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As part of a study to elucidate the environmental parameters that control microbial perchlorate respiration,
we investigated the reduction of perchlorate by the dissimilatory perchlorate reducer Dechlorosoma suillum
under a diverse set of environmental conditions. Our results demonstrated that perchlorate reduction by D.
suillum only occurred under anaerobic conditions in the presence of perchlorate and was dependent on the
presence of molybdenum. Perchlorate reduction was dependent on the presence of the enzyme chlorite
dismutase, which was induced during metabolism of perchlorate. Anaerobic conditions alone were not enough
to induce expression of this enzyme. Dissolved oxygen concentrations less than 2 mg liter ™' were enough to
inhibit perchlorate reduction by D. suillum. Similarly to oxygen, nitrate also regulated chlorite dismutase
expression and repressed perchlorate reduction by D. suillum. Perchlorate-grown cultures of D. suillum
preferentially reduced nitrate in media with equimolar amounts of perchlorate and nitrate. In contrast, an
extended (40 h) lag phase was observed if a similar nitrate-perchlorate medium was inoculated with a
nitrate-grown culture. Perchlorate reduction commenced only when nitrate was completely removed in either
of these experiments. In contrast to D. suillum, nitrate had no inhibitory effects on perchlorate reduction by the
perchlorate reducer Dechloromonas agitata strain CKB. Nitrate was reduced to nitrite concomitant with
perchlorate reduction to chloride. These studies demonstrate that microbial respiration of perchlorate is
significantly affected by environmental conditions and perchlorate reduction is directly dependent on bioavail-
able molybdenum and the presence or absence of competing electron acceptors. A microbial treatment strategy
can achieve and maintain perchlorate concentrations below the recommended regulatory level, but only in

environments in which the variables described above can be controlled.

Environmental contamination with oxyanions of chlorine,
especially perchlorate (ClO, ), has recently been recognized
as posing a significant health threat (39; Environmental Pro-
tection Agency [EPA], wysiwyg://2/http://www.epa.gov/ncea/
perch.htm). In general, chlorine oxyanions in the environment
result from anthropogenic sources, including disinfectants,
bleaching agents, and herbicides (2, 15, 35), as well as muni-
tions (38). Although all chlorine oxyanions are toxic to various
extents, recent attention has focused on environmental con-
tamination with perchlorate, which is extensively used by the
munitions industry and the defense department as a major
component of explosives and rocket fuels (38, 39). Prior to
1997, perchlorate was an unregulated compound; however, the
recent discovery of perchlorate contamination in drinking wa-
ter resources throughout the United States, especially in the
southwestern states of Nevada, Utah, and California (31),
prompted the California Department of Health Services
(DHS) together with the California EPA to establish a provi-
sional action level for perchlorate of 18 ug liter ! in 1997. This
recommended action level was subsequently increased by the
U.S. EPA to 32 pg liter™!, with a final action level to be
determined based on the findings of ongoing toxicological
studies (30). In January 2002, as a result of the publication of
the first draft of the EPA review on toxicological and risk
characterization data associated with perchlorate contamina-
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tion, the California DHS revised and lowered its original pro-
visional action level to 4 pg liter ™' (http://www.dhs.ca.gov/ps/
ddwem/chemicals/perchl/actionlevel.htm), which is at the
limits of detection according to current technologies (42).
Because of its unique chemical stability under environmen-
tal conditions and its high solubility (39), microbial reduction
of perchlorate was identified as the most feasible method of
remediation of contaminated environments (39). However, un-
til recently, very little was known about the diversity or ubiquity
of microorganisms that can grow by dissimilatory chlorate or
perchlorate respiration (39). Although microbial reduction of
chlorate has been known for more than 70 years (4), this
metabolism was associated with nitrate-respiring organisms,
and chlorate was assumed to be a coincidental substrate for the
nitrate reductase (13, 18, 19). However, this assumption could
not explain the presence of specialized enzymes, such as the
chlorate reductase C purified from Proteus mirabilis, which
could only use chlorate as a substrate (29). Now it is known
that specialized microorganisms have evolved that can couple
growth to the anaerobic reduction of chlorate or perchlorate
and completely reduce these compounds to chloride (1, 6, 10,
24, 26, 27, 32, 34, 37, 41, 43). These organisms are phyloge-
netically diverse (10, 27, 41) with members in the a-, 3-, y-, and
e-subclasses of the Proteobacteria (1, 10, 27, 41); however, the
majority are in the B-subclass of the Proteobacteria and are
members of the genus Dechloromonas or Dechlorosoma (1, 10).
Phenotypic characterization studies have demonstrated that
the known perchlorate-reducing bacteria (CIRB) exhibit a
broad range of metabolic capabilities, including the oxidation
of hydrogen (41), simple organic acids and alcohols (6, 10, 26,
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27, 32), aromatic hydrocarbons (8), hexoses (26), reduced hu-
mic substances (6, 8, 9), both soluble and insoluble ferrous iron
(6, 7, 10, 22, 23, 27), and hydrogen sulfide (6, 10). All of the
known CIRB are facultatively anaerobic or microaerophilic (6,
10, 27, 32, 41) and some, but not all, alternatively respired
nitrate, supporting the suggestion that perchlorate reduction is
unrelated to nitrate reduction (6, 10). A central step in the
reductive pathway of perchlorate or chlorate that is common to
all CIRB is the dismutation of chlorite, which is mediated by
the enzyme chlorite dismutase (CD) (6, 10, 36, 40). Studies
with a recently developed immunoprobe specific for purified
CD from Dechloromonas agitata strain CKB indicated that the
CD is highly conserved among the CIRB, regardless of their
phylogenetic affiliation (28). In addition, these studies also
demonstrated that the CD enzyme was present on the outer
membrane of all CIRB and was only expressed when the or-
ganisms were grown anaerobically in the presence of perchlor-
ate or chlorate (28).

