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Phenol degradation under methanogenic conditions has long been studied, but the anaerobes respon-
sible for the degradation reaction are still largely unknown. An anaerobe, designated strain UI*, was
isolated in a pure syntrophic culture. This isolate is the first tangible, obligately anaerobic, syntrophic
substrate-degrading organism capable of oxidizing phenol in association with an H,-scavenging meth-
anogen partner. Besides phenol, it could metabolize p-cresol, 4-hydroxybenzoate, isophthalate, and ben-
zoate. During the degradation of phenol, a small amount of 4-hydroxybenzoate (a maximum of 4 pM) and
benzoate (a maximum of 11 pM) were formed as transient intermediates. When 4-hydroxybenzoate was
used as the substrate, phenol (maximum, 20 pnM) and benzoate (maximum, 92 pM) were detected as
intermediates, which were then further degraded to acetate and methane by the coculture. No substrates
were found to support the fermentative growth of strain UI” in pure culture, although 88 different
substrates were tested for growth. 16S rRNA gene sequence analysis indicated that strain UI" belongs to
an uncultured clone cluster (group TA) at the family (or order) level in the class Deltaproteobacteria.
Syntrophorhabdus aromaticivorans gen. nov., sp. nov., is proposed for strain UI", and the novel family
Syntrophorhabdaceae fam. nov. is described. Peripheral 16S rRNA gene sequences in the databases
indicated that the proposed new family Syntrophorhabdaceae is largely represented by abundant bacteria

within anaerobic ecosystems mainly decomposing aromatic compounds.

Phenols and phthalate isomers are among the most widely
used chemicals and are often found in industrial wastewaters in
abundance. These chemicals are known to be inhibitors for the
growth of microorganisms in biological treatment processes
and are regarded as priority pollutants on the U.S. Environ-
mental Protection Agency list (19, 38). Phenol has long been
known to be degraded anaerobically in the methanogenic en-
vironment (20, 43). Methanogenic degradation of phenol is
significant considering the wastewater treatment processes of
industrial waste chemicals and biogeochemistry of naturally
occurring phenolic compounds in deep subsurface environ-
ments, such as an oil reservoir. However, despite the tremen-
dous effort to search for phenol degraders in such environ-
ments, only a few examples are known. To date, only one
species, Cryptanaerobacter phenolicus, has been isolated and
characterized as an anaerobe able to metabolize phenol under
methanogenic conditions (16). The organism is an anaerobic
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bacterium that can transform phenol into benzoate in the pres-
ence of as-yet-unidentified electron donors. However, no or-
ganisms that are genuinely capable of utilizing phenol as the
sole energy source under methanogenic conditions have been
isolated so far.

Recently, the enrichment and identification of mesophilic
phthalate isomer-degrading bacteria from methanogenic slud-
ges treating wastewater from the manufacture of terephthalic
and isophthalic acids were reported (29). Through the enrich-
ment, phthalate isomer-degrading microorganisms were found
to be classified into two groups, the genus Pelotomaculum in
the phylum Firmicutes and the clone cluster group TA in the
class Deltaproteobacteria (29). Two strictly anaerobic, meso-
philic, spore-forming, phthalate isomer-oxidizing strains be-
longing to the genus Pelotomaculum were proposed as new
species in this genus (30). As part of continuing experiments,
we report here the isolation and characterization of strain UIT
obtained from one of the enrichment cultures that were pre-
viously made (29). To our knowledge, this is the first obligately
anaerobic, syntrophic organism capable of growing on phenol
under methanogenic conditions. Besides phenol, it could me-
tabolize p-cresol, 4-hydroxybenzoate, isophthalate, and benzo-
ate in association with an H,-scavenging methanogen partner.
The bacterium is also the cultured representative of the clone
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cluster known as “group TA” at the family (or order) level in
the class Deltaproteobacteria, and a new taxon is proposed for
the isolate in this paper.

