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Anaeromyxobacter dehalogenans strain 2CP-C has been shown to grow by coupling the oxidation of acetate to
the reduction of ortho-substituted halophenols, oxygen, nitrate, nitrite, or fumarate. In this study, strain 2CP-C
was also found to grow by coupling Fe(IIl) reduction to the oxidation of acetate, making it one of the few
isolates capable of growth by both metal reduction and chlororespiration. Doubling times for growth of 9.2 and
10.2 h were determined for Fe(III) and 2-chlorophenol reduction, respectively. These were determined by using
the rate of ['*C]acetate uptake into biomass. Fe(IlI) compounds used by strain 2CP-C include ferric citrate,
ferric pyrophosphate, and amorphous ferric oxyhydroxide. The addition of the humic acid analog anthraqui-
none 2,6-disulfonate (AQDS) increased the reduction rate of amorphous ferric iron oxide, suggesting AQDS
was used as an electron shuttle by strain 2CP-C. The addition of chloramphenicol to fumarate-grown cells did
not inhibit Fe(IIl) reduction, indicating that the latter activity is constitutive. In contrast, the addition of
chloramphenicol inhibited dechlorination activity, indicating that chlororespiration is inducible. The presence
of insoluble Fe(III) oxyhydroxide did not significantly affect dechlorination, whereas the presence of soluble
ferric pyrophosphate inhibited dechlorination. With its ability to respire chlorinated organic compounds and
metals such as Fe(IIl), strain 2CP-C is a promising model organism for the study of the interaction of these
potentially competing processes in contaminated environments.

Halogenated organic compounds are often recalcitrant and
toxic and represent an important class of environmental
pollutants (11, 47). Reductive dehalogenation has been con-
sidered an important process for the bioremediation of con-
taminated anaerobic environments containing halogenated
compounds (11, 15, 16, 20, 29). Since other alternative electron
acceptors are almost always present in the environment with
halogenated compounds, potential competing microbial pro-
cesses should be taken into consideration when chlororespiring
bacteria are used for bioremediation. For example, the influ-
ence of sulfur and nitrogen oxyanions on dehalogenation has
been investigated extensively (8, 13, 41, 42, 46). In contrast, the
influence of Fe(III) reduction on reductive dehalogenation has
not been thoroughly investigated (23), even though ferric iron
is by mass the most important alternative electron acceptor in
anaerobic soil and sediment environments (4, 44). Only en-
richment culture studies have been done that have shown that
dehalogenation does occur when ferric iron is present (18, 30);
however, these studies have not established a link between the
two processes.

The difficulty in studying the influences of ferric iron and
halogenated compounds on microbial physiology is due in part
to the lack of pure cultures capable of both halorespiration and
dissimilatory Fe(III) reduction. Both halorespiring (chlorido-
genic) microorganisms and dissimilatory Fe(III) reducers are
widely distributed in various environments and among differ-
ent phylogenetic groups (10, 11, 22, 23, 29). Very few isolates,
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however, have been reported to reduce both halogenated com-
pounds and ferric iron as electron acceptors (19, 35, 37, 45).
Among these chloridogenic isolates, only Desulfuromonas
michiganensis (45), Desulfitobacterium dehalogenans, and De-
sulfitobacterium chlororespirans (35) were reported to actually
grow via Fe(III) reduction. The present study presents evi-
dence that the halorespiring Anaeromyxobacter dehalogenans
strain 2CP-C is also capable of coupling growth to both dis-
similatory Fe(III) reduction and reductive dechlorination. This
organism is the first myxobacterium found to be capable of
anaerobic respiration, most significantly with the ability to rap-
idly dehalogenate ortho-substituted halophenols (3, 41). Previ-
ously, strain 2CP-C had also been shown to couple acetate
oxidation to the reduction of several other electron acceptors
such as oxygen, nitrate, nitrite, and fumarate, making it a
promising model organism for studying potential interferences
between competing substrates that might be important in
bioremediation (41). In order to obtain a better understanding
of how an organism adapts when both Fe(III) and halogenated
compounds are present as electron acceptors, physiological
studies were conducted to characterize Fe(III) reduction by
strain 2CP-C and the impact of Fe(III) reduction on chloro-
respiration.

