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Anaerobic enrichments with acetate as the electron donor and Fe(III) as the terminal electron acceptor were
obtained from sediments of Salt Pond, a coastal marine basin near Woods Hole, Mass. A pure culture of a
facultatively anaerobic Fe(III) reducer was isolated, and 16S rRNA analysis demonstrated that this organism
was most closely related to Pantoea (formerly Enterobacter) agglomerans, a member of the family Enterobacte-
riaceae within the gamma subdivision of the Profeobacteria. This organism, designated strain SP1, can grow by
coupling the oxidation of acetate or H, to the reduction of a variety of electron acceptors, including Fe(III),
Mn(1V), Cr(VI), and the humic substance analog 2,6-anthraquinone disulfonate, but not sulfate. To our
knowledge, this is the first mesophilic facultative anaerobe reported to couple acetate oxidation to dissimilatory

metal reduction.

The decomposition of complex organic matter coupled to
dissimilatory metal reduction is becoming increasingly recog-
nized as an important process in anoxic sedimentary environ-
ments (22, 24, 31), and acetate is generally considered to be
one of the key organic intermediates driving these processes
(21, 23). Although many microorganisms have been shown to
have the capacity to anaerobically reduce Fe(III) (20, 24), only
a limited number of organisms are known to couple acetate
oxidation to Fe(III) reduction. The majority of these are mem-
bers of the family Geobacteriaceae, with Geobacter species pre-
dominating in freshwater sediments and Desulfuromonas spe-
cies predominating in marine environments (9, 10). To date,
the only other mesophilic organisms known to possess this
acetate-oxidizing, Fe(III)-reducing capacity are Geothrix fer-
mentens (20), Geovibrio ferrireducens (5), and the recently de-
scribed organism Ferribacterium limneticum (11), all of which
are obligate anaerobes.

The best-characterized group of facultatively anaerobic
Fe(IIT) reducers are within the genus Shewanella. These or-
ganisms are capable of using a wide variety of electron accep-
tors, including oxygen, but their ability to utilize electron do-
nors is somewhat limited, in that they are unable to use acetate
anaerobically. Recently, facultative organisms within the genus
Aeromonas (16), as well as the species Sulfurospirillum (for-
merly Geospirillum) barnesii (19, 35) and Ferrimonas balaerica
(34), have also been shown to utilize Fe(III) as an anaerobic
electron acceptor, but, like Shewanella species, they are unable
to use acetate as an electron donor.

The well-studied Fe(III) reducers Shewanella alga and
Geobacter metallireducens can also substitute humic substances
and the humic substance analog 2,6-anthraquinone disulfonate
(AQDS) for Fe(III) as the terminal electron acceptor (26).
The capacity to transfer electrons to humic acids and AQDS is
of importance for metal cycling because, once reduced, these
compounds can catalyze the rapid chemical reduction of both
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iron and manganese oxides (27, 37, 38). To date, all of the
acetate-oxidizing AQDS reducers recovered from sediments
have been members of the family Geobacteriaceae (8).

The objective of this study was to enrich for and isolate
microorganisms capable of coupling acetate oxidation to Fe(III)
reduction. In doing so, we discovered a facultative anaerobe,
Pantoea agglomerans strain SP1, which has extensive metabolic
capabilities under anaerobic conditions. It is capable of grow-
ing via the dissimilatory reduction of Fe(III), Mn(1V), AQDS,
and the toxic metal Cr(VI). The ability to utilize diverse elec-
tron acceptors under anaerobic conditions may be more com-
mon than previously recognized in suboxic sedimentary envi-
ronments.

MATERIALS AND METHODS

Source of organisms. Grab samples of nearshore surficial sediments were
collected from Salt Pond, a coastal pond near Woods Hole, Mass. These sedi-
ments served as inocula for enrichment cultures of Fe(III)-reducing bacteria.

Cultivation techniques. Cells were cultivated in serum bottles or Balch tubes
capped with black butyl rubber stoppers and aluminum crimp seals under an N,
atmosphere (2). A bicarbonate-buffered anaerobic medium (42) supplemented
with 10 mM acetate and 40 mM solid Fe(OH); was used for initial enrichment
cultures. Single colonies were obtained using agar shakes (42) with acetate and
soluble Fe(III)-nitrilotriacetic acid [Fe(IIT)-NTA] or Fe(III)-citrate as electron
acceptors. Pure cultures of facultative anaerobes were obtained using aerobic
plating techniques. Colonies were transferred from agar into 25-ml Balch tubes
filled with 10 ml of anaerobic medium (pH 7.2 to 7.4) and incubated at 30°C. The
composition of basal freshwater medium N1 was identical to that described by
Widdel and Bak (42) for sulfate-reducing bacteria, except that sulfate and yeast
extract were omitted. In experiments with acetate as the electron donor, a small
amount of yeast extract (0.001%) was added to the medium to stimulate growth.