MATERIALS AND METHODS

Microorganisms, media, and cultivation. Strain UI" was isolated from a
methanogenic isophthalate-degrading enrichment culture (enrichment UI), as
reported previously (29). Methanospirillum hungatei (DSM 864) and Methano-
thermobacter thermautotrophicus strain AH (DSM 1053) were purchased from the
Deutsche Sammlung von Mikroorganismen und Zellkulturen GmbH (DSMZ,
Braunschweig, Germany). The basal medium for cultivation was prepared as
described previously (29, 34). All cultivations were performed anaerobically in
50-ml serum vials containing 20 ml medium at 37°C without shaking. Cultivations
of M. hungatei and M. thermautotrophicus were conducted as previously reported
(29). Desulfovibrio sp. strain UIS was cultured at 37°C with the medium supple-
mented with lactate (10 mM), sulfate (10 mM), and yeast extract (0.01%). The
purity of strain UI in two coculture forms (DSM 17771" and JCM 13376") was
confirmed by the following examinations: (i) observation of cells by microscopy,
(ii) incubation of the cultures with a variety of media that could support the
growth of other fermentative anaerobes or sulfate reducers (30), (iii) fluores-
cence in situ hybridization (FISH) with 16S rRNA-targeted oligonucleotide
probe UI178 specific for strain UI" (29), and (iv) 16S rRNA gene-based clone
analysis (see below for more details).

Effects of pH, temperature, NaCl, and electron acceptor utilization. The ef-
fects of pH, temperature, and NaCl concentration on the growth of strain UIT in
coculture with M. hungatei (or triculture with M. hungatei and M. thermautotro-
phicus for the temperature test) was verified in the medium containing 2 mM
isophthalate and 0.01% yeast extract (30, 34). All experiments were conducted
with 50-ml serum vials (liquid volume, 20 ml) in duplicate, with exponential-
phase cocultures of strain UT" grown on medium containing isophthalate as the
inoculum (10% [vol/vol]). The growth was determined visually by observing
turbidity and monitoring substrate depletion and production of methane and
acetate. The utilization of electron acceptors of strain UIT was determined in the
medium supplemented with 2 mM isophthalate (or 1 mM phenol) as an electron
donor. In this test, 5 mM 2-bromoethane-sulfonate (2-BES) was added to inac-
tivate methanogenesis in the coculture. The following electron acceptors were
tested: sulfate (10 mM), thiosulfate (5 mM), sulfite (2 mM), elemental sulfur (5
mM), nitrate (10 mM), ferric iron [Fe(III)-nitrilotriacetic acid] (2 mM), fumarate
(10 mM), anthraquinone-2,6-disulfonate (AQDS) (5 mM), and 4-hydroxybenzo-
ate (5 mM).

Substrate utilization. Utilization of phthalate isomers, benzoate, phenol, and
4-hydroxybenzoate by strain UI" in coculture with M. hungatei was tested as
described previously (29). Strain UI" cocultured with M. hungatei in the medium
containing isophthalate was used for inoculation (inoculum size, 20%). The
influences of the presence of methanogens and excess amounts of hydrogen on
the degradation of phenol and 4-hydroxybenzoate were determined by the
method of Béchard et al. (1).

The utilization of substrates for growth was determined by monitoring the
turbidity of cultures and substrate depletion and product formation (such as
acetate and methane) in 50-ml serum vials (liquid volume, 20 ml) (10% inocu-
lum). Autoclaved or filter-sterilized substrates were added to the basal medium
to give final concentrations between 1 and 20 mM (30). Substrate utilization by
a pure culture was determined in a parallel manner in the addition of 2-BES as
an inhibitor for methanogenesis. All the experiments were performed at 37°C
and pH 7.0 for over 4 months.

Analytical methods. The concentrations of phthalate isomers, phenol, cresols
(0-, m-, and p-isomers), benzoate, and 4-hydroxybenzoate were determined by
high-performance liquid chromatography as described previously (28). Short-
chain fatty acids, sulfate, sulfite, alcohols, methane, hydrogen, carbon dioxide,
and other intermediate substances (such as succinate, malate, and lactate) were
measured as described previously (15, 34).

Microscopy. Cell morphology was examined by using a phase-contrast micro-
scope (Olympus BX50F). The Gram staining reaction was performed by the
method of Hucker (9). Transmission electron microscopy of strain UI" was
performed using a Hitachi H-7000 transmission electron microscope as described
previously (13).

FISH and cloning analysis. FISH and cloning analysis were performed ac-
cording to a previous report (29). For the construction of the 16S rRNA gene
clone library, the universal bacterial primer set EUB8F/Unil1490R was used (41).
For each of the two coculture forms (DSM 177717 and JCM 13376") and a
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methanogenic phenol-degrading coculture, 20 clonal rRNA genes were ran-
domly picked and then subjected to sequencing.

