.2
HB61 1 0 0 1 0.2
HB77 1 0 0 1 0.2
HB78 1 0 0 1 0.2
Low GC total 61 123 (33.5%) 13 19 (30.6%) 155 (33.7%)
GNS BA26 0.2 5 0 0 5 1.1
BC11* 0.2 2 0 0 2 0.4
BE97* 1 0 0 1 0.2
HA48* 0.8 2 0 0 2 0.4
HA64* 1 7 0 0 7 1.5
HB28* 1 0 0 1 0.2
HB65* 1 0 0 1 0.2
GNS total 7 19 (5.2%) 0 0(0%) 19 (4.13%)
Planctomyces-Chlamydia BA30* 0.8 4 0 3 7 1.5
BE38 1 0 0 1 0.2
HA49* 0.2 2 0 1 3 0.7
1A79* 1 0 0 1 0.2
Plan-Cla total 4 8 (2.2%) 0 4(6.5%) 12 (2.6%)
Proteobacteria BAO1 0.4 5 0 0 5 1.1
BA15 1 0 0 1 0.2
BA39 2 0 0 2 0.4
BA44 1 0 0 1 0.2
BB47 1 0 0 1 0.2
BB56 1.8 4 0 1 5 1.1
BB59 1.6 3 0 0 3 0.7
BC38 1.4 12 1 3 16 35
BD10 1 0 0 1 0.2
BEO6 1 0 0 1 0.2
BE92 1 0 0 1 0.2
DC43 0.8 2 2 0 4 0.9
HA34 1 0 0 1 0.2
HA40 1.4 12 0 0 12 2.6
HAS56 1 0 0 1 0.2

Continued on following page
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TABLE 3—Continued

No. (%) of clones

a di Libraries F .
a one divergence requency o
Group and subgroup OTU! (%) -§ § % Total OTU (%)"
3 E S
Q = A
HAG60 0.8 12 0 3 15 33
HA62 0 2 0 0 2 0.4
HA77 1 0 0 1 0.2
HAS84 1 0 0 1 0.2
HBO08 1 0 0 1 0.2
HB18 1 0 0 1 0.2
HB76 1 0 0 1 0.2
HB86 1 0 0 1 0.2
Proteo total 23 68 (18.5%) 3 7 (11.3%) 78 (17.0%) 17.0
Spirochaetes BA43 0.4 5 0 0 5 1.1
BB62 1 0 0 1 0.2
BC23 0 2 0 0 2 0.4
BES2 1 0 0 1 0.2
DC72 0 0 2 0 2 0.4
HA24 0.4 4 0 0 4 0.9
HA70 0 2 0 0 2 0.4
Spirochaetes total 7 15 (4.1%) 2 0(0%) 17 (3.7%)
Synergistes BA23 0.2 2 0 0 2 0.4
BB02 1 0 0 1 0.2
CA02 2.6 8 2 3 13 2.8
HAT73 1 6 0 1 7 1.5
Synergistes total 4 17 (4.6%) 2 4(6.5%) 23 (5.0%)
Bacteria total 133 369 28 62 460¢ 100
Archaea
CAll 0 0 1 2 3 31
CA25 0.6 0 18+(8)* 4 32¢ 32.7
DAO05 0.4 0 7+(7) 0 14 14.3
DCO06 0.6 2 12+(17) 12 43 43.9
DC69 0.6 0 2 1 3 31
DC79 0 0 2 1 3 31
Archaea total 6 2 42+(32) 20 98¢ 100

“* OTU with uncertain affiliation.

® Frequency of the OTU compared with the total number of clones analyzed.
¢ One clone came from the Eucarya library (Table 1).

4 Numbers in parentheses correspond to clones analyzed by restriction pattern.
¢ Two clones came from the Eucarya library (Table 1).