Alternative electron acceptors and donors. Growth on alternative electron
acceptors was tested in N1 medium supplemented with 10 mM acetate and one
of the following as the sole electron acceptor: Na,SO, (20 mM), trimethylamine
N-oxide (5 mM), NaNO; (10 mM), fumarate (10 mM), Mn(IV) as 8MnO, (0.3
mM), Co(IIT)-EDTA (10 mM), AQDS (5 mM) (Sigma), Cr(VI) as Na,CrO, (0.1
mM), or U(VI) as uranyl acetate (1 mM), unless otherwise noted. Elemental
sulfur was provided as sublimed flowers (~1%) (Fisher Scientific). Amorphous
Fe(OH); was synthesized by titrating a solution of FeCl; - 6H,O with 10% NaOH
to pH 9.0. Synthetic MnO,, Fe(III)-NTA, and Fe(III)-citrate were prepared as
previously described (17). Co(IIT)-EDTA was synthesized from CoCl, - 6H,O by
peroxide oxidation as previously described (12). With Fe(III)-pyrophosphate (10
mM) as the electron acceptor, the following substrates were tested as electron
donors: propionate (10 mM), butyrate (10 mM), valerate (10 mM), citrate (10
mM), lactate (20 mM), succinate (10 mM), peptone (1%), yeast extract (1%),
and hydrogen. When growth was observed with a given electron acceptor, this
was confirmed by transferring the culture to medium with the same electron
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acceptor (and the corresponding electron donor) and observing growth in three
successive transfers.

Analytical methods. Cell numbers were determined either by direct counting
using 4',6-diamidino-2-phenylindole (DAPI) and epifluorescence microscopy
(32) or by using a Petroff-Hauser counting chamber with phase-contrast micros-
copy. Fe(III) reduction was measured by the ferrozine technique (36). Mn(IV)
was measured using the Leucoberbelin blue colorimetric assay (18). Co(III)-
EDTA reduction was measured visually or by measuring the absorbance at 535
nm as previously described (5). Cr(VI) was measured colorimetrically using
diphenylcarbazide (29). The reduction of AQDS was measured by the increase of
absorbance at 450 nm (26). Sulfide was measured colorimetrically by the meth-
ylene blue method (7). Acetate was measured using a Beckman high-pressure
liquid chromatography (HPLC) system equipped with an Aminex HPX-87U
column (7.8 by 300 mm) and UV detection at 210 nm.

Phylogenetic analysis. Preliminary phenotypic characterization and identifica-
tion of aerobic isolates were performed using the BIOLOG GN system as
recommended by the manufacturer (BIOLOG Inc., Hayward, Calif.). For geno-
typic analysis, DNA was extracted from colonies by boiling lysis and from cul-
tures by using the QIAamp Tissue kit (Qiagen Inc., Chatsworth, Calif.). The
eubacterial primer 27F and the universal primer 1492R were used to PCR
amplify 16S rRNA genes (41), which were subsequently cloned into the TA
cloning vector pCR2.1-TOPO (Invitrogen, San Diego, Calif.). Both strands were
sequenced by automated dye dideoxy terminator sequencing using an Applied
Biosystems 373A automated sequencer. Phylogenetic placement was determined
using the BLAST program (1) and the Ribosomal Database Project (30) web
site.

Nucleotide sequence accession number. The 16S rRNA gene sequence of
strain SP1 has been deposited in GenBank under accession number AF199029.

RESULTS

Enrichment cultures and isolation. Active enrichment cul-
tures were obtained from Salt Pond sediments with solid
Fe(III) as the electron acceptor and acetate as the electron
donor in anaerobic medium. The reduction of iron in these
enrichments was accompanied by the production of a black
magnetic precipitate, presumably magnetite. After three suc-
cessive transfers in liquid medium with acetate and Fe(OH)s,
agar shakes were prepared with soluble Fe(III)-NTA and ac-
etate. From the 10~ dilution, single colonies were transferred
to liquid medium containing acetate and either soluble Fe(III)-
citrate or Fe(III)-pyrophosphate. The purity of the cultures
was assessed by colony morphology and microscopy.