Sequencing of 16S rRNA gene and phylogenetic analysis. DNAs from a pure
culture of Desulfovibrio sp. strain UIS and cocultures of strain UIT with M.
hungatei were obtained by the method of Hiraishi (14). PCR amplification of
bacterial 16S rRNA genes was done as described previously (33). The PCR
primers used in the amplification were the Bacteria-universal primers 8f and
1490r (41). PCR products were purified and sequenced as described previously
(15). 16S rRNA gene sequences of strains UI" and UIS were determined by dye
terminator cycle sequencing with a Quick Start kit (Beckman Coulter) and an
automated sequence analyzer (CEQ-2000XL; Beckman Coulter). Sequence data
were aligned with the ARB program package (26), and the aligned data were
manually corrected on the basis of information about primary and secondary
structures. The phylogenetic tree was constructed by the neighbor-joining
method (31) implemented in the ARB program. Bootstrap resampling analysis
(11) for 1,000 replicates was performed with the PAUP* 4.0 package (35).

Nucleotide sequence accession numbers. The GenBank/EMBL/DDBJ acces-
sion numbers of the 16S TRNA gene sequences of strains UIT and UIS are
AB212873 and AB212874, respectively.

RESULTS

Isolation of strain UI" in two coculture forms. The detailed
enrichment procedure of strain UI™ has been described in our
previous study (29). Microscopic examination indicated that
the methanogenic enrichment culture contained F,,,-autofluo-
rescent rods resembling Methanospirillum and thin short rods
that were later identified as strain UI" as the major morpho-
types of cells. In addition, a small number of vibrio-shaped
cells morphologically resembling the genus Desulfovibrio were
always found in the primary enrichments (the vibrio-type cells
seemed to account for less than 0.5% of the total cell popula-
tion in the enrichment). When the growth medium was sup-
plemented with 10 mM sulfate, large numbers of Desulfovibrio-
like bacteria appeared and took over the role of the original
H,-scavenger methanogenic partner. Syntrophic UIT culture
with the Desulfovibrio-like bacterium was stable and grew
faster than with methanogens. The vibrio-shaped bacterium
could be isolated and identified as Desulfovibrio sp. strain UIS,
and it was able to grow on lactate plus sulfate and also au-
totrophically on H,, CO,, and sulfate. Attempts were then
made to isolate strain UIT in coculture with Desulfovibrio sp. A
highly enriched methanogenic culture was inoculated into an-
aerobic serial roll tubes containing a medium with 2 mM isoph-
thalate, 10 mM sulfate, and 0.01% yeast extract and a pure
culture of Desulfovibrio sp. strain UIS. After 3 months of in-
cubation, several very small colonies that were light brown,
lens shaped, and 0.1 to 0.2 mm in diameter, were formed. This
step was repeated several times until a defined coculture was
obtained (DSM 177717). The isolate was transferred to a me-
dium containing isophthalate, sulfate, and yeast extract to
check whether it was the targeted bacterium. Indeed, degra-
dation of isophthalate occurred with the concomitant growth
of strain UIT in coculture with Desulfovibrio sp. after 3 months
of incubation.

For the isolation of strain UIT in coculture with a methano-
genic archaeon or in pure culture, conventional isolation tech-
niques, such as the roll tube method and the use of other
external electron acceptors and other substrates that the
known syntrophic bacteria typically used, were applied, but
none of them were successful (29). Therefore, repeated serial
dilutions of strain UIT enrichment culture in the medium con-
taining isophthalate and 0.5 mM molybdate (as the inhibitor
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FIG. 1. Phase-contrast micrographs of strain UI" (indicated by
white arrows) in coculture with M. hungatei, grown on 2 mM iso-
phthalate (A) and grown on 2 mM phenol (B). Bars, 10 pm.

for Desulfovibrio sp.) and M. hungatei cells were successively
conducted over years, and eventually, a pure syntrophic culture
of strain UI" with M. hungatei (JCM 13376") was obtained. 16S
rRNA genes of purified organism (strain UIT) in both the
cocultures were confirmed to be identical. The defined methan-
ogenic coculture was then used for detailed morphological,
physiological, and genetic studies.