MATERIALS AND METHODS

Bacterial strain and culture conditions. A. dehalogenans strain 2CP-C (ATCC
BAA-259) was routinely grown in 160-ml serum bottles with 100 ml of degassed
mineral salts medium or in 30-ml anaerobic culture tubes with 20 ml of medium
and closed with butyl rubber stoppers and aluminum seals. The mineral salts
medium was prepared and handled as previously described (41). Cultures were
incubated in the dark at 30°C under anaerobic conditions (100% N, gas head-
space). For routine cultivation, acetate (2 mM) was added as an electron donor
and fumarate (5 mM) was added as the electron acceptor. The culture was
maintained by transferring 1% (vol/vol) inoculum to fresh medium after fuma-
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rate was depleted and growth had ceased. Strict anaerobic techniques were used
throughout all of the experimental manipulations.

In experiments testing Fe(III) reduction, cultures were started in 30-ml an-
aerobic culture tubes or as otherwise stated. A 1% (vol/vol) inoculum of fuma-
rate-grown culture was added to 20-ml anaerobic medium with acetate as the
electron donor and one of the following Fe(IIT) compounds as electron acceptor:
ferric citrate (4 mM), ferric pyrophosphate (1.5 mM), or amorphous Fe(III)
oxyhydroxide (4 mM). Amorphous Fe(III) oxyhydroxide was prepared as previ-
ously described (25). A concentration of 130 uM anthraquinone 2,6-disulfonate
(AQDS) was used if added. Controls were prepared without the addition of
electron donor or cells.

Monitoring of growth via [**C]acetate assimilation. Cultures were initiated by
transferring a 1% (vol/vol) inoculum to 100-ml mineral salts medium from
fumarate-grown cultures. Methyl-labeled ['*Clacetate was added together with
nonlabeled acetate to a total concentration of 1 mM as the only electron donor
and carbon source from degassed sterile stock solutions. The final specific activ-
ities of the acetate in the media were 2 X 10® dpm (90.1 pCi) and 3.6 X 107 dpm
(16.2 w.Ci) per mmol of acetate for experiments with 2-chlorophenol (2-CP) and
Fe(III), respectively. Ferric citrate (3 mM) or 2-CP (150 pM) was added as an
electron acceptor to the culture. Control cultures were established by omitting
either electron acceptor or biomass.

Samples were taken periodically for the analysis of “C assimilation into
biomass, acetate, Fe(IT), and/or phenol. The [**Clacetate assimilated into cells
was quantified by taking 0.5 ml of culture suspension and filtering it through a
Millipore 0.2-wm (pore-size) cellulose membrane filter. The filter was rinsed with
20 ml of distilled deionized water and then placed in a scintillation vial with 5 ml
of a biodegradable scintillation cocktail. After the filter dissolved, the '*C radio-
activity associated with it was determined by scintillation counting. Because
acetate was the sole carbon source added into the medium, the amount of
[*#C]acetate assimilated is a direct measure of cell yield, and the rate of assim-
ilation is a direct measure of growth rate.

To convert the [**Clacetate assimilated as disintegrations per minute/milliliter
to total cell mass synthesized as milligrams/liter, the empirical formula for bio-
mass of CsH;O,N was used (40). Based on the balance of electron equivalents,
the stoichiometry for cell synthesis was 0.40 mmol of cell mass per mmol of
acetate assimilated when acetate was used as the electron donor and carbon
source (40).

CH;COO™ + H" + 0.4 NH; — 0.4 C;H,O,N + 1.2 H,0

Thus, the cell synthesis during Fe(III) reduction was calculated as follows:

. mg
cell concentration | -— | =
liter

L dpm 0.4 mmol of cells 113 mg of cells
14C assimilated | ——

ml mmol of acetate mmol of cells
[ liter ] [ 2.8 X 10° dpm ]

1,000 ml X mmol of acetate
Doubling times of strain 2CP-C growing by Fe(III) reduction and chlorido-
genesis were determined from the increase in '*C-labeled cell mass during
log-phase growth.

