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Chemical mutagenesis and antibiotic enrichment techniques were used to isolate five mutant strains of the
obligate anaerobe Eubacterium oxidoreducens that were unable to grow on 3,4,5-trihydroxybenzoate (gallate).
Two strains could not transform gallate and showed no detectable gallate decarboxylase activity. Two other
strains transformed gallate to pyrogallol and dihydrophloroglucinol but lacked the hydrolase activity
responsible for ring cleavage. A fifth strain accumulated pyrogallol, although it contained adequate levels of the
enzymes proposed for the complete transformation of gallate to the ring cleavage product. The conversion of
pyrogallol to phloroglucinol by cell extract of the wild-type strain was dependent on the addition of
1,2,3,5-tetrahydroxybenzene or dimethyl sulfoxide. This activity was induced by growth on gallate, while the
other enzymes involved in the initial reactions of gallate catabolism were constitutively expressed during growth
on crotonate. The results confirm the initial steps in the pathway previously proposed for the metabolism of
gallate by E. oxidoreducens, except for the conversion of pyrogallol to phloroglucinol.

In aerobic environments, the microbial degradation of
aromatic compounds is initiated by oxygenases that hydrox-
ylate and cleave the aromatic nucleus through addition of
molecular oxygen (7, 11). The biochemistry and genetics of
several aerobic pathways have been characterized (8, 24).
The degradation of aromatic compounds in the absence of
molecular oxygen has also been documented (2, 10) and is
hypothesized to involve reduction of the aromatic nucleus as
a general mechanism (9, 12). However, few detailed bio-
chemical or genetic studies have been undertaken to inves-
tigate the validity of the hypothesized pathways for anaero-
bic aromatic degradation. Eubacterium oxidoreducens is a
strict anaerobe that grows fermentatively on quercetin and
the trihydroxylated mononuclear aromatic compounds, gal-
late, pyrogallol, and phloroglucinol (15). This rumen anaer-
obe is one of only a few pure cultures that ferment aromatic
compounds (15, 20, 21, 23). E. oxidoreducens is unique
among these anaerobes because it requires exogenous for-
mate or H, as an electron donor for the reductive attack on
the aromatic ring (15). A pathway has been proposed for
gallate degradation by this organism (17), the initial reactions
of which are shown in Fig. 1A. A pyrogallol-phloroglucinol
isomerase has been partially purified and characterized, and
a reaction mechanism that involves 1,2,3,5-tetrahydroxy-
benzene (THB) as an intermediate has been proposed (Fig.
1B). A similar pathway has been proposed for Pelobacter
acidigallici; however, formate or hydrogen is not required,
and different reactions following ring cleavage have been
shown (5). In addition, the conversion of pyrogallol to
phloroglucinol by this anaerobe involves a different mecha-
nism (4). In the mechanism proposed for P. acidigallici,
transhydroxylation from carbon 2 of THB to carbon 5 of
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pyrogallol results in the formation of phloroglucinol and
regeneration of THB (Fig. 1C). A similar mechanism is
involved in the conversion of hydroxyhydroquinone to phlo-
roglucinol by Pelobacter massiliensis (6). Phloroglucinol
reductase has been studied in cell extract from P. acidigallici
(19), as a partially pure preparation from a Coprococcus sp.
(18), and as purified from E. oxidoreducens (13).

In order to validate and further characterize the proposed
pathway for anaerobic degradation of gallate in E. oxi-
doreducens, and to initiate genetic studies, mutant strains
with defects in specific biochemical steps of the pathway
were isolated. This report compares five strains that are
unable to grow on gallate and examines the mechanism of
conversion of pyrogallol to phloroglucinol in cell extracts.

MATERIALS AND METHODS

Organism and growth conditions. All procedures were
performed anaerobically at 37°C unless otherwise noted. The
wild-type strain E. oxidoreducens G-41 was obtained from
L. Krumholz and was maintained on the previously de-
scribed basal medium (15) with 20 mM (each) gallate and
formate as growth substrates and omission of rumen fluid.
Anaerobic procedures as described by Balch and Wolfe (1)
were routinely employed. The organism was grown on 100
mM crotonate as the growth substrate prior to mutagenesis.
Mutagenesis and inoculation of plates were performed in an
anaerobic chamber (Coy Products, Ann Arbor, Mich.).
Inoculated plates were incubated in glass anaerobe jars
flushed with N,-CO, (4:1). Reducing conditions were main-
tained by injection of 2 ml of 2.5% Na,S - 9H,O through a
septum into an open petri plate placed at the top of the jar.
Plates were examined for growth after 3 to 5 days. Mutant
strains were maintained on 100 mM crotonate slants and
were tested for the ability to grow in liquid media with 20
mM (each) gallate plus formate, 5 or 10 mM (each) pyrogallol
plus formate, or 10 mM (each) phloroglucinol plus formate.
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FIG. 1. Reactions that have been proposed for the initial steps
for the anaerobic degradation of gallate. (A) Proposed degradation
pathway in E. oxidoreducens (17). a, gallate; b, pyrogallol; c,
phloroglucinol; d, dihydrophloroglucinol; e, 3-hydroxy-5-oxo-hex-
anoate; f, THB; 1, gallate decarboxylase; 2, pyrogallol-phlorogluci-
nol isomerase; 3, phloroglucinol reductase; 4, formate dehydroge-
nase; 5, dihydrophloroglucinol hydrolase. (B) Proposed isomerase-
catalyzed reaction for the conversion of pyrogallol to phloroglucinol
during gallate degradation in E. oxidoreducens (16). (C) Transhy-
droxylase-catalyzed reaction in P. acidigallici (4).