Morphology. Cells of strain UI" were nonmotile and shaped
like a thin rod, 0.4 to 0.8 um wide, and 1.2 to 2.5 um long (Fig.
1A). No spores were observed. The cells sometimes became
longer in stationary-phase cultures or in exponential growth
cultures after a very long lag phase. In these cultures, some of
the cells elongated up to 5.0 pm. The morphology of strain U™
cells grown in the phenol-containing medium was largely dif-
ferent from that grown on the other substrates, such as iso-
phthalate, benzoate, and 4-hydroxybenzoate. In cultures grown in
the isophthalate-containing medium, the cells were relatively
thin, short, and rod shaped (Fig. 1A). When phenol was used
as the substrate, the cells appeared as oval rods. The average
cell dimensions of the oval rods were as follows: width of 1.0 to
2.0 wm and a length of 1.2 to 3.0 wm (Fig. 1B). To confirm the
identity of the cultures grown on isophthalate- or phenol-con-
taining media, FISH with strain UI™-specific, 16S rRNA-tar-
geted oligonucleotide probe (UI178) (29) was performed for
the two cultures, confirming that the cells grown in both the
cultures were identical at the strain level. Furthermore, 16S
rRNA gene-based clone library analysis was performed for the
two cultures. The sequences of 20 randomly selected clones
were analyzed for each culture, and this resulted in the re-
trieval of only the sequence that was completely identical to
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FIG. 2. Thin-section electron micrographs of strain UI" in cocul-
ture with M. hungatei grown on 4-hydroxybenzoate (3 mM), illustrating
typical gram-negative cell wall structure (OM, outer membrane; PG,
peptidoglycan; CM, cytoplasmic membrane). The bar for the large
panel represents 0.5 wm. The inset of the panel shows a magnified view
of the cell wall structure (bar, 0.25 pum).

that of strain UI”, supporting the identity of the strain found in
the two cultures. The cells were Gram stain negative, and
transmission electron microscopy indicated the presence of a
gram-negative cell wall structure (Fig. 2).

Growth properties. The main physiological properties of
strain UI" are listed in Table 1. Strain UI" was an obligately
anaerobic microbe; no growth occurred in the presence of
oxygen (air atmosphere). The addition of 0.01% yeast extract

TABLE 1. Main physiological characteristics of strain UI"

Physiological characteristic Result or value

Shape ..o Rod
Motility Nonmotile
Spore formation Not observed
Gram stain Negative
PH Tange ....ccovveeeiviccireccereceeeceneeeeenes 6.6-7.4 (optimum, 7.0)
Temp range (°C) 25-37 (optimum, 35-37)
NaCl range (g liter ) covrerrrereereererienierennennd 0-12.5
Substrates utilized in coculture
with M. hungatei (MM)" ......ccccovvvvvcrrncnnne Phenol (5), p-cresol (1),

4-hydroxybenzoate
(5), isophthalate (2),
and benzoate (5)

“The following substrates were also tested but were not used by the strain
(concentrations are shown in parentheses and are millimolar concentrations,
unless indicated otherwise): Casamino Acids (0.1%), tryptone (0.1%), yeast
extract (0.5%), peptone (0.1%), H,-CO, (80:20 [vol/vol]), glucose (20), ribose
(20), xylose (20), arabinose (20), fructose (20), raffinose (20), sucrose (20),
mannose (20), galactose (20), cellulose (20), starch (5 g liter '), xylan (5 g
liter '), pectin (5 g liter ™), crotonate (10), formate (20), acetate (20), propi-
onate (20), butyrate (20), isobutyrate (20), valerate (10), hexanoate (10),
heptanoate (10), malate (20), lactate (20), pyruvate (20), succinate (20), oxalate
(20), fumarate (5), adipate (5), pimelate (5), palmitate (5), stearate (5), citrate
(5), acrylate (5), glutarate (5), glycine (10), ethylene glycol (10), glycerol (5),
ethanol (20), methanol (20), 1-propanol (20), 2-propanol (20), 1-butanol (20),
1-pentanol (20), 1,2-butanediol (20), 2,3-butanediol (20), 1,3-propanediol (20),
pyrogallol (1), 2-hydroxybenzoate (5), 3-hydroxybenzoate (5), 2,5-dihydroxyben-
zoate (5), 2-methylbenzoate (1), 4-methylbenzoate (1), 2-aminobenzoate (1),
3-aminobenzoate (1), 4-aminobenzoate (1), hydroquinone (1), resorcinol (1),
catechol (1), o-cresol (1), m-cresol (1), cyclohexane carboxylate (1), 1-cyclohex-
ene carboxylate (1), 3-phenylpropionate (1), aniline (1), 2-chlorobenzoate (1),
3-chlorobenzoate (1), 4-chlorobenzoate (1), protocatechuate (1), syringate (1),
ferulate (1), malonate (1), 4-pentenoate (1), gallate (1), cinnamate (1), vanillate
(1), cyclohexanone (1), and cyclohexene (1).
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stimulated growth but was not necessarily required for growth.
Sulfate, sulfite, thiosulfate, nitrate, fumarate, Fe(III)-nitrilotri-
acetic acid, and 4-hydroxybenzoate could not serve as external
electron acceptors. However, strain UIT was capable of using
AQDS (5 mM) as a terminal electron acceptor for oxidizing
phenol (1 mM) or isophthalate (1 mM) as an electron donor
with the concomitant growth of strain UI" within 6 weeks of
incubation. The experiment was conducted in the presence of the
methanogenic inhibitor, 2-BES, at a final concentration of 5
mM. Both substrates were completely converted into acetate
by the 2-BES-added coculture in the presence of AQDS with-
out the concomitant formation of methane. Attempts were
made to isolate strain UI" in pure culture with phenol and
AQDS, but these attempts were unsuccessful.