RESULTS

Clones analyzed. The 678 clones analyzed were obtained
from four types of libraries: Archaea total (with primers whose
5’ end corresponds to E. coli SSU rRNA positions 6 to 1509
[6]), Bacteria total (E. coli positions 8 to 1509 [6]), Procarya
partial (E. coli positions 778 to 1509 [6]), and Eucarya partial
(E. coli positions 955 to 1509 [6]) (Table 1). These clones were
grouped in 146 OTUs on the basis of having more than 96%
sequence similarity within an OTU. The sequence divergence
of clones belonging to the same OTU was generally low (be-
tween 2 and 0%) (Table 3). In one case, BB35 OTU (eight
clones), the divergence between the most distant sequences
was 6.1% whereas the divergence between the most related
sequences was never more than to 3.5% (Table 3).

The bacterial clones were produced from six bacterial librar-
ies (BA, BB, BC, BD, HA, and HB), one Procarya library (IA),
and four Archaea libraries (CA, CB, DA, and DC) (Table 1).
A wide variety of bacteria were identified with a total of 133
OTUs from 460 clones analyzed (Tables 1 and 3). All clones

from the Bacteria and Procarya libraries were sequenced with-
out prior restriction enzyme pattern screening (see Materials
and Methods).

The Archaea clones were produced from four Archaea li-
braries (CA, CB, DA, and DC), one Procarya library (IA), two
bacterial libraries (HA and HB), and one eukaryotic library
(EA) (Table 1). The C and D libraries amplified with Archaea-
specific primers (w003 and w017) (see Materials and Methods)
nevertheless contain both archaeal (50 and 80%, respectively)
and bacterial (50 and 20%, respectively) sequences whereas
the I library with the Procarya primer (w024) contains 25%
archaeal sequences. Six Archaea OTUs were found among 98
clones analyzed (Tables 1 and 3). The clones from the D
libraries were screened by comparing restriction enzyme cleav-
age patterns prior to sequencing to avoid redundancy (see
Materials and Methods).

The Eucarya clones were produced from the Eucarya library
(EA) and the Archaea library (CA). Seven Eucarya OTUs were
isolated among 94 clones analyzed (Tables 1 and 3). Due to the
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Proteobacteria see figure 2A
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Arthrobacter atrocyaneus
Eubacterium suis
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Planctomyces/
Chlamydia

Gram+ bacteria
High G+C

Gram+ bacteria Low G+C see figure 2B

HA24

BC23
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BA43
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Treponema pallidum
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Spirochaetes
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Cytophaga/Flexibacter/Bacteroides see figure 2C
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HB28*
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Prochloron didemni

Thermus ‘aguaticus

Synergistes jonessi
Fibrobacter succinogenes
Fibrobacter intestinales

Cyanophora paradoxa plastid
Anacystis nidulans

Deinococcus radiodurans

Fusobacterium necrophorum
m_ides termitidis
Thermotoga maritima
eotoga subterranea
Aguifales sp
Hydrogenobacter acidophilus
Aquifex pyrophilus

Green
Nonsulfur
Bacteria
BA26
Thermomicrobium roseum
Chlorocrinis aggregans
Synergistes

] Fibrobacteria

] Cyanocbacteria
:l Radioresistant
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Thermotogales

FIG. 1. Molecular phylogeny of partial SSU rDNA sequences from OTUs studied and sequences from identified bacteria in the databases. The distance matrices
and phylogenetic trees were calculated by the Jukes-Cantor (14) and neighbor-joining (24) algorithms, respectively. Major taxonomic divisions are indicated. Differences
between sequences are indicated by the sums of the horizontal lengths; the scale bar is in fixed nucleotide substitutions per sequence position. The archaeal M. sarcina
sequence served as the outgroup for rooting the tree. Asterisks indicate OTUs with uncertain affiliations.

low diversity, the Eucarya clones were previously analyzed with
restriction enzymes (see Materials and Methods).