Analytical methods. 2-CP and other phenolic compounds were analyzed on a
Hewlett-Packard 1090 high-pressure liquid chromatography (HPLC) apparatus
with a Chemstation analysis software package and a Bio-Rad Hi-Pore reversed-
phase column as previously described (41). Peaks were quantified at 218 nm, and
concentrations were determined by using known standards. Samples (1 ml) from
the cultures were made basic with 10 pl of 2 N sodium hydroxide and filtered
through 0.20-pm filters prior to HPLC analysis. Acetate and other volatile fatty
acids were analyzed as previously described (41) by using a Waters HPLC
apparatus with a Bio-Rad Aminex HPX-87H ion exclusion column heated to
60°C with 0.005 N sulfuric acid as the eluent. Fe(II) in the samples was analyzed
by using the HCI extraction ferrozine assay as previously described (26, 27).

Determination of f, and f, values. The f_ value is the fraction of electrons from
the electron donor used for energy and accounted for by electron acceptor
reduction (5, 31), and f is the fraction of electrons from the electron donor
incorporated into biomass. Since acetate is both the energy source and the
carbon source, all of the electrons assimilated into cell mass and used for
electron acceptor reduction are derived from acetate. Electrons from acetate
were calculated as electron equivalents generated in the complete oxidation to
CO, (8¢ /acetate).

f. was determined graphically by plotting the total electron equivalents con-
sumed (acetate) versus the electron equivalents required for the reduction of
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FIG. 1. Coupling of growth of strain 2CP-C to Fe(III) reduction.
(A) Increase in biomass concentration derived from [**Clacetate in-
corporated into new cells. (B) Coincidental reduction of Fe(III) citrate
and acetate oxidation during growth. Data are averaged from duplicate
cultures, with error bars showing the standard deviation. The inset plot
shows the doubling time of cells during exponential growth.

electron acceptor (ferric iron or 2-CP). The value of f, was then derived from the
slope of the regression line. Similarly, f; was determined by plotting electron
equivalents of acetate assimilated into cell mass against the total electron equiv-
alents released as acetate consumed. The slope of the regression line then
indicates the f; value. The stoichiometry of cell biosynthesis associated with
substrate utilization was calculated from the electron balance (40).

Impact of alternative electron acceptors on chloridogenesis and Fe(III) re-
duction. Since Fe(IIT) could be an important electron acceptor in anoxic envi-
ronments contaminated with chlorinated compounds, the impact of Fe(III) on
reductive dechlorination was investigated. 2-CP (130 wM) was added, together
with 4 mM amorphous Fe(III) oxyhydroxide or 1.8 mM ferric pyrophosphate.
Cultures were started with a 1% inoculum from a fumarate-grown culture. Both
dechlorination and Fe(III) reduction were monitored.

Inhibition study by chloramphenicol. To determine whether Fe(III) or 2-CP
reduction activities were constitutive, the protein synthesis inhibitor chloram-
phenicol was used (36). An anaerobic sterile stock solution of chloramphenicol
in ethanol (50 mM) was prepared by filtering through a 0.2-pm (pore-size) filter.
Noninduced dense cultures (20 ml) were pregrown to late log phase on 5 mM
fumarate with excess acetate in 30-ml anaerobic tubes. Rates of dechlorination
or Fe(IIT) reduction were measured after the addition of 150 uM 2,6-dichloro-
phenol (2,6-DCP) or 0.5 mM ferric pyrophosphate to cultures with or without
chloramphenicol (300 pM). The cell concentration after the addition of substrate
remained constant, as indicated by an optical density measured at 600 nm of 0.12.

Chemicals. 2-CP, 2,6-DCP, ferric citrate, ferric pyrophosphate, AQDS, and
chloramphenicol were obtained from Sigma-Aldrich, St. Louis, Mo.