Substrate utilization. In syntrophic coculture with M.
hungatei, strain UIT could utilize isophthalate, benzoate, phenol,
p-cresol, and 4-hydroxybenzoate for growth and produce ace-
tate and methane as end products. No substrates that support
the fermentative growth of strain UI" in pure culture (in the
presence of 2-BES) were found (Table 1). The time course of
isophthalate, phenol, and 4-hydroxybenzoate degradations is
illustrated in Fig. 3. The stoichiometry of substrate degradation
is shown in Table 2. The addition of 5 mM 2-BES to a cocul-
ture with M. hungatei completely inhibited the degradation of
isophthalate, phenol, and 4-hydroxybenzoate. Additionally, the
degradation of phenol and 4-hydroxybenzoate was completely
stopped when the cultures were exposed to a gas phase con-
taining a high partial pressure of hydrogen (H,-CO,-N, ratio
of 10:10:80, respectively).

16S rRNA sequence analysis. A total of 1,482 base pairs of
the 16S rRNA gene from strain UI" were sequenced and
compared with other relative sequences in the databases. Phy-
logenetic analysis indicated that strain UI" was affiliated with
the clone cluster called group TA in the class Deltaproteobac-
teria, with less than 83% similarity to those of previously iso-
lated bacteria within the class (Fig. 4). The 16S rRNA gene of
strain UI" was most closely related to the clonal sequence
TA11 (accession number AF229784; similarity value of 97%),
which was obtained from a terephthalate-degrading anaerobic
granular sludge. Strain UIS was 100% (1,465 bp compared)
matched with strain Desulfovibrio sp. strain PA35E4 and 99.5%
matched with Desulfovibrio alcoholovorans (DSM 5433).

DISCUSSION

Isolation of uncultured clone cluster group TA. In a previous
study, “group TA” was recognized as a subclass-level mono-
phyletic group in the class Deltaproteobacteria with no culti-
vated representatives (42). The group currently consists solely
of over 30 16S rRNA gene clones that were retrieved mainly
from anoxic ecosystems, such as anaerobic upflow anaerobic
sludge blanket samples (33, 42), a thermophilic anaerobic hy-
brid reactor degrading terephthalate (7), a contaminated aqui-
fer site (10), an anaerobic trichlorobenzene-transforming
consortium (39), and an anaerobic dichloropropane-dechlo-
rinating consortium (32). Importantly, some of these environ-
mental clones were abundantly found in anaerobic sludge
treating terephthalate-containing wastewater (42); by cultiva-
tion-independent molecular approaches, it was found that the
most predominant bacterial populations (67% of the total bac-
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FIG. 3. Isophthalate (a), phenol (b), and 4-hydroxybenzoate (c)
degradation by strain UI" in coculture with M. hungatei. The concen-
trations are shown in millimoles liter-culture ~* (left) and in millimolar

(right).

terial clones) in the anaerobic terephthalate-treating sludge
community were affiliated with the group TA (42). Group TA
was also found in a phenol-degrading anaerobic granular
sludge accounting for 7% of the total bacterial clones analyzed
for an anaerobic sludge community (44). These results had
suggested the functional importance of group TA organisms as
aromatic compound degraders. In fact, strain UIT is the cul-
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TABLE 2. Stoichiometry of substrate degradation by strain UI" cocultured with M. hungatei (incubated for 100 days)

Maximum concn of the following transient

Initial substrate intermediate detected

Final substrate or product

concn

Degradability in Electron

Substrate
conen (MM)  fygrogen Benzoate Phenol 4-Hydroxybenzoate Substrate Acetate Methane® 100 days (%) recovery (%)
(Pa) (mM)  (mM) (mM) (mM)  (mM) erane
Isophthalate 2.17 20 8 0.61 4.53 1.04 72 95
Phenol 4.64 20 11 4 331 4.11 0.71 31 104
4-Hydroxybenzoate 3.85 20 92 20 0.70 8.43 1.49 82 90

“ The methane values are expressed as millimoles of methane formed in 1 liter of culture.
® The electron balance was calculated based only on the substrate utilized and acetate and methane formed (biomass was excluded).

tured representative of group TA, degrading benzoate, isoph-
thalate, phenol, p-cresol, and 4-hydroxybenzoate in a metha-
nogenic syntrophic culture.