Chimeras. Chimeric rDNA clones, composed of rDNAs
from different organisms, can arise during PCR amplification
of mixed DNA populations (15). A total of 26 chimeras were
found among 486 bacterial clones (5.4%) and were removed
from further analysis. Twenty-one of them resulted from re-
combination between two identified OTUs. Sequences found
frequently in the OTUs were also common in chimeras (i.e.,
sequences belonging to the BC27 and HA61 OTUs occurred
12 and 16 times, respectively, in OTUs and 4 and 7 times,
respectively, in chimeras). Five other chimeras resulted from

the recombination between an identified OTU and a noniden-
tified OTU. Several OTUs, which appeared to be chimeras
when analyzed by the CHECK_CHIMERA program (16),
were considered to be OTUs because identical sequences were
obtained from two or more independent PCR amplifications.

Phylogenetic analysis. (i) Bacteria domain. The distribution
of the 133 OTUs into the bacterial phyla is as follows: 46% to
low-G+C gram-positive bacteria, 16% to the Cytophaga-Flexi-
bacter-Bacteroides group (CFB), 17% to the Proteobacteria, and
21% to the minor phyla (high-G+C gram-positive bacteria,
green nonsulfur [GNS], Spirochaetes, Synergistes, Planctomyces-
Chlamydia, and nonaffiliated) (Table 3). The bacterial phylo-
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HB76
Acidobacterium capsulatum
Holophaga foetida

Nitrospina gracilis

Syntrophobacter wolinii
HA84

HA60

Desulfosarcina variabilis
BALS

Geobacter metallireducens

BC38

0.015

BD10
[: Desulfobulbus propionicus

Bdellovibrio stolpii

Arcobacter cryaerophilus
Helicobacter pylori
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Acinetobacter sp.
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Acinetobacter baumannii
Thiobacillus hydrothermalis

—— BBS56
L —Escherichia coli
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E Xylella fastidiosa
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FIG. 2. Molecular phylogeny of partial SSU rDNA sequences from OTUs studied and sequences from identified bacteria in the databases. The distance matrices
and phylogenetic trees were calculated by Jukes-Cantor (14) and neighbor-joining (24) algorithms, respectively. (A) Phylogenetic tree showing the relationships between
the low-G+C gram-positive bacterial sequences characterized. The Streptomyces ambofaciens sequence served as the outgroup for rooting the tree. (B) Phylogenetic
tree showing the relationships between the CFB sequences characterized. The Chlorobium vibrioforme sequence served as the outgroup for rooting the tree. (C)
Phylogenetic tree showing the relationships between the proteobacterial sequences characterized. The Bacillus subtilis sequence served as the outgroup for rooting the

tree. The scale bar is in fixed nucleotide substitutions per sequence position.

genetic tree is shown in Fig. 1 and 2. The five high-G+C
gram-positive bacteria OTUs form three subgroups. Four
OTUs appear to belong to the Planctomyces-Chlamydia phy-
lum (BA30, BE38, HA49, and IA79). Four Planctomyces SSU
rRNA sequence signatures are present in the 500 bp se-
quenced (A at positions 933 and 1109, C at position 955, and
an additional U at position 983 [34]). The OTU BE38 presents
all of them, whereas the other three OTUs present only two (A
at positions 933 and 1109). Seven OTUs belong to the Spiro-
chaetes phylum. Four OTUs are clustered around the sequence
of a rumen bacterium, Synergistes jonesii. This unaffiliated se-

quence is deeply branched in the phylogenetic tree. Seven
OTUs are weakly clustered with sequences belonging to the
green nonsulfur phylum. The OTU BAO7, which represents
2.4% of the population, is individually deeply branched in the
phylogenetic tree and cannot be affiliated.

The 23 OTUs belonging to the Proteobacteria phylum fall
into four of the five classical subclasses: a, B, v, and & (Fig. 2A).

Figure 2B shows the phylogenetic tree of the low-G+C
gram-positive bacteria phylum, which contains 61 OTUs dis-
tributed among several groups of the phylum. Eight OTUs are
clustered around the Eubacterium plautii sequence, represent-
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FIG. 2—Continued.
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FIG. 2—Continued.

ing 17% of the low-G+C gram-positive bacterial clones. Four
OTUs (HA31, HB41, BE02, and BB60) seem to be affiliated to
the Haloanaerobium-Mycoplasma cluster. These OTUs show
some features of the subgroup: a high level of sequence diver-
gence and a U residue at position 888 (except for HA31) (32).