RESULTS

Anoxic growth coupled to Fe(III) and CP reduction. A. de-
halogenans strain 2CP-C grew by using Fe(III) reduction as the
increase in '*C-labeled biomass was coincident with increase in
ferrous iron [Fe(II)] and acetate consumption (Fig. 1). No
intermediate products were detected in the medium during
acetate oxidation, and citrate was not used as an electron
donor in controls without added acetate (data not shown).
Similarly, [**CJacetate uptake into biomass increased with the
simultaneous dechlorination of 2-CP (Fig. 2). The sensitivity of
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FIG. 2. Coupling of cell growth to 2-CP dechlorination and co-
incidental appearance of phenol. Cell concentration is derived from
[**CJacetate incorporated into biomass. Data are averaged from du-
plicate cultures, with error bars showing the standard deviation. The
inset plot shows doubling time of cells during exponential growth.

[**Clacetate assimilation allowed the accurate detection of
small incremental increases in biomass in cultures with no
visible cell yields. This was particularly useful with cultures
grown on 2-CP, since no visible growth was observed.

Doubling times of 9.2 and 10.2 h were measured for growth
coupled to Fe(III) reduction and chloridogenesis, respectively.
Graphically, f, and f, were determined for ferric iron reduction
(f. = 0.80 and f, = 0.22) and chlororespiration (f. = 0.66 and
f, = 0.34) (Fig. 3). All of the electrons from the electron donor
were accounted for (f. + f, = 1). The results of a second
experiment without [**Clacetate verified the electron balance
obtained for iron-reducing conditions with a calculated f_. of
0.78 (data not shown). The complete stoichiometry of Fe(I1I)
reduction coupled to growth can be determined from the elec-
tron balance (40). Using CsH,O,N as the empirical formula
for cell mass, the following stoichiometry was obtained:

CH;COO™ + 6.4 Fe(Il) + 0.08 NH; + 2.28
H,0 — 0.08 CsH,0,N + 6.4 Fe(Il) + 6.4 H*
+0.68 CO,+ 0.92 HCO;

The stoichiometry for chloridogenesis from 2-CP was:

CH;COO" + 2.64 C4HsCIO + 0.136 NH; + 1.776
H,0 — 0.136 CsH,O,N + 2.64 C.HO + 2.64 Cl™
+ 2.64 H* + 0.456 CO, + 0.864 HCO5

From these reactions, the growth yields were calculated as 9.0
and 15.4 g of cells per mol of acetate for Fe(III) and 2-CP
reduction, respectively.

Reduction of amorphous Fe(III) oxyhydroxide. Amorphous
Fe(IIT) oxyhydroxide is one of the more abundant forms of
ferric iron oxide in nature (44), and thus it was important to
test strain 2CP-C’s ability to grow with this compound as an
electron acceptor. Amorphous Fe(III) oxyhydroxide was re-
duced rapidly at the expense of acetate oxidation (Fig. 4A).
Abiotic reduction of Fe(III) did not occur in controls without
cells or added electron donor. In all experiments with amor-
phous ferric oxyhydroxide, acetate concentrations decreased
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except in the control (data not shown). This indicated that
acetate oxidation was linked to Fe(III) reduction.

Humic acids are directly involved in both oxidation and re-
duction of iron in the environment, essentially acting as elec-
tron shuttles. The humic acid analog AQDS was tested as a
potential electron shuttle between strain 2CP-C and amor-
phous Fe(IIT) oxyhydroxide. In the presence of 130 nM AQDS, a
significant increase in the Fe(III) reduction rates were ob-
served, suggesting that in the absence of an electron shuttle the
reaction rate was limited by the availability of Fe(Ill) (Fig.
4A). In comparison, the rate of ferric citrate reduction was not
significantly altered by the presence of AQDS (Fig. 4B), indi-
cating that this soluble form of Fe(III) was not limiting and
could freely diffuse to the cell surface.