The following physiological traits of strain UI" would sug-
gest why group TA organisms are difficult to culture: (i) low
growth rate (the methanogenic coculture of strain UIT grew at
a very low growth rate of ., of 0.025 day~' with isophthalate
as the substrate [doubling time = 20 days, Fig. 3a, calculated
on the basis of methane production]), (ii) limited substrate

presence of AQDS axenically), and (iii) requirement of almost
obligately syntrophic cooperation with methanogens.
Physiological novelty. The class Deltaproteobacteria contains
the major lineages of gram-negative sulfate reducers and also
contains well-known species of syntrophic substrate-degrading
anaerobes such as those of the genera Syntrophobacter, Syntro-
phus, and Smithella. Species of the genus Syntrophobacter show
the ability to utilize sulfate as an external electron acceptor,
but their growth by sulfate reduction is known to be very slow

(40). The inability to reduce sulfate is a common trait of syn-

range (strain UI" could utilize only a limited range of aromatic
trophic species of the genera Syntrophus and Smithella (24, 27);

compounds in syntrophic coculture with M. hungatei or in the

Desulfobulbaceae

Syntrophaceae

Sytrophobacteraceae

Desulfovibrioceae

thermophilic sludge clone MUG32, AB011324

anaerobic sludge clone Gran4M4, AY940124

anaerobic sludge clone G3-19, AY280651

anaerobic sludge clone PD-UASB-8, AY261808

chlorobenzene-degrading consortium clone SJA-162, AJ009498
sediment clone cs14, DQ088239
chlorobenzoate-degrading consortium clone 3CB2-4, AY646233
dechlorinating consortium clone SHA-207, AJ249114
chlorobenzoate-degrading consortium clone 3CB3-4, AY646236
terephthalate-degrading consortium clone TA13, AF229786
anaerobic sludge clone 008F10_B_SD_P15, CR933181
anaerobic sludge clone 061E01_B_SD_P93, CR933289
contaminated aquifer clone WsCH54, AF050624
terephthalate-degrading consortium clone TA14, AF229787
terephthalate-degrading consortium clone TA16, AF229789
wetland clone FW121, AF523969
dechlorinating consortium clone SHD-127, AJ278162
dairy wastewater clone fcr106, AY438752
dairy wastewater clone S13, AY762933
anaerobic sludge clone TPD-48, AY862530
terephthalate-degrading consortium clone TA12, AF229785
dechlorinating consortium clone SHA-22, AJ249102

terephthalate-degrading consortium clone TA10, AF229783
Syntrophorhabdus aromaticivorans strain UI", AB212873
terephthalate-degrading consortium clone TA11, AF229784

wetland clone FW110, AF523965

contaminated aquifer clone WCHB1-27, AF050538
TCB-transforming consortium clone SJA-51, AJ009465
UASB sludge clone TA55_Ba_25, AY297973
geothermal site clone OPPB013, AY861756
hot spring clone OPT47, AF026997

Syntrophorhabdaceae

@ >95% bootstrap value
O >80% bootstrap value

0.05

FIG. 4. Phylogenetic position of strain UI" among members of the class Deltaproteobacteria. Group TA (Syntrophorhabdaceae) previously
consisted only of environmental 16S rRNA gene clone sequences that were mainly retrieved from anaerobic sludge treating terephthalate-
containing wastewater. The tree was calculated on the basis of a distance matrix analysis of 16S rRNA gene sequences (neighbor-joining tree). The
scale bar represents the number of changes in nucleotide per sequence position. The numbers at the nodes show the bootstrap values (as a
percentage) obtained with 1,000 resampling analysis. The GenBank accession numbers are shown after the clone. TCB, trichlorobenzene; UASB,

upflow anaerobic sludge blanket.
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however, they could grow in a pure culture with limited sub-
strates such as crotonate. Strain UI" exhibited syntrophic
growth with a methanogen, but it did not show the ability to
grow by itself with sulfate, showing a lack of sulfate-respiring
apparatus. However, one of the most interesting features of
strain UI" was that it could use AQDS, a humic quinone
moiety model compound, as a terminal electron acceptor for
the anaerobic oxidation of phenolic compounds. When the
growth of the partner methanogen was inhibited by 2-BES,
AQDS was able to replace methanogen as an electron acceptor
and only acetate (and CO,) was produced. This has been
predicted by Cervantes et al. (5, 6), using methanogenic phe-
nol-degrading enrichment cultures. These findings strongly in-
dicated that AQDS could serve as an alternate electron accep-
tor in the group TA members. However, one of the significant
differences between strain UIT and previously isolated organ-
isms that can use AQDS is that all of the former isolates are
members of Geobacteracea that could also use iron (III) as a
terminal electron acceptor (8), whereas strain UIT cannot.