Although recent studies have significantly increased our
knowledge of the microorganisms involved in microbial per-
chlorate reduction, there is still relatively little information
available on the variables that control this metabolism in the
natural environment. Here we report on a further investigation
into the environmental factors that control microbial reduction
of perchlorate and determine the conditions required for per-
chlorate respiration to occur.

MATERIALS AND METHODS

Source of organisms. The facultative (per)chlorate-reducing bacteria Dechlo-
rosoma suillum strain PS (1, 27) and Dechloromonas agitata strain CKB (1, 6)
were taken from our laboratory culture collection of CIRB, where they have been
maintained as frozen stocks at —70°C.

Growth medium and culture conditions. Unless otherwise stated, the medium
used was a modification of the basal medium (BM) previously described for
CIRB (6). The BM was modified by replacing the carbonate buffer with a 10 mM
phosphate buffer (pH 7.0). Acetate was amended as the electron donor from a
concentrated stock solution (1.0 M) of the sodium salt to give the desired final
concentration. Sodium salts of perchlorate and nitrate were also added from
stock solutions (1 M) as suitable electron acceptors when required. For anaer-
obic serum bottle cultures, the prepared medium was made anoxic by purging
with oxygen-free nitrogen, and the bottles were crimp sealed with thick butyl
rubber stoppers under a nitrogen headspace before being autoclaved at 121°C for
20 min.

Batch fermentation. Experiments were carried out in a 6-liter automatically
controlled (pH, temperature, and dissolved oxygen [DO]) batch fermentor (mod-
el Bioflow 2000; New Brunswick Scientific Co., Inc., Edison, N.J.) with an
operating volume of 5 liters unless otherwise stated. The vessel was filled with
fresh medium containing the appropriate electron donor and acceptor, respec-
tively; sealed with the stainless steel lid equipped with probes for monitoring pH,
DO, and temperature; and autoclaved at 121°C for 35 min. The pH meter was
calibrated before autoclaving. Immediately after autoclaving, the fermentor was
connected to the control systems, and all of the parameters were set to their
desired value. The DO content of each culture was maintained by balancing the
mixed ratio of air to oxygen-free N, gas. The premixed gas was then filtered
through a sterile 0.2-pm-pore-diameter filter and bubbled through the media.
DO content was monitored with a previously calibrated DO sensor. Anoxic
sterile solutions of 0.5 M H,SO, and 1.0 M NaOH were pumped through
automatic acid and alkali pumps, respectively, of the pH controller to maintain
the pH. After reaching steady state relative to the set parameters, 500 ml of a
20-h growth culture of the pertinent perchlorate-reducing organism was used to
inoculate the vessel. The speed of agitation in anaerobic run was fixed at 400
rpm, whereas in the aerobic run, the lower and upper limits of the speed of
agitation were 400 and 650 rpm, respectively, to control the DO concentration at
the desired level. All cultures were incubated at 37°C. Samples were collected
anaerobically when required in sterile containers at regular time intervals for
analysis.
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CD activity determination. CD activity in collected culture samples was de-
termined in triplicate by mixing 0.8 ml of the culture sample with 0.2 ml of a
freshly prepared aqueous sodium chlorite stock solution (20 mM) in a 1.5-ml
Eppendorf tube. At appropriate time points (0 to 1.5 min), 100-pl subsamples
were collected and transferred immediately into 1.5-ml Eppendorf tubes in an
80°C water bath to stop the reaction. The residual chlorite content in the heat-
killed subsamples was determined by colorimetric microassay based on horse-
radish peroxidase and ortho-dianisidine dye as previously described (10; J. D.
Coates and S. M. O’Connor, submitted for publication).