Phylogenetic and phenotypic characterization. To deter-
mine the phylogenetic identity of the anaerobic acetate-oxidiz-
ing, Fe(Ill)-reducing culture, DNA was extracted and 16S
rRNA genes were PCR amplified, cloned, and sequenced. This
analysis revealed that the organism was most closely related
(99.6%; 1,449 nucleotide positions considered) to the faculta-
tive anaerobe P. agglomerans JCM (Japan Collection of Mi-
croorganisms) 1236 (accession no. AB004691), a member of
the family Enterobacteriaceae within the gamma subdivision of
the Proteobacteria. This organism was isolated aerobically on
Luria-Bertani plates, where it formed yellow-pigmented colo-
nies, one of the characteristics that distinguishes certain P.
agglomerans strains from other closely related species. Micro-
scopic examination revealed highly motile, gram-negative,
straight rods. BIOLOG analysis confirmed the identification of
this organism as P. agglomerans and it was designated P. ag-
glomerans strain SP1. Growth of strain SP1 occurred over a
wide range of conditions, including temperature (5 to 40°C),
pH (6.0 to 8.5), and NaCl concentration (0 to 5%); optimal
growth occurred at 30°C, pH 6 to 7.2, and 0.5% NaCl.

Fe(III) and Mn(IV) reduction. Strain SP1 was capable of
using lactate, acetate, and H, as electron donors for dissimi-
latory metal reduction, and the latter two substrates were cho-
sen for more detailed experiments. Hydrogen consistently
yielded the most rapid growth coupled to metal reduction, with
the fastest growth (doubling time, ~3 h) occurring in the pres-
ence of H, and soluble Fe(III)-pyrophosphate (Fig. 1). In
contrast, growth with insoluble Fe(III), as well as Mn(IV),
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FIG. 1. Anaerobic growth of (A) and metal reduction by (B) strain SP1 with
H, as the electron donor and Fe(III)-pyrophosphate (FePO,), Fe(III) hydroxide
(FeOx), or MnO, as the electron acceptor. The results are means and SDs from
duplicate cultures.

yielded much lower growth rates (doubling times, ~9 h).
Mn(IV) was completely reduced during growth, although a
higher yield may have been reached if a higher Mn(IV) con-
centration (>0.3 mM) was provided. During growth on poorly
crystalline Fe(III), only 15 to 20% of the Fe(III) was reduced.

Acetate is generally considered to be the primary electron
donor driving anaerobic respiration in many anoxic environ-
ments (21, 23), but until now there have been no reports of
mesophilic facultative anaerobes coupling the oxidation of ac-
etate to Fe(III) reduction. Strain SP1 was able to couple ace-
tate oxidation to the reduction of several forms of Fe(III),
including three soluble forms [Fe(III)-NTA, Fe(III)-citrate,
and Fe(III)-pyrophosphate] as well as poorly crystalline
Fe(OH);. Soluble Fe(III)-pyrophosphate was used as the elec-
tron acceptor in time course experiments. Fe(IIl) reduction
was always accompanied by an increase in cell numbers (Fig.
2A) as well as acetate consumption (Fig. 2B). Although the
doubling time with soluble Fe(III) and acetate was consider-
ably longer than that with soluble Fe(III) and H, (9 h versus
3 h), acetate oxidation yielded a significant increase in cell
numbers. In these experiments, no growth was ever observed in
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FIG. 2. (A) Anaerobic growth of strain SP1 with acetate as the electron
donor and Fe(I1I)-pyrophosphate as the electron acceptor. (B) Fe(II) production
and acetate consumption during this experiment. The results are means and SDs
from duplicate cultures.

the absence of Fe(III) or an electron donor. With acetate as
the electron donor, no Mn(IV) reduction was observed but
some (slow) reduction of Fe(OH); did occur (data not shown).
Although a black magnetic precipitate was formed in the orig-
inal crude Fe(Ill)-reducing enrichment cultures from Salt
Pond sediments, the pure culture of strain SP1 alone did not
produce detectable magnetic material during growth on solid
amorphous Fe(OH); with H, or acetate under our experimen-
tal conditions.

To examine the stoichiometry of acetate oxidation coupled
to Fe(III) reduction, Fe(II) production was measured during
growth of SP1 with Fe(III)-pyrophosphate and a limiting con-
centration of acetate (5 mM) (data not shown). The ratio of
Fe(II) produced to acetate consumed was approximately 6.0 =
0.1 (mean = standard deviation [SD]; n = 3). This ratio is
similar to those observed with other acetate-oxidizing Fe(III)
reducers (11) and to the theoretical ratio of 8:1 (Fe to acetate)
predicted from the stoichiometry of the reaction (28).