Figure 2C shows the phylogenetic relationships of the CFB
phylum. The 21 OTUs clearly belong to the phylum, although
several are deeply branched.

None of the bacterial SSU rRNA sequences has less than
3% divergence from sequences found in the databases. It is
generally admitted that 3% divergence is the threshold for
cutoff at the species level based on rRNA sequence.

(ii) Archaea and Eucarya domains. The phylogenetic posi-
tions of the six Archaea OTUs placed in the Archaea domain
are shown in Fig. 3. Three of them can be considered similar to
already known methanogenic SSU rRNA sequences: CA25
presents 1.2% divergence with Methanosarcina barkeri, DA05
presents 0.2% divergence with Methanosarcina frisius, and
DCO06 presents 1.2% divergence with Methanobacterium for-
micicum. In contrast, the other three Archaea OTUs are very
atypical. Their sequences are remotely related to the thermo-
philic microorganisms Crenarchaea (DC69) or Thermoplasma
sp. (CA11 and DC79).

A comparison of the seven eukaryotic OTUs with their clos-
est known relatives is presented in Table 4. Two OTUs seem to
be composed of yeast (EA02 and EA32), three are amoebae
(EA13, EAS83, and EAS88) and one is affiliated with

Tritrichomonas foetus (EA12). However, except for three of
them (EA02, EA12, and EA32), the S,, value (similarity co-
efficient for query and matching sequences) is low (less than
0.55) (16). The affiliation is therefore doubtful. The sequence
divergence of EA02, EA12, and EA32 is respectively 2.0% with
Pichia anomala, 9.7% with Tritrichomonas foetus, and 14.9%
with Candida lusitaniae.

Distribution of clones. The phylogenetic analysis presented
above describes the diversity of the population on the basis of
OTUs. The following analysis is presented at the clone level to
estimate the percentage of each OTU in the population.

Of the 678 clones analyzed 460, 98, and 94 belonged to the
Bacteria, Archaea, and Eucarya domains, respectively, and the
other 26 were chimeras. The distribution of bacterial clones
presented in Table 3 combined results mainly from the Ar-
chaea and Procarya libraries. The bacterial clone distribution
within their phyla is 34% low-G+C gram-positive bacteria,
26% CFB, 17% Proteobacteria, and 24% other phyla (Table 3).
The most frequent bacterial OTU contains 22 clones, which
correspond to 5% of the bacterial clones (Table 3). Thirteen
OTUs contain either nine or more clones, and their frequen-
cies are higher than 2%. Seventeen OTUs contain five to eight
clones, and their frequencies are between 1 and 2%. Thirty-
nine OTUs contain two to four clones, and their frequencies
are between 0.2 and 0.9%. Sixty-three OTUs contain only one
clone, and their frequencies are lower than 0.2%.

The distribution of Archaea clones presented in Table 3
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FIG. 3. Molecular phylogeny of the partial SSU rDNA sequence from OTUs studied and sequences from identified members of the Archaea domain in the
databases. The distance matrices and phylogenetic trees were calculated by the Jukes-Cantor (14) and neighbor-joining (24) algorithms, respectively. The phylogenetic
tree shows the relationships between the Archaea sequences characterized. The scale bar is in fixed nucleotide substitutions per sequence position. The E. coli sequence

served as the outgroup for rooting the tree.

combined results from the Bacteria, Archaea, and Procarya
libraries. Of the Archaea clones, 91% belong to three major
Archaea OTUs.

The ratio of Archaea to Bacteria can be estimated to be 1:4
from the prokaryotic library data. The distribution of eukary-
otic clones presented in Table 4 comes almost exclusively from
the Eucarya library. A total of 46% of the eukaryotic clones are
yeasts, 16% are amoebae, and 37% are affiliated to Tritrichomo-
nas foetus.