Aromatic substrates were added to these media as filter-
sterile solutions. Growth was determined after 24 h by
measuring the As,,. To test for the accumulation of interme-
diates, the strains were grown on 100 mM crotonate with 16
mM (each) gallate plus formate for 24 h, the cells were
removed by centrifugation, and the supernatant was ana-
lyzed by high-pressure liquid chromatography (HPLC).
Cells used for the preparation of cell extracts were grown in
0.25 liter of the basal medium with 100 mM crotonate or 100
mM crotonate plus 10 mM (each) gallate and formate. In
addition, the wild-type strain was grown in a 10-liter fermen-
tor on 50 mM (each) gallate and formate as previously
described (13).

Cell extract preparation. All procedures were performed
anaerobically. Cells were harvested from 0.25-liter cultures
at the end of logarithmic growth by centrifugation, washed
with 50 mM potassium phosphate buffer (pH 7.2) containing
2 mM 2-mercaptoethanol, and recentrifuged. Cells, in 5 ml of
the wash buffer, were broken as previously described (13).

Enzyme assays. All assays were performed anaerobically
at 37°C under N,, unless otherwise noted. The same buffer
used for cell extract preparation was used for all enzyme
assays. Spectrophotometric assays were performed with a
reaction volume of 1.0 to 1.1 ml, unless otherwise noted.

Formate dehydrogenase activity was measured as previ-
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ously described (14), with 2.0 mM sodium formate, 0.2 mM
NADP, and 10 pl of cell extract.

Gallate decarboxylase activity was measured as previ-
ously described (17), with 5 to 20 pl of cell extract.

The standard assay for the determination of transhydrox-
ylase activity (conversion of pyrogallol to phloroglucinol)
monitored the disappearance of pyrogallol in assay buffer
containing 10% (vol/vol) dimethyl sulfoxide (DMSO) as
previously described (16), using molybdate reagent (22) and
measurements of A;5,. A second assay employed HPLC
analysis of the reaction mixture. Cell extract (0.1 to 0.2 ml)
was incubated in 2.5 ml of buffer, 5 mM pyrogallol, and
either 10% (vol/vol) DMSO or approximately 1 mM THB.
Samples were periodically withdrawn, acidified with H,SO,
to a final concentration of 1% (vol/vol), centrifuged to
remove precipitated protein, and analyzed by HPLC.

Phloroglucinol reductase activity was determined aerobi-
cally as previously described (13), using 1 wl of cell extract.

Dihydrophloroglucinol hydrolase activity was determined
by measuring the disappearance of dihydrophloroglucinol at
305 nm (E = 640 M~! cm™?). The initial substrate concen-
tration was 0.5 or 1.0 mM, and 25 to 50 p.l of cell extract was
assayed.

Mutagenesis and mutant isolation. Ethyl methanesulfonate
was added to cultures of E. oxidoreducens (1.5%, vol/vol)
growing on crotonate, and the cultures were incubated for 15
min. The cells were collected, washed twice with buffer by
filtration on a 0.22-um-pore-size membrane filter, and resus-
pended in basal medium prior to inoculation into crotonate
medium. After the culture density doubled, the cells were
collected and washed as described above, inoculated into
gallate-formate medium, and incubated for one doubling.
Ampicillin was added (100 pg ml~"), and the cultures were
incubated for 6 h. The cells were collected and washed as
described above, inoculated into crotonate medium, grown
to an optical density of 0.5, As,,, and spread on solid
crotonate medium. After 4 days of incubation, colonies were
transferred, individually, to solid gallate-formate medium.
Strains that failed to grow after 3 days were transferred from
the original crotonate plates to liquid crotonate medium and
incubated until turbid. The cultures were then diluted and
spread onto crotonate plates, and the entire screening pro-
cedure was performed two more times prior to characteriza-
tion of the isolates.

HPLC. Samples were analyzed on a C,g reverse-phase
column (25 cm by 4.6 mm [inner diameter]) with a 90% 0.02
N H,S0,-10% methanol mobile phase at a flow rate of 0.8 ml
min~! and a detector wavelength of 268 nm.

Protein. The protein concentration was determined by the
method of Bradford (3) with bovine serum albumin as the
standard.

Chemicals. THB was a gift from A. Brune. Dihydrophlo-
roglucinol was synthesized by reduction of phloroglucinol
with sodium borohydride (18), acidified to pH 1 to 2 with
HCI, and extracted into ethyl acetate. Ethyl acetate was
removed at room temperature by evaporation under vac-
uum, and dihydrophloroglucinol was recovered by dissolv-
ing the residue in deionized water. All other chemicals were
purchased commercially and were of the highest available

purity.

RESULTS

Mutant isolation and growth. Plating under an atmosphere
containing hydrogen sulfide provided the reducing condi-
tions necessary for consistent growth of colonies of E.