Analyses. The concentration of perchlorate in samples was determined by ion
chromatography coupled to suppressed conductivity with a Dionex IonPac AS 11
(4 by 250 mm) column (Dionex Corp., Sunnyvale, Calif.) with a 100 mM NaOH
mobile phase at a flow rate of Iml min~'. The eluting perchlorate was then
detected by a conductivity detector (Shimadzu model CDD-6A) that was sup-
pressed with a Dionex ASRS (anion self-regenerating suppressor)-Ultra appa-
ratus operating in the external water mode. The suppressor controller was set at
300 mA for the analysis. With an injection volume of 200 wl, and the ASRS
apparatus operating with an external water source, the detection limit for per-
chlorate was 6.0 pg liter~!. Chlorate, chloride, nitrate, and nitrite in the culture
medium were determined with a Dionex DX500 ion chromatograph (Dionex
Corporation, Sunnyvale, Calif.) equipped with a GP50 gradient pump, CD20
conductivity detector, ASRS-Ultra apparatus for suppressed conductivity, and
PeakNet 6 controlling software. An TonPac AS9-SC (4 by 250 mm) column was
used for analysis with bicarbonate buffer containing 2 mM sodium carbonate and
0.75 mM sodium bicarbonate at a flow rate of 2 ml min~"! as the eluent. The SRS
current was set at 100 mA for all the analysis. Acetate concentrations were
determined by high-performance liquid chromatography (Shimadzu, model
SPD-10A), using a UV-VIS detector, at a wavelength of 210 nm by using an
HL-75H" cation-exchange column (Hamilton, model no. 79476) and a mobile
phase of 0.016 N H,SO, at a flow rate of 0.4 ml min~!. Culture growth was
monitored both by optical density at 600 nm (ODy) with a spectrophotometer
(Spectronic Genesis 5; Spectronic Instruments, Inc., Rochester, N.Y.) and by
total cell count with a phase-contrast microscope as previously described (10).

RESULTS AND DISCUSSION

Effect of oxygen on CD activity and perchlorate reduction by
D. suillum. When D. suillum was grown anaerobically under an
N, gas phase with perchlorate as the sole electron acceptor,
perchlorate removal was rapid and CD activity was observed
(Fig. 1A and B). However, if air was introduced into the head-
space of the anaerobic culture after 21 h, perchlorate reduction
was immediately inhibited, despite the continued increase in
cell density. Measurement of CD activity indicated that chlo-
rite was readily dismutated by the cells at the 21-h time point
(Fig. 1B) when O, was introduced to the culture. Subsequent
analyses 2 and 5 h after introduction of air indicated that CD
was still active, although the dismutation rate was significantly
lower 5 h after O, introduction. Previous studies have sug-
gested that the presence of oxygen similarly inhibited microbial
reduction of chlorate (25). Furthermore, thermodynamic con-
sideration of the respective reductive pathways suggested that
the aerobic metabolism of acetate is energetically more favor-
able than acetate oxidation coupled to perchlorate reduction
(11). However, this may be an oversimplification, because ge-
netic regulation may also play an important role. In support of
this, studies with the CIRB strain GR-1 demonstrated that the
CD activity was significantly higher when the cells were grown
on perchlorate relative to aerobic cultures, suggesting that the
CD was induced under anaerobic conditions (32). In addition,
immunoprobe studies of the CIRB D. agitata indicated that the
CD enzyme was only expressed when the cells were grown on
perchlorate (28). Similar to these findings, CD activity in D.
suillum was only observed in cells collected from an active
culture growing anaerobically with perchlorate as the electron
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FIG. 1. Effects of the introduction of oxygen after 21 h of incuba-
tion on growth and perchlorate reduction (A) and CD activity (B) by
an active perchlorate-respiring culture of D. suillum.

acceptor (data not shown). No CD activity was detectable if the
culture was grown aerobically.