DISCUSSION

This work gives an overall description of the population of
an anaerobic digestion ecosystem by using SSU rDNA identi-
fication. The fluidized-bed reactor fed with vinasses has several
advantages for this analysis. A fluidized bed generates a bio-
film-based ecosystem, which is very stable over time. The al-
most sterile substrate guarantees that the microorganisms de-
scribed are not in transit. This allows us to investigate a stable
and closed microbial community.

This ecosystem is composed of more than 146 different or-
ganisms belonging to the three domains Bacteria, Eucarya, and
Archaea (35). The representation of the Bacteria domain was
extremely diverse and contained more than 133 OTUs distrib-
uted among at least eight of the major groups. Phylogenetic

analysis showed that 122 bacterial OTUs (>90%) fell obvi-
ously into well-defined phyla that compose the bacterial lin-
eage (Table 3; Fig. 2 and 3) (21). Ten OTUs were on the
border of known phyla, and one was too deeply branched to be
easily affiliated. Of these 10 OTUs, 5 came from separate PCR
events and were considered to be nonchimeric sequences. This
work has permitted us, within the limitation of the method, to
quantify the representation of 70 bacterial OTUs that were
present at a frequency up to 0.3% within the overall population
of the sample studied. A total of 63 OTUs include only one
clone, and their frequencies could not be deduced. The num-
ber of OTUs present at a frequency less than 0.3% in the
sample remains unknown. However, after 460 clones were
analyzed, the discovery of new OTUs was less frequent (Fig. 4).
At this point, the identification of a new OTU occurred only
once in every 10 clones sequenced. In spite of the large bac-
terial diversity, few OTUs represent a large percentage of
clones. For example, the 20 most frequent bacterial OTUs
represent 50% of the total clones.

The Archaea domain contained six OTUs distributed within
the two archaeal kingdoms Euryarchaeota and Crenarchaeota
(35). The three major Archaea OTUs represented 20% of the
prokaryotic clones, and the DC06 OTU represented approxi-
mately 14% of the prokaryotic clones. The Archaea libraries
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TABLE 4. Eucarya clones and OTU distribution

oTU % Divergence ,Sab ; Organism with the bgst Taxop of‘the besth No. ot; F;?%l?lljcy
value matching sequence’ matching sequence clones (%)°
EA02 0.2 0.792 Pichia anomala Hemiascomycetes 5+ (10) 16.0
EA12 0.2 0.647 Tritrichomonas foetus Parabasalidae 7+ (28)¢ 37.2
EA13 0.47 Phreatamoeba balamuthi Phreatamoebids 1 1.1
EA32 0.2 0.595 Candida lusitaniae Hemiascomycetes 6+ (22) 29.8
EA34/ 0.2 0.537 Scypha ciliata Porifera 2 2.1
EA83 3 0.451 Acanthamoeba palestinensis Acanthamoebidae 4+ (5) 9.6
EAS88/ 0.8 0.397 Phreatamoeba balamuthi Phreatamoebids 3+(1) 43

28 + (66) 100

¢ Similarity coefficients for query and matching sequences (16).
® The best matching sequence was found with SIMILARITY_RANK (16).

¢ Numbers in parentheses correspond to the number of clones analyzed by restriction pattern.

4 One clone came from the Archaea library (Table 1).

¢ Frequency of the OTU compared with the total number of the eukaryotic clones analyzed.

/OTU with uncertain affiliation.

contain a high percentage of bacterial clones (50 and 20% in
the C and D libraries, respectively), whereas the converse is
not true: two Archaea clones only in the bacterial libraries.
There is no obvious explanation for this cross-amplification.
The 3’ ends of the primers used distinguished clearly between
the Bacteria and Archaea domains, and the stringency during
the PCR amplification was higher for Archaea libraries than for
the others. It cannot be explained by a low frequency of the
Archaea tDNA matrices in the sample, since the Archaea
clones represented 25% of the Procarya library when prokary-
otic primers were used (Table 1). The primers w003 and w017,
which, in combination with w002, allowed us to amplify the
total Archaea SSU rRNA sequences, are not optimal.