Cr(VI) reduction. The capacity to couple anaerobic growth
to the reduction of chromium(VI) was investigated because, to
date, very few organisms have been definitively shown to use
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FIG. 3. Anaerobic growth of (A) and Cr(VI) reduction by (B) strain SP1 with
acetate or H, as the electron donor and Cr(VI) as the electron acceptor. The
results are means and SDs from duplicate cultures.

this toxic metal as an electron acceptor. SP1 was able to grow
by coupling the oxidation of lactate (data not shown), acetate,
and hydrogen to the reduction of Cr(VI) (Fig. 3A). An initial
Cr(VI) concentration of 0.1 mM was used in these experiments
because growth inhibition started to occur at Cr(VI) concen-
trations higher than this (data not shown). Nevertheless, 0.1
mM Cr(VI) was almost completely reduced over a period of 5
days (Fig. 3B), resulting in the formation of a fine gray pre-
cipitate, presumably Cr(IIT). No significant growth was ob-
served in the absence of Cr(VI) with any of the electron do-
nors, and no growth was observed with Cr(VI) without an
electron donor. As was the case with Fe(III) and Mn(IV)
reduction, the most rapid growth and Cr(VI) reduction oc-
curred with H, as the electron donor, followed by acetate and
lactate.

Other electron acceptors and donors. After it was estab-
lished that SP1 had the capacity for dissimilatory metal reduc-
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FIG. 4. Anaerobic growth of (A) and AQDS reduction by (B) strain SP1 with
acetate or H, as the electron donor and AQDS as the electron acceptor. Re-
duction of AQDS was quantified by the absorbance of anthrahydroquinone
disulfonate produced at 450 nm. The results are means and SDs from duplicate
cultures.

tion, the humic substance analog AQDS was tested as a po-
tential electron acceptor. It has recently been shown that many
Fe(III)-reducing organisms are also capable of reduction of
humic substances and AQDS (8, 26). SP1 grew by coupling
both acetate and hydrogen oxidation to the reduction of
AQDS (Fig. 4), with hydrogen yielding the most rapid and
greatest overall AQDS reduction. In the absence of an electron
donor, no significant growth or AQDS reduction occurred.
SP1 was also able to grow using several other alternative
electron acceptors with acetate as the electron donor, includ-
ing nitrate, Co(III)-EDTA, fumarate, trimethylamine N-oxide,
and elemental sulfur. Sulfate and U(VI) were not used as
electron acceptors by SP1. Electron donors that did not sup-
port growth coupled to Fe(IIl) reduction were propionate,
butyrate, valerate, succinate, peptone, yeast extract, and ci-
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trate. Citrate was tested as a potential electron donor because
commercial Fe(IlI)-pyrophosphate may also contain citrate as
a chelating agent (4). No fermentative growth was observed
with peptone or yeast extract under anaerobic conditions.

DISCUSSION

Strain SP1 has the ability to couple the oxidation of both
acetate and hydrogen to the dissimilatory reduction of Fe(III)
as well as many other electron acceptors. Acetate and H, have
been suggested to be the two major extracellular intermediates
in the oxidation of fermentable organics in Fe(III)-reducing
sediments (10, 21, 23, 25). In addition, the capacity to utilize
acetate may provide a competitive advantage over H, oxidizers
like Shewanella and Desulfovibrio species (10, 21, 23). To our
knowledge, SP1 is the first mesophilic facultative anaerobe
reported to couple acetate oxidation to Fe(III) reduction. Al-
though a small amount of yeast extract was used to stimulate
growth of SP1 with acetate as the electron donor, yeast extract
alone could not be used as a growth substrate or electron
donor.