Another unique phenotypic characteristic of strain UI" is its
ability to degrade phenol via 4-hydroxybenzoate and benzoate
and finally to acetate and methane. In this study, phenol was
found to serve as the carbon and energy source for the growth
of strain UIT. The inhibition of methanogenesis influenced the
degradation of phenol and 4-hydroxybenzoate, and the pres-
ence of hydrogen prevented the degradation of phenol and
4-hydroxybenzoate. These results undoubtedly suggest that
these reactions need tight coupling with syntrophic hydrogen
(and/or formate) scavenging reaction by hydrogenotrophic or-
ganisms, which is in agreement with previous reports (36, 37).
The equations of the theoretical reactions are shown as follows
(17). The actual degradation and product formation by strain
UIT coculture were nearly equivalent to the theoretical stoi-
chiometry.

phenol + 5SH,0 — 3 acetate™ + 2H,
+ 3H" (AG"” = +6.55 kJ reaction!)
4-hydroxybenzoate™ + 6H,0 — 3 acetate” + HCO;~
+3H"' + 2H, (AG" = +5.38 kJ reaction ')
For hydrogenotrophic methanogenesis,
2H, + 0.5HCO;™ + 0.5H* — 0.5CH,
+ 1.5H,0 (AG"” = —67.8 k] reaction )
The overall reactions were as follows:
phenol + 0.5HCO;™ + 3.5H,0 — 3 acetate” + 2.5H"
+ 0.5CH, (AG" = —61.3 kJ reaction™")
4-hydroxybenzoate™ + 4.5H,0 — 3 acetate” + 0.5SHCO;~
+2.5H" + 0.5CH, (AG" = —62.4 kJ reaction™")

Thermodynamically, the oxidation of phenol to acetate, carbon
dioxide, and hydrogen is unfavorable, and phenol is thought to
be metabolized only at a very low hydrogen partial pressure
under methanogenic conditions. However, the formation of
benzoate from phenol may be a thermodynamically favorable
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reaction: i.e., C;(H;OH + CO, + H, - C(H;COO™ + H* +
H,O (AG” = —40.8 kJ reaction ') (22). Hence, a fermenting
bacterium could theoretically use phenol in pure culture when
external electron donors (such as hydrogen) are provided. In
fact, the transformation of phenol to benzoate by methano-
genic consortia has been reported, and several investigators
enriched anaerobic consortia containing such organisms (16,
20, 22,23, 25). Karlsson et al. (18) have obtained a nonmethan-
ogenic, pasteurized enrichment culture from a methanogenic
consortium, transforming phenol to benzoate, acetate, and bu-
tyrate, although the organism was not isolated and character-
ized. The influence of H, and CO, on the degradation of
phenol by the culture was investigated in their study, indicating
that the addition of H, does not hamper transformation. Re-
cently, a mesophilic, nonsyntrophic bacterium, Cryptanaero-
bacter phenolicus, was isolated in pure culture (16). C.
phenolicus can transform phenol and 4-hydroxybenzoate into
benzoate under anoxic conditions; this was the only organism
isolated that catalyzed phenol transformation under anoxic
(methanogenic) conditions. However, C. phenolicus needs
complex supplements, such as yeast extract and proteose pep-
tone plus supernatant from the culture of Clostridium sporo-
genes M55 as essential factors for growth on phenol and for the
transformation of phenol to benzoate (16, 22). Therefore, it is
assumed that phenol is transformed into benzoate via an elec-
tron-accepting reaction, in which the intermediate product,
i.e., 4-hydroxybenzoate, could serve as an external electron
acceptor, and that the transformation requires uncertain elec-
tron donors present in the complex supplements (16). The
reversible conversion of phenol and 4-hydroxybenzoate also
occurs in Sedimentibacter hydroxybenzoicus (previously known
as Clostridium hydroxybenzoicum) with resting cell suspensions
and cell extracts (4, 46). S. hydroxybenzoicus is a spore-forming
bacterium that decarboxylates 4-hydroxybenzoate to phenol
for growth but does not further metabolize phenol in pure
culture (45). Similar to C. phenolicus, proteose peptone or
yeast extract is essential for the transformation of phenol by S.
hydroxybenzoicus cells. Therefore, the uniqueness of strain UI™
among these known phenol-transforming bacteria is its ability
to syntrophically degrade phenol to form acetate and methane
with no other external energy sources.