Interactions between Fe(III) reduction and chlororespira-
tion. The influence of Fe(III) reduction on reductive dechlo-
rination was tested by using both soluble and insoluble Fe(I1I)
forms. The presence of soluble ferric pyrophosphate inhibited
initial dechlorination of 2-CP, whereas the presence of amor-
phous Fe(III) oxyhydroxide only slightly delayed dechlori-
nation of 2-CP (Fig. 5 and 6). In the latter case, amorphous
Fe(III) oxyhydroxide reduction and dechlorination occurred
simultaneously. In contrast, rapid dechlorination occurred only
after complete reduction of Fe(III) pyrophosphate, suggesting
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FIG. 3. Graphical determination of f, and f; for strain 2CP-C in
Fe(III) citrate-reducing culture (A) and 2-CP respiring cells (B), as
indicated by the slope of the regression line. Reducing equivalents
from acetate are plotted as electron equivalents ([H]) generated in the
complete oxidation to CO,. Reducing equivalents for energy formation
are plotted as [H] consumed in the reduction of Fe(III) to Fe(II) or
2-CP to phenol. Reducing equivalents for biosynthesis are also plotted
as [H] incorporated into biomass. The data are averaged from dupli-
cate cultures, with error bars showing the standard deviation.
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FIG. 4. Reduction of ferric iron by strain 2-CPC in the presence or
absence of AQDS. The reduction of amorphous Fe(III) oxyhydroxide
(4 mM) (A) and the reduction of ferric citrate (B) are indicated by the
increase in ferric iron concentration. The results are averages of du-
plicate cultures, with error bars showing the standard deviation. The
absence of a bar indicates that the standard deviation was smaller than
the symbol. Control A contained iron, acetate, and AQDS, but not
biomass; control B contained iron, AQDS, and biomass, but no ace-
tate.

that dechlorination was inhibited by the presence of soluble
Fe(I1I) species but not the presence of insoluble Fe(III) spe-
cies. The reduction of both soluble and insoluble Fe(III) spe-
cies were not affected by the presence of 2-CP (Fig. 6).
Effect of chloramphenicol on Fe(III) reduction and dechlo-
rination. The ability of strain 2CP-C to constitutively reduce
Fe(IIT) and dechlorinate 2-CP was tested by adding chloram-
phenicol to dense fumarate-grown cultures. Chloramphenicol
was used as an inhibitor of de novo protein biosynthesis. Thus,
a nonconstitutive activity would be much lower in the presence
of chloramphenicol than in its absence. Fe(III) reduction ac-
tivity appeared to be constitutive since the background reduc-
tion rate was identical to the reduction rate in the absence of
chloramphenicol. Iron reduction was also immediate in ni-
trate-grown cultures, which confirmed the constitutive nature
of this activity. In contrast, results showed that dechlorination
of 2,6-DCP was induced, since the background dechlorination
rate was much lower than the rate without chloramphenicol

(Fig. 7).

DISCUSSION

A. dehalogenans is shown to couple growth directly to dis-
similatory reduction of ferric iron, adding to the increasing list
of such organisms isolated from the environment. In contrast
to previous studies with Fe(III)-reducing bacteria, growth rates
were measured by using the rate of '*C assimilation from
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radiolabeled acetate. This made it easy to compare the mea-
sured growth rates with those obtained when growing A. de-
halogenans under chlororespiring conditions with 2-CP. Previ-
ous studies have relied primarily on direct microscopic cell
counts for monitoring the growth of dissimilatory Fe(III)-re-
ducing and halorespiring microorganisms (6, 12, 27, 33). The
successful use of direct counts is limited, the quantification of
biomass is not very precise (28), and it requires a fairly high
concentration of cells. Our experiments demonstrate that **C
assimilation is an accurate, sensitive, and more quantitative
method for measuring growth rates, particularly when low sub-
strate concentrations are used. Growth experiments in the
present study were conducted with very low initial and final
biomass concentrations, with virtually no detectable turbidity,
and yet the assimilation of '*C into biomass made it easy to
quantitatively measure growth even though there was no visi-
ble change in cell density. The need to use low substrate con-
ditions may be particularly relevant when studying microbial
growth and behavior under normal environmental conditions.
For example, since halogenated compounds are toxic, only low
concentrations of 2-CP (150 wM) are added to the A. dehalo-
genans culture, thus yielding only a small increase in cell mass.