Growth and CD expression under anaerobic conditions. To
determine if anoxic conditions alone would induce the produc-
tion of CD by D. suillum, the O, content of an actively metab-
olizing aerobic culture was replaced with N, after 4.5 h of
incubation during log-phase growth. Growth was immediately
arrested relative to that of an unamended control culture (data
not shown). CD activity was not observed in samples collected
at 3.5, 5, and 7 h of incubation from either the aerobic control
culture or the culture switched to anaerobic conditions (data
not shown), suggesting that anaerobic conditions are not
enough to initiate expression of an active CD. In addition, if D.
suillum was grown aerobically in the presence of 5 mM per-
chlorate in batch culture at a 100% DO saturation (~40 mg of
DO liter '), CD activity was not observed in cells throughout
culture growth and perchlorate reduction did not occur (data
not shown). Similar results were observed if the culture was
grown at lower DO concentrations (70, 40, and 5% of satura-
tion) in the presence of 5 mM perchlorate, indicating that the
presence of perchlorate even at low DO concentrations was
not enough to induce perchlorate reduction by D. suillum. If,
however, the O, content was replaced with N, during log-
phase growth, both perchlorate reduction and CD activity were
measurable after an extended period (15 h) (Fig. 2). As ob-
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FIG. 2. Effect on growth and CD activity of switching an aerobic
culture of D. suillum amended with perchlorate to anaerobic condi-
tions during log-phase growth.

served above, growth was initially arrested on removal of the
O,, but was recovered after a lag phase of 4 h (Fig. 2). Inter-
estingly, renewed growth was observed prior to detectable per-
chlorate reduction or CD activity (Fig. 2), although this may be
a function of the sensitivity of the various measurement tech-
niques utilized.

Effect of nitrate on perchlorate reduction and CD expres-
sion by D. suillum. Previous studies have demonstrated that all
but one of the known CIRB can alternatively utilize nitrate as
a suitable electron acceptor. D. agitata strain CKB is the only
CIRB described to date that cannot support growth by nitrate
respiration (6). If a nitrate-grown culture of D. suillum was
transferred into fresh anoxic medium, nitrate reduction and
growth occurred immediately, with no apparent lag phase, and
CD activity was not observed throughout the incubation (data
not shown). In contrast, if a nitrate-grown culture of D. suillum
was used to inoculate medium containing equimolar amounts
of perchlorate and nitrate, all growth and respiration were
inhibited for an extended lag period (40 h), after which nitrate
reduction occurred prior to perchlorate reduction (Fig. 3A).
When a similar experiment was performed with a perchlorate-
grown culture inoculated into fresh medium containing
equimolar amounts of both nitrate and perchlorate, no lag
phase was apparent, and again, nitrate reduction occurred
prior to perchlorate reduction (Fig. 3B). Regardless of the
electron acceptor utilized in the inoculum culture, neither CD
activity (data not shown) nor perchlorate reduction was ob-
served until nitrate was completely consumed (Fig. 3A and B).

In contrast to D. suillum, the presence of nitrate had rela-
tively little effect on perchlorate reduction by the CIRB D.
agitata strain CKB. As outlined above, D. agitata cannot use
nitrate as an alternative electron acceptor for growth (6).
When an active perchlorate-respiring culture of D. agitata was
transferred into freshly prepared anoxic medium containing
both nitrate and perchlorate, the perchlorate was rapidly re-
duced (Fig. 4). Both the rate and extent of perchlorate utili-
zation were lower than those observed in the absence of ni-
trate, suggesting that the nitrate was competitively inhibiting
perchlorate reduction (Fig. 4). Interestingly, although D. agi-
tata does not grow by nitrate reduction, the nitrate in the
culture medium was concomitantly reduced to nitrite during
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FIG. 3. Growth, nitrate, and perchlorate reduction by nitrate-
grown (A) and perchlorate-grown (B) cultures of D. suillum.

perchlorate reduction, which accumulated in the culture broth
(Fig. 4), suggesting that the nitrate was being coreduced by the
(per)chlorate reductase. Previous studies performed with the
CIRB strain perclace also indicated that nitrate was concom-
itantly reduced with perchlorate by this CIRB (20). However,
in contrast to D. agitata, strain perclace could grow by nitrate
reduction, and nitrite did not accumulate in the culture broth
(20).