Under methanogenic conditions, the degradation pathways
of phenol and its intermediates, such as benzoate, are well
documented (1, 16, 21). It was presumed that phenol is first
carboxylated to produce 4-hydroxybenzoic acid, which is then
dehydroxylated to form benzoic acid (2, 3, 12, 16). The actual
mechanisms employed by strain UIT cells for the metabolism
of phenol remain unclear, but the phenol degradation pathway
may include steps similar to those of known phenol transform-
ers, since small amounts of 4-hydroxybenzoate (4 uM) and
benzoate (11 wM) were detected during the transformation of
phenol by strain UI™ cells, and these were then utilized by the
cells (Fig. 5).

Since these characteristics suggest the phylogenetic and
physiological novelty of strain UI", the name Syntrophorhabdus
aromaticivorans gen. nov., sp. nov., is proposed for strain UI",
and the family Syntrophorhabdaceae is also proposed for the
phylogenetic group TA in Deltaproteobacteria.

Description of Syntrophorhabdaceae fam. nov. Syntropho-
rhabdaceae (Syn.tro'pho.rhab.da.ce’ae. N.L. fem. n. Syntropho-
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FIG. 5. Models of syntrophic phenol degradation and isophthalate degradation by strain UI" with different partners and intermediate
compounds formed in the processes. The electron shuttle for interspecies electron transfer was assumed to be a proton in the models, since an
increase in hydrogen partial pressures (ca. 20 Pa) was observed in all degradation processes. However, it may be possible that other external
electron carriers can also intermediate in the syntrophic reactions. Intermediate compounds detected experimentally and possible degradation

processes of these compounds were also shown in the models.

rhabdus, the type genus of the family; -aceae ending to denote
a family; N.L. fem. pl. n. Syntrophorhabdaceae, the Syntro-
phorhabdus family). The type genus (and only genus) is Syn-
trophorhabdus.

Description of Syntrophorhabdus gen. nov. Syntrophorhabdus
(Syn.tro’pho.rhab’dus. Gr. adj. syn, together with; Gr. n.
trophos, one who feeds; Gr. fem. n. rhabdus, rod; N.L. fem. n.
Syntrophorhabdus, rod which feeds together with (another spe-
cies). Obligately anaerobic bacterium. Nonmotile, rod-shaped
cells. Sulfate, sulfite, thiosulfate, nitrate, nitrite, elemental sul-
fur, or ferric iron cannot serve as an electron acceptor, while
anthraquinone-2,6-disulfonate can. Syntrophic oxidation of ar-
omatic compounds, such as benzoate. Syntrophorhabdus be-
longs to the class Deltaproteobacteria. The type species is Syn-
trophorhabdus aromaticivorans.

Description of Syntrophorhabdus aromaticivorans sp. nov.
Syntrophorhabdus aromaticivorans (ar.o.ma’ti.ca. N.L. adj. aro-
maticivorans, aromatic, referring to the property of being able
to utilize aromatic compounds). An obligately anaerobic me-
sophilic organism. Cells are normally thin and rod shaped (0.4
to 0.8 wm in width and 1.2 to 2.5 pm in length), while they
appear as fatter rods when phenol is used as a substrate (1.0 to
2.0 pm in width and 1.2 to 3.0 wm in length). Gram negative,
nonmotile. Spore formation was never observed. The temper-
ature range for growth is 25 to 37°C (optimum, 35 to 37°C).
The pH range is 6.6 to 7.4 (optimum, 7.0). Growth occurs in
the presence of 0 to 1.25% NaCl but does not occur in the
presence of more than 1.5% NaCl. In syntrophic association
with a hydrogenotrophic methanogen, the strain can utilize phe-
nol, p-cresol, isophthalate, benzoate, and 4-hydroxybenzoate.
No substrates tested support the growth in pure culture. Sul-
fate, sulfite, thiosulfate, nitrate, elemental sulfur, fumarate,
ferric iron, or 4-hydroxybenzoate cannot be used as an electron
acceptor, while AQDS can. Habitat is granular sludge from an
upflow anaerobic sludge bed reactor treating wastewater from
manufacturing terephthalic acid. The type strain is UIT (=

JCM 13376 [in coculture with M. hungatei DSM 864] = DSM
177717 [in coculture with Desulfovibrio sp. strain UIS]).
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