In addition to measuring the growth rates under both iron-
reducing and chloridogenic conditions, a complete electron
balance for each respiratory process was obtained. With
Fe(III) reduction, the electron balance had not been previ-
ously reported since the widely used method of direct cell
count does not accurately quantify biomass increase. Under
Fe(IlI)-reducing conditions, an f. and f; of 0.80 and 0.22,
respectively, are quantitatively established for strain 2CP-C.
The calculated growth yield of 1.4 g of cells per mol of Fe(III)
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FIG. 5. Dechlorination of 2-CP in the presence of ferric pyrophos-
phate (A) and amorphous Fe(III) oxyhydroxide (B). The results are
the averages of duplicate cultures, with error bars indicating the stan-
dard deviation.
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FIG. 6. Influence of 2-CP on Fe(III) reduction, as shown by in-
crease in ferrous iron, Fe(Il) (A), and influence of Fe(III) on 2-CP
dechlorination, as indicated by the disappearance of 2-CP (B). Ferric
compounds tested are Fe(III) pyrophosphate or amorphous Fe(III)
oxihydroxide. The data are averages of duplicate cultures.

reduced is higher than the yield of 0.56 g of cells per mol of
Fe(III) reduced reported for Geobacter metallireducens strain
GS-15 but lower than the yields of 4.8 to 19.6 g cells per mol of
Fe(III) reported for Shewanella putrefaciens strain MR-1 (2,
32). In the case of Shewanella, growth yields for Fe(III) reduc-
tion were also found to be dependent on the growth condi-
tions used (32). From our study it is not clear whether the
growth conditions used for culturing A. dehalogenans will im-
pact growth yields obtained during dissimilatory Fe(III) reduc-
tion, and this warrants further investigation.

One interesting aspect of the electron balance measure-
ments is the unexpected higher cell yield from chloridogenesis
compared to ferric iron reduction, with f; values of 0.34 versus
0.22, respectively. The f_ value of 0.66 measured for respiration
of 2-CP by A. dehalogenans is consistent with the values report-
ed in other studies (21, 41), suggesting a fundamental physio-
logical difference between the two processes. Despite the ap-
parent higher energy released from Fe(III) reduction inferred
from redox potentials at neutral pH (the E, is 0.77 V for
Fe*"/Fe** and 0.40 V for 2-CP/phenol) (9, 28), strain 2CP-C
appears to be less efficient in coupling biosynthesis to Fe(III)
reduction than to reductive dechlorination. A consequence of
the lower growth yield (f,) and slightly faster growth rate under
Fe(III)-reducing conditions is a higher substrate turnover rate
than that obtained with chlororespiration by strain A. dehalo-
genans.

The ability of strain 2CP-C to reduce amorphous Fe(III)
oxyhydroxide has practical implications since amorphous Fe(I1I)
oxyhydroxide is considered one of the most common ferric iron
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oxides in nature and not all Fe(III) reducers are capable of
reducing the poorly soluble amorphous Fe(IIT) oxyhydroxide.
The ability of strain 2CP-C to reduce amorphous Fe(III) oxy-
hydroxide suggests it could have a potential ecological role in
iron cycling in natural environments. Recently, Petrie et al. (L.
Petrie, N. N. North, S. L. Dollhopf, D. L. Balkwill, and J. E.
Kostka, submitted for publication) showed that this appears to
be the case. Based on 16S ribosomal DNA sequences of most-
probable-number analysis, these authors determined that
Anaeromyxobacter species were the predominant ferric iron-
reducing organisms in contaminated groundwater sediments.
Also, as with the Geobacteriaceae, the reduction of amorphous
Fe(III) oxyhydroxide by strain 2CP-C was accelerated by the
presence of a very low concentration of AQDS (24). The role
of the humic acid analog AQDS as an electron shuttle has been
demonstrated previously and thought to provide a strategy for
Fe(III) reducers to access insoluble Fe(III) compounds (24).
The ability to employ this strategy suggests strain 2CP-C is well
suited to the lifestyle of Fe(III) reduction in natural environ-
ments, where natural electron shuttles may be present.