Effect of molybdenum on perchlorate reduction. Recent mo-
lecular studies of the genetic systems associated with perchlor-
ate reduction indicated the presence of a molybdenum-depen-

—@— Nitrate, 5 mM perchlorate
~—a&— Nitrite

Perchlorate, 5 mM nitrate

Perchlorate, no nitrate -

Perchlorate, nitrate, nitrite
Concentration (mM)
(953

0 2 4 6 8 10 12 14
Time (hour)

FIG. 4. Growth, nitrate and perchlorate reduction, and nitrite pro-
duction by a perchlorate-grown culture of D. agitata.
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FIG. 5. Anaerobic growth of D. aromatica on perchlorate in the
presence and absence of molybdate.

dent chaperone gene in association with the genes encoding
CD and perchlorate reductase in Dechloromonas aromatica
strain RCB and Pseudomonas sp. strain PK (5). Furthermore,
the perchlorate reductase enzyme recently purified from the
CIRB strain GR-1 contained 1 mol of molybdenum per mol of
the heterodimeric molecule (21), suggesting that molybdenum
may play a functional role in the reduction of perchlorate. In
support of this, growth and perchlorate reduction were com-
pletely inhibited when an active perchlorate-respiring culture
of D. aromatica was transferred into medium from which mo-
lybdenum was omitted (Fig. 5). If the culture was amended
with molybdenum after 8 h of incubation, growth was imme-
diately recovered (Fig. 5), demonstrating a nutritional require-
ment for molybdenum. Omitting molybdenum from oxic me-
dium had no effect on the aerobic growth of D. aromatica (data
not shown). Similar inhibition of anaerobic growth and per-
chlorate reduction was observed with molybdenum-depleted
cultures of D. agitata (data not shown). These results, in com-
bination with the previous genetic and biochemical observa-
tions, indicate that molybdenum may be required by all per-
chlorate-respiring bacteria for the reduction of perchlorate.
This may have important implications regarding bioremedia-
tive strategies for perchlorate in contaminated environments,
because bioavailable molybdenum is quite often a limiting nu-
trient in many soils (12, 14). This is especially true in acidic
soils, where adsorption reduces the availability of molybdenum
salts at lower pHs (17).

Significance. The results presented here indicate that micro-
bial perchlorate reduction is regulated by the presence of ox-
ygen, molybdate, and, to various extents, nitrate. Although,
respiration of oxyanions of chlorine was originally associated
with the nitrate reduction pathway (13, 18, 19), it is now known
that perchlorate reduction is a distinct respiratory pathway
with its own unique enzymes (6, 10, 21, 28, 32, 36). The results
of the present study indicate that perchlorate reduction is
tightly regulated at a genetic level and that the expression of
the enzymes associated with the reduction of perchlorate is
controlled by the presence of both oxygen and nitrate. Nitrate,
chlorate, and perchlorate [(per)chlorate] are structurally anal-
ogous to each other and may potentially be incorporated into
the same enzyme active site, as is evidenced by the fact that
chlorate can be used as a substrate by various nitrate reducta-
ses (3, 16, 33, 44). Thermodynamic considerations of perchlor-
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ate reduction and denitrification coupled to acetate oxidation
suggest that the energy yield for the reduction of perchlorate
(AG° = —801 kJ mol of acetate™!) is very similar to that of
denitrification (AG® = —792 kJ mol of acetate ") (11), and the
fact that D. agitata can simultaneously reduce both perchlorate
and nitrate would suggest that nitrate can alternatively be
utilized as an analogous substrate by the (per)chlorate reduc-
tase enzymes. In support of this, the perchlorate reductase
purified from the CIRB strain GR-1 could alternatively reduce
nitrate as a substrate (21).

Although these compounds are analogous substrates to
some reductase enzymes, the results presented here also indi-
cate that the genetic regulatory mechanism of D. suillum, and
presumably other CIRB can distinguish between them. The
fact that the enzymes associated with perchlorate reduction are
genetically regulated by different environmental parameters is
interesting, especially in light of recent studies in which it was
demonstrated that the CD enzyme is highly conserved among
the tested CIRB regardless of their phylogenetic affiliation
(28).

The results of the current studies have important implica-
tions with regards to the treatment of perchlorate-contami-
nated environments. Previously it was suggested that the in-
hibitory effects of oxygen and nitrate on in situ perchlorate
reduction were the result of competitive thermodynamics (11).
Here we demonstrate that this may have been an oversimpli-
fication and did not account for genetic regulation of the re-
spective pathways. The results of the present studies demon-
strate that the enzymes associated with perchlorate reduction
are negatively regulated by DO content, in some cases nitrate,
and require molybdenum as a cofactor for activity. These fac-
tors may explain the long-term stability of perchlorate in con-
taminated environments where perchlorate-reducing bacteria
are known to be present.
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