The domain Eucarya contains seven OTUs distributed
among several kingdoms. The frequencies of eukaryotic clones
cannot be correlated to those of the clones of other domains
because a separate primer set was used.

The anaerobic digestion ecosystem was described by classi-
cal methods (for a review, see reference 2), and several genera
involved in the different steps of the trophic pathway were
identified. Phylogenetic characterization described in this work
has identified members of all the genera or taxons expected
with known functions, e.g., Bacteroides, Eubacterium, Clostrid-
ium, Proteobacteria delta (sulfate-reducing bacteria), Syntroph-
omonas, and methanogenic members of the domain Archaea.
We also identified several genera whose function was un-
known, including Spirochaetes, GNS, Planctomyces, Synergistes,
nonmethanogenic members of the Archaea, and most of the
eukaryotic OTUs.

A contrast can also be seen between the bacterial diversity
(133 OTUs) and the diversity of Archaea and Eucarya (6 and 7
OTUs, respectively). This may be related to the fact that only
two types of methanogen are known within the trophic chain:
the acetophilic and hydrogenophilic Archaea (2). Three of the
Archaea OTUs are nearly identical to acetophilic methanogenic
members of the Archaea (Methanosarcina barkeri and M. frisius)
and hydrogenophilic methanogenic members of the Archaea
(Methanobacterium formicicum, which is the most frequent
prokaryotic organism of this community). Members of the Bac-
teria take over all the other functions in the trophic web, and
the bacterial diversity is just a picture of these functions diver-
sity due to the substrate complexity.

The significance of these results depends on the bias intro-
duced by this approach (10, 28, 29, 33). It is probably not
correct to assume that the OTU distribution in the sample is
the same as the species distribution into the reactor. Several

parameters could affect our ability to detect the actual species
distribution (G+C contents of SSU rDNA, differential cell
lysis, Taq polymerase specificity, primer specificity, chimera
formation, and copy number of the SSU rRNA genes). Nev-
ertheless, the following results obtained suggest that these dis-
ruptive factors were minimized. (i) The OTUs identified be-
long to several bacterial taxons with various G+ C contents and
cell wall structures. (ii) The low-stringency PCR conditions
allowed the pairing of primer and template sequences with
mismatches, as demonstrated by the cross-amplification be-
tween Bacteria and Archaea within specific libraries. (iii) Dif-
ferent sets of primers were used to amplify bacterial clones
(Table 1). The phylogenetic distribution did not reveal a sig-
nificant bias in the phyla where the number of clones is not too
small (Table 3). (iv) Chimeras due to recombination during the
PCR amplification remain the most tricky problem. The pres-
ence of similar clones from independent PCR amplifications
leads to easy chimera detection. Twenty-six chimeras were
found (5.4% of the clones) on the 500 bp of the SSU rDNA
sequenced. Undetected chimera sequences remain possible in
the 70 OTUs containing a unique SSU rDNA sequence. How-
ever, since only 5% of the chimeras detected result from the
recombination between an identified OTU and an unknown
OTU, the frequency of recombination between two unknown
sequences is expected to be rare.

Although the frequency of each microorganism within the
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FIG. 4. Estimation of diversity in the bacterial anaerobic digestor commu-
nity. The sequential detection of cumulative OTUs following sequence analysis
of 460 bacterial SSU rDNA clones is represented. The clone order is alphabet-
ical.
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ecosystem given by this molecular culture-free approach is
probably not completely exact, it can be used as starting point
for further investigations. Group-specific or OTU-specific flu-
orescence-labeled probes could be used to determine the OTU
distribution in the population by in situ hybridization.

This work reveals that even a mesophilic, hospitable, and
common ecosystem has a high biodiversity. Several of the
OTUs identified belong to deep branches of the SSU rRNA
classification. The inventory of the diversity described here on
this stable and closed ecosystem is wide but not out of reach, in
contrast to similar approaches applied to open ecosystems.
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