The importance of Fe(IIl) respiration for strain 2CP-C is
further supported by its constitutive nature (Fig. 7). Both con-
stitutive and inducible Fe(III) reduction activities have been
found in several dissimilatory Fe(IIT)-reducing bacteria; how-
ever, no consistent pattern of regulation has been reported
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FIG. 7. Effect of chloramphenicol on the reduction of 2,6-DCP (A)
and Fe(III) pyrophosphate (B). Reductive dechlorination was moni-
tored as the depletion of 2,6-DCP, and reduction of Fe(III) was indi-
cated by the increase in Fe(II) concentration. Noninduced resting cells
were obtained by growing strain 2CP-C on fumarate and acetate.
Cultures were fed 150 wM 2,6-DCP or 0.5 mM Fe(III) pyrophosphate
to test or induce activity. In addition, inhibited cultures were amended
with 300 wM chloramphenicol. The data are averaged from triplicate
cultures, with error bars showing the standard deviation.
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(1, 17, 34). Nevertheless, its constitutive ability to grow
using Fe(III) reduction allows this strain to grow readily in
anaerobic environments where Fe(III) is available. This may
also explain the observation that strain 2CP-C grows slightly
faster with Fe(III) than with 2-CP, a substrate that requires
induction (14), as an electron acceptor.

Another trait of strain 2CP-C that might also contribute to
its adaptation to Fe(III) respiration is its ability to grow mi-
croaerophilically (41). With the ability to live at the oxic-anoxic
interface, strain 2CP-C would be able to thrive in an environ-
ment where iron cycling is considered to be significant. The
gliding motility found in myxobacteria and A. dehalogenans
could also potentially aid their ability to maneuver in this zone
and to contact the Fe(III) oxide surfaces.

The ability of A. dehalogenans to grow by both ferric iron
reduction and chloridogenesis makes it one of the few isolates
reported able to do so (19, 35, 45). Notably, in our experiments
reductive dechlorination and reduction of amorphous Fe(III)
oxyhydroxide occur simultaneously (Fig. 5), indicating dechlo-
rination would not be inhibited by the Fe(III) in natural en-
vironments. Admittedly, this greatly depends on the form of
Fe(III) present, since ferric pyrophosphate does inhibit de-
chlorination until iron reduction is complete. The ability to
express both types of activities is desirable for bioremediation
of contaminated sites, since Fe(III) and other competing elec-
tron acceptors are commonly found where halogenated com-
pounds occur.

A. dehalogenans strain 2CP-C is the first member of myxo-
bacteria capable of anaerobic growth (41) and now is the first
strain shown to grow by reducing Fe(III). The discovery of
Fe(III)-reducing myxobacteria, however, is not completely un-
expected since the 16S rRNA-based phylogeny groups them
within the §-subdivision of the Proteobacteria (7, 38, 39). This
group contains many organisms capable of Fe(III) reduction,
such as the Geobacteriaceae. It is also not surprising since it has
been suggested that aerobic myxobacteria probably represent
adaptations of ancestral anaerobic populations to oxygenic en-
vironments (22, 43, 48).

The discovery of Fe(III)-reducing myxobacteria also gives
some insights into the common observation that phenotype
and phylogeny often appear to disagree. One proposed expla-
nation of this observation is that microorganisms are usually
studied from different perspectives and that one phenotypic
characteristic studied in detail in one organism may never be
investigated in another (48). This was truly the case with
A. dehalogenans strains until the present study, which were
isolated for their ability to respire chlorinated aromatic
compounds (41). The physiological trait of Fe(III) reduction
provides a unifying phenotype between myxobacteria and oth-
er anaerobic branches of 8-Proteobacteria. Indeed, it is possible
that some of the well-characterized aerobic myxobacteria may
also be capable of anaerobic respiration.

With the flexibility to respire a broad range of electron ac-
ceptors, A. dehalogenans or other Anaeromyxobacter strains are
promising model organisms for studying the competition be-
tween chlororespiration and other respiratory processes [e.g.,
Fe(III) reduction], which may be encountered in contaminated
or even natural settings. Basic research in this area could
potentially lead to strategies that could be used to bioremedi-
ate sites with mixed organic and metal contaminants.
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