Depending on the electron donor as well as the Fe(III)
source (soluble or solid), significant differences in anaerobic
growth were observed. As has been reported previously for
other Fe(III) reducers (21), growth was considerably faster
with soluble forms of Fe(III). However, unlike some Fe(III)
reducers (8, 10, 20), this organism was able to use all three
soluble Fe(III) sources [Fe(III)-NTA, Fe(Il)-citrate, and
Fe(III)-pyrophosphate]. Although growth of SP1 was slower
with poorly crystalline Fe(III) hydroxide, the capacity to utilize
solid forms of Fe(III) is important because these are the forms
most often encountered in sediments (22, 31, 33). The fact that
the original enrichment cultures with acetate and Fe(OH),
produced magnetic material, while SP1 alone did not, suggests
that another organism or a combination of organisms may have
been responsible for the formation of this material. Alterna-
tively, it is also possible that the chemical conditions within the
enrichment cultures (e.g., pH) favored the formation of mag-
netic material (3), relative to the conditions within the pure
culture alone. The findings that growth with solid Fe(OH); was
most rapid with H, as the electron donor and that solid MnO,
reduction occurred only with H, as the electron donor indicate
that H, is the most effective electron donor for the reduction of
solid forms of metals by SP1. This may be due to the greater
amount of energy (lower E,’) available with H,, relative to
acetate, as the electron donor, or perhaps acetate uptake is less
efficient than H, uptake.

In contrast to Fe(III) and Mn(IV), Cr(VI) is a soluble and
highly toxic metal which can be reduced to the more insoluble
and less toxic Cr(III) form. Although a variety of organisms
have been shown to reduce Cr(VI), both aerobically and
anaerobically (6, 22), few studies have clearly demonstrated
the capacity to couple anaerobic growth to this process. Enter-
obacter cloacae HO1, which is also a member of the family
Enterobacteriaceae, has been shown to reduce Cr(VI) under
anaerobic conditions (40). However, it is unclear whether this
organism actually uses Cr(VI) as an electron acceptor for
growth, because it can grow anaerobically in the absence of
added Cr(VI) with several of the potential electron donors and
no evidence for Cr(VI)-dependent growth was presented (22).
Recently, the sulfate-reducing organism Desulfotomaculum re-
ducens MI-1 has been shown to have the unique capacity to
couple anaerobic growth to the reduction of a variety of met-
als, including Cr(VI), although the mechanism has not yet
been elucidated (39).

In the present study, P. agglomerans SP1 was shown to cou-
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ple anaerobic growth to the reduction of Cr(VI) with acetate,
hydrogen, and lactate as electron donors. Growth appeared to
be Cr(VI) dependent, since no growth was observed with elec-
tron donors alone, even with the fermentable substrate lactate.
In addition, the decrease in cell numbers after the Cr(VI) was
completely reduced suggests that growth was dependent on the
availability of this electron acceptor. The capacity to reduc-
tively precipitate Cr(VI) during anaerobic respiration may be
an important mechanism for the natural attenuation of Cr(VI)
toxicity in contaminated sediments.

SP1 was assayed for the capacity to use the humic substance
analog AQDS as an electron acceptor because, to date, all of
the AQDS reducers isolated from sediments have been mem-
bers of the family Geobacteriaceae (8). All of those organisms
were also capable of reducing both humic acids and Fe(III)-
citrate. In the case of SP1, hydrogen and acetate both yielded
rapid growth coupled to AQDS reduction, which suggests that
SP1 may be the one of the first organisms cultivated from
sediments, outside the family Geobacteriaceae, reported to
grow via AQDS reduction. The capacity to utilize actual humic
substances as electron acceptors was not explored, but like the
strictly anaerobic humic substance reducers isolated by Coates
et al. (8), SP1 has the capacity to couple growth to the reduc-
tion of AQDS as well as Fe(III).

P. agglomerans is a member of the family Enterobacteriaceae,
which, in addition to the coliform bacteria of the genera Esch-
erichia, Salmonella, and Shigella, includes the closely related
genera Erwinia, Serratia, Klebsiella, Enterobacter, and Pantoea,
which generally occupy different ecological niches (15). While
coliform bacteria inhabit the intestinal tracts of humans or
other vertebrates, members of the latter group of bacteria are
found primarily in soil, water, plants, insects, and occasionally
humans.

P. agglomerans is considered ubiquitous in the environment
(14), perhaps most frequently found associated with soils, wa-
ters, and plants (13). Although these organisms are facultative
anaerobes, known to grow anaerobically by fermentation, they
have not been studied extensively in terms of other potential
modes of anaerobic growth. Our results suggest that SP1-like
organisms have a wide range of anaerobic capabilities, includ-
ing the ability to grow via the dissimilatory reduction of a
variety of electron acceptors, which could provide a selective
advantage in suboxic sedimentary environments. This study not
only adds to the growing list of organisms involved in metal
reduction (and acetate oxidation) but also suggests that a
closer examination of the anaerobic metabolic diversity of pre-
viously characterized groups of organisms may be necessary.
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